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Cosmological constant L is an optional parameter to accelerate the 

cosmic expansion. 
   

The biggest challenge is to reveal  

what is the nature of L! 

Gravitational force is only 

attractive! 
   

It tends to operate to stop 

the cosmic expansion. 

 

Why is the expansion 

accelerating? 

Accelerating Cosmic Expansion 
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http://www.nobelprize.org/nobel_prizes/physics/laureates/2011/perlmutter.html


How to determine the cosmological 
parameters(Wi=ri /rC)? 

・Wgn < 0.01%    Wg→ Temperature of CBR (Cosmic         

                                         Background Radiation) 

                Wn→ Upper limit from neutrino oscillation 
    

 

・WL   = 68%    Ia Supernovae CMB (Cosmic Background Anisotropies) 
 

                                                                                     

・WCDM= 27%   Ia Supernovae CMB (Cosmic Background Anisotropies) 

          Gravitaional Lensing 
    

・WB   =  5%                CMB (Cosmic Background Anisotropies) 

                       Big-Bang Nucleosynthesis 
    

 

 

 

 

 

＊ Wgn + WCDM  + WB + WL =1     From all above combination 
 

     

＊Cosmic Age  Ia Supernovae＋ All above combination ＝13.8 Gy 



 Type Ia Supernova Redshift-Magnitude Relation 

                                                       

Decelerating Expansion 

Dimmer 

Brighter 
WM = 1, WL = 0 

WM = 0.27, WL = 0.73 

     Brane 

Cosmology 

Accelerating Expansion 



  
Luminosity Distance 

Energy Flux Density                           ｒ 

   F = L/4pr2 [J/m2/s]            L                                 F   
   

Apparent magnitude ＝ m 

   m = -2.5 log(F/F0) ∝ ＋5 log r    
    

 

           F0 = 2.48x10-8 [J/m2/s] （in Space outside of the atmosphere）  
   

   m = 0m  Vega 
   

Absolute magnitude ＝ M    （At the distance of r = 10pc) 

       M – m = -5 log(r/10pc) 
    

                Cosmology （At the distance of r = 1Mpc） 
 

 

    M – m = -5 log(r/1Mpc) - 25 



  

0 

 apparent magnitude        Absolute Magnitude 

 

 m(z) – M = 5 log DL +25  :  DL = Luminosity Distance  

DL = 

Δ(m(z) – M) = 5 log DL(Wg ,WM ,WL ,Wk)  DL(0,0,0,Wk =1) 

Exercise：     Calculate cosmological parameter 

dependence of the redshift-magnitude relation! 

H0 

１ 



  

Wg << WM = 0.27, and WL = 0.73   

Deceleration parameter 

Exercise：    When did the cosmic expansion  

       turn over from deceleration to acceleration? 

Exercise：    How is the present expansion? 

=  0  ? 
> 
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 a  a0 = 1 



WM    

  

W
L
  
  

H0
  = 69 km/s/Mpc 

SN Ia Redshift-Magnnitude Rel. 

WM /2 -WL = 0 

Accelerating  

Decelerating  



  
Dark Age 

1st star 

4 million year 
Birth of galaxies & stars 

Accelerating expansion 

Due to Dark Energy 

Photon last scatter  

4x105 year 

Inflation 

Quantum 

fluctuation 
WMAP 

How old is the Universe?  



   3.8x105   ｙ                                   13.8 Gy 

  

Assuming 68% dark energy (DE) and 27% dark matter (DM), computer  

simulation of cosmic structure formation best explains the observed  

structure!          What is the nature and origin of DE and DM ?   

Primordial fluctuations in hot Big-Bang Universe  

was discovered by Smoot and Mathar in 1992. 
 

                                                                                                   (COBE Satellite) 

 

                                                                                  t = 3.8x105 y 

  



  

  Cosmic age = Expansion time                 

Simplest case: Wg << WM = 1, and WL = 0                    

             Z = redshift     

H0 = 70 km/s/Mpc  
   

          10 Gy   

Exercise：    Calculate the cosmic age! 



13.7 Gyr  (WMAP-CMB) 

WL> 0 can make cosmic age even LONGER! 

WL     WM 

H0 = 70 km/s/Mpc WL    

H
0

 t
U
  

H0 tU  

tU = 14 Gy    

10 Gy 

WM Z - WL 

H0
-1 has dimension  

           of time! 



  
Dark Age 

1st star 

4 million year 
Birth of galaxies & stars 

Accelerating expansion 

Due to Dark Energy 

Photon last scatter  

4x105 year 

Inflation 

Quantum 

fluctuation 
WMAP 

How heavy is the Universe? 
     (Mass and Energy)  



1pc = 3.26 ly (light year) 

What is DARK MATTER? 

“Mass of the Cluster” 

 

Cluster = (10 – 1000) galaxies 

“Mass of the galaxy” 

Rotation Curve of the Stars 

 

Mgalaxy = (1011 – 1012)Msolar 



Almost ALL luminous stars 

                          

                          

            

 

MACHO = massive astronomical 

Compact halo objects 

MACHO 

MASS of  

the GALAXY 

 

Galaxy 

= 1011 stars 

GALAXY 

 

 
   

 

vs. Escape velocity 



太陽系 

天の川 （わが銀河） 

 

         バルジ  

               ディスク 

 

               ハロー 

 

 

         マッチョー 大マゼラン雲 



マッチョー 

地球 

大マゼラン雲の星 

光さえも曲げる強い重力場源  

 ＝ マッチョー (MACHO) 

  



マッチョーを初めて見つけた科学者 

チャールズ・アルコック 

   ・オーストラリア 

    タスマニア島生まれ 
   

   ・米国カリフォルニア工科大学卒 
   

   ・MITで博士号取得 
   

   ・MIT準教授への昇進に失敗 

    ローレンス・リバモーア研究所へ 
   

   ・マッチョーを世界で初めて発見 
   

   ・現在、ハーバード大学教授 

    スミソニアン研究所長 

Charles R. Alcock 



Hot X-Ray Gas 

Asymptotic Value 

= Universal Gas Fraction 

    

       fU = Wb/WM h50
3/2 

      

        Wb h70
2 ~ 0.04 (WMAP) 

 

   WM ~ 0.27 h70
-1/2 

CLUSTER 



MASS of the Rich Clusters and the Cosmic 

Large Scale Structure   
   

Asymptotically Universal Mass   WM ~ 0.3 

N. Bahcall et al. 1995       

RICH CLUSTER 

Cosmic Large Scale Structure 



How massive is the UNIVERSE? 

   

        WM     =   WB     +   WDM             
   



How to determine the cosmological 
parameters(Wi=ri /rC)? 

・Wgn < 0.01%    Wg→ Temperature of CBR (Cosmic         

                                         Background Radiation) 

                Wn→ Upper limit from neutrino oscillation 
    

 

・WL   = 68%    Ia Supernovae CMB (Cosmic Background Anisotropies) 
 

                                                                                     

・WCDM= 27%   Ia Supernovae CMB (Cosmic Background Anisotropies) 

          Gravitaional Lensing 
    

・WB   =  5%                CMB (Cosmic Background Anisotropies) 

                       Big-Bang Nucleosynthesis 
    

 

 

 

 

 

＊ Wgn + WCDM  + WB + WL =1     From all above combination 
 

     

＊Cosmic Age  Ia Supernovae＋ All above combination ＝13.8 Gy 



Cosmic 

Microwave Background 

Anisotropies 

WMAP-3 

l = 4  

 l = 2 

 

T

T
=

l

 alm
m

 Ylm (,)

Cl  alm
2

Temperature Fluctuations, expanded 

in terms of spherical harmonics: 

x =＜T/T(n)・T/T(n+)＞ 

Two-point (direction) Correlation 

Function: 



CMB Anisotropies of 

Temperature Fluctuations 

Full Moon 
   

Solid Angle  

  ~ 31 min 

  ~ 0.52 deg 



    

 

  

 

 

    

 

  

 

 

                              

Larger WL 

        Multipole  l～ p/  

   Angle (deg)         smaller   
   

Baryon Mass  WB Photon Pressure 

Cosmological Parameter Dependence 

            

                                 

                        

   Tg  Dark Matter potential  WCDM 

      CMB 

Anisotropies 

Larger WB 

Larger WCDM 







 

 



  





         Larger WL    

  
   

 

 

 

Universal expansion 

becomes faster ! 
   

 

 

Physical fluctuation  

length scale l ~ k-1 

looks smaller in  

smaller angular scale  

 ~ l-1 for observer !  

WL  = 0  

   

 

 

WL  = 0.7  



  

  

Fit to CMB-Temperature Fluctuation Anisotropies 

D. Yamazaki, T. Kajino, G. J. Mathew & K. Ichiki, Phys. Rep. (2012), in press. 

 Wbh2 = 0.023 



WM  (= WB + WCDM) 

  
W

L
  
  

H0 = 69 km/s/Mpc 

WB + WCDM + WL = 1 

Flat Universe: 

Because Wk = 0 

SN Ia Redshift-Magnnitude Rel. 

CMB Anisotropies 



宇宙背景放射ゆらぎ 
３８万歳の頃のビッグバン火の玉宇宙の温度ゆらぎ 

http://www.esa.int/Our_Activities/Space_Science/Planck/

Planck_reveals_an_almost_perfect_Universe 

NASA（米国航空宇宙局）のWMAP衛星が映し
出していた初期宇宙の姿 

ESA（欧州宇宙機関）のPLANCK衛星が映し 

出した初期宇宙の姿   ２０１３年３月２１日 

２０１２．３．３１ → ２０１３．４．６ 
   

この１年間で本質的に新しい 

発見はあったか？ 

  
            宇宙年齢 
    

 WMAP     137.7億年    

 PLANCK  138.2億年 

   
           暗黒物質     普通の         暗黒 

                                                             物質     エネルギー 
    

 WMAP     22.7％   4.5％   72.8％ 

 PLANCK  26.8％   4.9％   68.3％ 
 

  


