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Dark Stars

The first stars to form in the history of the universe may
be powered by Dark Matter annihilation rather than by
Fusion (even though the dark matter constitutes less
than 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 a
billion times as bright as the Sun. These can be seen in James
Webb Space Telescope, sequel to Hubble Space Telescope.

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?



First Stars: Standard Picture

Formation Basics:
— First luminous objects ever.
Atz =10-50
Form inside DM haloes of ~108 M
Baryons initially only 15%
Formation is a gentle process

Dominant cooling Mechanism is
H2

Notavery good coolant Ly 1enbach and McKee ‘79




Hierarchical Structure
Formation

Smallest objects form first (sub earth mass)
Merge to ever larger structures

Pop Il stars (inside 10° M, haloes) first light
Merge — galaxies

Merge — clusters




Scale of the Halo

Cooling time is less than Hubble time.
First useful coolant in the early universe
IS H,

H, cools efficiently at around 1000K
The virial temperature of 10° M

~1000K



Thermal evolution of a primordial gas
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Eventually exceed
Jeans Mass
of 1000 Msun

Self- grav1tat1ng cloud
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Yoshida




0.01lpc

Fully-molecular core




A new born proto-star

with T» ~ 20,000K

r ~ 10 Rsun!




- Halo Baryonic Mass ~ 10~ M
| (Halo Mass 106 M)

« Jeans Mass ~10° M
!
 Initial Core Mass ~ 10~ M , _
With DM heating
feedback effects \I/ Much more massive

McKee and Tan 2008 Final stellar Mass?? /

100MStandard Picture 103- 10" M, Dark Star




WIMPs

Mass 1Gev-10TeV (canonical 100GeV)
Annihilation cross section (WIMPS):

<ov>  =3x10"cm’ sec

Same annihilation that leads to correct WIMP
abundance in today’s universe

Same annihilation that gives potentially
observable signal in FERMI, PAMELA, AMS



Why DM annihilation in the first
stars is more potent than in today's
stars: higher DM density

 THE RIGHT PLACE:

one single star forms at the center of a
million solar mass DM halo

 THE RIGHT TIME:

the first stars form at high redshift,
z = 10-50, and density scales as (1+z)"3




Basic Picture

The first stars form in a DM rich environment

As the gas cools and collapses to form the first
stars, the cloud pulls DM in.

DM particles are their own antipartners, and
annihilate more and more rapidly as the density
Increases

DM annihilates to e+/e- and photon endproducts
of 100 GeV (or so) which 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.



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



Dark Matter Heating

Heating rate:

2
Q. =n,<0v>xm,

Fraction of annihilation energy T =f Q
deposited in the gas: DMHeating ~— J Q =ann

43
Previous work noted thatat  1<10°cm 1/3 electrons

annihilation products simply escape 1/3 photons
(Ripamonti,Mapelli,Ferrara 07)

1/3 neutrinos




First Condition: Large DM density

DM annihilation rate scales as DM density
squared, and happens wherever DM density is
high. The first stars are good candidates: good
timing since density scales as (1 + 2)° and
good location at the center of DM halo

« Start from standard NFW profile in million solar
mass DM halo.

* As star forms in the center of the halo, it
gravitationally pulls in more DM. Treat via
adiabatic contraction.

* |If the scattering cross section is large, even
more gets captured (treat this possibility later).



A Time increasing

.. A Density increasing

Abel,Bryan, and Norman 2002
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Gas Profile
Envelope

Blue: Original NFW Profile
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Three Conditions for Dark Stars
(Paper 1)
* |) OK! Sufficiently High Dark Matter Density

* 2) Annihilation Products get stuck in star?

» 3) DM Heating beats H2 Cooling?
Leads to New Phase




Dark Matter Heating

Heating rate:

2
Q. =n,<0v>xm,

Fraction of annihilation energy T =f Q
deposited in the gas: DMHeating ~— J Q =ann

n<10*em™
Previous work noted that at 1/3 electrons

annihilation products simply escape 1/3 photons
(Ripamonti,Mapelli,Ferrara 07)

1/3 neutrinos




Crucial Transition

At sufficiently high densities, most of the annihilation energy is
trapped inside the core and heats it up

- : 3
mxz__ GeV — nz‘_09/cm

; 1 nl13 3
mxz__OO GeV - n=10"/cm

. 1 N15-16 3
mxz__OTeV . n=10"/cm

The DM heating dominates over all cooling mechanisms,
impeding the further collapse of the core



Three Conditions for Dark Stars
(Paper 1)

* 1) OKI! Sufficiently High Dark Matter Density

« 2) OK! Annihilation Products get stuck in star

%) DM Heating beats H2 Cooling?
New Phase
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At the moment heating wins:

« “Dark Star” supported by DM annihilation
rather than fusion

« They are giant diffuse stars that fill Earth’s orbit

m,~1 GeV core radius 960 a.u.  Mass 11 Mg

m,~100 GeV _ _core radius 17 a.u., . Mass 0.6 Mg
e i ruvver OF DARKNESS: DM IS <1% OT the mass

of the star but provides the heat source



DS Evolution (w/ Peter Bodenheimer)

Find hydrostatic equilibrium solutions
Look for polytropic solution, P — K,O
for low mass n=3/2 convective,

for high mass n=3 radiative

(transition at 100-400 M)

« Start with a few solar masses, guess the radius, see if
DM luminosity matches luminosity of star
(photosphere at roughly 6000K). If not adjust radius
until it does. Smaller radius means larger gas density,
pulls in more DM via adiabatic contraction, higher DM
density and heating. Equilibrium condition:

l;L)A4 — l;*

14+1/n



Building up the mass

Start with a few Mg Dark Star, find equilibrium
solution

Accrete mass, one Mg at a time, always finding
equilibrium solutions

N.b. as accrete baryons, pull in more DM, which
then annihilates

Continue until you run out of DM fuel

VERY LARGE FIRST STARS. Then, star
contracts further, temperature increases, fusion
will turn on, eventually make giant black hole



Dark Matter

1010 1011 1012 1018 1014
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DS Basic Picture

« We find that DS are:

— Massive: can grow to ten million Mg
— Large-a few a.u. (size of Earth’s orbit around Sun)
— Luminous: more than 107 solar
— Cool: 10,000 K vs. 100,000 K plus
* Will not reionize the universe.
— Long lived: more than 10° years, even till today?.

— With Capture or nonCircular orbits, get even more
massive, brighter, and longer lived



KEY POINT: As long as the star is Dark Matter
powered, it can keep growing because its surface is
cool: surface temp 10,000K (makes no ionizing photons)

Therefore, baryons can keep falling onto it without
feedback.

Previously, we considered spherical haloes and thought
the dark matter runs out in the core, making a small hole
In the middle with no dark matter. We made 1000 solar
mass DS.

Wrong: Haloes are triaxiall MUCH MORE DM is available
and the DS can end up Supermassive up to ten million
solar masses.

Second mechanism to bring in more dark matter: capture



Is there enough DM?

Spherical Halos

@ DM orbits are (Binney . ) .
& Tremaine '08). > ot /‘v{ 4 .\ XA o o
@ The Dark Star creates a loss cone that ' ,’;‘:C}\';

¢
. L O )
cannot be refilled. \Y/

Halos are actually Prolate-Triaxial
(Bardeen et al. '86).

@ Two classes of centrophilic orbits.
and orbits (Schwarzchild '79).

@ Traversing arbitrarily close to the

center and the loss cone. Chaotic Orbit

@ The loss cone could remain full for 10*
times longer than in the case of a
Spherical Halo (Merritt & Poon '04).




SUPERMASSIVE dark stars (SMDS)
from extended adiabatic contraction

* Previously we thought dark matter runs out in a million
years with 800 Mg, stars: end up with a donut, i.e., big
spherical halo of dark matter with hole in the middle

* But, triaxial haloes have all kinds of orbits (box orbits,
chaotic orbits) so that much more dark matter is in
there. Dark stars can grow much bigger and make
supermassive stars, 10°-10” M, last much longer, and
reach 109-10"" L. Some may live to today

* Visible in James Webb Space Telescope.

« Leads to (as yet unexplained) big black Holes.
Additional mechanism: see Umeda etal (JCAP 2009)
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Additional possible source of
DM fuel: capture

 Some DM particles bound to the halo pass
through the star, scatter off of nuclei in the star,
and are captured. (This it the origin of the
indirect detection effect in the Earth and Sun).

* Two uncertainties:

(I) ambient DM density (ii) scattering cross
section must be high enough.

* Whereas the annihilation cross section is fixed
by the relic density, the scattering cross section
IS a free parameter, set only by bounds from
direct detection experiments.
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Lifetime of Dark Star

The DS lives as long as DM orbits continue through
the DS or it captures more Dark Matter fuel: millions
to billions of years.

The refueling can only persist as long as the DS
resides in a DM rich environment, |.e. near the center
of the DM halo. But the halo merges with other
objects.

You never know! They might exist today.
Once the DM runs out, switches to fusion.



Star reaches T=107K, fusion sets in.

A. Heger finds that fusion powered stars
heavier than 153,000 solar masses are
unstable and collapse to BH

Less massive Pop lll star lives a million
years, then becomes a Black Hole

Helps explain observed black holes:

(1) in centers of galaxies

(i1) billion solar mass BH at z=6 (Fan, Jiang)
(iif) intermediate mass BH



SupperMassive Black holes from Dark Stars
Very Massive progenitor Million Solar Masses
No other way to form supermassive BH this early z=6

' Challenging to form 1010 M® .~
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An 800 million solar mass black hole in a
significantly neutral universe at redshift 7.5

Eduardo Banados'*, Bram P. Venemans?, Chiara Mazzucchelli’?, Emanuele P. Farina?,
Fabian Walter?, Feige Wang>*, Roberto Decarli>>, Daniel Stern®, Xiaohui Fan’, Fred
Davies®, Joseph F. Hennawi®, Rob Simcoe’, Monica L. Turner®!, Hans-Walter Rix2,
Jinyi Yang®*, Daniel D. Kelson', Gwen Rudie', and Jan Martin Winters''

'The Observatories of the Carnegie Institution for Science, 813 Santa Barbara St., Pasadena, CA 91101, USA
2Max Planck Institut fiir Astronomie, Kénigstuhl 17, D-69117, Heidelberg, Germany

3Department of Astronomy, School of Physics, Peking University, Beijing 100871, China

“Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, China

5INAF - Osservatorio Astronomico di Bologna, via Gobetti 93/3, 40129, Bologna, Italy

6Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109, USA
7Steward Observatory, The University of Arizona, 933 North Cherry Avenue, Tucson, AZ 85721-0065, USA
8Department of Physics, Broida Hall, University of California, Santa Barbara, CA 93106-9530, USA

“MIT-Kavli Center for Astrophysics and Space Research, 77 Massachusetts Avenue, Cambridge, MA, 02139, USA
10 as Cumbres Observatory, 6740 Cortona Dr, Goleta, CA 93117, USA

nstitut de Radioastronomie Millimétrique (IRAM), 300 rue de la Piscine, 38406 Saint Martin d'Héres, France
*ebanados@carnegiescience.edu

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®>. We see strong
evidence of the quasar’s Lya 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 xp, > 0.33 (xg > 0.11) at 68% (95%) probability, indicating that we are probing well within the
reionization epoch.




Observing Dark Stars

* Supermassive Dark Stars may be
detected in upcoming James Webb
Space Telescope

* One of JWST goals is to find first stars:
only if they are dark stars is this goal
realizable
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Formation rate of2.e7_1.e7Mg halos




{[Extended AC
i|With Capture
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Mps=1.e6Mg Extended AC NIRCam H,s, Dropout
20

Detection Limits for10% exposure

Detection Limits for10°s exposure




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

Mps(Mg) Formation Scenario  Bounds from HST ~ NEOV — Nmultd

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
108 With Capture Intermediate 137 2128
107 Any Intermediate 4 64
10° Extended AC Number of DM halos 28700 444750
108 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 Hyxg 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, N,V
and N 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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Figure 9. Radial, adiabatic pulsation periods as a function of DS mass for a WIMP
mass of 100 GeV and a DS forming in SMH. The periods are given in the restframe
of the DS. The curves are for different overtone number, from the fundamental radial
oscillation n = 1 (upper-most curve) to n = 8 (lower-most curve); see also Ref.[16].




Final Thoughts:

* The IMF of the first fusion powered
stars may be determined by the Dark
Matter encountered by their Dark Star

progenitors: as long as there is DM, the
DS keeps growing

* Depends on cosmological merger
details of early haloes, million to
hundred million solar mass haloes



* The dark matter can play a crucial role in
the first stars

* The first stars in the Universe may be
powered by DM heating rather than fusion

* These stars may be very massive (up to
10 million solar masses) and bright (up to
ten billion solar luminosities), can be

precursors to Supermassive Black Holes,
and can be detected by JWST

* WIMPs could first be detected by
discovering dark stars



