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Figure 3. Confidence regions for the MACHO mass Mp and MACHO halo
fraction. For comparison to past work we show the 2� joint confidence
levels as defined in Yoo04 and using the standard definition, respectively,
when the whole CG04 homogeneous sample is included. We also show the
updated 2� confidence levels omitting the spurious candidate binary. The
omission of this object eases the constraints on MACHOs; the window in-
creases to⇡ 30�500 M�. In addition, the effect on the constraints of omit-
ting the widest binary in CG04 is shown at the 90% confidence level: the
constraints at the 2� level vanish. The regions of parameter space shaded
in grey are ruled out at the 2� level by binaries and microlensing data – an
upper limit on the MACHO mass and halo fraction from disk kinematics is
also shown. We stress that the constraints from the binaries are based on the
assumption that the time-averaged dark matter density experienced by each
binary is the local halo density at the position of the Sun – the actual Galac-
tic orbits of the confirmed wide binaries suggest much lower time-averaged
dark matter densities. See text for a detailed discussion.

the local dark matter density. (Even if we assume the distance to
this binary is 20% less than predicted by the CG04 relation the av-
erage dark matter density is still only 40% of the local dark matter
density.) This implies that the inclusion of this object in the sam-
ple and the use of the local solar density are incompatible. In fact,
the two other binary pairs in our sample experience time-averaged
dark matter densities of 45% and 16% of the local density, while
for NLTT 39456/39457 it is 11%. If these orbits are representative
of the orbits of the widest binaries in the sample then this trend
could be a sign that the widest binaries can only survive by spend-
ing most of the orbit away from the inner regions of the Galaxy. If
we take the mean of the time-averaged halo density experienced by
the four binaries as a more representative value for the dark matter
encountered by a typical halo binary along its orbit, we can still use
the constraints discussed above but the contours defined by the bi-
nary constraints plotted in Figure 3 need to be shifted upwards by a
factor of five. This would seriously undermine the constraints that
can be drawn from wide binaries.

4 CONCLUSION

A population of MACHOs with masses beyond the current micro-
lensing detection threshold could have a marked effect on the sep-
aration distribution of wide halo binaries. While the actual number
of observed candidate wide halo stellar binaries is small, strong
constraints on MACHOs have been drawn from their distribution.
We have measured the radial velocities of four of the widest candi-
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Figure 4. Orbits over 10 Gyrs for the 3 wide binaries that we confirmed and
wide binary NLTT 39456/39457. The Milky Way Mass model 1 of Dehnen
& Binney (1998) is assumed and for clarity we have flipped the sign of R
for NLTT 15501/15509.

date wide halo binaries from the sample used to place the existing
constraints. These measurements provide a consistency test on the
binarity of these objects and provide the data needed to examine
their Galactic orbits. Our data confirm that three of the four widest
halo binary candidates in the CG04 sample are real, thereby vin-
dicating the search strategy of CG04 and demonstrating explicitly
that binaries with separations of & 1pc can exist. However, the spu-
rious nature of the second-widest pair and the orbit of the widest
object undermines the existing constraints on MACHOs from anal-
ysis of wide halo binaries. The current wide binary sample is too
small to place meaningful constraints on MACHOs; in particular
the constraints are extremely sensitive to the widest binary in the
sample which, as we have shown, experiences a much lower dark
matter density than the value in the analysis leading to the con-
straints. Increasing the size of the wide binary sample, for example
using the SDSS proper motion data or, in the longer term, using
Gaia, is thus essential if we are to constrain the clumpiness of the
dark matter distribution in the Milky Way and determine whether
our results are just a reprieve for MACHOs.
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FIG. 3. All constraints on the fraction of DM in the form of PBHs, fPBHs, with mass MPBH, coming from PBH evaporation,
microlensing, gravitational waves, PBH accretion and dynamical constraints. Each region shows the envelope of constraints
from the corresponding panel in Fig. 2. Digitised bounds and plotting codes are available online at PBHbounds.

H. Indirect constraints

In this subsection we look at constraints on the amplitude of large primordial perturbations, which lead to indirect
constraints on the abundance of PBHs formed via the collapse of large density perturbations during radiation domi-
nation (Sec. II A). These constraints do not apply to PBHs formed via other mechanisms (see Sec. II D). As discussed
in Sec. IIA, there are large uncertainties in the calculation of the abundance of PBHs formed from a given primordial
power spectrum.

First order scalar perturbations generate tensor perturbations at second order [247, 248]. If the density perturbations
are su�ciently large then the amplitude of the resulting ‘scalar induced gravitational waves’ (SIGWs) is larger than
that of the GWs generated by the primordial tensor perturbations. Constraints on the energy density of stochastic
GWs, from e.g. Pulsar Timing Arrays, therefore limit the abundance of PBHs formed via the collapse of large
density perturbations [249]. These constraints depend on the shape of the primordial power spectrum, and also the
assumed probability distribution of the density perturbations, and are therefore (inflation) model dependent [250–
252]. Models which produce a broad peak in the primordial power spectrum are most tightly constrained [251, 252].
For PBHs forming from large density perturbations during radiation domination, Refs. [59, 108] find fPBH < 1 for
10�2 . MPBH/M� . 1. Reference [109] finds, using data from NANOGrav, fPBH < 10�23 for MPBH = 0.1M� and
fPBH < 10�6 for 0.002 < MPBH/M� < 0.4. However this calculation makes approximations which have a huge e↵ect
on the constraint on fPBH (including setting the PBH formation threshold equal to unity, and �

2 = A). There are
also tight constraints on the abundance of light, MPBH ⇠ 1013�15 g, PBHs from limits on SIGWs from LIGO [253].
Such light PBHs are expected to have evaporated by the present day, however if Hawking evaporation is not realised

Green and Kavanagh J Phys G 2021
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ting the widest binary in CG04 is shown at the 90% confidence level: the
constraints at the 2� level vanish. The regions of parameter space shaded
in grey are ruled out at the 2� level by binaries and microlensing data – an
upper limit on the MACHO mass and halo fraction from disk kinematics is
also shown. We stress that the constraints from the binaries are based on the
assumption that the time-averaged dark matter density experienced by each
binary is the local halo density at the position of the Sun – the actual Galac-
tic orbits of the confirmed wide binaries suggest much lower time-averaged
dark matter densities. See text for a detailed discussion.
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ple and the use of the local solar density are incompatible. In fact,
the two other binary pairs in our sample experience time-averaged
dark matter densities of 45% and 16% of the local density, while
for NLTT 39456/39457 it is 11%. If these orbits are representative
of the orbits of the widest binaries in the sample then this trend
could be a sign that the widest binaries can only survive by spend-
ing most of the orbit away from the inner regions of the Galaxy. If
we take the mean of the time-averaged halo density experienced by
the four binaries as a more representative value for the dark matter
encountered by a typical halo binary along its orbit, we can still use
the constraints discussed above but the contours defined by the bi-
nary constraints plotted in Figure 3 need to be shifted upwards by a
factor of five. This would seriously undermine the constraints that
can be drawn from wide binaries.

4 CONCLUSION

A population of MACHOs with masses beyond the current micro-
lensing detection threshold could have a marked effect on the sep-
aration distribution of wide halo binaries. While the actual number
of observed candidate wide halo stellar binaries is small, strong
constraints on MACHOs have been drawn from their distribution.
We have measured the radial velocities of four of the widest candi-
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date wide halo binaries from the sample used to place the existing
constraints. These measurements provide a consistency test on the
binarity of these objects and provide the data needed to examine
their Galactic orbits. Our data confirm that three of the four widest
halo binary candidates in the CG04 sample are real, thereby vin-
dicating the search strategy of CG04 and demonstrating explicitly
that binaries with separations of & 1pc can exist. However, the spu-
rious nature of the second-widest pair and the orbit of the widest
object undermines the existing constraints on MACHOs from anal-
ysis of wide halo binaries. The current wide binary sample is too
small to place meaningful constraints on MACHOs; in particular
the constraints are extremely sensitive to the widest binary in the
sample which, as we have shown, experiences a much lower dark
matter density than the value in the analysis leading to the con-
straints. Increasing the size of the wide binary sample, for example
using the SDSS proper motion data or, in the longer term, using
Gaia, is thus essential if we are to constrain the clumpiness of the
dark matter distribution in the Milky Way and determine whether
our results are just a reprieve for MACHOs.
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H. Indirect constraints

In this subsection we look at constraints on the amplitude of large primordial perturbations, which lead to indirect
constraints on the abundance of PBHs formed via the collapse of large density perturbations during radiation domi-
nation (Sec. II A). These constraints do not apply to PBHs formed via other mechanisms (see Sec. II D). As discussed
in Sec. IIA, there are large uncertainties in the calculation of the abundance of PBHs formed from a given primordial
power spectrum.

First order scalar perturbations generate tensor perturbations at second order [247, 248]. If the density perturbations
are su�ciently large then the amplitude of the resulting ‘scalar induced gravitational waves’ (SIGWs) is larger than
that of the GWs generated by the primordial tensor perturbations. Constraints on the energy density of stochastic
GWs, from e.g. Pulsar Timing Arrays, therefore limit the abundance of PBHs formed via the collapse of large
density perturbations [249]. These constraints depend on the shape of the primordial power spectrum, and also the
assumed probability distribution of the density perturbations, and are therefore (inflation) model dependent [250–
252]. Models which produce a broad peak in the primordial power spectrum are most tightly constrained [251, 252].
For PBHs forming from large density perturbations during radiation domination, Refs. [59, 108] find fPBH < 1 for
10�2 . MPBH/M� . 1. Reference [109] finds, using data from NANOGrav, fPBH < 10�23 for MPBH = 0.1M� and
fPBH < 10�6 for 0.002 < MPBH/M� < 0.4. However this calculation makes approximations which have a huge e↵ect
on the constraint on fPBH (including setting the PBH formation threshold equal to unity, and �

2 = A). There are
also tight constraints on the abundance of light, MPBH ⇠ 1013�15 g, PBHs from limits on SIGWs from LIGO [253].
Such light PBHs are expected to have evaporated by the present day, however if Hawking evaporation is not realised
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Observational Evidence for Primordial Black Holes

Figure 1. Summary of positive indications of PBHs in terms of fPBH values required by or consistent with
the claimed detections. These come from PBH-attributed signals from supernovæ (SNe), various microlensing
surveys (Gaia, HSC, OGLE, MACHO), POINT-AGAPE pixel-lensing (P-A), gravitational waves (LVK), ultra-
faint dwarf galaxies (UFDGs), supermassive black holes (SMBHs), core/cusp (C-C) profiles for inner galactic
halos, and correlations of the source-subtracted cosmic infrared and X-ray backgrounds (CIB-XRB). The
method used to calculate each region is described in Section VIID.

ciological parallel with the split between the search for light and heavy particle candidates. However,

whereas advocates of low-mass PBHs rely on the absence of limits, stellar-mass advocates rely on the

existence of evidence.

Although this review focusses on the positive evidence for PBHs, it should be stressed that none

of the evidence is conclusive because there is always some uncertainty associated with either the

observations or the theoretical interpretations. Even when the observations are definite, we cannot

exclude some other explanation (e.g. one involving some other dark matter candidate). For example,

there is clear evidence for microlensing and gravitational wave events but still no consensus that these

are associated with PBHs. Therefore, as with the constraints, one can associate varying degrees of

confidence with each item of evidence and the confidence level is in part associated with the possibility

of other explanations. Nevertheless, we would claim that the attraction of PBHs (at least with an

extended mass function) is that they can provide a unified explanation of all the evidence.

This review does not include a detailed discussion of the numerous formation mechanisms for PBHs,

although the credibility of the evidence is clearly influenced by the plausibility of the mechanisms.

The high density of the early Universe does not itself guarantee PBH formation. One also requires

density inhomogeneities of some form, so that a small fraction of regions are dense enough to collapse.

The most natural source of such inhomogeneities is inflation and there is a huge literature on this

topic, starting with Refs. [17–20]. However, there are also other mechanisms, including a reduction of

pressure due to early matter-domination [21], quark confinement [22], the collapse of cosmic strings [23,

24] or vacuum bubbles [25] or a scalar field [26], and collisions of domain walls [27] or bubbles of

broken symmetry [28]. Nor will we cover the numerical studies of PBH formation [29–33]. For a more

comprehensive review of these issues, see Refs. [34, 35].
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Possible paths for mergers of stellar-mass PBHs in 
dark matter halos

Motivation and Background Results

Possible Scenarios for Mergers in DM Halos

Figure: BH and BBH interactions



How fast do two BHs form a binary (from direct captures)?
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In easy units:

Assuming an NFW profile for the PBHs:

⇢NFW (r) =
⇢0

(r/Rs) · (1 + r/Rs)2

One gets a Rate of PBHs mergers:
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Z Rvir

0
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Motivation and Background Results

• If all dark matter is made of 30M� PBHs : (3 ± 1) ⇥ 10�4

mergers per Gpc3 yr�1.

• LIGO hints at DM from PBHs (20-100 M�).

Bird et al. (2016)

Clesse Garćıa-Bellido (2016)
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where ⇢environment is the density of the dark matter
environment in which the binary black hole (BBH) re-
sides, specifically in the dark matter halo in our case,
and vdis. is the dispersion velocity of the black holes and
BBH in the halo. One can note that the first term in
Eq.(22) describes the averaged e↵ect of hardening inter-
actions, while the second term represents the Peters sec-
ular evolution due to gravitational wave (GW) emission.
The parameter H is the hardening rate [8] and can be
approximated by [9]
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Similarly, the evolution equation for eccentricity is
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where K is called the ”eccentricity growth rate”, which
is also determined by numerical 3rd-body experiments.
We use the fitting function provided in [9] (Eq. 18).

The hard semimajor axis ah is defined by

ah =
Gm1

4v2dis
. (26)

The velocity dispersion of the objects in the halo can
be calculated by applying the Virial theorem:

vdis.(r) =

r
2GM(r)

r
, (27)

where G is Newton’s constant and M(r) is the total
mass contained within a sphere of radius r centered at
the center of the halo.

B. Dividing a halos into mass shells

With our evolution equations prepared, we can now
model our dark matter halo with primordial binary black
holes. For any halo we consider, we assume that 50%
of its mass consists of primordial BBHs and the other
50% percent consists of single primordial BHs. We also
assume that the density distributions for both BBH and
single BHs follow the NFW profile, implying that the
environmental density in Eqs.(22-24) is set according to
the NFW profile.

Aljaf and IC (in progress)

Updates on PBH merger rates



Aljaf and IC (in progress)

Updates on PBH merger rates 6

104 106 108 1010 1012 1014

Halo Mass (M�)

10�15

10�14

10�13

10�12

10�11

10�10

R
h
al

o
(y

r�
1 )

Ludlow16 + Mono.

Prada12 + Mono.

Ludlow16 + Log.

Prada12 + Log.

103 104 105 10610�15

10�14

(a) µ = 30M�, � = 0.6

104 106 108 1010 1012 1014

Halo Mass (M�)

10�15

10�14

10�13

10�12

10�11

10�10

R
h
al

o
(y

r�
1 )

Ludlow16 + Mono.

Prada12 + Mono.

Ludlow16 + Log.

Prada12 + Log.

103 104 105 10610�15

10�14

(b) µ = 20M�, � = 0.6

FIG. 3: The merger rate per halo Rhalo is presented
in units of yr

�1, with Ludlow16 and Prada12 concen-
trations. This analysis is conducted for monochromatic
mass for PBHs, and a log-normal distribution as well.

mass function of each halo.

R(M, z) =

Z
Rhalo(M, z)

dn

dM
dM. (21)

We computed this plot using two mass functions:
monochromatic and log-normal. Additionally, we em-
ployed both the Ludlow16 and Prada12 concentration
models in our calculations. This plot illustrates the dif-
ferences in merger rates predicted by these models and
mass functions. We observe good agreement between the
models at lower redshifts, but uncertainties increase at
higher redshifts.
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FIG. 4: The merger rate Rhalo per halo at redshift z = 0
is presented in units of yr

�1, considering two di↵erent
concentration models. This analysis is done for both
PBHs masses, incorporating the monochromatic , and
a log-normal distribution with µ = 30 and three choices
of � = [0.4, 0.6, 0.8]. pnale (a) corresponds to Ludlow16,
and panel (b) is for Prada12

IV. THREE BODY INTERACTION

A. Merger rate from three body channel

To model the merger rate of dark matter halos through
the three-body channel, it is essential to examine the
evolution equations of the orbital parameters (a, e). For
an single BBH with mass m1 and m2 residing in a dark
matter halo, the evolution equation for semi-major axis
is provided by [7]

da

dt
= �GH⇢environment

�environment

a
2 � 64

5

G
3

c5a3

⇥ (m1 + m2) · (m1 · m2)F (e)

(22)
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where cmin and �
�1

min
define the minimum of the halo con-

centrations and the value of � at the minimum:

cmin(x) = c0 + (c1 � c0)
⇥
1

⇡ arctan [↵ (x � x0)] + 1

2

⇤
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+
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where c0 = 3.681, c1 = 5.033,↵ = 6.948, x0 = 0.424, and
�
�1

0
= 1.047,��1

1
= 1.646,� = 7.386, x1 = 0.526. And

�(M,a) = D(a)
16.9y0.41

1 + 1.102y0.20 + 6.22y0.333

y ⌘


M

1012h�1M�

��1

.

It is important to note that for Ludlow16, we set the
parameter to f = 0.02.
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where ⇢environment is the density of the dark matter
environment in which the binary black hole (BBH) re-
sides, specifically in the dark matter halo in our case,
and vdis. is the dispersion velocity of the black holes and
BBH in the halo. One can note that the first term in
Eq.(22) describes the averaged e↵ect of hardening inter-
actions, while the second term represents the Peters sec-
ular evolution due to gravitational wave (GW) emission.
The parameter H is the hardening rate [8] and can be
approximated by [9]
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Similarly, the evolution equation for eccentricity is

de

dt
=

GHK⇢environment

vdis.
a � 304
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where K is called the ”eccentricity growth rate”, which
is also determined by numerical 3rd-body experiments.
We use the fitting function provided in [9] (Eq. 18).

The hard semimajor axis ah is defined by

ah =
Gm1

4v2dis
. (26)

The velocity dispersion of the objects in the halo can
be calculated by applying the Virial theorem:

vdis.(r) =

r
2GM(r)

r
, (27)

where G is Newton’s constant and M(r) is the total
mass contained within a sphere of radius r centered at
the center of the halo.

B. Dividing a halos into mass shells

With our evolution equations prepared, we can now
model our dark matter halo with primordial binary black
holes. For any halo we consider, we assume that 50%
of its mass consists of primordial BBHs and the other
50% percent consists of single primordial BHs. We also
assume that the density distributions for both BBH and
single BHs follow the NFW profile, implying that the
environmental density in Eqs.(22-24) is set according to
the NFW profile.
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where ⇢environment is the density of the dark matter
environment in which the binary black hole (BBH) re-
sides, specifically in the dark matter halo in our case,
and vdis. is the dispersion velocity of the black holes and
BBH in the halo. One can note that the first term in
Eq.(22) describes the averaged e↵ect of hardening inter-
actions, while the second term represents the Peters sec-
ular evolution due to gravitational wave (GW) emission.
The parameter H is the hardening rate [8] and can be
approximated by [9]
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Similarly, the evolution equation for eccentricity is

de

dt
=

GHK⇢environment
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where K is called the ”eccentricity growth rate”, which
is also determined by numerical 3rd-body experiments.
We use the fitting function provided in [9] (Eq. 18).

The hard semimajor axis ah is defined by

ah =
Gm1

4v2dis
. (26)

The velocity dispersion of the objects in the halo can
be calculated by applying the Virial theorem:

vdis.(r) =

r
2GM(r)

r
, (27)

where G is Newton’s constant and M(r) is the total
mass contained within a sphere of radius r centered at
the center of the halo.

B. Dividing a halos into mass shells

With our evolution equations prepared, we can now
model our dark matter halo with primordial binary black
holes. For any halo we consider, we assume that 50%
of its mass consists of primordial BBHs and the other
50% percent consists of single primordial BHs. We also
assume that the density distributions for both BBH and
single BHs follow the NFW profile, implying that the
environmental density in Eqs.(22-24) is set according to
the NFW profile.

Direct capture PBH merger rates vs redshift
Assuming all DM is in PBHs

Aljaf and IC (in progress)
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PBH merger rates from three-body interactions
Within a DM halo some PBHs will be as single objects and others will be in 
binaries. We take a certain fraction of them in binaries. Of those binaries 
only those satisfying, 
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where ⇢environment is the density of the dark matter
environment in which the binary black hole (BBH) re-
sides, specifically in the dark matter halo in our case,
and vdis. is the dispersion velocity of the black holes and
BBH in the halo. One can note that the first term in
Eq.(22) describes the averaged e↵ect of hardening inter-
actions, while the second term represents the Peters sec-
ular evolution due to gravitational wave (GW) emission.
The parameter H is the hardening rate [8] and can be
approximated by [9]
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Similarly, the evolution equation for eccentricity is
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=

GHK⇢environment

vdis.
a � 304

15

G
3

c5a4

⇥ (m1 + m2) (m1 · m2)D(e)

(24)

with

D(e) =
�
1 � e

2
��5/2 ·

✓
e +

121

304
e
3

◆
, (25)

where K is called the ”eccentricity growth rate”, which
is also determined by numerical 3rd-body experiments.
We use the fitting function provided in [9] (Eq. 18).

The hard semimajor axis ah is defined by

ah =
Gm1

4v2dis
. (26)

The velocity dispersion of the objects in the halo can
be calculated by applying the Virial theorem:

vdis.(r) =

r
2GM(r)

r
, (27)

where G is Newton’s constant and M(r) is the total
mass contained within a sphere of radius r centered at
the center of the halo.

B. Dividing a halos into mass shells

With our evolution equations prepared, we can now
model our dark matter halo with primordial binary black
holes. For any halo we consider, we assume that 50%
of its mass consists of primordial BBHs and the other
50% percent consists of single primordial BHs. We also
assume that the density distributions for both BBH and
single BHs follow the NFW profile, implying that the
environmental density in Eqs.(22-24) is set according to
the NFW profile.

will be hard binaries (surviving interactions with other PBHs)
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where ⇢environment is the density of the dark matter
environment in which the binary black hole (BBH) re-
sides, specifically in the dark matter halo in our case,
and vdis. is the dispersion velocity of the black holes and
BBH in the halo. One can note that the first term in
Eq.(22) describes the averaged e↵ect of hardening inter-
actions, while the second term represents the Peters sec-
ular evolution due to gravitational wave (GW) emission.
The parameter H is the hardening rate [8] and can be
approximated by [9]
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Similarly, the evolution equation for eccentricity is

de

dt
=

GHK⇢environment
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where K is called the ”eccentricity growth rate”, which
is also determined by numerical 3rd-body experiments.
We use the fitting function provided in [9] (Eq. 18).

The hard semimajor axis ah is defined by

ah =
Gm1

4v2dis
. (26)

The velocity dispersion of the objects in the halo can
be calculated by applying the Virial theorem:

vdis.(r) =

r
2GM(r)

r
, (27)

where G is Newton’s constant and M(r) is the total
mass contained within a sphere of radius r centered at
the center of the halo.

B. Dividing a halos into mass shells

With our evolution equations prepared, we can now
model our dark matter halo with primordial binary black
holes. For any halo we consider, we assume that 50%
of its mass consists of primordial BBHs and the other
50% percent consists of single primordial BHs. We also
assume that the density distributions for both BBH and
single BHs follow the NFW profile, implying that the
environmental density in Eqs.(22-24) is set according to
the NFW profile.

with

This depends on the of the 
PBH-binaries location within the 

DM halo and the properties 
(mass and concentration) of the 

DM halo at a given redshift

We subdivide the DM halos in 10 rings and evolve 
them since redshift of 12

…

The rings grow 
with the halo’s evolution
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where

x(a) ⌘
✓

3amPBH

4⇡↵⇢eq

◆1/4

with ↵ = 0.1 To generate initial conditions for BBHs
within each shell, we sample distributions of the semi-
major axis and eccentricity.
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FIG. 8: The initial distribution of semi-major axis and
eccentricity of primordial BBHs for N = 105 binaries.

The initial distribution of these parameters is crucial
to understanding the subsequent evolution of BBHs. We
assume that the binary black holes are gravitationally
bound and remain una↵ected by their environment until
the formation of dark matter halos. During this period,
they evolve in isolation. However, once these binary black
holes fall into dark-matter halos, their evolution becomes
influenced by the halo environment.

In Fig.8, we have used the equations. 32 to sample
the initial orbital parameters (e0, a0) of 105 primordial
binary black holes (BBHs), assuming a fraction of black
holes (fBH = 1) and black hole masses (mBH) of 30 M�
each. .

D. Mass accretion history

In our study, we employed the semi-analytical model
detailed in Appendix C of [13] to simulate the mass his-
tory of dark matter halos.To model the evolution of the
halo mass over time, we used specifically the formula

M(z) = M0(1 + z)↵e�z (33)

where ↵ and � are parameter characterize the mass
evolution of each halo. The formation time, z�2, can be
calculated using cosmology-dependent constants and the
parameters ↵ and � were derived accordingly:

z�2 =

✓
200

Acosmo

C(M0, z0)3g(1)

⌦mg(C(M0, z0))
� ⌦⇤

⌦m

◆1/3

� 1

↵ =
ln(g(1)/g(C)) � �z�2

ln(1 + z�2)

� = � 3

1 + z�2
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FIG. 9: Mass accretion history for a range of halos mass
with [103 � 1015]M� at present day z = 0

In the Fig.,left panel 9, we have used Eq. 33 to track the
mass accretion history of a dark-matter halo with a mass
of 1012M� at present day all the way to redshift z = 12.
As we can see, halo accretion is fast at higher redshifts,

Aljaf and IC (in progress)
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FIG. 3: The merger rate per halo Rhalo is presented
in units of yr

�1, with Ludlow16 and Prada12 concen-
trations. This analysis is conducted for monochromatic
mass for PBHs, and a log-normal distribution as well.

mass function of each halo.

R(M, z) =

Z
Rhalo(M, z)

dn

dM
dM. (21)

We computed this plot using two mass functions:
monochromatic and log-normal. Additionally, we em-
ployed both the Ludlow16 and Prada12 concentration
models in our calculations. This plot illustrates the dif-
ferences in merger rates predicted by these models and
mass functions. We observe good agreement between the
models at lower redshifts, but uncertainties increase at
higher redshifts.
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FIG. 4: The merger rate Rhalo per halo at redshift z = 0
is presented in units of yr

�1, considering two di↵erent
concentration models. This analysis is done for both
PBHs masses, incorporating the monochromatic , and
a log-normal distribution with µ = 30 and three choices
of � = [0.4, 0.6, 0.8]. pnale (a) corresponds to Ludlow16,
and panel (b) is for Prada12

IV. THREE BODY INTERACTION

A. Merger rate from three body channel

To model the merger rate of dark matter halos through
the three-body channel, it is essential to examine the
evolution equations of the orbital parameters (a, e). For
an single BBH with mass m1 and m2 residing in a dark
matter halo, the evolution equation for semi-major axis
is provided by [7]

da

dt
= �GH⇢environment

�environment

a
2 � 64

5

G
3

c5a3

⇥ (m1 + m2) · (m1 · m2)F (e)

(22)

We evolve the properties 
of the PBH hard-binaries:

Evolution of the total halo mass (we evolve each sub-shell)

Peters GW emission terms

7
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FIG. 5: The merger rate per halo Rhalo per halo at red-
shift z = 0 considering Ludlow concentrations model
consdiering di↵erent mass functions of PBHs, including
monochromatic, log-normal, and critical collapse mass
functions.
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with

F (e) =
�
1 � e

2
��7/2 ·

✓
1 +

73

24
e
2 +

37

96
e
4

◆

where ⇢environment is the density of the dark matter
environment in which the binary black hole (BBH) re-
sides, specifically in the dark matter halo in our case,
and vdis. is the dispersion velocity of the black holes and
BBH in the halo. One can note that the first term in
Eq.(22) describes the averaged e↵ect of hardening inter-
actions, while the second term represents the Peters sec-
ular evolution due to gravitational wave (GW) emission.
The parameter H is the hardening rate [8] and can be
approximated by [9]

H = 14.55 ⇥
✓

1 + 0.287
a

ah

◆�0.95

. (23)
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FIG. 7: The total merger rate for Press-Shecter mass
function

Similarly, the evolution equation for eccentricity is

de

dt
=

GHK⇢environment

vdis.
a � 304

15

G
3

c5a4

⇥ (m1 + m2) (m1 · m2)D(e)

(24)

with

D(e) =
�
1 � e

2
��5/2 ·

✓
e +

121

304
e
3

◆
, (25)

where K is called the ”eccentricity growth rate”, which
is also determined by numerical 3rd-body experiments.
We use the fitting function provided in [9] (Eq. 18).

The hard semimajor axis ah is defined by

ah =
Gm1

4v2dis
. (26)

The velocity dispersion of the objects in the halo can
be calculated by applying the Virial theorem:

vdis.(r) =

r
2GM(r)

r
, (27)

where G is Newton’s constant and M(r) is the total
mass contained within a sphere of radius r centered at
the center of the halo.

B. Dividing a halos into mass shells

With our evolution equations prepared, we can now
model our dark matter halo with primordial binary black
holes. For any halo we consider, we assume that 50%
of its mass consists of primordial BBHs and the other
50% percent consists of single primordial BHs. We also
assume that the density distributions for both BBH and
single BHs follow the NFW profile, implying that the
environmental density in Eqs.(22-24) is set according to
the NFW profile.

Interaction with PBH-binary environment

Environment (mass, concentration, 
density, velocity dispersion) evolve 
with time

2

The scale density ⇢s in the above expression is calcu-
lated by

⇢s

⇢crit
=

200

3

C
3

g(c)

One can note that the mass of the halo is a functions
of concentration.

B. Mass-Concentration-Redshift Relation C(M, z)

As we mentioned before, the concentration parame-
ter plays an important role in the evaluations of dark
matter halos. Studies using N body simulations indi-
cate that the concentration parameter decreases with in-
creasing halo mass and varies with redshift at a fixed
mass[2, 3]. This behavior is consistent with the dynamics
of the merger tree of dark-matter halos and their evolu-
tion, where smaller halos, having already virialized, tend
to be more concentrated than larger ones. According
to these studies, the relationship between concentration,
mass, and redshift can be described by the C(⌫) relation.
Here, ⌫(M, z), the peak height, is a dimensionless param-
eter defined as �sc(z)/�(M, z), where �sc(z) = 1.686(1+z)
is the spherical collapse threshold for overdensities, and
�(M, z) is the linear root mean square fluctuation of over-
densities. This peak height parameter indicates that the
concentration parameter depends on both the mass and
the redshift.

In this paper, we will utilize two key models for the
mass-concentration-redshift relations C(M, z) which are
a good fit to dark matter N-body simulations . Hence-
forth, we will refer to these models as Ludlow16 and
Prada12. We encourage readers to consult the original
references [2, 3] for detailed descriptions. For Ludlow16,
we will employ Equation (C1) presented in appendix C
of [2]. For Prada12, we will utilize the model presented
in [3], which consists of multiple equations Eqs. (12-22).

In Fig.1, we have illustrated the redshift evolution of
the concentration parameter for fixed halo Masses pre-
dicted by both concentration model: panel (a) shows
the Ludlow16 model, while panel (b) shows the Prada12
model. In both cases, we used the publicly avail-
able COLOSSUS package [4] to obtain the redshift
evolution for fixed masses, specifically for halos that
are[103, 106, 108, 1012]M� at present day. We can see
from the both panels that concentration parameter C

decreases with halo mass M . This is because smaller ha-
los form earlier in time and so they are formed in denser
environments than the massive halos. Moreover, for a
fixed halo mass, C increase with time because mergers of
smaller halos happens over time and dark matter relax-
ation leads to a more centralized matter distribution.
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FIG. 1: Redshift evolution of halo concentrations at
di↵erent fixed halo masses. Ludlow12 and Prada12
concentration model are shown for halos which are at
[103, 106, 108, 1012]M� at present time z = 0.

C. Halo Mass Function

Another key quantity in determining halo properties
is the halo mass function, which describe the mass dis-
tribution of dark-matter halos. Gravitational collapse is
crucial for understanding the formation of dark matter
halos in cosmology. By modeling spherically symmet-
ric overdensities, one can describe this collapse and clas-
sify halos based on their mass distribution. The halo
mass function, a powerful tool in cosmology, provides a
convenient equation to describe this distribution accu-
rately. It serves as a vital assumption in simulations of
cosmic structure formation. The density contrast, given
by �(x) ⌘ [⇢(x) � ⇢̄]/⇢̄, measures local density fluctua-
tions relative to the average background density, help-
ing predict where structures will form. In spherical col-
lapse models, a threshold value for the density contrast,
�c = 1.686, indicates the onset of collapse, independent
of local quantities such as mass or radius.
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ever, due to the higher observed rate of BBH mergers,
even at a less stringent threshold of < 1 yr�1 the rela-
tive proportion of background events remains below 10%
for analyses of BBH; we therefore adopt this less strin-
gent threshold for analyses of solely the BBH popula-
tion. Both sensitivity thresholds omit several candidates
of moderate significance identified in recent work, includ-
ing candidates identified by our own search [1, 3], which
have required the probability of an event being of astro-
physical origin, pastro > 0.5 [12]. For example, our chosen
FAR threshold excludes some of the most massive events
identified in GWTC-3 [1] (e.g., GW190403 051519 and
GW200220 061928). We briefly discuss these events, and
those identified by other groups, in the context of our re-
constructed populations.

The remainder of this paper is organized as follows.
In Section II we summarize observations we reported
through O3, then highlight our key conclusions about
them obtained in this study. In Section III we describe
the hierarchical method used to fit population models
to data, and to validate their results. In Section IV we
describe analyses for the whole compact binary popu-
lation, including both BHs and NSs. In Section V we
describe our results for binaries containing one or more
NSs. In Section VI and VII we describe our results for
BBH masses and spins respectively. In Section VIII we
discuss results obtained with other searches or selection
criteria, comparing to the populations identified in this
work. In Section IX we discuss the astrophysical inter-
pretation of our observations and population inferences.
In Section X we comment on prospects for future searches
for the stochastic background of gravitational radiation
from all compact binary mergers on our past light cone
during the next observing run. We conclude in Section XI
with the significance of our results. In our Appendices,
we provide the details of how we estimate sensitivity to
compact binary mergers (Appendix A), a comprehensive
description of the population models used in this work
(Appendix B), methods we used to validate our study

against prominent sources of systematic error (Appendix
C), and additional details ofthe BBH results (Appendix
D). In Appendix E, we provide revised posterior distri-
butions for all events used in this work, each reassessed
using information obtained from an estimate for the full
population.

II. SUMMARY OF OBSERVATIONS AND
RESULTS

A total of 90 compact binary coalescences (CBCs) have
been detected in the first three observing runs [1]. The
threshold used in GWTC-3 requires a probability of as-
trophysical origin of at least 50%. For the population
analysis presented here, it is preferable to work with a dif-
ferent threshold to ensure lower contamination from sig-
nals of non-astrophysical origin, and to reduce the model
dependence in assessing probabilities of astrophysical ori-
gin. Consequently, for the majority of analyses presented
in this paper, we require a FAR of < 0.25 yr�1 in at least
one of the search analyses in GWTC-3. This threshold
limits the number of events to 67; at this threshold, we
expect approximately one event not to be of astrophysical
origin. For BBH focused analyses, we loosen the thresh-
old to a FAR < 1 yr�1 due to the higher observed rate of
BBH mergers, giving 76 events with available parameter
estimates, of which approximately 4.6 are expected to be
non-astrophysical. This significantly expands the num-
ber of observations since GWTC-2, which included 50
events, of which 47 had FAR of < 1 yr�1 and were used
in our previous population analysis [11]. Table I shows
selected properties of all events used to infer the astro-
physical population of binary mergers in the Universe.
The table contains all events with FAR < 1 yr�1, with
less significant events having FAR between 1 yr�1 and
0.25 yr�1 which are excluded from all but the BBH anal-
yses clearly identified. Henceforth, we abbreviate candi-
date names by omitting the last six digits when unam-
biguous.

Name FARmin (yr�1) pastro m1/M� m2/M� M/M� �e↵ First appears in

GW150914 < 1 ⇥ 10�5 > 0.99 35.6+4.7
�3.1 30.6+3.0

�4.4 28.6+1.7
�1.5 �0.01+0.12

�0.13 [13]

GW151012 7.92⇥10�3 > 0.99 23.2+14.9
�5.5 13.6+4.1

�4.8 15.2+2.1
�1.2 0.05+0.31

�0.20 [14]

GW151226 < 1 ⇥ 10�5 > 0.99 13.7+8.8
�3.2 7.7+2.2

�2.5 8.9+0.3
�0.3 0.18+0.20

�0.12 [15]

GW170104 < 1 ⇥ 10�5 > 0.99 30.8+7.3
�5.6 20.0+4.9

�4.6 21.4+2.2
�1.8 �0.04+0.17

�0.21 [16]

GW170608 < 1 ⇥ 10�5 > 0.99 11.0+5.5
�1.7 7.6+1.4

�2.2 7.9+0.2
�0.2 0.03+0.19

�0.07 [17]

GW170729 1.80⇥10�1 0.98 50.2+16.2
�10.2 34.0+9.1

�10.1 35.4+6.5
�4.8 0.37+0.21

�0.25 [2]

GW170809 < 1 ⇥ 10�5 > 0.99 35.0+8.3
�5.9 23.8+5.1

�5.2 24.9+2.1
�1.7 0.08+0.17

�0.17 [2]

GW170814 < 1 ⇥ 10�5 > 0.99 30.6+5.6
�3.0 25.2+2.8

�4.0 24.1+1.4
�1.1 0.07+0.12

�0.12 [18]

GW170817 < 1 ⇥ 10�5 > 0.99 1.46+0.12
�0.10 1.27+0.09

�0.09 1.186+0.001
�0.001 0.00+0.02

�0.01 [19]

GW170818 < 1 ⇥ 10�5 > 0.99 35.4+7.5
�4.7 26.7+4.3

�5.2 26.5+2.1
�1.7 �0.09+0.18

�0.21 [2]

GW170823 < 1 ⇥ 10�5 > 0.99 39.5+11.2
�6.7 29.0+6.7

�7.8 29.2+4.6
�3.6 0.09+0.22

�0.26 [2]

GW190408 181802 < 1 ⇥ 10�5 > 0.99 24.6+5.1
�3.4 18.4+3.3

�3.6 18.3+1.9
�1.2 �0.03+0.14

�0.19 [4]

GW190412 053044 < 1 ⇥ 10�5 > 0.99 30.1+4.7
�5.1 8.3+1.6

�0.9 13.3+0.4
�0.3 0.25+0.08

�0.11 [20]

Connecting to the LIGO-VIRGO-KAGRA list of Binary 
Merger Events

…
We use binary black hole mergers with a false alarm rate (FAR)  
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Using a skew-normal distribution for each BBH merger event,

<latexit sha1_base64="tAzI0Zgk3x5Z/Q3mjreLcxYihI0="></latexit>

M1 = 34.7+12.6
�8.1 M�



And then summing up the       and        distributions
<latexit sha1_base64="/1j/b/qjsqz7kzevhK40RKojZFo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CBdMW2lA22227dLMJuxOhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ykMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2casZ9FstYt0NquBSK+yhQ8naiOY1CyVvh+Hbmt564NiJWjzhJeBDRoRIDwShayb/vZd60V664VXcOskq8nFQgR6NX/ur2Y5ZGXCGT1JiO5yYYZFSjYJJPS93U8ISyMR3yjqWKRtwE2fzYKTmzSp8MYm1LIZmrvycyGhkziULbGVEcmWVvJv7ndVIcXAeZUEmKXLHFokEqCcZk9jnpC80ZyokllGlhbyVsRDVlaPMp2RC85ZdXSfOi6tWqtYfLSv0mj6MIJ3AK5+DBFdThDhrgAwMBz/AKb45yXpx352PRWnDymWP4A+fzB5IAjow=</latexit>

M1
<latexit sha1_base64="KKW2i8Y0ko6YRiMsw7AuIupGx/M=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxYtQwbSFtpTNdtIu3WzC7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxLBtXHdb2dtfWNza7uwU9zd2z84LB0dN3WcKoY+i0Ws2gHVKLhE33AjsJ0opFEgsBWMb2d+6wmV5rF8NJMEexEdSh5yRo2V/Pt+Vp32S2W34s5BVomXkzLkaPRLX91BzNIIpWGCat3x3MT0MqoMZwKnxW6qMaFsTIfYsVTSCHUvmx87JedWGZAwVrakIXP190RGI60nUWA7I2pGetmbif95ndSE172MyyQ1KNliUZgKYmIy+5wMuEJmxMQSyhS3txI2oooyY/Mp2hC85ZdXSbNa8WqV2sNluX6Tx1GAUziDC/DgCupwBw3wgQGHZ3iFN0c6L86787FoXXPymRP4A+fzB5OFjo0=</latexit>

M2

El Bouhaddouti and IC 
(in progress)



And then summing up the       and        distributions

and the mass-ratio            
distribution 

<latexit sha1_base64="/1j/b/qjsqz7kzevhK40RKojZFo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CBdMW2lA22227dLMJuxOhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ykMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2casZ9FstYt0NquBSK+yhQ8naiOY1CyVvh+Hbmt564NiJWjzhJeBDRoRIDwShayb/vZd60V664VXcOskq8nFQgR6NX/ur2Y5ZGXCGT1JiO5yYYZFSjYJJPS93U8ISyMR3yjqWKRtwE2fzYKTmzSp8MYm1LIZmrvycyGhkziULbGVEcmWVvJv7ndVIcXAeZUEmKXLHFokEqCcZk9jnpC80ZyokllGlhbyVsRDVlaPMp2RC85ZdXSfOi6tWqtYfLSv0mj6MIJ3AK5+DBFdThDhrgAwMBz/AKb45yXpx352PRWnDymWP4A+fzB5IAjow=</latexit>

M1
<latexit sha1_base64="KKW2i8Y0ko6YRiMsw7AuIupGx/M=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxYtQwbSFtpTNdtIu3WzC7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxLBtXHdb2dtfWNza7uwU9zd2z84LB0dN3WcKoY+i0Ws2gHVKLhE33AjsJ0opFEgsBWMb2d+6wmV5rF8NJMEexEdSh5yRo2V/Pt+Vp32S2W34s5BVomXkzLkaPRLX91BzNIIpWGCat3x3MT0MqoMZwKnxW6qMaFsTIfYsVTSCHUvmx87JedWGZAwVrakIXP190RGI60nUWA7I2pGetmbif95ndSE172MyyQ1KNliUZgKYmIy+5wMuEJmxMQSyhS3txI2oooyY/Mp2hC85ZdXSbNa8WqV2sNluX6Tx1GAUziDC/DgCupwBw3wgQGHZ3iFN0c6L86787FoXXPymRP4A+fzB5OFjo0=</latexit>

M2

<latexit sha1_base64="cBLonr1P6MdxOrHFWnDfNUtsm5o=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJS7AInkpSpHoRil68CBVsK7QhbLabdulmE3c3QgkB/4oXD4p49Xd489+4aXPQ1gfDPN6bYWefHzMqlW1/G6Wl5ZXVtfJ6ZWNza3vH3N3ryCgRmLRxxCJx7yNJGOWkrahi5D4WBIU+I11/fJX73UciJI34nZrExA3RkNOAYqS05JkHDxf9QCCc3nipk2V5q2eZZ1btmj2FtUicglShQMszv/qDCCch4QozJGXPsWPlpkgoihnJKv1EkhjhMRqSnqYchUS66fT8zDrWysAKIqGLK2uq/t5IUSjlJPT1ZIjUSM57ufif10tUcO6mlMeJIhzPHgoSZqnIyrOwBlQQrNhEE4QF1bdaeIR0GkonVtEhOPNfXiSdes1p1Bq3p9XmZRFHGQ7hCE7AgTNowjW0oA0YUniGV3gznowX4934mI2WjGJnH/7A+PwBY+eVyQ==</latexit>

q =
M1

M2



We then simulate BBH populations.
 
I) A regular population of stellar-origin BBHs with:

<latexit sha1_base64="aGMGWlA/ohVWeYalMC7vJhp/cyI="></latexit>

dN

dM1
/ H[M1 �Mmin]M

�↵
1

<latexit sha1_base64="mrHv9495V/NAG/XKSHCOSrLEi8k="></latexit>

dN

dM1
/ H[M1 �Mmin]M

�↵
1 exp{� M1

Mcut
}

or

with
<latexit sha1_base64="D1LRwtvgxvx5GA2+83+tUfAfHk8=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJqUoQKowVLEyoSPQhNaFyHKe16jiu7SBVUUYWfoWFAYRY+QQ2/gb3MUDLkSwdnXOvrs8JBKNKO863VVhaXlldK66XNja3tnfs3b2mSlKJSQMnLJHtACnCKCcNTTUjbSEJigNGWsHgauy3HohUNOF3eiSIH6MepxHFSBupax96kUQ4C2/yLBzm0BMyETqBw/vMC4hGedcuOxVnArhI3BkpgxnqXfvLCxOcxoRrzJBSHdcR2s+Q1BQzkpe8VBGB8AD1SMdQjmKi/GwSJIfHRglhlEjzuIYT9fdGhmKlRnFgJmOk+2reG4v/eZ1URxd+RrlINeF4eihKGTRRx63AkEqCNRsZgrCk5q8Q95FpRpvuSqYEdz7yImmeVtxqpXp7Vq5dzuooggNwBE6AC85BDVyDOmgADB7BM3gFb9aT9WK9Wx/T0YI129kHf2B9/gCV5Zpa</latexit>

dN

dq
/ q�

<latexit sha1_base64="ncZ942RO65yKuM8ZReefB3N+7vM=">AAACEXicbVDLSsNAFJ3UV62vqks3g0VIKZREpLosunElFewDmlgmk0k7dJIMMxOhDfkFN/6KGxeKuHXnzr9x+lho64GBwzn3cuccjzMqlWV9G7mV1bX1jfxmYWt7Z3evuH/QknEiMGnimMWi4yFJGI1IU1HFSIcLgkKPkbY3vJr47QciJI2jOzXixA1RP6IBxUhpqVc0nUAgnPo3Weqb44pdzqDDRcxVDE27Mi7fp84QcY6yXrFkVa0p4DKx56QE5mj0il+OH+MkJJHCDEnZtS2u3BQJRTEjWcFJJOEID1GfdDWNUEikm04TZfBEKz4MYqFfpOBU/b2RolDKUejpyRCpgVz0JuJ/XjdRwYWb0ognikR4dihIGNR5J/VAnwqCFRtpgrCg+q8QD5CuSOkSC7oEezHyMmmdVu1atXZ7VqpfzuvIgyNwDExgg3NQB9egAZoAg0fwDF7Bm/FkvBjvxsdsNGfMdw7BHxifPxXynJE=</latexit>

dN

d(z + 1)
/ (1 + z)and 

II) A Binary PBH population

And calculate the Signal to Noise ratio for the LVK sensitivities



An example of 
El Bouhaddouti and IC 

(in progress)

<latexit sha1_base64="miZW7U6CvHaozAgX5XGWOrtSphE=">AAACDXicbZC7SgNBFIZn4y3G26qlzWAULGTZXTRqEQjaWEYwF0hCODuZJENmd4eZWSGEvICNr2JjoYitvZ1v42ySQhN/GPj4zzmcOX8gOFPadb+tzNLyyupadj23sbm1vWPv7lVVnEhCKyTmsawHoChnEa1opjmtC0khDDitBYObtF57oFKxOLrXQ0FbIfQi1mUEtLHa9lETuOgDLmLfOfdPcTOgGoquk+IAhICi71y17bzruBPhRfBmkEczldv2V7MTkySkkSYclGp4rtCtEUjNCKfjXDNRVAAZQI82DEYQUtUaTa4Z42PjdHA3luZFGk/c3xMjCJUahoHpDEH31XwtNf+rNRLdvWyNWCQSTSMyXdRNONYxTqPBHSYp0XxoAIhk5q+Y9EEC0SbAnAnBmz95Eaq+4xWcwt1ZvnQ9iyOLDtAhOkEeukAldIvKqIIIekTP6BW9WU/Wi/VufUxbM9ZsZh/9kfX5AwH0mGA=</latexit>

↵ = 2.52,� = 0.2, = 2.9

Observed LVK BBHs

Simulated BBHs

Preliminary

We find that the second peak at ~40 solar masses forces us to assume 
somewhat strange assumptions on the stellar-origin BBH population. 
However, LVK O4 runs will truly determine if indeed this is significant 
enough. In the process of deriving PBH limits.

And then fit to the LVK data



Conclusions
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• The rate of stellar-mass PBHs mergers from direct captures 
depends only within a factor of 3 on the exact mass-distribution 
(for the LIGO-Virgo-KAGRA range) 

• We have included three-body PBH-binary to PBH interactions by 
evolving the DM halos properties. Most of the three-body 
interactions happen early on in the history of the DM halos. 

• At early times the three-body interactions are important to include 

• We are in the process of updating PBH limits form the LIGO-
Virgo-KAGRA observations

Muhsin Aljaf (OU), Mehdi El Bouhaddouti (OU) 
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