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The first stars to form in the history of the universe may
be powered by Dark Matter annihilation rather than by
Fusion. Dark stars are made almost entirely of
hydrogen and helium, with dark matter constituting
0.1% of the mass of the star).

This new phase of stellar evolution may last millions to billions of
years

Dark Stars can grow to be very large: up to ten million times the
mass of the Sun. Supermassive DS are very bright, up to ten
billion times as bright as the Sun

Once the Dark Matter runs out, the DS has a fusion phase
before collapsing to a big black hole: IS THIS THE ORIGIN OF
SUPERMASSIVE BLACK HOLES?



Basic Picture

The first stars form at z=10-20 in 106 Msun
minihaloes, right in the DM rich center.

Made of hydrogen and helium only from the Big
Bang.

As a gas cloud cools and collapses en route to star
formation, the cloud pulls in more DM gravitationally.

DM annihilation products typically include e+/e- and
photons. These collide with hydrogen, are trapped
Inside the cloud, and heat it up.

At a high enough DM density, the DM heating
overwhelms any cooling mechanisms; the cloud can
no longer continue to cool and collapse. A Dark Star
IS born, powered by DM.
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Dark Matter Power vs. Fusion

« DM annihilation is (roughly) 100% efficient in
the sense that all of the particle mass is
converted to heat energy for the star

* Fusion, on the other hand, is only 1% efficient
(only a fraction of the nuclear mass is released
as energy)

* Fusion only takes place at the center of the star
where the temperature is high enough; vs. DM
annihilation takes place throughout the star.



Three Conditions for Dark Stars
(Spolyar, Freese, Gondolo 2007 aka Paper 1)

 2) Annihilation Products get stuck in star
?

» 3) DM Heating beats H2 Cooling ?
New Phase
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Three Conditions for Dark Stars
(Spolyar, Freese, Gondolo 2007 aka Paper 1)

* |) Sufficiently High Dark Matter Density
YES

» 2) Annihilation Products get stuck in star ?

YES: we used Pythia and Demanded 80
radiation lengths

« 3) DM Heating beats
H2 Cooling ? YES

New Phase
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Challenging to form 10 M@ s~

X-B Wu et al. Nature 518, 512-515 (2015) doi:10.1038/nature14241
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ABSTRACT

Quasars are the most luminous non-transient objects known, and as such, they enable un-
paralleled studies of the universe at the earliest cosmic epochs. However, despite extensive
efforts from the astronomical community, the quasar ULAS J1120+0641 at z = 7.09 (hereafter
J1120+0641) has remained as the only one known at z > 7 for more than half a decade’. Here
we report observations of the quasar ULAS J134208.10+092838.61 (hereafter J1342+0928) at a
redshift of z = 7.54. This quasar has a bolometric luminosity of 4 x 10> L., and a black hole mass
of 8 x 108 M. The existence of this supermassive black hole when the universe was only 690
Myr old, i.e., just 5% its current age, reinforces early black hole growth models that allow black
holes with initial masses > 10*M.%° or episodic hyper-Eddington accretion®-5. We see strong
evidence of the quasar’s Ly emission line being absorbed by a Gunn-Peterson damping wing
from the intergalactic medium, as would be expected if the intergalactic hydrogen surround-
ing J1342+0928 is significantly neutral. We derive a significant neutral fraction, although the
exact value depends on the modeling. However, even in our most conservative analysis we
find xy, > 0.33 (x> 0.11) at 68% (95%) probability, indicating that we are probing well within the
reionization epoch.




OBSERVING DARK STARS
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James Webb Space
§ | elescope;

Supermassive Dark Stars:
They would be a billion times brighter than the Sun
But the same temperature as the Sun.



! JWST detection limits
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i|With Capture

0.0 0.5 1.0
|°910)‘obs(ﬂ- m)




Mps=1.66Mg Extended AC NIRCam H,s, Dropout
20

30




Upper limits on numbers of SMDS detectable with JWST as Hiso dropout

Mps(Mg) Formation Scenario  Bounds from HST NFOV — Nmulti

DS obs oba
10 Extended AC Maximal Bounds <1 10
108 With Capture Maximal Bounds 2 32
107 Any Maximal Bounds <1 ~1
106 Extended AC Intermediate 45 709
106 With Capture Intermediate 137 2128
107 Any Intermediate 4 64
10° Extended AC Number of DM halos 28700 444750
10° With Capture Number of DM halos 28700 444750
107 Any Number of DM halos 155 2400

Table 3. Upper limits on the number of SMDS detections as Hyxp dropouts with JWST. In first three rows (labeled "Maximal Bounds”)
we assume that all the DS live to below z=10 where they would be observable by HST, and we apply the bounds on the numbers of DS
fsmps from HST data in Section The middle three rows (labeled ”Intermediate”) relax those bounds by assuming that only ~ 10~2
of the possible DS forming in z=12 haloes make it through the HST observability window. For comparison we also tabulate in the last

three rows the total number of potential DM host halos in each case. We also split the number of observations in two categories, NEOV
and N4 The first assumes a sliver with the area equal to the FOV of the instrument (9.68 arcmin? ), whereas in the second we
assume multiple surveys with a total area of 150 arcmin® . Note that for the case of the 10"M; SMDS the predictions are insensitive

to the formation mechanism.
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Criteria for hi-z objects to be
Supermassive Dark Star candidates
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SEDs of supermassive dark stars of three different masses, as labeled. We assume a 100 GeV WIMP DM particle, following [24].
Left panels: SMDS formed via capture with M, = 4.1 x 10%,10%, 10 M, effective temperatures Tepr = 4.9,5.1,5.1 X 10*K,
and radii of R, = 1.8,2.7,8.5AU respectively. Right panels: SMDS formed via Extended AC with M, = 2 x 10%, 10°%,10°M,
effective temperatures T.;; = 1.0,1.4,1.9 x 10K, and radii of R. = 31,39,61AU respectively. Top panels are fluxes for rest
frame wavelengths up to 10um, whereas in the lower panels we zoom in the red boxed regions of the spectra. Those correspond
to rest frame wavelengths that can be probed with the Grism on RST (shaded with clay color) and JWST NIRSpec (shaded
with yellow) respectively, assuming ze.,; >~ 10. Note that the JWST region extends over all the wavelengths shown in the plot

(the yellow JWST region merely looks obscured by the darker clay color of RST). The vertical line in the top panels represents
the wavelength of the Lyman-alpha line, which is relevant since for objects at redshifts higher than z ~ 6 the flux at shorter
wavelengths than the Ly-a line is highly suppressed via the Gunn-Peterson trough effect due to the neutral H gas abundant
in the Intergalactic Medium at z 2 6. The most significant spectral features from SMDSs are the He II absorption lines at
0.1640pm, marked in the standard notation as He IT 1640Ain the lower two panels.




SMDS fits to JWST photometric data
(brightness in 9 wavelength bands)




ADES-213 a5 a 10°m, SMDS with Capture JADES-212 as a 5 x 10°M., SMDS with AC JADES-211 as a 10°sm, SMDS with AC

L
imu
105 4 14
1
17.5
16C 4 )
13
17.0
1.5% 9 12
LR Y 12 089
X, 1301 % = it =
16.0 10
1.45 4 11
155 071
140 4
10
150 g
1.35 4
064
145 09
llc - - v v s v v v -
132 134 135 138 140 142 144 146 115 120 125 130 135 140 105 110 115 120 125 130 135

JADES-211 . = 1166, 4=079 7 = 1223, 1M, SMDS Spect-um

W o

I
S HETTHE

-

.|
1:
f

Flax |nly!

Flux Injy!
Flux Injy!

2 3 o
Wavelength lumi Wavelsngth Lmi Wave ergth (pm)

FIG. 1. (Top Row) Optimal fit regions in the z vs p (magnification) parameter space for Supermassive Dark Star fits to
JADES-GS-z11-0 , JADES-GS-z12-0 , and JADES-GS-z13-0 photometric data. The heatmap is color coded according to the
value of the x?, and is cut off (grayed out) at the critical value corresponding to 95% CL. In addition to labeling the object,
the title in each panel includes the the mass and formation mechanism for the SMDSs model considered. (Bottom Row) For
each case we plot our best fit SEDs against the photometric data of [25] in each band (color coded and labeled in legend).
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Criteria for hi-z objects to be
Supermassive Dark Star candidates




A.J. Bunker et al.: JADES Spectroscopy of GN-z11
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Fig. 1. 2D (top) and 1D (bottom) spectra of GN-z11 using PRISM/CLEAR configuration of NIRSpec. Prominent emission lines present in the
spectra are marked. The signal to noise ratio (SNR) of the continuum is high and the emission lines are clearly seen in both the 1D and 2D spectra.




Best bet to distinguish SMDS
vs. early galaxies

Hell 1640 absorption line is smoking gun
for SMDS.

Need to get better spectra: take data for a
longer time, find a highly magnified object

Also: Since SMDS are point object, maybe
find Airy (diffraction) pattern if it's a strong
signal (magnified bright object)

Also: at lambda>5 micron, spectra differ!












The dark matter can play a crucial role in the first
stars. Though made of hydrogen and helium, they
may be powered by DM heating rather than fusion

Dark stars may be very massive (up to ten million
Mg) and bright (up to ten billion solar luminosities),
and can be precursors to Supermassive Black Holes

SMDS may already have been discovered by JWST;
need to find He absorption line as smoking gun

SMDS are also detectable in Roman Space
Telescope

WIMPs and their properties could first be detected
by discovering Dark Stars



