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Primordial black hole - star
binaries via dynamical friction
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Primordial black holes
are consftrained more

and more...
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What if PBHs exist as a
subdominant contribution

of the DM 7




What if PBHs exist as a
subdominant contribution

of the DM ? Wil they
iNnteract with the rest of it 7
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DM minihalos around PBHs

Nicolas Esser Nnicolas.esser@ulb.be



DM minihalos around PBHs

Radiation era: DM particles decouple from Hubble flow and formm a compact halo around
the PBH: p(r) o« r=9/% ( )
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DM minihalos around PBHs

Radiation era: DM particles decouple from Hubble flow and formm a compact halo around
the PBH: p(r) o« r=9/% ( )
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DM minihalos around PBHs

Radiatfion era; DM particles decouple from Hubble flow and formm a compact halo around
the PBH: p(r) oc r=2/% ( )

3000

1/3
58 M
Matter era: more DM shells are accreted: M,,,;, = (1—+Z) X Mpgy ANd 13,410 = (1+Z) ( M’“”O) ole
O

( )
~ Minihalo grows in size while

keeping the same profile!
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DM minihalos around PBHs

Radiatfion era; DM particles decouple from Hubble flow and formm a compact halo around
the PBH: p(r) oc r=2/% ( )

3000

1/3
58 M
Matter era: more DM shells are accreted: M,,,;, = (1—+Z) X Mpgy ANd 13,410 = (1+Z) ( M"““’) ole
O

( )
~ Minihalo grows in size while

keeping the same profile!

When does growth stop ? Unclear. Conservatively: z =~ 30 (inhomogeneities in the Universe

become too important), which yields M;,,;, ~ 0(100) X Mpgy, We fiX My 4, = 50Mpgy , Which

1/3
implies 1., = 1.17 X (MPBH) ole
o]
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DM minihalos around PBHs

Radiatfion era; DM particles decouple from Hubble flow and formm a compact halo around
the PBH: p(r) oc r=2/% ( )

3000

1/3
58 M
Matter era: more DM shells are accreted: M,,,;, = (1—+Z) X Mpgy ANd 13,410 = (1+Z) ( M"““’) ole
O

( )
~ Minihalo grows in size while

keeping the same profile!

When does growth stop ? Unclear. Conservatively: z =~ 30 (inhomogeneities in the Universe

become too important), which yields M;,,;, ~ 0(100) X Mpgy, We fiX My 4, = 50Mpgy , Which

1/3 :
implies 7,41, = 1.17 % (MPBH) oC ~ Requires fppy < 0.01

Mg
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DM minihalos around PBHs

Radiation era:; DM particles decouple from Hubble flow and formm a compact halo around

More accurate calculations / simulations show

different regimes (Boudaud et al. 2021, Salati

& Lavalle 2025)...

Ask Julien about it! (sorry Julien)

1/3 .
implies rg, = 1.17 x (~222)  pc Requires fppy < 0.01
Mo
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DM minihalos around PBHs

Radiation ¢ = 1000 GeV, Lkd = 104 Npact halo around

1013 M,
10~16 M,
10~ M¢
10712 M¢
10710 M,
Mgy 10~% M.
Mgy 10~ M,
Mgy = 107% M,
Mgy = 1072 M,
Mgy = 10° M.
Mgy = 10 M.
Mgy = 10 M,
p(Tra(Mgpu))

Mgy
Mgy
Mgy

[ | | | | | A

implies 13,
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DM minihalos around PBHs

Radiation ¢ npact halo around

— Mpy = 10~ 18 M,
Mgy = 10~16 M.
Mpy = 1014 M.
Mgy = 10712 M.
Mpy = 10~1° M,

Mgy = 10~6 M,
Mgy = 10~4 M¢

. Wag=100 8

Mgy = 102 M,

e Mgy = 10* M.
p(Txa(Mpn))

implies 13,
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DM minihalos around PBHs




Observable effects ?

Nnicolas.esser@ulb.be



Observable effects ?

WIMPs annihilating in the mininhalo

around PBHs, generating detectable

y-rays ( )
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Observable effects ?

WIMPs annihilating in the minihalo | —— Galactic
i extragalactic
i ‘ m, = 1TeV
around PBHs, generating defectable | I oy

———m, = 10GeV

y-rays ( )
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Observable effects ?

WIMPs annihilating in the mininhalo | :'} —— Galactic
Y extragalactic
. ol "="_ .‘_ m, = 1TeV
around PBHs, generatfing detectable A I otey

y-rays ( )

Constraints on PBHs if we
detect the WIMP,

constraints on WIMP if
we find PBHS.

10—12
10-1810-1510-1210-2 10-¢ 10-3 10° 103 10° 10° 10!2 1015

(ov) =3 x 10726 cm3/s M [ M)
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Observable effects ?

Imprint of minihalos on GW
waveforms in mergers (e.g.
) and on

merger rates (
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Observable effects ?

Imprint of minihalos on GW
waveforms in mergers (e.g.
) and on

merger rates (
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Observable effects ?

Impact on accretion
history of PBHS (

)
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Observable effects ?

Impact on accretion
history of PBHS (

)

Mpgy [Mo)
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Surely there are other

observables...

Nicolas Esser Nnicolas.esser@ulb.be



Minihalos heavily boost

tThe effective cross section
of PBHSs!
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Minihalos heavily boost

tThe effective cross section
of PBHSs!

1M PBH: ~ 3 km

Minihalo: ~pc
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Minihalos heavily boost

tThe effective cross section
of PBHSs!

mmm) rqtio: ~101° |

1M PBH: ~ 3 km

Minihalo: ~pc
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Minihalos heavily boost

tThe effective cross section
of PBHSs!

mmm) rqtio: ~101° |

1M PBH: ~ 3 km

Minihalo: ~pc

Many stars cross the PBH minihalos.

Maybe some can be captured?
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Capture of stars
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Capture of stars

l.e. star gravitationally bound the

the PBH minihalo, E<O.
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Capture of stars

l.e. star gravitationally bound the
the PBH minihalo, E<O.

Requires energy loss mechanism
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Capture of stars

Dynamical friction:

v
Apr = —4nG*m,p(r)é(r, v)lnAE
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Capture of stars

Dynamical friction:

v
Apr = —4nG*m,p(r)é(r, v)lnAE

(SpeC|f|C> ElOSS — faDF y dl
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Capture of stars

Dynamical friction:

v
Apr = —4nG*m,p(r)é(r, v)lnAE

(SpeC|f|C> ElOSS — faDF y dl

Only applies for PBHs of solar mass and
above, since this is only valid for M;,,;, > m..
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Capture of stars

. dr
Volumetric encounter rate v = NpRHM X 21th - db X Ve f (V) * AV
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Capture of stars

. dr
Volumetric encounter rate v = NpRHM X 21h - db X vy f(Veo) * dVg

If Maxwellian distribufion in velocities + only slow stars are capfured

(exponential tferm neglected) we get 3—5 = 3V6m X npgyn, X dL*dE
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Capture of stars

. dr
Volumetric encounter rate v = NpRHM X 21h - db X vy f(Veo) * dVg

If Maxwellian distribufion in velocities + only slow stars are capfured

(exponential tferm neglected) we get 3—5 = 3V6m X npgyn, X dL*dE

Total volumetric rate:
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Capture of stars

. dr
Volumetric encounter rate v = DpuM X 21h - db X vy f(Veo) * dVg

If Maxwellian distribufion in velocities + only slow stars are capfured

(exponential tferm neglected) we get ;1_5 = j j 3V6m X npgyn, X dL*dE
E 12

Total volumetric rate: 4 \

Leading to capfturel

(i-e- Eloss > Eini)
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Capture of stars

th - db X Vg, f(Veo) * AV,

Binary y slow stars are captured

formation j j 3v6m X npgyn, X dL2dE
Eie

J\

Leading to capfturel

(i-e- Eloss > Eini)
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Merger rate

After capture, subseqgquent

energy loss may lead to merger
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Merger rate

After capture, subseqgquent

energy loss may lead to merger

At each passage through the mininhalo the star looses energy via friction.

Tmin 1S UNChaNged while r,,, diminishes.
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Merger rate

After capture, subseqgquent

energy loss may lead to merger

At each passage through the mininhalo the star looses energy via friction.
Tmin 1S UNChanged while r,,,, diminishes.

Energy loss is The same at each passage.
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Merger rate

After capture, subseqgquent

energy loss may lead to merger

At each passage through the mininhalo the star looses energy via friction.
Tmin 1S UNChanged while r,,,, diminishes.

Energy loss is The same at each passage.

Finite-time merger: ryax < Terit = Efoss T2 /(226G Mpg0)
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Merger rate

This Is an idealized scenariol
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Merger rate

This Is an idealized scenariol

b The PBH-star binary is surrounded by other stars, which may
disrupt the system via 3-body interactions.
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Effect of perturbers
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Effect of perturbers

.
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Effect of perturbers

7tGmp

- ‘

.
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In the impulse approximation: Av = f_+;° Gmy, /r(t)* dt =




Effect of perturbers

7tGmp

In the impulse approximation: Av = f_+;° Gmy, /r(t)* dt =

boyel
AE = Av?/2 and AL = 1,4, Av ‘

.
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Effect of perturbers

7tGmp

In the impulse approximation: Av = ffozo Gmy, /r(t)* dt =

boyel
AE = Av?/2 and AL = 1,4, Av ‘

Can be summed over multiple perturbers in one orbit :
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Effect of perturbers

7tGmp

In the impulse approximation: Av = ffozo Gmy, /r(t)* dt =

boyel
AE = Av?/2 and AL = 1,4, Av ‘

Can be summed over multiple perturbbers in one orbit
One finds Ary,;, Q
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Effect of perturbers

7tGmp

Can be summed over multiple perturbbers in one orbit
One finds Ary,;, Q

In the impulse approximation: Av = ffozo Gmy, /r(t)* dt =

Orel

AE = Av?/2 and AL = r,,,,, Av
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Effect of perturbers

7tGmp

In the impulse approximation: Av = [ Gm,,/r(t)? dt = -

Orel

AE = Av?/2 and AL = 1,4, Av
Can be summed over multiple perturbbers in one orbit

One finds Ary,;,

with pertu _
Ejoss = Ejoss Mmin + ATmin) — AEpertu
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Merger rate
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Merger rate

dVv
E 12
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Merger rate

dVv
E 12

Leading fo capture
AND merger!

(merger time +
perturbers)
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Merger rate

I\/Ierger rate: dd—\l; = f J 3V o6 X NpgyN, X dL?dE
E 12

Leading fo capture
AND merger!

Binary
formation

(merger time +
perturbers)
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Merger rate

Merger rate: & = J J 3vV6rm X npgyn, X dL*dE

dVv
E 12

s Leading to capture

ERRKES
SERLRRKR

ATAVAVAN

AND merger!
(merger time +
perturbers)
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Merger rate

We have obtained merger rates.
Now we consider specific

observables and define spatial
volumes accordingly

Nicolas Esser Nnicolas.esser@ulb.be



Merger rate

Volumetric Merger rate; — = j f 3V61 X npgyn, X dL*dE
E L7

We have obtained merger rates.
Now we consider specific

observables and define spatial
volumes accordingly
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Merger rate

Total merger rate: T = j f 3V6m X npgyn, X dL*dE

E 12

We have obtained merger rates.
Now we consider specific

observables and define spatial
volumes accordingly
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Observables ?

X-ray binaries CW events

N the MW
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Observables ?

Minihalos capture §
neutron stars and §
stellar BHs

Mininalos |8
COpTure sTorS |,

X-ray pbinaries

N the MW GW events
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X-ray binaries in the MW
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X-ray binaries in the MW

Peculiar observations: rapid orbital decay of systems XTE J1118+480 and
A0620-00
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X-ray binaries in the MW

Peculiar observations: rapid orbital decay of systems XTE J1118+480 and

A0620-00 l

A Light Curve for V616 Monocerotls

x
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Phase (period = 7.7523 hours)
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X-ray binaries in the MW

Peculiar observations: rapid orbital decay of systems XTE J1118+480 and
A0620-00

P ~ 0(0.1day) and P ~ 0(103s yr=1)
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X-ray binaries in the MW

Peculiar observations: rapid orbital decay of systems XTE J1118+480 and
A0620-00

P ~ 0(0.1day) and P ~ 0(1073s yr~1) # X-ray emission lifetime t ~ 107 yr
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X-ray binaries in the MW

Peculiar observations: rapid orbital decay of systems XTE J1118+480 and
A0620-00

P ~ 0(0.1day) and P ~ 0(1073s yr~X) BB X-ray emission lifetime 7 ~ 107 yr
1-2 order of magnitudes below expectation
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X-ray binaries in the MW

Peculiar observations: rapid orbital decay of systems XTE J1118+480 and
A0620-00

P ~0(0.1day) and P ~ 0(1073s yr=1) # X-ray emission lifetime t ~ 107 yr
1-2 order of magnitudes below expectation

Could be explained with DM minihalo
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X-ray binaries in the MW

Mergerrate; T' = j f 3v6m X npgyn, X dL*dE

E 12
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X-ray binaries in the MW

Mergerrate; T' = j f 3v6m X npgyn, X dL*dE
E L

.

Milky Way model
(McMillan 2017)
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X-ray binaries in the MW
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X-ray binaries in the MW

A

Number of current events:
T X T ~O(]).Consistent with

observations.
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N
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X-ray binaries in the MW

PBHS w/ mininalos capturing
stars provide a viable

explanation to the rapidly
decaying X-ray binaries
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GW events
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GW events

Challenging observations and candidates, e.g. GW190521, GW 190814,
SSM200308
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GW events

Challenging observations and candidates, e.g. GW 190521, GW 190814,
SSM200308

Hanford Livingston

Frequency [Hz]

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.30 0.35 0.40 0.45 0.50 0.55 0.60
Time [s] Time [s] Time [s]
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GW events

Challenging observations and candidates, e.g. GW 190521, GW 1908 14,
SSM200308

Combined PHM
EOBNR PHM

Phenom PHM
. Abbott+ 2018 M.«

Farr+Chatziioannou 2020 M.
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GW events

Challenging observations and candidates, e.g. GW190521, GW 190814,
SSM200308. m1 (Mo) = 0.62+348

my(Mo) = 0.27+312
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GW events

Mergerrate; T' = j f 3v6m X npgyn, X dL*dE

E 12
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GW events

Mergerrate; T' = J f 3v6m X npgyn, X dL*dE
E L

4

Galaxy population model
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GW events

Mergerrate; T' = J J 3v6m X npgyn, X dL*dE

4

E 12

Galaxy population model

‘ Assume DM and baryon profile, stellar-fo-halo
mMass ratio, galaxy stellar mass function.
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GW events

_ NFW + Jaffe Einasto + Plummer Einasto + Jaffe NFW + Plummer
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GW events

NFW + Jaffe

Einasto + Plummer

Einasto + Jaffe

NFW + Plummer

1M, PBH + 8M BH

1.23

0.47

0.35

0.22

1M PBH + 1.4Mg NS

0.61

0.31

0.21

0.16

60M. PBH + 8M BH

0.45

0.25

0.17

0.14

60Mo PBH + 1.4Mg NS

0.07

0.04

0.03

0.02

Nicolas Esser

Merger rate of
O(0.3) Gpc 3 yr~1

Nnicolas.esser@ulb.be



GW events
NFW + Jaffe

Einasto + Jaffe

NFW + Plummer
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GW events
41 [iO;;lAG@PE]?I—IiI J/ NFW + Jaffe

Viain
— | conftribution
e |l from dwarf

e — galaxies

M* [MG)]
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GW events
NFW Tjafie

60M , PBH
+8Mg BH

Einasto + Jaffe

NFW
+ Plummer
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GW events
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GW events

PBHS w/ mininalos
capturing stars provide a

viable explanatfion to

unusual GW events
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Note on minihalo survival

1.0 Milky Way

Global tides only :

L/ .
L”Global tides

| + disk shocking
|
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summary
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summary

Minihalos formm around PBHs, can grow to tens of times the PBH mass
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summary

Minihalos formm around PBHs, can grow to tens of times the PBH mass

Provide simulfaneous probes of PBHs and other DM candidates
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summary

Minihalos formm around PBHs, can grow to tens of times the PBH mass
Provide simulfaneous probes of PBHs and other DM candidates

Minihalos may capture stars via dynamical friction
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summary

Minihalos formm around PBHs, can grow to tens of times the PBH mass
Provide simulfaneous probes of PBHs and other DM candidates
Minihalos may capture stars via dynamical friction

Can explain observed unusual Xray and GW events
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summary

Minihalos formm around PBHs, can grow to tens of times the PBH mass
Provide simulfaneous probes of PBHs and other DM candidates
Minihalos may capture stars via dynamical friction

Can explain observed unusual Xray and GW events

Proof of concept: OK. Next: Accuracy.
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What next for PBH minihalos?
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What next for PBH minihalos?

More accurate modelling of the PBH minihalo growth and disruption aft

late times, combine all effects! (simulations?)
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What next for PBH minihalos?

More accurate modelling of the PBH minihalo growth and disruption aft
late times, combine all effects! (simulafions?)
Taking intfo account the co-evolution of the PBH-star binary with the

minihalo ( )
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ANy ofther ideas
regarding minihalos

around PBHs ? Discussion
©
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ULB 1)

Ihank you!

(PRD)

Nicolas Esser


https://arxiv.org/abs/2505.05564

Btw: | am now working on

observational aspects of
stars in the faintest MW

satellites & how to probe
the DM there...




ULB 1)

Ihank you!

(PRD)

Nicolas Esser


https://arxiv.org/abs/2505.05564
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