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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). 

THESE REALLY ARE STARS: atomic matter 
that shines due to dark matter, possibly a 
billion times as bright as the Sun 

•  This new phase of stellar evolution lasts 
millions to billions of years (possibly even to 
today) 

 



First Stars: Standard Picture 

•  Formation Basics: 
–  First luminous objects ever. 
–  At z = 10-50 
–  Form inside DM haloes of ~106 M¤ 
–  Baryons initially only 15%  
–  Formation is a gentle process  

     Made only of hydrogen and helium 
           from the Big Bang. 
     Dominant cooling Mechanism is  

       H2  
  Not a very good coolant 

 
 
 

(Hollenbach and McKee ‘79) 
Pioneers of First Stars Research: Abel, Bryan, Norman; Bromm, 
Greif, and Larson; McKee and Tan; Gao, Hernquist, Omukai, 
and Yoshida; Klessen; Nishii 



Outline 

•  The First Stars- standard picture 
•  Dark Matter 

•  The LSP (lightest SUSY particle)  

        Life in the Roaring 20’s 
•  Dark Star Born 
•  Stellar structure 
•  Dark Star can grow supermassive 
 and superbright 
•  When a dark star dies it becomes 
 a giant black hole (up to a billion solar masses) 
 
 



Hierarchical Structure 
Formation 

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

 Pop III stars  (inside 106 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 H2 . 
•  H2 cools efficiently at around 1000K 
•  The virial temperature of 106 M¤   

              ~1000K 
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A new born proto-star

with T* ~ 20,000K


r ~ 10 Rsun!




 Scales  

•  Halo Baryonic Mass ~ 105 M¤  
                                           ↓ 

•  Jeans Mass                ~ 103 M¤  
                                                           ↓ 

•  Initial  Core Mass     ~ 10-3 M¤  

                                                          

feedback effects   
McKee and Tan 2008 

100M¤Standard Picture 103 - 107 M¤ Dark Star 

With DM heating  
Much more 
massive 

↓ Accretion 
Final stellar Mass?? 

 

(Halo Mass 106 M¤)  



 Weakly interacting DM 

     Mass 1Gev-10TeV (take 100GeV) 
     Annihilation cross section (WIMPS): 
 
 
Same annihilation that leads to correct WIMP 

abundance in today’s universe 
Same annihilation that gives potentially 

observable signal in FERMI, PAMELA, etc 
 

€ 

<σv>ann=3×10−26cm3 /sec



WIMP Annihilation 
 
 
Many WIMPs are their own 
antiparticles, annihilate  
among themselves: 
• 1) Early Universe gives WIMP 
miracle 
• 2) Indirect Detection expts 
look for annihilation products 
• 3) Same process can power 
stars! 
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Annihilation Products 

•  1/3 electron/positrons 
•  1/3 gamma rays 
•  1/3 neutrinos 
•  Typical particles have energies roughly 

1/10 of the initial WIMP mass 
•  All of these are detectable! 



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 
       
 



DM annihilation in Today’s Stars: 
•  The Sun: (Krauss, KF, Press, Spergel 1985); 

ICECUBE looking for neutrinos 
•  Stellar Structure: (Bouquet and Salati 1989; 

Salati and Silk 1989) 
•  WIMP burners: white dwarfs near the Galactic 

Center (Moskalenko and Wai 2007) 
•  Compact objects: Bertone and Fairbairn 2008) 
•  Main Sequence Stars: (Edsjo, Scott, Fairbairn 

2007, 2008, 2009; Dark Stars code publicly 
available) 



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) 

•  I) Sufficiently High Dark Matter 
Density ? 

•  2) Annihilation Products get stuck in 
star ? 

•  3) DM Heating beats H2 Cooling ? 
          New Phase 



Dark Matter Heating 

Heating rate: 
 
 

 
Fraction of annihilation energy  
deposited in the gas: 
 
 
Previous work noted that at     
annihilation products simply escape 
(Ripamonti,Mapelli,Ferrara 07) 

€ 

Qann =nχ
2 <σv>× mχ

€ 

=
ρχ
2 <σv>
mχ

€ 

ΓDMHeating= fQ Qann

€ 

fQ :
1/3 electrons 
1/3 photons 
1/3 neutrinos 

€ 

n≤104cm−3



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                  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). 



€ 

ρ(r) =  ρο
r
rs

 (1+
r
rs

)2

NFW  Profile 

(Navarro,Frenk,White ‘96) 

Via Lactea 



DM Density Profile 
Conserving Phase Space 

•  Adiabatic contraction (Blumenthal, 
Faber, Flores, Primack prescription): 
– As baryons fall into core, DM particles 

respond to potential conserves Angular 
Momentum. 

•  Profile 
   that we find:   

€ 

r M(r) =  constant

€ 

ρχ (r) ~ r−1.9  Outside Core

€ 

ρχ(n)=5 GeV (n /cm−3)0.8

              (From Blumenthal, Faber, Flores, and Primack ‘86) 

Simplistic: circular orbits only. 



                 

Abel,Bryan, and Norman 2002 

é Time increasing 

é Density increasing 



Dark Matter Profile 

Z=19 Cvir=10 M=106 M¤ 

Blue: original profile 
Black: 107cm-3 

 Red: 1010cm-3 
Purple: 1013cm-3 
Green: 1016cm-3 

(Outer slope r-1.9, profile matches Abel, Bryan, Norman ‘02) 

€ 

ρχ(r)= r−1.9  Outside Core



DM profile and Gas 

Z=20  Cvir=2   M=7x105 M¤ 
 

Blue: Original NFW Profile 

ì 

Gas Profile 
Envelope 
í 

Black: 1016 cm-3 

Green: 1010 cm-3 

Red: 1013 cm-3 

Gas densities: 

íABN 2002 



How accurate is Blumenthal 
method for DM density profile? 

•  There exist three adiabatic invariants.  
•  Blumenthal method ignored the other 2 invariants. 
•  Following a more general prescription first 

developed by Peter Young: includes radial orbits 
–  If adiabaticity holds, we have    
   found the exact solution 

In collaboration with Jerry Sellwood 



Within a factor of two 

Solid-Young  

Dotted-Blumenthal 

Dashed-original NFW 

n.b. no dependence on NFW profile: even with 
 initial Burkert profile, essentially the same result 



Dark Matter Densities in the 
Stars 

•  Adiabatic Contraction 
•  See also work of Natarajan, O’Shea 

and Tan 2008, taking simulation results 
and extrapolating to also find large 
densities 

•  See also work of Iocco etal 2008 using 
O. Gnedin method 

•  All results agree 



Three Conditions for Dark Stars  
(Paper 1) 

•  I) OK! Sufficiently High Dark Matter Density 
•  2) Annihilation Products get stuck in star 
•  3) DM Heating beats H2 Cooling? 
                       Leads to New Phase 

Annihilation Products get stuck in star? 



Dark Matter Heating 

Heating rate: 
 
 

 
Fraction of annihilation energy  
deposited in the gas: 
 
 
Previous work noted that at     
annihilation products simply escape 
(Ripamonti,Mapelli,Ferrara 07) 

€ 

Qann =nχ
2 <σv>× mχ

€ 

=
ρχ
2 <σv>
mχ

€ 

ΓDMHeating= fQ Qann

€ 

fQ :
1/3 electrons 
1/3 photons 
1/3 neutrinos € 

n≤104cm−3



Crucial Transition 

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

•  When: 

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

mχ ≈1 GeV 

€ 

mχ ≈100 GeV 

€ 

mχ ≈10 TeV 
€ 

n ≈109/cm3

€ 

n ≈1013/cm3

€ 

n ≈1015−16/cm3

→ 

→ 

→ 



Three Conditions for Dark Stars   
(Paper 1) 

•  1) OK! Sufficiently High Dark Matter Density  
•  2) OK! Annihilation Products get stuck in star 
•  3) DM Heating beats H2 Coolin 
                          New Phase 

DM Heating beats H2 Cooling? 



DM Heating  dominates over cooling when the red lines 
cross the blue/green lines (standard evolutionary tracks from 

simulations). Then heating impedes further collapse. 

€ 

<σv>ann=3×10−26cm3 /sec
€ 

ΓDM ∝
<σv>
mχ

(Spolyar, Freese, Gondolo April 2007) 



New proto-Stellar Phase: 
fueled by dark matter 

•  Yoshida etal. 2007 

w/ N. Yoshida 
  ’07 



Dark Matter  Intervenes 
•  Dark Matter annihilation grows rapidly as the gas 

cloud collapses.  Depending upon the DM particle 
properties, it can stop the standard evolution at 
different stages. 

•  Cooling Loses! 

•  A “Dark Star” is born   
           (a new Stellar phase) 



At the moment heating wins: 

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

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

•  THE POWER OF DARKNESS: DM is only 2% of the 
mass of the star but provides the heat source 

•  Dark stars are heated by DM but are not dark:  
    they do shine, although they’re cooler than early stars 

without DM. We find: 

€ 

mχ ≈1 GeV

€ 

core radius  17 a.u.

Mass 11  M¤ 

€ 

mχ ≈100 GeV

€ 

core radius  960 a.u.

Mass 0.6  M¤ 

Luminosity 140 solar 



DS Evolution  
(w/ Peter Bodenheimer) 

•   DM heating disassociates molecular 
hydrogen, and then ionizes the gas 

•  Our proto star has now become a star. 
–  Initial star is a few solar masses 
– Accrete more baryons up to the Jeans 

Mass~1000M¤ 



DS Evolution (w/ Peter Bodenheimer) 
•  Find hydrostatic equilibrium solutions 
•  Look for polytropic solution, 
     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: 

   



DS Evolution (w/ Peter Bodenheimer) 
•  Find hydrostatic equilibrium solutions 
•  Look for polytropic solution, 
     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: 

   



Building up the mass 

•  Start with a few M¤ Dark Star, find equilibrium 
solution 

•  Accrete mass, one M¤ 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 



Following DS Evolution 

•  Gas Accretes onto 
molecular hydrogen 
Core, the system 
eventually forms a 
star. 

•   We then solve for 
stellar Structure by: 
–  Self consistently solve 

for the DM density  
and Stellar structure 

–  (Overly Conservative) 
DM in spherical halo. 
We later relax this 
condition 



779M ¤ 

DM runs out (716M ¤) 

Gravity turns on Low Temperature 104 K


High Temperature ~ 105 K




HERTZSPRUNG-RUSSELL DIAGRAM 
              FOR DARK STARS 



DS Basic Picture  

•  We find that DS are:"
–   Massive: more than 1000 M¤  
–  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 106 years. 
–  With Capture or nonCircular orbits, get even more 

massive, brighter, and longer lived 
 



How big do Dark Stars get? 
•  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 triaxial! 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 



 SUPERMASSIVE dark stars (SMDS) 
from extended adiabatic contraction 
•  Previously we thought dark matter runs out in a million 

years with 800 M¤ 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, 105-107 M¤, last much longer, and 
reach 109-1011 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)  



A particle that comes through the center of the DS can be annihilated. However, 
that particle was not on an orbit that would pass through the center again anyway.  
The next particle will come in from a different orbit. 



Super Massive DS due to extended adiabatic contraction since  
 reservoir has been replenished due to orbital structure 

Assuming all 
of the 
baryons can 
accrete in a 
106 M ¤ halo 



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. 

Freese, Aguirre, Spolyar 08; Iocco 08 



WIMP scattering off nuclei 
leads to capture of more DM fuel 

Some DM particles bound  
to the halo pass through  
the star, scatter off of  
nuclei in the star, and are  
captured. 
 
This is the same scattering 
 that COGENT, CDMS, XENON, 
 DAMA, CRESST, etc are looking for (Direct Detection) 



Capture Case  
H-R Diagram: 
 get SUPERMASSIVE 
       DARK STARS 
These are hotter and 
 harder to detect 

We could have equally 
varied 

the DM scattering cross-
section 

vs. the ambient DM density  

General 



Additional work on Dark Stars: 

•  Dark Star stellar evolution codes with DM 
heating in 25-300 solar mass stars of fixed 
mass through helium burning: case where DM 
power equals fusion: Iocco, Ripamonti, 
Bressan, Schneider, Ferrara, Marigo 2008;Yun, 
Iocco, Akiyama 2008; Taoso, Bertone, Meynet, 
Ekstrom 2008 

•  Study of reionization: Schleicher, Banerjee, 
Klessen 2008, 2009; Scott etal 2011 

•  Study of important effects on stellar evolution: 
Ripamonti, et al 09; Ripamonti etal 10 



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 

Cosmin 
Ilie, 
Paul 
Shapiro 

Pat  
Scott 



DS Spectrum from TLUSTY 
(stellar atmospheres code) 

  

n.b. DS are made  
of hydrogen and  
helium only 



Minihalo formation rate 

Shapiro, 
Iliev 



Dark Stars in HST 

A,B,C: zform=10,12,15 

Heaviest ones would be visible in 
HST as Jband dropouts 
(observable in 1.6 micron band 
but not in 1.25 micron band due 
to Ly-alpha absorption in the 
intervening gas), yet only one  
object was found at z=10. 
Thus we can bound the numbers 
of 10^7 solar mass SMDS. 



JWST filters 



SMDS in JWST 



DS in JWST 

Horizontal lines: 
10^4 and 
10^6 sec 
 exposures 



Million solar mass DS in 
JWST NirCam filters 



Million solar mass SMDS as 
H-band dropout 

(see in 2.0 micron but not 1.5 micron filter,  
          implying it’s a z=12 object) 



Numbers of SMDS detectable 
with JWST as H-band dropouts 

(see in 2.0 micron but not 1.5 micron filter, implying it’s z=12 object) 



SMDS as K-band dropout  
(see in 2.77 micron but not 2.00 
 micron filter, implying it’s a z=15 object) 



Number of SMDS detectable 
with JWST as K-band dropout 

(see in 2.77 micron but not 2.00 micron filter,  
implying it’s a z=15 object) 



Comparison of SMDS vs. 
early galaxies 

SMDS are brighter, have slightly different slope 



•  If followup spectroscopy is done on an 
object found as as dropout with JWST, 
the detection of a HeII1640 emission 
line or an H emission line would most 
likely indicate that the object is a Pop III 
galaxy with nebular emission rather 
than a SMDS 

 (Pawlik etal 2011; Zackrisson etal 2011) 
 



SMDS vs. early galaxies using 
Ygdrassil evolution code 





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, I.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. 



What happens next? 
BIG BLACK HOLES 

•  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 III star lives a million 
years, then becomes a Black Hole 

•  Helps explain observed black holes: 
•  (I) in centers of galaxies 
•  (ii) billion solar mass BH at z=6 (Fan, Jiang) 
•  (iii) intermediate mass BH 

. 



Black Hole remnants of dark 
stars 

•  These live till today, have DM spikes 
around them, that DM annihilates to 
observable signals in gamma rays and 
positrons (explains PAMELA?) 

•  FERMI has 368 unidentified point 
sources: can they be seeing these 
effects? 

•  Numbers of BH in Milky Way can be 
huge: millions between us and the GC! 



FERMI bounds on the fraction of 
minihaloes hosting dark stars 
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FERMI bounds on the fraction of 
minihaloes forming dark stars 
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Final Thoughts: IMF 

•  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 



Dark Stars (conclusion) 

•  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 large 
(1000-100,000 solar masses) and bright 
(million to ten billion solar luminosities) 
and can be detected by JWST 





THE END 


