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Sources and detection of high-energy cosmic events:  
a journey through neutrinos and fast radio bursts.

NenuFAR



The high-energy Universe and the advent of multimessenger astronomy
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The cosmic neutrino enigma
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in the high-energy and ultra high-energy regime

Neutrinos pros:

• low cross section → low interaction length → astronomy

• neutral → not deflected by B-fields → astronomy

• hadronic processes → good probe of high energy processes

ν



The cosmic neutrino enigma
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in the high-energy and ultra high-energy regime

Neutrinos pros:

• low cross section → low interaction length → astronomy

• neutral → not deflected by B-fields → astronomy

• hadronic processes → good probe of high energy processes

ν
•Sources?


• what are the sources of observed neutrinos?

• what could be the sources of more energetic neutrinos? 

• can we detect neutrinos from new transients events?


•How to detect them?

• new generation of detector? 

• detector optimisation?

• reconstruction methods?

GRAND white paper 2018.
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Is GW170817 a neutrino source ?

L ⇡ 1052 erg.s�1
<latexit sha1_base64="nmbCscdL6/4nsavDeEPkwhPOa6A=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGxECUFBGMFCwNDkehDatLKcZ3WquNEtoOoosws/AoLAwix8gVs/A1umwFajnSlo3Pu1b33+DGjUtn2t1FYWFxaXimultbWNza3zO2dhowSgUkdRywSLR9JwigndUUVI61YEBT6jDT94dXYb94TIWnE79QoJl6I+pwGFCOlpa6574oQ3kAXxbGIHqBjd9KzSuZCIvqW7KTHTtY1y7ZlTwDniZOTMshR65pfbi/CSUi4wgxJ2XbsWHkpEopiRrKSm0gSIzxEfdLWlKOQSC+dvJLBQ630YBAJXVzBifp7IkWhlKPQ150hUgM5643F/7x2ooILL6U8ThTheLooSBhUERznAntUEKzYSBOEBdW3QjxAAmGl0yvpEJzZl+dJo2I5J1bl9rRcvczjKII9cACOgAPOQRVcgxqoAwwewTN4BW/Gk/FivBsf09aCkc/sgj8wPn8AuLSZAw==</latexit>

• highly energetic

• high baryon loading

• photons (EM)

• gravitational waves (GW)

• ultra high-energy cosmic rays (UHECR)

• neutrinos

good candidates for

relativistic jet

radioactive ejecta

GW170817: neutron star merger (NSM)
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• highly energetic

• high baryon loading

• photons (EM)

• gravitational waves (GW)

• ultra high-energy cosmic rays (UHECR)

• neutrinos

good candidates for

relativistic jet

radioactive ejecta

GW170817: neutron star merger (NSM)

high photon density 
medium

high baryon density 
medium

cosmic rays interactions:

- photo hadronic interactions

- purely hadronic interactions

p+ � ! p+ ⇡±
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! µ± + ⌫̄µ

<latexit sha1_base64="Tbx8pmkOFYJgIEvwAMRrjQuMWME=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZBEMqMFNRd0Y3LCvYBnXHIpJk2NMkMSUYowyzd+CtuXCji1k9w59+YtrPQ1gOBwzn3cnNOmDCqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+54FIRWNxp8cJ8TkaCBpRjLSRAvvQ0zH0eHqfeQnP4Sn0QiQzT6R5kBk5D+yqU3OmgIvELUgVFGgG9pfXj3HKidCYIaV6rpNoP0NSU8xIXvFSRRKER2hAeoYKxInys2mQHB4bpQ+jWJonNJyqvzcyxJUa89BMcqSHat6biP95vVRHF35GRZJqIvDsUJQyaMJPWoF9KgnWbGwIwpKav0I8RBJhbbqrmBLc+ciLpH1Wc+u1y9t6tXFV1FEGB+AInAAXnIMGuAFN0AIYPIJn8ArerCfrxXq3PmajJavY2Qd/YH3+AM+kmeE=</latexit>

! e± + ⌫̄e

<latexit sha1_base64="dmd36LKdSzcZQW3Jm3LEHB8MMWo=">AAACBHicbVDLSsNAFJ3UV62vqMtuBosgCCWRgrorunFZwT6giWEyvW2HTiZhZiKUkIUbf8WNC0Xc+hHu/Bunj4W2Hhg4nHMvd84JE86Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeSQpPGPJadkCjgTEBTM82hk0ggUcihHY6uJ377AaRisbjT4wT8iAwE6zNKtJECu+zpGMN95iVRjk+xFxKZeSLNgwzywK44VWcKvEzcOamgORqB/eX1YppGIDTlRKmu6yTaz4jUjHLIS16qICF0RAbQNVSQCJSfTUPk+NgoPdyPpXlC46n6eyMjkVLjKDSTEdFDtehNxP+8bqr7F37GRJJqEHR2qJ9ybIJPGsE9JoFqPjaEUMnMXzEdEkmoNr2VTAnuYuRl0jqrurXq5W2tUr+a11FEZXSETpCLzlEd3aAGaiKKHtEzekVv1pP1Yr1bH7PRgjXfOUR/YH3+AHvOmAc=</latexit>

p+ p ! p+ ⇡±
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<latexit sha1_base64="Tbx8pmkOFYJgIEvwAMRrjQuMWME=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZBEMqMFNRd0Y3LCvYBnXHIpJk2NMkMSUYowyzd+CtuXCji1k9w59+YtrPQ1gOBwzn3cnNOmDCqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+54FIRWNxp8cJ8TkaCBpRjLSRAvvQ0zH0eHqfeQnP4Sn0QiQzT6R5kBk5D+yqU3OmgIvELUgVFGgG9pfXj3HKidCYIaV6rpNoP0NSU8xIXvFSRRKER2hAeoYKxInys2mQHB4bpQ+jWJonNJyqvzcyxJUa89BMcqSHat6biP95vVRHF35GRZJqIvDsUJQyaMJPWoF9KgnWbGwIwpKav0I8RBJhbbqrmBLc+ciLpH1Wc+u1y9t6tXFV1FEGB+AInAAXnIMGuAFN0AIYPIJn8ArerCfrxXq3PmajJavY2Qd/YH3+AM+kmeE=</latexit>

! e± + ⌫̄e

<latexit sha1_base64="dmd36LKdSzcZQW3Jm3LEHB8MMWo=">AAACBHicbVDLSsNAFJ3UV62vqMtuBosgCCWRgrorunFZwT6giWEyvW2HTiZhZiKUkIUbf8WNC0Xc+hHu/Bunj4W2Hhg4nHMvd84JE86Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeSQpPGPJadkCjgTEBTM82hk0ggUcihHY6uJ377AaRisbjT4wT8iAwE6zNKtJECu+zpGMN95iVRjk+xFxKZeSLNgwzywK44VWcKvEzcOamgORqB/eX1YppGIDTlRKmu6yTaz4jUjHLIS16qICF0RAbQNVSQCJSfTUPk+NgoPdyPpXlC46n6eyMjkVLjKDSTEdFDtehNxP+8bqr7F37GRJJqEHR2qJ9ybIJPGsE9JoFqPjaEUMnMXzEdEkmoNr2VTAnuYuRl0jqrurXq5W2tUr+a11FEZXSETpCLzlEd3aAGaiKKHtEzekVv1pP1Yr1bH7PRgjXfOUR/YH3+AHvOmAc=</latexit>

*pion production*
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*pion production*

previous works
Kimura et al. (2017)

Biehl et al. (2018)


Ahlers et Halser (2019)

⌫
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We want to compute the neutrino flux from NSM: radiative background + particle interactions
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Accretion disk
Black HoleWind/Outflow

Fallback ejecta
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• Fall-back
mass accretion rate

• Nuclear reaction
Q̇r = M Xr ėr(t)
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Q̇r = M Xr ėr(t)
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tesc ⇡
✓
3M

4⇡R2
+ 1

◆
R

c

<latexit sha1_base64="yQ1aCLp4Q1K3CEyfMG14HZBIfwE=">AAACM3icbVBNaxsxFNSmaeK6TeI2x15ETMElYHYdQ9qbaS+hEHBMbAcs12jlt7awdldIb0vNsv+pl/yRHAqlh5SSa/5D5I9DvgYEw8w8nt6EWkmLvv/H23ix+XJru/Sq/PrNzu5e5e27nk0zI6ArUpWai5BbUDKBLkpUcKEN8DhU0A9nXxd+/wcYK9PkHOcahjGfJDKSgqOTRpVvOMqZiSlYUVDGtTbpT8oURFhjkeEiPzplMy fzIm8yLWnne6OghzRgRk6m+JGuQp0iF8WoUvXr/hL0KQnWpErWaI8qV2yciiyGBIXi1g4CX+Mw5walUFCUWWZBczHjExg4mvAY7DBf3lzQD04Z0yg17iVIl+r9iZzH1s7j0CVjjlP72FuIz3mDDKNPw1wmOkNIxGpRlCmKKV0USMfSgEA1d4QLI91fqZhy1wK6msuuhODxyU9Jr1EPmvXPZ81q68u6jhJ5Tw5IjQTkmLTICWmTLhHkF/lNrsk/79L76/33blbRDW89s08ewLu9Ax29qpk=</latexit>

Barnes et al. 2016

M. R. Drout et al, 2017

<latexit sha1_base64="3FBI+GhNkk/KbGW4LkHdSO86jeo="></latexit>

dE
dt

= �3
E
R

dR

dt
� E

tesc
+ Q̇r + Q̇fb

V. D., Guépin (UChicago), Fang (Berkley), Kotera (IAP) and Metzger (Columbia) (JCAP 2019)



7

2) Particle interactions computations:

p+ � ! p+ ⇡±

<latexit sha1_base64="douPSEphnn2nPI0jTQH+BHxXpac=">AAACAXicbVBLSwMxGMzWV62vVS+Cl2ARBKHsSkG9Fb14rGAf0F1LNs22oUk2JFmhLPXiX/HiQRGv/gtv/hvTdg/aOhCYzHwfyUwkGdXG876dwtLyyupacb20sbm1vePu7jV1kipMGjhhiWpHSBNGBWkYahhpS0UQjxhpRcPrid96IErTRNyZkSQhR31BY4qRsVLXPZCnQR9xjmBgEmgvkt5ngeTjrlv2Kt4UcJH4OSmDHPWu+xX0EpxyIgxmSOuO70kTZkgZihkZl4JUE4nwEPVJx1KBONFhNk0whsdW6cE4UfYIA6fq740Mca1HPLKTHJmBnvcm4n9eJzXxRZhRIVNDBJ49FKcM2rCTOmCPKoING1mCsKL2rxAPkELY2NJKtgR/PvIiaZ5V/Grl8rZarl3ldRTBITgCJ8AH56AGbkAdNAAGj+AZvII358l5cd6dj9lowcl39sEfOJ8/ySqWfw==</latexit>

Numerical Mont-Carlo computation (EPOS/TALYS/SOPHIA)

Guépin et al. (2017) Mücke, et al. (2000) Koning, et al. (2005) Werner, et al. (2006)
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2) Particle interactions computations:

p+ � ! p+ ⇡±

<latexit sha1_base64="douPSEphnn2nPI0jTQH+BHxXpac=">AAACAXicbVBLSwMxGMzWV62vVS+Cl2ARBKHsSkG9Fb14rGAf0F1LNs22oUk2JFmhLPXiX/HiQRGv/gtv/hvTdg/aOhCYzHwfyUwkGdXG876dwtLyyupacb20sbm1vePu7jV1kipMGjhhiWpHSBNGBWkYahhpS0UQjxhpRcPrid96IErTRNyZkSQhR31BY4qRsVLXPZCnQR9xjmBgEmgvkt5ngeTjrlv2Kt4UcJH4OSmDHPWu+xX0EpxyIgxmSOuO70kTZkgZihkZl4JUE4nwEPVJx1KBONFhNk0whsdW6cE4UfYIA6fq740Mca1HPLKTHJmBnvcm4n9eJzXxRZhRIVNDBJ49FKcM2rCTOmCPKoING1mCsKL2rxAPkELY2NJKtgR/PvIiaZ5V/Grl8rZarl3ldRTBITgCJ8AH56AGbkAdNAAGj+AZvII358l5cd6dj9lowcl39sEfOJ8/ySqWfw==</latexit>

Numerical Mont-Carlo computation (EPOS/TALYS/SOPHIA)

Guépin et al. (2017) Mücke, et al. (2000) Koning, et al. (2005) Werner, et al. (2006)

! µ± + ⌫̄µ

<latexit sha1_base64="Tbx8pmkOFYJgIEvwAMRrjQuMWME=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZBEMqMFNRd0Y3LCvYBnXHIpJk2NMkMSUYowyzd+CtuXCji1k9w59+YtrPQ1gOBwzn3cnNOmDCqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+54FIRWNxp8cJ8TkaCBpRjLSRAvvQ0zH0eHqfeQnP4Sn0QiQzT6R5kBk5D+yqU3OmgIvELUgVFGgG9pfXj3HKidCYIaV6rpNoP0NSU8xIXvFSRRKER2hAeoYKxInys2mQHB4bpQ+jWJonNJyqvzcyxJUa89BMcqSHat6biP95vVRHF35GRZJqIvDsUJQyaMJPWoF9KgnWbGwIwpKav0I8RBJhbbqrmBLc+ciLpH1Wc+u1y9t6tXFV1FEGB+AInAAXnIMGuAFN0AIYPIJn8ArerCfrxXq3PmajJavY2Qd/YH3+AM+kmeE=</latexit>

! e± + ⌫̄e

<latexit sha1_base64="dmd36LKdSzcZQW3Jm3LEHB8MMWo=">AAACBHicbVDLSsNAFJ3UV62vqMtuBosgCCWRgrorunFZwT6giWEyvW2HTiZhZiKUkIUbf8WNC0Xc+hHu/Bunj4W2Hhg4nHMvd84JE86Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeSQpPGPJadkCjgTEBTM82hk0ggUcihHY6uJ377AaRisbjT4wT8iAwE6zNKtJECu+zpGMN95iVRjk+xFxKZeSLNgwzywK44VWcKvEzcOamgORqB/eX1YppGIDTlRKmu6yTaz4jUjHLIS16qICF0RAbQNVSQCJSfTUPk+NgoPdyPpXlC46n6eyMjkVLjKDSTEdFDtehNxP+8bqr7F37GRJJqEHR2qJ9ybIJPGsE9JoFqPjaEUMnMXzEdEkmoNr2VTAnuYuRl0jqrurXq5W2tUr+a11FEZXSETpCLzlEd3aAGaiKKHtEzekVv1pP1Yr1bH7PRgjXfOUR/YH3+AHvOmAc=</latexit>

HE neutrino production
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2) Particle interactions computations:

p+ � ! p+ ⇡±

<latexit sha1_base64="douPSEphnn2nPI0jTQH+BHxXpac=">AAACAXicbVBLSwMxGMzWV62vVS+Cl2ARBKHsSkG9Fb14rGAf0F1LNs22oUk2JFmhLPXiX/HiQRGv/gtv/hvTdg/aOhCYzHwfyUwkGdXG876dwtLyyupacb20sbm1vePu7jV1kipMGjhhiWpHSBNGBWkYahhpS0UQjxhpRcPrid96IErTRNyZkSQhR31BY4qRsVLXPZCnQR9xjmBgEmgvkt5ngeTjrlv2Kt4UcJH4OSmDHPWu+xX0EpxyIgxmSOuO70kTZkgZihkZl4JUE4nwEPVJx1KBONFhNk0whsdW6cE4UfYIA6fq740Mca1HPLKTHJmBnvcm4n9eJzXxRZhRIVNDBJ49FKcM2rCTOmCPKoING1mCsKL2rxAPkELY2NJKtgR/PvIiaZ5V/Grl8rZarl3ldRTBITgCJ8AH56AGbkAdNAAGj+AZvII358l5cd6dj9lowcl39sEfOJ8/ySqWfw==</latexit>

Numerical Mont-Carlo computation (EPOS/TALYS/SOPHIA)

Guépin et al. (2017) Mücke, et al. (2000) Koning, et al. (2005) Werner, et al. (2006)

! Cascades

<latexit sha1_base64="Dqr4FHYIBGjBGiqnDEeB00QJhlI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JIQb0Ve/FYwX5AE8pmM2mXbjZhdyOW0L/ixYMiXv0j3vw3btsctPXBwOO9GWbmBSlnSjvOt1Xa2Nza3invVvb2Dw6P7ONqVyWZpNChCU9kPyAKOBPQ0Uxz6KcSSBxw6AWT1tzvPYJULBEPepqCH5ORYBGjRBtpaFc9neDckzFuEUVJCGo2tGtO3VkArxO3IDVUoD20v7wwoVkMQlNOlBq4Tqr9nEjNKIdZxcsUpIROyAgGhgoSg/Lzxe0zfG6UEEeJNCU0Xqi/J3ISKzWNA9MZEz1Wq95c/M8bZDq69nMm0kyDoMtFUcax+XceBA6ZBKr51BBCJTO3YjomklBt4qqYENzVl9dJ97LuNuo3941a87aIo4xO0Rm6QC66Qk10h9qogyh6Qs/oFb1ZM+vFerc+lq0lq5g5QX9gff4AoaeUNA==</latexit>

⇡± + �

<latexit sha1_base64="diu9+uK675ZKDFs3iU7bH3qdkcE=">AAAB+3icbVDLSgMxFM34rPU11qWbYBEEocxIQd0V3bisYB/QGUsmzbShSSYkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733RJJRbTzv21lZXVvf2Cxtlbd3dvf23YNKWyepwqSFE5aoboQ0YVSQlqGGka5UBPGIkU40vpn6nUeiNE3EvZlIEnI0FDSmGBkr9d1KIOlDFkiewzMYDBHnqO9WvZo3A1wmfkGqoECz734FgwSnnAiDGdK653vShBlShmJG8nKQaiIRHqMh6VkqECc6zGa35/DEKgMYJ8qWMHCm/p7IENd6wiPbyZEZ6UVvKv7n9VITX4YZFTI1ROD5ojhl0CRwGgQcUEWwYRNLEFbU3grxCCmEjY2rbEPwF19eJu3zml+vXd3Vq43rIo4SOALH4BT44AI0wC1oghbA4Ak8g1fw5uTOi/PufMxbV5xi5hD8gfP5A0mmk/k=</latexit>

⇡± + p

<latexit sha1_base64="2IDJGKG7BmOCp8ZzWLHG2RElGEo=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSIIQtmVgnorevFYwX5Ady3ZNNuGZrMxyRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmhZIzbVz321lZXVvf2CxsFbd3dvf2SweHTZ2kitAGSXii2iHWlDNBG4YZTttSURyHnLbC4e3Ub42o0iwRD2YsaRDjvmARI9hYKfAle8x8GU/QOZLdUtmtuDOgZeLlpAw56t3Sl99LSBpTYQjHWnc8V5ogw8owwumk6KeaSkyGuE87lgocUx1ks6Mn6NQqPRQlypYwaKb+nshwrPU4Dm1njM1AL3pT8T+vk5roKsiYkKmhgswXRSlHJkHTBFCPKUoMH1uCiWL2VkQGWGFibE5FG4K3+PIyaV5UvGrl+r5art3kcRTgGE7gDDy4hBrcQR0aQOAJnuEV3pyR8+K8Ox/z1hUnnzmCP3A+fwAPX5Gn</latexit>

…

HE neutrino suppression
special 

implementations

or

! µ± + ⌫̄µ

<latexit sha1_base64="Tbx8pmkOFYJgIEvwAMRrjQuMWME=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZBEMqMFNRd0Y3LCvYBnXHIpJk2NMkMSUYowyzd+CtuXCji1k9w59+YtrPQ1gOBwzn3cnNOmDCqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+54FIRWNxp8cJ8TkaCBpRjLSRAvvQ0zH0eHqfeQnP4Sn0QiQzT6R5kBk5D+yqU3OmgIvELUgVFGgG9pfXj3HKidCYIaV6rpNoP0NSU8xIXvFSRRKER2hAeoYKxInys2mQHB4bpQ+jWJonNJyqvzcyxJUa89BMcqSHat6biP95vVRHF35GRZJqIvDsUJQyaMJPWoF9KgnWbGwIwpKav0I8RBJhbbqrmBLc+ciLpH1Wc+u1y9t6tXFV1FEGB+AInAAXnIMGuAFN0AIYPIJn8ArerCfrxXq3PmajJavY2Qd/YH3+AM+kmeE=</latexit>

! e± + ⌫̄e

<latexit sha1_base64="dmd36LKdSzcZQW3Jm3LEHB8MMWo=">AAACBHicbVDLSsNAFJ3UV62vqMtuBosgCCWRgrorunFZwT6giWEyvW2HTiZhZiKUkIUbf8WNC0Xc+hHu/Bunj4W2Hhg4nHMvd84JE86Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeSQpPGPJadkCjgTEBTM82hk0ggUcihHY6uJ377AaRisbjT4wT8iAwE6zNKtJECu+zpGMN95iVRjk+xFxKZeSLNgwzywK44VWcKvEzcOamgORqB/eX1YppGIDTlRKmu6yTaz4jUjHLIS16qICF0RAbQNVSQCJSfTUPk+NgoPdyPpXlC46n6eyMjkVLjKDSTEdFDtehNxP+8bqr7F37GRJJqEHR2qJ9ybIJPGsE9JoFqPjaEUMnMXzEdEkmoNr2VTAnuYuRl0jqrurXq5W2tUr+a11FEZXSETpCLzlEd3aAGaiKKHtEzekVv1pP1Yr1bH7PRgjXfOUR/YH3+AHvOmAc=</latexit>

HE neutrino production
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2) Particle interactions computations:

p+ � ! p+ ⇡±

<latexit sha1_base64="douPSEphnn2nPI0jTQH+BHxXpac=">AAACAXicbVBLSwMxGMzWV62vVS+Cl2ARBKHsSkG9Fb14rGAf0F1LNs22oUk2JFmhLPXiX/HiQRGv/gtv/hvTdg/aOhCYzHwfyUwkGdXG876dwtLyyupacb20sbm1vePu7jV1kipMGjhhiWpHSBNGBWkYahhpS0UQjxhpRcPrid96IErTRNyZkSQhR31BY4qRsVLXPZCnQR9xjmBgEmgvkt5ngeTjrlv2Kt4UcJH4OSmDHPWu+xX0EpxyIgxmSOuO70kTZkgZihkZl4JUE4nwEPVJx1KBONFhNk0whsdW6cE4UfYIA6fq740Mca1HPLKTHJmBnvcm4n9eJzXxRZhRIVNDBJ49FKcM2rCTOmCPKoING1mCsKL2rxAPkELY2NJKtgR/PvIiaZ5V/Grl8rZarl3ldRTBITgCJ8AH56AGbkAdNAAGj+AZvII358l5cd6dj9lowcl39sEfOJ8/ySqWfw==</latexit>

Numerical Mont-Carlo computation (EPOS/TALYS/SOPHIA)

Guépin et al. (2017) Mücke, et al. (2000) Koning, et al. (2005) Werner, et al. (2006)

! Cascades

<latexit sha1_base64="Dqr4FHYIBGjBGiqnDEeB00QJhlI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JIQb0Ve/FYwX5AE8pmM2mXbjZhdyOW0L/ixYMiXv0j3vw3btsctPXBwOO9GWbmBSlnSjvOt1Xa2Nza3invVvb2Dw6P7ONqVyWZpNChCU9kPyAKOBPQ0Uxz6KcSSBxw6AWT1tzvPYJULBEPepqCH5ORYBGjRBtpaFc9neDckzFuEUVJCGo2tGtO3VkArxO3IDVUoD20v7wwoVkMQlNOlBq4Tqr9nEjNKIdZxcsUpIROyAgGhgoSg/Lzxe0zfG6UEEeJNCU0Xqi/J3ISKzWNA9MZEz1Wq95c/M8bZDq69nMm0kyDoMtFUcax+XceBA6ZBKr51BBCJTO3YjomklBt4qqYENzVl9dJ97LuNuo3941a87aIo4xO0Rm6QC66Qk10h9qogyh6Qs/oFb1ZM+vFerc+lq0lq5g5QX9gff4AoaeUNA==</latexit>

⇡± + �

<latexit sha1_base64="diu9+uK675ZKDFs3iU7bH3qdkcE=">AAAB+3icbVDLSgMxFM34rPU11qWbYBEEocxIQd0V3bisYB/QGUsmzbShSSYkGbEM8ytuXCji1h9x59+YtrPQ1gMXDufcy733RJJRbTzv21lZXVvf2Cxtlbd3dvf23YNKWyepwqSFE5aoboQ0YVSQlqGGka5UBPGIkU40vpn6nUeiNE3EvZlIEnI0FDSmGBkr9d1KIOlDFkiewzMYDBHnqO9WvZo3A1wmfkGqoECz734FgwSnnAiDGdK653vShBlShmJG8nKQaiIRHqMh6VkqECc6zGa35/DEKgMYJ8qWMHCm/p7IENd6wiPbyZEZ6UVvKv7n9VITX4YZFTI1ROD5ojhl0CRwGgQcUEWwYRNLEFbU3grxCCmEjY2rbEPwF19eJu3zml+vXd3Vq43rIo4SOALH4BT44AI0wC1oghbA4Ak8g1fw5uTOi/PufMxbV5xi5hD8gfP5A0mmk/k=</latexit>

⇡± + p

<latexit sha1_base64="2IDJGKG7BmOCp8ZzWLHG2RElGEo=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSIIQtmVgnorevFYwX5Ady3ZNNuGZrMxyRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmhZIzbVz321lZXVvf2CxsFbd3dvf2SweHTZ2kitAGSXii2iHWlDNBG4YZTttSURyHnLbC4e3Ub42o0iwRD2YsaRDjvmARI9hYKfAle8x8GU/QOZLdUtmtuDOgZeLlpAw56t3Sl99LSBpTYQjHWnc8V5ogw8owwumk6KeaSkyGuE87lgocUx1ks6Mn6NQqPRQlypYwaKb+nshwrPU4Dm1njM1AL3pT8T+vk5roKsiYkKmhgswXRSlHJkHTBFCPKUoMH1uCiWL2VkQGWGFibE5FG4K3+PIyaV5UvGrl+r5art3kcRTgGE7gDDy4hBrcQR0aQOAJnuEV3pyR8+K8Ox/z1hUnnzmCP3A+fwAPX5Gn</latexit>

…

HE neutrino suppression
special 

implementations

or

! µ± + ⌫̄µ

<latexit sha1_base64="Tbx8pmkOFYJgIEvwAMRrjQuMWME=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZBEMqMFNRd0Y3LCvYBnXHIpJk2NMkMSUYowyzd+CtuXCji1k9w59+YtrPQ1gOBwzn3cnNOmDCqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+54FIRWNxp8cJ8TkaCBpRjLSRAvvQ0zH0eHqfeQnP4Sn0QiQzT6R5kBk5D+yqU3OmgIvELUgVFGgG9pfXj3HKidCYIaV6rpNoP0NSU8xIXvFSRRKER2hAeoYKxInys2mQHB4bpQ+jWJonNJyqvzcyxJUa89BMcqSHat6biP95vVRHF35GRZJqIvDsUJQyaMJPWoF9KgnWbGwIwpKav0I8RBJhbbqrmBLc+ciLpH1Wc+u1y9t6tXFV1FEGB+AInAAXnIMGuAFN0AIYPIJn8ArerCfrxXq3PmajJavY2Qd/YH3+AM+kmeE=</latexit>

! e± + ⌫̄e

<latexit sha1_base64="dmd36LKdSzcZQW3Jm3LEHB8MMWo=">AAACBHicbVDLSsNAFJ3UV62vqMtuBosgCCWRgrorunFZwT6giWEyvW2HTiZhZiKUkIUbf8WNC0Xc+hHu/Bunj4W2Hhg4nHMvd84JE86Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeSQpPGPJadkCjgTEBTM82hk0ggUcihHY6uJ377AaRisbjT4wT8iAwE6zNKtJECu+zpGMN95iVRjk+xFxKZeSLNgwzywK44VWcKvEzcOamgORqB/eX1YppGIDTlRKmu6yTaz4jUjHLIS16qICF0RAbQNVSQCJSfTUPk+NgoPdyPpXlC46n6eyMjkVLjKDSTEdFDtehNxP+8bqr7F37GRJJqEHR2qJ9ybIJPGsE9JoFqPjaEUMnMXzEdEkmoNr2VTAnuYuRl0jqrurXq5W2tUr+a11FEZXSETpCLzlEd3aAGaiKKHtEzekVv1pP1Yr1bH7PRgjXfOUR/YH3+AHvOmAc=</latexit>

HE neutrino production

Optimum neutrino production depends on:

- neutrino energy

- production time
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<latexit sha1_base64="9ro5r1cf4rArv86M9jbUTE6J2W0=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJVdKVQPQtGLxwr2A9q1ZNO0DU2yS5IV6tJf4sWDIl79Kd78N6btHrT1wcDjvRlm5oUxZ9p43reTW1vf2NzKbxd2dvf2i+7BYVNHiSK0QSIeqXaINeVM0oZhhtN2rCgWIaetcHwz81uPVGkWyXsziWkg8FCyASPYWKnnFrtDLARGV8j3HtLqtOeWvLI3B1olfkZKkKHec7+6/YgkgkpDONa643uxCVKsDCOcTgvdRNMYkzEe0o6lEguqg3R++BSdWqWPBpGyJQ2aq78nUiy0nojQdgpsRnrZm4n/eZ3EDC6ClMk4MVSSxaJBwpGJ0CwF1GeKEsMnlmCimL0VkRFWmBibVcGG4C+/vEqa52W/Ur68q5Rq11kceTiGEzgDH6pQg1uoQwMIJPAMr/DmPDkvzrvzsWjNOdnMEfyB8/kDFmqSFw==</latexit>
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Figure 1.4: Sketch of the regions of the neutron-star merger remnant at play for the
acceleration and interaction of cosmic rays in our scenario. Cosmic rays are accelerated
in the inner regions of the neutron-star merger before interacting inside the red ejecta
where the nuclear heating and outflow heating result in a strong interaction environment,
especially for photopion production.

Scenario Mej �ej Mfb �wind ✏fb ṅ0 R(z)
[M�] [M�] [Gpc�3yr�1]

GW170817-like 10�2 0.3 5 ⇥ 10�2 0.1 0.1 600 1
Optimistic 10�4 0.3 1 ⇥ 10�1 0.1 0.1 3000 RSFR(z)

Table 1.1: Key parameters of binary neutron star merger remnants chosen for the two
fiducial scenarios examined in this work: dynamical ejecta mass Mej and velocity �ej, wind
fallback mass Mfb and velocity �wind, population rate ṅ0 and emissivity evolution with red-
shift R(z). GW170817-like model based on parameters obtained from the observation of
GW170817. Optimistic case chosen so as to enhance the neutrino flux, while staying con-
sistent with the allowed ranges for extragalactic populations of mergers. See Sections 1.3.1
and 1.4.

Two scenarii:

• GW170817 parameters

• optimistic simulated parameters
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The diffuse neutrino flux from binary neutron stars mergers can contribute up to 10% of the IceCube measured flux
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NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an
order ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions

RESEARCH

IceCube Collaboration, Science 378, 538–543 (2022) 4 November 2022 1 of 6

*Corresponding authors: analysis@icecube.wisc.edu; F. Halzen
(francis.halzen@icecube.wisc.edu)
†IceCube Collaboration authors and affiliations are listed in the
supplementary materials.

Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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Evidence for neutrino emission from the nearby
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IceCube Collaboration*†
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with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
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criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
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†IceCube Collaboration authors and affiliations are listed in the
supplementary materials.

Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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Evidence for neutrino emission from the nearby
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IceCube Collaboration*†
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Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an
order ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions

RESEARCH
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Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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Detect Cherenkov lights from: 

• muon tracks

• neutrino cascades

Science case from 
neutrino physics to 
astronomy
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Fig. 1. Source visibility for KM3NeT/ARCA as a function of declination for a zenith 
cut of 10 ◦ above the horizon (black line). The markers represent the visibility of 
the specific sources discussed in this paper according to their declination and the 
zenith cuts used in the analyses (see Table 2 for the individual zenith cuts). 
ular, note that the region of full visibility extends to δ ! −45 ◦ if 
events up to 10 ◦ above the horizon are included, as in the present 
analysis (see Section 5 ). 

In this paper, neutrino fluxes expected from a selected list of 
Galactic γ -ray sources are estimated assuming a hadronic scenario 
for the γ -ray production and transparent sources. This topic is 
discussed in Section 2 . The details of the simulation codes are 
described in Section 3 and the reconstruction performances in 
Section 4 . The analysis procedure and the results are presented 
in Section 5 . Section 6 is devoted to the KM3NeT/ARCA sensitivity 
and discovery potential for a generic E −2 flux. The effect of system- 
atic uncertainties is discussed in Section 7 , and the conclusions are 
summarised in Section 8 . 
2. Selected Galactic sources and estimated neutrino fluxes 

Galactic candidate sources have been selected from the TeVCat 
catalogue [17] on the basis of their visibility, the γ -ray intensity 
and the energy spectrum. In particular, it was required that the γ - 
ray flux is measured up to a few tens of TeV. The selected sources 
are: RX J1713.7-3946, Vela X, Vela Jr, HESS J1614-518, the Galactic 
Centre and MGRO J1908 + 06 (see Table 1 for the individual refer- 
ences). The visibility of these sources is indicated in Fig. 1 . Except 
for MGRO J1908 + 06, all the sources have a visibility above 70%. 

For all the sources (with the only exception of 
MGRO J1908 + 06), the neutrino flux is derived from the mea- 
sured γ -ray flux using the method described in Refs. [18,19] and 
references therein. Another method has been tested [20] , using 
as a test case the source RX J1713.7-3946, obtaining compatible 
results. All neutrino fluxes are estimated for the νµ

2 channel, 
assuming that, due to oscillation, for cosmic neutrinos the flavour 
ratio at Earth will be νe : νµ : ντ = 1 : 1 : 1 [21] . For all cases a 
100% hadronic emission and a transparent source are assumed, but 
the results can also be interpreted in terms of the percentage of 
hadronic emission, provided that the hadronic and non-hadronic 
contributions have the same energy spectrum. If ξhad is the per- 
centage of the γ -ray flux that has hadronic origin, the neutrino 
fluxes are calculated under the hypothesis that ξhad = 1 , but from 
these results the discovery potentials and sensitivities for ξhad < 1 
can be derived. 

All neutrino fluxes in this publication are parameterised by 
&ν (E) = k 0 ( E 

1 TeV 
)−'

exp [−
(

E 
E cut 

)β
]
, (1) 

where k 0 is the normalisation constant, ' is the spectral index, E cut 
is the energy cutoff, β is the cutoff exponent [22] . Table 1 lists the 

2 In this paper the notation ν is used to refer to both neutrinos and antineutrinos. 

Fig. 2. Muon neutrino fluxes ( νµ + ̄νµ) used in the analysis. The corresponding pa- 
rameters are given in Table 1 . 
sources considered, their declination δ and angular extension (in- 
dicated as radius), as measured by γ -ray detectors, as well as the 
parameters of the Eq. (1) . For several sources, different parameter- 
isations are consistent with the γ -ray data and the corresponding 
neutrino fluxes are included in the analysis. The fluxes listed in 
Table 1 are shown in Fig. 2 . 

In the following subsections short descriptions of the sources 
are given with details on the derivation of the neutrino flux from 
the measured γ -ray flux. 
2.1. RX J1713.7-3946 

The young shell-type SNR RX J1713.7-3946 is at present one of 
the best studied SNRs in the VHE regime. Its high-energy γ -ray 
emission has been observed by H.E.S.S. in several campaigns, in 
the years 2003–05 [22,26,27] and in 2011 and 2012 [11] . The re- 
ported spectrum extends up to about 100 TeV, suggesting that the 
hadronic particle population may have energies up to several PeV 
if the γ -ray production is hadronic. 

The origin of the TeV γ -ray emission from RX J1713.7-3946 has 
been a matter of active debate. A detailed discussion of the in- 
terpretation of the H.E.S.S. data in hadronic or leptonic scenarios 
can be found e.g. in Refs. [11,27] and references therein. Fermi-LAT 
reported an observation of GeV γ -ray emission from RX J1713.7- 
3946 [28] . While the hard spectrum at GeV energies reported by 
the Fermi Collaboration is generally interpreted as an argument 
in favour of a leptonic scenario, some authors argue that both 
hadronic and leptonic scenarios can reproduce the data under cer- 
tain assumptions (e.g. Ref. [29] ). On the other hand, the observa- 
tion of molecular clouds in the vicinity of the source [30,31] could 
provide an additional hint in favour of the hadronic scenario. In 
Ref. [32] , a detailed numerical treatment of the SNR shock interac- 
tion in a non homogenous medium has been reported, consistently 
describing the broadband GeV–TeV spectrum of RX J1713.7-3946 
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Fig. 8. Ratio of the discovery potentials !3 σ and !5 σ to the expectation flux !ν as a function of the observation time for the stacking analysis including RX J1713.7-3946 
and Vela Jr. The neutrino fluxes assumed for the individual sources are listed in Table 1 . In this case, !ν is taken as the sum of the fluxes of the two sources. 

Fig. 9. Sensitivity, defined as the median upper limit at 90% confidence level (left), and discovery flux at 5 σ (right) for sources with a generic, unbroken neutrino flux 
proportional to E −2 , as a function of the source declination. An observation time of 6 years is assumed. For comparison, the corresponding IceCube [70] and ANTARES 
[67] results are also shown. Note that the IceCube discovery potential [70] follows the one-sided gaussian probability convention, while in this paper the two-sided one is 
used. For the KM3NeT results the difference deriving from using one or the other convention has been evaluated to be less than 4%, within the line thickness of the figure. 
sources, both for the signal and the background, using as weight 
the number of events expected in each case. Since these sources 
are quite distant in the sky (about 80 ◦), there is no overlap be- 
tween the selected events around the two sources. It is therefore 
possible to use the original classifier designed for each source as 
PDF for the stacked search. 

In Fig. 8 , the resulting values of !3 σ / !ν and !5 σ / !ν are 
shown as a function of the observation time. Note that in this case 
!ν indicates the sum of the fluxes of the two stacked sources. An 
observation at 3 σ is possible after 3 years and at 5 σ after 9 years. 
6. Generic point sources with E −2 spectrum 

The sensitivity to astrophysical neutrino sources lacking a spe- 
cific neutrino flux prediction based on γ -ray measurements is per- 
formed assuming a generic, unbroken power law energy spectrum 
proportional to E −2 . This assumption is in agreement with the re- 
cent IceCube findings [15] and provides a benchmark scenario that 
can be compared with other detectors (see e.g. the corresponding 
results from ANTARES [67] and IceCube [70] ). 

In this case no specific source generation is performed. Instead 
of a specific training for each possible source location in the sky, 
only one training is performed assuming as “signal” an event sam- 
ple generated with a E −2 spectrum and imposing the experimental 
point spread function. Only tracks reconstructed below the horizon 
and up to 10 ◦ above the horizon are considered. The features used 
for the training are the same as for Galactic sources, except that in 
this case the distance from the source position is not used at this 
stage of the analysis. The output of the Random Decision Forest 
classifier is used as a cut variable in the analysis. 

The likelihood ratio in Eq. (3) is built in this case from the 
PDFs that describe the reconstructed directions and energies of the 
events, following a procedure widely used by the ANTARES Collab- 
oration (see e.g. [67] ). More precisely, 
f (x i | s ) = f (ψ i | s ) f (E i, rec | s ) (8) 
where f( ψ i |s) is a parameterisation of the point spread function, 
i.e. the probability density function of reconstructing event i at an 
angular distance ψ i from the true source location, and f( E i ,rec |s) 
is the probability density function for signal events to be recon- 
structed with an energy E rec . For the background, the spatial part 
of the PDF depends only on the event declination δi while the 
probability in right ascension is uniformly distributed, so 
f (x i | b ) = f (δi | b ) / (2 π ) f (E i, rec | b ) (9) 

Here, f( δi |b)/(2 π ) is the probability density for background 
events as a function of the declination and f( E i ,rec |b) is the prob- 
ability density function for background events to be reconstructed 
with an energy E rec . 

The resulting sensitivity and 5 σ discovery flux are shown in 
Fig. 9 as a function of the source declination. An observation time 
of 6 years has been used, which is similar to IceCube results re- 
ported in Ref. [70] . 

Previously [4] , the 5 σ discovery flux was reported for an ob- 
servation time of three years. The present analysis leads to a 25% 
improvement with respect to Ref. [4] in the 5 σ discovery flux. 
7. Systematic uncertainties 

A detailed investigation of the systematic effects for point 
source searches has been reported in Ref. [4] . The main contribu- 
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Main (current) projects :

- neutrino analysis with FRB catalogs → visibility studies / binned & ON-OFF searches (work lead by Félix Bretaudeau PhD student)

- positioning calibration → critical for angular resolution → astronomy (work lead by Lilian Martin)

SUBATECH - 27/10/2022 – Collaboration Meeting 2/17

Acoustic positioning 

ToAs

ToAs

ToEsToEsToEsToEs

ToE : Time of Emission
ToA : Time of Arrival

● Fit parameters: # ToEs + # strings x 2 tilt angles                  ~ 50 + 40 = 90 for D0ARCA020 
● Measurements: # ToEs x # receivers                                        ~ 50 x 360 = 18 000 for D0ARCA020 
● Assumptions: 

– The detector does not move within a given time window (600 s)
– The line shape under the sea current is well described by a mechanical model
– The static parameters (X,Y,Z of the anchors, emitters, Z of the modules, time oAsets) are precisely known

● A global Ct is performed to deduce the actual line shapes 

(TX,TY)

SUBATECH - 27/10/2022 – Collaboration Meeting 16/17

Calibration : tilt behaviors  

0020,0021,0022

pre-calibration

● Collective behaviors and « daily » oscillations are observed 
● Large systematic dispersion (several mrad) of amplitudes
● Particular behaviors of the (ARCA.0020,ARCA.0021 and ARCA.0022) triplet
● Systematic to be understood and conCrmed by other analysis (muons, SN hits...)

pre-calibration

Motion monitoring

of lines and modules

Combine acoustic and 
compass data to
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KM3NeT activities at Subatech

Our team is involved in the astronomy analysis

(some) futurs projects :

- extension to southern radio-telescopes (Meerkat, MWA, SKA?)

- alert and observation strategies with radio-telescope (online analysis)

- model développements for multi-messenger fast radio transients sources (iterative with alerts and strategies)
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Main (current) projects :

- neutrino analysis with FRB catalogs → visibility studies / binned & ON-OFF searches (work lead by Félix Bretaudeau PhD student)

- positioning calibration → critical for angular resolution → astronomy (work lead by Lilian Martin)

SUBATECH - 27/10/2022 – Collaboration Meeting 2/17

Acoustic positioning 

ToAs

ToAs

ToEsToEsToEsToEs

ToE : Time of Emission
ToA : Time of Arrival

● Fit parameters: # ToEs + # strings x 2 tilt angles                  ~ 50 + 40 = 90 for D0ARCA020 
● Measurements: # ToEs x # receivers                                        ~ 50 x 360 = 18 000 for D0ARCA020 
● Assumptions: 

– The detector does not move within a given time window (600 s)
– The line shape under the sea current is well described by a mechanical model
– The static parameters (X,Y,Z of the anchors, emitters, Z of the modules, time oAsets) are precisely known

● A global Ct is performed to deduce the actual line shapes 

(TX,TY)
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Calibration : tilt behaviors  

0020,0021,0022

pre-calibration

● Collective behaviors and « daily » oscillations are observed 
● Large systematic dispersion (several mrad) of amplitudes
● Particular behaviors of the (ARCA.0020,ARCA.0021 and ARCA.0022) triplet
● Systematic to be understood and conCrmed by other analysis (muons, SN hits...)
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Motion monitoring

of lines and modules

Combine acoustic and 
compass data to
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KM3NeT activities at Subatech

Work in progress, new results are coming soon!

Our team is involved in the astronomy analysis

(some) futurs projects :

- extension to southern radio-telescopes (Meerkat, MWA, SKA?)

- alert and observation strategies with radio-telescope (online analysis)

- model développements for multi-messenger fast radio transients sources (iterative with alerts and strategies)
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Predicted ultra high-energy neutrinos

• Expand the measurements of the neutrino spectrum

• Reach the cosmogenic flux of ultra high-energy (UHE) neutrinos

Theoretical predictions?

10% = NSM ?

Guaranteed 

cosmogenic neutrinos

UHECR + cosmic photons → UHE neutrinos

+ neutrinos from astrophysical sources
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Predicted ultra high-energy neutrinos

• Expand the measurements of the neutrino spectrum

• Reach the cosmogenic flux of ultra high-energy (UHE) neutrinos

Theoretical predictions?

10% = NSM ?

Guaranteed 

cosmogenic neutrinos

UHECR + cosmic photons → UHE neutrinos

+ neutrinos from astrophysical sources

Which sources and where ?
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Constraining the possible sources of cosmogenic neutrinos
V. D., Romero-Wolf (JPL), Deaconu (UChicago), and Wissel (PSU) (in progress)

Which cosmogenic sources are we going to see with which instrument?
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Constraining the possible sources of cosmogenic neutrinos

Study based on the initial works of Andres Romero-Wolf and Maximo Ave 2018

Extended to multimessenger constraints: cosmic-ray, gamma-ray, neutrino

+ constraint from possible futur detection of planned experiments: here PUEO

cosmic-ray spectra

gamma-ray spectra

neutrino constraints

source models population model

cosmic-ray flux

propagation through the Universe:

•  photon backgrounds

• particle interactions

• adiabatic losses

• cosmology

comparison to data

comparison to 
expectations

neutrino spectra?

adjust source parameters

V. D., Romero-Wolf (JPL), Deaconu (UChicago), and Wissel (PSU) (in progress)

Which cosmogenic sources are we going to see with which instrument?
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Constraining the possible sources of cosmogenic neutrinos

Preliminary

Preliminary

→ Goal is to probe the parameter space from the experimental point of view

Study based on the initial works of Andres Romero-Wolf and Maximo Ave 2018

Extended to multimessenger constraints: cosmic-ray, gamma-ray, neutrino

+ constraint from possible futur detection of planned experiments: here PUEO

cosmic-ray spectra

gamma-ray spectra

neutrino constraints

source models population model
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propagation through the Universe:
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• cosmology

comparison to data
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expectations

neutrino spectra?
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+ neutrinos from astrophysical sources

• low fluxes

• low cross sections

How to detect them ?

→ large volume of target
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Predicted ultra high-energy neutrinos

• Expand the measurements of the neutrino spectrum

• Reach the cosmogenic flux of ultra high-energy (UHE) neutrinos

Theoretical predictions

10% = NSM ?

Guaranteed 

cosmogenic neutrinos

UHECR + cosmic photons → UHE neutrinos

+ neutrinos from astrophysical sources

One possibility:

• use Earth as target

• detect product of interactions → extensive air showers

• radio detection of extensive air showers

?

• low fluxes

• low cross sections

How to detect them ?

→ large volume of target
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Extensive air showers (EAS)

electromagnetic 
waves

Xmax

𝜏ν𝜏

hundreds of µV/m. The signal can be interpreted by two
main mechanisms (see figure 1).

The so-called Askaryan e↵ect [27, 28] results from
Compton scattering while the shower propagates through
the Earth atmosphere. The resulting electrons are swept
into the shower front. In a non-absorptive, dielectric
medium the number of electrons in the particle front,
and therefore the net charge excess in the cascade, varies
in time, which induces a coherent electromagnetic pulse.
The radio signal emitted by this mechanism is linearly
polarized. The electric field vector is oriented radially
around the shower axis, so the orientation of the electric
field vector depends on the location of an observer with
respect to the shower axis.

The second and main mechanism at play is the ge-
omagnetic e↵ect [14, 1]. In the shower front, the sec-
ondary electrons and positrons are being deflected to-
wards opposite directions by the geomagnetic field, after
which they are stopped by interactions with air molecules.
In total, this leads to a net drift of the electrons and
positrons in opposite directions as governed by the
Lorentz force ~F = q~v⇥ ~B, where q is the particle charge,
~v the velocity vector of the shower and ~B the geomag-
netic field vector. As these “transverse currents” vary
in time during the air shower development, they lead to
the emission of electromagnetic radiation. The polariza-
tion of this signal is linear, with the electric field vector
aligned with the Lorentz force (along ~v ⇥ ~B).

Depending on the position of the observer and hence
the orientation of the electric field vector for the two
emission mechanisms, these contributions can add con-
structively or destructively, leading to an asymmetric
ring structure: a radio footprint, the pattern of the radio
signal on ground.

Since the refractive index of air is slightly larger than
1, the radio waves travel slower through the air than the
relativistically moving particle front. In addition to a
strong forward-beaming of the emission, this leads to
a so-called Cherenkov compression. At particular ob-
server positions on ground, a radio pulse is detected as
being compressed in time since the radiation emitted by
a significant part of the shower arrives simultaneously.
The pulse becomes very narrow and coherent up to fre-
quencies in the GHz region.

These observer positions can be found on the
Cherenkov ring [29, 30, 31], given by cos⇥C = (n �)�1

with ⇥C defined as the Cherenkov angle, n the refractive
index of the medium that depends on the emission height,
and � the particle velocity.

One of the main observables that characterize the air-
shower is the atmospheric depth Xmax (also called the
shower maximum and given in g.cm�2) at which the de-

- +I

Bgeo

Geomagnetic emission
v x v x B

v x B

-- - -
+

+
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q+

Askaryan emission
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Figure 1: Main radio emission mechanisms in an extensive air-shower
and the polarization of their corresponding electric field in the shower
plane. The Askaryan e↵ect can be described as a variation of the net
charge excess of the shower in time (q̇) and the geomagnetic e↵ect
results from the time-variation of the transverse current in the shower
(İ). Both mechanisms superimpose, resulting in a complex distribution
of the electric field vector (bottom).

velopment of the cascade reaches its maximum particle
number in the electromagnetic component [32]. Since
the strength of the emitted radio signal scales linearly
with the number of electrons and positrons, and since
the signal is strongly beamed forward, Xmax can be con-
sidered at first approximation, as a point-source position,
where the maximum radiation comes from. This approxi-
mation is just valid in the far-field, and restricts therefore
the methods to it.

3. The Radio Morphing method

Previous macroscopic studies have shown that the
average radio emission properties from air-showers de-
pends on a limited set of parameters, describing the en-
ergy and geometry of the shower [12, 13, 14, 15, 16].
Following this observation, we have developed the Radio
Morphing method, in which radio signals are rescaled
from a single reference air-shower, via a series of simple
mathematical operations.

This idea relies on the universality of the distribution
of the electrons and positrons in extensive air-showers,
that was pointed out by several works already [33, 34].
Interestingly, this distribution was found to depend
mainly on the depth of the shower maximum Xmax and
the number of particles in the cascade at that depth, that
is, on the age of the shower. Based on this concept,
Ref. [35] presented a parametrization of the air-shower
pair distributions, that enables one to calculate the prop-
erties of any air-shower by a linear rescaling of a small
number of parameters. The parametrization was later
refined by, e.g., Refs. [36, 37].

3

radial 
polarisation
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polarisation

e+ and e- (in motion) + geomagnetic field 

= radiation


collective effects lead to 

two main mechanisms of emission

Earth/mountains

𝜏 decay
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Compton scattering while the shower propagates through
the Earth atmosphere. The resulting electrons are swept
into the shower front. In a non-absorptive, dielectric
medium the number of electrons in the particle front,
and therefore the net charge excess in the cascade, varies
in time, which induces a coherent electromagnetic pulse.
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polarized. The electric field vector is oriented radially
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field vector depends on the location of an observer with
respect to the shower axis.
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ondary electrons and positrons are being deflected to-
wards opposite directions by the geomagnetic field, after
which they are stopped by interactions with air molecules.
In total, this leads to a net drift of the electrons and
positrons in opposite directions as governed by the
Lorentz force ~F = q~v⇥ ~B, where q is the particle charge,
~v the velocity vector of the shower and ~B the geomag-
netic field vector. As these “transverse currents” vary
in time during the air shower development, they lead to
the emission of electromagnetic radiation. The polariza-
tion of this signal is linear, with the electric field vector
aligned with the Lorentz force (along ~v ⇥ ~B).

Depending on the position of the observer and hence
the orientation of the electric field vector for the two
emission mechanisms, these contributions can add con-
structively or destructively, leading to an asymmetric
ring structure: a radio footprint, the pattern of the radio
signal on ground.

Since the refractive index of air is slightly larger than
1, the radio waves travel slower through the air than the
relativistically moving particle front. In addition to a
strong forward-beaming of the emission, this leads to
a so-called Cherenkov compression. At particular ob-
server positions on ground, a radio pulse is detected as
being compressed in time since the radiation emitted by
a significant part of the shower arrives simultaneously.
The pulse becomes very narrow and coherent up to fre-
quencies in the GHz region.

These observer positions can be found on the
Cherenkov ring [29, 30, 31], given by cos⇥C = (n �)�1

with ⇥C defined as the Cherenkov angle, n the refractive
index of the medium that depends on the emission height,
and � the particle velocity.

One of the main observables that characterize the air-
shower is the atmospheric depth Xmax (also called the
shower maximum and given in g.cm�2) at which the de-
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Figure 1: Main radio emission mechanisms in an extensive air-shower
and the polarization of their corresponding electric field in the shower
plane. The Askaryan e↵ect can be described as a variation of the net
charge excess of the shower in time (q̇) and the geomagnetic e↵ect
results from the time-variation of the transverse current in the shower
(İ). Both mechanisms superimpose, resulting in a complex distribution
of the electric field vector (bottom).

velopment of the cascade reaches its maximum particle
number in the electromagnetic component [32]. Since
the strength of the emitted radio signal scales linearly
with the number of electrons and positrons, and since
the signal is strongly beamed forward, Xmax can be con-
sidered at first approximation, as a point-source position,
where the maximum radiation comes from. This approxi-
mation is just valid in the far-field, and restricts therefore
the methods to it.

3. The Radio Morphing method

Previous macroscopic studies have shown that the
average radio emission properties from air-showers de-
pends on a limited set of parameters, describing the en-
ergy and geometry of the shower [12, 13, 14, 15, 16].
Following this observation, we have developed the Radio
Morphing method, in which radio signals are rescaled
from a single reference air-shower, via a series of simple
mathematical operations.

This idea relies on the universality of the distribution
of the electrons and positrons in extensive air-showers,
that was pointed out by several works already [33, 34].
Interestingly, this distribution was found to depend
mainly on the depth of the shower maximum Xmax and
the number of particles in the cascade at that depth, that
is, on the age of the shower. Based on this concept,
Ref. [35] presented a parametrization of the air-shower
pair distributions, that enables one to calculate the prop-
erties of any air-shower by a linear rescaling of a small
number of parameters. The parametrization was later
refined by, e.g., Refs. [36, 37].
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sidered arrays of both eight and four dual-polarized sinuous antennas, which correspond to sixteen
and eight channels, respectively. To achieve full azimuthal coverage, each antenna in the eight
(four) antenna array is rotated by 22.5� (45�), relative to adjacent antennas.

There are three clear advantages of the sinuous antennas over the other options. First, because
sinuous antennas are inherently frequency-independent with a flat impedance across the band,
the antenna efficiency when matched with a characteristic impedance of 200 W is moderate to
excellent across the full band. This maximizes the received voltage at the antennas and minimizes
uncertainties in the antenna gain. The antenna efficiency is highest when the power re-radiated by
the antenna is lowest; that is, when the voltage standing wave ratio (VSWR) is lowest. The other
two designs exhibit larger variations in their VSWR across the band, as shown in Figure 4.

Figure 3: Realized gain in dBi for quadslots (left), bowties (middle), and sinuous antenna
displayed on the top for multiple frequency bands and on the bottom for arrays considered.

Second, air shower signals can be received with identical gain on the two feeds, enabling a
measure of the polarization angle where the uncertainties in antenna pattern effectively cancel.
Additionally, the two polarizations can be combined with a 180� phase difference in the RFSoC
to generate both right and left circularly polarized (RCP and LCP) signals. Then a trigger can be
formed based on the coincidence of RCP and LCP, guaranteeing that the trigger is purely linearly
polarized as expected for air shower events. We note that this technique was used on both ANITA-
I and ANITA-IV. Each sinuous antenna has a diameter of 1.90 m and sinuous pattern generation
angles of a = p/4 and d = p/8, chosen to achieve good VSWR down to low frequencies, as shown
in Figure 4.

Third, the point source effective area for tau neutrinos is highest for the sinuous antenna when we
considered the eight antenna array. The point source effective area of the LF system to tau neutrinos
is compared with an isotropic antenna array of four HPol antennas used in the initial proposal in
Figure 4. Because it has the highest array gain, the eight-antenna sinuous array achieves the largest

4

sidered arrays of both eight and four dual-polarized sinuous antennas, which correspond to sixteen
and eight channels, respectively. To achieve full azimuthal coverage, each antenna in the eight
(four) antenna array is rotated by 22.5� (45�), relative to adjacent antennas.

There are three clear advantages of the sinuous antennas over the other options. First, because
sinuous antennas are inherently frequency-independent with a flat impedance across the band,
the antenna efficiency when matched with a characteristic impedance of 200 W is moderate to
excellent across the full band. This maximizes the received voltage at the antennas and minimizes
uncertainties in the antenna gain. The antenna efficiency is highest when the power re-radiated by
the antenna is lowest; that is, when the voltage standing wave ratio (VSWR) is lowest. The other
two designs exhibit larger variations in their VSWR across the band, as shown in Figure 4.

Figure 3: Realized gain in dBi for quadslots (left), bowties (middle), and sinuous antenna
displayed on the top for multiple frequency bands and on the bottom for arrays considered.

Second, air shower signals can be received with identical gain on the two feeds, enabling a
measure of the polarization angle where the uncertainties in antenna pattern effectively cancel.
Additionally, the two polarizations can be combined with a 180� phase difference in the RFSoC
to generate both right and left circularly polarized (RCP and LCP) signals. Then a trigger can be
formed based on the coincidence of RCP and LCP, guaranteeing that the trigger is purely linearly
polarized as expected for air shower events. We note that this technique was used on both ANITA-
I and ANITA-IV. Each sinuous antenna has a diameter of 1.90 m and sinuous pattern generation
angles of a = p/4 and d = p/8, chosen to achieve good VSWR down to low frequencies, as shown
in Figure 4.

Third, the point source effective area for tau neutrinos is highest for the sinuous antenna when we
considered the eight antenna array. The point source effective area of the LF system to tau neutrinos
is compared with an isotropic antenna array of four HPol antennas used in the initial proposal in
Figure 4. Because it has the highest array gain, the eight-antenna sinuous array achieves the largest

4

Yuchieh Ku (Grad Student PSU)

Sinuous antenna design → isotropic gain response of the array → maximise FoV



19

Low Frequency Instrument

Target radio emission from EAS in the 50-300 MHz  → larger radio beam → larger FoV → better sensitivity

sidered arrays of both eight and four dual-polarized sinuous antennas, which correspond to sixteen
and eight channels, respectively. To achieve full azimuthal coverage, each antenna in the eight
(four) antenna array is rotated by 22.5� (45�), relative to adjacent antennas.

There are three clear advantages of the sinuous antennas over the other options. First, because
sinuous antennas are inherently frequency-independent with a flat impedance across the band,
the antenna efficiency when matched with a characteristic impedance of 200 W is moderate to
excellent across the full band. This maximizes the received voltage at the antennas and minimizes
uncertainties in the antenna gain. The antenna efficiency is highest when the power re-radiated by
the antenna is lowest; that is, when the voltage standing wave ratio (VSWR) is lowest. The other
two designs exhibit larger variations in their VSWR across the band, as shown in Figure 4.

Figure 3: Realized gain in dBi for quadslots (left), bowties (middle), and sinuous antenna
displayed on the top for multiple frequency bands and on the bottom for arrays considered.

Second, air shower signals can be received with identical gain on the two feeds, enabling a
measure of the polarization angle where the uncertainties in antenna pattern effectively cancel.
Additionally, the two polarizations can be combined with a 180� phase difference in the RFSoC
to generate both right and left circularly polarized (RCP and LCP) signals. Then a trigger can be
formed based on the coincidence of RCP and LCP, guaranteeing that the trigger is purely linearly
polarized as expected for air shower events. We note that this technique was used on both ANITA-
I and ANITA-IV. Each sinuous antenna has a diameter of 1.90 m and sinuous pattern generation
angles of a = p/4 and d = p/8, chosen to achieve good VSWR down to low frequencies, as shown
in Figure 4.

Third, the point source effective area for tau neutrinos is highest for the sinuous antenna when we
considered the eight antenna array. The point source effective area of the LF system to tau neutrinos
is compared with an isotropic antenna array of four HPol antennas used in the initial proposal in
Figure 4. Because it has the highest array gain, the eight-antenna sinuous array achieves the largest

4

sidered arrays of both eight and four dual-polarized sinuous antennas, which correspond to sixteen
and eight channels, respectively. To achieve full azimuthal coverage, each antenna in the eight
(four) antenna array is rotated by 22.5� (45�), relative to adjacent antennas.

There are three clear advantages of the sinuous antennas over the other options. First, because
sinuous antennas are inherently frequency-independent with a flat impedance across the band,
the antenna efficiency when matched with a characteristic impedance of 200 W is moderate to
excellent across the full band. This maximizes the received voltage at the antennas and minimizes
uncertainties in the antenna gain. The antenna efficiency is highest when the power re-radiated by
the antenna is lowest; that is, when the voltage standing wave ratio (VSWR) is lowest. The other
two designs exhibit larger variations in their VSWR across the band, as shown in Figure 4.

Figure 3: Realized gain in dBi for quadslots (left), bowties (middle), and sinuous antenna
displayed on the top for multiple frequency bands and on the bottom for arrays considered.

Second, air shower signals can be received with identical gain on the two feeds, enabling a
measure of the polarization angle where the uncertainties in antenna pattern effectively cancel.
Additionally, the two polarizations can be combined with a 180� phase difference in the RFSoC
to generate both right and left circularly polarized (RCP and LCP) signals. Then a trigger can be
formed based on the coincidence of RCP and LCP, guaranteeing that the trigger is purely linearly
polarized as expected for air shower events. We note that this technique was used on both ANITA-
I and ANITA-IV. Each sinuous antenna has a diameter of 1.90 m and sinuous pattern generation
angles of a = p/4 and d = p/8, chosen to achieve good VSWR down to low frequencies, as shown
in Figure 4.

Third, the point source effective area for tau neutrinos is highest for the sinuous antenna when we
considered the eight antenna array. The point source effective area of the LF system to tau neutrinos
is compared with an isotropic antenna array of four HPol antennas used in the initial proposal in
Figure 4. Because it has the highest array gain, the eight-antenna sinuous array achieves the largest

4

Yuchieh Ku (Grad Student PSU)

Sinuous antenna design → isotropic gain response of the array → maximise FoV

50 100 150 200 250 300 350

frequency (MHz)

101

102

103

T
em

p
er

at
ur

e
(K

)

T = (1 ° rsky frac)CFresnelTice + rskyfracTsky

r=0.5 C=0.65

0.5x Tsky

0.5x 0.65x Tice(=270)

Tsys cfg 1

Tsys cfg 2

r=0.3-0.6

RF chain → sensitive down to ice and sky background + TRL6 requirements (pressure/temp)



19

Low Frequency Instrument

Target radio emission from EAS in the 50-300 MHz  → larger radio beam → larger FoV → better sensitivity

sidered arrays of both eight and four dual-polarized sinuous antennas, which correspond to sixteen
and eight channels, respectively. To achieve full azimuthal coverage, each antenna in the eight
(four) antenna array is rotated by 22.5� (45�), relative to adjacent antennas.

There are three clear advantages of the sinuous antennas over the other options. First, because
sinuous antennas are inherently frequency-independent with a flat impedance across the band,
the antenna efficiency when matched with a characteristic impedance of 200 W is moderate to
excellent across the full band. This maximizes the received voltage at the antennas and minimizes
uncertainties in the antenna gain. The antenna efficiency is highest when the power re-radiated by
the antenna is lowest; that is, when the voltage standing wave ratio (VSWR) is lowest. The other
two designs exhibit larger variations in their VSWR across the band, as shown in Figure 4.

Figure 3: Realized gain in dBi for quadslots (left), bowties (middle), and sinuous antenna
displayed on the top for multiple frequency bands and on the bottom for arrays considered.

Second, air shower signals can be received with identical gain on the two feeds, enabling a
measure of the polarization angle where the uncertainties in antenna pattern effectively cancel.
Additionally, the two polarizations can be combined with a 180� phase difference in the RFSoC
to generate both right and left circularly polarized (RCP and LCP) signals. Then a trigger can be
formed based on the coincidence of RCP and LCP, guaranteeing that the trigger is purely linearly
polarized as expected for air shower events. We note that this technique was used on both ANITA-
I and ANITA-IV. Each sinuous antenna has a diameter of 1.90 m and sinuous pattern generation
angles of a = p/4 and d = p/8, chosen to achieve good VSWR down to low frequencies, as shown
in Figure 4.

Third, the point source effective area for tau neutrinos is highest for the sinuous antenna when we
considered the eight antenna array. The point source effective area of the LF system to tau neutrinos
is compared with an isotropic antenna array of four HPol antennas used in the initial proposal in
Figure 4. Because it has the highest array gain, the eight-antenna sinuous array achieves the largest

4

sidered arrays of both eight and four dual-polarized sinuous antennas, which correspond to sixteen
and eight channels, respectively. To achieve full azimuthal coverage, each antenna in the eight
(four) antenna array is rotated by 22.5� (45�), relative to adjacent antennas.

There are three clear advantages of the sinuous antennas over the other options. First, because
sinuous antennas are inherently frequency-independent with a flat impedance across the band,
the antenna efficiency when matched with a characteristic impedance of 200 W is moderate to
excellent across the full band. This maximizes the received voltage at the antennas and minimizes
uncertainties in the antenna gain. The antenna efficiency is highest when the power re-radiated by
the antenna is lowest; that is, when the voltage standing wave ratio (VSWR) is lowest. The other
two designs exhibit larger variations in their VSWR across the band, as shown in Figure 4.

Figure 3: Realized gain in dBi for quadslots (left), bowties (middle), and sinuous antenna
displayed on the top for multiple frequency bands and on the bottom for arrays considered.

Second, air shower signals can be received with identical gain on the two feeds, enabling a
measure of the polarization angle where the uncertainties in antenna pattern effectively cancel.
Additionally, the two polarizations can be combined with a 180� phase difference in the RFSoC
to generate both right and left circularly polarized (RCP and LCP) signals. Then a trigger can be
formed based on the coincidence of RCP and LCP, guaranteeing that the trigger is purely linearly
polarized as expected for air shower events. We note that this technique was used on both ANITA-
I and ANITA-IV. Each sinuous antenna has a diameter of 1.90 m and sinuous pattern generation
angles of a = p/4 and d = p/8, chosen to achieve good VSWR down to low frequencies, as shown
in Figure 4.

Third, the point source effective area for tau neutrinos is highest for the sinuous antenna when we
considered the eight antenna array. The point source effective area of the LF system to tau neutrinos
is compared with an isotropic antenna array of four HPol antennas used in the initial proposal in
Figure 4. Because it has the highest array gain, the eight-antenna sinuous array achieves the largest

4

Yuchieh Ku (Grad Student PSU)

Sinuous antenna design → isotropic gain response of the array → maximise FoV

50 100 150 200 250 300 350

frequency (MHz)

101

102

103

T
em

p
er

at
ur

e
(K

)

T = (1 ° rsky frac)CFresnelTice + rskyfracTsky

r=0.5 C=0.65

0.5x Tsky

0.5x 0.65x Tice(=270)

Tsys cfg 1

Tsys cfg 2

r=0.3-0.6

RF chain → sensitive down to ice and sky background + TRL6 requirements (pressure/temp)

Thermal vacuum chamber (PSU)



20

Influence of the topography on the radio detection of neutrino induced air showers
V. D., Renault-Tinacci (IAP), Martineau (LPNHE), Charrier (Subatech), Kotera (IAP), Le Coz (NAOC), Niess (UCA), 

Tueros (CONICET), Zilles (IAP) (NIMA 2021)

GR DN

Giant Radio Array for Neutrino Detection

Science and Design

1

ar
X

iv
:1

81
0.

09
99

4v
1 

 [a
str

o-
ph

.H
E]

  2
3 

O
ct

 2
01

8



20

Influence of the topography on the radio detection of neutrino induced air showers
V. D., Renault-Tinacci (IAP), Martineau (LPNHE), Charrier (Subatech), Kotera (IAP), Le Coz (NAOC), Niess (UCA), 

Tueros (CONICET), Zilles (IAP) (NIMA 2021)

North

h
<latexit sha1_base64="CeQ/Q+ukHUgr9XYsqNtBgtbaxD0=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjwm4JpAsoTZSW8yZnZ2mZkVwpIv8OJBxau/5M2/cfIQ4qugoajqprsrTAXXxnU/nMLS8srqWnG9tLG5tb1T3t271UmmGPosEYlqhVSj4BJ9w43AVqqQxqHAZji8mvjNe1SaJ/LGjFIMYtqXPOKMGis1Bt1yxau6UxD3F/myKjBHvVt+7/QSlsUoDRNU67bnpibIqTKcCRyXOpnGlLIh7WPbUklj1EE+PXRMjqzSI1GibElDpuriRE5jrUdxaDtjagb6pzcR//LamYnOg5zLNDMo2WxRlAliEjL5mvS4QmbEyBLKFLe3EjagijJjsykthvA/8U+qF1WvcVqpXc7TKMIBHMIxeHAGNbiGOvjAAOEBnuDZuXMenRfnddZacOYz+/ANztsnPe6MwQ==</latexit><latexit sha1_base64="CeQ/Q+ukHUgr9XYsqNtBgtbaxD0=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjwm4JpAsoTZSW8yZnZ2mZkVwpIv8OJBxau/5M2/cfIQ4qugoajqprsrTAXXxnU/nMLS8srqWnG9tLG5tb1T3t271UmmGPosEYlqhVSj4BJ9w43AVqqQxqHAZji8mvjNe1SaJ/LGjFIMYtqXPOKMGis1Bt1yxau6UxD3F/myKjBHvVt+7/QSlsUoDRNU67bnpibIqTKcCRyXOpnGlLIh7WPbUklj1EE+PXRMjqzSI1GibElDpuriRE5jrUdxaDtjagb6pzcR//LamYnOg5zLNDMo2WxRlAliEjL5mvS4QmbEyBLKFLe3EjagijJjsykthvA/8U+qF1WvcVqpXc7TKMIBHMIxeHAGNbiGOvjAAOEBnuDZuXMenRfnddZacOYz+/ANztsnPe6MwQ==</latexit><latexit sha1_base64="CeQ/Q+ukHUgr9XYsqNtBgtbaxD0=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjwm4JpAsoTZSW8yZnZ2mZkVwpIv8OJBxau/5M2/cfIQ4qugoajqprsrTAXXxnU/nMLS8srqWnG9tLG5tb1T3t271UmmGPosEYlqhVSj4BJ9w43AVqqQxqHAZji8mvjNe1SaJ/LGjFIMYtqXPOKMGis1Bt1yxau6UxD3F/myKjBHvVt+7/QSlsUoDRNU67bnpibIqTKcCRyXOpnGlLIh7WPbUklj1EE+PXRMjqzSI1GibElDpuriRE5jrUdxaDtjagb6pzcR//LamYnOg5zLNDMo2WxRlAliEjL5mvS4QmbEyBLKFLe3EjagijJjsykthvA/8U+qF1WvcVqpXc7TKMIBHMIxeHAGNbiGOvjAAOEBnuDZuXMenRfnddZacOYz+/ANztsnPe6MwQ==</latexit><latexit sha1_base64="CeQ/Q+ukHUgr9XYsqNtBgtbaxD0=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjwm4JpAsoTZSW8yZnZ2mZkVwpIv8OJBxau/5M2/cfIQ4qugoajqprsrTAXXxnU/nMLS8srqWnG9tLG5tb1T3t271UmmGPosEYlqhVSj4BJ9w43AVqqQxqHAZji8mvjNe1SaJ/LGjFIMYtqXPOKMGis1Bt1yxau6UxD3F/myKjBHvVt+7/QSlsUoDRNU67bnpibIqTKcCRyXOpnGlLIh7WPbUklj1EE+PXRMjqzSI1GibElDpuriRE5jrUdxaDtjagb6pzcR//LamYnOg5zLNDMo2WxRlAliEjL5mvS4QmbEyBLKFLe3EjagijJjsykthvA/8U+qF1WvcVqpXc7TKMIBHMIxeHAGNbiGOvjAAOEBnuDZuXMenRfnddZacOYz+/ANztsnPe6MwQ==</latexit>

τ
↵

<latexit sha1_base64="PWHw2QxigufUuLu9EWq0kX8HpqY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQq6LLoxmUF+4AmlMnkth06mYSZiVhCfsWNC0Xc+iPu/BunaRbaeuDC4Zx75849QcKZ0o7zbVXW1jc2t6rbtZ3dvf0D+7DeVXEqKXRozGPZD4gCzgR0NNMc+okEEgUcesH0du73HkEqFosHPUvAj8hYsBGjRBtpaNe94o1MQphjj/BkQoZ2w2k6BfAqcUvSQCXaQ/vLC2OaRiA05USpgesk2s+I1IxyyGteqiAhdErGMDBUkAiUnxV7c3xqlBCPYmlKaFyovycyEik1iwLTGRE9UcveXPzPG6R6dO1nTCSpBkEXi0YpxzrG8yBwyCRQzWeGECqZ+SumEyIJ1SaumgnBXT55lXTPm+5F07m/bLRuyjiq6BidoDPkoivUQneojTqIoif0jF7Rm5VbL9a79bForVjlzBH6A+vzB0D8lJE=</latexit>

D
<latexit sha1_base64="bpQb6Zy5X0zXtcmPs9YiWv69Lps=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9BjUg8cI5gHJEmZne5Mhsw9nZgNhyXd48aCIVz/Gm3/jZLMHTSxoKKq6p6fLSwRX2ra/rZXVtfWNzdJWeXtnd2+/cnDYUnEqGTZZLGLZ8ahCwSNsaq4FdhKJNPQEtr3R7cxvj1EqHkePepKgG9JBxAPOqDaS28tfyCT6U3LXr1Ttmp2DLBOnIFUo0OhXvnp+zNIQI80EVarr2Il2Myo1ZwKn5V6qMKFsRAfYNTSiISo3y1dOyalRfBLE0lSkSa7+nshoqNQk9ExnSPVQLXoz8T+vm+rg2s14lKQaIzZfFKSC6JjMEiA+l8i0mBhCmeTmr4QNqaRMm5zKJgRn8eRl0jqvORc1++GyWr8p4ijBMZzAGThwBXW4hwY0gcETPMMrvFlj68V6tz7mrStWMXMEf2B9/gC8RZIQ</latexit>

EAS footprint

✓

<latexit sha1_base64="4SE+/PEQtHY7Ioz156PmtNV9wYM=">AAAB7XicdVBNS8NAEN34WetX1aOXxSJ4CkkNbb0VvXisYD+gDWWz3bRrN5uwOxFK6H/w4kERr/4fb/4bN20FFX0w8Hhvhpl5QSK4Bsf5sFZW19Y3Ngtbxe2d3b390sFhW8epoqxFYxGrbkA0E1yyFnAQrJsoRqJAsE4wucr9zj1TmsfyFqYJ8yMykjzklICR2n0YMyCDUtmxL+rVilfFju04Nbfi5qRS88497BolRxkt0RyU3vvDmKYRk0AF0brnOgn4GVHAqWCzYj/VLCF0QkasZ6gkEdN+Nr92hk+NMsRhrExJwHP1+0RGIq2nUWA6IwJj/dvLxb+8Xgph3c+4TFJgki4WhanAEOP8dTzkilEQU0MIVdzciumYKELBBFQ0IXx9iv8n7YrterZ345Ubl8s4CugYnaAz5KIaaqBr1EQtRNEdekBP6NmKrUfrxXpdtK5Yy5kj9APW2ycGW49x</latexit>

Two parameters to model the topography:

• D = valley depth

• ⍺ = the mountain slope
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Influence of the topography on the radio detection of neutrino induced air showers

3 tools:

• microscopic simulation (MC - ZHAireS)

• semi-analytic simulation (Radio Morphing)

• analytic computation (cone modelling of the trigger volume)

• 3 computation speeds → from several hours to tens of seconds

• consistent results  (within ±10% for Radio Morphing and [-30%,0%] for Cone)

A. Zilles, et al.  2019 (including V.D.)

V. D., Renault-Tinacci (IAP), Martineau (LPNHE), Charrier (Subatech), Kotera (IAP), Le Coz (NAOC), Niess (UCA), 

Tueros (CONICET), Zilles (IAP) (NIMA 2021)

North

h
<latexit sha1_base64="CeQ/Q+ukHUgr9XYsqNtBgtbaxD0=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjwm4JpAsoTZSW8yZnZ2mZkVwpIv8OJBxau/5M2/cfIQ4qugoajqprsrTAXXxnU/nMLS8srqWnG9tLG5tb1T3t271UmmGPosEYlqhVSj4BJ9w43AVqqQxqHAZji8mvjNe1SaJ/LGjFIMYtqXPOKMGis1Bt1yxau6UxD3F/myKjBHvVt+7/QSlsUoDRNU67bnpibIqTKcCRyXOpnGlLIh7WPbUklj1EE+PXRMjqzSI1GibElDpuriRE5jrUdxaDtjagb6pzcR//LamYnOg5zLNDMo2WxRlAliEjL5mvS4QmbEyBLKFLe3EjagijJjsykthvA/8U+qF1WvcVqpXc7TKMIBHMIxeHAGNbiGOvjAAOEBnuDZuXMenRfnddZacOYz+/ANztsnPe6MwQ==</latexit><latexit sha1_base64="CeQ/Q+ukHUgr9XYsqNtBgtbaxD0=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjwm4JpAsoTZSW8yZnZ2mZkVwpIv8OJBxau/5M2/cfIQ4qugoajqprsrTAXXxnU/nMLS8srqWnG9tLG5tb1T3t271UmmGPosEYlqhVSj4BJ9w43AVqqQxqHAZji8mvjNe1SaJ/LGjFIMYtqXPOKMGis1Bt1yxau6UxD3F/myKjBHvVt+7/QSlsUoDRNU67bnpibIqTKcCRyXOpnGlLIh7WPbUklj1EE+PXRMjqzSI1GibElDpuriRE5jrUdxaDtjagb6pzcR//LamYnOg5zLNDMo2WxRlAliEjL5mvS4QmbEyBLKFLe3EjagijJjsykthvA/8U+qF1WvcVqpXc7TKMIBHMIxeHAGNbiGOvjAAOEBnuDZuXMenRfnddZacOYz+/ANztsnPe6MwQ==</latexit><latexit sha1_base64="CeQ/Q+ukHUgr9XYsqNtBgtbaxD0=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjwm4JpAsoTZSW8yZnZ2mZkVwpIv8OJBxau/5M2/cfIQ4qugoajqprsrTAXXxnU/nMLS8srqWnG9tLG5tb1T3t271UmmGPosEYlqhVSj4BJ9w43AVqqQxqHAZji8mvjNe1SaJ/LGjFIMYtqXPOKMGis1Bt1yxau6UxD3F/myKjBHvVt+7/QSlsUoDRNU67bnpibIqTKcCRyXOpnGlLIh7WPbUklj1EE+PXRMjqzSI1GibElDpuriRE5jrUdxaDtjagb6pzcR//LamYnOg5zLNDMo2WxRlAliEjL5mvS4QmbEyBLKFLe3EjagijJjsykthvA/8U+qF1WvcVqpXc7TKMIBHMIxeHAGNbiGOvjAAOEBnuDZuXMenRfnddZacOYz+/ANztsnPe6MwQ==</latexit><latexit sha1_base64="CeQ/Q+ukHUgr9XYsqNtBgtbaxD0=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjwm4JpAsoTZSW8yZnZ2mZkVwpIv8OJBxau/5M2/cfIQ4qugoajqprsrTAXXxnU/nMLS8srqWnG9tLG5tb1T3t271UmmGPosEYlqhVSj4BJ9w43AVqqQxqHAZji8mvjNe1SaJ/LGjFIMYtqXPOKMGis1Bt1yxau6UxD3F/myKjBHvVt+7/QSlsUoDRNU67bnpibIqTKcCRyXOpnGlLIh7WPbUklj1EE+PXRMjqzSI1GibElDpuriRE5jrUdxaDtjagb6pzcR//LamYnOg5zLNDMo2WxRlAliEjL5mvS4QmbEyBLKFLe3EjagijJjsykthvA/8U+qF1WvcVqpXc7TKMIBHMIxeHAGNbiGOvjAAOEBnuDZuXMenRfnddZacOYz+/ANztsnPe6MwQ==</latexit>

τ
↵

<latexit sha1_base64="PWHw2QxigufUuLu9EWq0kX8HpqY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQq6LLoxmUF+4AmlMnkth06mYSZiVhCfsWNC0Xc+iPu/BunaRbaeuDC4Zx75849QcKZ0o7zbVXW1jc2t6rbtZ3dvf0D+7DeVXEqKXRozGPZD4gCzgR0NNMc+okEEgUcesH0du73HkEqFosHPUvAj8hYsBGjRBtpaNe94o1MQphjj/BkQoZ2w2k6BfAqcUvSQCXaQ/vLC2OaRiA05USpgesk2s+I1IxyyGteqiAhdErGMDBUkAiUnxV7c3xqlBCPYmlKaFyovycyEik1iwLTGRE9UcveXPzPG6R6dO1nTCSpBkEXi0YpxzrG8yBwyCRQzWeGECqZ+SumEyIJ1SaumgnBXT55lXTPm+5F07m/bLRuyjiq6BidoDPkoivUQneojTqIoif0jF7Rm5VbL9a79bForVjlzBH6A+vzB0D8lJE=</latexit>

D
<latexit sha1_base64="bpQb6Zy5X0zXtcmPs9YiWv69Lps=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9BjUg8cI5gHJEmZne5Mhsw9nZgNhyXd48aCIVz/Gm3/jZLMHTSxoKKq6p6fLSwRX2ra/rZXVtfWNzdJWeXtnd2+/cnDYUnEqGTZZLGLZ8ahCwSNsaq4FdhKJNPQEtr3R7cxvj1EqHkePepKgG9JBxAPOqDaS28tfyCT6U3LXr1Ttmp2DLBOnIFUo0OhXvnp+zNIQI80EVarr2Il2Myo1ZwKn5V6qMKFsRAfYNTSiISo3y1dOyalRfBLE0lSkSa7+nshoqNQk9ExnSPVQLXoz8T+vm+rg2s14lKQaIzZfFKSC6JjMEiA+l8i0mBhCmeTmr4QNqaRMm5zKJgRn8eRl0jqvORc1++GyWr8p4ijBMZzAGThwBXW4hwY0gcETPMMrvFlj68V6tz7mrStWMXMEf2B9/gC8RZIQ</latexit>

EAS footprint

✓

<latexit sha1_base64="4SE+/PEQtHY7Ioz156PmtNV9wYM=">AAAB7XicdVBNS8NAEN34WetX1aOXxSJ4CkkNbb0VvXisYD+gDWWz3bRrN5uwOxFK6H/w4kERr/4fb/4bN20FFX0w8Hhvhpl5QSK4Bsf5sFZW19Y3Ngtbxe2d3b390sFhW8epoqxFYxGrbkA0E1yyFnAQrJsoRqJAsE4wucr9zj1TmsfyFqYJ8yMykjzklICR2n0YMyCDUtmxL+rVilfFju04Nbfi5qRS88497BolRxkt0RyU3vvDmKYRk0AF0brnOgn4GVHAqWCzYj/VLCF0QkasZ6gkEdN+Nr92hk+NMsRhrExJwHP1+0RGIq2nUWA6IwJj/dvLxb+8Xgph3c+4TFJgki4WhanAEOP8dTzkilEQU0MIVdzciumYKELBBFQ0IXx9iv8n7YrterZ345Ubl8s4CugYnaAz5KIaaqBr1EQtRNEdekBP6NmKrUfrxXpdtK5Yy5kj9APW2ycGW49x</latexit>

Two parameters to model the topography:

• D = valley depth

• ⍺ = the mountain slope
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Influence of the topography on the radio detection of neutrino induced air showers

3 tools:

• microscopic simulation (MC - ZHAireS)

• semi-analytic simulation (Radio Morphing)

• analytic computation (cone modelling of the trigger volume)

• 3 computation speeds → from several hours to tens of seconds

• consistent results  (within ±10% for Radio Morphing and [-30%,0%] for Cone)

A. Zilles, et al.  2019 (including V.D.)

V. D., Renault-Tinacci (IAP), Martineau (LPNHE), Charrier (Subatech), Kotera (IAP), Le Coz (NAOC), Niess (UCA), 

Tueros (CONICET), Zilles (IAP) (NIMA 2021)

North

h
<latexit sha1_base64="CeQ/Q+ukHUgr9XYsqNtBgtbaxD0=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjwm4JpAsoTZSW8yZnZ2mZkVwpIv8OJBxau/5M2/cfIQ4qugoajqprsrTAXXxnU/nMLS8srqWnG9tLG5tb1T3t271UmmGPosEYlqhVSj4BJ9w43AVqqQxqHAZji8mvjNe1SaJ/LGjFIMYtqXPOKMGis1Bt1yxau6UxD3F/myKjBHvVt+7/QSlsUoDRNU67bnpibIqTKcCRyXOpnGlLIh7WPbUklj1EE+PXRMjqzSI1GibElDpuriRE5jrUdxaDtjagb6pzcR//LamYnOg5zLNDMo2WxRlAliEjL5mvS4QmbEyBLKFLe3EjagijJjsykthvA/8U+qF1WvcVqpXc7TKMIBHMIxeHAGNbiGOvjAAOEBnuDZuXMenRfnddZacOYz+/ANztsnPe6MwQ==</latexit><latexit sha1_base64="CeQ/Q+ukHUgr9XYsqNtBgtbaxD0=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjwm4JpAsoTZSW8yZnZ2mZkVwpIv8OJBxau/5M2/cfIQ4qugoajqprsrTAXXxnU/nMLS8srqWnG9tLG5tb1T3t271UmmGPosEYlqhVSj4BJ9w43AVqqQxqHAZji8mvjNe1SaJ/LGjFIMYtqXPOKMGis1Bt1yxau6UxD3F/myKjBHvVt+7/QSlsUoDRNU67bnpibIqTKcCRyXOpnGlLIh7WPbUklj1EE+PXRMjqzSI1GibElDpuriRE5jrUdxaDtjagb6pzcR//LamYnOg5zLNDMo2WxRlAliEjL5mvS4QmbEyBLKFLe3EjagijJjsykthvA/8U+qF1WvcVqpXc7TKMIBHMIxeHAGNbiGOvjAAOEBnuDZuXMenRfnddZacOYz+/ANztsnPe6MwQ==</latexit><latexit sha1_base64="CeQ/Q+ukHUgr9XYsqNtBgtbaxD0=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjwm4JpAsoTZSW8yZnZ2mZkVwpIv8OJBxau/5M2/cfIQ4qugoajqprsrTAXXxnU/nMLS8srqWnG9tLG5tb1T3t271UmmGPosEYlqhVSj4BJ9w43AVqqQxqHAZji8mvjNe1SaJ/LGjFIMYtqXPOKMGis1Bt1yxau6UxD3F/myKjBHvVt+7/QSlsUoDRNU67bnpibIqTKcCRyXOpnGlLIh7WPbUklj1EE+PXRMjqzSI1GibElDpuriRE5jrUdxaDtjagb6pzcR//LamYnOg5zLNDMo2WxRlAliEjL5mvS4QmbEyBLKFLe3EjagijJjsykthvA/8U+qF1WvcVqpXc7TKMIBHMIxeHAGNbiGOvjAAOEBnuDZuXMenRfnddZacOYz+/ANztsnPe6MwQ==</latexit><latexit sha1_base64="CeQ/Q+ukHUgr9XYsqNtBgtbaxD0=">AAAB53icdVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjwm4JpAsoTZSW8yZnZ2mZkVwpIv8OJBxau/5M2/cfIQ4qugoajqprsrTAXXxnU/nMLS8srqWnG9tLG5tb1T3t271UmmGPosEYlqhVSj4BJ9w43AVqqQxqHAZji8mvjNe1SaJ/LGjFIMYtqXPOKMGis1Bt1yxau6UxD3F/myKjBHvVt+7/QSlsUoDRNU67bnpibIqTKcCRyXOpnGlLIh7WPbUklj1EE+PXRMjqzSI1GibElDpuriRE5jrUdxaDtjagb6pzcR//LamYnOg5zLNDMo2WxRlAliEjL5mvS4QmbEyBLKFLe3EjagijJjsykthvA/8U+qF1WvcVqpXc7TKMIBHMIxeHAGNbiGOvjAAOEBnuDZuXMenRfnddZacOYz+/ANztsnPe6MwQ==</latexit>

τ
↵

<latexit sha1_base64="PWHw2QxigufUuLu9EWq0kX8HpqY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQq6LLoxmUF+4AmlMnkth06mYSZiVhCfsWNC0Xc+iPu/BunaRbaeuDC4Zx75849QcKZ0o7zbVXW1jc2t6rbtZ3dvf0D+7DeVXEqKXRozGPZD4gCzgR0NNMc+okEEgUcesH0du73HkEqFosHPUvAj8hYsBGjRBtpaNe94o1MQphjj/BkQoZ2w2k6BfAqcUvSQCXaQ/vLC2OaRiA05USpgesk2s+I1IxyyGteqiAhdErGMDBUkAiUnxV7c3xqlBCPYmlKaFyovycyEik1iwLTGRE9UcveXPzPG6R6dO1nTCSpBkEXi0YpxzrG8yBwyCRQzWeGECqZ+SumEyIJ1SaumgnBXT55lXTPm+5F07m/bLRuyjiq6BidoDPkoivUQneojTqIoif0jF7Rm5VbL9a79bForVjlzBH6A+vzB0D8lJE=</latexit>

D
<latexit sha1_base64="bpQb6Zy5X0zXtcmPs9YiWv69Lps=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9BjUg8cI5gHJEmZne5Mhsw9nZgNhyXd48aCIVz/Gm3/jZLMHTSxoKKq6p6fLSwRX2ra/rZXVtfWNzdJWeXtnd2+/cnDYUnEqGTZZLGLZ8ahCwSNsaq4FdhKJNPQEtr3R7cxvj1EqHkePepKgG9JBxAPOqDaS28tfyCT6U3LXr1Ttmp2DLBOnIFUo0OhXvnp+zNIQI80EVarr2Il2Myo1ZwKn5V6qMKFsRAfYNTSiISo3y1dOyalRfBLE0lSkSa7+nshoqNQk9ExnSPVQLXoz8T+vm+rg2s14lKQaIzZfFKSC6JjMEiA+l8i0mBhCmeTmr4QNqaRMm5zKJgRn8eRl0jqvORc1++GyWr8p4ijBMZzAGThwBXW4hwY0gcETPMMrvFlj68V6tz7mrStWMXMEf2B9/gC8RZIQ</latexit>

EAS footprint

✓

<latexit sha1_base64="4SE+/PEQtHY7Ioz156PmtNV9wYM=">AAAB7XicdVBNS8NAEN34WetX1aOXxSJ4CkkNbb0VvXisYD+gDWWz3bRrN5uwOxFK6H/w4kERr/4fb/4bN20FFX0w8Hhvhpl5QSK4Bsf5sFZW19Y3Ngtbxe2d3b390sFhW8epoqxFYxGrbkA0E1yyFnAQrJsoRqJAsE4wucr9zj1TmsfyFqYJ8yMykjzklICR2n0YMyCDUtmxL+rVilfFju04Nbfi5qRS88497BolRxkt0RyU3vvDmKYRk0AF0brnOgn4GVHAqWCzYj/VLCF0QkasZ6gkEdN+Nr92hk+NMsRhrExJwHP1+0RGIq2nUWA6IwJj/dvLxb+8Xgph3c+4TFJgki4WhanAEOP8dTzkilEQU0MIVdzciumYKELBBFQ0IXx9iv8n7YrterZ345Ubl8s4CugYnaAz5KIaaqBr1EQtRNEdekBP6NmKrUfrxXpdtK5Yy5kj9APW2ycGW49x</latexit>

Two parameters to model the topography:

• D = valley depth

• ⍺ = the mountain slope

Result: 

• inclined topographies increase the detection efficiency up to a factor of 3

• the effect remains constant over angles ranging from 5° to 20°
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Influence of the topography on the radio detection of neutrino induced air showers

Consequences: Very mild slopes of wide valleys or large basins could offer optimal topographies for the detection of neutrinos.

3 tools:

• microscopic simulation (MC - ZHAireS)

• semi-analytic simulation (Radio Morphing)

• analytic computation (cone modelling of the trigger volume)

• 3 computation speeds → from several hours to tens of seconds

• consistent results  (within ±10% for Radio Morphing and [-30%,0%] for Cone)

A. Zilles, et al.  2019 (including V.D.)

V. D., Renault-Tinacci (IAP), Martineau (LPNHE), Charrier (Subatech), Kotera (IAP), Le Coz (NAOC), Niess (UCA), 

Tueros (CONICET), Zilles (IAP) (NIMA 2021)
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Two parameters to model the topography:

• D = valley depth

• ⍺ = the mountain slope

Result: 

• inclined topographies increase the detection efficiency up to a factor of 3

• the effect remains constant over angles ranging from 5° to 20°
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The BEACON prototype

PoS(ICRC2021)1084

Searching for Cosmic Ray Events with the BEACON Prototype Daniel Southall

Figure 1: Upper Left: A top-down view of the array in East-North-Up (ENU). Lower Left: A side profile
of the array showing the elevation di�erences in the antennas. Right: BEACON mast 0 with crossed-dipole
antennas, rubber base, wooden struts, and guy-lines. The displayed position measurements were taken with
an RTK-GPS system in June 2021, with mast photograph taken during the same time.

Figure 2: Left: The custom-designed active feed for the BEACON antennas. Right: The root-mean-squared
noise measured on the two of the electrically short vertically polarized antennas used in the BEACON
prototype in 2020 compared with the elevation of the sun (green) and the galactic center (blue). While the
RMS noise is expected to vary with temperature, which is driven by solar heating, the galactic center appears
visible to these antennas.

3

Prototype deployed (8 antennas x4 pol) and taking data at Barcroft Field Station, in the White Mountains in California

Southall (UChicago), Deaconu (UChicago), V. D., et al. (accepted in NIMA)
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3

Prototype deployed (8 antennas x4 pol) and taking data at Barcroft Field Station, in the White Mountains in California

Goal: to assess the potential of radio beam detectors (similar to radio-astronomy) for EAS on cosmic rays:

- understand background (Las Vegas, planes, snow storm, wind,…)

- trigger and identify EAS (reconstruction and Monte-Carlo comparison)

Southall (UChicago), Deaconu (UChicago), V. D., et al. (accepted in NIMA)
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an approximate observation rate of O(1) airplane per day.
The airplanes are not the direct source of the RFI, but rather
reflect ground sources of RFI [42]. Therefore, we do not
expect to see signals from all airplane tracks in our band.
An example airplane-associated series of events is shown in
Figure 16, which also shows the self-reported trajectory of
the airplane superimposed [58].

Figure 14: Spectrograms of the HPol (top) and VPol (bottom)
channels of antenna 0 generated using untriggered events
recorded once per second during a run in October 2021. Several
features are highlighted in the spectrograms, including exam-
ples of CW noise, the TV broadcasting band, and intermittent
RFI at 42 and 48 MHz associated with radio communications.
The color map is presented in arbitrarily offset dB units (a
conversion between ADU and volts has not been performed).

3.3. Above-Horizon Impulsive Events
We have categorized impulsive, above-horizon events in

the prototype instrument data, identifying a variety of event
classes [65]. We are especially interested in above-horizon
impulsive events because they contain a sample of cosmic
ray air shower events, which can be used to determine the
nominal sensitivity of the prototype instrument.

We expect a few cosmic ray events per day to trigger
the prototype given nominal beam voltage SNR thresholds
of 5� [60]. Cosmic ray candidates will appear as isolated
above-horizon events that are not identifiable as RFI events
and do not cluster spatially or temporally. Additionally,
cosmic ray events are expected to be impulsive signals that
correlate well with cosmic ray templates from simulations.
They will also have a polarization angle correlated with the
source direction and the direction of radio emission from air
showers in the local Earth’s magnetic field (i.e.Ì ívù íB [30]).

Here we describe our classification process for above-
horizon impulsive events, and show a likely cosmic ray

candidate event from the data. We present an analysis of
Ì112 days of data taken from the beginning of September
to the end of December 2021, consisting of Ì100 million
RF-triggered events.

3.3.1. Identifying Above-Horizon Impulsive Events

We first filter the data to remove both known frequen-
cies of anthropogenic noise with static notch filters (at 27,
88.5, 107, 118, and 126 MHz in both polarizations, and
additionally from 52.5 to 60.25 MHz in HPol channels,
which removes RFI associated with the TV band). We use a
method called sine subtraction filtering [66], where we filter
the signals by fitting sine waves in the time domain with
floating phase and amplitude, and remove any frequencies
with amplitude above a threshold set in the analysis. This
method preserves causality in the data. We then remove the
group delay added by the RF signal chain in the data to
recover the original phase of the incident signals.

We then create a correlation map for each event and
identify the most likely incident arrival direction for each
by selecting the location of the peak cross-correlation value
from one of three maps: 1) HPol channels only, 2) VPol
channels only, and 3) the average of the two polarized maps.
We choose to use the peak location from the map that
has the maximum peak-to-sidelobe ratio multiplied by the
normalized map peak value. The peak-to-sidelobe ratio is
the ratio of the main peak to the second brightest peak in
the correlation map. The normalized map peak value is the
ratio between the peak value and the optimal possible map
value for that event, which would be obtained if a particular
direction perfectly sampled the peak of each baseline’s cross
correlation. For each map we mask out the direction of the
mountainside itself (defined as the area below a simple plane
fit to the antenna locations).

We then separate above-horizon from below-horizon
events, which removes the vast majority of triggered events,
which are dominated by static below-horizontal RFI sources
(see Section 3.2). We keep events in our sample that have
an arrival direction between [*90

˝, 90˝] in azimuth (East =
0
˝, North = 90

˝), and [10
˝, 90˝] in elevation as shown in

Figure 17. The lower bound in elevation of 10˝ above the
horizontal is chosen to be far from the true horizon (which
is Ì2˝ below the horizontal), to create a more pure sample
of downgoing events. The azimuthal cut restricts the search
to the direction that the array is most sensitive to, which is to
the East, since it is on an East-facing slope. Sources of RFI
are finely resolved, suggesting that clustering could remove
backgrounds in future searches.

We then develop a series of cut parameters to select for
impulsive, isolated events that correlate with a cosmic ray
template. We intentionally keep these cuts loose so any one
cut is not overly restrictive, in order to investigate a variety
of classes of events of interest above the horizon, while
keeping a high fraction of triggered cosmic ray events in the
remaining event sample. After all cuts, the data set is reduced
to 5,440 events. We list the cuts below, and in Table 1, along
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Figure 15: Left: The arrival time of RF-triggered events within a run from September 2021, with sub-second timing plotted on
the y-axis; events not flagged are shown in the top left, with events flagged by the algorithm to be consistent with an arrival
rate of 60 Hz (with corresponding periodicity of T = 1_60 s) shown in the bottom left. Insets show striations in the bottom plot
consistent with the expected periodicity. These flagged events represent Ì20% of the total events in the 1 hour span shown. Top
Right: Histograms showing the portion of events arriving at an interval consistent with T for the highest test statistic (TS) event.
The TS is the difference in counts in the red region to the mean of the green region. Histograms created using window w = 20 s.
Bottom Right: A histogram of all TS values for this run. An example cut has been applied near the limit of the TS as calculated
for uniformly distributed trigger times, beyond which events are highly likely to be consistent with T . The events flagged will
be used to motivate further targeted cuts based on direction, template matching, and signal properties, to further improve the
efficiency for removing this form of RFI.

Figure 16: Left: The stacked correlation map of 52 events corresponding to a single airplane track, with a colorscale corresponding
to maximum correlation map value obtained from any event’s individual map. The track of the corresponding airplane using ADS-B
data obtained from The OpenSky Network [58] is shown with the black line, and spans Ì3.5 minutes. The expected location of
the airplane at the time of each triggered event in the map is shown with the black dots, and the measured location of the peak
correlation value of each triggered event is shown with the blue dots. Right: A histogram showing the offset in elevation between
reconstruction direction and the reported trajectory for each triggered event in the map. The observed systematic offset is due to
directionally-dependent phase centers of the BEACON antennas, or ground interference effects at the site, which have not been
calibrated yet. Future calibration campaigns using calibration sources mounted on drones would allow us to fully characterize the
directional dependence of the antenna phase center locations.
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an approximate observation rate of O(1) airplane per day.
The airplanes are not the direct source of the RFI, but rather
reflect ground sources of RFI [42]. Therefore, we do not
expect to see signals from all airplane tracks in our band.
An example airplane-associated series of events is shown in
Figure 16, which also shows the self-reported trajectory of
the airplane superimposed [58].
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classes [65]. We are especially interested in above-horizon
impulsive events because they contain a sample of cosmic
ray air shower events, which can be used to determine the
nominal sensitivity of the prototype instrument.

We expect a few cosmic ray events per day to trigger
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of 5� [60]. Cosmic ray candidates will appear as isolated
above-horizon events that are not identifiable as RFI events
and do not cluster spatially or temporally. Additionally,
cosmic ray events are expected to be impulsive signals that
correlate well with cosmic ray templates from simulations.
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source direction and the direction of radio emission from air
showers in the local Earth’s magnetic field (i.e.Ì ívù íB [30]).

Here we describe our classification process for above-
horizon impulsive events, and show a likely cosmic ray

candidate event from the data. We present an analysis of
Ì112 days of data taken from the beginning of September
to the end of December 2021, consisting of Ì100 million
RF-triggered events.

3.3.1. Identifying Above-Horizon Impulsive Events

We first filter the data to remove both known frequen-
cies of anthropogenic noise with static notch filters (at 27,
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additionally from 52.5 to 60.25 MHz in HPol channels,
which removes RFI associated with the TV band). We use a
method called sine subtraction filtering [66], where we filter
the signals by fitting sine waves in the time domain with
floating phase and amplitude, and remove any frequencies
with amplitude above a threshold set in the analysis. This
method preserves causality in the data. We then remove the
group delay added by the RF signal chain in the data to
recover the original phase of the incident signals.

We then create a correlation map for each event and
identify the most likely incident arrival direction for each
by selecting the location of the peak cross-correlation value
from one of three maps: 1) HPol channels only, 2) VPol
channels only, and 3) the average of the two polarized maps.
We choose to use the peak location from the map that
has the maximum peak-to-sidelobe ratio multiplied by the
normalized map peak value. The peak-to-sidelobe ratio is
the ratio of the main peak to the second brightest peak in
the correlation map. The normalized map peak value is the
ratio between the peak value and the optimal possible map
value for that event, which would be obtained if a particular
direction perfectly sampled the peak of each baseline’s cross
correlation. For each map we mask out the direction of the
mountainside itself (defined as the area below a simple plane
fit to the antenna locations).

We then separate above-horizon from below-horizon
events, which removes the vast majority of triggered events,
which are dominated by static below-horizontal RFI sources
(see Section 3.2). We keep events in our sample that have
an arrival direction between [*90
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0
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Figure 17. The lower bound in elevation of 10˝ above the
horizontal is chosen to be far from the true horizon (which
is Ì2˝ below the horizontal), to create a more pure sample
of downgoing events. The azimuthal cut restricts the search
to the direction that the array is most sensitive to, which is to
the East, since it is on an East-facing slope. Sources of RFI
are finely resolved, suggesting that clustering could remove
backgrounds in future searches.

We then develop a series of cut parameters to select for
impulsive, isolated events that correlate with a cosmic ray
template. We intentionally keep these cuts loose so any one
cut is not overly restrictive, in order to investigate a variety
of classes of events of interest above the horizon, while
keeping a high fraction of triggered cosmic ray events in the
remaining event sample. After all cuts, the data set is reduced
to 5,440 events. We list the cuts below, and in Table 1, along
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Figure 15: Left: The arrival time of RF-triggered events within a run from September 2021, with sub-second timing plotted on
the y-axis; events not flagged are shown in the top left, with events flagged by the algorithm to be consistent with an arrival
rate of 60 Hz (with corresponding periodicity of T = 1_60 s) shown in the bottom left. Insets show striations in the bottom plot
consistent with the expected periodicity. These flagged events represent Ì20% of the total events in the 1 hour span shown. Top
Right: Histograms showing the portion of events arriving at an interval consistent with T for the highest test statistic (TS) event.
The TS is the difference in counts in the red region to the mean of the green region. Histograms created using window w = 20 s.
Bottom Right: A histogram of all TS values for this run. An example cut has been applied near the limit of the TS as calculated
for uniformly distributed trigger times, beyond which events are highly likely to be consistent with T . The events flagged will
be used to motivate further targeted cuts based on direction, template matching, and signal properties, to further improve the
efficiency for removing this form of RFI.

Figure 16: Left: The stacked correlation map of 52 events corresponding to a single airplane track, with a colorscale corresponding
to maximum correlation map value obtained from any event’s individual map. The track of the corresponding airplane using ADS-B
data obtained from The OpenSky Network [58] is shown with the black line, and spans Ì3.5 minutes. The expected location of
the airplane at the time of each triggered event in the map is shown with the black dots, and the measured location of the peak
correlation value of each triggered event is shown with the blue dots. Right: A histogram showing the offset in elevation between
reconstruction direction and the reported trajectory for each triggered event in the map. The observed systematic offset is due to
directionally-dependent phase centers of the BEACON antennas, or ground interference effects at the site, which have not been
calibrated yet. Future calibration campaigns using calibration sources mounted on drones would allow us to fully characterize the
directional dependence of the antenna phase center locations.
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Figure 19: Event display for a likely cosmic ray event (Event 5911-73399). Top: Waveforms from each of the 8 channels, normalized
and offset such that the y-scale indicates the antenna number for each waveform. This event has an averaged single-channel
voltage SNR of 42.5 in HPol and 38.6 in VPol. Bottom Left: HPol and VPol correlation maps. The colorscale of each map is
individually normalized, and the region of the maps pointing into the local mountainside is masked out. Bottom Right: The Power
Spectral Density (PSD) before and after filtering. The data has been filtered as described in Section 3.3.1.

Figure 20: Top: The waveform for Event 5911-73399 from Antenna 2H superimposed with a sample simulated cosmic ray signal
with realistic thermal noise levels [60], which has been convolved with the system response of the same channel. Both waveforms
have been filtered as described in Section 3.3.1. Bottom Left: The distribution of expected observed linear polarization angles for
triggered simulated events. The polarization angle of the cosmic ray candidate event is shown with a yellow line. The measured
polarization angle of Ì27˝ is consistent with the purely geometric expectation of Ì30˝, calculated assuming a geomagnetic signal
arriving from the appropriate arrival direction and local magnetic field. Bottom Right: The distribution of expected azimuth and
elevation for simulated events compared to the candidate cosmic ray event (in yellow).
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an approximate observation rate of O(1) airplane per day.
The airplanes are not the direct source of the RFI, but rather
reflect ground sources of RFI [42]. Therefore, we do not
expect to see signals from all airplane tracks in our band.
An example airplane-associated series of events is shown in
Figure 16, which also shows the self-reported trajectory of
the airplane superimposed [58].

Figure 14: Spectrograms of the HPol (top) and VPol (bottom)
channels of antenna 0 generated using untriggered events
recorded once per second during a run in October 2021. Several
features are highlighted in the spectrograms, including exam-
ples of CW noise, the TV broadcasting band, and intermittent
RFI at 42 and 48 MHz associated with radio communications.
The color map is presented in arbitrarily offset dB units (a
conversion between ADU and volts has not been performed).

3.3. Above-Horizon Impulsive Events
We have categorized impulsive, above-horizon events in

the prototype instrument data, identifying a variety of event
classes [65]. We are especially interested in above-horizon
impulsive events because they contain a sample of cosmic
ray air shower events, which can be used to determine the
nominal sensitivity of the prototype instrument.

We expect a few cosmic ray events per day to trigger
the prototype given nominal beam voltage SNR thresholds
of 5� [60]. Cosmic ray candidates will appear as isolated
above-horizon events that are not identifiable as RFI events
and do not cluster spatially or temporally. Additionally,
cosmic ray events are expected to be impulsive signals that
correlate well with cosmic ray templates from simulations.
They will also have a polarization angle correlated with the
source direction and the direction of radio emission from air
showers in the local Earth’s magnetic field (i.e.Ì ívù íB [30]).

Here we describe our classification process for above-
horizon impulsive events, and show a likely cosmic ray

candidate event from the data. We present an analysis of
Ì112 days of data taken from the beginning of September
to the end of December 2021, consisting of Ì100 million
RF-triggered events.

3.3.1. Identifying Above-Horizon Impulsive Events

We first filter the data to remove both known frequen-
cies of anthropogenic noise with static notch filters (at 27,
88.5, 107, 118, and 126 MHz in both polarizations, and
additionally from 52.5 to 60.25 MHz in HPol channels,
which removes RFI associated with the TV band). We use a
method called sine subtraction filtering [66], where we filter
the signals by fitting sine waves in the time domain with
floating phase and amplitude, and remove any frequencies
with amplitude above a threshold set in the analysis. This
method preserves causality in the data. We then remove the
group delay added by the RF signal chain in the data to
recover the original phase of the incident signals.

We then create a correlation map for each event and
identify the most likely incident arrival direction for each
by selecting the location of the peak cross-correlation value
from one of three maps: 1) HPol channels only, 2) VPol
channels only, and 3) the average of the two polarized maps.
We choose to use the peak location from the map that
has the maximum peak-to-sidelobe ratio multiplied by the
normalized map peak value. The peak-to-sidelobe ratio is
the ratio of the main peak to the second brightest peak in
the correlation map. The normalized map peak value is the
ratio between the peak value and the optimal possible map
value for that event, which would be obtained if a particular
direction perfectly sampled the peak of each baseline’s cross
correlation. For each map we mask out the direction of the
mountainside itself (defined as the area below a simple plane
fit to the antenna locations).

We then separate above-horizon from below-horizon
events, which removes the vast majority of triggered events,
which are dominated by static below-horizontal RFI sources
(see Section 3.2). We keep events in our sample that have
an arrival direction between [*90

˝, 90˝] in azimuth (East =
0
˝, North = 90

˝), and [10
˝, 90˝] in elevation as shown in

Figure 17. The lower bound in elevation of 10˝ above the
horizontal is chosen to be far from the true horizon (which
is Ì2˝ below the horizontal), to create a more pure sample
of downgoing events. The azimuthal cut restricts the search
to the direction that the array is most sensitive to, which is to
the East, since it is on an East-facing slope. Sources of RFI
are finely resolved, suggesting that clustering could remove
backgrounds in future searches.

We then develop a series of cut parameters to select for
impulsive, isolated events that correlate with a cosmic ray
template. We intentionally keep these cuts loose so any one
cut is not overly restrictive, in order to investigate a variety
of classes of events of interest above the horizon, while
keeping a high fraction of triggered cosmic ray events in the
remaining event sample. After all cuts, the data set is reduced
to 5,440 events. We list the cuts below, and in Table 1, along
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Figure 15: Left: The arrival time of RF-triggered events within a run from September 2021, with sub-second timing plotted on
the y-axis; events not flagged are shown in the top left, with events flagged by the algorithm to be consistent with an arrival
rate of 60 Hz (with corresponding periodicity of T = 1_60 s) shown in the bottom left. Insets show striations in the bottom plot
consistent with the expected periodicity. These flagged events represent Ì20% of the total events in the 1 hour span shown. Top
Right: Histograms showing the portion of events arriving at an interval consistent with T for the highest test statistic (TS) event.
The TS is the difference in counts in the red region to the mean of the green region. Histograms created using window w = 20 s.
Bottom Right: A histogram of all TS values for this run. An example cut has been applied near the limit of the TS as calculated
for uniformly distributed trigger times, beyond which events are highly likely to be consistent with T . The events flagged will
be used to motivate further targeted cuts based on direction, template matching, and signal properties, to further improve the
efficiency for removing this form of RFI.

Figure 16: Left: The stacked correlation map of 52 events corresponding to a single airplane track, with a colorscale corresponding
to maximum correlation map value obtained from any event’s individual map. The track of the corresponding airplane using ADS-B
data obtained from The OpenSky Network [58] is shown with the black line, and spans Ì3.5 minutes. The expected location of
the airplane at the time of each triggered event in the map is shown with the black dots, and the measured location of the peak
correlation value of each triggered event is shown with the blue dots. Right: A histogram showing the offset in elevation between
reconstruction direction and the reported trajectory for each triggered event in the map. The observed systematic offset is due to
directionally-dependent phase centers of the BEACON antennas, or ground interference effects at the site, which have not been
calibrated yet. Future calibration campaigns using calibration sources mounted on drones would allow us to fully characterize the
directional dependence of the antenna phase center locations.
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Figure 19: Event display for a likely cosmic ray event (Event 5911-73399). Top: Waveforms from each of the 8 channels, normalized
and offset such that the y-scale indicates the antenna number for each waveform. This event has an averaged single-channel
voltage SNR of 42.5 in HPol and 38.6 in VPol. Bottom Left: HPol and VPol correlation maps. The colorscale of each map is
individually normalized, and the region of the maps pointing into the local mountainside is masked out. Bottom Right: The Power
Spectral Density (PSD) before and after filtering. The data has been filtered as described in Section 3.3.1.

Figure 20: Top: The waveform for Event 5911-73399 from Antenna 2H superimposed with a sample simulated cosmic ray signal
with realistic thermal noise levels [60], which has been convolved with the system response of the same channel. Both waveforms
have been filtered as described in Section 3.3.1. Bottom Left: The distribution of expected observed linear polarization angles for
triggered simulated events. The polarization angle of the cosmic ray candidate event is shown with a yellow line. The measured
polarization angle of Ì27˝ is consistent with the purely geometric expectation of Ì30˝, calculated assuming a geomagnetic signal
arriving from the appropriate arrival direction and local magnetic field. Bottom Right: The distribution of expected azimuth and
elevation for simulated events compared to the candidate cosmic ray event (in yellow).
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V.D., Martineau-Huynh and Tueros (published in Astroparticle Physics)
V.D., Martineau-Huynh, Tueros and Chiche (in prep.)

Goal : develop a reconstruction procedure for very inclined EAS 
(UHE neutrino induced configuration)

Results : angular resolution of 0.1° on average → possibility of UHE neutrino astronomy ? 
+ composition and energy estimators 22

• hybrid reconstruction : combine arrival times and signal amplitude within the footprint 
• modélisation sphérique du front d’onde

• analytical description of the footprint amplitude signal : 

• signal asymmetries (early-late / charge excess) and Cherenkov asymmetry (1st evidence !)
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Summary of our journey with HE and UHE neutrinos

radio waves

radio transient events can also be detected with radio detector

• 3 candidates for point source emissions (all related to AGNs)

• No obvious source population for the diffuse emission

• Neutron star mergers can contribute (10%) to this diffuse neutrino flux

• We can combine multimessenger and experimental expectations to 

constrain UHE astroparticle sources

• Identification of HE neutrino sources is challenging

• KM3NeT could make a difference (FoV, sensitivity, angular resolution)

• UHE neutrinos are theoretically predicted but with very low fluxes

• Radio-detection might be a solution (multiple designs envisioned)

• However radio-detection is also challenging (instruments/analysis/reconstruction)
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Figure 1: Waterfall plot showing radio frequency versus time (lower panel) for the original FRB 010724 in the main
beam of the telescope. The upper panel shows the de-dispersed pulse after appropriately delaying the filterbank
channels to account for the inverse frequency squared behaviour seen below. Also evident in these figures is the
o↵set level of the baseline noise prior and following the pulse. This is due to nature of the integrating circuit
employed in the single-bit digitizers by this extremely bright pulse and was not shown in the original discovery
paper [2]. Figure credit: Evan Keane.
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FRB010724 - Keane from Lorimer 2018

Observed emission: 
• Short radio pulses (≈ms)

• Highly coherent

• Broad frequency band emissions 

• Highly dispersed in arrival times 

a new type of astrophysical radio transient!
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Figure 1: Waterfall plot showing radio frequency versus time (lower panel) for the original FRB 010724 in the main
beam of the telescope. The upper panel shows the de-dispersed pulse after appropriately delaying the filterbank
channels to account for the inverse frequency squared behaviour seen below. Also evident in these figures is the
o↵set level of the baseline noise prior and following the pulse. This is due to nature of the integrating circuit
employed in the single-bit digitizers by this extremely bright pulse and was not shown in the original discovery
paper [2]. Figure credit: Evan Keane.
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FRB010724 - Keane from Lorimer 2018

Observed emission: 
• Short radio pulses (≈ms)

• Highly coherent

• Broad frequency band emissions 

• Highly dispersed in arrival times 

a new type of astrophysical radio transient!
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Figure 1: Waterfall plot showing radio frequency versus time (lower panel) for the original FRB 010724 in the main
beam of the telescope. The upper panel shows the de-dispersed pulse after appropriately delaying the filterbank
channels to account for the inverse frequency squared behaviour seen below. Also evident in these figures is the
o↵set level of the baseline noise prior and following the pulse. This is due to nature of the integrating circuit
employed in the single-bit digitizers by this extremely bright pulse and was not shown in the original discovery
paper [2]. Figure credit: Evan Keane.
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FRB010724 - Keane from Lorimer 2018

Observed emission: 
• Short radio pulses (≈ms)

• Highly coherent

• Broad frequency band emissions 

• Highly dispersed in arrival times 

a new type of astrophysical radio transient!
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Figure 3. Signal intensity as a function of frequency and time (“waterfall”) plot of the CHIME/FRB (upper

left and lower two) and CHIME/Pulsar (upper right) detections of FRB 121102. Data have been dedispersed to the

structure-optimizing DM of 563.6 pc cm�3, except for the lower right subplot, which is dedispersed to the nominal

September 2016 value of 560.6 pc cm�3 (Spitler et al. 2016). Data plotted here are downsampled to a frequency

resolution of ⇠3 MHz and a time resolution of ⇠2 ms. For the upper subplots, the greyscale reflects S/N of the

source dynamic spectrum without explicit bandpass correction. Each channel is independently normalized according

to statistics of the o↵-pulse regions (delineated by vertical dashed lines in top panel). In the lower subplots, bandpass

calibration has been applied, and the greyscale reflects fluence. Note that bandpass correction is a work in progress

and is complicated by multiple factors — see text for details. The red lines at the left sides of plots represent radio

frequencies masked prior to analysis, while horizontal white stripes show the full extent of frequencies removed after

all interference rejection. The right panel is the projected on-pulse spectrum. Strong (order 1) instrumental variations

in bandpass are visible in the uncorrected subplots. The blue line is the best single-Gaussian-fit to the spectrum

(annotated with center frequency and FWHM). The top panel contains the total pulse profile after summing over the

frequency channels that bracket the burst (delineated with horizontal dashed lines in right panel; 550�730 MHz).

Waterfall plots of CHIME/FRB121102 burst

DM search → 563.6 pc.cm-3 standard DM → 560.6 pc.cm-3
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Figure 1: Waterfall plot showing radio frequency versus time (lower panel) for the original FRB 010724 in the main
beam of the telescope. The upper panel shows the de-dispersed pulse after appropriately delaying the filterbank
channels to account for the inverse frequency squared behaviour seen below. Also evident in these figures is the
o↵set level of the baseline noise prior and following the pulse. This is due to nature of the integrating circuit
employed in the single-bit digitizers by this extremely bright pulse and was not shown in the original discovery
paper [2]. Figure credit: Evan Keane.
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FRB010724 - Keane from Lorimer 2018

Observed emission: 
• Short radio pulses (≈ms)

• Highly coherent

• Broad frequency band emissions 

• Highly dispersed in arrival times 

a new type of astrophysical radio transient!

Observed event characteristics: 
•Cosmological distances: extragalactic origin (most likely)

•About 636 events observed

•25 Repeaters (121102-Arecibo repeater, 180814 -CHIME, etc..)

•FRB fluencies up to 420 Jy.ms and steep spectra (ASKAP)

•Observations from 8 GHz down to 111MHz
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Figure 3. Signal intensity as a function of frequency and time (“waterfall”) plot of the CHIME/FRB (upper

left and lower two) and CHIME/Pulsar (upper right) detections of FRB 121102. Data have been dedispersed to the

structure-optimizing DM of 563.6 pc cm�3, except for the lower right subplot, which is dedispersed to the nominal

September 2016 value of 560.6 pc cm�3 (Spitler et al. 2016). Data plotted here are downsampled to a frequency

resolution of ⇠3 MHz and a time resolution of ⇠2 ms. For the upper subplots, the greyscale reflects S/N of the

source dynamic spectrum without explicit bandpass correction. Each channel is independently normalized according

to statistics of the o↵-pulse regions (delineated by vertical dashed lines in top panel). In the lower subplots, bandpass

calibration has been applied, and the greyscale reflects fluence. Note that bandpass correction is a work in progress

and is complicated by multiple factors — see text for details. The red lines at the left sides of plots represent radio

frequencies masked prior to analysis, while horizontal white stripes show the full extent of frequencies removed after

all interference rejection. The right panel is the projected on-pulse spectrum. Strong (order 1) instrumental variations

in bandpass are visible in the uncorrected subplots. The blue line is the best single-Gaussian-fit to the spectrum

(annotated with center frequency and FWHM). The top panel contains the total pulse profile after summing over the

frequency channels that bracket the burst (delineated with horizontal dashed lines in right panel; 550�730 MHz).

Waterfall plots of CHIME/FRB121102 burst

DM search → 563.6 pc.cm-3 standard DM → 560.6 pc.cm-3

SNR

Fluence

• Scattering effects (turbulences)
�t / ⌫�4

<latexit sha1_base64="KOVJNYP4Ps3PkkpZs4DmfOBG02E=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN5ZEKrosunFZwT6giWUymbRDJ5MwcyOUUNz4K25cKOLWr3Dn3zh9LLT1wMDhnHu5c06QCq7Bcb6twtLyyupacb20sbm1vWPv7jV1kinKGjQRiWoHRDPBJWsAB8HaqWIkDgRrBYPrsd96YErzRN7BMGV+THqSR5wSMFLXPvBCJoBgwF6qkhQS7MnsPj+tjrp22ak4E+BF4s5IGc1Q79pfXpjQLGYSqCBad1wnBT8nCjgVbFTyMs1SQgekxzqGShIz7eeTCCN8bJQQR4kyTwKeqL83chJrPYwDMxkT6Ot5byz+53UyiC79nMs0Aybp9FCUCWySjvvAIVeMghgaQqji5q+Y9okiFExrJVOCOx95kTTPKm61cn5bLdeuZnUU0SE6QifIRReohm5QHTUQRY/oGb2iN+vJerHerY/paMGa7eyjP7A+fwCAKJbd</latexit>

FRB121102: Arecibo repeater Josephy et al, 2019

DM =

Z d

0
ne dl

<latexit sha1_base64="mSGBsubok68HeRlnEhJZH7AJwtI=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxISVRQTdCURduhAr2AU0Mk8m0HTqZhJmJUEL+wI2/4saFIm7duvNvnKZZaOuBC4dz7uXee/yYUaks69sozc0vLC6Vlysrq2vrG+bmVktGicCkiSMWiY6PJGGUk6aiipFOLAgKfUba/vBy7LcfiJA04ndqFBM3RH1OexQjpSXP3E8dEcKrmwyeQ4dy5aVWdp8GGeRe7pDMOYQB88yqVbNywFliF6QKCjQ888sJIpyEhCvMkJRd24qVmyKhKGYkqziJJDHCQ9QnXU05Col00/yfDO5pJYC9SOjiCubq74kUhVKOQl93hkgN5LQ3Fv/zuonqnbkp5XGiCMeTRb2EQRXBcTgwoIJgxUaaICyovhXiARIIKx1hRYdgT788S1pHNfu4Zt+eVOsXRRxlsAN2wQGwwSmog2vQAE2AwSN4Bq/gzXgyXox342PSWjKKmW3wB8bnD02Hm5A=</latexit>

linked to distances

�t ⇠ 4.15⇥ 103[DM]⌫�2

<latexit sha1_base64="X6cUxYYzO7XAg0FamnNnCpDVhjQ=">AAACGXicbVA9SwNBEN3zM8avqKXNYhBsDHfxRMugFjaCgolC7hL2Nptkye7esTsnhCN/w8a/YmOhiKVW/hs3H4UmPhh4vDfDzLwoEdyA6347c/MLi0vLuZX86tr6xmZha7tm4lRTVqWxiPV9RAwTXLEqcBDsPtGMyEiwu6h3PvTvHpg2PFa30E9YKElH8TanBKzULLjBBRNAMASGS+yXvOMAuGQGe27jCNezQEt8cTUIcaDSRnZYHjQLRbfkjoBniTchRTTBdbPwGbRimkqmgApiTN1zEwgzooFTwQb5IDUsIbRHOqxuqSJ2e5iNPhvgfau0cDvWthTgkfp7IiPSmL6MbKck0DXT3lD8z6un0D4NM66SFJii40XtVGCI8TAm3OKaURB9SwjV3N6KaZdoQsGGmbcheNMvz5JaueT5Jf/GL1bOJnHk0C7aQwfIQyeogi7RNaoiih7RM3pFb86T8+K8Ox/j1jlnMrOD/sD5+gHalp5Z</latexit>

• Dispersion effects (propagation)

<latexit sha1_base64="NbC5nZmXfLXvP2QtPGYNGyjiVtU="></latexit>

�t(80� 10MHz) ⇠ 40⇥ [DM] s (DM>100 for extra-galactic sources)



The Fast Radio Burst mystery

24

Lorimer burst

1.25

1.30

1.35

1.40

1.45

1.50

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

F
re

q
u
en

cy
 (

G
H

z)

Time (seconds)

0.00

0.20

0.40

0.60

0.80

A
m

p
. 
(A

rb
. 
U

n
it

s)

Figure 1: Waterfall plot showing radio frequency versus time (lower panel) for the original FRB 010724 in the main
beam of the telescope. The upper panel shows the de-dispersed pulse after appropriately delaying the filterbank
channels to account for the inverse frequency squared behaviour seen below. Also evident in these figures is the
o↵set level of the baseline noise prior and following the pulse. This is due to nature of the integrating circuit
employed in the single-bit digitizers by this extremely bright pulse and was not shown in the original discovery
paper [2]. Figure credit: Evan Keane.

3

FRB010724 - Keane from Lorimer 2018

Observed emission: 
• Short radio pulses (≈ms)

• Highly coherent

• Broad frequency band emissions 

• Highly dispersed in arrival times 

a new type of astrophysical radio transient!

Observed event characteristics: 
•Cosmological distances: extragalactic origin (most likely)

•About 636 events observed

•25 Repeaters (121102-Arecibo repeater, 180814 -CHIME, etc..)

•FRB fluencies up to 420 Jy.ms and steep spectra (ASKAP)

•Observations from 8 GHz down to 111MHz

emission 
mechanism?

source /
population?

Valentin Decoene CHIME FRB121102 - MMA APC/IAP 9
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Figure 3. Signal intensity as a function of frequency and time (“waterfall”) plot of the CHIME/FRB (upper

left and lower two) and CHIME/Pulsar (upper right) detections of FRB 121102. Data have been dedispersed to the

structure-optimizing DM of 563.6 pc cm�3, except for the lower right subplot, which is dedispersed to the nominal

September 2016 value of 560.6 pc cm�3 (Spitler et al. 2016). Data plotted here are downsampled to a frequency

resolution of ⇠3 MHz and a time resolution of ⇠2 ms. For the upper subplots, the greyscale reflects S/N of the

source dynamic spectrum without explicit bandpass correction. Each channel is independently normalized according

to statistics of the o↵-pulse regions (delineated by vertical dashed lines in top panel). In the lower subplots, bandpass

calibration has been applied, and the greyscale reflects fluence. Note that bandpass correction is a work in progress

and is complicated by multiple factors — see text for details. The red lines at the left sides of plots represent radio

frequencies masked prior to analysis, while horizontal white stripes show the full extent of frequencies removed after

all interference rejection. The right panel is the projected on-pulse spectrum. Strong (order 1) instrumental variations

in bandpass are visible in the uncorrected subplots. The blue line is the best single-Gaussian-fit to the spectrum

(annotated with center frequency and FWHM). The top panel contains the total pulse profile after summing over the

frequency channels that bracket the burst (delineated with horizontal dashed lines in right panel; 550�730 MHz).

Waterfall plots of CHIME/FRB121102 burst

DM search → 563.6 pc.cm-3 standard DM → 560.6 pc.cm-3

SNR

Fluence

• Scattering effects (turbulences)
�t / ⌫�4
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FRB121102: Arecibo repeater Josephy et al, 2019
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• Dispersion effects (propagation)
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A plausible emission model

The Alfvén wing emission mechanisms:
Mottez&Zarka 2014 / Mottez, Zarka ,Voisin 2020

radial direction

Alfvén wing
body

~B
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2) Alfvén wings:

- potential drop induced by the conductive body

- two symmetrical current sheets 

1) Magnetic coupling:

- body immersed in magnetised plasma

- no shock required

Mottez&Heyvaerts 2012

3) Radio emission:

- plasma excitations when crossing the Alfvén wings

- relativistic plasma -> beamed emission

magnetised wind

among many other models: https://frbtheorycat.org
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A plausible emission model

The Alfvén wing emission mechanisms:
Mottez&Zarka 2014 / Mottez, Zarka ,Voisin 2020

radial direction

Alfvén wing
body

~B
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2) Alfvén wings:

- potential drop induced by the conductive body

- two symmetrical current sheets 

1) Magnetic coupling:

- body immersed in magnetised plasma

- no shock required

Mottez&Heyvaerts 2012

3) Radio emission:

- plasma excitations when crossing the Alfvén wings

- relativistic plasma -> beamed emission

Cons:

- how to feed this mechanism with orbiting body immersed in the plasma with (observed) non-periodical bursts?

- how to observe such strongly beamed emissions?

Pros:

- observed mechanism for non relativistic plasma (Jupiter-Io system for instance)

- reproduce FRB-like emission (lowest amount of energy involved)

magnetised wind

among many other models: https://frbtheorycat.org
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<latexit sha1_base64="YDO72l+zqeaHnrrtzcuHl89DVK8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0UPHOeqWyW3VnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTTPq95l1b2/KNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNBDY0e</latexit>

(1)

<latexit sha1_base64="YDO72l+zqeaHnrrtzcuHl89DVK8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0UPHOeqWyW3VnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTTPq95l1b2/KNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNBDY0e</latexit>

(1)

<latexit sha1_base64="YDO72l+zqeaHnrrtzcuHl89DVK8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0UPHOeqWyW3VnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTTPq95l1b2/KNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNBDY0e</latexit>

(1)

<latexit sha1_base64="kyNJErkmn8WJ0F8W90YgWLhYDRM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3KHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3L1vFcsuRV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0qxXvsuLeX5RqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AQpKNHw==</latexit>

(2)
<latexit sha1_base64="kyNJErkmn8WJ0F8W90YgWLhYDRM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3KHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3L1vFcsuRV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0qxXvsuLeX5RqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AQpKNHw==</latexit>

(2)<latexit sha1_base64="kyNJErkmn8WJ0F8W90YgWLhYDRM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3KHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3L1vFcsuRV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0qxXvsuLeX5RqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AQpKNHw==</latexit>

(2)

<latexit sha1_base64="aUBGb1mXYl69OO8YYyh6UaLJzI4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGt1O/9cS1EbF6xHHC/YgOlAgFo2ilh4p71iuV3ao7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTTPq95l1b2/KNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QM/iI0d</latexit>

(0)
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A plausible source population model:  
Kozai-Lidov feeding of compact binary systems

Goal: explain FRB repeating rates in the context of the Alfvén wing mechanism

• drive orbiting body as close as possible to the pulsar

• without periodical effects

Method: study the dynamical evolutions of asteroids in a 3 
body system via Kozai-Lidov perturbations

V. D. , Kumiko Kotera (IAP), Joseph Silk (IAP, CEA, JHU, Oxford) (A&A 2021)



Mast
<latexit sha1_base64="rsM4G09j0N6LUhEpMesgji6NKMw=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRIrPnZFN26ECvYBaSiT6aQdOsmEmRuhhH6GGxeKuPVr3Pk3TtIgaj1w4XDOvdx7jx8LrsG2P63S0vLK6lp5vbKxubW9U93d62iZKMraVAqpej7RTPCItYGDYL1YMRL6gnX9yXXmdx+Y0lxG9zCNmReSUcQDTgkYyb0dpH0VYqJhNqjW7LqdAy8SpyA1VKA1qH70h5ImIYuACqK169gxeClRwKlgs0o/0SwmdEJGzDU0IiHTXpqfPMNHRhniQCpTEeBc/TmRklDraeibzpDAWP/1MvE/z00guPBSHsUJsIjOFwWJwCBx9j8ecsUoiKkhhCpubsV0TBShYFKq5CFcZjj7fnmRdE7qTqPeuDutNa+KOMroAB2iY+Sgc9REN6iF2ogiiR7RM3qxwHqyXq23eWvJKmb20S9Y719K9pFm</latexit>

MNS

<latexit sha1_base64="pN37k2yaHgt9+av/V4LlVw112v0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvVW9OJFqWg/sF1KNs22oUl2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqa+q0nqjSL5IMZx9QXeCBZyAg2Vnq86aVdJdDt/aRXLLlldwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cUTdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQnP/ZTJODFUkvmiMOHIRGj6PuozRYnhY0swUczeisgQK0yMDalgQ/AWX14mzbOyVylf3FVKtcssjjwcwTGcggdVqME11KEBBCQ8wyu8Odp5cd6dj3lrzslmDuEPnM8fD92Qig==</latexit>

aast
<latexit sha1_base64="/Ya+scPdOzXvFm7yCn0RGcXR6+w=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVVIVH7uiG5cV7APSUCbTSTt0MhNmboQS+hluXCji1q9x5984SYOo9cCFwzn3cu89QSy4Adf9dEpLyyura+X1ysbm1vZOdXevY1SiKWtTJZTuBcQwwSVrAwfBerFmJAoE6waTm8zvPjBtuJL3MI2ZH5GR5CGnBKzkkUHa1xEmBmaDas2tuznwImkUpIYKtAbVj/5Q0SRiEqggxngNNwY/JRo4FWxW6SeGxYROyIh5lkoSMeOn+ckzfGSVIQ6VtiUB5+rPiZRExkyjwHZGBMbmr5eJ/3leAuGln3IZJ8AknS8KE4FB4ex/POSaURBTSwjV3N6K6ZhoQsGmVMlDuMpw/v3yIumc1Bun9dO7s1rzuoijjA7QITpGDXSBmugWtVAbUaTQI3pGLw44T86r8zZvLTnFzD76Bef9C2oOkXo=</latexit>

iast

<latexit sha1_base64="86Xo60Fvtc3o45UCSgehmLzqGyQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CXjxGMA/YLGF2MpsMmccy0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090Vp4Jb8P1vr7S2vrG5Vd6u7Ozu7R9UD4/aVmeGshbVQptuTCwTXLEWcBCsmxpGZCxYJx7fzfzOEzOWa/UIk5RFkgwVTzgl4KSQ9/OekZhYmParNb/uz4FXSVCQGirQ7Fe/egNNM8kUUEGsDQM/hSgnBjgVbFrpZZalhI7JkIWOKiKZjfL5yVN85pQBTrRxpQDP1d8TOZHWTmTsOiWBkV32ZuJ/XphBch3lXKUZMEUXi5JMYNB49j8ecMMoiIkjhBrubsV0RAyh4FKquBCC5ZdXSfuiHlzWbx4ua43bIo4yOkGn6BwF6Ao10D1qohaiSKNn9IrePPBevHfvY9Fa8oqZY/QH3ucPYZaRVw==</latexit>

invariant plane

<latexit sha1_base64="xqFq0IcpdKhT3d/Ma3jLstJppVA=">AAAB/3icbVA9SwNBEN2LXzF+nQo2NotBsAp3ElC7oI1lBBMDuSPMbTbJkt29Y3cvEM4U/hUbC0Vs/Rt2/hs3yRWa+GDg8d4MM/OihDNtPO/bKaysrq1vFDdLW9s7u3vu/kFTx6kitEFiHqtWBJpyJmnDMMNpK1EURMTpQzS8mfoPI6o0i+W9GSc0FNCXrMcIGCt13KMsUAIzOQLFQJoAJxwknXTcslfxZsDLxM9JGeWod9yvoBuTVFBpCAet276XmDADZRjhdFIKUk0TIEPo07alEgTVYTa7f4JPrdLFvVjZkgbP1N8TGQitxyKynQLMQC96U/E/r52a3mWYMZmkhkoyX9RLOTYxnoaBu0xRYvjYEiCK2VsxGYACYmxkJRuCv/jyMmmeV/xq5equWq5d53EU0TE6QWfIRxeohm5RHTUQQY/oGb2iN+fJeXHenY95a8HJZw7RHzifPzPflj4=</latexit>

asteroid belt

<latexit sha1_base64="4Zfl2BW6cJG4ihzQJFqHsLUuQgE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIQd0V3bisYB/QhDKZ3LRDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHKmdKO822VVlbX1jfKm5Wt7Z3dPXv/oK2STFJo0YQnshsQBZzF0NJMc+imEogIOHSC0c3U7zyAVCyJ7/U4BV+QQcwiRok2Ut8+yj0pMFEaZMJCDwfA9aRvV52aMwNeJm5BqqhAs29/eWFCMwGxppwo1XOdVPs5kZpRDpOKlylICR2RAfQMjYkA5eez6yf41CghjhJpKtZ4pv6eyIlQaiwC0ymIHqpFbyr+5/UyHV36OYvTTENM54uijGOd4GkUOGQSqOZjQwiVzNyK6ZBIQk0YqmJCcBdfXibt85pbr13d1auN6yKOMjpGJ+gMuegCNdAtaqIWougRPaNX9GY9WS/Wu/Uxby1Zxcwh+gPr8weOYZVQ</latexit>

<latexit sha1_base64="tO3SlgKWDgktQ8+skimYqbKKyr4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegFy9CBPOQZAmzk9lkyDyWmVkhLPkKLx4U8ernePNvnCR70MSChqKqm+6uKOHMWN//9gorq2vrG8XN0tb2zu5eef+gaVSqCW0QxZVuR9hQziRtWGY5bSeaYhFx2opGN1O/9US1YUo+2HFCQ4EHksWMYOukx7te1tUCkUmvXPGr/gxomQQ5qUCOeq/81e0rkgoqLeHYmE7gJzbMsLaMcDopdVNDE0xGeEA7jkosqAmz2cETdOKUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZp+j/pMU2L52BFMNHO3IjLEGhPrMiq5EILFl5dJ86waXFT9+/NK7TqPowhHcAynEMAl1OAW6tAAAgKe4RXePO29eO/ex7y14OUzh/AH3ucPh0aQOg==</latexit>

Mc<latexit sha1_base64="2i5lfl9tt2LH+K1TAk36drN6Lek=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnBxGByhL3NJFmyu3fs7gnhyL+wsVDE1n9j579xk1yhiQ8GHu/NMDMvSgQ31ve/vcLK6tr6RnGztLW9s7tX3j9omjjVDBssFrFuRdSg4AoblluBrUQjlZHAh2h0M/UfnlAbHqt7O04wlHSgeJ8zap30SHg362hJ2KRbrvhVfwayTIKcVCBHvVv+6vRilkpUlglqTDvwExtmVFvOBE5KndRgQtmIDrDtqKISTZjNLp6QE6f0SD/WrpQlM/X3REalMWMZuU5J7dAselPxP6+d2v5VmHGVpBYVmy/qp4LYmEzfJz2ukVkxdoQyzd2thA2ppsy6kEouhGDx5WXSPKsGF1X/7rxSu87jKMIRHMMpBHAJNbiFOjSAgYJneIU3z3gv3rv3MW8tePnMIfyB9/kDCTmQgA==</latexit>

ic

<latexit sha1_base64="jgz491BzGFVAAIQWeSHvX18uz5s=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnBxEhyhL3NJFmyu3fs7gnhyK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgQ31ve/vcLK6tr6RnGztLW9s7tX3j9omjjVDBssFrFuRdSg4AoblluBrUQjlZHAh2h0M/UfnlAbHqt7O04wlHSgeJ8zap30SLtZR0vCJt1yxa/6M5BlEuSkAjnq3fJXpxezVKKyTFBj2oGf2DCj2nImcFLqpAYTykZ0gG1HFZVowmx28IScOKVH+rF2pSyZqb8nMiqNGcvIdUpqh2bRm4r/ee3U9q/CjKsktajYfFE/FcTGZPo96XGNzIqxI5Rp7m4lbEg1ZdZlVHIhBIsvL5PmWTW4qPp355XadR5HEY7gGE4hgEuowS3UoQEMJDzDK7x52nvx3r2PeWvBy2cO4Q+8zx+mNpBO</latexit>ac

<latexit sha1_base64="YDO72l+zqeaHnrrtzcuHl89DVK8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0UPHOeqWyW3VnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTTPq95l1b2/KNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNBDY0e</latexit>

(1)

<latexit sha1_base64="YDO72l+zqeaHnrrtzcuHl89DVK8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0UPHOeqWyW3VnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTTPq95l1b2/KNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNBDY0e</latexit>

(1)

<latexit sha1_base64="YDO72l+zqeaHnrrtzcuHl89DVK8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0UPHOeqWyW3VnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTTPq95l1b2/KNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNBDY0e</latexit>

(1)

<latexit sha1_base64="kyNJErkmn8WJ0F8W90YgWLhYDRM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3KHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3L1vFcsuRV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0qxXvsuLeX5RqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AQpKNHw==</latexit>

(2)
<latexit sha1_base64="kyNJErkmn8WJ0F8W90YgWLhYDRM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3KHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3L1vFcsuRV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0qxXvsuLeX5RqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AQpKNHw==</latexit>

(2)<latexit sha1_base64="kyNJErkmn8WJ0F8W90YgWLhYDRM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3KHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3L1vFcsuRV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0qxXvsuLeX5RqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AQpKNHw==</latexit>

(2)

<latexit sha1_base64="aUBGb1mXYl69OO8YYyh6UaLJzI4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGt1O/9cS1EbF6xHHC/YgOlAgFo2ilh4p71iuV3ao7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTTPq95l1b2/KNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QM/iI0d</latexit>

(0)
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A plausible source population model:  
Kozai-Lidov feeding of compact binary systems

Goal: explain FRB repeating rates in the context of the Alfvén wing mechanism

• drive orbiting body as close as possible to the pulsar

• without periodical effects

Method: study the dynamical evolutions of asteroids in a 3 
body system via Kozai-Lidov perturbations

x

Initial

Finali

<latexit sha1_base64="S3/hmVL57PA4fjtf7bcyXcxv8MQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrxfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f012M+Q==</latexit>

x
FinalRoche Limit

Eccentricity increase

Inclination decrease 

x

Initial

Finali

<latexit sha1_base64="S3/hmVL57PA4fjtf7bcyXcxv8MQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrxfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f012M+Q==</latexit>

x
FinalRoche Limit

Eccentricity increase

Inclination decrease 

Kozai-Lidov effect: exchanges of orbital momentum → transfer of inclination to the eccentricity

the Roche limit is the closest position 
beyond which tidal effects disrupt the 
asteroid

V. D. , Kumiko Kotera (IAP), Joseph Silk (IAP, CEA, JHU, Oxford) (A&A 2021)



Mast
<latexit sha1_base64="rsM4G09j0N6LUhEpMesgji6NKMw=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRIrPnZFN26ECvYBaSiT6aQdOsmEmRuhhH6GGxeKuPVr3Pk3TtIgaj1w4XDOvdx7jx8LrsG2P63S0vLK6lp5vbKxubW9U93d62iZKMraVAqpej7RTPCItYGDYL1YMRL6gnX9yXXmdx+Y0lxG9zCNmReSUcQDTgkYyb0dpH0VYqJhNqjW7LqdAy8SpyA1VKA1qH70h5ImIYuACqK169gxeClRwKlgs0o/0SwmdEJGzDU0IiHTXpqfPMNHRhniQCpTEeBc/TmRklDraeibzpDAWP/1MvE/z00guPBSHsUJsIjOFwWJwCBx9j8ecsUoiKkhhCpubsV0TBShYFKq5CFcZjj7fnmRdE7qTqPeuDutNa+KOMroAB2iY+Sgc9REN6iF2ogiiR7RM3qxwHqyXq23eWvJKmb20S9Y719K9pFm</latexit>

MNS

<latexit sha1_base64="pN37k2yaHgt9+av/V4LlVw112v0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvVW9OJFqWg/sF1KNs22oUl2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqa+q0nqjSL5IMZx9QXeCBZyAg2Vnq86aVdJdDt/aRXLLlldwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cUTdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQnP/ZTJODFUkvmiMOHIRGj6PuozRYnhY0swUczeisgQK0yMDalgQ/AWX14mzbOyVylf3FVKtcssjjwcwTGcggdVqME11KEBBCQ8wyu8Odp5cd6dj3lrzslmDuEPnM8fD92Qig==</latexit>

aast
<latexit sha1_base64="/Ya+scPdOzXvFm7yCn0RGcXR6+w=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVVIVH7uiG5cV7APSUCbTSTt0MhNmboQS+hluXCji1q9x5984SYOo9cCFwzn3cu89QSy4Adf9dEpLyyura+X1ysbm1vZOdXevY1SiKWtTJZTuBcQwwSVrAwfBerFmJAoE6waTm8zvPjBtuJL3MI2ZH5GR5CGnBKzkkUHa1xEmBmaDas2tuznwImkUpIYKtAbVj/5Q0SRiEqggxngNNwY/JRo4FWxW6SeGxYROyIh5lkoSMeOn+ckzfGSVIQ6VtiUB5+rPiZRExkyjwHZGBMbmr5eJ/3leAuGln3IZJ8AknS8KE4FB4ex/POSaURBTSwjV3N6K6ZhoQsGmVMlDuMpw/v3yIumc1Bun9dO7s1rzuoijjA7QITpGDXSBmugWtVAbUaTQI3pGLw44T86r8zZvLTnFzD76Bef9C2oOkXo=</latexit>

iast

<latexit sha1_base64="86Xo60Fvtc3o45UCSgehmLzqGyQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CXjxGMA/YLGF2MpsMmccy0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090Vp4Jb8P1vr7S2vrG5Vd6u7Ozu7R9UD4/aVmeGshbVQptuTCwTXLEWcBCsmxpGZCxYJx7fzfzOEzOWa/UIk5RFkgwVTzgl4KSQ9/OekZhYmParNb/uz4FXSVCQGirQ7Fe/egNNM8kUUEGsDQM/hSgnBjgVbFrpZZalhI7JkIWOKiKZjfL5yVN85pQBTrRxpQDP1d8TOZHWTmTsOiWBkV32ZuJ/XphBch3lXKUZMEUXi5JMYNB49j8ecMMoiIkjhBrubsV0RAyh4FKquBCC5ZdXSfuiHlzWbx4ua43bIo4yOkGn6BwF6Ao10D1qohaiSKNn9IrePPBevHfvY9Fa8oqZY/QH3ucPYZaRVw==</latexit>

invariant plane

<latexit sha1_base64="xqFq0IcpdKhT3d/Ma3jLstJppVA=">AAAB/3icbVA9SwNBEN2LXzF+nQo2NotBsAp3ElC7oI1lBBMDuSPMbTbJkt29Y3cvEM4U/hUbC0Vs/Rt2/hs3yRWa+GDg8d4MM/OihDNtPO/bKaysrq1vFDdLW9s7u3vu/kFTx6kitEFiHqtWBJpyJmnDMMNpK1EURMTpQzS8mfoPI6o0i+W9GSc0FNCXrMcIGCt13KMsUAIzOQLFQJoAJxwknXTcslfxZsDLxM9JGeWod9yvoBuTVFBpCAet276XmDADZRjhdFIKUk0TIEPo07alEgTVYTa7f4JPrdLFvVjZkgbP1N8TGQitxyKynQLMQC96U/E/r52a3mWYMZmkhkoyX9RLOTYxnoaBu0xRYvjYEiCK2VsxGYACYmxkJRuCv/jyMmmeV/xq5equWq5d53EU0TE6QWfIRxeohm5RHTUQQY/oGb2iN+fJeXHenY95a8HJZw7RHzifPzPflj4=</latexit>

asteroid belt

<latexit sha1_base64="4Zfl2BW6cJG4ihzQJFqHsLUuQgE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIQd0V3bisYB/QhDKZ3LRDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHKmdKO822VVlbX1jfKm5Wt7Z3dPXv/oK2STFJo0YQnshsQBZzF0NJMc+imEogIOHSC0c3U7zyAVCyJ7/U4BV+QQcwiRok2Ut8+yj0pMFEaZMJCDwfA9aRvV52aMwNeJm5BqqhAs29/eWFCMwGxppwo1XOdVPs5kZpRDpOKlylICR2RAfQMjYkA5eez6yf41CghjhJpKtZ4pv6eyIlQaiwC0ymIHqpFbyr+5/UyHV36OYvTTENM54uijGOd4GkUOGQSqOZjQwiVzNyK6ZBIQk0YqmJCcBdfXibt85pbr13d1auN6yKOMjpGJ+gMuegCNdAtaqIWougRPaNX9GY9WS/Wu/Uxby1Zxcwh+gPr8weOYZVQ</latexit>

<latexit sha1_base64="tO3SlgKWDgktQ8+skimYqbKKyr4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegFy9CBPOQZAmzk9lkyDyWmVkhLPkKLx4U8ernePNvnCR70MSChqKqm+6uKOHMWN//9gorq2vrG8XN0tb2zu5eef+gaVSqCW0QxZVuR9hQziRtWGY5bSeaYhFx2opGN1O/9US1YUo+2HFCQ4EHksWMYOukx7te1tUCkUmvXPGr/gxomQQ5qUCOeq/81e0rkgoqLeHYmE7gJzbMsLaMcDopdVNDE0xGeEA7jkosqAmz2cETdOKUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZp+j/pMU2L52BFMNHO3IjLEGhPrMiq5EILFl5dJ86waXFT9+/NK7TqPowhHcAynEMAl1OAW6tAAAgKe4RXePO29eO/ex7y14OUzh/AH3ucPh0aQOg==</latexit>

Mc<latexit sha1_base64="2i5lfl9tt2LH+K1TAk36drN6Lek=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnBxGByhL3NJFmyu3fs7gnhyL+wsVDE1n9j579xk1yhiQ8GHu/NMDMvSgQ31ve/vcLK6tr6RnGztLW9s7tX3j9omjjVDBssFrFuRdSg4AoblluBrUQjlZHAh2h0M/UfnlAbHqt7O04wlHSgeJ8zap30SHg362hJ2KRbrvhVfwayTIKcVCBHvVv+6vRilkpUlglqTDvwExtmVFvOBE5KndRgQtmIDrDtqKISTZjNLp6QE6f0SD/WrpQlM/X3REalMWMZuU5J7dAselPxP6+d2v5VmHGVpBYVmy/qp4LYmEzfJz2ukVkxdoQyzd2thA2ppsy6kEouhGDx5WXSPKsGF1X/7rxSu87jKMIRHMMpBHAJNbiFOjSAgYJneIU3z3gv3rv3MW8tePnMIfyB9/kDCTmQgA==</latexit>

ic

<latexit sha1_base64="jgz491BzGFVAAIQWeSHvX18uz5s=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnBxEhyhL3NJFmyu3fs7gnhyK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgQ31ve/vcLK6tr6RnGztLW9s7tX3j9omjjVDBssFrFuRdSg4AoblluBrUQjlZHAh2h0M/UfnlAbHqt7O04wlHSgeJ8zap30SLtZR0vCJt1yxa/6M5BlEuSkAjnq3fJXpxezVKKyTFBj2oGf2DCj2nImcFLqpAYTykZ0gG1HFZVowmx28IScOKVH+rF2pSyZqb8nMiqNGcvIdUpqh2bRm4r/ee3U9q/CjKsktajYfFE/FcTGZPo96XGNzIqxI5Rp7m4lbEg1ZdZlVHIhBIsvL5PmWTW4qPp355XadR5HEY7gGE4hgEuowS3UoQEMJDzDK7x52nvx3r2PeWvBy2cO4Q+8zx+mNpBO</latexit>ac

<latexit sha1_base64="YDO72l+zqeaHnrrtzcuHl89DVK8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0UPHOeqWyW3VnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTTPq95l1b2/KNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNBDY0e</latexit>

(1)

<latexit sha1_base64="YDO72l+zqeaHnrrtzcuHl89DVK8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0UPHOeqWyW3VnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTTPq95l1b2/KNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNBDY0e</latexit>

(1)

<latexit sha1_base64="YDO72l+zqeaHnrrtzcuHl89DVK8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0UPHOeqWyW3VnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTTPq95l1b2/KNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNBDY0e</latexit>

(1)

<latexit sha1_base64="kyNJErkmn8WJ0F8W90YgWLhYDRM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3KHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3L1vFcsuRV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0qxXvsuLeX5RqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AQpKNHw==</latexit>

(2)
<latexit sha1_base64="kyNJErkmn8WJ0F8W90YgWLhYDRM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3KHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3L1vFcsuRV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0qxXvsuLeX5RqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AQpKNHw==</latexit>

(2)<latexit sha1_base64="kyNJErkmn8WJ0F8W90YgWLhYDRM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3KHoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3L1vFcsuRV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0qxXvsuLeX5RqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AQpKNHw==</latexit>

(2)

<latexit sha1_base64="aUBGb1mXYl69OO8YYyh6UaLJzI4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGt1O/9cS1EbF6xHHC/YgOlAgFo2ilh4p71iuV3ao7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTTPq95l1b2/KNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QM/iI0d</latexit>

(0)
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A plausible source population model:  
Kozai-Lidov feeding of compact binary systems

Goal: explain FRB repeating rates in the context of the Alfvén wing mechanism

• drive orbiting body as close as possible to the pulsar

• without periodical effects

Method: study the dynamical evolutions of asteroids in a 3 
body system via Kozai-Lidov perturbations

x

Initial

Finali
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Kozai-Lidov effect: exchanges of orbital momentum → transfer of inclination to the eccentricity

the Roche limit is the closest position 
beyond which tidal effects disrupt the 
asteroid

V. D. , Kumiko Kotera (IAP), Joseph Silk (IAP, CEA, JHU, Oxford) (A&A 2021)

Kozai-Lidov effects can drive the asteroids down to the Roche limit
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achieved to reach the Roche limit, where the asteroid
disruption occurs. During the disruption, complex tidal-
induced fragmentation could happen, especially for large
asteroids, leading to a multitude of sub-emission compo-
nents over short time-scales. Such events could explain the
observations of FRB 121102, from which ⇠ 90 bursts were
detected during a five hour period (half falling within 30

minutes, Zhang et al. 2018).

3. Kozai-Lidov mechanisms

In the framework of asteroids orbiting a central pulsar and
surrounded by an outer massive body (see Figure 1 for
a sketch), we expect modifications of the orbits to occur
through the exchanges of orbital momentum between the
two two-body systems: (1) pulsar-asteroid (the inner bi-
nary), and (2) (pulsar-asteroid)-outer body (the outer bi-
nary). These exchanges can translate into an increase of the
eccentricity of the inner binary and therefore lead to config-
urations where the two bodies of the inner binary move very
close to one another, when reaching the periapsis of their
orbits, leading in some cases to a crossing of the Roche
limit.

As can be seen in Figure 1, the subscripts 1, 2, 3 refer to
the central object, the outer body and the "massless" body
orbiting the central object respectively. We specify the no-
tations in some numerical estimates and in the next sections
by denoting these objects with the subscripts NS, c, ast, cor-
responding to the central neutron star, its binary compan-
ion and the orbiting asteroids.

3.1. Secular perturbations in three-body systems

The motion of the outer body, also referred to as the per-
turbing body, induces gravitational perturbations which
happen on secular timescales, that is on timescales much
longer than the typical orbital timescales. In the specific
case of a hierarchical three body system, where the semi-
major axis of the inner binary is much smaller than the
semi-major axis of the outer binary a1/a2 ⌧ 1, this system
is stable. Furthermore in the test particle approximation,
where one of the bodies is considered "mass-less" (m ! 0),
only the motion of this "mass-less" body is affected by the
secular dynamics. For large mass ratios within the inner
binary, the inner binary orbit can flip from a pro-grade mo-
tion to a retro-grade motion by rolling over its semi-major
axis. During one of these flips, the orbit passes trough an
inclination of 90° which leads to a large eccentricity excita-
tion.

The three-body dynamics is usually decomposed into
the dynamics of two two-body systems, plus a perturba-
tion effect between these two-body systems. In terms of
Hamiltonian, one can write

H = G
m0m1

2a1

+ G
(m0 + m1)m2

2a2

+ Hpert , (5)

where H is the total Hamiltonian of the three-body sys-
tem, G is the gravitational constant, m refers to the mass,
a to the semi-major axis, and the subscripts 1, 2, 3 to one
the body or one of the two two-body systems (1 or 2). Fi-
nally, Hpert represent the perturbation term between the
two two-body systems and can be decomposed over Legen-

dre polynomials

Hpert =
G

a2

1X

j=2

✓
a1

a2

◆j

Mj

✓
r1

a1

◆j✓
a2

r2

◆j+1

Pj [cos (�)] .

(6)

With r1 and r2 the distances between the two bodies of
the inner binary and outer binary respectively, Pj Legen-
dre polynomials, � angle between r1 and r2, and Mj =

m0m1m2[m
j�1

0
� (�m1)

j�1
]/(m0 + m1)

j a mass term.
It is possible to rewrite this series only for the two main

terms

Hpert ⇡ Hquad + ✏Hoct , (7)

where Hquad and Hoct represent the quadrupolar and oc-
tupolar orders of the perturbation and ✏ is given by

✏ =
a1

a2

e2

1 � e
2

2

. (8)

Depending on the configuration of the three-body system,
the value of ✏ indicates which order dominates the dynamic
(either quadrupolar or octupolar). Furthermore stable sys-
tems are expected for values of epsilon ✏ ⇠ 0.1 or if the
eccentricity is null a1/a2 ⇠ 0.1. Figure 2 shows the evo-
lution of the ✏ parameter depending on the inner binary
(pulsar-asteroid in our case) configuration and the outer
binary (perturbing body) configuration. The shadowed re-
gion represent the configurations where the outer body is
closer than the inner binary (between the pulsar and the as-
teroid in our case), which is not possible. The domain where
the octupolar is fully dominant is delimited by the two solid
black lines. One can see that this region corresponds to con-
figurations where the outer body has an eccentric orbit and
is not too far from the inner binary.

When the outer body has a circular orbit, the dynamics
is led by the quadrupolar term and results in the so-called
classical Kozai-Lidov mechanism. In this mechanism, pe-
riodical exchanges of orbital momentum between the two
two-body systems lead to a reduction of the inclination of
the inner binary at a cost of an increase in eccentricity.
These oscillations stem from the fact that in the test par-
ticle approximation (where one of the bodies of the inner
binary has a mass close to zero), the z-component of the
total orbital momentum, defined by the invariant plane, is
conserved and can be rewritten as a function of the incli-
nation and the eccentricity

Lz = Constant =

q
1 � e

2

1
cos itot , (9)

where Lz is the z-component of the total orbital momen-
tum of the three-body system, e2 is the eccentricity of the
inner binary and itot is the total inclination of the system
within the invariant plane. By conservation principles, it is
straightforward to extract the maximal eccentricity reach-
able as a function of the initial inclination, assuming a to-
tal transfer of the inclination during the Kozai-Lidov effect.
Therefore one can obtain

e1,max,KL =

p
1 � (5/3) cos2 itot . (10)

From the same argument, it is possible to derive the min-
imal initial inclination required to trigger classical Kozai-
Lidov effects, which is 40° < iinit,tot < 140°.
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the value of ✏ indicates which order dominates the dynamic
(either quadrupolar or octupolar). Furthermore stable sys-
tems are expected for values of epsilon ✏ ⇠ 0.1 or if the
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teroid in our case), which is not possible. The domain where
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When the outer body has a circular orbit, the dynamics
is led by the quadrupolar term and results in the so-called
classical Kozai-Lidov mechanism. In this mechanism, pe-
riodical exchanges of orbital momentum between the two
two-body systems lead to a reduction of the inclination of
the inner binary at a cost of an increase in eccentricity.
These oscillations stem from the fact that in the test par-
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within the invariant plane. By conservation principles, it is
straightforward to extract the maximal eccentricity reach-
able as a function of the initial inclination, assuming a to-
tal transfer of the inclination during the Kozai-Lidov effect.
Therefore one can obtain
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From the same argument, it is possible to derive the min-
imal initial inclination required to trigger classical Kozai-
Lidov effects, which is 40° < iinit,tot < 140°.
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detected during a five hour period (half falling within 30

minutes, Zhang et al. 2018).

3. Kozai-Lidov mechanisms

In the framework of asteroids orbiting a central pulsar and
surrounded by an outer massive body (see Figure 1 for
a sketch), we expect modifications of the orbits to occur
through the exchanges of orbital momentum between the
two two-body systems: (1) pulsar-asteroid (the inner bi-
nary), and (2) (pulsar-asteroid)-outer body (the outer bi-
nary). These exchanges can translate into an increase of the
eccentricity of the inner binary and therefore lead to config-
urations where the two bodies of the inner binary move very
close to one another, when reaching the periapsis of their
orbits, leading in some cases to a crossing of the Roche
limit.

As can be seen in Figure 1, the subscripts 1, 2, 3 refer to
the central object, the outer body and the "massless" body
orbiting the central object respectively. We specify the no-
tations in some numerical estimates and in the next sections
by denoting these objects with the subscripts NS, c, ast, cor-
responding to the central neutron star, its binary compan-
ion and the orbiting asteroids.

3.1. Secular perturbations in three-body systems

The motion of the outer body, also referred to as the per-
turbing body, induces gravitational perturbations which
happen on secular timescales, that is on timescales much
longer than the typical orbital timescales. In the specific
case of a hierarchical three body system, where the semi-
major axis of the inner binary is much smaller than the
semi-major axis of the outer binary a1/a2 ⌧ 1, this system
is stable. Furthermore in the test particle approximation,
where one of the bodies is considered "mass-less" (m ! 0),
only the motion of this "mass-less" body is affected by the
secular dynamics. For large mass ratios within the inner
binary, the inner binary orbit can flip from a pro-grade mo-
tion to a retro-grade motion by rolling over its semi-major
axis. During one of these flips, the orbit passes trough an
inclination of 90° which leads to a large eccentricity excita-
tion.

The three-body dynamics is usually decomposed into
the dynamics of two two-body systems, plus a perturba-
tion effect between these two-body systems. In terms of
Hamiltonian, one can write

H = G
m0m1

2a1

+ G
(m0 + m1)m2

2a2

+ Hpert , (5)

where H is the total Hamiltonian of the three-body sys-
tem, G is the gravitational constant, m refers to the mass,
a to the semi-major axis, and the subscripts 1, 2, 3 to one
the body or one of the two two-body systems (1 or 2). Fi-
nally, Hpert represent the perturbation term between the
two two-body systems and can be decomposed over Legen-

dre polynomials
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With r1 and r2 the distances between the two bodies of
the inner binary and outer binary respectively, Pj Legen-
dre polynomials, � angle between r1 and r2, and Mj =

m0m1m2[m
j�1

0
� (�m1)

j�1
]/(m0 + m1)

j a mass term.
It is possible to rewrite this series only for the two main

terms

Hpert ⇡ Hquad + ✏Hoct , (7)

where Hquad and Hoct represent the quadrupolar and oc-
tupolar orders of the perturbation and ✏ is given by

✏ =
a1

a2

e2

1 � e
2

2

. (8)

Depending on the configuration of the three-body system,
the value of ✏ indicates which order dominates the dynamic
(either quadrupolar or octupolar). Furthermore stable sys-
tems are expected for values of epsilon ✏ ⇠ 0.1 or if the
eccentricity is null a1/a2 ⇠ 0.1. Figure 2 shows the evo-
lution of the ✏ parameter depending on the inner binary
(pulsar-asteroid in our case) configuration and the outer
binary (perturbing body) configuration. The shadowed re-
gion represent the configurations where the outer body is
closer than the inner binary (between the pulsar and the as-
teroid in our case), which is not possible. The domain where
the octupolar is fully dominant is delimited by the two solid
black lines. One can see that this region corresponds to con-
figurations where the outer body has an eccentric orbit and
is not too far from the inner binary.

When the outer body has a circular orbit, the dynamics
is led by the quadrupolar term and results in the so-called
classical Kozai-Lidov mechanism. In this mechanism, pe-
riodical exchanges of orbital momentum between the two
two-body systems lead to a reduction of the inclination of
the inner binary at a cost of an increase in eccentricity.
These oscillations stem from the fact that in the test par-
ticle approximation (where one of the bodies of the inner
binary has a mass close to zero), the z-component of the
total orbital momentum, defined by the invariant plane, is
conserved and can be rewritten as a function of the incli-
nation and the eccentricity

Lz = Constant =

q
1 � e

2

1
cos itot , (9)

where Lz is the z-component of the total orbital momen-
tum of the three-body system, e2 is the eccentricity of the
inner binary and itot is the total inclination of the system
within the invariant plane. By conservation principles, it is
straightforward to extract the maximal eccentricity reach-
able as a function of the initial inclination, assuming a to-
tal transfer of the inclination during the Kozai-Lidov effect.
Therefore one can obtain

e1,max,KL =

p
1 � (5/3) cos2 itot . (10)

From the same argument, it is possible to derive the min-
imal initial inclination required to trigger classical Kozai-
Lidov effects, which is 40° < iinit,tot < 140°.
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the value of ✏ indicates which order dominates the dynamic
(either quadrupolar or octupolar). Furthermore stable sys-
tems are expected for values of epsilon ✏ ⇠ 0.1 or if the
eccentricity is null a1/a2 ⇠ 0.1. Figure 2 shows the evo-
lution of the ✏ parameter depending on the inner binary
(pulsar-asteroid in our case) configuration and the outer
binary (perturbing body) configuration. The shadowed re-
gion represent the configurations where the outer body is
closer than the inner binary (between the pulsar and the as-
teroid in our case), which is not possible. The domain where
the octupolar is fully dominant is delimited by the two solid
black lines. One can see that this region corresponds to con-
figurations where the outer body has an eccentric orbit and
is not too far from the inner binary.

When the outer body has a circular orbit, the dynamics
is led by the quadrupolar term and results in the so-called
classical Kozai-Lidov mechanism. In this mechanism, pe-
riodical exchanges of orbital momentum between the two
two-body systems lead to a reduction of the inclination of
the inner binary at a cost of an increase in eccentricity.
These oscillations stem from the fact that in the test par-
ticle approximation (where one of the bodies of the inner
binary has a mass close to zero), the z-component of the
total orbital momentum, defined by the invariant plane, is
conserved and can be rewritten as a function of the incli-
nation and the eccentricity

Lz = Constant =
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where Lz is the z-component of the total orbital momen-
tum of the three-body system, e2 is the eccentricity of the
inner binary and itot is the total inclination of the system
within the invariant plane. By conservation principles, it is
straightforward to extract the maximal eccentricity reach-
able as a function of the initial inclination, assuming a to-
tal transfer of the inclination during the Kozai-Lidov effect.
Therefore one can obtain

e1,max,KL =
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1 � (5/3) cos2 itot . (10)

From the same argument, it is possible to derive the min-
imal initial inclination required to trigger classical Kozai-
Lidov effects, which is 40° < iinit,tot < 140°.
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achieved to reach the Roche limit, where the asteroid
disruption occurs. During the disruption, complex tidal-
induced fragmentation could happen, especially for large
asteroids, leading to a multitude of sub-emission compo-
nents over short time-scales. Such events could explain the
observations of FRB 121102, from which ⇠ 90 bursts were
detected during a five hour period (half falling within 30

minutes, Zhang et al. 2018).

3. Kozai-Lidov mechanisms

In the framework of asteroids orbiting a central pulsar and
surrounded by an outer massive body (see Figure 1 for
a sketch), we expect modifications of the orbits to occur
through the exchanges of orbital momentum between the
two two-body systems: (1) pulsar-asteroid (the inner bi-
nary), and (2) (pulsar-asteroid)-outer body (the outer bi-
nary). These exchanges can translate into an increase of the
eccentricity of the inner binary and therefore lead to config-
urations where the two bodies of the inner binary move very
close to one another, when reaching the periapsis of their
orbits, leading in some cases to a crossing of the Roche
limit.

As can be seen in Figure 1, the subscripts 1, 2, 3 refer to
the central object, the outer body and the "massless" body
orbiting the central object respectively. We specify the no-
tations in some numerical estimates and in the next sections
by denoting these objects with the subscripts NS, c, ast, cor-
responding to the central neutron star, its binary compan-
ion and the orbiting asteroids.

3.1. Secular perturbations in three-body systems

The motion of the outer body, also referred to as the per-
turbing body, induces gravitational perturbations which
happen on secular timescales, that is on timescales much
longer than the typical orbital timescales. In the specific
case of a hierarchical three body system, where the semi-
major axis of the inner binary is much smaller than the
semi-major axis of the outer binary a1/a2 ⌧ 1, this system
is stable. Furthermore in the test particle approximation,
where one of the bodies is considered "mass-less" (m ! 0),
only the motion of this "mass-less" body is affected by the
secular dynamics. For large mass ratios within the inner
binary, the inner binary orbit can flip from a pro-grade mo-
tion to a retro-grade motion by rolling over its semi-major
axis. During one of these flips, the orbit passes trough an
inclination of 90° which leads to a large eccentricity excita-
tion.

The three-body dynamics is usually decomposed into
the dynamics of two two-body systems, plus a perturba-
tion effect between these two-body systems. In terms of
Hamiltonian, one can write

H = G
m0m1

2a1

+ G
(m0 + m1)m2

2a2

+ Hpert , (5)

where H is the total Hamiltonian of the three-body sys-
tem, G is the gravitational constant, m refers to the mass,
a to the semi-major axis, and the subscripts 1, 2, 3 to one
the body or one of the two two-body systems (1 or 2). Fi-
nally, Hpert represent the perturbation term between the
two two-body systems and can be decomposed over Legen-

dre polynomials

Hpert =
G

a2

1X

j=2

✓
a1

a2

◆j

Mj

✓
r1

a1

◆j✓
a2

r2

◆j+1

Pj [cos (�)] .

(6)

With r1 and r2 the distances between the two bodies of
the inner binary and outer binary respectively, Pj Legen-
dre polynomials, � angle between r1 and r2, and Mj =
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j a mass term.
It is possible to rewrite this series only for the two main

terms

Hpert ⇡ Hquad + ✏Hoct , (7)

where Hquad and Hoct represent the quadrupolar and oc-
tupolar orders of the perturbation and ✏ is given by
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Depending on the configuration of the three-body system,
the value of ✏ indicates which order dominates the dynamic
(either quadrupolar or octupolar). Furthermore stable sys-
tems are expected for values of epsilon ✏ ⇠ 0.1 or if the
eccentricity is null a1/a2 ⇠ 0.1. Figure 2 shows the evo-
lution of the ✏ parameter depending on the inner binary
(pulsar-asteroid in our case) configuration and the outer
binary (perturbing body) configuration. The shadowed re-
gion represent the configurations where the outer body is
closer than the inner binary (between the pulsar and the as-
teroid in our case), which is not possible. The domain where
the octupolar is fully dominant is delimited by the two solid
black lines. One can see that this region corresponds to con-
figurations where the outer body has an eccentric orbit and
is not too far from the inner binary.

When the outer body has a circular orbit, the dynamics
is led by the quadrupolar term and results in the so-called
classical Kozai-Lidov mechanism. In this mechanism, pe-
riodical exchanges of orbital momentum between the two
two-body systems lead to a reduction of the inclination of
the inner binary at a cost of an increase in eccentricity.
These oscillations stem from the fact that in the test par-
ticle approximation (where one of the bodies of the inner
binary has a mass close to zero), the z-component of the
total orbital momentum, defined by the invariant plane, is
conserved and can be rewritten as a function of the incli-
nation and the eccentricity

Lz = Constant =

q
1 � e

2

1
cos itot , (9)

where Lz is the z-component of the total orbital momen-
tum of the three-body system, e2 is the eccentricity of the
inner binary and itot is the total inclination of the system
within the invariant plane. By conservation principles, it is
straightforward to extract the maximal eccentricity reach-
able as a function of the initial inclination, assuming a to-
tal transfer of the inclination during the Kozai-Lidov effect.
Therefore one can obtain

e1,max,KL =

p
1 � (5/3) cos2 itot . (10)

From the same argument, it is possible to derive the min-
imal initial inclination required to trigger classical Kozai-
Lidov effects, which is 40° < iinit,tot < 140°.
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nary). These exchanges can translate into an increase of the
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urations where the two bodies of the inner binary move very
close to one another, when reaching the periapsis of their
orbits, leading in some cases to a crossing of the Roche
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As can be seen in Figure 1, the subscripts 1, 2, 3 refer to
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by denoting these objects with the subscripts NS, c, ast, cor-
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major axis of the inner binary is much smaller than the
semi-major axis of the outer binary a1/a2 ⌧ 1, this system
is stable. Furthermore in the test particle approximation,
where one of the bodies is considered "mass-less" (m ! 0),
only the motion of this "mass-less" body is affected by the
secular dynamics. For large mass ratios within the inner
binary, the inner binary orbit can flip from a pro-grade mo-
tion to a retro-grade motion by rolling over its semi-major
axis. During one of these flips, the orbit passes trough an
inclination of 90° which leads to a large eccentricity excita-
tion.

The three-body dynamics is usually decomposed into
the dynamics of two two-body systems, plus a perturba-
tion effect between these two-body systems. In terms of
Hamiltonian, one can write
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where H is the total Hamiltonian of the three-body sys-
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a to the semi-major axis, and the subscripts 1, 2, 3 to one
the body or one of the two two-body systems (1 or 2). Fi-
nally, Hpert represent the perturbation term between the
two two-body systems and can be decomposed over Legen-

dre polynomials

Hpert =
G

a2

1X

j=2

✓
a1

a2

◆j

Mj

✓
r1

a1

◆j✓
a2

r2

◆j+1

Pj [cos (�)] .

(6)

With r1 and r2 the distances between the two bodies of
the inner binary and outer binary respectively, Pj Legen-
dre polynomials, � angle between r1 and r2, and Mj =

m0m1m2[m
j�1

0
� (�m1)

j�1
]/(m0 + m1)

j a mass term.
It is possible to rewrite this series only for the two main

terms

Hpert ⇡ Hquad + ✏Hoct , (7)

where Hquad and Hoct represent the quadrupolar and oc-
tupolar orders of the perturbation and ✏ is given by

✏ =
a1

a2

e2

1 � e
2

2

. (8)

Depending on the configuration of the three-body system,
the value of ✏ indicates which order dominates the dynamic
(either quadrupolar or octupolar). Furthermore stable sys-
tems are expected for values of epsilon ✏ ⇠ 0.1 or if the
eccentricity is null a1/a2 ⇠ 0.1. Figure 2 shows the evo-
lution of the ✏ parameter depending on the inner binary
(pulsar-asteroid in our case) configuration and the outer
binary (perturbing body) configuration. The shadowed re-
gion represent the configurations where the outer body is
closer than the inner binary (between the pulsar and the as-
teroid in our case), which is not possible. The domain where
the octupolar is fully dominant is delimited by the two solid
black lines. One can see that this region corresponds to con-
figurations where the outer body has an eccentric orbit and
is not too far from the inner binary.

When the outer body has a circular orbit, the dynamics
is led by the quadrupolar term and results in the so-called
classical Kozai-Lidov mechanism. In this mechanism, pe-
riodical exchanges of orbital momentum between the two
two-body systems lead to a reduction of the inclination of
the inner binary at a cost of an increase in eccentricity.
These oscillations stem from the fact that in the test par-
ticle approximation (where one of the bodies of the inner
binary has a mass close to zero), the z-component of the
total orbital momentum, defined by the invariant plane, is
conserved and can be rewritten as a function of the incli-
nation and the eccentricity
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able as a function of the initial inclination, assuming a to-
tal transfer of the inclination during the Kozai-Lidov effect.
Therefore one can obtain

e1,max,KL =
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1 � (5/3) cos2 itot . (10)

From the same argument, it is possible to derive the min-
imal initial inclination required to trigger classical Kozai-
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(0)

Fig. 1. Framework for the Kozai-Lidov perturbation calculations in our binary neutron star+ asteroid triple system. The neutron
star is surrounded by the asteroid belt, and the binary companion orbits at a larger distance. All objects are represented by their
distance to the neutron star (for instance aast and ac) and their inclination (for instance iast and ic) with respect to the invariant
plane.
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Fig. 2. Evolution of the octupolar efficiency parameter ✏ (Equation 8) as a function of the asteroid belt semi-major axis aast

and the companion semi-major axis ac (left), and the companion eccentricity ec and ratio of asteroid belt semi-major axis aast

and companion semi-major axis ac (right). The solid black lines delimit the regions where the octupolar regime of the three-body
dynamic is expected to be dominant ✏ = 0.1 and ✏ = 10�3, and where a transition from octupolar regime to quadrupolar regime
is expected to take place ✏ = 10�4.

In the case where the outer body has a non zero ec-
centricity (e2 6= 0), the octupolar term of the perturba-
tion become non-negligible. In particular in the regime
where 10

�3 . ✏ . 0.1, the octupolar term is dominant.
In this regime, the Kozai-Lidov effects are called the ec-
centric Kozai-Lidov mechanism (EKM), where the classi-
cal Kozai-Lidov oscillations of the quadrupolar regime are
modulated by a rotation of the orbits of the inner binary
around its semi-major axis. This rotation leads to an in-
crease of the inclination of upto i1 = 90° beyond which the
orbit flips from a pro-grade motion to a retro-grade motion.
During the whole process, classical Kozai-Lidov oscillations
continuously occur with intensity peaking when the orbit
reaches a 90° inclination, triggering extreme eccentricities
e1,max,EKL ! 1. The criteria for orbits to flip has been de-
rived by Li et al. (2014)

✏ >
8

5

1 � e
2

1

7 � e1(4 + 3e
2

1
) cos (⌦1 + !1)

, (11)

where ⌦1 and !1 are the longitude of the ascending node
and the argument of the periapsis of the inner binary re-
spectively. Numerical results are consistent with this crite-
ria (Li et al. (2014)), and show once again how the ✏ pa-
rameter can be used to discriminate between the different
dynamical regimes of the three-body system.

The EKM is characterized by longer timescales than
the classical Kozai-Lidov effect, since it can be seen as the
superposition of several classical Kozai-Lidov oscillations,
but it leads to extremely high eccentricities. The intensity
of the oscillations in the EKM depends on the value of ✏

and so on the dynamical regime of the three-body system.
The EKM has been found to be possible for at least two
distinct regimes: (i) Low eccentricity-High inclination, and
(ii) High eccentricity-Low inclination. The first regime cor-
responds to the classical criteria on the initial inclination to
trigger Kozai-Lidov oscillations (40° < iinit,tot < 140°), and
more interestingly, the second regime corresponds to orbital
configurations where the system can be almost coplanar but
still trigger EKM thanks to the high eccentricity of the in-
ner binary.

In the specific framework of Kozai-Lidov effects, the
three-body dynamics can be described with three main
regimes: the quadrupolar regime when the outer body has a
circular trajectory, featured by classical Kozai-Lidov oscilla-
tions; the octupolar regime when 10

�3 . ✏ . 0.1, enabling
a richer dynamics with Eccentric Kozai-Lidov mechanisms
and orbital flips; and finally, a combination of the previous
two regimes where ✏ . 10

�3, which depends on the specific
configuration of the three-body system and is difficult to
analyze in a general framework. In this study we consider
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Fig. 1. Framework for the Kozai-Lidov perturbation calculations in our binary neutron star+ asteroid triple system. The neutron
star is surrounded by the asteroid belt, and the binary companion orbits at a larger distance. All objects are represented by their
distance to the neutron star (for instance aast and ac) and their inclination (for instance iast and ic) with respect to the invariant
plane.

10�2 100 102

ac (A.U.)

10�2

10�1

100

101

102

a a
st

(A
.U

.)

� = 0.1

� = 10�3

� = 10�4

NSBH
(close) NSBH

(wide)

DNS
(close) DNS

(wide)
NSMS

ec = 0.10

�4.8

�3.6

�2.4

�1.2

0.0

1.2

2.4

lo
g[

� o
ct

up
ol

ar
]

Fig. 2. Evolution of the octupolar efficiency parameter ✏ (Equation 8) as a function of the asteroid belt semi-major axis aast

and the companion semi-major axis ac (left), and the companion eccentricity ec and ratio of asteroid belt semi-major axis aast

and companion semi-major axis ac (right). The solid black lines delimit the regions where the octupolar regime of the three-body
dynamic is expected to be dominant ✏ = 0.1 and ✏ = 10�3, and where a transition from octupolar regime to quadrupolar regime
is expected to take place ✏ = 10�4.

In the case where the outer body has a non zero ec-
centricity (e2 6= 0), the octupolar term of the perturba-
tion become non-negligible. In particular in the regime
where 10

�3 . ✏ . 0.1, the octupolar term is dominant.
In this regime, the Kozai-Lidov effects are called the ec-
centric Kozai-Lidov mechanism (EKM), where the classi-
cal Kozai-Lidov oscillations of the quadrupolar regime are
modulated by a rotation of the orbits of the inner binary
around its semi-major axis. This rotation leads to an in-
crease of the inclination of upto i1 = 90° beyond which the
orbit flips from a pro-grade motion to a retro-grade motion.
During the whole process, classical Kozai-Lidov oscillations
continuously occur with intensity peaking when the orbit
reaches a 90° inclination, triggering extreme eccentricities
e1,max,EKL ! 1. The criteria for orbits to flip has been de-
rived by Li et al. (2014)

✏ >
8

5

1 � e
2

1

7 � e1(4 + 3e
2

1
) cos (⌦1 + !1)

, (11)

where ⌦1 and !1 are the longitude of the ascending node
and the argument of the periapsis of the inner binary re-
spectively. Numerical results are consistent with this crite-
ria (Li et al. (2014)), and show once again how the ✏ pa-
rameter can be used to discriminate between the different
dynamical regimes of the three-body system.

The EKM is characterized by longer timescales than
the classical Kozai-Lidov effect, since it can be seen as the
superposition of several classical Kozai-Lidov oscillations,
but it leads to extremely high eccentricities. The intensity
of the oscillations in the EKM depends on the value of ✏

and so on the dynamical regime of the three-body system.
The EKM has been found to be possible for at least two
distinct regimes: (i) Low eccentricity-High inclination, and
(ii) High eccentricity-Low inclination. The first regime cor-
responds to the classical criteria on the initial inclination to
trigger Kozai-Lidov oscillations (40° < iinit,tot < 140°), and
more interestingly, the second regime corresponds to orbital
configurations where the system can be almost coplanar but
still trigger EKM thanks to the high eccentricity of the in-
ner binary.

In the specific framework of Kozai-Lidov effects, the
three-body dynamics can be described with three main
regimes: the quadrupolar regime when the outer body has a
circular trajectory, featured by classical Kozai-Lidov oscilla-
tions; the octupolar regime when 10

�3 . ✏ . 0.1, enabling
a richer dynamics with Eccentric Kozai-Lidov mechanisms
and orbital flips; and finally, a combination of the previous
two regimes where ✏ . 10

�3, which depends on the specific
configuration of the three-body system and is difficult to
analyze in a general framework. In this study we consider
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Dynamical regimes:

• quadrupole → Kozai-Lidov effect


• short timescales (still secular effect!)

• octupole → Excentric Kozai-Lidov effect


• extreme eccentricity excitations

Parameter space for the different dynamical regimes
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Kozai-Lidov times and repeating FRB rates

Kozai-Lidov effects happen over secular times >> FRB repeaters occurrence times
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by

tKL ⇠
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15
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by

�tEKL =
256

p
10

15⇡

tKL,i=90°
p

✏

�a1

a1

. (16)

Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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, (18)

where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL
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. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by

tEKL ⇠
128

p
10

15⇡
p

✏
tKL,i=90° (13)

⇠ 4.8 yr ✏
�1/2

⇣
aast

0.5 A.U.

⌘�3/2 ⇣ ac

A.U.

⌘3

⇥

✓
Mc

1 M�

◆�1 ✓
MNS

1.4 M�

◆1/2

, (14)

where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1
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. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by
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. (16)

Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as

h�tEKLi ⇠ 2.7 days ✏
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by

�tKL =
8

5

a
3

2

a
5/2
1

�a1

�
1 � e

2

2

�3/2 1
p

G

p
m0 + m1

m2

,

=
3

2
tKL

�a1

a1

(15)

and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1
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. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1
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. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1
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. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1
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. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by

�tKL =
8

5

a
3

2

a
5/2
1

�a1

�
1 � e

2

2

�3/2 1
p

G

p
m0 + m1

m2

,

=
3

2
tKL

�a1

a1

(15)

and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by
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. (16)

Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as

h�tEKLi ⇠ 2.7 days ✏
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.

Article number, page 7 of 21

Assuming a “typical” asteroid belt

V. Decoene et al.: Fast radio burst repeaters produced via Kozai-Lidov feeding of neutron stars in binary systems

the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as

h�tEKLi ⇠ 2.7 days ✏
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as

h�tEKLi ⇠ 2.7 days ✏
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.

Article number, page 7 of 21

V. Decoene et al.: Fast radio burst repeaters produced via Kozai-Lidov feeding of neutron stars in binary systems

the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by

�tKL =
8

5

a
3

2

a
5/2
1

�a1

�
1 � e

2

2

�3/2 1
p

G

p
m0 + m1

m2

,

=
3

2
tKL

�a1

a1

(15)

and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL
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. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1
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. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way
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This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
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Interestingly in the quadrupolar regime (and the test
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meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
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In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
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longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.
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cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by

�tKL =
8

5

a
3

2

a
5/2
1

�a1

�
1 � e

2

2

�3/2 1
p

G

p
m0 + m1

m2

,

=
3

2
tKL

�a1

a1

(15)

and in the octupolar regime by

�tEKL =
256

p
10

15⇡

tKL,i=90°
p

✏

�a1

a1

. (16)

Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way
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. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way
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This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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Fig. 4. Same as Figure 3, but for the relative Kozai-Lidov time delay (given by Equation 16). The solid lines represent the limits
where the relative delay equals 1 day (for sources producing day-repeaters) and the dashed line is the limit where the relative delay
equals 10 years (observational time beyond which sources cannot be observed as repeaters).
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Table 1. Population characteristics (binary system Galactic birth rate ⌫̇c and companion mass Mc) and orbital element distri-
butions (eccentricity ec and semi-major axis ac) for neutron stars in binary systems: neutron star-white dwarf (NSWD), double
neutron star (DNS), and neutron star-black hole (NSBH). The FRB rate densities ṅFRB are estimated using Eqs. (20-21), see
Section 4.3.

mass companion, Lyne 2005, PSR J0045-7319 and its 4 M�-
mass companion, Kaspi et al. 1994).

NSWD systems are naturally more numerous, as white
dwarfs are common outcomes of main sequence stars, with
simulated rates ⇠ 4 times higher than for NSMS (Nelemans
et al. 2001). Due to their formation channels, NSWD are

frequently found in very close circular systems, in which
case the neutron star is a recycled pulsar. The orbital semi-
major axis distribution of NSWD binaries should however
follow the same trend as NSMS systems, with 1/3 of wide
binaries with high eccentricities.

Article number, page 9 of 21

V. Decoene et al.: Fast radio burst repeaters produced via Kozai-Lidov feeding of neutron stars in binary systems

10�2 100 102

ac (A.U.)

10�5

10�4

10�3

10�2

10�1

e c

10 yrs1 day

NSWD
(close)

DNS
(close)

all
(wide)

low mass companion aast= 0.1 A.U.
NSMS

�9

�6

�3

0

3

6

9

12

lo
g[

�
t E

K
L
]
(d

ay
)

Fig. 4. Same as Figure 3, but for the relative Kozai-Lidov time delay (given by Equation 16). The solid lines represent the limits
where the relative delay equals 1 day (for sources producing day-repeaters) and the dashed line is the limit where the relative delay
equals 10 years (observational time beyond which sources cannot be observed as repeaters).

Systems ⌫̇c

[10
�5

yr
�1

]

Mc

[M�]
ec

ac

[A.U.]
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mass companion, Kaspi et al. 1994).

NSWD systems are naturally more numerous, as white
dwarfs are common outcomes of main sequence stars, with
simulated rates ⇠ 4 times higher than for NSMS (Nelemans
et al. 2001). Due to their formation channels, NSWD are

frequently found in very close circular systems, in which
case the neutron star is a recycled pulsar. The orbital semi-
major axis distribution of NSWD binaries should however
follow the same trend as NSMS systems, with 1/3 of wide
binaries with high eccentricities.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.

Article number, page 7 of 21

V. Decoene et al.: Fast radio burst repeaters produced via Kozai-Lidov feeding of neutron stars in binary systems

the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1
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. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL
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. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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and in the octupolar regime by

�tEKL =
256

p
10

15⇡

tKL,i=90°
p

✏

�a1

a1
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1

a1

. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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the octupolar regime down to ✏ = 10
�4, where in fact a

transition towards the quadrupolar regime operates. This
choice is made for illustrative purposes, in order to map
a larger parameter space (matching astrophysical objects)
without falling into too much purely dynamical considera-
tions. However in Appendix C, we provide a study focused
on the quadrupolar regime, showing that the conclusions
drawn from the octupolar regime also hold in this regime.

3.2. Kozai-Lidov timescales

As described before, the dynamics of each regime,
quadrupolar or octupolar, is different and so are their char-
acteristic timescales.

Interestingly in the quadrupolar regime (and the test
particle approximation), the dynamics is fully integrable,
meaning that the Hamiltonian equations of motion can
be solved. In this perspective, Antognini (2015) derive the
exact classical Kozai-Lidov period and study its behavior
across the parameter space of the three-body dynamics.
In particular, it is shown that this exact period only varies
within a factor of a few from the standard (and well-known)
Kozai-Lidov timescale formula. It is worth noting that this
is only true in general conditions, away from the bound-
ary between the libration and rotation regime, where non-
secular effects are expected, as well as away from orbital
resonances. This timescale is given by
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In the octupolar regime, however, the dynamics is no
longer integrable, as previous quantities are no longer in-
tegrals of motion, therefore the Hamiltonian equations of
motion cannot any more be solved. Antognini (2015) shows
that the exact period for the EKM can also be derived and
this exact period can be well approximated with a Kozai-
Lidov timescale in the EKM regime. This new time scale is
given by
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where tKL,i=90° represents the classical Kozai-Lidov
timescale and we suppose that inclinations up to 90° can
be reached thanks to the orbital flip mechanisms described
earlier in section 3.1. Furthermore the time-scale of Equa-
tion (13) describes a full EKM cycle, with two flips: from
pro-grade to retro-grade and back again.

The numerical values given in Equation (14) correspond
to a mildly close NSMS, NSWD or DNS case, with ac the
semi-major axis of the orbiting companion and Mc its mass.
The estimate assumes a null eccentricity ec = 0.

Figure 3 presents the EKM time-scales for various three-
body system configurations. Again, the shadowed region de-
limits the forbidden configurations. Generically, the time-
scale increases with the inner binary orbital width and with
the distance of the outer binary, as expected from gravita-
tional considerations: the farther the outer body, the lighter

the gravitational perturbation on the inner binary, and sim-
ilarly with the width of the inner binary.

3.3. Kozai-Lidov relative time delays

In the specific case where the inner binary is in fact made
of several small objects such as an asteroid belt or a comet
cloud, orbiting a more massive central body, an additional
interesting quantity is the relative time delay of the Kozai-
Lidov time-scales between close-by objects. The relative
time delays between two small objects seperated by a dis-
tance �a1 is given in the quadrupolar regime by
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Two objects separated by a distance �a1 orbiting a cen-
tral more massive object and perturbed by an outer body,
undergo Eccentric Kozai-Lidov effects with a time-scale dif-
ference given by Equation (15) and (16) depending on the
dynamical regime.

Equation (16) can be also rewritten in a more compact
way

�tEKL = 2tEKL

�a1
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. (17)

This formula provides a more straightforward description
of the relative time delay of the EKM.

Assuming that the initial distribution of aast in the as-
teroid belt follows a Normal distribution with mean haasti

and width �a = "asthaasti, the mean distance between two
consecutively falling asteroids can be estimated statistically
as h�aasti ⇡ �a/Nast,KL, with Nast,KL the number of as-
teroids undergoing Kozai-Lidov effects. In the octupolar
regime, when the outer body has a non circular orbit, most
asteroids undergo Kozai-Lidov effects and reach high eccen-
tricities. Hence one can write Nast,KL ⇠ ✏e↵ Nast, with Nast

the total number of asteroids in the belt and ✏e↵ & 0.2 (see
Section 5.3). The fraction of asteroids meeting the Kozai-
Lidov criterion in the quadrupolar regime is calculated in
Appendix C.2. One can then express the mean relative Ec-
centric Kozai-Lidov time delay as
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where the numerical estimates are presented again for a
mildly close NSMS or NSWD or DNS case.

Figure 4 describes the evolution of the relative time de-
lays across the parameter space allowed for the three-body
system. The time delay trend follows the EKM timescales
as depicted in Figure 3.
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Fig. 4. Same as Figure 3, but for the relative Kozai-Lidov time delay (given by Equation 16). The solid lines represent the limits
where the relative delay equals 1 day (for sources producing day-repeaters) and the dashed line is the limit where the relative delay
equals 10 years (observational time beyond which sources cannot be observed as repeaters).

Systems ⌫̇c

[10
�5

yr
�1

]

Mc

[M�]
ec

ac

[A.U.]
ṅFRB

[10
3
Gpc

�3
yr

�1
]

References

NSWD 24 0.01 � 1 10
�5

� 10
�2

10
�3

� few 10s
1.3 (rep.)
96 (nrep.)

Nelemans et al. (2001); Kroupa & Petr-Gotzens (2011)
Lorimer (2008); Hobbs et al. (2004)

NSMS 5.8 (all)
1.7 (wide) few �10 0.6 � 0.9 0.3 � few 10s 1.2 (rep.)

23 (nrep.)
Portegies Zwart & Verbunt (1996), Lyne (2005)

Kaspi et al. (1994), Hobbs et al. (2004)

DNS 5.7 (all)
2 (wide) ⇠ 1.4 10

�2
� 0.9

5 ⇥ 10
�3

� 0.3 (close)
few � few 10s (wide)

0.38 (rep.)
27 (nrep.)

Nelemans et al. (2001), Hobbs et al. (2004)
Portegies Zwart & Van den Heuvel (1999)
Tauris et al. (2017), Kruckow et al. (2018)

NSBH 0.06 � 1.3 ⇠ 5 � 100
any (close)
⇠ 1 (wide)

0.1 � few (close)
few � few 10s (wide)

0.2 (rep.)
1.3 (nrep.)

Kruckow et al. (2018)
Kroupa (2008)

Belczyński & Bulik (1999)
Table 1. Population characteristics (binary system Galactic birth rate ⌫̇c and companion mass Mc) and orbital element distri-
butions (eccentricity ec and semi-major axis ac) for neutron stars in binary systems: neutron star-white dwarf (NSWD), double
neutron star (DNS), and neutron star-black hole (NSBH). The FRB rate densities ṅFRB are estimated using Eqs. (20-21), see
Section 4.3.

mass companion, Lyne 2005, PSR J0045-7319 and its 4 M�-
mass companion, Kaspi et al. 1994).

NSWD systems are naturally more numerous, as white
dwarfs are common outcomes of main sequence stars, with
simulated rates ⇠ 4 times higher than for NSMS (Nelemans
et al. 2001). Due to their formation channels, NSWD are

frequently found in very close circular systems, in which
case the neutron star is a recycled pulsar. The orbital semi-
major axis distribution of NSWD binaries should however
follow the same trend as NSMS systems, with 1/3 of wide
binaries with high eccentricities.
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where the relative delay equals 1 day (for sources producing day-repeaters) and the dashed line is the limit where the relative delay
equals 10 years (observational time beyond which sources cannot be observed as repeaters).

Systems ⌫̇c

[10
�5

yr
�1

]

Mc

[M�]
ec

ac

[A.U.]
ṅFRB

[10
3
Gpc

�3
yr

�1
]

References

NSWD 24 0.01 � 1 10
�5

� 10
�2

10
�3

� few 10s
1.3 (rep.)
96 (nrep.)

Nelemans et al. (2001); Kroupa & Petr-Gotzens (2011)
Lorimer (2008); Hobbs et al. (2004)

NSMS 5.8 (all)
1.7 (wide) few �10 0.6 � 0.9 0.3 � few 10s 1.2 (rep.)

23 (nrep.)
Portegies Zwart & Verbunt (1996), Lyne (2005)

Kaspi et al. (1994), Hobbs et al. (2004)

DNS 5.7 (all)
2 (wide) ⇠ 1.4 10

�2
� 0.9

5 ⇥ 10
�3

� 0.3 (close)
few � few 10s (wide)

0.38 (rep.)
27 (nrep.)

Nelemans et al. (2001), Hobbs et al. (2004)
Portegies Zwart & Van den Heuvel (1999)
Tauris et al. (2017), Kruckow et al. (2018)

NSBH 0.06 � 1.3 ⇠ 5 � 100
any (close)
⇠ 1 (wide)

0.1 � few (close)
few � few 10s (wide)

0.2 (rep.)
1.3 (nrep.)

Kruckow et al. (2018)
Kroupa (2008)

Belczyński & Bulik (1999)
Table 1. Population characteristics (binary system Galactic birth rate ⌫̇c and companion mass Mc) and orbital element distri-
butions (eccentricity ec and semi-major axis ac) for neutron stars in binary systems: neutron star-white dwarf (NSWD), double
neutron star (DNS), and neutron star-black hole (NSBH). The FRB rate densities ṅFRB are estimated using Eqs. (20-21), see
Section 4.3.

mass companion, Lyne 2005, PSR J0045-7319 and its 4 M�-
mass companion, Kaspi et al. 1994).

NSWD systems are naturally more numerous, as white
dwarfs are common outcomes of main sequence stars, with
simulated rates ⇠ 4 times higher than for NSMS (Nelemans
et al. 2001). Due to their formation channels, NSWD are

frequently found in very close circular systems, in which
case the neutron star is a recycled pulsar. The orbital semi-
major axis distribution of NSWD binaries should however
follow the same trend as NSMS systems, with 1/3 of wide
binaries with high eccentricities.
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Kruckow et al. (2018)
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Belczyński & Bulik (1999)
Table 1. Population characteristics (binary system Galactic birth rate ⌫̇c and companion mass Mc) and orbital element distri-
butions (eccentricity ec and semi-major axis ac) for neutron stars in binary systems: neutron star-white dwarf (NSWD), double
neutron star (DNS), and neutron star-black hole (NSBH). The FRB rate densities ṅFRB are estimated using Eqs. (20-21), see
Section 4.3.

mass companion, Lyne 2005, PSR J0045-7319 and its 4 M�-
mass companion, Kaspi et al. 1994).

NSWD systems are naturally more numerous, as white
dwarfs are common outcomes of main sequence stars, with
simulated rates ⇠ 4 times higher than for NSMS (Nelemans
et al. 2001). Due to their formation channels, NSWD are

frequently found in very close circular systems, in which
case the neutron star is a recycled pulsar. The orbital semi-
major axis distribution of NSWD binaries should however
follow the same trend as NSMS systems, with 1/3 of wide
binaries with high eccentricities.
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both very short and long timescales can be reached depending on the system parameters
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Monte-Carlo simulations of asteroid infall relative time delays (with GR corrections):
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Fig. 5. Asteroid orbital parameter distributions inside the Solar
asteroid belt (blue) and our reconstructed primordial model belt
(orange). Top: Asteroid semi-major axes distribution. Bottom:
Asteroid inclinations as a function of the semi-major axes. In
both panels, the Kirkwood gaps are clearly visible in the Solar
asteroid belt.

current Solar asteroid belt, influenced by giant planets such
as Jupiter. The Kirkwood gaps for instance, illustrate this
effect. These features motivate the construction of a syn-
thetic asteroid belt for our model, filling most of the gaps
and mimicking the primordial population of the belt (see
Figure 5).

The synthetic belts follow a gaussian distribution fitting
the general trend of the current Solar belt. We use for the
semi-major axis a standard deviation of �a = 0.15haasti,
with the mean semi-major axis haasti left as a free param-
eter. For the inclinations, we follow the Solar belt distri-
bution with mean inclination hiasti = 0

� and standard de-
viation �i = 30

�. The initial eccentricities are not mod-
eled since they are not relevant to our computation of the
Kozai-Lidov effects. However Figure 5 suggests that a fit-
ting model similar to what is done for the distribution of
semi-major axis could be easily achieved.

The number of these massive asteroids follows a power
law distribution as a function of their size, as observed in
the Solar System MPC-SAO-IAU (2019) (see Section 2.2.
Their masses can be retrieved by assuming that they are
roughly spherical, with a density ⇢ast = 2g cm

�2.

Fig. 6. Distribution of relative time differences �tKL of aster-
oids falling into the Roche lobe of the central compact object due
to Kozai-Lidov oscillations (which can be directly interpreted as
the FRB emission periods), for the current Solar asteroid belt
(green) and the primordial belt, for an inclination of the outer
companion plane ic = 5° (orange), ic = 10° (green) and ic = 45°
(blue), and initial asteroid number Nast = 102. We consider a
high mass Mc = 10M� wide system with ac = 10A.U. and
haasti = 1A.U.. The number of asteroid infalls increase with the
inclination of the system, as expected. Additionally, the relative
time differences �tKL increase with lower inclinations, except
for the Solar asteroid case. The present Solar asteroid belt has
already undergone Kozai-Lidov effects during its lifetime, lead-
ing to a cleansing of its asteroids that is potentially sensitive to
Kozai-Lidov oscillations, which explains its misleading behavior
in this figure.

Systems Mc

[M�]
ec

ac

[A.U.]

haasti

[A.U.]

DNS (close) 1.4 0.01 0.1 0.02

DNS (wide) 1.4 0.7 30 1

NSMS (low, close) 1 0.6 5 0.1

NSMS (low, wide) 1 0.8 50 1

NSWD (close) 0.1 10
�5

1 0.1

NSWD (wide) 0.1 0.01 30 1

NSBH (close) 10 0.1 0.1 0.02

NSBH (wide) 10 0.1 30 1

NSMS (high, close) 10 0.6 5 0.1

NSMS (high, wide) 10 0.8 50 1

NSBH (high) 100 0.7 30 1

Table 2. Configuration parameters for the Monte-Carlo simu-
lations presented in Section 5 and results in Figure 7, for low
and high mass systems, and close and wide companion orbits.

This simple method allows us to construct a more
generic asteroid belt, although it is restricted to our knowl-
edge of the Solar system.

5.2. Simulations set-up

Following the asteroid distribution computed in the previ-
ous section, we randomly draw a set of asteroid parameters
(size Rast, semi-major axis aast, inclination iast). We select
the objects that meet the following three criteria
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Primordial asteroid belt simulation based on the Solar asteroid belt:

- size / extension

- asteroid masses

Method:

- asteroids randomly draw from the primordial belt

- selection on initial conditions that can trigger Kozai-Lidov effects 

- selection on asteroids that reaches the Roche limit

- Kozai-Lidov times are computed 

- relative times are extracted from the infall timelines
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Numerical results

Monte-Carlo simulations of asteroid infall relative time delays (with GR corrections):

Results: The dichotomy between the two 
populations is solved via the companion 
parameters of the systems:

• all FRB are repeaters

• mildly close system -> day/month repeaters 

with lifetime ~ 10s of years

• wide system are steady sources that will be 

observed as non repeaters

V. Decoene et al.: Fast radio burst repeaters produced via Kozai-Lidov feeding of neutron stars in binary systems
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Fig. 7. Same as Figure 6, distribution of relative time differences �tKL of asteroids falling into the Roche lobe of the central
compact object due to Kozai-Lidov oscillations, for the different systems considered here. Left: low mass companions. Right: high
mass companions. The initial number of asteroids is Nast = 102 and the inclinations of the companions is ic = 30°. Specific
parameters for each configuration can be found in Table 2.

1. minimum size Rast > 50 km, large enough to trigger
FRB-like emissions via the Alfvén mechanism (Equa-
tion 1)

2. allow the triggering of Kozai-Lidov oscillations (see Sec-
tion C)

3. can reach the Roche limit under the Kozai-Lidov effect
(Equation C.5).

The last two criteria are always met under the octupolar
regime. Both quadrupolar and octupolar regimes are taken
into account in this calculation, as well as the GR effects.

For the selected asteroids, we compute the Kozai-Lidov
timescales needed to reach the maximal eccentricity and
the relative time delays between two consecutive asteroid
infalls. The distribution of these relative infall times can
be directly compared to FRB rates. To avoid statistical
fluctuations due to the Monte-Carlo drawing, we average
our results over 10

4 simulations.

5.3. Asteroid infall rates for a Solar-like belt

Figure 6 shows the distribution of the relative time delays
�tKL for asteroids falling onto the central neutron star, for
a current (green) and primordial Solar-like belt, and for
companion inclinations ic = 5° (orange), ic = 10° (green)
and ic = 45° (blue). The central neutron star has mass
MNS = 1.4 M� and the outer companion Mc = 10M�. The
initial number of asteroids is set to Nast = 10

2, following the
power law spectra observed in the Solar system belt for the
most massive asteroids. We examine in Figure 6 the effect of
the companion inclination ic on the relative timescales and
efficiency of the Kozai-Lidov effect, in the case of a wide
system with companion distance ac = 10A.U. and mean
asteroid belt distance haasti = 1A.U..

For this wide system, the infall rates span from days
to thousands of years, with a maximum around h�tKLi ⇠

10 � 100 years, depending on the inclination i2. More in-
terestingly the efficiency of the Kozai-Lidov process, the
ratio of the number of falling asteroids over the number of
drawn asteroids, is greater for inclined systems. More aster-
oids fall onto the central pulsar for a more inclined asteroid

belt, which is consistent with the Kozai-Lidov process, since
more asteroids will meet the Kozai-Lidov criterion on the
inclination iast & 40°. Nevertheless, these simulations show
that even for low to mildly inclined systems, the efficiency
remains around 20%.

The comparison between the current Solar belt (green)
and the primordial belts (blue or orange) shows that the
lack of Kirkwood gaps induces a drastic increase of short
time-scales in the asteroid infall rate, and depending on the
inclination, a factor of a few to an order of magnitude more
events in total (greater efficiency).

Figure 7 displays, similarly to Figure 6, the distribution
of the relative time delays �tKL for asteroids falling onto
the central neutron star, for various neutron star systems.
The left panel presents systems with low mass companions,
such as DNS, NSMS and NSWD for close and wide systems.
The right panel shows systems with high mass companions,
namely NSBH and NSMS. Wide and close systems can be
distinguished through their relative asteroid falling rates:
wide systems induce higher rates than close systems, for
both low and high mass companions. NSWD systems ap-
pears to be much less efficient than any other systems, this
is due to the fact that the Kozai-Lidov time-scale is a func-
tion of the mass of the companion (see Eqs. 15 and 16).
An opposite result can be seen for high mass NSBH sys-
tems, which are much more efficient and with shorter time-
scales than NSBH wide systems, as expected. Finally one
can notice that most of the systems (except NSWD sys-
tems), present an efficiency above 50% in this Kozai-Lidov
mechanisms.

5.4. Connection with FRB observations

The results of the simulations detailed in Section 5.3 show
a high consistency with the analytical estimates computed
in Sections 3 and 4.3. These simulations demonstrate that
the application of the Kozai-Lidov framework introduced
in Section 3.1 to a multiplicity of small objects such as
the ones found in the Solar asteroid belt, remains consis-
tent with the conclusions drawn in Section4.3. They vali-
date that the various populations of binary pulsar systems,
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Fig. 7. Same as Figure 6, distribution of relative time differences �tKL of asteroids falling into the Roche lobe of the central
compact object due to Kozai-Lidov oscillations, for the different systems considered here. Left: low mass companions. Right: high
mass companions. The initial number of asteroids is Nast = 102 and the inclinations of the companions is ic = 30°. Specific
parameters for each configuration can be found in Table 2.

1. minimum size Rast > 50 km, large enough to trigger
FRB-like emissions via the Alfvén mechanism (Equa-
tion 1)

2. allow the triggering of Kozai-Lidov oscillations (see Sec-
tion C)

3. can reach the Roche limit under the Kozai-Lidov effect
(Equation C.5).

The last two criteria are always met under the octupolar
regime. Both quadrupolar and octupolar regimes are taken
into account in this calculation, as well as the GR effects.

For the selected asteroids, we compute the Kozai-Lidov
timescales needed to reach the maximal eccentricity and
the relative time delays between two consecutive asteroid
infalls. The distribution of these relative infall times can
be directly compared to FRB rates. To avoid statistical
fluctuations due to the Monte-Carlo drawing, we average
our results over 10

4 simulations.

5.3. Asteroid infall rates for a Solar-like belt

Figure 6 shows the distribution of the relative time delays
�tKL for asteroids falling onto the central neutron star, for
a current (green) and primordial Solar-like belt, and for
companion inclinations ic = 5° (orange), ic = 10° (green)
and ic = 45° (blue). The central neutron star has mass
MNS = 1.4 M� and the outer companion Mc = 10M�. The
initial number of asteroids is set to Nast = 10

2, following the
power law spectra observed in the Solar system belt for the
most massive asteroids. We examine in Figure 6 the effect of
the companion inclination ic on the relative timescales and
efficiency of the Kozai-Lidov effect, in the case of a wide
system with companion distance ac = 10A.U. and mean
asteroid belt distance haasti = 1A.U..

For this wide system, the infall rates span from days
to thousands of years, with a maximum around h�tKLi ⇠

10 � 100 years, depending on the inclination i2. More in-
terestingly the efficiency of the Kozai-Lidov process, the
ratio of the number of falling asteroids over the number of
drawn asteroids, is greater for inclined systems. More aster-
oids fall onto the central pulsar for a more inclined asteroid

belt, which is consistent with the Kozai-Lidov process, since
more asteroids will meet the Kozai-Lidov criterion on the
inclination iast & 40°. Nevertheless, these simulations show
that even for low to mildly inclined systems, the efficiency
remains around 20%.

The comparison between the current Solar belt (green)
and the primordial belts (blue or orange) shows that the
lack of Kirkwood gaps induces a drastic increase of short
time-scales in the asteroid infall rate, and depending on the
inclination, a factor of a few to an order of magnitude more
events in total (greater efficiency).

Figure 7 displays, similarly to Figure 6, the distribution
of the relative time delays �tKL for asteroids falling onto
the central neutron star, for various neutron star systems.
The left panel presents systems with low mass companions,
such as DNS, NSMS and NSWD for close and wide systems.
The right panel shows systems with high mass companions,
namely NSBH and NSMS. Wide and close systems can be
distinguished through their relative asteroid falling rates:
wide systems induce higher rates than close systems, for
both low and high mass companions. NSWD systems ap-
pears to be much less efficient than any other systems, this
is due to the fact that the Kozai-Lidov time-scale is a func-
tion of the mass of the companion (see Eqs. 15 and 16).
An opposite result can be seen for high mass NSBH sys-
tems, which are much more efficient and with shorter time-
scales than NSBH wide systems, as expected. Finally one
can notice that most of the systems (except NSWD sys-
tems), present an efficiency above 50% in this Kozai-Lidov
mechanisms.

5.4. Connection with FRB observations

The results of the simulations detailed in Section 5.3 show
a high consistency with the analytical estimates computed
in Sections 3 and 4.3. These simulations demonstrate that
the application of the Kozai-Lidov framework introduced
in Section 3.1 to a multiplicity of small objects such as
the ones found in the Solar asteroid belt, remains consis-
tent with the conclusions drawn in Section4.3. They vali-
date that the various populations of binary pulsar systems,
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Fig. 5. Asteroid orbital parameter distributions inside the Solar
asteroid belt (blue) and our reconstructed primordial model belt
(orange). Top: Asteroid semi-major axes distribution. Bottom:
Asteroid inclinations as a function of the semi-major axes. In
both panels, the Kirkwood gaps are clearly visible in the Solar
asteroid belt.

current Solar asteroid belt, influenced by giant planets such
as Jupiter. The Kirkwood gaps for instance, illustrate this
effect. These features motivate the construction of a syn-
thetic asteroid belt for our model, filling most of the gaps
and mimicking the primordial population of the belt (see
Figure 5).

The synthetic belts follow a gaussian distribution fitting
the general trend of the current Solar belt. We use for the
semi-major axis a standard deviation of �a = 0.15haasti,
with the mean semi-major axis haasti left as a free param-
eter. For the inclinations, we follow the Solar belt distri-
bution with mean inclination hiasti = 0

� and standard de-
viation �i = 30

�. The initial eccentricities are not mod-
eled since they are not relevant to our computation of the
Kozai-Lidov effects. However Figure 5 suggests that a fit-
ting model similar to what is done for the distribution of
semi-major axis could be easily achieved.

The number of these massive asteroids follows a power
law distribution as a function of their size, as observed in
the Solar System MPC-SAO-IAU (2019) (see Section 2.2.
Their masses can be retrieved by assuming that they are
roughly spherical, with a density ⇢ast = 2g cm

�2.

Fig. 6. Distribution of relative time differences �tKL of aster-
oids falling into the Roche lobe of the central compact object due
to Kozai-Lidov oscillations (which can be directly interpreted as
the FRB emission periods), for the current Solar asteroid belt
(green) and the primordial belt, for an inclination of the outer
companion plane ic = 5° (orange), ic = 10° (green) and ic = 45°
(blue), and initial asteroid number Nast = 102. We consider a
high mass Mc = 10M� wide system with ac = 10A.U. and
haasti = 1A.U.. The number of asteroid infalls increase with the
inclination of the system, as expected. Additionally, the relative
time differences �tKL increase with lower inclinations, except
for the Solar asteroid case. The present Solar asteroid belt has
already undergone Kozai-Lidov effects during its lifetime, lead-
ing to a cleansing of its asteroids that is potentially sensitive to
Kozai-Lidov oscillations, which explains its misleading behavior
in this figure.

Systems Mc

[M�]
ec

ac

[A.U.]

haasti

[A.U.]

DNS (close) 1.4 0.01 0.1 0.02

DNS (wide) 1.4 0.7 30 1

NSMS (low, close) 1 0.6 5 0.1

NSMS (low, wide) 1 0.8 50 1

NSWD (close) 0.1 10
�5

1 0.1

NSWD (wide) 0.1 0.01 30 1

NSBH (close) 10 0.1 0.1 0.02

NSBH (wide) 10 0.1 30 1

NSMS (high, close) 10 0.6 5 0.1

NSMS (high, wide) 10 0.8 50 1

NSBH (high) 100 0.7 30 1

Table 2. Configuration parameters for the Monte-Carlo simu-
lations presented in Section 5 and results in Figure 7, for low
and high mass systems, and close and wide companion orbits.

This simple method allows us to construct a more
generic asteroid belt, although it is restricted to our knowl-
edge of the Solar system.

5.2. Simulations set-up

Following the asteroid distribution computed in the previ-
ous section, we randomly draw a set of asteroid parameters
(size Rast, semi-major axis aast, inclination iast). We select
the objects that meet the following three criteria
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Primordial asteroid belt simulation based on the Solar asteroid belt:

- size / extension

- asteroid masses

Method:

- asteroids randomly draw from the primordial belt

- selection on initial conditions that can trigger Kozai-Lidov effects 

- selection on asteroids that reaches the Roche limit

- Kozai-Lidov times are computed 

- relative times are extracted from the infall timelines
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Dichotomy of repeating and non-repeating FRB
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As the gravitational-wave merger time-scale is

tGW ⇠6 ⇥ 10
14

yr [(MNS + Mc)/10 M�]
�3

⇥ (ac/10 A.U.)
4
(1 � e

2

c
)
7/2

, (19)

the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads

ṅFRB,rep ⇠ 200 Gpc
�3

yr
�1

✏rep✏mild�close ṅc

0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
tion. It yields a rate density of apparently non-repeating
FRB events of

ṅFRB,nrep ⇠
tEKL

h�tEKLi
✏nrep ✏wide ṅc

=
1

2
Nast "

�1

ast
✏e↵✏nrep ✏wide ṅc

⇠ 4 ⇥ 10
3
Gpc

�3
yr

�1
Nast

100

⇥
✏e↵

0.2

⇣
"ast

0.15

⌘�1 ✏wide

0.3

✏nrep ṅc

0.2 Mpc�3 Myr�1
,

(21)

with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥

10
3
Gpc

�3
yr

�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10

4
✏nrep Gpc

�3
yr

�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠

3.1⇥ 10
3
✏nrep Gpc

�3
yr

�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads
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where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥
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�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10
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�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠

3.1⇥ 10
3
✏nrep Gpc
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�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads

ṅFRB,rep ⇠ 200 Gpc
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0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
tion. It yields a rate density of apparently non-repeating
FRB events of
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥
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�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10
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�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠
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�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads

ṅFRB,rep ⇠ 200 Gpc
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✏rep✏mild�close ṅc

0.2 Mpc�3 Myr�1
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where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥
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which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10
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�1, with a
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�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads
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0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
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FRB events of
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥

10
3
Gpc

�3
yr

�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10

4
✏nrep Gpc

�3
yr

�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠

3.1⇥ 10
3
✏nrep Gpc

�3
yr

�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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FRB rates inferred from observations:

E. Petroff et al 2019
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Dichotomy of repeating and non-repeating FRB

A subset (<10%) of NS-BH population could explain the observed FRB rates (repeaters + non-repeaters)!

Consequences: this model can be discriminated against others through:

• the characterisation of the Alfvén wing mechanism

• the population dynamics:


• most repeaters should stop after 10s of years as their asteroid belt becomes depleted

• some non repeaters could occasionally repeat

• series of sub-Jansky level short radio burst be observed as EM counterparts from NSWD, DNS, NSMS and NSBH mergers

V. Decoene et al.: Fast radio burst repeaters produced via Kozai-Lidov feeding of neutron stars in binary systems

As the gravitational-wave merger time-scale is
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads

ṅFRB,rep ⇠ 200 Gpc
�3

yr
�1

✏rep✏mild�close ṅc

0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
tion. It yields a rate density of apparently non-repeating
FRB events of

ṅFRB,nrep ⇠
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✏nrep ✏wide ṅc
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥

10
3
Gpc

�3
yr

�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10

4
✏nrep Gpc

�3
yr

�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠

3.1⇥ 10
3
✏nrep Gpc

�3
yr

�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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FRB rates from the model (accounting for populations):

V. Decoene et al.: Fast radio burst repeaters produced via Kozai-Lidov feeding of neutron stars in binary systems

As the gravitational-wave merger time-scale is
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads

ṅFRB,rep ⇠ 200 Gpc
�3

yr
�1

✏rep✏mild�close ṅc

0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
tion. It yields a rate density of apparently non-repeating
FRB events of

ṅFRB,nrep ⇠
tEKL
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=
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥

10
3
Gpc

�3
yr

�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10

4
✏nrep Gpc

�3
yr

�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠

3.1⇥ 10
3
✏nrep Gpc

�3
yr

�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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As the gravitational-wave merger time-scale is
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads

ṅFRB,rep ⇠ 200 Gpc
�3

yr
�1

✏rep✏mild�close ṅc

0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
tion. It yields a rate density of apparently non-repeating
FRB events of
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥

10
3
Gpc

�3
yr

�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10

4
✏nrep Gpc

�3
yr

�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠

3.1⇥ 10
3
✏nrep Gpc

�3
yr

�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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As the gravitational-wave merger time-scale is
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads

ṅFRB,rep ⇠ 200 Gpc
�3

yr
�1

✏rep✏mild�close ṅc

0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
tion. It yields a rate density of apparently non-repeating
FRB events of
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥

10
3
Gpc

�3
yr

�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10

4
✏nrep Gpc

�3
yr

�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠

3.1⇥ 10
3
✏nrep Gpc

�3
yr

�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads

ṅFRB,rep ⇠ 200 Gpc
�3

yr
�1

✏rep✏mild�close ṅc

0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
tion. It yields a rate density of apparently non-repeating
FRB events of
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥
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�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10

4
✏nrep Gpc
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yr

�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠

3.1⇥ 10
3
✏nrep Gpc
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�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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FRB rates inferred from observations:

E. Petroff et al 2019



30

Dichotomy of repeating and non-repeating FRB

Situation similar to GRB community 50 yrs ago: 

the lack of observational constraints does not allow to discriminate between the great number of models

A subset (<10%) of NS-BH population could explain the observed FRB rates (repeaters + non-repeaters)!

Consequences: this model can be discriminated against others through:

• the characterisation of the Alfvén wing mechanism

• the population dynamics:


• most repeaters should stop after 10s of years as their asteroid belt becomes depleted

• some non repeaters could occasionally repeat

• series of sub-Jansky level short radio burst be observed as EM counterparts from NSWD, DNS, NSMS and NSBH mergers

V. Decoene et al.: Fast radio burst repeaters produced via Kozai-Lidov feeding of neutron stars in binary systems
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads

ṅFRB,rep ⇠ 200 Gpc
�3

yr
�1

✏rep✏mild�close ṅc

0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
tion. It yields a rate density of apparently non-repeating
FRB events of
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=
1

2
Nast "

�1

ast
✏e↵✏nrep ✏wide ṅc
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥

10
3
Gpc

�3
yr

�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10

4
✏nrep Gpc

�3
yr

�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠

3.1⇥ 10
3
✏nrep Gpc

�3
yr

�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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FRB rates from the model (accounting for populations):
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads
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0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
tion. It yields a rate density of apparently non-repeating
FRB events of
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥

10
3
Gpc

�3
yr

�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10
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�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠
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�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads

ṅFRB,rep ⇠ 200 Gpc
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yr
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✏rep✏mild�close ṅc

0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
tion. It yields a rate density of apparently non-repeating
FRB events of
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥

10
3
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�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10

4
✏nrep Gpc

�3
yr

�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠

3.1⇥ 10
3
✏nrep Gpc

�3
yr

�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads

ṅFRB,rep ⇠ 200 Gpc
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✏rep✏mild�close ṅc

0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
tion. It yields a rate density of apparently non-repeating
FRB events of
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥
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�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10
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�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
The repeater rate density would be of ṅFRB,nrep,all ⇠
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�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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the survival of both mildly close and wide binary systems
over the age of the Universe is mostly guaranteed for a
circular orbit (ec = 0). For large eccentricity, the merger
can however happen on a shorter time-scale, down to ⇠ 10

4

years (Peters 1964). In any case, these time-scales are longer
than tEKL and do not need to be considered here.

Therefore, in this scenario, mildly close binaries would
produce day and month-repeaters and wide binaries
non-repeaters. It is interesting to notice that in the
current analysis (CHIME/FRB Collaboration et al. 2019b;
Fonseca et al. 2020), day to few day periods seem to be
favored among repeaters. This could be consistent with
the dichotomy between the signatures from mildly close
and wide binaries.

This dichotomy is reflected in the calculation of the FRB
rates from these two categories.

Mildly close binaries can be day/month-repeater FRBs
during tKL < 10 yrs. Their FRB rate density is hence di-
rectly linked to their birth rates as documented in Ta-
ble 1. We calculate roughly the total density rates ṅc for
each population using the Galactic birth rates estimated in
the literature and assuming a local density of galaxies of
ngal = 0.02 Mpc�3: ṅc = ⌫̇cngal. The rate density of day-
repeater FRB sources then reads
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0.2 Mpc�3 Myr�1
, (20)

where ✏rep < 1 is a source efficiency factor, and ✏mild�close

the fraction of mildly close systems among a population.
For wide binaries, the rate density of FRBs expected to

be sourced by infalling asteroids can be estimated by con-
volving the mean infall rate 1/h�tKLi, the typical lifespan
of the asteroid belt in its primordial configuration, tEKL (or
tKL), and the rate density of wide binary systems ✏widenc,
with ✏wide the fraction of wide systems among a popula-
tion. It yields a rate density of apparently non-repeating
FRB events of
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with ✏wide = 0.3 (Portegies Zwart & Verbunt 1996; Porte-
gies Zwart & Van den Heuvel 1999; Kruckow et al. 2018),
✏e↵ ⇠ 0.2 the Kozai-Lidov efficiency factor discussed in Sec-
tion 5.3, and ✏nrep < 1 a similar source efficiency factor as
in Equation (20).

These calculations assume that these binaries undergo a
flat source emissivity evolution, out to redshift z ⇠ 1 (Post-
nov & Yungelson 2014). For a star-formation type evolu-
tion, the number of sources would increase by a factor of
⇠ 2.

In Table 1, we estimated the FRB rate densities pro-
duced by various binary populations, for mildly close and
wide systems, leading to repeating (rep.) and apparently
non-repeating (nrep.) sources respectively. For DNS and
NSWD, we have assumed that a fraction ✏mild�close = 1/3

of the whole population was in mildly close orbit. For
NSMS and NSBH, we assumed that the majority of the
population was in mildly close orbit ✏mild�close = 1. For
NSWD, we assumed that ✏wide = 1/3, and used the rates
provided in the literature for wide NSMS and DNS rates.
For NSBH, we assumed ✏wide = 0.1. These fractions are
discussed in Section 4.1.

The rate densities estimated from Equation (21) can
be directly compared to the cosmological FRB rate den-
sities inferred from observations, of order ṅFRB,obs ⇠ 2 ⇥
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�1 Petroff et al. (2019). Except for NSBH, for
which the entire population would not suffice to produce
the observed FRB rate densities, we notice that ṅFRB,obs ⌧

ṅFRB,nrep. The inferred source efficiency can thus be of or-
der ✏nrep . 10 % (NSWD: 2.0%, NSMS: 8.7%, DNS: 7.4%).
This number leaves room for binary systems which do not
fulfill the criteria to undergo Kozai-Lidov mechanisms, such
as systems without asteroid belts, orbital inclinations, etc.

More than 700 FRBs have been observed as of today,
(although only 137 have been published), among which 22
have been identified as repeaters (Andersen et al. 2019; Fon-
seca et al. 2020), yielding a possible ratio of ⇠ 3%. Interest-
ingly, this number match quite well the ratios estimated for
our systems: ṅFRB,rep/ṅFRB,nrep ⇠ 5.3% ✏rep/✏non�rep for
NSMS (for NSMS: 1.4% and for DNS: 1.4%). For a same
population, one can assume that ✏rep = ✏non�rep. However,
the formation of asteroid belts might differ for close and
wide systems.

It is possible that all the neutron-star binaries men-
tioned above contribute to the FRB rates. If one assumes
that their efficiencies ✏nrep and ✏rep are equal, the to-
tal rate density of apparently non-repeating FRBs would
be of ṅFRB,nrep,all ⇠ 15 ⇥ 10
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�1, with a
source efficiency that can be as low as ✏nrep = 1.4%.
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�1, which implies a repeater to non-
repeater ratio of ⇠ 2%, compatible with the observed ratios.
The scenario is surprisingly comfortable and consistent with
the current observations.

5. Simulating numerically asteroid infall rates
In this section, we simulate numerically the FRB rates of
close and wide binary systems with an asteroid belt under-
going Kozai-Lidov effects. We model a primordial asteroid
belt (without any gaps such as the Kirkwood gaps of the
Solar system), in analogy with the Solar asteroid belt.

5.1. Synthetic asteroid belt

We model the distribution of the orbital parameters of
the current Solar belt using the data from the IAU Mi-
nor Planet Center (MPC-SAO-IAU 2019). A total number
of 792041 asteroids of the Solar belt are inventoried in this
database.

Numerous asteroids sensitive to the Kozai-Lidov effect
are missing from the distribution of orbital elements of the
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FRB rates inferred from observations:

E. Petroff et al 2019
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The New Extension in Nançay Upgrading LOFAR(NenuFAR):



• Core of ≈ 400 m diameter 

• + 6 MA at distances up to  3km

Valentin Decoene GP300 - 2020 Fast Radio Burst 4

NenuFAR a SKA (and GRAND) pathfinder

Partly constructed and in commissioning, located in Nançay Radioastronomy Observatory (NRO)

• 1938 dual polarisation antennas (LWA+preamplifier), hierarchically distributed in Mini-Arrays

• 10-85 MHz between Earth’s ionospheric cut-off and radio broadcast FM band

• Most antennas located in a core of a diameter ≈ 400m and 6 groups of 19 antennas at 

distances up to  3km

Antennas connected in parallel to several receivers → operate in 4 distinct modes 
(simultaneously if needed):

• standalone beam former → FRB observation

• capturing waveform → transient buffer

• standalone imager

• Upgraded LOFAR station (low frequency)

NenuFAR / LOFAR Core

NenuFAR / LOFAR full

Astronomers Page : https://nenufar.obs-nancay.fr/en/astronomer/• 10-85 MHz ( from Earth’s ionospheric cut-off to radio broadcast FM band)
• 1938 dual polarisation antennas, hierarchically distributed in Mini-Arrays (MA)
• SKA pathfinder partly constructed and in commissioning in the Nançay Radioastronomy Station
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NenuFAR Array1 Mini Array

Array:

• Antennas grouped in mini-arrays of 19 crossed-dipoles 

• Baselines from 400m to 3km

• Up to 88000m2 of collecting area

French LOFAR station

→ SNR
→ angular resolution
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• Time-frequency resolution → df~195kHz and dt~5μs  
• With channelisation df->3kHz with dt~1ms 
• Waveforms at 5ns time resolution

→ very fine spectral resolution
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NenuFAR / LOFAR Core

NenuFAR / LOFAR full

NenuFAR has been designed to reach the highest sensitivity at lowest frequencies

Can operates in 4 distinct modes:

• standalone beam former → FRB observation

• capturing waveform → transient buffer

• standalone imager

• Upgraded LOFAR station (low frequency)

Astronomers Page : https://nenufar.obs-nancay.fr/en/astronomer/
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LT01 Cosmic Dawn
LT02 Exoplanets & Stars
LT03 Pulsars
LT04 Transients
LT05 Fast Radio Bursts
LT06 Planetary Lightning
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Work lead by Richard Dallier



34

The Long Term LT05 program

Goal: discover and characterise FRB signals at low frequency or derive strong constraints

 V.D., Zarka (LESIA), Ng (LPC2E), Mottez (LUTh), Voisin (LUTh), Griessmier (LPC2E), Cognard (LPC2E), Dallier (Subatech), Martin (Subatech)



34

The Long Term LT05 program

Goal: discover and characterise FRB signals at low frequency or derive strong constraints
Observation strategy:

 V.D., Zarka (LESIA), Ng (LPC2E), Mottez (LUTh), Voisin (LUTh), Griessmier (LPC2E), Cognard (LPC2E), Dallier (Subatech), Martin (Subatech)



34

The Long Term LT05 program

Goal: discover and characterise FRB signals at low frequency or derive strong constraints
Observation strategy:

Target selection: 
- already observed FRBs

- repeating sources (mostly)

- observed at close frequencies 

(in the MHz range)

- close-by sources (low DM)

 V.D., Zarka (LESIA), Ng (LPC2E), Mottez (LUTh), Voisin (LUTh), Griessmier (LPC2E), Cognard (LPC2E), Dallier (Subatech), Martin (Subatech)



34

The Long Term LT05 program

Goal: discover and characterise FRB signals at low frequency or derive strong constraints
Observation strategy:

Target selection: 
- already observed FRBs

- repeating sources (mostly)

- observed at close frequencies 

(in the MHz range)

- close-by sources (low DM)

Simulation study: 
- observation parameters

- data reduction

- burst search

 V.D., Zarka (LESIA), Ng (LPC2E), Mottez (LUTh), Voisin (LUTh), Griessmier (LPC2E), Cognard (LPC2E), Dallier (Subatech), Martin (Subatech)



34

The Long Term LT05 program

Goal: discover and characterise FRB signals at low frequency or derive strong constraints
Observation strategy:

Target selection: 
- already observed FRBs

- repeating sources (mostly)

- observed at close frequencies 

(in the MHz range)

- close-by sources (low DM)

Simulation study: 
- observation parameters

- data reduction

- burst search

Optimised observation parameters: 
- beam forming mode (one beam with full array)

- source tracking

- commensal observation time dedicated to each target

- optimised frequency and time integration parameters

 V.D., Zarka (LESIA), Ng (LPC2E), Mottez (LUTh), Voisin (LUTh), Griessmier (LPC2E), Cognard (LPC2E), Dallier (Subatech), Martin (Subatech)



34

The Long Term LT05 program

Goal: discover and characterise FRB signals at low frequency or derive strong constraints
Observation strategy:

Target selection: 
- already observed FRBs

- repeating sources (mostly)

- observed at close frequencies 

(in the MHz range)

- close-by sources (low DM)

Simulation study: 
- observation parameters
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- source tracking
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- optimised frequency and time integration parameters

 V.D., Zarka (LESIA), Ng (LPC2E), Mottez (LUTh), Voisin (LUTh), Griessmier (LPC2E), Cognard (LPC2E), Dallier (Subatech), Martin (Subatech)

Joint observations: 
when possible with the NRT


at higher frequencies

(if observable target)
+LOFAR survey:  

multi-wavelength campaign 
for FRB180916
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Simulation study
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Idea: simulate FRB signals of already observed sources with prior knowledge on the parameters to extrapolate at low frequency with the 
NenuFAR telescope

Method:

Simulate a FRB dynamical 
spectrum

Dilute the signal in 
the sky background

(1) (2) (3)
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Idea: simulate FRB signals of already observed sources with prior knowledge on the parameters to extrapolate at low frequency with the 
NenuFAR telescope

Method:

Simulate a FRB dynamical 
spectrum

Dilute the signal in 
the sky background

Proceed to a 
parametric search of 

the DM

within the time and 

frequency resolution 
parameters of 

NenuFAR
Prior knowledge of the DM allows to reduce significantly the 
parametric search

(1) (2) (3)
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Idea: simulate FRB signals of already observed sources with prior knowledge on the parameters to extrapolate at low frequency with the 
NenuFAR telescope

Method:

Simulate a FRB dynamical 
spectrum

Dilute the signal in 
the sky background

Proceed to a 
parametric search of 

the DM

within the time and 

frequency resolution 
parameters of 

NenuFAR
Prior knowledge of the DM allows to reduce significantly the 
parametric search

(1) (2) (3)

Maximise the SNR

Fine tuning of the resolution parameters of NenuFAR

The optimal parameter set used is given by a 1.5kHz frequency resolution and a 21ms integration time

to combine flexibility for the analysis and storage gain



36

Pre-processing and data reduction strategy

0 1 2 3 4
Time (min)

0.8
0.9
1.0
1.1
1.2
1.3
1.4

St
ok

es
 I 

/ <
I>

50 60 70 80
Frequency (MHz)

-100
0

100
200
300

St
ok

es
 I 

/ <
I>

0 1 2 3 4
Time (min)

0.95
1.00
1.05
1.10
1.15
1.20

St
ok

es
 I 

/ <
I>

50 60 70 80
Frequency (MHz)

0.0
0.5
1.0
1.5
2.0
2.5
3.0

St
ok

es
 I 

/ <
I>

1 2 3 4
Time (min)

0.0
0.2
0.4
0.6
0.8
1.0
1.2

St
ok

es
 I 

/ <
I>

50 60 70 80
Frequency (MHz)

0.0
0.5
1.0
1.5
2.0
2.5
3.0

St
ok

es
 I 

/ <
I>

Goals: remove noise signals from external interferences and instrumental effets and reduce as much as possible the data volume

Method: 

1. identify and remove Radio Frequency Interferences (RFI):


1. mask frequency channels fully polluted 


2. proceed to a search in the time integrated plane for frequency spikes


3. proceed to a search in the frequency integrated plane for narrow broad band 

emissions


4. correct for time-frequency slopes


2. De-disperse the signal inside each channel at the expected DM (but not over all 

channels) and integrate channels up to 2-4 remaining channels


3. Additionally a post integration over time can be applied for a reduction of a factor 2

Motivation: the data rate at the output of NenuFAR given the resolution parameters chosen is 
about 60GB/h → reaching a few tens of TBs per semester!

clean spectra

raw spectra

data reduction

data cleaning

Ongoing work: ~1500 hours of observations to be analysed
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Method: 

1. identify and remove Radio Frequency Interferences (RFI):


1. mask frequency channels fully polluted 


2. proceed to a search in the time integrated plane for frequency spikes


3. proceed to a search in the frequency integrated plane for narrow broad band 

emissions


4. correct for time-frequency slopes


2. De-disperse the signal inside each channel at the expected DM (but not over all 

channels) and integrate channels up to 2-4 remaining channels


3. Additionally a post integration over time can be applied for a reduction of a factor 2

Motivation: the data rate at the output of NenuFAR given the resolution parameters chosen is 
about 60GB/h → reaching a few tens of TBs per semester!

clean spectra

raw spectra

data reduction

data cleaning

Ongoing work: ~1500 hours of observations to be analysed
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Pre-processing and data reduction strategy

0 1 2 3 4
Time (min)

0.8
0.9
1.0
1.1
1.2
1.3
1.4

St
ok

es
 I 

/ <
I>

50 60 70 80
Frequency (MHz)

-100
0

100
200
300

St
ok

es
 I 

/ <
I>

0 1 2 3 4
Time (min)

0.95
1.00
1.05
1.10
1.15
1.20

St
ok

es
 I 

/ <
I>

50 60 70 80
Frequency (MHz)

0.0
0.5
1.0
1.5
2.0
2.5
3.0

St
ok

es
 I 

/ <
I>

1 2 3 4
Time (min)

0.0
0.2
0.4
0.6
0.8
1.0
1.2

St
ok

es
 I 

/ <
I>

50 60 70 80
Frequency (MHz)

0.0
0.5
1.0
1.5
2.0
2.5
3.0

St
ok

es
 I 

/ <
I>

Goals: remove noise signals from external interferences and instrumental effets and reduce as much as possible the data volume

Method: 
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3. proceed to a search in the frequency integrated plane for narrow broad band 

emissions


4. correct for time-frequency slopes


2. De-disperse the signal inside each channel at the expected DM (but not over all 

channels) and integrate channels up to 2-4 remaining channels


3. Additionally a post integration over time can be applied for a reduction of a factor 2

Motivation: the data rate at the output of NenuFAR given the resolution parameters chosen is 
about 60GB/h → reaching a few tens of TBs per semester!
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Analysis method on pulsar observations The idea is to clean the time-frequency data in the Fourier domain

test on observations PSRB0329+54

Figure 7: Top : dynamic spectra of the de-dispersed (DM∼ 350) data without 2D FFT cleaning. Down : time series
of the de-dispersed (DM∼ 350) data. One can notice that both SNR (see Fig. 6 with Fourier cleaning) are comparable,
meaning that no signal is lost. This is due to the fact that simulated data are cleaner than real data. The benefits of
the Fourier cleaning procedure should be more striking on real data. Left: after spectrum flattening. Right: without
spectrum flattening.

Figure 8: Real data of PSRB0329+54 observation with NenuFAR, de-dispersed at DM=26.768 pc.cm−3. Top : dynamic
spectra. Middle from left to right : time series and averaged spectrum. Down left : Fourier transform of the time series.
Down right : zoom over the Fourier transform around the expected pulsar period of P∼ 0.7145s. The raw data does not
allow for a direct identification of the pulsar period through the time series. A large number of noisy signals have stronger
intensities than the pulsar pulses.
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of the de-dispersed (DM∼ 350) data. One can notice that both SNR (see Fig. 6 with Fourier cleaning) are comparable,
meaning that no signal is lost. This is due to the fact that simulated data are cleaner than real data. The benefits of
the Fourier cleaning procedure should be more striking on real data. Left: after spectrum flattening. Right: without
spectrum flattening.

Figure 8: Real data of PSRB0329+54 observation with NenuFAR, de-dispersed at DM=26.768 pc.cm−3. Top : dynamic
spectra. Middle from left to right : time series and averaged spectrum. Down left : Fourier transform of the time series.
Down right : zoom over the Fourier transform around the expected pulsar period of P∼ 0.7145s. The raw data does not
allow for a direct identification of the pulsar period through the time series. A large number of noisy signals have stronger
intensities than the pulsar pulses.

7

integrated time series



37

Analysis method on pulsar observations The idea is to clean the time-frequency data in the Fourier domain

test on observations PSRB0329+54
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Down right : zoom over the Fourier transform around the expected pulsar period of P∼ 0.7145s. The raw data does not
allow for a direct identification of the pulsar period through the time series. A large number of noisy signals have stronger
intensities than the pulsar pulses.
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spectra. Middle from left to right : time series and averaged spectrum. Down left : Fourier transform of the time series.
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allow for a direct identification of the pulsar period through the time series. A large number of noisy signals have stronger
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7

integrated time series

Figure 9: Top: same as Fig. 4 top panel, but here the data corresponds to the PSRB0329+54 observations of Fig. 8.
Bottom: After filtering of the noisy harmonics. The reverse 2D Fourier transform of those harmonics will produce the
cleaned data.

observed data.
And finally the cleaned data are displayed in Fig. 10, where the background appears to be successfully removed.

Furthermore now the expected pulsar period (P∼ 0.7145s) can be identified, and most of the noisy signals have been
removed, see the lower panels where the Fourier transform of the time series is computed.

Finally the fine analysis of the residual spikes in the time series appears to be, for the vast majority, single pulses
as displayed in Fig. 11. The histogram of the lower panel shows that the residual spikes after the Fourier-cleaning are
consistent to the same time period (the pulsar period), with an expected phase shift of about 0.6 × P and a spread
consistent with the spread of the pulsar pulses ∼ P 1/3.

Test FRB simulation added to observation L1 data To finalise the procedure we tested it on a mix of simulated
FRB signal added to real observation L1 data (after pre-processing), as displayed on Fig. 12. We then follow the exact
same procedure, as presented for the simulated data or the pulsar observation data, to obtain the filtered data where
the background has been removed, see Fig. 13. Finally in Fig. 14 is displayed the bursts obtained, for the de-dispersed
data, for the filtered and non filtered time series. We observe a gain of a factor ∼ 1.5 in after the 2D Fourier filtering. In
agreement with the expectations from the results on pure simulation and pulsar data.

Remarks The two procedure have been successfully tested on FRB simulations, pulsar observations and mix of simula-
tion and pre-processed data. The next step consists then in implementing an automated pipeline with these two procedures
in order to cross check potential preliminary results.

3.3 The PULSAR mode pipeline

Observations with the PULSAR mode, are treated separately following a procedure developed by ES01. The various
processes of this pipeline are briefly summarised below:

1 normalisation of the data with respect to the median and the MAD for each frequency and time window of 10 s

2 cleaning of the data at DM=0: loop, 4 times, over this sequence

– compute STD of each data block

– target blocks with STD fluctuations over 3σ

– compute STD of each data block integrated over time

– target time integrated blocks with STD fluctuations over 3σ

– compute STD of each data block integrated over frequencies

– target frequency integrated blocks with STD fluctuations over 3σ

– replace targeted blocks with a synthetic noise following the statistical properties of the data

3 cleaning of the data with RFIFIND (PRESTO)

8

2D Fourier plane of the power spectrum

Figure 10: Same as Fig. 8 but the data have been cleaned through the Fourier domain and the reverse 2D Fourier transform
of the filtered harmonics from Fig. 9. This time almost all the noisy signals have been removed, as seen on the Fourier
transform of the time series (down panels), the pulsar period (P∼ 0.7145s) can be identified with a SNR of 54 at −0.14
in the log10 scale.

Figure 11: Top: time series of the cleaned data from Fig. 10. Down: histogram of the spikes contained in the time series
modulo the pulsar period (P∼ 0.7145s). Single pulses from the pulsar can be clearly identified with a phase shift of
∼ 0.6× P and a spread consistent with the spread of the pulsar pulses ∼ P 1/3.

9

inverse 2D Fourier transform of the flagged power spectrum
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Figure 9: Top: same as Fig. 4 top panel, but here the data corresponds to the PSRB0329+54 observations of Fig. 8.
Bottom: After filtering of the noisy harmonics. The reverse 2D Fourier transform of those harmonics will produce the
cleaned data.

observed data.
And finally the cleaned data are displayed in Fig. 10, where the background appears to be successfully removed.

Furthermore now the expected pulsar period (P∼ 0.7145s) can be identified, and most of the noisy signals have been
removed, see the lower panels where the Fourier transform of the time series is computed.

Finally the fine analysis of the residual spikes in the time series appears to be, for the vast majority, single pulses
as displayed in Fig. 11. The histogram of the lower panel shows that the residual spikes after the Fourier-cleaning are
consistent to the same time period (the pulsar period), with an expected phase shift of about 0.6 × P and a spread
consistent with the spread of the pulsar pulses ∼ P 1/3.

Test FRB simulation added to observation L1 data To finalise the procedure we tested it on a mix of simulated
FRB signal added to real observation L1 data (after pre-processing), as displayed on Fig. 12. We then follow the exact
same procedure, as presented for the simulated data or the pulsar observation data, to obtain the filtered data where
the background has been removed, see Fig. 13. Finally in Fig. 14 is displayed the bursts obtained, for the de-dispersed
data, for the filtered and non filtered time series. We observe a gain of a factor ∼ 1.5 in after the 2D Fourier filtering. In
agreement with the expectations from the results on pure simulation and pulsar data.

Remarks The two procedure have been successfully tested on FRB simulations, pulsar observations and mix of simula-
tion and pre-processed data. The next step consists then in implementing an automated pipeline with these two procedures
in order to cross check potential preliminary results.

3.3 The PULSAR mode pipeline

Observations with the PULSAR mode, are treated separately following a procedure developed by ES01. The various
processes of this pipeline are briefly summarised below:

1 normalisation of the data with respect to the median and the MAD for each frequency and time window of 10 s

2 cleaning of the data at DM=0: loop, 4 times, over this sequence

– compute STD of each data block

– target blocks with STD fluctuations over 3σ

– compute STD of each data block integrated over time

– target time integrated blocks with STD fluctuations over 3σ
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– replace targeted blocks with a synthetic noise following the statistical properties of the data

3 cleaning of the data with RFIFIND (PRESTO)
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2D Fourier plane of the power spectrum

Figure 10: Same as Fig. 8 but the data have been cleaned through the Fourier domain and the reverse 2D Fourier transform
of the filtered harmonics from Fig. 9. This time almost all the noisy signals have been removed, as seen on the Fourier
transform of the time series (down panels), the pulsar period (P∼ 0.7145s) can be identified with a SNR of 54 at −0.14
in the log10 scale.

Figure 11: Top: time series of the cleaned data from Fig. 10. Down: histogram of the spikes contained in the time series
modulo the pulsar period (P∼ 0.7145s). Single pulses from the pulsar can be clearly identified with a phase shift of
∼ 0.6× P and a spread consistent with the spread of the pulsar pulses ∼ P 1/3.
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Figure 10: Same as Fig. 8 but the data have been cleaned through the Fourier domain and the reverse 2D Fourier transform
of the filtered harmonics from Fig. 9. This time almost all the noisy signals have been removed, as seen on the Fourier
transform of the time series (down panels), the pulsar period (P∼ 0.7145s) can be identified with a SNR of 54 at −0.14
in the log10 scale.

Figure 11: Top: time series of the cleaned data from Fig. 10. Down: histogram of the spikes contained in the time series
modulo the pulsar period (P∼ 0.7145s). Single pulses from the pulsar can be clearly identified with a phase shift of
∼ 0.6× P and a spread consistent with the spread of the pulsar pulses ∼ P 1/3.
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Figure 10: Same as Fig. 8 but the data have been cleaned through the Fourier domain and the reverse 2D Fourier transform
of the filtered harmonics from Fig. 9. This time almost all the noisy signals have been removed, as seen on the Fourier
transform of the time series (down panels), the pulsar period (P∼ 0.7145s) can be identified with a SNR of 54 at −0.14
in the log10 scale.

Figure 11: Top: time series of the cleaned data from Fig. 10. Down: histogram of the spikes contained in the time series
modulo the pulsar period (P∼ 0.7145s). Single pulses from the pulsar can be clearly identified with a phase shift of
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SNR = 54!

Figure 10: Same as Fig. 8 but the data have been cleaned through the Fourier domain and the reverse 2D Fourier transform
of the filtered harmonics from Fig. 9. This time almost all the noisy signals have been removed, as seen on the Fourier
transform of the time series (down panels), the pulsar period (P∼ 0.7145s) can be identified with a SNR of 54 at −0.14
in the log10 scale.

Figure 11: Top: time series of the cleaned data from Fig. 10. Down: histogram of the spikes contained in the time series
modulo the pulsar period (P∼ 0.7145s). Single pulses from the pulsar can be clearly identified with a phase shift of
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Analysis method on pulsar observations The idea is to clean the time-frequency data in the Fourier domain

test on observations PSRB0329+54

Figure 7: Top : dynamic spectra of the de-dispersed (DM∼ 350) data without 2D FFT cleaning. Down : time series
of the de-dispersed (DM∼ 350) data. One can notice that both SNR (see Fig. 6 with Fourier cleaning) are comparable,
meaning that no signal is lost. This is due to the fact that simulated data are cleaner than real data. The benefits of
the Fourier cleaning procedure should be more striking on real data. Left: after spectrum flattening. Right: without
spectrum flattening.

Figure 8: Real data of PSRB0329+54 observation with NenuFAR, de-dispersed at DM=26.768 pc.cm−3. Top : dynamic
spectra. Middle from left to right : time series and averaged spectrum. Down left : Fourier transform of the time series.
Down right : zoom over the Fourier transform around the expected pulsar period of P∼ 0.7145s. The raw data does not
allow for a direct identification of the pulsar period through the time series. A large number of noisy signals have stronger
intensities than the pulsar pulses.
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High pass Fourier filtering allows to clean the data efficiently enough to detect single pulses!

Figure 9: Top: same as Fig. 4 top panel, but here the data corresponds to the PSRB0329+54 observations of Fig. 8.
Bottom: After filtering of the noisy harmonics. The reverse 2D Fourier transform of those harmonics will produce the
cleaned data.

observed data.
And finally the cleaned data are displayed in Fig. 10, where the background appears to be successfully removed.

Furthermore now the expected pulsar period (P∼ 0.7145s) can be identified, and most of the noisy signals have been
removed, see the lower panels where the Fourier transform of the time series is computed.

Finally the fine analysis of the residual spikes in the time series appears to be, for the vast majority, single pulses
as displayed in Fig. 11. The histogram of the lower panel shows that the residual spikes after the Fourier-cleaning are
consistent to the same time period (the pulsar period), with an expected phase shift of about 0.6 × P and a spread
consistent with the spread of the pulsar pulses ∼ P 1/3.

Test FRB simulation added to observation L1 data To finalise the procedure we tested it on a mix of simulated
FRB signal added to real observation L1 data (after pre-processing), as displayed on Fig. 12. We then follow the exact
same procedure, as presented for the simulated data or the pulsar observation data, to obtain the filtered data where
the background has been removed, see Fig. 13. Finally in Fig. 14 is displayed the bursts obtained, for the de-dispersed
data, for the filtered and non filtered time series. We observe a gain of a factor ∼ 1.5 in after the 2D Fourier filtering. In
agreement with the expectations from the results on pure simulation and pulsar data.

Remarks The two procedure have been successfully tested on FRB simulations, pulsar observations and mix of simula-
tion and pre-processed data. The next step consists then in implementing an automated pipeline with these two procedures
in order to cross check potential preliminary results.

3.3 The PULSAR mode pipeline

Observations with the PULSAR mode, are treated separately following a procedure developed by ES01. The various
processes of this pipeline are briefly summarised below:

1 normalisation of the data with respect to the median and the MAD for each frequency and time window of 10 s

2 cleaning of the data at DM=0: loop, 4 times, over this sequence

– compute STD of each data block

– target blocks with STD fluctuations over 3σ

– compute STD of each data block integrated over time

– target time integrated blocks with STD fluctuations over 3σ

– compute STD of each data block integrated over frequencies

– target frequency integrated blocks with STD fluctuations over 3σ

– replace targeted blocks with a synthetic noise following the statistical properties of the data

3 cleaning of the data with RFIFIND (PRESTO)
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2D Fourier plane of the power spectrum

Figure 10: Same as Fig. 8 but the data have been cleaned through the Fourier domain and the reverse 2D Fourier transform
of the filtered harmonics from Fig. 9. This time almost all the noisy signals have been removed, as seen on the Fourier
transform of the time series (down panels), the pulsar period (P∼ 0.7145s) can be identified with a SNR of 54 at −0.14
in the log10 scale.

Figure 11: Top: time series of the cleaned data from Fig. 10. Down: histogram of the spikes contained in the time series
modulo the pulsar period (P∼ 0.7145s). Single pulses from the pulsar can be clearly identified with a phase shift of
∼ 0.6× P and a spread consistent with the spread of the pulsar pulses ∼ P 1/3.
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Figure 10: Same as Fig. 8 but the data have been cleaned through the Fourier domain and the reverse 2D Fourier transform
of the filtered harmonics from Fig. 9. This time almost all the noisy signals have been removed, as seen on the Fourier
transform of the time series (down panels), the pulsar period (P∼ 0.7145s) can be identified with a SNR of 54 at −0.14
in the log10 scale.

Figure 11: Top: time series of the cleaned data from Fig. 10. Down: histogram of the spikes contained in the time series
modulo the pulsar period (P∼ 0.7145s). Single pulses from the pulsar can be clearly identified with a phase shift of
∼ 0.6× P and a spread consistent with the spread of the pulsar pulses ∼ P 1/3.
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integrated time series

Figure 10: Same as Fig. 8 but the data have been cleaned through the Fourier domain and the reverse 2D Fourier transform
of the filtered harmonics from Fig. 9. This time almost all the noisy signals have been removed, as seen on the Fourier
transform of the time series (down panels), the pulsar period (P∼ 0.7145s) can be identified with a SNR of 54 at −0.14
in the log10 scale.

Figure 11: Top: time series of the cleaned data from Fig. 10. Down: histogram of the spikes contained in the time series
modulo the pulsar period (P∼ 0.7145s). Single pulses from the pulsar can be clearly identified with a phase shift of
∼ 0.6× P and a spread consistent with the spread of the pulsar pulses ∼ P 1/3.
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Fourier analysis of pulsar period

SNR = 54!

Figure 10: Same as Fig. 8 but the data have been cleaned through the Fourier domain and the reverse 2D Fourier transform
of the filtered harmonics from Fig. 9. This time almost all the noisy signals have been removed, as seen on the Fourier
transform of the time series (down panels), the pulsar period (P∼ 0.7145s) can be identified with a SNR of 54 at −0.14
in the log10 scale.

Figure 11: Top: time series of the cleaned data from Fig. 10. Down: histogram of the spikes contained in the time series
modulo the pulsar period (P∼ 0.7145s). Single pulses from the pulsar can be clearly identified with a phase shift of
∼ 0.6× P and a spread consistent with the spread of the pulsar pulses ∼ P 1/3.
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Analysis method on FRB simulations with real noise

Figure 12: FRB simulation as in Fig. 3 added to a 15min extract of L1 observation data as shown in Fig. 8. Top: dynamic
spectrum. Bottom left: time series. Bottom right: averaged spectra.

Figure 13: Same as Fig. 5 but here the 2D Fourier filtering is applied to the FRB simulation added to the L1 data. Most
of the background signals have been successfully removed and the FRB chirp is clearly visible.
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Test the method on a simulated FRB signal embedded into real observation data

Figure 12: FRB simulation as in Fig. 3 added to a 15min extract of L1 observation data as shown in Fig. 8. Top: dynamic
spectrum. Bottom left: time series. Bottom right: averaged spectra.
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Analysis method on FRB simulations with real noise

Figure 12: FRB simulation as in Fig. 3 added to a 15min extract of L1 observation data as shown in Fig. 8. Top: dynamic
spectrum. Bottom left: time series. Bottom right: averaged spectra.

Figure 13: Same as Fig. 5 but here the 2D Fourier filtering is applied to the FRB simulation added to the L1 data. Most
of the background signals have been successfully removed and the FRB chirp is clearly visible.
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of the background signals have been successfully removed and the FRB chirp is clearly visible.
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we apply the high pass 2D Fourier filter

Figure 14: Time series of de-dispersed data at the right FRB DM (350 pc.cm−3). Top: pre-processed data. Bottom:
pre-processed and 2D Fourier filtered data. The SNR of the FRB is enhanced by a factor ∼ 1.5 and the background is at
a much lower level.

Figure 15: Tentative detection in PULSAR single-pulse search mode of a candidate FRB on 22 March 2021.
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Further analysis of the simultaneous TF data using the pipeline described above (2DFFT) did not confirm that
detection, that later revealed to result from an imperfect flattening of the PULSAR data. This suggests that our approach
is robust enough for avoiding false detections when using both PULSAR and TF observations. The TF data reveal peaks
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Analysis method on FRB simulations with real noise

Figure 12: FRB simulation as in Fig. 3 added to a 15min extract of L1 observation data as shown in Fig. 8. Top: dynamic
spectrum. Bottom left: time series. Bottom right: averaged spectra.

Figure 13: Same as Fig. 5 but here the 2D Fourier filtering is applied to the FRB simulation added to the L1 data. Most
of the background signals have been successfully removed and the FRB chirp is clearly visible.

10

Test the method on a simulated FRB signal embedded into real observation data

Figure 12: FRB simulation as in Fig. 3 added to a 15min extract of L1 observation data as shown in Fig. 8. Top: dynamic
spectrum. Bottom left: time series. Bottom right: averaged spectra.

Figure 13: Same as Fig. 5 but here the 2D Fourier filtering is applied to the FRB simulation added to the L1 data. Most
of the background signals have been successfully removed and the FRB chirp is clearly visible.

10

time-frequency plane: FRB simulation + real data
Figure 12: FRB simulation as in Fig. 3 added to a 15min extract of L1 observation data as shown in Fig. 8. Top: dynamic
spectrum. Bottom left: time series. Bottom right: averaged spectra.

Figure 13: Same as Fig. 5 but here the 2D Fourier filtering is applied to the FRB simulation added to the L1 data. Most
of the background signals have been successfully removed and the FRB chirp is clearly visible.

10

we apply the high pass 2D Fourier filter

Figure 14: Time series of de-dispersed data at the right FRB DM (350 pc.cm−3). Top: pre-processed data. Bottom:
pre-processed and 2D Fourier filtered data. The SNR of the FRB is enhanced by a factor ∼ 1.5 and the background is at
a much lower level.

Figure 15: Tentative detection in PULSAR single-pulse search mode of a candidate FRB on 22 March 2021.

4 production of time series (PRESTO), with reference channel set at the highest frequency for the de-dispersion. One
time series is produced for each DM value tested

5 search for bursts (or pulses) with single pulse search.py: search for bursts above given nσ values through a running
window with different widths

3.4 A false alert on 22/3/2021

The regular examination by L. Bondonneau of the output of the single-pulse search pipeline applied on PULSAR-mode
data revealed a candidate detection of FRB180916 on 22 March 2021, in the 60–80 MHz range at the right DMb (cf.
Fig. 15).

Further analysis of the simultaneous TF data using the pipeline described above (2DFFT) did not confirm that
detection, that later revealed to result from an imperfect flattening of the PULSAR data. This suggests that our approach
is robust enough for avoiding false detections when using both PULSAR and TF observations. The TF data reveal peaks
at 5–7 σ at other times, that we must explore further (cf. Fig. 16).

11

Figure 14: Time series of de-dispersed data at the right FRB DM (350 pc.cm−3). Top: pre-processed data. Bottom:
pre-processed and 2D Fourier filtered data. The SNR of the FRB is enhanced by a factor ∼ 1.5 and the background is at
a much lower level.

Figure 15: Tentative detection in PULSAR single-pulse search mode of a candidate FRB on 22 March 2021.

4 production of time series (PRESTO), with reference channel set at the highest frequency for the de-dispersion. One
time series is produced for each DM value tested

5 search for bursts (or pulses) with single pulse search.py: search for bursts above given nσ values through a running
window with different widths

3.4 A false alert on 22/3/2021

The regular examination by L. Bondonneau of the output of the single-pulse search pipeline applied on PULSAR-mode
data revealed a candidate detection of FRB180916 on 22 March 2021, in the 60–80 MHz range at the right DMb (cf.
Fig. 15).

Further analysis of the simultaneous TF data using the pipeline described above (2DFFT) did not confirm that
detection, that later revealed to result from an imperfect flattening of the PULSAR data. This suggests that our approach
is robust enough for avoiding false detections when using both PULSAR and TF observations. The TF data reveal peaks
at 5–7 σ at other times, that we must explore further (cf. Fig. 16).

11

Comparison without and with filtering:

The high pass 2D Fourier filtering allows to increase the SNR by a factor ~1.5!
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Summary of our journey with FRBs
• FRBs are a new type of fast radio transients

• There is very sparse information on them yet

• NenuFAR conducts observations at low frequencies on repeaters

• The existence (or not) of FRBs at low frequencies is critical for the emission models and source candidates 

• FRB emissions can be explained via the Alfvén wing model

• Repeaters and non-repeaters can be explained thank three-body dynamics inside binary systems
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The journey doesn’t end here…
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• Could FRB sources also emit astroparticles?

• What radio emissions from astroparticles sources can tell us?
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Multi-messenger (MM) and multi-wavelength (MW) high energy sources

There is already many hints toward the connections between radio transients and MM emissions

→ jets/accretion-disks and kilonova 

→ highly magnetic environments / winds / outflows

Magnetars
Kilonova

Coalescence

We need to have MM and MW models in order to probe the physics consistently 

? ?
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Combining astroparticle detectors and radio-telescopes

Observation strategies → joint observations

improve alert strategies

bring unique insight for models


Alert strategies → tuned thanks to model predictions 
and experimental feedbacks

When Blazars Produce Neutrinos?
TXS 0506+056:

neutrino arrival = start of a 
major radio flare

Longer flares in radio due to 
larger synchrotron opacity.

Theoretical predictions also exist: 
e.g. Murase 17

Blazar-GVD collaboration+ (2022)

Analysis of the sample confirms that neutrinos 
prefer to arrive during major radio flares.
But significance is low: 5% only.

A dense radio monitoring is needed and is being 
currently performed by single-dish telescopes and 
VLBI arrays.
See Liodakis+22.

Blazar activity
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Figure 7: Top : dynamic spectra of the de-dispersed (DM∼ 350) data without 2D FFT cleaning. Down : time series
of the de-dispersed (DM∼ 350) data. One can notice that both SNR (see Fig. 6 with Fourier cleaning) are comparable,
meaning that no signal is lost. This is due to the fact that simulated data are cleaner than real data. The benefits of
the Fourier cleaning procedure should be more striking on real data. Left: after spectrum flattening. Right: without
spectrum flattening.

Figure 8: Real data of PSRB0329+54 observation with NenuFAR, de-dispersed at DM=26.768 pc.cm−3. Top : dynamic
spectra. Middle from left to right : time series and averaged spectrum. Down left : Fourier transform of the time series.
Down right : zoom over the Fourier transform around the expected pulsar period of P∼ 0.7145s. The raw data does not
allow for a direct identification of the pulsar period through the time series. A large number of noisy signals have stronger
intensities than the pulsar pulses.
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+ mJy sensitivity (1 Jy → 25 nV/m)

FRB observation
Transverse experiments:  radio-astronomy / radio-detectors 
- high background rejection expertise (astroparticle community)
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Conclusion

We need bridges between the radioastronomy and astroparticles communities

The advent of the multi messenger astronomy mixed the frontiers 
between astroparticles and radioastronomy sources
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KM3NeT activities at Subatech : FRB analysis
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Payload for Ultrahigh Energy Observations (PUEO)

Figure 12. A simulation of the 16-antenna PUEO delay-and-sum trigger shows a 50% threshold at a voltage
signal-to-noise ratio (SNR) of 0.8 as viewed in a single vertically-polarized antenna. Also shown are the
performance of the ANITA-IV combinatoric trigger and ARA’s coherent trigger system [125].

0.7f) due to the wider E-plane horn antenna response in Hpol. A comparison to the demonstrated
7-channel beamforming trigger on ARA [125] performance is also shown, which agrees well with
a similarly detailed simulation study.

ANITA has demonstrated a > 99% analysis e�ciency, even for near-threshold events, in iso-
lating signal-like events from thermal noise backgrounds [3]. Initial studies indicate that we will be
able to maintain high analysis e�ciency for reconstruction of events near the lower trigger threshold
achieved with PUEO, since the SNR of the coherently summed and deconvolved waveforms used
in analysis will be > 5f.

The L3 Trigger: At each RFSoC board, the full 16-channel synthetic beam is further processed
to eliminate any CW interference influence on the trigger, including a check on the polarization.
If the remaining power is above threshold, the region of interest within in the RFSoC recording
bu�er will be written to disk through the TURF board. The TURF design for PUEO consists of a
mid-performance FPGA with a 100 Mbps Ethernet link to each RFSoC board, which can handle an
overall event-rate-to-disk of ⇠100 Hz. The TURF also includes a number of direct FPGA-to-FPGA
control lines and distributes a low-jitter clock to each SURF. Two 10-gigabit Ethernet (10 GbE)
links to the flight computer are included for redundancy, resulting in an overall throughput of
⇠ 1000 MB/s, much higher than will be practically used.

TURF to Flight Computer: Once a full payload event is received at the TURF-v5, the data is
sent to the flight computer via the dual 10 GbE links. Each raw PUEO event is ⇠ 500 kB, which, at
sustained event rate of 100 Hz, results in ⇠ 50 MB/s of data-rate to disk at the flight computer, the
data is directly received into a commercial general-purpose graphics processing unit (GPU). The
GPU reconstructs the L2 event and forms a combined directional/signal strength metric to generate
an event priority for telemetry.
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Abarr et al. 2021

Increase of the detection threshold
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Figure 15. The PUEO single-event sensitivity to di�use UHE fluxes, compared to existing limits [1–3]
and some cosmogenic models [5–7] and astrophysical models [10–13]. The non-local proton models were
generated using CRPropa3 in a manner similar to [6] but with I > 0.1. For di�use fluxes, the Askaryan
sensitivity dominates, although the g EAS channel also contributes significantly below a few EeV.

The ag air shower channel is modeled with a dedicated simulation based on [136], with
appropriate threshold and noise scaling for the high-frequency and low-frequency bands. Above 1
EeV, the Askaryan channel dominates in e�ective area for a di�use flux.

The trigger-level single-event sensitivity (SES) is computed at fixed energies using:

SES(⇢) =
1

) · � · �⌦4 5 5 (⇢)
, (6.1)

where) is the flight duration, � = 4 is a bandwidth factor as in previous ANITA results, and �⌦4 5 5

is the aperture of PUEO at the energy. The SES is compared to existing experiments and some
astrophysical and cosmogenic modelsin Fig. 15, where the SES has been splined for visualization
purposes. We find that a 30-day flight of PUEO will either measure or likely eliminate a number
of cosmogenic models from non-local or subdominant proton sources. A 100-day campaign
can confirm or exclude the best-fit TA composition and could also measure di�use astrophysical
neutrinos from FSRQs, Pulsars and GRBs. If the IceCube astrophysical flux extends to PUEO
energies, that may also be observable. Expected triggered event counts for some models are
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LFI simulations and reconstructions
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Simulations of the possible interferences with the payload (XFDTD)

sidered arrays of both eight and four dual-polarized sinuous antennas, which correspond to sixteen
and eight channels, respectively. To achieve full azimuthal coverage, each antenna in the eight
(four) antenna array is rotated by 22.5� (45�), relative to adjacent antennas.

There are three clear advantages of the sinuous antennas over the other options. First, because
sinuous antennas are inherently frequency-independent with a flat impedance across the band,
the antenna efficiency when matched with a characteristic impedance of 200 W is moderate to
excellent across the full band. This maximizes the received voltage at the antennas and minimizes
uncertainties in the antenna gain. The antenna efficiency is highest when the power re-radiated by
the antenna is lowest; that is, when the voltage standing wave ratio (VSWR) is lowest. The other
two designs exhibit larger variations in their VSWR across the band, as shown in Figure 4.

Figure 3: Realized gain in dBi for quadslots (left), bowties (middle), and sinuous antenna
displayed on the top for multiple frequency bands and on the bottom for arrays considered.

Second, air shower signals can be received with identical gain on the two feeds, enabling a
measure of the polarization angle where the uncertainties in antenna pattern effectively cancel.
Additionally, the two polarizations can be combined with a 180� phase difference in the RFSoC
to generate both right and left circularly polarized (RCP and LCP) signals. Then a trigger can be
formed based on the coincidence of RCP and LCP, guaranteeing that the trigger is purely linearly
polarized as expected for air shower events. We note that this technique was used on both ANITA-
I and ANITA-IV. Each sinuous antenna has a diameter of 1.90 m and sinuous pattern generation
angles of a = p/4 and d = p/8, chosen to achieve good VSWR down to low frequencies, as shown
in Figure 4.

Third, the point source effective area for tau neutrinos is highest for the sinuous antenna when we
considered the eight antenna array. The point source effective area of the LF system to tau neutrinos
is compared with an isotropic antenna array of four HPol antennas used in the initial proposal in
Figure 4. Because it has the highest array gain, the eight-antenna sinuous array achieves the largest
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The BEACON prototype
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The BEACON Prototype Instrument

Figure 7: The fluctuations in the root-mean-squared (RMS) noise observed in VPol channel 5 during September 2021 (left) and
February 2022 (right). Superimposed on each plot are the range in elevation of the Sun and galactic core over the sampled time.
The RMS rises along with the galactic center, such that when the galaxy is visible in the antennas, the noise increases. The phase
of the RMS variations follows that of the galactic center throughout the year, rather than the sun.

Figure 8: Picture of the DAQ. The yellow region in the top
right contains the SBC, GPS clock, and power distribution.
The red region on the left contains second stage amplification
and band-pass filtering. The bottom right blue section is the
custom digitizer and beamforming trigger board.

2.4. Trigger System
The combination of an FPGA and streaming digitizer on

the digitization and trigger board allows for flexible trig-
gering capabilities. Currently, a beamforming (i.e. phased
array) trigger is implemented, similar to the one deployed
as part of the Askaryan Radio Array (ARA) at the South
Pole [59]. This trigger uses a pre-calculated table of ex-
pected arrival time di�erences between the antennas to delay
signals before performing a power sum on the resulting
net signal. Each set of time delays corresponds to a beam
sensitive to a particular direction, and is most sensitive to
signals arriving from the specific direction where the delays
result in coherently summed signals. This coherent sum
will increase an incoming signal’s voltage by a factor of
N

antenna
, while thermal noise will add incoherently and only

increase as
˘
N

antenna
, resulting in a net SNR increase of˘

N
antenna

[47]. Similarly, a power sum of a coherent signal

Figure 9: Top: Time averaged spectra for 3 generations of
dipole antennas (2018, 2019, and 2021), corresponding to
the same HPol channel. Bottom: The same except VPol
antennas. The spectra are presented as Power Spectral Density
(PSD) in arbitrarily offset dB units (a conversion between
ADU and volts has not been performed). The 2018 traces
correspond to LWA antennas, which were significantly lower
to the ground and were generally a different infrastructure.
Comparing 2018 to other years it is clear that our VPol
channel has significantly reduced cross-polarization power, as
noticeable by the disappearance of TV-band noise in the VPol
channel.

will increase the power SNR by a factor of N
antenna

. Trigger
thresholds are dynamically set to be noise riding, managed
by the SBC such that a global trigger rate of 10 Hz is
maintained. This directional trigger is essential in RFI-rich
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Figure 11: Top: The current beam map, with gray-scale color map corresponding to the normalized maximum power perceived in
any beam for a mock signal arriving from each point on the map; maximal sensitivity/power is achieved in the nominal directions
of each beam. Each beam is labeled and circled with radius set to 3 dB below that beam’s max power. Bottom: The thresholds
for each beam during a quieter run. The measured power SNR, referenced to the instantaneous noise from the DAQ, is shown on
the right axis. Beam voltage SNR is shown on the left axis and is computed from cosmic ray simulations as described in the text.
Colors of each line correspond to the same colors used in the top plot, with beams near the horizontal being solid red lines, and
above horizontal beams being dashed blue and green lines. The near-horizon beams generally exhibit a higher power threshold,
as expected from anthropogenic noise. Some above-horizon beams point to prominent sidelobes of below-horizon RFI, and will
also show elevated thresholds.

comparing 2 antennas from a set of N
antenna

. Minimization
was performed independently for each polarization, allowing
for variations in phase centers between HPol and VPol
antennas. Pulsing locations are chosen to be far from the
array such that variations in timing from uncertainties in
their locations are negligible and do not add additional DoF
to the minimization.

Initial position measurements of the antenna masts were
made with the Real Time Kinematic (RTK) technique that
compares GPS positioning of two nearby GPS antennas
- resulting in cm level precision by correcting for the
propagation conditions in the local atmosphere [61]. Each
antenna mast includes a dual-band GPS patch antenna,
which may be connected to a GPS receiver on demand.
We use a u-blox C099-F9P application board (ZED-F9P
GPS [62]) to measure the position of each antenna, with cor-
rections provided by a UNAVCO GPS station permanently
installed Ì30 m away from the BEACON site at 37.58915N,
118.23844W [63].

Pulsing data was taken over the course of 3 days during a
calibration campaign in 2021, during which pulsing data was
taken for 6 separate sites in both polarizations. The transmit-
ter included a high-voltage pulser (FID technologies FPM
10-1PNP) driving a biconical antenna (Aaronia BicoLOG
30100E) at known rates, with varying fixed attenuators.
These pulsing data are used in the fit described in Equation 1.
The resulting errors on the phase centers are estimated to be
less than 5% of the shortest relevant wavelength.

The source direction is reconstructed using interferom-
etry [64]. Cross correlations are calculated for each pair of
antennas in separate polarizations. The cross correlation for
a given antenna pair is expected to peak at a time delay
consistent with the arrival direction of the signal. A “corre-
lation map” is formed by sampling these cross correlations
at delays expected for each direction. Each direction in the
map corresponds to the average correlation value from each
baseline when sampled at the expected time delay for that
direction. The expected time delays depend on the geometry

D. Southall et al.: Preprint submitted to Elsevier Page 9 of 21
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Figure 13: Left: Reconstruction direction of events from one week in September 2021. Seven of the most populated RFI sources
have been highlighted. These sources are fit with a two-dimensional Gaussian after isolating the events in each region. Top Right:
Isolated events from RFI Source 3 (arbitrarily chosen as an example). Bottom Right: 2D Gaussian fit (color map), with outline
of the 90% integral area of the fit plotted on top. Note that the color scale is logarithmic and represents counts for all 3 plots.
The average fit 90% integral area for all 7 sources was < 0.1 sq. degrees.

CW sources. The TV band is visible in HPol from Ì53 to
60 MHz. Intermittent short bursts of activity can be seen at
42 and 48 MHz, which are associated with communication
systems for the California Highway Patrol and the Los
Angeles Department of Water and Power, respectively.

Periodic Noise Sources: An excess of events have been
observed to arrive at the BEACON prototype with time
di�erences corresponding to multiples of 1/(60 Hz). These
signals can be associated with arcing or similar discharges
from power infrastructure, which operates at 60 Hz in the
US. A 55 kV high-voltage transmission line connecting
Nevada with the Owens Valley runs within the field-of-
view of the prototype, with several substations. When there
is snow on the valley floor, this class of signal largely
is suppressed, perhaps because the snow is acting like an
insulator to prevent arcing.

Similar to CW, this category is a subset of static sources
and can be removed with directional cuts. However, since
it may be advantageous to keep those directions in some
searches, an algorithm was developed to demonstrate re-
moval based on timing alone. We define a temporal test
statistic (TS) which gives a measure of the relative abun-
dance of temporally nearby events with trigger times con-
sistent with a period of T . For each event, i, the di�erence
in trigger times is calculated for a range of nearby events,
indexed by j, within a specified time windoww. To allow for
multiples of the period, we calculate the absolute di�erence
to the nearest multiple of T using:

di,j =
ÛÛÛÛ
⇠
ti * tj +

T
2

⇡
% T *

T
2

ÛÛÛÛ , (2)

where % refers to the floored modulo operation (a%n =

a* n‚ an„), resulting in di,j being near zero for times close to
an integer multiple of T . Within each window w containing
Nw(i) events, we construct a histogram with 20 bins ranging
from 0 to T _2. The top right portion of Figure 15 shows

an example histogram, with red highlighting the bin, ci,0,
containing the di,j most consistent with a periodicity of T
and green highlighting the 50% of bins least consistent with
T . The test statistic for that event (TSi) is defined as the
di�erence between the red region and the mean of the green
region, given by:

TSi = ci,0 *
1

10

19…
k=10

ci,k (3)

Arrival times from a uniform distribution would result in
no significant di�erence in counts between the red and green
regions, resulting in a TS near 0, while a set of perfectly
periodic event would all lie within ci,0, resulting a TS of
1. Datasets contaminated with periodic noise sources are
in-between these two extremes, resulting in a distribution
of TS that is broadened when compared to uniform arrival
times. Periodic events can thus be highlighted from within
a contaminated set of data by cutting on high TS values. In
Figure 15 we show how this algorithm can separate events
observed arriving at a regular 60 Hz rate in data taken from
September 2021. This figure also shows how the baseline
timing of the periodic events fluctuates with time as the
60 Hz drifts, which is handled by choosing a value for w
that is short relative to the fluctuations. Depending on the
desired e�ciency, this algorithm will not flag all events
arriving with a periodicity of T , but can isolate a clean
subset of those events, which can then be used to motivate
further targeted cuts based on template matching, direction,
and signal properties to further improve the e�ciency for
removing this form of RFI.

Airplanes: One of the few above horizon sources of
RFI is airplanes. As part of the above-horizon impulsive
events search discussed in Section 3.3.2, over 1000 RF
triggered events were associated temporally and spatially
with airplanes, corresponding to > 100 individual airplanes,
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Figure 4: (Left) The acceptance of the BEACON prototype to cosmic ray events and (right) the expected
cosmic ray event rate as a function of energy, assuming the cosmic ray flux measured by Auger [14] and
assuming di�erent trigger thresholds. Note that while the BEACON array implements a noise-riding trigger,
we assume that 5f above the thermal noise voltage is the expected, nominal threshold.

operates in the 30-80 MHz range, the showers are expected to be in the far field and plane-wave like.
However, in the on-going cosmic ray search described in these proceedings, events are reconstructed
using a spherical wave geometry [9].

The left panel of Fig. 4 shows the expected cosmic ray acceptance for the BEACON prototype,
while the right panel shows the expected cosmic ray event rate assuming the cosmic ray flux observed
by Auger [14]. We vary the assumed threshold to explore how the local RFI environment a�ects the
expected observed event distributions. At the nominal 5f threshold, the event distribution peaks at
1016.8 eV. Integrated across all energies we expect to detect ⇠6.5 events per day.

The expected angular distributions in both \-<0G and q-<0G are shown in Fig. 5. We expect
to observe highly inclined cosmic ray air showers due to the high altitude of the observatory and
orientation of the antennas. The depth of maximum of 1017 eV proton showers arriving at \I less
than 30� is below the detector altitude, making the radio signal from those showers weaker. Showers
at higher energies reach -<0G below the detector at higher zenith angles still. Additionally, the
closer -<0G is located to the BEACON array, the less likely that the antennas will lie in the 3�

emission cone.

Critically important is the expected rate of cosmic rays near, but above, the horizon, as it sets
an upper limit on the expected air shower background for a neutrino search. Out of 260,000 total
simulated showers 35,239 induced a trigger, and of those, 14 had an angle \-<0G within 2� of the
horizon. We can estimate then that the fraction of events near-horizon will be about 4 ⇥ 10�4. In
the event that cosmic rays are detected near the horizon, they can be distinguished from neutrino-
induced upgoing air showers via their polarity, which will further reduce the expected background
rate. These results will be folded together with the cosmic ray study to estimate the expected
backgrounds for a full-scale BEACON detector in a future study.

The distribution of triggered azimuth angles q-<0G , shown in the right panel of Fig. 5, peaks in
the direction of magnetic East, 12.5� south of geographic East (0� in the figure). This is consistent
with what we expect due to geomagnetic emission. The nulls of the antennas are located at 90� and
�90�, outside of our 120� field of view.
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Reconstruction of radio detected extensive air showers

Shower axis~k
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𝜏ν𝜏

Lorentz boosts 

Goal: Neutrino astronomy requires reconstruction of the arrival direction (target of 0.1° of accuracy)

EAS direction = neutrino direction

Neutrino astronomy possible via the reconstruction of the EAS direction
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𝜏ν𝜏

Lorentz boosts 

Goal: Neutrino astronomy requires reconstruction of the arrival direction (target of 0.1° of accuracy)

EAS direction = neutrino direction

Method: adjust the wave front model to the trigger times

detection

Reconstruction

Direction / Energy / Composition
trigger time

Principle: trigger times + relative antennas position 

→ information on the EAS direction

neutrino astronomy accuracy = wave front shape correctness

Neutrino astronomy possible via the reconstruction of the EAS direction



Wave front shape descriptions: state of the art

LOPES and LOFAR measured an hyperbolic wave front shape

Wave front shape description depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.
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LOPES and LOFAR measured an hyperbolic wave front shape

But in the case of GRAND:

• very inclined EAS -> extended emission zone

• very large array -> emission changes

LOFAR wave front shape model depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.
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Plane Spherical Hyperbolical Conical

A detailed study of GRAND measured wave front shape needed
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(a) Small

(b) Intermediate

(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Wave front shape descriptions: state of the art

LOPES and LOFAR measured an hyperbolic wave front shape

But in the case of GRAND:

• very inclined EAS -> extended emission zone

• very large array -> emission changes

LOFAR wave front shape model depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Wave front shape descriptions: state of the art

LOPES and LOFAR measured an hyperbolic wave front shape

But in the case of GRAND:

• very inclined EAS -> extended emission zone

• very large array -> emission changes

LOFAR wave front shape model depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Wave front shape descriptions: state of the art

LOPES and LOFAR measured an hyperbolic wave front shape

But in the case of GRAND:

• very inclined EAS -> extended emission zone

• very large array -> emission changes

LOFAR wave front shape model depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.
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Plane Spherical Hyperbolical Conical

A detailed study of GRAND measured wave front shape needed
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(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Wave front shape descriptions: state of the art

LOPES and LOFAR measured an hyperbolic wave front shape

Wave front shape description depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.

But in the case of GRAND:

• very inclined EAS → extended emission zone

• very large array → emission changes

A detailed study of GRAND measured wave front shape needed16
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Wave front shape descriptions: state of the art

LOPES and LOFAR measured an hyperbolic wave front shape

But in the case of GRAND:

• very inclined EAS -> extended emission zone

• very large array -> emission changes

LOFAR wave front shape model depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.
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Plane Spherical Hyperbolical Conical

A detailed study of GRAND measured wave front shape needed
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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LOPES and LOFAR measured an hyperbolic wave front shape

But in the case of GRAND:

• very inclined EAS -> extended emission zone

• very large array -> emission changes

LOFAR wave front shape model depends on:

- distance to ground

- emission extension

- detector size
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Wave front shape descriptions: state of the art

LOPES and LOFAR measured an hyperbolic wave front shape

But in the case of GRAND:

• very inclined EAS -> extended emission zone

• very large array -> emission changes

LOFAR wave front shape model depends on:

- distance to ground

- emission extension

- detector size

F.G. Schröder et al, 2014. A. Corstanje et al. 2014.
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Hyperbolic wavefront model

Standard definition

Standard hyperbolic fit

Very inclined showers: evolution of the wave front is visible

c thyp = �a+
p
a2 + b2r2
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How does the wave front evolve?

Standard approach: study the wave front curvature

• on simulations

• GRAND-like layout

Reminder of a ToyModel simulation:

1 dot = 1 antenna trigger time
residuals = trigger time - wave front model

Fixed hyperbolic parameters →snapshot of the emission (LOFAR/LOPES)
Hyperbolic parameters physical meaning ?
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current. At the surface of the Earth, electromagnetic ra-
diation can be detected, which is due to this relatively
constant electric current moving with high velocity to-
wards the Earth. The shape of the electromagnetic pulse
is principally determined by the (relatively slow) varia-
tion in time of the magnitude of the current, combined
with time retardation effects.
To emphasize the basic principles, we confine ourselves

to a rather simple geometry where the cosmic shower
moves straight towards the Earth’s surface (the −ẑ direc-
tion, see Fig. 1) with velocity !vs = −βscẑ where βs ≈ 1.
The position of the shower front above the Earth’s sur-
face is given by z = −βsct, where the front of the shower
reaches Earth at time t = 0. The Earth’s magnetic field
(with magnitude BE) is parallel to the surface (in the
ŷ direction), !B = BE ŷ. The strength of the induced
electric current depends on the distance h from the front
of the shower and on the time t in the shower develop-
ment. The direction of the current is in the x̂ direction.
All quantities are measured in the rest system of the ob-
server who is at rest at the surface of the Earth.

FIG. 1: [color online] The basic geometry as used in this paper.
The pancake is shown as the shaded area, moving with velocity
!vs. The observer is at a distance d from the point of impact.
The curvature of the pancake has not been included in the
present calculations.

In the calculation of the current density we will ini-
tially assume a finite extent in the horizontal directions
(x and y). However, soon we will integrate over these
variables, knowing that the charged-particle density is
strongly peaked near the center of the shower. To empha-
size the importance of the distance h behind the shower
front, we will write the electron/positron density as

ρe(x, y, z, t) =

∫

ρ̃e(x, y, z, t, h)dh , (1)

where we assume a simple factorized form,

ρ̃e(x, y, z, t, h) = Neδ(z + βsct+ h)

× ft(t)ρNKG(x, y)ρp(h) . (2)

The total number of charged particles at the time of max-
imum shower development is denoted as Ne. The veloc-
ity of the shower front is given by !vs = −βscẑ. The

lateral distribution function is normalized according to
∫

ρNKG(x, y) dx dy = 1, the pancake distribution obeys
a similar normalization,

∫

ρp(h) dh = 1, and the maxi-
mum of the temporal (or longitudinal) distribution ft(t)
is normalized to unity. A detailed discussion of the pa-
rameterizations for these shower functions is given in the
appendix. In Section A 4 also the effects of an energy
spread of the electrons and positrons are considered.
To emphasize the collective aspects of the model the

calculation of the drift velocity of the electrons and
positrons is treated as a separate topic. The magnitude
of the induced current is calculated as the number of
electrons (and positrons) multiplied by an average drift
velocity. In the following stage this is combined with the
shower profile to calculate the emitted electromagnetic
pulse.

A. Magnitude of the Current

For the present estimate it is assumed that there are
equal numbers of positive and negative charges moving
towards the Earth with a large velocity. Due to the
Earth’s magnetic field a net electrical current in the x̂-
direction is induced with magnitude

j(x, y, z, t) =

∫

〈vdq〉 e ρ̃e(x, y, z, t, h)dh , (3)

where ρ̃e is the density of electrons and positrons, Eq. (2).
To take into account that the electrons and positrons
(q = −1,+1 respectively) drift in opposite directions un-
der the influence of the magnetic field, the average side-
wards drift velocity is weighted with the charge, denoted
as 〈vdq〉.
The radius of curvature of orbits of the electrons with

an energy εe = γmc2 in the Earth’s magnetic field is
RB = βγmc/(eBE). A realistic magnitude of the mag-
netic field (BE = 0.3× 10−4 T) yields a curvature radius
RB = βγ × 50 m. The angular deflection is thus θ =
L/RB where L is the mean free path, i.e. the length over
which the electrons scatter over a large angle due to mul-
tiple soft scattering or a hard scattering. The transverse
component of the velocity is vt = cθ = cLeBE/(βγmc),
assuming that sin θ & 1 or a transverse velocity much
smaller than the longitudinal component. The drift ve-
locity, being the average over the complete trajectory, is
half this value [20],

vd = cθ/2 =
cLeBE

2βγmc
. (4)

The problem is thus now reduced to the calculation of
the mean path length L.
At high energies, εe > 10 MeV, the electron cross sec-

tion is dominated by hard collisions and the mean path
length is given by LR = X0/ρair, where the electronic
radiation length is X0 = 36.7 g cm−2 and the density of
air is ρair = 10−3 g cm−3 at sea level. The density is of
course lower at higher altitudes.

• Model the charge current induced by the particle Jµ(~x, t)

<latexit sha1_base64="1RJE382Uxj02lZO5/4z5azuoF9M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUoiBXVXdCOuKtgHNLFMppN26GQSZibFEOKvuHGhiFs/xJ1/47TNQlsPXDiccy/33uNFjEplWd9GYWV1bX2juFna2t7Z3TP3D9oyjAUmLRyyUHQ9JAmjnLQUVYx0I0FQ4DHS8cbXU78zIULSkN+rJCJugIac+hQjpaW+Wb59SJ0gzqrOhOD0MTuF6qRvVqyaNQNcJnZOKiBHs29+OYMQxwHhCjMkZc+2IuWmSCiKGclKTixJhPAYDUlPU44CIt10dnwGj7UygH4odHEFZ+rviRQFUiaBpzsDpEZy0ZuK/3m9WPkXbkp5FCvC8XyRHzOoQjhNAg6oIFixRBOEBdW3QjxCAmGl8yrpEOzFl5dJ+6xm12uXd/VK4yqPowgOwRGoAhucgwa4AU3QAhgk4Bm8gjfjyXgx3o2PeWvByGfK4A+Mzx8Z3JRu</latexit>

Potential-vector (classical electrodynamics) Aµ(~x, t)

<latexit sha1_base64="WUU/XKQ3Cx//9QOnnf9xrXVv1Kw=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUoiBXVXdeOygn1AE8tkOmmHTiZhZlIMIf6KGxeKuPVD3Pk3TtsstPXAhcM593LvPV7EqFSW9W0UVlbX1jeKm6Wt7Z3dPXP/oC3DWGDSwiELRddDkjDKSUtRxUg3EgQFHiMdb3wz9TsTIiQN+b1KIuIGaMipTzFSWuqb5auH1AnirOpMCE4fs1OoTvpmxapZM8BlYuekAnI0++aXMwhxHBCuMENS9mwrUm6KhKKYkazkxJJECI/RkPQ05Sgg0k1nx2fwWCsD6IdCF1dwpv6eSFEgZRJ4ujNAaiQXvan4n9eLlX/hppRHsSIczxf5MYMqhNMk4IAKghVLNEFYUH0rxCMkEFY6r5IOwV58eZm0z2p2vXZ5V680rvM4iuAQHIEqsME5aIBb0AQtgEECnsEreDOejBfj3fiYtxaMfKYM/sD4/AELlpRl</latexit>

in terms of particle density and repartition

~E(~x, t) = �(@iA
0 + @0A

i)
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Can we derive the wave front shape from physical principles ?

Scholten et al. (2008)

Electric field

lXmax
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Too many parameters to adjust in this model
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The pancake is shown as the shaded area, moving with velocity
!vs. The observer is at a distance d from the point of impact.
The curvature of the pancake has not been included in the
present calculations.

In the calculation of the current density we will ini-
tially assume a finite extent in the horizontal directions
(x and y). However, soon we will integrate over these
variables, knowing that the charged-particle density is
strongly peaked near the center of the shower. To empha-
size the importance of the distance h behind the shower
front, we will write the electron/positron density as

ρe(x, y, z, t) =

∫

ρ̃e(x, y, z, t, h)dh , (1)

where we assume a simple factorized form,

ρ̃e(x, y, z, t, h) = Neδ(z + βsct+ h)

× ft(t)ρNKG(x, y)ρp(h) . (2)

The total number of charged particles at the time of max-
imum shower development is denoted as Ne. The veloc-
ity of the shower front is given by !vs = −βscẑ. The

lateral distribution function is normalized according to
∫

ρNKG(x, y) dx dy = 1, the pancake distribution obeys
a similar normalization,

∫

ρp(h) dh = 1, and the maxi-
mum of the temporal (or longitudinal) distribution ft(t)
is normalized to unity. A detailed discussion of the pa-
rameterizations for these shower functions is given in the
appendix. In Section A 4 also the effects of an energy
spread of the electrons and positrons are considered.
To emphasize the collective aspects of the model the

calculation of the drift velocity of the electrons and
positrons is treated as a separate topic. The magnitude
of the induced current is calculated as the number of
electrons (and positrons) multiplied by an average drift
velocity. In the following stage this is combined with the
shower profile to calculate the emitted electromagnetic
pulse.

A. Magnitude of the Current

For the present estimate it is assumed that there are
equal numbers of positive and negative charges moving
towards the Earth with a large velocity. Due to the
Earth’s magnetic field a net electrical current in the x̂-
direction is induced with magnitude

j(x, y, z, t) =

∫

〈vdq〉 e ρ̃e(x, y, z, t, h)dh , (3)

where ρ̃e is the density of electrons and positrons, Eq. (2).
To take into account that the electrons and positrons
(q = −1,+1 respectively) drift in opposite directions un-
der the influence of the magnetic field, the average side-
wards drift velocity is weighted with the charge, denoted
as 〈vdq〉.
The radius of curvature of orbits of the electrons with

an energy εe = γmc2 in the Earth’s magnetic field is
RB = βγmc/(eBE). A realistic magnitude of the mag-
netic field (BE = 0.3× 10−4 T) yields a curvature radius
RB = βγ × 50 m. The angular deflection is thus θ =
L/RB where L is the mean free path, i.e. the length over
which the electrons scatter over a large angle due to mul-
tiple soft scattering or a hard scattering. The transverse
component of the velocity is vt = cθ = cLeBE/(βγmc),
assuming that sin θ & 1 or a transverse velocity much
smaller than the longitudinal component. The drift ve-
locity, being the average over the complete trajectory, is
half this value [20],

vd = cθ/2 =
cLeBE

2βγmc
. (4)

The problem is thus now reduced to the calculation of
the mean path length L.
At high energies, εe > 10 MeV, the electron cross sec-

tion is dominated by hard collisions and the mean path
length is given by LR = X0/ρair, where the electronic
radiation length is X0 = 36.7 g cm−2 and the density of
air is ρair = 10−3 g cm−3 at sea level. The density is of
course lower at higher altitudes.

• Model the charge current induced by the particle Jµ(~x, t)
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in terms of particle density and repartition

~E(~x, t) = �(@iA
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Can we derive the wave front shape from physical principles ?

Scholten et al. (2008)

Electric field

lXmax
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• In the “Limiting case” and in a simplified geometry
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velocity �s in units of c and the refractive index are close to one. Consequently, the distance
between the observer and the emitting source can be derived from Equation 2.18

D = c�st + O
�
1 � �

2

sn
2
�

. (3.6)

The retarded time (see Section 2.1.2) of the radiation emission can be defined through this
general relation

ct � ctr = c�t = nc

p
r2 + (z + h)2 , (3.7)

from which one can obtain

ctr =
ct � n

2
�sh � n

q
(�c�st + h)2 + (1 � �2

sn2)r2

1 � �2
sn2

, (3.8)

as shown in particular in the Appendix B of [161]. Finally, in the limiting case, it reduces
to

ctr =
ct

1 + �s
�

r
2

2c�st
+ O

�
1 � �

2

sn
2
�

, (3.9)

where the first term denotes the emission propagation with the shower displacement along
the shower axis and the second term describes the additional time delay for an o↵-axis
observer. The electric field can then be written as a function of the time of observation t

and the lateral distance r

Ex(t, r) = �J
n

2�

cD2

dft(tr)

dtr
+ Jft(tr)

c�
2
s t

D3
, (3.10)

where J = hvdqi Nee/4⇡✏0 c is the magnitude of the charged current expressed as a func-
tion of the mean drift velocity of the particles in the atmosphere hvdi, their charge q, the
electron number Ne in the EAS, e the electron charge, and ✏0 is the vacuum permittivity.
As already said, the refractive index n, is assumed to be constant here.
� =

p
r2 + c2�2

s t2r represents the geometrical distance between the observer and the emis-
sion source at the retarded time, D is the distance between the observer and the emission
source at the observer time, ft(tr) is the particle longitudinal profile as function of the
retarded time tr for an observer time t.

We investigate the resulting radiation wavefront induced by this electric-field description.
To be consistent with our definition of the wavefront time as the maximum of the electric
field (given in Section 3.2.1) for any given observer location, wavefront times are the roots
of the first order derivative of the electrical field

dEx(t, r)

dt
= 0 . (3.11)

Limiting case: 

- shower particle front thickness is neglected 

- Index of refraction is close to unity

Simplified geometry

n = index of refraction
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� = geometrical distance
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D = observer distance
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where

Too many parameters to adjust in this model



Macroscopic approach of the EAS emission

2

current. At the surface of the Earth, electromagnetic ra-
diation can be detected, which is due to this relatively
constant electric current moving with high velocity to-
wards the Earth. The shape of the electromagnetic pulse
is principally determined by the (relatively slow) varia-
tion in time of the magnitude of the current, combined
with time retardation effects.
To emphasize the basic principles, we confine ourselves

to a rather simple geometry where the cosmic shower
moves straight towards the Earth’s surface (the −ẑ direc-
tion, see Fig. 1) with velocity !vs = −βscẑ where βs ≈ 1.
The position of the shower front above the Earth’s sur-
face is given by z = −βsct, where the front of the shower
reaches Earth at time t = 0. The Earth’s magnetic field
(with magnitude BE) is parallel to the surface (in the
ŷ direction), !B = BE ŷ. The strength of the induced
electric current depends on the distance h from the front
of the shower and on the time t in the shower develop-
ment. The direction of the current is in the x̂ direction.
All quantities are measured in the rest system of the ob-
server who is at rest at the surface of the Earth.

FIG. 1: [color online] The basic geometry as used in this paper.
The pancake is shown as the shaded area, moving with velocity
!vs. The observer is at a distance d from the point of impact.
The curvature of the pancake has not been included in the
present calculations.

In the calculation of the current density we will ini-
tially assume a finite extent in the horizontal directions
(x and y). However, soon we will integrate over these
variables, knowing that the charged-particle density is
strongly peaked near the center of the shower. To empha-
size the importance of the distance h behind the shower
front, we will write the electron/positron density as

ρe(x, y, z, t) =

∫

ρ̃e(x, y, z, t, h)dh , (1)

where we assume a simple factorized form,

ρ̃e(x, y, z, t, h) = Neδ(z + βsct+ h)

× ft(t)ρNKG(x, y)ρp(h) . (2)

The total number of charged particles at the time of max-
imum shower development is denoted as Ne. The veloc-
ity of the shower front is given by !vs = −βscẑ. The

lateral distribution function is normalized according to
∫

ρNKG(x, y) dx dy = 1, the pancake distribution obeys
a similar normalization,

∫

ρp(h) dh = 1, and the maxi-
mum of the temporal (or longitudinal) distribution ft(t)
is normalized to unity. A detailed discussion of the pa-
rameterizations for these shower functions is given in the
appendix. In Section A 4 also the effects of an energy
spread of the electrons and positrons are considered.
To emphasize the collective aspects of the model the

calculation of the drift velocity of the electrons and
positrons is treated as a separate topic. The magnitude
of the induced current is calculated as the number of
electrons (and positrons) multiplied by an average drift
velocity. In the following stage this is combined with the
shower profile to calculate the emitted electromagnetic
pulse.

A. Magnitude of the Current

For the present estimate it is assumed that there are
equal numbers of positive and negative charges moving
towards the Earth with a large velocity. Due to the
Earth’s magnetic field a net electrical current in the x̂-
direction is induced with magnitude

j(x, y, z, t) =

∫

〈vdq〉 e ρ̃e(x, y, z, t, h)dh , (3)

where ρ̃e is the density of electrons and positrons, Eq. (2).
To take into account that the electrons and positrons
(q = −1,+1 respectively) drift in opposite directions un-
der the influence of the magnetic field, the average side-
wards drift velocity is weighted with the charge, denoted
as 〈vdq〉.
The radius of curvature of orbits of the electrons with

an energy εe = γmc2 in the Earth’s magnetic field is
RB = βγmc/(eBE). A realistic magnitude of the mag-
netic field (BE = 0.3× 10−4 T) yields a curvature radius
RB = βγ × 50 m. The angular deflection is thus θ =
L/RB where L is the mean free path, i.e. the length over
which the electrons scatter over a large angle due to mul-
tiple soft scattering or a hard scattering. The transverse
component of the velocity is vt = cθ = cLeBE/(βγmc),
assuming that sin θ & 1 or a transverse velocity much
smaller than the longitudinal component. The drift ve-
locity, being the average over the complete trajectory, is
half this value [20],

vd = cθ/2 =
cLeBE

2βγmc
. (4)

The problem is thus now reduced to the calculation of
the mean path length L.
At high energies, εe > 10 MeV, the electron cross sec-

tion is dominated by hard collisions and the mean path
length is given by LR = X0/ρair, where the electronic
radiation length is X0 = 36.7 g cm−2 and the density of
air is ρair = 10−3 g cm−3 at sea level. The density is of
course lower at higher altitudes.

• Model the charge current induced by the particle Jµ(~x, t)
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Potential-vector (classical electrodynamics) Aµ(~x, t)
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in terms of particle density and repartition

~E(~x, t) = �(@iA
0 + @0A
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Can we derive the wave front shape from physical principles ?

Scholten et al. (2008)

Electric field
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where we define for convenience l = c�s(tr � t0) as the longitudinal distance traveled
between the starting time of the emission t0 and the retarded time tr, and c�st0 = lXmax is
the longitudinal distance from Xmax to the shower core at ground. We also define
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l

�sc�
2

, (3.18)

where ⌧ = [Time], T = [Time�1] and � and � are dimensionless. Then Equation 3.14
becomes

t
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Finally the canonical roots of this equation can be expressed as
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which can be written as
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to identify it to a hyperbola under the form of Equation 3.5, if a and b are given by

a =
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, (3.22)
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. (3.23)

• The wave front corresponds to
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velocity �s in units of c and the refractive index are close to one. Consequently, the distance
between the observer and the emitting source can be derived from Equation 2.18

D = c�st + O
�
1 � �

2

sn
2
�

. (3.6)

The retarded time (see Section 2.1.2) of the radiation emission can be defined through this
general relation

ct � ctr = c�t = nc

p
r2 + (z + h)2 , (3.7)

from which one can obtain

ctr =
ct � n

2
�sh � n

q
(�c�st + h)2 + (1 � �2

sn2)r2

1 � �2
sn2

, (3.8)

as shown in particular in the Appendix B of [161]. Finally, in the limiting case, it reduces
to

ctr =
ct
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where the first term denotes the emission propagation with the shower displacement along
the shower axis and the second term describes the additional time delay for an o↵-axis
observer. The electric field can then be written as a function of the time of observation t

and the lateral distance r

Ex(t, r) = �J
n

2�

cD2

dft(tr)

dtr
+ Jft(tr)

c�
2
s t

D3
, (3.10)

where J = hvdqi Nee/4⇡✏0 c is the magnitude of the charged current expressed as a func-
tion of the mean drift velocity of the particles in the atmosphere hvdi, their charge q, the
electron number Ne in the EAS, e the electron charge, and ✏0 is the vacuum permittivity.
As already said, the refractive index n, is assumed to be constant here.
� =

p
r2 + c2�2

s t2r represents the geometrical distance between the observer and the emis-
sion source at the retarded time, D is the distance between the observer and the emission
source at the observer time, ft(tr) is the particle longitudinal profile as function of the
retarded time tr for an observer time t.

We investigate the resulting radiation wavefront induced by this electric-field description.
To be consistent with our definition of the wavefront time as the maximum of the electric
field (given in Section 3.2.1) for any given observer location, wavefront times are the roots
of the first order derivative of the electrical field

dEx(t, r)

dt
= 0 . (3.11)Assuming a gaussian particle distribution
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where we define for convenience l = c�s(tr � t0) as the longitudinal distance traveled
between the starting time of the emission t0 and the retarded time tr, and c�st0 = lXmax is
the longitudinal distance from Xmax to the shower core at ground. We also define
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where ⌧ = [Time], T = [Time�1] and � and � are dimensionless. Then Equation 3.14
becomes
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Finally the canonical roots of this equation can be expressed as

t = �

(1 + �s)(1 + �) ±

q
(1 + �s)

2(1 + �)2 � T ⌧(� + �)(1 + �s)

T (� + �)
, (3.20)

which can be written as

t = �
(1 + �s)(1 + �)

T (� + �)
⌥

s
(1 + �s)

2(1 + �)2

T 2(� + �)2
�

⌧(1 + �s)

T (� + �)
, (3.21)

to identify it to a hyperbola under the form of Equation 3.5, if a and b are given by
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where we define for convenience l = c�s(tr � t0) as the longitudinal distance traveled
between the starting time of the emission t0 and the retarded time tr, and c�st0 = lXmax is
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where ⌧ = [Time], T = [Time�1] and � and � are dimensionless. Then Equation 3.14
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Finally the canonical roots of this equation can be expressed as
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to identify it to a hyperbola under the form of Equation 3.5, if a and b are given by
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with
and
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Using Equation 3.10, we find this general expression
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For the particle profile ft(tr), a first approximation and a convenient choice is a gaussian
distribution (see Figure 3.10)

ft(tr) / e

(tr�t0)2

2�2 , (3.13)

where t0 corresponds to the time of maximum shower development (Xmax) and � is the
standard deviation of the full time profile of the shower.

Figure 3.10: Particle distribution along the longitudinal axis for an up-going 10 EeV neu-
trino induced EAS with zenith ✓ = 87.9 and � = 0�.

Injecting Equation 3.13 in Equation 3.12, we find the following second order polyno-

maximum of the emission

⇠ �a+
p

a2 + b2r2
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where we define for convenience l = c�s(tr � t0) as the longitudinal distance traveled
between the starting time of the emission t0 and the retarded time tr, and c�st0 = lXmax is
the longitudinal distance from Xmax to the shower core at ground. We also define

⌧ =
lr

2

�2
sc3�2

, (3.15)

� =
ln

2�

�2
sc2�2

, (3.16)

� = 1 �
n

2(l � lXmax)

�
, (3.17)

T =
l

�sc�
2

, (3.18)

where ⌧ = [Time], T = [Time�1] and � and � are dimensionless. Then Equation 3.14
becomes
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Finally the canonical roots of this equation can be expressed as
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to identify it to a hyperbola under the form of Equation 3.5, if a and b are given by
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where we define for convenience l = c�s(tr � t0) as the longitudinal distance traveled
between the starting time of the emission t0 and the retarded time tr, and c�st0 = lXmax is
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where ⌧ = [Time], T = [Time�1] and � and � are dimensionless. Then Equation 3.14
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Finally the canonical roots of this equation can be expressed as
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• In the “Limiting case” and in a simplified geometry
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velocity �s in units of c and the refractive index are close to one. Consequently, the distance
between the observer and the emitting source can be derived from Equation 2.18

D = c�st + O
�
1 � �

2

sn
2
�

. (3.6)

The retarded time (see Section 2.1.2) of the radiation emission can be defined through this
general relation

ct � ctr = c�t = nc

p
r2 + (z + h)2 , (3.7)

from which one can obtain

ctr =
ct � n

2
�sh � n

q
(�c�st + h)2 + (1 � �2

sn2)r2

1 � �2
sn2

, (3.8)

as shown in particular in the Appendix B of [161]. Finally, in the limiting case, it reduces
to

ctr =
ct

1 + �s
�

r
2

2c�st
+ O

�
1 � �

2

sn
2
�

, (3.9)

where the first term denotes the emission propagation with the shower displacement along
the shower axis and the second term describes the additional time delay for an o↵-axis
observer. The electric field can then be written as a function of the time of observation t

and the lateral distance r

Ex(t, r) = �J
n

2�

cD2

dft(tr)

dtr
+ Jft(tr)

c�
2
s t

D3
, (3.10)

where J = hvdqi Nee/4⇡✏0 c is the magnitude of the charged current expressed as a func-
tion of the mean drift velocity of the particles in the atmosphere hvdi, their charge q, the
electron number Ne in the EAS, e the electron charge, and ✏0 is the vacuum permittivity.
As already said, the refractive index n, is assumed to be constant here.
� =

p
r2 + c2�2

s t2r represents the geometrical distance between the observer and the emis-
sion source at the retarded time, D is the distance between the observer and the emission
source at the observer time, ft(tr) is the particle longitudinal profile as function of the
retarded time tr for an observer time t.

We investigate the resulting radiation wavefront induced by this electric-field description.
To be consistent with our definition of the wavefront time as the maximum of the electric
field (given in Section 3.2.1) for any given observer location, wavefront times are the roots
of the first order derivative of the electrical field

dEx(t, r)

dt
= 0 . (3.11)

Limiting case: 

- shower particle front thickness is neglected 

- Index of refraction is close to unity

Simplified geometry

n = index of refraction
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� = geometrical distance
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D = observer distance
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where

Too many parameters to adjust in this model



Study of the wavefront shape: method

What time delays tell us about the curvature of the wavefront?

~k
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Study of the wavefront shape: results
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what model describes best this curvature ?

- time delays increase with lateral distance

- curvature reduces with propagation distance
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Results:

- residuals < experimental time resolution

- arrival times undistinguishable between spherical model 

and more complex model



Consequences for reconstruction



Consequences for reconstruction

Consequences: impossible to reconstruct the arrival direction: spherical wave front model → point-like emission = no favoured direction

Results: spherical wavefront model offers a very good level of description



Consequences for reconstruction

A second natural point along the shower propagation: shower core

shower axis

shower core

emission point

amplitude footprint

How to reconstruct the arrival direction?

Consequences: impossible to reconstruct the arrival direction: spherical wave front model → point-like emission = no favoured direction

Results: spherical wavefront model offers a very good level of description



Information content in the amplitude distribution of the radiation

Beaming of the emission + Cerenkov effect (signal coherence + compression)

Correctness of the amplitude model → accuracy of the reconstruction of the arrival direction

Amplitude distribution (pattern) = antennas measurements → straightforward handle on the core position

Geomagnetic emission + Askaryan emission = asymmetry features

Distinct signature of the core position 
in the signal amplitude

depends on:

• geomagnetic field orientation

• observer position
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Phenomenological description of the amplitude pattern

Goal: analytical description of the amplitude:

• shower direction 

• all the asymmetries effects

Method: phenomenological description as a function of the angular position of the observer
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Replacing l0 by its expression of Equation 3.31 yields
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)

Angular Distribution Function: 
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Phenomenological description of the amplitude pattern

Goal: analytical description of the amplitude:

• shower direction 

• all the asymmetries effects

Method: phenomenological description as a function of the angular position of the observer
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)

Angular Distribution Function: 
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Replacing l0 by its expression of Equation 3.31 yields
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)• Geomagnetic asymmetry

interplay between emission mechanisms 

→ signal excess along the Lorentz force directionmagnetic field inclination geomagnetic strength

⌘
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Phenomenological description of the amplitude pattern

Goal: analytical description of the amplitude:

• shower direction 

• all the asymmetries effects

Method: phenomenological description as a function of the angular position of the observer
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Replacing l0 by its expression of Equation 3.31 yields
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)

Angular Distribution Function: 
(ADF)

• Early-late asymmetry
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Replacing l0 by its expression of Equation 3.31 yields
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)
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Replacing l0 by its expression of Equation 3.31 yields
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This equation hides a quartic polynomial, which can be developed as a function of t =
tan (!/2), under the form
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)• Geomagnetic asymmetry

interplay between emission mechanisms 

→ signal excess along the Lorentz force directionmagnetic field inclination geomagnetic strength
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Phenomenological description of the amplitude pattern

Goal: analytical description of the amplitude:

• shower direction 

• all the asymmetries effects

Method: phenomenological description as a function of the angular position of the observer
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =
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GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)

Angular Distribution Function: 
(ADF)

• Early-late asymmetry
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as
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where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by
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GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)
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This equation hides a quartic polynomial, which can be developed as a function of t =
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)• Geomagnetic asymmetry

interplay between emission mechanisms 

→ signal excess along the Lorentz force directionmagnetic field inclination geomagnetic strength
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Figure 3.31: In blue, the toy-model time delays, in orange, Equation 3.38 and in green
Equation 3.35. From the figure we can infer a quartic polynomial for Equation 3.38 and
Equation 3.35 the roots of which exactly match the minima of the time delays. Vertical
lines are the solutions of Equation 3.38 found by a basic dichotomy search.

where B ⇠ 0.005 is the geomagnetic asymmetry strength (adjusted from simulations and in
the range of expected value, see Section 2.1.2), ↵ is the angle between the shower direction
and the magnetic field, ⌘ is the antenna angle with respect to the ~k ⇥ ~B axis, introduced
in Section 3.3.1.1.

We choose to model the Cerenkov pattern with a Lorentzian distribution, as for inclined
showers it describes best the sharp rise observed close to the Cerenkov angle. The expres-
sion of f

Cerenkov(!, �!) is given by

f
Cerenkov(!, �!) =

1

1 + 4
h

(tan (!)/ tan (!C))
2�1

�!

i2
, (3.42)

where ! is the antenna angle from the shower direction, !C is a the Cerenkov angle com-
puted from the model presented in Section 3.3.2.4 and �! is a free parameter describing
the width of the Cerenkov cone.

All the variables used in this model can be written explicitly as a function of the shower

• Cerenkov cone

geometrical Cerenkov effect description

4 fitting parameters only:
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A side result: Cerenkov cone asymmetry

Cerenkov cone: 
• geometrical effect → angle where all emissions arrive at same time

• signal compression → high amplitudes

!C = acos(1/n)
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• standard computation: (equal optical paths = constant n)
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• standard computation: (equal optical paths = constant n)

<latexit sha1_base64="qycrkJjaNtE0Ib+Crh5jbQb3wic=">AAAB/3icbZDNSgMxFIUz9a/Wv1Fx5SZYBFdlRgq6EYpuXFawttAOJZPeaUOTzJBkhDIM+CpuXCiIW1/DnW9j2s5CWw8EPs69l3tzwoQzbTzv2ymtrK6tb5Q3K1vbO7t77v7Bg45TRaFFYx6rTkg0cCahZZjh0EkUEBFyaIfjm2m9/QhKs1jem0kCgSBDySJGibFW3z3CWU8JLHN8NSeqDeR9t+rVvJnwMvgFVFGhZt/96g1imgqQhnKiddf3EhNkRBlGOeSVXqohIXRMhtC1KIkAHWSz83N8ap0BjmJlnzR45v6eyIjQeiJC2ymIGenF2tT8r9ZNTXQZZEwmqQFJ54uilGMT42kWeMAUUMMnFghVzN6K6YgoQo1NrGJD8Be/vAzt85pfr/n+Xb3auC7yKKNjdILOkI8uUAPdoiZqIYoy9Ixe0Zvz5Lw4787HvLXkFDOH6I+czx+daZUW</latexit>

n = cste

But if optical paths are different (varying n) !C = f(~x, ✓,�)

<latexit sha1_base64="St5w3Rf4n82TmAK20ikp9PL8dig=">AAACDHicbVDLSgMxFM34tr6qLt0Ei1BByowU1IVQdONSwVqhM5RMeqcTzDxI7hTL0A9w46+4caGIWz/AnX9j2s5CrQdCDuecS3KPn0qh0ba/rJnZufmFxaXl0srq2vpGeXPrRieZ4tDkiUzUrc80SBFDEwVKuE0VsMiX0PLvzkd+qw9KiyS+xkEKXsR6sQgEZ2ikTrniJhH0WOecntKg6vaB5/fDA+piCMjMnYZi36Tsmj0GnSZOQSqkwGWn/Ol2E55FECOXTOu2Y6fo5Uyh4BKGJTfTkDJ+x3rQNjRmEWgvHy8zpHtG6dIgUebESMfqz4mcRVoPIt8kI4ah/uuNxP+8dobBsZeLOM0QYj55KMgkxYSOmqFdoYCjHBjCuBLmr5SHTDGOpr+SKcH5u/I0uTmsOfXayVW90jgr6lgiO2SXVIlDjkiDXJBL0iScPJAn8kJerUfr2Xqz3ifRGauY2Sa/YH18A3jhmgE=</latexit>

<latexit sha1_base64="fqTrb9mz6JrxtHMV9dMG3FiDJOg=">AAAB+XicbVBNSwMxEJ2tX7V+dNWjl2AR6qXsSkEvQtGLxwrWFtqlZNNsG5pklyQr1KW/xIsHBfHqP/HmvzFt96CtDwYe780wMy9MONPG876dwtr6xuZWcbu0s7u3X3YPDh90nCpCWyTmseqEWFPOJG0ZZjjtJIpiEXLaDsc3M7/9SJVmsbw3k4QGAg8lixjBxkp9t4yynhJITtEViqqjs75b8WreHGiV+DmpQI5m3/3qDWKSCioN4Vjrru8lJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrL54VN0apUBimJlSxo0V39PZFhoPRGh7RTYjPSyNxP/87qpiS6DjMkkNVSSxaIo5cjEaJYCGjBFieETSzBRzN6KyAgrTIzNqmRD8JdfXiXt85pfr/n+Xb3SuM7zKMIxnEAVfLiABtxCE1pAIIVneIU358l5cd6dj0VrwclnjuAPnM8fN1aR9w==</latexit>

n = f(h)
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A side result: Cerenkov cone asymmetry

Cerenkov cone: 
• geometrical effect → angle where all emissions arrive at same time

• signal compression → high amplitudes

!C = acos(1/n)

<latexit sha1_base64="fcCuJd9jzEx4L4kbe1mAug/MKUI=">AAACA3icbVC7SgNBFJ2Nrxhfq3baDAYhNnFXAmohBNNYRjAPyC5hdjJJhsxjmZkVwhKw8VdsLBSx9Sfs/BsnyRYaPXDhcM693HtPFDOqjed9Obml5ZXVtfx6YWNza3vH3d1rapkoTBpYMqnaEdKEUUEahhpG2rEiiEeMtKJRbeq37onSVIo7M45JyNFA0D7FyFip6x4EkpMB6tbgFUwDxSHCUpf8U3Ey6bpFr+zNAP8SPyNFkKHedT+DnsQJJ8JghrTu+F5swhQpQzEjk0KQaBIjPEID0rFUIE50mM5+mMBjq/RgXypbwsCZ+nMiRVzrMY9sJ0dmqBe9qfif10lM/yJMqYgTQwSeL+onDBoJp4HAHlUEGza2BGFF7a0QD5FC2NjYCjYEf/Hlv6R5VvYr5cvbSrF6ncWRB4fgCJSAD85BFdyAOmgADB7AE3gBr86j8+y8Oe/z1pyTzeyDX3A+vgHGzJZX</latexit>

• standard computation: (equal optical paths = constant n)

<latexit sha1_base64="qycrkJjaNtE0Ib+Crh5jbQb3wic=">AAAB/3icbZDNSgMxFIUz9a/Wv1Fx5SZYBFdlRgq6EYpuXFawttAOJZPeaUOTzJBkhDIM+CpuXCiIW1/DnW9j2s5CWw8EPs69l3tzwoQzbTzv2ymtrK6tb5Q3K1vbO7t77v7Bg45TRaFFYx6rTkg0cCahZZjh0EkUEBFyaIfjm2m9/QhKs1jem0kCgSBDySJGibFW3z3CWU8JLHN8NSeqDeR9t+rVvJnwMvgFVFGhZt/96g1imgqQhnKiddf3EhNkRBlGOeSVXqohIXRMhtC1KIkAHWSz83N8ap0BjmJlnzR45v6eyIjQeiJC2ymIGenF2tT8r9ZNTXQZZEwmqQFJ54uilGMT42kWeMAUUMMnFghVzN6K6YgoQo1NrGJD8Be/vAzt85pfr/n+Xb3auC7yKKNjdILOkI8uUAPdoiZqIYoy9Ixe0Zvz5Lw4787HvLXkFDOH6I+czx+daZUW</latexit>

n = cste

But if optical paths are different (varying n) !C = f(~x, ✓,�)

<latexit sha1_base64="St5w3Rf4n82TmAK20ikp9PL8dig=">AAACDHicbVDLSgMxFM34tr6qLt0Ei1BByowU1IVQdONSwVqhM5RMeqcTzDxI7hTL0A9w46+4caGIWz/AnX9j2s5CrQdCDuecS3KPn0qh0ba/rJnZufmFxaXl0srq2vpGeXPrRieZ4tDkiUzUrc80SBFDEwVKuE0VsMiX0PLvzkd+qw9KiyS+xkEKXsR6sQgEZ2ikTrniJhH0WOecntKg6vaB5/fDA+piCMjMnYZi36Tsmj0GnSZOQSqkwGWn/Ol2E55FECOXTOu2Y6fo5Uyh4BKGJTfTkDJ+x3rQNjRmEWgvHy8zpHtG6dIgUebESMfqz4mcRVoPIt8kI4ah/uuNxP+8dobBsZeLOM0QYj55KMgkxYSOmqFdoYCjHBjCuBLmr5SHTDGOpr+SKcH5u/I0uTmsOfXayVW90jgr6lgiO2SXVIlDjkiDXJBL0iScPJAn8kJerUfr2Xqz3ifRGauY2Sa/YH18A3jhmgE=</latexit>

<latexit sha1_base64="fqTrb9mz6JrxtHMV9dMG3FiDJOg=">AAAB+XicbVBNSwMxEJ2tX7V+dNWjl2AR6qXsSkEvQtGLxwrWFtqlZNNsG5pklyQr1KW/xIsHBfHqP/HmvzFt96CtDwYe780wMy9MONPG876dwtr6xuZWcbu0s7u3X3YPDh90nCpCWyTmseqEWFPOJG0ZZjjtJIpiEXLaDsc3M7/9SJVmsbw3k4QGAg8lixjBxkp9t4yynhJITtEViqqjs75b8WreHGiV+DmpQI5m3/3qDWKSCioN4Vjrru8lJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrL54VN0apUBimJlSxo0V39PZFhoPRGh7RTYjPSyNxP/87qpiS6DjMkkNVSSxaIo5cjEaJYCGjBFieETSzBRzN6KyAgrTIzNqmRD8JdfXiXt85pfr/n+Xb3SuM7zKMIxnEAVfLiABtxCE1pAIIVneIU358l5cd6dj0VrwclnjuAPnM8fN1aR9w==</latexit>

n = f(h)
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used into the amplitude model:

each antenna “sees” a different 

Cerenkov cone

analytical description of 
!C = f(~x, ✓,�)

<latexit sha1_base64="St5w3Rf4n82TmAK20ikp9PL8dig=">AAACDHicbVDLSgMxFM34tr6qLt0Ei1BByowU1IVQdONSwVqhM5RMeqcTzDxI7hTL0A9w46+4caGIWz/AnX9j2s5CrQdCDuecS3KPn0qh0ba/rJnZufmFxaXl0srq2vpGeXPrRieZ4tDkiUzUrc80SBFDEwVKuE0VsMiX0PLvzkd+qw9KiyS+xkEKXsR6sQgEZ2ikTrniJhH0WOecntKg6vaB5/fDA+piCMjMnYZi36Tsmj0GnSZOQSqkwGWn/Ol2E55FECOXTOu2Y6fo5Uyh4BKGJTfTkDJ+x3rQNjRmEWgvHy8zpHtG6dIgUebESMfqz4mcRVoPIt8kI4ah/uuNxP+8dobBsZeLOM0QYj55KMgkxYSOmqFdoYCjHBjCuBLmr5SHTDGOpr+SKcH5u/I0uTmsOfXayVW90jgr6lgiO2SXVIlDjkiDXJBL0iScPJAn8kJerUfr2Xqz3ifRGauY2Sa/YH18A3jhmgE=</latexit>

The analytical description of the Cerenkov 
asymmetry matches the simulated data



Arrival direction reconstruction procedure

Principles: reconstruction of two points along the extensive air shower: 

- emission point

- Cerenkov cone (signal “valley” around the core)

same weight for all antennas

Tests on a stationary noise model: 
- gaussian time GPS jitter of rms=5ns

- two gaussian amplitude errors of 10% and 20% (aggressive and conservative)

Procedure:
Plane wave front 

reconstruction

Spherical wave front 

reconstruction

Angular Distribution 
Function 


reconstruction

Inputs:

• trigger times

• antennas positions

Outputs:

• 𝛳, ϕ

Inputs:

• trigger times

• antennas positions

• 𝛳, ϕ plane

Outputs:

• emission point

Inputs:

• amplitudes

• antennas positions

• 𝛳, ϕ plane

• emission point
Outputs:

• 𝛳, ϕ

t

<latexit sha1_base64="J0cIIe9QtxxvaLVWr4GJH/cYRmQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8odgfDvzH564NiJW9zhJuB/RoRKhYBSt1MR+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn80On5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+ZlQSYpcscWiMJUEYzL7mgyE5gzlxBLKtLC3EjaimjK02ZRsCN7yy6ukfVH1atXrZq1Sv8njKMIJnMI5eHAJdbiDBrSAAYdneIU359F5cd6dj0VrwclnjuEPnM8f5AmNBA==</latexit>

trigger times

~x

<latexit sha1_base64="zu+qbv1+5ENWXj4CH4mXP//7pL0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oQ9lsJ+3SzSbsbool9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju5nfGqPSPJaPZpKgH9GB5CFn1Fip1R0jy56mvXLFrbpzkFXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgtNRNNSaUjegAO5ZKGqH2s/m5U3JmlT4JY2VLGjJXf09kNNJ6EgW2M6JmqJe9mfif10lNeO1nXCapQckWi8JUEBOT2e+kzxUyIyaWUKa4vZWwIVWUGZtQyYbgLb+8SpoXVe+yevNwWand5nEU4QRO4Rw8uIIa3EMdGsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w+1w4/W</latexit>

antenna positions
amplitudesA

<latexit sha1_base64="TsNeSDNsPNsCEOqcaOqIY2Xj1jU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL1FvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+k2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwyp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUr5ul4pVW+zOPJwAqdwDh5cQhXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5a9jNE=</latexit>

measured quantities

(xsource, ysource, zsource, tsource)

<latexit sha1_base64="HIIXw54vlmbUgG2algJW/5BpRpw=">AAACJXicbVDLSgMxFM34rPU16tJNsAgVpMxIQQUXRTcuK9gHtMOQSdM2NMkMSUYch/6MG3/FjQuLCK78FdN2Fjr1QODcc+5Nck8QMaq043xZS8srq2vrhY3i5tb2zq69t99UYSwxaeCQhbIdIEUYFaShqWakHUmCeMBIKxjdTP3WA5GKhuJeJxHxOBoI2qcYaSP59lX50U+7ksP5jeNTmOTqp1yt/TTjJ75dcirODHCRuBkpgQx13550eyGOOREaM6RUx3Ui7aVIaooZGRe7sSIRwiM0IB1DBeJEeelsyzE8NkoP9kNpjtBwpv6eSBFXKuGB6eRID1Xem4r/eZ1Y9y+8lIoo1kTg+UP9mEEdwmlksEclwZolhiAsqfkrxEMkEdYm2KIJwc2vvEiaZxW3Wrm8q5Zq11kcBXAIjkAZuOAc1MAtqIMGwOAZvIJ3MLFerDfrw/qcty5Z2cwB+APr+wdf9qXU</latexit>

~k

<latexit sha1_base64="7Qk8FCU9nkJxPtt9rrUFZVffMds=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlo1n/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeONnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVa9WvX2sVep3eRxFOINzuAQPrqEOD9CAJjAYwzO8wpuTOC/Ou/OxbC04+cwp/IHz+QOiAo/J</latexit>

shower direction

emission point

adjusted quantities



Arrival direction reconstruction procedure

Principles: reconstruction of two points along the extensive air shower: 

- emission point

- Cerenkov cone (signal “valley” around the core)

same weight for all antennas

Tests on a stationary noise model: 
- gaussian time GPS jitter of rms=5ns

- two gaussian amplitude errors of 10% and 20% (aggressive and conservative)

Procedure:
Plane wave front 

reconstruction

Spherical wave front 

reconstruction

Angular Distribution 
Function 


reconstruction

Inputs:

• trigger times

• antennas positions

Outputs:

• 𝛳, ϕ

Inputs:

• trigger times

• antennas positions

• 𝛳, ϕ plane

Outputs:

• emission point

Inputs:

• amplitudes

• antennas positions

• 𝛳, ϕ plane

• emission point
Outputs:

• 𝛳, ϕ

t

<latexit sha1_base64="J0cIIe9QtxxvaLVWr4GJH/cYRmQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8odgfDvzH564NiJW9zhJuB/RoRKhYBSt1MR+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn80On5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+ZlQSYpcscWiMJUEYzL7mgyE5gzlxBLKtLC3EjaimjK02ZRsCN7yy6ukfVH1atXrZq1Sv8njKMIJnMI5eHAJdbiDBrSAAYdneIU359F5cd6dj0VrwclnjuEPnM8f5AmNBA==</latexit>

trigger times

~x

<latexit sha1_base64="zu+qbv1+5ENWXj4CH4mXP//7pL0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oQ9lsJ+3SzSbsbool9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju5nfGqPSPJaPZpKgH9GB5CFn1Fip1R0jy56mvXLFrbpzkFXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgtNRNNSaUjegAO5ZKGqH2s/m5U3JmlT4JY2VLGjJXf09kNNJ6EgW2M6JmqJe9mfif10lNeO1nXCapQckWi8JUEBOT2e+kzxUyIyaWUKa4vZWwIVWUGZtQyYbgLb+8SpoXVe+yevNwWand5nEU4QRO4Rw8uIIa3EMdGsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w+1w4/W</latexit>

antenna positions
amplitudesA

<latexit sha1_base64="TsNeSDNsPNsCEOqcaOqIY2Xj1jU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL1FvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+k2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwyp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUr5ul4pVW+zOPJwAqdwDh5cQhXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5a9jNE=</latexit>

measured quantities

(xsource, ysource, zsource, tsource)

<latexit sha1_base64="HIIXw54vlmbUgG2algJW/5BpRpw=">AAACJXicbVDLSgMxFM34rPU16tJNsAgVpMxIQQUXRTcuK9gHtMOQSdM2NMkMSUYch/6MG3/FjQuLCK78FdN2Fjr1QODcc+5Nck8QMaq043xZS8srq2vrhY3i5tb2zq69t99UYSwxaeCQhbIdIEUYFaShqWakHUmCeMBIKxjdTP3WA5GKhuJeJxHxOBoI2qcYaSP59lX50U+7ksP5jeNTmOTqp1yt/TTjJ75dcirODHCRuBkpgQx13550eyGOOREaM6RUx3Ui7aVIaooZGRe7sSIRwiM0IB1DBeJEeelsyzE8NkoP9kNpjtBwpv6eSBFXKuGB6eRID1Xem4r/eZ1Y9y+8lIoo1kTg+UP9mEEdwmlksEclwZolhiAsqfkrxEMkEdYm2KIJwc2vvEiaZxW3Wrm8q5Zq11kcBXAIjkAZuOAc1MAtqIMGwOAZvIJ3MLFerDfrw/qcty5Z2cwB+APr+wdf9qXU</latexit>

~k

<latexit sha1_base64="7Qk8FCU9nkJxPtt9rrUFZVffMds=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlo1n/XLFrboLkHXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgrNRLNSaUjekQu5ZKGqH2s8W5M3JhlQEJY2VLGrJQf09kNNJ6GgW2M6JmpFe9ufif101NeONnXCapQcmWi8JUEBOT+e9kwBUyI6aWUKa4vZWwEVWUGZtQyYbgrb68TlpXVa9WvX2sVep3eRxFOINzuAQPrqEOD9CAJjAYwzO8wpuTOC/Ou/OxbC04+cwp/IHz+QOiAo/J</latexit>

shower direction
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reconstruction procedure validated on StarShape simulations and performances obtained on realistic arrays



GP300 layout:

• ~300 antennas over ~200 km2

• detection of cosmic rays and gamma rays

GP300 simulations:

• real topography

• primaries: proton, iron and gamma

Reconstruction performances for GRANDProto300 (GP300)

The 300 antennas GRAND prototype
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Constraint on the lateral position ~90 m

Angular resolution ~0.07°
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The arrival direction can be reconstructed on average below 0.1°

and the emission point can be localised with precision

Constraint on the lateral position ~90 m

Angular resolution ~0.07°
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Reconstruction performances for Hot Spot 1 (HS1)

HS1 layout:

• 10 000 antennas over a 10 000 km2

• square grid array with a 1 km spacing

• neutrino induced EAS from realistic isotropic flux

HS1 simulations:

• real topography

• primaries: neutrino

HS1: a sensitivity principle study on a 
realistic topography of a sub-array
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Reconstruction performances for Hot Spot 1 (HS1)

HS1 layout:

• 10 000 antennas over a 10 000 km2

• square grid array with a 1 km spacing

• neutrino induced EAS from realistic isotropic flux

HS1 simulations:

• real topography

• primaries: neutrino

HS1: a sensitivity principle study on a 
realistic topography of a sub-array

Constraint on the lateral position ~70 m

Angular resolution ~0.1°
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Reconstruction performances for Hot Spot 1 (HS1)

HS1 layout:

• 10 000 antennas over a 10 000 km2

• square grid array with a 1 km spacing

• neutrino induced EAS from realistic isotropic flux

HS1 simulations:

• real topography

• primaries: neutrino

HS1: a sensitivity principle study on a 
realistic topography of a sub-array

Validation of the reconstruction for the neutrinos:

• source emission very well constrained

• arrival direction within the targeted goal of 0.1°

Constraint on the lateral position ~70 m

Angular resolution ~0.1°



Constraining the composition?

Indirectly we can compute:

the atmosphere column density integral from injection to reconstructed 
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constraints on primary identifications comparable to particle Xmax method



Towards energy reconstruction?

Idea is to correlate one of the fit parameter to the shower energy
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This equation hides a quartic polynomial, which can be developed as a function of t =
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with no obvious solutions (see Figure 3.31). At this stage a numerical solution is needed,
following for example a basic dichotomy search. This treatment allows us to determine a
numerical value for the Cerenkov position from the shower geometry only. This will allows
for a treatment of this asymmetry in the modelling of the amplitude distribution. Note
that an independent treatment of this asymmetry was published after this work was carried
out [218], however it was performed on less inclined events that in this study.

3.3.3 Phenomenological description of the Angular Distribution Func-
tion

Thanks to all the previous asymmetry descriptions, we can build a phenomenological model
to describe the angular distribution function (ADF) of the signal amplitude within the
footprint.

Our model can be decomposed as

f
ADF(!, ⌘, ↵, l; �!, A) =

A

l
f

GeoM(↵, ⌘, B) f
Cerenkov(!, �!) , (3.40)

where A is a free parameter adjusting the amplitude, l is the antenna longitudinal propa-
gation distance and f

GeoM(↵, ⌘, B) is given by

f
GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)

From the ADF fit we directly obtain:

Idea is to correlate one of the fit parameter to the shower energy
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GeoM(↵, ⌘, B) = 1 + B sin (↵)2 cos (⌘) , (3.41)

From the ADF fit we directly obtain:

Idea is to correlate one of the fit parameter to the shower energy
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Very preliminary work:

- no detailed study done yet

- ADF refinement probably necessary to increase accuracy (cf asymmetries)
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Good potential for energy reconstruction



Can operates in 4 distinct modes:

• standalone beam former → FRB observation

• capturing waveform → transient buffer

• standalone imager

• Upgraded LOFAR station (low frequency)

Astronomers Page : https://nenufar.obs-nancay.fr/en/astronomer/

Array:

• Antennas grouped in hexagonal tiles of 19 crossed-dipoles 

→ Mini-Arrays -MA (5.5m antenna step) 

• 4560 baselines from 25m to 400M + 591 baselines from 400m to 3km

• Collecting area from 88000m2 at 15MHz to 8000m2 at 85MHz

Signals:

• Each MA delivers two linearly polarised signals (NE and NW) to receivers

• Time-frequency resolution → df~195kHz and dt~5μs  
• With channelisation df->3kHz with dt~1ms 
• Waveforms at 5ns time resolution

→Sensitivity~130 mJy ar 15MHz to 9 mJy at 85 MHz for df=10MHz x dt=1h
French LOFAR station

NenuFAR Array
1 Mini Array

NenuFAR full spec sheet

X



NenuFAR / LOFAR Core

NenuFAR / LOFAR full
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NenuFAR interferometric mode

Simulation MeasurementInterferometric measurements:


• In each MA signals are combined through 

analog phasing + summation system → 

beam (restrict FoV but higher sensitivity)


• MA are analog phased with delay lines → 

achromatic


• Delay lines are 7-bit  systems of switchable 

cables → 16384 pointable directions 

(128x128 = EW x NS) in the sky 


• Pointing from declination -23° to +90°


• FoV ~46° at 15MHz to ~8° at 85MHz


• Angular resolution 23’ at 15MHz to 4’ at 

85MHz (down to 0.4” in LSS mode)

Astronomers Page : https://nenufar.obs-nancay.fr/en/astronomer/



NenuFAR computing and data storage

Data Centers:


• L0 data ~5-10To/day → Nancay data center (1Po) for reduction


• L1 data ~1-2Po/year → NenuFAR data center (10Po) for analysis and 

final storage (L2 data)

NenuFAR data center:


• BRGM cloud technology


• Virtual machine/virtual observatory/GUI NenuFAR 


• Space storage and computing power extensions


• Connection to high performance computation centers


• Cost ~2.2M€


• Test bench for SKA-Regional-Center

Astronomers Page : https://nenufar.obs-nancay.fr/en/astronomer/



RadioGaGa: radio detection of gamma-ray EAS

Idea:

-use a subset of MA 

- to survey the sky

- trigger on impulsive signals

- retrieve all MA signals

MA used for trigger all MA
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There is already many hints toward the connections between radio transients and MM emissions
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Multi-messenger (MM) and multi-wavelength (MW) high energy sources

There is already many hints toward the connections between radio transients and MM emissions

→ jets/accretion-disks and kilonova  
→ highly magnetic environments / winds / outflows

Magnetars
Kilonova

Coalescence

Progenitors: DNS, WD mergers, NS-WD, NS-BH

Models:  GW/Gamma-rays/neutrinos

Observations: GW/Gamma-rays

Progenitors: neutron stars

Models: Gamma-rays/radio

observations: X-ray/radio

Progenitors: NS-BH, TDE, DBH

Models: GW/Gamma-rays/neutrinos/radio

Observations: GW/radio
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Multi-messenger (MM) and multi-wavelength (MW) high energy sources

There is already many hints toward the connections between radio transients and MM emissions

→ jets/accretion-disks and kilonova  
→ highly magnetic environments / winds / outflows

Magnetars
Kilonova

Coalescence

Progenitors: DNS, WD mergers, NS-WD, NS-BH

Models:  GW/Gamma-rays/neutrinos

Observations: GW/Gamma-rays

Progenitors: neutron stars

Models: Gamma-rays/radio

observations: X-ray/radio

Progenitors: NS-BH, TDE, DBH

Models: GW/Gamma-rays/neutrinos/radio

Observations: GW/radio

We need to have MM and MW models in order to probe the physics consistently 

? ?


