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CMB discovery time-line

-1947-1948 Gamow, Alpher and Hermans model of
nucleosynthesis predicts relic millimeter radiation, but
the models have difficulties to produce elements heavier
than Li, leads to its neglect.

-1965 Arno Penzias & Robert Wilson’s serendipitous
discovery of a constant excess isotropic noise with their
antenna at Bell Labs (Nobel 1978).

-late 60’s many groups made measurements of the intensity of the radiation and a
temperature collectively showing the spectrum is that of a BB (to 10% accuracy)

-1969 Tentative detection of a dipole anisotropy by Conklin, confirmed in 1971-1977 by
Henry, Wilkinson, and Smooth et al.

-1989 COBE (COsmic Background Explorer) launched, in 1990 first results confirming BB
spectrum.

-1992 COBE’s detection of non-dipole anisotropies (nobel prize 2006 for PI’s Smoot &
Mather.

-2003 WMAP results on precission cosmology through CMB anisotropies

- 2013 Planck”s results _ _ .
(Following E. Wright’s CMB review paper)



u

‘microwave background

T 1
\
H-G-
H"—e—|
e

101 e J o

- /

- !

I ared background -’ .
109 : optical-UV background-{ |

lﬂ_l Liiess Lias s Livia s gt
10% 10° 102 10! 109 10~
A (um)

The photons of the CMB are still the largest contributors to the radiation energy in
the Universe.



CMB spectrum
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T = 2728 K

An almost perfect BB was measured
by the FIRAS instrument aboard
COBE when it was compared to a very
good BB calibrator.

1=2.725+0.002 K

(Following E. Wright's CMB review paper)



CMB spectrum

The energy density of this radiation is

€., =P =al*=417x10"%Jm> = p_, =4.63x10™' Kgrm™
a=4c/c=7.565x10"° Jm°K™

Dividing this by the critical density — , _ 3H” _ 1.88 h* x 10 *Kgrm™
we obtain the CMB density parameter Q , =247x10" A~
Because pxT*, and pxa?= Taxl/a a scale factor

The radiation was hotter and had a higher energy density in the past
But was it a blackbody as well?

(From M. Georganopoulos’ lecture lik


Moderador
Notas de la presentación
A=4sigma/c, sigma Stefan-Boltzmann´s constant


CMB spectrum: z evolution

n:h £3df Gning‘m earlier times, as u‘decregses,
e(f)df = T increases. The denominator is
¢’ exp(hf 1kT) -1 invariant for f/T=constant.

If q, is the scale factor at given instance in the past, the peak of
the emission will be at f; . =f,eq /0y, Since T, =T/ q,. Also,

ﬁi::eak dfii}mk . fpiakdf;iak ‘fald-

The peak of the curve will shift up in frequency by a
factor 1/a, and up in energy density by a factor 1/a,*.
This is the case not only for the peak frequency but for
any frequency:
the blackbody shape is preserved, shifting up in
frequency by 1/a, and in energy density by 1!:11—

Log (edf)

Log f

(From M. Georganopoulos’ lecture lik


Moderador
Notas de la presentación
J m^-3 Hz^-1


CMB spectrum: z evolution

The almost perfect BB shape of the CMB backs up the expansion of the Universe,
and the existence of a hotter earlier universe.

¢ If the the CMB were just a tired relic light: n (z=0)=(1+z.)°B,(T,) but FIRAS
imposes that the factor in front of B (T,) is 1 with a precission better than 10-.
Hence (1+z,)=1+1x10* = z,<0.000033 and opaque from that onwards.
But we have sources at z~4! So this is not a possibility.

@ If the steady model were correct, there would be no evolution. Today we see
CMB + FIR radiation from stars and galaxies. Energy added between 1 month and
a few thousand yrs after BB will pI’OdL?!CE

L (v T) = 27V 1

R c? exp(hv/kT + 1) -1

but there are no deviations to the BB spectrum

(Following E. Wright's CMB review paper)



Photon/baryon ratio

If no particles are created or destroyed, is this ratio conserved?
Yes, both photon and baryon number densities scale as 1/a®
What is the current number density of CMB photons?

Their energy density is :
‘Emd =al* =2.6x10"eV m"j:

Dividing this by their mean energy E, . ,,=3kT=7.05 10-* eV gives

n,_, = St _37%10°m™

medan

(From M. Georganopoulos’ lecture lib



Photon/baryon ratio

What is the current number density of baryons?
Their density parameter, derived from nucleosynthesis, is :

Q, =002k This can be converted into an energy density:
g, =pPgc’=Q.p.c’~34x10"Im>=2.1x10°eVm™

Divide this by the proton rest mass, Eg=939 MeV: ‘fﬁ —022 m>

Recall : g, =26x100eVm>,n_, =3.7x10°m™

Currently: >the baryon energy density dominates over that
of CMB photons by ~1000.
>the CMB number density dominates over that
of baryons by ~10° (valid for all times).

Q,/Q, ~1000 , n /ng=10°

(From M. Georganopoulos’ lecture lib




CMB origin

Tx1l/a ->
In very early times, the energy of the CMB photons
was much greater than the 13.6 eV required to ionize H.
just a soup of photons, e and p ( for simplicity, ignore the few
He nuclei produced in nucleosynthesis).

All the mater in the Universe was ionized. If a p manages to
capture an e and form an H atom, the H atom was immediately
ionized by one of the abundant photons with E>13.6 eV.

In this soup of e p, and photons, the interaction that
insures thermodynamic equilibrium (a single temperature
for all three species) is electron Thomson scattering:

v+e —y+e, Thomson cross section o, =6.65x10% m*

As time was passing, the CMB photons cooled down due to the
expansion of the Universe, and eventually they were not able to
ionize H, the Universe became neutral.

Since there were no free electrons left, the CMB photons
stopped getting scattered and, after a last scattering, kept

i b ed.
propagating uno struct (From M. Georganopoulos’ lecture ik



CMB origin

The last scattering surface.
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Every observed is surrounded by a spherical last scattering
surface. The CMB photons emerge from the last scattering
surface and propagate in a straight line all the way to the
observed with no further scatterings.

(From M. Georganopoulos’ lecture lik



CMB origin

3 important epochs:

1. Recombination, the time when the baryonic component of the
Universe became neutral (number of ions=number of neutral atoms)

2. Photon decoupling, the time when the rate of photon scattering
becomes smaller than H.

In other words, this is the epoch when the time between
scatterings for a photon, becomes larger than the Hubble time.
When photons decouple, they cease to interact with electrons and

the Universe becomes transparent.

3. Last scattering. This is the time when a typical CMB photon
underwent its last scattering from an electron.

The last scattering time is very close to the photon decoupling time

(From M. Georganopoulos’ lecture lib



gives us the ionization fraction
X as a function of the ionization

CMB origin: recombination

the Saha equation

potential Q and the baryon to

photon ratio n:
G i E.xp(g)
X2 Nme kT

X=n,/ng=n/(n,+n))

X

0.4

0.2

Recombination is a gradual process. Defining the moment of
recombination at X=1/2 we obtain:

kT, =0323eV =T, =3740K, l+z

Fec

1 —

T

Fic

_3740K ~1371

rec

I:Z'MH 0

203K

(From M. Georganopoulos’ lecture lib



CMB origin: decoupling

The photon scattering rate is:
I'= % =n,(2)o,c=X(2)n, ,(1+ Z)3(}'EE =44x10°" X(2)(1+ 2)’s™

Recombination and decoupling take place during the
matter dominated era, so Friedmann's eq. is:

H* Q
;=—20-0Q (1+2)’=>H=124x10""(1+2)*"
H; a ’
43.0
= =1130
Setting I'=H, we obtain - Xz, )" B

(From M. Georganopoulos’ lecture lib



CMB origin: decoupling

In our calculation we used the Saha equation, which assumes
that photoionization is always in equilibrium. This is not true

when I" becomes comparable to H. A detailed calculation gives:
z,. ~1100,T, =~3000K.

>Before decoupling, photon pressure on the matter smoothed out
density fluctuations in the photon baryon field at distances smaller
than the horizon distance back then.
>After, the hydrogen gas was free to collapse under its self gravity
(and that of the dark matter) to form structure in the Universe

(From M. Georganopoulos’ lecture lib



Radiation era

We have that pcR3
:OradOCR_4
There must be a z at which py= p.4
Taking into account that nucleosynthesis predicts n =0.68 n , then Q,,,=4.2 x 10~

h® 1+2, =23900Q,h? = z,, ~3100

Therefore the thermal history of the Universe can be divided in two main eras: a radiation dominated

eria (2 3 Zeq) and a matter dominated era (z & Zeq). In the radiation dominated era, in which we can
neglect the curvature and A terms in Friedmann's equation, we have:

R x t1/?

By differentiating this relation with respect to time and using (12) we have:

1/2
3 i
t= | =—=——— : 22
(d?ﬂ'@pﬂr (92)
Using p., = w2k,T*/15h%" we finally obtain the important relation between cosmic time and the

temperature of the Universe in the radiation dominated era:

10104—1/2 -
Tan'm ~ 1.3 » 10 f’snrJ {E]S}
ie., at £ = 1 sec the Universe had T ~ 10'Y K! It is evident that the Universe at early times was

hot enough for nucleosynthesis to oceur, as it had been supposed originally by Gamow. The era of
nucleosynthesis takes place around ~ 10% K.
(From M. Plionis’ notes or Peacock 1999)



CMB spectrum: dipole anisotropy

T =2.%28 K

-~

AT = 3,353 mK

Dipole anisotropy in COBE data can
be explained as a Doppler effect
between the frame of reference of the
solar system and that at rest with the
observable CMB.

V'=y(1— fcosd)v, with f=v/c

and y=1/4/1- 5

T(0)=T,/y(d—- pcosd) =T, +T,pcosé

Afit to the image T,=3353+24uK
And with T;=2.735K

¥l —Vous = 369+ 3km s~

Taking into account the movement
around the MW, and the movement of
the LG

towards (l,b)=(277°, 30°)

Slgnature of local attractors
V g — Vg ~620+45kms™
(Following E. Wright's CMB review paper)



CMB spectrum: removing the galaxy

The sky as seen by Planck

Planck: 30 to 857 GHz image of the CMB after dipole subtraction.
The galaxy emission is dominated by dust



CMB spectrum: removing the galaxy

Cosmic Background
Explorer COBE
(1992):

AT/T = 10>




CMB spectrum: removing the galaxy

WMAP full sky view



CMB spectrum: removing the galaxy

Planck’s full sky view
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CMB spectrum: statistical properties

T(l,b) can be fully specified by either the angular correlation function C(é) or its
Leaendre transformation, the angular power spectrum C,

Write the temperature
fluctuations as a series
of spherical harmonics:

1O S 3 4, ¥, (6.9

[=0 m=-I

The correlation @m = /
function, a CMB map
derived function: Cy = (\aem\2>

Spherical
Harmonics

“AT(6, 0)

Teus

Yim (0, 9) d2

C(€)=<6T(Fz) aT(ﬁ')>

F ) 4

Which are related by C(0)=4—1722(2|+1)C.P| (cosé) where P, are Legendre
polynomials of order I. |

Aterm C,is a measure of angular fluctuations on the angular scale 6~180°/.

In order to have equal power for all scales the spherical harmonics impose C, =
cte/l(I+1).1f the sky had equal power on all scales IC(1+1) should be a constant.


Moderador
Notas de la presentación
L degree, m order in spherical harmonics


CMB spectrum: power spectrum

Angular Scale
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Why is there a major peak at [~200 (6~1°)?
And what are the secondary peaks?

(From M. Georganopoulos’ lecture lib)




CMB spectrum: power spectrum
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First peak had already been constrained by an
array of 1992-2000 missions, and sampled in its
full amplitude by Boomerang (1998) & Maxima
(2000)

(Hu & Dodelson 2002)



CMB spectrum: power spectrum

Planck TT spectrum .
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(Ade et al. 2013)



CMB spectrum: power spectrum
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Baryon
Loading

Radiation

W. Hu | 1/00 10

COBE measured the temperature fluctuations AT on the largest angular scales which correspond to
multipoles as roughly /=100/angle (degrees) ~ 2-20. The current generation of experiments are measuring multipoles
E100 where the acoustic peaks are expected to dominate the scene (yellow curve). The physical landscape described

in these pages begins with sound waves and proceeds through

diffusion damping. In the background, are the measurements as of January 2001.

on loading, radiation driving, and dissipation by

(From Hu’s webpage)



CMB spectrum: power spectrum

At the time of last scattering the Universe was matter
dominated and the Hubble distance was:

¢ ¢ 3%x10° ms™
H(z,) H,(z+1)"* 124x107"s'(1101)*"*

~6.6x10*" m~0.2 Mpc

Seen from Earth this has an angular size:
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This is the first peak of the power spectrum -
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The Hubble distance at the time of decoupling is ~ The
maximum length information (photons, matter) could have traveled.
The fluctuations at 6>6,, and 6<0,, must reveal different things.

(From M. Georganopoulos’ lecture lib)



CMB spectrum: power spectrum

At the time of last scattering the Universe, the non-
baryonic dark matter dominates:

Q,, Q2 :Q =64:14:1

If the dark matter density distribution at the time of last
scattering has a spatially varying component 8p, then there is
a spatially varying gravitational potential 3® given by Poison's

equation:

V2(6D) = 4 GSp

(From M. Georganopoulos’ lecture lib)



CMB spectrum: power spectrum 6>0,,

If at the time of last scattering a CMB photon is at a local
minimum (in a "potential well"), it will spend energy to climb
out of the well and it will be redshifted.

Dilation Effect

If it is at a local maximum, it will roll down the maximum and
gain energy (it will be blueshifted). In general, Sachs and
Wolfe (1967) showed that:

or 1460

T 3¢
All these are valid for angular scales 6>8,,, because the
photon-baryon fluid has no time to move further than 6
At smaller scales, we need to consider the fact that the
photon-baryon fluid has time to move substantially under
the influence of the gravity of dark matter.

Tblueshift redshiftl

(From M. Georganopoulos’ lecture lib)


http://background.uchicago.edu/~whu/physics/fig3.ps�

CMB spectrum: power spectrum 0<0,,

The photon-baryon fluid moves under the influence of the non
baryonic matter that dominates. When the fluid finds itself ina
potential of dark matter, it flows toward the bottom of the well.

As it falls its pressure rises. As the pressure rises, it slows
down, stops and inverts the fluid fall. The fluid expands, and a
series of oscillations takes place, called "acoustic oscillations” .

The oscillations stop at recombination, when photons decouple from
baryons. How many oscillations take place? The larger the well
the fewer the oscillations. For 6~6, there is time for ~1
oscillation.
If the photon-baryon fluid is compressed in a well at the time of
recombination, the decoupled photons will be hotter than average.

If the photon-baryon fluid is expanded at the time of
recombination, the decoupled photons will be cooler than average.

Graphic by Wayne Hu, http://background.uchicago.edu/~whu/beginners/introduction.html

The highest peak at 6~8,, (I~200) represents the wells where
the photon-baryon fluid had just reach maximum compression
at the recombination time.

(From M. Georganopoulos’ lecture lib)



CMB spectrum: 1st peak of power spectrum

In a negatively curved Universe, the angular size of an object of
known intrinsic size at a given redshift is smaller than it is ina
positively curved Universe.

If the Universe were negatively curved, the first peak would be
seen at >180 or 6¢<1°,

If the Universe were positively curved ,the first peak would be
seen at [<180 or 6>1°,

The observe peak at [~200 is consistent with k=0 or Q=1

1.0

0.8

0.6} The observe peak at

I~200 is consistent

e with k=0 or Q,+Q,=1

0.2}

00 L T R TR o TRt
0.0 0.2 0.4 0.6 0.8 1.0

Supernovae, large scale
structure, CMB
(From M. Georganopoulos’ lecture lib)



CMB spectrum: 1st peak of power spectrum

The amplitude of the first peak depends on the sound speed of the
photon baryon fluid:

C,=C\W,,

The equation of state, p,,=w,,p depends of the baryon to photon
ratio. To reproduce the power spectrum we need

Q,..,=004002.

How nice! This is in good agreement with the nucleosynthesis
result!
There is much more to the CMB power spectrum.

(From M. Georganopoulos’ lecture lib)



CMB spectrum: cosmic dependences
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CMB spectrum: cosmic dependences
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Planck spectrum: precission cosmology

o
= o=

(Ade et al. 2013)



WMAP spectrum: precission cosmology

Table 2: Power Law ACDM Model Parameters and 68% Confidence Intervals, The Three
Year fits in this Table assume no 52 contribution, Agz = 0, to allow direct comparision
with the First Year resultz. Fits that include 5% marginalization are given in Table 5 (frst

column) and represent our best estimate of these parameters,

Parameter | First Year WMAPext | Three Year First Year WMAPext Three Year
Mean Mhean Mean ML ML ML
10007 | 238401 232°010 | 2234+0.08 2.30 2,31 1070040 = 22337000
0-hf | 014459018 01347008 [ 0.126 £0.009 | 0.145 0.138 0.128
H, T2 7355 743 & 7l 73
T 01700 155997 | gpod + 0.029 0.10 0,10 0.092
i, 0.99%00  0.88'00 |0.961+£0017 0.97 0.96 0.058
v 14 0.201007 025500 | 0.234 £ 0.035 (.32 0.27 0.24
o5 .92+ 084500 | 0.76 % 0.05 (.88 0.82 0.77

whle G ACDM Mode] Data Set Constraints on Geometry sond Vacuwm Energy
WMAP- WMAP WMAP+  WMAF + | WMAP Data Set fi iH
SD58 LR SNLS SN Gald CFHTLS

PRt WMAP 4 h = (L72 & 0.08 l:'.ll.'l'.l'i_ﬁ"l\,-! ﬂ?":ﬁ:ﬁ',ﬁ
z o e = s ] WMAP + SDS8 0.037155: | 0.6501 500
000K || 2383700 | 224270 | 2283000 2297om | 2.555i0m sriies el Sloms | BB
(Lah? || 0132070088 | g ) qgy+O0i 01349700058 | g ) 40 +0.0034 WMAP + 2dFGRS 00057 2y noss | 0-T39 5000

h 0.709755% | 0709705 0.701700 | 068770 WMAP + SDSS LRG 0010255 | 072810
A 0BI8'RSE | 08167008 08277505 | 08467000 WMAP + SNLS 0015155 | 0.1194 50,
T ;2?;}: ggf‘f_;;: ;2:;_2,‘ ggjjw WMAP + SNGaold 00175 | 0708500
a5 07721508 | 07815500 0.784000 | 08261000
O 02661505 | 0.267100% 0276150 | 020900

(Spergel et al. 2006)



Planck spectrum: precission cosmology

Planck Planck+lensing Planck+WP

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits
Qb 0.022068  0.02207 £ 0.00033  0.022242  0.02217 £ 0.00033  0.022032  0.02205 = 0.00028
QR . 0.12029 0.1196 £ 0.0031 0.11805 0.1186 = 0.0031 0.12038 0.1199 £ 0.0027
1006me - v oot 1.04122 1.04132 + 0.00068 1.04150 1.04141 = 0.00067 1.04119 1.04131 = 0.00063
L S 0.0925 0.097 £ 0.038 0.0949 0.089 + 0.032 0.0925 0.0SQjS:gE
0.9624 0.9616 £ 0.0094 0.9675 0.9635 £ 0.0094 0.9619 0.9603 £ 0.0073
In(10CA) . ......... 3.098 3.103 £ 0.072 3.098 3.085 £ 0.057 3.0980 3.089jg:g§‘?‘
Qa oo 0.6825 0.686 = 0.020 0.6964 0.693 £ 0.019 0.6817 O.GSSjS:g:g
Qm oo 0.3175 0.314 £ 0.020 0.3036 0.307 £ 0.019 0.3183 0.315°501¢
L PP 0.8344 0.834 £ 0.027 0.8285 0.823 £ 0.018 0.8347 0.829 £ 0.012
T e e e e 11.35 ll.4j§ 11.45 ]0.83:; 11.37 1.1+ 1.1
Hy ... ... 67.11 674+14 68.14 67.9+1.5 67.04 673+1.2
10°4, .. ........... 2.215 2.23+0.16 2.215 21903 2.215 2.196jg:gg(l]
Quh®. . 0.14300 0.1423 + 0.0029 0.14004 0.1414 + 0.0029 0.14305 0.1426 + 0.0025
Q. L. 0.09597 0.09590 = 0.00059  0.09603  0.09593 = 0.00058  0.00591 0.09589 + 0.00057
Yeooo i i 0.247710 024771 £0.00014 0247785 0.24775 £0.00014  0.247695  0.24770 = 0.00012
Age/Gyr .. .. ....... 13.819 13.813 + 0.058 13.784 13.796 + 0.058 13.8242 13.817 = 0.048
Ty ee e 1090.43 1090.37 = 0.63 1090.01 1090.16 + 0.65 1090.48 1090.43 +0.54
Fa o e e e e e 144.58 144.75 + 0.66 145.02 144.96 + 0.66 144.58 14471 +0.60
1008, ............. 1.04139 1.04148 = 0.00066 1.04164 1.04156 = 0.00066 1.04136 1.04147 £ 0.00062
Tdrag - - ov e e 1059.32 1059.29 + 0.63 1059.59 1059.43 + 0.64 1059.25 1059.25 + 0.58
Tirag -~ =+« nnwneenn- 147.34 147.53 + 0.64 147.74 147.70 + 0.63 147.36 147.49 + 0.59
koo 0.14026  0.14007 £ 0.00064  0.13998  0.13996 £ 0.00062  0.14022  0.14009 £ 0.00063
1006 .. ..ot 0.161332 0.16137 £ 0.00037 0.161196  0.16129 £0.00036  0.161375  0.16140 = 0.00034
Zoge ceee e nenennenn 3402 3386 + 69 3352 3362 + 69 3403 3391 + 60
1008y .o 0.8128 0.816 +0.013 0.8224 0.821 +0.013 0.8125 0.815+0.011
Farag/Dv(0.5T7) ... oL 0.07130 0.0716 £ 0.0011 0.07207 0.0719 £ 0.0011 007126  0.07147 = 0.00091

(Ade et al. 2013)
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