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Energy content of the Universe after WMAP

What is dark matter ?
SUSY Neutralino?
Axion?

Gravitino?
KK particle? or ...
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Evidence of DM?
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Positron fraction Total flux [GeV2m−2s−1sr−1]

χχ → µ+µ− : (a) mχ = 300GeV, �σv� = 2.0× 10−24cm3s−1

(b) mχ = 2TeV, �σv� = 5.0 × 10−23cm3s−1

(a)
(b)

J.Hisano, M.Kawasaki, K.Kohri, T.Moroi and KN (2009)

Cosmic-rays from DM annihilation
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PAMELA & Fermi �σv� ∼ 10−23cm3s−1

�σv� ∼ 3× 10−26cm3s−1Thermal relic DM

Velocity-dependent cross section

Nonthermal dark matter

Sommerfeld enhancement

Decay of long-lived particle

Moduli

Q-ball

Saxion
etc...

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

[ T.Moroi, L.Randall (1999), 
G.Gelmini, P.Gondolo (2006), M.Nagai, KN (2008)

B.Acharya, P.Kumar, K.Bobkov, G.Kane, J.Shao, S.Watson (2008)]

[ M.Fujii, K.Hamaguchi (2002)]

[ M.Endo, F.Takahashi (2006), M.Kawasaki, KN (2008)]

Constraints from gamma, neutrino, etc.

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

M.Dine, R.Kitano, A.Morisse,Y.Shirman(2006)]
See also
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Figure 4: Measurements of the IGRB by Fermi-LAT [30] and EGRET [25, 26], together
with three types of gamma-ray spectra induced by DM. The overall normalization of the
DM spectra are given by assuming the MSII-Sub1 ∆2 model, and for this visualization
we have chosen the following cross sections �σv� = 5× 10−25 cm3 s−1 (for bb̄), 1.2× 10−23

cm3 s−1 (µµ) and 2.5 × 10−26 cm3 s−1 (γγ). The solid lines are with the Gilmore et al.
[68] absorption model applied, and the dotted lines with the Stecker et al. [69] absorption.
We also show the line spectra convoluted with the energy resolution of the Fermi-LAT
experiment (dashed line). The dotted line passing through the Fermi data points is a
power law with the spectral index of -2.41.

3 Particle Physics Models

A variety of different extensions of the Standard model of particle physics could in prin-
ciple produce strong enough fluxes of gamma-rays to be observed by the Fermi-LAT [40].
We consider three generic types of DM models with distinctively different gamma-ray
signatures, exemplified in figure 4:

[Model 1: bb̄] Many DM candidates (e.g., within supersymmetry) have their dominant
annihilation channel into quarks and gauge bosons. In these cases, gamma-rays are
produced through the hadronization and decay of π0. For definiteness we assume
here a 100% branching ratio into bb̄, but also annihilations instead into other quarks
as well as into W/Z gauge bosons and higgs would all give fairly similar spectra [77].
We use the DarkSUSY package [78] to obtain the gamma-ray yield dNγ/dE, when

13

Fermi diffuse gamma

A.A.Abdo et al. 1002.3603

SK upward muon

Hisano, Kawasaki, Kohri, KN (08)

HESS GC gamma

Gamma from dwarf galaxy 

Diffuse neutrino

Anti protons

Others

Synchrotron radiation
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KN, Ph.D Thesis

Constraints on DM annihilation cross section
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Dark matter annihilation 
in the Galaxy now

Positron,
Gamma-ray,
Neutrinos,...
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Dark matter annihilation
in the early Universe

Effects on 
Big-Bang Nucleosynthesis

& CMB anisotropy

Dark matter annihilation 
in the Galaxy now

Positron,
Gamma-ray,
Neutrinos,...
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Padmanabhan, Finkbeiner(2005)
S.Galli et al.,(2009), G.Huesti et al.(2009)

Belikov,Hooper(2009)
T.Slatyer et al.(2009)
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Energy deposition from DM in the early universe

(a) Photon injection

Chen, Kamionkowski (2004)

€ 

γ +γBG → e+ + e−Compton

Ionization,
heating

γ + γBG → e+e−

γ + eBG → γ + e−

γ + γBG → γγ

γ + H→ p + e−

γ + H→ e−e+
+ H

Pair creation

Compton scatter

Photon-photon scatter

Ionization of H

Pair creation in nuclei

T.Kanzaki, M.Kawasaki, KN (2009)
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(b) Electron injection

Inverse Compton scatter e− + γBG → e− + γ

Coulomb collision e− + e−BG → e− + e−

Collision with H e− + H→ e− + H

Ionization of H e− + H→ 2e− + p

Excitation of H e− + H→ e− + H
∗

Dominant energy loss process of high energy electron
is Inverse-Compton scattering

Up-scattered CMB has energy E ∼ γ2
eECMB

Ionization, heating, etc...

Modify RECFAST code to include these effects
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Ionization fraction of H

DM annihilation effect increases ionization fraction

Large optical depth
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CMB anisotropy
with effect of DM 

annihilation

TT

TE

χχ→ e+e−

�σv� = 10−24cm3s−1

�σv� = 5 × 10−24cm3s−1

T.Kanzaki, M.Kawasaki and KN, arXiv:0907.3985
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M.Kawasaki, KN and T.Sekiguchi, in prep.

χχ→ e+e−
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CMB CMB

KN, Ph.D Thesis

Summary of constraints on DM annihilation cross section
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Summary of constraints on DM annihilation cross section

CMB CMB

KN, Ph.D Thesis
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Probing (non)thermal
history of the Universe

Gravitational Wave
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Photon
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Photon

N
eutrino
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Photon

N
eutrino

How to explore

this epoch?
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Gravitational waves from inflation

ds2 = a2(t)[−dτ2 + (δij + 2hij)dxidxj ]

Metric perturbation (tensor part)

hij =
1

MP

�

λ=+,−
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d3k
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ij
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Quantization
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Evolution of GW

Outside the horizon :

In the horizon :

ḧ
λ
k + 3Hḣ

λ
k +
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dρgw

d ln k
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�

λ

1
32πG

k2|hλ
k |2

�
ain(k)

a0

�2

∝ k−4 for k < keq

∝ k−2 for k > keq

Ωgw(k) =
1
ρc

dρgw

d ln k
∝ k−2 for k < keq
∝ const for k > keq

Rule :
Ωgw(k) ∝ k−2

Ωgw(k) ∝ const
for horizon entry in MD era
for horizon entry in RD era
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Figure 1: (Top) Spectra of the gravitational wave background for inflationary scale Hinf =
1014 GeV and 1013 GeV. Here we have taken TR = 107 GeV. Also shown are sensitivities
of planned space-based gravitational wave detectors, DECIGO with a correlation analysis
(blue dashed line), ultimate-DECIGO (purple dotted line), and correlation of analysis of
ultimate-DECIGO (red dot-dashed line). (Bottom) Same as the top panel for the dilution
factor F = 10 for Tσ=10 GeV and TR = 107 GeV.

5

Spectrum of GWB TR = 107 GeV

GWB spectrum＝Thermal history of the Universe
N.Seto, J.Yokoyama(2003), Boyle, Steinhardt (2005) KN, Saito, Suwa, Yokoyama(2008)

TR

fR = 0.26Hz

�
TR

107GeV

�
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ρφ

ρσ

t

∝ a−3

∝ a−4

Thermal history may be modified 
due to the moduli field.

σ : moduli
φ : inflaton

Imprints on the GWB spectrum

M.D.R.D.M.D.

t
R.D.

intermediate 
M.D. epoch due to
moduli domination

(Source of 
nonthermal DM)
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Figure 1: (Top) Spectra of the gravitational wave background for inflationary scale Hinf =
1014 GeV and 1013 GeV. Here we have taken TR = 107 GeV. Also shown are sensitivities
of planned space-based gravitational wave detectors, DECIGO with a correlation analysis
(blue dashed line), ultimate-DECIGO (purple dotted line), and correlation of analysis of
ultimate-DECIGO (red dot-dashed line). (Bottom) Same as the top panel for the dilution
factor F = 10 for Tσ=10 GeV and TR = 107 GeV.
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ΩGW(f)

Moduli-dominant case

modulation on the GW spectrum

TR

Tσ

KN, J.Yokoyama (2009)Tσ = 10GeV TR = 107GeV

DECIGO
~2027 ?
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Summary

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

• Stringent constraint on the annihilation 
cross section from WMAP.

• (Non)thermal history of the Universe may 
be confirmed at future space laser 
interferometers.
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Back-up Slides
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ρGW(k) ∼ 1
G

h2
k(k/a)2 k/a ∼ H

ρtot ∼
1
G

H
2

at horizon entry

ΩGW(k) =
ρGW(k)

ρtot
∼ const. at horizon entry

After horizon entry,

ΩGW(k) ∝ const. in RD

ΩGW(k) ∝ a−1 in MD

∝ k0

∝ k−2

ΩGW(k)

k

∝ k−2

( a(k)/a0 ∝ k−2 )

GW spectrum at present
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(2) Population III Stars

Suwa, Takiwaki, Kotake, Sato (06)

Collapse of first stars Gravitational Waves

May hide 
inflationary GW

But SFR at early
epoch is uncertain

Duty cycle may
not be so large

Can be removed.
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Future observations
can determine
or constrain TR 

DECIGO-correlated ultimate-DECIGO

ultimate-DECIGO (corr)

TR can be determined

GW can be detected

CMB CMB

KN, Saito, Suwa, Yokoyama(2008)
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Figure 6.2: Same as Fig. 6.1 but for the annihilation into W+W− pair. Then the fraction of the visible
energy is Evis=m = 0: 4.

obtain an approximate constraint on the annihilation cross section as a function of the mass:
〈æv〉 . 10−23 cm3s−1 (Nn=0:8)

−1 (m¬=1 TeV)1:5, with Nn being the number of emitted neu-
trons per single annihilation (∼ 0.8 in the case of W+W− emission); here, we have used the
approximate relation discussed in the previous section: ªA;ann ∝ m0:5

¬ .
We also consider the case where the DM annihilates dominantly into a bπb pair. The constraint

is shown in the top panel of Fig. 6.3. The fraction of the visible energy is Evis=m¬ = 1:04 in this
case. In this mode, the number of emitted neutrons is an increasing function of m¬ (0.3–0.5 for
m¬ = 100 GeV–1 TeV). For comparison, we also study the case that 〈æv〉DM+DM→b+πb=〈æv〉DM+DM→all =
0:01, with keeping the relation Evis=m¬ = 1:04; the constraints are shown in the bottom panel
of Fig. 6.3. Comparing the top panel with the bottom one, we see that the constraints from the
photo-dissociation dominates if the hadronic mode is less than 1 %.

These results are also understood by noting that the energy injection per Hubble time is given
by Eq. (6.12) and comparing it with the results of Ref. [32]. Similarly to the case of radiative
decay, the main constraint comes from the epoch around T ∼ 10 keV where D and 6Li production
processes by hadro-dissociaations start to be efficient.

– 98 –

Figure 6.1: BBN constraints on the annihilation cross section of DM particles when we take the depletion
factor D9 = ¢ log10(

9Li=H)= 0.35. The red, cyan, blue, green and brown solid curves represent the upper
bounds from observational constraints on 3He/D, D, 6Li, 9Li and 4He, respectively. The name of the
element is also written by each line. As for D, we plot both upper limits from High and Low values. Here
we assume that the dark matter annihilates only into e+e−, which means the fraction of the visible energy
is Evis=m = 2. The lines of 4He, 6Li and 9Li do not appear in this figure. For reference, the region
sandwiched by two dashed lines is allowed by 6Li when we take D9 = 0.

Thus it decreases with T (∝ t−1=2). We can compare this with the bound on the energy injections
at each epoch given in Ref. [32] and find that the bound on the annihilation cross section estimated
in this way is consistent with ones derived here up to an order one numerical factor. Note that
although the energy injection decreases with T , the constraint is not necessarily determined in
high-temperature regime. In the case of radiative annihilation, the dominant constraint comes
from the injection around T ∼ 1 keV where 3He and D begin to be affected.

6.2.2 Hadronic modes
Next, let us consider the case of hadronically annihilating DM, such as DM+ DM → W+W−

and DM+ DM → bπb.
In Fig. 6.2, we show the bound on the annihilation cross section for the case where the

DM annihilates dominantly into the W+W− pair. The D abundance gives the severest con-
straint on the annihilation cross section if the low value of the observational D is adopted;
this is due to the hadro-dissociation process of abundant 4He. Then, in such a case, we can

– 97 –

BBN constraints on DM annihilation cross section

J.Hisano, M.Kawasaki, K.Kohri, T.Moroi and KN (2009)

χχ→ e+e− χχ→W+W−
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Figure 6.5: (Top) Allowed regions at 95% C.L. from observational light element abundances in
m¬–〈æv〉 plane. The name of each element is written in the close vicinity of the line. For 6Li and
9Li, regions sandwiched between two lines are allowed, respectively. Except for lithiums, each
line means the upper bound. The total cross section of the annihilation and its major four modes
are also plotted. The calculation is performed by assuming 100% WW emission for simplicity.
(Bottom) Same as the top panel except for including the depletion of lithium (¢ log10(

9Li=H) =
0:4¢ log10(

6Li=H) = 0:25).

– 102 –

J.Hisano, M.Kawasaki, K.Kohri and KN (2008)

The case of Wino DM

200GeV Wino

Solve Lithium
Problem?
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Figure 6.4: Positron flux from the Wino-like neutralino DM. We have introduced the boost factor
(BF) of 2 and 3 for the Wino mass m¬ = 150 GeV and 200 GeV, respectively.

we adopted the low value of D/H, it is found that there is still an allowed region at around
m¬ ∼ 250 GeV to solve the lithium problem, while satisfying all the constraints.

If we allow depletion of Li in stars, a larger parameter region is allowed as shown in the bot-
tom panel of Fig. 6.5. In the figure we take the Li depletion as ¢ log10(

9Li=H) = 0:4¢ log10(
6Li=H) =

0:25 which is implied from study of rotational mixing in stars [209]. In this case it is found that
the lithium problem is solved even if we adopt the small value for the observed 9Li abundance
for the Wino mass around 150 GeV - 300 GeV.

Interestingly, the Wino-like neutralino with this mass range can also explain the observed
positron excess, as shown in Fig. 6.4. Here the M2 propagation model in Table. 3.2 is adopted.
Thus the Wino-like neutralino DM may provide solutions to both the lithium problem and the
PAMELA positron excess. This light-Wino scenario can undoubtedly be checked at the LHC [219].

– 101 –

~200GeV Wino fits the PAMELA data (not Fermi)

J.Hisano, M.Kawasaki, K.Kohri and KN (2008)

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