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CMB: history of non-discoveries: 1
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Gerard Herzberg (1904-1999), Nobel Prize for Chemistry 1971
“Spectra of Diatomic Molecules”, 1950:

noticed that from intensity of lines of CN at K=0 e K=1 it was
possible to derive a temperature of 2.3 K, but obviously it does
not have a particular meaning ...

So Herzberg missed his second Nobel...
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CMB: history of non-discoveries: 2, 3, 4

« Gamow (1948) predicted
T=50 K, then (1956) T=6 K

« Alpher & Herman (1948)
predicted T=5 K (!)

« Hoyle (1950) evaluated all of
this not realistic suggesting
that Big Bang theory is fully

George Gamow

. wrong
Vol v?"f « Shmaonov (1957)
Fred Hoyle < “reobserved” CMB at 4+3 K.

-

Nobody (even the author)
recognized its meaning!
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And finally ... the discovery
(1964)

Arno Penzias

Robert Wilson

First Nobel Prize for the CMB!

OPLANCK ®

<

-
~ 1 PLANCK
a look back to the birth of Universe



Z
7

Z

a

2

?

//

Another “non discovery”: Relikt

RELIKT-1 a russian mission (launched in 1983)

aimed at measuring the CMB at 37 GHz with 6.6 deg angular resolution.
Galactic emisison and cosmic dipole were measured.

In 1986 they planned RELIKT-2, never launched because of the

URSS disgregation after 1993.

1987 — Relikt-1: upper limits!

“Standard” Big Bang model was close to be rejected ...
“The multipole analysis gave the

estimates of (AT/T), < 3x10~ and (AT/T); < 7x10 for the
quadrupole and octupole respectively. ©

Finally ...

1993 — COBE: anisotropy discovery!
6x10°<AT,/T<3.3x10 with 90% confidence including
systematic errors ...”

OPLANCK
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COBE (1992)

Deployable Sun, Earth,

ﬁF/The‘nn?I Shield DMR Antennas

Melium Dewar

Deployable Solar Panels

Earth Sensors

WFF Omni Antenna
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25 April 1992

COBE - DMR

Stephen Hawking defined it as
the most important discovery of the century if not of all times
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A Scientist's Mail .

Mather & Smoot
2006, second

Nobel Prize = § | N
for the CMB C
= ~ 0
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“You may have already won the Nobel Prize...."

492  American Scientist, Volume 86

‘2@esa qjﬂj 0 C. Burigana — Ferrara 7/9/2015 k\A_sréo L(;@! :




George Smooth
Nobel Prize for Physics 2006
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Adapted from de Zotti & Burigana 1992,
Highlights of Astronomy, 9, 265 Multifrequency view of cosmic backgrounds
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Cosmic Microwave Background Radiation

Anisotropies Map of CMB

anisotropies [\
O AT(ﬁ) Angular power 1=
T spectrum N

Quadrupole
Anisotropy

e

Polarization : r—
Main contribution: [ Thomson
: Scattering,

O P2=Q2+U?2 Thomson Scattering of radiation ¢

with quadrupole anisotropy .
generates linear polarization Polarization
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Free—Free - Compton ¥ =
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Spectrum

@© Photon distribution function
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CMB temperature as function of redshift
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Fig. 5. Measurements of the CMB temperature as a func-
tion of redshift. Data points in green correspond to S-
Z measurements toward galaxy clusters, in black to CI1
and C 11 absorption studies, in blue to CO absorption (see
Noterdaeme et al. [2011] and references therein), and the
value derived toward the PKS1830—211 SW absorption
is marked in red. The dotted line corresponds to the law
TCM_B=T0><(1+Z).
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Important
verification of
fundamental
principles in
cosmology

Recent progress:
Muller et al. 2013,
A&A, 551, id. A109
Observation:
Teus=5-08+£0.10 K

at 68% CL @ z=0.89
Prediction: T z=5.14 K
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Cosmic history: “early” vs “late” epochs
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Total Intensity
(Temperature)
Anisotropies of the
Cosmic Microwave Background
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CMB space mission experiments overview — :

The oldest light or the
1965 - FEnziss aid first light of the
B . e Universe

Discovered the remnant
afterglow from the Big Bang.
- 27K

Blackbody radiation,
Discovered the patterns
(anisotropy) in the afterglow.

- angular scale ~ 7° at a
level AT/T of 10-°

(Wilkinson Microwave
Anisotropy Probe):

-> angular scale ~ 1%’

o Planck | > angular scale ~ 5’,
AT/T ~ 2x10%, 30~857 GHz
\K\\\\\\& 50«\«5\0‘* '%1\ . o s
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Planck Scientific Objectives

The unrivalled accuracy of Planck on the whole sky will allow us to:

— Pin down the basic characteristics of the Universe: age, contents,
dynamics, geometry, ...

— Examine the origins of the Universe and test inflation

— Probe physics at extremely high energies, e.g. superstrings, neutrinos
— Probe the birth of the first stars and galaxies

& also

— Understand the evolution of structures, galaxies and clusters of
galaxies; Observe our own Galaxy as never seen before ...

- Key non-CMB science with Planck includes:
s The Cosmic Infrared Background
** Sunyaev-Zeldovich selected sources
+ Extragalactic sources and backgrounds
* Maps of Milky Way at frequencies 30-1000 GHz
... and all related science ©
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Dipole and Galactic plane visible
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s Temperature anisotropy pattern

Statistical moments 1) = T > = To =(z-7Zz25%
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Mather et al. ‘99
they depend on scale

(and, observationally, experiment resolution, pixel size)

—> All-sky observations = spherical harmonics expansion
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Particle horizon
Given a phenomena at a given (x, t)
Is it observable by an observer at (X', t') ?

It divides space into 2 regions:
observed objects < -- > not observed objects
causally connected regions < -- > not causally connected regions

Observer in

. n =e time &
Signal 2 & 4
Observer receives signals from 2 - A,
& ' —
2, o e .
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particle horizon

3

Angular scale
i =3

,]1 o at ’2/\/(,0
= 1 € ~ 200
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— Large scales L s zge >
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e keep memory of primordial perturbations
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X Multipole region of acoustic (or Doppler) peaks

2 @ ~it0°> photon-baryon fluid
Pt e >

+ gravity = acoustic oscillations in the plasma / harmonic oscillator

gravity = force , baryon = inertia , photon = pressure

\ & P -
[/ el - A S T ) 2L

recombination
= instantaneous > radiation keeps memory of the
oscillatory state of different modes

<
/wf max overdensity <--> |9 peak

| . . -7, —e == a T
1/4 oscillation + (772 D + (72) + + (2/2) os<ic
— Sy Ao, peak etc.
under-density modes —= 24, &%, & ° peak etc.
valleys = max of velocity

opposite in phase
with max of density

- Structure of acoustic peaks
(depending on cosmological parameters, type and amplitude
of primordial perturbations, ...)
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< Small scales (2 > o

where mechanisms of damping of perturbations operate

. 6 non-linear dissipation
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CMB photons are almost unperturbed in their journey from the last scattering surface ...
but not completely ... LENSING EFFECT

MATTER DISTRIBUTION DEFLECTS THE LIGHT PATH LENSING THE CMB PHOTONS

The effect is similar to a de-focusing of the maps

PLANCK 2013 HAS A 25 SIGMA DETECTION OF CMB LENSING!
PLANCK 2015 HAS A 40 SIGMA DETECTION OF CMB LENSING!
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Gravitational lensing potential power spectrum
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... & cosmological parameters
from CMB lensing alone in the ACDM
model. Solid coloured contours show
68% & 95% constraints when
including: BAO (SDSS & 6DF -
Anderson et al. 2014; Ross et al.
2014; Beutler et al. 2011; blue),

and fixing the CMB acoustic-scale
parameter. Solid black contours:
constraint from the Planck CMB APS.

I I I
lensing+BAO T
lensing+BAO+6nmc

Planck TT+lowP

T
- 96

88

0.0 XY
Planck 2015 full-mission, earlier measurements o
from Planck 2013 nominal-mission temperature
data (Planck Collaboration XVII 2014), the South ~ °° |
Pole Telescope (SPT, van Engelen et al. 2012),
and the Atacama Cosmology Telescope (ACT,
Das et al. 2014).

Black solid line: fiducial ACDM theory power
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Planck CMB map & multipole components = 2, 3, 4

CMBE_Tonly_G_ns256_K nested uptol 2.fits: TEMPERATURE

CMB_Tonly_G ns256_K nested.fits: UNKNOWN1

—0.00030 —— o 0.00030 unknown
CME_Tonly_G_ns256_K nested uptol 4.fits: TEMPERATURE

—0.00030 m————— oo 0.00030 K_CMB
CMB_Tonly_G_ns256_K nested_uptol 3.fits: TEMPERATURE (. Therm.Temp.

s 0.00030 unknown

T

—0.00030

~ssssssssm 0.00030 unknown
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multipole components =5,6, 7, 8

CMB_Tonly_G_ns256_K _nested _uptol 5.fits: TEMPERATURE CME_Tonly_G_nsR56_K _nested uptol 6.fits: TEMPERATURE

s 0.00030 unknown

—0.00030 m— o 0.00030 unknown Unlts: K CMB = —0.00030

CMB_Tonly_G_ns256_K nested_uptol 7its: TEMPERATURE Q. Therm.Temp.

CMB_Tonly_G_ns256_K nested uptol 8.fits: TEMPERATURE

s 0.00030 unknown

—0.00030

s 0.00030 unknown

—0.00030
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multipole components =9, 10, 11 & Planck CMB map

CMB_Tonly_G_nsR56_K _nested uptol 10.fits: TEMPERATURE

CMB_Tonly_G_ns256_K _nested _uptol 9.fits: TEMPERATURE

—0.00030 m— o 0.00030 unknown
CMB_Tonly_G ns256_K nested.fits: UNKNOWN1

—0.00030 m— coosssssssss 0.00030 unknown Units: K CMB =
CMB_Tonly_G_ns256_K _nested_uptol 1 1.4its: TEMPERATURE =] T herm.Temp.

—0.00030

)

Fi PLANCK

alook back to the birth of Universe.

s 0.00030 unknown
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Large scales
Planck results flat-decoupled-Bianchi model?

There is an elephant
in the room? ©
Omogeneous but anisotropic
Generalization of the standard model generated by 3-parameter Lie
groups: Bianchi IX (closed) vs Bianchi Vilh (open)

=-60,0

I +60.0

Biaxial symmetric Bianchi IX
-2 “squashed 3-sphere” Universe

\\\\\kkk\g S ) y;‘\by\ ",
\\&yesa ( @ - C.Burigana - Ferrara 7/¢




Geometry
of the
Universe
with CMB
anisotropy
at about

1 deg
resolution




CMB ANISOTROPIES ARE ANALYZED IN A STATISTICAL WAY

AT(&,7,7) = B2, 20— @i (%, 7) Yim (1)

1
THE ANGULAR POWER SPECTRUM Cl = 577 2m(afy, im,)

1000

Waine Hu http://background.uchicago.edu/~whu/metaanim.html T

- : <
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SENSITIVITY IN TERMS OF ANGULAR POWER
SPECTRUM

The statistics of temperature anisotropy is typically an-
alyzed in spherical harmonics Yy,,. (3 is the observation
unit direction vector)

E Z aEthZ'm (1)

(=1 m=-{

Isotropy around the observer — ag, Should have zero
mean, (as,) =0, and variance Cy --9/deg =180/

Dimensionless temperature fluctuation 4T/T - (Physi-
cal) temperature fluctuation &7

Given the CMB monopole temperature = 2,725 K (Mathe
J.C., Fixsen D.J., Shafer R.A., Mosier C., Wilkinson
D.T., 1999, ApJ, 512, 511)

the dimensionless Cy will be ~ 7.4 x 10 smaller than
the C; expressed in terms of uK? (in thermodynamic
temperature).

1

== 5

Eagm = 2% / dcosiC () Py(cosb)
2)

of g(%» i 4_]:”_2(% - 1) Cy Pg(COSO) |

e l
(3)
here cosf =414, and P, is the Legendre polynomial.

Since each given anisotropy field is a single realization of
a stochastic process, it may be different from the aver-
age over the ensemble of all possible realizations of the
given (true) model with given parameters. This trans-
lates into the fact that the ay, coefficients are random
variables (possibly following a Gaussian distribution), at
a given (, and therefore their variance, Cy, is y* dis-
tributed with 2041 degrees of freedom. The relative
variance 4C; on Cy is equal to VQ (24 1) which is quite
relevant at low ( because of the relatively small number
of available modes.



— OVERALL UNCERTAINTY: (Knox L., 1995, Phys.
Rev. D., 48, 3502)

o} 2 Ao?
= [1+ d ] ()
0 \ @1 N,

A=size of the surveyed area, o=rms noise per pixel,
N=total number of observed pixel, W;=beam window
function.

For a symmetric Gaussian beam - Wi = exp(=((l +
1)o3) where og = FWHM)/v8In2.

= "COSMIC VARIANCE": It defines the ultimate limit
on the accuracy at which a qiven mode! defined by an
appropriate set of parameters can be constrained oy the
ANQUIBr POwer spectrum.

Another similar variance in anisotropy experiments is re-
[ated to the SKY COVERAGE. This variance depends
O the observed sky fraction, fsy

At the fargest multipoles achievanie With a qiven exper-
Iment the most relevant uncertainties are related to the
EXPERIMENT RESOLUTION and SENSITIVITY,
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WMAP 63 GHz (1, 4 &

8 yrs) vs. Planck 70 GHz (14 months)

CMB vs. Nominal Residual White Noise
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APS DEPENDENCE ON Planck: a single experiment

COSMOLOGICAL PARAMETERS spanning a wide multipole range!
Theta - first peak Baryon Density = height difference
position between even and odd peaks
Angular scale
90° 2 1° 0.2° / 0.1° 0.07°
6000F 0 T~ ' ‘ ]
DM Density -
5000 | ° Peak gives amplitUde of the |
horizon scale @ peaks
ecombination
— 4000
AN
~
%3000 |
2000 / |
’ Small gcales:
1000 / ? 4 suppregsion by
7 1 v Silk damping -
L H”" $ Secondary anisotropies

_ 2 10 50 500 1000 1500 2000 2500
Optical depth > smooths peaks .
Multipole moment, ¢
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In spite of such richness of information in TT APS ...
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Polarization
Anisotropies of the
Cosmic Microwave Background
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E and B Mode Polarization
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CMB map in Q,U (2015)

Maximum posterior amplitude Stokes Q (left) and U (right) maps derived from
Planck observations between 30 and 353 GHz.
These maps have been high pass-filtered with a cosine-apodized filter between |=
20 and 40, and a 17% region of the Galactic
plane has been replaced with a constrained Gaussian realization.
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Planck 2015 Polarization map
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Planck 2015 APS

From Planck 2015 results. XX.
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Fig. 2. Planck TT (top), high-{ TE (centre), and high-{ EE (bot-
tom) angular power spectra. Here Dy = (£ + 1)C¢/(2m).
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Systematic effects: LFl @ 70 GHz
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Fig. 3: Angular power spectra of the various systematic effects at 70 GHz, compared to the CMB temperature and polarization spectra and to the instrumental noise from half-ring
(HR) difference maps. The CMB 7T and EE spectra are best fits to the Planck cosmological parameters (see figures 9 and 10 in Planck Collaboration I 2015) filtered by the
LFI window functions. The example CMB B-mode spectrum is based on Planck-derived cosmological parameters and assumes a tensor-to-scalar ratio r = 0.1, a tensor spectral
index nt = 0, and no beam-filtering. The thick dark-grey line represents the total contribution. The dotted dark-green line is the contribution from far the sidelobes that has been
removed from the data and is therefore not considered in the total.
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PLANCK COSMOLOGICAL PARAMETERS

The CMB anisotropy angular power spectrum shape and amplitude is strongly
dependent on the underlying cosmological model.

Cosmological models are characterized by cosmological parameters

STANDARD VANILLA MODEL PARAMETERS

Baryon Density today wbEQbh_z
Dark Matter Density today We = Qchz
Horizon @REC Angular Diameter Distance IOOQMC
Optical depth for reionization T

YR
In(10'YA,)

Cosmological perturbation tilt P(k) = A k"

CA
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Some more information on parameter definition - |

« Evolution of cosmic scale factor a=1/(1+z)
H2 = [(da/dt)/a]? = [da / (a% dn)]?
= (8G/3) [pw/a® +pgr/a® +p,(a) +pp+pu/a]
where dn=dt/a, t =time, n=conformal time
- Ratio of energy densities relative to the total

Q=3p/(8TGH,?) ; H,=H(@ t=today) = Hubble constant,
h=H,/[100Km/s/Mpc] 1/H, related to the age of the Universe

for example: t,= (2/3)/H, for a simple Einstein-de Sitter model
pp= BNI(BTIG) ; p= BKI(BTIG) (K=0,+1,-1) T = [ xemeorcdt

« Thomson optical depth due to reionization
(integral from the raising of ionization fraction after “quiescent phase”
following recombination up to current epoch)

- Redshift of last-scattering, z,, such that optical depth to Thomson
scattering from z = 0 to z = z, is unity, assuming no reionization

a o> & _ e P79 &
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Some more information on parameter definition - |l
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Angular scale of the sound horizon at last-scattering g, = rs(2+)/Da(zs)

where r(z) = f " gy , with R = 3py,/(4p,)
o \3A+R

Typically 100%0, is given

Baryon velocities decouple from the photon dipole when Compton drag
balances the gravitational force, which happens at 74 ~ 1, where

n
7a(1) = f tdn' /R

70
Drag redshift zy,, such that T d(n(zdrag)) -

Sound horizon at the drag epoch Vdrag = rs(Zdrag)
Characteristic wavenumber for damping, Kp

1 1 R?>+16(1 +R)/15

o= [
D (77) 6 0 n + (1 +R)2

Angular damping scale @p = m/(kpDpa) . D, = comoving angular
diameter dlstance to z,




PLANCK COSMOLOGICAL PARAMETERS: ACDM model
2015 Release

Table 3. Parameters of the base ACDM cosmology computed from the 2015 baseline Planck likelihoods illustrating the consistency
of parameters determined from the temperature and polarization spectra at high multipoles. Column [1] uses the T'T spectra at
low and high multipoles and is the same as column [6] of Table 1. Columns [2] and [3] use only the TE and EE spectra at high
multipoles, and only polarization at low multipoles. Column [4] uses the full likelihood. The last column lists the deviations of the
cosmological parameters determined from the TT+lowP and TT,TE,EE+lowP likelihoods.

Parameter [1] Planck TT+lowP (2] Planck TE+lowP (3] Planck EE+lowP  [4] Planck TT.TE.EE+lowP  ([1] - [4])/o7y,
Q. 0.02222 +0.00023  0.02228 +0.00025  0.0240 = 0.0013 0.02225 + 0.00016 -0.1
Qi 0.1197 = 0.0022 0.1187 + 0.0021 0.115070.00% 0.1198 + 0.0015 0.0
1000pc « -« .. .. 1.04085 + 0.00047  1.04094 = 0.00051  1.03988 = 0.00094 1.04077 + 0.00032 0.2
T 0.078 = 0.019 0.053 = 0.019 00599922 0.079 £ 0.017 -0.1
In(10"°A,) ... ... 3.089 + 0.036 3.031 £ 0.041 30667004 3.094 + 0.034 -0.1
My oo 0.9655 = 0.0062 0.965 = 0.012 0.973 +0.016 0.9645 + 0.0049 0.2
Hy ..oooooo... 67.31 0.96 67.73 £ 0.92 70.2 + 3.0 67.27 + 0.66 0.0
Qo oo 0.315 0,013 0.300 £ 0.012 0.286°9% 0.3156 + 0.0091 0.0
U 0.829 + 0.014 0.802 = 0.018 0.796 + 0.024 0.831 +0.013 0.0
10°A,e7 ... ... 1.880 = 0.014 1.865 +0.019 1.907 + 0.027 1.882 + 0.012 -0.1

Main difference in T since now polarization comes from Planck

s, £ . 7 10
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Planck final performance in temperature & polarization

Average sensitivity, dT/T, per FWHM? resolution element (FWHM in arcmin) and white noise (per
frequency channel for LFIl and per detector for HF1) in 1 sec of integration (NET, in pK -Vs) in CMB
temperature units. Acronyms: DT = detector technology, N of R (or B) = number of radiometers (or
bolometers), EB = effective bandwidth (in GHz). At 100 GHz all bolometers are polarized, thus the
temperature measure is derived combining data from polarized bolometers.

HF1I ~ 29.5 months of integration (=~ 5 surveys)

Frequency (GHz) 100 143 217 353
FWHM in T (P) 9.6 (9.6) 7.1 (6.9) 4.6 (4.6) 4.7 (4.6)
Nof Bin T (P) (8) 4 (8) 4 (8) 4 (8)
EB in T (P) 33 (33) 43 (46) 72 (63) 99 (102)
NET in T (P) 100 (100) 62 (82) 91 (132) 277 (404)
T/T [pK/K] in T (P) 2.04 (3.31) 1.56 (2.83) 3.31 (6.24) 13.7 (26.2)
HFI

Frequency (GHz) 545 857

FWHM in T 4.7 4.3

NofBinT 4 1

EB inT 169 257

NET in T 2000 91000

oT/T [pK/K] in T 103 4134

LFI ~ 29.5 + 21 months of integration (=~ 8 surveys)
Frequency (GHz) 30 44 70

InP DT MIC MIC MMIC

FWHM 33.34 26.81 13.03

N of R (or feeds) 4 (2) 6 (3) 12 (6)

EB 6 8.8 14

NET 159 197 158

oT/T [pK/K] (in T) 1.85 2.85 4.69

8T/T [uK/K] (in P) 2.61 4.02 6.64
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B2+Keck 150 GHz T/Q/U maps of small sky patch

T jackknife

Q jackknife

g
g
3
Q
50 o 50 50 0 50
Fight ascension [deal 57 nK deg (3.4 pK arcmin) when adding 2012/13 Keck data -
by far the deepest maps ever made - but apodized and
Bicep2, Keck Array and Planck Collaboration filtered... c
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Planck 353 GHz full sky maps in polarization

353 GHz polarized maps
are dominated by Galactic

dust emission

For comparison, Planck 70 GHz
is close to the minimum of
Galactic foreground emission

NCK

a look back to the birth of Universe

Bicep2, Keck Array and Planck Collaboration
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Planck Collaboration: Dust polarization at high latitudes
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Fig.9: Planck 353 GHz Z)fB angular power spectrum computed on Mp> defined in Sect. 6.1 and extrapolated to 150 GHz (box
centres). The shaded boxes represent the +1 o uncertainties: blue for the statistical uncertainties from noise; and red adding in
quadrature the uncertainty from the extrapolation to 150 GHz. The Planck 2013 best-fit ACDM nga CMB model based on temper-
ature anisotropies, with a tensor amplitude fixed at r = 0.2, is overplotted as a black line.
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Compare BK 150 GHz (left) with Planck 353 GHz (right)

Dominated by LCDM E-modes

Dominated by noise & dust
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FIG. 12 (color). (Upper) BB spectrum of the BICEP2/Keck
maps before and after subtraction of the dust contribution,
estimated from the cross spectrum with Planck 353 GHz. The
error bars are the standard deviations of simulations, which, in
the latter case, have been scaled and combined in the same way.
The inner error bars are from lensed-ACDM -+ noise simulations
as in the previous plots, while the outer error bars are from the
lensed-ACDM -+ noise + dust simulations. The red curve shows
the lensed-ACDM expectation. (Lower) Constraint on »r derived
from the cleaned spectrum compared to the fiducial analysis
shown in Fig. 6.
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“ The fundamental conclusion is that
dust is detected at high significance,
and r < 0.12 at 95% confidence.

o Multi-component likelihood gives

o(r) ~ 0.035 -- This is a very direct
constraint on tensors!

o No significant evidence for r > 0.
Currently r =0 and r = 0.1 are at equal
likelihood.

o There may yet be a gravitational wave
signal, but if there is it must be
considerably smaller thanthe full signal.

“* We have checked the stability of the
analysis under variations of the data
selection and other details.

o Most variations make little difference.
There is some difference in the results
depending onwhether BICEP2 or Keck
data is used but this is shown to be
within noise fluctuation.
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o. Non-Gaussianity ... mainly through & .
7@) CMB bispe _ct rum "‘?(lﬂ

planck —_— -

“smoking gun
of inflation”
= m>i>m
dynamics B';:'fzé * = (aem emydesms ) b

16285
mymaoms bfl 8263

Gaunt integrals

gf':r;!t":m:q = fyﬁml(il) Y[:mz(i') Y(_\m;(i') d2;"

. (666
GG g omy ma |

0
Triangle condition: € < €, + {3 for € > {5, {3, +perms.
Parity condition: €+ &6 +63=2n, neN,
Resolution: C1.0.03 < Cpax . O1. 0. (3 € N

(1) Multiple fields (local models,
non-linearities develop outside horizon) -

(2) Non-canonical kinetic term of quantum ‘ > ' e T 4 many more
fields (higher derivative interactions; — (qul' . _—
Dirac-Born-Infeld, K-inflation)
(3< Non-vacuum_initial conditions O PLancr @
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Spectrum
(Absolute temperature)

of the
Cosmic Microwave Background
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CMB spectrum: current status

GH:
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Matsumoto excess

The assessement of (1 088 ApJ 329 567)
Planckian spectrum » AP ’
dl.sproved_ L LI LA L1 L B L LR B A W LA RN
previous claim! 4 — s —
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eig N J jL _
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Figure 10. An example of CMB spectral distortions due to a late decay of a very light
weakly interacting particle: myx = 5 x 107%eV, 7 = 0.9 x 10'°yr, ny, = 100em™~?,

To =265K, Hy = 50, 2 =1,

“So far, no fully satisfactory explanation of he sub-mm excess has been found.”
L. Danese, CB, L. Toffolatti, G. de Zotti, A. Franceschini, 1990, in The Cosmic
Microwave Backgrond: 20 Years Later
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Recent long wavelengths experiments (cm—-dm)

Crucial for free-free distortions
Where Bose-Einstein like distortions are more prominent

Complementarity of long wavelengths and short (<cm) wavelengths
Sensitive to processes at different & common phases
Breaking “approximate degeneracies” in constraining distortion parameters

= 2.85
TRIS, ground experiment i
Gervasi, M., et al. 2008, z
v 2.80
ApJ, 688, 24 g *
45F — - - T
I - ] £ 2
40¢ 1 & I
_ LD . ARCADE 2,
35¢ 1 Zewp 1 balloon
] £ i ] .
j=’ L I ] L i
- . - ¥ ; 2.65|- s
[_‘02.5-— { E g i ] . . . L et al- 2011,
L ] 1 10
" { ] Frequency (GHz) Asz 734!
I ] Fic. 1.— Detection of extragalactic radio emission by AR- id_ 5
] CADE 2 beyond the contribution of discrete radio sources
1.5F . and the expectation of 2.725 K blackbody radiation. Data
1 points are the ARCADE 2 results from Fixsen et al. (2008),
1.0t L ] and have been corrected for Milky Way Galactic emission
) — ' ' ' ' described by Kogut et al. (2008). The dashed curve is a con-
1 stant 2.725 K blackbody, consistent with FIRAS measure-
V(GHz) ments of the CMB. The dot dash curve is an estimate of the

discrete radio source contribution from Gervasi et al. (2008a)
Fic. 5—CMB thermodynamic temperature measured at low frequencies (see 1}10491 :'Flt'lj' added to t}}? 2.725 blackbody.. T.he data points
Table 1). For easier comparison with previous measurements ( filled circles), TRIS lie significantly above this dot dash curve, indicating our de-

- - P : tection of unexplained, excess emission. The solid curve is
data points (open squares) have been slightly shifted in frequency. The horizontal g ). S y 1 :
solid line is the CMB temperature obtained by FIRAS at higher frequencies. the best fit of the combined data of Table 1 and FIRAS to a

. power law plus a constant CMB temperature. wace
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Impact of various sources of errors:

note the atmosphere relevance
- Needs for balloon/space/Moon observations

v (GHz)
Temperature (K) 2.5 3.8 4.75 .5 7.5
1088 1080
G(Sa - Stoad) —0.000F 0,008 —0.045 £ 0.013 0146 £0.012  —0.126 £ 0.013
Source (T 1oga) 3734005 376240010  3682£0.010 362140000  3.67140.023
Atmosphere (Tg gem) 115540300 110040060 099740060 108340055 108340050 12224 0.064
Galaxy (T, ga1) 011840025  0.055+0015  0035+0.025 001040005  0.010£0.005  0.007 £ 0.004
Ground (T, gy ) 003040050  0.006+0008  0020£0.010  0.013£0010 0.013£0.010  0.022£0.015
System (ATsys) 003440034  00£0020 005240034  0.052£0034  0.02340.025
RFI (Ta,,RFI) 0.0 £ 0.005 0.0 £ 0.005
Sun (Ty,sun) 0.0 0.005
- 0.016 % 0,005
T 2504034 2644006 2704007 26040.07 2,64 10,06
Site SP WM/SP WM WM WM SP
Reference Sironi, 1001  De Amici, 1991  Mandolesi, 1986  Kogut, 1990 Levin 1992
Table 8: Values and errors of the recent experiments
e, 71 ) Jasf
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Theory of Spectral Distortions

Physical processes involved
(+ source terms):
()
ot )

d
= neaTckBT L { [i+7](1 +7])]}

2 2
Xe=cost mc 8xc axe

0 —Xe
51), = Ky T) "1 4101 = )]

The Kompaneets equation in cosmological on  an on on
context provides the best tool to compute the = ) + —) + —)
evolution of the photon distribution function, but Jt ot ot ff ot
a numerical code is needed.

An extremely precise fortran based code,
able to simulate the effects of the primordial
physical processes that can affect the
thermodynamic equilibrium of the CMBR (Kyprix)
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3l CMB distortions @ different cosmic times
BIG % Current accurate & general numerical codes, able to ingest many kinds of
BANG >3 source terms: KYPRIX: P. Procopio & C. Burigana 2009, A&A, 507, 1243;
_ ;:9 CosmoTherm: J. Chluba & R.A. Sunyaey, 2012, MNRAS, 419, 1294
Eeldaiiciucuy I Intermediate distortions today
Sunyaev a | | | R
19609; S | | [ '
”Iarionov & C_B Zhermalization Zgg Z Z,¢combination z
Sunyaev
1974: Primordial distortions . Late distortions
Danese & de Bose-Einstein like Superposition of black bodies
Zotti 1977,
Burigana et — 1 N = (A2 v (In(x/x") + 3y")* 1dx’
2|.g1991; Hu Iv /KT +i _ | n(x, y’) = (4ny’) U No(x )OXP[— 1y
ilk 1993
with y function of x ~ g ¥l . ks(Te — T0) 4 -
IJ #(x) Hoe€ - Where y = 5
Burlgana et al. 04 MecC?
T + Free-free T, — T,0,
Free-free | distortions — = \2(% - 2ug; )
R Comp ymzation
S g X Related (mainly) to the reionization history of the
Mlg{e age Late distortions —" universe( y) Y
\/ Bose-Einstein
~ ~
H ~1.4 Aele, y ~ (1/4

R0 v v b v b 0 e
100.0 1.00 0.10 0.0 o
A & * v
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Ideas of future CMB spectrum space missions

* The current limits on CMB spectral distortions and energy
dissipation processes in the plasma, |Ag/g,|<1074, are mainly
set by the NASA COBE/FIRAS experiment.

** High accuracy CMB spectrum experiments from space, like
DIMES at A 2 1 cm (Kogut 1996) and FIRAS Il at A = 1 cm
(Fixsen & Mather 2002), have been proposed to constrain (or
probably detect) energy exchanges 10-100 times smaller than
the FIRAS upper limits possibly generated by heating (but
also by cooling) mechanisms at different cosmic epochs.

*+ These perspectives have been recently renewed in the context
of a new CMB space mission like PIXIE (Kogut et al. 2011)
proposed to NASA or even in the possible inclusion of
spectrum measures in the context of a polarization dedicated
CMB space mission, of high sensitivity and up to arcmin
resolution, like PRISM proposed to ESA in 2013.
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Figure 2. Comparison between the constraints on the energy exchanges derived from current measures — FIRAS and long wavelength

] DIMES & FIRAS Il, about

: 100 better than FIRAS -

| Constraints in the absence
] of detection of distortions

data — {dotted lines: in practice FIRAS data alone set the current constraints. see Salvaterra & Burigana 2002). from FIRAS data jointed
to a simulated data set from a DIMES-like experiment (dash-dotted lines: see Burigana & Salvaterra 2003). and. finally. from simulated
data sets from a DIMES-like experiment jointed to a FIRAS II-like experiment (dashed lines). An underlying blackbody spectrum is here

d for the simulated data sets. In the first two cases (dotted lines and dash-dotted lines) we report the constraints on Ae/«;i{yp)

~ 300.000 yr

allowing for a later energy exchange at y;, < 1 but neglecting free-free distortions (i.e. assuming yz = 0). In the last case (dashed lines)
we relax the assumption yg = 0. i.e. we jointly consider three kinds of spectral distortions. See also the text.

=tyr]

F ool }

Savaterra & L i
Burigana ‘02; TR E
Burigana & - .
Salvaterra ‘03 To—s -

Figure 3. Constraints on the energy exchanges derived at different cosmic times by considering the case of a single dissipation process
on the basis of the FIRAS data calibrated according to Mather et al. 1999 and data simulated as in the case of an energy injection
with Ae/e; > 5 % 107% and observed with a DIMES-like experiment. The dissipation epoch is assumed to be known (is the same in the
generation of simulated data and in the fit). The different lines refer to the best fit result (dots) and to the upper and lower limits at 95
per cent CL (solid lines). The arrows indicate that the sign of the lower limit changes at y;, ~ 1, where lower and upper error bars result
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Toward 1000 times better than FIRAS!!!
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sl Probing primordial power spectrum on
very small scales using spectral distortion

e Current constraints on the power spectrum (and the spectral index n,) are
limited by the size of current horizon (CMB quadrupole) on large scales, and by
nonlinearity and Silk damping on small scales.

e Little improvement can be expected from galaxy surveys and SKA because of
these fundamental limitation.

e The small scale primordial power dissipated by Silk damping does not disappear
completely, but leaves its imprint in spectral distortions from the perfect CMB
blackbody spectrum. Important target for the PRISM spectrometer.

I 1 | Eoeaiammmms ( I | ( 1 | 0 01 0 0V 0 00 1
l“,;‘ T S P w———— ——— 'L -----
o EEEEERRR T T Y
—————— p
10-3 = : WIMP )i, 9 w— ()4
L |
. S beecacnan ¥ -
U e L ]
' CMB distortions | Allowed regions B o4
e L1 e L ) 1 o
e : | = Ultracompact minthalos (gamma rays, Fermi-LAT) f/
o ’ g \\r\a""'moa : —10-"
a 1w 3 . P :’denﬁnnﬂn. ww s tracompact minihalos (reionisation, WMAPS 7,)
' N = e -6
L ——— =110
=7 ' ! - o= Primordial black holes
2 CMB etal. ¢ e )
10-5k= ' : — CMB, Lyman-o, LSS and other cosmological probes 10~
'
Vhet \] = TN e o s eswnwenew ah l” ’
" % _!
] .
L1 | | S b g g e e e =S k100
\\\"\ N"l \\\'\ V10 40 100 100 40P 1 ® 0T 0P 40P 100" 10t 10 0" 10t 100 100 100 0 a0
Bringmann, Scott & Akrami, 2011, ArXiv:1110.24584 A (Y\'{p(‘.—l )
a - e qana — JASF = .
-@Sa % _®  C.Burigana — Ferrara 7/9/2015 % | HFire



Adiabatic cooling (BE condensation)

VS perturbatlon d|$$|pat|on

1Sketch of fractional rate of energy release
|due to Silk damping and free streaming for

|Also shown for comparison is the rate of
|energy loss due to adiabatic cooling of

Energy injection in
M distortions during
5x104<z<2x106
for different initial
power spectra
without running
compared with
energy losses due
to Bose-Einstein
condensation.

Chluba et al. 2012:
also amplitude
unknown @ small

Holl >Hcl _ g!;
/' HeJll->Hell 5
g1 Vo ' =10 12 idifferent initial power spectra.
- i ng=0.96 s
s ! ng=1.0,run=-0.045 | ng=1.0,un=0.00¢ ‘
8 e 8aming - {baryonic matter.
5] ' | el
y u % ‘ n, AE/E
1e-10 | R ! .
el B o | 107 | 68x 107
100 1000 10000 100000 1e+06
redshift (2) 1.04 | 47x10°
35608 1.0 | 29x10°"
3e-08 |-
. 0.9 8 0"
2598 | From Khatri et al. 2012 / s | Lax]
2e-08 092 | L1xI10*®
2 1.5e-08
1e-08 |- BEC | -22x 107
5e-09 | e M ~1.4 Ag/g; as
or a function of
5095 0.6 0.7 08 0. + spectral index ng
ns (without running)
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“Exotic” spectral distortions

A (cm)
100 10 1 0.1
C T T ]TIHII T "Illlll LI ["llll T 1 : ]IITHI TT :
0.015F 42.82
0.01F A 4279
0.005F : 42.76
—_ ob—~< T — 42.73
= g - .
S g 5 - =
.5 0.015F : J2.82 =~
o 0.01F =@ : 4279 &°
= 0.005F J2.76
o] S —42.73
—0.005E =7
~0.01F |<.67
B IIIHIIII Illllllll llll]lll] llillllll I 31
0001 0.01 01 1 10 =%
x=hv/kT,

Fig.4. Relaxation to a Bose-Einstein like spectrum of early distortions in presence
of radiative decay with An./n; = 7.5107° and Ac/e; such that g = 1073 (2) and
u= —10"2 (b) (see eq. (28), Ae/e; ~ 0.01). The initial spectrum is a black-body plus
a “line” due to the radiative decay (dotted lines). The numerical results for the present
spectrum (solid lines) and the approximation of Burigana et al. (1991a) (dashed lines)
are showed. The agreement results to be quite good (2, = 0.1, Hy = 50, 27 = 1).

by 14 ( 1+ Aefei 1) — 14 (1+R);Ba,m;\-/‘é:'§;_,”5 _ 1)
( (1+RxB,)}

R= (3/8)(9¢/X)

A (cm)
100 10 1 0.1
oF UL USRI CLRARN AR PP
3 2.725
2.724
3 2.723
= 2722
- 2721 %
3 5 5
=
: _ T,/T,.=02  0,=0.08
06k u=-2.17 107
X‘—‘-hv/kTo

Fig. 13. Evolution of a BB spectrum since z = 1500 (dotted line) for the case of
ionized matter with a constant ratio T./T; = 0.2 between the matter and radiation
temperature. The spectrum at several times is showed: z = 749 (dashed line}, 499 (long
dashes), 245 (dots plus dashes) and present time (solid line) (Ho = 50, 27 = 1). The
distorted spectrum is characterized by negative values of x and yp as a consequence
of the assumption on the ratio T, /T, (see eqq. (35) and (46)). Of course at very long
wavelengths, where bremsstrahlung is very efficient, the spectrum approaches to that
of a black-body with temperature 7' = T.. The top panel is only a blow—up of a part of
the bottom one for sake of comparison between the distortions at submillimetric and
R1J spectral regions.

Danese & Burigana '94,

g, is the number of states per momentum mode and X is the effective Lecture Notes Phys 429, 28
umber of rela c /nteractmg species at the decay epoch Oaex 9
b (L’ﬁf@ 1 »
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Decay and spectral distortions

For fixed total energy release

v [GHz) v [GHz)
3 2000
o.l Ll T 0 T 1 T 7 ‘I]]}o Ll T T I"l‘ll‘lw 1 L1 I‘Klll‘lo = " 6 o.] l lo lm lo3 m
. . N ’ 6x10 T T T Ty T T T T T T T T T
: |
s . ! -
-1x10 i ] 4xlO°L: B
T 2x10 4 = T
g J g 240° - -
~ . ~ - -
=~ .3¢10 R = A
R o = -
4x10” -
210°F -
5 105 g aanaul i aaaaal PRSI R T | PSR ETT | | sl s aaul A sl | L
=X 10° 001 0.1 1 10 20 50 10° 001 01 1 10 20 50
X X
~u type free-free y type

Decay with different lifetimes produce different spectral distortions
Chluba & Sunyaev 2012
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Visibility functions for atomic species

Cosmological Time in Years Courtesy Jeans Chluba
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log[10™° A]

emissivity:

l(/n ") — — Ny Z T [mn’l’R "Iynl — xannl,n’l’] 5(1/ — Vn"n)

Hints from TT & Pol anisotropies
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Recombination lines

Cosmological Recombination Spectrum

I llllll' T 1 llllll' I I Illllll

Hydrogen only Shifts in the line positions — 2 [
Hvdr d Heli due to presence of Helium Al Photons released
ydrogen and Helium in the Universe \ \ 2t eqehift 21400

Changes in the line shape
due to presence of Helium
in the Universe
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Features due to presence
of Helium in the Universe
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\ Spectral distortion reaches level of ~10-10"°
relative to CMB
Courtesy Jeans Chluba
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s Without any particular assumption
about complex haloes physics, a
robust lower limit to the global
averaged free-free  distortion
signal expected from the diffuse
ionized IGM in a given cosmological
reionization scenario can be derived
from fundamental arguments based
only on density contrast evolution on
cosmological models and well-known

radiative emission mechanisms
(T. Trombetti & C. Burigana 2014,

MNRAS, 437, 2507):
v'  Boltzmann codes for the
matter variance evaluation;
v a dedicated code for the free-
free distortion including the
correct time and frequency
dependence of Gaunt factor.
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As shown in the figure, where signals
from both free-free distortion and
Comptonization decrement are included,
the expected excess is at ~ mK level at
decimeter wavelengths & a few % of
Comptonization decrement expected in
these models at A <1 cm.

Modest but not negligible impact for
CMB space missions, main target for
ground-based observ
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Summary of CMB spectral distortions in intensity

Monopole distortion signals

— —— ] N BT
10-24_ ...... b 1024
— : FF excess: dashes
i -
T . 7: 107
N Compt. decrement: solid, y=5x107 - " :
£ 8 : .
NGRS | E
; 10 E v
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107k |
i .I
- S R 28 A R B Il. L e i
0.1 1.0 10. 1079 30 60 100 300 600 1000
frequency [GHz] v [GHz]
Low freqgs. High fregs.
Ground experiments, DIMES, FIRAS Il, Pixie, PRISM
ARCADE 2, SKA & its precursors From PRISM studies
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CMB spectral distortions - |

¢ Current observations consistent with Blackbody &
Standard Big-Bang Model ... but:

€ Very small distortions in continuum spectrum are

% strongly predicted to be generated during /ate epochs (z < 10%), as
Comptonization, free-free distortions associated to reionization / structure
formation, hot galaxy clusters: clearly detectable by PRISM (21000!)

*» or may be produced or have to be produced at earlier epochs

(Bose-Einstein distortions, intermediate shapes, “exotic shapes”) by “exotic”
processes, as decays, annihilation, cooling/Bose condensation, damping of
primordial perturbations probing the power spectrum on very small scales
(inflation). detectable by PRISM - New physics!

€ - “Direct” reconstruction of thermal history & thermodyn. processes up to z =107
4 > N.B.: fully analogy with CMB anisotropy before COBE/DMR:
Standard model would be untenable if no distortion were detected
» H & He recombination lines from z = 103
» HI Balmer & Paschen-a lines detectable with PRISM
» additional anisotropic signal detectable with PRISM
» Resonant scatterlng signals of metals during the dark ¢
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CMB spectral distortions - li

& Feasibility/robustness of theoretical studies

“ Accurate codes for the Kompaneets eq. & lines predictions exist,
versatile & fast enough
» to ingest many physical / astrophysical processes at both high & low z
» for implementations with different source terms
» for comparison with future ultra-precision data (also with MCMC methods)

& “By-products” of absolute temperature high-precision data
» better calibration, inter-frequency calibration of all astrophysical

microwave/mm/sub-mm data, also of future ground-based facilities
(@ higher resolution)
» accurate assessment of 0-levels of microwave/mm/sub-mm maps

» crucial link with radio & IR surveys, also for improving component
separation results by combining imaging with spectroscopy!
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Thanks for the attention!
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