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The original Pop III Dark Stars
The first stars to form in the universe may have been powered 
by dark matter annihilation instead of nuclear fusion. 

They were dark-matter powered stars or for short Dark Stars

• Explain chemical elements in 
old halo stars

• Explain origin of supermassive 
black holes in early quasars

Artist’s impression

Spolyar, Freese, Gondolo 2008
Freese, Gondolo, Sellwood, Spolyar 2008
Freese, Spolyar, Aguirre 2008
Freese, Bodenheimer, Spolyar, Gondolo 2008
Natarajan, Tan, O’Shea 2009
Spolyar, Bodenheimer, Freese, Gondolo 2009
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Preliminaries
Results

Background
Theory
Simulations

The idea in a nutshell (cartoon version)

Pat Scott IDM 2008 Main sequence dark stars at the Galactic Centre

Salati, Silk 1989
Moskalenko, Wai 2006
Fairbairn, Scott, Edsjo 2007
Spolyar, Freese, Aguirre 2008
Iocco 2008
Bertone, Fairbairn 2008
Yoon, Iocco,  Akiyama 2008
Taoso et al 2008
Iocco et al 2008
Casanellas, Lopes 2009

Galactic center example courtesy of Scott

Dark Matter Burners
Stars living in a dense WIMP environment may gather enough 
WIMPs and become Dark Stars

Dark Matter Burners Dark Stars

• Explain young stars at 
galactic center?

• Prolong the life of Pop III 
Dark Stars?
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How do WIMPs get into stars?

Some stars capture them later

Some stars are born with WIMPs

First stars (Pop III)
Sun

Stars living in dense dark matter clouds
(main sequence stars, white dwarfs,
neutron stars, Pop III stars)
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What do WIMPs do to stars?

“If heavy neutrinos exist, they would 
substantially affect stellar evolution.  
They could [...] provide an additional 
source of luminosity through 
annihilation, and increase the rate of 
energy transport.” 

Steigman, Sarazin, Quintana, Faulkner 1978
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What do WIMPs do to stars?
Provide an extra energy source

Gravitational systems like stars have negative heat capacity.
Adding energy makes them bigger and cooler.

May provide a new way to transport energy

Ordinary stars transport energy outward by radiation and/or convection. 
WIMPs with long mean free paths provides additional heat transport.

May produce a convective core (or become fully convective)

Very compact  WIMP distributions generate steep temperature 
gradients that cannot be maintained by radiative transport.
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The Hertzsprung-Russell diagram

HIPPARCOS
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Formation of ordinary stars

Hayashi
forbidden

region

Hayashi
track
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•                                       when object forms, dark matter is 
dragged in into deeper and deeper potential
- adiabatic contraction of galactic halos due to baryons

(Zeldovich et al 1980, Blumenthal et al 1986)
- dark matter concentrations around black holes

(Gondolo & Silk 1999) 

- dark matter contraction during formation of first stars
(Spolyar, Freese, Gondolo 2007)

•                                         dark matter scatters elastically off 
baryons and is eventually trapped
- Sun and Earth, leading to indirect detection via neutrinos

(Press & Spergel 1985, Freese 1986)

- stars embedded in dense dark matter regions 
(“DM burners” of Moskalenko & Wai 2006, Fairbairn, Scott, Edsjo 2007-09)

- dark matter in late stages of first stars
(Freese, Spolyar, Aguirre; Iocco; Taoso et al 2008; Iocco et al 2009)

• By gravitational contraction: 

• By capture through collisions: 

Two ways of gathering dark matter
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Dark Stars by capture

Previous use of  WIMP capture rates

Dark matter particles 
sink into the Sun where they 

transform into neutrinos

In equilibrium, the annihilation rate equals the capture rate, so 
the total WIMP luminosity equals mass x capture rate

High-energy neutrinos from the Sun
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The main sequence
shifts to lower temperatures 
and higher luminosities

Salati, Silk 1989
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1 M⦿/pc3 = 38 GeV/cm3

σ=4×10-36 cm2

v=300 km/s
ρ≤4×107 GeV/cm3

Dark Stars by capture
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Taoso, Bertone, Meynet, Ekstrom 2008

tracks of a star without WIMPs. An important difference
from standard evolution is that in the first phase, the
nuclear reactions are slowed down and therefore the core
H-burning lifetime is prolonged. For dark matter densities
!" ! 1:6 1010 GeV cm"3, the picture is qualitatively the

same, and for these models we only show in Fig. 1 the first
phases of the evolution. In Fig. 2, we show the core
temperature as a function of the DM density, at different
stages of the core H-burning phase. At high DM densities
hydrogen burns at much lower core temperatures than in
the usual scenario, until a certain mass fraction is reached,
e.g. Xc ¼ 0:3 for !" ¼ 1010 GeV cm"3 and the standard

evolutionary track is joined. For increasing DM densities
the nuclear reaction rate is more and more delayed until the
contraction of the star is inhibited, due to the high DM
energy accumulated, and the evolution is frozen. In Fig. 1
for !"¼2$1010 GeV cm"3 and !"¼3$1010 GeV cm"3

the stars seems to remain indefinitely at the ZAMS posi-
tion. In Fig. 3 we show the core H-burning lifetime as a
function of the DM density. In the case of a 20M% model,
for ! ! 109 GeV cm"3 the core H-burning phase is pro-
longed by less then 10% but the delay increases rapidly for
higher DM densities. Extrapolating the curve we determine
a critical density, !c ¼ 2:5$ 1010 GeV cm"3, beyond
which the core H-burning lifetime is longer than the age
of the Universe. All the calculations have been repeated for
the 200M% model and we find that both the 20M% and
200M% stars evolutions are stopped for DM densities

higher than 5:3$ 1010
!

#SD
p

10"38 cm2

""1
GeV cm"3: We have

also verified that the results weakly depend on the WIMP
mass, e.g. the core H-lifetime is modified by a factor 0.2%
and 5%, respectively, for m" ¼ 10 GeV and m" ¼
100 GeV, if !" ¼ 1010 GeV cm"3.

FIG. 2. Temperature of the core as a function of the DM
density for the 20M% model, at different stages of the core H-
burning phase. Xc denotes the mass fraction of hydrogen at the
center (Xc ¼ 0:76 at the beginning of the core H-burning phase).
WIMP parameters as in Fig. 1.

FIG. 3. Variation of the core H-burning lifetime as a function
of the WIMP densities for the Pop III 20 and 200M% models.
WIMP parameters as in Fig. 1.

FIG. 1 (color online). Evolutionary tracks of a Pop III 20M%
star for different WIMP densities (labels in units of GeV cm"3).
We have adopted a WIMP model with m" ¼ 100 GeV and

#SD
p ¼ 10"38 cm2.

DARK MATTER ANNIHILATIONS IN POPULATION . . . PHYSICAL REVIEW D 78, 123510 (2008)

123510-3

Main sequence star 
inside a WIMP cloud

Geneva evolution code

Lifetime longer than age of 
Universe for ρ≳5x1010 GeV/cm3

σSD=10-38 cm2

v=10 km/s
108 GeV/cm3 <ρ<1011 GeV/cm3

Dark Stars by capture
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Iocco, Bressan, Ripamonti, Ferrara, Marigo 2008

Zero metallicity star at redshift z≈20 Modified Padova stellar code

σSD=10-38 cm2

v=10 km/s
108 GeV/cm3 <ρ<1012 GeV/cm3

1662 F. Iocco et al.

ρ = 1011 GeV cm−3. The dotted lines mark the position of the star
when LDM/L∗ = 1 (i.e. at the beginning of the stalling phase), 0.5
and 0.1. As already discussed, for all the considered stellar models
the stalling phase takes place along the Hayashi track, and the timing
of the other benchmarked points can be inferred by comparison with
Fig. 3.

Following the stalling phase, these dark matter supported stars
continue their contraction. The SC mechanism becomes more rele-
vant as the density increases, and the SC rate grows. For our fiducial
set of DM parameters, stars with M∗ ! 30 M# develop a SC lumi-
nosity greater than the gravitational one before reaching the ZAMS,
and therefore do not evolve further on the HR diagram. This is
clearly shown in the upper panel of Fig. 5, where the dashed tracks,
which indicate the pre-MS phase, do not join the main sequence
(MS; solid lines) for all stellar models with M∗ ≤ 20 M#. The
lower panel of the figure shows the HR diagram of the same set of
stellar models but assuming different DM parameters, namely σ 0 =
10−39 cm2 and ρ = 1011 GeV cm−3. As expected, the evolution is
almost unaffected by the variation of DM parameters during the AC
phase whereas the SC effects are significantly reduced: all the stars
with M∗ > 5 M#, reach the MS and even the evolution of the 5 M#
model is halted at a later time with respect to the previous case.

In Table 2, we summarize the characteristic time-scales which
characterize the evolution of our stellar models under the effect of
SC assuming different DM cross-sections, as compared with the
standard case where DM effects are neglected: once again it is
evident the bigger impact of the SC mechanism on smaller masses
and the life-prolonging effect of DM on all the masses.

6 ST E L L A R M A S S C O N S T R A I N T S

From the above picture, it is clear that in DM-rich environments,
such as the haloes where the first episodes of star formation are
expected to take place, SC luminosity may play a dramatic role
during the early evolution of a protostar. On the basis of purely
quantitative arguments, this has been suggested by Iocco (2008), and
Freese et al. (2008a) derived a constraint on the mass of stars that can
form under these conditions. Our analysis reaches conclusions that
are different from those of the latter study as we will comment later
in this section. Now we want to answer the question of which stars
will be most affected by this mechanism, and in which environment.
Armed with the formalism developed in Section 4, one may simply
impose the condition LZAMS

DM ≤ LZAMS
nucl , namely that the luminosity

due to DM annihilations inside the star be less than the nuclear
luminosity predicted at ZAMS for Pop III stars in the absence of
DM. Fig. 6 summarizes the results of this inequality, obtained by
applying equation (14) to a grid of stellar models at the ZAMS.

In the region above the curve, DM luminosity exceeds the nuclear
one and protostellar evolution is inhibited before the objects reach
the ZAMS, as we have discussed in the previous section. Stars in this
regime will ‘freeze’ on the HR diagram for as long as the properties
of the DM distribution around them remain the same. Below the
curve (shaded area) stars are instead able to reach the ZAMS and
thereafter evolve along the MS.

Note, however, that the distinction between ‘frozen’ and ‘evolv-
ing’ stars has to be taken with care. In fact, as we have shown in
Fig. 4 for our reference 100 M# stellar model, the ignition of nu-
clear reactions can occur at very low rates, producing a very low
nuclear luminosity, but still allowing the star to evolve, eventually
exhausting its nuclear fuel, although on much longer time-scales
(τH = 4.9 Myr against the τ 0

H = 2.6 Myr time-scale predicted for a
100 M# Pop III star in the absence of DM effects, see Table 2).

Figure 6. DM constraints on stellar mass. The shaded area represents the
region of the parameter space where stars can reach the ZAMS and evolve.
The vertical axis on the left represents the quantity σ 0 ρ and on the right the
corresponding values of ρ if σ 0 = 10−38 cm2. In the region above the curve,
stars are prevented from reaching ZAMS and freeze on the HR diagram, as
it is shown in Fig. 5.

Fig. 6 has to be considered as a quantitative indication: it shows
that both low- and high-mass stars are affected by DM capture. The
range of stellar masses that can reach the ZAMS, for the fiducial
DM parameter combination (σ 0 ρ = 10−27 GeV cm−1), is 40 ! M∗
! 1000 M#.

This is due to a change in the index k of the relation L∗ ∝
Mk

∗, following the transition of the star to a completely adiabatic
system when M∗ " 200 M#. In their analysis, Freese et al. (2008a)
derive only an upper limit to the stellar mass in the presence of
DM SC because they impose the above condition making use of the
Eddington luminosity, which has a linear dependence on the stellar
mass, instead of the actual nuclear luminosity at ZAMS. Therefore,
their analysis somehow underpredicts the effects of DM on low-
and intermediate-mass stars. In fact, our numerical results show
that most significant effects are obtained for objects with masses
M∗ ! 200 M#, as shown in Fig. 6. This happens because the SC
mechanism becomes efficient only when the stars are in a relatively
advanced phase of their pre-MS evolution.

It is also extremely interesting to notice that the mass–luminosity
relation in low-mass stars is not particularly sensitive to metallicity.
This implies that the results we have presented can be also applied to
metal-enriched stellar populations, as long as they continue to form
in environments with characteristics similar to those we have con-
sidered (see Section 2). Our results are in agreement with those of
Salati & Silk (1989), Scott, Edsjo & Fairbairn (2007) and Fairbairn
et al. (2008), who studied WIMP-burning objects and observed that
ZAMS stars if ‘fed’ with captured DM annihilation energy move
towards the red region of the HR diagram, at increasing DM den-
sities. In particular, the latter analysis focused on low-mass stars
(M∗ ≤ 4 M#) and found they eventually reach the Hayashi line for
different DM density values at different masses (ρ = 1010 GeV cm−3

for 1 M#), using the same current upper limit on σ 0 we adopt, and
a different value for v̄, of the order of the relative velocity between
WIMPs and the Sun, v̄ ∼ O (102 km s−1).

7 C O N C L U S I O N S

We have studied the effects of WIMP DM annihilation on the first
stars in the Universe. As initial condition of our model, we consider a
DM halo with mass 106 M# at z = 20, i.e. a typical minihalo where

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 390, 1655–1669

Lifetime longer than 
age of Universe

Dark Stars by capture
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90 P. Scott, M. Fairbairn and J. Edsjö

Figure 4. Evolutionary tracks followed in the HR diagram by stars of various masses, when WIMPs provide different fractions of their total energy budgets.
Filled, unlabelled circles indicate the starting points of tracks, whilst labelled ones give indicative ages during the evolution of 1.4 M! stars. Tracks have been
halted when the star exhausts the supply of hydrogen in its core or reaches the current age of the Universe. Stars with a greater luminosity contribution from
WIMPs push further up the Hayashi track and spend longer there before returning to the main sequence. Stars which come to be entirely dominated by WIMP
annihilation (bottom right-hand panel) evolve quickly back up the Hayashi track and halt, holding their position in the HR diagram well beyond the age of the
Universe.

and 2.19), so we see that 〈σ av〉0 makes no difference to the amount
of energy generated. When equilibrium has not been achieved, this
will not be the case. Such an effect can be seen in the slight upturn
of the WIMP luminosity in the uppermost curve of the upper panel
in Fig. 3. In this case the very high ρχ and very low 〈σ av〉0 sig-
nificantly change the stellar structure before equilibrium has been
reached, causing LW to peak prior to equilibrium. The dependence
of LW on mχ in Fig. 3 shows roughly an inverse square relationship,
which is a result of using the full capture expressions in the RSC.
As can be seen from careful inspection of equation (2.19) for ex-
ample, for small v̄ and v$ such as those used in the context of the
early Universe by e.g. Iocco (2008) and Freese et al. (2008a), the
dependence disappears.

In Figs 4 and 5 we show evolutionary tracks in the HR and
central equation-of-state diagrams of stars with different masses
and WIMP luminosities. At low WIMP luminosities, the evolution is
essentially normal. As WIMPs are allowed to provide more energy,
the negative heat capacity of a star causes it to expand and cool.
The central temperature and density drop, nuclear burning reduces
and the star moves some distance back up the Hayashi track. The
reduction in central temperatures and overall luminosities provided
by pp-chain and CNO-process hydrogen burning are illustrated in
Fig. 6. These values are taken at the time tadjust when a star has
completed its initial reaction to the presence of WIMPs, which

corresponds to the central temperature and density reaching their
minima and the star arriving at the bottom leftmost point of its travels
in Fig. 5. At very high WIMP luminosities, the stellar core expands
and cools drastically, moving stars a long way back along the pre-
main sequence and effectively shutting down nuclear burning all
together. Such an object becomes a fully fledged dark star, powered
entirely and perpetually by WIMP annihilation.

At intermediate WIMP luminosities, nuclear burning is sup-
pressed rather than completely extinguished. Its continued contri-
bution to nuclear processing slowly raises the core temperature and
density once more, in turn increasing the rate of nuclear reactions
and accelerating the process. The star burns hydrogen alongside
WIMPs, and goes on to evolve through a hybrid WIMP-hydrogen
main sequence. Such evolution can be best seen in the bottom left-
hand panel of Fig. 4. Thanks to the energy input from WIMP anni-
hilation, the time it takes such a star to consume its core hydrogen
is lengthened, so its effective main-sequence lifetime is extended
(Fig. 7). The increase in main-sequence lifetime is notable at all
metallicities, but most prominent at low Z, essentially because nor-
mal main-sequence lifetimes are shorter at lower metallicity. We
did not see changes with metallicity in the central temperatures,
pp-chain or CNO luminosities of the stars in our grid.

We should point out here that in the extreme case of a very
large WIMP luminosity, it is highly questionable whether a star

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 394, 82–104

Scott, Fairbairn, Edsjo 2009

Main 
sequence 
star 
entering 
a WIMP
cloud

low density

high density

DarkStars
evolution code
(based on EZ)

Dark Stars by capture
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Dark Stars by contraction

Population III stars
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• Formation Basics
- first luminous objects ever
- made only of H/He
- form inside DM halos of 105-106 M⊙◉☉⨀

- at redshift z=10-50
- baryons initially only 15%
- formation is a gentle process

• Dominant cooling mechanism to allow collapse into star 
is H2 cooling (Hollenbach & McKee 1979)

First Stars: Standard Picture

Dark Stars by contraction
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Dark Stars by contraction

Thermal evolution of Pop III protostar

First Stars: Standard Picture

Courtesy of N. Yoshida
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Dark Stars by contraction

(a) using cosmo-hydrodynamical simulations
Abel, Bryan, Norman 2002 

(b) using prescription from Blumenthal, Faber, Flores & 
Primack 1986 (circular orbits only)
Spolyar, Freese, Gondolo 2008

(c) using full phase-space a la Young 1991
Freese, Gondolo, Sellwood, Spolyar 2009

(d) using cosmo-hydrodynamical simulations
Natarajan, Tan, O’Shea 2009

First Stars:  Adiabatic Contraction of Dark Matter

r M(r) = constant
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Dark Stars by contraction
First Stars:  Adiabatic Contraction of Dark Matter

No. 1, 2009 DARK MATTER ANNIHILATION AND PRIMORDIAL STAR FORMATION 577

Figure 2. Dark matter density profiles (spherical averages) for simulations A (top), B (middle), and C (bottom) are shown with the open squares. Power law fits to the
outer, well-resolved regions (fit #1) are shown with the dashed lines, while fits to the inner (but not innermost—see text), less well-resolved, regions (fit #2) are shown
with the dotted lines.

significant steepening compared to the outer regions. This is
likely to be the result of adiabatic contraction, since it occurs at
a scale ∼ 1 pc where the density of baryons begins to dominate.
We emphasize again that the simulation points on which DM
fits #2 are based correspond to bins with only a small (<100)
number of particles and must be treated with caution. We do
note, however, that on the very innermost scales (∼ 0.01 pc)
the dark matter density profiles in the numerical simulations are
even steeper than the analytic DM fits #2.

If adiabatic contraction of dark matter in the baryon-
dominated potential is responsible for sculpting these profiles,
one expects that the maximum steepness of the dark matter
density profile will be equal to that of the baryons, which has
been shown in simulations to have an approximate power law
profile of ρgas ∝ r−2.2 (see Section 3.2). The baryonic den-
sity profile inevitably flattens in its center, so that the power
law profile is only valid inwards to some core radius rc. This
core radius shrinks as collapse proceeds. In situations where
we are interested in the global luminosity provided by WIMP
annihilation in the halo (Section 3.3), we will assume that the
dark matter density profile also exhibits this core radius, inside
of which its density is also constant. For the fiducial case, we
assume a dark matter particle mass of mχ = 100 GeV, which is
typical for a weakly interacting particle. We then consider factor
of 10 variations in this mass.

The photon multiplicity function dNγ /dEγ for mixed
gaugino-higgsino dark matter is given by the form (Bergström
et al. 1998; Feng et al. 2001) dNγ /dx = ae−bx/x1.5 where
x = Eγ /mχ and (a, b) are constants for the particular anni-
hilation channel. We average over the important annihilation
channels, namely WW,ZZ, t t̄ , bb̄, and uū, considered by the
authors (given in Feng et al. (2001), and average over the dif-
ferent channels to obtain (a = 0.9, b = 9.56). We assume that

〈σav〉 ≈ a + bv2 + · · · is largely constant, that is, the constant
term a is non-zero. We may then estimate 〈σav〉 using the sim-
ple freeze-out condition nχ (TF) 〈σav〉 = H (TF) at the freeze-out
temperature TF. nχ is the particle number density, and H is the
Hubble parameter. Since the entropy per comoving volume re-
mains constant as the universe expands, we may equate nχ/s
at freeze-out with the value today, to solve for 〈σav〉. Deter-
mined in this way, 〈σav〉 depends on the particle mass mχ only
through the quantity x/

√
g. x = mχ/TF while g is the num-

ber of relativistic degrees of freedom at freeze-out. Following
Green et al. (2005), we find that for the range of mχ we consider
(10 GeV to 1 TeV), x varies from ≈25 to 27. Assuming x ≈ 25,
we find that g varies from 65 to 100 in the relevant mass range
(see, i.e., Jungman et al. 1996; Kolb & Turner 1990). In our
following analysis, we neglect the mass dependence of x/

√
g

(i.e., a factor of 1.15 as mχ varies from 10 GeV to 1000 GeV),
and we assume 〈σav〉 ≈ 3 × 10−26 cm3 s−1 (see, e.g., Jungman
et al. 1996). We shall see that much larger uncertainties result
from the shape of the dark matter density distribution.

The variation of H (r) on the WIMP mass, mχ , is also shown
in Figure 3. We consider cases with mχ = 10 GeV and 1 TeV,
that is, factors of 10 below and above our fiducial value. Once the
simple m−1

χ dependence of H (r) (Equation (10)) is accounted
for, we see that remaining variations in H (r) are within about a
factor of 2. These are due to the mχ dependencies of the photon
multiplicity function, the energy integral, and the

〈
S(r, r ′, E)

〉

function.
It is also informative to compare H (r) to the energy generated

by WIMP annihilation per unit volume, per unit time

G(r) =
ρ2

χ (r) 〈σav〉
2mχ

∫ 1

0
dx x

dNγ

dx
. (12)

Original NFW profile

Using Blumenthal et al

Using Young

Figure 2: Adiabatically contracted DM profiles in the first protostars for an initial NFW
profile (dashed line) using (a) the Blumenthal method (dotted lines) and (b) Young’s
method (solid lines), for Mvir = 5 × 107M!, c = 2, and z = 19. The upper panel shows
the resultant DM density profiles, and the lower panel shows the enclosed DM mass as
a function of radius. The four sets of curves in each panel correspond to a baryonic core
density of 104, 108, 1013, and 1016cm−3. Our main result is that the two different approaches
to obtaining the DM densities find values that differ by less than a factor of two.13

Natarajan et al

Abel et al
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Dark Stars by contraction
First Stars:  Three Conditions for a Dark Star

(1)  Sufficiently high dark matter density to get large
 annihilation rate

(2)  Annihilation products get stuck in star

(3)  Dark matter heating beats H2 cooling

Leads to new stellar phase

Spolyar, Freese, Gondolo, arxiv:0705.0521, Phys. Rev. Lett. 100, 051101 (2008)
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Dark Stars by contraction
First Stars:  Birth of a Dark Star

m = 100 GeV
〈σv〉 = 3×10-26 cm3/s
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m = 100 GeV
〈σv〉 = 3×10-26 cm3/s

Thermal evolution of Pop III protostar
Must be cool to contract
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Dark Stars by contraction
First Stars:  Birth of a Dark Star

Spolyar, Freese, Gondolo 2008
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Dark Stars by contraction
First Stars:  Birth of a Dark Star

• Dark Star supported by DM 
annihilation rather than fusion

• DM is less than 2% of the mass 
of the star but provides the 
heat source 
(The Power of Darkness)

Freese, Bodenheimer, Spolyar, Gondolo 2008
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Dark Stars by contraction
First Stars:  Life of a Dark Star

Spolyar, Bodenheimer, Freese, Gondolo 2009

Sequence of 
polytropes
with mass and dark 
matter accretion

Young Dark Star
(first ~104 yr)

Mature Dark Star
(stalls for ~5x105 yr)
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Dark Stars by contraction
First Stars:  Life of a Dark Star

Spolyar, Bodenheimer, Freese, Gondolo 2009

Sequence of 
polytropes
with mass and dark 
matter accretion

Young Dark Star
(first ~104 yr)

Mature Dark Star
(stalls for ~5x105 yr)

Kelvin-Helmholtz 
Contraction

Main Sequence Star
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Dark Stars by contraction
First Stars:  Life of a Dark Star

Spolyar, Bodenheimer, Freese, Gondolo 2009

Sequence of 
polytropes
with mass and dark 
matter accretion

Young Dark Star
(first ~104 yr)

Mature Dark Star
(stalls for ~5x105 yr)

Kelvin-Helmholtz 
Contraction

Main Sequence Star
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Dark Stars by contraction
First Stars:  Life of a Dark Star

Spolyar, Bodenheimer, Freese, Gondolo 2009

The dark star phase ends onto Zero Age Main Sequence stars that are 
massive (500-1000 M⊙), bright (106-107 L⊙), and hot (Teff~105K).

For 0.2-1 Myr, dark stars are massive (200-1000 M⊙), bright (106-107 L⊙), 
and cold (Teff~104K).

Mass accretion is not stopped by feedback 
because ionizing UV radiation is negligible.

These very massive stars undergo core-collapse into 
intermediate mass-black holes and may produce the 
chemical composition of extremely metal poor halo 
stars Ohkubo et al 2006, 2009

Pair-instability region is avoided because 
core density is small (10-7-10 g/cm3).
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Current questions

• What is the detailed structure and evolution of a Dark Star?

• How long can a Dark Star capture dark matter?

• How do Dark Stars modify the reionization history of the universe?

• How do Dark Stars change the production of heavy elements and 
the chemical abundances of the oldest stars?

• Do Dark Stars evolve into intermediate-mass or supermassive black 
holes that grow into high-redshift quasars?

• Can Dark Stars power gamma-ray bursts at high redshift?

• How can we observe Dark Stars? JWST, neutrinos, gamma-rays?

• What about non-WIMP dark matter?

Wednesday, December 9, 2009


