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The Cosmic Microwave Background

* |s avery effective tool to investigate
— the early universe
— the formation of structures in the universe
— fundamental physics.
e Has triggered the development of advanced

experimental techniques in the mm/sub-mm
range.

» Has still a huge discovery potential ...
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Modern Cosmology

 Cosmology is the description of the Universe
at large scales, and of its evolution.

 The Hot Big Bang model is based
— on the Cosmological Principle
— on general relativity (Einstein, Friedmann, ...)
— on particle, nuclear, atomic physics (Gamow, ...)

e The observational evidences are

— The expansion of the Universe
— The measured abundances of light elements
— The Cosmic Microwave Background



Modern Cosmology

e |f we believe that

— we do not occupy a special position in the Universe, I.e.
the Universe at large scales is the same everywhere

— the Universe expands isotropically
— the correct description of gravity is general relativity,
 then we get the FRW metric and then the
Friedmann equation, describing the evolution of
the scale factor.

« Empirical evidence for the above:
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Projected Distribution of Galaxies

APM (Automatic Plate Machine) survey, 10° galaxies
About 1/10 of the sky (circa 1985)
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Cosmological Redshift of Galaxies z=esened
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 The distribution of
galaxies Is isotropic

 We (A) cannot be at
the center of the
Universe (Copernican
priniciple), so any
other observer in the
universe (B) should
experience the same
Isotropy we see.

e This implies
homogeneity : ‘
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e Hubble’s law from
distant cepheid stars

cz=H.,D

Recession Velocity (km/sec)

* The redshift z is an
empirical measure
of the distance D at

cosmological scales !

Madore B.F. et al., Ap.J. 515 29 (1999)
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e Hubble’s 30000
law with
Supernovae
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Il Telescopio Anglo-Australiano (4 m)




ANGLO-AUSTRALIAN TELESCOPE @m

TWO-DEGREE

ANGLO-AUSTRALIAN TELESCOPE
TOP END RING

SPECTROGRAPH

Uno spettrometro a
fibre ottiche
automatizzato






« Sloan Digital Sky
Survey

Telescopio dedicato e
spettrometro a fibre
ottiche.

Piu’ di 1 milione di
galassie !




58606 galaxies
141402 total

FIGURE 2. The distribution of galaxies in part of the 2dFGRS, drawn from a total of 141,402
galaxies: slices 4° thick, centred at dechination —2.5% in the NGP and —27.5° in the SGP. Not
all 2dF fields within the slice have been observed at this stage, hence there are weak variations
of the density of sampling as a function of right ascension. To minimise such features, the slice
thickness increases to 7.5° between right ascension 13.1% and 13.4%. This image reveals a wealth of
detail, including linear supercluster features, often nearly perpendicular to the line of sight. The
interesting question to settle statistically 1s whether such transverse features have been enhanced

by infall velocities.
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e The universe at large scales is
statistically 1sotropic and
homogeneous.

* However, the universe does not have
to be static (and cannot, according to
general relativity)

e An Isotropic expansion or contraction
preserves isotropy and homogeneity.



1
|sotropic expansion

or contraction: r (= rna()
For every observer : MW )
r = physical distance — 1 ¢
= comoving distance r2 ()= 2zal)

a(t) = scale factor = 1 today

FRW metric: the most general

homogenous isotropic metric
Y 2

2| _(4d0) - (zsin odp)

(V1-ky’

1/k = curvature of space

In this metric, the redshift of distant sources Is
naturally predicted, If the universe Is expanding.

rs(t) = zza(t)

(ds)* = c?dt? —a’(t)




Cosmological Redshift
In an expanding universe the wavelengths of photons
expand in the same way as all other lengths (a(t)).

Consider a source at distance R(t)=a(t) x, (comoving
coordinate vy,)
Photons emitted from the source propagate radially

towards us along coordinate y, occupying sequentially all
coordinates between y, and 0.

From the FRW metric,

(ds)zzczdtz—a(t)z[ Az ]+(Zd0)2+(;(sin6dgo)2

J1-ky?

Assuming ds=0 for_photons, cdt = a(t) dy ]
J1-ky?
S L1 1
u 7=0 dy T X=nh



Cosmological Redshift
« Consider a first crest of the EM wave emitted at time t;

and recelved at time t,; the next crest Is emitted at t,+A4,/c
and received at t,+4/c. Since y, IS constant, we have that

o
4 \/1—k}(2 tg(t) Jurae g(t)

to Cdt to+Ao/C Cdt J‘tl—l—ﬂvllc Cdt to+Ao/C Cdt
t

Coa) )
t, ti+A,/C , [tA/C

4!

—

* However, the times A /c e A,/c are both <<H 1, the
typical timescale for of a(t). So we can safely consider a(t)

as constant In the integrals. So we get
c A ¢ A _at) Ao

— p— —
a(t) ¢ a(t) ¢ a(t) A

Redshift of the source

* The wavelengths of photons elongate in the same way as
all other cosmological distances, following the same scale
factor a(t). In particular, redshift implies expansion.




Expansion of the Universe

* We have started from the empirical finding that
redshifts of galaxies are a measure of their
distance from us (Hubble’s law).

* Now we know that cosmological redshift is due to
the expansion of the universe, and Hubble’s law Is
a necessary consequence of this :

 Increasing the distance of a galaxy increases the
time required for photons to reach us, meanwhile
the scale factor has more time to increase, and,
consequently, the redshift increases.



10000 optical spectra of QSOs (with important emission lines) as measured from the
2dF survey, plotted in vs the observed wavelengths. The redshift scale is not linear.
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Isotropic expansion
or contraction:

For every observer :
r = physical distance

¥ = comoving distance

a(t) = scale factor

FRW metric: the most general
homogenous isotropic metric

(ds)* = c?dt? —a’(t)

1/k? = curvature of sp

MW

1

ry () = 7 a)

- 2

ry (1) = zpat)

3

rs(t) = zza(t)

2 J ~(7d0) —(xsinodo)

If we want to know how the universe expands, we need to
Integrate the Einstein Field Equations

Curvature Tensor
(derived from the
metric of the universe)

G=-

872G

C4

T

Stress-energy tensor
(describes the energy
content of the universe)




Energy density

o Matter: P, = Pmod

hc 3 hc _
e Radiation: p, =n,hv=n—=n,a”—=p,a"

A A,a
Note that, for a blackbody,
Pree = GTr4 - T :Troa_l

e Cosmological Constant :

LPr = Paro



log p(t)




log p(t)

Let there be
light.. and there
was light
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recombination



Primeval Fireball

If the Universe is expanding, it was denser and hotter in
the past.

Both matter and radiation were hotter in the past, when
the scale factor was smaller.

In a sufficiently early phase of the Universe, the
temperature of matter was so high that matter (H) was
ionized. As a consequence, Thomson scatterings where
so frequent to keep matter and radiation in thermal
equilibrium.

This early phase is called the Primeval Fireball

The universe was full of ionized matter and radiation in
thermal equilibrium (blackbody radiation).

This primeval fireball phase ended when the universe
cooled down enough to allow the combination of
electrons and protons in hydrogen atoms: this is the so
called recombination epoch.



The cosmic Blackbody

 Blackbody radiation present in the
primeval fireball should still be
present in the universe.

 And should still have a blackbody
spectrum, with a temperature
reduced by the ratio of the scale
factor now and the scale factor
when radiation was released, i.e. at
recombination.

e In fact :



Evolution of a blackbody spectrum
In an expanding universe.

Specific energy density of
a blackbody: 8712 1 8h1°
u, = c3 hv ehv/kT _q - C3(ehv/kT _1)
. _dE_dEv_u v 8zvt 87hc
Pda dva A A" -1) Al -1
. 8zhc
So the energy density is  u,dA = pe (e“"/ e _1)d/’t
Due to the expansionand A a | u,dA _{ a T
the redshift: A a, u,di, | a,



Evolution of a blackbody spectrum In an expanding universe

4
u dA, = {a} udi = B”hc dﬂ{i}
= U, dA =
o [hc/ﬂ[ }kT } %
Alel 1 \

87hc
ﬂg (ehc//iokTo _ 1)

\

dA

(0]

u, d4, =

A blackbody spectrum remains a blackbody, but its temperature
scales as the inverse of the scale-factor.

The photons of the primeval fireball should still be around, as a
low-temperature blackbody.
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Primeval Fireball A ditiona

15 | | evidence
| for an early
L { hot phase
101 I ]
o [
31 T=T,(1+2)
- COBE Molecfules in
5-: / rotational levels) )
= | I |
[
- 1 . 2 3 Srinand et al.
T, =2.725K Redshift, z

Nature 408 931 (2000)



CMB and cosmology

We will see later how these measurements have been
obtained.

Now let’s stress how important for cosmology Is the
presence of the Cosmic Microwave Backgorund, and how
this radiation formed, according to modern cosmology.

A blackbody with T=2.725K consists of 400 y/cm3 . This
IS a density way higher than the average density of matter
in the universe. About 10° times higher. CMB photons
are the most abundant particels in the universe.

The BB nature of the CMB is a direct confirmation that
the universe underwent a hot early phase.

There Is no other way to produce such a perfect blackbody
spectrum, filling the sky with an almost perfect isotropy.

We need to Investigate when was formed, and when was
released.




Nucleosynthesis and the CMB

e At an even earlier phase, the
temperature was high enough that
nuclear reactions produced light
elements starting from a plasma of
simple particles (nucleosynthesis).

 The observed primordial abundance of
light elements can be produced only if an
abundant background of photons is
present (10° y/baryon). (G.Gamow).

 This background is observed today as
the Cosmic Microwave Background.



Element Abundance
(Relative to Hydrogen)

MAFS20405

T T TTTTrm T TTTTm

T

Helium 4 (*He)

II'III] T rlll'llll T T TIIIT

i | ot

Density of Ordinary Matter
(Relative to Photons)

2 Deuterium (°H)

3 Helium (°*He)

- 0

Lithium (7Li)

i il L il ' FRET L e paiial L8 bini
g g4 g 16 T

Intensity [MJy/sr]

(—

400

300

200

100

Synergic
Evidences
for an early
hot phase

Wavelength [mm]

2 1 0.67 0.5
I | 1 |
FIRAS data with 4006 errorbars |
2.725 K Blackbody
] ] |
5 10 15 20
V [/icm]



Recombination epoch

Here the primeval plasma cools down enough to allow the formation
of the first hydrogen atoms.

electrons and protons can combine if the energy of the photons of the
primeval fireball is less than the binding energy, which, for the
fundamental state of H is B=13.6eV.

So one would naively say that the temperature of matter and radiation
has to be less than T=B/k=156000K

However, in a blackbody distribution, there is a tail of photons with
energy much higher than the average energy. Since the number of
photons is so high with respect to the number of particels, the
temperature has to be much less than 156000K.

The equilibrium between elettrons, protons, H atoms is described by
Saha’s equation, which can be found from the equilibirum

distributions:
3/2
_ m.KT (p—mic?) /KT
n; =0, > | €

27 h
where i=e,p,H. Equilibrium mantained by p+¢€ <> H + )4




Recombination epoch

mkT )
n gi(z;zhzj gl p+e<>H +y

* To balance the chemical potentials we have p +p,=p, .

» Expressing w; with n;, and defining the hydrogen binding
energy as B=(m,+m,-my,)c? we find Saha’s equation:

5 3/2
Ny :[ h ] aB/KT
n,n, \ 2zmKkT

* We define n as the ratio of baryons to photons
n=n,/n,~5x1019, and x as the ionized fraction x= n./ny=
n,/n, SO we can write n,=n,=xn, =xnn, and
ny=(1-x)n, =(1-x)nn,

|12




Recombination epoch

 Inserting the definitions above into Saha’s equation we find

10—
3/2
1-X ~ .7 h? QB/KT ' f
x> 7 22m KT 08r —X
3 |
but n, =n(T/T,)” so 06l
1- X @ Im” e |
R ~n 0 eB/kT 04l
X ol ( 27rm KT, j
whose solution is 02t
X_\/1+4f(T)—1 1ol j BEE R R
2 (T) 200 400 60 80 1000

LG

(T IT)Y
( o>j LB

with f(T)=n
(T)=nor [ 27rm KT,



Recombination epoch

Since n Is very small, the actual temperature if recombination is
T...~3000K , not 156000K. So

rec

(1+2,.)=8,/a,..=T,./T, ~ 3000/2.725 ~ 1100

Recombination happened when all lengths were 1100 times
smaller than today.

To convert this into a time, we need to find a(t).
We need to notice, also, that Saha’s equation is valid only In

thermodynamic equilibrium, I.e. as long as the reaction
p+e<>H+y

IS active.
This will not be active anymore once most of the electrons and

protons have combined into H atoms: when their density will be low
enough, the reaction rate will be too low compared to the expansion,
which separates particles preventing reactions. So we expect a small

residual ionization to survive (residual x is around 10-4)



Recombination epoch

Since n Is very small, the actual temperature if recombination is
T,..~3000K , not 156000K. So (1+z,,.)=T,./T,~1100.

Recombination happened when all lengths were 1100 times
smaller than today.

When most protons and electrons combine, interactions of photons
and matter become so rare that the universe becomes transparent. (The
cross-section of a Hydrogen atom is 1800 times smaller than the
Thomson cross-section. Basically, most CMB photons do not interact
with matter anymore, before reaching our CMB telescopes.

Note: We can make astronomical observations using o
electromagnetic radiation only within a sphere whose radius is as
large as the look-back distance to recombination.

We cannot measure anything more distant than that, since the
Universe was not transparent before recombination. It was completely
opaque, like the interior of the sun.

So we really need to find a(t)



What is the CMB
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According to modern
cosmology:

An abundant background of
photons filling the Universe.

Generated In the very early

universe, less than 4 us after the
Big Bang (10% for each baryon)
fromasmall b-b asymmetry

Thermalized in the primeval
fireball (in the first 380000
years after the big bang) by
repeated scattering against free
electrons

Redshifted to microwave
frequencies (z¢g=1100) and
diluted in the subsequent 14
Gyrs of expansion of the
Universe
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