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Accelerating Cosmic Expansion

H=DIRNXF=IZ&D
FHOMERER
FTHORNL LYY

WHE sHmmne HAPBROEE

AL —2a . . .
S Gravitational force is only

attractive!

X w‘§!§ﬁhj%gs‘%nﬂﬂﬁn!'“l:.

It tends to operate to stop
the cosmic expansion.

Why is the expansion
accelerating?

Cosmological constant A is an optional parameter to accelerate the
cosmic expansion.

The biggest challenge is to reveal
what is the nature of Al
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http://www.nobelprize.org/nobel_prizes/physics/laureates/2011/perlmutter.html

How to determine the cosmological
parameters (Q;=p; /p¢) ?

*Q,<0.01% Q — Temperature of CBR (Cosmic
Background Radiation)
Q.,— Upper limit from neutrino oscillation

*Q, =68% [a Supernovae CMB (Cosmic Background Anisotropies)

*Q-pn=27%  Ia Supernovae CMB (Cosmic Background Anisotropies)
Gravitaional Lensing

Qr =% CMB (Cosmic Background Anisotropies)
Big-Bang Nucleosynthesis

* Q.,+Qcpy +Qs+Q,=1  From all above combination

% Cosmic Age la Supernovae— All above combination =13.8 Gy



Type la Supernova Redshift-Magnitude Relation

& Perlmutter (1999) Riess (1998;2001)
3 Fall 1999 (Tonry 2003)

1.5
Dimmer i %

o)
<
S 05| %
— =1
= % wﬁ b K
E () b T T J'T .............. ,,?-I
,l.'q\ i %% % % ' ) Brane
N » % " osmology
S 0.5 |
\-/ L
< Decelerating Expansion

-1

Brighter | 24=0
<] A | =
1 1 | | |t B I 1 | 1 1 | == B | |
0.01 0.1 1

redshift 7



Luminosity Distance

Energy Flux Density roo_.-
F = L/4zr2 [J/m?s] L e

Apparent magnitude = m
m =-2.5log(F/Fy) e« +51logr

Fo = 2.48x108 [J/m?/s] (in Space outside of the atmosphere)
m =0" Vega

Absolute magnitude = M (At the distance of r = 10pc)
M—-—m =-5log(r/10pc)

Cosmology (At the distance of r = 1Mpc)

M—-m =-5log(r/1Mpc) - 25




Calculate cosmological parameter
dependence of the redshift-magnitude relation!

apparent magnitude Absolute Magnitude

J

m(z)-M=51log D, +25 : D, = Luminosity Distance

A(m(z) - M) =5 log D (2,,2,,,2, ,42,) /DL(O,O,O,Qk =1)

ro. 2 £
|| A (k>o0) g i
D = (/+ZF)5=1 1 (k=0) rIrl|\ ===

N 0

8 1 = <} 2 2 —%;

Az |- + +Z) + +
% S ﬁ(z’[ﬂfmz} Sp(1+Z) 51?,3 (1+%) + 51;]
o o




When did the cosmic expansion

turn over from deceleration to acceleration?

- 2
2 /2 — -S?r' SEM SCe
/—/:(—5—).—./-7;{&4 3+ 2*5?}
: o
Deceleration parameter - ?—" —_— ‘d )
r.:?

‘g’:--/ + *%+E;7jﬁﬁ?+(j )EH j?ﬂa B
e o)+ (- )]

Q, << Q,=0.27,and Q, = 0.73

n*l' -—'_—"-O —_— 3—-"'"33;?
i a2>a,=1

SCIARH How Is the present expansion?

2 +2f,y + 50y — 257 2
?ozﬁ/_}' %‘2 =%_ﬂ}*hﬁﬁ

AVIAY;
o
D
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Accelerating expansion

Photon last scatter

4x10° year

Dark Age ‘
Inflation O3 - ™

Due to Dark Energy

How oId |s the Universe’?

u “o
4 ’ : .'...:" .;V‘.".,..._I‘.‘
Quantum . MR "'-4(« 2

. : .,’ -~ .
fluctuation

4 million year |
Birth of galaxies & stars



Primordial fluctuations in hot Big-Bang Universe
was discovered by Smoot and Mathar in 1992.

= - =

(COBE Satellite)

t =3.8x10°%y

‘ . . > = . ;‘

-

Assuming 68% dark energy (DE) and 27% dark matter (DM), computer
simulation of cosmic structure formation best explains the observed
structurel! What is the nature and origin of DE and DM ?



SCIRICH Calculate the cosmic age!

o= () = w2 e s

o a4

Cosmic age = Expansion time

Ad;)
"4(5{1” = g T)pm?

a

.—-j a 7
“ a, o+ F
Z = redshift

3.

F—>eo
1=
Vo Hy \ G+ Y=
o

F{E):/W+%Eﬂﬁﬂ(/ﬁﬁ;j—z)

Simplest case: Q <<Qy =1,and Q, =0 Hy, = 70 km/s/Mpc

_ (7 7% z !
fu_}%g(ﬁz) AZx = S+, ——> 10Gy

o



Q,>0 can make cosmic age even LONGER!

H.t =§ AZF H;1 has dimension
s U+EY )1+ 2,72 2, (- i) of time!

2.9 [ | 1 ' | l I I | ] I ] I l | I .I I |

[

2 fﬂuc'*'(lfmmnz 1 -

2,

lI\lTll|l|ll

l!lll!!l|1|

S ‘ 13.7 Gyr (WMAP-CMB)

H, = 70 km/s/Mpc | 0,



Z)t'fg?” Iaft scatter Accelerating expansion
e Due to Dark Energy
Dark Age

Wy N ol R . e
19 Ao | .

FIE R S RS

How heavy is the Umverse’?
(Mass anq Energv)

Inflation

Quantum
fluctuation

4 million year :
Birth of galaxies & stars



What is DARK MATTER?

1pc = 3.26 ly (light year)

“Mass of the galaxy” “Mass of the Cluster”
Rotation Curve of the Stars

Cluster = (10 — 1000) galaxies
M

galaxy = (1011 - 1012)Msolar

—~—— /O lpe —>

Hubble Deep Field Details HST - WFPC2

cl OPO - January 15, 1996 - R. Williams (ST Scl), NASA
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T GALAXY

Sprral Arm % W7 Keplariarn MoTior
myE_ MM G
MASS of - " z*
the GALAXY s o MG -
Doavle Hal V=< vs. Escape velocity
Galaxy
= 101! stars ] e T T DN~ 0.5 Mg
M —fe————= 707 * Musro = Mppcnos
h;—'"*'—“n\.,. T s Park Halp consiste of
E 200+ = c S ] DLARK MATTR./
~ v
§ MACHO = massive astronomical
" ik j Compact halo objects
: Lmc B8

. SR RLoA & D FERE R (kpe)
Almost ALL luminous stars
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Halo of dark matter

Milky Way galaxy NIV
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dark side
of matter

I'HE MISSING UNIVERSE

CLUSTER

BEN X-RAT Saiclli’es
\ ROSAT, ASCA

Hot X-Ray Gas

COSMOLOGY
7

‘e
w

as)

,

‘S
n
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o
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GAS MASS FRACTION

Asymptotic Value
= Universal Gas Fraction

wsz 0|3

fu = Qp/Qy hge®?

4
4
—
-

Q,~ 0.27 h,, 12




TOTAL Scp
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C Mass—-to-Light Ratio vs. Scale ]
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X Cosmic Virial Theorem
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N. Bahcall et al. 1995
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RICH CLUSTER

MASS of the Rich Clusters and the Cosmic
Large Scale Structure

Asymptotically Universal Mass

Cosmic Large Scale Structure




How massive is the UNIVERSE?

Qy = & + Ly

* / 607{ \[\ (oM)
- SZars ‘;,PB "s?/Van 8

— Lm'n‘v,as' Gas ‘ '
< | .
2 "’a,\r) [ Black Holes - HaT" Dark Matlay,
Newlron Sitars 777)‘););:‘( o°
MACHOS N . lhh/re. Dwarfs - Cold Dk Mallor
(0.075) Brown Dwarfs Axror
» Plapnels ST s
(ar-03 hn< ) = Invisible Gad X WIMPs ; 456u/< m
(?) ~ Primeordial PULED OOT 4

BHs
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How to determine the cosmological
parameters (Q;=p; /p¢) ?

*Q,<0.01% Q — Temperature of CBR (Cosmic
Background Radiation)
Q.,— Upper limit from neutrino oscillation

*Q, =68% [a Supernovae CMB (Cosmic Background Anisotropies)

*Q-pn=27%  Ia Supernovae CMB (Cosmic Background Anisotropies)
Gravitaional Lensing

Qr =% CMB (Cosmic Background Anisotropies)
Big-Bang Nucleosynthesis

* Q.,+Qcpy +Qs+Q,=1  From all above combination

% Cosmic Age la Supernovae— All above combination =13.8 Gy



Cosmic
Microwave Background
Anisotropies

Two-point (direction) Correlation
Function:

E=<OTIT(N)*STIT(N+6) >

Temperature Fluctuations, expanded
In terms of spherical harmonics:

ol’
7 = Z Zalelm (6,9)

C, = <‘alm ‘2>




CMB Anisotropies of
Temperature Fluctuations

Full Moon

Solid Angle
~ 31 min
~ 0.52 deg



U(1+1)C, /27 (pK?)

Cosmological Parameter Dependence

Angle (deg) @ — smaller "

H*Wﬂ Anisotropies

AT/T

90 05 0.2 e Qph? /f
Larger Q, \ i /
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Larger Q.py f \ , o
{ B B
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| | | O o ki %)

0 40 100 200 400 800
Multipole 1~ z/8 /
Dark Matter potential Qqpy
Baryon Mass Qg Photon Pressure
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COBE Satellite

recombination

Larger Q,

l

Universal expansion
becomes faster !

l

Physical fluctuation
length scale A ~ k1
looks smaller in
smaller angular scale
0 ~ -1 for observer !




Fit to CMB-Temperature Fluctuation Anisotropies
D. Yamazaki, T. Kajino, G. J. Mathew & K. Ichiki, Phys. Rep. (2012), in press.

»

0 ' ' toe TpmdT
L -- i L : I i
; \ e ‘i-.‘::!iig* . :
= |
I - |
| ﬁ'g‘i’f .1 1 I'_:ﬁ_— % E
T = { i £ o F g "
g 1O [Ty W 1% f T 1 K}K
= - i =
= | : : T = - L
0 - () 2= £ = 2750 0 i (b} 400 < & < 2750
= bestfil region - w == bestil region -
m allowed region iy B allowed region
Li ]”'2:- WhAAP 5h —— 'f_ WhIAP 51l ——
[ ACBAR 0f —— ||_':|2_— ACHBAR IR ——
By —e— B Hasinry —e—
Kl : Kl
]l_:' 1 1 = 1 - 1 1 1 1 1 | =
10 102 107 TE
2 Iy
Cosmuological parameters
Parameter Mean Best fit
2,h? 0.02320 £ 0.00059 0.02295
2:h2 0.1094 £ 0.0046 0.1093
Ir 0.087 £ 0.017 0.082
Ms 0.8977 £ 0.016 0.970
In(10"4;) 3.07 £ 0.036 3.06
A, fA; <O IT0I6EECL), <0.271(95%CL) 0.0088
|B; | (nG) <2 TNEEECL), =2 98(05%CL) 0.85
Mg <— 1 16EECL), =—0.25(95%CL) —2.37
7 0.81270 0% 0.794
Hpy 733122 72.8
Zreson 109 +14 10.5
Age (Gyr) 13.57 £ 0.12 13.62

Q.h2=0.023
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