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The Missing Mass of the Universe

A Mystery for 80 years!

expected
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—~—_ luminous disk
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: e M33 rotation curve

Zwicky 1933:

Vera Rubin 70’s
L Rotation curves of Andromeda are not falling Microwave Background Radiation
Virial Theorem on Coma cluster . : |
according to Newton’s law!
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Bullet Cluster
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“sewa What is the nature of Dark Matter?

*Spin-Independent
*Spin-dependent
*[nelastic cross section

Self-Interacting dark matter

* Thermally produced WIMPs
*Nonthermally, asymmetric dark matter

possible explanation of PAMELA results

Sunday, March 11, 2012



DIVAS . .
Astrophysical Observations

for Advanced Study

Sunday, March 11, 2012



DIVAS . .
Astrophysical Observations

for Advanced Study

WIMP annihilation as a heating mechanism for
eneutron stars (CK '07, CK Tinyakov ’10, Lavallaz Fairbairn ’10)
*white dwarfs (Bertone Fairbairn ’07, McCullough ’10)
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DIVAS . .
Astrophysical Observations

for Advanced Study

WIMP annihilation as a heating mechanism for
eneutron stars (CK '07, CK Tinyakov ’10, Lavallaz Fairbairn ’10)
*white dwarfs (Bertone Fairbairn ’07, McCullough ’10)

WIMPs can be trapped inside stars and later collapse forming a black hole that destroys the star
(Goldman Nussinov '89, CK Tinyakov ’10,’ 1 I, McDermott Yu Zurek ’I |, CK’ I I)
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WIMP captu re in Stars

Condition: The energy loss in the collision should be larger
than the asymptotic kinetic energy of the WIMP far out of the
star.

Example: Sun

WIMP mean free path 1 M,

o Em—  nm=——r  _g.10% particles/ cm’
inside the sun no (4/3)7R;, m,

Even if current o <10 cm?,

17 R .
limit of CDMS E=~10"cm,

g

~107°

Only one out of a million WIMPs scatters!

For a typical neutron star M, =1.4M_, ., R=10km

O >0 ~5-10"%cem? cKko7

critical

For cross section Llarger thaw the critical one, every WIMP passing

through the neutron star will be on average interact inside the
star.
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WIMP Captu re in Stars

For typical NS [ESEEESUte ( Pam ) (unm\*

~ T/ 2
GeV /cm? m
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, 0.9 ( m )-( o ‘
= 0.2yr - —
. ' TeV 10—43¢cm?
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. 3G pem 10°K m
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dt Vey v cy

Internal Temperature

CK’07
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dT . _Lz/ — Lj. == Ldm

7 Vey

Internal Temperature

neutrino
emission

CK’07
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dT . _Lz/ — Lj. == Ldm

7 Vey

Internal Temperature

108
107
108
10°
) 104
neutrino
emission
photon
emission CK’07
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(]T —L,A, — LA., + Ldm 4 = —€y — Eﬁ. T €dm

dt Vey ey cv

Internal Temperature

108
107
108
10° \
. 104
neutrino -

. G eyt Time
emission 10° _40* 10° 1057107 10
photon
emission CK,O7

dark matter
heating
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Cooling of Neutron Stars

Galactic Center Globular Cluster

Surface Temperature

Surface Temperature e
- N % ()

5% 10°

| % 10°
5x10%

1 x10*
5000

— it . . '4l)isl:mcc
107 001 ] 100 10

Distance
00 200

Nearby old neutron stars CK, Tinyakov *10

J0437-4715 temperature 1075 K
JO108-1431 temperature 9 x 10/ 4 K
130-140 pc away
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Cooling of Neutron Stars

log( 6/cm 2)

direct
searches

3

observation of NS in M4
with T=7x10 *K

Old neutron stars in Globular Clusters

X7 in 47 Tuc
1620-26 in M4

both have temperatures roughly 1076 K
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Bosonic Asymmetric Dark Matter
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Bosonic Asymmetric Dark Matter
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Bosonic Asymmetric Dark Matter

BEC accelerates collapse

2/3 9 9 oy

' 2wh° hn?/?
~ 3.31 NBgc ~ 2 X 1036

mkg mkg

1/2 _
) (o)
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Bosonic Asymmetric Dark Matter

BEC accelerates collapse

2/3 9 9 oy

' 2wh° hn?/?
~ 3.31 NBgc ~ 2 X 1036

mkg mkg

m o\ —1/2 ~1/4 1/2
GeV> » .= (?Gpcmz) ~1.6x10"* <GeV) cm

m

Evolution of the Black Hole

dM 47tp.G?M? 1

3 153607TG2M2\
Hawking Radiation

Sunday, March 11, 2012



D7

Danish Institute
for Advanced Study

Bosonic Asymmetric Dark Matter
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Bosonic Asymmetric Dark Matter

log(c/cm 2
A g( )

excluded by BH formation inside neutron stars

CK,Tinyakov PRL [ |

p=0.3GeV/cm?®

p = 10%GeV/em 3

Hawking radiation prevents BH growth
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Bosonic Asymmetric Dark Matter

DAMA/CoGeNT

log(c/c 2
A g( )
excluded by BH formation inside neutro starsg

|
1

p = 0.3GeV/icm ]

CK,Tinyakov PRL [ |

p = 10%GeV/em 3

Hawking radiation prevents BH growth
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Bosonic Asymmetric Dark Matter

DAMA/CoGeNT

2
A log(c/cm 2) log(c/cm )

excluded by Bullet Cluster

excluded by BH formation inside neutron starsg

CK,Tinyakov PRL [ |

3 10°
p=0.3GeV/iecm

excluded by neutron stars

Hawking
radiation
prevents
BH growth

p = 10%GeV/em 3

Hawking radiation prevents BH growth

Self-Interacting DM
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log(c/cm 2
A g( )

Bosonic Asymmetric Dark Matter

excluded by BH formation inside neutron starsg

p = 0.3GeV/icm ]

p = 10%GeV/em 3

J

Hawking radiation prevents BH growth

DAMA/CoGeNT

\

CK,Tinyakov PRL [ |

A

Iog(c/cmz)
excluded by Bullet Cluster

p = 10°GeViem ®

108 10°
excluded by neutron stars

Hawking
radiation
prevents
BH growth

Self-Interacting DM

If WIMP is a composite of fermions

A

crit —

2/3
ml/SMPl/ (

lf WIMP is a composite of fermions above that scale, the bosonic constraints still hold
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Self-Interacting Dark Matter

N=10A57/mA3!!!

Yukawa-type WIMP self-interactions _ |
can explain the flatness of dwarf galaxies Spergel- YQU1) —aexp|—ur]/r
Steinhardt '99, Loeb-Weiner ’| |

Yukawa self-interactions can alleviate the effect of the Fermi
pressure, leading to a gravitational collapse with dramatically

lower amount of captured VWIMPs
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Self-Interacting Dark Matter

|
i
]
|
]
‘.
1
1
|
|
]

o)

Exclusion
regions
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Spin-Dependent Asymmetric Dark Matter
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Spin-Dependent Asymmetric Dark Matter

A regular star accumulates
WIMPs with spin-dependent
WIMP-nucleon interactions
and collapses to a white
dwarf after the hydrogen and
helium burning stages
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Spin-Dependent Asymmetric Dark Matter

A regular star accumulates
WIMPs with spin-dependent
WIMP-nucleon interactions
and collapses to a white
dwarf after the hydrogen and
helium burning stages

The WIMP population is
inherited by the white dwarf
and gets thermalized inside

it due to the presence of
CI3-WIMP spin-dependent
interactions
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Spin-Dependent Asymmetric Dark Matter

Formation of a Black Hole

A regular star accumulates
WIMPs with spin-dependent
WIMP-nucleon interactions
and collapses to a white
dwarf after the hydrogen and T[] excluded by
helium burning stages T e

log(o/cm %)

excluded by
observation of WD
in the center of M4

CK, Tinyakov 10
The WIMP population is
inherited by the white dwarf
and gets thermalized inside
it due to the presence of

CI3-WIMP spin-dependent
interactions

thermalization
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AR The Dark Side of the Stars

Compact stars can reveal a lot of information about
the nature of DM putting constraints on its
properties complementary to direct searches.

e Observation of cold neutron stars can exclude
thermally produced dark matter.

* Asymmetric dark matter:

|. keV-16GeV bosonic dark matter is excluded.

2.Part of fermionic WIMP self-interactions excluded.
3.Constraints on WIMP-nucleon spin-dependent
Interactions.
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