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Prediction of the CMB

What is the origin of chemical elements and how can
one explain their relative abundances!’

Extrapolating the expansion rate backwards to
energy densities necessary for element formation,
Gamow in 1946 writes:

Returning to our problem of the formation of elements,
we see that the conditions necessary for rapid nuclear
reactions were existing only for a very short lime, so that it
may be quite dangerous to speak about an equilibrium-
state which must have been established during this period.

casting doubt on the previously held idea that the
chemical elements formed in an equilibrium process.
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Prediction of the CMB

Based on this observation, Alpher, Bethe, Gamow in 1948
propose that elements formed by neutron capture

dn; .

—"17=f(t)(a;_.1m_1—o'm.‘) 1=1,2--.238,
With cross sections, and assuming all elements are
created through this process, one can fit the observed

abundances to determine
tq

/ N, dt

to
ty

or equivalently / ppdt using p, = mny,

to
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Prediction of the CMB

(o] 0 100 150 200 250

FiG. 1,

Alpher, Bethe, Gamow give a value that is wrong
(by 10 orders of magnitude)
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Prediction of the CMB

Alpher corrected the mistake in 1948, and finds
ty

/ n,dt = 0.81 x 1018

to

IS

cms

using this procedure.

If the universe were only filled with nucleons at this time,
one would have

pe~t/Tn h 3H* 1
f[ln % - Wlt F) — ~ — . ¢
My, G 61Gt?
t t
] ) ')—t/T'u.
d N, dt = ¢
an Ny dt = ' :
, l J 6mGm,t?
to to
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Prediction of the CMB

Assuming the process takes a time comparable to the
neutron lifetime, the observed abundances imply a start
time

The universe would consist of only hydrogen!

As Alpher points out, a hot big bang in which the universe
is filled with black body radiation in addition to matter at
the time of element formation provides a way out.
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Prediction of the CMB

A flaw with these estimates is that the gap at A=5,8
implies that the heavy elements cannot be formed by
neutron capture in the early universe.

Gamow 1948 provides an alternative estimate that
is on the right track.

Before heavy elements can form, deuterium must
form.

Ny pOp U ~ H

Page 9/93



Prediction of the CMB

with the known capture cross section for fast
neutrons on hydrogen

-—C !
o, ~ 4 x 10 29 e ?
. 9.
and velocity v~ 10"cm/s

this implies
S

3 20)
Nt ~ ~ 10% 5

TpV cm

In a matter dominated universe this again implies a
start time
to = 10s > 7,

and a universe filled only with hydrogen.
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Prediction of the CMB

Based on this both Alpher and Gamow consider a hot big
bang with a universe dominated by black radiation at early
times.

An estimate of the temperature of this radiation today is
also given

In fact, we find that the value of p,
consistent with Eq. (4) is
pr 2107 g /cms, (12d)

which corresponds to a temperature now of the
order of 5°K.
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Prediction of the CMB

This prediction of the CMB was forgotten because

® it became clear that heavy elements could not
have formed in this way because no stable nuclei
with A=5,8 exist

® nucleosynthesis in stars became better
understood and was able explain the heavy
elements

® with heavy elements forming in stars, it was
natural to suspect the light elements also formed
in stars, even if it was not yet understood how
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Prediction of the CMB

The irony is that there was evidence for radiation at a
few K from 1941

MOLECULAR LINES FROM THE LOWEST STATES OF DIATOMIC
MOLECULES COMPOSED OF ATOMS PROBABLY PRESENT
IN INTERSTELLAR SPACE

BY ANDREW McKELLAR

Thus from (3) we find, for the region
of space where the CN absorption takes place, the ‘‘rotational” temperature,

T = 2°3K.
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Discovery of the CMB

Dicke 1964:

Could a bounce set up a “fireball”, a universe filled with
hot and dense radiation left over and detectable today?
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Discovery of the CMB

Dicke 1964:

Could a bounce set up a “fireball”, a universe filled with
hot and dense radiation left over and detectable today?

Jim Peebles working on the theory
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Discovery of the CMB

Dicke 1964:

Could a bounce set up a “fireball”, a universe filled with
hot and dense radiation left over and detectable today?

Jim Peebles working on the theory

Roll and Wilkinson with the microwave radiometer
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Discovery of the CMB

Meanwhile 30 miles away:

Penzias and Wilson are troubled by noise in their
experiment
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Discovery of the CMB

Penzias and Wilson are informed by Bernie Burke who
is informed by Ken Turner of a talk given by Jim
Peebles

COSMIC BLACK-BODY RADIATION*

R. H. Dicke

P. J. E. PEEBLES
P. G. RoLL
D.T. WILKINSON

May 7, 1965
PALMER PHYSICAL LABORATORY
PrINCETON, NEW JERSEY

A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Mc/s
A. A. PENzZIAS
R. W. WiLsoN
May 13, 1965

Berr TELErHONE LaBORATORIES, INC
Crawrorp Hirr, HoLMpEL, NEW JERSEY
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Discovery of the CMB

Additional measurements are required to confirm the
interpretation

COSMIC BACKGROUND RADIATION AT 3.2 cm —SUPPORT FOR COSMIC BLACK-BODY RADIATION*
P. G. Rollt and David T, Wilkinson

Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received 27 January 1966)
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Discovery of the CMB

COSMOLOGICAL BACKGROUND RADIATION
SATELLITE

-

J. Mather
P. Thaddeus
Goddard Institute for Space Studles

R. Weiss
D. Muehlner
Massachusetts Institute of Technology

D. T. Wilkinson
Princeton University -

M. G. Hauser

R. F. Silverberg
Goddard Space Flight Center

'OCTOBER 1974
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Discovery of the CMB

A PRELIMINARY MEASUREMENT OF THE COSMIC MICROWAYE BACKGROUND
SPECTRUM BY THE COSMIC BACKGROUND EXPLORER (COBE)' SATELLITE
J. C. MatHeR,? E. S, CHenG,” R, E. ErLeg, Jr, * R, B, IsaacMman,” S. S. Mever,* R, A. SHAFer,” R, Wess,*
E. L. WriaHT,” C. L. BenneTT, N, W. Boaaess,” E. Dwek,? S, Guikis,® M, G. Hauser,? M. Janssen,®
T. KELsarr,” P. M. Lumin,” S. H. MosgLgy, Jr.,? T. L. Murpock,® R, F. SiLversera,? G. F. Smoor,”
AND D. T, WiLkiNsoN'®
Received 1990 January 16 accepied 1990 February 19
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Discovery of the CMB

An Attempt to Measure the Far Infrared Spectrum of the Cosmic
Background Radiation

H. P. GusH
Department of Physics, University of British Columbia, Vancouver, British Columbia
Received August 13, 1973

A liquid helium cooled two-beam far infrared interferometer has been successfully
flown in a Black Brant III B rocket. The detector was a germanium bolometer cooled
to a temperature of 0.37 K by a liquid He® refrigerator. The sensitive range was between
approximately 5 and 50 em™, Satisfactory cosmic spectra were not obtained because of
contamination by radiation from the earth.
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Discovery of the CMB

VOLUME 65, NUMBER § PHYSICAL REVIEW LETTERS 30 JuLy 1990

Rocket Measurement of the Cosmic-Background-Radiation mm-Wave Spectrum

H. P. Gush, M. Halpern, and E. H, Wishnow

Depariment of Physics, University of British Columbia, Vancouver, Canada V6T 246
(Received 10 May 1990)
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Spectrum of the CMB

At early times, (mostly)

Compton scattering e +v—>e +7
Double Compton scattering e +y—oe +v+7

Bremsstrahlung e +e e e 47

keep matter and radiation in thermal equilibrium and lead to
a black body spectrum for the photons.

Smldy

exp (hv/kT(t)) — 1

nr (v)dy =
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Spectrum of the CMB

At some point radiation no longer efficiently scatters
off matter and thermal equilibrium is no longer
maintained.

So (why) do we expect to observe a black body
spectrum today?

Consider an idealization:

* All photons last scatter at same time
* Black body spectrum until last scattering
* |[gnore processes that inject photons
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Spectrum of the CMB

Or put differently, how does the expansion affect the
spectrum

(.'L( t L )
a(t)

3
‘HT(,)(V)(!L/( ) nre,y (va(t)/a(ty)) d(va(t)/a(ty))

or o,
Srrdy

nr ) (v)dv exp (hv/kT(t)) — 1

with

T(t) = T(t)~

For massless quanta the expansion preserves a black body
distribution after last scattering
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Spectrum of the CMB

This remains true if last scattering is not instantaneous
provided scattering events around last scattering do not
change the photon energies

When does last scattering occur?
Photons will scatter efficiently as long as

neorc 2 H
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Spectrum of the CMB

When does (re)combination occur?

In thermal equilibrium

N1« ( mekT

2 2mh?

—3/2
) exp (B/kT)

Neutrality implies n. = n,, (after Helium recombination)
Ne

The free electron fraction z, = ——
Ny + N

then satisfies the Saha equation

Whahod
2mh?

L

2 = (1 o }FJY.H(%)”EJ (

i

-3/2
) exp (B/kT)
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Spectrum of the CMB

When does (re)combination occur?

In thermal equilibrium

N1« ( mekT

2 2mh?

—3/2
) exp (B/kT)

Neutrality implies n. = n,, (after Helium recombination)
Ne

The free electron fraction z, = ——
Ny + N

then satisfies the Saha equation

Whahod
2mh?

L

2 = (1 o }FJY.H(%)”EJ (

i

-3/2
) exp (B/kT)
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Spectrum of the CMB

When does (re)combination occur?

In thermal equilibrium between 3000K and 4000K
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Spectrum of the CMB

However, recombination occurs out of equilibrium

® photons emitted when electrons are captured
into low lying energy levels ionize other atoms

® photons emitted in transitions from highly
excited states to low lying states excite other

atoms

® Ly-aphotons excite other atoms from the
ground state, making 2p — 1srecombination
inefficient so that2s — 1s is relevant
Peebles and independently Zel'dovich, Kurt, Sunyaev
in 1968 derived
dx,

T —C'lanpze — (1 — 2.)B exp(F12/kT)]
il
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Spectrum of the CMB

Including departures from equilibrium delay
recombination
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Spectrum of the CMB

So photons last scatter around 3000K.
Is energy still exchanged efficiently then?

kT o
—n.opc < H below 10° K
Me

Thomson scattering can only modify the spectrum
at temperatures above 10” /&, not around last
scattering.

So the spectrum is preserved even if not all photons
last scatter at the same instant.
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Spectrum of the CMB

However, if a process injects photons around
recombination, we expect small spectral distortions

m._'u
—————— HI spectrum
Hel spectrum
————— Hell spectrum
= Total distortion
= Totul distortion /w fecdback
10 n  High-v
L distortion
. re-processed
-
7
N
) / "
n w| |
;r: 10 / i ‘|
iy i
= |
— I
d )l’
|
|
-29 |
10 i
|
_f |
j,f' Hel absorption features — I
/ I
|
|
1 |
T
0.1 | 10 100 1000

v [GHz]

(Chluba, Ali-Haimoud 2015)
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Spectrum of the CMB

Above 10° K energy is exchanged efficiently, but until
when are photons efficiently produced?

Double Compton scattering is inefficient when

)
kT \~ :
v ( ) neopce < H ie.below6 x 10°K

Mg
So
T>6x10°K black body
10°K < T <6x 10°K (L -era

T < 10°K y-era
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Spectrum of the CMB

Spectral distortions from reionization

Interactions of photons with hot electrons from
reionization is described by the Kompaneets equation

4ON,(w)
Ow

ON,(w) neor 0
ot mew? Ow

[k T.w +w' N, (w)(1 + N’y(w))]

For small distortions of the black body spectrum
N,(w) = N, (w) + AN, (w)
this becomes

OAN,(w) neop 0
ot  omew? Ow

{k(l — Tw 10N()]

ow
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Spectrum of the CMB

Spectral distortions

Monopole distortion signals
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I,[W/m?sr Hz]

Spectrum of the CMB

Note the scale
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Spectrum of the CMB

Rather remarkably, potential small distortions may be
detectable in future experiments

Primordial
Inflation
Explorer
(PIXIE)

PRISM

(Neither was funded but hopefully some such experiment will be)
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Thermal History

We now know the behavior of the universe to fairly
high redshifts or early times

0<z<0.3 dark energy P~ po§da
ap\ 3
0.3<2<3300 matter 0= posd,, (T)
(
. () 4
3300<z<? radiation 0= poSl, (_)
a

This holds until temperatures become so high that ¢

form

¢ pairs

T ~ 511keV ~ 6 x 10K
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Thermal History

Weak and electromagnetic interactions rapidly thermalize
the universe at early times and

AT, ey tps fuy --.)

o 0 T T —

S(T, ey fops fuy ---)

We know chemical potentials for electrons and protons are
small, if we assume chemical potentials for neutrinos are
negligible as well
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Thermal History
The first law of thermodynamics

dU = TdS — pdV

then leads us to

_Ptp
R
dp  p+p
df* T

In addition, for adiabatic processes

sa‘; = const
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Thermal History

To close the system of equations, we need equation of
state. For relativistic particles

] )
b= gﬂ
So
dp Ay
dlir T
leads to

o(T) = T
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Thermal History

To determine the integration constant « , we must return
to the microscopic description. For relativistic particles

p(T) =g -‘.l(k'T)“i x { f{ 8 fermions

bosons
For example, when 7, et e, v are in thermal equilibrium

T 43
30

(2><2+i><2)) 1

(kT) &
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Thermal History

Neutrinos are kept in equilibrium through the weak
interactions

& €

L/ |7

I~ GeT®
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Thermal History

With
[71 o G}?r[15

87G 7 4:
H ~ \/ e 1% A8 g
3 30 4

and

kinetic decoupling occurs when1" ~ 1 MeV, before
and around the time ¢ "¢ annihilate.

After kinetic decoupling, p o a~ ' and Ty oca™

Sy a® — const
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Thermal History

Since the total comoving entropy is conserved, the
entropy stored in ¢ e must then be transferred to

photons.

(8 + Se Ya®

e B D
— l"‘};({i

before after

7 i «
) 5 ; r --7.5 S 12 Tej
(2 + g X 2 X 2) 1 before = 2--1;;,t'tor

We can write this as

T ]] 1/31*1
Iy = T 1,
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