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Standard	 Model

Higgs

Fundamental	 particles
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Standard	 Model

+

Dark Matter 

We know the existence by gravity, 
though invisible with EM interactions. 
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• Dark Matter in the early Universe

• Dark Matter in the present Universe

Contents

• Candidates of Dark Matter

• Signatures of Dark Matter

• Why do we need Dark Matter?

• What is Dark Matter?

• How can we identify it?
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Dark Matter 
in the early Universe

• Matter dominated Universe

• CMB temperature perturbation

• Large scale structure formation
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In	 the	 expanding	 Universe

1.	 The	 number	 density	 decreases.

2.	 The	 momentum	 is	 redshifted. P (t) ∝ 1
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dp(t) = 2t dp(t) = 3t (6)
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Ṙ(t′)R(t′)
(4)

log ρ log t 1017 sec 1 sec (5)

dp(t) = 2t dp(t) = 3t (6)

(Ω0 = 1) (7)

l(l+ 1)Cl/2π (µK2) (8)

m(z) ≡ −2.5 log10 F = 5 log10(1 + z) + 5 log10 r1(z) + const. (9)

F =
L

4πr21R
2
0(1 + z)2

dL = R0r1(1 + z) (10)

ρR =
π2

30
g∗T

4 pR =
1

3
ρR =

π2

90
g∗T

4 mi & T

g∗ =
∑

bosons

gi

(

Ti

T

)4

+
7

8

∑

fermions

gi

(

Ti

T

)4 (11)

n = g

(

mT

2π

)3/2

e−(m−µ)/T ρ = mn p = nT & ρ (12)

ρ =
π2

30
gT 4 ρ =

7

8

(

π2

30

)

gT 4 p =
ρ

3
(13)

(m & T ), µ & T (14)

f(p̃) =
1

exp((E− µ)/T)± 1
µ (15)

1

Wednesday, May 16, 12

Relativistic	 matter

Non-Relativistic	 matter

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

⇢r ⇠ E(t)n(t) / R(t)�4

⇢m ⇠ M n(t) / R(t)�3

(1)

h�vi�� ' 10�27 cm3/s (2)

�T

T
⇠ 10�5 (3)

v / 1p
R

(4)

⇢ / const. (5)
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Present	 energy	 density

Relativistic	 matter	 :	 photons	 in	 the	 CMB

Planck	 distribution	 with	 

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Non-Relativistic	 matter	 :	 Galaxy	 and	 clusters

1 Formulae

2 Dark Matter
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the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.
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present

Radiation-dominated
: relativistic particles

Matter-dominated
: non-relativistic

Vacuum-
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Baryons + DM

• Dark Matter dominated Universe

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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1. Dark matter and baryons energy 
begins to dominate the Universe from 

the cosmic age around            .log ρ log t 1012 sec (1)

dp(t) = 2t dp(t) = 3t (2)

(Ω0 = 1) (3)

l(l+ 1)Cl/2π (µK2) (4)

m(z) ≡ −2.5 log10 F = 5 log10(1 + z) + 5 log10 r1(z) + const. (5)

F =
L

4πr21R
2
0(1 + z)2

dL = R0r1(1 + z) (6)

ρR =
π2

30
g∗T

4 pR =
1

3
ρR =

π2

90
g∗T

4 mi # T

g∗ =
∑

bosons

gi

(

Ti

T

)4

+
7

8

∑

fermions

gi

(

Ti

T

)4 (7)

n = g

(

mT

2π

)3/2

e−(m−µ)/T ρ = mn p = nT # ρ (8)

ρ =
π2

30
gT 4 ρ =

7

8

(

π2

30

)

gT 4 p =
ρ

3
(9)

(m # T ), µ # T (10)

f(p̃) =
1

exp((E− µ)/T)± 1
µ (11)

gm $ T E2 = |#p|2 +m2

n =
g

(2π)3

∫

f(p̃)d3p

ρ =
g

(2π)3

∫

E(p̃)f(p̃)d3p

ρ =
g

(2π)3

∫ |#p|2

3E
(p̃)f(p̃)d3p

(12)

1

10

Tuesday, August 20, 13



• Evolution of states in the Universe

Galaxy Gas

Structure formation

Recombination,
photon decoupling

atom, molecule
neucleus
electron

photons, 
electrons, 
light nucleiBBN

protons, neutrons, 
electrons, photons

photons, Quarks,
gluons, electrons..

Quark-hadron transition

11

Very Hot

Very Cold

: CMB

thermal equilibrium

Matter-dom.
Radiation-dom.
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• Recombination of nuclei and electrons
  and photon decoupling

Binding energy of hydrogen atom and electron is 13.6 eV 
: cosmic temperature is around 3000 K ~ eV
The free photons can move freely to us from the decoupling and around us.

(cosmic age 380,000 years)
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• Recombination of nuclei and electrons
  and photon decoupling

Binding energy of hydrogen atom and electron is 13.6 eV 
: cosmic temperature is around 3000 K ~ eV

Cosmic Microwave Background

The free photons can move freely to us from the decoupling and around us.

: The temperature decreased due to the cosmic expansion and now
 it is around 2.7 K (Alpher and Herman predicted in 1948)

(cosmic age 380,000 years)
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New results from Planck
Planck was launched on 14 May 2009

29 papers at 

http://www.sciops.esa.int/index.php?
project=PLANCK&page=Planck_Published_Papers

15.5 months data

accuracy around 10^{-6} in temperature 
fluctuation

9 bands (30 - 857 GHz)

Angular resolution ~ 7 arcminutes

Temperature data only (Polarization next year)

21st March, 2013 first release of data

In 2014, full temperature and polarization date 
will be released

Astronomy & Astrophysics manuscript no. PlanckMission2013 c� ESO 2013
March 22, 2013

Planck 2013 results. I. Overview of products and scientific results
Planck Collaboration: P. A. R. Ade93, N. Aghanim65, C. Armitage-Caplan99, M. Arnaud79, M. Ashdown76,6, F. Atrio-Barandela20, J. Aumont65,

C. Baccigalupi92, A. J. Banday103,11, R. B. Barreiro72, M. Bartelmann102,84, J. G. Bartlett1,74, E. Battaner105, K. Benabed66,101, A. Benoı̂t63,
A. Benoit-Lévy27,66,101, J.-P. Bernard11, M. Bersanelli37,55, P. Bielewicz103,11,92, J. Bobin79, J. J. Bock74,12, A. Bonaldi75, J. R. Bond9, J. Borrill15,96,

F. R. Bouchet66,101, F. Boulanger65, J. W. Bowyer61, M. Bridges76,6,69, M. Bucher1, C. Burigana54,35, R. C. Butler54, B. Cappellini55,
J.-F. Cardoso80,1,66, R. Carr43, M. Casale43, A. Catalano81,78, A. Challinor69,76,13, A. Chamballu79,17,65, R.-R. Chary62, X. Chen62, L.-Y Chiang68,

H. C. Chiang29,7, P. R. Christensen88,40, S. Church98, D. L. Clements61, S. Colombi66,101, L. P. L. Colombo26,74, F. Couchot77, A. Coulais78,
B. P. Crill74,89, A. Curto6,72, F. Cuttaia54, L. Danese92, R. D. Davies75, R. J. Davis75, P. de Bernardis36, A. de Rosa54, G. de Zotti51,92,

J. Delabrouille1, J.-M. Delouis66,101, F.-X. Désert58, C. Dickinson75, J. M. Diego72, H. Dole65,64, S. Donzelli55, O. Doré74,12, M. Douspis65,
J. Dunkley99, X. Dupac44, G. Efstathiou69, T. A. Enßlin84, H. K. Eriksen70, E. Falgarone78, F. Finelli54,56, S. Foley45, O. Forni103,11, M. Frailis53,
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A. H. Ja↵e61, J. Jewell74, W. C. Jones29, M. Juvela28, P. Kangaslahti74, E. Keihänen28, R. Keskitalo24,15, T. S. Kisner83, R. Kneissl42,8, J. Knoche84,
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ABSTRACT

The European Space Agency’s Planck satellite, dedicated to studying the early universe and its subsequent evolution, was launched on 14 May 2009
and has been surveying the microwave and submillimetre sky continuously since August 2009. In March 2013, ESA and the Planck Collaboration
publicly released the initial cosmology products based on the the first 15.5 months of Planck operations, along with a set of scientific and technical
papers and a web-based explanatory supplement. This paper describes the mission and its performance, and gives an overview of the processing
and analysis of the data, the characteristics of the data, the main scientific results, and the science data products and papers in the release. The
science products include a set of specialized maps of the cosmic microwave background, maps of Galactic and extragalactic extended foregrounds,
a catalogue of compact Galactic and extragalactic sources, and a list of sources detected through the Sunyaev-Zeldovich e↵ect. The likelihood
code used to assess cosmological models against the Planck data and a lensing likelihood are described. Scientific results include robust support
for the standard, six parameter ⇤CDM model of cosmology and improved measurements for the parameters that define this model, including a
highly significant deviation from scale invariance of the primordial power spectrum. The Planck values for some of these parameters and others
derived from them are significantly di↵erent from those previously determined. Several large scale anomalies in the CMB temperature distribution
detected earlier by WMAP are confirmed with higher confidence. Plancksets new limits on the number and mass of neutrinos, and has measured
gravitational lensing of CMB anisotropies at 25�. Planck finds no evidence for non-Gaussian statistics of the CMB anisotropies. There is some
tension between Planck and WMAP results; this is evident in the power spectrum and results for some of the cosmology parameters. In general,
Planck results agree well with results from the measurements of baryon acoustic oscillations. Because the analysis of Planck polarization data
is not yet as mature as the analysis of temperature data, polarization results are not released. We do, however, graphically illustrate the robust
detection of the E-mode polarization signal around CMB hot- and cold-spots.

Key words. Cosmology: observations — Cosmic background radiation — Surveys — Space vehicles: instruments — Instrumentation: detectors
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Fig. 14. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

Fig. 15. Spatial distribution of the noise RMS on a color scale of 25 µK
for the SMICA CMB map. It has been estimated from the noise map
obtained by running SMICA through the half-ring maps and taking the
half-di↵erence. The average noise RMS is 17 µK. SMICA does not
produce CMB values in the blanked pixels. They are replaced by a con-
strained Gaussian realization.

for bandpowers at ` < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-`’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (` < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
to a correction based on the 353 GHz Planck polarization data,
the parameters extracted from the likelihood are changed by less
than 1�.

At smaller scales, 50 < ` < 2500, we compute the power
spectra of the multi-frequency Planck temperature maps, and
their associated covariance matrices, using the 100, 143, and

Fig. 16. Angular spectra for the SMICA CMB products, evaluated over
the confidence mask, and after removing the beam window function:
spectrum of the CMB map (dark blue), spectrum of the noise in that
map from the half-rings (magenta), their di↵erence (grey) and a binned
version of it (red).

217 GHz channels, and cross-spectra between these channels11.
Given the limited frequency range used in this part of the analy-
sis, the Galaxy is more conservatively masked to avoid contam-
ination by Galactic dust, retaining 58 % of the sky at 100 GHz,
and 37 % at 143 and 217 GHz.

11 interband calibration uncertainties have been estimated by compar-
ing directly the cross spectra and found to be within 2.4 and 3.4⇥10�3

respectively for 100 and 217 GHz with respect to 143 GHz
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1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

h�vi�� ' 10�27 cm3/s (1)

�T

T
⇠ 10�5 (2)

v / 1p
R

(3)

⇢ / const. (4)

⇢ / T 3 (5)

⇢ / T 4 (6)
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is `0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇠ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e↵ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit⇤CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-` anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high `. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base ⇤CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the ⇤CDM parameters are relatively robust to the inclusion
of di↵erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
⇤CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ` < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence
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• Dark Matter in the CMB temperature perturbation

The positions of the peaks depends on the expansion
history after last scattering Energy density of Matter, DE

The gravitational potential is dominated by DM at the last scattering moment
since it is the matter-dominated epoch. The amplitude is strongly depends on 
the density perturbation of Dark Matter.

Density perturbation of DM, radiation, baryon

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Anisotropies in the Cosmic Microwave Background 21

Fig. 9. Dependence of the temperature-anisotropy power spectrum on the physical
density in baryons (left) and all non-relativistic matter (right). From top to bottom
at the first peak, the baryon densities vary linearly in the range Ωbh2 = 0.06–0.005
(left) and the matter densities in Ωmh2 = 0.05–0.5 (right). The initial conditions
are adiabatic.

angular scales on the sky today. In contrast, those parameters that determine
the energy content of the universe before recombination, such as the physical
densities in (non-relativistic) matter Ωmh2, and radiation Ωrh2 (determined by
the CMB temperature and the physics of neutrinos), play an important role in
acoustic physics by determining the expansion rate and hence the behaviour of
the perturbations. In addition, the physical density in baryons, Ωbh2, affects
the acoustic oscillations through baryon inertia and the dependence of the
photon mean-free path on the electron density. The effect of variations in the
physical densities of the matter and baryon densities on the anisotropy power
spectrum is illustrated in Fig. 9 for adiabatic initial conditions.

The linear scales at last scattering that have reached extrema of their
oscillation are determined by the initial conditions (i.e. adiabatic or isocurva-
ture) and the sound horizon rs(η∗). Increasing the baryon density holding the
total matter density fixed reduces the sound speed while preserving the ex-
pansion rate (and moves last scattering to slightly earlier times). The effect is
to reduce the sound horizon at last scattering and so the wavelength of those
modes that are at extrema of their oscillation, and hence push the acoustic
peaks to smaller scales. This effect could be confused with a change in the
angular diameter distance DA, but fortunately baryons have another distin-
guishing effect. Their inertia shifts the zero point of the acoustic oscillations
to ∼ −(1 + R)ψ, and enhances the amplitude of the oscillations. In adiabatic
models for modes that enter the sound horizon in matter domination, δγ/4
starts out at −2ψ/3, and so the amplitude of the oscillation is −ψ(1+3R)/3.
The combination of these two effects is to enhance the amplitude of Θ0 + ψ
at maximal compression by a factor of 1 + 6R over that at minimal compres-
sion. The effect on the power spectrum is to enhance the amplitude of the
1st, 3rd etc. peaks for adiabatic initial conditions, and the 2nd, 4th etc. for
isocurvature. Current CMB data gives Ωbh2 = 0.023 ± 0.001 for power-law
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2. Dark matter density and its 
perturbation affected the CMB 

temperature anisotropies.
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• Dark Matter for the Large scale structure formation

Early Universe
Homogeneous, isotropic

Present Universe
Inhomogeneous, anisotropic

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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- Linear growth of the perturbation 

Outside horizon : density perturbation      is constant 
                          with adiabatic condition

Inside horizon : density perturbation grows

Matter dom.Radiation dom.

Non-Rel. matter
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The growth of the primordial density perturbation in the expanding 
universe depends on the scale, type of matter and  background matter.
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ȧ⇥
= H�1

0

⌅ 1/(1+z)

0

dx

[1� ⇥0 + ⇥mx�1 + ⇥rx�2 + ⇥�x2]1/2
(14)

1

⌃ log a a ⌃ t2/3
�⇧

⇧
⌃ (1)

V =
1

2
M2⌃2 +

1

2
m2⌥2 �⌃ �⌥ (2)

⇥ =
⇧

⇧c
⇧c =

3H2

8⌅G
(3)

T (⇤,⌃)� T0

T0
=

⇤

l,m

almY l
m(⇤,⌃) Cl = ⌥|alm|2�ensemble (4)

d(H�1/a)

dt
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Baryon for the structure formation without dark matter ? NO!

Baryons are tightly coupled to the photons before recombination and thus 
their perturbation cannot grow.  After recombination, they can grow 
linearly but up to around 1000 times from 0.0001. It is 0.1 and still in the 
linear.  They cannot make the non-linear structures as we can observe now.

We need new kind of matter which is non-relativistic and decoupled from 
photons even earlier than recombination to make sufficient grow of the 
density perturbations.  That is Dark Matter and its perturbation grows 
logarythmically even during the radiation-dominated era before 
recombination.  After recombination baryons are decoupled from radiation 
and catch up with the DM perturbations. Then the perturbations of both 
components grow togetehr.

If the DM constitutes about 30 % of the present critical density, then the 
small initial perturbations explain well the observed large-scale structures 
seen today.

We need Dark Matter.
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1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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3. Dark matter density perturbation 
seeded the structure formation of the 
large scale structures such as galaxies, 

clusters of galaxies, etc.
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• Cold Dark Matter
The free streaming (collision-less damping, Landau damping) of dark 
matter from dense regions to under-dense regions smoothes out 
inhomogeneities for the smaller than the free streaming length scale.  

separates the gravitationally stage and unstable modes. The smaller scale is stable and

larger scale is unstable.

This is same for the expanding Universe, and the jeans wave number is given by
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V. DIRECT DETECTION

The dark matter scatters with Nuclei. The interaction rate is given by R = KF�, with
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The scattering of dark matter with the Nucelon is mediated by another field.

A. Dark matter - nucleon interaction

(Axial-) vectore medaition

The general interaction of fermonic dark matter is [4]

L = V

µ

�̄�

µ(gV
�

� g

A

�

�

5)�+ V

µ

f̄�

µ(gV
f

� g

A

f

�

5)f. (14)

4

For eV neutrinos, it corresponds to around 600 Mpc. Then Galaxy 
cannot form. It is hot dark matter.

For structure formation it must be cold dark matter

We call warm dark matter for 
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.
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The radiation and relativistic particles in thermal equilibrium the density
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• Dark Matter distribution in the Universe and galaxies in it.
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• Rotation curve of spiral galaxies

• Gravitational lensing

• Bullet cluster
•  Velocity dispersions of galaxies in the cluster

Dark Matter 
in the present Universe

25
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Hubble's map: Dark matter may be invisible but it accounts for most of the Universe's mass. Its 
gravitational attraction acts as a template, pulling normal matter - the stars in their galaxy 
groupings into the large-scale structures we can see through telescopes.26
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• Image of Dark Matter around Milky Way

The visible 

portion of a 

galaxy lies deep 

in the heart of a 

large halo of 

dark matter.

The total mass in 

dark matter is 

about 10x more

than in visible 

material (e.g. 

stars!!)

The true mass distribution of galaxies
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• How can we measure the density of DM in the galaxy?
 : Rotational curve in the spiral galaxy

NGC2903

NGC6503

NGC2841

NGC3198

NGC7331

NGC2403 NGC1560

Milky Way

28
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• Rotation curve of spiral galaxy

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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• Rotation curve of spiral galaxy

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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• Dark Matter around Sun in the Milky Way

Around Sun

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Large uncertainty in the inner 
part of galaxies.

Important for direct and indirect 
detection

Number density
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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4. Dark matter density is small locally but 
exists in the large scales.  Thus they dominate 

the matter density in the Universe and the 
cumulative gravitational attraction affects the 

dynamics of the galaxy.
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• DM in the cluster
First hints of dark matter from the velocity dispersion of galaxies in the 
Coma cluster. [Zwicky, 1933]

Virial Theorem

Republication of: The redshift of extragalactic nebulae 221

play an essential role. Assuming effects which have their origin in direct
spatial interaction between light and matter shows that this cannot explain
the transparency of intergalactic space.

I proposed then another possible effect, which can however hardly be
observed on earth, for the existence of which, nevertheless, some theoretical
reasons can be given. According to the theory of relativity there corresponds
to each photon or light quantum of frequency ν a gravitational as well as an
inertial mass hν/c2. Thus there is an interaction (attraction) between light
and matter. If the photon is emitted resp. absorbed at two points P1 and P2
which have the same gravitational potential, it loses on the way from P1 to
P2 a certain momentum and gives this to matter. The photon gets redder.
This effect, which could be called gravitational friction, is caused mainly by
the finite velocity of gravitational interaction. Its amount depends on the
average density of matter and on its distribution. The redshift ∆λ/λ in this
case depends not only on the distance but also on the distribution of matter.
Explorations to test this second conclusion are being done now.

Finally it has to be said that none of the proposed theories is satisfying.
All of them have been developed on a most hypothetical basis, and none of
them has succeeded to uncover any new physical relationships.

§5. Remarks concerning the dispersion of velocities in the Coma
nebular cluster.

As the data in §3 show, there are in the Coma cluster differences in
velocity of at least 1500 to 2000 km/sec. In the context of this enormous
variation of velocities the following considerations can be made:

1. Under the supposition that the Coma system has reached, mechani-
cally, a stationary state, the Virial Theorem implies

εk = −1
2εp, (4)

where εk and εp denote average kinetic and potential energies, e.g. of the
unit of mass in the system. For the purpose of estimation we assume that
the matter in the cluster is distributed uniformly in space. The cluster has a
radius R of about one million light-years (equal to 1024 cm) and contains 800
individual nebulae with a mass of each corresponding to 109 solar masses.
The mass M of the whole system is therefore

M ∼ 800 × 109 × 2 × 1033 = 1.6 × 1045 g. (5)
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§5. Remarks concerning the dispersion of velocities in the Coma
nebular cluster.

As the data in §3 show, there are in the Coma cluster differences in
velocity of at least 1500 to 2000 km/sec. In the context of this enormous
variation of velocities the following considerations can be made:

1. Under the supposition that the Coma system has reached, mechani-
cally, a stationary state, the Virial Theorem implies

εk = −1
2εp, (4)

where εk and εp denote average kinetic and potential energies, e.g. of the
unit of mass in the system. For the purpose of estimation we assume that
the matter in the cluster is distributed uniformly in space. The cluster has a
radius R of about one million light-years (equal to 1024 cm) and contains 800
individual nebulae with a mass of each corresponding to 109 solar masses.
The mass M of the whole system is therefore

M ∼ 800 × 109 × 2 × 1033 = 1.6 × 1045 g. (5)
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This implies for the total potential energy Ω:

Ω = −3
5
Γ

M2

R
(6)

Γ = Gravitational constant

or
εp = Ω/M ∼ −64 × 1012 cm2s−2 (7)

and then
εk = v2/2 ∼ −εp/2 = 32 × 1012 cm2s−2

(
v2

)1/2
= 80 km/s. (8)

In order to obtain the observed value of an average Doppler effect of 1000
km/s or more, the average density in the Coma system would have to be at
least 400 times larger than that derived on the grounds of observations of
luminous matter.8 If this would be confirmed we would get the surprising
result that dark matter is present in much greater amount than luminous
matter.

2. One could also assume that the Coma system is not in stationary
equilibrium, but that all available energy has the form of kinetic energy.
Then we would have

εk = −εp, (9)

This assumption thus allows to get rid of a factor of only 2 compared to 1.,
and the necessity of an enormously large density of dark matter stays the
same.

3. Let the average density in the Coma cluster be wholly determined by
the presence of luminous matter (mass M above). Then the large velocities
cannot be determined by considerations of type 1. or 2. If the observed
velocities are indeed real ones, the Coma system should disperse in the course
of time. The result of this expansion would be 800 individual nebulae (field
nebulae), which, as follows from 2., would have eigenvelocities of the original
order of magnitude (1000 to 2000 km/sec). From analogies it is to be expected
that field nebulae with such large eigenvelocities would be observable also in
the state of development the world is in today. This conclusion however

8In order of magnitude this would agree with the view of Einstein and de Sitter discussed
in §4.
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I. INTRODUCTION

II. EVIDENCES OF DARK MATTER

The local dark matter density is determined (1212.3670), ⇢Sun =

0.43(0.11)(0.10)GeV/ cm3.

Virial Theorem

hE
k

i = �1

2
hUi (1)

R = 10(24) cm (2)

⌧ 1000 km/ sec (3)

III. PROPERTIES OF DARK MATTER

The energy density of dark matter around Sun is

⇢DM ' 0.3GeV/ cm3
.

(4)

For 1GeV mass of dark matter, there are 0.3 particles per 1 cm3. In general, The number

density is

nDM =
⇢DM

MDM
' 0.3 cm�3

✓
1GeV

MDM

◆
. (5)

In the rest frame of Galaxy, the DM velocity distribution is assumed to be a Maxwellian

distribution with v̄ = 220 km s�1 ⇠ 10�3
c. In terms of flux,

nDMvDM

4⇡
⇠ 7⇥ 105 cm�2 s�1sr�1

.

(6)

This can be compared to the flux of cosmic rays in figure 1. The proton flux is around

0.1 cm�2 s�1sr�1 at Ekin = 1GeV. DM flux is 107 times larger than the proton flux at

E = 1GeV for MDM = 1GeV.

2

Therefore the average density should be at least 100 times larger than that 
from the observations of luminous matter.
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Gravitational lensing

Einstein:  All forms of matter and energy cause gravity, and 
are affected by gravity. By observing how light is deflected, we 
can detect gravitational fields, and the distribution of matters.

• Gravitational lensing

The difference between the mass from the gravitational lensing and the 
luminous matter gives the dark matter distribution.
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The bullet cluster
Optical  X-ray Gas Dark Matter 

Gravitational potential is located in a Dark Matter (blue) 
other than the ordinary matter (red) 

Two colliding clusters of galaxies

(1E 0657-558)

• Bullet cluster [Clowe et.al, 2006]
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Ripples in the Cosmos, July 2013

Merging Clusters Maruša Bradač

Challenge

Will we ever do better? 

σ/m < 0.05 cm2g−1 will be effectively the same as CDM in terms 
of observables of structure (halo profiles, shapes, substructure 
fraction)

σ/m < 3 cm2g−1 
Merten et al. 2011

σ/m < 7 cm2g−1 
Dawson et al. 2012

σ/m < 3 cm2g−1 
Clowe et al. 2012

σ/m < 0.7 cm2g−1 
Randall et al. 2008

σ/m < 4 cm2g−1 
Bradač et al. 2008

The Merging clusters give upper bound 
on the self interaction of dark matter 

itself.

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 = mn " 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 fNL ∼
1

f
(11)

2
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5. Dark matter show their existence in 
the cluster scales by gravitational 

interaction.
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What is
Dark Matter?

• Dark Matter properties

• Production of Dark Matter
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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 = mn " 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 fNL ∼
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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Dark matter candidate in the Standard Model?

The only EM neutral and stable particles, neutrino, was a candidate
for hot dark matter.

Neutrinos decouple from a relativistic thermal bath at T~ 1 MeV in the 
early Universe with a relic density today as 

30

A. Types of dark matter

1. Hot Dark Matter

If the dark matter particle is collisionless, then they
can damp the fluctuations from higher to lower density
regions above the free-streaming scale. This hot dark
matter consists of particles which are relativistic at the
time of structure formation and therefore lead to large
damping scales (Bond and Szalay, 1983).
The SM neutrinos are the simplest examples of hot

dark matter. In the early universe they can be decoupled
from a relativistic bath at T ∼ 1 MeV, leading to a relic
abundance today that depends on the sum of the flavor
masses:

Ωνh
2 =

∑
i mνi

90 eV
. (188)

Various observational constraints combining Ly-α for-
est, CMB, SuperNovae and Galaxy Clusters data leads
to (Fogli et al., 2008; Seljak et al., 2006):

∑
mν <

0.17 eV (95 % CL). Similar limits can be applied to
any generic hot dark matter candidate, such as ax-
ions (Hannestad et al., 2010) or to hot sterile neutri-
nos (Dodelson et al., 2006; Kusenko, 2009). The free-
streaming length for neutrinos is (Kolb and Turner,
1988):

λFS ∼ 20

(
30 eV

mν

)
Mpc. (189)

For instance, the universe dominated by the eV neutri-
nos would lead to suppressed structures at 600 Mpc scale,
roughly the size of supercluster. Furthermore, hot dark
matter would predict a top-down hierarchy in the forma-
tion of structures, with small structures forming by frag-
mentation of larger ones, while observations show that
larger galaxies have formed from the mergers of the ini-
tially small galaxies.

2. Cold Dark Matter

The standard theory of structure formation requires
cold dark matter (CDM), whose free-streaming length is
such that only fluctuations roughly below the Earth mass
scale are suppressed (Bertschinger, 2006; Green et al.,
2004, 2005; Hofmann et al., 2001; Loeb and Zaldarriaga,
2005). The CDM candidates are heavy and non-
relativistic at the time of their freeze-out from thermal
plasma. The current paradigm of ΛCDM is falsifiable
whose predictive power can be used to probe the struc-
tures at various cosmological scales, such as the abun-
dance of clusters at z ≤ 1 and the galaxy-galaxy corre-
lation functions have proven it a successful and widely
accepted cosmological model of large scale structure for-
mation.
The N-body simulations based on ΛCDM provide a

strong hint of a universal dark matter profile, with the

same shape for all masses, and initial power spectrum.
The halo density can be parametrized by:

ρ(r) =
ρ0

(r/Rs)γ [1 + (r/Rs)α]
(β−γ)/α

, (190)

where ρ0 and the radius Rs vary from halo to halo. the
parameters α, β and γ vary slightly from one profile to
other. The four most popular ones are:

• Navarro, Frenk and White (NFW) pro-
file (Navarro et al., 1997), where α = 1, β =
3, γ = 1, and Rs = 20 Kpc.

• Moore profile (Moore et al., 1999), where α =
1.5, β = 3, γ = 1.5, and Rs = 28 Kpc.

• Kra profile (Kravtsov et al., 1998), where α =
2, β = 3, γ = 0.4, and Rs = 10 Kpc.

• Modified Isothermal profile (Bergstrom et al.,
1998), where α = 2, β = 3, γ = 0, and Rs =
3.5 Kpc.

Amongst all the four profiles, the scales where devia-
tions are most pronounced (the inner few kiloparsecs) are
also the most compromised by numerical uncertainties.
The power-law index value, γ, in the inner most regions is
part of the numerical uncertainties and still under debate,
as all four simulations provide different numbers. The
simulations hint towards a cuspy profile, as the density in
the inner regions becomes large, while from the rotation
curves of low surface brightness (LSB) galaxies point to-
wards uniform dark matter density profile with constant
density cores (Gentile et al., 2004). In our own galaxy
the situation is even more murky, as the observations
of the velocity dispersion of stars near the core suggests
a supermassive black hole at the center of our Galaxy,
with a mass MSMBH ≈ 2.6×106M" (Ghez et al., 1998).
Many galaxies have been found to host supermassive
blackholes of 106 − 108M". It has been argued that
if supermassive blackhole exists at the galactic center,
the accretion of dark matter by the blackhole would
enhance the dark matter density (Peebles, 1994). To
alleviate some of these problems, dark matter with a
strong elastic scattering cross section (Dave et al., 2001;
Spergel and Steinhardt, 2000), or large annihilation cross
sections (Kaplinghat et al., 2000) have been proposed.
There are further discrepancies between observations

and numerical simulations. The number of satellite ha-
los as predicted by simulations exceeds the number of
observed Dwarf galaxies in a typical galaxy like Milky-
Way (Klypin et al., 1999; Moore et al., 1999). However
recent hydrodynamical simulations with ΛCDM, includ-
ing the supernovae induced outflows suggest a fall in the
dark-matter density to less than half of what it would
otherwise be within the central Kpc.

With observational constraints

[Komatsu et al., 2011]

The fluctuations are damped smaller than the neutrino free streaming scale 
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of the velocity dispersion of stars near the core suggests
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with a mass MSMBH ≈ 2.6×106M" (Ghez et al., 1998).
Many galaxies have been found to host supermassive
blackholes of 106 − 108M". It has been argued that
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There are further discrepancies between observations
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observed Dwarf galaxies in a typical galaxy like Milky-
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ing the supernovae induced outflows suggest a fall in the
dark-matter density to less than half of what it would
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The standard theory of structure formation prefers to cold dark matter. 

It is too small!

It is too hot! 

τX ∼ 1 sec−1012 sec (1)

Ωãh
2 =

mã

mX
ΩXh2 (2)

U(1)Y SU(2)L G̃ ã fa ∼ 1010 GeV (3)

xf ∼ 20− 25 (4)

τa ∼ 64π

g2aγγm3
a
# 1040

(
fa

1010GeV

)5

sec (5)

∑
mν < 1.3 eV (95%CL) (6)

ρc = 3H2
0M

2
P = 1.88× 10−29g cm−3 ΩDM =

ρDM

ρc
∼ 0.22 (7)

τDM > τage ∼ 1018 sec τDM > 1026 sec Z2 e+, p̄, γ, . . . (8)

SU(3)C × SU(2)L × U(1)Y (9)

(T % m) (T & m) n ∝ a−3 (10)

φ χ (11)

ζ = α
δΓ

Γ
(12)

Pζ = (1− r)2Pinf + r2Pχ (13)

Ωh2
WIMP =# 〈σann〉 # 10−10 GeV−2 # 10−38 cm2 (14)

Ωh2 = mn # 0.28

(
Y

10−11

)( m

100 GeV

)
(15)

dn

dt
+ 3Hn = −n2〈σannv〉 Y # H

s〈σannv〉
(16)

1

top-down structure formation
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• Candidates of dark matter

Strong CP problem : axion 

Supersymmetry : neutralino, gravitino, axino, scalar neurino

Neutrino sector : sterile neutrino, RH neutrino, Majoron

Technicolor : Techni-baryon, Techni-dilaton

Extra dimension : Kaluza-Klein particle

and WIMPzillas, Balck-Holes, light volume moduli, dilaton

: Motivated from beyond Standard Model

and more ....
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• Candidates of dark matter beyond 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 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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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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FIG. 2: Several well-motivated candidates of DM are shown.
σint is the typical strength of the interaction with ordinary
matter. The red, pink and blue colors represent HDM, WDM
and CDM, respectively. We updated the previous figures [18,
48] by including the sterile neutrino DM [49–51].

A. Production of relic axinos

As stated in Introduction, there are two generic ways
of producing relic axinos in the early Universe: thermal
production from scatterings and decays of particles in
thermal equilibrium, and non-thermal production from
the decays of heavier particles after their freezeout.

1. Thermal production

Primordial axinos decouple from thermal equilibrium
at the temperature [24]

Tdec = 1011 GeV

(
fa

1012GeV

)2(0.1

αs

)3

. (7)

They overclose the Universe unless their mass is bounded
to be smaller than keV [24]. In inflationary cosmology,
the population of primordial axinos is strongly diluted by
cosmic inflation; however axinos are re-generated during
reheating. When the reheating temperature TR is be-
low the decoupling temperature, axinos do not reach the
equilibrium level. However, axinos can be produced from
the scatterings in thermal plasma, and the number den-
sity is proportional to TR, in which case the keV mass
upper bound of Ref. [24] is relaxed. The calculation fol-
lows the same line of logic which was used for the grav-
itino regeneration and decay [52, 53]. If the axino mass
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FIG. 3: Thermal yield of axino, Y TP
ã ≡ nã/s, versus TR. For

strong interactions, the effective thermal mass (ETM) approx-
imation (black) is used. We use the representative values of
fa = 1011 GeV and mq̃ = mG̃ = 1TeV. For comparison, we
also show the HTL approximation (dotted blue/dark grey)
and that of Strumia (green/light grey). We also denote the
yield from squark (solid green/light grey) and gluino decay
(dotted red), as well as out-of-equilibrium bino-like neutralino
decay (dashed black) with CaY Y = 8/3.

is between around an MeV to several GeV, the correct
axino CDM density is obtained with TR less than about
5× 104GeV [2].
Thermal production of axinos is described by the

Boltzmann equation where the first term on the r.h.s.
corresponds to scatterings and the second one to de-
cays [2, 5, 6, 54],

dnã

dt
+ 3Hnã =

∑

i,j

〈σ(i + j → ã+ . . .)vrel〉ninj

+
∑

i

〈Γ(i → ã+ . . .)〉ni,
(8)

where H denotes the Hubble parameter, σ(i + j → ã +
. . .) is the scattering cross section for particles i, j into
final states involving axinos and ni stands for the number
density of the ith particle species, while Γ(i → ã+ . . .) is
the corresponding decay width into final states involving
axinos. Approximate solutions for the number density of
relic axinos are given in Ref. [55].
In Fig. 3 (taken from Ref. [34] where it was updated

from Refs. [2, 3]) we show the axino yield Y resulting
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0. existence : beyond Standard Model, introducing new particles

kinematically forbidden / suppressed

44

Tuesday, August 20, 13



Dark Matter in a theory

2. neutral : EM charge singlet
3. weakly interacting or much weaker down to gravitational interaction

4. 22% of universe : relic density of DM from early Universe

1. stability : new symmetry to protect decay (or it is slightly broken) 

5. cold dark matter : related to the generation mechanism of DM

0. existence : beyond Standard Model, introducing new particles

kinematically forbidden / suppressed

44

Tuesday, August 20, 13



The relic density of dark matter

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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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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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.

ΩWDMh2 "
( m

1 keV

)

(

106.75

g∗

)

(1)

m ! 10 keV 10−6 eV (2)
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2

sterile
neutrino

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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10MeV m ∼ 1013GeV 1MeV (3)

2

neutralino

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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gravitino,	 axino

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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2

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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WIMPzillas

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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1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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• How the DM are generated? : Production mechanism

: Oscillating DM or produced by decays of unstable objects

• How much cold? : Hot, Warm or Cold

Free streaming length of the dark matter

Thermal production

Non-thermal production 

Freeze-out from thermal equilibrium

Already decoupled
: WIMP, Asymmetric DM

: E-WIMP (Super WIMP), FIMP
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 In the non-Expanding Universe and thermal equilibrium

 In the expanding Universe and decoupling

• Expanding Universe and decoupling

48

After enough long time much larger than the interaction time,
the system leads to the thermal equilibrium (chemical and kinetic).

The expansion is faster than the interaction, the particles cannot 
maintain the equilibrium and decoupled from the thermal plasma.

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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• Expanding Universe and decoupling

Particles in thermal equilibrium, FD and BE distribution

49

In	 the	 relativistic	 limit	 (at	 high	 temperature),	 	 (m ! T ), µ ! T (1)
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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In	 the	 non-relativistic	 limit	 (at	 low	 temperature),	 	 m ! T (1)
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.
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quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
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annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.
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annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.
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it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.
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nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.
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equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.
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it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Comoving abundance Y is conserved after decoupling.
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1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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The neutrinos decouple when they are fully relativistic.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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The comoving abundance is

Therefore the present relic density is

30

A. Types of dark matter

1. Hot Dark Matter

If the dark matter particle is collisionless, then they
can damp the fluctuations from higher to lower density
regions above the free-streaming scale. This hot dark
matter consists of particles which are relativistic at the
time of structure formation and therefore lead to large
damping scales (Bond and Szalay, 1983).
The SM neutrinos are the simplest examples of hot

dark matter. In the early universe they can be decoupled
from a relativistic bath at T ∼ 1 MeV, leading to a relic
abundance today that depends on the sum of the flavor
masses:

Ωνh
2 =

∑
i mνi

90 eV
. (188)

Various observational constraints combining Ly-α for-
est, CMB, SuperNovae and Galaxy Clusters data leads
to (Fogli et al., 2008; Seljak et al., 2006):

∑
mν <

0.17 eV (95 % CL). Similar limits can be applied to
any generic hot dark matter candidate, such as ax-
ions (Hannestad et al., 2010) or to hot sterile neutri-
nos (Dodelson et al., 2006; Kusenko, 2009). The free-
streaming length for neutrinos is (Kolb and Turner,
1988):

λFS ∼ 20

(
30 eV

mν

)
Mpc. (189)

For instance, the universe dominated by the eV neutri-
nos would lead to suppressed structures at 600 Mpc scale,
roughly the size of supercluster. Furthermore, hot dark
matter would predict a top-down hierarchy in the forma-
tion of structures, with small structures forming by frag-
mentation of larger ones, while observations show that
larger galaxies have formed from the mergers of the ini-
tially small galaxies.

2. Cold Dark Matter

The standard theory of structure formation requires
cold dark matter (CDM), whose free-streaming length is
such that only fluctuations roughly below the Earth mass
scale are suppressed (Bertschinger, 2006; Green et al.,
2004, 2005; Hofmann et al., 2001; Loeb and Zaldarriaga,
2005). The CDM candidates are heavy and non-
relativistic at the time of their freeze-out from thermal
plasma. The current paradigm of ΛCDM is falsifiable
whose predictive power can be used to probe the struc-
tures at various cosmological scales, such as the abun-
dance of clusters at z ≤ 1 and the galaxy-galaxy corre-
lation functions have proven it a successful and widely
accepted cosmological model of large scale structure for-
mation.
The N-body simulations based on ΛCDM provide a

strong hint of a universal dark matter profile, with the

same shape for all masses, and initial power spectrum.
The halo density can be parametrized by:

ρ(r) =
ρ0

(r/Rs)γ [1 + (r/Rs)α]
(β−γ)/α

, (190)

where ρ0 and the radius Rs vary from halo to halo. the
parameters α, β and γ vary slightly from one profile to
other. The four most popular ones are:

• Navarro, Frenk and White (NFW) pro-
file (Navarro et al., 1997), where α = 1, β =
3, γ = 1, and Rs = 20 Kpc.

• Moore profile (Moore et al., 1999), where α =
1.5, β = 3, γ = 1.5, and Rs = 28 Kpc.

• Kra profile (Kravtsov et al., 1998), where α =
2, β = 3, γ = 0.4, and Rs = 10 Kpc.

• Modified Isothermal profile (Bergstrom et al.,
1998), where α = 2, β = 3, γ = 0, and Rs =
3.5 Kpc.

Amongst all the four profiles, the scales where devia-
tions are most pronounced (the inner few kiloparsecs) are
also the most compromised by numerical uncertainties.
The power-law index value, γ, in the inner most regions is
part of the numerical uncertainties and still under debate,
as all four simulations provide different numbers. The
simulations hint towards a cuspy profile, as the density in
the inner regions becomes large, while from the rotation
curves of low surface brightness (LSB) galaxies point to-
wards uniform dark matter density profile with constant
density cores (Gentile et al., 2004). In our own galaxy
the situation is even more murky, as the observations
of the velocity dispersion of stars near the core suggests
a supermassive black hole at the center of our Galaxy,
with a mass MSMBH ≈ 2.6×106M" (Ghez et al., 1998).
Many galaxies have been found to host supermassive
blackholes of 106 − 108M". It has been argued that
if supermassive blackhole exists at the galactic center,
the accretion of dark matter by the blackhole would
enhance the dark matter density (Peebles, 1994). To
alleviate some of these problems, dark matter with a
strong elastic scattering cross section (Dave et al., 2001;
Spergel and Steinhardt, 2000), or large annihilation cross
sections (Kaplinghat et al., 2000) have been proposed.
There are further discrepancies between observations

and numerical simulations. The number of satellite ha-
los as predicted by simulations exceeds the number of
observed Dwarf galaxies in a typical galaxy like Milky-
Way (Klypin et al., 1999; Moore et al., 1999). However
recent hydrodynamical simulations with ΛCDM, includ-
ing the supernovae induced outflows suggest a fall in the
dark-matter density to less than half of what it would
otherwise be within the central Kpc.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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  Hot relics:  Weakly Interacting Light Particle

Initially the particles are in the thermal equilibrium and decoupled 
when it is relativistic in the expanding Universe.
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Warm dark matter:

Light	 gravitinos	 [Pagels, Primack, 1982]

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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be around 0.01. To be dark matter it must be located on around this red line
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and but becomes non-relativistic due to its heavy mass and the number density
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interacting particles, we could draw the plot of Y and the mass. For light
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decreases inversely proportional to cubic of the mass. The line of relic density
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Sterile	 neurinos [Dodelson, Widrow, 1994]

Warm dark matter can erase small scale fluctuations, 

[Seljak, Makarov, McDonald, Trac, 2008]

[Boyarsky, Lesgourgues, Ruchayskiy, Viel, 2009]

Possible tension between relic density and the structure formation.

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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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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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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WIMP :  freeze-out temperature
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Ṙi

)2

∼ (Ω0 − 1)10−16

(

tf
teq

)

e2Hinf (tf−ti)

N = Hinf (tf − ti)

(7)

1084 10−4 (8)

lc ∼ cti

li
lc

∼ ct0
ctPlanck

Ri

R0
∼ 1017

10−43
10−32 ∼ 1028

(9)

R(tPlanck)

R0
∼ T0

TPlanck
∼ 10−32 (10)

ti = tPlanck ! 10−44 sec

TPlank ∼ 1032K
(11)

l0 ∼ ct0 ! H−1
0 ! 3000Mpc

l(ti) ∼ l0
R(ti)

R0

(12)

1

3Hneq ! 〈σannv〉n2
eq

H =

√

8πG

3
ρ =

√

8πG

3

π2

30
g∗T 4

(1)

Ωxh
2 ! 2.5× 10−10

〈σannv〉
(2)

Y ! YTf
=

nX

s

∣

∣

∣

Tf

! 3H

s〈σv〉

∣

∣

∣

∣

Tf

∝ 1

〈σv〉Tf
=

xf

〈σv〉mX

xf =
m

Tf

(3)

n =
ζ(3)

π2
gT 3 logn Tf T ! m ζ(3) ! 1.201 (4)

dn

dt
+ 3Hn = (Collision terms) (5)

d(t) = R(t)

∫ R

i

dR

ṘR
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Ṙeq

Ṙf
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WIMP :  Relic density
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WIMP	 with	 EW	 cross	 section

gives	 correct	 relic	 density	 for	 dark	 matter.

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Relic density :  weakly interacting particles
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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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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 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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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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1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Relic density :  weakly interacting particles
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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 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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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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1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Ẏ = 〈σv〉neq

s

(11)

mG ) Mg σn ∼
(

Mg

mG

)2 T 3

M2
p

H # g1/2∗ T 2 Tf ∼ Mp

(

mG

Mg

)2

(12)

mG & Mg σn ∼ T 3

M2
p

H # g1/2∗ T 2 Tf ∼ Mp (13)

ds2 = (1 + 2φ)dt2 − a2[(1− 2ψ)δij − hij ]dx
idxj (14)

mn −mp # 1.29 MeV (15)

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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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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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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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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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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(I)	 depends	 on	 the	 reheating	 temperature
and	 we	 can	 get	 the	 same	 amount	 of	 abundance	 for	 dark	 matter.
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(II)	 does	 not	 depend	 on	 the	 reheating	 temperature	 and	 we	 can	 get	 the	 same	 
amount	 of	 abundance	 for	 dark	 matter.
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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 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
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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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(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
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No dependence on the reheating temperature.
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Asymmetric dark matter: 
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 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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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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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]

10MeV m ∼ 1013GeV 1MeV ηDM = ηB (4)

Tf > Treh Tf < Treh Treh " 1010GeV (5)

mG ΩGh
2 " 0.1 Ωh2 > 0.1 Ωh2 < 0.1 m ∼ 100 eV (6)
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√

m2 + |%p|2 Y " H

s〈σannv〉
∝ xf√

g∗〈σv〉m
(14)
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Non-thermal production:  from decay of heavy particles
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Dark matter from the decay of heavy particles

ΩDM =
mDM

mX
ΩX (1)

mDM ! ΩDM

ΩB
mB ! 5 GeV (2)

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

s
(3)

m ! 2 GeV m ∼ 2 GeV Ω > 1 Ω < 1 m ∼ 100 GeV (4)

Y =
135ζ(3)

8π4

gDM

g∗
〈σannv〉 ! G2

Fm
2 Y ∝ 1

m3
(5)

log Y log 〈E〉 E =
√

m2 + |%p|2 Y ! H

s〈σannv〉
∝ xf√

g∗〈σv〉m
(6)

! 0.1 Y ! 0.01 〈E〉 ! 100 eV 〈E〉 ! m = 100 GeV Y ! 10−11

(7)

√
s ) mG ψµ = Ψµ − 1√

6
γµψ + i

√

2

3

∂µψ

mG
(8)

〈v〉 < 0.01 km/ sec (95%CL) l ! 1000 (9)

Ωh2 =
( mG

1 keV

)

(

100

g∗

)

(10)

Y =
n

s

∣

∣

∣

f
=

3
4
ζ(3)
π2 gT 3

2π2

45 g∗T 3
=

135ζ(3)

8π4

g

g∗
(11)

Y0 ! 〈σv〉MpTR ΓG ! 1

32π2

m3
G

M2
p
! 107 sec

( mG

1 TeV

)3

(12)

dY

dT
! 〈σv〉Mp 〈σv〉 !

1

M2
p

(

Mg

mG

)2

(13)

sR3 = constant t ! Mp

T 2
(14)
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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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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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Non-thermal production:  Misalignment mechanism

The oscillating scalar fields behaves like cold dark matter.
Example : axion
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