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Basic Picture

The First Stars

— form in a DM rich environment

Gas cools and collapses to form the first stars
— the cloud compresses the DM halo.

DM annihilates

— rapidly as densities increase

At a high enough DM density

— the DM heating overwhelms any cooling mechanisms which
stops the cloud from continuing to cool and colla










Thermal evolution of a primordial gas
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Fully-molecular core  n~10'% (cm)




A new born proto-star

with T« ~ 20,000K










Weakly Interacting Massive Particles (WIMP)s
e.g. the neutralino (LSP)
WIMP Miracle

Axions
Pecci-Quinn Solution to the strong CP problem

Primordial Black Holes

First order phase transitions (GUT models, Electro-Weak Phase
transition)




The Dark Matter:
The WIMP Miracle













|. Direct Detection (Goodman and Witten 1986;  Drukier,
Freese, and Spergel 19806)

ll. Indirect Detection: uses same annihilation
responsible for today’s relic density:

Neutrinos from Sun (Silk, Olive, and Srednicki 1985) or
Earth (Freese 1986; Krauss and Wilczek 1986)

Anomalous Cosmic rays from Galactic Halo (Eliis, KF
et al 1987)

Neutrinos, Gamma-rays, radio waves from galactic
center (Gondolo and Silk 1999)

N.B. SUSY neutralinos are their own antiparticles; they
annihilate among themselves to 1/3 neutrinos, 1/3 photons, 1/3

electrons and positrons










1.WIMP Annihilation
Typical final states include heavy(
fermions, gauge or Higgs bosons \

o

2.Fragmentation/Decay

\
(

electrons, protons, deuterium, /\
neutrinos and gamma-rays v

e+

W_
Annihilation products decay and/or q
fragment into combinations of W+
q
/

3.Synchrotron and Inverse Compton
Relativistic electrons up-scatter starlight/
CMB to MeV-GeV energies, and emit
synchrotron photons via interactions with

magnetic fields










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













NFW Profile

Via Lactea
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Dark Matter Profile
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See the work of Natarajan, O'Shea, and Tan (2008)

*looked at simulations and extrapolated the DM densities

Also locco et al. 2008 and Sivertsson & Gondolo 2010













Three Conditions for Dark Stars
(Paper 1)
* 1) OK! Sufficiently High Dark Matter Density

« 2) OK! Annihilation Products get stuck in star
%) DM Heating beats H2 Cooling?

New Phase
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We require the DS to be in hydrostatic equilbrium,

dP _ GM, @
=P

where ’%!f- = 47r?p(r), p(r) is the total density (gas plus DM) at radius r, and M, is the
enclosed mass within radius r. We use an equation of state for the gas with a mixture of
ideal gas and radiation:

P(r)= ”":;‘*7;;") - %aT(r)‘ = Py + Prad (5)

_ 3kgT(r) aT(r)?

B0 = S p(r)













Is there enough DM?

Spherical Halos

@ DM orbits are nlanzr roseties (Binney
& Tremaine '08).

@ The Dark Star creates a loss cone that

cannot be refilled.

-

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

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

@ Traversing arbitrarily close to the
center and the loss cone.

@ The loss cone could remain full for 10°
times longer than in the case of a

" particle: 63 phase ¢
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H-R diogram
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With Capture Without Copture
——— m,= 10 GeV m,= 10 Ge
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Freese, Aguirre, Spolyar 08; locco 08













Minimal Capture

Case
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SuperMassive Dark Star w Capture
* 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 (10° My)
« Very Luminous (10°Lg)
— Other related work growing very large dark stars:
 Umeda, Yoshida, Nomoto, Tsuruta, Sasaki, and Ohkubo (2009)
« Start with fusion already in star (not primordial DS)
» Consider only capture

— GR Instability (not an issue: large radius in GM/R)

— Avoids fusion and re-ionization?
« Until DM reservoir depleted or disrupted
 Maximum time Scale
(10-100Myrs) due to mergers
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JWST with Capture
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Idea: Use a magnifying lens Zackrisson et al 2010

Detectable with JWST via gravitational lens magnification ~100

*
a)
* *
Star clusters 4 Dark stars




























() Bizarre stars powered by dark
matter may have been the first

Ker Than to form after the Big Bang.

*




