
우리가 관측 가능한 우주
별(항성): 스스로 빛을 내는 천체
은하: 수백억 개의 별과 성간물질로 이루어진 계

(행성: 별 주위의 궤도를 따라 도는 물체)

은하단: 수백개, 수천개의 은하들이 중력에 의하여 모여 있는 무리
초은하단: 은하단의 거대한 군집

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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• To measure the distance : distance ladder

Parallax Cepheid variables
Tully-Fisher

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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허블의 법칙

허블의 법칙 (1929)

   은하들의 적색편이(후퇴속도)와 거리를 비교할 때, 멀리 있는 은하들의 적색편이가
더 크게 관측된다. 거리가 1 Mpc 증가할 때, 그 해당하는 속도가 약 70 km/sec 증가
하는 것처럼 보인다. 이 비를 허블상수라고 한다.
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우주의 팽창이란?

실제로는 은하들이 주어진 속도로 멀어지는 것이 아니다. 

은하는 주어진 좌표 상의 그 위치에 정지해 있더라도, 멀리 있는 은하와 관측
자 사이의 공간이 팽창함으로 인하여, 빛의 파장이 길어지고, 그 결과로 도플러 
효과가 생긴다.
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2/24/11 10:55 PMUniverse in a box: formation of large-scale structure

Page 1 of 2http://cosmicweb.uchicago.edu/filaments.html

The movie stills pictured above illustrate the formation formation of clusters and large-scale filaments in the
Cold Dark Matter model with dark energy. The frames show the evolution of structures in a 43 million

parsecs (or 140 million light years) box from redshift of 30 to the present epoch (upper left z=30 to lower
right z=0). Click to see the full-resolution version of each panel. At the initial epoch (z=30), when the age of

the Universe was less than 1% of its current age, distribution of matter appears to be uniform. This is
because the seed fluctuations are still fairly small. As time goes on, the fluctuations grow resulting in a
wealth of structures from the smallest bright clumps which have sizes and masses similar to those of
galaxies to the large filaments. Notice the filament spanning the entire box from left to right and how it

becomes more and more pronounced with time. Also, note that it does not change much between z=0.5 and
z=0 (i.e., the last two panels). This is because the expansion of the universe is in the stage of acceleration

as the "dark energy" becomes dominant at z<1. On large scales seen here, gravity cannot compete with the
dark energy-driven acceleration and the growth of structures ceases. As the contraction of large-scale

structures is halted they expand with the universe and appear "frozen" in our co-moving system of
coordinates.

You can download the movie as
an MPEG movie: full size (10Mb), half size (1.3Mb) 

The same simulation but with a rotating box (3D geometry of the filaments can be appreciated better)
an animated gif: half size (5Mb), quarter size (1Mb)

MPEG movie: full size (9Mb) half size (1Mb) 

Home

Computer Simulations

Visualizations:

Formation of filaments

Formation of a group of
galaxies

Formation of a galaxy

Screen savers

Additional info and links

Formation of the large-scale structure in the
Universe: filaments

43Mpc box

!44
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• Determination of Baryon density

The comparison between the observed 
light element abundances and the 
theoretical calculation shows that
the baryon-to-photon ratio

It is consistent with independent 
determination from CMB anisotropy.

It corresponds to Baryon energy density

20. Big-Bang nucleosynthesis 3
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [11] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL). Color version at end
of book.

July 30, 2010 14:36

Box:	 2sigma	 stat,	 2sigma	 stat+syst	 

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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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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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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• 원자핵과 전자의 재결합 그리고 광자의 분리
(Recombination and photon decoupling)

(우주 나이 38 만년)
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•  CMB �� ����

COBE (1992)Penzias, Wilson (1965)

Planck Collaboration: The Planck mission

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

25

Planck (2013)

verse is static and he introduced Cosmological constant to make his solution is
static. After Hubble findings, Einstein said that the introduction of cosmologi-
cal constant as his greatest blunder. But interestingly enough this cc becomes
revival again recently as we will see later.

Therefore the cosmic expansion is very consistent with the Einstein’s equa-
tion. The equation is the relation between the geometry in the left side and the
matter density in the RHS. If we know the evolution of Universe well, then we
can know the properties of matter in the Universe. For example, if the energy
density of the Universe is smaller than the critical density, the Universe will
expand forever and the Universe will cool down. If it is larger then the Universe
stops the expansion and contract.

From observation we know that the present Universe is expanding. The
direct consequence is that the density is decreasing and the wavelength of the
photon becomes longer. This means that the momentum of the particle is
redshifted. In other words, the early Universe was denser and hotter than
present. As you know the state of matter changes with energy given to the
state. With energy, the solid becomes liquid, gas, and the gas becomes ionized
to be plasma. With more energy the nuclei are break down into the components
protons and neutrons. With more energy the nucleons are broken down into the
fundamental particles, quarks and gluons.

We can easily guess that in the early Universe when the density is very high
and the temperature is very high, all the matter were in the state of fundamen-
tal particles, quarks, photons, electrons etc. With expansion of Universe, the
temperature cool down and around 100 MeV hadron are made and light nuclei
are synthesized at 1 MeV which is the order of the binding energy of nuclei.
At temperature 1 eV electron are combined to the nuclei and becomes neutral
atoms and they becomes the source of galaxies.

Here the important epoch is the recombination of nuclei and electrons. After
this epoch the photons are now free and do not have any obstacles. These free
photons are still around us and it is called cosmic microwave background. At de-
coupling time it was around 3000 K but now 2.7 K due to the cosmic expansion.
CMB was first observed by Penzias and Wilson in 1965 and got Nobel prize in
1978. Now the telescope in the satellite observes more precisely and a satellite
COBE measured the temperature in the precision of 10�5. The important thing
of COBE that it found the small anisotropy in the CMB temperature. With
this Nobel prize in 1992 was given.

Thus with the observation of BBN and CMB as well as the expansion of the
Universe, the standard model of the Universe was confirmed and it is called Big
Bang model.

⇢ < ⇢c ⇢ = ⇢c ⇢ > ⇢c (4)

T0 +O(10�5)K T0 �O(10�5)K T0 = 2.725K (5)
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coupling time it was around 3000 K but now 2.7 K due to the cosmic expansion.
CMB was first observed by Penzias and Wilson in 1965 and got Nobel prize in
1978. Now the telescope in the satellite observes more precisely and a satellite
COBE measured the temperature in the precision of 10�5. The important thing
of COBE that it found the small anisotropy in the CMB temperature. With
this Nobel prize in 1992 was given.

Thus with the observation of BBN and CMB as well as the expansion of the
Universe, the standard model of the Universe was confirmed and it is called Big
Bang model.
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verse is static and he introduced Cosmological constant to make his solution is
static. After Hubble findings, Einstein said that the introduction of cosmologi-
cal constant as his greatest blunder. But interestingly enough this cc becomes
revival again recently as we will see later.

Therefore the cosmic expansion is very consistent with the Einstein’s equa-
tion. The equation is the relation between the geometry in the left side and the
matter density in the RHS. If we know the evolution of Universe well, then we
can know the properties of matter in the Universe. For example, if the energy
density of the Universe is smaller than the critical density, the Universe will
expand forever and the Universe will cool down. If it is larger then the Universe
stops the expansion and contract.

From observation we know that the present Universe is expanding. The
direct consequence is that the density is decreasing and the wavelength of the
photon becomes longer. This means that the momentum of the particle is
redshifted. In other words, the early Universe was denser and hotter than
present. As you know the state of matter changes with energy given to the
state. With energy, the solid becomes liquid, gas, and the gas becomes ionized
to be plasma. With more energy the nuclei are break down into the components
protons and neutrons. With more energy the nucleons are broken down into the
fundamental particles, quarks and gluons.

We can easily guess that in the early Universe when the density is very high
and the temperature is very high, all the matter were in the state of fundamen-
tal particles, quarks, photons, electrons etc. With expansion of Universe, the
temperature cool down and around 100 MeV hadron are made and light nuclei
are synthesized at 1 MeV which is the order of the binding energy of nuclei.
At temperature 1 eV electron are combined to the nuclei and becomes neutral
atoms and they becomes the source of galaxies.

Here the important epoch is the recombination of nuclei and electrons. After
this epoch the photons are now free and do not have any obstacles. These free
photons are still around us and it is called cosmic microwave background. At de-
coupling time it was around 3000 K but now 2.7 K due to the cosmic expansion.
CMB was first observed by Penzias and Wilson in 1965 and got Nobel prize in
1978. Now the telescope in the satellite observes more precisely and a satellite
COBE measured the temperature in the precision of 10�5. The important thing
of COBE that it found the small anisotropy in the CMB temperature. With
this Nobel prize in 1992 was given.

Thus with the observation of BBN and CMB as well as the expansion of the
Universe, the standard model of the Universe was confirmed and it is called Big
Bang model.
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우주배경 복사의 온도 분포

δρ(t,x)

ρ0(t)
∼ δT (t,x)

T0(t)
∼ 10−5 (1)

ρ(t,x) = ρ0(t) + δρ(t,x), T (t,x) = T0(t) + δT (t,x), · · · (2)

T ≃ 100 MeV T ≃ 1 MeV (3)

T ≫ MZ g∗ = 106.75

T ≪ MZ T ≪ MW T ≪ mtop
(4)

A+B ↔ X̄ +X A+B ← X̄ +X (5)

T ≫ m T ≪ m (6)

log ρ log

(

1

T

)

(7)

(z = 0)

(z ≃ 0.4)

(z ≃ 5000)

(8)

(

R

R0

)−1

=
ρ0M
ρ0R

=
0.26

5× 10−5
≃ 5000 = 1 + z (9)

ρM = ρ0M

(

R

R0

)−3

= ρv = ρ0v

1

1 + z
=

R

R0
=

(

0.74

0.26

)−1/3

≃ 0.7

z ≃ 0.4

(10)

ρM
ρR

≃ 5000 (11)

1

에서 우주는 거의 균일하고 등방적이다.

왜 이렇게 비슷한가?

은하들의 분포

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.

⇢� (E ⌧ m) l & 102 Mpc H�1 (1)

aH = 1/R (2)

10�2 . k/Mpc�1 . 0.5 104 . k/Mpc�1 . 105 10 . k/Mpc�1 . 107

(3)

10�3 . k/Mpc�1 . 10�1 104 . k/Mpc�1 . 105 10 . k/Mpc�1 . 107

(4)

P�(k) ' 10�9 P�(k) . 10�2 P�(k) . 0.007 P�(k) . 10�6 (5)

P�(k) (6)

h�⇢(x)
⇢

�⇢(x)

⇢
i = (2⇡)3P (k

1

)�3(k
1

+ k

2

) P(k
1

) =
k3
1

2⇡2

P (k
1

) = (2⇡)3
2⇡2

k3
1

P(k
1

)�3(k
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2

)

(7)

h�(k
1

)�(k
2

)i = (2⇡)3�3(k
1

+ k

2

)
2⇡2

k3
1

P�(k1) (8)

�(t,x) ⌘ �⇢(t,x)

⇢
0

⇠ 10�4 (9)

1

Tuesday, August 26, 14



표준모형의 복사지배 또는 물질지배의 시대에서는 우주가 왜 그 정도로 
균일하고 등방한지를 설명할 수 없다.

지평선 문제 (the horizon problem)

horizon size at the time of last scattering 
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왜 인플레이션이 필요한가?

Flatness problem, horizon problem, Monopole problem, …

ÃçÐ "�Ĥ Ęô� Ü�¸´ ÐĢµ ÈÐ oB 	Î �n

�þ�0Ĥ Ãç ć#
¸ÝĜĮ
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 �Ó, DyÝÌY �Ò1.
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L

4�r2
�N(r) ⇥ L

N(r) ⇥ 4�r2
(1)

� v(r) = H � r H (2)

Gµ� =
8�G

c4
Tµ� (3)

1

¥Ò�ċÒ yá¢

¡��Ð �ä¿ rðu9` ·
¡ĉ. yá¢

ÒġUÑ�#�;¦ ÒġMĒ Õ×Ð ®×Á;Í ¡��Ð Á;Î!
ÓÌĊ1. (�ĂM, đ� Á;)

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

mn −mp ≃ 1.29 MeV (2)

mG > 50 TeV ⟨σannv⟩ ≃ 10−9 GeV−2 (3)

5.66 < η10 < 6.58 Nν = 3.2± 1.2 (95%CL) (4)

∆Yp ≃ 0.013∆Nν (5)

Γweak ≃ H g∗ = 5.5 +
7

4
Nν (6)

T ∼ 0.07 MeV (t ∼ 3min) τn ≃ 615 sec n/p ≃ 1/7 (7)

n+ p ↔ D + γ (8)

T ∼ 1 MeV (t ∼ 1 sec)
n

p
= e−(mn−mp)/T ≃

1

6
(9)

T ≫ 1 MeV n+ νe ↔ p+ e−

p+ νe ↔ n+ e+

(t ≪ 1 sec)

(10)

ηB =
nB

nγ
≃ 6× 10−9 R−3

(11)

Y ≡ n

s
= constant g∗S = g∗ (12)

s(T )R3 = constant T ∝ g−1/3
∗ R−1 (13)

1012 sec ∼ 1 eV EA, EB ≪ mX (14)

µA + µB = µC + µD (15)

5× 10−9 ρB = mNNB ≃ 938MeV× 5× 10−9nγ nγ = 421 cm−3 ΩB ≃ 0.04
(16)

p+ p+ n+ n → 4He p+ n → D + γ D +D → He3 + n D +D → T + p
(17)

1

Metric perturbation

텐서 요동

7.1 Perturbations and gauge-invariant variables 291

gauge-invariant variables. The relation between the different coordinate systems
prevalent in the literature is also discussed.

7.1.1 Classification of perturbations

The metric of a flat Friedmann universe with small perturbations can be written as

ds2 =
[(0)gαβ + δgαβ(xγ )

]
dxαdxβ, (7.2)

where |δgαβ | ≪ |(0)gαβ |. Using conformal time, the background metric becomes

(0)gαβdxαdxβ = a2(η)
(
dη2 − δi j dxi dx j) . (7.3)

The metric perturbations δgαβ can be categorized into three distinct types: scalar,
vector and tensor perturbations. This classification is based on the symmetry prop-
erties of the homogeneous, isotropic background, which at a given moment of time
is obviously invariant with respect to the group of spatial rotations and translations.
The δg00 component behaves as a scalar under these rotations and hence

δg00 = 2a2φ, (7.4)

where φ is a 3-scalar.
The spacetime components δg0i can be decomposed into the sum of the spatial

gradient of some scalar B and a vector Si with zero divergence:

δg0i = a2(B,i + Si
)
. (7.5)

Here a comma with index denotes differentiation with respect to the corresponding
spatial coordinate, e.g. B,i = ∂ B/∂xi . The vector Si satisfies the constraint Si

,i = 0
and therefore has two independent components. From now on the spatial indices
are always raised and lowered with the unit metric δi j and we assume summation
over repeated spatial indices.

In a similar way, the components δgi j , which behave as a tensor under 3-rotations,
can be written as the sum of the irreducible pieces:

δgi j = a2(2ψδi j + 2E,i j + Fi, j + Fj,i + hi j
)
. (7.6)

Here ψ and E are scalar functions, vector Fi has zero divergence (Fi
,i = 0) and the

3-tensor hi j satisfies the four constraints

hi
i = 0, hi

j,i = 0, (7.7)

that is, it is traceless and transverse. Counting the number of independent functions
used to form δgαβ, we find we have four functions for the scalar perturbations, four
functions for the vector perturbations (two 3-vectors with one constraint each), and
two functions for the tensor perturbations (a symmetric 3-tensor has six independent

traceless, transverse

스칼라 요동

밀도 섭동

δρ(t,x) δp(t,x) (1)

Gµν
0 (t) =

8πG

c4
T µν
0 (t)

δGµν(t,x) =
8πG

c4
δT µν(t,x)

(2)

Gµν = Gµν
0 (t) + δGµν(t,x)

T µν = T µν
0 (t) + δT µν(t,x)

(3)

δρ(t,x)

ρ0(t)
∼ δT (t,x)

T0(t)
∼ 10−5 (4)

ρ(t,x) = ρ0(t) + δρ(t,x), T (t,x) = T0(t) + δT (t,x), · · · (5)

T ≃ 100 MeV T ≃ 1 MeV (6)

T ≫ MZ g∗ = 106.75

T ≪ MZ T ≪ MW T ≪ mtop
(7)

A+B ↔ X̄ +X A+B ← X̄ +X (8)

T ≫ m T ≪ m (9)

log ρ log

(

1

T

)

(10)

(z = 0)

(z ≃ 0.4)

(z ≃ 5000)

(11)

(

R

R0

)−1

=
ρ0M
ρ0R

=
0.26

5× 10−5
≃ 5000 = 1 + z (12)

1

중력파 생성
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인플라톤의 양자요동
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CMB 의 비등방성
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[Lyth, Malik, Sasaki, 2005]
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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where MP = G�1/2 is Planck mass

H
0

= h (100 km/ sec /Mpc) = 1.75⇥ 10�61hMP , (3)

and

Heq = 5.25⇥ 106h3⌦2

mH
0

, (4)

where ⌦m ' 0.25 is the present matter density. Therefore
✓
aeqHeq

a
0

H
0

◆
' 219⌦mh. (5)

P⇣ = (2.198± 0.056)⇥ 10�9

n⇣ = 0.959± 0.007
(6)

n�vrel ⇠ 103
1

cm2s
(7)
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7.1 Perturbations and gauge-invariant variables 291

gauge-invariant variables. The relation between the different coordinate systems
prevalent in the literature is also discussed.

7.1.1 Classification of perturbations

The metric of a flat Friedmann universe with small perturbations can be written as

ds2 =
[(0)gαβ + δgαβ(xγ )

]
dxαdxβ, (7.2)

where |δgαβ | ≪ |(0)gαβ |. Using conformal time, the background metric becomes

(0)gαβdxαdxβ = a2(η)
(
dη2 − δi j dxi dx j) . (7.3)

The metric perturbations δgαβ can be categorized into three distinct types: scalar,
vector and tensor perturbations. This classification is based on the symmetry prop-
erties of the homogeneous, isotropic background, which at a given moment of time
is obviously invariant with respect to the group of spatial rotations and translations.
The δg00 component behaves as a scalar under these rotations and hence

δg00 = 2a2φ, (7.4)

where φ is a 3-scalar.
The spacetime components δg0i can be decomposed into the sum of the spatial

gradient of some scalar B and a vector Si with zero divergence:

δg0i = a2(B,i + Si
)
. (7.5)

Here a comma with index denotes differentiation with respect to the corresponding
spatial coordinate, e.g. B,i = ∂ B/∂xi . The vector Si satisfies the constraint Si

,i = 0
and therefore has two independent components. From now on the spatial indices
are always raised and lowered with the unit metric δi j and we assume summation
over repeated spatial indices.

In a similar way, the components δgi j , which behave as a tensor under 3-rotations,
can be written as the sum of the irreducible pieces:

δgi j = a2(2ψδi j + 2E,i j + Fi, j + Fj,i + hi j
)
. (7.6)

Here ψ and E are scalar functions, vector Fi has zero divergence (Fi
,i = 0) and the

3-tensor hi j satisfies the four constraints

hi
i = 0, hi

j,i = 0, (7.7)

that is, it is traceless and transverse. Counting the number of independent functions
used to form δgαβ, we find we have four functions for the scalar perturbations, four
functions for the vector perturbations (two 3-vectors with one constraint each), and
two functions for the tensor perturbations (a symmetric 3-tensor has six independent

traceless, transverse

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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DETECTION OF B-MODES BY BICEP2 17

FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ⇤CDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-⇤CDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the ` range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2� excursion from the base lensed-
⇤CDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
our maps.

Taking cross spectra against 100 GHz maps from BICEP1

101 102 103
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DASIQUAD
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-⇤CDM.

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3� and 2.2� respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

-0.05 with r = 0
ruled out at a significance of 7.0�. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

-0.05 with r = 0 disfavored at 5.9�. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and
Technology Development Fund and grants 06-ARPA206-
0040 and 10-SAT10-0017 from the NASA APRA and SAT

BICEP2 : 텐서요동의 발견 ???
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표준빅뱅모형: 일반상대론

빅뱅우주론: 균일하고 등방적인 우주를 가정하고 팽창하는 우주를 설명

Friedmann-Robertson-Walker metric

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(1)

d2L ≡ L
4πF

(2)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU

1arcsec
≃ 3.26Lys

(3)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (4)

φ χ (5)

ζ = α
δΓ

Γ
(6)

Pζ = (1− r)2Pinf + r2Pχ (7)

Ωh2
WIMP =≃ ⟨σann⟩ ≃ 10−10 GeV−2 ≃ 10−38 cm2 (8)

Ωh2 = mn ≃ 0.28

(

Y

10−11

)

( m

100 GeV

)

(9)

dn

dt
+ 3Hn = −n2⟨σannv⟩ Y ≃ H

s⟨σannv⟩
(10)

n ∝ a−3 Y ≡ n

s
s ≡ 2π2

45
g∗T

3 sa3 = constant (11)

H =
ȧ

a
(12)

3Hn ≪ (Collision terms) 3Hn ≫ (Collision terms) (13)

1

k > 0  closed,   k = 0  flat,   k < 0  open
R(t) : scale factor

* 우주의 전체적인 모양과 구조는 알지 못하며, 위 방정식은 관측
 주변에 국부적으로 적용된다.
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2. 운동량 감소

1. 우주의 변화: scale factor, redshiftgµν
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1.49× 108 km L sin(p) = 1AU L ≃ 1AU
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(3)
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9.46× 1012 km (4)
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ζ = α
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Γ
(6)

Pζ = (1− r)2Pinf + r2Pχ (7)

Ωh2
WIMP =≃ ⟨σann⟩ ≃ 10−10 GeV−2 ≃ 10−38 cm2 (8)
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H =
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(12)

3Hn ≪ (Collision terms) 3Hn ≫ (Collision terms) (13)

1

R(t) : scale factor

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(1)

d2L ≡ L
4πF

(2)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU
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1 arcsec =
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9.46× 1012 km (4)
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Pζ = (1− r)2Pinf + r2Pχ (7)
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3 sa3 = constant (11)

H =
ȧ
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3Hn ≪ (Collision terms) 3Hn ≫ (Collision terms) (13)

1

Robertson-Walker metric (4차원 시공간)

Proper distance 시간 t 에서의 물리적인 거리
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Ṙ(t′)R(t′)
(3)

log ρ log t 1017 sec 1 sec (4)

dp(t) = 2t dp(t) = 3t (5)

(Ω0 = 1) (6)

l(l+ 1)Cl/2π (µK2) (7)

m(z) ≡ −2.5 log10 F = 5 log10(1 + z) + 5 log10 r1(z) + const. (8)

F =
L

4πr21R
2
0(1 + z)2

dL = R0r1(1 + z) (9)

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 (10)

n = g

(

mT

2π

)3/2

e−(m−µ)/T ρ = mn p = nT ≪ ρ (11)

ρ =
π2

30
gT 4 ρ =

7

8

(

π2

30

)

gT 4 p =
ρ

3
(12)

(m ≪ T ), µ ≪ T (13)

f(p̃) =
1

exp((E− µ)/T)± 1
µ (14)

gm ≫ T E2 = |p⃗|2 +m2

n =
g

(2π)3

∫

f(p̃)d3p

ρ =
g

(2π)3

∫

E(p̃)f(p̃)d3p

ρ =
g

(2π)3

∫ |p⃗|2

3E
(p̃)f(p̃)d3p

(15)

1

k = +1 k = 0 k = −1 (1)

= R(t)× sin−1 r sinh−1 r r (2)
∫ r1

0

R(t)dr√
1− kr2

= R(t)

∫ t

o

dt′

R(t′)
= R(t)

∫ R0

R1

dR(t′)

Ṙ(t′)R(t′)
(3)

log ρ log t 1017 sec 1 sec (4)

dp(t) = 2t dp(t) = 3t (5)

(Ω0 = 1) (6)

l(l+ 1)Cl/2π (µK2) (7)

m(z) ≡ −2.5 log10 F = 5 log10(1 + z) + 5 log10 r1(z) + const. (8)

F =
L

4πr21R
2
0(1 + z)2

dL = R0r1(1 + z) (9)

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 (10)

n = g

(

mT

2π

)3/2

e−(m−µ)/T ρ = mn p = nT ≪ ρ (11)

ρ =
π2

30
gT 4 ρ =

7

8

(

π2

30

)

gT 4 p =
ρ

3
(12)

(m ≪ T ), µ ≪ T (13)

f(p̃) =
1

exp((E− µ)/T)± 1
µ (14)

gm ≫ T E2 = |p⃗|2 +m2

n =
g

(2π)3

∫

f(p̃)d3p

ρ =
g

(2π)3

∫

E(p̃)f(p̃)d3p

ρ =
g

(2π)3

∫ |p⃗|2

3E
(p̃)f(p̃)d3p

(15)

1

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(27)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (28)
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Ωh2
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Comoving distance : 고정된 좌표사이의 거리, 팽창해도 변하지 않음.
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우주의 팽창과 적색편이

Comoving distance : r
Proper distance : R(t) r

Tuesday, August 26, 14



Particle horizon : 유한한 우주의 시간내에 빛이 이동할 수 있는 최대한의 
거리. 그 바깥의 공간은 아직 한 번도 도달할 수 없었던 영역. 

우주 팽창의 과정에 따라, 유한할 수도 무한할 수도 있다.
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ds r = 0 r = r0 dt = dθ = dφ = 0
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∫
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dr√
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ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (3)
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{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}
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dn

dt
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Total comoving distance       : light have traveled since t=0
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• Dynamics

L

4�r2
�N(r) ⇥ L

N(r) ⇥ 4�r2
(1)

� v(r) = H � r H (2)

Gµ� =
8�G

c4
Tµ� (3)

1

아인슈타인 방정식

geometry : RW metric matter in the Universe, perfect fluid
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1− kr2

= R(t)

∫ t

o

dt′

R(t′)

ds2 = 0

∫ t

o

dt′

R(t′)
=
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k

R2H2
=
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: scale factor 의 시간에 따른 변화

Einstein 텐서 Energy-Momentum 텐서
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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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Perfect fluid
: completely characterized by its rest frame energy density and isotropic pressure

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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In a general gravitational field and in the frame with velocity, 

The energy momentum tensor should be this form in the zeroth order due to 
the translational and rotational invariance.

Energy momentum conservation

Appendix B Review of General Relativity

Hence it is the spacetime volume d4x
√−Detg rather than d4x that trans-

forms as a scalar. (A minus sign is inserted in front of the determinant of the
metric, because in physical spacetimes this determinant is negative.) From
the defining equation of the delta function

f (y) =
∫

d4x f (x) δ4(x − y)

=
∫ (

d4x
√
−Detg(x)

)
f (x)

(
δ4(x − y)/

√
−Detg(x)

)
,

we see that it is the ratio δ4(xn − x)/
√−Det g(x) appearing in the current

(B.34) rather than the delta function itself that transforms as a scalar. This
current satisfies the conservation law

∂µ

(√
−Detg(x) Jµ(x)

)
=
∫

du
d
du

∑

n
en δ

4(xn(u)− x) = 0 , (B.37)

provided x is not at the value of any xn(u) at either endpoint of the integral.
This is the same as the generally covariant conservation law

0 = Jµ
;µ ≡

∂

∂xµ
Jµ + #µ

νµJν (B.38)

because
#νµν = 1

2
gνλ∂µgνλ = 1

2
∂µ ln

(
−Detg

)
.

This is the correct conservation condition, because in the absence of
gravitation there is a current that in Cartesian coordinate systems satis-
fies the conservation law ∂µJµ = 0, and therefore in general coordinates
in a gravitational field must satisfy the generally covariant generalization
(B.38).

9 The energy-momentum tensor

Likewise, in the absence of gravitation any set of particles and/or fields will
have a symmetric energy-momentum tensor Tαβ , which is conserved in the
sense that

∂Tαβ

∂xβ
= 0 . (B.39)

Just as Jβ is the β component of the current of electric charge, we can
think of Tαβ as the β component of the current of pα. In the presence of a
gravitational field the conservation law becomes

Tµν
;ν ≡

∂Tµν

∂xν
+ #µ

κνT
κν + #νκνT

µκ = 0 . (B.40)
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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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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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Non-vanishing components of affine connections
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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.

hij = �gij (1)

�0

ij =
Ṙ
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Energy-momentum conservation:
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=
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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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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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Einstein tensor
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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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Ṙ2

R2

+
2k

R2

#
gij

R =� 6

"
R̈

R
+

Ṙ2
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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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To know how R changes, we need to solve Einstein equation, with
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gives (i,i) component in the zero-th order

gives (0,0) component in the zero-th order : Friedmann equation
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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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Ṙ2

R2

+
k

R2

#
Gij = 2

R̈

R
+ 1

Ṙ2
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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.
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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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for k=1

(Eq.2)

(Eq.3)

Eqs. 1, 2, 3 are connected by Bianchi identities and only two are independent.
Usually Eqs. 1 and 2 are taken.
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프리드만 방정식

에너지-운동량 보존

T µν
;ν = 0 (1)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)
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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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+H2 +

k

R2

= �8⇡Gp (5)

1

Many kinds of matter content of our interest can be described by a simple
eq. of state

k

R2H2
=

ρ

3H2/8πG
− 1 ≡ Ω− 1

ρc ≡
3H2

8πG
Ω ≡ ρ

ρc

(57)

q0 =
Ω0

2
q0 = Ω0 q0 = −Ω0 (58)

q0 ≡ − 1

H2
0

R̈(t0)

R(t0)
= Ω0

1 + 3ω

2
(59)

R ∝ t2/3(1+ω) R ∝ t1/2 R ∝ t2/3 R ∝ exp(Ht) (60)

H2 +
k

R2
=

8πG

3
ρ (61)

ρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(62)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(63)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (64)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

0

dt′

R(t′)

ds2 = 0

∫ t

0

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

ḋ = d
Ṙ

R
rp

(65)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

d(r, t) =

∫

ds = R(t)

∫ r

0

dr√
1− kr2

(66)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (67)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(68)
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We can solve the continuity equation,
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Many kinds of matter content of our interest can be described by a simple
eq. of state

w 가 상수일 경우, 방정식은 쉽게 풀 수 있다.

ρ ∝ R−3(1+ω) (1)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(2)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (3)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

o

dt′

R(t′)

ds2 = 0

∫ t

o

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

(4)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

s =

∫

ds = R(t)

∫ r0

0

dr√
1− kr2

(5)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (6)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(7)

d2L ≡ L
4πF

(8)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU

1arcsec
≃ 3.26Lys

(9)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (10)

φ χ (11)

ζ = α
δΓ

Γ
(12)

Pζ = (1− r)2Pinf + r2Pχ (13)

1

ρ ∝ R−3(1+ω) ρ ∝ R−4 p =
1

3
ρ

ρ ∝ R−3 p = 0

ρ ∝ const p = −ρ

(1)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(2)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (3)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

o

dt′

R(t′)

ds2 = 0

∫ t

o

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

(4)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

s =

∫

ds = R(t)

∫ r0

0

dr√
1− kr2

(5)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (6)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(7)

d2L ≡ L
4πF

(8)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU

1arcsec
≃ 3.26Lys

(9)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (10)

φ χ (11)

ζ = α
δΓ

Γ
(12)

1

Radiationρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(1)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(2)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (3)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

o

dt′

R(t′)

ds2 = 0

∫ t

o

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

(4)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

s =

∫

ds = R(t)

∫ r0

0

dr√
1− kr2

(5)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (6)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(7)

d2L ≡ L
4πF

(8)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU

1arcsec
≃ 3.26Lys

(9)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (10)

φ χ (11)

ζ = α
δΓ

Γ
(12)

1

ρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(1)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(2)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (3)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

o

dt′

R(t′)

ds2 = 0

∫ t

o

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

(4)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

s =

∫

ds = R(t)

∫ r0

0

dr√
1− kr2

(5)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (6)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(7)

d2L ≡ L
4πF

(8)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU

1arcsec
≃ 3.26Lys

(9)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (10)

φ χ (11)

ζ = α
δΓ

Γ
(12)

1

(Cold) Matter

ρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(1)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(2)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (3)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

o

dt′

R(t′)

ds2 = 0

∫ t

o

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

(4)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

s =

∫

ds = R(t)

∫ r0

0

dr√
1− kr2

(5)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (6)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(7)

d2L ≡ L
4πF

(8)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU

1arcsec
≃ 3.26Lys

(9)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (10)

φ χ (11)

ζ = α
δΓ

Γ
(12)

1

ρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(1)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(2)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (3)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

o

dt′

R(t′)

ds2 = 0

∫ t

o

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

(4)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

s =

∫

ds = R(t)

∫ r0

0

dr√
1− kr2

(5)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (6)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(7)

d2L ≡ L
4πF

(8)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU

1arcsec
≃ 3.26Lys

(9)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (10)

φ χ (11)

ζ = α
δΓ

Γ
(12)

1

Vacuum energy 
(cosmological constant)

ρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(1)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(2)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (3)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

o

dt′

R(t′)

ds2 = 0

∫ t

o

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

(4)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

s =

∫

ds = R(t)

∫ r0

0

dr√
1− kr2

(5)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (6)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(7)

d2L ≡ L
4πF

(8)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU

1arcsec
≃ 3.26Lys

(9)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (10)

φ χ (11)

ζ = α
δΓ

Γ
(12)

1

These apply separately for coexsting radiation, matter and cosmological 
constant, if there is no interactions between them.

k

R2H2
=

ρ

3H2/8πG
− 1 ≡ Ω− 1

ρc ≡
3H2

8πG
Ω ≡ ρ

ρc

(57)

q0 =
Ω0

2
q0 = Ω0 q0 = −Ω0 (58)

q0 ≡ − 1

H2
0

R̈(t0)

R(t0)
= Ω0

1 + 3ω

2
(59)

R ∝ t2/3(1+ω) R ∝ t1/2 R ∝ t2/3 R ∝ exp(Ht) (60)

H2 +
k

R2
=

8πG

3
ρ (61)

ρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(62)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(63)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (64)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

0

dt′

R(t′)

ds2 = 0

∫ t

0

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

ḋ = d
Ṙ

R
rp

(65)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

d(r, t) =

∫

ds = R(t)

∫ r

0

dr√
1− kr2

(66)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (67)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(68)
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팽창하는 우주에서

상대적인 부피의 증가에 따라, 자유입자들의

1. 단위부피당 개수가 감소 :  2. 운동량 감소 :

상대론적 물질

비상대론적 물질 

에너지 밀도의 감소

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.

⇢� (E � m) (1)

aH = 1/R (2)

10�2 . k/Mpc�1 . 0.5 104 . k/Mpc�1 . 105 10 . k/Mpc�1 . 107

(3)

10�3 . k/Mpc�1 . 10�1 104 . k/Mpc�1 . 105 10 . k/Mpc�1 . 107

(4)

P�(k) ' 10�9 P�(k) . 10�2 P�(k) . 0.007 P�(k) . 10�6 (5)

P�(k) (6)

h�⇢(x)
⇢

�⇢(x)

⇢
i = (2⇡)3P (k

1

)�3(k
1

+ k

2

) P(k
1

) =
k3
1

2⇡2

P (k
1

) = (2⇡)3
2⇡2

k3
1

P(k
1

)�3(k
1

+ k

2

)

(7)

h�(k
1

)�(k
2

)i = (2⇡)3�3(k
1

+ k

2

)
2⇡2

k3
1

P�(k1) (8)

�(t,x) ⌘ �⇢(t,x)

⇢
0

⇠ 10�4 (9)

1

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.

⇢� (E ⌧ m) (1)

aH = 1/R (2)

10�2 . k/Mpc�1 . 0.5 104 . k/Mpc�1 . 105 10 . k/Mpc�1 . 107

(3)

10�3 . k/Mpc�1 . 10�1 104 . k/Mpc�1 . 105 10 . k/Mpc�1 . 107

(4)

P�(k) ' 10�9 P�(k) . 10�2 P�(k) . 0.007 P�(k) . 10�6 (5)

P�(k) (6)

h�⇢(x)
⇢

�⇢(x)

⇢
i = (2⇡)3P (k

1

)�3(k
1

+ k

2

) P(k
1

) =
k3
1

2⇡2

P (k
1

) = (2⇡)3
2⇡2

k3
1

P(k
1

)�3(k
1

+ k

2

)

(7)

h�(k
1

)�(k
2

)i = (2⇡)3�3(k
1

+ k

2

)
2⇡2

k3
1

P�(k1) (8)

�(t,x) ⌘ �⇢(t,x)

⇢
0

⇠ 10�4 (9)

1
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We can solve Friedmann equation with given matter type

For k=0 (flat), and 

H2 +
k

R2
=

8πG

3
ρ (1)

ρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(2)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(3)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (4)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

o

dt′

R(t′)

ds2 = 0

∫ t

o

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

(5)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

s =

∫

ds = R(t)

∫ r0

0

dr√
1− kr2

(6)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (7)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(8)

d2L ≡ L
4πF

(9)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU

1arcsec
≃ 3.26Lys

(10)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (11)

φ χ (12)

ζ = α
δΓ

Γ
(13)

1

R ∝ t2/3(1+ω) (1)

H2 +
k

R2
=

8πG

3
ρ (2)

ρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(3)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(4)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (5)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

o

dt′

R(t′)

ds2 = 0

∫ t

o

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

(6)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

s =

∫

ds = R(t)

∫ r0

0

dr√
1− kr2

(7)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (8)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(9)

d2L ≡ L
4πF

(10)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU

1arcsec
≃ 3.26Lys

(11)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (12)

φ χ (13)

1

we obtain

Radiationρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(1)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(2)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (3)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

o

dt′

R(t′)

ds2 = 0

∫ t

o

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

(4)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0
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1.49× 108 km L sin(p) = 1AU L ≃ 1AU
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ρ ∝ R−3 (p = 0)
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=
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1AU

1arcsec
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=
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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ρ ∝ R−3(1+ω) ρ ∝ R−4 p =
1

3
ρ

ρ ∝ R−3 p = 0

ρ ∝ const p = −ρ

(1)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(2)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (3)

dp(t) =

∫ rp
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R(t)dr√
1− kr2
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dt′
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=

∫ rp
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dr√
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ds r = 0 r = r0 dt = dθ = dφ = 0
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dr√
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(5)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (6)
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dr2
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}

(7)

d2L ≡ L
4πF

(8)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU
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360× 60× 60
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ζ = α
δΓ

Γ
(12)

1
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1

3
ρ)

ρ ∝ R−3 (p = 0)
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R(t)
T µν (3)

dp(t) =
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=
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1.49× 108 km L sin(p) = 1AU L ≃ 1AU
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(Cold) Matter
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s =

∫

ds = R(t)

∫ r0

0

dr√
1− kr2

(5)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (6)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(7)

d2L ≡ L
4πF

(8)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU

1arcsec
≃ 3.26Lys

(9)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (10)

φ χ (11)

ζ = α
δΓ

Γ
(12)

1

Vacuum energy 

At present time,
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Why does the Vacuum energy dominates recently?

Coincidence problem
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• Evolution of energy density

present

Radiation-dominated!
: relativistic particles

Matter-dominated!
: non-relativistic

Vacuum-!
dominated
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Baryons + DM

Recombination!
(last scattering :  T ~ 0.26 eV)
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• 열적 평형상태

Thermal	 equilibrium:	 Kinetic	 eq.	 +	 Chemical	 eq.

In	 the	 non-expanding	 Universe,
with	 infinite	 of	 time,	 the	 system	 leads	 to	 the	 thermal	 equilibrium.

by	 inelastic	 scattering
:	 changes	 numbers	 of	 the	 
species	 and	 satisfy
between	 chemical	 potentials
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In	 thermal	 equilibrium	 the	 entropy	 is	 maximized	 and	 constant.

by	 elastic	 scattering
:	 changes	 energy	 and	 reshape	 
the	 distribution	 function
to	 Fermi-Dirac	 for	 fermions	 and	 
Bose-Einstein	 for	 bosons
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Thermal	 equilibrium:	 

number	 density

energy	 density

pressure

g	 :	 internal	 degrees	 of	 freedom
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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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In	 the	 relativistic	 limit	 (at	 high	 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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Asymmetry

When	 the	 complex	 fields	 have	 non-vanishing	 chemical	 potential	 with	 
opposite	 sign	 to	 their	 antiparticle,	 
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Baryons

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.

⌘ ⌘ nB � n
¯B

n�
' 6⇥ 10�10 (1)

t ' 28

1 + (1 + z)2
Gyr (2)

p = �⇢ =
⇤

8⇡G
(3)

' 2⇥ 10�3 cm h ' 0.7 T⌫ = 1.945K T� = 2.725K (4)

D
0

(tpl) =
11.5

g
1/12
⇤S (tpl)

T
0

MP
H�1

0

= 1.4h�1 ⇥ 10�3 cm (5)

⌦
0

= 1 D
0

(t
0

) = 4H�1

0

D
0

(t) =
R(t)

R
0

D
0

(t
0

)4H�1

0

= 4


3.91

g⇤S

�
1/3

T
0

T (t)
H�1

0

(6)

1

Electrons	 and	 positrons

The	 asymmetry	 is	 the	 same	 as	 that	 of	 baryon	 due	 to	 the	 charge	 neutrality.

Neutrinos

:	 non-vanishing	 asymmetry	 (Baryogenesis)

It	 can	 be	 large	 in	 principle	 and	 contribute	 to	 the	 cosmic	 energy	 density.
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Effective	 degrees	 of	 freedom,	 for	 species	 ρR =
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Neglecting	 the	 small	 contribution	 from	 non-relativistic	 particles,
we	 obtain	 the	 approximate,	 but	 good	 and	 convenient	 expressions.
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Total	 Energy	 density:	 sum	 of	 all	 species	 of	 particles

The	 temperatures	 of	 different	 particles	 can	 be	 different	 in	 general.
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For	 example,	 after	 neutrino	 decoupling	 and	 electron-positron	 annihilations,	 
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Total	 entropy	 density

Neglecting	 the	 small	 contribution	 from	 non-relativistic	 particles,
we	 obtain	 the	 approximate,	 but	 good	 and	 convenient	 expressions.
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where
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Entropy	 is	 conserved	 in	 the	 comoving	 volume,	 

s(T )R3 = constant (1)
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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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Compared	 to	 the	 photon	 number	 density

there	 is	 a	 relation

and	 today	 
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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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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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equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Ṙ

R

)2

=
8πG

3

∑

i

ρi − (Ω0 − 1)
R2

0H
2
0

R2
(16)

1

Tuesday, August 26, 14



Time-temperature	 relation

In	 radiation-dominated	 era,

H2 =
8πG

3
ρ ∝ g∗T

4

(

Ṙ
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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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Ṙ

R
hij

�i
oj =

Ṙ
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Particle horizon again
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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허블 지평선 (Hubble horizon)

:             는 시각 t 에서 우주팽창의 특징적 시간규모를 나타내며 
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2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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:             는 그 특징적 시간 내에 상호작용할 수 있는 영역의 크기를 나타
낸다.
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atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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superhorizon

subhorizon

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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좌표 k-mode

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1

co-moving k-mode

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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Curvature term in the Friedmann equation
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The present Universe is almost flat. Thus at early epoch, the Universe
was more flat and close to critical.

평탄성 문제 (Flatness problem)
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from Friedmann eq. at present time, 
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Then now we can integrate and obtain time as an integral function

In general,

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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The expansion age of the Universe
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The age of the Universe

For flat Universe,               , the age of the present universe is    (Ω0 = 1) (1)
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허블 지평선 (Hubble horizon)

:             는 시각 t 에서 우주팽창의 특징적 시간규모를 나타내며 

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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:             는 그 특징적 시간 내에 상호작용할 수 있는 영역의 크기를 나타
낸다.
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Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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matters. At least now we understand the most of the matters are made of
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Radiationρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(1)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(2)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (3)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

o

dt′

R(t′)

ds2 = 0

∫ t

o

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

(4)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

s =

∫

ds = R(t)

∫ r0

0

dr√
1− kr2

(5)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (6)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(7)

d2L ≡ L
4πF

(8)

1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU

1arcsec
≃ 3.26Lys

(9)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (10)

φ χ (11)

ζ = α
δΓ

Γ
(12)

1

Matter
ρ ∝ R−3(1+ω) ρ ∝ R−4 (p =

1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(1)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(2)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (3)

dp(t) =

∫ rp
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R(t)dr√
1− kr2
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dt′
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=
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dr√
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dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(7)

d2L ≡ L
4πF
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1.49× 108 km L sin(p) = 1AU L ≃ 1AU

p

1 parsec(PC) =
1AU
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≃ 3.26Lys

(9)

1 arcsec =
2π

360× 60× 60
9.46× 1012 km (10)

φ χ (11)

ζ = α
δΓ
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(12)
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Many kinds of matter content of our interest can be described by a simple
eq. of state

w � fp� ��, V¥u� r� Ç p �(.
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=
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(Cold) Matter
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Vacuum energy 
(cosmological constant)

ρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(1)
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ds2 = 0
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=

∫ rp
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dr√
1− kr2

(4)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

s =

∫

ds = R(t)

∫ r0

0

dr√
1− kr2

(5)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (6)
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{

dr2
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}
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These apply separately for coexsting radiation, matter and cosmological 
constant, if there is no interactions between them.

k

R2H2
=

ρ

3H2/8πG
− 1 ≡ Ω− 1

ρc ≡
3H2

8πG
Ω ≡ ρ

ρc

(57)

q0 =
Ω0

2
q0 = Ω0 q0 = −Ω0 (58)

q0 ≡ − 1

H2
0

R̈(t0)

R(t0)
= Ω0

1 + 3ω

2
(59)

R ∝ t2/3(1+ω) R ∝ t1/2 R ∝ t2/3 R ∝ exp(Ht) (60)

H2 +
k

R2
=

8πG

3
ρ (61)

ρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(62)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(63)

T µ
ν = diag(ρ,−p,−p,−p) H ≡ Ṙ(t)

R(t)
T µν (64)

dp(t) =

∫ rp

0

R(t)dr√
1− kr2

= R(t)

∫ t

0

dt′

R(t′)

ds2 = 0

∫ t

0

dt′

R(t′)
=

∫ rp

0

dr√
1− kr2

ḋ = d
Ṙ

R
rp

(65)

distance =

∫

ds r = 0 r = r0 dt = dθ = dφ = 0

d(r, t) =

∫

ds = R(t)

∫ r

0

dr√
1− kr2

(66)

ds dx dy ds2 = dx2 + dy2 = dr2 + r2dθ2 x y (67)

ds2 = dt2 −R2(t)

{

dr2

1− kr2
+ r2dθ2 + r2 sin θ2dφ2

}

(68)
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We can solve Friedmann equation with given matter type

For k=0 (flat), and 

H2 +
k

R2
=

8πG

3
ρ (1)

ρ ∝ R−3(1+ω) ρ ∝ R−4 (p =
1

3
ρ)

ρ ∝ R−3 (p = 0)

ρ ∝ const (p = −ρ)

(2)

T µν
;ν = 0 R3dρ = −(ρ+ p)dR3 = −(1 + ω)ρdR3

p = ωρ
(3)

T µ
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R(t)
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dp(t) =

∫ rp

0

R(t)dr√
1− kr2
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Particle horizon again
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에너지 밀도의 변화

입자 지평선(particle horizon)

The age of the Universe
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우주의 나이와 허블지평선

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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빅뱅모형의 문제
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• 빅뱅 우주론의 문제점

- 왜 공간이 평탄한가? (the flatness problem)
- 왜 물질 분포가 균일한가? (the horizon problem)

- 뜨거운 우주의 시작? (the singularity problem)

우주배경복사의 발견과 함께 표준우주론이 넓게 받아들여지게 되었다.
하지만 그 속에 여전히 이해할 수 없는 문제가 있었다.

- 은하형성의 문제? (the galaxy formation problem)
- 물질-반물질의 비대칭성? (the baryon asymmetry problem)
- 자발적으로 깨어진 대칭성의 문제? (the domain wall problem)
- 자기홀극의 문제? (the primordial monopole problem)
- 중력미자의 문제? (the gravitino problem)
- 진공에너지의 문제? (the vacuum energy problem)
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- 뜨거운 우주의 시작? (the singularity problem)

PARTICLE PHYSICS AND INFLATIONARY COSMOLOGY 16

In closing, let us note one more rather perplexing circumstance. Consider two points
separated by a distance R at time t in a flat Friedmann universe. If the spatial coordinates
of these points remain unchanged (and in that sense, they remain stationary), the distance
between them will nevertheless increase, due to the general expansion of the universe, at
a rate

dR

dt
=

ȧ

a
R = HR . (1.4.15)

What this means, then, is that two points more than a distance H−1 apart will move away
from one another faster than the speed of light c = 1. But there is no paradox here, since
what we are concerned with now is the rate at which two objects subject to the general
cosmological expansion separate from each other, and not with a signal propagation ve-
locity at all, which is related to the local variation of particle spatial coordinates. On the
other hand, it is just this effect that provides the foundation for the existence of an event
horizon in de Sitter space.

1.5 Problems of the standard scenario

Following the discovery of the microwave background radiation, the hot universe theory
immediately gained widespread acceptance. Workers in the field have indeed pointed
out certain difficulties which, over the course of many years, have nevertheless come to
be looked upon as only temporary. In order to make the changes now taking place in
cosmology more comprehensible, we list here some of the problems of the standard hot
universe theory.

1.5.1. The singularity problem

Equations (1.3.9) and (1.3.12) imply that for all “reasonable” equations of state, the
density of matter in the universe goes to infinity as t → 0, and the corresponding solutions
cannot be formally continued to the domain t < 0.

One of the most distressing questions facing cosmologists is whether anything existed
before t = 0; if not, then where did the universe come from? The birth and death of
the universe, like the birth and death of a human being, is one of the most worrisome
problems facing not just cosmologists, but all of contemporary science.

At first, there seemed to be some hope that even if the problem could not be solved,
it might at least be possible to circumvent it by considering a more general model of the
universe than the Friedmann model — perhaps an inhomogeneous, anisotropic universe
filled with matter having some exotic equation of state. Studies of the general structure of
space-time near a singularity [68] and several important theorems on singularities in the
general theory of relativity [69, 70] proven by topological methods, however, demonstrated
that it was highly unlikely that this problem could be solved within the framework of
classical gravitation theory.

로 갈수록, 우주의 밀도는 무한대로 증가한다.
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(Cold) Matter
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In closing, let us note one more rather perplexing circumstance. Consider two points
separated by a distance R at time t in a flat Friedmann universe. If the spatial coordinates
of these points remain unchanged (and in that sense, they remain stationary), the distance
between them will nevertheless increase, due to the general expansion of the universe, at
a rate

dR

dt
=

ȧ

a
R = HR . (1.4.15)

What this means, then, is that two points more than a distance H−1 apart will move away
from one another faster than the speed of light c = 1. But there is no paradox here, since
what we are concerned with now is the rate at which two objects subject to the general
cosmological expansion separate from each other, and not with a signal propagation ve-
locity at all, which is related to the local variation of particle spatial coordinates. On the
other hand, it is just this effect that provides the foundation for the existence of an event
horizon in de Sitter space.

1.5 Problems of the standard scenario

Following the discovery of the microwave background radiation, the hot universe theory
immediately gained widespread acceptance. Workers in the field have indeed pointed
out certain difficulties which, over the course of many years, have nevertheless come to
be looked upon as only temporary. In order to make the changes now taking place in
cosmology more comprehensible, we list here some of the problems of the standard hot
universe theory.

1.5.1. The singularity problem

Equations (1.3.9) and (1.3.12) imply that for all “reasonable” equations of state, the
density of matter in the universe goes to infinity as t → 0, and the corresponding solutions
cannot be formally continued to the domain t < 0.

One of the most distressing questions facing cosmologists is whether anything existed
before t = 0; if not, then where did the universe come from? The birth and death of
the universe, like the birth and death of a human being, is one of the most worrisome
problems facing not just cosmologists, but all of contemporary science.

At first, there seemed to be some hope that even if the problem could not be solved,
it might at least be possible to circumvent it by considering a more general model of the
universe than the Friedmann model — perhaps an inhomogeneous, anisotropic universe
filled with matter having some exotic equation of state. Studies of the general structure of
space-time near a singularity [68] and several important theorems on singularities in the
general theory of relativity [69, 70] proven by topological methods, however, demonstrated
that it was highly unlikely that this problem could be solved within the framework of
classical gravitation theory.

이전이 존재할까? 
우주는 무엇으로부터 시작하였을까?

아직도 해결책은 묘연하다.

모든 우주가 한 점에서 시작하였을까?

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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새로운 이론이 필요?
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- 왜 공간이 평탄한가? (the flatness problem)
- 왜 물질 분포가 균일한가? (the horizon problem)

- 은하형성의 문제? (the galaxy formation problem)
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인플레이션, 빅뱅이론 이전에 아주 빠른 팽창이 있으면, 위의 문제들을 해결할 
수 있다.  인플라톤이라 불리는 입자의 진공에너지에 의하여 우주가 가속 팽창
을 하다가 그 입자가 붕괴하여 가벼운 세상의 물질들이 생기고 빅뱅 우주가 시
작되었다.

Starobinsky (1979),  Guth (1981), Linde (1981), Sato (1981), Albrecht and Steinhardt (1982)

- 왜 공간이 평탄한가? (the flatness problem)
- 왜 물질 분포가 균일한가? (the horizon problem)

- 은하형성의 문제? (the galaxy formation problem)
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인플레이션, 빅뱅이론 이전에 아주 빠른 팽창이 있으면, 위의 문제들을 해결할 
수 있다.  인플라톤이라 불리는 입자의 진공에너지에 의하여 우주가 가속 팽창
을 하다가 그 입자가 붕괴하여 가벼운 세상의 물질들이 생기고 빅뱅 우주가 시
작되었다.

Starobinsky (1979),  Guth (1981), Linde (1981), Sato (1981), Albrecht and Steinhardt (1982)

- 우주 초기의 작은 섭동들은 어떻게 생겼는가?

- 왜 공간이 평탄한가? (the flatness problem)
- 왜 물질 분포가 균일한가? (the horizon problem)

- 은하형성의 문제? (the galaxy formation problem)
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인플레이션, 빅뱅이론 이전에 아주 빠른 팽창이 있으면, 위의 문제들을 해결할 
수 있다.  인플라톤이라 불리는 입자의 진공에너지에 의하여 우주가 가속 팽창
을 하다가 그 입자가 붕괴하여 가벼운 세상의 물질들이 생기고 빅뱅 우주가 시
작되었다.

Starobinsky (1979),  Guth (1981), Linde (1981), Sato (1981), Albrecht and Steinhardt (1982)

인플레이션, 또한 우주 거대구조의 씨앗이 되는 초기 섭동을 설명한다.  인
플레이션 때 작은 규모의 양자 요동이 우주의 급속한 팽창으로 우주론적 크
기로 커지게되고 물질 밀도의 섭동을 만들게 된다. 이 섭동이 나중에 커지게 
되면서 은하, 은하단과 같은 우주의 구조물들을 만들게 된다.

- 우주 초기의 작은 섭동들은 어떻게 생겼는가?

Starobinsky (1982),  Guth & Pi(1982), Hawking (1982), Bardeen, Steinhardt, 
Turner (1983), Brandenberger, Kahn, Press (1983), Guth, Pi (1985)

- 왜 공간이 평탄한가? (the flatness problem)
- 왜 물질 분포가 균일한가? (the horizon problem)

- 은하형성의 문제? (the galaxy formation problem)

Tuesday, August 26, 14



평탄성 문제 (the flatness problem)
: 프리드만 방정식에 따르면, 복사, 물질 지배에서는 곡률이 시간에 
따라 증가한다.
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Ṙ

R
+H2 +

k

R2
= −8πGp

ρ̇+ 3H(ρ+ p) = 0 p = p(ρ) Ωi ≡
ρi
ρc

Ω =
∑

i

Ωi =

∑

i ρi
ρc

(2)

r1 =
2Ω0z + (2Ω0 − 4)(

√
Ω0z + 1− 1)

H0R0Ω0(1 + z)
(3)

h = 0.702± 0.024
λ′

λ
≡ 1 + z λ′ (4)

θ l

dA =
l

θ
t0 4πr21R

2
0

A

4πr21R
2
0

R1

R0
=

1

1 + z

f(r1) ≡
∫ r1

0

dr√
1− kr2

=

∫ t1

t0

dt′

R(t′)
=

∫ R(t0)

R(t1)

dR′

R′2H

(5)

⟨ρ⟩ ≃ V

φ V (φ) =
1

2
m2φ2

⟨ρ⟩ ≃ V (φamp) ⟨p⟩ ≃ 0

(6)

3Hneq ≃ ⟨σannv⟩n2
eq

H =

√

8πG

3
ρ =

√

8πG

3

π2

30
g∗T 4

xf ≡ m

Tf
= log

⎡

⎣

⟨σv⟩gx(mT/(2π))3/2

3
√

8πG
3

π2

30 g∗T
4

⎤

⎦ ≃ 20− 25

(7)

Ωxh
2 ≃ 2.5× 10−10

⟨σannv⟩
(8)

Y ≃ YTf
=

nX

s

∣

∣

∣

Tf

≃ 3H

s⟨σv⟩

∣

∣

∣

∣

Tf

∝ 1

⟨σv⟩Tf
=

xf

⟨σv⟩mX

xf =
m

Tf

(9)

1

H2 ≃ 8πG

3
ρ Ω− 1 =

k

H2R2
∝ 1

ρR2
∝ R R2 (1)

2
Ṙ
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for MD

for RD

관측에 따르면 현재의 우주는 1% 이내에서 평탄성을 보인다. 그러므로 
초기우주는 더욱 평탄하여야 한다. 

8PHY100

Geometry of space

Universe has no boundary or edge

Either it is infinite or curved through a 5
th
 dimension

Infinite 1D object

1D object curved 
through a second 
dimension to meet 
itself

OPEN: Total energy* is positive

Space is not curved into itself

Sum of angles in triangle < 180˚

Universe will expand forever

FLAT: Total energy is exactly zero

Space is flat

Sum of angles in triangle = 180˚

Universe will just barely expand to a 

stop: very special case!

CLOSED: Total energy is negative

Space is curved back into itself

Sum of angles in triangle > 180˚

Universe will stop expanding and 

collapse into itself: Big Crunch 

s
iz

e
  


time  

* Total energy: matter contributes positive energy, gravity contributes as negative energy

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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평탄한 우주

8PHY100

Geometry of space

Universe has no boundary or edge

Either it is infinite or curved through a 5
th
 dimension

Infinite 1D object

1D object curved 
through a second 
dimension to meet 
itself

OPEN: Total energy* is positive

Space is not curved into itself

Sum of angles in triangle < 180˚

Universe will expand forever

FLAT: Total energy is exactly zero

Space is flat

Sum of angles in triangle = 180˚

Universe will just barely expand to a 

stop: very special case!

CLOSED: Total energy is negative

Space is curved back into itself

Sum of angles in triangle > 180˚

Universe will stop expanding and 

collapse into itself: Big Crunch 

s
iz

e
  


time  

* Total energy: matter contributes positive energy, gravity contributes as negative energy

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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열린 우주
8PHY100

Geometry of space

Universe has no boundary or edge

Either it is infinite or curved through a 5
th
 dimension

Infinite 1D object

1D object curved 
through a second 
dimension to meet 
itself

OPEN: Total energy* is positive

Space is not curved into itself

Sum of angles in triangle < 180˚

Universe will expand forever

FLAT: Total energy is exactly zero

Space is flat

Sum of angles in triangle = 180˚

Universe will just barely expand to a 

stop: very special case!

CLOSED: Total energy is negative

Space is curved back into itself

Sum of angles in triangle > 180˚

Universe will stop expanding and 

collapse into itself: Big Crunch 

s
iz

e
  


time  

* Total energy: matter contributes positive energy, gravity contributes as negative energy

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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닫힌 우주
삼각형 
내각 합

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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: 평탄한 우주와 일치,  곡률이 관측되지 않음.

Planck Collaboration: Cosmological parameters
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Fig. 21. 68% and 95% confidence regions on one-parameter extensions of the base ⇤CDM model for Planck+WP (red) and
Planck+WP+BAO (blue). Horizontal dashed lines correspond to the fixed base model parameter value, and vertical dashed lines
show the mean posterior value in the base model for Planck+WP.
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show the mean posterior value in the base model for Planck+WP.
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Measurements of the temperature power spectrum can also
be used to constrain the amplitude of tensor modes. Although
such limits can appear to be much tighter than the limits from
B-mode measurements, it should be borne in mind that such lim-
its are indirect because they are derived within the context of a
particular theoretical model. In the rest of this subsection, we
will review temperature based limits on tensor modes and then
present the results from Planck.

Adding a tensor component to the base ⇤CDM model, the
WMAP 9-year results constrain r0.002 < 0.38 at 95% confidence
(Hinshaw et al. 2012). Including small-scale ACT and SPT data
this improves to r0.002 < 0.17, and to r0.002 < 0.12 with the
addition of BAO data. These limits are degraded substantially,
however, in models which allow running of the scalar spectral
index in addition to tensors. For such models, the WMAP data
give r0.002 < 0.50, and this limit is not significantly improved by
adding high resolution CMB and BAO data.

The precise determination of the fourth, fifth and sixth
acoustic peaks by Planck now largely breaks the degener-
acy between the primordial fluctuation parameters. For the
Planck+WP+highL likelihood we find

r0.002 < 0.11 (95%; no running), (64a)
r0.002 < 0.26 (95%; including running). (64b)

As shown in Figs. 21 and 23, the tensor amplitude is weakly cor-
related with the scalar spectral index; an increase in ns that could
match the first three peaks cannot fit the fourth and higher acous-
tic peak in the Planck spectrum. Likewise, the shape constraints
from the fourth and higher acoustic peaks give a reduction in
the correlations between a tensor mode and a running in the
spectral index, leading to significantly tighter limits than from
previous CMB experiments. These numbers in Eqs. (64a) and
(64b) are driven by the temperature spectrum and change very
little if we add non-CMB data such as BAO measurements. The
Planck limits are largely decoupled from assumptions about the
late-time evolution of the Universe and are close to the tightest
possible limits achievable from the temperature power spectrum
alone (Knox & Turner 1994; Knox 1995).

These limits on a tensor mode have profound implications
for inflationary cosmology. The limits translate directly to an up-
per limit on the energy scale of inflation,

V⇤ = (1.94 ⇥ 1016 GeV)4(r0.002/0.12) (65)

(Linde 1983; Lyth 1984), and to the parameters of “large-field”
inflation models. Slow-roll inflation driven by a power law po-
tential V(�) / �↵ o↵ers a simple example of large-field inflation.
The field values in such a model must necessarily exceed the
Planck scale mPl , and lead to a scalar spectral index and tensor
amplitude of

1 � ns ⇡ (↵ + 2)/2N, (66a)
r ⇡ 4↵/N, (66b)

where N is the number of e-foldings between the end of inflation
and the time that our present day Hubble scale crossed the infla-
tionary horizon (see e.g., Lyth & Riotto 1999). The 95% confi-
dence limits from the Planck data are now close to the predic-
tions of ↵ = 2 models for N ⇡ 50–60 e-folds (see Fig. 23).
Large-field models with quartic potentials (e.g., Linde 1982) are
now firmly excluded by CMB data. Planck constraints on power-
law and on broader classes of inflationary models are discussed
in detail in Planck Collaboration XXIV (2013). Improved lim-
its on B-modes will be required to further constrain high field
models of inflation.

6.2.3. Curvature

An explanation of the near flatness of our observed Universe
was one of the primary motivations for inflationary cosmology.
Inflationary models that allow a large number of e-foldings pre-
dict that our Universe should be very accurately spatially flat31.
Nevertheless, by introducing fine tunings it is possible to con-
struct inflation models with observationally interesting open ge-
ometries (e.g., Linde 1995; Bucher et al. 1995; Linde 1999) or
closed geometries (Linde 2003). Even more speculatively, there
has been interest in models with open geometries from consid-
erations of tunnelling events between metastable vacua within
a “string landscape” (Freivogel et al. 2006). Observational lim-
its on spatial curvature therefore o↵er important additional con-
straints on inflationary models and fundamental physics.

CMB temperature power spectrum measurements su↵er
from a well-known “geometrical degeneracy” (Bond et al. 1997;
Zaldarriaga et al. 1997). Models with identical primordial spec-
tra, physical matter densities and angular diameter distance to
the last scattering surface, will have almost identical CMB tem-
perature power spectra. This is a near perfect degeneracy (see
Fig. 25) and is broken only via the integrated Sachs-Wolfe (ISW)
e↵ect on large angular scales and gravitational lensing of the
CMB spectrum (Stompor & Efstathiou 1999). The geometrical
degeneracy can also be broken with the addition of probes of
late time physics, including BAO, Type Ia supernova, and mea-
surement of the Hubble constant (e.g., Spergel et al. 2007).

Recently, the detection of the gravitational lensing of the
CMB by ACT and SPT has been used to break the geomet-
rical degeneracy, by measuring the integrated matter potential
distribution. ACT constrained ⌦⇤ = 0.61 ± 0.29 (68% CL)
in Sherwin et al. (2011), with the updated analysis in Das et al.
(2013) giving ⌦K = �0.031 ± 0.026 (68% CL) (Sievers et al.
2013). The SPT lensing measurements combined with seven
year WMAP temperature spectrum improved this limit to ⌦K =
�0.0014 ± 0.017 (68 % CL) (van Engelen et al. 2012).

With Planck we detect gravitational lensing at
about 26� through the 4-point function (Sect. 5.1 and
Planck Collaboration XVII 2013). This strong detection of
gravitational lensing allows us to constrain the curvature to
percent level precision using observations of the CMB alone:

100⌦K = �4.2+4.3
�4.8 (95%; Planck+WP+highL); (67a)

100⌦K = �1.0+1.8
�1.9 (95%; Planck+lensing

+WP+highL). (67b)

These constraints are improved substantially by the addition
of BAO data. We then find

100⌦K = �0.05+0.65
�0.66 (95%; Planck+WP+highL+BAO), (68a)

100⌦K = �0.10+0.62
�0.65 (95%; Planck+lensing+WP

+highL+BAO). (68b)

These limits are consistent with (and slightly tighter than) the
results reported by Hinshaw et al. (2012) from combining the
nine-year WMAP data with high resolution CMB measurements
and BAO data. We find broadly similar results to Eqs. (68a) and
(68b) if the Riess et al. (2011) H0 measurement, or either of the
SNe compilations discussed in Sect. 5.4, are used in place of the
BAO measurements.

31The e↵ective curvature within our Hubble radius should then be of
the order of the amplitude of the curvature fluctuations generated during
inflation, ⌦K ⇠ O(10�5).
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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Geometry of space

Universe has no boundary or edge

Either it is infinite or curved through a 5
th
 dimension

Infinite 1D object

1D object curved 
through a second 
dimension to meet 
itself

OPEN: Total energy* is positive

Space is not curved into itself

Sum of angles in triangle < 180˚

Universe will expand forever

FLAT: Total energy is exactly zero

Space is flat

Sum of angles in triangle = 180˚

Universe will just barely expand to a 

stop: very special case!

CLOSED: Total energy is negative

Space is curved back into itself

Sum of angles in triangle > 180˚

Universe will stop expanding and 

collapse into itself: Big Crunch 
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* Total energy: matter contributes positive energy, gravity contributes as negative energy
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matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
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Either it is infinite or curved through a 5
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 dimension
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OPEN: Total energy* is positive

Space is not curved into itself
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FLAT: Total energy is exactly zero
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stop: very special case!
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Space is curved back into itself
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* Total energy: matter contributes positive energy, gravity contributes as negative energy

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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may interact with light by electromagnetic interactions.
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따라서, BBN 시기에는 

또는 Planck 시기에는 

1.2 Big Bang Shortcomings

We are now going to highlight some of the shortcoming of the big bang picture that appear
if we assume that its history has always been dominated by some form of matter with w � 0.
We will see that upon this assumptions, we are led to very unusual initial conditions. Now,
this leads us to a somewhat dangerous slope, which catches current physicists somewhat
unprepared. Apart for Cosmology, Physics is usually the science that predicts the evolution
of a certain given initial state. No theory is generally given for the initial state. Physicists
claim that if you tell them on which state you are, they will tell you what will be your
evolution (with some uncertainties). The big bang puzzles we are going to discover are about
the very peculiar initial state the universe should have been at the beginning of the universe
if ‘normal’ matter was always to dominate it. Of course, it would be nice to see that the state
in which the universe happens to begin in is a natural state, in some not-well defined sense.
Inflation was indeed motivated by providing an attractor towards those peculiar looking initial
conditions 1. We should keep in mind that there could be other reasons for selecting a peculiar
initial state for the universe.

1.2.1 Flatness Problem

Let us look back at

⌦k(a) = � k

a2H2(a)
, (26)

and let us assume for simplicity that the expansion is dominated by some form of matter with
equation of state equal to w. We have then a ⇠ t

2
3(1+w) and we have

⌦̇k = H⌦k(1 + 3w) ,
@⌦k

@ log a
= ⌦k(1 + 3w) (27)

If we assume that w > �1/3, then this shows that the solution ⌦k = 0 is un unstable point.
If ⌦k > 0 at some point, ⌦k keeps growing. Viceversa, if ⌦k < 0 at some point, it keeps
decreasing. Of corse at most ⌦k = ±1, in which case w ! �1/3 if k < 0, or otherwise the
universe collapses if k > 0.

The surprising fact is that ⌦k is now observed to be smaller than about 10�2: very close
to zero. Given the content of matter of current universe, this mean that in the past it was
even closer to zero. For example, at the BBN epoch, it has to be |⌦k| . 10�18, at the Planck
scale |⌦k| . 10�63. In other words, since curvature redshifts as a�2, it tends to dominate
in the future with respect to other forms of matter (non relativistic matter redshifts as a�3,
radiation as a�4). So, if today curvature is not already dominating, it means that it was very
very very negligible in the past. The value of ⌦k at those early times represents a remarkable
small number. Why at that epoch ⌦k was so small?

Of course one solution could be that k = 0 in the initial state of the universe. It is
unknown why the universe should choose such a precise state initially, but it is nevertheless a
possibility. A second alternative would be to change at some time the matter content of the

1Luckly, we will see that inflation does not do just this, but it is also a predictive theory.
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과거에 곡률항이 왜 이렇게 작은가?

평탄성 문제 (the flatness problem)

1. 처음부터 k=0, 평탄한 우주
2. 초기 우주는 다른 형태의 물질에 의하여 진화

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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지평선 문제 (the horizon problem)

우주배경 복사의 온도 분포

δρ(t,x)
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∼ δT (t,x)
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∼ 10−5 (1)

ρ(t,x) = ρ0(t) + δρ(t,x), T (t,x) = T0(t) + δT (t,x), · · · (2)
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에서 우주는 거의 균일하고 등방적이다.

왜 이렇게 비슷한가?

은하들의 분포

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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(causality problem)
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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의 물질에 대하여, 입자 지평선은 시간에 따라 증가한다.

: 이전에 접촉이 없었던 새로운 영역이 처음으로 서로 접촉이 가능하게 된다.

--> 두 지점이 처음으로 접촉이 가능하므로, 서로 공통된 특징을 가질 이유는 없다.
      : 우주배경복사의 온도, 물질분포의 밀도  등 서로 완전히 달라야 한다.

허블 크기

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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~

우주배경 복사가 만들어지는 시점에서, 허블지평선의 크기를 구해 보면, 
우주배경복사에서 보이는 크기보다 훨씬 작다.

처음부터 전 우주가 그냥 거의 같았다.

왜 같게 되었을까? 어떤 기작이 있지 않을까?
어떻게 하면 서로 접촉할 수 있게 만들 수 있을까?
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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현재 허블 지평선 거리에서도 균일하다.

우주배경 복사가 만들어지는 빛의 마지막 산란시기에는,

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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co-moving 거리로 환산하면, 

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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그러므로,

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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그러므로, 현재 100 Mpc 큰 거리에서
우주배경복사의 빛들은 서로 접촉할 수 없었다. 
그런데도 왜 온도가 거의 같은가?

현재 허블 지평선 거리의 co-moving 거리: 

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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CMB 마지막 산란기

horizon

homogeneous

지평선보다도 훨씬 먼 위치의 지점들 사이에서도 그 온도가 
거의 비슷하다. 그런데 표준모형에서 복사지배나 물질시배
에서는 

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
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Figure 6.1. The comoving horizon as a function of the scale factor. Also shown are two 
comoving wavelengths, which remain constant with time. Early in the history of the universe, 
both of these modes — as well as all other modes of cosmological interest — had wavelengths 
much larger than the horizon. The CMB comes from the last scattering surface at a ~ 10~^. 
At that time, the largest scales (e.g., the one labeled "quadrupole") were still outside the 
horizon. The horizon problem asks how regions separated by distances larger than the horizon 
at the last scattering surface can have the same temperature. 

A more intuitive picture of the horizon problem is shown in Figure 6.2. At 
any given time, the region within the cone is causally connected to us (at the 
center). Photons that we observe today from the last scattering surface were well 
outside our horizon when they were first emitted. The most disturbing aspect of 
this is the observation of large-angle isotropy, an indication that photons apparently 
separated by many horizons at the last scattering surface nonetheless shared the 
same temperature (to a part in 10^). 

6.3 INFLATION 

This section describes a beautiful solution to the horizon problem outlined in the 
previous section. First, we explore a logical way out of the previous argument by 
realizing that an early epoch of rapid expansion solves the horizon problem. Then 
we consider the Einstein equations to tell us what type of energy is needed in 
order to produce this rapid expansion, showing that negative pressure is required. 

[Dodelson]
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Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.

k�1

0

= (a
0

H
0

)�1 ' 104 Mpc k�1 ' 102 Mpc H�1 = H�1

0

✓
a

a
0

◆
3/2

' 10�1 Mpc a
0

= 1

(1)

⇢� (E ⌧ m) l & 102 Mpc H�1 ⇠ t c = 1 ct ⇠ H�1 (2)

aH = 1/R H�1

0

⇠ 104 Mpc (aH)�1 ' 102 Mpc (3)

10�2 . k/Mpc�1 . 0.5 104 . k/Mpc�1 . 105 10 . k/Mpc�1 . 107

(4)

10�3 . k/Mpc�1 . 10�1 104 . k/Mpc�1 . 105 10 . k/Mpc�1 . 107

(5)

P�(k) ' 10�9 P�(k) . 10�2 P�(k) . 0.007 P�(k) . 10�6 (6)

P�(k) (7)

h�⇢(x)
⇢

�⇢(x)

⇢
i = (2⇡)3P (k

1

)�3(k
1

+ k

2

) P(k
1

) =
k3
1

2⇡2

P (k
1

) = (2⇡)3
2⇡2

k3
1

P(k
1

)�3(k
1

+ k

2

)

(8)

h�(k
1

)�(k
2

)i = (2⇡)3�3(k
1

+ k

2

)
2⇡2

k3
1

P�(k1) (9)

1

�Tt[,

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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More serious if we consider the early Universe.
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표준모형의 복사지배 또는 물질지배의 시대에서는 우주가 왜 그 정도로 
균일하고 등방한지를 설명할 수 없다.

지평선 문제 (the horizon problem)
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Ṙ

R
+H2 +

k

R2
= −8πGp

ρ̇+ 3H(ρ+ p) = 0 p = p(ρ) Ωi ≡
ρi
ρc

Ω =
∑

i

Ωi =

∑

i ρi
ρc

(2)

r1 =
2Ω0z + (2Ω0 − 4)(

√
Ω0z + 1− 1)

H0R0Ω0(1 + z)
(3)

h = 0.702± 0.024
λ′

λ
≡ 1 + z λ′ (4)

θ l

dA =
l

θ
t0 4πr21R

2
0

A

4πr21R
2
0

R1

R0
=

1

1 + z

f(r1) ≡
∫ r1

0

dr√
1− kr2

=

∫ t1

t0

dt′

R(t′)
=

∫ R(t0)

R(t1)

dR′

R′2H

(5)

⟨ρ⟩ ≃ V

φ V (φ) =
1

2
m2φ2

⟨ρ⟩ ≃ V (φamp) ⟨p⟩ ≃ 0

(6)

3Hneq ≃ ⟨σannv⟩n2
eq

H =

√

8πG

3
ρ =

√

8πG

3

π2

30
g∗T 4

xf ≡ m

Tf
= log

⎡

⎣

⟨σv⟩gx(mT/(2π))3/2

3
√

8πG
3

π2

30 g∗T
4

⎤

⎦ ≃ 20− 25

(7)

Ωxh
2 ≃ 2.5× 10−10

⟨σannv⟩
(8)

Y ≃ YTf
=

nX

s

∣

∣

∣

Tf

≃ 3H

s⟨σv⟩

∣

∣

∣

∣

Tf

∝ 1

⟨σv⟩Tf
=

xf

⟨σv⟩mX

xf =
m

Tf

(9)

1

H2 ≃ 8πG

3
ρ Ω− 1 =

k

H2R2
∝ 1

ρR2
∝ R R2 (1)

2
Ṙ
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8PHY100

Geometry of space

Universe has no boundary or edge

Either it is infinite or curved through a 5
th
 dimension

Infinite 1D object

1D object curved 
through a second 
dimension to meet 
itself

OPEN: Total energy* is positive

Space is not curved into itself

Sum of angles in triangle < 180˚

Universe will expand forever

FLAT: Total energy is exactly zero

Space is flat

Sum of angles in triangle = 180˚

Universe will just barely expand to a 

stop: very special case!

CLOSED: Total energy is negative

Space is curved back into itself

Sum of angles in triangle > 180˚

Universe will stop expanding and 

collapse into itself: Big Crunch 

s
iz

e
  


time  

* Total energy: matter contributes positive energy, gravity contributes as negative energy

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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matters. At least now we understand the most of the matters are made of
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“시간에 따라 co-moving 허블 사이즈가 증가한다” 라는 것이 초기 조
건의 문제를 심각하게 만든다.

“시간에 따라 co-moving 허블 사이즈를 감소하게 만드는 것” 은 문제
를 해결할 수 있다.
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만약 허블 팽창 계수가 거의 상수라면, 우주의 팽창은 아주 평탄한 우
주를 만들 수 있다.
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8PHY100

Geometry of space

Universe has no boundary or edge

Either it is infinite or curved through a 5
th
 dimension

Infinite 1D object

1D object curved 
through a second 
dimension to meet 
itself

OPEN: Total energy* is positive

Space is not curved into itself

Sum of angles in triangle < 180˚

Universe will expand forever

FLAT: Total energy is exactly zero

Space is flat

Sum of angles in triangle = 180˚

Universe will just barely expand to a 

stop: very special case!

CLOSED: Total energy is negative

Space is curved back into itself

Sum of angles in triangle > 180˚

Universe will stop expanding and 

collapse into itself: Big Crunch 

s
iz

e
  


time  

* Total energy: matter contributes positive energy, gravity contributes as negative energy

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
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or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
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지평선 문제 (the horizon problem)
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From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
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their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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시간에 따라 co-moving 허블 사이즈를 증가시킨다.
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Figure 6.1. The comoving horizon as a function of the scale factor. Also shown are two 
comoving wavelengths, which remain constant with time. Early in the history of the universe, 
both of these modes — as well as all other modes of cosmological interest — had wavelengths 
much larger than the horizon. The CMB comes from the last scattering surface at a ~ 10~^. 
At that time, the largest scales (e.g., the one labeled "quadrupole") were still outside the 
horizon. The horizon problem asks how regions separated by distances larger than the horizon 
at the last scattering surface can have the same temperature. 

A more intuitive picture of the horizon problem is shown in Figure 6.2. At 
any given time, the region within the cone is causally connected to us (at the 
center). Photons that we observe today from the last scattering surface were well 
outside our horizon when they were first emitted. The most disturbing aspect of 
this is the observation of large-angle isotropy, an indication that photons apparently 
separated by many horizons at the last scattering surface nonetheless shared the 
same temperature (to a part in 10^). 

6.3 INFLATION 

This section describes a beautiful solution to the horizon problem outlined in the 
previous section. First, we explore a logical way out of the previous argument by 
realizing that an early epoch of rapid expansion solves the horizon problem. Then 
we consider the Einstein equations to tell us what type of energy is needed in 
order to produce this rapid expansion, showing that negative pressure is required. 

[Dodelson]
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2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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가 감소하기위한 조건
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: 가속팽창하는우주
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• Accelerate expansion: it looks like that this condition implies that the universe must
be accelerating in that epoch:

@ 1

(aH)

@t
< 0 ) ä > 0 (32)

This implies that k/(aH) decreases: physical wavelengths become longer than H�1.

• As we stressed, this should imply w < �1/3. Let us verify it. From Friedman equation

0 < ä = �a

6
(⇢ + 3p) =

a⇢

6
(1 + 3w) ) w < �1/3 if ⇢ > 0 (33)

Inflation, in its most essential definition, is the postulation of a phase with w < �1/3 in
the past of our universe 3.

Is it possible to see more physically what is going on? In a standard cosmology, the scale
factor goes to zero at finite conformal time. For w > �1/3, we have that

a ⇠ ⌧ 2/(1+3w) (34)

implying the existence of a singularity a ! 0, H ! 1 as ⌧ ! 0. This is why we had to
stop there. This is the big bang moment in standard cosmology. This however implies that
there is a beginning of time, and that the particle horizon is order ⌧ . This is the source of
the problems we discussed about.

However, if we have a phase in which w < �1/3, then the singularity in the past is pushed
way further back, and the actual universe is much longer than what ⌧ indicates. For example,
for inflation H ⇠ const. and a(⌧) = � 1

H⌧
, with ⌧ 2 [�1, ⌧end], ⌧end  0. In general ⌧ can be

extended to negative times, in this way making the horizon much larger than 1/H.

1.3 The theory of Inflation

Inflation is indeed a period of the history of the universe that is postulated to have happened
before the standard big bang history. Direct observation of BBN products tell us that the
universe was radiation dominated at t ⇠ 1 � 100 sec, which strongly suggests that inflation
had to happen at least earlier than this. More specifically, inflation is supposed to be a period
dominated by a form of energy with w ' �1, or equivalently H ' const. How can this be
achieved by some physical means?

1.3.1 Simplest example

The simplest example of a system capable of driving a period of inflation is a scalar field on
top a rather flat potential. These kinds of models are called ‘slow roll inflation’ and were the
ones initially discovered to drive inflation. Let us look at this

3If there is only one field involved, than scale invariance of the perturbations and the requirement that the
solution is an attractor forces w ' �1. This is a theorem [8].
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거의 변하지 않는 허블 변수를 가정하면,
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may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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ter also introduces much that is new [97–99]. As for the other ten problems, they can all
be solved either partially or completely within the framework of inflationary cosmology,
and we now turn to a description of that theory.

1.6 A sketch of the development of the inflationary universe scenario

The main idea underlying all existing versions of the inflationary universe scenario is that
in the very earliest stages of its evolution, the universe could be in an unstable vacuum-
like state having high energy density. As we have already noted in the preceding section,
the vacuum pressure and energy density are related by Eq. (1.5.4), p = −ρ. This means,
according to (1.3.8), that the vacuum energy density does not change as the universe
expands (a “void” remains a “void”, even if it has weight). But (1.3.7) then implies
that at large times t, the universe in an unstable vacuum state ρ > 0 should expand
exponentially, with

a(t) = H−1 cosh H t (1.6.1)

for k = +1 (a closed Friedmann universe),

a(t) = H−1 eHt (1.6.2)

for k = 0 (a flat universe), and

a(t) = H−1 sinh H t (1.6.3)

for k = −1 (an open universe). Here H =

√

8 π

3
G ρ =

√

8 π ρ

3 M2
P

. More generally, during

expansion the magnitude of H in the inflationary universe scenario changes, but very
slowly,

Ḣ ≪ H2 . (1.6.4)

Over a characteristic time ∆t = H−1 there is little change in the magnitude of H, so that
one may speak of a quasiexponential expansion of the universe,

a(t) = a0 exp
[
∫ t

0
H(t) dt

]

∼ a0 eHt , (1.6.5)

or of a quasi-de Sitter stage in its expansion; just this regime of quasiexponential expansion
is known as inflation.

Inflation comes to an end when H begins to decrease rapidly. The energy stored in
the vacuum-like state is then transformed into thermal energy, and the universe becomes
extremely hot. From that point onward, its evolution is described by the standard hot
universe theory, with the important refinement that the initial conditions for the expansion
stage of the hot universe are determined by processes which occurred at the inflationary
stage, and are practically unaffected by the structure of the universe prior to inflation. As
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ȧ

a
a(t) ⇠ a

0

eHt (41)

dH(t) = H(t)�1 =
3(1 + !)

2
t dH(t) = 2t dH(t) =

3

2
t (42)

3

Tuesday, August 26, 14



인플레이션의 끝이 T=1MeV 이라면, (BBN 으로부터 T > 1MeV)
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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현재 허블 지평선 거리에서도 균일하다.

우주배경 복사가 만들어지는 빛의 마지막 산란시기에는,

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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co-moving 거리로 환산하면, 

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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현재 허블 지평선 거리의 co-moving 거리: 

인플레이션 시기까지 포함하면,

즉,  지평선 문제 해결
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인플레이션이 끝나고 난 후, 우주가 재가열되어진다. (reheating)

- 허블팽창계수가 감소하고, 진공에너지에 갇혀있던 에너지가
열적에너지로 변환되며, 물질들이 생겨나고 뜨거운 초기우주의 
상태가 된다.

- 뜨거운 빅뱅우주의 초기조건은 인플레이션의 과정에 의하여 
주어지게 되며, 인플레이션 이전의 우주구조에 의해서는 거의 
영향을 받지 않는다. (cosmic no hair)

인플레이션의 끝과 재가열(reheating) 
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1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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지평선문제, 평탄성 문제를 풀기 위해서는

1 Formulae

2 Dark Matter

Matters are around us, trees, food, animals. Even our body is made of matter.
From the first time of the history, human has been studying these matters,
to find out whether they are eatable or not, they are useful to make house
or clothes, they are strong enough to make weapons etc. Even nowadays we
are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
the cosmological scales, it seems that something is missing.
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are trying to understand the cells, materials atoms, stars. The mechanism of
their behaviors, the properties of the materials or the ultimate ingredients of
the matters, or what is the fundamental (the thing we cannot divide any more)
matters. At least now we understand the most of the matters are made of
atoms. They are made of charged particles, protons and electrons, thus they
may interact with light by electromagnetic interactions.

Those are successful at least in the world around us on earth, in the solar
system. However in the larger scales, such as galaxy, clusters of galaxies or in
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1. 충분한 팽창: e-folding 수 > 50 - 60

2. 작은 섭동의 스펙트럼: 파워 스펙트럼, spectral index, tensor
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