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We investigate how supermassive black hole (SMBH) seeds form in the early Universe at the
centers of ultralight dark matter (ULDM) halos. Focusing on the ULDM Jeans scale, we identify the
critical conditions under which high-redshift baryonic gas, strongly confined by central solitonic cores
of the halos, undergoes direct and monolithic collapse. The solitonic potential naturally drives rapid
inflow and shock heating, allowing the gas to exceed the critical atomic-cooling and fragmentation-
suppression threshold of ~ 3 x 10*K without invoking an external UV background. We derive semi-
analytic relations for the halo mass, soliton mass, baryonic core radius, and thermodynamic state of
the gas, including the effects of baryonic contraction. These relations simultaneously determine the
minimum and maximum SMBH seed masses as functions of redshift. In this framework, pristine gas
clouds that satisfy the temperature threshold collapse without fragmentation, forming SMBH seeds
with characteristic masses of order ~ 10° Mg, while systems below the threshold are expected to
form compact star clusters instead. Our model also implies an upper limit on the attainable SMBH
mass, predicting a maximum mass scale of order ~ 10'°My, (consistent with the most massive
quasars observed to date. The ULDM particle mass required to reproduce the inferred seed mass
scale, m =~ 10722V, coincides with the value favored by galactic-scale observations, providing a
unified explanation for the characteristic masses of both galactic cores and early SMBH seeds. Our
model predicts efficient SMBH seed formation at redshifts z > 10 and offers a natural interpretation

of recently observed little red dots as SMBHs embedded in compact, hot, ionized gas clouds.

I. INTRODUCTION

The detection of bright quasars less than a billion years after the Big Bang indicates that supermassive
black holes (SMBHs) with masses up to ~ 10? M, already existed at the redshifts z > 6, posing a serious
challenge to models of black hole seeding and early growth [1, 2]. In stellar-remnant seed scenarios,
maintaining nearly continuous and efficient accretion is difficult in the shallow potential wells at high
redshift, which motivates massive-seed scenarios where black holes are born with initial masses of ~ 104
10°My [1-3].

The direct-collapse black hole (DCBH) scenario assumes that a primordial, metal-free gas cloud un-
dergoes an almost monolithic collapse to form a supermassive star or a quasi-star, which subsequently
gives rise to a massive black hole seed [4, 5]. The key requirement for this scenario is the suppression of

fragmentation, which could be achieved by maintaining the gas temperature at ~ 10* K and preventing
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efficient molecular hydrogen cooling, often via a strong Lyman-Werner UV background or dynamicag
heating [2, 6-8]. Recent observations of little red dots (LRDs) [9] indicate that black hole seeds with
masses My, > 10° M, formed at the centers of compact ionized hot pristine gas clouds in the early Uni-
verse. It is noteworthy that the observed minimum mass of these seeds is comparable to the characteristic
minimum mass of galactic cores ~ 10°M, [10]. It is therefore tempting to speculate that these two mass
scales are physically connected.

One possible explanation for the characteristic mass scale of galactic cores [11] is ultralight dark matter
(ULDM) [12-22], which has been extensively studied as an alternative to cold dark matter (CDM) and
may alleviate small-scale issues of CDM such as the cusp problem. In this model, dark matter consists of
extremely light scalar particles with mass m ~ 10722¢V whose macroscopic de Broglie wavelength leads
to quantum pressure supported cores (solitons) embedded in larger halos [21, 23, 24]. These solitonic cores
typically have masses M, = 105M and provide deep, centrally concentrated gravitational potentials
that can significantly boost baryonic collapse at high redshift [25], while also helping to alleviate the final
parsec problem [26].

In this paper, we explore a ULDM-assisted SMBH seed formation in which the solitonic core acts as
a deep potential well for direct collapse of baryon clouds. The key idea is that baryons gravitationally
confined within the soliton can undergo rapid infall accompanied by strong shock heating, thereby driving
the gas into a regime where molecular cooling becomes dynamically subdominant, even without invoking
an external UV background. We develop semi-analytic scalings for (i) the characteristic halo and soliton
properties as a function of ULDM mass m and redshift z, and (ii) the thermodynamic state of the
collapsing baryons, including the conditions under which compressional heating and shocks overwhelm
Hs cooling. We then relate these conditions to the fragmentation criterion to determine the regime in
which a global collapse is expected [2—4, 27]. In this way, the ULDM soliton provides a natural, purely
gravitational route to sustained high inflow rates and elevated temperatures, enabling the formation
of supermassive stars with characteristic masses ~ 10°M, that can rapidly evolve into SMBH seeds
consistent with high-redshift quasar and LRD observations [1, 2, 5].

Section IT summarizes the ULDM quantum Jeans scales for halos and the soliton-halo relations used in
this work. Section IIT derives the properties of baryonic core structure inside ULDM solitons, formulates
the shock-heating and cooling-imbalance criteria, and presents the fragmentation suppression conditions
together with the implied characteristic seed mass scale. Section IV discusses the broader implications
of our model for early structure formation, including its physical interpretation of LRDs, predictions for
SMBH seed formation across redshift, and the observational consequences and limitations of the scenario.

II. JEANS LENGTH AND HALO MASS FUNCTION OF ULTRALIGHT DARK MATTER

In this section, we present some scales that determine early halos and the corresponding central solitons.
The quantum Jeans length scale is given by
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where mgs = m/10722¢V | h is the reduced Hubble constant, and g, is the dark matter density param-
eter. The dark matter density at the redshift z is

pam(2) = pam(0) (1 + 2)°. (IL.2)
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FIG. 1: Halo mass functions (HMFs) for CDM (solid lines) and ULDM (dashed lines, for mgs = 1) at redshifts
z = 0 ~ 11, computed within the Press—Schechter formalism. HMFSs increase as z decreases, with the highest
curves corresponding to z = 0. Relative to CDM, ULDM shows a pronounced suppression of low-mass halos

arising from the small-scale cutoff in the matter power spectrum.

The quantum Jeans mass scale is then defined by [11, 19, 28]
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which implies that ULDM halos can provide sufficiently deep potential wells to confine baryons at high
redshift. The dark matter halo mass must satisfy M} > M, since the collapsing radius is constrained by
A > Aj. The collapse is allowed only in the mass range M,pper > My, > M. The upper bound Mpper
reflects the observed number density of galactic halos.

We shall assume Q4 = 0.27 and h = 0.7 in this paper. Then, the dark matter density at the redshift

z is given by
pam (z) = 0.2485 x 1072 (1 + 2)°g/cm®. (11.4)

Taking M), = a3 M, the collapse condition becomes aaz(2) > a > 1 where
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This leads to the halo mass as a function of the parameter «
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From the halo mass, to obtain M,,, one may use the empirical formula for the core-halo relation for
ULDM [29]
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where &'(2) = V14 2£(2)Y/6 and £(2) = (1872 + 82(Qn(2) — 1) — 39(n(2) — 1)) /Qn(2) ~ 177 for 4
large z. When z > 7 (or even z > 1), the relative change in {(z) can be ignored. Taking the halo mass as
given above, one has the core soliton mass
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The corresponding half-mass radius of the soliton is given by
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with fo = 3.9251 [24]. We insert here an extra factor 2/3/3 to account for the reduction of the half-mass
radius due to the presence of the baryonic matter. This factor 5 may be estimated to be around unity and
below we shall set it to be unity for simplicity. To reproduce the observed galactic core sizes, we require
7172 =~ kpe, which corresponds to m ~ 10722eV [30]. Interestingly, the average dark matter density at
the half mass radius
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becomes independent of m. One finds that compared to the CDM model ULDM halos at redshift z can
develop extremely compact and high-density cores, particularly in systems hosting massive solitons with
large M.

In this study, the halo mass function (HMF) is required to link the theoretically allowed collapse
window to the cosmological abundance of host halos, thereby enabling a direct assessment of whether the
proposed seed-formation conditions can account for the observed population of SMBHs. We adopt the
Press—Schechter (PS) formalism [31], which gives
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where v = %C with the critical overdensity J., and dn is the abundance of halos within a mass interval

dM. For the function f(v) we use the model of Sheth & Tormen [32] for simplicity:
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with parameters {A = 0.3222,p = 0.3,¢ = 0.707}. Compared to the CDM case, the HMF for ULDM is
suppressed at low masses as a result of the quantum pressure-induced cutoff in the matter power spectrum
as [33]
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where My = 1.6 x 10%my,* M. Fig. 1 shows HMFs for CDM and ULDM at various redshifts z,
computed within the PS formalism [34]. Relative to CDM, ULDM shows a pronounced suppression of

dn
din M

_dn
vLom  dInM

CDM

low-mass halos.

To determine Mypper, one should integrate the HMFE and compare the resulting abundance with ob-
servations. At a given redshift z, we define the maximum halo mass M, pper(2) as the mass above which
the expected number of halos within the observable Universe over the full sky is exactly unity. To deter-
mine this quantity, following Ref. [35], we numerically compute the cumulative comoving number density
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FIG. 2: The minimum mass M (the thick lines) and the maximum mass Muypper (the dashed line) of ULDM
halos as functions of the redshift z for mas = (0.1, 1, 10), respectively. The halo mass decides the core masses of
ULDM and those of gas clouds using the core-halo relation. For Mypper, we used the CDM approximation. At a

given z, only halos with masses between M; and Mypper can exist.

n(> M, z) from the Sheth—-Tormen halo mass function. We then multiply this by the comoving volume
element corresponding to a thin redshift slice dz = 0.5 over the full sky, to obtain the expected number
of halos N(> M, z). The maximum halo mass is defined by solving the condition N (> M, pper(2), z) = 1.
This construction represents the mass of the most massive halo that is most likely to be observed near
that redshift. For simplicity, we use the CDM halo mass function rather than the ULDM one to compute
Mypper, which is a good approximation in the large M regime. We also assume that the minimum halo
mass at z is set by the Jeans mass M;(z). With these assumptions, the minimum and maximum halo
masses at a given z can be estimated. Then, from M; and Mpper, One can obtain the ranges of o and
Mo, using Eq. (IL7). Fig. 2 shows My and Mypper as functions of z for mas = (0.1, 1,10), respectively.
As z increases, My,per decreases and the allowed range of M}, shrinks.
There is yet another upper bound for the soliton mass independent of z. The maximum gravitationally
stable mass of an isolated ground-state configuration of ULDM is given by
Moy ~ 0.633 Mg, _ 85x 100 Mo, (IL.14)

m mo9

where Mp; is the Planck mass. A soliton with a mass exceeding this scale is unstable to gravitational
cooling and tends to lose mass [36], unless it is compressed under extreme conditions such as high-speed
collisions or in the very high-redshift Universe. Consequently, we expect the maximum dark matter core
mass to be effectively bounded at approximately M,,,,. This, in turn, may provide an upper bound on
the masses of gas clouds within the core and on the ultimate masses of black hole formed and grown in
the gas clouds. Note that M, is usually different from the soliton mass in halos with mass Mpper-



III. BARYONIC COLLAPSE AND SEED-MASS SCALE INSIDE ULDM SOLITONS 6

Let us now place baryons inside the dark matter soliton. Realistically collapsing atomic gas generically
develops a finite-density isothermal core owing to shocks and efficient radiative cooling. Therefore, a
pseudo-isothermal profile

Po
= II1.1

Pl = 2570 (1L.1)
is the physically relevant description for the gas cloud [37], where pg is the central density and r. is the
core radius of the gas cloud. For the peudo-isothermal profile adopted in this work, the baryon mass up
to radius r is given by

My(r) = 4mpo 1 (T — arctan r) = dmpo 3G <r) , (I11.2)

Te Te Te
where G(z) = x — arctan(z). We adopt this mass profile for initial gas distribution within the ULDM
cores. The concentration for the pseudo-isothermal profile ¢, = /7. can be about 30 [38], where 7;,
is the virial radius of the gas clouds. Since we expect baryons to collapse into the gravitational potential
well of ULDM cores, for simplicity, we assume 7, is equal to the half-mass radius ry/, of the ULDM
soliton cores. Then, Mp(Tyir) =~ 0.2Myp/2 =~ 4mpor3G(ryir/7e), where 0.2 represents the approximate
mass ratio of baryon to dark matter.

From Eq. (I1.9), the core radius of baryon becomes
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for ¢, = 30. Then, one can obtain
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and the baryon mass within the core
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The average baryon density at the radius r. becomes
3Myp(r. _
pb(re) = % ~ 6.929 x 103a*(1 4 2)® Mg /pc?. (I11.6)

We shall take this gas cloud with r < r. as a baryonic core that triggers collapse via the Jeans instability.
The ULDM density at » = r. is much lower than the baryon density and its mass and gravitational
contribution may be ignored once the gas core is formed.

The Jeans scale of ULDM determines the minimum halo mass able to collapse at high redshift, while
the empirical soliton—halo relation fixes the soliton mass and dark matter core radius. These, in turn, set
the baryonic core density, inflow velocity, shock temperature, and accretion rate.

The seed black hole mass may be expressed as
My, = fonMp(re), (ITL.7)

where we adopt a value fi, >~ O(0.1), motivated by the fact that My, can grow to as much as about half
of the quasi-star mass [39, 40]. Therefore, the mass of the black hole seeds formed at z satisfies
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where ouy,q, can be inferred from M, ,per. However, we will show that not all seeds within this mass rangz
can form if the temperature of the gas is not sufficiently high. (See Eq. I11.18 below.)

One can also estimate the maximum mass of SMBHs grown from their seeds. If we assume that a seed
forms and grows within the most massive physically allowed soliton (i.e., Mso ™~ Mpax) and consumes
remaining baryonic mass enclosed within the core, then its mass can be as large as 0.2 fy;, Max. This sets
the characteristic mass scale of the most massive SMBHs (not just seeds),

1.7 x 101t
7% 10 fth@.

Mgzax = O-behMmax ~ -

(I11.9)
Interestingly, from the observational data Ma* ~ 10'°Mg [2], one can again get m ~ 10722¢V for
for = 0.1. Because such massive solitons and the corresponding SMBHs are rare, mergers among them
are expected to be infrequent. Consequently, this mass scale is not expected to change significantly due
to mergers in cosmic history (see Fig. 3).

We now estimate the shock temperature of the core gas cloud as

3umu o 3umu GMy(r.)
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where v;;, denotes the gas inflow velocity, my is the hydrogen mass, and we take u = 1.22 for definiteness.
This leads to

2
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ma2

K. (II1.11)

Radiation cooling down to the Jeans temperature of the core gas clouds is required to have a collapse.
To estimate the Jeans temperature we proceed as follows. We assume that the gas clouds have an initial
radius r. with the mass Mp(r.) given in the above. We further assume that the clouds have a uniform

density pp(r.) for r < r.. The Jeans temperature can be obtained from the virial condition
2Eginetic + Epotential =0 (11112)

which becomes

3kpTy My(re) 3 GMj(re)
2 WMy 5 Te

2 =0 (I11.13)

where umyg is the average mass of the particles. This leads to the Jeans temperature

AnGump r2py(re)
T; = ¢ I11.14
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With the above r. and py(r.), one finds
3 a2
T;~51.38 (14 2)2 K. (I11.15)
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For gravitational collapse to commence, the gas must first cool from T¢ore-cloud down to this temperature
threshold. Once sufficient cooling has occurred, collapse can proceed. If T; < 3 x 104K, the gas becomes
prone to fragmentation, as discussed below. In contrast, if Ty > 3 x 10*K, fragmentation is suppressed
and direct collapse becomes possible. This requires

o (14 2)%2

o ———— Z 583.9 (IH.16)
ma2
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which leads to
My(re)|acay, = 1.151 x 10%m3, M. (IIL.18)

This with the observational constraint for the minimum seed mass 10*Ms < My, < 10°Mg, gives an

~

interesting bound for the particle mass of ULDM
1151 fyn x 10722V < m < 1.151 fy, x 10720V (I11.19)

which is consistent with the ULDM particle mass m ~ 10~22eV inferred from galactic dynamics for
fon ~ 0.1. For m > 10~22eV, SMBH seeds are too small in mass, whereas for m < 10722V their
masses are excessively large and the seeds form too late (See Fig. 2). Gas clouds with masses below the
threshold given in Eq. (II1.18) fail to form black hole seeds and instead are expected to form star clusters.
Interestingly, ULDM with the fiducial mass m ~ 10~22eV seems to explain the minimum mass and the
maximum mass of observed SMBHs. (See Fig. 3.)

From Eq. (IT1.17) and Eq. (IIL.3), one finds that the baryonic core size is smaller than r.|q—a,, =
4.884 pc/maa, and the gas radius is smaller than 7y |a—q,, =~ 146.0 pc/mas, which is consistent with
LRD observations [41]. From Eq. (IT1.3) and Eq. (II1.6), the mass inflow rate M = 4772 py(r.)viy, is given
by

M ~2.310 x 107 30Pmyy”*(1 + 2)%/*My /yr > 32.58 M /yr, (I11.20)

where we used the fact @ > vy, for the last inequality. This strong inflow further ensures that the gas
collapses monolithically to form a massive protostellar core, providing a dynamical pathway to SMBH
seeds. Once SMBH seeds form, ULDM solitons can supply additional gravitational potential that enhances
the Bondi accretion rate onto a growing black hole seed [25], thereby enhancing the growth of SMBHs.
Note that we do not consider angular momentum transfer and radiation feedback here.

In our model, SMBH seeds can form at high z > 10, possibly alleviating the tension of the standard
scenario of black hole formation. Assuming Eddington-limited accretion with a radiative efficiency of
e = 0.1, the black hole mass evolves as [42]

M (z5) = M, exp {t(zf)_t(zl)} , (I11.21)
tsal

where tg, =~ 45 Myr is the Salpeter e-folding timescale. For example, for the quasar in the galaxy UHZ1
with mass M(zf) = 4 x 10"M¢, at zp = 10.1 [43], starting from an initial seed mass M; = 10° M, the
required growth factor is M (zy)/M; = 400. This implies ¢(z) — (2;) ~ 2.7 x 108yr, which corresponds
to an initial redshift z; ~ 19. (See Fig. 3.) Therefore, a heavy seed of mass 10°M, in our scenario can
naturally grow to ~ 4 x 107Mg, by z ~ 10, demonstrating that early SMBH growth is feasible without
invoking super-Eddington accretion. Fig. 3 shows the mass spectrum of observed quasars and candidate
SMBHs in LRDs, which is well reproduced by our theoretical predictions. Our model predicts that many
LRDs with SMBHs having masses M, > 10° Mg, exist even beyond z > 7.

One can also determine the Jeans radius for baryon gas in terms of the average density pp, and the

temperature of the clouds as
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FIG. 3: The mass spectrum of SMBHs as a function of redshift. The black horizontal line denotes the masses of
SMBH seeds corresponding to ayp. The blue dashed line and the purple dashed line denote the possible SMBH
seed mass in Eq. (II1.8) for « = 1 and & = Qmaz, respectively. However, objects located between the black
horizontal line and the blue line cannot be genuine black hole seeds because the gas temperature is too low and
fragmentation is unavoidable; instead, these systems are expected to form star clusters. According to Eq. (I11.17)
in our model, only gas clouds corresponding to the SMBH seeds in the gray region possess sufficient self-gravity
and temperature to form a SMBH seed. The dashed horizontal red line denotes the maximum black hole mass
M7*® in Eq. (II1.9) set by the stability of the soliton. Dots represent the observed masses of SMBHs from
various observations [43-48]. The red triangles denote XMM-Newton observations [44], the green circles represent
LBQS observations [45], the black diamonds denote CFHQS observations [46]. The red stars denote quasars with
z > T [43, 47, 48], while the red star at z = 10.1 is for the quasar in the galaxy UHZ1. The red disks denote the
candidate SMBHs in LRDs [9]. We choose m = 10722¢V and fy;, = 0.1 here.

Hence the baryon Jeans mass for a given density and temperature becomes

Ar 375\ % / kpT \*? _1
Myy = —ppry = | — . I11.23
bJ 3 Po Ty ( In ) <G,umH> Py ( )
During the collapse, we assume the adiabatic process. Then one has the temperature
v—1
T=T, <pb> (I11.24)
Pi

as before where T; and p; denote the initial temperature and density of the collapse. As the collapse goes
on, the density becomes larger and then temperature increases since v > 1 in general. Using this, one
finds the updated baryon Jeans mass becomes

b 3(v—4/3)

My; = M; () . (I11.25)
Pi

Therefore, if v < 4/3, Mp; < M; = My(r.) and the fragmentation occurs as the collapse goes on. On the

other hand, if v > 4/3, My; > M; = M(r.) and the fragmentation is not allowed. When T' > 3 x 10*K,

v~ 5/3 and there is no fragmentation. If T' < 3 x 10 K, eventually the temperature passes through the



range 7' ~ 10*-3 x 10*K where v ~ 1.1 ~ 1.3 [3]. As a result, fragmentation into smaller stars occutd)
When the collapse continues without fragmentation, a massive star with a mass on the order of 105 Mg
can form. This star can subsequently collapse into a black hole, as its lifetime is very short.

IV. DISCUSSION

Observations of LRDs indicate that black hole seeds with masses My, =

~

10°My, already exist at
z 25, and our scenario provides a physical interpretation of their origin. In this work, we show that this
characteristic mass scale arises naturally in the ULDM scenario: when the baryonic core inside a soliton
satisfies the temperature threshold, the enclosed gas mass reaches My () |a:ath ~ 105Mg, and a fraction
fon ~ 0.1 of this mass is converted into a black hole, yielding a seed of order 10° M, without fine-tuning.
A key outcome of this work is that the typical seed mass is not an ad hoc assumption but instead follows
from the intrinsic mass and length scales set by ULDM.

The deep gravitational potential of the soliton also leads to rapid gas inflow and shock heating up to
Teore-cloud =, 3 x 104 K, suppressing molecular hydrogen cooling and preventing fragmentation, consistent
with the compact, hot, and ionized environments inferred for LRDs. Below the threshold mass, gas clouds
generically fail to form black hole seeds and are instead expected to collapse into dense star clusters,
possibly accounting for the observed coexistence of AGN-like and young stellar-dominated LRDs [49],
and potentially triggering the early formation of galaxies within a single physical framework. Furthermore,
because the relevant Jeans scale and the soliton-halo relation favor the formation of dense cores at high
redshift, our scenario predicts that SMBH seed formation is efficient at z > 5, matching the redshift range
where LRDs are observed by JWST. Finally, we demonstrate that standard Eddington-limited accretion
is sufficient to grow these seeds to the observed masses by z ~ 10, without invoking super-Eddington
accretion.

This mechanism has several important implications for early structure formation. It provides a new
connection between the small-scale physics of ULDM and the early growth of supermassive black holes,
suggesting that the existence and typical masses of high-redshift SMBHs may carry indirect information
about ULDM particle properties. At the same time, the scenario makes testable predictions for the host
halo masses, event rates, and thermodynamic conditions of early black hole formation, which can be
confronted with upcoming observations of the high-redshift Universe. For example, our model predicts a
substantial population of LRDs hosting SMBHs with masses My, = 105M, at redshifts z > 7.

The effects of angular momentum and radiative feedback are not included in the present semi-analytic
treatment, although the solitonic potential is expected to promote rapid infall. While our model qualita-
tively reproduces key properties inferred for LRDs and SMBHs, including the characteristic mass scale,
formation epoch, and the presence of hot, ionized gas, a more quantitative comparison with their num-
ber density and host-halo properties is still needed. Addressing these issues will require high-resolution
simulations and improved observational constraints, and the present work should therefore be regarded
as a starting point for more detailed studies linking the small-scale physics of ULDM to the observed
population of high-redshift SMBHs.
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