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Abstract

The James Webb Space Telescope (JWST) has recently conducted observations of massive galaxies at high
redshifts, revealing a notable anomaly in their star formation efficiency (SFE). Motivated by the recent
identification of three ~10°M.., dark star candidates, we investigate whether dark stars can be the origin of the SFE
excess. It turns out that the excess can be reproduced by a group of dark stars with M > 10° M., because of their
domination in generating primary UV radiation in high-redshift galaxies. The genesis of these dark stars is
attributed to the capture of weakly interacting massive particles within a mass range of tens of gigaelectronvolts to
a few teraelectronvolts. However, if the top-heavy initial mass function of dark stars holds up to ~10° M., the relic
black holes stemming from their collapse would be too abundant to be consistent with the current observations of
massive compact halo objects. We thus suggest that just a small fraction of SFE excess may be contributed by the
very massive dark stars, with the majority likely originating from other sources, such as the Population III stars, in

view of their rather similar UV radiation efficiencies.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Star formation (1569); Dark matter (353);

Supermassive black holes (1663)

1. Introduction

The observations by JWST in the high-redshift Universe have
posed significant challenges to the prevailing ACDM model of
galaxy formation (M. Haslbauer et al. 2022; M. Boylan-Kolc-
hin 2023; I. Labbé et al. 2023; N. Menci et al. 2024; J. C. Wang
et al. 2024a; M. Xiao et al. 2024). These observations have raised
two key challenges for theoretical frameworks explaining galaxy
formation: first, the elevated stellar-mass density is observed in
JWST high-redshift galaxies at z > 6 (M. Boylan-Kolchin 2023;
I. Labbé et al. 2023; Colgdin et al. 2024; M. Xiao et al. 2024); and
second, the abundance of bright galaxies at z > 10 is higher than
the prediction of the ultraviolet luminosity functions (UV LFs)
under the ACDM framework (R. P. Naidu et al. 2022; R. Bouw-
ens et al. 2023; R. J. Bouwens et al. 2023; C. T. Donnan et al.
2023; S. L. Finkelstein et al. 2023; C. C. Lovell et al. 2023;
T. Morishita & M. Stiavelli 2023; P. G. Pérez-Gonzilez et al.
2023; N. J. Adams et al. 2024; Y. Harikane et al. 2024,
D. J. McLeod et al. 2024). Both challenges can be attributed to an
observed excess in star formation efficiency (SFE). The SFE
excesses may be caused by the high formation efficiency of the
first stars (or Population III stars) in the early galaxies (K. Inayoshi
et al. 2022; L. Y. A. Yung et al. 2024) or several alternative
scenarios, such as feedback-free star formation activities (A. Dekel
et al. 2023), dust-free star formation activities, or the presence of a
stellar top-heavy initial mass function (IMF; S. L. Finkelstein et al.
2023; Y. Harikane et al. 2024) in the early Universe. However,
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these alternative models struggle to reconcile the observed high
SFE approaching 100% at z>10 in JWST observations.

Dark stars, which inhabit the first dark matter (DM) halos or
minihalos in the high-redshift Universe, are fueled by heating
from DM (K. Freese et al. 2008, 2016; Y. Wu et al. 2022; F. Iocco
& L. Visinelli 2024; S. Zhang et al. 2024). This heating may
originate from the gravitational attraction of DM and the
annihilation of DM particles, such as weakly interacting massive
particles (WIMPs), which can be captured through elastic
scattering with baryonic matter (K. Freese et al. 2010). In the
early Universe, DM densities were enhanced by a factor of
(I + 2)° at redshift z, suggesting a condition favoring the
formation of dark stars (K. Freese et al. 2016). However, before
the launch of JWST, identifying dark stars was challenging, due to
the lack of very-high-redshift observations. Moreover, the outer
atmospheric properties of dark stars show similar characteristics
compared with those of stars undergoing nuclear reactions,
enhancing the difficulty of identification. The dark star observa-
tional features might include supermassive dark stars (F. Iocco
et al. 2008; A. Natarajan et al. 2009; E. Zackrisson et al.
2010a, 2010b; C. Ilie et al. 2012; K. Freese et al. 2016), the
extragalactic infrared background light (A. Maurer et al. 2012),
the extragalactic gamma-ray background (P. Sandick et al.
2011, 2012; Q. Yuan et al. 2011), remnant black holes following
the demise of dark stars (C. Ilie et al. 2023), the influence of dark
stars on the Universe's reionization process (D. R. G. Schleicher
et al. 2009; P. Scott et al. 2011; P. Gondolo et al. 2022; W. Qin
et al. 2024), and so on.

Recently, three potential supermassive dark star candidates
have been identified by JWST (C. Ilie et al. 2023), for which
the power sources are rooted in the annihilation of DM particles
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rather than nuclear fusion (K. Freese et al. 2016). Supposing
supermassive dark stars indeed exist, a population of dark stars
living within the very-high-redshift galaxies could influence the
UV LFs of galaxies. If the light outputs of these dark stars can
be comparable with normal stars, the formation and evolution
of galaxies will be affected in the early Universe. In this work,
we investigate the possible net contribution of the dark stars to
the overall SFE.

In Section 2, we model the UV LFs of high-redshift galaxies
observed by JWST, considering both dark star and normal star
populations. In Section 3, we analyze the abundance of massive
compact halo objects (MACHOs) and examine the possibility
that they originated from the collapse of dark stars. We then
compare the UV LF model with the UV LF data obtained from
JWST. Section 4 presents the conclusions and discussions. The
cosmological parameters used in this work include H, =
67.36kmMpc ' s, ©,, = 0.3135, and 2, = 0.6847 (Planck
Collaboration et al. 2020). The absolute bolometric magnitude
system (J. B. Oke & J. E. Gunn 1983) is adopted in this work.

2. Observational Data and Fitting SFE Model
2.1. Observational Data

To avoid the problem of overlapping sky maps, we have
carefully selected the high-redshift UV LF data (9 > z > 4) from
various sources. These sources encompass data from the Hubble
Space Telescope (R. J. Bouwens et al. 2021), the Subaru/Hyper
Suprime-Cam survey and CFHT Large Area U-band Survey
(Y. Harikane et al. 2022a), the Spitzer/Infrared Array Camera
(R. A. A. Bowler et al. 2020), and JWST (C. T. Donnan et al.
2023; T. Morishita & M. Stiavelli 2023; P. G. Pérez-Gonzalez
et al. 2023; N. J. Adams et al. 2024). For higher redshifts (z > 11),
where the luminosity contribution of dark stars is considered in our
model, we adopt the UV LF data from relevant JWST literature
(Y. Harikane et al. 2022b, 2023; R. Bouwens et al. 2023;
R. J. Bouwens et al. 2023; C. T. Donnan et al. 2023; P. G. Pérez-
-Gonzélez et al. 2023; C. M. Casey et al. 2024; S. L. Finkelstein
et al. 2024; D. J. McLeod et al. 2024). To ensure the reliability and
coherence of our data set, we have excluded any candidates
identified as low-redshift objects (Y. Y. Wang et al. 2023) and
removed samples that are already covered in the JWST deep fields.

2.2. SFE Model

The star formation rate (SFR) can be determined from the
UV luminosity using the relation (P. Madau & M. Dickin-
son 2014)

SFRyv(M, yr=) = Kuy
x Lyy (erg s~ Hz™Y). €))

Here, Kyy represents the conversion factor, which depends on
the stellar populations of galaxies (P. Madau & M. Dickinson
2014). In the standard scenario, this conversion factor takes the
value Kyy = 1.15 x 10722 M, yr~!/(erg s Hz™ '), assuming
a Salpeter IMF within the mass range of 0.1-100 M,
(E. E. Salpeter 1955). For extremely metal-poor (Z=0)
Population III stars characterized by a Salpeter IMF spanning
50-500 M, the reported conversion factor decreases to
280 x 107 M, yrfl/(erg s"'Hz™') (K. Inayoshi et al.
2022). In our analysis, we estimate the conversion factor using
the mass-to-luminosity ratio of dark stars, assuming a power-
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law IMF with ¢(m) o m >'7 (see Appendix A for details).
We find that the conversion factor for dark stars aligns
closely with that of Population III stars. Conse-
quently, we adopt the conversion factor Kyy = 2.80 x
1072° M, yr=!/(erg s~ Hz™!) to fit the UV LF data.

We employ an extensive model of galaxy evolution to
analyze the UV LF and explore the evolution of the SFE. The
SFR is derived from the accretion rate of baryons and the total
SFE, expressed as

SFRuy = fiox X Mp, fiox =J5 + fos ()

where fs (fps) represents the SFE of stars (dark stars), and M,
is the baryon accretion rate of the galaxy, which can be derived
from the accretion rate of the DM halo:

My = f, x My, (3)
Qp

= — = 0.156. 4

T O @

The accretion rate of the DM halo M, can be obtained by
simulation (P. S. Behroozi & J. Silk 2015).

Due to the differences in physical processes, the formation
efficiency of stars fg and dark stars fps in Equation (2) may
differ in definitions. Observations have indicated that stars form
in the dense, cold, molecular phase of the interstellar medium.
Current detections support a (nearly) universal low SFE in
Equation (5) in the nearby galaxies and indicate that the
temperature of dust/gas will influence the SFE. The energy
injection from radiation processes like reionization, stellar
winds, supernovae, and active galactic nuclei will negatively
affect the SFE fs (R. S. Somerville & R. Davé 2015;
R. H. Wechsler & J. L. Tinker 2018). In this work, the SFE
fs is calculated using a parametric formula dependent on the
DM halo mass within the extensive model of galaxy evolution
(R. H. Wechsler & J. L. Tinker 2018):

26N

In this expression, ey denotes the normalized constant, M| is the
characteristic mass, where the SFE is equal to ey, M, is the halo
mass, and (3, -y are slopes determining the decrease in SFE at low
and high masses, respectively. The characteristic mass of the DM
halo is set to be M; = 10'> M., as suggested in Y. Harikane et al.
(2022a) and Y. Y. Wang et al. (2023).

However, dark stars are thought to be powered by DM
annihilation at the galaxy's center. Therefore, their formation
efficiency is likely to be strongly correlated with the mass of the
DM halo. Compared with normal stars, the formation efficiency of
dark stars is more reliant on the density of DM, which is directly
linked to the mass of the DM halo. Given the absence of mature
simulations or analytical theories on this topic, it becomes
necessary to define a new formation efficiency function specifically
for dark stars. For characterizing the formation efficiency of dark
stars, we utilize a power-law model, expressed as

M, “Tps
st = fDS(ﬁh) s 6)

1

s = &)

where epg is the normalization constant, M, is the characteristic
mass, and pg is the slope governing the dark star SFE across
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different halo masses. As shown in Equation 6, the dark SFE
Jps is assumed to have a monotonically incremental relation-
ship with the DM halo mass M,,.

Population III stars are believed to form in low-metallicity gas
clouds within DM minihalos (S. Glover 2013; J. L. Johnson 2013;
R. S. Klessen & S. C. O. Glover 2023). However, the details need
to be better understood, and it is likely that the formation
efficiency is related to the mass of the halo. Consequently, we
assume that the formation efficiency of Population III stars is
analogous to that of dark stars, as outlined in Equation (6). In our
analysis, we utilize the conversion factor Kyy=
2.80 x 107® M., yr~'/(erg s"'Hz™") for both dark star and
Population III SFE models to fit the UV LF data. The primary
distinction between the dark stars and Population III stars in this
study lies in their IMFs: Population III stars have a mass range of
50 < M, <500 M., with a Salpeter IMF ¢(m) < m~>>°, while
dark stars have a mass range exceeding 500 M, and follow a top-
heavy IMF ¢(m) o< m ™.

According to Y. Y. Wang et al. (2023), the theoretical model
of UV LFs can be written as

dM
Muv) = oMy) | —— |, ™)
uv
where | d‘jg[" | is the Jacobi matrix mapping from ¢(M,) to
uv

®(Myy), and Myy is the dust-corrected or intrinsic magnitude,
depending on whether the dust attenuation effect is considered
or not. The halo-mass number density function ¢(M},) is from
the number of DM halos per unit mass per unit comoving
volume:

dlno
—, (8)
dlnM,,

dn Po
- :M P o
amgy, ¢ )‘

where p, is the mean density of the Universe and o is the rms
variance of mass, which is determined by the linear power
spectrum and the top-hat window function. The linear power
spectrum can be computed using the transfer function provided
by the public Code for Anisotropies in the Microwave
Background (CAMB; A. Lewis et al. 2000). The mass function
f(o) of DM halos is from the high-resolution N-body
simulations in D. S. Reed et al. (2007). In detail, ¢(M,,) can
be derived by the public package HMFCALC (S. G. Murray
et al. 2013) conveniently. Assuming M,, distributes over a wide
range from 107 to 10'® M, with a tiny bin (log,y AM;, = 0.01),
the absolute magnitude (Myy) of the corresponding galaxy for
each DM halo (M;,) can be derived from Equations (1)—(6).
Therefore, the term of % in Equation (7) can be calculated by

the differentials of M, and Myy. After building such a
connection between M, and Myy, the UV LF model can be
constructed by Equation (7).

2.3. Fitting Results

All of the variable parameters in Equations (2), (5), and (6)
can be estimated by fitting the observations of the UV
luminosity functions with Equation (7). In Bayesian analysis,
the likelihood function follows an asymmetric normal
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Figure 1. The fitting results of UV LF observations within the redshift range of
approximately 4-9. All of the solid lines represent the optimal fits for the
complete data set, with data points derived from observations. In the subfigure,
the light blue region illustrates the comprehensive posterior distribution of SFE.

distribution because of the asymmetric uncertainties of these
real data:

N
£ =] AN () = e di), ©

where AN is the asymmetric normal distribution, f(x;) are the
observed UV LFs at magnitudes x;, y; are the model values, and
¢; and d; represent the deviation and the skewness of the
distribution, respectively, which can be obtained from the
asymmetric errors of the observation (i.e., Equation (14) of
B. Kiziltan et al. 2013). We use the nested sampling method
and adopt Pymultinest (J. Buchner et al. 2014) as the sampler to
calculate the posterior distributions of the parameters. In the
Pymultinest framework, the comparison of the models is
assessed through the computation of the Bayesian evidence, as
detailed by F. Feroz et al. (2009) and J. Buchner et al. (2014).
The Bayesian evidence, denoted as Z, is given by the
following integral:

Z= fﬁ((—))ﬂ(@)dDG, (10)

where © represents the set of parameters within the model, 7™
(®) is the prior probability distribution, and D signifies the
dimensionality of the parameter space.

In the range of 4 < z< 9, we assume a constant ey value for
SFE to estimate the contribution of the Population II star
formation. When fitting the UV LFs, we only consider the
Population II SFR (i.e., we discard the dark star part of
Equation (2): SFRyy = fg X M,,, where the Population II SFE
fs is defined by Equation (5)). As shown in Figure 1, the SFE is
constrained within a tight range, resulting in the well-fitted UV
LFs. Table 1 shows the best-fit values and posterior distribu-
tions of the parameters of the Population II SFE model. The
best-fit values of the parameters are taken from posteriors
corresponding to the maximum likelihood. The 1o range of the
fitting error of the parameter in the tables is the 68% credible
level of the posterior distribution. Subsequently, the best-fit
values are used to calculate the SFE of Population II stars at
z2 10. The remaining contribution to the SFR is attributed to
the formation of dark stars. In Equation (2), we introduce fpg to



THE ASTROPHYSICAL JOURNAL, 980:249 (15pp), 2025 February 20 Lei et al.
Table 1
The Best-fit Values and Posterior Results of the Population IT SFE Parameters at 4 <z <9
Redshift Best-fit Values Posterior Results at 68% Credible Level In(2)
€N B Y €N I Y
4-9° 0.158 0.564 0.580 0.157-5391 0.564709%8 0.577793% 1258.46
Note.

# In the range of 4 < z <9, we fit the data with a Population II SFE, without considering dark stars (or Population III stars).

represent the efficiency of dark star formation. In the analysis,
we specifically extrapolate the Population II star formation
contribution to the UV LF at redshifts z ~ 11-14 using the
fitting results from the redshift range z ~ 4-9. The SFE
parameters that describe the contribution of Population II stars
are fixed to the best-fit values at z~ 4-9, which are listed in
Table 1. The remaining contributions at z ~ 11-14 are then
attributed to dark stars (or Population III stars) and fitted using
a power-law model specific to these populations. This method
allows us to isolate the contribution of dark stars (or Population
IIT stars) and assess their influence on the UV LF at these
elevated redshifts.

Figure 2 shows the UV LF and SFE models at redshifts of
z = 11, 12, 13, and 14. The blue and red bands depict the
68.3% posterior regions of the Population II Star 4+ Dark Star
(or Population IT + IIT Star) models, including two cases with
and without the effects of dust attenuation, respectively. We
also applied the Population II Star + Dark Star model to fit the
UV LF at redshifts around z ~ 10. However, our results indicate
that the SFE of the dark stars (or Population III stars) is a feeble
contribution, which is ~2dex lower than other redshifts
(z > 10). Because the z ~ 10 UV LF can be fitted well without
the dark stars (or Population III stars), we show the UV LF data
and fitted models at z ~ 11-14 in Figure 2. The black dashed-
dotted line represents the UV LF model without dark stars (or
Population III stars), derived from the best-fitted UV LF model
in the redshift bin z ~ 4-9.

The derived model lines are significantly lower than the
high-redshift JWST UV LF data, indicating a significant
transition from the low- to the high-redshift range. The tension
between the UV LF model and the data becomes more
pronounced at higher redshifts, reaching approximately
~2dex/~3dex at z ~ 13/z ~ 14, respectively. Specifically,
the bright end of the UV LF exhibits a larger tension in each
redshift bin. The Population II Star 4+ Dark Star (or Population
IT 4 III Star) scenario provides a good fit for the current data,
with dark stars playing a dominant role. The higher UV
radiative efficiency of dark stars leads to a lower SFE fitting the
UV LF. The posterior distributions of the SFE model can be
found in Figure 4 of Appendix B.

Table 2 presents the best-fit values of the dark stars' (or
Population III stars’) formation parameter and the posterior
results of the SFE model parameters. We also plot the corners
of the posteriors in Figures 5 and 6 in Appendix B. The dark
red regions of the three depths in the corner plots of Figures 5
and 6 represent 68%, 95%, and 99% confidence intervals,
respectively. The black crosses are the positions of the best-fit
parameters. Even if the best-fit parameter is within the 68%
credible interval on the two-dimensional corner plot, the best-fit
value of a single parameter may deviate from the 68% credible
interval because of the non-Gaussian posterior distribution. The
fitted dark star (or Population III star) formation efficiencies,
denoted as epg, for the redshift bins around z ~ 13 and z ~ 14

are higher than those for the bins around z ~ 11 and z ~ 12.
This trend is in agreement with the UV LF models depicted in
Figure 2. However, we also see that the number of UV LF data
points for z ~ 13 and z ~ 14 is very small, so more data are
needed for more robust investigations in the future.

The Bayesian evidence is a metric that quantifies the relative
fit of two models to the data, with higher values indicating
superior performance on the data set. By examining the log-
evidence values for the various models presented in Table 2,
we are able to assess the impact of including or excluding dust
attenuation in our UV LF model fits. The Bayes factor (B),
defined as the ratio of the evidence for two models, is a
standard tool for gauging the relative support for one model
over another: B = % As demonstrated, the differences

in the log-evidence \b/alues for our models, expressed as
In(B) = In(Z,) — In(Z}), are less than 1.0 when comparing fits
with and without consideration of dust. This suggests that our
model fits are robust and not significantly influenced by the
inclusion of dust extinction effects, as the Bayes factors do not
exceed 3, indicating no strong evidence in favor of one model
over the other.

3. Constraint of MACHOs from Dark Stars’ Collapse

According to the observations summarized in M. Volonteri
et al. (2021), there are two key facts regarding the low spatial
density of massive black holes in the Universe: (1) the local
Universe's abundance of massive black holes is estimated to be
ngy ~ 0.01-0.001 Mpc 3, which is relatively low compared to
the population of stars (also see J. E. Greene et al. 2020); and
(2) luminous quasars at redshifts around z ~ 6 are quite rare,
with a density of ngy ~ 107° Mpc_3 (for the details, please see
X. Fan et al. 2001). These observations suggest that massive
black holes are not as prevalent as one might expect in the
Universe's population of celestial objects.

In addition to the number density of massive black holes,
other works constrain the proportion of black holes in the halo
mass of galaxies. The constraints on the fraction of black holes
in DM halos are more straightforward in limiting dark star
formation, because the dark SFE in our work is described as a
power-law model connected with the DM halo-mass function.
Thus, we searched for possible constraints on the black hole
fraction in the halo. Three constraints are suitable for this work
because of the mass range and physical properties: (1) the
constraint on black holes or compact DM with microlensing
events near the cluster strong-lensing critical curves (M. Oguri
et al. 2018); (2) the constraint from MACHO DM will
dynamically heat the star cluster near the center of the ultrafaint
dwarf galaxy (T. D. Brandt 2016); and (3) the constraints from
the heat transfer between MACHOs and stars caused by
gravitational scattering (P. W. Graham & H. Ramani 2024).

The Population III stars within the mass range of
140 < M, <260 M, (A. Venditti et al. 2024) will not form
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Figure 2. The UV LFs of galaxies at high redshift (z > 10), as observed by JWST, alongside model predictions. The UV LF data are compiled from diverse projects
conducted with JWST (Y. Harikane et al. 2022b, 2023; R. Bouwens et al. 2023; R. J. Bouwens et al. 2023; C. T. Donnan et al. 2023; P. G. Pérez-Gonzalez et al. 2023;
C. M. Casey et al. 2024; D. J. McLeod et al. 2024). The 68.3% posterior regions of the Population II Star + Dark Star (or Population II + III Star) models, with and
without dust, are represented by blue and red stripes, respectively. The black dashed—dotted line represents the predicted high-redshift Population II star model, which
is derived from the extrapolation of low-redshift (z ~ 4-9) fitting results. The SFE models for both dark stars and Population II (Population III) stars are assumed to be

identical.

black holes. Instead, they will experience the pair-instability
supernova process, which leads to the ejection of most of their
mass. However, dark stars with higher masses (=500 M) will
contribute to the population of MACHOs and provide minimal
mass feedback to their surroundings.

After the deaths of those dark stars, the black holes formed can
potentially be detected as sources of MACHOs. Those constraints
derived from various experiments (T. D. Brandt 2016; M. Oguri
et al. 2018; P. W. Graham & H. Ramani 2024) are depicted in
Figure 3.

The transformation from the SFE and IMF to the halo
fraction of black holes is estimated with the best-fitted effective
SFEs of dark stars. The best-fitted effective SFEs of dark stars
(epserr) correspond to the max likelihood curves in the
effective halo-mass regions in Figure 4 (red or blue for cases
with or without dust). The mass fraction of the relic black holes

can be estimated via (i.e., following B. Carr et al. 2021)

éo¢(m)m2)

tot

P(m) = eps, effﬁ,( (11)

where M, is the total mass of the dark stars in Equation (A2).

The solid boxes in Figure 3 are the different halo fractions of
the best-fitted SFEs of different mass ranges of IMFs
(500-10* M, and 500-10° M..) in the z ~ 14 UV LF data set
in cases without dust, corresponding to the deep red band in
Figure 4. The orange dashed box is the mass fraction of the
Population III stars within the mass range of 50-500 M., that
can explain the SFE excesses at z > 10. The dotted boxes are
the allowed mass fractions of dark stars in the lower ranges of
mass or SFE according to the constraints of MACHOs. The
halo fractions of black holes from dark stars in conditions with



THE ASTROPHYSICAL JOURNAL, 980:249 (15pp), 2025 February 20

100
Caustic Crossing. -~~~ N
z
= 102
o 10
c
[
a)]
o
@©
I 10}
Y
o
c
2
b an o
@© 406} = DS,500~10"Mo :-
s DS, 500 ~ 105Mo
Poplll, 50 ~ 500Mo
DS, 500 ~ 950M4 . z ~ 14, without dust
"% DS, 500 ~ 10*Mo, SFE x 10% .-
L% DS, 500 ~ 10°Mo, SFE x 1%." "
1 0—8 L R N N
10! 102 103 10 10° 108

Mg (Mo)

Figure 3. Constraints on the halo-mass fraction of dark stars. We adopt the
results derived from various sources, including caustic crossings of strong-
lensing arcs (M. Oguri et al. 2018), ultrafaint dwarf galaxies (UFDs;
T. D. Brandt 2016), and dynamic heating of UFDs (P. W. Graham &
H. Ramani 2024). The colorful boxes in solid lines represent the fraction results
of the dark stars’ relic black holes of the best-fit SFEs of JWST UV LF z ~ 14
data, corresponding to the deep red band in Figure 4 of Appendix B. The
orange dashed box is the mass fraction of the Population IIT stars model within
the mass range of 50-500 M. The dotted boxes are the allowed mass fractions
of dark stars in the lower-mass range (500-945 M) or SFE (x10% within
500-10* M, and x 1% within 500-10° M_.).

Table 2
The Best-fit Values and Posterior Results of the Dark Star (or Population IIT
Star) SFE Parameters at 11 < z< 14

Best Fit Posterior®

z In(2)
€ps bs €Ds s

With Dust

11 0.076 0.520 0.05979913 0.4697538 79.76

12 0.005 0.004 0.02470933 0.4747013¢ 58.75

13 0.179 0.335 0.06309% 0.293+0:138 34.84

14 0.201 0.296 0.103+0:0%¢ 0.241+31% 18.49

Without Dust

11 0.004 0.003 0.0127534 0.452+9321 79.40
12 0.063 0.558 0.025%93% 0.469791% 59.29
13 0.164 0.353 0.06670938 0.30979152 35.60
14 0.080 0.161 0.09075:9% 0.249+9197 18.52
Note.

 The listed errors of the posterior results are at the 68% credible level.

or without dust are similar, thus we show only the z ~ 14 result
in the case without dust.

It is worth noting that the viability of a substantial fraction of
very massive dark stars (i.e., >IO4M@) may face challenges
imposed by some constraints. As shown in the red and orange
solid boxes in Figure 3, the relic black holes of dark stars with
the top-heavy IMF have been excluded by the constraints of
MACHOs. Due to the top-heavy IMF, the population of dark
stars is dominated by supermassive members up to 10* or
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10° M.... Therefore, excluding the fraction of the massive part
means the whole population is excluded by the constraints. To
avoid the current constraints, the mass range of dark stars needs
to be limited to 500-945 M., (the dotted cyan box in Figure 3).
The dotted sky blue (deep blue) box in the mass range
500-10* M., (500-10° M) is the halo fraction of dark stars
one-tenth (one-hundredth) lower than the halo fraction of the
best-fitted SFE result. In that case, the SFE of the dark star
needs to be much lower than the required values that can
explain the JWST observations. However, the dark star mass is
higher than ~10° M. from fitting the high-redshift-galaxy
spectrum when the dark stars are considered as the primary UV
radiation sources (see Figure 10); the details are described in
Appendix C. Hence, the excess of SFE cannot be explained by
the dark stars, because no appropriate mass range is allowed in
the MACHO constraints and spectrum fitting.

Although the estimated mass ranges of dark stars derived
from UV LFs have been nearly excluded, dark stars still have a
slim chance of survival. When the formation efficiency of dark
stars becomes lower, such constraints from MACHO become
less effective. For example, in a 10'° M, DM halo, the mass of
the host galaxy is 10® M., and the fraction of the halo density of
a dark star with mass ~10° M, is ~1073, which is much lower
than the current MACHO constraints. Therefore, the dark star
can form in high-redshift galaxies indeed, but it is hard to
explain the excess of SFE in JWST UV LF data.

In Section 2.2, we assumed that Population III stars and dark
stars have the same SFE model but different IMFs. The
Population III stars are expected to form in the dense region at
high redshift. It may be possible to explain the excess of SFE
without extra limitations from MACHOSs. The solid boxes in
Figure 3 illustrate the best-fitted fractions of Population III
stars. However, given the current lack of clarity regarding the
IMF and other specifics of Population III star formation, this
analysis serves as a preliminary exploration of the data. For a
more robust conclusion, future data and simulations are needed.

4. Discussion

In this study, we have evaluated the potential contribution of
massive dark stars to the JWST UV LFs at extremely high
redshifts. Our findings indicate that massive dark stars, with
masses exceeding 1000 M, which capture WIMPs as DM,
could serve as a UV source in galaxies. This population could
potentially account for the excess in SFE observed at redshifts
z ~ 11-14. Nevertheless, current astrophysical constraints on
the fraction of black holes within DM halos, derived from
strong-lensing perturbations and galactic dynamics, impose
stringent bounds on the formation efficiency of dark stars.
Consequently, we propose that dark stars likely contribute a
minor fraction to the observed SFE excesses.

Note that some interesting models have been proposed to
account for the observed excesses in SFE. These include the
roles of early dark energy (S. A. Adil et al. 2023; P. Wang et al.
2024) and dynamical dark energy (N. Menci et al. 2024), which
might have influenced the expansion rate of the Universe
and thus the formation of structures. Primordial black holes
(B.-Y. Su et al. 2023; G.-W. Yuan et al. 2024) are other
candidates that could contribute to the gravitational potential
wells necessary for star formation. Furthermore, the nature of
DM itself is a subject of ongoing debate (F. Nesti et al. 2023).
Warm DM (H. Lin et al. 2024) and ultralight DM (Y. Gong
et al. 2023; S. Bird et al. 2024) are alternatives to the cold DM
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paradigm, potentially affecting the distribution and dynamics of
matter in the early Universe. Cosmic strings (H. Jiao et al.
2023; Z. Wang et al. 2023), relics from phase transitions in the
early Universe, could also play a role in structure formation. In
addition to these, other mechanisms such as feedback-free
processes (A. Dekel et al. 2023; Z. Li et al. 2024) and
Population III star formation (K. Inayoshi et al. 2022;
L. Y. A Yung et al. 2024) should be considered. These
mechanisms could provide alternative explanations for the
high-redshift SFE excesses and should be distinguished from
the new physics mentioned above in future studies.
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Appendix A
UV-luminosity-to-SFR Conversion Factor Cyy

The Kyyv can be calculated by two methods: spectrum
integrations or the mass-to-luminosity ratio (M/L). Previously,
Y. Harikane et al. (2023) used spectral synthesis code to search
for Population III stars in the first galaxies. The M/L is also
used to roughly estimate the luminosity arising from the IMFs
in galaxies (A. Venditti et al. 2024).

To compare the dark stars and Population III stars at high
redshifts, we calculate the M/L of dark stars and Population IIT
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stars to derive the UV-luminosity-to-SFR conversion factor:

ML = Mo (A1)
tot
The total mass of a given IMF is
Mo = [ &gmemy dm, (A2)

Miow

where my;, is the upper truncation of stellar mass, mq,, is the
lower truncation of stellar mass, & is a consistence, and ¢(m) is
the IMF. The Salpeter IMF and top-heavy IMF are of the same
type ¢(m) < m~“ with a different slope «. The index is
a = 2.35 for the Salpeter IMF and is o = —0.17 for the top-
heavy IMF used in A. Venditti et al. (2024). In this work, we
use a top-heavy IMF with o = —0.17 for calculating the M/L
of the dark stars. The IMF slope a = 2.35 is used for
Population III stars, which corresponds to a conversion
factor Kyy = 2.80 x 1072 M, yr=!/(erg s"'Hz™!) used in
K. Inayoshi et al. (2022) and Y. Y. Wang et al. (2023).

For the Population III stars and dark stars with m > 50 M,
the total luminosity of the population with a given IMF is

Lo= [ " &Lmom) dm. (A3)
Miow
where L(m) is the standard mass-to-luminosity relation of
Population III stars or dark stars.

For dark stars and Population III stars, L(m) is derived from
the interpolation of the Hertzsprung—Russell (H-R) diagrams in
K. Freese et al. (2010) and R. S. Klessen & S. C. O. Glover
(2023), respectively.

With the above equations, we can calculate the /Cyy of the
dark stars:

Kuv,ps _ _(M/L)ps
Kuvpopm ~ (M/L)popm

Table 3 shows the UV-luminosity-to-SFR conversion factor
Kyv of stars, Population III stars, and dark stars. The values of
Population II/T stars and Population III stars are taken from
K. Inayoshi et al. (2022). For dark stars, we calculated the
values of two IMFs with the above method. Following K. Ina-
yoshi et al. (2022), we also gave the values of nyy and €, 1,q in
Table 3. K. Inayoshi et al. (2022) defined the nyy as

_ Luvy, ~
v = SR where v, >~ 8.3 eV corresponds to the character-

istic UV wavelength )\ = 1500 A. The Exrad = sélli-vcz

defined as the UV radiative efficiency of star formation for a
given SFR by K. Inayoshi et al. (2022).

(A4)
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Table 3
UV-luminosity-to-SFR Conversion Factor of Stars, Population III Stars, and Dark Stars
Population Type IMF Type Miow Myp «@ V4 Kuv My € ad
M, yr ! ergs” D '
(M@) (M@) (ZG) (ergs™ Iz~ ]) (Mg yr— 1y
Stars® Salpeter 1x10°! 1 x 10% 235 0.02 1.26 x 10728 7.94 x 107 279 x 1074
Stars® Salpeter 1 x10! 1 x 10* 2.35 0.0004 1.07 x 1078 9.32 x 107 328 x 1074
Population I1I° Salpeter 5 x 10 5 % 10* 2.35 0 2.80 x 107% 3.57 x 103 126 x 1073
DS, w Cap m, = 10 Gev Power law 5 x 10° 1 x 10° -0.17 0 2.79 x 107*° 3.59 x 10°* 127 x 1077
DS, w Cap m, = 100 Gev Power law 5 x 10% 1 x 10° -0.17 0 2.59 x 107%° 3.86 x 10%® 1.36 x 1072
DS, w Cap m, = 1 Tev Power law 5 x 107 1 x 10° —0.17 0 2,70 x 107%° 3.70 x 10%® 1.31 x 1072
DS, w Cap m, = 10 Gev Power law 5 x 10° 1 x 10* -0.17 0 3.88 x 107 2.58 x 107 9.10 x 10°*
DS, w Cap m, = 100 Gev Power law 5 x 107 1 x 10* -0.17 0 3.59 x 107%° 2.78 x 107 9.82 x 107*
DS, w Cap m, = 1 Tev Power law 5 x 10 1 x 10* -0.17 0 330 x 107% 3.03 x 10%® 1.70 x 1073
DS, wo Cap m, = 10 Gev Power law 5 x 10 1 x 10° -0.17 0 2.28 x 10°%° 4.38 x 10%® 1.55 x 107°
DS, wo Cap m, = 100 Gev Power law 5 x 10° 1 x 10° -0.17 0 2.58 x 107*° 3.88 x 10°* 137 x 1077
DS, wo Cap m, = 1 Tev Power law 5% 107 1 x 10° -0.17 0 2.76 x 107%° 3.62 x 10%® 1.28 x 107?
DS, wo Cap m, = 10 Gev Power law 5% 107 1 x 10* —0.17 0 1.63 x 10°%° 6.14 x 107 2.17 x 107
DS, wo Cap m, = 100 Gev Power law 5% 107 1 x 10* —0.17 0 2.87 x 107 3.48 x 107 123 x 107?
DS, wo Cap m, = 1 Tev Power law 5 x 10% 1 x 10* -0.17 0 3.12 x 107% 321 x 10%® 113 x 107°
Notes.
Luv,ig

# K. Inayoshi et al. (2022) defined the nyy as Moy = g

, where 1y ~ 8.3 eV corresponds to the characteristic UV wavelength Ay = 1500 A

® The €xrad = % is defined as the UV radiative efficiency of star formation for a given SFR by K. Inayoshi et al. (2022).

¢ The values are taken from K. Inayoshi et al. (2022).

The result for Cyy shows a similar UV emission capability
in different WIMP DM masses or upper limits of dark star
masses, which is in a range of 0.7—1.7 times compared with the
Population III stars. It shows similar properties of dark stars
and Population III stars in the high-redshift galaxies.

The Kyy values of the dark stars are similar to those of
Population IIT stars, which are lower than Population II/T stars.
Meanwhile, the UV emission efficiency e, ;g of the dark stars
is similar to that of Population III stars, which is higher than
Population II/T stars. That indicates a lower SFE in fitting the
UV LFs with a yy of the dark stars or Population III stars
compared with Population II/I stars at lower redshift.

Appendix B
SFE Result of UV LF Fitting

At the redshift range from 4 to 9, the profiles of Population II
SFEs are assumed to be uniform and independent of redshift
increasing. As shown in Figure 1, the SFE is constrained in a
tight range and the UV LFs are fitted well. At higher redshifts,

z > 10, the contribution of the Population II stars’ component
to the total SFE follows the results in Figure 1. Therefore, the
dark stars (or Population III stars) contribute the extra
component of the total SFE.

Figure 4 shows the best-fit SFE models in different redshift bins
with dark stars (or Population III stars) with dust attenuation and
without dust attenuation. The blue or red dashed lines show the
68% SFE of Population II stars in a range of z ~ 4-9 with or
without dust, respectively. The colored region of the solid line
shows the best-fit 68% SFE model of dark stars (or Population III
stars). Our result indicates that the presence of dark stars (or
Population III stars) could reduce the high rate of star formation
required for JWST galaxy observations, which is consistent with
the current efficiency (~16%).

We also plot the corners of the posteriors in Figures 5 and 6.
The dark red regions of the three depths in the corner plots of
Figures 5 and 6 represent 68%, 95%, and 99% confidence
intervals, respectively. The black crosses are the positions of the
best-fit parameters.
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Figure 4. Best-fit SFE models in different redshift bins with dark stars (or Population III stars), with and without dust attenuation. The blue or red dashed lines show
the 68% SFE of Population II stars in a range of z ~ 4-9 with or without dust, respectively. The blue or red regions show the 68% best-fit SFE model of dark stars with
or without dust.
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Figure 5. The posteriors of dark star or Population III star SFE models considering dust attenuation. The dark red regions of the three depths in the corner plots are
labeled with 68%, 95%, and 99% confidence intervals, respectively. The black crosses are the positions of the best-fit parameters.

Appendix C
Constraint on Dark Star Properties with JWST Spectrum

The properties of dark stars can be effectively constrained
through the fitting of spectra obtained from high-redshift galaxies
at z > 12. At such high redshift, the galaxy spectrum may be
dominated by massive dark stars when the stellar populations
within the galaxy consist of a mixture of traditional stars and dark
stars. By analyzing the spectrum of high-redshift galaxies, it
becomes possible to constrain both the DM mass and the dark
stars. In this context, we perform a fitting procedure for the dark
star temperature, assuming that the UV radiation is primarily
governed by the presence of massive dark stars.

As a pertinent example, JADES-GS-z13-0 stands out as a
spectrum-confirmed galaxy positioned at a redshift of z =13.2,

10

characterized as a metal-poor young galaxy (E. Curtis-Lake
et al. 2023). Its NIRSpec data have been made publicly
available in M. Rieke et al. (2023) and A. J. Bunker et al.
(2024) and the data reduction processes can be found in
D. J. Eisenstein et al. (2023) and F. D’Eugenio et al. (2024).
We leverage this galaxy spectrum to fit the parameters
associated with dark stars and WIMPs. This data set provides
a valuable opportunity to refine our understanding of the
physical characteristics of dark stars and their interplay with
WIMPs in the high-redshift galaxy environment.

We rescale the dark stars’ blackbody spectral model
(BBps) with varying temperatures and the young stellar spectra
from Bagpipes to achieve a matching flux of fluxjs00 A=

6.56 x 102! erg s~! cm™2 A for the galaxy JADES-GS-
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Figure 6. The posteriors of dark star or Population III star SFE models without considering dust attenuation. The dark red regions of the three depths in the corner
plots are labeled with 68%, 95%, and 99% confidence intervals, respectively. The black crosses are the positions of the best-fit parameters.

z13-0 spectrum at 1500 A. The flux at 1500 A is calculated
using a ~200 A top-hat filter, represented by the purple band in
Figure 7. Subsequently, we performed a fitting procedure to
determine the temperature 7 of BBpg(7) and the fraction of
dark star UV radiation at 1500 A (Rps). The priors of Rpg and
log(7T) are uniform distributions within the specified ranges.

With the fitting results of the JWST UV LFs of z > 10
galaxies, we derive the range of prior fractions for the UV
radiation of dark stars at 1500 A (Rps):

. Jos., Kuvs S
Rps.m, = e e ,
Jos.m, Kuv.s + fsar, Kuv.ps

(C5)

11

where fpg ), is the SFE of the dark stars at a halo mass M}, in
Equation (6), Kyvs is the UV-luminosity-to-SFR conversion
factor of stars, and Kyyps is the UV-luminosity-to-SFR
conversion factor of dark stars. For the redshift bin z ~ 13,
we set the prior of Rpg as ~0%—84.5%.

We use the galaxy spectrum Bayesian analysis tool Bagpipes
(A. C. Carnall et al. 2018, 2019) to construct the spectrum
of a galaxy with young stellar populations. For modeling
the dark star spectrum, we use a blackbody model (BBpg). To
specify the properties of the young stellar component, we
assign an age of approximately ~200 Myr, corresponding to the
onset of star formation at a redshift of z ~ 25. The metallicity of
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Figure 7. The JWST /NIRSpec spectrum and best-fit spectrum model of JADES-GS-z13-0. The yellow solid line shows the young-stellar-component contributions to
the galaxy model from the software Bagpipes (A. C. Carnall et al. 2018, 2019). The solid or dotted blue lines are the absorbed or unabsorbed blackbody models of
dark stars, respectively. The cyan solid line is the best-fit total spectrum model in this work. The red error bars are the NIRSpec spectrum of the galaxy. The NIRSpec
data have been released in A. J. Bunker et al. (2024). The purple band is a filter window at 1500 A with width 200 A.
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Figure 8. The posteriors of fitting the galaxy spectrum of JADES-GS-z13-0.

the young stellar populations is set as log(Z/Z.) = —1.69
(E. Curtis-Lake et al. 2023). The nebular ionization emission is
determined by the ionization parameter logU; following
E. Curtis-Lake et al. (2023), we estimate it with metallicity:

logl; = —3.638 + 0.055Z + 0.68Z2. (C6)

The total flux of the galaxy at wavelength ); is given by the
equation
fluxor,n; = Rpsfluxppg ).z

+ (1 — Rps)fluxys »,. (C7)

12

Although dark stars can emit UV photons with higher energy
than 13.4 eV, the far-UV radiation will be absorbed by the
neutral intergalactic medium (IGM). Thus, we calculate an
accurate profile of the damping wing of the Gunn—Peterson
trough caused by a homogeneous neutral IGM. Following
J. Miralda-Escudé (1998), the optical depth of the Ly«
damping-wing absorption is described by a exponential index
T(AN):

X dx x9/2

(1 —x)?

where 6 >~ AN/[Ao(1 + z9)], x1 = (1 + z,)/[(1 + z-)(1 + )],
z, = 13.20 is the source redshift, z, = 13.17 is the redshift of
the foreground neutral IGM that is constrained by E. Curtis-
Lake et al. (2023), x, = (1 + 6) !, and the integral is given by
J. Miralda-Escudé (1998):

9
fxz dx x2 x%
> =
o =07 Tox

ran = ey g [

X1

(C8)

7 5 1
+gx7+§x§+ X2+ 9x2 —flog j
X2
(€9
Hence, the total flux of the galaxy spectrum model is
Fluxe ), = ¢ "V fluxgr - (C10)

In the fitting procedure, we first fitted the dark star
parameters Rps and 7. After correcting the IGM absorption
with Equation (C10), the total best-fitted flux needs a total shift
into a more well-fitted case, because the above scaling gf the
blackbody and young stellar spectra is limited in a ~200 A top-
hat filter. We then used a total flux amplitude to fit the best-
fitted spectrum model including BBps(T) and young stellar
spectra. The best-fit amplitude of the total spectral model is
0.65 £ 0.04 at the 1o confidence level.
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Figure 9. H-R diagram of dark stars and the posteriors of the dark stars’ temperature with JWST spectrum of JADES-z13. The H-R diagram is reproduced from
K. Freese et al. (2010). The red regions with different depths are the 68%, 95%, and 99.7% posterior regions of the dark star temperature, by fitting the spectrum of the

object JADES-z13.

In Figure 7, we present the JWST/NIRSpec spectrum and its
best-fit model parameters, with the posteriors of the two
parameters Rpg and T being shown in Figure 8. Furthermore,
we display the H-R diagram of dark stars and the posteriors of
the dark stars’ temperature with the JWST spectrum of JADES-
z13 in Figure 9.

In Figure 7, the best-fit model and the JWST/NIRSpec
spectrum are presented, revealing the dominance of the dark
star in the galaxy spectrum, with the stellar component
contributing secondarily in the UV band. Figure 8 displays
the posteriors of the two parameters Rps and 7, indicating a
blackbody temgerature of the dark stars’ surface in the galaxy
at ~5.75 x 10" K. Furthermore, the estimated fraction of UV
radiation contributed by the dark stars in the galaxy is
approximately 59%.

Appendix D
The Properties of WIMP DM

The properties of dark stars are intricately linked to the
particle mass of WIMPs. In the study conducted by K. Freese
et al. (2010), dark stars’ physical characteristics are explored
under two scenarios: one “with capture” and the other “without

13

capture.” To visualize the distribution of dark stars in the H-R
diagram, we present Figure 9. The dark stars, with varying
masses, exhibit distinct temperatures and luminosities on the
H-R diagram. Leveraging this diagram, we constrain the
parameters of the WIMP DM and the mass of the dark stars.
The results, particularly for the “with capture” scenario, are
displayed in Figure 10. Notably, our finding underscores the
necessity of very massive dark stars, exceeding ~10°M_.,, due to
the strong suppression of the luminosity at lower masses (see
also Figure 9 in Appendix C). Conversely, in the case of
“without capture,” no suitable parameter region was identified.

Our results presented in Figure 10 indicate a preference for
WIMPs with masses ranging from tens of gigaelectronvolts to a
few teraelectronvolts. Intriguingly, this range aligns with the
gigaelectronvolt gamma-ray excess observed in the inner
Galaxy (D. Hooper & L. Goodenough 2011; B. Zhou et al.
2015), the possible antiproton excess (M. Y. Cui et al. 2017),
and the W-boson mass anomaly (CDF Collaboration et al.
2022). The consistent interpretation of these phenomena as the
annihilation of ~50-70 GeV WIMPs (Y. Z. Fan et al. 2022;
C. R. Zhu et al. 2022) adds support to the hypothesis that the
annihilation of WIMPs can fuel the dark stars discussed in this
study.
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Figure 10. The posterior distribution of the dark stars' parameter Mpg and the mass parameter n, for WIMPs.
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