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The gravothermal core collapse of self-interacting dark matter halos provides a compelling mech-
anism for seeding supermassive black holes in the early Universe. In this scenario, a small fraction
of a halo, approximately 1% of its mass, collapses into a dense core, which could further evolve into
a black hole. We demonstrate that this process can account for the origin of JWST little red dots
(LRDs) observed at redshifts z ~ 4-11, where black holes with masses of 10 M can form within
500 Myr after the formation of host halos with masses of 10° M. Even if the initial collapse region
triggering general-relativistic instability has a mass on the order of one solar mass, the resulting
seed can grow into an intermediate-mass black hole via Eddington accretion of baryonic gas. Subse-
quently, it can continue to grow into a supermassive black hole through dark Bondi accretion of dark
matter particles. In this scenario, the majority of the black hole’s mass originates from dark matter
accretion rather than baryonic matter, naturally explaining the overmassive feature of LRDs.

Introduction. The origin of supermassive black holes
(SMBHSs) remains a mystery, particularly those found at
high redshifts and associated with luminous quasars [1-
7]. It is puzzling how a black hole could grow to
a mass of 10° My when the Universe was only about
5% of its present age. In [8], we proposed a scenario
to explain the origin of SMBHs associated with high-
luminosity quasars, through the gravothermal collapse of
self-interacting dark matter (SIDM) halos [9, 10]. As
a self-gravitating system, an SIDM halo has a negative
heat capacity, and its central region, corresponding to
(0.1-1)% of the total mass, can collapse into an ultra-
dense core, which can then further evolve into a black
hole. We showed that the presence of compact central
baryons can accelerate the onset of collapse and the self-
interactions can dissipate the remnant angular momen-
tum of the collapsed region. The collapse of massive halos
of 10! Mg, at redshifts z > 10 could produce a black hole
with a mass of 108-10° My; see also [11-14].

More recently, observations from the James Webb
Space Telescope (JWST) have revealed compact active
galactic nuclei at redshifts z ~ 4-11, hosting SMBHs
with masses of 105-10% M, [15-17]. These systems, re-
ferred to as little red dots (LRDs), exhibit unusually high
black hole-to-stellar mass ratios of > 107310~ [18], sig-
nificantly larger than those observed in the local Uni-
verse [19]. This suggests that black holes in LRDs are
overmassive relative to their host galaxies and likely orig-
inate from heavy seeds (e.g., [20]). Nevertheless, the de-
tailed formation pathways of LRDs remain uncertain.

In this work, we explore the SIDM-based seeding mech-
anism for the formation of LRDs and show that they
can arise from the gravothermal collapse of 10° M, ha-
los, with the central baryonic potential accelerating the
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process. We address the crucial issue of how the en-
tire collapsed central halo can evolve into a black hole,
which was an assumption in earlier studies. To trig-
ger general-relativistic instability, the 1D central velocity
dispersion of dark matter particles must reach approxi-
mately 0.3 ¢ [9, 21]. Only a tiny fraction of the halo mass,
on the order of 10719-1078, can attain this condition fol-
lowing the trajectory of gravothermal evolution [9, 22].

For a 10 Mg halo relevant to the context of LRDs,
the initial seed black hole mass is expected to be on the
order of 1 M. We show that such a solar-mass seed can
grow to 10” M within 500 Myt through accretion. The
initial growth phase is dominated by baryonic Edding-
ton accretion, during which the black hole increases in
mass from 1 Mg to 10* M. After this stage, dark Bondi
accretion becomes the dominant channel, efficiently con-
suming SIDM particles from the ultradense core and driv-
ing the black hole mass up to 10’ M. In this scenario,
the resulting black hole is naturally overmassive, as its
mass is built up primarily through dark matter accre-
tion rather than baryonic processes, consistent with the
observed feature of the LRDs.

We further demonstrate that Bondi accretion in the
dark sector is not limited by a dark Eddington bound for
viable SIDM particle models. Moreover, we show that
the preferred range of dark matter self-interaction cross
sections is consistent with SIDM models proposed to ex-
plain the diverse dark matter distributions observed in
galaxies at low redshifts. Additionally, this scenario can
be extended to cases where the initial black hole seed
forms through the collapse of baryonic matter, such as
pristine gas or stars. These findings open a new avenue
for probing dark matter physics through observations of
SMBHs; see also 23, 24] for complementary studies.

Gravothermal collapse timescale. We consider
a Navarro-Frenk-White (NFW) halo formed at red-
shift z, and its density profile is given by pnpw(r) =
ps(r/rs) ™Y (14 r/rs) "> [25], where the scale density pq
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and radius rg are
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respectively. Moo is the virial mass within the radius
72005 C200 = T200/7s is the halo concentration, f(cogo) =
In(1 + ¢200) — 200/ (1 + c200), and the critical density

pe(z) = % [Qmo(1+ 2)% + Qa] . (2)

We take Hy = 67.6km/s/Mpc, Q0 = 0.312, and Q =
0.688 from Planck cosmology [26]. We can write Mooy =
My f(c200), where My is the fiducial mass of the NFW
halo My = 47mp,r3.

Assuming that dark matter self-interactions set to op-
erate for the halo formed at redshift z, the core-collapse
timescale can be estimated as [27]
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where C is a numerical coefficient and we take C' ~
0.75 as calibrated from N-body simulations [28], t =
(47Gps)~1/? is the fiducial timescale, and o/m is the
dark matter self-interacting cross section per unit par-
ticle mass, which should be interpreted as an effective
cross section for the given halo mass in the context of
velocity-dependent SIDM models [29, 30].

The halo concentration becomes insensitive to the halo
mass at redshift z 2 5 and its median value asymptotes to
c200 &~ 3-4 [31]. As an estimate for LRDs, we consider a
halo with a median concentration of cogg = 3 and a mass
of Myoy =~ 10° M, formed by z = 10, i.e., t = 470 Myr
after the Big Bang. The required cross section is o/m ~
150 cm? /g and te. ~ 500 Myr. A black hole with mass
1072 Mago ~ 10" Mg, could form at t ~ 970 Myr (2 ~ 6),
assuming that the entire short-mean-free-path (SMFP)
region evolves into the hole. If the halo has a relatively
higher concentration, the cross section could be lower,
e.g., o/m =~ 50cm? /g for cogo ~ 5.

These conditions can be further relaxed after the ef-
fect of the central baryonic potential is included, as it
accelerates the onset of gravothermal collapse [8, 28, 32—
34]. To be concrete, we perform fluid simulations for
an example: the LRD ID 61888 with a black hole mass
of 1.66 x 10"Mg at z ~ 5.87 [35]; see S.1 for de-
tails. Its stellar surface density is characterized by
a Sérsic profile with index n = 0.9, half-light radius
R, = 0.09kpc, and stellar mass M, = 1.29 x 108 M.
We fit the stellar distribution with the Plummer profile

pp(r) = (3Mp/4ma?) (1 + 7"2/(12)_5/2 with scale radius
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FIG. 1. Evolution of the normalized central density for

the simulated halo without a baryonic potential (blue),
and with a central Plummer baryonic potential assuming
(Mp/Mo,a/rs) = (0.06,0.1) (green) and (0.06,0.05) (ma-
genta). Solid and dashed curves correspond to the fiducial
self-interaction cross sections 6 = 0.5 and 1.0, respectively.

a = 0.1kpc and total mass Mp = 1.4 x 10% M, to model
the baryonic potential. We assume a halo at z = 10 with
Mgy = 1.5 x 10° My and ¢y = 3, corresponding to
ps ~ 1.5 x 103 M, /kpc® and rs ~ 1.1kpc. The fiducial
time is tg = 1//47Gps ~ 10.9 Myr and the fiducial mass
My = 4mperd ~ 2.4 x 10°My. Hence, Mp /My = 0.06
and a/rs = 0.1. Our simulations take two values for the
fiducial cross section & = (o/m)psrs = 0.5 and 1.0, corre-
sponding to o /m = 15 cm? /g and 30 cm? /g, respectively.

Fig. 1 shows the evolution of the central density
p(0)/ps of the simulated halo. For o/m = 15-30cm?/g,
the collapse timescale is t.. ~ 300-500 Myr when the ef-
fect of central baryons is included (green), much shorter
than that from the SIDM-only case t.. ~ 2-4Gyr
(blue). The collapse timescale could be further short-
ened to 100-200 Myr if the baryon concentration is higher
(a/rs = 0.05; magenta). Our fluid simulations assume a
static baryonic potential motivated by the observed stel-
lar distribution. Hydrodynamical simulations of proto-
galaxy formation indicate that the gas density profile may
be steeper than the cored Plummer profile [36]. In [8], we
showed that the effect with a power-law density profile
for baryons, as motivated by [36], can reduce the core-
collapse timescale by a factor of 100. Thus, the estimate
shown in Fig. 1 may be considered conservative.

Using the Press—Schechter formalism [37], we estimate
that the formation of 10° Mg halos by redshift z ~ 10
corresponds to a 3o fluctuation above the mean density
variance. In [8], we found that producing 108-10° Mg,
SMBHs at z ~ 6-7 requires the collapse of halos with
masses in the range of 10''-102Mg at z ~ 811,
corresponding to 4-50 peaks in the density field. In-
triguingly, the existence of such rare halos is supported
by JWST observations of massive galaxies with stellar
masses > 1019101 Mg, at z = 6-7 [38, 39], whose host



halos are likely to lie in the 101'-10'2 M, range [40, 41].
Thus, the seeding mechanism could provide a unified
explanation for the origin of SMBHs associated with
both high- and low-luminosity quasars. Additionally, this
seeding scenario favors a cross section in the range o/m ~
10-100cm? /g for 109 Mg, halos. This range is broadly
consistent with SIDM models that have been shown to
explain the dense substructures indicated by gravita-
tional lensing systems [42-50] and stellar streams [51-53]
through gravothermal collapse.

The initial black hole. In the estimate above, we
have assumed that the black hole mass is set by the mass
in the SMFP region Mgn¢p,, which is characterized by the
condition Kn = A\/H < 1, where X is the SIDM mean-
free-path and H is the local Jeans length. From our
fluid simulations, we find Mgng, ~ 1072My; see S.1 and
also [8]. However, not all the mass in the SMFP region
could collapse into a black hole instantaneously. In fact,
the general-relativistic instability can only be triggered
in the very central region, where the 1D velocity disper-
sion of SIDM particles reaches vgr ~ 0.3¢ [9, 21]. The
mass of this central region, denoted as Mgg, can be esti-
mated using the scaling relation Mgr ~ (v/vGr)** Msmép
with 0.85 < a < 1, which is derived from the trajec-
tory of gravothermal evolution [9, 22]. For halos with
Mooy ~ 10810t M@, MGR/M200 ~ 10710-10-8 [22]
For LRDs, Magy ~ 10° M and Mgr ~ 1 Mg. Note that
Moo = f(c200)Mo ~ My, since f(ca00) is typically an
O(1) factor.

The scaling relation relies on the extrapolation to the
relativistic regime from fluid simulations. Here, we pro-
vide a complementary argument from the perspective of
energy conservation [54]. Assuming the SMFP region
itself is virialized, we have K = |E| = —U/2, where
K is the kinetic energy, |E| is the binding energy and
U is the potential energy. U = —O.GGMfmfp/rsmfp,
assuming a uniform density of the SMFP region, and
hence K = |E| = 0.3GM_2,, /Tsmtp-  When the in-
stability is triggered at the halo center, the associated
binding energy is 0.035Mgrc?® [21]. Meanwhile, the
binding energy of the remaining part of the SMFP re-
gion is 0.3GM?2, /Trem- From the condition of energy
conservation, we have 0.035Mgrc® + 0.3GM2, /Trem =
O.3GMS2mfp/rsmfp, which is equal to the binding en-
ergy in magnitude. Therefore, we have 0.035Mgrc? <
OBGMS2 fp/rsmfp, and

Mgr 10727’3 Mg, G My
ZER <0 P . (4
smfp ~ x ( Tsmfp 1072M0 02705 ( )

If My ~ 10°Mg and 7, ~ 1kpc for LRDs, we obtain
Mar/Mgmip < 1077, corresponding to Mgr ~ 1Mg.
For My ~ 102 Mg and r, ~ 10kpc, we obtain Mgr ~
10° M. These estimates are broadly consistent with
those from [22]. Even if the initial seed mass is as small
as 1 Mg, it can still grow rapidly into an SMBH by accre-
tion. In what follows, we first discuss dark Bondi accre-

tion and then the role of baryonic Eddington accretion.

Dark Bondi accretion. Since dark matter in the
SMFP region is in the hydrodynamic limit (Kn < 1), we
apply the Bondi accretion [55-57] to model the initial
seed accreting the surrounding SIDM particles

. G2 M?
MBon = 47T)\343 Poos (5)
aOO
where the mass density po, = mne and sound speed

ao are evaluated at a distance r,, much larger than
the Bondi radius rgon = 2GM/aC2>O. We take ro to
be the edge of the SMFP region. The accretion eigen-
value Ay = Ag(7v) is an O(1) factor that depends on
the adiabatic index 7 of the accreted SIDM fluid, v =
4/3+4 /1 — 302, /c?/3 [58], where vy denotes the 1D ve-
locity dispersion at 7o, and Ve, = aoo/(/7 < c. We take
v =~ 5/3, which gives Ay ~ 0.25 [59].

Assuming po, and a. are nearly constant during the
accretion process, the timescale is obtained by integrat-
ing of Bondi accretion rate, i.e.,

ad, 1 1
tace = - : (6)
477/\5G2poo MGR Msmfp

At 7o ~ Tsmip ~ 10727, the sound speed aoo = VY Voo
We parametrize the conditions at r, as po, = A ps and
Voo = By, where vy = rgy/4nGp, is a fiducial velocity.
Thus, as = /yBvg. Since Mgr < Mgngp, We can
neglect the term proportional to 1/Mgne, in Eq. 6 and

express tacc as
B3 My
tace = 8. — t
8.6 ( 1 ) Men 0 (7)

where My = 4mpsr? and tg = 1/y/4rGps. For the case of
LRDs, My ~ 109 Mg, to ~ 11 Myr, My/Mggr ~ 10°, and
B3/A ~ 1075 from our fluid simulations; see S.1, taec ~
103 Gyr, which is too long to be relevant. For 10 Mg
SMBHs associated with high-luminosity quasars as stud-
ied in [8], My ~ 1012 Mg, tg ~ 15 Myr, My/Mgr ~ 107,
and B®/A ~ 1077, In this case, taec ~ 129 Myr, which is
comparable to the collapse timescale.

For the Bondi accretion to be valid, the Bondi radius
must be smaller than the boundary radius of the SMFP
region, i.e., "Bon < T'oo- We find that rgo, = 2GM /a2, <
(1.2/ B?)(Mgmgp/Mo)rs =~ (1.2 x 1072)(1072)r4 in this
scenario, which is smaller than 7o, ~ 10~ 27,. Thus, it is
reasonable to treat the SIDM accretion from the SMFP
region as a Bondi problem.

Baryonic Eddington accretion. Intriguingly, ob-
servations indicate that baryonic gas is abundant in
LRDs [60]. In this section, we show that baryonic accre-
tion plays a crucial role in enabling the seed black hole
to achieve rapid early growth. The rate of Eddington
accretion of baryonic gas is

1—c¢ ArGM
. ) fEddi(amd/m)c, (8)
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FIG. 2. Growth rate of the black hole mass due to dark
Bondi accretion (blue), baryonic Eddington accretion (or-
ange), and their combined contribution (red), shown for initial
seed masses of Mcr = 1 Mg (solid) and 10° Mg (dashed).

where € is the radiative efficiency, fgqq is the accretion
efficiency, oy.q is the cross section responsible for the ra-
diation pressure. Combining Eqs. 5 and 8, we obtain the
total accretion rate M = Mgqq + MpBon, which can be
integrated to give the black hole mass as a function of
time:

MGR etacc/T
1-— MBOH/MEdd’MGR (etacc/'r _ 1)

M(taCC) = ) (9)

where 7 = [(1) fEdd%]_l is the Salpeter
time [61].

Taking € = 0.1, oraq/m = 0.4cm?/g for
the Thomson cross section, and fgqq = 1, we have
7 = 50 Myr and
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Because the Eddington accretion rate scales linearly with
mass Mgdaq < M, whereas the Bondi accretion rate scales
as Mpon < M2, baryonic Eddington accretion dominates
in the early growth phase when the seed mass is small
as MBOH/MEdd‘MGR < 1. However, as the black hole
grows, dark Bondi accretion eventually takes over in a
second phase, rapidly consuming the entire SMFP core
once e'*/" Mpon/Miaal ;. ~ O(1).

In Fig. 2, we show the growth rate of the black hole
mass due to dark Bondi accretion (blue), baryonic Ed-
dington accretion (orange), and their combined contri-
bution (red). For the LRD candidate (solid), we assume
a halo of My = 10° My with concentration cagp = 3
at z = 10. The initial seed mass is Mgr = 1Mg,
14/B3 = 105, and MBon/MEdd|MGRfEdd ~ 3.4 x 1072,
For fgaq = 1, baryonic accretion dominates the growth
until the black hole reaches ~ 10* M. After that point,

dark Bondi accretion takes over, and the black hole
quickly grows to 107 M within ~ 500 Myr, much faster
than 1500 Gyr it would require with dark accretion alone.

In this scenario, the majority of the black hole mass
originates from SIDM particles in the SMFP region of
the halo, rather than from baryonic matter. This may
explain the overmassive feature of LRDs. Without dark
Bondi accretion, the black hole could still grow to a mass
of 10" Mg, through baryonic Eddington accretion alone,
albeit over a longer timescale. However, in this case,
the seed would need to accrete on the order of 107 M,
of baryonic material. This could be in tension with the
overmassive feature of LRDs, although the details depend
on the initial baryonic content and the feedback processes
during accretion.

In Fig. 2, we also show a case for more massive black
holes, where we set Mgr = 10°Mg in a halo formed
at z = 8 with Msgg = 102 M, and co90 = 3. We use
14/B‘3 = 107, and MBon/MEdd|MGRfEdd ~2.5x 1073 [8]
Baryonic Eddington accretion dominates the black hole
growth until the mass reaches approximately 10°Mg.
Then, dark Bondi accretion becomes the primary driver,
and the black hole to grow to 10° M within 300 Myr.
Such massive black holes could power the high-luminosity
quasars observed at high redshifts [1-7].

Dark Eddington limit. When a black hole be-
comes sufficiently massive, its dark Bondi accretion rate
could become Eddington-limited due to dark radiation
pressure, i.e., Mpon/Mgaa S 1 in Eq. 10, where Mggq
now refers to dark matter particles rather than baryons.
Consider a generic SIDM particle model consisting of a
fermionic dark matter particle x that couples to a dark
mediator ¢ with a coupling constant g, (e.g., [62]). In
this model, the self-scattering cross section xx — xx
scales as 0, gimi/mi, where m,, is the dark matter
particle’s mass and mg is the mediator’s mass. Mean-
while, the cross section for dark Thomson-like scattering
off the mediator, x¢ — x¢, scales as 0,4 gi/mi in the
limit mg < m,,.

For a viable SIDM model, the self-scattering cross sec-
tion must be velocity-dependent across all halo mass
scales from dwarfs to clusters, with an upper limit of
~ 0.1 cm? /g inferred from cluster strong lensing (Magg ~
10'° M) [63-65]. This indicates my/m, < 1073 for
the model. For Bondi accretion, the temperature near
the black hole could reach > 0.1m,c* [59], so the dark
mediator ¢ would be populated in the plasma. Al-
though dark radiation pressure can be generated by the
X¢ — Xx¢ scattering process, the associated opacity is ex-
tremely suppressed: 0y4/0yy ~ (Mg/my)* ~ 10712, For
Oyx/m ~ 10cm?/g, oyp/my ~ 107 cm? /g. Thus, from
Eq. 10, we see that Bondi accretion of SIDM onto a black
hole is not Eddington-limited for viable SIDM models.

Discussion. There are several aspects that warrant
further improvement. Our estimates of the initial seed
mass and the SMFP mass are primarily based on fluid
simulations. However, recent studies suggest that the
fluid approximation may break down during the late



stages of evolution—for instance, when the velocity dis-
persion becomes anisotropic [53, 66, 67]. At very late
times, as the velocity dispersion increases significantly,
dissipative processes associated with the mediator par-
ticle may also become important. More work is needed
to assess the impact of these effects in the presence of a
baryonic potential.

Moreover, our scenario can be extended to cases where
the initial black hole seed forms through the collapse of
baryonic matter, such as pristine gas or stars. For ex-
ample, if a seed of one solar mass, composed of baryonic
matter, resides at the center of a mildly collapsing SIDM
halo, it can still grow into an SMBH via dark Bondi ac-
cretion, aided by baryonic Eddington accretion. In this
extended scenario, the SIDM halo only needs to be in
a mildly collapsing phase, thereby avoiding the poten-
tial complications associated with the late-stage collapse
discussed above.

Conclusions. We have investigated the formation of
the JWST LRDs in the SIDM framework, in which the
central dark matter halo undergoes gravothermal collapse
to form a seed black hole. Even if the initially collaps-
ing region that triggers relativistic instability has a mass
on the order of one solar mass, the resulting seed can
grow into an intermediate-mass black hole via Eddington
accretion of baryonic gas, and subsequently evolve into

an SMBH through dark Bondi accretion of SIDM par-
ticles. In this scenario, the majority of the black hole’s
mass originates from SIDM accretion rather than bary-
onic matter, naturally explaining the overmassive feature
of the LRDs. In the future, dedicated numerical simula-
tions are needed to test dark Bondi accretion and other
SIDM accretion processes [68, 69]. It will be important to
investigate the predicted population of LRDs within this
framework [23] and explore the associated gravitational
wave signatures [24].

The code used to model SIDM gravothermal evolution
in the presence of a static baryonic potential is publicly
available at https://github.com/ymzhong/gravothermal.
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Dark Bondi Accretion Aided by Baryons and the Origin of JWST Little Red Dots
Wei-Xiang Feng, Hai-Bo Yu, and Yi-Ming Zhong

Appendix S.1: Gravitational Evolution of SIDM halos

In our fluid simulations, we follow the procedure outlined in Refs. [8, 27, 28] to study the gravothermal evo-
lution of an SIDM halo under the influence of a baryonic potential. The simulation code is publicly available
at https://github.com/ymzhong/gravothermal.

The evolution of the halo can be described by the following equations

oM 5 O(pr?) ~ G(M+ Mpg)p
or Amrp, ar 72 ’
oL v L A(mv?)

— = —47wpr*v?D;In I = (S.1-1)

472 " kgor ’
where M, p,v, and L are enclosed dark matter mass, density, 1D velocity dispersion, and luminosity profiles, re-
spectively, and they are dynamical variables and evolve with time; Mp(r) is the mass profile of baryons; kg is the
Boltzmann constant, G is the Newton constant, and D; denotes the Lagrangian time derivative. Heat conductivity of
the dark matter fluid is given by k = (/ifmlfp—km;ifp)*l, where Kimfp ~ 0.27Cpvokp/(Gm?) and kemep ~ 2.1vkp /o de-
note conductivity in the long- and short-mean-free-path regimes, respectively, and C' ~ 0.75 as calibrated from N-body
simulations. In the short-mean-free-path regime, heat conduction can be characterized by the self-interaction mean
free path A = 1/p(o/m) and Kn = A\/H < 1, where H = v/\/4wGp is the scale height. In the long-mean-free-path
regime, it is characterized by H and Kn > 1.

Assuming an initial halo concentration cogg with the given Msgg and cosmic redshift z, we translate to the scale
density ps and radius r in the NF'W halo profile

Ps
(r/rs) (L+7/r)?
We then normalize all physical quantities using ps, rs, and their combinations, including the fiducial time tq =

1/\/4AnGpy, fiducial mass My = 4mpsr?, and fiducial velocity vy = 751/47Gps, for implementation in the simulation.
We use a Plummer profile to model the baryon distribution in LRDs,

3MB 7"2 —5/2
o) = (145) (513)

PNFW(T) = (81*2)

where a and Mp are the scale radius and mass of the profile, respectively. We have checked that the Plummer
profile provides a good approximation to the stellar distribution of the LRDs characterized by the Sérsic profile. The
parameters relevant to the baryons are Mp/My and a/rs in the simulation.

Fig. 3 shows the density (top left), the ratio p/v® (top right), the Knudsen number (bottom left), and the radius
(bottom right) as functions of enclosed mass at different stages of gravothermal collapse, with (solid red) and without
(dashed blue) including the baryonic potential. The dotted vertical lines mark the boundary of the short mean free
path region, defined by Kn = 1. In the top left panel, the dash-dotted curve shows the baryon density profile. The
simulation assumes Mp/My = 0.06, a/r; = 0.1, and 6 = (0/m)psrs = 0.5. Fig. 4 shows similar results, but for
g =1.0.


https://github.com/ymzhong/gravothermal
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FIG. 3. Evolution profiles for & = psrs(c/m) = 0.5. Shown are the density (top left), the ratio p/v® (top right), the
Knudsen number (bottom left), and the radius (bottom right) as functions of enclosed mass at different stages of gravothermal
collapse, with (solid red) and without (dashed blue) including the baryonic potential. The fiducial quantities are defined as
to = 1//4AnGps, Mo = 47rp5r§, and vy = rs\/41Gps in terms of the halo parameters ps and 5. The dotted vertical lines mark
the boundary of the short mean free path region, defined by Kn = 1. In the top left panel, the dash-dotted curve shows the

baryon density profile.
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FIG. 4. Similar to Fig. 3, but for 6 = (o/m)psrs = 1.0.
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