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On PBH formation pathways: General motivation

Set 𝛿>𝛿c at super-horizon scales→ collapse soon after its main Fourier mode re-
enters the horizon → requires non-standard inflation, departing from slow-roll 

and/or single field;  high degree of tuning is typical

Schematically, two types of mechanisms in the literature
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On PBH formation pathways: General motivation

Set 𝛿>𝛿c at super-horizon scales→ collapse soon after its main Fourier mode re-
enters the horizon → requires non-standard inflation, departing from slow-roll 

and/or single field;  high degree of tuning is typical

Collapse of large sub-horizon inhomogeneities (e.g. bubble collisions in 1st 
order PTs, dynamics of topological defects…) → non-generic early universe 

physics (fields & symmetry groups, breaking pattern, supercooling…)

Any sub-horizon mechanism generically associated with inflation?

Schematically, two types of mechanisms in the literature
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PBH from (metric) self-resonant preheating

Self-resonant growth in the post-inflationary era due to the metric feedback, 
computed in a quadratic approximation of the (reheating-stage) inflaton 

potential→ typically collapse into PBH!

K. Jedamzik, M. Lemoine and J. Martin, 1002.3039, J. Martin, T. Papanikolaou and V.  Vennin, 
1907.04236 …

Contrarily to alternative pathways, this would be (largely) independent of the inflaton 
potential, of the presence of other fields and their couplings with the inflaton!
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Plan

1. Review the proposed mechanism: parametric resonance

2.  Arguments advanced to foresee PBH formation: An appraisal

3.  More realistic models: a ‘new new hope’ via anharmonic terms?

4.  Lattice studies

5.  Conclusions

(Explaining the jargon in the previous slide…experts can take a nap)
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I. Review of the proposed mechanism



linear perturbation theory @ end of inflation 

Inflaton condensate 𝜙

determines background expansion
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linear perturbation theory @ end of inflation 

Fluctuations, described by a 

single (curvature) perturbation 𝓡 or

Inflaton condensate 𝜙

determines background expansion

e.g. in newtonian gauge

Mukhanov-Sasaki eq (in Fourier space)
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Standard solution and related approximations
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Hend ' m/

p
2

• Potential slow-roll condition for end of inflation

5

• Quadratic potential



Standard solution and related approximations
<latexit sha1_base64="ValO2WmkHZUhT8zjbMGYHINGijQ=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkFHUjFN24rGAf0KRlMp20Q2cmYWYilJiFv+LGhSJu/Q13/o3TNgttPXDhcM693HtPEDOqtON8W4WV1bX1jeJmaWt7Z3fP3j9oqSiRmDRxxCLZCZAijArS1FQz0oklQTxgpB2Mb6Z++4FIRSNxrycx8TkaChpSjLSR+vZR68oLJcKpm6XVjPeqXjyivWrfLjsVZwa4TNyclEGORt/+8gYRTjgRGjOkVNd1Yu2nSGqKGclKXqJIjPAYDUnXUIE4UX46uz+Dp0YZwDCSpoSGM/X3RIq4UhMemE6O9EgtelPxP6+b6PDST6mIE00Eni8KEwZ1BKdhwAGVBGs2MQRhSc2tEI+QiUObyEomBHfx5WXSqlbc80rtrlauX+dxFMExOAFnwAUXoA5uQQM0AQaP4Bm8gjfryXqx3q2PeWvBymcOwR9Ynz82TZWY</latexit>

V =
1

2
m2�2

<latexit sha1_base64="mBltLmcvC6kMUkEw+AOTyRMQPMM=">AAAB+3icbZDLSgMxFIYz9VbrbaxLN8EiuCozUtRl0Y3LCvYC7VAy6Zk2NMmMSUYsQ1/FjQtF3Poi7nwb03YW2vpD4OM/53BO/jDhTBvP+3YKa+sbm1vF7dLO7t7+gXtYbuk4VRSaNOax6oREA2cSmoYZDp1EAREhh3Y4vpnV24+gNIvlvZkkEAgylCxilBhr9d1yDxLNuMVWTzMBD9jvuxWv6s2FV8HPoYJyNfruV28Q01SANJQTrbu+l5ggI8owymFa6qUaEkLHZAhdi5II0EE2v32KT60zwFGs7JMGz93fExkRWk9EaDsFMSO9XJuZ/9W6qYmugozJJDUg6WJRlHJsYjwLAg+YAmr4xAKhitlbMR0RRaixcZVsCP7yl1ehdV71L6q1u1qlfp3HUUTH6ASdIR9dojq6RQ3URBQ9oWf0it6cqfPivDsfi9aCk88coT9yPn8AvBeUPw==</latexit>

✏V ' 1

<latexit sha1_base64="g35cIo9F8vsmI3PeTgixGIdIPc4=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCwCrshqGXQxkaIYB6QDWF2cpMMmZndzMwKYdkvsPFXbCwUsbW282+cPApNPHDhcM693HtPEHGmjet+O5m19Y3Nrex2bmd3b/8gf3jU0GGsKNRpyEPVCogGziTUDTMcWpECIgIOzWB0PfWbD6A0C+W9mUTQEWQgWZ9RYqzUzRf9aMi6ia8EBtlLfc0EjH09ViYpp7dzo5Z28wW35M6AV4m3IAW0QK2b//J7IY0FSEM50brtuZHpJEQZRjmkOT/WEBE6IgNoWyqJAN1JZu+kuGiVHu6HypY0eKb+nkiI0HoiAtspiBnqZW8q/ue1Y9O/7CRMRrEBSeeL+jHHJsTTbHCPKaCGTywhVDF7K6ZDogg1NsGcDcFbfnmVNMol77xUuasUqleLOLLoBJ2iM+ShC1RFN6iG6oiiR/SMXtGb8+S8OO/Ox7w14yxmjtEfOJ8/GN6cxg==</latexit>

�end '
p
2MP

<latexit sha1_base64="NrTI9WR0LtPUdobh8r8u3sltH2c=">AAACF3icbZBNS8MwGMfT+TbnW9Wjl+AQhEFtdagXYehlxwnuBdYy0jTbwtK0JKkwyr6FF7+KFw+KeNWb38Z0q6Cbfwj8+D/Pk+T5+zGjUtn2l1FYWl5ZXSuulzY2t7Z3zN29lowSgUkTRywSHR9JwignTUUVI51YEBT6jLT90U1Wb98TIWnE79Q4Jl6IBpz2KUZKWz3TcoMgUtCNh7RyVnd/GFZSV4QwmLROcsjcK7tnlm3LngougpNDGeRq9MxPfSdOQsIVZkjKrmPHykuRUBQzMim5iSQxwiM0IF2NHIVEeul0rwk80k4A+5HQhys4dX9PpCiUchz6ujNEaijna5n5X62bqP6ll1IeJ4pwPHuonzCoIpiFBAMqCFZsrAFhQfVfIR4igbDSUZZ0CM78yovQOrWcc6t6Wy3XrvM4iuAAHIJj4IALUAN10ABNgMEDeAIv4NV4NJ6NN+N91low8pl98EfGxzf5nZ6S</latexit>

�̈+ 3H�̇+ dV/d� = 0

<latexit sha1_base64="+t1o/ONWKUQIwjMFhAXczlACzAU="></latexit>

�(t) = �end

⇣aend
a

⌘3/2
cos[m (t� tend)]

<latexit sha1_base64="hKAnHuYjEj0HnkcSMPgbRPHyQjs=">AAACDXicbVC7SgNBFJ2N7/iKWtoMRsEq7IqojSDaWFgomAdkQ5idvZsMmZ1ZZu4qIfgDNv6KjYUitvZ2/o2TR+HrwIXDOfdy7z1RJoVF3//0ClPTM7Nz8wvFxaXlldXS2nrN6txwqHIttWlEzIIUCqooUEIjM8DSSEI96p0N/foNGCu0usZ+Bq2UdZRIBGfopHZpO4xjjZQd+zS8gASN6HSRGaNvaQiZFVKr46BdKvsVfwT6lwQTUiYTXLZLH2GseZ6CQi6Ztc3Az7A1YAYFl3BXDHMLGeM91oGmo4qlYFuD0Td3dMcpMU20caWQjtTvEwOWWttPI9eZMuza395Q/M9r5pgctQZCZTmC4uNFSS4pajqMhsbCAEfZd4RxI9ytlHeZYRxdgEUXQvD75b+ktlcJDir7V/vlk9NJHPNkk2yRXRKQQ3JCzsklqRJO7skjeSYv3oP35L16b+PWgjeZ2SA/4L1/AZKHm0U=</latexit>

ä = 0 , ✏ = 1
<latexit sha1_base64="uyiCnU6oN37a84qRNh//8UI3on8=">AAACB3icbVDLSgNBEJz1GeMr6lGQwSB4irshqMeglxwjmAdkQ5iddJIhM7ObmVkhLHvz4q948aCIV3/Bm3/j5HHQxIKGoqqb7q4g4kwb1/12VlbX1jc2M1vZ7Z3dvf3cwWFdh7GiUKMhD1UzIBo4k1AzzHBoRgqICDg0guHtxG88gNIslPdmHEFbkL5kPUaJsVInd1LpJL4SGGQ39TUTMMLiIvH1SJmkmKadXN4tuFPgZeLNSR7NUe3kvvxuSGMB0lBOtG55bmTaCVGGUQ5p1o81RIQOSR9alkoiQLeT6R8pPrNKF/dCZUsaPFV/TyREaD0Wge0UxAz0ojcR//NaseldtxMmo9iApLNFvZhjE+JJKLjLFFDDx5YQqpi9FdMBUYQaG13WhuAtvrxM6sWCd1ko3ZXy5Zt5HBl0jE7ROfLQFSqjCqqiGqLoET2jV/TmPDkvzrvzMWtdceYzR+gPnM8fO3iZkA==</latexit>

Hend ' m/

p
2

• Potential slow-roll condition for end of inflation

• matter-dominated expansion
<latexit sha1_base64="b33rxTapaybHRWAxK8r2Lf+WRzE=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJVdKeqx6MVjBfsB7VKyabYNTbJrkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfDPz249UaRbLezNJaCDwULKIEWys1HfLvRCrrDHtaSboA/L6bsWrenOgVeLnpAI5Gn33qzeISSqoNIRjrbu+l5ggw8owwum01Es1TTAZ4yHtWiqxoDrI5odP0alVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpia6CjImk9RQSRaLopQjE6NZCmjAFCWGTyzBRDF7KyIjrDAxNquSDcFffnmVtM6r/kW1dler1K/zOIpwDCdwBj5cQh1uoQFNIJDCM7zCm/PkvDjvzseiteDkM0fwB87nD2eBku4=</latexit>

P̄ ' 0

• WKB approximation, H≪m (certainly ok at late times)

5

• Quadratic potential

(leading order in H/m,

average over fast scale 1/m)



Further approximation: only retain leading term @ t≫tend

m= 1.56×1013 GeV

𝜔i2/m2

<latexit sha1_base64="I4qdDKweOYXRwz1/WplXRJ1cdmw="></latexit>

!
2 =

d2V

d�2
+

k
2

a2
+

2

M
2
P

dV

d�

�̇

H
+

3�̇2

M
2
P

� �̇
4

2H2M4
P

+
3

4M2
P

P

<latexit sha1_base64="AHgeORwZogJO3ggDQcIvwgnzKS8=">AAAB73icdVDLTgJBEOzFF+IL9ehlIjHx4rosCHgjevGIiTwSWMnsMAsTZh/OzJqQDT/hxYPGePV3vPk3zgImarSSTipV3enuciPOpLKsDyOztLyyupZdz21sbm3v5Hf3WjKMBaFNEvJQdFwsKWcBbSqmOO1EgmLf5bTtji9Tv31PhWRhcKMmEXV8PAyYxwhWWurg2+SkdGpP+/mCZZ7XKvaZjSzTsqp2qZISu1q2S6iolRQFWKDRz7/3BiGJfRoowrGU3aIVKSfBQjHC6TTXiyWNMBnjIe1qGmCfSieZ3TtFR1oZIC8UugKFZur3iQT7Uk58V3f6WI3kby8V//K6sfJqTsKCKFY0IPNFXsyRClH6PBowQYniE00wEUzfisgIC0yUjiinQ/j6FP1PWrZZrJjl63KhfrGIIwsHcAjHUIQq1OEKGtAEAhwe4AmejTvj0XgxXuetGWMxsw8/YLx9Al/gj48=</latexit>

a�3/2

<latexit sha1_base64="7LiCQ0AR1btbnfOFVZYpyjk+TUs=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4sWRrqe2t6MVjBfsB7VqyadrGZjdLkhXK0v/gxYMiXv0/3vw3ZtsKKvpg4PHeDDPz/EhwbTD+cJaWV1bX1jMb2c2t7Z3d3N5+U8tYUdagUkjV9olmgoesYbgRrB0pRgJfsJY/vkz91j1Tmsvwxkwi5gVkGPIBp8RYqUluk9OzaS+XxwVsUS6jlLgV7FpSrVaKxSpyZxbGeVig3su9d/uSxgELDRVE646LI+MlRBlOBZtmu7FmEaFjMmQdS0MSMO0ls2un6NgqfTSQylZo0Ez9PpGQQOtJ4NvOgJiR/u2l4l9eJzaDipfwMIoNC+l80SAWyEiUvo76XDFqxMQSQhW3tyI6IopQYwPK2hC+PkX/k2ax4JYLpetSvnaxiCMDh3AEJ+DCOdTgCurQAAp38ABP8OxI59F5cV7nrUvOYuYAfsB5+wRzh48T</latexit>

a�3

m2
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Mathieu equation: Parametric resonance

<latexit sha1_base64="F0Z+ssfJegudR8lrFovl8XuPkOI="></latexit>

d2ṽ

ds2
+


A(k)� 2 q cos(2 s)

�
ṽ = 0

<latexit sha1_base64="7bRszWBfAeMCcjObx3Yrdn/JEuE=">AAACDXicbVBNS8MwGE7n15xfVY9eglOYCKMdQ70IUy8eJ7gP2OZIs3QLTdqSpMIo/QNe/CtePCji1bs3/41p14NOHwh58jzvy5v3cUJGpbKsL6OwsLi0vFJcLa2tb2xumds7bRlEApMWDlggug6ShFGftBRVjHRDQRB3GOk43lXqd+6JkDTwb9U0JAOOxj51KUZKS0Pz4KLiHcFzaMNj2HcFwrF3F9eSJObpBVH2GJplq2plgH+JnZMyyNEcmp/9UYAjTnyFGZKyZ1uhGsRIKIoZSUr9SJIQYQ+NSU9TH3EiB3G2TQIP tTKCbiD08RXM1J8dMeJSTrmjKzlSEznvpeJ/Xi9S7tkgpn4YKeLj2SA3YlAFMI0GjqggWLGpJggLqv8K8QTpTJQOsKRDsOdX/kvatap9Uq3f1MuNyzyOItgD+6ACbHAKGuAaNEELYPAAnsALeDUejWfjzXiflRaMvGcX/ILx8Q2M0JoL</latexit>

A(k) = 1 +
k2

m2a2

<latexit sha1_base64="FOQyYy9aSeynIySXmJDSIEFoZR8="></latexit>

q =
�end

MPl

⇣aend
a

⌘3/2

<latexit sha1_base64="y3gYPFrhRzQMd03llJKAVyWp3sI=">AAACC3icbVA9SwNBEN3z2/gVtbRZEgRFjHca1FK0sYxgNJALYW8ziYu7e+funBCO9Db+FRsLRWz9A3b+GzcxhSY+GHi8N8PMvCiRwqLvf3kTk1PTM7Nz87mFxaXllfzq2pWNU8OhymMZm1rELEihoYoCJdQSA0xFEq6j27O+f30PxopYX2I3gYZiHS3agjN0UjNfsCHcpeKeKrqFu9jMQqMo6FZvm+7QgzARe+VmvuiX/AHoOAmGpEiGqDTzn2Er5qkCjVwya+uBn2AjYwYFl9DLhamFhPFb1oG6o5opsI1s8EuPbjqlRduxcaWRDtTfExlT1nZV5DoVwxs76vXF/7x6iu3jRiZ0kiJo/rOonUqKMe0HQ1vCAEfZdYRxI9ytlN8wwzi6+HIuhGD05XFytV8KDkvli3Lx5HQYxxzZIAWyRQJyRE7IOamQKuHkgTyRF/LqPXrP3pv3/tM64Q1n1skfeB/fJyqZMw==</latexit>

s ⌘ m(t� tend) + 3⇡/4

<latexit sha1_base64="rohicH9yae3ut9DNnWKLaGyEY24="></latexit>

ṽk = eµksPk+(s) + e�µksPk�(s)

𝓟k± periodic functions of s, with period of the oscillating condensate, T=2π/m

solutions exhibit  parametric resonance: 

complex-valued “Floquet exponent”

change time variable
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Bands…& effects of expansion

Regions in  {A,q} where ℜ(μk)≠ 0: 
exponential growth of perturbations at the expense of the 

condensate oscillating at the bottom of the potential 

|q|≪1 
(Narrow resonance)

<latexit sha1_base64="1NRR6GivuGPXO32wf6GIdNzgThI=">AAAB/HicbVDLTgIxFL2DL8TXKEs3jcQEYyQzhqgLFqgbl5jII4EJ6ZQCDZ2HbcdkMuCvuHGhMW79EHf+jQVmoehJbnJ6zr3pvccNOZPKsr6MzNLyyupadj23sbm1vWPu7jVkEAlC6yTggWi5WFLOfFpXTHHaCgXFnstp0x1dT/3mAxWSBf6dikPqeHjgsz4jWGmpa+btk/H9GFXQZXF0hCr2sX51zYJVsmZAf4mdkgKkqHXNz04vIJFHfUU4lrJtW6FyEiwUI5xOcp1I0hCTER7QtqY+9qh0ktnyE3SolR7qB0KXr9BM/TmRYE/K2HN1p4fVUC56U/E/rx2p/oWTMD+MFPXJ/KN+xJEK0DQJ1GOCEsVjTTARTO+KyBALTJTOK6dDsBdP/ksapyX7rFS+LReqV2kcWdiHAyiCDedQhRuoQR0IxPAEL/BqPBrPxpvxPm/NGOlMHn7B+PgGmsSS0w==</latexit>

1� |q| < A(k) < 1 + |q|First instability band
<latexit sha1_base64="WuXHo3kOtSTwRtrp6YJPbRcalPM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUm0qAsXRTddVrAPaEKZTCft0JlJnJkIJQTc+CtuXCji1p9w5984bbPQ1gMXDufcy733BDGjSjvOt1VYWl5ZXSuulzY2t7Z37N29looSiUkTRyySnQApwqggTU01I51YEsQDRtrB6Gbitx+IVDQSd3ocE5+jgaAhxUgbqWcfeKFEOB1lKcrgFfTUvdTpGaxDnvXsslNxpoCLxM1JGeRo9Owvrx/hhBOhMUNKdV0n1n6KpKaYkazkJYrECI/QgHQNFYgT5afTHzJ4bJQ+DCNpSmg4VX9PpIgrNeaB6eRID9W8NxH/87qJDi/9lIo40UTg2aIwYVBHcBII7FNJsGZjQxCW1NwK8RCZULSJrWRCcOdfXiSt04p7XqneVsu16zyOIjgER+AEuOAC1EAdNEATYPAInsEreLOerBfr3fqYtRasfGYf/IH1+QMdX5cu</latexit>

k

a
<

p
3Hm

<latexit sha1_base64="ExcIAxZAPZX0h5KccvwXjbAxWhA=">AAAB+XicbVDLSgMxFM34rPU16tJNsAh1U2dKUTdC0Y3LKvYBnWHIpGkbmmTGJFMo0/6JGxeKuPVP3Pk3pu0stPXAhcM593LvPWHMqNKO822trK6tb2zmtvLbO7t7+/bBYUNFicSkjiMWyVaIFGFUkLqmmpFWLAniISPNcHA79ZtDIhWNxKMexcTnqCdol2KkjRTYtvdAih5PgsHZ9fhpfF4O7IJTcmaAy8TNSAFkqAX2l9eJcMKJ0JghpdquE2s/RVJTzMgk7yWKxAgPUI+0DRWIE+Wns8sn8NQoHdiNpCmh4Uz9PZEirtSIh6aTI91Xi95U/M9rJ7p75adUxIkmAs8XdRMGdQSnMcAOlQRrNjIEYUnNrRD3kURYm7DyJgR38eVl0iiX3ItS5b5SqN5kceTAMTgBReCCS1AFd6AG6gCDIXgGr+DNSq0X6936mLeuWNnMEfgD6/MHQeSSxw==</latexit>

<(µk) = |q|/2

R.Allahverdi et al.  
1001.2600

i.e. growing modes
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Bands…& effects of expansion

Regions in  {A,q} where ℜ(μk)≠ 0: 
exponential growth of perturbations at the expense of the 

condensate oscillating at the bottom of the potential 

|q|≪1 
(Narrow resonance)

<latexit sha1_base64="1NRR6GivuGPXO32wf6GIdNzgThI=">AAAB/HicbVDLTgIxFL2DL8TXKEs3jcQEYyQzhqgLFqgbl5jII4EJ6ZQCDZ2HbcdkMuCvuHGhMW79EHf+jQVmoehJbnJ6zr3pvccNOZPKsr6MzNLyyupadj23sbm1vWPu7jVkEAlC6yTggWi5WFLOfFpXTHHaCgXFnstp0x1dT/3mAxWSBf6dikPqeHjgsz4jWGmpa+btk/H9GFXQZXF0hCr2sX51zYJVsmZAf4mdkgKkqHXNz04vIJFHfUU4lrJtW6FyEiwUI5xOcp1I0hCTER7QtqY+9qh0ktnyE3SolR7qB0KXr9BM/TmRYE/K2HN1p4fVUC56U/E/rx2p/oWTMD+MFPXJ/KN+xJEK0DQJ1GOCEsVjTTARTO+KyBALTJTOK6dDsBdP/ksapyX7rFS+LReqV2kcWdiHAyiCDedQhRuoQR0IxPAEL/BqPBrPxpvxPm/NGOlMHn7B+PgGmsSS0w==</latexit>

1� |q| < A(k) < 1 + |q|First instability band
<latexit sha1_base64="WuXHo3kOtSTwRtrp6YJPbRcalPM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUm0qAsXRTddVrAPaEKZTCft0JlJnJkIJQTc+CtuXCji1p9w5984bbPQ1gMXDufcy733BDGjSjvOt1VYWl5ZXSuulzY2t7Z37N29looSiUkTRyySnQApwqggTU01I51YEsQDRtrB6Gbitx+IVDQSd3ocE5+jgaAhxUgbqWcfeKFEOB1lKcrgFfTUvdTpGaxDnvXsslNxpoCLxM1JGeRo9Owvrx/hhBOhMUNKdV0n1n6KpKaYkazkJYrECI/QgHQNFYgT5afTHzJ4bJQ+DCNpSmg4VX9PpIgrNeaB6eRID9W8NxH/87qJDi/9lIo40UTg2aIwYVBHcBII7FNJsGZjQxCW1NwK8RCZULSJrWRCcOdfXiSt04p7XqneVsu16zyOIjgER+AEuOAC1EAdNEATYPAInsEreLOerBfr3fqYtRasfGYf/IH1+QMdX5cu</latexit>

k

a
<

p
3Hm

<latexit sha1_base64="ExcIAxZAPZX0h5KccvwXjbAxWhA=">AAAB+XicbVDLSgMxFM34rPU16tJNsAh1U2dKUTdC0Y3LKvYBnWHIpGkbmmTGJFMo0/6JGxeKuPVP3Pk3pu0stPXAhcM593LvPWHMqNKO822trK6tb2zmtvLbO7t7+/bBYUNFicSkjiMWyVaIFGFUkLqmmpFWLAniISPNcHA79ZtDIhWNxKMexcTnqCdol2KkjRTYtvdAih5PgsHZ9fhpfF4O7IJTcmaAy8TNSAFkqAX2l9eJcMKJ0JghpdquE2s/RVJTzMgk7yWKxAgPUI+0DRWIE+Wns8sn8NQoHdiNpCmh4Uz9PZEirtSIh6aTI91Xi95U/M9rJ7p75adUxIkmAs8XdRMGdQSnMcAOlQRrNjIEYUnNrRD3kURYm7DyJgR38eVl0iiX3ItS5b5SqN5kceTAMTgBReCCS1AFd6AG6gCDIXgGr+DNSq0X6936mLeuWNnMEfgD6/MHQeSSxw==</latexit>

<(µk) = |q|/2

Accounting for the Universe expansion: 

• modes redshift at low k/a

• instability growth damped (not exp.)

<latexit sha1_base64="lTqCUdObnBQPp4mMFLfl6IZcPQA="></latexit>

ṽk / exp

✓
ds

Z
µk

◆
/ a3/2If instead small, 

adiabatic approx
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i.e. growing modes
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as in MD
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II. Forming PBHs…or not



Suggestion of PBH formation from linear evolution…

K. Jedamzik, M. Lemoine and J. Martin, 1002.3039

…but why should these curves suggest PBH formation?

9

(our 𝓡)



When does one form a PBH?

Hoop conjecture  

“the entirety of the object’s mass must be compressed to the point that it can fit within a 
sphere whose radius is equal to that object’s Schwarzschild radius.”

~ Newtonian potential |Φ| ∼ GM/R (or compactness 𝒞) associated to the mass M 
concentrated in a volume of radius R attains ~0.5

e.g C. W. Misner, K. S. Thorne, and J. A. Wheeler, “Gravitation”, pp.  867- 868
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When does one form a PBH?

Hoop conjecture  

“the entirety of the object’s mass must be compressed to the point that it can fit within a 
sphere whose radius is equal to that object’s Schwarzschild radius.”

~ Newtonian potential |Φ| ∼ GM/R (or compactness 𝒞) associated to the mass M 
concentrated in a volume of radius R attains ~0.5

For horizon-scale perturbation, link analogue condition on the curvature to the 
density contrast at horizon-scale, hence criteria in the literature like 𝛿c~0.4 in RD or 

less restrictive threshold in MD, influenced by asphericity, angular momentum, etc.

In the sub-horizon case, one has to follow the evolution in the non-linear 
regime to establish if PBH form: No simple criterion exists.

e.g C. W. Misner, K. S. Thorne, and J. A. Wheeler, “Gravitation”, pp.  867- 868
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Suggestion of PBH formation from linear evolution???

K. Jedamzik, M. Lemoine and J. Martin, 1002.3039

11

(our 𝓡)

Not possible from a linear analysis, of course. 
Yet, linear analysis indicates 𝓡~const. Not inching any closer to PBH formation. 



PBH form according to an analytical, non-linear model

Generic formation of PBHs supported by solving the non-linear evolution equation of 
a spherically symmetric fluctuation of the energy density of the scalar field, evolving 

in the homogeneous background of the scalar field itself. 

J. Martin, T. Papanikolaou and V.  Vennin, 1907.04236
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PBH form according to an analytical, non-linear model

Generic formation of PBHs supported by solving the non-linear evolution equation of 
a spherically symmetric fluctuation of the energy density of the scalar field, evolving 

in the homogeneous background of the scalar field itself. 

J. Martin, T. Papanikolaou and V.  Vennin, 1907.04236

Very idealised conditions, 

(as already recognised in the 
original paper) 

can we trust the result? 

• Under same approximation, all DM fluctuations in MD would lead to BH formation 

• We know that halo formation takes place, supported by velocity dispersion:       
Anything analogous for scalar fields?
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Indeed: “Inflaton halos”!

Solve Schrödinger-Poisson equations, 
eventually finding NFW-like halos.

N. Musoke, S. Hotchkiss, and R. Easther, 1909.11678   
B. Eggemeier, J. C. Niemeyer, and R. Easther, 2011.13333  

Newtonian approximation 
always good (𝛷≪1), no sign 
of possible PBH formation 

Unless solitonic core forms at N>30 
e-folds (!!!) after end of inflation, 

different mechanism
13



III. Quadratic approximation and beyond



Questioning the quadratic potential approximation

Strictly speaking, quadratic potential is ruled out by CMB observations.

Can we trust calculations based on it, once embedding it in a viable potential?

Planck collaboration, 1807.06211
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Embedding in 𝛼-attractor classes of models

Data impose M≲7 MP (depending on details)
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Preheating

(Quadratic for 𝓃=1)

T-models E-models
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The importance of being anharmonic

~Starobinsky

Anharmonic terms are dominant (when M≪MP) or at least comparable (when 
M≳MP)  to metric terms, their ratio being of order (MP/𝜙end)2

16



The importance of being anharmonic

~Starobinsky

Anharmonic terms are dominant (when M≪MP) or at least comparable (when 
M≳MP)  to metric terms, their ratio being of order (MP/𝜙end)2

Can we turn a failure of the approximation into a resource?  

Can one rescue the mechanism thanks to anharmonic terms?
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<(µk)m/H / MP/MSince

better to look at cases M≪MP

(M. Amin et al. 1106.3335… )

(metric terms can then be neglected 
w.r.t. the anharmonic ones)
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IV. Some lattice (& numerical GR) results



Lattice study for T model

In agreement with 
Lozanov & Amin 1710.06851, 1902.06736

https://cosmolattice.net/   
See 2006.15122,  2102.01031 

(motivated by oscillon physics, rather than PBH formation)

Too fluffy for PBH: |𝒞|≲10-3

17

‘Transient’ metastable 
structures possible otherwise

For potential matching a quadratic well, 
oscillons form (fixed physical size).

Backreaction of inflaton perturbations onto their own growth shuts off 
the resonant amplification well before BH-forming conditions are reached. 

https://cosmolattice.net/
https://arxiv.org/pdf/2006.15122.pdf
https://arxiv.org/pdf/2102.01031.pdf


Can GR rescue PBH formation?

Relevant GR role only possible if M not too small compared to MP (but want big enough to 
enhance resonance)

the objects we consider in this work have a compactness comparable to that of the corresponding black 
hole. The formation of such objects needs to be checked for each specific model via dedicated lattice 
simulations. In the simplest and most model independent scenarios, self-interactions of a single field are 
sufficient to make the quantum fluctuations grow and enter the non-linear regime. 

PBH formation found to be possible, starting from special initial conditions:

F. Muia et al. arXiv:1906.09346

Our study suggests that the initial 
conditions needed to form PBH are 
very special, not automatically set 
by single-field inflaton dynamics

18



Numerical GR study

J.C. Aurrekoetxea,  K. Clough, and F. Muia, 
2304.01673

Maximum compactnesses 𝒞 found: ~0.001- 0.01

 increases with the scale μ [our M], until it reaches a maximum value [@ μ~0.05-0.1 MP] due to 
a balance between the overdensity growth rate and dilution due to the universe’s expansion rate 

Bottom line 

Can’t form PBH unless fluctuations ≫ wrt what set by “standard” inflation

i.e. same ‘ingredients’ at play as in
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Could further oscillon dynamics lead to PBH formation?

Numerical studies on gravitational scattering of oscillons/solitons after preheating show 
interesting dynamical clustering, but do not lead to PBH formation 

⇒ if PBH  form, it must be a rare process!

M. A. Amin and P. Mocz, 1902.07261

20

For an analytical theory encompassing different BSM scenarios, and more optimistic 
conclusions,  see e.g. E. Cotner, A. Kusenko, M. Sasaki and V. Takhistov 1907.10613



V. Conclusions

• We revisited the interesting claim that PBH may be generically produced in the 
post-inflationary, preheating phase via self-resonant amplification of fluctuations. 
Metric preheating found sufficient, with quadratic potential proxy

• The result is not robust when lifting some simplifying hypotheses, notably 
perturbation growth without feedback onto the background and lack of gradients 

• Anharmonic terms are leading (or comparable with) the metric terms, notably for 
strong resonance. Could have rescued the mechanism…

• … but lattice studies show that this is not the case. When self-gravitating objects 
form, they remain too ‘fluffy’ to lead to PBHs.

• Similarly, numerical relativity studies suggest that PBHs can only form when 
starting from conditions much more inhomogeneous than expected from 
standard inflation.
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V. Conclusions

• We revisited the interesting claim that PBH may be generically produced in the 
post-inflationary, preheating phase via self-resonant amplification of fluctuations. 
Metric preheating found sufficient, with quadratic potential proxy

• The result is not robust when lifting some simplifying hypotheses, notably 
perturbation growth without feedback onto the background and lack of gradients 

• Anharmonic terms are leading (or comparable with) the metric terms, notably for 
strong resonance. Could have rescued the mechanism…

• … but lattice studies show that this is not the case. When self-gravitating objects 
form, they remain too ‘fluffy’ to lead to PBHs.

• Similarly, numerical relativity studies suggest that PBHs can only form when 
starting from conditions much more inhomogeneous than expected from 
standard inflation.

PBH formation is not generic: That is why they are fascinating !!!
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