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Abstract

The James Webb Space Telescope (JWST) begun to revolutionize our view of the Cosmos.
The discovery of Blue Monsters (i.e. ultracompact yet very bright high-z galaxies) and ithe
Little Red Dots (i.e. very compact dustless strong Balmer break cosmic dawn sources) pose
significant challenges to pre-JWST era models of the assembly of first stars and galaxies. In
addition, JWST data further strengthen the problem posed by the origin of the supermassive
black holes that power the most distant quasars observed. Stars powered by Dark Matter
annihilation (i.e. Dark Stars) can form out of primordial gas clouds during the cosmic
dawn era and subsequently might grow via accretion and become supermassive. In this
paper we argue that Supermassive Dark Stars (SMDSs) offer natural solutions to the three
puzzles mentioned above. Moreover, we present the best evidence so far, for the existence of
SMDSs: the identification of a He IIA2511 A absorption feature at S/ N ~ 4 in the spectrum
of JADES-GS-z13-0

Keywords: Dark Matter (DM); Dark Stars (DSs); High-z galaxies; Supermassive Black
Holes (SMBHs), Little Red Dots (LRDs); Blue Monsters; Over-massive BH galaxies (OBGs)

1. Introduction

JWST uncovered a larger than expected number of high redshift Lyman break galaxies
which are very bright yet extremely compact (v, < 400 pc) [e.g. 1, and references therein].
If interpreted as galaxies, those “Blue Monsters” [2] are too large for their epoch (M, 2
10° M) and their large comoving number density [3,4] is very hard to explain with standard,
pre-JWST models of the formation of the first stars and assembly of the first galaxies.
While there are uncertainties, such as the estimates of how massive single stars are [5,6], or
accurately accounting for the presence of interstellar dust [7], if this tension persists as JWST
collects more and more data it would be a clear indication that our current understanding
of the formation and evolution of the first stars and galaxies is, at best, incomplete.

Modifications of the power spectrum in the standard cosmological ACDM model are
unlikely to solve the paradox posed by those distant compact very bright JWST objects,
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as HST would already have detected any such deviations from ACDM [8]. At face value
the JWST data implies that the star formation efficiency for many of the galaxies atz 2 9
exceeds 50%[9,10]. This in stark contrast with the observed conversion rate in the “local”
universe, where it barely approaches 10%. This discrepancy seems to imply the need for
exotic high-z stellar objects that can shine as massive as a galaxy and can accrete gas very
efficiently [11]. Remarkably, NIRSpec data reveals that those “Blue Monsters” are almost
devoid of dust [1]. As we will discuss in Sec. 2, stars powered by Dark Matter annihilations
(i.e. Dark Stars [12]) can shine as bright as a galaxy, are in a virtually dust free environment,
and can accrete the vast majority of the gas surrounding them [13-15].

The origin of the Supermassive Black Holes (SMBHs) powering the most distant
observed Quasars (QSOs) remains an open question, deepened by JWST data. The most
striking such example is UHZ1, the most distant quasar observed (z ~ 10). JWST and
Chandra data shows that UHZ1 harbors an SMBH with Mgy ~ 10’ M. Such enormous
Black Holes (BHs) should not have existed so early if they were seeded by regular, nuclear
powered stars [16]. UHZ1 is just the tip of the iceberg when it comes to the distant quasars
observed, each harboring SMBHs that should not have had time to grow as massive as they
are [e.g. 17-19]. If one insists on a regular nuclear powered stellar seed then long period,
sustained super-Eddington accretion rates are required to explain the SMBHs powering
UHZ1 and the other most distant QSOs. More likely, the data implies the need for heavy
Black Hole seeds, at high redshifts [16]. Direct Collapse Black Holes (DCBHs) [e.g. 18,20-25]
and Dark Stars [e.g. 12,13,26-28] ! naturally generate such heavy seeds.

Lastly, JWST uncovered a completely new class of objects at the cosmic dawn era, the
so called little red dots (LRDs) [e.g. 33-35, and references therein]. They are extremely
compact, with effective radii < 200 pc, and thus unlikely to be galaxies, as that would
require an impossibly dense packing of stars. While there is no consensus yet as to what
the LRDs are, several key, puzzling facts are known: they emit weakly in UV, and not
at all in X-rays; this cannot be explained by dust obscuration, in view of the lack of re-
emissions at higher wavelengths, when LDRs are observed with MIRI or ALMA [36]. Thus,
it is very unlikely that LRDs are either galaxies or Quasars. The picture that seems to
emerge is that many LRDs consists of a dense gas envelope that encircle an active BH;
the black hole’s emitted radiation provides energy that supports this gas layer, which, in
turn, has sufficient density to capture and absorb high-energy ultraviolet light and X-ray
radiation [e.g. 37-39]. In the literature, the formation of such objects (also known as quasi-
stars) has been hypothesized, in the context of the Direct Collapse Black Hole scenario, as
one of the stages of the formation of SMBHs seeded by the collapse of nuclear powered
Supermassive Stars [21]. On the other hand, SMBHs seeded by the collapse of SMDSs
could, in principle lead to a very similar configuration, as the macro scale astrophysics is
very similar: supermassive stars that eventually run out of fuel (nuclear for DCBHs vs DM
for SMDS) or attain a sufficiently large mass to become unstable under general relativistic
instabilities. When either of those two conditions is met, the supermassive star collapses
and forms a SMBH, still surrounded by the remnant of the outer layers of the star and the
gas that had not yet been accreted into it prior to collapse.

When combined, the three astronomical puzzles discussed above indicate that we
might be on the verge of a revolution of our understanding of the cosmic dawn era.
In this paper we argue that Dark Stars (DSs) are a natural solution to all three of those
tensions between data and theoretical expectations. Specifically, in Sec. 2, we briefly review
theoretical aspects of Dark Stars, and their observational status in view of the candidates
found by [40] and [41]. In Sec. 3 we discuss how the SMDSs candidates already identified

1 In the literature sometimes Dark Stars are called Pop IIL.1 stars [e.g. 29-32]
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could explain some of the “Blue Monsters” observed with JWST. In Sec. 4 we demonstrate
that, in addition to DCBHs, Dark Stars provide an efficient seeding mechanism for the
overly massive BHs observed at high-z, and in Sec. 5, we show how Dark Star seeded BHs
could have grown to power the most distant quasars observed, such as UHZ1, J0313-1806,
J1342+0928, and J1007+2115. In Sec. 6 we conclude and further elaborate how we envision
Dark Stars could be part of the mystery posed by LRDs. In order to keep the main body of
the paper as concise and accessible as possible we relegate most of the technical details to
the following appendices: Appendix A (a brief overview of the evidence for the existence of
Dark Matter), Appendix B (a supplement for our Sec. 2 on Dark Stars), Appendix C, (were
we expand upon the discussion of Sec. 4 regarding DCBHs and/or DSs as SMBHs seeds),
and Appendix D (where we expand upon the discussion presented in Sec. 5 regarding the
mechanisms via which SMDSs or their SMBH remnants can become embedded in high-z
galaxies).

2. Dark Stars (DSs): from theory to first observational hints

The first stars in the universe formed more than thirteen Gyrs ago, when molecular
clouds comprised of hydrogen and helium began to gravitationally collapse at the centers
of DM halos [e.g. 42-48]. The balance between all heating and all cooling mechanisms
determines the point when the runaway collapse stops, and a proto-star in hydrostatic
equilibrium forms. The very high DM densities, along with the poor cooling available in
those pristine gas clouds, are the main reasons why DM burning stars (i.e. Dark Stars)
could form [12]. The conditions identified in [12] for the formation of DSs are expected to be
met only during a relatively narrow window of redshifts, e.g. z € [30 — 10]; as such, Dark
Stars should be exceedingly rare when the Universe’s age is 2 500 Myrs, a fact confirmed
by [14], using Hubbbke Space Telescope (HST) data. While they are composed mainly of
primordial H and He (from Big Bang Nucleosynthesis), with less than 1% of their mass
carried by DM particles, DSs are powered by Dark Matter heating alone.

Dark Stars are expected to form at the centers of micro-DM halos, with ~ 1 per halo.
The DM reservoir can be supplied in one of two ways. First, when the Dark Star forms,
it will rely on the DM spike at the center of the micro-halo, where the progenitor DM
cloud collapses. In the process, the DM densities are further enhanced, as the infall of
baryons steepens the gravitational potential well, and DM orbits respond by compressing.
This process can be modeled quite well via the so called Adiabatic Contraction (AC)
prescription [e.g. 49-52]. The AC mechanism relies on gravity to pull in more DM inside
the star. For DM halos that are triaxial (i.e. slightly asymmetric), the AC DM reservoir can
be replenished efficiently by the large population of chaotic, centrophilic DM orbits present
in such halos [e.g. 53]. Dark Stars powered by this extended Adiabatically Contracted (AC)
DM reservoir can grow (via accretion) as massive as a million suns, and their temperatures
stay below ~ 20,000 K [13] 2. Conversely, if the initial DM reservoir inside of the star is not
replenished efficiently by chaotic/centrophilic orbits, then for accretion rates < 0.01M¢ /yr
the DS would have exhausted this initial AC DM reservoir by the time it reaches < 1000M),
after which it enters a contraction phase. Under the assumption of non-zero interactions
between DM and protons, the contracted DS can begin to efficiently capture DM from its
surroundings, which in turn can provide an additional heat source. DS powered via this
DM capture mechanism can also grow to become supermassive, although they will be
slightly hotter than those formed via the extended AC mechanism.

The equilibrium structure of DSs can be well approximated using polytropes of vari-
able inde, ranging from n = 1.5 (fully convective when the star is born, i.e. M ~ 1Mg) to

2 If one considers 100 GeV WIMPs annihilations as their power source. For lighter /heavier mass WIMPs SMDSs
would be cooler/hotter.
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n = 3 (radiation pressure dominated, when Mgyps 2 100M¢) [26,50]. Ref. [54] used the
stellar evolution code MESA to obtain detailed models (that essentially confirmed the results
using polytropes). Observable properties of dark stars cane computed from their spectra,
which we modeled with TLUSTY [55] based on relevant macroscopic properties (i.e. Mass,
Radius, composition of the stellar atmosphere).

While cosmological simulations have not yet been able to reproduce the Dark Star
phase, they show that DM annihilations lead to a suppression of the fragmentation of the
gas clouds from which the first stars form. For instance, Refs. [56-58] follow the the collapse
of a protostellar gas cloud, while including the possible effects of 100 GeV annihilating
WIMPs. Those studies find that collapse continues up the highest, resolution limited,
baryonic number densities possible in their simulations: ng ~ 104cm 3. However, for
a 100 GeV WIMP, a proto Dark Star, in hydrostatic and thermal equilibrium, is expected
to form whenever ng ~ 107cm =3 [12]. Therefore, contrary to claims in the literature,
those studies in fact do not show that Dark Stars cannot form. However, some of those
simulations find that DM annihilations can lead to the suppression of fragmentation of the
gas cloud [e.g. 57,58], thus removing one possible obstacle to the formation of DSs [59].

Dark Stars are very puffy (Rps ~ 10 A.U.); they are also relatively cool, with temper-
atures ranging between a few thousands and a few tens of thousands K, depending on
the DM particle mass and the formation mechanism [13]. This is the main reason DSs can
continue to grow almost indefinitely, as long as there is a supply of baryons to accrete from
and DM to annihilate. Radiative feedback effects that would shut off accretion, and which
limit the mass of nuclear burning stars to a few hundred times the mas of the Sun (Mg),
are almost irrelevant for dark stars. As such, DSs convert gas into stellar material at almost
100% efficiency. This is in stark contrast with the much lower, experimentally observed,
efficiency of conversion in “local” galaxies [e.g. 60,61]. Recent JWST data indicates that
many of the most distant “galaxies” ever observed must have converted gas into stars
at an incredible 2 60% rate [9]. Dark Stars, as well as the supermassive stars precursors
to DCBHs are the only two known mechanisms via which gas is converted into stars so
efficiently.

2.1. Dark Star Candidates Found

JWST is sensitive enough to detect Supermassive Dark Stars, even if unlensed [14],
with the first ever Dark Star photometric candidates having been identified by [40]: JADES-
GS-z11-0 , JADES-GS-2z12-0 , and JADES-GS-z13-0 . In a followup study, [41] analyzed
spectra and morphology for four of the most distant objects ever observed: JADES-GS-z11-
0, JADES-GS-z13-0 , JADES-GS-z14-0 , and JADES-GS-z14-1 and found that each of those
objects are consistent with Supermassive Dark Stars powering a nebula; for a summary
of values of best fit SMDSs model parameters for each of those objects see Table 1, where
we use the short name for each object, i.e. we omit the JADES designation. SMDS mass
(Mswmps), estimated redshift (z), the density of H in the nebula surrounding the SMDSs
(ng), the effective size of the nebula (r.), and the Sérsic Index are listed. As JADES-GS-z14-
1is consistent with a point object, it was modeled as a pure SMDS, by assuming negligible
ny. The best fit SMDSs SEDs are plotted against NIRSpec data in Fig. 1. More details
regarding methodology of finding the best fit models, and explicitly showing how their
morphology matches that inferred for those objects from NIRCam data can be found in [41].
For JADES-GS-214-0 a tentative He II 1640 A absorption feature, a smoking gun signature
for dark stars, has been identified ata S/N ~ 2 level by [41] (see Fig. 2).
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Table 1. Summary of best fit parameters for the four SMDSs spectroscopic candidates found in [41].*

Object Name log(Mgsyvps/Me)  log(My/Me) Redshift (z) log(ng/cm™3) 7e (pC) Sérsic Index
+0.005 +0.08 +0.001 +0.18 +155.20 +0.05
GS-z11 5.803 10002 8.67109% 11.3870901  —0.047048  194.00M12220  4.0070%
GS-z13 5715001 7.95752 13.187502 0.2375% 115.007133]  4.00700
GS-214-0 6.222000 8.8410% 14447007 —0.170% 4400073320 3.99100,
GS-z14-1 5.75210.002 8.007030  13.9070:500 N/A — —

* For comparison, in the third column we list the estimated stellar mass (M) if the same objects are modeled as
regular galaxies, with no Dark Star component. [see 1, Table 1]
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Figure 1. Spectral Emission Distribution (SED) best fits for the SMDSs candidates presented in Table 1.
The data (blue line) and uncertainty band (shaded gray) plotted against our best fit Dark Star models
(orange line). The red dashed line represents where He IIA1640 absorption feature, expected only for
Dark Stars, might be observed. The normalized residuals (W) displayed in the lower panels
of each of the SEDs show that our Supermassive Dark Star models lie consistently within 1-¢ of the
NIRSpec data for each of the four objects considered. The vertical drop in the fluxes represents the
Lyman break, as expected for z 2 6 objects due to absorption by neutral H along the line of sight [62].
The vast majority of the other “features” in the observed spectra are actually due to noise. In the title
of each plot we display the values assumed for the gravitational lensing factor () and the best fit

values for zspec.
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Figure 2. He 11 1640 A absorption feature identified in the spectrum of JADES-GS-z14-0 by [41]. Here
we calculate the SNR of detection based on a polynomial fit (orange) to the observed spectrum (blue).
The location of He II line is shown in black, and the size of the feature is shaded in gray. The feature
is below the continuum beyond the level of noise. Estimated SNR ~ 2.31.

We report here, for the first time, the identification of a He IT 2511 A absorption feature
(SNR =~ 4.5) in the NIRSpec spectra of JADES-GS-z13-0 , one of the four spectroscopic
SMDS candidates found by [41] (see Fig. 3). He Il 2511 A is rarely used as a diagnostic tool
in astrophysics, as one typically relies on the He I1 1640 A line instead, which is expected
to be stronger. However, for JADES-GS-z13-0 we find no evidence of the later, probably
due to the very low S/N of the measured SED in the region of interest for this line, as
can be seen in Fig. 1 panel b. However, as evidenced in the same figure, the measured
NIRSpec spectrum for JADES-GS-z13-0 has much less pronounced noise around 3.5 ym
(corresponding to a restframe A ~ 2500 A). In fact, the feature identified by us at S/N ~ 4
in Fig. 3 is visible even in the entire SED presented in Fig. 1 (panel b).
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Figure 3. He I1 2511 A absorption feature identified in the spectrum of JADES-GS-213-0 . Estimated
SNR ~ 4.5.

Refs. [41,63-65] offer further details on Dark Stars and the potential to detect them (for
a brief summary see Appendix B; for a review see [66]). As JWST continues to discover more
high redshift objects, some of them lensed to high magnification, it will become possible for
future spectroscopic studies with the low-resolution spectrograph on JWST’s Mid-Infrared
Instrument (MIRI) and the Near Infrared Spectrograph (NIRSpec) to differentiate between
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SMDS and galaxy interpretations [40]. The unambiguous discovery of even a single dark
star, based on smoking gun spectral signatures such as a Helium absorption features (e.g.
1640 A, 3 or 2511 A) would constitute (indirect) detection of Dark Matter. Additionally,
it would usher a new era in astronomy, where Dark Matter parameters estimations are
extracted from observable properties of Dark Stars.

3. Supermassive Dark stars at the core of the JWST’s Blue Monsters?

Despite their size (~ 10 AU), SMDS can appear to be significantly more extended due
to the effects of nebular emission [41,68]. As such they can appear as marginally resolved
objects in JWST, with effective sizes of up to ~ 500 parsecs (see Table 1). It is therefore
possible that many of the “Blue Monster” objects found by JWST are in fact Dark Stars
masquerading as galaxies. In fact, the four objects shown to be consistent with SMDSs
in [41], as discussed in Sec. 2, are a sub-sample of the 15 or so NIRSpec spectroscopically
confirmed z 2 10 Blue Monsters [e.g. 1, see Table 1 there]. In a future publication we plan to
analyze the data for the other 11, in terms of SMDSs or SDMSs embedded in proto-galaxies.
Our expectation, based on the success rate of the SMDSs analysis for the objects we focused
on so far, is that most of them would be consistent with SMDSs powering a nebula and/or
SMDSs embedded in early proto-galaxies. Below we discuss the challenges posed by the
the z 2 10 JWST ultra-compact, yet very bright, JWST Blue Monsters to standard models of
formation of the first stars and galaxies in the Universe, and then explain how each of those
problems is in fact a feature, once one adopts a Supermassive Dark Star interpretation of
those objects.

First, Blue Monsters are very compact, and based on their brightness, if interpreted
as galaxies, they would require > 108M, stars to be packed in a few hundred parsecs
(see Table. 1 in [1], or for the case of JADES-GS-z11-0 , JADES-GS-z13-0 , JADES-GS-z14-0,
and JADES-GS-z14-1 Table 1 here). As galaxies, this would require an extremely dense
packing of stars within a few hundred parsecs. Some of those objects are not even resolved
with JWST, implying sizes S 100 pc, further exacerbating the problem explained above.
However, if interpreted as isolated Supermassive Dark Stars, potentially powering a nebula
(as done in [41]) compactness is a feature of the model.

Second, spectroscopically confirmed z 2 10 Blue Monsters show very low dust attenu-
ation and dust-to-stellar mass ratios (C;) inconsistent (by at least two orders of magnitude)
with models that include standard dust production and no outflows, dominated by super-
nova dust production over destruction. Thus, their transparency is hard to reconcile with
dust physics alone without invoking additional mechanisms [1]. The standard solution to
this problem is the Attenuation Free Model (AFM), where dust is produced in standard
amounts but is pushed to kiloparsec scales by radiation-driven outflows during super-
Eddington phases [e.g. 2]. Conversely, [1] tested a “dust-free” alternative by exploring
whether reduced net SN dust yield and/or enhanced interstellar destruction can lower dust
enough to match observations. Even allowing wide parameter variations, a no-outflow
model cannot reproduce the very low dust-to-stellar mass ratios implied by JWST spectra.
However, SMDSs are perfect inhibitors of dust production. As they convert large amounts
of gas into a single supermassive star which eventually collapses to a SMBH, i.e. leaving
no dust behind. Therefore, when compared to the standard AFM solution, a Dark Star
interpretation of the Blue Monsters does not require super-Eddington phases capable of
pushing dust to kilo-parsec scales. Again, what is observed and apparently a puzzle, is just
a feature of Supermassive Dark Stars.

3 We note here that accretion onto Direct Collapse Black Holes (DCBHs) is expected to produce strong nebular
emission due to Helium-II at the same 1640 wavelength [67].
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Lastly, if interpreted as galaxies, those Blue Monsters have to have converted gas to
stars at rates sometimes exceeding 50% [e.g. 9]. This is in stark contrast with expectations
based on numerical simulations of the formation of the first stars and galaxies, and it
exceeds the conversion rate observed in the “local” universe by a factor of five or more.
This problem can be quantified in terms of the specific star formation rate (SSFR), which,
for the spectroscopically confirmed JWST galaxies at z 2 10 is remarkably high [e.g. 1-3].
On the other hand, a SMDSs interpretation can alleviate this problem in two ways. First,
SMDSs shine almost at the Eddington limit, i.e. attaining the lowest theoretical limit for
the mass to light ratio of a a system. This is evidenced, for example in Table 1, where the
stellar mass (M,) required in order to explain the four Blue Monsters discussed there as
galaxies is two-tree orders of magnitude higher than the mass of the corresponding SMDSs
model (Mgpyps) for each object. Therefore, within a SMDSs interpretation, the inferred star
formation rates would be much lower than those for obtained from the same z = 10 JWST
data, under a galaxy interpretation. Moreover, SMDSs are cool (i.e. T, ff < 50,000 K), and,
as such, they can accrete the baryons surrounding them almost indefinitely [13]. Whenever
a SMDSs runs out of DM fuel, or if it grows sufficiently massive, and therefore triggers
general relativistic instabilities, it will undergo a core collapse. * As we shall see in the next
section, this provides a natural mechanism for seeding SMBHs.

4. Two kinds of “heavy seeds:" Supermassive Dark Stars and DCBHs

The outcome of the collapse of SMDSs is simple: it leads directly to Supermassive
Black Holes (SMBHs). As we will soon demonstrate, Dark Stars could have seeded the
SMBHs powering the four most distant quasars observed: UHZ1, J0313-1806, J1342+0928,
and J1007+2115. As alluded to in the Introduction, those objects, and other z = 6 observed
Quasars, point towards the existence of Oversized Black Holes (OBHs). Those are BHs that
are too massive to have grown to their inferred mass if seeded by regular stars that accrete
at sub-Eddington rates.

Direct Collapse Black Holes (DCBHs) [e.g. 18,20-25] are a well known mechanism
of seeding OBHs. This theoretical scenario relies on nuclear burning stars entering a
supergiant cool phase whenever the accretion rate exceeds 0.1 Mo yr~! [e.g. 70]. Thus, a
very massive nuclear burning star can be born. One of the drawbacks of this mechanism is
how unlikely the conditions to form a DCBH are [23,71], as they require the need for a very
efficient companion star forming Dark Mater halo in close proximity in order to destroy
molecular hydrogen clouds inside the DCBH host halo [21,72]. In contrast, SMDS are able
to form over a wider variety of redshifts, and a sizable fraction of DM halos would be able
to seed SMDS [e.g. 14,29]. For more details see Appendix C.

Following [16] we will focus on UHZ1, a JWST galaxy at z ~ 10, harboring a very
bright quasar (Ly,j, ~ 5 x 104 ergs~!). UHZ1 is the most striking example of the puzzle
described above, in view of its extreme distance (z ~ 10) and inferred black hole mass
(Mg ~ 10" My). [16,73] conclude that UHZ1 is the best evidence so far for the DCBH sce-
nario. Here, we propose an alternative interpretation, by showing that the SMBH powering
the X-ray observed spectrum of UHZ1 could be the BH remnant of a Supermassive Dark
Star.

Below we summarize the main evidence for the “heavy seed” hypothesis as an expla-
nation for UHZ1 [16,73]. In Fig. 4 we plot, following [16], the growth curves (tan band) for
hypothetical supermassive black holes that have been seeded at z ~ 25 with masses in the
expected DCBH initial mass range: 10* — 10°M,. As the tan band in Fig. 4 passes through
the inferred BH mass for UHZ1, the authors of [73] claim that this is the best evidence so far

% In[69] we find that the collapse is triggered, depending on the mass of the WIMP powering a SMDS, somewhere

in the Mgyps ~ 10° — 106 M, range.
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SMBH growth for a radiative efficiency n=0.114
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Figure 4. BHs with masses between 10* and 10°M,, generated at z ~ 25 and growing at the
Eddington rate (tan shaded band), can explain the mass of UHZ1 (Solid black line) and the three
previously known highest redshift quasars (denoted by diamond symbols at z ~ 7.5). A radiative
efficiency of the accretion process # = 0.114 is needed to reproduce the growth curves from Fig. 4 of
[16] (shaded tan band in this figure).

for the existence of DCBHs. Note that SMDSs could collapse to BHs of the same mass range
at the same redshift. Therefore, we argue that in fact UHZ1 is in fact the best evidence so
far for the need of “heavy seed” Black Holes at high redshifts, rather than for the DCBH
scenario itself. In order to generate the growth curves (i.e. the orange band in the figure)
we solve:

M=4x10"8x <0'057> M

—— X Moyr ™. 1
X M X Mpyr (1)
Eq. 1 represents the growth rate of a quasar that shines due to accretion at the Eddington

limit (Lg = 1.3 x 103(M/ M) ergs~!), with ;7 being the efficiency of the accretion process:

L = yMc?

Typical expected values for this parameter are # ~ 0.1, with the fiducial value of 0.057
corresponding to accretion onto non-rotating BHs [74], while for maximally rotating BHs
n = 0.43 [74]. Note that if we were to use # = 0.057 in Fig. 4, the curves would have
overshot the mass of UHZ1 and the z ~ 7.5 quasars by orders of magnitude. We find
that for 7 = 0.114 we are able to reproduce the growth rates of Fig. 4 from [16]. Note that
even a small change in 7 would imply a significant change in the estimated BH mass at
z ~ 10 or below. Therefore, quite a large degree of fine-tuning is necessary to explain UHZ1
and the other three z ~ 7.5 quasars ° in terms of DCBHs formed at z ~ 25. However, the
degeneracy between # and the DCBH formation redshift alleviates this problem.

As discussed in Sec. 2, Dark Stars are expected to form at the centers of DM minihalos
at redshifts z¢,,,,, € [30,10]. They are extremely puffy, with radii of the order of a few A.U.
Their initial masses are ~ 1M and they grow via accretion for as long as they are powered
by DM annihilation and for as long as there is material to accrete [13]. The accretion rate
can be modeled with (constant) values typically ranging between 1073 and 10~ ! My yr~1.

5 The mass estimates of J0313-1806 [75], J1342+0928 [76], and J1007+2115 [77] are much more accurate than that
of UHZ1 [16], for which no BLR emission is detected.
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In previous studies of dark stars [13,78] the physically motivated variable accretion rates
of [79,80] were used as well, confirming results based on constant accretion rates, as long
as the Dark Star remains cooler than T, FF 50,000 K, which is the case for all the SMDSs
models studied so far in the literature. It is remarkable that the evolution along the HR
diagram, and therefore the observable properties of Dark Stars powered by Adiabatically
Contracted DM are insensitive to the accretion rate. Note that even for the highest constant
accretion rate considered here (10_1M@yr_1), the luminosity due to accretion onto a DS
remains sub-Eddington, due primarily to the large radii of those objects.

" — c=102Mp yr™"
—— =103 Mg yr |
: ﬁ
—3
4l " N
. & J0313-1806 N\ 1
* J1342+0928 |
2L i
* J1007+2115  zg4
1 1 | 1 1 1 1 1 1 1 1 1 ‘ 1 1 1 1
10 15 20 25

Redshift

Figure 5. SMBHs of: UHZ1, J0313-1806, J1342+0928, and J1007+2115 seeded by Dark Stars. The DSs
is forming at z ., and grows via accretion at a constant rate until it collapses to a BH at a redshift
labeled by zpy. The Dark Star phase is depicted by the shaded blue region to the right of the vertical
dashed line at z = zpy. The emerging BH is assumed to grow at the Eddington accretion limit
(blue-shaded region to the left of z = zpp). To be concrete we chose z form = 20, zpy = 15, and the
DS mass accretion rate ranging in the conservative range ¢ € [1073,1072|Mgyr—1.

Fig. 5 demonstrates that Dark Stars can provide a solution to the mystery presented by
the four most distant observed quasars. A DS is born at a redshift z,,,,,, and it subsequently
grows at a constant accretion rate c until it collapses to a SMBH, at a redshift zgy. The
collapse can be triggered in one of three ways: i. the DS burns its DM fuel ii. the DS
is dislodged from the high DM density location via mergers, or iii. The SMDSs attains
sufficiently high mass (~ 10° — 10° M) and it suffers a collapse due to general relativistic
instabilities. The SMBH seeded via the collapse of a DS continues to grow via accretion,
possibly attaining masses in excess of 10’ M, by z ~ 7.5. For concreteness we chose the
following values for our three parameters zf,.,;, = 20, zgy = 15, and the accretion rate
in the conservative range ¢ € [1072,1072]Muyr—!. We find that the SMBHs seeded by
this mechanism and growing at the Eddington rate ® can explain the large inferred mass
for UHZ1 and the three other most distant quasars observed: J0313-1806, J1342+0928,
J1007+2115. Note that in addition to our choice for the values for z ¢, zgy and ¢ made in
Fig. 5 there is a wide range of values for those parameters that leads to the same predicted
BH mass range at z < 10 (e.g. see Fig. 6).

Fig. 6 illustrates the degeneracy between the Dark Star collapse and the DCBH “heavy
seed” scenarios. Namely, there is a wide range of parameters for which, by z < 10, the
predicted mass of the SMDSs will be identical for both. For example, if one chose the same
formation redshift: z¢,.,, = 25, for both the DS and the DCBH, there are numerous ways

®  To be consistent with the DCBH scenario discussed in Fig. 4 we chose the same value for the radiative efficiency:

7 =0.114.
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Figure 6. Degeneracy between the Dark Stars (blue band) and the DCBH (tan band) solutions to the
high redshift SMBHs puzzle (such as UHZ1). For both the left and right panel we chose the formation
redshift for the DS to be z,,,, = 25, whereas the redshift at which the DS collapses to a BH (zp;
denoted by dashed line) is different: 15 (left panel) vs. 20 (right panel). The growth of the DCBH
Pop III stellar seed is not shown in this figure.

to adjust the redshift at which the DS collapses (zpy) and the rate at which it accretes (c)
such that for z < zppy both solutions are degenerate. For instance, for zgyy = 15 we find
that whenever ¢ € [1073,1072]Muyr~! the growth curves align perfectly after the collapse
of the DS to a BH (see left panel of Fig. 6). Similarly, for zgyy = 20, one needs only half the
previous accretion rate: ¢ € [5 x 107#,5 x 10~2]. This degeneracy is further increased if we
consider other possible formation redshifts for the DS (see for example Fig. 5).

Therefore Dark Stars, in addition to DCBHs, are a plausible solution to the mystery of
the origin of the SMBHs powering the most distant observed quasars. In what follows we
discuss in more detail UHZ1, for which the JWST IR data hints at a large stellar population,
with a mass approximately equal to that of the SMBH.

5. Dark Star interpretation of UHZ1 data or how SMDSs and/or their
remnants can become embedded within high-z galaxies

JWST IR data suggests that UHZ1 harbors a significant stellar population, with mass
~ 107M@. This is actually a feature of the DCBH interpretation for UHZ1 [16,73], since
a large Pop III stellar population is needed as a catalyst for the formation of the DCBH
in a nearby satellite halo (for more details see Appendix C). In turn, there are a variety of
ways to explain the UHZ1 data using Dark Stars, the simplest of which is a SMBH SMDS
system. However, in view of the extended morphology of the UHZ1 system this simple
interpretation is unlikely. The second possible explanation of the data is in fact very similar
to the one proposed by Refs. [16,81]. Namely, the system is a galaxy that harbors a SMBH
of Mspypy ~ 107 Mg. In our scenario the seed of the Supermassive Black Hole is a Dark
Star rather than a DCBH.

5.1. Mergers

UHZ1’s morphology is “evocative of late stage mergers at low redshifts” [16]. As
such, the merger of two DM halos is the most plausible explanation of UHZ1. We discuss
this scenario below, in the context of a Dark Star (DS) seed for the SMBH powering the
X-ray spectra of UHZ1. A DS seed forms in a DM halo at z¢,.,, € [15 — 25] (see Sec. 4).
Subsequently, the halo hosting the (by now) SMDS begins to merge with another halo
(either dark or hosting nuclear fusion-powered stars). The SMDS, due to its large mass,
may remain at the center of the new larger object from the merger and continue to grow.
However, it is also possible that, as a result of the merger, sometimes the SMDS gets slightly
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dislodged from the high DM density at the center of the DM halos, and as such experience
a sudden and destabilizing decrease in the DM heating. ”

In addition to the collapse of the SMDS to a SMBH, the merger could replenish the
baryonic reservoir and trigger a starburst episode in the vicinity of the SMBH [e.g. 82—
86]. Thus, the SMBH can continue to grow at the Eddington rate, and be observed as
the X-ray portion of the UHZ1 radiation. The stellar population embedded in those two
merging halos is responsible for the majority of the IR observed data. Alternatively, UHZ1
can be explained by a halo hosting a SMBH seeded by a DS merges with another halo,
leading to a starburst episode in the newly formed system. In Fig. 7 we present a schematic
representation of our DS model for UHz1 discussed here.

SMBH SMBH
SMDS
DS
I I I
T T T
qurm Zmerger Zobs

Figure 7. Schematic representation of our interpretation of UHZ1 data in terms of the mergers of two
DM halos. One of them hosts a Dark Star (formed at z form) which can grow to become a SMDS. Ata
redshift zerger this halo merges with a second DM halo. In the figure this second halo hosts regular
nuclear burning stars (represented by yellow stars); or this second halo could still be dark (and a
starburst happens post-merger). As soon as it runs out of DM fuel or it becomes sufficiently massive
to trigger GR instabiliries, the SMDS collapses to a SMBH (black dot). The collapse can also be an
outcome of mergers, whenever the SMDS would be dislodged from high DM densities at the very
center of the host halo. The baryonic reservoir in its vicinity is replenished by the merger, and the
SMBH can accrete efficiently until observed (at z,;s). Moreover, ionizing radiation from the accreting
SMBH triggers a starburst episode [e.g. 82-84,86](represented by bright yellow stars added for the
depiction at z,ys). The growth of the DS—SMDS—SMBH has been modeled in Fig. 6, for example.

5.2. Same DM Halo Host

Would it be possible that all the stars within UHZ1 (including the SMDS that seeded the
SMBH) have formed within the same DM halo? While unlikely (in view of the morphology
of UHZ1), we briefly discuss this scenario below, as it might be relevant for other future
observed high redshift quasars for which there is also a confirmed stellar counterpart.
Moreover, this scenario motivates us to create, in the near future, templates for SMDSs
embedded in proto-galaxies in order to fit JWST data.

Photons in the the Lyman-Werner (LW) band (11.2 — 13.6 eV) can photo-dissociate
molecular H inside star forming H clouds, leading to a quenching of the star formation

7 For details see Appendix D.
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rate. [87] shows that a Pop Il star hotter than T,¢
can inhibit star formation in a region surrounding it as large as 5, ~ lkpc. Compared to

254,000 K (i.e. with mass M = 40M,)
the size of a high redshift (z ~ 20) DM halo, 1 kpc can be significant, or sometimes even
exceed it. This would imply that star formation is almost turned off in any high redshift
DM halo, as soon as the first massive Pop III star(s) are born within it and if there are no
other efficient cooling mechanisms besides H.

Ref. [87] makes two key simplifying assumptions: i) equilibrium between the disso-
ciation and formation rates of Hy within the vicinity of the star is quickly reached, and
ii) the baryonic number density is constant throughout the DM halo. Accounting for the
time required for the LW flux of a massive Pop IlI star to photo-dissociate Hy within its
surroundings allows for star formation to continue efficiently in the most massive Hj cool-
ing DM halos (M ~ 107 M) or in the densest baryonic clumps (independent of the host
halo mass) [88]. Moreover, if assumption (ii) is replaced with a commonly used isothermal
sphere profile for the gas density surrounding the star (or any other realistic profile) the
estimates of the radius of influence ry, would be significantly reduced.

Dark Stars are inherently cooler than Pop III stars, so their radius of influence would
be significantly smaller. A SMDS of ~ 10* M, emits the same LW flux as the 40M, Pop III
star considered by [87,88]. Therefore it can take up to 10 Myrs (assuming an accretion
rate of 10> Mg yr~!) from the moment a DS forms until it begins to significantly suppress
the star formation in its host halo. As such, it is entirely possible that Pop III stars can
form from the collapse of gas H, clumps located the same parent DM halo as a Dark Star
growing towards a SMDS. Once any of those Pop III stars grows sufficiently massive the LW
radiation will inhibit other stars from forming in their parent DM halo. Without mergers,
in this scenario the total stellar mass is not expected to exceed ~ 106M@, in view of the fact
that a higher mass would imply Mj,;;, 2 10’ Mg, i.e. an atomically cooled halo. We discuss
this scenario next.

For DM halos with a virial temperature T,;, = 10* K, atomic hydrogen cooling becomes
efficient. As such, gas can cool irrespective of the flux of the LW radiation and regular star
formation can continue indefinitely. Atomic Cooling Halos (ACHs) have a mass greater
than ~ 10’ Mg. The formation of zero metallicity clusters at the center of ACHs has been
studied in simulations, in the context of Population III stars [e.g. 89,90]. The growth of
SMDSs at the centers of atomic cooling halos was studied using the MESA stellar evolution
code in [54]. Since the baryonic mass within the UHZ1 system must be greater than 10’ Mg,
in the absence of halo mergers discussed in Sec. 5.1, the host DM halo must have been an
atomic cooling halo. Thus it is plausible (although unlikely, in view of UHZ1’s distorted
morphology) that all the stars within UHZ1 (including the Supermassive Dark Star we
assume as the seed for the SMBH) have formed within the same DM halo.

6. Discussion and Conclusions

One of the challenges of the “low mass seed" scenarios (in which a quasar atz 2> 6
originates from sustained Eddington-rate accretion onto an initially few stellar-mass BH
seeded by a Pop III star) is feedback. This can easily unbound the gas, thus arresting the
growth of the BH. Furthermore, growing small BHs through mergers is also challenging
since the rate is just too slow. Moreover, gravitational recoils during BH mergers can
cause them to be ejected from the original halos [25,91-93]. Finally, recent X-ray to NIR
observations of high redshift QSOs suggest that the intrinsic photon index from 0.5 to
10 keV cannot be explained by high Eddington ratios alone [94]. These lines of evidence
all favor a “heavy seed" scenario, as further demonstrated by [16]. The IR luminosities,
obscurations, and general observations of massive galaxies at the highest redshift suggest
that the heavy seed black holes must grow without severely impacting star formation and
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dust production in the halos. Fueled by Dark Matter annihilations favored by the physical
conditions in high redshift (z ~ [10 — 25]) Dark Matter halos, Dark Stars provide a solution
to both enigmas of large galaxies and luminous QSOs observed by JWST at the highest
redshifts.

In this paper we demonstrate that even conservative accretion rates onto DSs can
evolve into the SMBH powering the four most distant observed quasars: UHZ1; ]J0313-1806,
J1342+0928, and J1007+2115 (Fig. 5). We also showed that a wide range of reasonable values
for (i) the formation redshifts for the Dark Star, (ii) the accretion rate onto the DS, and (iii)
the redshift when it collapses to a BH, produce the types of massive heavily obscured QSOs
like UHZ1 (Figs. 5 and 6). We further showed that subsequent mergers, similar to the
late-stage galaxy mergers observed at low redshift, as suggested by the observed extended
morphology of UHZ1, are compatible with a scenario in which the reservoir of baryons
in the vicinity of SMDS is replenished via this merger. For UHZ1 this is the more likely
SMDS interpretation, as discussed in Sec. 5.1. Finally, because Dark Stars are cooler than
massive nuclear fusion powered stars we predict less effective feedback on the surrounding
medium permitting the growth of stars in the host galaxy, even in DM halos in which
atomic hydrogen cooling is not efficient. Hence our second UHZ1 DS scenario (see Sec. 5.2):
SMBH seeded by a DS embedded inside a halo hosting nuclear-powered stars.

The abundance of halos at z 2 10 predicted to host DCBHs is small, according to
simulations [e.g. 71]. Thus, once a larger sample of z 2 10 SMBHs is observed, one could
place constraints on the DCBH scenario. While DSs have not yet been realized in cosmo-
hydrodynamical simulations, we expect their density, at z 2 10 to be greater than that of
DCBHs, because

1.  DSs can form in both ACHs and H; cooling halos [12].
2. Since gas fragmentation is directly suppressed by DM annihlations [58], DSs formation

does not require a mechanism to destroy H,.

3. Because they are naturally puffy [12,13,78], DSs can form even when baryonic infall is
low. In contrast, DCBHs can form only if the accretion rate onto the Pop III progenitor

is 2 0.1M¢ [70,95].

Gravitational waves (GWs) could be a very powerful tool to differentiate between the
DCBH and the SMDS—SMBH scenarios. GWs could be produced during the collapse to a
BH itself (if this is asymmetric), or during mergers of SMBHs. In both instances we expect
SMBHs seeded by DSs to give stronger (and potentially detectable) signals. For instance,
Ref. [96] shows that the GW stochastic background inferred from the Pulsar Timing Array
(PTA) data [97] could be explained by the mergers of SMDSs, whereas DCBHs mergers
could only contribute sub-dominantly.

As discussed in Sec. 3, SMDSs can provide a solution to the enigmatic Blue Monsters
uncovered by JWST. Those are extremely compact (r, < 400p) yet very bright objects at
z 2, 10, which show very little dust attenuation and, if interpreted as galaxies have to have
converted gas to stars at incredibly high rates. Compactness, lack of dust attenuation, and
high conversion rate of gas to stellar material are, in fact, a feature of the SMDS model, thus
turning an astronomical puzzle into a potential line of evidence for SMDSs. Furthermore,
We argue that Dark Stars can also be part of the solution to the Little Red Dots (LDRs)
puzzle [e.g. 33-35]. Those are extremely compact sources unlikely to be galaxies due to
incredibly dense stellar packing and little to no obscuration due to dust [36]. Instead many
LRDs seem to point towards the existence of SMBHs surrounded by remnant stellar layers
that explain the weak UV and lack of X-ray emissions [e.g. 37-39]. Such objects, a.k.a. Black
Hole Stars or “quasi-stars” are hypothesized in the DCBH scenario [21] and in future work
we plan to investigate if such quasi-stars they can also form via the collapse of SMDSs.
In addition, a large sub-sample of JWST’s Little Red Dots (LRDs) are thought to harbor
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BHs that are significantly overmassive relative to their host galaxies [98]. Each of those
Over-Massive Black Hole Galaxies (OBGs) can be easily explained by Dark Stars via the
one of the two mechanisms we proposed in this paper for UHZ1: mergers (Sec. 5.1) or same
halo (Sec. 5.2).

Moreover, Dark Stars could affect the re-ionization history of the Universe [99]. As
shown by [100], the inclusion of a population of DSs can naturally lead values of CMB
electron scattering optical depth as low as T ~ 0.05, in agreement with the Planck mea-
surement. This value is impossible to reconcile with only a Pop III/II stellar population
responsible for reionization, unless either very low star formation efficiencies, or strong
LW feedback are invoked. In contrast, in view of their small predicted abundance, Direct
Collapse Black Holes are not expected to contribute significantly to re-ionization history or
to its CMB markers.

In summary, Supermassive Dark Stars can offer a solution several pressing puzzles in
astronomy and astrophysics, as discussed in depth in this paper. To our knowledge, there
is no other mechanism that can achieve this simultaneously.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Adiabatic Contraction

BH Black Hole

CDM Cold Dark Matter

DM Dark Matter

DS Dark Star

HST Hubble Space Telescope

JWST  James Webb Space Telescope
OBH Over-massive Black Hole

OBG Over-massive Black Hole Galaxy
SMDS  Supermassive Dark Star

SMBH Supermassive Black Hole

WIMP  Weakly Interactive Massive Particle

Appendix A. Dark Matter, a brief overview

Since Dark Stars rely on Dark Matter particles as a power engine, or, conversely, as
they can be used as DM probes, we briefly review here the main evidence for the existence
of Dark Matter (DM) and strategies for its eventual discovery. The fundamental nature of
DM has remained largely elusive since Fritz Zwicky coined the term Dunkle Materie (i.e.
Dark Matter) in 1933 [101]. Its gravitational effects have since been inferred experimentally
at scales ranging from galactic [e.g. 102], galactic cluster [e.g. 23], and cosmological [e.g.
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103-106]. Moreover, DM plays a significant role in the early universe, leaving its imprint
in afterglow radiation from the Big Bang, the so-called Cosmic Microwave Background
(CMB) radiation. A combination of all those data leads to the emergence of the concordance
cosmological model (A-CDM), where the vast majority of the energy budget of the Universe
is in the form of two mysterious components: Dark Energy (70%) and Dark Matter (25%).
The former is responsible for the current accelerated expansion of our universe [107], while
the latter assembles in large scale filamental structures, thus providing a scaffolding for the
ordinary matter to assemble in galaxies and clusters. The thought that all the stars in all
the galaxies in our universe form less than one percent of the total energy budget of our
Universe is unsettling, perhaps even scary.

It is now firmly established that the majority of the DM in the Universe comes in the
form of new, yet to be discovered particles. Amongst those, Axions and Weakly Interacting
Massive Particles (WIMPs) are perhaps the two leading candidates, in view of their natural
theoretical motivations. There are three different strategies with which one can approach
the hunt for Dark Matter particles: direct detection experiments (XENON [e.g. 108,109],
LZ [e.g. 110,111], PICO [e.g. 112], etc), particle production in accelerators [e.g. 113] and
lastly, indirect detection. The later method relies on potential observable signals of DM self-
annihilating, or decaying, in various astrophysical objects or environments. As of yet, none
of those methods lead to a discovery signal, although there are tantalizing hints, especially
from indirect detection methods. For example, both the AMS-02 anomalous anti-proton
signal, and the Fermi Gamma ray excess from the Galactic Center, can both be explained
by the self annihilation of ~ 60 GeV WIMPs [114]. For both of those excesses there are
also non-DM astrophysical interpretations. This is possible because of the somewhat large
uncertainties, at a theoretical level, in the backgrounds for both of those signals. For
reviews on Dark Matter and its theoretical or observational status the reader can consult
Refs. [115,116].

We end this section with a non exhaustive list of objects that can act as indirect DM
probes: neutron stars [e.g. 117-122], white dwarfs [e.g. 123,124], Jovian planets [e.g. 125,
126], present day stars capturing and burning Dark Matter [e.g. 127-129], and, of particular
interest for this work, the first generation of stars in the Universe [e.g. 27,28,130,131].

Appendix B. Dark Stars

In this Appendix we expand upon the material presented Sec. 2 of the main body
of the paper. The effects of Dark Matter (DM) heating on the formation of the first stars
in the universe were first analyzed in Ref. [12], who found the conditions necessary for
the formation of stars powered by annihilations of Weakly Interacting Massive Particles
(WIMPs).® Namely: i) energy for Dark Matter annihilations can be deposited efficiently
in the protostellar gas clouds, and ii) Dark Matter heating overcomes all available cooling
mechanisms for the collapsing baryonic cloud. For zero metallicity clouds, such as those
out of which Dark Stars could form, the cooling is relatively inefficient, and is provided by
H, cooling, supplemented by H line and Compton cooling. The rate, per unit volume, at
which energy from DM annihilations is deposited is:

2
eom(r)
Qbm = fo———(0v), (AT)
fom ot
where f( is the fraction of energy deposited, ppy is the DM density profile, mpys represents
the DM particle mass, and (o) is the annihilation cross section. For thermal relics, such

as WIMPs, the annihilation cross section also controls the observed relic abundance. For

8 Note that the same WIMP models that could explain the AMS-02 and Fermi anomalies could also power Dark

Stars.



Version November 12, 2025 submitted to Universe 17 of 26

instance, a value of (0v) ~ 3 x 1072°cm3 /s leads to the observed DM relic abundance of
Qppm =~ 0.3.

As protostellar molecular clouds collapse, the gravitational potential steepens, and,
as such, DM orbits will respond, leading to an enhancement of the DM densities at the
center of DM halos where the first stars form. The Blumenthal [49] method of Adiabatic
Contraction (AC) is used in Ref [12], who find that the DM density, at the edge of the
baryonic core, tracks the baryonic number density (1) in the following approximate
manner:

ng ) 0.81 ’ (AZ)

~ -3
DM = 5 GeVcem (cm—3
wheres outside the core ppy o r~1%. Those results were subsequently confirmed (to within
factors of a few) by more precise calculations in which the possibility of non circular DM
orbits is included, and various initial DM profiles, in addition to the standard NFW, are
explored [50]. When compared to an initial DM profile, the DM densities can be enhanced
by as much as four to five orders of magnitude via the process described above. This leads
to an enhancement of 8-10 orders of magnitude of the heating rate (see Eq. A1). At the
same time, as the baryonic density becomes larger, an appreciable fraction of the energy
released in DM annihilation products can be deposited inside the cloud [12].

Ref. [12] finds that for 100 GeV WIMPs the DM heating rate balances all cooling
mechanisms whenever the baryonic number density ng ~ 10'3cm~3. For lighter /heavier
WIMPs this happens at at lower/higher values of np, in view of their more/less efficient
DM heating rates (see Eq. Al). Soon after DM heating overtakes cooling, the collapse will
halt, and a proto Dark Star is formed. For instance, for 100 GeV WIMPs, this happens when
np ~ 10”cm3, the size of the baryonic core is of the order of ~ 17 A.U.s and it has a mass
of ~ 0.6M. At that stage the luminosity due to DM heating is Lpy; ~ 140L¢. Therefore,
the standard picture of the formation of the first stars is drastically modified by WIMP Dark
Matter annihilations which could halt the baryonic cloud collapse well before it reaches the
critical temperatures to fuse Hydrogen.

In Fig. A1 we reproduce the HR diagram for Dark Stars powered by WIMPs of three
different masses growing at an accretion rate of 10> Mgyr~! from [13], who model using
polytropes of variable index the evolution of Dark Stars from their formation (~ 1Mg) until
they become supermassive (M 2 10°M). Note how Dark Stars formed via the extended
AC mechanism (labeled in the figure Without Capture) are cooler than those that formed
via the DM capture mechanism (labeled With Capture). This is because the later underwent
a Kelviln-Helmholtz contraction phase (see horizontal solid lines in the HR diagram) once
they ran out of the initial AC DM reservoir. Note how lighter WIMPs are more efficient
in heating DSs. This is to be expected from Eq. Al, and can be explicitly seen in the HR
diagram, as at the same stellar mass, a DS powered by a lighter WIMP is pulffier.

WIMPs are not the only DM particle models that can power Dark Stars. For instance,
Ref. [132] identified a specific model of Self Interacting Dark Matter (SIDM) which could
satisfy bounds from CMB, direct and indirect detection, and, at the same time, deposit
energy from annihilations into protostellar zero metallicity gas clouds efficiently. Ongoing
preliminary work on light Dark Matter models that anihilate via number changin processes
(e.g. SIMPs and Co-SIMPs) indicates that DSs could be powered those kind of DM particles
as well. Therefore, DS are not restricted to the WIMP landscape, and we plan to explore the
full DM parameter space that allows for DS to form.

Appendix C. Dark Stars and DCBHs: Oversized BH Seeds

Here we expand upon the discussion of Sec. 4 of the main body of the paper regarding
Dark Stars and Direct Collapse Black Holes as “heavy Black Hole seeds.” We start with
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Figure A1. HR diagram for dark stars for accretion rate M = 10~3Mg,/yr. and a variety of WIMP
masses as labeled for the two cases: (i) “without capture” but with extended adiabatic contraction
(dotted lines) and (ii) “with capture” (solid lines). The case with capture is for product of scattering
cross section times ambient WIMP density 0., = 10~3cm? x 1013GeV/cm?. Also labeled are stellar
masses reached by the DS on its way to becoming supermassive. The final DS mass was taken to be
1.5 x 10° M, but SDMSs could grow in principle past this mass. (Figure adapted from [13].)

abrief review of the DCBH scenario, followed by a discussion contrasting it against the
Dark Stars alternative. We end with a discussion of the possible differences in the accretion
rates onto Dark Stars vs those onto their BH remnants.

Since its initial theoretical proposal by [21], the DCBH scenario has undergone several
refinements and, in view of recent data has sparked significant interest. In a nutshell, cool,
rapidly accreting, supermassive Population III stars can seed Direct Collapse Black Holes.
Finding environments where such rapid accretion rates are possible is challenging, but
not impossible, according to simulations. For instance, in atomic cooling halos, baryonic
infall rates range in the relatively wide 10~2 — 10' M, /yr range [95,133-135], although
typically they stay less than 1M yr~!. For accretion rates exceeding ~ 0.1Mgyr~!, Pop III
stars enter a supergiant phase, leading to negligible production of ionizing radiation [e.g.
70]. Thus accretion can proceed without much feedback. Once they grow supermassive,
Pop III stars can even accrete at rates exceeding the atomic cooling limit (10Msyr—1'), as
shown by Ref. [136]. DCBHs are believed to form inside atomically cooled DM halos
(i-e. My, = 107 M) and only if there is a mechanism to destroy molecular hydrogen, or
suppress its formation. Lyman-Werner (LW) photons from a nearby starburst galaxy [e.g.
21] or collisional dissociation [e.g. 72] are two of the most common DCBH formation
channels. In addition, dynamically heated atomically cooled halos could be sites for
DCBHs even if Hj is not fully dissociated [95,137,138]. In view of the very special conditions
required to be met, the fraction of high redshift DM halos expected to contain a DCBH is
quite rare [23].

Dark Stars are not hot enough to emit strong ionizing fluxes that would completely
shut off accretion. As such, they could potentially accrete the entirety of the gas in the
surrounding cloud/disk [e.g. 13,29]. The Jeans scale for H; cooled gas clouds is ~ 1000M),
and it would seem that this is a reasonable guess for the upper mass of Dark Stars formed
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in microhalos where H, cooling is dominant. However, Dark Matter heating itself leads
to a suppression of the fragmentation of the gas cloud [58], so, even in the absence of any
mechanism that would increase the supply of gravitationally unstable gas * Dark Stars can
easily grow to masses exceeding 1000M, [13], thus providing natural seeds for massive or
even supermassive BHs. Additionally, the formation of SMDSs does not imply the need
for any mechanism to destroy H,. In fact Dark Stars can form both in atomically and H,
cooled halos [78]. Moreover, when contrasted against DCBHs, SMDSs are able to form over
a wider variety of redshifts, and a sizable fraction of DM halos would be able to host SMDS.
In contrast, only a small fraction of high-z halos would be able to host DCBHs. Lastly,
unlike the supermassive Population III stellar precursors of DCBHs, Supermassive Dark
Stars do not require very high accretion rates to remain cool. Therefore, in view of all the
points above, an SMDS seed is a more flexible model for the formation of the most massive
high-z quasars.

We would like to comment below on the possible differences between the accretion
rates onto the SMDSs and those onto the BHs they form. For instance, in Fig. 5 there are
two significant differences in the growth pre- and post- BH formation. First of all, pre-BH
formation the mass growth is linear with time, in view of the constant accretion rates. After
the BH forms, we assume it can start accreting at its Eddington limit (for reasons explained
below). As a consequence, the mass growth is exponential. Moreover, as can be seen from
the discontinuity (at zpp) in the slopes of the mass growth curves in Fig. 5 and the left
panel of Fig. 6, the accretion rates onto the DS (c) are smaller than the accretion rate onto
the BH, when it formed, at zpy;. Pre- BH formation, the accretion rates are limited by the
stellar feedback. Since a SMDS shines at the Eddington limit, this feedback is quite strong.
Once the SMDS dies, and with it the stellar feedback vanishes, the newly formed BH can
now accrete the baryons surrounding it more efficiently, up to its Eddington limit. Another
possible reason for this sudden increase in the accretion rates would be due to a fresh supply
of baryons in the vicinity of the newly formed BH. This could be a consequence of a merger,
as in the scenario we propose in Sec. 4.1 of the main body of this paper. Lastly, we point out
that the success of our model does not hinge upon an increase in the accretion rates post
BH formation. For example, in Fig.6 (right panel) the stellar accretion rates smoothly match
the Eddington accretion at the moment the BH forms. By slightly adjusting our parameters
(zBH, Z form, €) we could have also envisioned a situation where the accretion rate drops (to
the Eddington limit of the BH) after the collapse of the DS to a BH, while still being able to
explain UHZ-1 and the other high-z quasars considered.

Appendix D. Collapse of SMDSs via mergers of halos

First, any individual star moving in a field of stars experiences dynamical friction [139].
In this collisionless medium case, the star is decelerated due to the fluctuating gravitational
field in which it moves. In our merger scenario, this would be relevant if the halo with
which the DS host halo merges will have formed stars before the mergers (see Fig. 7). Note
that the formalism developed in [139] also covers the case of dynamical friction when a star
is moving with respect to a Dark Matter halo, as would be the case for a SMDS host halo
merging with another DM halo, irrespective of its contents. Second, a massive star moving
in a gaseous medium can also experience dynamical friction, as a consequence of the
gravitational attraction between the massive star and its wake in the ambient medium [140].
In our merger scenario, if the DS hosting halo merges with a cold DM halo (in which the
gas clouds have not yet collapsed to the point of forming stars), this type of dynamical
friction could be relevant. Lastly, the companion halo could host a very massive central

°  Such a mechanism is required in the DCBH scenario.
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object itself, such as a Black Hole that has grown via accretion (or even another SMDS).
During these types of mergers, massive central objects usually orbit each other, since they

lose sufficient energy to dynamical friction'’

and thus become gravitationally bound [e.g.
141,142]. Typically they start orbiting when separated by as much as a few tens of kpc, lose
energy (i.e. orbits shrinking) via dynamical friction, and eventually merge [e.g. 142]. Thus,
during those orbits each of the two massive objects would no longer be perfectly aligned
with the center of its respective DM halo, or with the center of the newly formed merged
DM halo.

We estimate below the effects of moving a SMDSs about 10A.U.s from the its location
at center of its host DM halo. This corresponds to shifting the SMDSs by a distance
comparable to its radius. DM heating is controlled by the square of the DM density (see
Eq. Al). To a good approximation the DM density in the vicinity of the SMDSs scales with
distance from the DM halo center as r 19 [12,50]. Therefore, the DM heating inside of
the Dark Star is reduced by a factor of (20/10) 3% ~ 0.07. In other words, the DM now
provides less than 10% of the heating needed to sustain the SMDSs. Of course, during the
two halo merger, the DM densities can be enhanced as well. Assuming those two halos are
similar, this enhancement would be by a factor of ~ 2. Thus, in this case the DM heating is
reduced by a factor of 22 x 0.07 ~ 0.28, which is still quite important.

This significant reduction in the DM heating should lead to a collapse of the SMDSs
to a SMBH], since such massive objects, once the fuel is reduced, collapse directly to Black
Holes. As a consequence of the merger, in addition to the collapse of the SMDS to a
SMBH, an episode of rapid star formation, i.e. a starburst, is triggered in the vicinity of
the SMBH [e.g. 82-86]. Moreover, the reservoir of baryons in the vicinity of the SMDS is
replenished now via the merger. Thus, the SMBH can continue to grow at the Eddington
rate, and be observed as the X-ray portion of the UHZ1 radiation. The stellar population
embedded in those two merging halos is responsible for the majority of the IR observed
data. In Fig. 7 we present a schematic representation of the scenario discussed above. Or,
there could already be one halo in which the SMDS has already collapsed to a SMBH, and
that halo then merges with another. The merger then creates a starburst in addition to the
SMBH that was already there.

10" In this scenario dynamical friction can be caused by either stars, gas, or colisionless Dark Matter.
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