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Motivation for ‘asteroid-mass’ PBH
‣ PBH in this mass range could constitute the totality of the dark matter (DM)
‣ Can be obtained (at price of fine-tuning!) even with single-field polynomial inflation
‣ Can be probed with stochastic GW searches (2nd order perturbation, LISA band)
‣ A number of potential effects on stellar astrophysics envisaged (dashed lines)
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Plan of the talk

‣Energy loss mechanisms & capture

‣Phenomenological consequences

‣Beyond the 2-body problem: formalism for tidal effects of far perturber

‣Consequences

‣Considerations for a near perturber (notably, planet!?)

‣Conclusions
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Recap of PBH E-loss processes
As a PBH passes through (or near) a star, it 

loses energy (& angular momentum wrt the NS)

Y. Génolini, P. D.S. and P. Tinyakov, 
Phys. Rev. D 102 (2020) no.8, 083004 [2006.16975]

dynamical friction (dominant) 
“gravitational pull from the wake of the medium”

Accretion (Bondi-like) from the NS medium

Surface waves (small)

Gravitational waves (small, finite also without crossing)

→

p: periastron distance

via a number of processes: 
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PBH crossing, capture & NS transmutation
If, as a result of losses, the PBH is captured, it will sink towards the NS centre, accrete matter and 

eventually swallow & destroy the star, leaving a BH behind (transmutation)

4



PBH crossing, capture & NS transmutation

Note that the NS crossing rate 

is much larger,  at small mPBH, than the capture rate

capture via 
GW

capture via 
other losses

If, as a result of losses, the PBH is captured, it will sink towards the NS centre, accrete matter and 
eventually swallow & destroy the star, leaving a BH behind (transmutation)
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Phenomenological consequences
Stellar survival constraints (e.g. observing NS in globular clusters) 

The transit of a PBH through a carbon/oxygen white dwarf will lead to localized heating by 
dynamical friction, which could ignite the carbon and potentially cause a runaway explosion

Triggering explosion harder than thought for ‘low’ masses not excluded otherwise, see

F. Capela, M. Pshirkov and P. Tinyakov, Phys. Rev. D 87 (2013) 123524 [1301.4984]

not robust against relaxing hypotheses on DM density there.

P. W. Graham, S. Rajendran and J.  Varela, Phys. Rev. D 92 (2015) 063007 [1505.04444]

P. Montero-Camacho, X. Fang, G. Vasquez, M. Silva and C. M. Hirata, JCAP 08 (2019), 031 [1906.05950]
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The transit of a PBH through a carbon/oxygen white dwarf will lead to localized heating by 
dynamical friction, which could ignite the carbon and potentially cause a runaway explosion

Triggering explosion harder than thought for ‘low’ masses not excluded otherwise, see
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not robust against relaxing hypotheses on DM density there.
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P. Montero-Camacho, X. Fang, G. Vasquez, M. Silva and C. M. Hirata, JCAP 08 (2019), 031 [1906.05950]

The explosion delivers observable energy at least associated to the B-field. In NS:

(This benchmark ≈ energy emitted by 
the Sun in 1 yr…in a few ms!)

Signature(?) 

Poynting flux + small amount of ejecta, since virtually no kilo-nova is found in simulations of
 W. E. East and L. Lehner, Phys. Rev. D 100 (2019) 124026 [1909.07968]  

Perhaps more promising: a ‘positive’ evidence
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Gravitational wave signals?

followed (if PBH captured) by ~monochromatic kHz emission, lasting

with amplitude 

Teardrop signal associated to first transit

 v = 10−3, 
d=1 kpc
m=1025g

x10-25
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[Perhaps current dim perspectives are too pessimistic, assuming PBH exactly at the center]
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Gravitational wave signals?

followed (if PBH captured) by ~monochromatic kHz emission, lasting

with amplitude 

Eventually, additional GW can be associated to the transmutation event, requiring ad hoc simulations
[Perhaps current dim perspectives are too pessimistic, assuming PBH exactly at the center]

Alternative: any chance to see (e.g. via GW from binaries) BHs with mass significantly below 3 M⨀?

Teardrop signal associated to first transit

 v = 10−3, 
d=1 kpc
m=1025g

x10-25

No bounds from all that, but possible signals in GW/E.M. if one is lucky*…interesting to dig further 

(*In general, sufficiently frequent events are too dim/quiet, bright/loud events are rare)
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Beyond 2-body problem: setting the stage
Previous treatment limited to “two body problem” 

Quid of tidal effects due to neighbour stellar (or planetary, see later) bodies?

7

Average over pdf of PBH velocities, 
perturber distance, stellar mass…



Beyond 2-body problem: setting the stage
Previous treatment limited to “two body problem” 

Quid of tidal effects due to neighbour stellar (or planetary, see later) bodies?

Rp≫ r  

Stationary perturber during a PBH orbit; requires

Tidal Force

Last step

Torque due to the perturber

<latexit sha1_base64="lyxuY37uZMdXZMlCPqPLuq4cix0=">AAACJnicbVDLSsNAFJ3UV62vqks3g0WoIDUpPhdC0Y3LKvYBTSyT6TQdOpOEmYlQQr7Gjb/ixkVFxJ2f4rRNQVsPXDiccy/33uOGjEplml9GZmFxaXklu5pbW9/Y3Mpv79RlEAlMajhggWi6SBJGfVJTVDHSDAVB3GWk4fZvRn7jiQhJA/9BDULicOT5tEsxUlpq5684tD0PlqGtKCcSWuZjbF0m9pHNkeoJHnvJ1CpOpRAn8Bjet8PDdr5glswx4DyxUlIAKart/NDuBDjixFeYISlblhkqJ0ZCUcxIkrMjSUKE+8gjLU19pBc78fjNBB5opQO7gdDlKzhWf0/EiEs54K7uHF0qZ72R+J/XilT3wompH0aK+HiyqBsxqAI4ygx2qCBYsYEmCAuqb4W4hwTCSieb0yFYsy/Pk3q5ZJ2VTu9OCpXrNI4s2AP7oAgscA4q4BZUQQ1g8AxewRC8Gy/Gm/FhfE5aM0Y6swv+wPj+AanspBo=</latexit>

m → 2↑ 1019 g ↑ (pc/Rp)
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Average over pdf of PBH velocities, 
perturber distance, stellar mass…



Gauging the effect in the MW

<latexit sha1_base64="Tfg1TTJ84xIlj9f/Q63LiPJDMJQ="></latexit>

!mrg =
ω

m

( →∫

0

dv0 p(v0)v0

bmax∫

0

db0 2εb0

→∫

0

dY p(Y )
1

4ε

2ω∫

0

dϑ

ω∫

0

dϖ sinϖ ”(tage → Tins)

)bc

np [pc-3]

<latexit sha1_base64="I75AJX4ripQ/iOClMWCCUgSePH8="></latexit>

!cross → 5.0
GMR ω

εm

Analytical approximations
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<latexit sha1_base64="I75AJX4ripQ/iOClMWCCUgSePH8="></latexit>

!cross → 5.0
GMR ω

εm
<latexit sha1_base64="6XUYxCeuOaLy9WQ0nF2LxoxP6sU="></latexit>

!cap → 151
G2Mω

ε3

Analytical approximations
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cap

<latexit sha1_base64="HHnVfHF4yEuqivgcPtXwwYjSrc4=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwY0jS2tZdUQsuK9haaEOYTCft0MmDmUmhpP0TNy4UceufuPNvnLQVVPTAhcM593LvPV7MqJCm+aHlVlbX1jfym4Wt7Z3dPX3/oC2ihGPSwhGLeMdDgjAakpakkpFOzAkKPEbuvdFV5t+PCRc0Cu/kJCZOgAYh9SlGUkmurk9714RJBBvTs2nDNaeuXjSNi1rFPrehaZhm1S5VMmJXy3YJWkrJUARLNF39vdePcBKQUGKGhOhaZiydFHFJMSOzQi8RJEZ4hAakq2iIAiKcdH75DJ4opQ/9iKsKJZyr3ydSFAgxCTzVGSA5FL+9TPzL6ybSrzkpDeNEkhAvFvkJgzKCWQywTznBkk0UQZhTdSvEQ8QRliqsggrh61P4P2nbhlUxyrflYv1yGUceHIFjcAosUAV1cAOaoAUwGIMH8ASetVR71F6010VrTlvOHIIf0N4+AeSxkzQ=</latexit>

|!E|→ |E0|

>Γcross at large m 

due to GW losses
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8



Gauging the effect in the MW
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Cutoff below
1022 g!

<latexit sha1_base64="I75AJX4ripQ/iOClMWCCUgSePH8="></latexit>

!cross → 5.0
GMR ω

εm

<latexit sha1_base64="oLqwZbPpRnCbmFfX31VebxrrPCA="></latexit>

mpert → 0.080M5/7R6/7M2/7
minn

2/7
p

<latexit sha1_base64="6XUYxCeuOaLy9WQ0nF2LxoxP6sU="></latexit>

!cap → 151
G2Mω

ε3

Analytical approximations
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Stationary perturber approximation verified
<latexit sha1_base64="lyxuY37uZMdXZMlCPqPLuq4cix0=">AAACJnicbVDLSsNAFJ3UV62vqks3g0WoIDUpPhdC0Y3LKvYBTSyT6TQdOpOEmYlQQr7Gjb/ixkVFxJ2f4rRNQVsPXDiccy/33uOGjEplml9GZmFxaXklu5pbW9/Y3Mpv79RlEAlMajhggWi6SBJGfVJTVDHSDAVB3GWk4fZvRn7jiQhJA/9BDULicOT5tEsxUlpq5684tD0PlqGtKCcSWuZjbF0m9pHNkeoJHnvJ1CpOpRAn8Bjet8PDdr5glswx4DyxUlIAKart/NDuBDjixFeYISlblhkqJ0ZCUcxIkrMjSUKE+8gjLU19pBc78fjNBB5opQO7gdDlKzhWf0/EiEs54K7uHF0qZ72R+J/XilT3wompH0aK+HiyqBsxqAI4ygx2qCBYsYEmCAuqb4W4hwTCSieb0yFYsy/Pk3q5ZJ2VTu9OCpXrNI4s2AP7oAgscA4q4BZUQQ1g8AxewRC8Gy/Gm/FhfE5aM0Y6swv+wPj+AanspBo=</latexit>

m → 2↑ 1019 g ↑ (pc/Rp)

<latexit sha1_base64="7h7409jLJV3zLNTaxKRzjKmWgdY="></latexit>

mcut → 1.4↑ 1018 g

(
tage
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Impact on potential/putative constraints
Extremely relevant!

F. Capela, M. Pshirkov and P. Tinyakov, 
Phys. Rev. D 87 (2013) 123524
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What if perturber is “near” the NS?
Notable case: Planetary bodies (around NS?! Yes, a few…)

Can rely on analogous (well-studied) problem: Influence of planets on comets in the solar system!
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R.A. Lyttleton, J.M. Hammersley, MNRAS 127-3 (1964), 257;  S. Yabushita, A&A, 16, (1972); 471 P. Wiegert & S. Tremaine, Icarus 137-1, (1999), 84

(Rp≫ r not true)



What if perturber is “near” the NS?
Notable case: Planetary bodies (around NS?! Yes, a few…)

Can rely on analogous (well-studied) problem: Influence of planets on comets in the solar system!

“Energy kick” expected in a single 
passage in the inner system (≲Rp)

<latexit sha1_base64="bNB5+SgOInCXKcRtTBp9eo3RTZU=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVRLxtSyK6EaoYh/QhDCZTNqhM0mYmQglZO3GX3HjQhG3foE7/8Zpm4W2HrhwOOde7r3HTxiVyrK+jdLc/MLiUnm5srK6tr5hbm61ZJwKTJo4ZrHo+EgSRiPSVFQx0kkEQdxnpO0PLkZ++4EISePoXg0T4nLUi2hIMVJa8sxdJyBMIXgJHUk5dEKBcHYFb7wE8jy785LcM6tWzRoDzhK7IFVQoOGZX04Q45STSGGGpOzaVqLcDAlFMSN5xUklSRAeoB7pahohTqSbjV/J4b5WAhjGQlek4Fj9PZEhLuWQ+7qTI9WX095I/M/rpio8czMaJakiEZ4sClMGVQxHucCACoIVG2qCsKD6Voj7SKehdHoVHYI9/fIsaR3W7JPa8e1RtX5exFEGO2APHAAbnII6uAYN0AQYPIJn8ArejCfjxXg3PiatJaOY2QZ/YHz+AONImcg=</latexit>

ωE → GMpm

Rp

<latexit sha1_base64="w7s2aOuvT4w5MEWpCPYwNMREjvk=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEfC1cFN24KVSxD2hDmEwn7dDJZJiZCCXEjb/ixoUibv0Ld/6N0zYLbT1w4XDOvdx7TyAYVdpxvq3CwuLS8kpxtbS2vrG5ZW/vNFWcSEwaOGaxbAdIEUY5aWiqGWkLSVAUMNIKhtdjv/VApKIxv9cjQbwI9TkNKUbaSL69B5HvwkvYDSXCaS1La77I4J0vfLvsVJwJ4Dxxc1IGOeq+/dXtxTiJCNeYIaU6riO0lyKpKWYkK3UTRQTCQ9QnHUM5iojy0skHGTw0Sg+GsTTFNZyovydSFCk1igLTGSE9ULPeWPzP6yQ6vPBSykWiCcfTRWHCoI7hOA7Yo5JgzUaGICypuRXiATJZaBNayYTgzr48T5rHFfescnp7Uq5e5XEUwT44AEfABeegCm5AHTQABo/gGbyCN+vJerHerY9pa8HKZ3bBH1ifP6Q/lcQ=</latexit>

a1 <
M

Mp
Rp

<latexit sha1_base64="Vl4ko32NcdNea5DcpnAlTLAa7es=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiSi1pUU3bgRarEPaEOYTCft0JlkmJkIJWThxl9x40IRt36EO//GaZuFVg9cOJxzL/feEwhGlXacL6uwtLyyulZcL21sbm3v2Lt7bRUnEpMWjlksuwFShNGItDTVjHSFJIgHjHSC8dXU79wTqWgc3emJIB5Hw4iGFCNtJN8uc3gBnarj1mA/lAinzSxt+iKDN77w7YpxZoB/iZuTCsjR8O3P/iDGCSeRxgwp1XMdob0USU0xI1mpnygiEB6jIekZGiFOlJfOnsjgoVEGMIylqUjDmfpzIkVcqQkPTCdHeqQWvan4n9dLdHjupTQSiSYRni8KEwZ1DKeJwAGVBGs2MQRhSc2tEI+QyUKb3EomBHfx5b+kfVx1z6qntyeV+mUeRxGUwQE4Ai6ogTq4Bg3QAhg8gCfwAl6tR+vZerPe560FK5/ZB79gfXwD2DKWWw==</latexit>

m > 0.017
R

Rp
Mp

Merger possible only if singling out

→ →

Potentially important, but only small fraction of NS believed to be in such a situation
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Conclusions

11

Unavoidable tidal effects of nearby stars crucial in altering proposed capture and 
transmutation statistics of NS by PBHs (opens parameter space at low masses)

Comparable or larger effect due to planets/close companions, but expected to 
be rare based on current knowledge (updates expected?)

We provide analytical approximations of the relevant rates and 
critical masses, to be used for rescaling to the system of your interest 



Conclusions

Study “true” three-body encounters, with no/little hierarchy (expected to be a small fraction)

11

Unavoidable tidal effects of nearby stars crucial in altering proposed capture and 
transmutation statistics of NS by PBHs (opens parameter space at low masses)

Comparable or larger effect due to planets/close companions, but expected to 
be rare based on current knowledge (updates expected?)

If the latter more important than currently thought, might deserve dedicated 
analyses for assessing cumulative effects of perturbations, via simulations 

We provide analytical approximations of the relevant rates and 
critical masses, to be used for rescaling to the system of your interest 

On a future to-do-list…

Effects of perturbations due to other PBHs (not larger, at least not in the MW)



Backup



Perturbative calculation

If, after losses, PBH is bound on elliptical orbit

Effect of torque on the unperturbed orbit 
(by construction, then, ΔE=0)

New orbital parameters  

(before the PBH re-enters/re-approaches the NS)

New orbital parameters  

(after the PBH re-enters/re-approaches the NS)

<latexit sha1_base64="5ThCi4L1/iBMF+ssYJRD7cU/wS0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgxbgrvi5CUEQvQgTzkGQJs5NJMmRmdpmZFcKSr/DiQRGvfo43/8ZJsgdNLGgoqrrp7goizrRx3W8nMze/sLiUXc6trK6tb+Q3t6o6jBWhFRLyUNUDrClnklYMM5zWI0WxCDitBf2rkV97okqzUD6YQUR9gbuSdRjBxkqP1xfo4OZOHOJWvuAW3THQLPFSUoAU5Vb+q9kOSSyoNIRjrRueGxk/wcowwukw14w1jTDp4y5tWCqxoNpPxgcP0Z5V2qgTKlvSoLH6eyLBQuuBCGynwKanp72R+J/XiE3n3E+YjGJDJZks6sQcmRCNvkdtpigxfGAJJorZWxHpYYWJsRnlbAje9MuzpHpU9E6LJ/fHhdJlGkcWdmAX9sGDMyjBLZShAgQEPMMrvDnKeXHenY9Ja8ZJZ7bhD5zPH/0tjz4=</latexit>

E = →GMm/a
(If not, lost for the purpose of capture…neglect tidal effect!)



Truncating the effect

In principle, we could iterate

but beyond the second pass through the NS, we ignore further effects of 
the perturber, and only consider the effect of subsequent energy loss



Truncating the effect

In principle, we could iterate

but beyond the second pass through the NS, we ignore further effects of 
the perturber, and only consider the effect of subsequent energy loss

‣ Perturber effects do not add up coherently:  “precession” when passing inside the NS 
→ orientation of the perturber e.g. wrt apoapsis changes chaotically
‣ Due to repeated E-losses, the orbit circularises →more moderate tidal perturbations 

after 1st passage: largest contribution to the torque ~ quadratic with apoapsis

1
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Disruption Criterion: estimate

PBH settles into the NS when a~R* , final energy

<latexit sha1_base64="Kzf0Dch9n4hkIqjrHS0Uj+EkmnA=">AAACG3icbVDLSsNAFJ3UV62vqks3g6XoxpIUX8uiFlxJBfuAJoTJdNIOnWTCzEQsIf/hxl9x40IRV4IL/8Zpm4W2Hhg4nDOXe8/xIkalMs1vI7ewuLS8kl8trK1vbG4Vt3dakscCkybmjIuOhyRhNCRNRRUjnUgQFHiMtL3h5dhv3xMhKQ/v1CgiToD6IfUpRkpLbrF649oBUgMRJFx4KbRRFAn+AG1fIJzUXR8ewbprpYl9RZhCsH6QusWSWTEngPPEykgJZGi4xU+7x3EckFBhhqTsWmaknAQJRTEjacGOJYkQHqI+6WoaooBIJ5lkS2FZKz3oc6FfqOBE/T2RoEDKUaBPL49zyFlvLP7ndWPlnzsJDaNYkRBPF/kxg4rDcVGwRwXBio00QVhQfSvEA6RbUbrOgi7Bmo08T1rVinVaObk9LtUusjryYA/sg0NggTNQA9egAZoAg0fwDF7Bm/FkvBjvxsf0a87IZnbBHxhfP/AloLI=</latexit>

Norb → Ef ↑ E1

!E→

<latexit sha1_base64="SZgHvyM8R8sBuxv9VfUGJ5+lvHI=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEN5aZ4msjFEV0I1SxD2iHkkkzbWiSGZKMUIYBf8WNC0Xc+h3u/BvTdhbaeuDC4Zx7ufceP2JUacf5tnJz8wuLS/nlwsrq2vqGvblVV2EsManhkIWy6SNFGBWkpqlmpBlJgrjPSMMfXI78xiORiobiQQ8j4nHUEzSgGGkjdeydq04Az+FhO5AIJ9e3PE3K92nHLjolZww4S9yMFEGGasf+andDHHMiNGZIqZbrRNpLkNQUM5IW2rEiEcID1CMtQwXiRHnJ+PwU7hulC4NQmhIajtXfEwniSg25bzo50n017Y3E/7xWrIMzL6EiijUReLIoiBnUIRxlAbtUEqzZ0BCEJTW3QtxHJghtEiuYENzpl2dJvVxyT0rHd0fFykUWRx7sgj1wAFxwCirgBlRBDWCQgGfwCt6sJ+vFerc+Jq05K5vZBn9gff4An3+UqA==</latexit>

Ef = →GMm

2R

Number of orbits before attaining that:
(assuming constant loss per orbit)

*



Disruption Criterion: estimate

PBH settles into the NS when a~R* , final energy
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Norb → Ef ↑ E1

!E→

<latexit sha1_base64="SZgHvyM8R8sBuxv9VfUGJ5+lvHI=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEN5aZ4msjFEV0I1SxD2iHkkkzbWiSGZKMUIYBf8WNC0Xc+h3u/BvTdhbaeuDC4Zx7ufceP2JUacf5tnJz8wuLS/nlwsrq2vqGvblVV2EsManhkIWy6SNFGBWkpqlmpBlJgrjPSMMfXI78xiORiobiQQ8j4nHUEzSgGGkjdeydq04Az+FhO5AIJ9e3PE3K92nHLjolZww4S9yMFEGGasf+andDHHMiNGZIqZbrRNpLkNQUM5IW2rEiEcID1CMtQwXiRHnJ+PwU7hulC4NQmhIajtXfEwniSg25bzo50n017Y3E/7xWrIMzL6EiijUReLIoiBnUIRxlAbtUEqzZ0BCEJTW3QtxHJghtEiuYENzpl2dJvVxyT0rHd0fFykUWRx7sgj1wAFxwCirgBlRBDWCQgGfwCt6sJ+vFerc+Jq05K5vZBn9gff4An3+UqA==</latexit>

Ef = →GMm

2R

<latexit sha1_base64="HpDCIkJ/OpuopRAvCCniaMZ5cx0="></latexit>

Tins =
Norb∑

j=1

Tj =
Norb∑

j=1

2ω

√
a3
j

GM

=
Norb∑

j=1

2ωGM

[
→ 2

m

(
E1 + (j → 1)!E→

)]↑3/2

=
2ωGMm3/2

(→2!E→)3/2

[
εH

(
3

2
,
E1

!E→

)
→ εH

(
3

2
,
Ef

!E→

)]

Inspiral time:
(Dominated by first few orbits)

Number of orbits before attaining that:
(assuming constant loss per orbit)

 𝜁H = Hurwitz zeta function 

0

*



Disruption Criterion: estimate

PBH settles into the NS when a~R* , final energy

<latexit sha1_base64="Kzf0Dch9n4hkIqjrHS0Uj+EkmnA=">AAACG3icbVDLSsNAFJ3UV62vqks3g6XoxpIUX8uiFlxJBfuAJoTJdNIOnWTCzEQsIf/hxl9x40IRV4IL/8Zpm4W2Hhg4nDOXe8/xIkalMs1vI7ewuLS8kl8trK1vbG4Vt3dakscCkybmjIuOhyRhNCRNRRUjnUgQFHiMtL3h5dhv3xMhKQ/v1CgiToD6IfUpRkpLbrF649oBUgMRJFx4KbRRFAn+AG1fIJzUXR8ewbprpYl9RZhCsH6QusWSWTEngPPEykgJZGi4xU+7x3EckFBhhqTsWmaknAQJRTEjacGOJYkQHqI+6WoaooBIJ5lkS2FZKz3oc6FfqOBE/T2RoEDKUaBPL49zyFlvLP7ndWPlnzsJDaNYkRBPF/kxg4rDcVGwRwXBio00QVhQfSvEA6RbUbrOgi7Bmo08T1rVinVaObk9LtUusjryYA/sg0NggTNQA9egAZoAg0fwDF7Bm/FkvBjvxsf0a87IZnbBHxhfP/AloLI=</latexit>

Norb → Ef ↑ E1

!E→

<latexit sha1_base64="SZgHvyM8R8sBuxv9VfUGJ5+lvHI=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEN5aZ4msjFEV0I1SxD2iHkkkzbWiSGZKMUIYBf8WNC0Xc+h3u/BvTdhbaeuDC4Zx7ufceP2JUacf5tnJz8wuLS/nlwsrq2vqGvblVV2EsManhkIWy6SNFGBWkpqlmpBlJgrjPSMMfXI78xiORiobiQQ8j4nHUEzSgGGkjdeydq04Az+FhO5AIJ9e3PE3K92nHLjolZww4S9yMFEGGasf+andDHHMiNGZIqZbrRNpLkNQUM5IW2rEiEcID1CMtQwXiRHnJ+PwU7hulC4NQmhIajtXfEwniSg25bzo50n017Y3E/7xWrIMzL6EiijUReLIoiBnUIRxlAbtUEqzZ0BCEJTW3QtxHJghtEiuYENzpl2dJvVxyT0rHd0fFykUWRx7sgj1wAFxwCirgBlRBDWCQgGfwCt6sJ+vFerc+Jq05K5vZBn9gff4An3+UqA==</latexit>

Ef = →GMm

2R

<latexit sha1_base64="HpDCIkJ/OpuopRAvCCniaMZ5cx0="></latexit>

Tins =
Norb∑

j=1

Tj =
Norb∑

j=1

2ω

√
a3
j

GM

=
Norb∑

j=1

2ωGM

[
→ 2

m

(
E1 + (j → 1)!E→

)]↑3/2

=
2ωGMm3/2

(→2!E→)3/2

[
εH

(
3

2
,
E1

!E→

)
→ εH

(
3

2
,
Ef

!E→

)]

Inspiral time:
(Dominated by first few orbits)

Number of orbits before attaining that:
(assuming constant loss per orbit)

 𝜁H = Hurwitz zeta function 

0

<latexit sha1_base64="Q19aCPBzxJbSB/1u49gR9Zw+5vU=">AAACBnicbZC7SgNBFIZnvcZ4W7UUYTAIVmFXvFUStLGwiGAukF3C7ORsMmT2wsxsIOymsvFVbCwUsfUZ7HwbJ8kWmvjDwMd/zuHM+b2YM6ks69tYWFxaXlktrBXXNza3ts2d3bqMEkGhRiMeiaZHJHAWQk0xxaEZCyCBx6Hh9W/G9cYAhGRR+KCGMbgB6YbMZ5QobbXNg8zpAFfEGQBN70YZvsJZzm07a5slq2xNhOfBzqGEclXb5pfTiWgSQKgoJ1K2bCtWbkqEYpTDqOgkEmJC+6QLLY0hCUC66eSMET7STgf7kdAvVHji/p5ISSDlMPB0Z0BUT87WxuZ/tVai/Es3ZWGcKAjpdJGfcKwiPM4Ed5gAqvhQA6GC6b9i2iOCUKWTK+oQ7NmT56F+UrbPy2f3p6XKdR5HAe2jQ3SMbHSBKugWVVENUfSIntErejOejBfj3fiYti4Y+cwe+iPj8wc11pj3</latexit>

|ωεL| > |εL1|Disrupted if either “Breakdown of perturbativity”
<latexit sha1_base64="sLat0Op3h5hfkHVJSFf8YrsAuLc=">AAACIHicbVDLSgMxFM3UV62vUZdugkVwIWVG1LqSohuXFfqCzjhk0rQNTTJDkhHLMJ/ixl9x40IR3enXmD4QbT0QODn3Xu49J4wZVdpxPq3cwuLS8kp+tbC2vrG5ZW/vNFSUSEzqOGKRbIVIEUYFqWuqGWnFkiAeMtIMB1ejevOOSEUjUdPDmPgc9QTtUoy0kQK7XAs8jnRf8pQKlV3ony/qkcxDcSyje+g6t6nrZN4RTD3J4VBmgV10Ss4YcJ64U1IEU1QD+8PrRDjhRGjMkFJt14m1nyKpKWYkK3iJIjHCA7O2bahAnCg/HRvM4IFROrAbSfOEhmP190SKuFJDHprO0fVqtjYS/6u1E909943zONFE4MmibsKgjuAoLdihkmDNhoYgLKm5FeI+kghrk2nBhODOWp4njeOSe1Y6vTkpVi6nceTBHtgHh8AFZVAB16AK6gCDB/AEXsCr9Wg9W2/W+6Q1Z01ndsEfWF/ftAij5A==</latexit>

Tins > tage → 1010 yr or

*



Assessing the impact (probabilistic distribution of parameters)

MB distribution of PBH velocities

<latexit sha1_base64="u0Xqe4SZmTl5zgXe3wNhi9+JVrU="></latexit>

p(v0) =

√
2

ω

v20
ε3

exp

(
→ v20
2ε2

)

Salpeter distribution of stellar masses
<latexit sha1_base64="phLgJzaKj2hA+S5FAXaOBYvCvUs="></latexit>

p(Mp) =
(ω → 1)

M1→ω
min →M1→ω

max

M→ω
p

𝛾~2.3, <latexit sha1_base64="UDPlvpzLlccA7ZW5iA1c/g49sU8="></latexit>

Mmin = 0.5M→, Mmax = 10M→

<latexit sha1_base64="W5RGkkYdcL3pXf8aSEnXeWbQfyk="></latexit>

p(Rp) = 4ωnpR
2
p exp

(
→4

3
ωnpR

3
p

)
Poissonian distribution of perturber distance

<latexit sha1_base64="IlXVxSyZh5n3rd0EmpjiPVvcOKo=">AAACA3icbVC5TsNAEF2HK4TLQAfNiggJmsgGcZSBFNAgBUQOFBtrvVknq6wPdteRIsuChg+hoaEAIVp+go6/YXMUkPCkkZ7em9HMPDdiVEjD+NYyU9Mzs3PZ+dzC4tLyir66VhVhzDGp4JCFvO4iQRgNSEVSyUg94gT5LiM1t1Pq+7Uu4YKGwbXsRcT2USugHsVIKsnRN26gRe5i2oWWxxFOLpwoTa6c6HY/dfS8UTAGgJPEHJF8sVQ9e7o/2S07+pfVDHHsk0BihoRomEYk7QRxSTEjac6KBYkQ7qAWaSgaIJ8IOxn8kMJtpTShF3JVgYQD9fdEgnwher6rOn0k22Lc64v/eY1Yesd2QoMoliTAw0VezKAMYT8Q2KScYMl6iiDMqboV4jZSWUgVW06FYI6/PEmqewXzsHBwqdI4BUNkwSbYAjvABEegCM5BGVQABg/gGbyCN+1Re9HetY9ha0YbzayDP9A+fwA9apo0</latexit>

Y → Mp

R3
p

<latexit sha1_base64="ST0IA5Zde89UlRrPJE1ZEFMTRJs="></latexit>

p(Y ) =
(ω → 1)

Y

!
(
2→ ω, Ymin

Y

)
→ !

(
2→ ω, Ymax

Y

)
(Ymin

Y

)1→ω →
(Ymax

Y

)1→ω

Mass & distances only enter via

Γ(n,x) = upper incomplete gamma function



Gauging analytical approximations



Effect of v-dispersion

Rates boosted in colder systems


