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Invisible Effects of DM
• The gravitational effects of DM are well 

know from rotation curves, the bullet 
cluster, the CMB, etc...

14 Komatsu et al.

Fig. 7.— The WMAP 7-year temperature power spectrum (Larson et al. 2010), along with the temperature power spectra from the
ACBAR (Reichardt et al. 2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and QUaD data only at l ≥ 690, where
the errors in the WMAP power spectrum are dominated by noise. We do not use the power spectrum at l > 2000 because of a potential
contribution from the SZ effect and point sources. The solid line shows the best-fitting 6-parameter flat ΛCDM model to the WMAP data
alone (see the 3rd column of Table 1 for the maximum likelihood parameters).

are different: one compilation uses the light curve fit-
ter called SALT-II (Guy et al. 2007) while the other uses
the light curve fitter called MLCS2K2 (Jha et al. 2007).
For example, ΩΛ derived from WMAP+BAO+SALT-II
and WMAP+BAO+MLCS2K2 are different by nearly 2σ,
despite being derived from the same data sets (but pro-
cessed with two different light curve fitters). If we allow
the dark energy equation of state parameter, w, to vary,
we find that w derived from WMAP+BAO+SALT-II and
WMAP+BAO+MLCS2K2 are different by ∼ 2.5σ.

At the moment it is not obvious how to estimate sys-
tematic errors and properly incorporate them in the like-
lihood analysis, in order to reconcile different methods
and data sets.

In this paper, we shall use one compilation of the su-
pernova data called the “Constitution” samples (Hicken
et al. 2009b). The reason for this choice over the oth-
ers, such as the compilation by Kessler et al. (2009) that
includes the latest data from the SDSS-II supernova sur-
vey, is that the Constitution samples are an extension
of the “Union” samples (Kowalski et al. 2008) that we
used for the 5-year analysis (see Section 2.3 of Komatsu
et al. 2009a). More specifically, the Constitution sam-
ples are the Union samples plus the latest samples of
nearby Type Ia supernovae optical photometry from the
Center for Astrophysics (CfA) supernova group (CfA3
sample; Hicken et al. 2009a). Therefore, the parame-
ter constraints from a combination of the WMAP 7-year
data, the latest BAO data described above (Percival et al.
2009), and the Constitution supernova data may be di-

rectly compared to the “WMAP+BAO+SN” parameters
given in Table 1 and 2 of Komatsu et al. (2009a). This
is a useful comparison, as it shows how much the limits
on parameters have improved by adding two more years
of data.

However, given the scatter of results among different
compilations of the supernova data, we have decided to
choose the “WMAP+BAO+H0” (see Section 3.2.2) as
our best data combination to constrain the cosmologi-
cal parameters, except for dark energy parameters. For
dark energy parameters, we compare the results from
WMAP+BAO+H0 and WMAP+BAO+SN in Section 5.
Note that we always marginalize over the absolute mag-
nitudes of Type Ia supernovae with a uniform prior.

3.2.5. Time-delay Distance

Can we measure angular diameter distances out to
higher redshifts? Measurements of gravitational lensing
time delays offer a way to determine absolute distance
scales (Refsdal 1964). When a foreground galaxy lenses a
background variable source (e.g., quasars) and produces
multiple images of the source, changes of the source lu-
minosity due to variability appear on multiple images at
different times.

The time delay at a given image position θ for a given
source position β, t(θ, β), depends on the angular diam-
eter distances as (see, e.g., Schneider et al. 2006, for a
review)

t(θ, β) =
1 + zl

c

DlDs

Dls
φF(θ, β), (18)

lensing

rotation 
curves

bullet Cluster

CMB
3rd Peak DM
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Instead, we will see  how 
DM can change the 
evolution of Universe 
beyond purely its 
gravitational effect.
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Possible Visible Effects

1. DM (dark matter)  can dramatically alter 
the nature of the first stars, by powering 
the first stars.  ie dark stars

2. Dark Stars may  also live  TODAY at the 
galactic center of our own galaxy
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OutLine

• DarkStars Then (red shift 10-20)

• Review DM and first stars

• Basic Scenario

• Observational Effects HST/JWST

• DM spikes

• DarkStars Now (Galactic Center)

• Time Permitting
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Background
More Interesting Stuff

WIMPs at a glance

Weakly-Interacting Massive Particles (one type of CDM)
Dark because no electromagnetic interactions
Cold because very massive (�10 GeV to �10 TeV)
=⇤ good for structure formation
Non-baryonic and stable - no problems with BBN or CMB
Weak-scale masses and annihilation cross-sections
naturally lead to a relic abundance of the right order of
magnitude
Many theoretically well-motivated particle candidates (e.g.
lightest neutralino in R-parity conserving supersymmetry,
lightest Kaluza-Klein boson in extra-dimensional models)
Weak interaction means scattering off nuclei⇥ direct
detection experiments
Almost all WIMPs are Majorana particles (own
antiparticles) =⇤ self-annihilation cross-section

Pat Scott – CRF 2010 – Hamburg Dark stars: structure, evolution and high-redshift effects

P. Scott

WIMP Primer

Other good CDM candidates  exist axions, 
primordial BHs,  etc
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• Accelerators

• Direct detection

• Indirect detection (neutrinos)
- Sun 
- Earth

• Indirect detection (gamma-rays, positrons, antiprotons)

- Milky Way halo
- External galaxies
- Galactic Center

XENON100: Keeping it Cold! New Cryogenics System Design

Pulse Tube Refrigerator (160 W ) for  Xe liquefaction and Xe gas recirculation  

Cooling tower with PTR is an extension of the detector cryostat, mounted outside shield 

Xe gas is liquefied in the tower and flows into the detector vessel via super-insulated pipe

Current searches for WIMP Dark Matter
LHC

CDMS

IceCubeFermi PAMELA

XENON
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Dark Matter Can produce neutrinos 
Detectable by IceCube
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 with M. Buckley, K. Freese, 
D. Hooper, S. Mandal, & H. Murayama
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Dark-Star Spotter’s Guide to the Universe
a definition of a ‘Dark Star’: any star whose structure

or evolution has ben effected by DM annihilation

There are Many kinds of dark stars....

• Main Sequence stars- fed by scattering (salati, 
Spergel, Press, Scott, Fairbairn, iocco, Freese)

• White dwarfs- fed by scattering (Moskalenko, Wai, 
Fairbairn, etc.)

• Nuetron stars in the MIlky Way -fed by scattering 
(Fairbairn, Bertone)-considered any compact star

• The first stars in the early Universe - fed by scatter and 
by gravitational contraction (Spolyar, Freese, Iocco, 
Gondolo)
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Two ways of concentrating dark 

• Gravitationally: 

Background
More Interesting Stuff

A Dark-Star Spotter’s Guide to the Universe

(My preferred definition of) a ‘dark star’: any star whose
structure or evolution has been effected by WIMP annihilation

2 main ways to get the DM into the star:

gravitational contraction: baryons collapse, change the
gravitational potential, taking the DM along for the ride
nuclear scattering: WIMPy passers-by scatter off stellar
nuclei and become gravitationally bound

Pat Scott – CRF 2010 – Hamburg Dark stars: structure, evolution and high-redshift effects

Background
More Interesting Stuff

A Dark-Star Spotter’s Guide to the Universe

(My preferred definition of) a ‘dark star’: any star whose
structure or evolution has been effected by WIMP annihilation

2 main ways to get the DM into the star:

gravitational contraction: baryons collapse, change the
gravitational potential, taking the DM along for the ride
nuclear scattering: WIMPy passers-by scatter off stellar
nuclei and become gravitationally bound

Pat Scott – CRF 2010 – Hamburg Dark stars: structure, evolution and high-redshift effects

graphics P. Scott
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Two ways of concentrating dark 

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

(e.g. Blumenthal et al 1986)
- dark matter concentrations around black holes

(Gondolo, Silk 1999) Important for dark stars at the galactic center 
- dark matter contraction during formation of first stars

(Spolyar, Freese, Gondolo 2007)

• Gravitationally: 

Background
More Interesting Stuff

A Dark-Star Spotter’s Guide to the Universe
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structure or evolution has been effected by WIMP annihilation
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gravitational potential, taking the DM along for the ride
nuclear scattering: WIMPy passers-by scatter off stellar
nuclei and become gravitationally bound
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Two ways of concentrating dark 

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

(e.g. Blumenthal et al 1986)
- dark matter concentrations around black holes

(Gondolo, Silk 1999) Important for dark stars at the galactic center 
- 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
- stars embedded in dense dark matter regions 

(“dark matter burners” of Moskalenko & Wai 2006, Fairbairn, Scott, Edsjo 2007)
- dark matter in late stages of first stars

(Freese, Spolyar, Aguirre; Iocco; Iocco et al;Taoso et al 2008)

• Gravitationally: 

Background
More Interesting Stuff

A Dark-Star Spotter’s Guide to the Universe

(My preferred definition of) a ‘dark star’: any star whose
structure or evolution has been effected by WIMP annihilation

2 main ways to get the DM into the star:

gravitational contraction: baryons collapse, change the
gravitational potential, taking the DM along for the ride
nuclear scattering: WIMPy passers-by scatter off stellar
nuclei and become gravitationally bound
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Dark Stars in the early universe

• Dark Stars modify the reionization history of the universe, 
and thus the expected signals in future 21 cm surveys

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

• Dark Stars may evolve into intermediate-mass or 
supermassive black holes, providing a mechanism for 
their early formation

• Dark Stars are a new indirect detection method to search 
for WIMPs
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Dark Stars in the early universe

• Dark Stars modify the reionization history of the universe, 
and thus the expected signals in future 21 cm surveys

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

• Dark Stars may evolve into intermediate-mass or 
supermassive black holes, providing a mechanism for 
their early formation

• Dark Stars are a new indirect detection method to search 
for WIMPs

Dark Matter annihilation can dramatically 
alter the formation of the first structures 

in the universe.
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The First Stars (Population III stars)

Fluctuation generator

Fluctuation amplifier

HotDenseSmooth

CoolRarefied
Clumpy

H(z)
P(k,z)

To 1st order:

(Graphics from Gary Hinshaw/WMAP team)

400

386

(From a slide by Max Tegmark)

Text
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The First Stars (Population III stars)

Fluctuation generator

Fluctuation amplifier

HotDenseSmooth

CoolRarefied
Clumpy

H(z)
P(k,z)

To 1st order:

(Graphics from Gary Hinshaw/WMAP team)

400

386

(From a slide by Max Tegmark)

Text

A way station 
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The First Stars (Population III stars)

• Important for

- end of Dark Ages
- reionize the 

universe
- provide enriched 

gas for later stellar 
generations

Fluctuation generator

Fluctuation amplifier

HotDenseSmooth

CoolRarefied
Clumpy

H(z)
P(k,z)

To 1st order:

(Graphics from Gary Hinshaw/WMAP team)

400

386

(From a slide by Max 
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First Stars: Standard Picture
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First Stars: Standard Picture

• 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 even distributed over  halo 
‣ 15% of the halo mass

- formation is a gentle process

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

→ →
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Naoki Yoshida

0.3 Mpc
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Thermal evolution of a primordial gas

adiabatic 
contraction

H2 formation
line cooling
　(NLTE)

loitering
(~LTE)

3-body
reactio

n

Heat
release

opaque to
molecular

line

collision
induced
emissionT [K]

104

103

102

number density

opaque
to cont.

and
dissociation

adiabatic phaseMust be cool to collapse!
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Eventually exceed 
 Jeans Mass
 of 1000 Msun

Yoshida

Self-gravitating cloud

 5pc  

Text

 1000 Msun
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Thermal evolution of a primordial gas

adiabatic 
contraction

H2 formation
line cooling
　(NLTE)

loitering
(~LTE)

3-body
reactio
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Heat
release
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induced
emissionT [K]

104
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number density

opaque
to cont.

and
dissociation

adiabatic phaseMust be cool to collapse!
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   0.01pc  

Fully-molecular 
core
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Thermal evolution of a primordial gas

adiabatic 
contraction

H2 formation
line cooling
　(NLTE)

loitering
(~LTE)

3-body
reactio

n

Heat
release

opaque to
molecular

line

collision
induced
emissionT [K]

104

103

102

number density

opaque
to cont.

and
dissociation

adiabatic phaseMust be cool to collapse!
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A new born proto-star
with T* ~ 20,000K

r ~ 10 Rsun!
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• 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) 

Scales
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• DM in protostellar halos alters the formation 
of Pop III stars

- dark matter annihilation heats the collapsing 
gas cloud impeding its further collapse and 
halting the march toward the main sequence

• a new stellar phase results, powered by DM 
annihilation instead of nuclear fusion

Dark Matter in Pop III Stars
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WIMP Cold Dark Matter
Our canonical case: 

〈σv〉ann = 3 × 10−26cm3/s mχ = 100 GeV

• We consider

- a range of masses (1 GeV - 10 TeV)
- a range of cross sections

• Our results apply to various WIMP candidates

- neutralinos
- Kaluza-Klein particles
- sneutrinos
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Three conditions for Dark Stars

(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

Spolyar, Freese, Gondolo, 2008 Paper I

Leads to new stellar phase
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Dark Matter Density Profile

• Adiabatic contraction

- as baryons fall into core, DM particles respond to potential well
- using prescription from Blumenthal, Faber, Flores, & Primack 1986

• We find a contracted profile 

r M(r) = constant

ρχ(r) = kr−1.9 outside core

ρχ(core) = 5 GeV

cm3

(

n

cm−3

)0.8

Background
More Interesting Stuff

A Dark-Star Spotter’s Guide to the Universe

(My preferred definition of) a ‘dark star’: any star whose
structure or evolution has been effected by WIMP annihilation

2 main ways to get the DM into the star:

gravitational contraction: baryons collapse, change the
gravitational potential, taking the DM along for the ride
nuclear scattering: WIMPy passers-by scatter off stellar
nuclei and become gravitationally bound

Pat Scott – CRF 2010 – Hamburg Dark stars: structure, evolution and high-redshift effects
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Dark Matter Density Profile

• Adiabatic contraction

- as baryons fall into core, DM particles respond to potential well
- using prescription from Blumenthal, Faber, Flores, & Primack 1986

• We find a contracted profile 

r M(r) = constant

ρχ(r) = kr−1.9 outside core

ρχ(core) = 5 GeV

cm3

(

n

cm−3

)0.8

vs. r-1

before contraction

Background
More Interesting Stuff

A Dark-Star Spotter’s Guide to the Universe

(My preferred definition of) a ‘dark star’: any star whose
structure or evolution has been effected by WIMP annihilation

2 main ways to get the DM into the star:

gravitational contraction: baryons collapse, change the
gravitational potential, taking the DM along for the ride
nuclear scattering: WIMPy passers-by scatter off stellar
nuclei and become gravitationally bound

Pat Scott – CRF 2010 – Hamburg Dark stars: structure, evolution and high-redshift effects
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Dark Matter Density Profile

• Adiabatic contraction

- as baryons fall into core, DM particles respond to potential well
- using prescription from Blumenthal, Faber, Flores, & Primack 1986

• We find a contracted profile 

r M(r) = constant

ρχ(r) = kr−1.9 outside core

ρχ(core) = 5 GeV
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(

n
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vs. r-1

before contraction

(NFW profile)

Background
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A Dark-Star Spotter’s Guide to the Universe

(My preferred definition of) a ‘dark star’: any star whose
structure or evolution has been effected by WIMP annihilation

2 main ways to get the DM into the star:

gravitational contraction: baryons collapse, change the
gravitational potential, taking the DM along for the ride
nuclear scattering: WIMPy passers-by scatter off stellar
nuclei and become gravitationally bound

Pat Scott – CRF 2010 – Hamburg Dark stars: structure, evolution and high-redshift effects
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Dark Matter Density Profile

• Adiabatic contraction

- as baryons fall into core, DM particles respond to potential well
- using prescription from Blumenthal, Faber, Flores, & Primack 1986

• We find a contracted profile 

r M(r) = constant

ρχ(r) = kr−1.9 outside core

ρχ(core) = 5 GeV

cm3

(

n

cm−3

)0.8

(DM tracks the Baryons!)

vs. r-1

before contraction

(NFW profile)

Background
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A Dark-Star Spotter’s Guide to the Universe

(My preferred definition of) a ‘dark star’: any star whose
structure or evolution has been effected by WIMP annihilation

2 main ways to get the DM into the star:

gravitational contraction: baryons collapse, change the
gravitational potential, taking the DM along for the ride
nuclear scattering: WIMPy passers-by scatter off stellar
nuclei and become gravitationally bound

Pat Scott – CRF 2010 – Hamburg Dark stars: structure, evolution and high-redshift effects
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Dark Matter Density Profile

• Adiabatic contraction

- as baryons fall into core, DM particles respond to potential well
- using prescription from Blumenthal, Faber, Flores, & Primack 1986

• We find a contracted profile 

r M(r) = constant

ρχ(r) = kr−1.9 outside core

ρχ(core) = 5 GeV

cm3

(

n

cm−3

)0.8

(DM tracks the Baryons!) High Dark Matter densities!

vs. r-1

before contraction

(NFW profile)

Background
More Interesting Stuff

A Dark-Star Spotter’s Guide to the Universe

(My preferred definition of) a ‘dark star’: any star whose
structure or evolution has been effected by WIMP annihilation

2 main ways to get the DM into the star:

gravitational contraction: baryons collapse, change the
gravitational potential, taking the DM along for the ride
nuclear scattering: WIMPy passers-by scatter off stellar
nuclei and become gravitationally bound

Pat Scott – CRF 2010 – Hamburg Dark stars: structure, evolution and high-redshift effects

Friday, March 15, 13



Dark Matter and Simulations
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Fig. 2.— Radial mass weighted averages of various physical quantities at seven different output times. Panel A shows the evolution of the
particle number density in cm−3 as a function of radius at redshift 19 (solid line), nine Myrs later (dotted lines with circles), 0.3Myr later
(dashed line), 3 × 104 yr later (long dashed line), 3 × 103 yr later (dot–dashed line), 1.5 × 103 yr later (solid line) and finally 200 years later
(dotted line with circles) at z = 18.181164. The two lines between 10−2 and 200 pc give the DM mass density in GeV cm−3 at z=19 and the
final time, respectively. Panel B gives the enclosed gas mass as a function of radius. In C the mass fractions of atomic hydrogen and molecular
hydrogen are shown. Panel D and E illustrate the temperature evolution and the mass weighted radial velocity of the baryons, respectively.
The bottom line with filled symbols in panel E shows the negative value of the local speed of sound at the final time. In all panels the same
output times correspond to the same line styles.

creasing molecular hydrogen fraction.
When the gas density becomes sufficiently large (∼

1010 cm−3), three-body molecular hydrogen formation be-
comes important. This rapidly increases the molecu-
lar fraction (Fig. 2C) and hence the cooling rate. The
increased cooling leads to lower temperatures and even
stronger inflow and. At a mass scale of ∼ 1M", not only
is the gas nearly completely molecular, but the radial in-
flow has become supersonic (Fig. 2E). When the H2 mass
fraction approaches unity, the increase in the cooling rate
saturates, and the gas goes through a radiative shock. This
marks the first appearance of the proto–stellar accretion
shock at a radius of about 20 astronomical units from its
center.

3.2. Chemo–Thermal Instability

When the cooling time becomes independent of density
the classical criterion for fragmentation tcool < tdyn ∝

n−1/2 (23) cannot be satisfied at high densities. However,
in principal the medium may still be subject to thermal

instability. The instability criterion is

ρ

(

∂L

∂ρ

)

T=const.

− T

(

∂L

∂T

)

ρ=const.

+ L(ρ, T ) > 0, (2)

where L denotes the cooling losses per second of a fluid
parcel and T and ρ are the gas temperature and mass
density, respectively. At densities above the critical densi-
ties of molecular hydrogen the cooling time is independent
of density, i.e. ∂L/∂ρ = Λ(T ) where Λ(T ) is the high den-
sity cooling function (e.g. 24). Fitting the cooling function
with a power-law locally around a temperature T0 so that
Λ(T ) ∝ (T/T0)α one finds ∂L/∂T = ραΛ(T )/T . Hence,
under these circumstances the medium is thermally stable
if α > 2. Because, α > 4 for the densities and tempera-
tures of interest, we conclude that the medium is thermally
stable. The above analysis neglects the heating from con-
traction, but this only strengthens the conclusion. If heat-
ing balances cooling one can neglect the +L(ρ, T ) term in
equation (2) and find the medium to be thermally stable
for α > 1.

Abel, Bryan, & Norman 2002

Central gas density 
increase

Dark Matter 
Density follows
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Dark Matter and Gas Profile

Z=20  Cvir=2   M=7x105 M! 
 

Blue: Original NFW Profile 

" 

Gas Profile 
Envelope 
# 

Black: 1016 cm-3 

Green: 1010 cm-3 

Red: 1013 cm-3 

Gas densities: 
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Dark Matter Profile: Adiabatic Contraction

Green: 1016 cm-3

Purple: 1013 cm-3

Red: 1010 cm-3

Black: 107 cm-3

Blue: original profile

z=19 cvir=10 M=106M⊙◉☉⨀

Outer profile matches Abel, Bryan, & Norman 2002
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Dark Matter Profile: Adiabatic Contraction

Green: 1016 cm-3

Purple: 1013 cm-3

Red: 1010 cm-3

Black: 107 cm-3

Blue: original profile

z=19 cvir=10 M=106M⊙◉☉⨀

Outer profile matches Abel, Bryan, & Norman 2002

Dark Matter 
follows baryons
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Three conditions for Dark Stars

(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

Spolyar, Freese, Gondolo 2007 aka Paper I

Leads to new stellar phase
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Dark Matter Heating

Heating rate ΓDM heating = fQ Qann

Rate of energy production 
from annihilation

Qann = n2

χ〈σv〉mχ =

ρ2
χ〈σv〉

mχ

Fraction of annihilation 
energy deposited in gas

Previous work noted that at n≤104 cm-3 annihilation products simply escape 
(Ripamonti, Mapelli, & Ferrara 2007)

fQ (see next slide)
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Annihilation energy deposited into gas

• 1/3 neutrinos, 1/3 photons, 1/3 electrons/positrons

• Neutrinos escape

• Electrons ≳ Ec ≈ 280 MeV → electromagnetic cascades

• Photons ≳ 100 MeV → electromagnetic cascades

Estimate      (better calculation in progress)fQ

≲ Ec ≈ 280 MeV → ionization

≲ 100 MeV → Compton/Thomson scattering
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Annihilation energy deposited into gas

• 1/3 neutrinos, 1/3 photons, 1/3 electrons/positrons

• Neutrinos escape

• Electrons ≳ Ec ≈ 280 MeV → electromagnetic cascades

• Photons ≳ 100 MeV → electromagnetic cascades

Estimate      (better calculation in progress)fQ

≲ Ec ≈ 280 MeV → ionization

≲ 100 MeV → Compton/Thomson scattering

At sufficiently high gas densities, most of the annihilation 
energy is trapped inside the core and heats it up
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Three conditions for Dark Stars

(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

Spolyar, Freese, Gondolo 2007 aka Paper I

Leads to new stellar phase
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Crucial transition

• 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 ≈ 10
9
cm

−3

n ≈ 10
13

cm
−3

n ≈ 10
15.5

cm
−3

→

→

Friday, March 15, 13



Solving the 4 Equations of 
Stellar Evolution

Equation of State
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Equilibrium Structure

• Pre-main sequence stars are well described as 
polytropes in hydrostatic equilibrium

• ρ is baryon density, P is the Pressure,  K is determined 
Once the Mass and Radius is found.   n is the polytropic 
index which ranges between n=1.5 (fully convective) and 
n=3 (fully radiative).

• We have varied the adiabatic index to account for the 
transition from convective to radiative energy transport.

€ 

P = Kρ1+1/ n

 (Chandrasekhar 1939)
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• Lane-Emden Equation

Solving Stellar Structure

• Equation of State

• We can now completely solve for the density, pressure, and temperature profile of the 
star! Can also now solve for the DM density profile.

•Polytropic relationship

€ 

P = Kρ1+1/ n
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Stellar Structure 

• Variable accretion rate account more accurate accretion 
rate based upon rates by Tan and McKee 2008 and 
O’Shea and Norman 2007

• Feedback (McKee and Tan 2008)

• Variable polytropic index

• (convective to Radiative)

• Gravity

• Nuclear burning

• Dark matter capture
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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
– as gas accretes

– (Conservatively) DM in 
spherical halo. We later 
relax this condition
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Vary Radius until Stellar luminosity Matches 
Power sources

779M 

DM runs out (716M ) Text

Gravity turns on
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Two ways of concentrating dark 

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

(e.g. Blumenthal et al 1986)
- dark matter concentrations around black holes

(Gondolo, Silk 1999) Important for dark stars at the galactic center 

- 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
- stars embedded in dense dark matter regions 

(“dark matter burners” of Moskalenko & Wai 2006, Fairbairn, Scott, Edsjo 2007)

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

• Gravitationally: 

• Through collisions: 

Background
More Interesting Stuff

A Dark-Star Spotter’s Guide to the Universe

(My preferred definition of) a ‘dark star’: any star whose
structure or evolution has been effected by WIMP annihilation

2 main ways to get the DM into the star:

gravitational contraction: baryons collapse, change the
gravitational potential, taking the DM along for the ride
nuclear scattering: WIMPy passers-by scatter off stellar
nuclei and become gravitationally bound

Pat Scott – CRF 2010 – Hamburg Dark stars: structure, evolution and high-redshift effects

Background
More Interesting Stuff

A Dark-Star Spotter’s Guide to the Universe

(My preferred definition of) a ‘dark star’: any star whose
structure or evolution has been effected by WIMP annihilation

2 main ways to get the DM into the star:

gravitational contraction: baryons collapse, change the
gravitational potential, taking the DM along for the ride
nuclear scattering: WIMPy passers-by scatter off stellar
nuclei and become gravitationally bound

Pat Scott – CRF 2010 – Hamburg Dark stars: structure, evolution and high-redshift effects

graphics P. Scott

P Scott
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Capture turns on 

once the star  
begins to contract 
and Descends  toward

the main Sequence

50 % DM heating

50 % Nuclear
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JWST 

• 6.5 meters

• L2 point

• Hubble Replacement

• Pricey and counting (uncertain future)

• Far infrared

-  designed to go after the first galaxies and stars
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• File:JWST people.jpg

How Much?
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Detecting 1000 Msun Dark Stars via Lensing
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Detecting 1000 Msun Dark Stars via Lensing
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Detecting 1000 Msun Dark Stars via Lensing

Distinctive Appearance
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Detecting 1000 Msun Dark Stars via Lensing

Distinctive Appearance
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A First Phase of Dark Star Evolution
Freese, Bodenheimer, Spolyar, Gondolo 2008

- Initial star is a few solar masses

- Accrete more baryons~1000M⊙◉☉⨀

- Becomes very luminous, between 106L⊙◉☉⨀ and 107L⊙◉☉⨀ 

- Cool: 10,000 K vs usual 100,000 K and plus
Very few ionizing photons - just too cool 

- (in principle accrete all baryons in the halo)

- Lifetime: a few million years 
– With capture or non-circular orbits, could be very different

Friday, March 15, 13



How Big can They grow?

• 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.

• Even after adiabatic contraction fails, capture can 
refuel the star’s dark matter reservoirs 

•

Friday, March 15, 13



How Big can They grow?

• 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.

• Even after adiabatic contraction fails, capture can 
refuel the star’s dark matter reservoirs 

•

Detect with JWST?
Seen already?
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In general one power source will dominate
Previously artificially matched DM heating with fusion

If DM heating Dominates:
DM densities sufficiently high or scattering cross sections sufficiently large then:

Star cool (50,000K)
Very massive (105 M)
Very Luminous (109L)

Similar result as with
Umeda, Yoshida, Nomoto, Tsuruta, Sasaki, and Ohkubo (2009)
Consider Only capture

GR Instability (not likely DM helps stabilize star)
Avoids fusion and re-ionization?

Until  DM reservoir depleted or disrupted
Maximum time Scale 
   (10-100Myrs) due to mergers

(Assuming Sufficient DM)

Super Massive Dark Star
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Super Massive Dark Star 

Assume all baryons in a 106 M halo have been accreted

Dark matter reservoir has been replenished due to triaxial halo orbital structure

Spolyar et al 2011

Main sequence
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4

servations over these two fields are given in Table 1 and
reach to !29 AB mag (5σ).

2.2. WFC3/IR ERS Observations

The WFC3/IR ERS observations cover ∼40 arcmin2 in
the upper region of the CDF South GOODS field (Wind-
horst et al. 2011). These observations include 10 sepa-
rate ∼4.7 arcmin2 WFC3/IR pointings (see Figure 1).
2 orbits of near-IR data are obtained in the F098M,
F125W, and F160W bands, for a total of 6 orbits per
field (60 orbits in total). These near-IR observations are
reduced in a very similar way to the procedure used for
the WFC3/IR observations from our HUDF09 program
(Oesch et al. 2010a; Bouwens et al. 2010b). To keep
the size of the drizzled WFC3/IR frames manageable,
we split the output mosaic into 8 discrete pieces – corre-
sponding to different segments in the ACS GOODS mo-
saic (i.e., S14, S24, S25, S34, S35, S43, S44, S45).9 For
each segment, we first aligned the observations against
the ACS data binned on a 0.06′′-pixel scale and then
drizzled the data onto that frame. For the ACS data, we
made use of our own reductions (Bouwens et al. 2006;
Bouwens et al. 2007) of the deep GOODS ACS/WFC
data over the GOODS fields (Giavalisco et al. 2004).
These reductions are similar to the GOODS v2.0 reduc-
tions, but reach ∼0.1-0.3 mag deeper in the z850-band
due to our inclusion of the SNe follow-up data (e.g.,
Riess et al. 2007). Our reduced WFC3/IR data reach to
27.9, 28.4, and 28.0 in the Y098, J125 and H160 bands, re-
spectively (5σ: 0.35′′ apertures). The ACS observations
reach to 28.2, 28.5, 28.0, and 28.0 in the B435, V606, i775,
z850, respectively (5σ: 0.35′′ apertures). The FWHMs of
the PSFs are ∼0.16′′ for the WFC3/IR data and ∼0.10′′

for the ACS/WFC data.

3. LYMAN BREAK SELECTION

In this section, we describe our procedure for select-
ing star-forming galaxies at z ∼ 7 and z ∼ 8 using the
observational data (§2). We begin by detailing our tech-
nique for constructing source catalogs (§3.1). We then
describe our procedure for selecting galaxies at z ∼ 7
and z ∼ 8 using Lyman-Break Galaxy selection criteria
in the HUDF09 (§3.2) and ERS (§3.4) fields. In §3.5, we
discuss possible sources of contamination and attempt
to quantify their importance, and in §3.6, we provide a
brief summary of our final samples of z ∼ 7 and z ∼ 8
galaxies.

3.1. Catalog Construction

We generate separate catalogs for each of our Lyman
Break selections, to obtain more optimal photometry for
each selection. This is done through the use of square
root of χ2 detection images (Szalay et al. 1999: similar
to a coadded inverse noise-weighted image) constructed
from only those bands that are expected to have flux for
a given Lyman Break selection. Specifically, this image is
constructed from the Y105, J125 andH160 band images for
our z ∼ 7 HUDF09 z850-dropout selection, the J125 and
H160 band images for our z ∼ 8 HUDF09 Y105-dropout

9 The configuration of these segments within
the CDF-South GOODS mosaic is illustrated in
http://archive.stsci.edu/pub/hlsp/goods/v1/h cdfs v1.0sects plt.jpg.

Fig. 2.— (left) z850 − Y105 vs. Y105 − J125 two-color diagram
we use to identify z ∼ 7 z850-dropouts over the three ultra-deep
WFC3/IR HUDF09 fields (14 arcmin2). The z − Y /Y − J colors
required for our z850-dropout selection is indicated by the gray re-
gion. z850-dropout candidates identified in the HUDF09, HUDF09-
1, and HUDF09-2 fields are shown with the blue solid circles, blue
open squares, and blue solid squares, respectively. The error bars
and lower limits are 1σ. The blue lines show the expected colors of
star-forming galaxies with UV -continuum slopes β of −3 and −2
while the red lines show the expected colors of low-redshift con-
taminants. The colors of low-mass L,T dwarf stars (e.g., Knapp
et al. 2004) are indicated by the green squares. In addition to
the presented two-color Lyman-Break selection, we also enforce a
very strict optical non-detection criterion involving a χ2

opt quantity
(§3.3; Appendix D). Through extensive simulations, we have found
that a two-color LBG selection combined with strong constraints
on the optical flux allow for the robust selection of star-forming
galaxies at z ∼ 7.

selection, and from the J125 and H160 band images for
our ERS z850 and Y098-dropout selections; the square
root of χ2 image therefore includes all deep WFC3/IR
observations redward of the break.
Object detection and photometry is performed using

the SExtractor (Bertin & Arnouts 1996) software run in
dual image mode. Object detection is performed off the
square root of χ2 image. Colors are measured in small
scalable apertures (MAG AUTO) defined using a Kron
(1980) factor of 1.2 (where the Kron radius is established
from the square root of χ2 image). All of our imag-
ing data (optical/ACS and near-IR/WFC3) are PSF-
matched to the WFC3/IR F160W imaging data before
making these color measurements. Fluxes in these small
scalable aperture are then corrected to total magnitudes
in two steps. First a correction is made for the additional
flux in a larger scalable aperture (with Kron factor of
2.5). Then a correction is made for the light outside this
larger scalable aperture (a 0.7′′-diameter aperture is typ-
ical) and on the wings of the PSF. The latter correction
(typically 0.2 mag) is made based upon the encircled en-
ergy measured outside this aperture (for stars).10 The
typical size of the total correction (including both steps)

10 See http://www.stsci.edu/hst/wfc3/documents/handbooks/
currentIHB/c07 ir07.html.

How do we identify galaxies in the early universe?

We use the two-color Lyman-Break 
galaxy approach pioneered by 

Steidel and collaborators in the mid
1990s.

e.g. z~7 selection

Require non-detections in flux data 
blueward of break

Expect only small number of 
contaminants, from

- low-mass stars
- SNe

- photometric scatter

L-T Dwarfs

How to Look for High redshift objects

• Use the two-color Lyman-Break 
galaxy method pioneered by Steidel 
and collaborations in the mid 90s

• Require non-detection on flux data 
blueward of break

• Expect only small number of 
contaminants, from

- low-mass stars, SNe, Photometric 
Scatter

z~7 selection

Bouwens 2012V+i+z Y J H 3.6 4.5

UDFj-39546284 H=28.9 J-H>2.0

1st Year 2nd Year50% random 50% random

Y J H
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Redshift 10 Dropout: Galaxy or Dark Star? 
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Redshift 10 Dropout: Galaxy or Dark Star? 

V+i+z Y J H 3.6 4.5

UDFj-39546284 H=28.9 J-H>2.0

1st Year 2nd Year50% random 50% random

Y J H
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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. 

See also Zackrisson etal 2011 
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14 Ilie et al.

Figure 8. Spectra for supermassive dark stars formed at zform = 15 compared with sensitivity of JWST filters. Listed above each panel
are the mass of the DS in solar masses, the formation mechanism (extended AC or ”with capture”) and the surface temperature Teff .
The fluxes are shown at z = 15 (dashed line), 10 (solid line) and 5 (dotted line) and compared to the detection limits of NirCam wide
passband filters. The colored horizontal lines represent the sensitivity limits for the filters as labeled in the legend for exposure times
104s (upper lines) and 106s (lower lines). IGM absorption will decrease the observed fluxes for wavelengths shortward of the vertical red
lines, which indicate the Ly-α line (1216Å) redshifted from the rest-frame of the star.

However, it is very likely that there are more SDMS at
z=12 (the JWST window) than at z=10 (the HST window).
For one thing, the host halo formation in this mass range
peaks at z ∼ 12 (see Fig 3). Moreover at lower redshifts
(z ∼ 10) the DM halos that could host those SMDSs are
much more likely to merge to form even larger halos. In ad-
dition, after the first SDMS die (before z=10), they turn into
fusion powered stars that produce ionizing photons, which
disrupt the formation of DS at lower redshifts. Indeed the
strong halo clustering at high redshift would cause the pos-
sible formation sites to be preferentially close to or inside
the HII regions during reionization, potentially leading to
strong suppression of star formation; due to this mechanism
Iliev et al. (2007) found a suppression of 108M! -109M!

halos by an order of magnitude due to Jeans mass filtering
in the ionized and heated H II regions.

We will thus recalculate the number of DSs detectable
with JWST using weakened bounds from HST. We will take
fSMDS f∆t fsurv = 1.5× 10−2 as our ”Intermediate Bounds”
case. This case could imply that not all minihaloes host DS,
or that not all DS survive throughout the z∼10 HST observ-
ability window. In this Intermediate Bounds case, hundreds
or thousands of SMDS are potentially observable.

For comparison, in the Table we list as a third case
the full number of DM haloes that could in principle host
DS. If all of these contained DS one would expect up to
∼ 450, 000 DS with JWST. However, as discussed in Section
4.3 this would be extremely unreasonable as there would
be no baryons outside of DS left for galaxy formation. Our
results for the detectability of SMDS as H-band dropouts
with JWST are summarized in Table 3.

Super Massive Dark Star with JWST

Text

Higher Temperature (shorter wavelength)
capture

Lower Temperature (longer wavelength)
ExtendedAdiabatic Contraction

Ilie  etal. 2011
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Comparison of SMDS vs. 
early galaxies 

SMDS are brighter, have slightly different slope 

Super Massive Dark Stars
vs

SMDS are brighter and have a different spectral slope.

Ilie etal. 2012

Dark Stars Galaxies

Friday, March 15, 13



Galaxies vs. Super Massive Dark Stars

Ilie etal. 2012
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Galaxies vs. Super Massive Dark Stars

Ilie etal. 2012

Dark Stars
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Fermi constrain dark stars

• If the first stars (powered by 
DM or Not) collapse to form 
BH, the remnant BH still holds 
onto a spike of DM 

- When the star formed, the in 
falling gas adiabatically 
contracted the DM, which 
boosted and tightly bound  DM 
around the future Black, which 
can lurk in our galaxy today. 

Pearl Sandick 2011 etal.

Bringmann,Lavalle, and Salati 2009
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Intact DM Halos 

• from Via Lactea, we have been able to count the 
number of halos which might have hosted Pop III 
stars. (these halos formed at the right red shift and 
have the right mass to host a first star)

1 5 10 50 100

10!6

10!4

0.01

1

100

r !kpc"

N s
pi
ke
s
!k
pc
!
3 "

Figure 1: The number density of black hole spikes in the Milky Way as a function of Galactic radius
for star formation models with Early (green), Intermediate (red), and Late (blue) zf as described
in the text. Curves have been obtained using the VL-II N-body simulation as described in the text.
The black points illustrate the total dark matter density profile at z=0 in VL-II. Also shown as a
solid grey curve is the analytical fit found in Ref. [37, 39]. Our simulations show 409, 7983, and
12416 DM spikes in the Milky Way for the Early, Intermediate, and Late scenarios, respectively,
for the case fDS = 1.

3 Dark Matter Density Spikes
The density profile of a dark matter spike surrounding a black hole is determined by adiabatic
contraction of the dark matter halo around the central mass. For concreteness, as our starting point
we take the Navarro, Frenk, and White (NFW) profiles for both the baryons (15% of the mass) and
dark matter (85% of the mass):

ρ(r) =
ρ0

r/rs(1 + r/rs)2
, (5)

where ρ0 is the scale density and rs is the scale radius [52]. The scale density, ρ0, can be re-
expressed in terms of the critical density of the universe at a given redshift, ρc(z), via

ρ0 = ρc(z)
200

3

C3

ln(1 + C)− C/(C + 1)
, (6)

where we take the value of the concentration parameter to be C ≡ rvir/rs = 3.5, and rvir is the
virial radius of the halo. We find that decreasing the concentration parameter to C = 2 results in a
∼ 30% decrease in the luminosity of each spike. Sensitivity of DS properties to the concentration
parameter is discussed in Ref. [53].

7

Green  z = 23

Red  z = 15
Blue z = 11

Black  z = 0

P. Sandick etal 2011
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Fermi Constraints on 
Fraction of DM spikes
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Figure 8: Maximum fDS as a function of central black hole mass for theWIMP annihilation models
in Table 2. Green circles, red squares, and blue diamonds are for Early, Intermediate, and Late zf ,
respectively. The solid markers are the limits from point source brightness, while the open markers
are from the diffuse gamma-ray flux, as described in the text. In each panel, the branching fraction
to the relevant final stateBf = 1. Note that the range of fDS displayed differs from panel to panel.

22

•DM =100 GeV
•Decays into b-mesons
•different colors correspond to 
different end of DS formation

open - diffuse background 

closed - point sources

P. Sandick etal 2011
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Strong Constraints on
Low Mass WIMPs

• Motivated by DAMA, Cogent, CREST, Fermi 
GC excesses, etc.
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Figure 3: Bounds from FGST point source gamma-rays on the maximum fraction fDS of minihaloes
(∼ 106M!) hosting first stars. The bounds are plotted as a function of the mass of the black holes
with dark matter spikes left over from the first stars. The filled points are the bounds obtained by
requiring the DM annihilation gamma-rays not to exceed the brightness of Vela (filled points); and
the open points illustrate the bounds obtained by requiring the DM annihilation gamma-ray flux
not to exceed the brightest unassociated point source. Intermediate and Late ff are shown as red
circles and blue squares, respectively.
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Figure 8: Maximum fDS as a function of central black hole mass for theWIMP annihilation models
in Table 2. Green circles, red squares, and blue diamonds are for Early, Intermediate, and Late zf ,
respectively. The solid markers are the limits from point source brightness, while the open markers
are from the diffuse gamma-ray flux, as described in the text. In each panel, the branching fraction
to the relevant final stateBf = 1. Note that the range of fDS displayed differs from panel to panel.
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Figure 3: Bounds from FGST point source gamma-rays on the maximum fraction fDS of minihaloes
(∼ 106M!) hosting first stars. The bounds are plotted as a function of the mass of the black holes
with dark matter spikes left over from the first stars. The filled points are the bounds obtained by
requiring the DM annihilation gamma-rays not to exceed the brightness of Vela (filled points); and
the open points illustrate the bounds obtained by requiring the DM annihilation gamma-ray flux
not to exceed the brightest unassociated point source. Intermediate and Late ff are shown as red
circles and blue squares, respectively.
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Figure 8: Maximum fDS as a function of central black hole mass for theWIMP annihilation models
in Table 2. Green circles, red squares, and blue diamonds are for Early, Intermediate, and Late zf ,
respectively. The solid markers are the limits from point source brightness, while the open markers
are from the diffuse gamma-ray flux, as described in the text. In each panel, the branching fraction
to the relevant final stateBf = 1. Note that the range of fDS displayed differs from panel to panel.
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Figure 3: Bounds from FGST point source gamma-rays on the maximum fraction fDS of minihaloes
(∼ 106M!) hosting first stars. The bounds are plotted as a function of the mass of the black holes
with dark matter spikes left over from the first stars. The filled points are the bounds obtained by
requiring the DM annihilation gamma-rays not to exceed the brightness of Vela (filled points); and
the open points illustrate the bounds obtained by requiring the DM annihilation gamma-ray flux
not to exceed the brightest unassociated point source. Intermediate and Late ff are shown as red
circles and blue squares, respectively.
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Figure 8: Maximum fDS as a function of central black hole mass for theWIMP annihilation models
in Table 2. Green circles, red squares, and blue diamonds are for Early, Intermediate, and Late zf ,
respectively. The solid markers are the limits from point source brightness, while the open markers
are from the diffuse gamma-ray flux, as described in the text. In each panel, the branching fraction
to the relevant final stateBf = 1. Note that the range of fDS displayed differs from panel to panel.
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Galactic Center

• difficult to study but recent 
progress  A. Ghez  etal 2008

• apparently quiescent super 
massive black hole

• May also have a DM spike 
which boost the local DM 
density by several orders of 
Magnitude  due to baryonic 

⇠= 106M�
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Background
Selected results

Summary

Dark stars
Indirect detection with gamma rays
Global fits

The idea in a nutshell (cartoon version)

Pat Scott – May 4 – PhD Defence Searches for particle dark matter

P. Scott

Text

Cartoon of Dark Stars around the  Galactic Center
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Background
More Interesting Stuff

Dark star grids & the DARKSTARS code
Impacts of dark stars at high redshift

Grid input parameters (or at least the ones people will
care about)

Nuclear-scattering cross-sections: �SI = 10�44 cm2,
�SD = 10�38 cm2

Annihilation cross-section: < �av >0= 3� 10�26 cm3/s
Stellar masses: 0.3–2.0 M�, metallicities: Z = 0.0003 –
0.02
Behaviour is qualitatively very similar at higher masses and
Z = 0

Pat Scott – CRF 2010 – Hamburg Dark stars: structure, evolution and high-redshift effects

(chosen to be consistent w current limits in 2009)

Pameters used in stellar structure of  DS at 
galactic center
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Main-sequence dark stars at the Galactic centre 17
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Figure 10. WIMP luminosities achieved by stars orbiting circularly about
the central black hole. The dark matter velocity distribution is isothermal
with dispersion v̄ = 270 km s�1, and the density profile follows the adia-
batically contracted profile (AC+spike). The impact of instead using a ve-
locity distribution truncated at the local Galactic escape velocity is shown
with a dashed curve. Capture is maximised at a radius of approximately
0.3 pc, but no circular orbit produces capture rates high enough to trans-
late into a WIMP luminosity which can produce any significant changes in
stellar evolution. WIMP luminosities produced with the alternative density
profile (NFW+spike) are even lower, so are not shown.

orbital radius of �0.3 pc. Inwards of this the velocity effect domi-
nates and capture is highly suppressed. The constant WIMP lumi-
nosities at very small radii in Fig. 10 are entirely due to the initial
populations of WIMPs that the models were started with.

We evolved some supplementary models (dashed curve in
Fig. 10) with the truncated isothermal distribution (Eq. 4.2 applied
to Eq. 2.12), to see if capture might be boosted to interesting lev-
els by removing unphysical WIMP velocities. On the contrary, the
truncation of the isothermal WIMP velocity distribution caused a
strong reduction in capture rates. Stars moving as quickly as those
on circular orbits near a black hole must capture predominantly
from the Maxwell tail of the isothermal distribution, so truncation
denies them many of their best capture candidates. The opposite is
true of a star in the RSC, which captures from the centre of the dis-
tribution and benefits (slightly) in capture rate if the distribution is
truncated and renormalised.

If it follows a circular orbit in an isothermal WIMP halo, even
the lowest-mass single star, placed at the optimal radius in the most
optimistic density profile, cannot accrete enough WIMPs to bring
annihilation luminosity to within two orders of magnitude of its
nuclear luminosity. We do not show WIMP luminosities resulting
from the NFW+spike density profile, as they are even less interest-
ing due to the profile’s lower central density.

6.2 Elliptical orbits

The primary assumptions of the previous grid were that stars al-
ways follow circular orbits, and that the halo is isothermal. We
know these to be untrue in reality, so in the second grid we con-
sidered the effects of elliptical orbits and a non-Gaussian velocity
distribution.

This grid consisted of single stars on orbits with various ellip-
ticities, within three classes: orbits with periods P = 10 yr, orbits
with P = 50 yr and orbits where the maximum star–black hole

Table 2. Orbits considered in Sect. 6.2, along which we evolved stars in
Figs. 11–13.

Orbit class e rmin (pc) rmax (pc)

P = 50 yr 0 9.49� 10�3 9.49� 10�3

0.5 4.74� 10�3 1.42� 10�2

0.9 9.49� 10�4 1.80� 10�2

0.99 9.49� 10�5 1.89� 10�2

0.999 9.49� 10�6 1.90� 10�2

0.9998 1.90� 10�6 1.90� 10�2

P = 10 yr 0 3.24� 10�3 3.24� 10�3

0.5 1.62� 10�3 4.87� 10�3

0.9 3.25� 10�4 6.17� 10�3

0.99 3.25� 10�5 6.46� 10�3

0.999 3.25� 10�6 6.49� 10�3

0.9995 1.62� 10�6 6.49� 10�3

rmax = 0.01 pc 0 1.00� 10�2 1.00� 10�2

0.5 3.33� 10�3 1.00� 10�2

0.9 5.26� 10�4 1.00� 10�2

0.99 5.03� 10�5 1.00� 10�2

0.99967 1.65� 10�6 1.00� 10�2

separation was 0.01 pc. The galactocentric distances at periapsis
and apoapsis (rmin and rmax respectively) of each of the orbits we
considered for this grid are given in Table 6.2. The maximum ec-
centricity in each class was chosen so as to ensure that stars did not
come within five Scwharzschild radii of the centre of the black hole,
ensuring that relativistic corrections to the orbit were not critical.

The early evolution of one of the stars from the grid is shown
in the left panel of Fig. 11. The initial flat sections of curves are
where the star was held at a constant galactocentric radius for the
first 3 timesteps to allow the model to properly relax. Capture and
annihilation occur in punctuated stages, clearly correlated with the
orbital period. Strikingly, the times of greatest capture are in fact
when the star is farthest from the centre of the Galaxy, at apoapsis.
This is because it has had a chance to slow down relative to the DM
halo, and achieve a significant capture rate for a time before plum-
meting back down towards the black hole. By the time it reaches
periapsis, the star is moving so quickly that capture is essentially
zero, regardless of how high the dark matter density is.

Because following the dark evolution of a star on such an or-
bit is extremely time-consuming, we evolved the models in this grid
for just 5 full orbits each, then calculated the average capture rates
achieved over this time. We explicitly assume that given identical
initial mean capture rates, the long-term evolution of a star on a
short-period elliptical orbit would be the same as the evolution of
one which evolves on a circular orbit. That is, we assert that be-
cause of the one-to-one mapping between capture rate, WIMP lu-
minosity and evolutionary effects discussed in Sect. 3, the evolution
of stars on elliptical orbits in the Galactic centre can be predicted
by assigning them an equivalent RSC star from the grid of models
we presented earlier. Recall now our assumption in Sect. 2.2 that
WIMPs instantaneously thermalise with the stellar material. This is
almost certainly not a good approximation on the timescale of just
5 orbits. We therefore probably overestimate annihilation rates and
how closely they track capture during such stars’ early years, since
annihilation takes longer to catch-up with capture when instanta-
neous thermalisation is not assumed. As our primary goal is to pre-
dict the long-term evolution on the basis of the initial capture rate,
we don’t expect this approximation to have a large impact here. We
plan to directly test all these assumptions in later papers, using sin-

c⇥ 2009 RAS, MNRAS 394, 82–104

Max WIMP Capture Rate in Star

Max Capture rate is at 
0.3 pc from the center 

of the BH

Lower DM density  
compensated Since DM 

has lower  velocity

Velocity vs. DM density

Scott Etal. 2009
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Background
More Interesting Stuff

Dark star grids & the DARKSTARS code
Impacts of dark stars at high redshift
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Pat Scott – CRF 2010 – Hamburg Dark stars: structure, evolution and high-redshift effects

Convection Zones of Star With Increasing DM heating

Edsjo, Fairbairn, and Scott 2008
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Background
Selected results

Summary

Dark stars
Indirect detection with gamma rays
Global fits

Stars on elliptical orbits at the Galactic centre
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Paper II

Pat Scott – May 4 – PhD Defence Searches for particle dark matter P Scott  etal 2009

DM Luminosity vs. Fusion

Adiabatically 
NFW 

contracted 
Halo

NFW profile 
alone

Since Capture happens mostly away from the 
DM spike.... AC has the most dramatic effect 
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TMT
30 Meter 

• larger telescope will dramatically increase the 
sensitivity to low luminosity stars and may provide 
an opportunity to determine the dark matter density 
in terms of Machos (invisible baryonic matter) and 
WIMPs

• 2018 first science

• Also may allow for a survey of stars powered by DM 
or at least place interesting  constraints on the 
properties of DM

(A. Ghez etal 2010)
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Conclusion
• JWST and HST can constrain dark stars 

forming in the early universe and could be a 
way to discover dark stars

• Fermi can strongly constrain the dark star 
scenario and SMBH formation in general

• TMT has a chance to also constrain the 
capture rates of DM at the galactic centerV+i+z Y J H 3.6 4.5

UDFj-39546284 H=28.9 J-H>2.0

1st Year 2nd Year50% random 50% random
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