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i of the Hot Big Bang

chae B Relic Radiation as the CMB

3
$ % F Y
£ "-\ll "
R 3 0.‘-“? e
o
b- g S “- B < e - "
N . at . " o
e ‘-r‘“ : 3 b b - «
S M oL " » x ¥ g
~ ¥ YANEL . . A
+1 5 -« X o \ %
- . »
s . ; D .
. A gt e v 4
MR S . oS
2 . s . 5\' . O TAS
) » 2 . 'y e g P o - v 3
5 k - < (o ¢ . » Y o B 2
: - - .~._ " - - » -
o - » : " e
¢l > - : - . ’ - §
- - ’ ‘o N e L y ¥
4 - - ’
3 A * I
™ : « . ool \ 3 ) 4, PO - - - )
\ ' . - -
- ’
‘b A . (4
Y - . - Y.
4 ". * : = * ~ . - I‘ "‘
1 o J bt A ) P -. N ALy
v s - p- e » ol -ty g
. Fy -
. ~ > 7 . -
- 1 A - ., Tl ) e 3
- » -~ o’ »
) . 4 v
" N . "o T . . e ! e
) 3 - » > '.
: : $ ; 3 -- , 3
- . Y p—
- ] - = - ’ -
-~ . J - - . - ‘-:/ » S e . 3 -
" 0 e ; .
P . 4 ' - » - -
. 4 . - - -
- - ) -y -
- . 2
- o >
- - o PN
- b .
- ~ -
»

http:/astroweb.case.edu/ssm/astr328/

7 September 2020



Two basic laws T

V — H()D NOW

proper

dy
— =14z fo today -
a Iy isnow,so a(fy)=1atz=0
/% !
2% ‘
The (1+z) corrects the current proper distance to the path o 7,:%‘ /i :
length travelled by a photon to provide the Euclidean- A b?/?%, :
equivalent luminosity distance. /)5 S |
by, ,
. 400 million ' :
dL — (1 T Z)D proper vedars ago d, = a,r :
! i
! |
! !
The relation V = cz is only approximately valid for small z. : :
In general, one needs the relativistic version ! |
| |
! !
' ' distance f
. ! 1ISance 1rom
14 ‘42 ! ' .
A . : Milky Way
1
c 7?2+ 2z7+2 w g
galaxy location galaxy
at time of location

location of |
Milky Way
Galaxy

Dernova today

-~
—_—



log Vo (km s7)
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Hubble expansion

Empirical Pillars of the Hot Big Bang

1. Hubble Expansion Hubble (1930)
2. Big Bang Nucleosynthesis (BBN)  Alpher & Gamow (1948)  afy paper
3. Cosmic Microwave Background (CMB) Penzias & Wilson; Peebles & Dicke (1965)

BBN CMB
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a(t)

average distance between galaxies

All expansion histories point to a dense, hot beginning -
the Hot Big Bang

time (billions of years) future
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Matter (non-relativistic “dust”)
dilutes as the volume expands:

P~ a7

The energy density in radiation
dilutes with the volume, but also
stretches with space so that
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Density (kg/m3)
=

g™

107

Because of the different dependence
on the expansion, there must have
been a time in the past when the
mass-energy in radiation exceeded
that in matter.

The redshift of matter-radiation
equality occurred at

Zeq = 3,000

depending in detail on the current
mass and radiation density.
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all four forces
distinct.-.

, 10" K e particle soup time lemp
Particle Era — 11"
Elementary particles filled [B&8 gins < mlth@COnd P

the universe, as quarks

combined to make protons |I8
and antiprotons. %7, 6 T ~ 1014 K
0.001 s 10'* K -

Era of Nucleosynthesis : . Protons annihilated =

Fusion produced helium E nuCleOSyntheSiS (BBN)

. N e , virtually all antiprotons,
from protons (H nuclei). S | but some protons ~ 3 minutes

remained.
[ e — T~1010K

Era of Nuclei -7

A plasma of free electons Fusion ceased,
and H and He nuclei filled _— leaving normal matter
the universe. 75% hydrogen and

25% helium by mass. Early Universe

380,000 yrs 3,000 K— recombination
Era of Atoms s

The era of atoms lasted until stars Neutral atoi;ws formed,
and galaxies began to form. allowing photons to ~330,000 year

travel freely through T ~ 3000 K

space.

emission of CMB:
surface of last
scattering - transition

Key
» electron & antiproton fr()m ()p&(lll@ plasma {O
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» neutrino & antineutron transparent neutral gas
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§quarks
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The Cosmic Microwave Background (CMB) is
the relic radiation field of the Hot Big Bang. It
has an essentially a perfect thermal spectrum
with a current temperature of 2.725 K.

This was higher in the past by (1+z), so

T ~ 3,000 K at the epoch of recombination.
This is the point at which the high-energy tail
of the blackbody distribution no longer had
enough photons in excess of 1 Rydberg to
keep the universe ionized.

The existence of the CMB had been
anticipated by Gamow in the ‘5os, but this was
largely forgotten by the ‘60s. It’s predicted
existence we rediscovered by Dicke & Peebles,
who were actively searching for it when it was
accidentally found by Penzias & Wilson.

Penzias & Wilson with the horn they
discovered the CMB with at AT&T Bell Labs
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CMB: Baby picture of the universe (380,000 years old)

Same temperature everywhere on the sky to 1 part in 105
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The Cosmic Microwave Background (CMB) is
the relic radiation field of the Hot Big Bang. It
has an essentially a perfect thermal spectrum

with a

current temperature of 2.725 K.

This was higher in the past by (1+z), so
T ~ 3,000 K at the epoch of recombination.
This is the point at which the high-energy tail

of the
enoug
keep t

blackbody distribution no longer had
n photons in excess of 1 Rydberg to

he universe ionized.

Current temperature TO =2.725 K

Energy density Ey = C{Tg = (0.261 MeV m~>

a is the radiation density constant

Relative to the critical density Qr =5 X 10_5

Number density of photons n,o= 4.11 X 108 m™3

This greatly exceeds all the photons produced by
all the stars throughout the universe over all time.
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We observe the CMB as the “surface of last
scattering” that occurs at the epoch of
recombination. This is the point at which the
early universe transitions from an opaque
plasma of protons and electrons to a mostly

transparent neutral gas of hydrogen and helium.

186 CHAPTER 9. THE COSMIC MICROWAVE BACKGROUND

horizon

Figure 9.3: An observer is surrounded by a spherical last scattering surface.
The photons of the CMB travel straight to us from the last scattering surface,
being continuously redshifted.

This full-sky image from WMAP is the surface of last scattering



