Summary of Observation In
Cosmology



1. Cosmic Expansion
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Hubble’s law (1929)
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Data by Hubble

1929 by Hubble
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Recent observation

CHP Mid—IR (SPITZER) Period—Luminosity Relation
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Various Standard Candle
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Is Universe expanding isotropically 7?2

Linear relation between vectors should be
V=H,d =vVv'=(H,),d’

e

Actual observation shows -

s [=ir

P, = . = . MuClure & Dyer
= = - - NewAstron. 12,2007)

Directional dependence is the result of local gravitational force by
neibhoring galaxies

V=H,d+V_

f

Hubble flow Peculiar velocity (3 2R E)



Importance of Hubble parameter

It gives atypical scale of the universe
H,' =~3.1x10" hsec =~ 9.8x10° h™yr Hubble time
h=H, /(100 km s*Mpc™)
cH_ " = 3,000 h™"Mpc Hubble distance

_3H;
pcr,O _ 87ZG

~1.88x10""h* glcm®  Critical density

Q, = Px.0 Density parameter

cr,0
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Dynamics of an expanding universe

Total gravitational energy of universe ‘ ‘
M (a) ~
2 a

Kinetic energy Potential energy ' ‘

Let p be the energy density, then the total energy
contained in a sphere with radius a

M(a):4_7z-a3p
3
a) 8xsG K
(gj =3 P2 K = —-2E Eq.(A)

Thus the flat universe(K=0) has 0 gravitational energy



Equation for acceleration

For the moment we assume that Universe contains
2Kinds of energy

L 1
« Non-relativistic matter (baryon+Dark matter) : p,, < —
a

e . 1
« Radiation (massless particle) : p, & s

Both evolution can be described by the following

p+32(p+P(p))=0  Eq.(B)
since P, = 0, P. =§pr

Combined Eqg.(A) and (B), we have

4 4G
a_ 3p
a 3 ——(p+3P)

mm) >0 asfaras p+3P >0



Now we have Supernpvae data

Observation of type la Supernovae
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normalized My
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Discovery of accelerated expansion

Type la super novae as a standard candle

R—haml

T-hand

e T R e B Bt A Tt i e B e e U
E =k 1997ek T ] s 1
08l - =086 - - 08} - -
Lk 2 A T o+
04 -1+ - = 04 —t— -

o

: T

o
..9..'T.£.T Y7o o PRI B

o s Tieduy

120 150 550 -250

120 150 550

T

|
-250 40 0 40 80
1

PR e

L ¥
O.B': 7
o4 +

LR L (L AL I T T

1997eq |

zw(.54 — 0.8

0.4

LI L
TTTTTTrrrrT

po v laeslasy

P S I

PO AU
HH

T T e

MR T AR
LA B
|

rir S B 38 91

M BN

il

o

0

s 115 s Tiugul Quusatl 1) o o 80 o 3 849004y

3
N
(=3
5

80

120 150 550 -250

—40 o 40 80

]

TYTTYTrTTTrTY

rrtbiabona
H

L L

1997ez T

2=0.78 08

0.4

H
asal e by
TYTTYTTTTTTY

'

]
]

WL I B B LI P B R

LB L B

PN AN S

LN B

1.

12 PPN PO ATWPYEEVE RPN i

0

=

YT I ICRPUTEN URPRTEN SRR A

&

80

120 150 550 -250

40 0 40

0.8

0.4

-ll"":_ 1 Ty ‘I Ui /AN S " L PR AR & ‘ B 5% 1 Ty _:’M"L y T ‘[ TTYrv ‘ { G g ) ‘I T X " wnre B _lm"l:

X mweagas L 1 [ I I ]

L oy i L e P

-1 —+ - 04 1 -+
0 2o ¥ 0 —

1 ol BRI AEPETE STUPETE APRPEE B T A ol IPEPETS EVEPUTEN AEPEPE BPEPETE AR T

~250 40 0 40 80

120 150 350 -250

120 150 550

A L L N A B Ui L I = B e e Ll
L dE 1ogaaw] ] L =
081 2=044 -~ - 0.8 - b et
L &0 L 3 AR, B e
04 -+ = 0AF -
TR E + 7 I R R
s - -+ B o + —_— -

o I
sl Lo o Lo Lo o b a1 s Tl ald oo b oo Lo oty o Tubsau

—450 —£0 0 40 80

120 150 550 —-450

Observed day from peak

40 0 40 ®
Observed day from peak

120 150 550

Knop et al. 2003



effective mp

24|

22

N
o
I

—
Qo
|

Calan/Tololo
(Hamuy ef al,
A.J. 1996)

Supernova
Cosmology i
Project _

42 Type la SN _

Perlmutter et al (1998)

(0.28,
(0.

(L.

(0, 0)
(1, 0)

0.5) (2,0)

A=0



46_ I T I T I I LI | T I I I I I T 1 |

& 740 spectroscopically confirmed
L Type la supernvae

Betoule et.al(2011) —

S E T T | |_

& [}:2 _-HJ:I ;...lzgi.":““F-"-‘“";-.---!i: || I| .' 'lfl ! ".ll '.I i, |1|| ” ill,u -,_

il |Ii|l l||'1| |_
| { T

E ! ! | Nl 3
1072 107! ]['-‘G

Qmo = 0.295 £ 0.035 for a flat ACDM cosmology with Hy=70 km/s/Mpc



4 I | ! i
SN data shows that the present universe is accelerating,
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Dark energy

If Einstein’s gravity 1s collect over cosmological scale

4 4G
a_ 3P)>0
- 3 ——(p+3P)>

means that there iIs a energy which satisfies
r+3P <0
This is called dark energy.
Cosmological constant is a special case of dark energy

Pr =—P,
In this case

p+3§(p+ P)=0= p, =0



Example:  \w(z) =w, +w_ (1—a) =w, +w, e 2
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2. Galaxy Survey
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Description of LSS

2point correlation function

Probability to find another galaxy at distance from a galaxy v
— 2 2 —
dP=n[1+&,(r)]dV n, dvV <<1 /
—_ dv
What we observe is the number density 0 oy
of galaxy i |
n,(X)=n, +06 n,(X) ‘\'\.j\
A 2 v N S o . -
M, 28, (0 =(n (NN (V). r=IX=F]  wloe T4 |
Result from SDSS e THINL 3
A\ 7 i N
Eq(r) = (:—) . To sz.._lMpc. v~ 1.8 WE *
0 [

2h~IMpe < < 30h ™ Mpe | o o (degrees) "

Connolly et al. 2002



Power Spectrum

Fourie transform of 2 pt. correlation function

P, (k) = [d°x e & (r)

Sin kr

P, (k) = [dQdr r? e & (t,r) = 47zjdrr £,(r)

Here we assume that distribution of galaxy traces the distribution of dark
matter(Light traces matter)

ppoM = pom(l 4+ dpar)
on (1) =3, (3)

b :bias parameter



Evidence for the existence of Dark Matterl

Large velocity dispersion of member galaxies in cluster
Flat rotation curve in spiral galaxies

X rays from clusters, elliptical galaxies

Gravitational lens

Flat rotation curve in M31

Giant arc observed in CL2244-04(z=0.3)



Optical and X ray images of galaxy cluster RX J1347.5-1145 .
Both are same scale about 600kpc long






3types of Dark Matter

« Hot Dark Matter(HDM)

The velocity dispersion is of the order of speed of light at radiation-matter
equality
Small scale structures are wiped away and large scale objects form first
Top-down scenario

« Cold Dark Matter(HDM)
The velocity dispersion is much less than the spped of light at
Radiation-matter equality

Bottom-up scenario

« Warm Dark Matter(WDM)



The prediction of SDM and its observation

Averaged density profile for relaxed CDM clumps is well
approximated by a universal profile called NFW profile

Ps
':I(.?‘ — f r I
f . } (?‘/rs)(l_l_?‘/rs}g

The mass inside the radius

4-?.*95?’3\_ _ CA
Mnrwi(ra) = In(14+eca) — -
(ra) Pi ( - 1+4ea

TA - .
where cp = 7A is called the concentration.
S



Weak Lensing Analysis for 50 clusters (0.15 <z<0.30) with Subaru

50 galaxy Average dark matter map

clusters
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Observed Galaxy Power Spectrum

THE SHAPE OF THE SDSS DR5 GALAXY POWER SPECTRUM
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Redshift space distortion

Observed distance

drss = HLO(CZ + Vpec,//)

Since peculiar velocity is <1000 km/sec, galaxies less than ~15 Mpc
from us is affected by this effect for Hy~70 kTm/Mpc

Define Position vector in redshift space as
Vv

pec

H,

SEX_":“ n, n'Vpec:/u\/pec

n:unit vector along the line of sight



Finger of God effect

Real space: Redshift space:

O
@ Squashing effect

Linear regime

@ Collapsed

Turnaround

S
T

Collapsing Finger-of-god

A.J.S. Hamilton, in " The Evolving Universe”



P(k) [(h~' Mpc)3]

Baryon Acoustic Oscillation(BAO)

Relic of sound waves with wave length of the order of 150 Mpc in
photon-baryon fluid before last scattering

Dense regions have a tendency to produce 3
more galaxies ’

BAO using SDSS by Eisenstein et al. (2005)
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Praofile of Perturbalion
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BAO scale

Sound horizon

Loy a(t) oo dt alt) e,
-fs{t):/G Edt_/g Eﬁda ,[3 aQHdﬂ

T = — _ptp _ 3 _ 3pplae) a
velocity = 5 A== R=f =12 =1

— R —
410’?{“‘3'21) Aeg “a (eq

Explicit calculation of the sound horizon
871G

H® = —(pm+py)
Geq = a(teq), fleq = £i(teq)
8315; = quzfjlﬂ(ﬂcq}-
AH?2 = H‘? 4Pm;}‘|‘ﬂﬂr(ﬂ _ _Hz 4( —|——)
pm(Geq) @eq

—
207 _ C“Dq‘flcq
c ' “d



T(t}zg 1 /R dR’ 223 (ﬂ?+ + R+ F)
TV B/ Feg Jo R +1)(R +Ry) eq\ﬂ?_ VReq +1

da .

where we used 35 =~

At the time of decoupling

, (td ) _ 24/ 2/ (\/Rdcc: +1+ \/R::lec + H-:q) Rdcc = R-(tdcc)
CC qu \/_1:::[ ‘I’ 1

Numerical values

_ \EHQ Qo _— _3 Qm[]h2 . —1
kg = S =0514x10 (0.13 )1.1pc.

3 Mo 3 Oy Qpboh?y [ Qmoh?y -1
Req = Saeq—22 =2y, = 0.2231
e = gt T 800 (0.023 )( 0.013 )
Qdec 3 Qbo 1 + 2decy 1 ﬂbﬂh-z
Raec = — = gu0adec =2 = 0.6404
dec Geq 80 (Gmo) (50m)

mE)  7s(tdec) = 147.6Mpc = 103h~'Mpc



Effect of neutrino In structure formation

The present mass density of non-relativistic neutrino

nr
Py E My M i,

The number den5|ty of each species

n, = ?)L’( )T?’ = J-]"—)(J-—|_ ) {111_3"

_,—-

i

= (4/11)3T0(1 + 2).

Tyo=2725K — Ty,o~19K

The density parameter for massive neutrino

. _ J.ﬁ'ﬁ_),
8tGpy"  8TGny, ¢ > i My,

()}, = = : My~ —— 5
Y 3H? 5 3H [2] — Yt 94.1h2 eV
—



Non-relativistic epoch

Neutrino becomes non-relativistic when its mean energy is equal to the
rest mass energy

The mean energy per particle

|
. [l
) = ~ 3. 5 s
(E) 180@“(3)TV ~ 3.15T,
Thus o s
180¢(3 My i .
1oy = B0 = 3680 (755 K.
f (T ' eV
1+ zars = 1890 (—22)
~nr,i — +¢ 1 eV

The comoving wave number corresponding to the Hubble horizon size at z,,,-

~1/2 ) .
H(zuri)  Quth(1+ 200"/
1 + :5111':1", QQUH I\Ip{‘_

'Ifnr,i

My i
1 eV

2

1/2 _
0.0145 ( ) OL21 Mpe™.



Neutrino free streaming scale

vV, K H (z)
H(2) LAY

Detailed calculation shows

06T s o1
ks i(2) =~ 1+ 2)12 (1 EV) )12 Mpe ™!

kes = 0.09 — 0.179 Mpc~tat z=1-6 for m,=1eV

Lfs(z) ~

14

For scales larger than free streaming k < kg, neutrinos can cluster and fall
into gravitational potential well together with CDM and baryon

For scales smaller than free streaming k > k¢, neutrinos escape from

potential well, and the growth of matter perturbation is slowed down
relative to that on the larger scales.

» The matter power spectrum for k > k¢ is suppressed
relative to that for k < kg
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From galaxy survey we know the following

Structure |
Galaxy, group of galaxies, cluster of galaxies, supercluster
Bottom-up rather than top-down
Small objects form earlier and they attract each other o for larger objects
CDM rather than HDM

Even if HDM is not dominant component of dark matter, it has
an important effect in structure formation,

Galaxies distribute homogeneously over the scale of 100 Mpc.

WDM(Warm dark matter) is not totally eliminated as a candidae
of dark mater
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