
bb

François R. Bouchet - KIAS, 21/12/2017 "Cosmic Microwave Background, then and now" 1





The photonic background
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Lacasa
2014 arX

iv:1406.0441
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Penzias et Wilson discovery antenna…

Cosmic Background predicted by Gamow in 1948, and by Ralph Alpher & Robert
Herman in 1950. Serendipitously observed in 1965 par Arno Penzias and Robert
Wilson at the Murray Hill Centre (NJ) of the Bell Telephone Laboratories as « A
source of excess noise in a radio Receiver ». Joint interpretation article in Physical
Review by Dicke, Peebles, Roll, Wilkinson…(Princeton), contacted via Bernie Burke.

Physics 1978



CMB spectrum: FIRAS
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Mather@ AAS 1990, 9mn of data
Mather et al., 1994, ApJ, 420, 439
Fixsen et al., 1996, ApJ, 473, 576
Mather et al., 1999, ApJ, 512, 511
Fixsen et al., 2003, ApJ, 594, 67

Physics 2006



Light takes  2,7 billion years to travel to us from a galaxy on the green circle  .
The millimetric light took ~13 billion years to travel to us from the LSS (red circle). This is 
the fossil from the primordial furnace, 400 000 years after the Bang, when the universe 
became transparent.

François R. Bouchet - KIAS, 21/12/2017"Cosmic Microwave Background, then and now" 6

To look far away is watching a remote past!

US



Matter calculations

PRECISION COSMOLOGY…
First numerical CMB calculation (to go through recombination)

1965+5…
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Initial CMB 
Calculations 



Generating the primordial fluctuations: 
When and How?

• Then the Inflation “framework” came along (in the 70’s); see the presentation  
tomorrow by Professor Misao Sasaki. 

• For now, just note and remember that this class of models proposes that 
– the initial conditions for the standard Hot Big Bang model  were set during a phase of very fast 

expansion (with ~constant expansion rate for >~50 e‐folds), dominated by the energy density 
of the (quantum) vacuum, which at the end of that phase decays into matter and radiation. 
The existence of such a phase solves a number of cosmological conundrums (Monopoles, 
Flatness, Homogeneity…). 

– During that period, unavoidable quantum fluctuation of the vacuum energy density (which 
sources the metrics) are expanded to cosmological scales and leave a quasi scale invariant 
spectrum of curvature perturbations. These will later initiate the growth to complexity which, 
13.8 billions later, is visible in the sponge‐like topology of the large scale structures of the 
Universe which are revealed by the inhomogeneities of the galaxy distribution.

– Generic predictions follow (flat spatial geometry, adiabatic initial fluctuations, quasi Gaussian 
distributed, quasi scale invariant, but not quite, etc…) but with considerable variations in the 
implementation and detailed properties. Of particular note, first calculation of vacuum 
quantum fluctuations during a de Sitter phase by Mukanov and Chibisov in 1981. 

– During the early phase of the Universe., before 380 000 years, adiabatic fluctuations oscillate 
like acoustic fluctuations under the influence of the photon pressure, before the time when 
photons cease to interact with electrons and the Universe becomes neutral and transparent.

• Later on, other proposals to seed the growth of structure, but all are still related to 
fluctuations of the vacuum (Topological defects, and lately, bouncing models). 
Thus we may be the the children of the stars, but ultimately, we are children of the 
quantum vacuum!
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1988 (Pre‐COBE), Berkeley, Fermilab, Princeton…
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

Senior people were once young…



TERRA
INCOGNITA

1992 state

Physics 2006

DMR/Smoot

François R Bouchet ‐ KIAS 21/12/2017Co
sm

ic
 M

ic
ro
w
av
e 
Ba

ck
gr
ou

nd
, t
he

n 
an
d 
no

w
"

11



March 1996 presentation, Unesco (Paris), 
for an ultimate T anisotropies cosmological mission
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~3 years
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March 1996 selection, Unesco (Paris)

Boldly targeting per cent 
accuracy on cosmological 
parameters, or surprises…

This plot was showing the 
typical amplitude of CMB 

fluctuations within different 
ranges of angular scales 
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Fast forward: end of 2002 Status (pre‐WMAP)…

Benoit et al 2003, A & A, 399, L25

Octobre 2002

Many experiments progressively reveal our sky! (+many further theoretical developments) 

…Followed shortly thereafter by the WMAP 3, 5, 7 and 9 years results
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Very cold, very stable, a very long time…

"Cosmic Microwave Background, then and now"

1mK

0.1mK

0.1mK

97590

- Bandpass filters

16François R. Bouchet - KIAS, 21/12/2017
(in May 2009)

0.1K



Planck 2015 Temperature maps
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(Intensities expressed as  
equivalent thermodynamic 
fluctuations at that frequency)

1.3μK.deg,9.7’ 0.8μK.deg,5.0’0.5μK.deg,7.3’

3.5μK.deg,13’

(pla.esac.esa.int)
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As Aff

Asd Atd

CO10 CO20

y

Peeling off foreground
emissions… (inc. CIB)

… leads to many
scientific progresses…



Planck 2015 T anisotropies map

SMICA
2015
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Well described 
statistically by an 

homogeneous and 
isotropic Gaussian 

field

François R. Bouchet ‐ KIAS, 21/12/2017
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Hou+ arXiv:1704.00884v1
SPT@150GHz vs planck@143GHz 

SPT Planck

SPT 
low-passed

Planck
high-passed

Little residual in
SPT-low minus 
Planck-high,
but a variable 
source

ACT@150GHz vs planck@143GHz 
Louis+ arXiv:1610.02360v1

NB: Planck also agrees with the largest scale modes 
previously mapped by COBE/DMR and WMAP. 



COBE/DMR T anisotropies map
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We have essentially finished mining the cosmological Temperature anisotropies revealed by DMR
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Planck 2015 Polarisation maps
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30 GHz

357 GHz

Planck 2015 Polarisation 
& Galactic foregrounds

Synchrotron

Thermal dust 
in magnetic field

Lines indicate the
magnetic field direction, 

Colors indicate the 
emission intensity

Lots of information to 
understand better our cradle,

with details inaccessible 
in other galaxies
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The Planck 2015 CMB polarisation sky
at 5 arc minute resolution

(largest scales excluded)

François R. Bouchet - KIAS, 21/12/2017



What we already knew (from WMAP)
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HOT (dec 23): WMAP team was awarded the 3M$ 2018 Breakthrough Prize in Fundamental Physics 
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GRAVITATIONAL LENSING 
DISTORTS IMAGES

The gravitational effects of intervening matter bend the path of CMB light on its way from the 
early universe to the Planck telescope. This “gravitational lensing” distorts our image of the CMB

(smoothing on the power spectrum, and correlations between scales)

"Cosmic Microwave Background, then and now" 26
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E<0 E>0

B<0 B>0

Duncan fecit
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E<0 E>0

B<0 B>0

François R. Bouchet - KIAS, 21/12/2017 "Cosmic Microwave Background, then and now"

Duncan fecit
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Projected mass map

"Cosmic Microwave Background, then and now"

2013
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What theory said…

"Cosmic Microwave Background, then and now"

(well before any observations...)



A theories‐measurements contact

obey, for a statistically homogeneous and isotropic field, 

The temperature angular power spectrum is estimated in practice by 

The harmonic modes

,

The bi- and tri-spectra may be used to test for NG, NB: biposh coeff.

Similar expressions for polarisation (on spin2 harmonics)
François R. Bouchet, SF2A,  July 4th 2017"Un bilan de Planck" 32



Cosmic imprints

"Cosmic Microwave Background, then and now"

Peebles, Yu, Sachs & Wolf, Sunyaev, Zeldovich,
Silk, Vittorio, Wilson, Mukhanov, Chibisov, Sasaki,
Bardeen, Linde, Bond, Efstathiou, Bouchet,
Bennett, Gott, Kaiser, Stebbins, Allen, Shellard,
Seljack, Zaldariaga, Kamionkowski, Hu, …

François R. Bouchet ‐ KIAS, 21/12/2017 33
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Power spectrum shape and cosmological parameters

François R. Bouchet - KIAS, 21/12/2017"Cosmic Microwave Background, then and now" 34



TT, EE, BB, ΦΦ – 2017 status
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 1 114 000

Modes 
measured 
with TT, 

60 000 with 
TE (not 
shown)  

96 000 with
EE

… and
10’s in BB

and φφ

+ weak 
constraints 
with        TB 
and EB

τ = 0.055±0.009

107

And 
statistically 
isotropic…

François R. Bouchet ‐ KIAS, 21/12/2017

(40σ detection)

E>0E<0

B<0 B>0



WHAT DID 
THE CMB 
TEACH US 
SO FAR ?



CMB Anisotropies post‐Planck

 The LCDM model fits all CMB data in T, E, B, φ. 
– No need for an extension. A lavish source of constraints 

/papers…
– Same model parameters, determined at the per cent level, also 

fit other data (BAO, and also BBN, SN1a…). 
– Some tensions (anomalies, SZ, H0, WL), whose meaning remains 

unclear as of now. 

 T anisotropies information essentially exhausted (but 
much still to learn on foregrounds, e.g. from SZ). 

 A new field, CMB lensing, has emerged (observationally). 
Much untapped and unique source of information 

remains in the CMB polarisation anisotropies (millions of 
modes). 

François R. Bouchet ‐ KIAS, 21/12/2017"Cosmic Microwave Background, then and now" 37



TE large scale correlation

"Cosmic Microwave Background, then and now"

apparently a-
causal physics, 
calling for a 
period of 
accelerated 
expansion 
(Spergel & 
Zaldariaga 97)

So the  
(apparent) 
horizon is 
actually only the 
Hubble length

38François R. Bouchet ‐ KIAS, 21/12/2017



Adiabaticity
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?

Adiabatic IC Isocurvature IC

François R. Bouchet ‐ KIAS, 21/12/2017

E<0 E>0

B<0 B>0



Adiabaticity

"Cosmic Microwave Background, then and now"

Kinney

✔

40

Adiabatic IC Isocurvature IC

François R. Bouchet ‐ KIAS, 21/12/2017
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The Planck power spectrum of 
Temperature anisotropies

"Cosmic Microwave Background, then and now"

François R. Bouchet - KIAS, 21/12/2017
2013 
data
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Theory confronts data

"Cosmic Microwave Background, then and now"

François R. Bouchet - KIAS, 21/12/2017
2013 
data



3 parameters to set (though General Relativity) the dynamics of the universe, 
1 parameter to capture the effect of reionisation (end of the dark ages), 

2 parameters to describe the primordial fluctuations. 
Flat spatial geometry.

 Ωbh2 Baryon density today - The amount of ordinary matter 
 Ωch2   Cold dark matter density today – only weakly interacting
 Θ Sound horizon size when optical depth  reaches unity

(Distance travelled by a sound wave since inflation, when universe  
became  transparent at recombination at t ~380 000 years)

  Optical depth at reionisation (due to Thomson scattering of photons on e-), 
i.e.       

fraction of the CMB photons re-scattered during that process

 As       Amplitude of the curvature power spectrum                                              
(Overall contrast of primordial fluctuations)

 ns       Scalar power spectrum power law index             
(ns-1 measures departure from scale invariance)

 Others are derived parameters within the model, in particular 
– Ω “Dark Energy’’ fraction of the critical density (derived only if assumed flat)
– H0  the expansion rate today (in km/s per Mpc of separation)
– t0 the age of the universe (in Gy)

Base ΛCDM model with 6 parameters

"Cosmic Microwave Background, then and now" François R. Bouchet ‐ KIAS, 21/12/2017 43



“CMB‐Hand‐Wave” code

Normalisation of P(k) Amplitude at low‐ell.
 Logarithmic Slope of P(k)  ratio low/high‐ell.
Acoustic Horizon  localisation of 1st peak     (H0)
Density of matter contrast between peaks.
Density of baryons  ratio of odd/even peak 
amplitudes.

Optical depth to reionisation: mostly EE bump.
 Etc.. (think non‐std Neutrinos) 
 There are degeneracies (more or less lifted with 
increasing precision).

 This is now textbook physics. See, eg Mukanov book.
François R. Bouchet, SF2A,  July 4th 2017"Un bilan de Planck" 44
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The value of ns

"Cosmic Microwave Background, then and now" 45

Mukhanov & Chibisov (1981): 1st calculation of (scalar) quantum fluctuation of the 
vacuum in an inflating background. ns must be ~0.96 < 1 for inflation to end.

A hundred-fold improvement 
in 20 years

alone

François R. Bouchet ‐ KIAS, 21/12/2017



Inflation has a few variants...

"Cosmic Microwave Background, then and now" 46

 assisted brane inflation
 anomaly‐induced inflation
 assisted inflation
 assisted chaotic inflation
 B‐inflation
 boundary inflation
 brane inflation
 brane‐assisted inflation
 brane gas inflation
 brane‐antibrane inflation
 braneworld inflation
 Brans‐Dicke chaotic inflation
 Brans‐Dicke inflation
 bulky brane inflation
 chaotic inflation
 chaotic hybrid inflation
 chaotic new inflation
 Chromo‐Natural Inflation
 D‐brane inflation
 D‐term inflation
 dilaton‐driven inflation
 dilaton‐driven brane inflation
 double inflation
 double D‐term inflation
 dual inflation
 dynamical inflation
 dynamical SUSY inflation
 S‐dimensional assisted inflation
 eternal inflation
 extended inflation
 extended open inflation
 extended warm inflation
 extra dimensional inflation
 …

 F‐term inflation
 F‐term hybrid inflation
 false‐vacuum inflation
 false‐vacuum chaotic inflation
 fast‐roll inflation
 first‐order inflation
 gauged inflation
 Ghost inflation
 Hagedorn inflation

 Quintessential inflation
 Roulette inflation
 curvature inflation
 Natural inflation
 Warm natural inflation
 Super inflation
 Super natural inflation
 Thermal inflation
 Discrete inflation
 Polarcap inflation
 Open inflation
 Topological inflation
 Multiple inflation
 Warm inflation
 Stochastic inflation
 Generalised assisted inflation
 Self‐sustained inflation
 Graduated inflation
 Local inflation
 Singular inflation
 Slinky inflation
 Locked inflation
 Elastic inflation
 Mixed inflation
 Phantom inflation
 Non‐commutative inflation
 Tachyonic inflation
 Tsunami inflation
 Lambda inflation
 Steep inflation
 Oscillating inflation
 Mutated hybrid inflation 
 Inhomogeneous inflation
 …

 higher‐curvature inflation
 hybrid inflation
 Hyper‐extended inflation
 induced gravity inflation
 intermediate inflation
 inverted hybrid inflation
 Power‐law inflation
 K‐inflation
 Super symmetric inflation

François R. Bouchet ‐ KIAS, 21/12/2017



Bayesian moveable knot PS reconstruction

"Cosmic Microwave Background, then and now" 47

Adding 
0 to 8 
knots

(in addition to 
the minimum 
2 to define a 
slope)

No truly 
significant 
deviation 
found

i.e.,
l=20 dent 
is only 
tantalising
(as all  
other 
anomalies 
so far)

François R. Bouchet ‐ KIAS, 21/12/2017

Other 
techniques 
possible



Power spectrum reconstruction

"Cosmic Microwave Background, then and now" 48

Bayesian 
reconstruction 
with varying 
number of 
nodes (<11) 
reconstruction
s weighted by 
their 
respective 
evidence. 

No strong 
evidence for 
feature or  
anomaly.

(actually used 3 
different methods, 
all with
similar results)

9 e-folds

François R. Bouchet ‐ KIAS, 21/12/2017



(Unsuccessful) Search for features

"Cosmic Microwave Background, then and now" 49François R. Bouchet ‐ KIAS, 21/12/2017



Planck 2015: ns vs r

"Cosmic Microwave Background, then and now" 50

Similar (indirect) r constraint than with 2013 release (r0.002 < 0.10 @ 95% CL vs 0.11) 

V*=(1.9 x 1016 GeV)4 (r/0.12)

François R. Bouchet ‐ KIAS, 21/12/2017



Sorting out Single field slow‐roll models…

François R. Bouchet ‐ KIAS, 21/12/2017"Cosmic Microwave Background, then and now" 51

Jeffreys’ categories: 
• inconclusive: blue, 
• weakly disfavoured: red, 
• moderately disfavoured: green
• strongly disfavoured: yellow

A
S

P
IC

 arX
iv/1303.3787

“models” 
include 
different 
priors

(ranking 
vs LCDM)



CMB versus other GW detectors 
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March 27

François R. Bouchet ‐ KIAS, 21/12/2017

For the not-too-distant future, direct local detections can only constrain non-scale 
invariant (blue) primordial GW backgrounds.
Detection by dedicated CMB experiments is a major goal.



Planck 353GHz reveals the Galactic magnetic field

"Cosmic Microwave Background, then and now" 53

(whose effect can account for at least about ½ of the initial BICEP claim)

François R. Bouchet ‐ KIAS, 21/12/2017



Planck 2015 ‐ Bispectrum constraints

"Cosmic Microwave Background, then and now"

flocal
NL = 0.8 ± 5.0 

fequil
NL =  - 4 ± 43 

fortho
NL =-26 ± 21

Planck 2015 – 2000 modes

103 (Maxima 2001), 
102 (WMAP7), 
10 (Planck15) 

54

A hundred-fold 
improvement in 14 

years
François R. Bouchet ‐ KIAS, 21/12/2017



fNL= 0  

Liguori, Yadav, Hansen, Komatsu, Matarrese, Wandelt 2007

François R. Bouchet ‐ KIAS, 21/12/2017"Cosmic Microwave Background, then and now" 55



fNL= 100

Liguori, Yadav, Hansen, Komatsu, Matarrese, Wandelt 2007

Positive fNL = More Cold Spots

François R. Bouchet ‐ KIAS, 21/12/2017"Cosmic Microwave Background, then and now" 56



BBN – Neff, Yp

François R. Bouchet ‐ KIAS, 21/12/2017"Cosmic Microwave Background, then and now"

Planck baryometer
OK with BBN (but Li7)

Planck TT  + lowP + BAO
Neff =3.15 ± 0.23 @ 95%cl;

Neff = 4 is thus excluded at 
more than 3 sigma.

Planck found no evidence of
extra degrees of freedom at 
sub-eV mass level that could 
have coexisted with photons
at recombination 

57



Echoes of the primordial drum…

"Planck 2016: de la mousse quantique à l'éponge cosmique" 58

Changing equality rad/mat:
mh2 = 0.12 (green), 

0.13 (red), 
0.14 (blue), and 
0.105 in pure CDM

François R. Bouchet, Toulouse,  31 mai 2016



BOSS RD12, Alam+2016, arXiv:1607.03155

François R. Bouchet ‐ KIAS, 21/12/2017"Cosmic Microwave Background, then and now" 59



Spatial curvature constraint

"Cosmic Microwave Background, then and now" 60

Melchiorri et al. 2000 Jaffe et al. 2001

Planck 2015

Note the change of axes
For Planck below

A hundred-fold improvement in 15 years
François R. Bouchet ‐ KIAS, 21/12/2017

Flat space  Ωk=0
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We tested & constrained a lot more…

François R. Bouchet ‐ KIAS, 21/12/2017"Cosmic Microwave Background, then and now" 62

…



CMB Anisotropies post‐Planck 1/2

 The LCDM model fits all CMB data in T, E, B, φ. 
– No need for an extension. A lavish source of constraints /papers…
– Same model parameters, determined at the per cent level, also fit other data (BAO, 

and also BBN, SN1a…). 
– Some tensions (anomalies, SZ, H0, WL), whose meaning remains unclear as of now. 

 LCDM is a tilted model (ns <1) and the inflationary phase models check all 
the generic boxes. Many specific models have been ruled out though. 

 Alternatives have either been falsified, or they mostly/only do post‐
dictions so far. E.g., bouncing model are not expected to produce 
Gravitational Waves; they may thus be falsified by an incoming detection. 
Otherwise, Occam’s razor?  

 T anisotropies information essentially exhausted (but much still to learn 
on foregrounds, e.g. from SZ). Polarisation promises a very rich harvest. 

 A new field, CMB lensing, has emerged (observationally), with a great 
scientific potential. It has unique advantages (known source plane, well 
understood, mostly linear physics at work); but it is a foreground to be 
removed for improving the detection capability of a Primordial Gravitation 
wave stochastic background. In any case, it is  a great source of problem 
to solve for astronomers. 
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project of the 
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Agency, with 
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provided by two 
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with 
contributions 
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Planck results are a product of the Planck Collaboration,
including individuals from more than 100 scientific institutes
in Europe, the USA and Canada.
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A full cryogenic life 
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HFI starts cooling,
Hotel des roches,
Kourou
14 mai 2009

HFI starts warming up
HFI Core team meeting
Institut d’Astrophysique de Paris,
14 janvier 2012
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1035

The primordial Universe, 
Fundamental physics 
Ultimate laboratory 

François R. Bouchet ‐ KIAS, 21/12/2017



CMB spectrum: FIRAS
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Mather@ AAS 1990, 9mn of data
Mather et al., 1994, ApJ, 420, 439
Fixsen et al., 1996, ApJ, 473, 576
Mather et al., 1999, ApJ, 512, 511
Fixsen et al., 2003, ApJ, 594, 67

Physics 2006
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Also sensitive to any energy input – exotic or astrophysics – a very extended net

of the CMB spectrum

Extending the window on small 
scale scalar primordial power 
spectrum (+9 e-folds)
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Pixie 4 years
50% sky 
proposed to 
NASA explorer 
Pgm In 12/2016
For 2023 launch
(with also r cap.)

Pixie- ?

Pixie+ ?



TT, EE, BB, ΦΦ – 2017 status
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with TT, 

60 000 with 
TE (not 
shown)  

96 000 with
EE

… and
10’s in BB

and φφ

+ weak 
constraints 
with        TB 
and EB

τ = 0.055±0.009
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And 
statistically 
isotropic…

François R. Bouchet ‐ KIAS, 21/12/2017

(40σ detection)

E>0E<0

B<0 B>0



TT, EE, BB, ΦΦ – Prospects
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Planck:

1 114 000
Modes 
measured with 
TT, 

60 000 with TE 
(not shown)  

96 000 with EE

… and
10’s in BB

and φφ

+ constraints 
on TB and EB

τ = 0.055±0.009

107

And SZ 
& CIB PS, 
etc.

(40σ detection)

François R. Bouchet ‐ KIAS, 21/12/2017

fnl
X (k)…

ΛCDM
enough?

Anomalies?



Lensing comes from a broad redshift range

Raveri, Bull, Pogosian, Silvestri (2017) 

Fig. Benabed

~1/2 of the peak signal 
comes from 1 < z < 5

A unique contribution of CMB lensing to DE/MG search
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The good, the ?, the ??
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H0WLSZ

JLA of SN
Inverse 
H-ladder..

BAO Dv SN Ωm BBN Yp YDP

(but 2.3 sig w. latest YDP)

Freedman, arxiv/1706.02739BUT GPE+ arXiv:1707.00483Medezinski+ arXiv:1706.00434: a cluster mass 
dependence of the bias?



CORE examples of CMB potential
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The goal is “simply” to 
- either make a 5 sigma detection at the level of r~4 x 10-3

- or disfavour the whole class of large field inflation 

Reconstruction noise of the lensing detection power spectrum from Planck 2015 (left) and 
forecasts. The detection power spectrum is plotted based on the linear matter power 
spectrum (black solid) and with non-linear corrections (black dashed). [MV=minimum 
Variance].       Mߥ, Neff …

Planck
CORE

Power spectrum reconstruction 
(linearly-sinusoidal wiggles generated by an inflaton cs reduction) Capability to find limitations of ΛCDM 



CMB Anisotropies post‐Planck 2/2

 Despite the amazing progresses of the last 25 years, much 
untapped and unique source of information remains in the 
CMB.

 The COBE/FIRAS are still the most constraining data on 
Spectral distortions. 
– Many guaranteed signals, both relatively easy (SZ) or quite challenging 

(need 104 better sensitivity than FIRAS) for recombination lines and silk 
damping imprint. Wide net.

– But also many not so well known astrophysical foregrounds that we 
shall have to learn to tame…

 Polarisation anisotropies have millions of modes awaiting to 
be measured. 
– Some relatively low hanging fruits (large‐ell E modes), followed by 

lensing reconstructions (Neff, Mnu, DM…), and finally primordial 
gravitational waves (maybe) to disentangle from Lensing B modes.

– Ground observations will now be the dominating source of new 
information in the next decade at least. But they suffer from  intrinsic 
limitations, i.e., we need space too for large scales, nu coverage, and 
for spectral distortions.
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2009

We’ve come a long way since 1965…

& sub-
orbital
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With much more to come!

Starting with Planck 2018 “legacy” release!


