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Energy content of the Universe after WMAP

74% Dark Energy

4% Atoms

@® \What is dark matter ?

SUSY Neutralino?! Gravitino?
Axion? KK particle! or...
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Evidence of DM!?
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Cosmic-rays from DM annihilation

Positron fraction Total flux [GeV’m ™ ?s™'sr™']
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xx — p " i (a) my, = 300GeV, (ov) = 2.0 x linERes Gl
(b) m, = 2TeV, {ov) = 5.0 x 10" **cm’s*

J.Hisano, M.Kawasaki, K.Kohri, T.Moroi and KN (2009)
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PAMELA & Fermi —— {(ov) ~ 10™*?cm?s™*

Thermal relic DM —— {(ov) ~ 3 x 107 *°cm?s ™"

-

® Velocity-dependent cross section

Sommerfeld enhancement [ J].Hisano, S.Matsumoto, M.Nojiri (2003),
N.Arkani-Hamed et al. (2008)]

Nonthermal dark matter

* Decay of long-lived particle
[ T.Moroi, L.Randall (1999),

Moduli G.Gelmini, PGondolo (2006), M.Nagai, KN (2008)
B.Acharya, PKumar, K.Bobkov, G.Kane, ].Shao, S.Watson (2008)]

[ M.Endo, K.Hamaguchi, F Takahashi (2006),

See also S.Nakamura, M.Yamaguchi (2006)
M.Dine, R.Kitano, A.Morisse,Y.Shirman(2006)]
Q-ball [ M.Fuiii, K.Hamaguchi (2002)]
Saxion [ M.Endo, FTakahashi (2006), M.Kawasaki, KN (2008)]
\_ etc... J

=P Constraints from gamma, neutrino, etc.

2010%10817HHEH




Fermi diffuse gamma_

X % EGRET (Sreekumar et al. 1997)
¢ ¢ EGRET (Strong et al. 2004)
e e Fermi (Abdo et al. 2009)
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Cone half angle from GC [degree]

Hisano, Kawasaki, Kohri, KN (08)

25

Others

® Anti protons
® Gamma from dwarf galaxy

® Diffuse neutrino

® Synchrotron radiation
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Constraints on DM annihilation cross section

LWL : annihilation
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LMB SPECIn Fixed

Radystion =

PRESENT
13.7 Billion Years
after the Big Bang
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Dark matter.annihilation

PRESENT
NeUtranS,... 13.7 Billion Years

after the Big Bang
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tter annihilation
early Universe

m—p- ffects on
' Nucleosynthesis
|B anisotropy

' . PRESENT
NeUtranS,... 13.7 Billion Years

after the Big Bang
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Recombination epoch € P H

Electron+protof

plasma

z ~ 1000
c
S
0
a
Neutral m
hydrogen 6

Padmanabhan, Finkbeiner(2005) Belikov,Hooper(2009)
S.Galli et al.,(2009), G.Huesti et al.(2009) T.Slatyer et al.(2009)
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Recombination epoch e (P H DM
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Padmanabhan, Finkbeiner(2005) Belikov,Hooper(2009)
S.Galli et al.,(2009), G.Huesti et al.(2009) T.Slatyer et al.(2009)
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Recombination epoch e (P H DM

Electron+protof

plasma
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Padmanabhan, Finkbeiner(2005) Belikov,Hooper(2009)
S.Galli et al.,(2009), G.Huesti et al.(2009) T.Slatyer et al.(2009)
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Recombination epoch e (P H DM

Electron+proto

plasma

z ~ 1000
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Neutral m
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Padmanabhan, Finkbeiner(2005) Belikov,Hooper(2009)
S.Galli et al.,(2009), G.Huesti et al.(2009) T.Slatyer et al.(2009)
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B Energy deposition from DM in the early universe
T.Kanzaki, M.Kawasaki, KN (2009)

(a) Photon injection .
Compton g ¥ +Vy € +e
® Pair creation

Te lonization,
heating

Y+ YBGg — €

® Compton scatter

AP A Y P R Y NE

® Photon-photon scatter
vt Q0 Satl log(1+2) 1.5

AP YT ! 1
® lonization of H
0.5
deaHemipidtic
® Pair creation in nuclei b IogBE (.e:,? 12 14
¥ + H— e e il H Chen, Kamionkowski (2004)
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(b) Electron injection

® Inverse Compton scatter € + YBG — € T+ 7
® Coulomb collision e +egg € +e
® Collision with H e +H—e +H

® |onization of H e +H—2e¢ +0p

® Excitation of H Iy B R o T e 1 e

~ Dominant energy loss process of high energy electron

-y
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lonization fraction of H

3
5 10 cm /s
10 24cm3/s

no DM ann

DM annihilation effect increases ionization fraction

sl | arge optical depth
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CMB anisotropy 5 10240
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T.Kanzaki, M.Kawasaki and KN, arXiv:0907.3985
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Excluded by CMB
(WMAP + QuaD + ACBAR + CBI)
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M.Kawasaki, KN and T.Sekiguchi, in prep.
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Summary of constraints on DM annihilation cross section

LWL : annihilation
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KN, Ph.D Thesis
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Summary of constraints on DM annihilation cross section
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Probing (non)thermal
history of the Universe




Big Bang
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PRESENT
13.7 Billion Years
after the Big Bang
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Big Bang

snedyp Lilyeie

Formaton of D& HE

PRESENT
13.7 Billion Years
after the Big Bang
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PRESENT
13.7 Billion Years
after the Big Bang
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Big Bang Temp

S
Last Scatten’ng

PRESENT
13.7 Billion Years
after the Big Bang
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Big Bang

snedyp Lilyeie

PRESENT
13.7 Billion Years
after the Big Bang
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Gravitational waves from inflation

Metric perturbation (tensor part)

ds?® = a2( )[—dT? + (57;:,- + 2h;; ) da' da? ]
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Evolution of GW
2

k
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Spectrum of GWB Tn =107 GeV

H,=10"Gev *
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10714
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-24
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GWB spectrum= Thermal history of the Universe

N.Seto, J.Yokoyama(2003), Boyle, Steinhardt (2005) KN, Saito, Suwa, Yokoyama(2008)



Thermal history may be modified
due to the moduli field.

¢ : inflaton
o : moduli

(Source of
nonthermal DM)

intermediate
M.D. epoch due to
moduli domination

—> Imprints on the GWB spectrum

2010%10817HHEH




B Moduli-dominant case

modulation on the GW spectrum

Entropy production, F=10
10712

10714

H,=10"*GeV

10716
18 | H.=10"3GeV
10 inf

10720

oo | DECIGO-corr
10 ultimate-DECIGO
ultimate-DECIGO-corr =-=-=-

1024 Lo DECIGO
10 10 10 10 ~20277

f [Hz]

TO‘ Anaw ]_OGeV TR = 107Gev KN,J.Yokoyama (2009)
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B Moduli-dominant case

modulation on the GW spectrum

CMB

polarization Jer

10718 H. =1 0"3Gev

1020
DECIGO-corr
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TO‘ Anaw ]_OGeV TR = 107Gev KN,J.Yokoyama (2009)
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B Moduli-dominant case

modulation on the GW spectrum

Entropy production, F=10

CMB - H, =10"*GeV

polarization Jer
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Summary

® PAMELA/Fermi may indicate (nonthermal)
DM with large cross section.

® Stringent constraint on the annihilation
cross section from VWMAP.

o r' N < A g Ve | L St ll
- E DT : y e - LYY -
Sl “\ b AR o 7 Bl .'. o g 'y . N . e
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GW spectrum at present

k/a ~ H athorizon entry

N

~ const. at horizon entry

RS AG
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Astrophysical foreground
(1) White Dwarf binary

binary

Completely
stochastic

Cannot be
removed.

Farmer and Phinney (03)



(2) Population |ll Stars

Collapse of first stars ==l Gravitational Waves

May hide
inflationary GW

/

l\ N Ve
\ LIGO—IfT

A (S/N=5)
GWB from Pop HI ™~

DECIGO/BBO
.. (S/N=5)

But SFR at early

o | . } 7
epoch is uncertain : /

DUt)’ cycle may i ~ ultimate—DECIGO
not be so large (3/N=5)

=<
7~ P
~

~

Can be removed.

Suwa, Takiwaki, Kotake, Sato (06)
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. DECIGO-correlated  , ultimate-DECIGO
_ . -

F DECIGO-corr : " ultimate-DECIGO
Lol Lol Lol | L L Lol Lol Lol Lol Lol Lol

105 10° 107 108 10° 10'° 10* 10° 10®° 10”7 108 102 10"
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GW can be detected uoltimate-DECIGO (corr)
. TR can be determined E

Future observations
can determine N
. _ ul-DECIGO-corr
or constrain TR sk
Tk [GeV]
KN, Saito, Suwa, Yokoyama(2008)
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BBN constraints on DM annihilation cross section
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J.Hisano, M.Kawasaki, K.Kohri, T.Moroi and KN (2009)
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The case of Wino DM
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J.Hisano, M.Kawasaki, K.Kohri and KN (2008)
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~200GeV Wino fits the PAMELA data (not Fermi)
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J.Hisano, M.Kawasaki, K.Kohri and KN (2008)

Anti-Protons may be safe : Grajek,Kane,Phalen,Pierce,Watson(2008)
G.Kane, R.Lu, S.Watson (2009)
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