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Chronicle of Cosmology — pre war period

   1915/6 Einstein: General Relativity 

   1917  Einstein:  GR applies to understanding the Universe

   1922  Friedman: Cosmological solution: ODE

   1927                  : Distance-Velocity relation (“Hubble law”)

                             + identified as the expansion in Einstein eq.

   1929  Hubble: Distance-Velocity relation = Hubble law

Lemâitre
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gµ�R� �gµ� = �8�GTµ�
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post war till 1965

   Gamow 1946 +   (Alpher, Herman 1948-1950)

            extrapolate expansion to t=0:  hot Big Bang

    Lifshitz 1946    perturbation theory in expanding Universe

    Hayashi 1950   beta equilibrium: (p,n) abundances

    Peebles 1965;    Dicke, Peebles, Roll, Wilkinson 1965

    Penzias, Wilson 1965  (13 V 1965)

(8 III 1965) (7 V 1965)prediction of CMB
CMB discovered!

Peebles 1968    generation of black-body radiation





ca 1968







390 citations

390 citations
(164 to 1980)

177 citations
(97 to 1980)





see:  Dicke, Behringer, Kyhl, Vene 1946

         

            Dicke, Behringer, Kyhl, Vene 1946
            H.Tanaka, Kakinuma, Sindo, Takayanagi 1953
            Crawford, Hogg, Hunt (Bell Lab) 1961 �T = 3.5K
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T < 5K
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Legacy of war efforts:
advanced microwave technology!
      
           1.   Lamb shift
           2.   exploring microwave sky

Discovery of CMB: Great epoch for physical cosmology
                                 Penzias-Wilson & Peebles

see:





Shane-Wirtanen (Seldner) sky  1967



statistic introduced: two point correlation function ⇠(r) = h⇢(x+ r)⇢(x)i
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2D projection : w(✓)
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CMB fluctuations - cosmic structure connexion:
           Sunyaev Zeldovich  1970
            Peebles Yu    1970

Statistical distribution of galaxies    Peebles  1973 -

   w/ Ed Groth, Jim Fly, Mike Seldner,  Mark Davis, …

            Infinite amount of work created!

2D ! 3D
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⇠(r) = h⇢(x+ r)⇢(x)i
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�T/T vs �⇢/⇢
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  1992  COBE DMR brought us a very good news
            that we are on the right track: 
               gravitational instability theory is correct
      but amplitudes are too small by 100 times

  
     COBE DMR temp. fluctuation

     convincing evidence for ‘dark matter’

�T/T ⇠ 10�5
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Dark matter
   massive neutrinos:
        Cowsik, McClelland  1972
   heavier neutrinos:      May-June 1977:
         Hut, Lee-Weinberg, Sato-Kobayashi,
         Dicus-Kolb-Teplitz, Vysotskii et al.
   heavy hypothetical neutral particles = ‘cold dark matter’
                       
          
          
          Bond-Szalay-M.Turner          4 Dec 1981
          Blumenthal-Pagels-Primack  5 Jan 1982
          Peebles                                   2 July 1982

Pagels-Primack      17 Aug 1981
� keV neutrinos

m� � 30eV

give a right characteristic mass for galaxies M � 1012M�

they give a proper perturbation spectrum

Era of simulations
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No. 1, 1982 SCALE-INVARIANT PRIMEVAL PERTURBATIONS L3 
and the angular power spectrum of the background is 

(a,)2 = 6(a2)2/[/(/+!)]. (14) 

The 5-wave part a0 diverges, corresponding to the loga- 
rithmic divergence in the primeval spectrum P cc k. The 
/7-wave does not include the effect of our peculiar mo- 
tion. 

The autocorrelation function of the background tem- 
perature after the /7-wave has been eliminated is (LSS 
§46) 

HOn) = (TxT2)/(T)2 - 1 

- S(«/)2(2/+^^(cos Í12)/4W. (15) 
/> 1 

At 9U « 1 radian, this with equation (14) gives 

w(0) = (3/”)allog(®/6), (16) 

where © is on the order of the size of the field within 
which w(9) is measured. 

d) Mass Fluctuations 
A convenient measure is the rms fluctuation in the 

mass found within a randomly placed sphere of radius 
R. We have from equation (8) 

SM/M =32 S*(sin kR - kRcos kR)/{kR)\ 

(17) 

With equations (6) and (10), this gives the rms value 

8M 
M 

V(R)f=j 
k3 dk 

0 (1+ 6k + 2.65k2)2 

X (sin kR — kR cos kR )2 

{kR)6 (18) 

M/Mo 
I010 I012 I014 I016 I018 

Fig. 1.—The rms fluctuation in the mass found within a sphere 
of radius R. The top scale is the mean mass within the sphere. The 
vertical normalization is adjusted to make 8M/M agree with the 
observed fluctuation, 8N/N, in the count of bright galaxies at 
R = 8 h~x Mpc. This curve is based on the assumptions that the 
universe is dominated by very massive, weakly interacting particles 
and that the initial density fluctuations were adiabatic with power 
spectrum P cc k. 

pr > px. Shortward of the scale r fixed by mx (eq. [5]), 
the power spectrum is truncated by thermal motions so 
8M/M is independent of R. At large R, 8M/M oc R~2, 
which is the primeval spectrum. At 1 < Æ < 30 Mpc, 
8M/M varies roughly as R~125. 

Figure 1 can be compared to the curve tz = 1 in 
Figure 2 of Bond, Szalay, and Turner (1982). The short- 
wavelength cutoff in the latter curve results from the 
assumption mx ~ 1 keV. The Bond et al. curve peaks at 
M ~ 1012 M0 as does the Jeans mass found by 
Blumenthal, Pagels, and Primack (1982), both of which 
agree with the position of the break in Figure 1. This is 
consistent with the fact that mx — 1 keV is roughly 
equivalent to the limit of very large mx. 

By equations (18) and (19), the expected quadrupole 
moment of the microwave background is 

a2 = 3.5 X 1(T6. (20) 

Figure 1 shows 8M/M for h — t = \ and the normali- 
zation 

-^-{R = 8 Mpc) = 1, (19) 

which agrees with the rms fluctuation, 8N/N, in the 
counts of bright galaxies at R = S h~l Mpc (LSS § 59; 
Davis and Peebles 1983). At Æ<0.1 Mpc, 8M/M 
varies only slowly, as | log R |1/2, fluctuations with fixed 
variance per octave of R having been stored when 

For the case of baryon-dominated matter, Silk and 
Wilson (1981) found û2 “ 4 X 10~5. The larger value is 
the result of the much broader mass coherence length, 
which increases the integral J3 — fr2 dr £ (Peebles 
1981/7). 

The Boughn, Cheng, and Wilkinson (1981) measure- 
ments imply 02 ~ 3 X 10-4, but the more recent mea- 
surements of Lubin (1982) and Fixsen (1982) suggest the 
extragalactic anisotropy may be appreciably less than 
that and hence perhaps not inconsistent with equation 
(20). 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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LARGE-SCALE BACKGROUND TEMPERATURE AND MASS FLUCTUATIONS 
DUE TO SCALE-INVARIANT PRIMEVAL PERTURBATIONS 

P. J. E. Peebles 
Joseph Henry Laboratories, Physics Department, Princeton University 

Received 1982 July 2; accepted 1982 August 13 

ABSTRACT 
The large-scale anisotropy of the microwave background and the large-scale fluctuations in the 

mass distribution are discussed under the assumptions that the universe is dominated by very 
massive, weakly interacting particles and that the primeval density fluctuations were adiabatic with 
the scale-invariant spectrum P oc wavenumber. This model yields a characteristic mass comparable 
to that of a large galaxy independent of the particle mass, mx, if mx > 1 keV. The expected 
background temperature fluctuations are well below present observational limits. 
Subject headings: cosmic background radiation — cosmology — galaxies: formation 

I. INTRODUCTION 
It is useful to consider which scenarios for the nature 

and evolution of the mass distribution in the universe 
can fit the observations without undue contrivance. We 
may hope that as the observations improve the list of 
candidates will narrow, and that this process may in 
time help guide us to a fundamental theory of the origin 
of structure in the universe. The picture discussed here is 
motivated by the argument that, if the initial conditions 
for conventional classical cosmology were set at some 
exceedingly high redshift (perhaps the Planck time or 
the grand unified theory epoch), and if the initial condi- 
tions did not involve exceedingly large or small num- 
bers, then the cosmological density parameter ought to 
be ß = 1, and, assuming adiabatic density perturba- 
tions, the power spectrum P ought to be proportional to 
the wavenumber k (e.g., Hawking 1982). Density 
fluctuations on scales greater than the horizon are de- 
fined as in Peebles (1980, § 91, hereafter LSS). If P cc 
perturbations to the geometry diverge only as log k so 
the cutoffs can be at very large and small k and the 
spectrum can be truly scale invariant (Harrison 1970; 
Peebles and Yu 1970, § Via; Zerdovich 1972). Density 
fluctuations appearing on the horizon have a fixed value, 
SM/M ~ 10-4, and, as this number is not greatly dif- 
ferent from unity, we might imagine it is fixed by 
fundamental physics. 

Observational constraints include the measurements 
of background temperature fluctuations, ÔT/T < 1 X 
10“4 (Boughn, Cheng, and Wilkinson 1981; Melchiorri 
et al. 1981) and the estimate of the coherence length of 
the galaxy distribution. They tell us P oc A: is unaccept- 
able in the usual cosmology with baryons, electrons, 
radiation, and massless neutrinos. The observations of 
8T/T imply e < 1 X 10“4. The wanted growth factor 

~ 104 to make nonlinear density fluctuations form by 
the present epoch is obtained if Û ~ 1 (Silk and Wilson 
1981) because density fluctuations on scales greater than 
the matter-radiation Jeans length, \x, grow before de- 
coupling. However, Xx is large so it makes the mass 
autocorrelation function unacceptably broad (Silk and 
Wilson 1981; Peebles 1981a). Press and Vishniac (1980) 
emphasized that there is no hope for the development of 
appreciable density fluctuations on scales smaller than 
Ac- 

The problem is relieved if the universe is dominated 
by massive, weakly interacting particles because density 
fluctuations on small scales can grow before decoupling. 
This effect has been widely discussed in the case that the 
weakly interacting particle mass, mx, is some tens of 
electron volts (e.g., Doroshkevich et al. 1981 and refer- 
ences therein). If ß ~ 1, the mass coherence length is 
broad but perhaps not unacceptable (Peebles 1982 a). 
The case mx — 1 keV is discussed by Bond, Szalay, and 
Turner (1982) and Blumenthal, Pagels, and Primack 
(1982). I discuss here a particularly simple and perhaps 
important limiting case, mx> \ keV. The main results 
are the spectrum of mass fluctuations, which seems quite 
reasonable for the production of galaxies and clusters of 
galaxies, the statistical character of the background tem- 
perature fluctuations, and the expected size of the mass 
density anticorrelation at large separations. 

II. CALCULATION 
I assume zero cosmological constant and ß = 1, the 

mass being mainly in weakly interacting particles, mass 
mx. Following Davis et al. (1981), I take the particle 
distribution in phase space at u « c in the absence of 

LI 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

The WMAP satellite (2003) measurements found a2 = 5± 1⇥ 10�6
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No. 1, 1982 SCALE-INVARIANT PRIMEVAL PERTURBATIONS L3 
and the angular power spectrum of the background is 

(a,)2 = 6(a2)2/[/(/+!)]. (14) 

The 5-wave part a0 diverges, corresponding to the loga- 
rithmic divergence in the primeval spectrum P cc k. The 
/7-wave does not include the effect of our peculiar mo- 
tion. 

The autocorrelation function of the background tem- 
perature after the /7-wave has been eliminated is (LSS 
§46) 

HOn) = (TxT2)/(T)2 - 1 

- S(«/)2(2/+^^(cos Í12)/4W. (15) 
/> 1 

At 9U « 1 radian, this with equation (14) gives 

w(0) = (3/”)allog(®/6), (16) 

where © is on the order of the size of the field within 
which w(9) is measured. 

d) Mass Fluctuations 
A convenient measure is the rms fluctuation in the 

mass found within a randomly placed sphere of radius 
R. We have from equation (8) 

SM/M =32 S*(sin kR - kRcos kR)/{kR)\ 

(17) 

With equations (6) and (10), this gives the rms value 

8M 
M 

V(R)f=j 
k3 dk 

0 (1+ 6k + 2.65k2)2 

X (sin kR — kR cos kR )2 

{kR)6 (18) 

M/Mo 
I010 I012 I014 I016 I018 

Fig. 1.—The rms fluctuation in the mass found within a sphere 
of radius R. The top scale is the mean mass within the sphere. The 
vertical normalization is adjusted to make 8M/M agree with the 
observed fluctuation, 8N/N, in the count of bright galaxies at 
R = 8 h~x Mpc. This curve is based on the assumptions that the 
universe is dominated by very massive, weakly interacting particles 
and that the initial density fluctuations were adiabatic with power 
spectrum P cc k. 

pr > px. Shortward of the scale r fixed by mx (eq. [5]), 
the power spectrum is truncated by thermal motions so 
8M/M is independent of R. At large R, 8M/M oc R~2, 
which is the primeval spectrum. At 1 < Æ < 30 Mpc, 
8M/M varies roughly as R~125. 

Figure 1 can be compared to the curve tz = 1 in 
Figure 2 of Bond, Szalay, and Turner (1982). The short- 
wavelength cutoff in the latter curve results from the 
assumption mx ~ 1 keV. The Bond et al. curve peaks at 
M ~ 1012 M0 as does the Jeans mass found by 
Blumenthal, Pagels, and Primack (1982), both of which 
agree with the position of the break in Figure 1. This is 
consistent with the fact that mx — 1 keV is roughly 
equivalent to the limit of very large mx. 

By equations (18) and (19), the expected quadrupole 
moment of the microwave background is 

a2 = 3.5 X 1(T6. (20) 

Figure 1 shows 8M/M for h — t = \ and the normali- 
zation 

-^-{R = 8 Mpc) = 1, (19) 

which agrees with the rms fluctuation, 8N/N, in the 
counts of bright galaxies at R = S h~l Mpc (LSS § 59; 
Davis and Peebles 1983). At Æ<0.1 Mpc, 8M/M 
varies only slowly, as | log R |1/2, fluctuations with fixed 
variance per octave of R having been stored when 

For the case of baryon-dominated matter, Silk and 
Wilson (1981) found û2 “ 4 X 10~5. The larger value is 
the result of the much broader mass coherence length, 
which increases the integral J3 — fr2 dr £ (Peebles 
1981/7). 

The Boughn, Cheng, and Wilkinson (1981) measure- 
ments imply 02 ~ 3 X 10-4, but the more recent mea- 
surements of Lubin (1982) and Fixsen (1982) suggest the 
extragalactic anisotropy may be appreciably less than 
that and hence perhaps not inconsistent with equation 
(20). 
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LARGE-SCALE BACKGROUND TEMPERATURE AND MASS FLUCTUATIONS 
DUE TO SCALE-INVARIANT PRIMEVAL PERTURBATIONS 
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ABSTRACT 
The large-scale anisotropy of the microwave background and the large-scale fluctuations in the 

mass distribution are discussed under the assumptions that the universe is dominated by very 
massive, weakly interacting particles and that the primeval density fluctuations were adiabatic with 
the scale-invariant spectrum P oc wavenumber. This model yields a characteristic mass comparable 
to that of a large galaxy independent of the particle mass, mx, if mx > 1 keV. The expected 
background temperature fluctuations are well below present observational limits. 
Subject headings: cosmic background radiation — cosmology — galaxies: formation 

I. INTRODUCTION 
It is useful to consider which scenarios for the nature 

and evolution of the mass distribution in the universe 
can fit the observations without undue contrivance. We 
may hope that as the observations improve the list of 
candidates will narrow, and that this process may in 
time help guide us to a fundamental theory of the origin 
of structure in the universe. The picture discussed here is 
motivated by the argument that, if the initial conditions 
for conventional classical cosmology were set at some 
exceedingly high redshift (perhaps the Planck time or 
the grand unified theory epoch), and if the initial condi- 
tions did not involve exceedingly large or small num- 
bers, then the cosmological density parameter ought to 
be ß = 1, and, assuming adiabatic density perturba- 
tions, the power spectrum P ought to be proportional to 
the wavenumber k (e.g., Hawking 1982). Density 
fluctuations on scales greater than the horizon are de- 
fined as in Peebles (1980, § 91, hereafter LSS). If P cc 
perturbations to the geometry diverge only as log k so 
the cutoffs can be at very large and small k and the 
spectrum can be truly scale invariant (Harrison 1970; 
Peebles and Yu 1970, § Via; Zerdovich 1972). Density 
fluctuations appearing on the horizon have a fixed value, 
SM/M ~ 10-4, and, as this number is not greatly dif- 
ferent from unity, we might imagine it is fixed by 
fundamental physics. 

Observational constraints include the measurements 
of background temperature fluctuations, ÔT/T < 1 X 
10“4 (Boughn, Cheng, and Wilkinson 1981; Melchiorri 
et al. 1981) and the estimate of the coherence length of 
the galaxy distribution. They tell us P oc A: is unaccept- 
able in the usual cosmology with baryons, electrons, 
radiation, and massless neutrinos. The observations of 
8T/T imply e < 1 X 10“4. The wanted growth factor 

~ 104 to make nonlinear density fluctuations form by 
the present epoch is obtained if Û ~ 1 (Silk and Wilson 
1981) because density fluctuations on scales greater than 
the matter-radiation Jeans length, \x, grow before de- 
coupling. However, Xx is large so it makes the mass 
autocorrelation function unacceptably broad (Silk and 
Wilson 1981; Peebles 1981a). Press and Vishniac (1980) 
emphasized that there is no hope for the development of 
appreciable density fluctuations on scales smaller than 
Ac- 

The problem is relieved if the universe is dominated 
by massive, weakly interacting particles because density 
fluctuations on small scales can grow before decoupling. 
This effect has been widely discussed in the case that the 
weakly interacting particle mass, mx, is some tens of 
electron volts (e.g., Doroshkevich et al. 1981 and refer- 
ences therein). If ß ~ 1, the mass coherence length is 
broad but perhaps not unacceptable (Peebles 1982 a). 
The case mx — 1 keV is discussed by Bond, Szalay, and 
Turner (1982) and Blumenthal, Pagels, and Primack 
(1982). I discuss here a particularly simple and perhaps 
important limiting case, mx> \ keV. The main results 
are the spectrum of mass fluctuations, which seems quite 
reasonable for the production of galaxies and clusters of 
galaxies, the statistical character of the background tem- 
perature fluctuations, and the expected size of the mass 
density anticorrelation at large separations. 

II. CALCULATION 
I assume zero cosmological constant and ß = 1, the 

mass being mainly in weakly interacting particles, mass 
mx. Following Davis et al. (1981), I take the particle 
distribution in phase space at u « c in the absence of 

LI 
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The WMAP satellite (2003) measurements found a2 = 5± 1⇥ 10�6

The CDM Cosmology
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Cosmological constant = vacuum energy (dark energy)
    Modern view:
        Peebles     save speed of the evolution of structure formation

        MF-Takahara-Yamashita-Yoshii  March 1990
        Efstathiou-Sutherland-Maddox   1990
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                            SNIa     m-z   fainter at high z
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vs. CDM dominated model

H0 = 67.4 ± 0.5 km/s · Mpc
�m = 0.315 ± 0.007
�� = 0.686 ± 0.007
K = �0 + �� � 1 = 0.0007 ± 0.0019
�b = 0.0492 ± 0.0011 (i.e. DM/baryon = 5.4)
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Cosmology started off with pure thought

To 1965 (= discovery of CMB)

       with little pieces of observational indications 

1965 to Post CMB

        What is CMB

        CMB - cosmic structure connexion

         Studies of large scale structure

         Observational cosmology,  or observationally driven, …

Here the great role of Jim Peebles!
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