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ABSTRACT

We present a novel formation channel for supermassive black hole (SMBH) binaries in the early
Universe, driven by primordial black holes (PBHs). Using high-resolution hydrodynamical simulations,
we explore the role of massive PBHs (mpg ~ 10° M) in catalyzing the formation of direct-collapse
black holes (DCBHs), providing a natural in situ pathway for binary SMBH formation. PBHs enhance
local overdensities, accelerate structure formation, and exert thermal feedback on the surrounding
medium via accretion. Lyman-Werner (LW) radiation from accreting PBHs suppresses Hs cooling,
shifting the dominant gas coolant to atomic hydrogen. When combined with significant baryon—dark
matter streaming velocities (vyy, 2 0.8 oby, Where op, is the root-mean-square streaming velocity),
these effects facilitate the formation of dense, gravitationally unstable atomically-cooling gas clouds
in the PBH’s wake. These clouds exhibit sustained high inflow rates (Minfall > 0.1 —0.01 Mgyr=1),
providing ideal conditions for DCBH formation from rapidly growing supermassive stars of ~ 105 M, at
redshift z ~ 20—10. The resulting systems form SMBH binaries with initial mass ratios ¢ ~ O(0.1) and
separations of ~ 10 pc. Such PBH-DCBH binaries provide testable predictions for JWST and ALMA,
potentially explaining select high-z sources like Little Red Dots (LRDs), and represent gravitational
wave sources for future missions like LISA and TianQin—bridging early-Universe black hole physics,
multi-messenger astronomy, and dark matter theory.
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1. INTRODUCTION

The unprecedented capabilities of the James Webb
Space Telescope (JWST) have revolutionized our un-
derstanding of the early Universe, unveiling a substan-
tial population of supermassive black holes (SMBHs) at
high redshifts of z 2 7 (e.g., A. D. Goulding et al. 2023;
R. L. Larson et al. 2023; A. Bogdan et al. 2024; J. E.
Greene et al. 2024; O. E. Kovécs et al. 2024; R. Maiolino
et al. 2024; P. Natarajan et al. 2024; L.. Napolitano et al.
2024; R. Maiolino et al. 2025). Among the most intrigu-
ing findings from JWST are “Little Red Dots” (LRDs),
compact sources identified at 4 < z < 9, whose nature
remains enigmatic (e.g., I. Labbé et al. 2023; I. Labbe
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et al. 2025; V. Kokorev et al. 2024; D. D. Kocevski et al.
2024; G. C. K. Leung et al. 2024; A. J. Taylor et al.
2024). Concurrently, JWST observations also report in-
stances of galaxy mergers at high redshift z > 6 (H.
Ubler et al. 2024; Y. Matsuoka et al. 2024), highlighting
dynamic environments capable of hosting SMBH bina-
ries even in the early Universe. Recently, binary SMBHs
have been proposed to explain the unusual spectral char-
acteristics of LRDs (K. Inayoshi et al. 2025), suggest-
ing a direct observational link between high- and lower-
redshift binary black hole populations.

Conventionally, within the ACDM cosmological
framework, SMBH binaries are understood to originate
from both in situ and ex situ channels. The in situ chan-
nel involves the fragmentation of the pristine gas cloud
into massive star clusters, and merging stellar remnants
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will eventually form binary massive BHs (e.g., S. Hi-
rano et al. 2018; M. A. Latif et al. 2020; T. E. Woods
et al. 2024). On the other hand, the ez situ channel in-
volves hierarchical galaxy mergers (e.g., S. D. M. White
& M. J. Rees 1978; S. D. M. White & C. S. Frenk 1991),
as a standard scenario for massive galaxy growth. If
each merging galaxy harbors a central SMBH that is
massive enough (= 108 My, L. Ma et al. 2021), dy-
namical friction efficiently removes angular momentum,
causing black holes to migrate toward the galaxy cen-
ter and form gravitationally bound binary systems on
parsec-scale separations (e.g., M. C. Begelman et al.
1980; L. Valtaoja et al. 1989; M. Milosavljevi¢ & D. Mer-
ritt 2003a,b).

Those SMBH binaries are proposed to contribute sig-
nificantly to the gravitational wave background (GWB)
signals (G. Hobbs & S. Dai 2017; J. D. Romano &
N. J. Cornish 2017), detectable by current Pulsar Tim-
ing Arrays (PTAs) at nanohertz frequencies (e.g., A.
Sesana 2013; G. Agazie et al. 2023; H. Xu et al. 2023;
D. J. Reardon et al. 2023; EPTA Collaboration et al.
2023). Detecting and characterizing these signals will
provide crucial insights into the SMBH formation mech-
anisms, evolution pathways, and merger rates through-
out cosmic time. Furthermore, these SMBH binaries
can serve as powerful electromagnetic wave emitters, ob-
servable across multiple wavelengths from optical to X-
rays (e.g., C. Roedig et al. 2014; L. C. Popovié¢ 2012;
J. R. Westernacher-Schneider et al. 2022), enriching
our understanding of their environments, accretion pro-
cesses, and host galaxy properties in the local Universe.

Motivated by both observational and theoretical de-
velopments, we propose a novel formation channel for
SMBH binaries via the direct-collapse mechanism in-
duced by primordial black holes (PBHs). Direct-collapse
black holes (DCBHs) represent astrophysically-seeded
black holes, emerging in the early Universe, under pecu-
liar conditions for violent gravitational collapse of metal-
poor gas clouds (A. Loeb & F. A. Rasio 1994; V. Bromm
& A. Loeb 2003; M. C. Begelman et al. 2006; G. Lodato
& P. Natarajan 2006; C. Reisswig et al. 2013; M. Suazo
et al. 2019; M. A. Latif et al. 2020; S. Chon & K. Omukai
2020). On the other hand, PBHs constitute one of the
well-motivated dark matter candidates (for a general
review, see B. Carr & F. Kiihnel 2020), theorized to
form shortly after the Big Bang via the collapse of over-
dense regions (Y. B. Zel’dovich & I. D. Novikov 1967;
S. Hawking 1971; B. J. Carr 1975; K. M. Belotsky et al.
2019; A. Escriva 2022). Previous investigations have
explored the impact of PBHs on cosmic thermal his-
tory (e.g., M. Ricotti et al. 2008; Y. Ali-Haimoud &
M. Kamionkowski 2017; V. De Luca et al. 2020; P. Lu

et al. 2021; F. Ziparo et al. 2022; S. Zhang et al. 2024b;
C. Casanueva-Villarreal et al. 2025), structure forma-
tion (e.g., P. Meszaros 1975; N. Afshordi et al. 2003; A.
Kashlinsky 2021; N. Cappelluti et al. 2022; B. Liu & V.
Bromm 2023; S. Zhang et al. 2024a), and the seeding of
early galaxies and SMBHs (e.g., K. J. Mack et al. 2007;
B. Carr & J. Silk 2018; D. Inman & Y. Ali-Haimoud
2019; B. Liu et al. 2022; B. Liu & V. Bromm 2022; Y.
Lu et al. 2024; H.-L. Huang et al. 2024; P. E. Colazo
et al. 2024; F. Ziparo et al. 2024; S. Zhang et al. 2025;
P. Dayal & R. Maiolino 2025; L. R. Prole et al. 2025).
These studies underscore the rich astrophysical phenom-
ena arising within PBH models, intensively examined
through both simulations and analytical frameworks.

Here, we simulate the evolution of the structure
around an isolated massive PBH (~ 10° M) and study
the critical conditions for potential secondary black hole
formation. This particular PBH mass scale is motivated
by the change in the equation of state during the eTe™
annihilation epoch within cosmic thermal history, when
the temperature of the universe is T' ~ 1 MeV (B. Carr
et al. 2021). Specifically, we explore how the presence of
soft-UV, Lyman-Werner (LW) radiation from BH accre-
tion flows interacts with Hy and H™ within the gas cloud
through photo-dissociation (B. T. Draine & F. Bertoldi
1996; T. Abel et al. 1997), thus suppressing their abun-
dance and consequently reducing the gas cooling effi-
ciency. Therefore, different from S. Zhang et al. (2025),
under this LW radiation, we focus mainly on the fate
of the pristine gas cloud surrounding the PBH and find
the condition for runaway collapse of this cloud into a
DCBH. For the cases where secondary black holes form,
we make predictions for the evolution of such binary
systems and discuss the possible implications for future
observations of their electromagnetic and gravitational
wave signals.

In Section 2, we describe the numerical recipes for
our simulations in detail, including the black hole ac-
cretion feedback model and criterion for collapsing gas
cloud formation. Following the simulation, we analyze
the formation of dense cores and the inflow of gas and
discuss the criterion for DCBH formation in Section 3.
The potential implications on binary black hole forma-
tion and possible observational signatures are discussed
in Section 4, followed by conclusions drawn in Section 5.

In our simulations, we adopt Planck18 cosmological
parameters throughout ( Planck Collaboration et al.
2020): Q, = 0.3111, Qp = 0.04897, h = 0.6776,
os = 0.8102, ng = 0.9665.
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Table 1. Summary of key parameters and main results. L is the size of the box in comoving units. zin; is the initial redshift
where the simulation starts, and zco1 the redshift when collapsing sink particles begin to aggregate around the central PBH .
Neg is the total number of particles within the simulation box. €, is the thermal feedback coupling efficiency. mco1 denotes the
total mass of the collapsing cloud that formed in the PBH-hosting halo by the end of the simulation (z ~ 10). STR is a flag
indicating whether the relative streaming of PDM and gas particles is included (v') or not (X), and the value represents the
amplitude with respect to the root-mean-square streaming velocity on,. BH_LW is another flag to control whether we include

(v) the local LW feedback from BH accretion or not (X).

Run Lickpc]  zini  Zcol Neg €r meoi[Me] STR BH.LW
cpM*P 250 1100 - 2 x 2563 - - X -
PBH_fd005* 250 1100 - 2 x 256> 0.005 - X X
PDMonly* 250 3400 @ - 256° - - - -
PBH_LW_fd05 250 1100 - 2x256%  0.05 - X v/
PBH_LW_fd005 250 1100 - 2% 256%  0.005 - X v/
PBH_LW_fd0005 250 1100 - 2 x 256%  0.0005 - X v/
PBH_LW_wstr_fd005 250 1100 - 2 x 256>  0.005 - 04 v v
PBH_LW_str_fd005 250 1100 17.41 2x256% 0.005 5.23 x 10* 0.8 v v
PBH_LW.mstr_£d005 250 1100 11.71 2x 256 0.005 5.33x10* 1.2v v
PBH_LW_sstr_fd005 250 1100 14.96 2x 256 0.005 9.76 x 10* 1.6 / v

aDifferent from S. Zhang et al. (2025), limited by computational resources, we terminate the simulations at about z 2> 10 when the
timestep becomes extremely small or when star formation takes place in halos faraway from the PBH.

bThe simulation runs denoted with * are taken from S. Zhang et al. (2025).

2. METHODOLOGY

We explore the evolution of gas dynamics around an
isolated PBH at high redshift, using the state-of-the-art
simulation package Gizmo (P. F. Hopkins 2015). In Sec-
tion 2.1, we first describe the simulation code and the
initial condition settings. Different from previous work,
we focus on the LW photons emitted from BH accre-
tion flows with an improved intensity fitting model (V.
Takhistov et al. 2022; B. Liu et al. 2022). We then de-
scribe the BH accretion model (V. Springel 2005; M.
Tremmel et al. 2017), and the implementation of our
updated feedback prescription in Section 2.2. Last, in
Section 2.3, we discuss the criterion for the identifica-
tion of collapsing gas particles as part of a dense gas
core (i.e., the potential formation site of a DCBH). For
convenience, Table 1 summarizes the relevant initial con-
ditions and parameters used in our simulations.

2.1. Simulation and Initial Conditions

We implement our simulations with the GI1zmMO
code (P. F. Hopkins 2015), employing the Lagrangian
meshless finite-mass (MFM) solver for hydrodynamics
combined with a comprehensive primordial chemistry
network (see, V. Bromm et al. 2002; J. L. Johnson & V.
Bromm 2006; B. Liu & V. Bromm 2018), and the par-
allelized Tree+PM gravity solver for N-body dynamics
from GADGET-3 (V. Springel 2005).

We simulate the initial growth of structure around a
PBH with a particle dark matter (PDM)-only pathfinder
run denoted as PDMonly, from the beginning of the mat-

ter dominated era at zo.q = 3400 to the recombination
epoch (z = 1100), using the initial conditions generated
with the MUSIC code (O. Hahn & T. Abel 2011), plac-
ing an isolated PBH at the center of the box 6. The mass
of the PBH is denoted by mpg, setting it to be 106 Mg
throughout. The simulation box has a side length of
L ~ 250 ckpc, with a total of Nppy = 256° particles
to resolve the PDM component”. Using the Zel’dovich
approximation (Y. B. Zel’dovich 1970) and the numer-
ical recipes from previous work (Y. Ali-Haimoud & M.
Kamionkowski 2017; D. Inman & Y. Ali-Haimoud 2019;
B. Liu & V. Bromm 2023; S. Zhang et al. 2024a), the
displacement and velocity perturbations of PDM parti-
cles induced by the PBH are calculated and added in the
initial box. Different from S. Zhang et al. (2024a), we
have improved the calculation of linear and non-linear
perturbation growth by adapting the numerical recipe
from H. Jiao et al. (2024). The growth factor of lin-
ear perturbations is rescaled to reproduce the long-term
growth of halos seeded by isolated PBHs from the spher-
ical collapse theory (K. J. Mack et al. 2007).

6 Our PBH initial condition generator PHANTOM is publicly
available on GitHub: https://github.com/Sylvanzsy/pbh_
cosmosim_ics
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As discussed in S. Zhang et al. 2025, our simulations represent
an effective PBH mass fraction of less than 6 x 10~4, set by the
ratio of the PBH mass to the total mass enclosed within the
simulation volume. This limit is consistent with existing con-
straints and agrees with previous simulation results, exploring
varying PBH density fractions.
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At z = 1100, when baryons and photons start to de-
couple, we include an additional uniform baryon matter
field with the same resolution as PDM in the initial con-
dition set up, resulting in a total number of N = 2x 256>
particles with a mass of ~ 100(18) Mg for PDM (gas)
particles. With this setting, we both approximate the
initial structure of PDM around the PBH, and let the
gas collapse onto this PBH-seeded halo. In running
these simulations, the softening length of PDM and gas
is set t0 eppy = €gas ~ 0.01 L/NAS, ~ 0.01 h~'kpe,
and the initial chemical abundances are assigned to the
values predicted for the intergalactic medium (IGM) at
z = 1100, as summarized in D. Galli & F. Palla (2013).

In addition, we also consider the relative streaming
motion between gas and PDM particles by assigning
a universal velocity offset. In our earlier work (S.
Zhang et al. 2025), we found that streaming can en-
hance, rather than delay, galaxy formation—contrary
to the conclusion generally reached within the stan-
dard ACDM framework (e.g., A. T. P. Schauer et al.
2019, 2023). This enhancement arises from a displace-
ment in the center of mass (away from the PBH) caused
by the relative motion between baryons and dark mat-
ter, leading to star formation in the dense gas struc-
tures that form in the wake of the PBH. These wake-
driven overdensities promote gravitational collapse and
thus play a catalytic role in early star formation. To
systematically explore the impact of streaming veloc-
ity on black hole formation, we implement a velocity
offset parameterized as a multiple of the root-mean-
square streaming velocity op, = 30 kms™'. Specif-
ically, we consider four cases with velocity offsets of
0.4, 0.8, 1.2, and 1.6 oy, corresponding to simulation
runs labeled as PBH_LW_wstr_fd005, PBH_LW_str_£d005,
PBH_LW.mstr_fd005 and PBH_LW_sstr_fd005, respec-
tively.

2.2. Black Hole Accretion and Feedback

In the early Universe where the cosmic density field
is nearly uniform and isotropic, we use a Bondi-Hoyle
formalism to approximate the BH accretion rate, as
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Figure 1. Normalized Lyman—Werner (LW) inten-

sity, Juw/J21, as a function of the Eddington ratio,
N = fhacc/MEdd, for black holes of varying masses
(mBu = 10%,10%,10%,10° Mg). The Juw values are com-
puted at a distance of r = 1 kpc from the black hole. The
results based on the semi-analytical spectra models for TD
and ADAF accretion profiles in V. Takhistov et al. (2022) are
shown by the thin solid and dashed lines, respectively. Here,
the ADAF regime is only expected to occur at low accre-
tion rates (n < 0.007), best fitted with Juw o n“(mBH)mSB/}?,
where a(mpu) = 1.95 + 0.11log (msu/10° Me) (Eq. 4;
thick dashed lines). The TD regime, occurring at higher
accretion rates (n > 0.007), satisfies the scaling relation
Jow o 772/3m<]§/}‘;’ (Eq. 4; thick dotted lines).

sound speed and velocity dispersion of the surrounding
gas, averaged over the gas particles within the accretion
kernel. The size of the BH accretion kernel, defined as
the region that determines the BH accretion rate, is set
to the Bondi radius calculated from the last timestep
TBondi ~ 2Gmpn/c2.

From the calculated accretion rate, we update the BH
mass at each timestep 0t by dmpy = 1ac.0t. To ensure
mass and momentum conservation, we adopt the algo-
rithm from V. Springel (2005), in which the BH particle
stochastically swallows nearby gas particles to remain
consistent with the average growth rate, and a drag force
is applied according to the momentum of the swallowed
gas.

During the accretion process, the feedback energy
is injected into the surrounding gas particles by a
volume-weighted average, following the prescription in
V. Springel (2005). At the end of each timestep 0t, the
total amount of energy injected is §E = €,.€pmTaccc?Ot.
Here, ¢, is the thermal coupling coefficient and we take
it as a free parameter to study its variational effect at
high redshift. egy is the radiative efficiency parameter,
calculated according to the subgrid model in A. Negri



& M. Volonteri (2017), as
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capturing the transition from the geometrically thick,
radiatively inefficient advection-dominated accretion
flow (ADAF) regime to a radiatively efficient thin-disk
(TD) one. Here 7 is the Eddington ratio defined by
1 = Macc/MEdd, where the Eddington accretion rate
ME4q is given by

. _ m € -1
Mgaq = 0.047 Mg yr—! (106‘31\‘2@) (0 0057) . (3)

adopting €9 = 0.057 as the radiative efficiency in the
thin-disk accretion model for non-spinning BHs consid-
ering that PBHs are born with very low spins (< 0.01) in
the canonical scenario of Gaussian perturbations (e.g.,
V. De Luca et al. 2019; M. Mirbabayi et al. 2020).

To estimate the LW radiation intensity, we use fitting
formulae in the form of a broken power-law model to
capture both the TD and the ADAF regimes, as illus-
trated in Figure 1. Here, the ADAF regime is only ex-
pected to occur at low accretion rates (n < 0.007), tran-
sitioning to the TD regime at higher rates. The specific
LW intensities are obtained by integrating the spectra
modeled in V. Takhistov et al. (2022) within the photon
energy range hv ~ 11.2-13.6 eV. We can write the inten-
sity (in units of Jo; = 10721 erg s7! em™2 sr~! Hz™ 1)
at a distance r from an accreting BH as a function of
BH mass mpy and Eddington ratio n (see Fig. 1):

9 x 1057]1.95+0.11lOg(mBH/l()6 Mg )
3/2 -2
Jiw (162]31\}/}@) (kLPC> (ADAF),
a1 8.8 x 1022/3
4/3 -2
(w5) " (&) (TD).

(4)

Once Jpw is known, we combine it with the local gas
shielding factor (J. Wolcott-Green et al. 2011) to derive
the dissociation rates of H™ and Hs following S. Zhang
et al. (2025, see their sec. 2.2).

2.3. Gravitational Instability

In previous work (S. Zhang et al. 2025), we found that
under the effect of LW radiation from BH accretion, a
dense gas clump with mass O(10°)M; was identified
in the vicinity of the PBH, evolving along the atomic
hydrogen cooling track (S. P. Oh & Z. Haiman 2002).
Therefore, to further assess whether this gas clump will
collapse and may eventually lead to the formation of
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a DCBH, we here impose an explicit density threshold
criterion, ny > 10% cm ™3, for the formation of collaps-
ing clouds. This value is close to the maximum density
resolved within our simulations. It is also chosen to
be larger than the density threshold for cloud collapse
(ng = 10* cm™2) found in previous work, as the “Zone
of no return” (K. Inayoshi et al. 2014).

To determine whether a gas particle can partake in
the collapse or is engulfed by the central BH, we first
calculate the local free-fall time of the gas:

3T 104 ¢cm—3 1/2
== 04T Myr [ —2 ) 5
"=\ w () 6

using the local gas density pgas. We calculate this
timescale once the critical density threshold is reached
and compare it to the time, tgurvive, that the particle
survives without being accreted by the PBH.

If this collapsing particle survives the accretion and is
not reheated by black hole thermal feedback, such that it
can reach tsurvive = tg, We convert it into a sink particle
as part of the collapsing gas cloud. However, once the
gas particle fails to meet the density collapse criterion
while still registering tsurvive < tf, We reset the timer to
tsurvive = 0 in the following time step, and will not start
the timer unless it again satisfies the density threshold
criterion. We have also established by numerical exper-
imentation that, during the initial collapse at z = 200,
gas densities could reach as high as ny > 10 cm™3

~

in the vicinity of the PBH, thus formally satisfying the
collapse criterion mentioned above®. However, subse-
quent shock waves generated during the accretion will
rapidly terminate this efficient accretion phase, smooth-
ing out any dense structures around the PBH that have
not been accreted. Therefore, to avoid numerical arti-
facts, we prohibit the formation of collapsing particles
as an additional constraint at z 2 200.

To facilitate our analysis, we introduce N, as the
cumulative number of sink particles and start to out-
put snapshots when N., = 1. Whenever N, dou-
bles, a simulation snapshot is generated to record the
detailed time evolution of this dense atomically-cooling
gas cloud. Note that the sink particles do not represent
individual stars but are only meant to estimate the mass

8 The initial collapse is induced by the PBH seeding effect, where
gas is attracted by the potential well forming overdense re-
gions (for a similar effect without PBHs, see e.g., S. Hirano
et al. 2015; M. Ito & K. Omukai 2024; W. Qin et al. 2025).
During this process, the imbalance between the thermal pres-
sure from BH feedback and the gravitational pressure from the
gas cloud results in gas collapsing onto the PBH and formation
of dense regions near the PBH, greatly boosting the accretion
efficiency (see fig. 2 in S. Zhang et al. 2025).
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of collapsing gas that would form stars and DCBHs at
the limit of our resolution. The detailed star and DCBH
formation processes unresolved here are deferred to fur-
ther work.

3. RESULTS AND DISCUSSION

In exploring our key results, we first identify the for-
mation of a dense gas core within our simulation box in
Section 3.1. By tracking the inflow of gas towards this
dense core, we identify the criterion for the potential gas
collapse and subsequent DCBH formation in Section 3.2.

3.1. Dense Core Formation

In the standard DCBH scenario (e.g., V. Bromm &
A. Loeb 2003; M. C. Begelman et al. 2006; G. Lodato
& P. Natarajan 2006), the collapse of massive pristine
gas clouds (metallicity Z < 107%Z) occurs under rare
conditions that involve strong LW radiation from neigh-
boring galaxies. Under these conditions, the gas grav-
itationally collapses without significant fragmentation
and proto-stellar feedback into an initial protostar at
the center (F. Becerra et al. 2018a,b), rapidly accreting
the surrounding gas to form a supermassive star (SMS).
This SMS subsequently undergoes instability-triggered
collapse into a massive black hole seed of mass ~ 10° M,
at redshift z ~ 10— 15 (e.g., M. Shibata & S. L. Shapiro
2002; T. Hosokawa et al. 2013; C. Reisswig et al. 2013; L.
Haemmerlé et al. 2018; L. Haemmerlé 2021; C. Nagele
et al. 2022; N. P. Herrington et al. 2023; M. Shibata
et al. 2025).

In this study, we introduce a crucial modification
to this canonical scenario by incorporating accretion
feedback from a central PBH as the LW radiation
source, rather than relying on neighboring galaxies. The
LW radiation generated by PBH accretion suppresses
the abundance of molecular hydrogen (Hs) in the sur-
rounding gas, significantly altering its cooling efficiency.
Building on our previous work (S. Zhang et al. 2025),
we demonstrate that massive PBHs enhance local over-
densities, expediting the formation of DM halos and at-
tracting the surrounding gas from the IGM, while simul-
taneously introducing thermal feedback that delays gas
cooling and collapse. In this study, we focus on con-
ditions for DCBH formation around a fiducial heating
efficiency value of €, ~ 0.5%, previously identified by
S. Zhang et al. (2025) as critical to the formation of
collapsing gas clouds in the absence of LW radiation.

Another vital condition explored in our study is the
baryon-DM relative streaming velocity (e.g., A. Stacy
et al. 2011; A. T. P. Schauer et al. 2017, 2019). Un-
like the standard ACDM scenario, where streaming ve-
locities typically delay the formation of collapsing gas

clouds, our simulations suggest that streaming effects
can enhance collapse by creating dense pockets of gas
behind the PBH trajectory through the IGM. This effect
becomes particularly significant at higher initial stream-
ing velocities (vpy, 2 0.80,), emphasizing the critical
role of streaming velocities in promoting the formation
of massive pristine gas clouds. Conversely, as demon-
strated in our PBH_LW_wstr_fd005 and PBH_LW_fd005
runs, lowering the initial streaming velocity reduces the
offset between the PBH and the gas cloud’s center of
mass, causing dense gas during the initial collapse phase
to be rapidly engulfed by the central black hole.

An illustrative example of the gas collapse process is
presented in Figure 2, capturing the onset of collapse
from the PBH_LW_str_f£d005 simulation at z ~ 17.4.
Similar to S. Zhang et al. (2025), cold gas flows in
from the IGM at speeds of ~ 50 kms~!, competing
against the hot gas outflows due to BH accretion and
forming a dense gas cocoon around the PBH. The col-
lapse occurs within a dense pocket, characterized by
a compact core radius of < O(1)pe. At ~10pc from
the PBH, the collapsing gas cloud reaches a hydrogen
number density of ng ~ 10° cm™> and a tempera-
ture of T ~ 10* K, while the central PBH accretes at
roughly 1% of its Eddington rate. Using these param-
eters in Equ. (4), we calculate a LW radiation inten-
sity of Jpw/J21 ~ 4 x 10°, which greatly exceeds the
critical threshold of Jui ~ 10 — 103 necessary for Ho
suppression (e.g., K. Sugimura et al. 2014; B. Agarwal
et al. 2016; A. Trinca et al. 2022), implying dominant
atomic hydrogen cooling”. A similar gas configuration is
also observed in the PBH_LW_sstr_f£d005 run at z ~ 15
and in the PBH_LW.mstr_f£d005 run at z ~ 11.7, with
collapsing particles similarly positioned relative to the
PBH. Although variations in initial relative streaming
velocities were tested, no clear correlation emerged be-
tween streaming velocity amplitudes and collapse initi-
ation times. This implies a stochastic nature of DCBH
formation around PBHs, and future studies should con-
sider multiple random realizations for each streaming
velocity to evaluate the statistics and possible trends.

Figure 3 provides further details on the conditions nec-
essary for gas cloud collapse under LW radiation through
phase diagrams depicting temperature (T') versus hy-
drogen number density (ny) when the first collapsing
particles were identified. These diagrams display sev-

9 The physics behind this critical value is rather complex (e.g.,
T. E. Woods et al. 2019), so instead we show a range of values
here from the literature.
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Figure 2. Onset of gaseous cloud collapse. We show projections of gas density (left panel) and temperature (right panel) for
the gas surrounding the central PBH taken from the PBH_LW_str_fd005 simulation, within a physical 200 pc scale. The snapshot
is taken at z ~ 17.4, corresponding to the moment where the first collapsing sink particle emerges. The simulation assumes
a BH thermal feedback efficiency of €, = 0.5%, a relative streaming velocity of vpy = 0.8 oby, and includes the LW radiation
generated during PBH accretion. The black dot marks the position of the PBH, while the blue star indicates the location of the
collapsing gas cloud, representing the site for potential DCBH formation. Red arrows denote the relative motions between the
central PBH and bulk velocity of the collapsing gas cloud. Velocity vectors for gas are overlaid on both panels, with arrow sizes
scaled by magnitude (different from that for BHs) to illustrate the inflow of gas toward the PBH, as well as feedback-driven

outflows in its vicinity.

eral simulation settings'®: the baseline CDM simulation
at z = 14.9, the PBH_fd005 run without LW radiation
at z = 29.6, the PBH_.LW_fd005 run at z = 10.6, and
the PBH_LW_str_fd005 run at z = 17.4. A constant
feedback efficiency of €, = 0.5% is assumed for sim-
ulations containing a PBH. These phase diagrams il-
lustrate substantial variations in cooling pathways, es-
pecially a shift from molecular hydrogen cooling (in
the CDM and PBH_£d005 runs) to atomic cooling (in the
PBH_LW_fd005 and PBH_LW_str_fd005 runs) under LW
radiation. The bifurcation in the PBH_LW_£d005 case is
reflecting the collapse of pristine gas through Hy cool-
ing within halos ~15kpc away from the central PBH
where Jiw < Jeit, such that the thermal evolution
there is not significantly affected by LW radiation. In
this case, moreover, the gas surrounding the PBH is
cooling via atomic hydrogen, thus exhibiting a nearly
isothermal trend. However, this gas cloud is never able
to reach densities of nyg > 10* cm—3 before being ac-

~

creted or evaporated by the BH, thus avoiding runaway

10 Note that the results for the CDM and PBH_fd005 runs are repro-
duced from S. Zhang et al. (2025), where LW radiation back-
grounds were absent and the collapse of gas was governed by a
Jeans instability criterion.

collapse until the end of the simulation. Notably, the
PBH_LW_str_£d005 simulation highlights the key role of
(sufficiently strong) baryon-DM streaming in trigger-
ing the collapse of dense, quasi-isothermal gas clouds
(~ 105 Mg, T ~ 8000 — 9000 K, and ng > 10* cm—3).

3.2. Mass Inflow and DCBH Formation Criterion

To further elucidate the evolution of the collapsing
gas cloud and the conditions conducive to DCBH for-
mation, we closely analyze the temporal progression
of the infall rate and mass accumulation within the
collapsing region. As demonstrated in Figure 4, sim-
ulation cases including the effect of streaming with
Uby pe 0.80py (PBH_LW_sstr_fd005, PBH_LW_mstr_fd005
and PBH_LW_str_fd005) result in the formation of mas-
sive collapsing clouds ~6 Myr after the initial collapse.
Throughout this process, the gas infall rate consistently
exceeds > 1073 Mg yr—!, with peak values frequently
surpassing > 1072 Mg yr~!. In our simulations, since
accretion onto sink particles was not implemented and
the resolution limit does not extend to the length scale of
a proto-star, we approximate the gas infall rate onto the
proto-star by differentiating the total collapsing particle
masses with respect to time.
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Figure 3. Gas properties in the vicinity of the central PBH. We present phase diagrams of temperature (7') vs. hydrogen
number density (nu) for several simulation runs at the moment where collapsing particles were first identified. The simulation
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For the runs with PBHs (PBH_£d005,PBH_LW_fd005 and PBH_LW_str_fd005), the same feedback efficiency of €, = 0.005 is assumed.
The effect of including LW radiation is demonstrated in the lower panels with the PBH.LW_£d005 (left) and PBH_LW_str_£d005
(right) runs, showcasing the change in the thermal evolution of the gas. The additional effect in the presence of baryon—-DM
streaming is evident in the PBH_LW_str_fd005 run, where successful runaway collapse along the near-isothermal atomic cooling

track is triggered.

To interpret these inflow rates physically, we compare
them with characteristic values associated with both
Pop IIT star formation and DCBH formation (see also B.
Liu et al. 2024). In zeroth order, the gas infall rate for a
self-gravitating spherical gas cloud can be estimated by
dividing the Jeans mass by the free-fall timescale (e.g.,
S. W. Stahler et al. 1980):

3 3/2
Mingan ~ %; ~ %s ~4x1073 <1€§a;<> Mo yr—h
(6)
For gas cooled predominantly via atomic hydrogen with
temperatures of Ty.s ~ 5000 — 10* K, the gas in-
flow rates naturally exceed the critical rate required
for DCBH formation via (feedback-free, bloated) SMSs

~ 0.01 — 0.1 Mgyr~! (see e.g., L. Haemmerlé et al.
2018; K. Inayoshi et al. 2020; N. P. Herrington et al.
2023; B. Liu et al. 2024). Conversely, gas clouds under-
going molecular cooling typically exhibit temperatures
of ~ 400 — 1000 K, corresponding to a typical inflow
rate of ~ 1072 — 1073 Mg yr~! for conventional Pop III
star formation scenarios (e.g., V. Bromm 2013; R. S.
Klessen & S. C. O. Glover 2023). Our simulated results
show mass inflow rates frequently exceeding the critical
threshold for DCBH formation, consistent with the sim-
ulations of SMS growth in atomic cooling clouds in the
standard ACDM model (e.g., D. Toyouchi et al. 2023).

Further examination of the compact core formed in
our simulations reveals rapid mass growth to approxi-
mately 5x10* —10° M, within ~ 6 Myr, consistent with
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(~ 10° Me; solid line). As can be seen, cases that combine LW feedback with the presence of (strong) baryon-DM streaming
encounter conditions favorable for massive black hole seed formation.

theoretical expectations for DCBH seed masses (e.g., F.
Becerra et al. 2018a; M. A. Latif et al. 2022; S. Chon
& K. Omukai 2025). The sustained elevated inflow rate
thus strongly supports rapid mass accumulation onto
the core, indicating a clear pathway for the formation of
a supermassive object in the center of the cloud. Addi-
tionally, comparing the mass of the central PBH to the
mass of the newly formed collapsed core, we find a mass
ratio of approximately ¢ ~ 0.05 — 0.1, confirming the
formation of a massive binary system.

4. EMPIRICAL SIGNATURES

The SMBH binary formation scenario explored in this
study has significant implications for current and fu-
ture observational efforts across both the electromag-
netic (EM) and gravitational wave (GW) domains, pro-
viding a promising pathway for multi-messenger astro-
physics (see e.g., A. De Rosa et al. 2019). Detect-
ing such signals would enhance our understanding of
SMBH binary formation mechanisms, accretion pro-
cesses, and mass evolution, directly linking theoretical
predictions from early-Universe scenarios to observable
gravitational wave phenomena.

SMBH binaries originating from this PBH-induced
DCBH pathway are initially expected to exhibit mass

ratios of ¢ ~ 0(0.1) and separations of ~ 10 pc. The
secondary black hole, initially embedded in a dense mas-
sive gas cloud (ng = 10* em™3, Mgoua ~ O(10%) Mg)
will experience enhanced accretion greatly exceeding the
Eddington limit (for a 10° M BH seed, the accretion
rate attains n ~ 100 within this dense gas cloud). At
this stage, the internal accretion feedback from the sec-
ondary BH is not able to stop the accretion flow (see e.g.,
D. Toyouchi et al. 2021), and the BH can grow rapidly
at a very short time scale before the external feedback
from the PBH destroys the cloud, which quickly drives
the mass ratio closer to unity. This also implies that
the secondary BH will become a more luminous source
than the primary PBH during this phase, as the PBH
only accretes at n ~ 0.1 — 0.01. If dynamical friction
between the newly formed DCBH and gas effectively
facilitates orbital decay, these systems may evolve into
tightly bound binaries with separations < 1 pc on rela-
tively short timescales (see e.g., D. Fiacconi et al. 2013).

After the mass of the secondary BH catches up with
the PBH and the binary becomes tightly bound, this
scenario could offer a compelling explanation for enig-
matic high-redshift sources, such as the LRDs (e.g.,
J. Matthee et al. 2024). The characteristic V-shaped
spectra of these objects could arise from dual thermal
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emissions—hotter mini-disks around each SMBH and a
colder circumbinary disk—according to predictions from
binary accretion models (e.g., K. Inayoshi et al. 2025).

In addition, our findings have strong implications for
gravitational wave astrophysics. Once in the GW-driven
regime with a separation of ~ 1072 — 1073 pc, PBH-
DCBH binaries become prime targets for space-based
interferometers such as LISA and TianQin, which are
sensitive to SMBH coalescence within the 103-10° M,
range at millihertz frequencies (e.g., J. Luo et al. 2016;
P. Amaro-Seoane et al. 2017; E.-K. Li et al. 2025). The
extended inspiral phases of these binaries produce long-
wavelength GW signals (e.g., K. Inayoshi et al. 2018;
M. Sasaki et al. 2018), and may also contribute to the
stochastic gravitational wave background detectable by
PTAs, including NANOGrav, EPTA, and CPTA (e.g.,
G. Agazie et al. 2023; D. J. Reardon et al. 2023; EPTA
Collaboration et al. 2023).

5. SUMMARY AND CONCLUSIONS

In this study, we have presented a novel pathway for
the formation of SMBH binaries through the direct-
collapse mechanism induced by a primary PBH. This
PBH-induced DCBH formation channel provides a nat-
ural in situ mechanism for the emergence of SMBH bi-
naries in the early Universe.

The interplay between PBH gravitational seeding,
accretion-driven thermal feedback, and baryon—dark
matter relative streaming motions creates favorable con-
ditions for the accumulation and collapse of massive
pristine gas clouds, as was already suggested in pre-
vious work (B. Liu et al. 2022; B. Liu & V. Bromm
2023; S. Zhang et al. 2025). Our hydrodynamical simula-
tions demonstrate that LW radiation, locally generated
by PBH accretion, significantly alters the thermal and
chemical evolution of the nearby gas, suppressing molec-
ular hydrogen cooling and shifting the dominant cooling
channel to atomic hydrogen. When combined with suf-
ficiently high initial streaming velocities (vby 2 0.80by),
we identify a critical regime that enables the forma-
tion of gravitationally unstable, atomically-cooling gas
clouds in the wake of the PBH trajectory.

During the collapse phase, our simulations show that
gas inflow rates consistently exceed the threshold for
DCBH formation, with Mgy = 0.01 — 0.1 Mg yr—'.
This leads to the inevitable and rapid formation of com-
pact massive cores within the mass range of ~ 5 x 10% —
105 Mg in ~ 5 Myr. The resulting SMBH binaries ex-
hibit initial mass ratios of ¢ ~ ((0.1) and separations of
~ 10 pc, naturally evolving into gravitationally bound
systems.

These PBH-DCBH binary systems are also promis-
ing sources of gravitational waves, potentially detectable
with next-generation observatories such as LISA and
TianQin (e.g., J. Luo et al. 2016; P. Amaro-Seoane et al.
2017; E.-K. Li et al. 2025). Furthermore, they may serve
as plausible progenitors of binary SMBHs that are in-
voked to explain the distinct spectral features observed
in select high-z JWST/ALMA targets, such as a subset
of LRDs (e.g., I. Labbe et al. 2025). Future work should
explore a broader range of PBH masses and spatial dis-
tributions, investigating the long-term dynamical evolu-
tion of PBH-DCBH binaries in realistic cosmological en-
vironments, and consider the multi-frequency radiative
transfer around these sources to derive their detailed ob-
servational signatures. Altogether, these findings estab-
lish a fundamental connection between early-Universe
black hole physics, multi-messenger astrophysics, and
the broader study of dark matter.
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