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• Observe matters in the Universe

- With light

- With gravity

The atoms and molecules can absorb and emit light.	


We can detect them directly with telescope.

Visible matter

All forms of mater and energy cause gravity and	


affected by gravity. With dynamics of the objects	


or the gravitational lensing, we can detect them	


indirectly.

Gravitational matter



Anomalies	 between	 the	 visible	 matter	 	 
and	 the	 gravitational	 matter

���5The bullet cluster
 Matter Dark Matter 

Galaxy rotational curve Gravitational lensing

Structure formation



2. neutral : NO electromagnetic interaction 

  Only upper bounds on the self interaction

3. 25% of the present energy density of the universe

      stable or lifetime longer than the age of universe

4. cold (or warm) : non-relativistic to seed the structure formation

1. have existed from early Universe up to now	


and located around galaxies, clusters

Then how about the interaction is much weaker? They decouple earlier
and the abundance increases. However after inflation epoch there is a highest
temperature, reheating temperature, and the decoupling temperature is higher
than TR, they cannot be in the thermal equilibrium, which means that Y is much
smaller than that in TE. However they can give correct Y for dark matter. That
is E-WIMP for dark matter, and the Y depends on the Tr after inflation. Even
though interaction is extremely weak, still they can be dark matter without any
problem.

The popular example of E-WIMP is gravitino and axino.

m ≫ T σ/m ! 10−24 cm2/ GeV (1)

Ωh2
WIMP =≃ ⟨σann⟩ ≃ 10−10 GeV−2 ≃ 10−38 cm2 (2)

Ωh2 = m n ≃ 0.28
(

Y
10−11

)

( m
100 GeV

)

(3)

dn
dt

+ 3Hn = −n2⟨σannv⟩ Y ≃ H
s⟨σannv⟩ (4)

n ∝ a−3 Y ≡ n
s

s ≡ 2π2

45
g∗T 3 sa3 = constant (5)

H =
ȧ
a

(6)

3Hn ≪ (Collision terms) 3Hn ≫ (Collision terms) (7)

dn
dt

+ 3Hn = (Collision terms) (8)

σ∗ ∼ v

σ∗ ≫ v
(9)

λ, v andσ∗ (10)

3 + A2 ̸= 0 f NL ∼
1

f
(11)

2

No lower bound down to gravity!
from bullet cluster

In fact all the evidences are gravitational.

Dark Matter as a particle must (be)
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What is Dark Matter?
No	 candidate	 in	 Standard	 Model!



related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic de nsity. The
dark matter was produced in the early Universe within the expandinghistory
and the abundance is connected to the interactions and the mass,both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimatedwith the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ∼ 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10−11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and thisis called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the goodcan-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is signiÞcantly suppressed.

! WDM h2 ≃
( m

1 keV

)

(

106.75
g∗

)

1040 (1)

m ! 10 keV 10−6 eV 10−19 eV 1 keV 100 GeV eV∼ 100 GeV 1013 GeV
(2)

Y ∼ 10−20 Y ≃ ηB ≃ 10−9 (3)
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Interaction

Mass
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Relic density of (non-relativistic) dark matter
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Abundance: Entropy	 density:
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(Ω0 = 1)

t0 =
2

3(1 + ! )
H ! 1

0

t0 =
2

3
H ! 1

0 t0 =
1

2
H ! 1

0

(102)

t =
∫ t

0
dt =

∫ R(t)

0

dR"

Ṙ"

= H ! 1
0

∫ (1+ z)−1

0

dx

[1− Ω0 +
∑

i Ωi0x1! 3! i ]1/2

(103)

gµ" " 1

" 0
=

R(t1)

R(t0)
≡ 1 + z (104)

k > 0, Ω > 1 k = 0, Ω = 1 k < 0, Ω < 1 (105)

k
R2H 2 =

#
3H 2/ 8$G

− 1 ≡ Ω− 1

#c ≡
3H 2

8$G
Ω ≡ #

#c

(106)

q0 =
Ω0

2
q0 = Ω0 q0 = −Ω0 (107)

q0 ≡ − 1

H 2
0

R̈(t0)

R(t0)
= Ω0

1 + 3!
2

(108)

R ∝ t2/3(1+ ! ) R ∝ t1/2 R ∝ t2/3 R ∝ exp(Ht ) (109)

H 2 +
k

R2 =
8$G
3

# (110)

# ∝ R! 3(1+ ! ) # ∝ R! 4 (p =
1

3
#)

# ∝ R! 3 (p = 0)

# ∝ const (p = −#)

(111)

Tµ"
;" = 0 R3d# = −(#+ p)dR3 = −(1 + ! )#dR3

p = !#
(112)

Tµ
" = diag(#,−p,−p,−p) H ≡ Ṙ(t)

R(t)
Tµ" (113)
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Critical	 density:

1 COSMO 11

The present Universe is dominated by unknown dark component anda baryonic
matter with small portion of photons and neutrinos. 13.7 billion years ago, at
the age of Universe around 380,000 years old, dark matter comprise of 63 %
of the Universe with the other components. At this time the photons decou-
pled became the cosmic microwave background radiation. Before this time the
baryons were tightly coupled to the photons, the structure of baryons could
not grow until they decoupled from the photons. To make presentlarge scale
structures the dark matter which does not interact with photons must exist and
started the structure formation much earlier than the baryons.

The dark matter was Þrst discovered by F. Zwicky in 1933 in the rotational
curve of COMA cluster and now we have more evidences in the cosmological
scales and also in the galaxy scales.
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s
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(
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)2 T 3

M 2
p
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(
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(10)

1

Abundance,	 Y,	 is	 constant	 after	 freeze-out.

φ χ (136)

ζ = α
δΓ

Γ
(137)

P! = (1 ! r)2Pinf + r2P" (138)

Ωh2
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dn
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The present Universe is dominated by unknown dark component and a baryonic
matter with small portion of photons and neutrinos. 13.7 billion years ago, at
the age of Universe around 380,000 years old, dark matter comprise of 63 %
of the Universe with the other components. At this time the photons decou-
pled became the cosmic microwave background radiation. Before this time the
baryons were tightly coupled to the photons, the structure of baryons could
not grow until they decoupled from the photons. To make present large scale
structures the dark matter which does not interact with photons must exist and
started the structure formation much earlier than the baryons.

The dark matter was first discovered by F. Zwicky in 1933 in the rotational
curve of COMA cluster and now we have more evidences in the cosmological
scales and also in the galaxy scales.
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ṅ+ 3Hn = "σv#(n2
eq & neqnG) Y '

n

s
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related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic density. The
dark matter was produced in the early Universe within the expanding history
and the abundance is connected to the interactions and the mass, both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimated with the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ∼ 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10! 11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and this is called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the good can-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is significantly suppressed.
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related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic de nsity. The
dark matter was produced in the early Universe within the expandinghistory
and the abundance is connected to the interactions and the mass,both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimatedwith the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ! 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10! 11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and thisis called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the goodcan-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is signiÞcantly suppressed.
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related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic de nsity. The
dark matter was produced in the early Universe within the expandinghistory
and the abundance is connected to the interactions and the mass,both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimatedwith the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ! 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10! 11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and thisis called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the goodcan-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is signiÞcantly suppressed.
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weaker than that. The most non-trivial thing is to explain the relic density. The
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the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimated with the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ∼ 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10! 11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and this is called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the good can-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is significantly suppressed.
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The present Universe is dominated by unknown dark component anda baryonic
matter with small portion of photons and neutrinos. 13.7 billion years ago, at
the age of Universe around 380,000 years old, dark matter comprise of 63 %
of the Universe with the other components. At this time the photons decou-
pled became the cosmic microwave background radiation. Before this time the
baryons were tightly coupled to the photons, the structure of baryons could
not grow until they decoupled from the photons. To make presentlarge scale
structures the dark matter which does not interact with photons must exist and
started the structure formation much earlier than the baryons.

The dark matter was Þrst discovered by F. Zwicky in 1933 in the rotational
curve of COMA cluster and now we have more evidences in the cosmological
scales and also in the galaxy scales.
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related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic density. The
dark matter was produced in the early Universe within the expanding history
and the abundance is connected to the interactions and the mass, both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimated with the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ! 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10−11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and this is called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the good can-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is significantly suppressed.
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Axion :  Misalignment mechanism
Oscillating scalar field behaves like non-relativistic matter.

The axion for ma ! 24 eV has a longer lifetime than
the age of the Universe and can affect its evolution. The
heavy thermal axions around the eV mass range of Fig.
2!b" become the hot DM in the Universe. For the
3–8 eV mass range, they accumulate in galaxy clusters
where their slow decay produces a sharp line that, in
principle, can be observed by telescope searches as sug-
gested by Bershady, Ressell, and Turner !1991". In this
case, the neutrino and axion hot DM must be considered
together, which now constrains the axion mass to ma
" 1.02 eV !Hannestad, Mirizzi, Raffelt, and Wong,
2008a, 2008b", almost closing the hadronic axion window
of 1–20 eV of Fig. 15.

But more attention is paid to axions behaving as the
CDM candidate. The axion potential is almost flat as
depicted in Fig. 11. Therefore, a chosen vacuum stays
there for a long time, and starts to oscillate when the
Hubble time H−1 is comparable to the oscillation period
!the inverse axion mass", 3H# ma. This occurs when the
temperature of the Universe is about 1 GeV !Abbott
and Sikivie, 1983; Dine and Fischler, 1983; Preskill,
Wise, and Wilczek, 1983". There exists the domain wall
problem in the standard big bang cosmology !Sikivie
1982". The axion strings and domain wall problem have
been summarized by Sikivie !2008". The axion cosmol-
ogy is correlated to the reheating temperature TRH in
the inflationary models, where one must deal with both
the inflaton and the axion. The density perturbations
produced by perturbations of the inflaton field are adia-
batic, #$matter /$matter= !3/4"#$rad/$rad. On the other hand,
the perturbations produced by fluctuations of the axion
field have isocurvature. If the reheating temperature
TRH is above the axion scale Fa, the limit on the isocur-
vature of less than 30% from the large-scale structure
data can be used !Beltrán, García-Bellido, and Lesgour-
gues, 2007". This will be commented on more in Sec.
IV.C on the anthropic argument.

In supersymmetric models, the reheating temperature
is constrained to TRH" 109 or 107 GeV !if the gluino is
lighter than the gravitino" from nucleosynthesis require-
ments in models with a heavy gravitino !Ellis, Kim, and
Nanopoulos, 1984; Kawasaki, Kohri, and Moroi, 2005".
So with SUSY the domain wall is not so problematic.
In this case, the problem of string-radiated axions re-
quiring axion mass ma%10−3 eV !Davis, 1985; Harari
and Sikivie, 1987; Dabholkar and Quashnock, 1990" is
no longer problematic.

Axions are created at T$ Fa, but the axion vacuum
%a&does not begin to roll until the Hubble parameter
reaches the axion mass 3H=ma, which occurs at T
$ 1 GeV. From then on, the classical field %a&starts to
oscillate. For a small misalignment angle, the energy

density behaves like that in the harmonic oscillator
ma

2Fa
2, which is proportional to the axion mass times the

number density. Thus, its behavior is like that of CDM,
which is the reason that the axion DM is CDM even
though its mass is very small and its interaction strength
is much weaker than “weak.” Even for a large misalign-
ment angle, an adiabatic invariant I exists and one can
estimate the current axion energy density. The axion
field evolution with the adiabatic change of the axion
mass has been considered before !Chang, Hagmann, and
Sikivie, 1998, 1999".

The temperature-dependent axion mass !Gross, Pisar-
ski, and Yaffe, 1981" enters in the determination of the
cosmic temperature T1 where 3H!T1"$ ma!T1". The new
estimate of T1 for Fa& 1016 GeV is a bit below 1 GeV,
T1$ 0.92 GeV !Bae, Huh, and Kim, 2009". QCD has two
phases: the quark-gluon phase and the chiral symmetry
breaking hadronic phase. Near the critical temperature
Tc, these two phases are separated above and below Tc.
The critical temperature is estimated as 148−31

+32

!172−34
+40" MeV for three !two" light quark flavors !Braun

and Gies, 2007". So cosmology near Tc needs informa-
tion on the temperature-dependent axion mass. This re-
gion is in the boundary of the weak and strong coupling
regimes and it is very difficult to estimate the axion mass
accurately. Early attempts in this direction are given in
Steinhardt and Turner !1983"; Seckel and Turner !1985";
Turner !1986".

The ’t Hooft determinental interaction is shown
in Fig. 9. In the quark-gluon phase, we have the first
diagram in the box, which is parametrized as
−K−5!mumdms / $̄6"cos'! c2+c3"' ( where $̄ is the effective
instanton size in the instanton size integration. ' Gross,
Pisarski, and Yaffe !1981"; Eq. !6.15"( expressed the re-
sult as

n!$,0"exp)− 1
3 ( 2!2N + Nf"

− 12A!( "' 1 + 1
6 !N − Nf"(*, !88"

where ( = )$ T, A!( "$ − 1
12 ln!1+ ( 2 /3"+* !1++( −2/3"−8

with * =0.012 897 64 and +=0.158 58, and the prefactor
n!$,0" is the zero-temperature density

n!$,0" = mumdmsCN!,$ "3 1
$5+4) 2

g2!1/$"
,2N

e−8) 2/g2!1/$".

!89"

Here, the parameters are - =1.3391 and CN=0.160 073
for N=3 with the Pauli-Villars regularization !Gross,
Pisarski, and Yaffe, 1981". Faleev and Silvestrov !1996"
argue that the MS scheme is suitable for the study,
where , =1.3391 and CN=0.160 073 are presented for
N=3. For the subsequent numerical illustration, we use
the MS scheme values. For the QCD coupling constant,
we use the three-loop result !Amsler et al., 2008; QCD
by Hinchliffe, 2008",

O(Fa)

FIG. 11. !Color online" The almost flat axion potential. The
misalignment angle is expected to be of order 1 but can also be
very small as shown by the thick arrow.
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Axion detection using

convert to microwave photons, see Fig.17. The cosmic
axionsÕ feeble interactions can be in part compensated
by their large numbers; since the number density varies
as ! Fa

2 while their cross section varies as! 1/Fa
2. If the

axion makes up the majority of CDM in the Universe,
its local density is expected to be roughly 0.45 GeV/cm3

"Gates, Gyuk, and Turner, 1995#, which yields a number

density of ! 1014 axions/cm3 if one assumes a 4.5!eV
axion. The expected microwave signal will be a quasimo-
nochromatic line beginning at the microwave frequency
corresponding to the axion mass and slightly broadened
upward due to the axion virial distribution, with ex-
pected velocities of order 10−3c, implying a spread in
energies of "E /E ! 10−6.

There could also be an additional signal from nonther-
malized axions falling into the galaxyÕs gravitational well
which would yield very sharp signals due to their low
predicted velocity dispersion "#10−7c# "Sikivie, 2003#.

1. General detector properties

Since the Lagrangian for axions coupling to a mag-
netic Þeld goes as

L a$$ = $%emca$$

2&Fa
%aE áB, "103#

the only resonant modes which can couple to axions are
those that provide an axial electric Þeld component"TM
modes#. The expected power generated from axion-to-
photon conversions in the cavity is given by "Sikivie,
1985#

Pa = $%emca$$

2&Fa
%2

VB0
2'aClmn

1

ma
min"QL,Qa#

= 0.5( 10−26 W$V
500!

%$B0

7T
%2

Clmn$ca$$

0.72
%2

($ 'a

0.5( 10−24 g cm−3%
($ ma

2&"GHz#
%min"QL,Qa#, "104#

where V is the cavity volume, B0 is the magnetic Þeld
strength, ' is the local axion mass density,ma is the ax-
ion mass,Clmn is a form factor which describes the over-
lap of the axial electric and magnetic Þelds of a particu-
lar TM lmn mode, QL is the microwave cavityÕs loaded
quality factor "deÞned as center frequency over band-
width#, and Qa is the axion quality factor deÞned as the
axion mass over the axionÕs kinetic energy spread. The
mode-dependent cavity form factor is deÞned as

Clmn =

&'
V

d3xE! ) áB! 0&2

B0
2V'

V
d3x*(E! )(2

"105#

where E! )"x!#ei)t is the oscillating electric Þeld of the
TM lmn mode, B! 0"x!# is the static magnetic Þeld, and* is
the dielectric constant of the cavity space. For a cylindri-
cal cavity with a homogeneous longitudinal B! Þeld the
T010 mode yields the largest form factor with C010
) 0.69 "Bradley, 2003#.

The mass range of cosmological axions is currently
constrained between !eV and meV scales, correspond-
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FIG. 16. "Color# Exclusion plot of axion-photon coupling vs
axion mass"Carosi et al., 2008#. The black bold line limit is for
phase 1 of the CAST experiment and results with inclusion of
buffer gas are expected to increase the mass and reach plau-
sible axion models. The Þeld theoretic expectations are shown
together with the string theory Z12−I model of Choi, Kim, and
Kim "2007#. In the lower left apricot box, Fig. 14 is located.

FIG. 17. "Color online #Outline of the general conÞguration of
a resonant microwave cavity detector along with the associated
singal expected from axion-photon conversions. This includes
both the virial component and possible lines from coherent
axions.
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However, this combination of mA and GAγγ does not exclude

plausible axion models.

IV.3 Microwave cavity experiments

The limits of Figure 1 suggest that axions, if they exist,

provide a significant fraction or even perhaps all of the cos-

mic CDM. In a broad range of the plausible mA range for

CDM, galactic halo axions may be detected by their resonant

conversion into a quasi-monochromatic microwave signal in a

high-Q electromagnetic cavity permeated by a strong static B

field [5,76]. The cavity frequency is tunable, and the signal is

maximized when the frequency is the total axion energy, rest

mass plus kinetic energy, of ν = (mA/2π) [1 + O(10! 6)], the

width above the rest mass representing the virial distribution

in the galaxy. The frequency spectrum may also contain finer

structure from axions more recently fallen into the galactic

potential and not yet completely virialized [77].

Figure 3: Exclusion region reported from the
microwave cavity experiments RBF and UF [78]
and ADMX [79]. A local dark-matter density
of 450 MeV cm! 3 is assumed.
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WIMP :  Weakly Interacting Massive Particle

Initially the particles are in the thermal equilibrium and decoupled 
when it is non-relativistic in the expanding Universe.
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3. Warm Dark Matter

Besides hot and cold dark matter, the early uni-
verse can also provide warm dark matter (WDM) can-
didates whose velocity dispersion lies between that of
hot and CDM. The presence of WDM reduces the
power at small scales due to larger free-streaming
length compared to that of a CDM (Bode et al., 2001;
Sommer-Larsen and Dolgov, 2001).

The origin of WDM can be found within ster-
ile states. For instance, the see-saw mechanism
for the active neutrino masses from the SM singlet
states (Gell-Mann and Slansky, 1980; Minkowski, 1977;
Mohapatra and Senjanovic, 1981; Yanagida, 1979) would
naturally generate masses to the activem(! 1,2,3) ∼
y2⟨H⟩2/MN , and sterile neutrinosm(! a) ∼ MN (a > 3)
in Eq. (152), if we take i, j = 1 , · · ·n + 3. The typi-
cal mixing angles in this case are:"ai ∼ y2

ai⟨H⟩2/M2
N .

In order to explain the neutrino masses from atmo-
spheric and solar neutrino data,n = 2 is sufficient, how-
ever for pulsar kicks (Kusenko, 2006; Kusenko and Segre,
1996, 1999), supernovae explosion (Fryer and Kusenko,
2006; Hidaka and Fuller, 2006, 2007), as well as sterile
neutrino as a dark matter candidate (Abazajian et al.,
2001; Asakaet al., 2005; Dodelson and Widrow, 1994;
Dolgov and Hansen, 2002; Petraki and Kusenko, 2008;
Shi and Fuller, 1999), we require at leastn = 3, so in
total 6 sterile Majorana states, for a review on all these
effects, see (Kusenko, 2009). The presence of such extra
sterile neutrinos is also supported by ø! µ → ø! e oscillations
observed at LSND (Aguilar et al., 2001), and the recent
results by MiniBoone (Aguilar-Arevalo et al., 2010).

A sterile neutrino with a KeV mass can be an ideal
WDM candidate which can be produced in the early
universe by oscillation/conversion of thermal active neu-
trinos, with a momentum distribution signiÞcantly sup-
pressed from a thermal spectrum (Abazajianet al., 2001;
Dodelson and Widrow, 1994). A typical free-streaming
scale is given by, see (Abazajian and Koushiappas, 2006)

#FS ≈ 840 Kpc h−1
(

1 KeV
ms

)(
< p/T >

3.15

)
, (191)

wherems is the mass of the sterile ßavor eigenstate, 0.9 ≥
⟨p/T ⟩/3.15 ≥ 1 is the mean momentum over tempera-
ture of the neutrino distribution and ranges from 1 (for a
thermal) to ∼ 0.9 (for a non-thermal) distribution. Very
stringent bounds on the mass of WDM particles have
been obtained by different groups. Typically, the bounds
range from ms ≥ 10 − 20 KeV (95 % CL) (mWDM ≥
2− 4 KeV), see (Kusenko, 2009). It is quite plausible to
imagine a mixed dark matter scenario, where more than
one species contributed to the total dark matter abun-
dance. If there is a fraction of sterile neutrinos or WDM,
then the above bounds can even be relaxed.

B. WIMP production

1. Thermal relics

At early times it is assumed that the dark matter parti-
cle, denoted byX is in chemical and kinetic equilibrium,
i.e. in local thermodynamic equilibrium. The dark mat-
ter will be in equilibrium as long as reactions can keep
X in chemical equilibrium and the reaction rate can pro-
ceed rapidly enough as compared to the expansion rate
of the universe,H(t). When the reaction rate becomes
smaller than the expansion rate, then the particleX can
no longer be in its equilibrium, and thereafter its abun-
dance with respect to the entropy density becomes con-
stant. When this occurs the dark matter particle is said
to be Òfrozen out.Ó

The equilibrium abundance of X relative to the en-
tropy density depends upon the ratio of the mass of
the particle to the temperature. Let us deÞne the vari-
able Y ≡ nX/s, where nX is the number density of
X with mass mX , and s = 2 $2g∗T 3/45 is the en-
tropy density, where g∗ counts the number of relativistic
d.o.f. The equilibrium value of Y , YEQ ∝ exp(−x) for
x = mX/T ≫ 1, while YEQ ∼ constant for x ≪ 1.

The precise value ofYEQ can be computed exactly
by solving the Boltzmann equation (Kolb and Turner,
1988):

únX + 3HnX = −⟨%v⟩(n2
X − (neq

X )2) , (192)

where dot denotes time derivative,%is the total annihila-
tion cross section,v is the velocity, bracket denotes ther-
mally averaged quantities, andneq is the number density
of X in thermal equilibrium:

neq = g (mT/2$)3/2 e−mX /T , (193)

whereT is the temperature. In terms of Y = nX/s and
x = mX/T , and using the conservation of entropy per
comoving volume (sa3 = constant), we rewrite Eq. (192)
as:

dY

dx
= −⟨%v⟩s

Hx

(
Y 2 − (Y eq)2) . (194)

In the case of heavyX , the cross section can be expanded
with respect to the velocity in powers of v2, ⟨%v⟩ = a +
b⟨v2⟩ + O(⟨v4⟩) + ... ≈ a + 6 b/x, where x = mX/T and
a, b are expressed in GeV−2. Typically a ̸= 0 for s-wave
annihilation, and a = 0 for p-wave annihilation. We
can rewrite Eq. (194) in terms of a new variable: ∆ =
Y − Y eq,

∆′ = −Y eq′ − f (x)∆(2Y eq + ∆) , (195)

where prime denotesd/dx, and

f (x) =
$g∗
45

mXMP(a + 6 b/x)x−2 . (196)
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related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic density. The
dark matter was produced in the early Universe within the expanding history
and the abundance is connected to the interactions and the mass, both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimated with the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM Ωh2 ∼ 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10−11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and this is called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the good can-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is significantly suppressed.
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ΩWDMh2 ≃
( m

1 keV

)

(

106.75
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Ẏ = ⟨" v⟩neq

s

(10)

mG ≪ Mg " n ∼
(

Mg

mG

)2 T 3

M2
p

H ≃ g1/ 2
∗ T 2 Tf ∼ Mp

(

mG

Mg

)2

(11)

mG ≫ Mg " n ∼ T 3

M2
p

H ≃ g1/ 2
∗ T 2 Tf ∼ Mp (12)

ds2 = (1 + 2( )dt2 − a2[(1− 2# )) ij − hij ]dx
i dxj (13)

mn −mp ≃ 1.29 MeV (14)

mG > 50 TeV ⟨" ann v⟩ ≃ 10−9 GeV−2 (15)

2

Y =
135! (3)

8" 4

gDM

g∗
(1)

Y ⟨E⟩ E =
√

m2 + |#p|2 Y ≃ H

s⟨$v⟩ ∝ xf√
g∗⟨$v⟩m

(2)

≃ 0.1 Y ≃ 0.01 ⟨E⟩ ≃ 100 eV ⟨E⟩ ≃ m = 100 GeV Y ≃ 10−11

(3)

√
s ≫ mG %µ = Ψµ − 1√

6
&µ %+ i

√

2
3

' µ %
mG

(4)

⟨v⟩ < 0.01 km/ sec (95%CL) l ≃ 1000 (5)

Ωh2 =
( mG

1 keV

)

(

100
g∗

)

(6)

Y =
n

s

∣

∣

∣

f
=

3
4
ζ(3)
π2 gT 3

2π2

45 g∗T 3
=

135! (3)
8" 4

g

g∗
(7)

Y0 ≃ ⟨$v⟩MpTR ΓG ≃ 1
32" 2

m3
G

M2
p
≃ 107 sec

( mG

1 TeV

)3

(8)

dY

dT
≃ ⟨$v⟩Mp ⟨$v⟩ ≃ 1

M2
p

(

Mg

mG

)2

(9)

sR3 = constant t ≃ Mp

T 2
(10)

ún + 3Hn = ⟨$v⟩(n2
eq − neqnG ) Y ≡ n

s
úY = ⟨$v⟩neq

s

(11)

mG ≪ Mg $n ∼
(

Mg

mG

)2 T 3

M2
p

H ≃ g1/ 2
∗ T 2 Tf ∼ Mp

(

mG

Mg

)2

(12)

mG ≫ Mg $n ∼ T 3

M2
p

H ≃ g1/ 2
∗ T 2 Tf ∼ Mp (13)

ds2 = (1 + 2 ( )dt2 − a2[(1 − 2%)) ij − hij ]dxi dxj (14)

mn −mp ≃ 1.29 MeV (15)

2

* Lee-Weinberg bound :                   for heavy neutrinos not to overclosem ! 2 GeV (1)

Y =
135ζ(3)

8π4

gDM

g!
!σann v" # G2

F m
2 Y $

1
m3

(2)

logY log !E" E =
√

m2 + |p⃗|2 Y #
H

s!σann v"
$

xf
%
g! !σv"m

(3)

# 0.1 Y # 0.01 !E" # 100 eV !E" # m = 100 GeV Y # 10" 11

(4)

%
s & mG ψµ = ! µ '

1
%

6
γµψ + i

√

2
3
∂µψ

mG
(5)

!v" < 0.01 km/ sec (95%CL) l # 1000 (6)

" h2 =
( mG

1 keV

)

(

100
g!

)

(7)

Y =
n

s

∣

∣

∣

f
=

3
4
ζ(3)
π2 gT 3

2π2

45 g! T 3
=

135ζ(3)
8π4

g

g!
(8)

Y0 # ! σv"MpTR #G #
1

32π2

m3
G

M2
p

# 107 sec
( mG

1 TeV

)3
(9)

dY

dT
# ! σv"Mp !σv" #

1
M2

p

(

Mg

mG

)2

(10)

sR3 = constant t #
Mp

T 2
(11)

ún + 3Hn = !σv"(n2
eq ' neqnG ) Y (

n

s
úY = !σv"

neq

s

(12)

mG ) Mg σn *
(

Mg

mG

)2 T 3

M2
p

H # g1/ 2
! T 2 Tf * Mp

(

mG

Mg

)2

(13)

mG & Mg σn *
T 3

M2
p

H # g1/ 2
! T 2 Tf * Mp (14)

ds2 = (1 + 2 φ)dt2 ' a2[(1 ' 2ψ)δij ' hij ]dxi dxj (15)

2

m ! 2 GeV m ! 2 GeV (1)

Y =
135ζ(3)

8π4

gDM

g∗
"σann v# $ G2

F m2 Y %
1

m3
(2)

logY log"E# E =
√

m2 + |p⃗|2 Y $
H

s"σann v#
%

xf
&

g∗"σv#m
(3)

$ 0.1 Y $ 0.01 "E# $ 100 eV "E# $ m = 100 GeV Y $ 10−11

(4)

&
s ' mG ψµ = Ψµ (

1
&

6
γµψ + i

√

2
3
∂µψ

mG
(5)

"v#< 0.01 km/ sec (95%CL) l $ 1000 (6)

Ωh2 =
( mG

1 keV

)

(

100
g∗

)

(7)

Y =
n
s

∣

∣

∣

f
=

3
4
ζ(3)
π2 gT3

2π2

45 g∗T 3
=

135ζ(3)
8π4

g
g∗

(8)

Y0 $ " σv#M pTR ΓG $
1

32π2

m3
G

M 2
p

$ 107 sec
( mG

1 TeV

)3

(9)

dY
dT

$ " σv#M p "σv# $
1

M 2
p

(

M g

mG

)2

(10)

sR3 = constant t $
M p

T 2
(11)

ún + 3 Hn = "σv#(n2
eq ( neqnG ) Y )

n
s

úY = "σv#
neq

s

(12)

mG * M g σn !
(

M g

mG

)2 T 3

M 2
p

H $ g1/ 2
∗ T 2 Tf ! M p

(

mG

M g

)2

(13)

mG ' M g σn !
T 3

M 2
p

H $ g1/ 2
∗ T 2 Tf ! M p (14)

ds2 = (1 + 2 φ)dt2 ( a2[(1 ( 2ψ)δij ( hij ]dxi dxj (15)

2

m ! 2 GeV m ! 2 GeV ! > 1 ! < 1 (1)

Y =
135ζ(3)

8π4

gDM

g!
"σann v# $ G2

F m
2 Y %

1
m3

(2)

logY log"E# E =
!
m2 + |p⃗|2 Y $

H

s"σann v#
%

xf
&
g! "σv#m

(3)

$ 0.1 Y $ 0.01 "E# $ 100 eV "E# $ m = 100 GeV Y $ 10" 11

(4)

&
s ' mG ψµ = " µ (

1
&

6
γµψ + i

"
2
3
∂µψ

mG
(5)

"v#< 0.01 km/ sec (95%CL) l $ 1000 (6)

! h2 =
# mG

1 keV

$%
100
g!

&
(7)

Y =
n

s

'
'
'
f

=
3
4

! (3)
" 2 gT 3

2" 2

45 g! T 3
=

135ζ(3)
8π4

g

g!
(8)

Y0 $ " σv#MpTR #G $
1

32π2

m3
G

M2
p

$ 107 sec
# mG

1 TeV

$3
(9)

dY

dT
$ " σv#Mp "σv# $

1
M2

p

%
Mg

mG

&2

(10)

sR3 = constant t $
Mp

T 2
(11)

ún + 3Hn = "σv#(n2
eq ( neqnG ) Y )

n

s
úY = "σv#

neq

s

(12)

mG * Mg σn !
%
Mg

mG

&2 T 3

M2
p

H $ g1/ 2
! T 2 Tf ! Mp

%
mG

Mg

&2

(13)

mG ' Mg σn !
T 3

M2
p

H $ g1/ 2
! T 2 Tf ! Mp (14)

ds2 = (1 + 2 φ)dt2 ( a2[(1 ( 2ψ)δij ( hij ]dxi dxj (15)

2

m ! 2 GeV m ! 2 GeV Ω > 1 Ω < 1 (1)

Y =
135! (3)
8" 4

gDM

g∗
"#ann v# $ G2

F m
2 Y %

1

m3
(2)

log Y log "E# E =
!
m2 + |$p|2 Y $

H

s"#ann v#
%

xf
&
g∗"#v#m

(3)

$ 0.1 Y $ 0.01 "E# $ 100 eV "E# $ m = 100 GeV Y $ 10−11

(4)

&
s ' mG %µ = Ψµ (

1
&
6

&µ %+ i

"
2

3

' µ %
mG

(5)

"v#< 0.01 km/ sec (95%CL) l $ 1000 (6)

Ωh2 =
# mG

1 keV

$%
100

g∗

&
(7)

Y =
n

s

'
'
'
f
=

3
4
ζ(3)
π2 gT 3

2π2

45 g∗T 3
=

135! (3)
8" 4

g

g∗
(8)

Y0 $ " #v#MpTR ΓG $
1

32" 2

m3
G

M2
p

$ 107 sec
# mG

1 TeV

$3
(9)

dY

dT
$ " #v#Mp "#v# $

1

M2
p

%
Mg

mG

&2

(10)

sR3 = constant t $
Mp

T 2
(11)
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The present Universe is dominated by unknown dark component and a baryonic
matter with small portion of photons and neutrinos. 13.7 billion years ago, at
the age of Universe around 380,000 years old, dark matter comprise of 63 %
of the Universe with the other components. At this time the photons decou-
pled became the cosmic microwave background radiation. Before this time the
baryons were tightly coupled to the photons, the structure of baryons could
not grow until they decoupled from the photons. To make present large scale
structures the dark matter which does not interact with photons must exist and
started the structure formation much earlier than the baryons.

The dark matter was first discovered by F. Zwicky in 1933 in the rotational
curve of COMA cluster and now we have more evidences in the cosmological
scales and also in the galaxy scales.
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related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic density. The
dark matter was produced in the early Universe within the expanding history
and the abundance is connected to the interactions and the mass, both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimated with the
number density and the average energy in the phase distribtuion. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ∼ 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10−11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

The WIMP is in the right-lower region.
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related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic de nsity. The
dark matter was produced in the early Universe within the expandinghistory
and the abundance is connected to the interactions and the mass,both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimatedwith the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ! 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10! 11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and thisis called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the goodcan-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is signiÞcantly suppressed.
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Asymmetric dark matter:  Complex DM with asymmetry	


decouple due to the particle-antiparticle asymmetry
*Baryons decouple from thermal equilibrium much earlier than without asymmetry
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related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic de nsity. The
dark matter was produced in the early Universe within the expandinghistory
and the abundance is connected to the interactions and the mass,both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimatedwith the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ! 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10! 11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and thisis called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the goodcan-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is signiÞcantly suppressed.
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related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic de nsity. The
dark matter was produced in the early Universe within the expandinghistory
and the abundance is connected to the interactions and the mass,both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimatedwith the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM Ωh2 ! 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10! 11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and thisis called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the goodcan-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is signiÞcantly suppressed.
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related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic de nsity. The
dark matter was produced in the early Universe within the expandinghistory
and the abundance is connected to the interactions and the mass,both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimatedwith the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ∼ 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10! 11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and thisis called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the goodcan-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is signiÞcantly suppressed.
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Asymmetric dark matter

The abundance Y of dark matter is determined from the asymmtry.density to the entropy density.
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For the same origin of asymmetry for baryons and DM,density to the entropy density.
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Ẏ = ⟨σv⟩neq

s

(14)

mG ≪ Mg σn ∼
(

Mg

mG

)2 T 3

M2
p

H ≃ g1/2∗ T 2 Tf ∼ Mp

(

mG

Mg

)2

(15)

2

Stable Technibaryon [Nussinov, 1985]

Asymmetric dark matter [Kaplan, Luty, Zurek, 2009]

Asymmetric WIMP [Graesser, Shoemaker, Vecchi, 2011; Iminniyaz, Drees, Chen, 2011]

Mirror baryons as dark matter [review in Ciacelluti, 2011]
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Non-thermal production:  from decay of heavy particles
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Dark matter from the decay of heavy particles
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2

With no more annihilation of DM such as gravitino, axino DM

With additional annihilation of DM from decay of heavy particles

Neutralino DM from heavy axino decay [KYChoi, Kim, Lee, Seto, 2008]
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ṅ+ 3Hn = "σv#(n2
eq %neqnG ) Y $

n

s
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2

Higgsino and wino DM from Q-ball decay in Affleck-Dine baryogeensis 
 [Fujii, Hamaguchi, 2002; Seto 2006; ]

Neutralino DM from Polonyi field decay [Nakamura, Yamaguchi, 2007]

.....
[Baer, Lessa, Rajagopalan, Streethawong, 2011]

Gravitinos, axinos,....
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More weakly interacting particles? 
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More weakly ineracting with a given mass
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Inflation
Primordial particles are diluted during inflation and reproduced after 
inflation during reheating and start standard Big Bag cosmology 
with reheating temperature. 

Not all the produced particles can reach the thermal equilibrium: 
Supermassive or extremely weakly interacting particles ....



I
N
F
L
A
T
I
O
N

1 10 100 x=m/T

Y(x)

0

m/Treh

weaker	 interaction

���23

More weakly interacting with a given mass
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thermal equilibrium. The observed relic density of DM Ωh2 ! 0.1 implies the
relation between number density Y and the average energy of DM atpresent,
inversely proportional to each other. For heavy non-relativistic DM, with the
mass 100 GeV, the abundance is around 10! 11 or for the light DM with average
energy is around 100 eV then the abundance must be around 0.01. To be dark
matter it must be located on around this red line.

The WIMP is in the right-lower region.
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1 COSMO 11

The present Universe is dominated by unknown dark component and a baryonic
matter with small portion of photons and neutrinos. 13.7 billion years ago, at
the age of Universe around 380,000 years old, dark matter comprise of 63 %
of the Universe with the other components. At this time the photons decou-
pled became the cosmic microwave background radiation. Before this time the
baryons were tightly coupled to the photons, the structure of baryons could
not grow until they decoupled from the photons. To make present large scale
structures the dark matter which does not interact with photons must exist and
started the structure formation much earlier than the baryons.

The dark matter was first discovered by F. Zwicky in 1933 in the rotational
curve of COMA cluster and now we have more evidences in the cosmological
scales and also in the galaxy scales.
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thermal equilibrium. The observed relic density of DM Ωh2 ! 0.1 implies the
relation between number density Y and the average energy of DM at present,
inversely proportional to each other. For heavy non-relativistic DM, with the
mass 100 GeV, the abundance is around 10−11 or for the light DM with average
energy is around 100 eV then the abundance must be around 0.01. To be dark
matter it must be located on around this red line.

The WIMP is in the right-lower region.
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2

thermal equilibrium. The observed relic density of DM Ωh2 ∼ 0.1 implies the
relation between number density Y and the average energy of DM at present,
inversely proportional to each other. For heavy non-relativistic DM, with the
mass 100 GeV, the abundance is around 10! 11 or for the light DM with average
energy is around 100 eV then the abundance must be around 0.01. To be dark
matter it must be located on around this red line.

The WIMP is in the right-lower region.
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WIMP

thermal equilibrium. The observed relic density of DM Ωh2 ∼ 0.1 implies the
relation between number density Y and the average energy of DM atpresent,
inversely proportional to each other. For heavy non-relativistic DM, with the
mass 100 GeV, the abundance is around 10! 11 or for the light DM with average
energy is around 100 eV then the abundance must be around 0.01. To be dark
matter it must be located on around this red line.

The WIMP is in the right-lower region.

(Ωh2 ∼ 0.1) logσint m = 100 GeV σweak (1)

ΩDMh2 ≃ 0.14
!

90
π2g" (TD )

" 1/ 2# mDM

100 GeV

$!
10! 8 GeV! 2

⟨σann⟩v

"!
2 GeV

TD

"
(2)

ΩDM =
mDM

mX
ΩX (3)

mDM ≃ ΩDM

ΩB
mB ≃ 5 GeV (4)

ηB = 0 ηB = 10! 9 YDM = ηDM ≡ nDM − nanti DM

s
(5)

m ! 2 GeV m ∼ 2 GeV Ω > 1 Ω < 1 m ∼ 100 GeV (6)

Y =
135ζ(3)

8π4

gDM

g"
⟨σann v⟩ ≃ G2

F m2 Y ∝ 1
m3

(7)

logY log ⟨E ⟩ E =
%

m2 + |p⃗|2 Y ≃ H
s⟨σann v⟩ ∝ xf√

g" ⟨σv⟩m (8)

≃ 0.1 Y ≃ 0.01 ⟨E ⟩ ≃ 100 eV ⟨E ⟩ ≃ m = 100 GeV Y ≃ 10! 11

(9)

√
s ≫ mG ψµ = Ψµ − 1√

6
γµψ + i

&
2
3
∂µψ

mG
(10)

⟨v⟩ < 0.01 km/ sec (95%CL) l ≃ 1000 (11)

Ωh2 =
# mG

1 keV

$!
100
g"

"
(12)

Y =
n
s

'
'
'
f

=
3
4
ζ(3)
π2 gT3

2π2

45 g" T 3
=

135ζ(3)
8π4

g
g"

(13)

2

Decoupled	 from	 
thermal	 equilibrium	 
when	 relativistic

Decoupled	 from	 
thermal	 equilibrium	 
when	 non-relativistic

Never	 
equilibrium

thermal equilibrium. The observed relic density of DM Ωh2 ! 0.1 implies the
relation between number density Y and the average energy of DM atpresent,
inversely proportional to each other. For heavy non-relativistic DM, with the
mass 100 GeV, the abundance is around 10! 11 or for the light DM with average
energy is around 100 eV then the abundance must be around 0.01. To be dark
matter it must be located on around this red line.

The WIMP is in the right-lower region.
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(I)	 depends	 on	 the	 reheating	 temperature	 
and	 we	 can	 get	 the	 same	 amount	 of	 abundance	 for	 dark	 matter.
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They are decoupled already from the thermal plasma, 	


however can be produced from thermal scatterings or decays
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For example,

related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic de nsity. The
dark matter was produced in the early Universe within the expandinghistory
and the abundance is connected to the interactions and the mass,both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimatedwith the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ! 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10! 11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and thisis called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the goodcan-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is signiÞcantly suppressed.
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is Boltzmann suppressed, which makes the decoupling happen much earlier than
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particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and thisis called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
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(II)	 does	 not	 depend	 on	 the	 reheating	 temperature	 and	 we	 
can	 get	 the	 same	 amount	 of	 abundance	 for	 dark	 matter.

For example, Axino can be produced via the Yukawa interactions

related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic de nsity. The
dark matter was produced in the early Universe within the expandinghistory
and the abundance is connected to the interactions and the mass,both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimatedwith the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ! 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10! 11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and thisis called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the goodcan-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is signiÞcantly suppressed.
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related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic density. The
dark matter was produced in the early Universe within the expanding history
and the abundance is connected to the interactions and the mass, both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimated with the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
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relativistic DM, with the mass 100 GeV, the abundance is around 10! 11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and this is called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the good can-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is significantly suppressed.
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Gravitino Dark Matter

Late decay of NLSP : constraints from BBN and CMB

Dependence on the reheating temperature

Couplings suppressed by Planck scale

Thermal production and non-thermal production: 



Axino Dark Matter
Strong CP problem with SUSY
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Tf = 109 GeV
!

fa

1011 GeV

" 2 # �S

0.1

$�3
(23)

TR > Tf (24)

TR < Tf (25)

⇥ah2 =
ma

131 eV

!
10

g⇥S(TD)

"
(26)

⇥ah2 "
ma

keV

!
230
g⇥

"
(27)

dn

dt
+ 3Hn =

%
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ã =

mã
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Axion and Axino models

KSVZ
[Kim 1979] [Shifman, Veinstein, Zakharov 1980]

DFSZ
[Dine, Fischler, Srednicki 1981] [Zhitnitskii 1980]

4

for the superpotential above, while another superpoten-
tial and SUSY breaking with a very small axino mass
was given in Ref. [21]. Recently the case of a direct cou-
pling between the axion and SUSY breaking sector was
discussed in Ref. [22].

2. The KSVZ model

In the KSVZ approach in order to obtain the anoma-
lous interaction of the axion and the gluon fields, one
introduces the heavy quark fields QL and QR in the su-
perpotential as Ref. [13]

WKSVZ = WPQ + f Q QL QR S1. (10)

After the U(1)PQ symmetry breaking takes place, as dis-
cussed above, QL and QR combine to become a heavy
Dirac fermion with mass mQ = f Q Va , Assuming that
Va ! m3/ 2, the scalar partner has practically the same
mass and the whole supermultiplet can be integrated out
in a supersymmetric way. The low-energy Lagrangian
can then be obtained by integrating out the heavy quark
multiplet or by using anomaly matching condition. In
this way one finds that the axion anomaly term becomes

L eff =
! sNQ

8" f a
a GµνG̃µν , (11)

where the axion a is the pseudoscalar component of the
superfield S " (S1 # S2)/

$
2, and the axion decay con-

stant is f a = 2Va . NQ is the number of the heavy quarks
and we consider NQ = 1 in our case. Then we have
c1 = c2 = 0 and c3 = 1 [15].
The low-energy interactions of the saxion and the ax-

ino fields can be obtained in the same way by integrating
out the heavy (s)quark fields. However, in the limit of un-
broken SUSY the low-energy e! ective Lagrangian should
be given in a SUSY invariant form, including Eq. (11),
as

L eff =
! s

2
$
2" f a

∫
d2 #A W aαW a

α + h.c. (12)

The axion superfield A and W a α are given by [23]

A =
s+ ia

$
2

+
$
2#$ a + #2FA ,

W a
α = # i%a

α + [&βαD a #
i
2
(' µ '̄ ν)βαGa

µν ]#β + ##' µ
α úαDµ %̄úα.

(13)

The e! ective Lagrangian in terms of the Bjorken-Drell
gamma matrices then reads

L eff =
! s

8" f a

[
a(Gaµ νG̃a

µν + Dµ (g̃( µ ( 5g̃))

+ s(Gaµ νGa
µν # 2D aD a + 2i g̃( µ Dµ g̃)

+i ãGa
µν

[( µ , ( ν ]

2
( 5g̃ # 2ãg̃Da

]

+
$
2 (FA %%+ h.c.) .,

(14)

where the gluino and axino 4-spinors are given by

g̃ =

(
# i%
i%̄

)

, ã =

(
$a

$ a

)

. (15)

The e! ective Lagrangian (14), including the axino inter-
action with the D-term has recently been used in Ref. [6]
to calculate the thermal production rate of axino dark
matter and will be the basis also for the present analysis.

3. The DFSZ model

In the DFSZ framework, the SU(2)L % U(1)Y Higgs
doublets carry PQ charges and thus the light quarks are
also charged under U(1)PQ . The charge assignment is

shown in Table I. The anomaly coupling aGG̃ can be
obtained after electroweak symmetry breaking (EWSB)
through the coupling of the axion to the Higgs doublets
which couple to the light quarks. To this end, one adds
a non-renormalizable term to the PQ breaking superpo-
tential [24]

WDFSZ = WPQ +
f s

M P
S2

1HdHu , (16)

where WPQ is given in Eq. (5) and HdHu " )αβH α
d H β

u .
Note that here f s & µM P /V 2

a & 1 generates a phe-
nomenologically acceptable supersymmetric µ-term.
The superpotential including light quarks is given by

WMSSM = yt QH u Uc + ybQH dD c + yτLH dE c. (17)

Before the EW symmetry is broken but after the
U(1)PQ symmetry is broken, the massless axion Gold-
stone boson is identified as

a =
a1 # a2$

2
. (18)

Instead, the axino mass eigenstate can be obtained from
the mass matrix

f Z

⎡

⎢⎣
0 z0 ' S2(
z0 0 ' S1(

' S2( ' S1( 0

⎤

⎥⎦ ) f Z

⎡

⎢⎣
0 z0 Va

z0 0 Va

Va Va 0

⎤

⎥⎦ . (19)

in the basis of (ã1, ã2, Z̃ ) and we have used z0 = ' Z (.
The lightest state, which we will identify with the axino,
has mass f Z z0 and is given by

ã =
ã1 # ã2$

2
, (20)

which coincides with Eq. (18). Since EW symmetry is not
broken, the axion (and thus the axino) do not mix with
the Higgs (and higgsino) and therefore the axion can-
not have the SU(3)c anomalous interaction with gluons
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for the superpotential above, while another superpoten-
tial and SUSY breaking with a very small axino mass
was given in Ref. [21]. Recently the case of a direct cou-
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discussed in Ref. [22].
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The e! ective Lagrangian (14), including the axino inter-
action with the D-term has recently been used in Ref. [6]
to calculate the thermal production rate of axino dark
matter and will be the basis also for the present analysis.

3. The DFSZ model

In the DFSZ framework, the SU(2)L % U(1)Y Higgs
doublets carry PQ charges and thus the light quarks are
also charged underU(1)PQ. The charge assignment is
shown in Table I. The anomaly coupling aGG̃ can be
obtained after electroweak symmetry breaking (EWSB)
through the coupling of the axion to the Higgs doublets
which couple to the light quarks. To this end, one adds
a non-renormalizable term to the PQ breaking superpo-
tential [24]

WDFSZ = WPQ +
f s

MP
S2
1HdHu, (16)

where WPQ is given in Eq. (5) and HdHu " ϵαβH α
d H β

u .
Note that here f s & µM P /V 2

a & 1 generates a phe-
nomenologically acceptable supersymmetricµ-term.

The superpotential including light quarks is given by

WMSSM = ytQHuUc + ybQHdD c + yτLH dE c. (17)

Before the EW symmetry is broken but after the
U(1)PQ symmetry is broken, the massless axion Gold-
stone boson is identiÞed as

a =
a1 # a2$

2
. (18)

Instead, the axino mass eigenstate can be obtained from
the mass matrix

f Z
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in the basis of (÷a1, ÷a2, ÷Z ) and we have usedz0 = ' Z (.
The lightest state, which we will identify with the axino,
has massf Zz0 and is given by

÷a =
÷a1 # ÷a2$

2
, (20)

which coincides with Eq. (18). Since EW symmetry is not
broken, the axion (and thus the axino) do not mix with
the Higgs (and higgsino) and therefore the axion can-
not have the SU(3)c anomalous interaction with gluons
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terms are

(∂µ a)
f a

!

i

"
cu

1 øui γ
µγ5ui + cd

1
ødi γ

µγ5di
#

+
a
f a

!

i

"
cu

2 mi
u øui iγ5ui + cd

2mi
d

ødi iγ5di
#

+
c3

32π2f a
aG ÷G,

(4)

where c3 can be deÞned to be 1 (if it is non-zero) by
rescalingf a.1 The c1 term is the PQ symmetry preserv-
ing derivative interaction of the axion Þeld that can be
reabsorbed into thec2 term by a partial integration over
on-shell quarks. For the c2 terms, we have only kept
the lowest order terms (proportional to 1/f a), while in
principle an inÞnite series of terms ina/f a arises.

In the following we will consider the two popular
scenarios mentioned earlier: the KSVZ and the DFSZ
classes of axion models. The KSVZ class of axion mod-
els corresponds to the choicec1 = c2 = 0 , c3 = 1, and
the DFSZ one to c1 = c3 = 0 and c2 != 0, after integrat-
ing out the heavy Þeld sector responsible for PQ symme-
try breaking. In the latter model, if the Higgs doublets
Hu,d carry respective PQ chargesQu,d , the SM Þelds also
carry PQ charges,2 see Table I, and the anomaly interac-
tion proportional to c3 != 0 arises from SM quark loops.
The axion mass is given by the strong interaction and
is proportional to |c2 + c3|. Hence the sumc2 + c3, if
it is non-zero, deÞnes the QCD axion. Only this com-
bination of the two couplings is physical, since a chiral
axion-dependent PQ rotation of the quark Þelds can shift
the values of c2 and c3, while keeping c2 + c3 constant.
This is connected to the well-known fact that, if one of
the quark masses is zero then the anomaly becomes un-
physical and can be reabsorbed in the rotation of the
massless Þeld.

In the supersymmetric version of axionic models, the
interactions of the saxion and the axino with matter are
related by supersymmetry to those of the axion. Hence
the deÞnition of the axion at low energy must be con-
nected to the deÞnition of the axion multiplet, and there-
fore of the saxion and the axino, at energies above the
EW scale.3

Below we will examine more closely the KSVZ and
DFSZ models of the axion. In both models one imposes
the PQ symmetry at a high energy scale and the axion
emerges from its spontaneous symmetry breaking. As a

1 The strong coupling g3 is usually omitted by absorbing it to
the field strengths. Here, f a denotes the so-called axion decay
constant which is typically related to the vacuum expectation
value V of the PQ symmetry breaking scalar field by f a = V/N
where N is the domain wall number.

2 In variant axion models, Qu,d may have family dependence but
here we suppress family indices. They can be inserted if needed.

3 The supersymmetrization of axion models was first discussed in
Refs. [16–18]. An explicit model was first constructed in [19],
and the first cosmological study was performed in Ref. [20].

Model Z S1 S2 QL QR Hd Hu qL Dc
R Uc

R

KSVZ 0 Q! −Q! − 1

2
Q! − 1

2
Q! 0 0 0 0 0

DFSZ 0 Q! −Q! 0 0 −Qd −Qu 0 + Qd + Qu

TABLE I: The PQ charge assignment Q. QL and QR denote
new heavy quark multiplets. In the DFSZ model 2 Q! = Qu+
Qd, and the PQ charge of the left-handed SM quark doublets
qL vanishes. See text for more details.

speciÞc example, let us consider the PQ sector at high
energy with the PQ breaking implemented as in Ref. [19]

WPQ = f Z Z (S1S2 " V 2
a ), (5)

where Z, S1, and S2 are gauge singlet chiral superÞelds,
f Z is a Yukawa coupling andVa is a parameter in the La-
grangian which determines non-zero VEVs#S1$= #S2$=
Va in the minimization process. The superÞelds trans-
form under the U(1)PQ symmetry as

Z % Z, S1 % ei ! Q! S1, S2 % e! i ! Q ! S2. (6)

The potential in the global supersymmetric limit is

V =
!

a

$
$
$
$
∂W
∂φa

$
$
$
$

2

+
1
2

D aD a, (7)

with

D a = g
!

"

φ" T aφ, (8)

where g is the gauge coupling of the gauge groups andφ
denotes collectively all the scalar Þelds. With the super-
potential given by Eq. (5) one has

∂W
∂Z

= f Z (S1S2 " V 2
a ),

∂W
∂S1

= f Z ZS2,

∂W
∂S2

= f Z ZS1.

(9)

At the tree-level both S1 and S2 develop VEVs and break
the PQ symmetry. The fermionic partners of Z and
S# = ( S1 + S2)/

&
2 combine to become a Dirac fermion

with mass mZ =
&

2f Z Va, while S = ( S1 " S2)/
&

2 con-
tains the axion Þeld and can be identiÞed with the axion
multiplet. From Eq. ( 9) we note that, if #Z $ = 0 and
SUSY is not broken then both the axino and the saxion
are mass degenerate with the axion.

However, with soft SUSY breaking terms included,#Z $
can develop a non-zero value, in which case both the sax-
ion and the axino become massive, independently of the
axion. Therefore, a full speciÞcation of the SUSY break-
ing mechanism is needed in order to determine the mass
of the axino exactly. This was Þrst studied in Ref. [19]

Peccei-Quinn symmetry breaking
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FIG. 1: Thermal axino yield Y TP
÷a as a function of the reheat-

ing temperature TR from strong interactions using the e ! ec-
tive mass approximation (black). We use the representative
values of f a = 10 11 GeV and m !q = m÷g = 1 TeV. For compar-
ison, we also show the HTL approximation (dotted blue/dark
grey) and that of Strumia (green/light grey). We also de-
note the yield from squark (solid green/light grey) and glui no
decay (dotted red), as well as out-of-equilibrium bino-lik e neu-
tralino decay (dashed black). Here we used the interactions
in Eq. (34) and Eq. (38) for the KSVZ model.

peratures above superpartner masses scattering diagrams
involving dimension-4 operators are usually subdominant
relative to those coming from dimension-5 operators and
to decay terms, and are negligible. Also the decays do
not give signiÞcant contribution to the TP of axinos,
apart from very low TR [3], and this is conÞrmed in
Fig. 1. While all the above contributions are generated
by strong interactions only, for comparison, we show also
(as a black dashed line) the relative contribution from an
out-of-equilibrium bino-like neutralino decay to an axino
and a photon originally considered in Ref. [1]. It is clear
that NTP is only important at very low TR , well below
squark or gluino masses.

In Fig. 2, we show a contribution to the axino yield
in thermal production from each SM gauge group in-
teraction. Here we set the coe! cients CaW W = 1 and
CaY Y = 1 as a normalization. As shown in the Þgure, the
contributions from scatterings due to SU(2)L and U(1)Y

couplings (blue dotted and green solid lines, respectively)
are signiÞcantly suppressed compared to that ofSU(3)c

(red dashed), by a factor of 10 or more. This is because
the interaction between axinos and gauge bosons are pro-
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FIG. 2: Thermal axino yield Y TP
÷a as a function of TR from

each of the SM gauge groups. Here, we have usedCaW W =
CaY Y = 1. The lines at high TR are not perfectly parallel
due to the running of the gauge couplings, which a! ects the
SU(3) yield more strongly and in the opposite direction than
the other gauge groups.

portional to a gauge coupling-squared so that the cross-
section isσ ! α3. Thus it would be only for very large
(and perhaps unnatural) values of the e" ective couplings
CaW W , CaY Y that these channels could become compa-
rable to the QCD contribution. The situation here is
di" erent from the case of gravitino production since the
interactions of the gravitino to the three gauge groups
are of the same order: the spin-3/2 gravitino component
couples in fact universally, while the goldstino component
proportionally to the gaugino masses. We therefore con-
clude that the QCD contribution is strongly dominant in
the KVSZ models and so the axino production at high
TR is practically model independent as long as the num-
ber of heavy PQ charged states can be absorbed into the
deÞnition of f a.

However, at low TR the thermal production from scat-
terings becomes strongly suppressed by the Boltzmann
factor. In the region where TR "< 100# 1000 GeV, ax-
ino production due to the decays of gaugino, squarks
or neutralinos become important. Actually, the lightest
neutralino decay via U(1)Y couplings becomes dominant
in the very low reheating temperature regime since the
number density of the heavier colored particles becomes
strongly suppressed by the Boltzmann factor there. On
the other hand the neutralinos, depending on their com-

Axino thermal production
from anomaly interactions	



: depend on Treh, 	


independent on axino mass

from Yukawa interactions	


: constant for high Treh

[Brandenberger, Steffen, 2004]
[Strumia, 2010]

[KYC, Covi, Kim, Roszkowki, 2011]

nearly equal but factor 5-10 
differences

[KYC, Covi, Kim, Roszkowki, 2011]
[Covi, Kim, Kim, Roszkowski, 2001]



Axino non-thermal production

NLSPs decouple from the thermal equilibrium and decay to axino. By R-parity 
conservation, the number density of R-odd particles are  conserved

• Total relic density of gravitino : TP + NTP

related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic de nsity. The
dark matter was produced in the early Universe within the expandinghistory
and the abundance is connected to the interactions and the mass,both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimatedwith the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM ! h2 ! 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10! 11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and thisis called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the goodcan-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is signiÞcantly suppressed.

! NTP
÷a h2 =

m÷a

mNLSP
! NLSPh2 (1)

Q, q (2)

QL, øQR mQ = f AVa U(1)PQ (3)
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related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic de nsity. The
dark matter was produced in the early Universe within the expandinghistory
and the abundance is connected to the interactions and the mass,both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimatedwith the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM Ωh2 ! 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10−11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and thisis called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the goodcan-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is signiÞcantly suppressed.
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FIG. 3: Thermal axino yield Y TP
÷a as a function of TR for two

speciÞc KSVZ models: Qem = 0 ( CaY Y = 0) and Qem = 2 / 3
(CaY Y = 8 / 3), and for a DFSZ model with the ( dc, e) uniÞ-
cation [32], for which we used µ = 200 GeV and the higgsino
mass m÷h = 200 GeV. The horizontal lines show the values
of axino mass for which the corresponding axino abundance
gives the correct DM relic density.

position and the supersymmetric spectrum, can freeze-
out with a still substantial number and then give rise
also to non-thermal axino production, as we have seen
in Fig. 1. This contribution to the axino yield is usually
more important than the one due to neutralino decays in
equilibrium, which is proportional to CaY Y and typically
below 10! 12.

For the case of the DFSZ instead, the role of the QCD
interaction is played by the SU(2) interaction and the
dominant decay term above the EW symmetry breaking
is the higgsino one instead of the squark one.

Our results for the total thermal production yield for
both KVSZ and DFSZ type of models can be seen in
Figure 3. There we show the KSVZ model with di! er-
ent values of theCaY Y coupling. In the case of non-zero
CaY Y the contribution from neutralino decay in equilib-
rium can be clearly seen forTR ! 10 GeV and it is very
suppressed. Moreover we give also the yield for the DFSZ
model in solid green, forµ = 200 GeV and the higgsino
massmh̃ = 200 GeV. We can see that even for relatively
small µ, axino production from higgsino decay dominates
over the one from the anomaly terms for reheating tem-
perature TR ! 106 GeV, as was recently discussed in [31].
The abundance is so large that the CDM density can be
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FIG. 4: TR versus m÷a for f a = 10 11 GeV in the KSVZ mod-
els. The bands inside like curves correspond to a correct relic
density of DM axino with both TP and NTP included. To
parameterise the non-thermal production of axinos we used
YNLSP = 0 (I), 10 ! 10 (II), and 10 ! 8 (III). The upper right-
hand area of the plot is excluded because of the overabun-
dance of axinos. The regions disallowed by structure forma-
tion are marked with vertical blue dashed lines and arrows
for, respectively, TP ( m÷a ∼

< 5 keV, see text below Eq. (45))
and NTP ( m÷a ∼

< 30 MeV, with a neutralino NLSP).

reached with an axino mass as small as 100 keV, indepen-
dently of the reheating temperature.6 For higher TR, the
SU(2)L anomaly term starts dominating and the abun-
dance is proportional to TR as in the KVSZ case, but
with a smaller coe" cient. In the same Þgure, we also
mark horizontal lines corresponding to the axino mass
giving the correct DM relic density for the given relic
abundance ofYã .

B. Non-thermal production

As stated above, axinos can be produced non-
thermally in NLSP decays after they have frozen out of
equilibrium. This NTP mechanism is dominant for re-

6 Such general e! ect due to decaying particles in equilibrium has
been recently called “freeze-in” in Ref. [33] and discussed for the
axino in Ref. [34]. The freeze-in mechanism was included already
in gluino or squark decays to axinos in the plasma in Ref. [3].

EXCLUDED

Axino cold dark matter

Upper bound on Treh

Upper bound on Treh

[Covi, Kim, Roszkowki, 1999]



PAMELA and Fermi-LAT has already released new data and gave great impact recently and new satellite

AMS-02 is planned to be launched in the early next year.

In cosmology, the dark matter served as a seed for the structure formation. The primordial density

perturbation which is random and almost gaussian is thought to be generated during inflation. Thus we can

understand the earliest time of our universe.

There is direct detection. Trials to detect directly the dark matter around us in the deep underground.

In fact the group KIMS in Korea has laboratory at Yang Yang to detect dark matter directly and expected

to have new results soon. Also in the large hadron collider at CERN, Dark Matter can be produced directly.

Now I can summarise my previous research in three categories. First, the theoretical models of gravitino

dark matter in the supersymmetric theory. Another is the
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• Reheating temperature from collider measurements
[KYC, Roszkowski, Ruiz de Austri, 2007]
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1 Talk

The weakly interacting massive part icle, WIM P, is a att ractive dark matter candidate. However even though
the interaction is ext remely weaker than that of WIM P, it still can be a good dark matter candidate.

In this talk I will present the general propert ies of this E-WIM P and especially give focus on the heavy
gravit ino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inßation, the standard big bang universe begins with the highest temperature, reheating
temperature, which is not determined yet. Tf is the freeze-out temperature of the Þelds, in other words, above
this temperature, the part iclescan be thermalisedwith backgrounds. In the caseof the WIM P and neutrinos,
Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they
could not. Th is corresponds to E-WIM Ps and also the FIM P

This Þgure is the t ime evolut ion of the abundance after inßation. The WIM Ps are frozen out from the
thermal equilibrium in the early Universe. But E-WIM Ps cannot be thermalisedand thus do not follow the
equilibrium line. Only small amounts of them are created from the part iclesin the thermal plasma. However
as we will later, this amount is enough to explain dark matter energy density.

For FIM P with renormalisable interactions, the dominant creation occurs at low temperature around the
massof that part icle, which makesthe UV physics independent .

However another kinds with non-renormalisable interactions below reheating temperature, the dominant
production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIM Ps enables
us to probe the earliest t ime of the Universeafter inßation.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.
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1 Talk

The weakly interacting massive part icle, WIM P, is a att ractive dark matter candidate. However even though
the interaction is ext remely weaker than that of WIM P, it still can be a good dark matter candidate.

In this talk I will present the general propert ies of this E-WIM P and especially give focus on the heavy
gravit ino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inßation, the standard big bang universe begins with the highest temperature, reheating
temperature, which is not determined yet. Tf is the freeze-out temperature of the Þelds, in other words, above
this temperature, the part iclescan be thermalisedwith backgrounds. In the caseof the WIM P and neutrinos,
Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they
could not. Th is corresponds to E-WIM Ps and also the FIM P

This Þgure is the t ime evolut ion of the abundance after inßation. The WIM Ps are frozen out from the
thermal equilibrium in the early Universe. But E-WIM Ps cannot be thermalisedand thus do not follow the
equilibrium line. Only small amounts of them are created from the part iclesin the thermal plasma. However
as we will later, this amount is enough to explain dark matter energy density.

For FIM P with renormalisable interactions, the dominant creation occurs at low temperature around the
massof that part icle, which makesthe UV physics independent .

However another kinds with non-renormalisable interactions below reheating temperature, the dominant
production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIM Ps enables
us to probe the earliest t ime of the Universeafter inßation.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.
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• Upper bound on the gravitino mass and the reheating temperature
• For stau NLSP, considering BBN
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the interaction is ext remely weaker than that of WIM P, it still can be a good dark matter candidate.
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gravit ino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inßation, the standard big bang universe begins with the highest temperature, reheating
temperature, which is not determined yet. Tf is the freeze-out temperature of the Þelds, in other words, above
this temperature, the part iclescan be thermalisedwith backgrounds. In the caseof the WIM P and neutrinos,
Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they
could not. Th is corresponds to E-WIM Ps and also the FIM P

This Þgure is the t ime evolut ion of the abundance after inßation. The WIM Ps are frozen out from the
thermal equilibrium in the early Universe. But E-WIM Ps cannot be thermalisedand thus do not follow the
equilibrium line. Only small amounts of them are created from the part iclesin the thermal plasma. However
as we will later, this amount is enough to explain dark matter energy density.

For FIM P with renormalisable interactions, the dominant creation occurs at low temperature around the
massof that part icle, which makesthe UV physics independent .

However another kinds with non-renormalisable interactions below reheating temperature, the dominant
production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIM Ps enables
us to probe the earliest t ime of the Universeafter inßation.
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The weakly interacting massive part icle, WIM P, is a att ractive dark matter candidate. However even though
the interaction is ext remely weaker than that of WIM P, it still can be a good dark matter candidate.

In this talk I will present the general propert ies of this E-WIM P and especially give focus on the heavy
gravit ino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inßation, the standard big bang universe begins with the highest temperature, reheating
temperature, which is not determined yet. Tf is the freeze-out temperature of the Þelds, in other words, above
this temperature, the part iclescan be thermalisedwith backgrounds. In the caseof the WIM P and neutrinos,
Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they
could not. Th is corresponds to E-WIM Ps and also the FIM P

This Þgure is the t ime evolut ion of the abundance after inßation. The WIM Ps are frozen out from the
thermal equilibrium in the early Universe. But E-WIM Ps cannot be thermalisedand thus do not follow the
equilibrium line. Only small amounts of them are created from the part iclesin the thermal plasma. However
as we will later, this amount is enough to explain dark matter energy density.

For FIM P with renormalisable interactions, the dominant creation occurs at low temperature around the
massof that part icle, which makesthe UV physics independent .

However another kinds with non-renormalisable interactions below reheating temperature, the dominant
production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIM Ps enables
us to probe the earliest t ime of the Universeafter inßation.
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The weakly interacting massive part icle, WIM P, is a att ractive dark matter candidate. However even though
the interaction is ext remely weaker than that of WIM P, it still can be a good dark matter candidate.

In this talk I will present the general propert ies of this E-WIM P and especially give focus on the heavy
gravit ino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inßation, the standard big bang universe begins with the highest temperature, reheating
temperature, which is not determined yet. Tf is the freeze-out temperature of the Þelds, in other words, above
this temperature, the part iclescan be thermalisedwith backgrounds. In the caseof the WIM P and neutrinos,
Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they
could not. Th is corresponds to E-WIM Ps and also the FIM P

This Þgure is the t ime evolut ion of the abundance after inßation. The WIM Ps are frozen out from the
thermal equilibrium in the early Universe. But E-WIM Ps cannot be thermalisedand thus do not follow the
equilibrium line. Only small amounts of them are created from the part iclesin the thermal plasma. However
as we will later, this amount is enough to explain dark matter energy density.

For FIM P with renormalisable interactions, the dominant creation occurs at low temperature around the
massof that part icle, which makesthe UV physics independent .

However another kinds with non-renormalisable interactions below reheating temperature, the dominant
production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIM Ps enables
us to probe the earliest t ime of the Universeafter inßation.
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The weakly interacting massive part icle, WIM P, is a att ractive dark matter candidate. However even though
the interaction is ext remely weaker than that of WIM P, it still can be a good dark matter candidate.

In this talk I will present the general propert ies of this E-WIM P and especially give focus on the heavy
gravit ino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inßation, the standard big bang universe begins with the highest temperature, reheating
temperature, which is not determined yet. Tf is the freeze-out temperature of the Þelds, in other words, above
this temperature, the part iclescan be thermalisedwith backgrounds. In the caseof the WIM P and neutrinos,
Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they
could not. Th is corresponds to E-WIM Ps and also the FIM P

This Þgure is the t ime evolut ion of the abundance after inßation. The WIM Ps are frozen out from the
thermal equilibrium in the early Universe. But E-WIM Ps cannot be thermalisedand thus do not follow the
equilibrium line. Only small amounts of them are created from the part iclesin the thermal plasma. However
as we will later, this amount is enough to explain dark matter energy density.

For FIM P with renormalisable interactions, the dominant creation occurs at low temperature around the
massof that part icle, which makesthe UV physics independent .

However another kinds with non-renormalisable interactions below reheating temperature, the dominant
production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIM Ps enables
us to probe the earliest t ime of the Universeafter inßation.
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• confirmed later with different parameterization by [Steffen 2008]	


[Endo, Hamaguchi, Nakaji 2010]
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Figure 6: Left panel: TR vs. ! NLSP h2 for mNLSP = 300 GeV and for m eG = 0 .01 GeV (solid blue)
and m eG = 1 GeV (dashed red). The bands correspond to the upper and lower limits of dark matter
density in (1.1). Right panel: TR vs. m eG for ! NLSP h2 = 100 (dashed blue), 0.1 (solid red) and 0.01
(dotted black). To the right of the solid vertical line the gr avitino is no longer the LSP.

from 1 sec to 1012 sec, depending on the masses of the two. Thus BBN usually provides
severe constraints on the yield of the NLSP.

The neutralino NLSP is almost excluded with m eG !> 1 GeV due to BBN [26, 28]. On
the other hand, if the gravitino mass is less than! 1 GeV, the lifetime of the neutralino
becomes smaller than about 1 sec and the window of neutralinoNLSP opens up again [28].
In our numerical examples below we will not impose the constraint from BBN but will
indicate in which case it is satisÞed or not.

The second important di" erence with the axino case was already discussed in section 2.
While Y TP

÷a is independent of the axino mass, in the gravitino caseY TP
eG

" 1/m eG
2. Thus

! TP
÷a h2 " m÷aTR while ! TP

eG
h2 " TR/m eG. In other words, if TP dominates, ! TP

eG
h2 # 0.1,

we Þnd

TR " m eG. (4.1)

This is reßected in the right panel of Þgure 6 where we showTR vs. m eG for our nominal
value of the NLSP mass of 300 GeV and for some Þxed values of! NLSP h2. So long as
m eG $ mNLSP and ! NLSP h2 is small enough, e.g.! NLSP h2 = 0 .1 (denoted by a solid red
curve), or less, the gravitino relic density is dominated byTP and TR scales linearly with
m eG so that ! TP

÷a h2 # 0.1. On the other hand, when ! NLSP h2 = 100 (dashed blue), NTP
becomes rapidly dominant even with sub-GeV LSP mass. This can also be seen in the
left panel of Þgure 6 where we showTR vs. ! NLSP h2 for the same NLSP mass and for
m eG = 0 .01 GeV (solid blue) and m eG = 1 GeV (dashed red). For the smaller value of
m eG the TP contribution remains dominant up to much larger allowed values of! NLSP h2

(horizontal part of the curves) before Þnally NTP takes over (vertical part). Note that,
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Figure 2: Left panel: TR vs. ! NLSP h2 for mNLSP = 300 GeV and for m÷a = 0 .01 GeV (solid blue)
and m÷a = 1 GeV (dashed red). The bands correspond to the upper and lower limits of dark matter
density in (1.1). Right panel: TR vs. m÷a for ! NLSP h2 = 100 (dashed blue), 0.1 (solid red) and 0.01
(dotted black). To the right of the solid vertical line the ax ino is no longer the LSP. In both panels
we set f a = 1011 GeV.

large enoughTR will be su" cient. Actually, TP may be dominant even if ! ! h2 is larger
than, or for that matter is close to, 0.1, depending on the LSPand the neutralino NLSP
mass ratio.

3. Axino dark matter

We Þrst consider the axino as the LSP and the dominant component of DM in the Universe.
As mentioned earlier, for deÞniteness we take the NLSP to be the lightest neutralino; the
stau case will be considered below. It is reasonable to expect that LHC experiments will
be able to probe neutralino (and stau) mass ranges up to some 400 GeV, depending on
other SUSY parameters. Here we are not concerned with experimental uncertainties of
LHC measurements but rather illustrate the principle of estimating TR for a given DM
candidate in terms of relation (2.9).

In the left panel of Þgure 2 we show ranges of! NLSP h2 and TR, such that ! ÷ah2 is in the
range (1.1). We take a Þxed neutralino NLSP massmNLSP = 300 GeV and m÷a = 0 .01 GeV
(solid blue) and 1 GeV (dashed red). For each choice of the axino mass the two lines
correspond to the upper and lower limits of dark matter density in (1.1). On the left
side non-thermal production is subdominant while thermal production of axinos gives the
main contribution to their relic density. In this case TR corresponds to the value for which
! TP

÷a h2 ! ! CDM h2, and depends on the axino and NLSP masses sinceY TP
÷a " TR/f 2

a . As
! NTP

÷a h2 increases,! TP
÷a h2 must decrease (in order for the total abundance to remain close to

0.1) and at some point becomes subdominant. This point is marked by an abrupt turnover
of the contours from horizontal to vertical.
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Summary

• Many candidates for dark matter

• We need dark matter from the cosmological and astrophysical 
observations.

• Dar matter searches to identify the identity of dark matter.

• In supersymmetric models, gravitinos or axinos are well-
motivated candidates for dark matter and have many implications 
in cosmology and colliders.

: WIMPs, Asymmetric dark matter,  DM from Non-thermal 
production, E-WIMPs or Super WIMPs, Coherently oscillating 
scalar field, ....

• Axions are produced by misalignment mechanism


