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ABSTRACT

The nature of the “Little Red Dots” (LRDs) is one of the most profound mysteries posed by the
JWST data. One promising class of models that can reproduce the observed LRDs spectra and mor-
phology are quasi-stars: massive envelopes surrounding accreting black holes formed via the collapse
of supermassive stars (SMSs). However, the canonical SMS pathway relies on a highly restricted set
of environmental and structural conditions: strong Lyman—Werner (LW) backgrounds to suppress Hy
cooling, high and (sustained gas inflow rates to enforce entropy stratified envelopes, and assume non-
zero rotational support in order to prevent GR instability collapse before ~ 106M,. Here we show
that supermassive dark stars (SMDSs), powered by dark matter (DM) annihilation rather than nuclear
burning, naturally satisfy the key structural and energetic requirements for quasi-star (QS) formation
while relaxing all of those restrictive conditions listed above. Moreover, quasi-stars formed through
the SMDS pathway are born with prompt BH masses = 10% of the progenitor mass. They therefore
enter directly into a late-stage quasi-star regime; subsequently the envelope expands and cools until its
photosphere reaches the zero-metallicity opacity limit Tog ~ 3000-6000 K. Those cool, optically thick,

unresolved photospheres can reproduce key features of many JWST LRDs.

1. INTRODUCTION

JWST has revealed a population of compact, ex-
tremely red, and highly luminous sources at z = 7 that
are commonly referred to as “Little Red Dots” (LRDs;
e.g., Kocevski et al. 2024; Wang et al. 2024; Li et al.
2025; Taylor et al. 2025; Vaida & Farber 2026). Their
spectral energy distributions (SEDs) and inferred lu-
minosities, L ~ 10'1-10'2 L, challenge standard stel-
lar (Baggen et al. 2024; Setton et al. 2024) or AGN in-
terpretations (Akins et al. 2025; Durodola et al. 2025;
Trinca et al. 2024). Several works have argued that some
LRDs may host rapidly growing black holes (BHs) em-
bedded in optically thick, dusty or gaseous flows, pro-
ducing cool, extended photospheres at T,z ~ 3000-6000
(e.g., Wang et al. 2024; Li et al. 2025; de Graaff et al.
2025; Naidu et al. 2025; Vaida & Farber 2026).! As
shown by Begelman & Dexter (2025), one physically
motivated manifestation of such systems is the quasi-
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1 Sometimes those configurations are called BH-stars in the litera-

ture (Naidu et al. 2025).

star: an accreting BH embedded in a massive, radiation-
supported, Compton thick envelope (Begelman et al.
2008; Begelman 2010; Volonteri & Begelman 2010).

In the canonical picture, quasi-stars form when a su-
permassive star (SMS) collapses via GR instability, leav-
ing behind a small seed BH in hydrostatic equilibrium
with the remaining envelope. The BH accretes at or
near the Eddington limit of the total mass (envelope
plus BH), while the envelope readjusts to a convective,
radiation-pressure-supported configuration. The outer
layers expand towards a Hayashi-like limit set by the
composition and opacity, yielding a cool, extended pho-
tosphere that can in principle reproduce LRD-like colors
and luminosities (Hassan et al. 2025; Begelman & Dex-
ter 2025).

However, the SMS-based quasi-star pathway is sub-
ject to a number of stringent requirements. First, SMS
formation at M, > 10°-10% M, in primordial gas gen-
erally requires strong LW radiation backgrounds to sup-
press Hs cooling and keep gas in the atomic-cooling
regime, avoiding fragmentation into normal Population
III stars (Begelman et al. 2006; Dijkstra et al. 2008; Latif
et al. 2013; Haiman 2013). Second, rapid inflow rates
Mgs 2 0.1-1 Mg yr—" are needed to build the SMS
quickly and maintain a non-relaxed, hylotropic envelope
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whose entropy increases with enclosed mass (Begelman
2010; Woods et al. 2017). Third, a modest amount of
rotation is required to stabilise the SMS against early
GR collapse; non-rotating SMSs become unstable at
masses of only a few x10° M, well below the canonical
108 Mg, scale (Fuller et al. 1986; Baumgarte & Shapiro
1999; Haemmerlé 2021; Hori et al. 2023). Finally, the
classical quasi-star solutions themselves typically allow
BH-to-envelope mass fractions of only Mgy /M, < 1072
before the photosphere reaches the Hayashi limit and
the envelope disperses (Begelman et al. 2008; Volonteri
& Begelman 2010). Recent saturated-convection mod-
els show that quasi-star envelopes may persist to much
larger BH fractions (Coughlin & Begelman 2024), mak-
ing “late-stage” quasi-stars (i.e. Mpy = 0.1Mgpg) es-
pecially compelling LRD analogues (Begelman & Dexter
2025).

Supermassive dark stars (SMDSs) offer a qualitatively
different route to similar objects. Those are are zero
metallicity gas clouds in hydrostatic equilibrium, whose
luminosity is powered predominantly by DM annihila-
tion rather than nuclear burning (Spolyar et al. 2008;
Freese et al. 2010; Tlie et al. 2012; Freese et al. 2016).
Because DM heating supplies energy throughout the in-
terior, SMDSs can remain cool (T.;; < few x10* K)
and extended (R ~ A.U.s) while accreting at compar-
atively modest baryonic rates (M ~ 10~2Mg /yr), and
can reach M, ~ 105M, without ever igniting conven-
tional main-sequence nuclear burning. As shown in Ilie
et al. (2026), SMDSs BH remnants could provide a so-
lution to the puzzle posed by origin of the Supermassive
Black Holes powering the most distant quasars observed,
such as UHZ1. Moreover, mergers of SMBHs seeded by
Dark Stars could contribute significantly to the observed
PTA gravitational background wave signal (Ghodla &
Ilie 2025). Lastly, several photometric and spectroscopic
supermassive dark star candidates have alraedy been
identified in the JWST data (Ilie et al. 2023, 2025).

In this paper we argue that SMDSs are natural pro-
genitors of bound post-collapse envelopes and possible
late-stage quasi-star-like LRD analogues. First, we show
that SMDSs satisfy the structural and energetic condi-
tions for GR collapse and bound-envelope survival that
appear in the SMS literature. A key difference with re-
spect to the classical quasi-star scenario is that in the
SMDS pathway proposed here, the mass of the promptly
formed BH can be a significant part of the mass of the
progenitor star. As such, Black Hole star configura-
tions generated by collapsed SMDSs are akin to late-
stage quasi-stars, i.e. configurations where the central
BH mass is greater than ~ 10% of the mass of the
progenitor SMS. Moreover we show that the envelope
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binding energy, prompt collapse energy, and subsequent
time-integrated accretion feedback place the system in
a “Goldilocks” window: the envelope can remain bound
while still being energetically susceptible to inflation into
a cool, extended, quasi-star-like configuration.

The paper is organised as follows. Section 2 discusses
the onset of general relativistic (GR) instabilities in
dark stars, summarizing the main results of Freese et al.
(2025). In the same section our choice for a fiducial es-
timate of mass of the promptly formed BH is motivated
Section 3 describes the possible formation of a quasi-
star-like remnant from the SMDS collapse product, com-
pares the SMDS and SMS pathways, and highlights the
structural and environmental advantages of the SMDS
channel. Section 4 connects SMDS-born quasi-star-like
remnants to JWST LRDs, focusing on the inflation and
cooling of the outer envelope and checking the require-
ment of maintaining deep Compton thickness in order to
obscure the emission from the embedded BH. We con-
clude in Section 5.

2. COLLAPSE OF SUPERMASSIVE DARK STARS

The collapse of SMDSs was first analyzed in Freese
et al. (2025), where accreting dark stars were followed
until the onset of the Feynman—Chandrasekhar general-
relativistic instability. The instability endpoint was
identified when the evolved central density exceeded the
critical value for GR radial instability. We adopt as our
fiducial pre-collapse model a non-rotating SMDS pow-
ered by 100 GeV WIMP annihilation at this central-
density-selected onset. Based on the analysis of Freese
et al. (2025), this occurs at M, ~ 2.6 x 105 M. In
Sec. 2.1 we list the model’s basic structural properties,
then check the onset of GR instability using the first
adiabatic exponent criterion for radiation pressure sup-
ported stars. In Sec. 2.2 we motivate a fiducial prompt
black-hole mass using the structure of the MESA pro-
file and a local GR-stiffness scale estimate, whereas in
Sec. 2.3 we show that the extended envelope is likely to
remain bound.

2.1. Structural properties at GR onset

The SMDS model at GR onset exhibits several key
properties, summarized below. It has a total mass M, ~
2.6 x10% M, and photospheric radius R, ~ 1.7x10* Re.
Its effective temperature Tog ~ 2.6 x 10* K. Its luminos-
ity is near Eddington: L ~ Lggq(M,) ~ 1.0 x 10! L.
Moreover the internal structure has the following key
properties:

e Strong radiation domination in the interior, with
Pyas/Piot S 10~2 over most of the enclosed mass.

~
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As such, the n = 3 polytrope is a reasonable ap-
proximation for most of the star. 2

e first adiabatic exponent I'y = (0ln P/J1lnp), =~
4/3 to within ~ 1073, suggesting a star on the
verge of collapse.

e Significant convective energy transport in our
MESA models: the Schwarzschild criterion indicates
instability to convection in the entire star.

The stability of radiation-dominated, n = 3-like con-
figurations against general-relativistic (GR) collapse can
be characterized by a GR-corrected critical adiabatic
index I'cys, which modifies the Newtonian condition
'y >4/3 to 'y > [eyit, where

4 GM
Lerig ~ 3 +C R (1)
with C' ~ 2-3 for n = 3 polytropes (e.g., Chandrasekhar
1964; Shapiro & Teukolsky 1983). In this work, we im-
plement it as a pressure-weighted condition by comput-
ing the pressure-averaged adiabatic index
e )

from the MESA models along the SMDS sequence, and
comparing it to I'c;j; evaluated using the corresponding
compactness GM/(Rc?). For the SMDS configuration
that we identify as being at the onset of GR instabil-
ity, we find (I'1)p &~ 1.334, essentially equal to e for
reasonable choices C' = 2-3, confirming that this model
lies at the threshold of GR marginal stability. For a
slightly more massive, otherwise similar configuration
along the same sequence, the pressure-weighted average
drops to (I'1) p ~ 1.33395, which is below I'c,;, for both
C = 2 and C = 3; this shows that the sequence has
crossed into the GR-unstable regime and independently
confirms that our fiducial SMDS progenitor is poised at
the brink of collapse, with further growth driving it into
global GR instability.

2.2. Fiducial prompt black-hole mass

The prompt black-hole mass expected from SMDS col-
lapse is expected to be significantly larger than that of
a standard SMS quasi-star progenitor. The later sce-
nario relies on rapidly accreting SMSs which are hy-
lotropic objects: a relatively small, low-entropy convec-
tive core is embedded inside a massive, high-entropy en-
velope (Begelman 2010; Woods et al. 2017; Haemmerlé

2In the standard SMS channel, rapid accretion produces a
hylotropic structure: a compact, nuclear-burning, radiation-
pressure-dominated core embedded in an extended, entropy-
stratified envelope (e.g. Begelman 2010).

2021). The onset of GR instability is then naturally
associated with collapse of this core, so the initial black-
hole seed can be only a few percent of the progenitor
mass. A larger prompt BH would prematurely push
the system toward the terminal, Hayashi-limited regime.
This is one of the reasons for which the SMS quasi-star
formation pathway relies high sustained accretion rates
(M > 0.1Mg/yr): in order to maintain a very massive
hylotropic envelope which will not collapse once the core
collapsed.

In the SMDS pathway, by contrast, the progenitor is
already DM-inflated and weakly bound, so even a large
prompt BH can remain embedded in a massive optically
thick envelope, as we will discuss in detail later in the
manuscript. SMDSs are extended, radiation-pressure-
dominated configurations much closer to globally re-
laxed n ~ 3-like stars than to strongly core-envelope-
separated hylotropes. We therefore expect the prompt
black hole produced by SMDS collapse to be a substan-
tially larger fraction of the star than in the classical SM'S
quasi-star channel.

The prompt mass is nevertheless not fixed uniquely by
the onset of the GR instability. It depends on the non-
linear collapse: when an apparent horizon first forms,
how rapidly neighboring shells accrete through it, and
whether pressure waves, shocks, radiation transport, or
fallback delay the collapse of the outer layers. In the ab-
sence of a full GR-hydrodynamic calculation, we adopt a
fiducial value guided by the structure of the MESA model
near the instability endpoint.

To set the relevant scale we use the local form of the
Chandrasekhar GR. instability criterion (e.g. Shapiro &
Teukolsky 1983)

This is not a local substitute for a full radial stability
or collapse calculation; the GR instability is fundamen-
tally global. Rather, it indicates which part of the pro-
file is closest to losing pressure support. Applied the
the near-onset SMDS MESA sequence considered here,
the C' = 3 choice identifies a central unstable region of
order a few 10° My, growing to ~ 6 x 10° M, in the
nearest post-threshold saved profile. The C' = 2 choice
is more conservative and delays the appearance of such a
region. Thus the estimate is coefficient-dependent, but
it robustly indicates that the dynamically relevant inner
mass scale is not a tiny few-percent core. It is already
several 10° M), and plausibly approaches 10° M, once
neighboring shells participate in the nonlinear collapse.

We therefore adopt Mpm, =~ 108 My, as a fiducial
prompt black-hole mass. This value should be under-
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stood as a physically motivated scale, not as a sharply
derived mass cut. It is consistent with the local GR-
stiffness estimate, is substantially larger than the few-
percent seeds characteristic of hylotropic SMS quasi-star
models, and captures the expectation that SMDS col-
lapse is less core-localized. For the this choice leaves

Mepny =~ M, — Mpr o~ 1.6 x 106 M. (4)
We do not claim that the remaining envelope neces-
sarily avoids collapse. The local-stiffness estimate mo-
tivates a plausible prompt-collapse scale, but does not
provide an upper bound on the mass that may ulti-
mately enter the first black hole. At the same time,
the large radius and finite hydrodynamic response time
of the SMDS leave open the possibility that outer layers
respond on a delayed timescale, remain bound, and form
a quasi-star-like envelope or fallback reservoir. This pos-
sibility is strengthened by the extreme fallback expected
after black-hole formation: for Mppo ~ 10° My, the
initial fallback rate is many orders of magnitude above
the Eddington-regulated accretion rate, so the inner flow
should be photon trapped and capable of launching a
radiation-pressure-mediated shock or pressure wave into
the surrounding stellar material. As shown below, the
available prompt-collapse energy is substantial but need
not by itself inflate the entire envelope; the remaining
energy can be supplied by the same post-collapse accre-
tion feedback that powers the quasi-star phase.
Determining whether the collapse separates into a
prompt black hole plus a delayed envelope, or instead
proceeds through most of the star, requires a nonlin-
ear hydrodynamic or GR-hydrodynamic calculation. In
the remainder of this work we use Mpp o ~ 10°M as
a fiducial parameter for estimating the energetics and
observational consequences of the SMDS QS scenario.

2.3. Envelope binding energy and collapse energetics

The survival and subsequent inflation of the envelope
depend on its net binding energy, which is calculated
using the relevant MESA profile as:

Ellg/i‘[EdSA(mcut) = —/ etot(m) dm. (5)
m>Mecut

The specific total energy may be written schematically
as

Gm

eiot(m) ~ ——— +u,

r
where u is the specific internal energy, dominated here
by radiation (u ~ 3P,,q/p). Evaluating Eq. (5) for the
fiducial mass cut meyy = Mpgo ~ 10° Mg gives

|EMESA| ~ 7 % 10°6 erg.

(6)
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As this is a key intermediary result of our manuscript,
with important implications on the plausibility that col-
lapsed SMDSs lead to late stage quasi-star like con-
figurations, we validate it analytically in Appendix A,
where we derive useful closed form approximations for
the binding energy of a radiation dominated shell using
a modified form of the virial theorem for a truncated
envelope.

The energy released during prompt collapse of the core
can be approximated as the characteristic gravitational
energy liberated as Mgy o contracts from its pre-collapse
scale Reore, ,

Ecollapsc ~ a%a (7)
Rcore
where « accounts for both the structural prefactor of the
collapsing core and the fraction of the released energy
that couples to the overlying envelope rather than being
advected into the BH, lost to neutrinos, or retained in
channels that do not do work on the envelope. The
MESA enclosed-mass profile gives Reore =~ 4 X 103 Ry, for
Mgn o = 105 M, implying
Eeollapse ~ 9.5 x 1075 (%) erg. (8)
Comparing this collapse-energy estimate to the corre-
sponding MESA binding energy gives

@
(53)-
Thus prompt collapse alone can account for the envelope
binding energy only if the coupling parameter is large,
a ~ 0.7, corresponding to highly efficient deposition of
the collapse energy into the envelope. More conservative
values, o ~ 0.1-0.3, provide an important initial pertur-
bation but leave the envelope bound; in that case the re-
maining inflation energy must come from post-collapse
accretion feedback, as in the standard SMS quasi-star
pathway.

E
collapse ~0.7

MESA
‘Ebind

(9)

3. POSSIBLE FORMATION OF A
QUASI-STAR-LIKE REMNANT FROM SMDS
COLLAPSE

We now analyse the possible formation of a quasi-star-
like remnant from the SMDS collapse product, empha-
sising the physical conditions that must be satisfied and
contrasting with the SMS pathway.

3.1. Quasi-star equilibrium conditions

Following Begelman et al. (2008) and Begelman
(2010), we define the quasi-star state as an envelope-
regulated accretion configuration. The central BH may
accrete at a rate far above its own Eddington limit, but
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the luminosity transported through the extended enve-
lope is limited by the Eddington luminosity of the total
gravitating mass,

. 4G Mqgsc
Lpn = eMgnc® =~ Lgqa(Mqs) = — (10)

’ies
where Mqs ~ Mpna + Meny is the mass of the BH-
envelope system, ¢ is the radiative efficiency, and Keg
is the electron-scattering opacity. For fully ionized pri-
mordial gas we take ke ~ 0.34cm? g~!, appropriate for
hydrogen mass fraction X ~ 0.75. For the fiducial post-
collapse system, Mqg ~ 2.6 X 108 My, giving

Lpaa(Mgs) ~ 10" Ly =~ (3.9-4.3) x 10* ergs™!. (11)

The corresponding regulated BH accretion rate is

- Lrga(Mgs)
MBH,quT
~6.8 x 1072 M, Pl—") (= )12
6.8 x 10 oyr <1011L@)<5>( )

For the fiducial mass cut Mpp,o = 106 Mg, the remain-
ing envelope mass is Meyy ~ 1.6 x 108 Mg, so the enve-
lope reservoir could supply the regulated rate for

M 07 M yr—1
fros = 2 % 107 yr env 0.07 Moyr™ )
1.6 x 106 My, Mo

(13)
Thus the equilibrium accretion rate required by Eq. (10)
is not supply-limited by the bound SMDS envelope.

The required photospheric radius follows from the
same envelope-regulated luminosity. A quasi-star en-
velope evolves toward a cool, convective, radiation-
pressure-supported structure whose photosphere is lim-
ited by a Hayashi-like minimum effective temperature,
Teff min ~ 3000-6000 K for primordial opacities (Begel-
man et al. 2008; Volonteri & Begelman 2010). Com-
bining L ~ Lgg4q(Mqs) with the Stefan-Boltzmann law
gives

Leaa \'/? /5000K >
~ 4.2 x 10° — . (14
RQS <10 R@ (1011 L@ Tot ( )
For Teg = 6000-3000 K this corresponds to Rqs ~ 3 X
105-1.2 x 105 Rs. Relative to the pre-collapse SMDS
radius R, ~ 1.7 x 10* R, the required expansion factor
is therefore

fo = Fas 25( Liad )1/2 (50001{)2 (1.7 x 10% Rg

R* 1011 L@ Teff R*
(15)
A key issue, which we address next, is whether the post-
collapse remnant can plausibly supply enough energy to
move the weakly bound SMDS envelope to this larger-

radius branch without immediately unbinding it.

3.2. Enwvelope inflation energetics

The energy scale for the required inflation is set by the
initial binding energy of the envelope outside the prompt
BH mass cut. For the fiducial mey, = Mpu,o >~ 10° M,
the direct MESA total-energy integral gives |EMESA| ~
7 x 10°¢ erg (see Eqns. 5-6).

We next estimate the energy needed for an envelope
expansion by a factor fr ~ 25. Assuming it remains
virialized during its relaxation, the magnitude of its
binding energy scales approximately as |E| oc R~!. The
energy required to move from the pre-collapse radius to
the quasi-star radius is therefore of order

1
AFEing ~ | Eping| <1 - ) (16)
fr
ENESA 1-1/f
~ 6. 1 56 | bind R .
0.7 x 107 erg <7 % 1056 org 0.96

Thus the desired inflation requires an energy input com-
parable to, but slightly below, the original envelope
binding energy. Motivated by this result, in what follows
we will assume AFEig ~ |Epind|-

Prompt collapse can provide a substantial first contri-
bution, as discussed in Sec. 2.3. The remaining energy
can be supplied naturally by the same BH accretion feed-
back that defines the quasi-star phase. If a fraction fyep
of the accretion luminosity is retained as envelope heat
or mechanical work, then

t
Eacc,dep(t) = fdep/ LBH(t/) dt/ =~ fdepLEdd(MQS)t
0

(17)
after the system approaches envelope-regulated accre-
tion. The time to deposit one initial binding energy is

| MESA
b~ 6 x 10* f Ly (18)

thind ~
faepLEdd

Equivalently, the accreted BH mass needed to supply
this energy is

|EplEna 3,1 (0.1
AMpy ~ —bind_1~ 4 5 10 il
P fepec? Jaen \

) M. (19)

Even for fqep = 0.1, this corresponds to only ~ 4 x
10* M, a few per cent of the bound envelope and far
below the available reservoir. If prompt collapse has
already deposited part of the energy, the required accre-

" tion time and accreted mass are reduced further.

These estimates show that the SMDS remnant sat-
isfies the standard quasi-star energetic logic. Prompt
collapse may provide an initial impulse, but the large-
radius state need not be produced by prompt collapse
alone. A bound SMDS envelope can be inflated by the
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combined action of collapse-generated heating and sub-
sequent BH accretion, with the regulated quasi-star lu-
minosity able to supply the required energy on ~ 10°—
108 yr timescales for plausible deposition efficiencies. Es-
tablishing the detailed path to hydrostatic equilibrium,
and whether part of the envelope is instead expelled, ul-
timately requires radiation-hydrodynamic simulations.

3.3. Comparison with SMS-based quasi-stars

The SMS quasi-star pathway passes through analo-
gous stages, but under more restrictive conditions. Ta-
ble 1 summarises the key differences between the SMS
and SMDS routes to quasi-star-like remnants.

The main message is that SMDSs relax or remove sev-
eral environmental and structural fine-tunings required
in the SMS channel while still satisfying the fundamen-
tal ingredients for a quasi-star-like phase: GR-induced
core collapse, a massive bound envelope, and an ener-
getically favourable regime for envelope inflation.

4. CONNECTION TO JWST LITTLE RED DOTS

LRDs are characterised observationally by very red
rest-optical colors, compact morphologies, and extreme
luminosities at z 2 7 (e.g., Kocevski et al. 2024; Wang
et al. 2024; Li et al. 2025; Taylor et al. 2025; Vaida &
Farber 2026). SED fitting suggests that many LRDs
can be modelled by cool photospheres with Teg ~ 3000—
6000 K and bolometric luminosities L ~ 1011-1012 L,
sometimes with additional dust reddening or line emis-
sion (e.g. Ronayne et al. 2025; Liu et al. 2025; Santarelli
et al. 2026). Such temperatures are reminiscent of
Hayashi-limit envelopes in massive stars and quasi-star
models.

In the quasi-star context, reproducing the red colors
and high luminosities of LRDs requires a late-stage ob-
ject: an envelope expanded to near the Hayashi limit
while the interior BH has grown to at least 10% of
the total mass of the progenitor SMS (Begelman &
Dexter 2025). As shown in the previous section, col-
lapsed SMDSs naturally lead directly to this configu-
ration. For a SMDS with L ~ Lggq(M,) ~ 10! L,
reaching Tog ~ 5000 K requires R ~ 4.2 x 10° R. This
is only a factor fr ~ 25 above our fiducial 100 GeV pre-
collapse SMDS radius, compared with fr ~ 102-10? for
conventional SMSs with radii ~ 102-10% R,. The quasi-
star photosphere would remain unresolved by JWST;
any larger observed size must trace nebular emission,
reprocessed radiation, or host-galaxy light.

Next we check that our SMDS quasi-star like configu-
rations have sufficiently high H column densities in order
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to obscure the central BH, a key requirement of match-
ing the LRDs JWST data. For the fiducial remnant
with Meye ~ 1.6 x 106 Mg, the inflated quasi-star radii
implied by L ~ Lgqq(M,) and Teg ~ 3000-6000 K cor-
respond to an angle-averaged surface mass density

Menv
477R%gs

Senv = ~ 3.6 x 10*-5.8 x 10° gcm ™2,

or, equivalently, a hydrogen column

XYenv
Mp

Ny =~ ~ 1.6x10%8-2.6x10%° cm ™2, X =0.75.

Thus even after inflation to the LRD-like radius, the sur-
viving envelope remains deeply Compton-thick in total
column and can efficiently obscure and reprocess emis-
sion from the embedded BH.

5. CONCLUSIONS

We have examined the collapse of supermassive dark
stars and, using a fiducial case of a SMDS powered by
100 GeV WIMPs, we argued that supermassive dark
stars are natural progenitors of massive bound envelopes
that may evolve into late-stage quasi-star-like objects.
In turn, those match many of the observed properties of
JWST’s mysterious little red dots.

Contrasting with the SMS-based quasi-star pathway,
we find that SMDSs relax or remove several fine-tuned
conditions: they do not require strong LW backgrounds,
extreme gas inflow rates, or delicate rotational support
to reach quasi-star-scale masses; their envelopes are nat-
urally weakly bound due to DM heating being deposited
throughout the star; and the heavy BH seeds produced
by SMDS collapse lead to large (e.g. 2 0.5) BH-to-
envelope mass fractions, which are much larger than
those for canonical SMS quasi-stars, yet compatible with
recent saturated-convection models (Coughlin & Begel-
man 2024).

The SMDS to quasi-star like objects channel thus pro-
vides a physically motivated route to unresolved, LRD-
like luminous components and massive BH seeds in the
early universe. In future work we will perform a radial
pulsation stability analysis, couple GR collapse simu-
lations of SMDSs to post-collapse envelope evolution
(e.g., via GR1D or similar codes), determine whether
the bound material relaxes into a long-lived hydrostatic
quasi-star or undergoes a shorter radiation-trapped fall-
back episode, and perform detailed radiative transfer
calculations for the resulting atmospheres to compare
directly with JWST LRD spectra.
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Table 1. Comparison of SMS and SMDS pathways to quasi-stars.

Aspect

SMS — Quasi-star (e.g. Begelman 2010)

SMDS — Quasi-star (This Work)

Comment

Formation environment

Stellar-phase accretion

Envelope structure

GR-instability
threshold

Inflation energy source

BH-to-envelope mass
fraction

LRD connection

Requires strong LW background to
suppress Ho in the host atomically
cooled halo.

Needs M, 2 0.1-1 Mg yr_1 to keep a
bloated, non-relaxed envelope.
Hylotropic entropy profile required to
keep envelope weakly bound.

Non-rotating SMS unstable at ~ few
x10° Mg; rotation needed to reach
~10° Mg .

Formation and early BH growth
deposit energy into the envelope;
sustained accretion powers the
quasi-star.

Canonical quasi-star solutions have
MBH)()/M* s 10—2.61

Inflating the envelope is energetically
demanding, .

Forms in both Hy and atomically
cooled halos; does not rely on LW
suppression for puffiness.

DM heating allows much lower

My ~1073-1072 Mg yr—*.
Convective, but large radius from DM
heating yields low binding energy.

Non-rotating SMDS reaches
~ 2.6 x 10° M at GR onset.

Prompt collapse can perturb the
envelope, while time-integrated
accretion supplies the remaining
inflation energy.

Nearly homologous collapse can lead to
Mgu,0/M« 2 0.5

Starts extended and weakly bound;
easier to reach a cool quasi-star-like
photosphere.

SMDS channel operates in a
wider range of early
environments.

SMDS does not require extreme
inflow to stay extended.

SMDS envelope binding energy
is smaller than that of a SMS of
the same mass.

SMDS does not require
rotational support to hit
quasi-star masses.

SMDS follows the standard
quasi-star feedback logic, but
starts from a larger, weakly
bound envelope.

SMDS starts in late-stage
quasi-star regime.

SMDS remnants can act as
unresolved LRD-like luminous
components.

@ Recent saturated-convection quasi-star models show that hydrostatic envelopes can persist to large black-hole mass fractions after embedded BH
growth, reaching Mpu ~ 0.6 Mqg in some solutions (Coughlin & Begelman 2024).
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SMDS profiles we used in Freese et al. (2025), and which
we adopted here as a fiducial model. We furthermore
acknowledge the use of Colgate’s Turing Supercomputer
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APPENDIX

A. ANALYTIC VALIDATION OF THE ENVELOPE BINDING ENERGY

In this Appendix we validate the envelope binding energies used in the main text by comparing the direct MESA energy
integral against an independent estimate based on the virial theorem with the appropriate surface-pressure term. We
then specialize this estimate to an n = 3 polytrope, appropriate for a radiation-pressure dominated supermassive star,
and derive a useful expansion in the prompt-collapse mass cut.

A.1. Direct MESA estimate

For a mass cut mcyt, identified with the prompt black-hole seed mass Mgm,o, we define the binding energy of the
remaining envelope as the negative of the total specific energy integrated over the exterior layers:

with

Here ey is the MESA total specific energy, including internal and gravitational contributions.

Eenv(> mcut) = /

M,
etot () dm,
Mcut

Eg/ilrlladSA = max [07 _Eenv(> mcut)] .

binding-energy estimate used in the main text.

(A1)

(A2)

This is the primary
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A.2. Modified virial theorem for a truncated envelope

For an envelope extending from an inner boundary r.,t to the stellar surface R,, hydrostatic equilibrium gives

P Gm(r)p

> A3

dr 72 (A3)
Multiplying by 47r3dr and integrating over the envelope gives
R A

[4xr®P] " —3 / PdV = Wen, (A4)

Tcut

where Wep, < 0 is the gravitational potential energy of the envelope, including the interaction with the interior mass.
Therefore

R,
Wenv + 3 / PdV — 4nR3P(R,) + 4713, P(rcyt) = 0. (A5)
Since P(R,) ~ 0, this becomes
R*
Wenv + 3 / PdV +4nrd  P(rew) ~ 0. (A6)

For a radiation-pressure dominated envelope, u ~ 3P, so that

R,
Une ~ 3 / Pav. (A7)
T,

cut

The shell virial theorem is then
Wenv + Uenv + 47r7agutp(rcut) =~ 0 (AS)

Thus the total energy of the exterior envelope is
Eenv = Weny + Ueny = _47Trgutp(rcut)a (AQ)

and the absolute value of the binding energy is

Ebind,env =~ 471'7"3 P(Tcut)~ (A].O)

cut

This expression shows that the binding energy of a radiation-dominated truncated envelope is controlled mainly by
the pressure work at the inner boundary.

A.3. n =3 polytropic estimate

For an n = 3 Lane-Emden polytrope,

r=af, p=pb,  P=P.0* (A11)
and
m(§) = dma®pep(§), u(€) = —€20'(¢). (A12)
The surface is at
& = 6.89685, w1 = p(&1) = 2.01824. (A13)
Define the dimensionless mass cut m
cut
= . Al4
9= 3L (A14)

The corresponding Lane-Emden coordinate &t is determined by

q= M(fout) _ _fgutel(gcut). (A15>
M1 K
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The central pressure of an n = 3 polytrope can be written in terms of the stellar mass and radius as

M2 4 M2
= O & 105 G (A16)
R} 16mwu? R}
USng Tcut = R*fcut/gl and Pcut - Pce(gcut)4, Equation (AlO) giVES
e GM?
Ebigg,cnv (q) = R F3 (q)a (A17)
where
& s
Fs(q) = . pboud(Eeu), (A18)
251

with &y determined implicitly by Equation (A15).

A.4. Ezplicit expansion in the mass cut

Although Equation (A18) is compact, its dependence on meyt is implicit. For the mass cuts relevant here, it is useful
to expand in powers of g. Keeping only the first two sub-leading terms, which as we show later is sufficient to estimate
the binding energy to accuracy of 1% or less, the result of the expansion is

3¢ 11 2/3 13 4/3
F: ~—q|1——(3 — (3 . A19
3(q) e 50 (31107 + g5 (Bpa) (A19)
Since 3¢
1
—= ~ 9, A2
" 56, (A20)
the binding energy may be written as
G M, Mmeus 11 meas \ 7 13 Meus |
Eblnd,env(> mcut) =~ 2.56 T* [1 - % <3ﬂ“1 M* ) + % 3#1 M* . (A21)

The leading term is linear in m,;. Physically, near the center of an n = 3 polytrope the pressure varies slowly,
Pey = P., while 73, o¢ meyi. The correction terms in Equation (A21) account for the decrease of pressure as the cut
moves outward.

A.5. Numerical comparison

For the fiducial MESA profile used in the main text,

M, ~2.93 x 10° My, R, ~ 1.67 x 10* Ry, (A22)
so that )
GM.
£ ~1.95 x 10°7 erg. (A23)
R,

Table 2 compares the direct MESA binding-energy integral with the modified-virial estimate evaluated from the MESA
pressure and radius at the cut, and with the n = 3 polytropic estimate.

Table 2. Validation of the envelope binding energy.

Mcut q Eg/llrlladSA 47rr§ut Pcut Eglig Elii(r?d
(Mo) (erg) (erg) (erg) (erg)

10°  0.0341 1.4 x10%¢ 1.40 x 10°® 1.49 x 10°® 1.49 x 10°¢
106 0.341 7.1x10% 7.2x10%¢ 7.66 x 10°® 7.60 x 10°°
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For meyt = 10° M), the expansion in Equation (A19) differs from the full Lane-Emden value of F3 by only 0.0035%.
For meys = 10° Mg, the difference is still only 0.8%. Thus the explicit expansion is accurate for both mass cuts
considered here. The leading-order linear approximation alone is not sufficient for the larger mass cut, but the

expression including the ¢%/3 and ¢*/3

corrections remains accurate at the percent level.

The agreement between the direct MESA energy integral, the surface-pressure form of the modified virial theorem,
and the independent n = 3 polytropic estimate validates the binding-energy scale used in the main text. The result
also clarifies the physical origin of the binding energy: for a radiation-pressure dominated truncated envelope, the
dominant contribution is the pressure work at the inner boundary of the envelope, 4772  P(reut), rather than the

virial energy of an isolated self-gravitating shell.

cut

REFERENCES

Akins, H. B., Casey, C. M., Lambrides, E., et al. 2025, The
Astrophysical Journal, 991, 37,
doi: 10.3847/1538-4357 /ade984

Baggen, J. F. W., van Dokkum, P., Brammer, G., et al.
2024, The Astrophysical Journal Letters, 977, L.13,
doi: 10.3847/2041-8213/ad90b8

Baumgarte, T. W., & Shapiro, S. L. 1999, The
Astrophysical Journal, 526, 941, doi: 10.1086/308006

Begelman, M. C. 2010, Monthly Notices of the Royal
Astronomical Society, 402, 673,
doi: 10.1111/j.1365-2966.2009.15916.x

Begelman, M. C., & Dexter, J. 2025, The Astrophysical
Journal, 996, 48, doi: 10.3847/1538-4357 /ae274a

Begelman, M. C., Rossi, E. M., & Armitage, P. J. 2008,
Monthly Notices of the Royal Astronomical Society, 387,
1649, doi: 10.1111/j.1365-2966.2008.13344.x

Begelman, M. C., Volonteri, M., & Rees, M. J. 2006,
Monthly Notices of the Royal Astronomical Society, 370,
289, doi: 10.1111/j.1365-2966.2006.10467.x

Chandrasekhar, S. 1964, The Astrophysical Journal, 140,
417, doi: 10.1086,/147938

Coughlin, E. R., & Begelman, M. C. 2024.
https://arxiv.org/abs/2405.00084

de Graaff, A., Rix, H.-W., Naidu, R. P., et al. 2025, arXiv
e-prints. https://arxiv.org/abs/2503.16600

Dijkstra, M., Haiman, Z., Mesinger, A., & Wyithe, J. S. B.
2008, Monthly Notices of the Royal Astronomical
Society, 391, 1961, doi: 10.1111/j.1365-2966.2008.14031.x

Durodola, E., Pacucci, F., & Hickox, R. C. 2025, The
Astrophysical Journal, 985, 169,
doi: 10.3847/1538-4357 /adced?2

Freese, K., Fuller, G. M., Ghodla, S., et al. 2025, arXiv
e-prints. https://arxiv.org/abs/2511.08578

Freese, K., Ilie, C., Spolyar, D., Valluri, M., &
Bodenheimer, P. 2010, The Astrophysical Journal, 716,
1397, doi: 10.1088/0004-637X/716/2/1397

Freese, K., Rindler-Daller, T., Spolyar, D., & Valluri, M.
2016, Reports on Progress in Physics, 79, 066902,
doi: 10.1088/0034-4885/79/6,/066902

Fuller, G. M., Woosley, S. E., & Weaver, T. A. 1986, ApJ,
307, 675, doi: 10.1086/164452

Ghodla, S., & Ilie, C. 2025, Reconstructing PTA
measurements via early seeding of supermassive black
holes. https://arxiv.org/abs/2507.06163

Haemmerlé, L. 2021, Astronomy & Astrophysics, 650,
A204, doi: 10.1051/0004-6361/202140893

Haiman, Z. 2013, in Astrophysics and Space Science
Library, Vol. 396, The First Galaxies, ed. T. Wiklind,
B. Mobasher, & V. Bromm, 293-341,
doi: 10.1007/978-3-642-32362-1_6

Hassan, J., Perna, R., Cantiello, M., et al. 2025, arXiv
e-prints. https://arxiv.org/abs/2510.18301

Hori, Y., Nagele, C., Umeda, H., et al. 2023, Monthly
Notices of the Royal Astronomical Society: Letters, 520,
L72, doi: 10.1093/mnrasl/slad009

Tlie, C., Freese, K., Valluri, M., Iliev, I. T., & Shapiro, P. R.
2012, Monthly Notices of the Royal Astronomical
Society, 422, 2164, doi: 10.1111/j.1365-2966.2012.20760.x

Ilie, C., Mahmud, S. S., Paulin, J., & Freese, K. 2025,
Proceedings of the National Academy of Sciences, 122,
€2513193122

Tlie, C., Paulin, J., & Freese, K. 2023, Proceedings of the
National Academy of Sciences, 120,
doi: 10.1073/pnas.2305762120

Ilie, C., Paulin, J., Petric, A., & Freese, K. 2026, Universe,
12, 1, doi: 10.3390/universe12010001

Kocevski, D. D., et al. 2024, arXiv e-prints.
https://arxiv.org/abs/2404.03576

Latif, M. A., Schleicher, D. R. G., Schmidt, W., &
Niemeyer, J. C. 2013, Monthly Notices of the Royal
Astronomical Society, 436, 2989,
doi: 10.1093/mnras/stt1786


http://doi.org/10.3847/1538-4357/ade984
http://doi.org/10.3847/2041-8213/ad90b8
http://doi.org/10.1086/308006
http://doi.org/10.1111/j.1365-2966.2009.15916.x
http://doi.org/10.3847/1538-4357/ae274a
http://doi.org/10.1111/j.1365-2966.2008.13344.x
http://doi.org/10.1111/j.1365-2966.2006.10467.x
http://doi.org/10.1086/147938
https://arxiv.org/abs/2405.00084
https://arxiv.org/abs/2503.16600
http://doi.org/10.1111/j.1365-2966.2008.14031.x
http://doi.org/10.3847/1538-4357/adced2
https://arxiv.org/abs/2511.08578
http://doi.org/10.1088/0004-637X/716/2/1397
http://doi.org/10.1088/0034-4885/79/6/066902
http://doi.org/10.1086/164452
https://arxiv.org/abs/2507.06163
http://doi.org/10.1051/0004-6361/202140893
http://doi.org/10.1007/978-3-642-32362-1_6
https://arxiv.org/abs/2510.18301
http://doi.org/10.1093/mnrasl/slad009
http://doi.org/10.1111/j.1365-2966.2012.20760.x
http://doi.org/10.1073/pnas.2305762120
http://doi.org/10.3390/universe12010001
https://arxiv.org/abs/2404.03576
http://doi.org/10.1093/mnras/stt1786

COLLAPSED SMDSS AS LATE STAGE QUASI-STARS 11

Li, Z., Inayoshi, K., Chen, K., Ichikawa, K., & Ho, L. C.
2025, The Astrophysical Journal, 980, 36,
doi: 10.3847/1538-4357 /adabtb

Liu, H., Jiang, Y.-F., Quataert, E., Greene, J. E., & Ma, Y.
2025, The Balmer Break and Optical Continuum of Little
Red Dots from Super-Eddington Accretion.
https://arxiv.org/abs/2507.07190

Naidu, R. P., Matthee, J., Katz, H., et al. 2025, arXiv
e-prints. https://arxiv.org/abs/2503.16596

Ronayne, K., Papovich, C., Kirkpatrick, A., et al. 2025,
MEGA: Spectrophotometric SED Fitting of Little Red
Dots Detected in JWST MIRI.
https://arxiv.org/abs/2508.20177

Santarelli, A. D., Farag, E., Bellinger, E. P., et al. 2026,
Evolutionary Tracks and Spectral Properties of
Quasi-stars and Their Correlation with Little Red Dots.
https://arxiv.org/abs/2510.17952

Setton, D. J., Greene, J. E., de Graaff, A., et al. 2024,
Little Red Dots at an Inflection Point: Ubiquitous
“V-Shaped” Turnover Consistently Occurs at the Balmer
Limit, doi: 10.48550/arxiv.2411.03424

Shapiro, S. L., & Teukolsky, S. A. 1983, Black Holes, White
Dwarfs, and Neutron Stars: The Physics of Compact
Objects (New York: Wiley).
https://ui.adsabs.harvard.edu/abs/1983bhwd.book.....S

Spolyar, D., Freese, K., & Gondolo, P. 2008, Physical
Review Letters, 100, 051101,
doi: 10.1103/PhysRevLett.100.051101

Taylor, A. J., Kokorev, V., Kocevski, D. D., et al. 2025,
The Astrophysical Journal Letters, 989, L7,
doi: 10.3847/2041-8213/ade789

Trinca, A., Valiante, R., Schneider, R., et al. 2024, Episodic
Super-Eddington Accretion as a Clue to Overmassive
Black Holes in the Early Universe,
doi: 10.48550/arxiv.2412.14248

Vaida, D. D., & Farber, R. J. 2026, Frontiers in Astronomy
and Space Sciences, 10, 1779045,
doi: 10.3389/fspas.2026.1779045

Volonteri, M., & Begelman, M. C. 2010, Monthly Notices of
the Royal Astronomical Society, 409, 1022,
doi: 10.1111/j.1365-2966.2010.17359.x

Wang, B., de Graaff, A., Davies, R. L., et al. 2024, arXiv
e-prints. https://arxiv.org/abs/2403.02304

Woods, T. E., Heger, A., Whalen, D. J., Haemmerlé, L., &
Klessen, R. S. 2017, The Astrophysical Journal Letters,
842, L6, doi: 10.3847/2041-8213/aa7412


http://doi.org/10.3847/1538-4357/ada5fb
https://arxiv.org/abs/2507.07190
https://arxiv.org/abs/2503.16596
https://arxiv.org/abs/2508.20177
https://arxiv.org/abs/2510.17952
http://doi.org/10.48550/arxiv.2411.03424
https://ui.adsabs.harvard.edu/abs/1983bhwd.book.....S
http://doi.org/10.1103/PhysRevLett.100.051101
http://doi.org/10.3847/2041-8213/ade789
http://doi.org/10.48550/arxiv.2412.14248
http://doi.org/10.3389/fspas.2026.1779045
http://doi.org/10.1111/j.1365-2966.2010.17359.x
https://arxiv.org/abs/2403.02304
http://doi.org/10.3847/2041-8213/aa7412

	Introduction
	Collapse of Supermassive Dark Stars
	Structural properties at GR onset
	Fiducial prompt black-hole mass
	Envelope binding energy and collapse energetics

	Possible Formation of a Quasi-star-like Remnant from SMDS Collapse
	Quasi-star equilibrium conditions
	Envelope inflation energetics
	Comparison with SMS-based quasi-stars

	Connection to JWST Little Red Dots
	Conclusions
	Analytic Validation of the Envelope Binding Energy
	Direct MESA estimate
	Modified virial theorem for a truncated envelope
	n=3 polytropic estimate
	Explicit expansion in the mass cut
	Numerical comparison


