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Black body radiation

15,000° Planck’s curve 1
energy output ¢ iemperature 4
1
peak wavelength o Temperature L

wavelength ——»

e A hot body is brighter than a cool one (LT,
Stefan-Boltzmann’s law)

e A hot body’s spectrum is bluer than that of a
cool one (A, oc1/T, Wien’s law)
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Extragalactic Backgrounds

Hubble Ultra Deep Field HST = ACS

NASA, ESA, S. Beckwith (STScl) and The HUDF Team STScl-PRC04-07a
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e Pointing at an ‘empty’ place on the sky one observes
“background” light
.. . energy (keV)
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Fig 1.19 (D. Scott) 'Galaxies in the Universe' Sparke/Gallagher CUP 2007
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Extragalactic backgrounds

e CMB is the highest intensity
e X-rays and y-rays are unresolved sources - AGN

e CIBis coming
from dust

e QOptical/UV:
unresolved
galaxies and
stars
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Cosmic Microwave Background

Relic radiation from the Big Bang
Direct observation of the early universe
Fantastic source of cosmological information

The number density of photons in the black
body radiation

8v2dv Several 100
nr(v)dv = — —) OhOtONS/CM3
eFT — 1 today!
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Invariance of black body

What happens to the black body radiation when
the photons decouple?

e Consider the change in frequency
a(t)

a(ty,)
the new number density then becomes

_ (a)’ a® ), (,2®
n(v,t)dv = <m> Nyt (V m) d <v Tq))

(the cubic factor is the increase in volume)

v(t) =v
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Invariance of black body

This leads to
8mv2dv
n(v,t)dv = ————=ngp(v)dv
eksT — 1
with
a(t
T(t) =T(t,) M

a(t)
The photon number density maintains the black
body distribution and the temperature simply
decrease with (1 + z)
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Balloon experiments
mm 3 m 3A 3pm 30fm 30(
Move above : ! B
the atmosphere I I
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Black body

Blackbody radiation measured to
exquisite accuracy with COBE

Wavelength [mm]

The COBE Satellite

' ' ' i 400 FIRAS data: 1
_ oosf ‘leﬂu.’-dl_ Blackbody temperature 2.725 K
3 Ll e | 5=
2 < T AT )
CC-O.OS \“\LIT}AII [ t l [ll _%200
0T 3 0 15 20 £ 100
V[/cm]
Cobe (1996) L R W
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Energy density
e Energy density is the integral of the photon energy
times the number density
f hv n(v)dv = ogT*
0
. 8mokp _ .
with o = =% = 7.56577 - 10 15 erg cm® deg™
* The energy density today is then
oy = 0gTyo = 4.64-1073* gcm™®
e compared to the critical density this is
Q=2 — 2471075 h?
Pcrit,0
(Peritro = 10722 gem™3;Hy = 70 km s~ Mpc™1)
12
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Radiation density

e [f we want to account for all relativistic particles, we
need to include the neutrinos and the radiation density

becomes
4

N(AV -34 -3
Pro=11+3 <§> (H) Pyo = 7.80-107°% g cm

and the total radiation density
Qp = 2R 415.1075 p2
Pcrit,0
e This is the reason that Qj is often neglected for the

distance calculations today
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Photon number

The photon number is the integral over the density

® 8mvidv  300(3) opT?3 ogT?
Ny = — = ﬁ ) — =03702—
0 em -1 B B

e With the CMB temperature today (T = 2.725K) this

becomes

n,o ~ 410 photons cm™3
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=20.28-T3 cm™3

with the ¢ function from the integral (used: ¢(3) = 1.202057).
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Photon number

Compare this to the number of nucleons
_ 3QpH;§

-~ 8nGmy

Ngo = 1.123 - 10~>Qzh? nucleons cm™3

Both number densities vary with time as a3 (t)

and hence this ratio has not changed since the
photons decoupled.
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Temperature of Equality

The photon energy density is proportional to

—4
PrXa -,

while the matter density scales with the volume
(om x a™3).

e Hence the ratio 5—’* «xaluxT
M

¢ The temperature when the two energy densities
were equal is then

Q
Tpo = Tyo % = 6.56 - 10* KXy, h?
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Equilibrium between photons and
electrons

¢ |nteraction on free electrons is through
Thomson scattering A, = arn,c
with o7 = 6.66525 - 10725 cm2 the Thomson
scattering cross section

e Temperature still high enough that all atoms
are fully ionised, i.e. the number of electrons is
equal to the number of protons

— count the protons (remember in H and He)
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Equiliorium between y and e

Ratio of number densities
- (76% H and 24% He)

n, 0.24
—=0.76 + —=10.88
np 2

Density scales with T3 thus

T 3
Ne = 0.88 np = 0.88 Npo | 7+
Tyo

Hence the scattering rate is

3 3

T -19 -1 2 T

Ay = (0.88 Npo T_O orc = 1.97 - 10 S X QBh T_O
14 14

Important is the momentum exchange between y and e
which is oc X7

e
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Equilibrium between y and e

¢ The rate of the momentum exchange is then

2
ksT T

r, = ( Z )Ay ~9.0-10720 571 <—>
M, T,

¢ As long as this is faster than the expansion rate
(radiation-dominated)

a T4 o 1 [TY
H=-=Hy |[Qgeg=21-10"20571 [ —

e Equality between rate and expansion is
1.5-10*K .
Tfreeze = W (= 10°K)
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Equilibrium between y and e

¢ Although no momentum is exchanged any longer
the photons still scatter on the free electrons

e At lower temperatures the expansion is matter-
dominated and hence

T3 — [T\
H = HO QMT_3 = 3.3 . 10_18 S_l QMhZ <T_>
¥0 Y0

e Equality here would be at
Ql/ 3
M
T =18 KT/ ~ 130K
Q3
e However there is more physics to be considered
- see following
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Before recombination: The Universe is opaque
After recombination: The Universe is transparent

Transition ~ 300 000 years after the Big Bang
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L]
Last scattering surface
transparent
opaque
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Uncovering the CMB

1965 Penzias and
Wilson

COBE

WMAP
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Uncovering the CMB
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Comparison with a familiar
surface

COBE-DMR resolution Planck Surveyor resolution

300

lanck

Hivon & Gérski

25
Foregrounds
CMB signal is hidden behind Galactic foregrounds

Brighinoss 1, (W T ]

Standard deviation K]

cMB.

Dust
Low freq. fgs.

100
Frequency [GHz]
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Recombination and last scattering

¢ The free electrons are removed when they form
atoms with the nuclei formed in the Big Bang
e Consider the Maxwell-Boltzmann density

distribution
Ji Ui ("”+£;u) 5
B

e Particles of interest are photons, electrons,
baryons,hydrogen atoms at different excitation
states (1s, 2d, 3p, etc.)

n;
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Recombination

¢ Relevant factors
— fermions - half spins: g, = g, = 2
¢ Hydrogen 1s ground state has two hyperfine
states (spin0and 1): g, = 4
¢ |nionization equlibrium the chemical potential is
the sum of the individual
His = Hp T Ue

¢ The integrals work out to be
2

1 jdg’p {(%) = (kaT)
(2mh)3 2mh?
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Recombination

Because of ;5 = u, + 1 the ratio of the number

densities becomes
3

Nqg _ <7’nekBT>_7 ekB?lT
2

NeNy 2mh

with B; = m,, + m, —my = 13.6 eV the energy of

the ground state of Hydrogen.

Since the universe is charge neutral, we have the
same amount of electrons and protons n, = n,,.
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Recombination

e |tis also okay to assume that the hydrogen is
in its ground state

— the number density of excited states scales
AE
with e ¥8T and the excitation from n = 1 to

n=2is10.6 elV. Hence for T < 4200 K the
exponential is < 6 - 10713

e Assume 24% in Helium we find
n, +ny;s = 0.76ng

with ng the baryon density
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Recombination

The hydrogen ionisation fraction is x = =z

then described by the Saha equation o

n, +n n
X<1 +Mx> :X(l + 0.76nBX(

Ny

3
-5 B
mekBT) ? ek_3%> =1
2mh?

The second term describes the ionisation

state as a function of temperature and with

ng = ngg (Ti)3 the transition can be written as

44\

a function of baryon density.
(See next table)
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Recombination
Change of H ionisation as a function of
temperature (and baryon density)
T(K) |025h?2=0.01 | 2zh%=0.02 | 25h% =0.03
4500 0.999 0.998 0.997
4200 0.990 0.981 0.971
4000 0.945 0.900 0.863
3800 0.747 0.634 0.565
3600 0.383 0.290 0.244
3400 0.131 0.094 0.078
3200 0.0337 0.0240 0.0196
3000 0.00693 0.00491 0.00401
2800 0.00112 0.00079 0.00065
2.725 2.8 10-12571 2.0 10-12571 1.6 10-12571
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Trecombination

.
o

©
N

ionisation fraction x
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Recombination rate in hydrogen depends on the
density. The transition from 2p to 1s creates a
photon (Lyman « for astronomers), which can

Recombination —
a complication

immediately excite another hydrogen atom to the
2p state. This means that hydrogen gets trapped

iN an ionised state and these need to be taken
into account.

TUM WS19/20 Cosmology 8

Wolfgang Hillebrandt and Bruno Leibundgut

34

34

12/13/19

17



lonisation structure of H
e Grotrian diagram of Hydrogen

-0,85eV — 4
-1,51eV —3

-3,4ev—T 2

-13,6 eV — 1
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Recombination —

a complication
Conditions to be considered

— rapid transitions, which means thermal equilibrium,
except for the 1s ground state, which is slow.
Number density is

By—B;
Ny = 2L+ Dnyee k6T

— net rate of population of 1s state is given by the rate
of radiative decays from 2s and 2p states minus the
rate of excitation from the 1s state

— radiative processes much faster than the reduction
in density due to the expansion
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Recombination

¢ These effects change the ionisation rates and
hence modify the Saha equation

e Exact calculation tedious involving the details of
the radiative decays and excitations

— e.g. 2-photon decay from 2s to 1s state, which is
strongly suppressed

¢ Following table is the result of a more exact

calculation
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Recombination
z T(K) T(yrs) Xn,,nzzn.(n XanZ:o.oz Xﬂ3h2:0.03
Due to the Too0—Tioss—[aTss00 o705 To9er
atomic Tio0 | 3315 {25080 aser o8t T0.760
transitions in [ 2R Tois iy
hydrogen the R o —Tome—Tote 1ot
suppression of [t e e oo o
theLyman o Pt—Toe Do oo o o
photons leads 32— oo —faoe oo
to modification et fome L
of the fonisation S —Hea 1L ess ooy {0
. 6
fraction oo oo o Todmeze
50 139 4,535107 | 0.000579 | 0.000294 | 0.000197
10 30 4.568 107 | 0.000537 | 0.000272 | 0.000183
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Recombination

The effect is that at low redshifts the fraction of
free electrons is approaching a constant level

Temperature T (eV)
0.1

><m
o 1
9 1 T LS s -
5 E Dodelson 3
810 F 1
[ 3
o - o
o 1072¢
5 Saha Exact Solution 7
¢ 103 F \
= i
\
o 10_4 ey v 0 0 '
o 1000 100
B Redshift z
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An iSOt ro py DMR 53 GHz Maps

e CMB extremely uniform

e only at 3.356mKis there
a dipole visible
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Dipole anisotropy

¢ Due to Earth’s motion relative to the CMB a
dipole is induced

— blueshift in direction of motion
— redshift in opposite direction
¢ Measured dipole is AT = 3.346 + 0.017 mK as

measured by the Wilkinson Microwave
Anisotropy Probe (WMAP)

¢ \elocity is then

AT 0.00335
V=—C=

2.105 -1 -1
T > 79T 3:-10°kms 370 km s
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