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”"Expanding Universe and the Origin of Elements”, Gamow,

1946 Phys. Rev. JEFEENEE

"The Origin of Chemical Elements”, Alpher, Bethe, Gamow,
1948, Phys. Rev. EE[EDEUE ﬁﬁ’a‘%ﬁ

— “The Evolution of the Universe”, Gamow, 1948 Nature ¥ & &
BHADENM Y-V XEEZETHE 2.7x10" Mg,

« FHIMDVOKRE=WMHTOF AL, Alpher&EHerman

“Evolution of the Universe”, Alpher, Herman, 1948 Nature:
“the temperature in the universe at the present time is found
to be about5° K”




PHYSICAL REVIEW

Letters to the Editor

UBLICATION of brief reports of important discoveries

in physics may be secured by addressing them to this
department. The closing date for this department is five weeks
prior to the date of issue. No proof will be sent to the authors.
The Board of Editors does not hold itself responsible for the
opinions expressed by the correspondents. Communications
should not exceed 600 words in length.

The Origin of Chemical Elements

R. A. ALPHER¥

Applied Physics Laboratory, The Johns Hopkins University,
Silver Spring, Maryland

AND

H. BETHE
Cornell University, Ithaca, New York

AND

G. Gamow
The George Washington University, Washington, D. C.
February 18, 1948

S pointed out by one of us,! various nuclear species
must have originated not as the result of an equilib-

oByam X

VOLUME 73,

NUMBER 7 APRIL 1, 1948

We may remark at first that the building-up process was
apparently completed when the temperature of the neutron
gas was still rather high, since otherwise the observed
abundances would have been strongly affected by the
resonances in the region of the slow neutrons. According to
Hughes,? the neutron capture cross sections of various
elements (for neutron energies of about 1 Mev) increase
exponentially with atomic number halfway up the periodic
system, remaining approximately constant for heavier
elements.

Using these cross sections, one finds by integrating
Eqgs. (1) as shown in Fig. 1 that the relative abundances of
various nuclear species decrease rapidly for the lighter
elements and remain approximately constant for the ele-
ments heavier than silver. In order to fit the calculated
curve with the observed abundances® it is necessary to
assume the integral of p,dt during the building-up period is
equal to 5X10* g sec./cm?.

On the other hand, according to the relativistic theory of
the expanding universe* the density dependence on time is
given by p=2108/#2. Since the integral of this expression
diverges at t=0, it is necessary to assume that the building-
up process began at a certain time ¢, satisfying the
relation:

j: " (10y/2)i25 X 101, @)

FHAHEHEFDOH
(R FEGF DD
DI CLVECEICR D
WzDXREBDI T HE)

light-years. The temperature of the gas at the time of

condensation was 600° K., and the temperature in_the
universe at the present time is found to be about|5° K.

We hope to publish the details of these calculations
in the near future.
Our thanks are due to Dr. G. Gamow for the pro-

Alpher and Herman
Nature 1948

posal of the topic and his constant encouragement
during the process of error-hunting. We wish also
to thank Dr. J. W. Follin, jun., for his kindness in
performing the integrations required for the determ-
ination of «, on a Reeves Analogue Computer.
The work described in this letter was supported by
the United States Navy, Bureau of Ordnance, under
Contract NOrd-7386.

Rarpa A. ALPHER

ROBERT HERMAN



Big Bang vs. Steady State

Big Bang Cosmology (Gamow)
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* AplJ Letter, Vol 142

— Dicke, Peebles, Roll, Wilkinson, “COSMIC BLACK- BODY
RADIATION” p414-419: B KD R F 5 HEID E
LN

— Penzias, Wilson, "A MEASUREMENT OF EXCESS _
ANTENNA TEIVIPERATURE AT 4080 Mc/s” p419-421: %
EDFER (EE2R—IDEHN)

* AplJ Vol 142

U.uu |

— Peebles, “THE BLACK-BODY RADIATION CONTENT OF
THE UNIVERSE AND THE FORMATION OF GALAXIES”
p1317: M VIR E R RSTERARZBDE R (V-
AT E M)
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“for their discovery of cosmic microwave
background radiation” (1/49 D)
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— Peeblesld . ”Dicke should have been included. He
invented key technology, and he initiated the
experiment that led to the recognition of this most

informative fossil from the Big Bang.”& A b
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Recombination Process
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Peebles, "Recombination of the Primeval Plasma”, ApJ
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THE ASTROPHYSICAL JOURNAL, Vol. 153, July 1968

RECOMBINATION OF THE PRIMEVAL PLASMA*

P. J. E. PEEBLES
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
Received December 11, 1967

ABSTRACT

A theory is presented for the plasma recombination that would have taken place when the Universe
had expanded and cooled to a Primeval Fireball temperature of about 4000° K. The computed residual
ionization of the hydrogen following this recombination is in the range of 2 X 10~% to 2 X 10, depend-
ing on the assumed cosmological model. In the closed cosmological model the matter temperature would
have effectively decoupled from the radiation at a temperature of 1200° K, while in the lowest density
model the matter temperature would not have fallen much below the radiation temperature before the
galaxies formed. Also computed is the effect of the recombination radiation on the spectrum of the Prime-

val Fireball.
TABLE 1
RECOMBINATION OF THE PLASMA®
T ture Fractiomal 2
CR | losisation % ct _4a Z'_') - [‘°”‘ — g, M c-(B.-B.)IkT]C ’
5000 . ... 0.996 0 00017 dt \n n n
% ..... .:z) 8.00013
0 o g""’”%:’ C = [1 4+ KAs, yom]
2500 00092 0.25 [1 4+ K(Az1s + Be)n
2000 ... 000123 0.96
1500 . ... 0. 000053 1.00

* Flat cosmological model, g0 = L8 X 10" gm cm* s
the present mean mass demsity.

1 Equation (31),
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* Sachs, Wolf, “Perturbations of a Cosmological Model
and Angular Variations of the Microwave
Background "1967, ApJ 147 p73




PERTURBATIONS OF A COSMOLOGICAL MODEL AND ANGULAR
VARIATIONS OF THE MICROWAVE BACKGROUND

R. K. Sacus anp A. M. WoLFE
Relativity Center, The University of Texas, Austin, Texas
Received May 13, 1966
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THE ASTROPHYSICAL JOURNAL, 162:815-836, December 1970
© 1970 The University of Chicago All rights reserved Priated in U S.A.

PRIMEVAL ADIABATIC PERTURBATION
IN AN EXPANDING UNIVERSE*

P. J. E. PeeBLest
Joseph Henry Laboratories, Princeton University
AND

J. T. Yui
Goddard Institute for Space Studies, NASA, New York
Received 1970 January 5; revised 1970 A pril 1
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THE ASTROPHYSICAL JOURNAL, 285:1.39-1.43, 1984 October 15
© 1984, The Amencan Astronomical Society. All rights reserved. Printed in US A

FINE-SCALE ANISOTROPY OF THE COSMIC MICROWAVE BACKGROUND IN A
UNIVERSE DOMINATED BY COLD DARK MATTER

Nicora VITTORIO
Department of Astronomy, University of California, Berkeley; and Istituto Astronomico, Universita di Roma “La Sapienza,” Roma

AND
JosepPH SILK

THE ASTROPHYSICAL JOURNAL, 285:1.45-1.48, 1984 October 15

COSMIC BACKGROUND RADIATION ANISOTROPIES IN UNIVERSES
DOMINATED BY NONBARYONIC DARK MATTER

J. R. BonD*? AND G. EFSTATHIOU >3
Received 1984 June 4; accepted 1984 July 17

TABLE 1
CoLD DARK MATTER FLUCTUATION PARAMETERS
C)'\/* AT/T J5(x0)

Q Qp hy aMpc) b(Mpe) c¢(Mpc) v 0, (arcmin) B x10°  x10% (A3 Mpc?) Zu Zren Qpc

1) @ 3 4) (5) (6) ) )] 9 Qo (11) (12) 13) (14 (15 (16)
1.0 ......... 0.03 0.75 11.3 5.29 310 1.13 8.4 0.94 1.2 0.28 210 340 30 117 19x10°°
1.0 ......... 0.03 0.50 231 11.4 648 1.25 8.8 1.25 2.8 0.42 190 380 20 151 6.9 x 10715
04 ......... 0.03 0.75 23.5 17.3 715 1.07 5.2 0.90 3.0 1.1 180 450 25 8 12 x10°°
03 ......... 0.03 0.75 371 21.1 10.8 1.12 4.5 0.88 44 1.8 170 470 20 79 42 x107°
02 ......... 0.03 0.75 48.2 31.6 15.6 1.30 3.7 0.94 8.0 3.6 160 520 19 70 1.9 x10°°
02 ......... 0.10 0.75 76.2 71.1 27.7 2.15 52 1.82 22.0 7.9 150 580 15 32 26 %1073
02 ......... 0.03 1.00 37.9 18.4 10.1 1.21 3.9 0.75 5.4 2.3 170 490 23 58 2.7 x1074
02 ......... 0.03 050 207.0 479 38.5 1.73 3.6 1.22 15.6 7.2 160 530 24 91 1.1 x10°°
CIA SUTVEY . 180 550

Xoh MIDC 7.5 15
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The statistics of cosmic background radiation
fluctuations

J. R. Bond canadian institute for Theoretical Astrophysics, Toronto, ON M5S 1A1,
Canada

G. Efstathiou stz of Astronomy, Madingley Road, Cambridge CB3 OHA and
Institute for Advanced Study, Princeton, NJ 08540, USA

Accepted 1987 January 9. Received 1986 November 25

Cosmic ba

L B ] I LENEL B B | Tr o o r
! (a) adiabatic h=0.75 ’ C(0)=Y6(A1(41) A1(§2))  cos(6)=4,-4>,
L - 1

C(B)=-—— ) (21+1) C;P|(cos B).

B - 4 1
: 1 T(q)=To[1+ Ar(d, x=0, 70)/4]
- 1 =To,al'Y7'(9).
- — im
“ ' - (@7 aFY=81p S Cpy 1#0.
la polarization . 1 V, = , ,
i L Ci=—| k“dk| Anlk,1)!|".

gl 1"1 pa e e bgay L : 8”[0 l Tl( 0)|
0 1 3

e
log ¢t



CMB®MER Al

» RIS DTSR

— 19884

. Nagoya-Berkley Exp.D 2B ETHhbD K

8739 NERE Matsumoto et el., ApJ 329 567

— 19894,

RiRE—

Frequency (cm™)

COBE/FIRASICL 2 TRTE . 104LANILTIE
1 Mather et al., 1990 ApJ 354 L37

X ‘ 4 s e e ic 4 - 1B S
1 10 100 P e T
T T T ) 4 S !
. Work f“ . b . Fit -
1:) = . ., Q. i' smooth curve is the best 4 -
C% 4 g - dlockbody spectrus »
.‘ -
« ‘? T n .
b] -
o b |
2
By \ :
o ‘ | o
X | =
‘ -V‘
- :
[ |
10 | F \‘
[ i ) = A
cm Imm 100um 12 14 ¢ o
Wavelength y yclos/ce o Lof



CMBDER A

e JBEIELE COBE/DMRHI1992FICHK REEHE

THE ASTROPHYSICAL JOURNAL, 396:LI-L5, 1992 September |

STRUCTURE IN THE COBE' DIFFERENTIAL MICROWAVE RADIOMETER FIRST-YEAR MAPS

G. F. SmooTt,2 C. L. BenneTT,? A, KoGguT,* E. L. WRIGHT,? J. AymMoN,2 N. W. BogaGess,? E. S. CHENG.?
G. DE AmicL? S. Gurkis,® M. G. Hauser,? G. HINsHAW.* P. D. JACKSON,” M. JANSSEN,®
E. Kaita,” T. KeLsaLr,? P. KEeGSTRA,” C. LINEWEAVER,? K. LOEWENSTEIN,” P. LUBIN,®
J. MaTHER,? S. S. MEYER,? S. H. MoseLey,? T. Murpock,'® L. ROKKE,”
R. F. SILVERBERG,> L. TENORIO,? R. WEIsS,? AND D. T. WiLKINSON'!

Received 1992 April 21 ; accepted 1992 June 12
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Ap] 395: .59-1.63, 1992 August 20 FNgi !

THE ASTROPHYSICAL JOURNAL, 395:L59-L63, 1992 August 20
i 1992. The American Astronomical Society. All rights reserved. Printed in U.S.A,

SURVIVING COSMOLOGICAL MODELS AFTER THE DISCOVERY OF LARGE-ANGLE
ANISOTROPIES OF THE COSMIC MICROWAVE BACKGROUND

NAOTERU GOUDA
Department of Physics, Faculty of Science, Kyoto University, Kyoto 606, Japan

AND

NAOSHI SUGIYAMA
Department of Physics, Faculty of Science, The University of Tokyo, Tokyo 113, Japan
Received 1992 May 4. accepted 1992 June 10

ABSTRACT

Using new and first detections of the rms temperature fluctuations at 10° and the quadrupole anisotropy on
the cosmic microwave background radiation by the COBE group together with the upper limits on small-scale
anisotropies, constraints on various cosmological models are obtained. Complete analysis of the quadrupole
anisotropy for flat and open universe models has been done. We calculate not only the Sachs-Wolfe effect and
the effect of time variation of the gravitational potential, but also the intrinsic fluctuations from the initial
perturbations at the decoupling time which play an important role in many cosmological models, in particu-
lar, models with initially isocurvature perturbations. With the results of COBE and the upper limits on small-
angle observations of temperature fluctuations, we found that CDMs with h = 1.0 and HDMs with h = 0.5
are surviving if we consider only models which are consistent with the inflationary scenario. On the other
hand, provided that the density parameter Q is very low, there is no model which is consistent with all scale
observations of temperature fluctuations and observations of galaxy correlation functions.

Subject headings: cosmology: cosmic microwave background — dark matter



TABLE 1
CONSTRAINTS ON COsSMOLOGICAL MODELS

Model 715 1° Quadrupole All
BDM adiabatic:
h=10,n=0............ No constraint No constraint 0.75 = 2 < 0.82 0.75 < ©Q < 0.82
h=10n= 1...._....... 0.16 < < 0.86 0.10 = Q < 0.74 0.62 < Q2 < 0.90 062 =2 < 0.74
h=10n=2_...._....... No region No region 0.40 <= Q No region
h=05 n=0............ 017 <= 022 <= Q No region No region
h=05n=1............ No region No region 0.65 <= Q2 < 081 No region
n=05 n=2............ No region No region 040 < Q No region
BIDM isocurvature:
h=10, n=0_...__....... No constraint No constrant 0.75 = 2 <092 0.75 <= 2 < 092
h= 10, n=1_........... No constraint No constraint 055 =<=Q 055 =02
h=10,n=2............ No region No region 030 = Q No region
h=05 n=0............ No constraint 013 = No region No region
h=05 n=1._............ 0.10 = O 027 <=2 0.26 < 2 < 0.89 027 = Q < 0.89
h=05 n=2_........... No region No region No constraint No region
Peebles:
h=10.n=1............ No constraint No constraint Q < 0.84 Q < 0.84
h=10.n=2_........... No constraint No region No constraint No region
h=10.n=3_............ No constraint No region Q < 0.18 No region
h=0S5 n=1_._.......... No constraint No constraint Q < 0.74 Q< 0.74
h=05 n=2............ No constraint No region No constraint No region
h=05. n=3....ccicc... No constraint No region 0Q =< 049 No region
CDM adiabatic:
h=10,n=0............ 0,13 <= Q 0.13 =2 No region No region
h=10,n=1............ 063 = Q Q~ 1.0 062 <O Q~ 1.0
h=10,n=2............ No region No region 0.53 = Q No region
h=05 n=0............ No constraint No constraint No region No region
h=05 n=1............ 080 = Q No region 0.64 < O No region
h=05 n=2____........ No region No region 0.53 =2 No region
CDM isocurvature:
h=10,n=0............ No constraint No constraint Q < 0.54 Q < 0.54
h=10.n=1............ No constraint No constraint No constraint No constraint
h=10.n=2............ 055 = Q No region No constraint No region
h=05 n=0.._._........ No constraint No constraint Q < 0.55 Q2 =< 0.55
h=05 n=1............ No constraint 0.10 = O No constraint 0.10 =2
h=05 n=2............ 040 = O No region No constraint No region
HDM adiabatic:
h=10,n=0............ No constraint No constraint 040 = Q < 0.60 040 <= 2 < 0.60
h=10,n=1............ 065 = No region No constraint No region
h=10,n=2..._......... No region No region Q< 0.59 No region
h=05 n=0..___....... No constraint No constraint No region No region
h=0S5 n=1............ 0.78 = Q 0.72 = No constraint 0.78 < Q2
h=0S5n=2............ No region No region Q < 0.68 No region

NoT1E.—If there remains no allowed region on the density parameter, we indicate No region. If the model is not
constrained, we indicate No constraint.
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Table 17 Bennett et al. 2013 Ap] Suppl
Cosmological Parameter Summary
Parameter Symbol WMAP? WMAP+eCMB+BAO+H*?
Six-parameter ACDM fit parameters®
Physical baryon density Q,h? 0.02264 + 0.00050 0.02223 £ 0.00033
Physical cold dark matter density Q. h? 0.1138 + 0.0045 0.1153 +0.0019
Dark energy density (w = —1) Qa 0.721 £ 0.025 0.7135*4,00%
Curvature perturbations (kg = 0.002 Mpc~1)d 10°A%, 2.4140.10 2.464 £+ 0.072
Scalar spectral index g 0.972 £ 0.013 0.9608 £ 0.0080
Reionization optical depth T 0.089 £0.014 0.081 £0.012
Amplitude of SZ power spectrum template Asz <2.0 (95% CL) <1.0 (95% CL)
Six-parameter ACDM fit: derived parameters®
Age of the universe (Gyr) ) 13.74 £0.11 13.772 £ 0.059
Hubble parameter, Hy = 1004 (km s~! Mpc™1) Hy 70.0 £ 2.2 69.32 4 0.80
Density fluctuations @ 8 h~! (Mpc) o3 0.821 + 0.023 0.820%9013,
Velocity fluctuations @ 8 h~! (Mpc) 03 Q0 0.434 4+ 0.029 0.439 4+ 0.012
Velocity fluctuations @ 8 1~ (Mpc) o QU6 0.382 £ 0.029 0.387 £ 0.012
Baryon density/critical density Qy 0.0463 £ 0.0024 0.04628 £+ 0.00093
Cold dark matter density /critical density Q, 0.233 £ 0.023 0.2402+9008%
Matter density/critical density (Q + €2) Qy 0.279 = 0.025 0.2865H%.00%C
Physical matter density Q,,h? 0.1364 £+ 0.0044 0.1376 + 0.0020
Current baryon density (cm™>)f np (2.542 + 0.056) x 10~/ (2.497 £ 0.037) x 1077
Current photon density (cm™3)8 ny 410.72 £ 0.26 410.72 £ 0.26
Baryon/photon ratio n (6.19 £0.14) x 10719 (6.079 4 0.090) x 1010
Redshift of matter-radiation equality Zeq 3265t11%6,5 3293 £ 47
Angular diameter distance to zeq (Mpc) da(zZeq) 14194 + 117 1417316665
Horizon scale at zeq (h/Mpc) keq 0.00996 £ 0.00032 0.01004 £ 0.00014
Angular horizon scale at zeq leq 139.7 £3.5 140.7 £ 1.4
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Parameter Planck alone Planck + BAO
Quh? ... ... 0.02237 += 0.00015 0.02242 + 0.00014
Q... ... 0.1200 + 0.0012 0.11933 + 0.00091
1006yic .. ... ... 1.04092 + 0.00031 1.04101 = 0.00029
T oo e 0.0544 + 0.0073 0.0561 +0.0071
In(10'°Ay) ... ... 3.044 +0.014 3.047 +0.014
g v oeee e e 0.9649 + 0.0042 0.9665 + 0.0038
Hy ........... 67.36 + 0.54 67.66 + 0.42
QA oo 0.6847 + 0.0073 0.6889 + 0.0056
Qu oo 0.3153 +0.0073 0.3111 +0.0056
Quh?. ... ... .. 0.1430 + 0.0011 0.14240 + 0.00087
Quh®. ... .. 0.09633 + 0.00030 0.09635 + 0.00030
o S 0.8111 +0.0060 0.8102 + 0.0060
0g(Q/0.3)0 0.832 +0.013 0.825 +0.011
e o v vemee e 7.67 +0.73 7.82+0.71
Age[Gyr] ...... 13.797 + 0.023 13.787 + 0.020
rMpcl........ 144.43 +0.26 144.57 +0.22
1006, ......... 1.04110 + 0.00031 1.04119 = 0.00029
Farag(MpC] . ... L. 147.09 + 0.26 147.57 +0.22
Toqe v v oo eeeeenn 3402 + 26 3387 + 21
keq[Mpc oo 0.010384 + 0.000081 0.010339 + 0.000063

Planck Collaboration, 2019



BAS M >F-FEHDE

13718 R%

TTHR
4.63%

: : : FELVTLVD
XK= I RIF—, F—072—F BLELsER)
ffENEFH 1%




PLANCKT (& ?

137.97{E %

TTHR
4.95%

: : : FELVTLVD
XK= I RIF—, F—072—F BLELsER)
ffENEFH 1%




WMAP allone, ﬁxeh Qyih?, chZ lH
1.0 o 0
Hiweds (km s—1|\/|pc—1)
08 (1) Angular Diameter 5
| ( ) Qr_rur 40
50
0.6 |-
"X 80
0.4 |- 82 00
%y, 'S S 100
0.2 |- i, 0
o 3-%;.‘?..
..,::.;}%f_
0.0 K
| | | | |\ | AN
00 02 04 06 08 1.0 1.2 14




o Likelihood&TF—4(Z3#,

BIIERFIOND,

I3, EC3

+a % (precision) E1Ef# (accurate)(d Al

B 89 XZ(dAccurate Cosmology

Jim Peebles

IGE




FEHET R

« CMBD¥)IE
— Peebles?1965-1970N1EETIFIFEEEINT
— FBETIEPINE/ —ANIEQFLER BHTEITSNFET

° *il-l-l ﬂnﬂﬂ(j:tc_i_czb E&)bﬂé
— CMBIE & X THRZEICEHA
—- BEF, KIREEEDFHL TSR S5

— ZOHTICIR DE RN HBDH . accurate cosmologylidD
TW30h., BISEENVE @

« CMBDEENIZ70VT47
— B modef®Jt (HBEShDFEE)







