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Abstract: The measurement of gravitational waves produced by binary black-hole mergers at the Advanced LIGO
has encouraged extensive studies on the stochastic gravitational wave background. Recent studies have focused on
gravitational wave sources made of the same species, such as mergers from binary primordial black holes or those
from binary astrophysical black holes. In this paper, we study a new possibility – the stochastic gravitational wave
background produced by mergers of one primordial black hole and one astrophysical black hole. Such systems are
necessarily present if primordial black holes exist. We study the isotropic gravitational wave background produced
through the history of the universe. We find it is very challenging to detect such a signal. We also demonstrate that it
is improper to treat the gravitational waves produced by such binaries in the Milky Way as a directional stochastic
background due to a very low binary formation rate.
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I.  INTRODUCTION

i.e., z ≲ 1

The first detection of gravitational waves (GW) [1] by
the LIGO and Virgo collaborations [2, 3] in 2015 opened
a new  window  to  the  study  of  astrophysics  and  cosmo-
logy.  Since  then,  many  compact  binary  coalescence
events  have  been  observed,  including  mergers  of  binary
black holes, binary neutron stars, and black hole-neutron
star  binaries  [4-6].  Due  to  limited  sensitivities,  these
events are located at a relatively low redshift,  .
However,  in  principle,  binary  mergers  can  occur  at  a
much  earlier  time.  Those  of  astrophysical  black  holes
(ABHs)  can  occur  shortly  after  the  formation  of  first
stars. Since  primordial  black  holes  (PBHs)  can  be  pro-
duced due to large density perturbations in the early uni-

verse, the mergers of PBHs could even start deeply with-
in the  radiation-dominated  epoch  and  persist  through  al-
most the entire history of the universe.

For  an  individual  GW  source  at  a  large  redshift,  the
signal is too weak to be detectable. However, the incoher-
ent superposition of a large number of unresolved sources
may  constitute  an  observable  stochastic  gravitational
background (SGWB). The detection or absence of such a
background can therefore reveal  or  constrain the proper-
ties of the GW sources. For example, the null detection of
the SGWB produced by ABH-ABH mergers can be used
to constrain various formation scenarios of binary ABHs
[7].  Similarly,  the  search  of  SGWB  produced  by  PBH-
PBH mergers  can also be exploited to  study the fraction
of  dark  matter  in  the  form  of  PBHs  [8, 9].  In  addition,
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when combined with the merger-rate history, the SGWB
can  also  be  used  to  distinguish  the  population  of  ABHs
from that of PBHs [10-13].

Besides binary mergers, many other sources can also
produce  the  SGWB,  for  example,  astrophysical  sources
like supernovae [14-17] and magnetars [18-22], and cos-
mological  sources  such  as  cosmic  strings  [23],  inflation
[24-27], and first-order phase transitions [28, 29]. For dif-
ferent  types  of  sources,  their  characteristic  frequency  as
well as  the  spectral  shape  can  be  very  different.  There-
fore,  various  species  of  GW  experiments  are  needed  in
order to  explore  interesting  physics  in  different  fre-
quency bands.

∼ 10−103 Hz

10−4 Hz 10−1 Hz

ΩGW
O(10−9)

25 Hz

Typically, ground-based  interferometers  have  sensit-
ivities at relatively high frequency domains. For example,
LIGO, Virgo, and KAGRA aim for signals with frequen-
cies  between .  On  the  other  hand,  space-
based GW experiments can observe GW at a much lower
frequency.  For  instance,  LISA,  Taiji  and  TianQin  [30-
33],  have  optimal  sensitivities  from  to .
Further  lower  frequency  gravitational  waves  can  be
searched by pulsar timing arrays [34, 35]. Currently, Ad-
vanced LIGO and Advanced Virgo have placed an upper
limit on the dimensionless GW energy density, , for
the  isotropic  background  at  approximately  [36-
39]  at .  Such  results  constrain  certain  scenarios  of
PBH-PBH mergers [36-39], cosmic string networks [23],
as well as strong first-order phase transitions at very high
scales [28, 29].

It  has  been  demonstrated  that  a  GW  experiment  can
also  be  used  to  look  for  dark  matter  candidates,  in  both
ultraheavy (see Ref. [40] and references therein) and ultr-
alight  [41-46]  mass  regions.  So  far,  most  of  the  PBH
searches using SGWB are focused on PBH-PBH mergers.
However  if  PBHs exist,  mergers  between a  PBH and an
astrophysical  objects  naturally  arises.  For  example,  a
PBH could merge with an ABH in stellar clusters and re-
produce the LIGO/Virgo detection rate if  the local  over-
density  of  PBHs  is  large  enough  [47].  In  this  paper,  we
study the SGWB produced by mergers of a PBH and an
ABH.  All  mergers  in  galaxies  with  different  redshifts
contribute to  the  isotropic  SGWB.  Meanwhile,  coales-
cences that occur in the Milky Way (MW) can also gen-
erate  a  signal  with  a  preferred  direction.  Both  scenarios
are considered in this study.

The  paper  is  organized  as  follows.  In  Sec.  II,  we
present the master formula and all the ingredients for es-
timating  the  isotropic  SGWB.  We  compare  our  result
with other sources of SGWB as well as the sensitivities of
existing  and future  experiments.  In  Sec.  III,  we estimate
the  PBH-ABH  formation  rate  in  the  MW  and  study
whether it is proper to treat the GW produced as a contri-
bution to the anisotropic SGWB. Finally, we present our
conclusions in Sec. IV. 

II.  ISOTROPIC COSMOLOGICAL
BACKGROUND

 

A.    GW power spectral density

ΩGW(ν)
The  isotropic  SGWB  is  characterized  by  the  GW

power spectral density , which is a dimensionless
quantity describing  the  GW  energy  density  per  logar-
ithmic frequency interval, 

ΩGW(ν) ≡ 1
ρc

dρGW

dlnν
=
ν

ρc

dρGW

dν
, (1)

ρc = 3H2
0/(8πG)

H0
ρGW

where  is the critical energy density of the
universe.  and G are the Hubble constant and gravita-
tional  constant,  respectively.  Here,  is  the  energy
density of the GW, and ν is the frequency of the GW ob-
served today.

ΩGW

The GW power spectral density consists of GW radi-
ation emitted  throughout  the  entire  history  of  the  uni-
verse.  For  the  SGWB  generated  by  ABH-PBH  mergers,

 can be written as an integral over the redshift: 

ΩGW(ν) =
ν

ρcH0

∫ zmax

0
dz

RAP(z)
(1+ z)4E(z)

dEGW

dνs
(νs) . (2)

dEGW

dνs
(νs)

νs

νs = (1+ z)ν RAP(z)
i.e.,

E(z)
E(z) ≡ H(z)/H0

Here,  is  the GW radiation energy spectrum of
the  source,  is  the  GW  frequency  at  the  time  of  the
ABH-PBH  merger,  and  it  is  related  to  the  frequency  at
observation as .  is the ABH-PBH mer-
ger rate,  the number of mergers per physical volume
per  cosmological  time.  At  last,  is  related  to  the
Hubble parameter as .

ΩGW(ν)

dEGW/dνs RAP(z)

zmax

zmax

Therefore,  the  calculation  of  boils  down  to
the  GW  radiation  energy  spectrum  for  each  ABH-PBH
merger  and the merger rate . We present
details  on  how  they  are  calculated  in  the  later  sections.
Notice that we impose an upper limit on redshift, , in
the integral. This is because while PBHs can be formed at
very large redshift deeply within the radiation-dominated
epoch, ABHs can only appear after stars in galaxies have
formed.  Therefore  refers  to  the  maximal  redshift
beyond which  there  is  effectively  no  ABH  and  con-
sequently no ABH-PBH merger. 

B.    GW radiation power spectrum
The evolution of a binary merger can be described by

three phases: the inspiral,  the merger, and the ringdown.
While the GW radiation from the early inspiral and ring-
down  phases  can  be  approximated  analytically  by  the
post-Newtonian  expansion  and  the  perturbation  theory,
modeling the late inspiral and merger requires solving the
Einstein  equations  numerically.  Using  the  hybrid  GW
waveform  for  non-spinning  binaries  presented  in  Ref. 
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dEGW

dνs
=

(Gπ)2/3M5/3
c

3


ν−1/3

s , if νs < νmerg;
ν−1

mergν
2/3
s , if νmerg ≤ νs<νring;

ν−1
mergν

−4/3
ring ν

2
s

(νs− νring

σ/2

)2

+1

−2

, if νring ≤ νs < νcut,

(3)

Mc = (m1m2)3/5/(m1+m2)1/5

νmerg νring

νcut

α⃗ ≡ {νmerg, νring, σ, νcut}

in which  is the chirp mass of
the binary. The frequencies  and  are boundaries
that separate the contributions from different regimes —
the  inspiral,  the  merger,  and  the  ringdown  stages.  The
parameter σ characterizes the width of the transition from
the  merger  stage  to  the  ringdown  stage,  and  is  the
cutoff of this template. The frequency dependent behavi-
ors of these parameters are summarized in a vector form

 and can then be  further  paramet-
rized as 

α j =
a jη

2+b jη+ c j

π
× c3

MG
, (4)

η = m1m2/(m1+m2)2

(a j,b j,c j)

where  is  the  symmetric  mass  ratio,
and M is  the  total  mass  of  the  binary.  The  values  of

 are listed in Table 1. 

C.    Merger rate
ABHs  follow  the  star  distribution  in  galaxies.  Thus

the ABH-PBH merger rate can be calculated by integrat-
ing the number density of galaxies with the merger rate in
each galaxy halo. To be specific, we obtain 

RAP(z) =
∑

i

∫
dMh

dnh(z,Mh, i)
dMh

Rhalo
AP (z,Mh, i) , (5)

Rhalo
AP (z,Mh, i)
Mh

dnh/dMh nh

where i indicates  the  type  of  galaxies.  It  includes  disk
galaxies and elliptical galaxies in this study. 
is  the  merger  rate  of  a  type-i halo  with  mass  at red-
shift z, and  is the halo mass function with  be-
ing  the  physical  number  density  of  halos,  which  can  be
obtained through numerical simulations.

Rhalo
AP (z,Mh, i)

nP (⃗r)
nA (⃗r)

In order to estimate the merger rate , the
following ingredients  are  necessary:  1)  the  spatial  distri-
bution function of PBHs ; 2) the spatial distribution
function  of  ABHs ;  3)  ABH-PBH binary  formation
probability,  characterized  by  the  averaged  capture  cross

⟨σmervrel⟩section . With these, the ABH-PBH merger rate
per halo can be written as 

Rhalo
AP =

∫
halo

dV
∫

dMA nP(Mh,z, r⃗)× dnA

dMA
(MA,Mh,z, r⃗)

×⟨σmer(MA,MP,vrel) vrel⟩ ,
(6)

Mh
r⃗

where we keep the explicit dependence on the redshift z,
the halo mass ,  the ABH/PBH masses,  as  well  as  the
spatial location of the black holes  inside the halo. Note
that, in this formula, the merger rate is identified with the
binary  formation  rate.  This  is  reasonable  for  the  binary
formation process  that  we study here in  which the delay
between  the  formation  of  the  binary  and  the  subsequent
GW  emission  is  negligible  compared  to  cosmological
timescales  [49].  Such binary formation channel  assumed
here  is  consistent  with  the  classical  isolated  single  and
binary evolution which follows the star formation rate. In
the  rest  of  this  section,  we  present  the  details  of  these
three  ingredients  and  then  combine  them  with  the  halo
mass function to estimate the integrated merger rate. 

1.    PBH distribution

MP = 1 30 M⊙

The mass of the PBH is not well predicted theoretic-
ally. In this study, we assume that it takes a single value,
and  we  consider  two  benchmarks,  and .
Since the PBHs were produced at  the very early time of
the universe, their spatial distribution follows that of dark
matter.  Assuming  PBHs  constitute  a  fraction, f,  of  the
total dark matter abundance, the PBH number density can
be written as 

nP =
ρP

MP
= f × ρdm

MP
. (7)

ρdmHere,  we  assume  the  dark-matter  distribution  is de-
scribed by the NFW profile [50], 

ρdm(r) =
ρ0

r/Rs(1+ r/Rs)2 , (8)

ρ0
Rs

C(Mh,z) = Rvir/Rs

C(Mh,z) 0.5 1000

where r is the distance from the center of the halo,  is
the normalization factor, and  is related to the virial ra-
dius via the concentration parameter . In
this study, we determine the concentration parameter us-
ing  the  fitting  formula  in  Ref.  [51]  and  only  consider

 between  and  in order to avoid a diver-

Table 1.    Parameters for the GW radiation power spectrum.

Parameter a j b j c j

νmerg 2.9740×10−1 4.4810×10−2 9.5560×10−2

νring 5.9411×10−1 8.9794×10−2 1.9111×10−1

σ 5.0801×10−1 7.7515×10−2 2.2369×10−2

νcut 8.4845×10−1 1.2848×10−1 2.7299×10−1
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gent result [8].
The virial radius of a halo is defined through the aver-

aged density within the region. More explicitly, for a halo
at redshift z, one obtains 

Mh ≃ ∆×
[
Ωm(1+ z)3+ΩΛ

]
ρc×

4π
3

R3
vir , (9)

where Δ is typically taken as 200 [52]. 

2.    ABH distribution

∼ 5 M⊙The ABH mass ranges from  to a few tens of
solar  masses  [53, 54]. In  order  to  calculate  the  distribu-
tion of ABHs with respect to different masses, we use the
initial  mass  function  (IMF)  [55],  which  describes  the
number distribution of stars: 

dNM

dM
∝


M−0.3, 0.01 M⊙ ≤ M < 0.08 M⊙
M−1.3, 0.08 M⊙ ≤ M < 0.5 M⊙
M−2.3, 0.5 M⊙ ≤ M < 100 M⊙

. (10)

M⊙

M⊙

M⊙

To  determine  the  fraction  of  stars  that  eventually  forms
black holes, we make a simple assumption that only stars
with  masses  larger  than  25  become  black  holes.  It
should  be  noted  that  this  assumption  follows  from  the
conclusion  in  Ref.  [56]  that  a  star  with  metallicity
between metal-free and solar metallicity becomes a black
hole by supernova mass fallback or direct core collapse if
its  mass  is  larger  than  25 ,  and  those  with  lower
masses  can  only  form  white  dwarfs  or  neutron  stars.
However,  recent  studies  show  that  the  relation  between
neutron star  and  black-hole  formation  is  more  sophistic-
ated  and  there  is  not  a  single  critical  mass  above  which
black  holes  can  form  [57-63]. Nevertheless,  this  simpli-
fied  assumption  still  allows  a  concrete  estimate  when  a
large  number  of  stars  is  considered.  Moreover,  although
the  formation  of  a  black  hole  takes  a  finite  amount  of
time, the lifetime of a star with a mass larger than 25 
is  quite  small  compared  with  the  cosmological  time that
we consider in this paper. Therefore, we ignore the ABH
formation time and estimate its number density per solar
mass of stellar objects as 

χA(MA)
M⊙

≃

dNM

dM

∣∣∣∣∣∣
M=Mpro

A∫ 100 M⊙

0.08 M⊙

M
dNM

dM
dM

. (11)

∼ 1/3
Mpro

A ≃ 3MA

MA

For  simplicity,  we  follow  an  approach  similar  to  that  in
[64] and assume that the remnant ABH only retains 
of  the  initial  stellar  mass.  Therefore,  stands
for the mass of the progenitor associated with an ABH of
mass . In reality, the remnant mass can be affected by

∼ 2×10−3 ρG

stellar  winds,  which depend on metallicity  and thus  also
on  redshift  [65-68].  Integrating  the  equation  above,  we
find that the averaged number of ABHs per solar mass is

.  For  a  galaxy  with  mass  distribution ,  we
thus  obtain  the  spatial  distribution  of  the  ABH  number
density as a function of the ABH mass as 

dnA

dMA
=
χA(MA)

M⊙
×ρG . (12)

Notice that this relation assumes that all stars and thus all
ABHs are formed in isolation and in the field. Practically,
the majority of them are born in binary systems [69, 70],
which may further affect our assumption of the two-body
capture.  We shall  reserve the consideration of this  effect
for future work.

ρG

i.e.,
The distribution  depends on multiple aspects of a

galaxy,  the redshift, the halo mass, and also the type
of  the  galaxy.  For  elliptical  galaxies,  we  consider  the
Hernquist Model [71] 

ρG(r) =
CE

2π
Rc

r(r+Rc)3 , (13)

Rc

(
√

2+1)Rc = R1/2

in which r is  the radius in spherical  coordinates,  and the
core  radius  can  be  determined  by  its  relation  to  the
half-light  (half-mass)  radius .  For  disk
galaxies, the  mass  distribution  is  approximately  de-
scribed by a double exponential form [72]: 

ρG(R,h) =CD exp(−R/RD)exp(−|h|/hD) , (14)

RD hD

1.68RD ≃ R1/2 hD ≃
RD/10

where R and h are the radius and height in cylindrical co-
ordinates.  and  are related to the half-light radius of
the  halo  hosting  the  galaxy  as ,  and 

.
R1/2 = λRvir λ ≃ 0.015

CD,E

In  both  cases,  we  have  with 
[73].  Moreover,  the  normalization  factor  in  both
profiles are determined by ∫

halo
dVρG = Ms , (15)

Mswhere  is the total stellar mass in the galaxy.
We determine the total  stellar  mass using the stellar-

halo mass relation provided in Ref. [74]. In particular, the
stellar-halo mass relations are parametrized as 

log10

(
Ms

M1

)
= ϵ − log10

(
10−αx +10−βx

)
+γexp

[
−1

2

( x
δ

)2
]
,

(16)

x = log10(Mh/M1)in  which .  The  parameters  scales  with
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redshift as 

log10

(
M1

M⊙

)
= M0+Ma(a−1)−Mlna lna+Mzz , (17)

 

ϵ = ϵ0+ ϵa(a−1)− ϵlna lna+ ϵzz , (18)
 

α = α0+αa(a−1)−αlna lna+αzz , (19)
 

β = β0+βa(a−1)+βzz , (20)
 

log10 γ = γ0+γa(a−1)+γzz , (21)
 

δ = δ0 , (22)

a ≡ 1/(1+ z)in which  is the scale factor, and the values of
the  additional  parameters  are  summarized  in Table  2.  A
few examples  of  the  stellar-halo  mass  relation  at  differ-
ent redshifts are shown in Fig. 1.

In  our  analysis,  we  consider  two  limits  where  all
galaxies in the universe are either disk galaxies or ellipt-
ical  galaxies.  The  reality  should  lie  between  the  results
from these two limits. 

3.    ABH-PBH binary formation probability

We  estimate  the  ABH-PBH  binary  merger  rate
through the gravitational capture process. As an ABH and

Mh ∼ 1012 M⊙ Mh ∼ 106 M⊙

a  PBH  pass  each  other,  the  gravitational  wave  radiation
takes away some amount of  the energy of  the system. If
the energy  loss  is  large  enough  and  brings  the  total  en-
ergy of the system below zero,  a bound state forms, and
the  merger  will  happen  soon  after.  For  binaries  formed
via this mechanism, the characteristic delay time, describ-
ing the duration between the binary formation and the fi-
nal coalescence, depends on the velocity dispersion of the
hosting  halo.  Is  typically  much  shorter  (hours  for

 and  kyrs  for  [49])  compared
to the Hubble time. Therefore, we can safely treat it as in-
stantaneous on cosmological time scales. The gravitation-
al capture cross-section can be estimated as [75] 

σmer(mi,m j) = 2π
(

85π

6
√

2

)2/7 G2(mi+m j)10/7m2/7
i m2/7

j

c10/7v18/7
rel

,

(23)

mi m j
MA

MP vrel

where  and  are  the  masses  of  two  black  holes,
which  will  be  identified  as  the  ABH  mass  and  the
PBH mass  , respectively, and  is the relative velo-
city between these two black holes.

vvir ≡
√

2GMh/Rvir

Mh

We assume that  both the ABH and the PBH velocit-
ies follow the same Maxwell-Boltzmann distribution with
a cutoff at the virial velocity, , of a halo
with mass  [8, 49]: 

P(v,vm) = F0

exp
(
− v2

v2
m

)
− exp

−v2
vir

v2
m

 , (24)

 

vm =
vvir√

2

√
C

Cm

g(Cm)
g(C)

, (25)

 

g(X) = ln(1+X)− 1
1+X

, (26)

vm
Rm =CmRs Cm = 2.1626

F0
∫ vvir

0 dv 4πv2×
P(v,vm) = 1

where  is  the  maximum  circular  velocity  in  an  NFW
halo,  which  occurs  at  with ,  and

 is  the  normalization  factor  so  that 
. Therefore, averaged cross-section in a halo is

defined as 

⟨σmerv⟩ ≡
∫

d3v1d3v2 σmervrelP(v1,vm)P(v2,vm) , (27)

v1 v2

vrel =
∣∣∣⃗v1− v⃗2

∣∣∣in  which  and  are  the  velocities  of  the  ABHs  and
PBHs, respectively, and .
 

4.    Halo mass function

For  the  halo  mass  distribution,  we  adopt  the  Sheth-
Tormen halo mass function [76], which is an extension to

Table 2.    Parameters for the stellar-halo mass relation.

M0 Ma Mlna Mz ϵ0 ϵa ϵlna ϵz

12.06 4.609 4.525 −0.756 −1.459 1.515 1.249 −0.214

α0 αa αlna αz β0 βa − βz

1.972 −2.523 −1.868 0.188 0.488 −0.965 − −0.569

γ0 γa − γz δ0 − − −

−0.958 −2.230 − −0.706 0.391 − − −

 

Fig. 1.    (color online) Stellar-halo mass relation.
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the Press-Schechter formalism [77] that fits well with the
results from numerical simulations. Examples of the halo
mass  function  at  several  different  redshifts  are  provided

in Fig.  2. Notice  that  the  examples  are  shown in  the  co-
moving frame, rather than the physical volume.
 

D.    Isotropic SGWB power spectral density from

ABH-PBH merger

1 M⊙ 30 M⊙

With  all  the  ingredients  prepared,  the  SGWB can  be
estimated  by  inserting  Eq.  (3)  and  Eq.  (5)  into  Eq.  (2).
The  SGWB  energy  density  spectra  are  shown  in Fig.  3.
Here,  the  two benchmark  values  of  the  primordial  black
hole  mass,  and ,  are  presented  by  assuming

f = 1

zmax = 5 10

. Since the merger rate depends on the PBH fraction
f linearly,  results  for  different f can  be  easily  inferred.
Due  to  the  large  astrophysical  uncertainties  on  the  star
population at high redshift, we present results with differ-
ent choices of the cutoff redshift as  and .

zmax
zmax

z = 10

Notice  that  choosing  different  has  a  noticeable
effect.  Obviously, a larger  means more contribution
from  higher  redshifts  which  enhances  the  spectrum  at
lower frequency. Consequently, we observe that the peak
shifts to a lower frequency. At a larger redshift, the valid-
ity  of  our  astrophysical  inputs  may  not  be  applicable.
Therefore, we do not extend our calculation to a redshift
higher than .

MP ΩGW
MP

dEGW/dlnνs

M5/3
c ν

−1
mergν

2/3
ring ∼ MAMP

nPσmer M−1
P (MA+

MP)10/7M2/7
A M2/7

P MP

Another  noticeable  difference  for  the  two  choices  of
 is the overall magnitude of  — the one with lar-

ger  has  a  larger  GW  density  spectrum.  This  can  be
understood as follows. The peak of  scales as

. At the same time, the capture rate
is  proportional  to ,  which  scales  as 

.  Clearly,  a  larger  gives  rise  to  a
higher GW spectrum.

For each colored band in the plot, the upper boundary
is  obtained  by  assuming  all  elliptical  galaxies,  while  the
lower  boundary  corresponds  to  the  assumption  of  100%
disk galaxies. The width of the band characterizes the un-
certainty from the galaxy type.

O(10−15−10−14)
The  peak  of  the  SGWB  energy  density  from  ABH-

PBH  mergers  falls  between .  This  is  far
below  the  sensitivities  of  the  existing  or  future  ground-
based experiments  such  as  the  aLIGO,  Einstein  Tele-

 

Fig. 2.    (color online) The Sheth-Tormen halo mass function
in the comoving frame.

30 M⊙

zmax

1 M⊙, f = 0.05
30 M⊙, f = 1

Fig. 3.    (color online) Here, we show the isotropic component of the stochastic GW background from ABH-PBH mergers. The left
and right panels are results for primordial black hole mass at 1 and , respectively. For each colored band, the upper boundary is
obtained by assuming 100% elliptical galaxies, whereas the lower boundary assumes 100% disk galaxies. Various colored bands cor-
respond to different choices of the redshift cutoff, . The sensitivities for several existing and future GW experiments [78] are shown
as the gray curves. We also present the expected SGWB produced by the core collapse (CC) [79] and other types of binaries, including
PBH-PBH binaries formed at early times through three-body processes [9] (with the chirp mass as ), PBH-PBH binaries
through gravitational capture in dark matter halos [8] (with chirp mass as ), WD-WD binaries [80], as well as ABH-ABH
and NS-NS binaries [36]. Note that we simply take representative results from these references, and all the expected signals are subject
to large uncertainties.
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scope (ET), and Cosmic Explorer (CE). For future space-
based experiments, the Deci-Hertz Interferometer Gravit-
ational-Wave  Observatory  (DECIGO)  and  the  Big-Bang
Observer  (BBO)  may  have  sensitivities  to  probe  the
ABH-PBH SGWB at  a  lower frequency band.  However,
distinguishing  such  a  spectrum  from  the  astrophysical
background remains challenging. 

III.  PBH-ABH BINARIES IN THE MILKY WAY

The previous discussion is based on the isotropic dis-
tribution of galaxies in our universe. The ABH-PBH mer-
gers within our MW may also contribute to an anisotrop-
ic  SGWB.  These  mergers  are  very  close  to  us  and  we
should be able to identify them individually. However, if
we focus on the frequency regime, which is much lower
than  that  of  LIGO,  it  may  still  be  useful  to  consider  the
SGWB produced during the inspiral stage. In this section,
we estimate the binary formation rate in the MW and de-
termine  whether  it  is  proper  to  be  treated  as  a  source  of
SGWB.

ρMWFor ,  we  use  the  best-fitting  mass  model  of  the
MW as well as its host halo presented in Ref. [81]. In this
model,  the  MW  consists  of  three  components  —  the
bulge, the thin disk, and the thick disk. The bulge and the
disk density profiles take the following form respectively 

ρb =
ρb,0

(1+ r′/r0)α
e−(r′/rcut)2

, (28)

 

ρd =
Σd,0

2hd
e−(|h|/hd)−(R/Rd) , (29)

α = 1.8in which , R and h are the radius and the height in

r′ =
√

R2+ (h/q)2

q = 0.5
cylindrical coordinates, and  with the ax-
is ratio . The dimensionful parameters are listed in
Table 3.

ρ0 = 0.00846 M⊙/pc3 Rs = 20.2 kpc

h ≃ 0 R⊙ ≃ 8.29 kpc

For the host halo, we still take the NFW profile in Eq.
(8)  with  and . We  as-
sume that the location of the solar system is right on the
galactic  disk  ( )  at  a  distance  away

from the galactic center.

∼ 2.29×10−12 yr−1 MP = 1 M⊙
∼ 8.32×10−13 yr−1 MP = 30 M⊙

With  these  profiles,  we  can  then  estimate  the  binary
formation  rate  in  the  MW.  Straightforward  calculation
shows  that  this  rate  is  for 
and  for . The binary form-
ation  rate  is  so  low  that  it  is  not  likely  to  have  even  a
single merger event during the age of the universe. There-
fore, it is not appropriate to treat the ABH-PBH mergers
in the MW as a source of SGWB. 

IV.  CONCLUSION

i.e., O

In this paper, we study the SGWB produced by unre-
solved  PBH-ABH  mergers.  We  demonstrate  that,  in  the
higher frequency region,  (10-1000) Hz, the GW ra-
diation is much lower than the reach of any existing or fu-
ture ground-based  GW  experiment.  In  the  lower  fre-
quency region, it may be within the reach of future space-
based experiments such as DECIGO and BBO. Thus, the
SGWB  produced  by  PBH-ABH  mergers  is  not  the  key
component leading to the discovery of PBHs. The uncer-
tainty due to the type of galaxies (disk or elliptical) is rel-
atively  small.  On  the  other  hand,  the  uncertainty  due  to
the choice of the cutoff redshift has a noticeable effect in
both the magnitude and the shape of the power spectrum.
In  this  paper,  we  assumed  that  all  PBHs  have  the  same
mass. In more realistic PBH models, the PBHs may have
a broader mass spectrum. Moreover, the duration between
the bound state formation and the merger of the binary is
neglected.  This  is  a  safe  approximation  because  it  is
much shorter than the time scale we are interested in [49].
In addition, the PBHs are assumed to have a spatial distri-
bution that follows the NFW profile. A change in the spa-
tial  distribution,  such  as  the  clustering  of  PBHs,  might
help increase the merger rate [82].

The SGWB signal  from PBH-ABH mergers are sub-
ject to  large  backgrounds.  For  example,  it  is  several  or-
ders of magnitude below the estimated backgrounds from
WD-WD, NS-NS, and ABH-ABH mergers. In practice, it
is  very  challenging  to  detect  the  SGWB signal  from the
PBH-ABH mergers.

Furthermore,  the  SGWB  from  PBH-ABH  mergers
also  naturally  constitute  an  inevitable  background  for
PBH-PBH mergers.  Since  the  estimated  PBH-ABH  sig-
nal is  much  smaller  than  the  PBH-PBH  signal,  our  res-
ults illustrate  that  previous  analyses  for  PBH-PBH  mer-
gers [8, 9]  are still  valid and not  affected by this  natural
background. 
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Table 3.    Parameters for MW components.

ρb,0 r0 rcut

95.6M⊙pc−3 0.075kpc 2.1kpc

Σd,0,thin hd,thin Rd,thin

816.6M⊙pc−2 0.3kpc 2.9kpc

Σd,0,thick hd,thick Rd,thick

209.5M⊙pc−2 0.9kpc 3.31kpc
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