


Matter calculations

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

1965+5…
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Initial CMB 
Calculations 



CDM & scale-invariant initial conditions in some detail:
ApJ, 1984, L45-48 & L 39-43 (Inflation is 1982)
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1988 (Pre‐COBE), Berkeley, Fermilab, Princeton…
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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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Pixie 4 years
50% sky 
proposed to 
NASA explorer 
Pgm In 12/2016
For 2023 launch
(with also r cap.)
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Very rich 
cosmology 

and 
foregrounds 

distortion 
physics

? Pixie+

? Pixie-

Prospects
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1992 state

Physics 2006

DMR/Smoot
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March 1996, Unesco (Paris)
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~3 years
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March 1996, Unesco (Paris)



Dec 2000, Oxford…

François R. Bouchet - Dark Matters/Joe75@IAP, 
12/12/2017 "Cosmic Microwave Background, then and now" 11



Planck 2015 temperature maps
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As Aff
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CO10 CO20
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Peeling off foreground
emissions… (inc. CIB)

… leads to many
scientific progresses…

François R. Bouchet - Dark Matters/Joe75@IAP, 12/12/2017



Planck 2015 T anisotropies map

SMICA
2015
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Well described 
statistically by an 

homogeneous and 
isotropic Gaussian 

field

François R. Bouchet ‐ Dark Matters/Joe75@IAP, 12/12/2017
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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

A magnificent consistency in CMB data
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Planck 2015 Polarisation maps
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The Planck 2015 CMB polarisation sky
at 5 arc minute resolution

(largest scales excluded)

François R. Bouchet - Dark Matters/Joe75@IAP, 12/12/2017



What we already knew

"Cosmic Microwave Background, then and now" 18

WMAP3
About 50 
locations?

François R. Bouchet - Dark Matters/Joe75@IAP, 12/12/2017
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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" 19
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Projected mass map

"Cosmic Microwave Background, then and now"

2013





TT, EE, BB, ΦΦ – 2017 status

"Cosmic Microwave Background, then and now" 22
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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, 
fNL, etc.

E<0 E>0

B<0 B>0

(40σ detection)

François R. Bouchet ‐ Dark Matters/Joe75@IAP, 12/12/2017



CMB Anisotropies

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

data (BAO, but 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 information remains in the 

CMB polarisation anisotropies (millions of modes). 
– Ground observations will now be the dominating source of new 

information in the next decade. See next talks. But intrinsic 
limitations, i.e., we need space too for large scales, nu coverage, 
and for spectral distortions.

François R. Bouchet ‐ Dark Matters/Joe75@IAP, 12/12/2017"Cosmic Microwave Background, then and now" 23



What is the value of ns ?

"Cosmic Microwave Background, then and now" 24

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 ‐ Dark Matters/Joe75@IAP, 12/12/2017



Power spectrum reconstruction

"Cosmic Microwave Background, then and now" 25

Bayesian 
reconstruction 
with varying 
number of 
nodes (<9) 
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 ‐ Dark Matters/Joe75@IAP, 12/12/2017



(Unsuccessful) Search for features

"Cosmic Microwave Background, then and now" 26François R. Bouchet ‐ Dark Matters/Joe75@IAP, 12/12/2017



Planck 2015: ns vs r
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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 ‐ Dark Matters/Joe75@IAP, 12/12/2017



Planck 353GHz reveals the Galactic magnetic field

"Cosmic Microwave Background, then and now" 28

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

François R. Bouchet ‐ Dark Matters/Joe75@IAP, 12/12/2017



Spatial curvature constraint

"Cosmic Microwave Background, then and now" 29

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 ‐ Dark Matters/Joe75@IAP, 12/12/2017



Planck 2015 ‐ Bispectrum constraints

"Cosmic Microwave Background, then and now"

flocal
NL = 0.8 ± 5.0 

fequil
NL =  - 4 ± 43 

fortho
NL =-26 ± 21

wrt Planck2013

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

30

A hundred-fold 
improvement in 14 

years
François R. Bouchet ‐ Dark Matters/Joe75@IAP, 12/12/2017
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We tested & constrained a lot more…

François R. Bouchet ‐ Dark Matters/Joe75@IAP, 12/12/2017"Cosmic Microwave Background, then and now" 32

…



Planck is a 
project of the 

European Space 
Agency, with 
instruments 

provided by two 
scientific 

Consortia funded 
by ESA member 

states (in 
particular the 

lead countries: 
France and Italy) 

with 
contributions 
from NASA 
(USA), and 
telescope 
reflectors 

provided in a 
collaboration 

between ESA and 
a scientific 

Consortium led 
and funded by 

Denmark.
"Cosmic Microwave Background, then and now"

The scientific results that we present today are a product of
the Planck Collaboration, including individuals from more
than 100 scientific institutes in Europe, the USA and Canada.

33François R. Bouchet ‐ Dark Matters/Joe75@IAP, 12/12/2017



TT, EE, BB, ΦΦ – early 2017 status

"Cosmic Microwave Background, then and now" 34
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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 ‐ Dark Matters/Joe75@IAP, 12/12/2017

fnl
X (k)…

ΛCDM
enough?



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].       M , Neff …

Planck
CORE

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



2009

We’ve come a long way since 1965…

& sub-
orbital

François R. Bouchet ‐ Dark Matters/Joe75@IAP, 12/12/2017"Cosmic Microwave Background, then and now" 36



With much more to come!

Starting with Planck 2018 “legacy” release!


