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Fluctuation and GW 
generator 

Fluctuation amplifier 
But GW dissipator… 



Cosmic Microwave Background Radiation Overview 

The oldest light or the 
first light of the 
Universe 

2009 Planck 

Discovered the remnant 
afterglow from the Big Bang. 
à  2.7 K  

Blackbody radiation, 
Discovered the patterns 
(anisotropy) in the afterglow. 
à  angular scale ~ 7° at a 
level  ΔT/T  of 10-5 

(Wilkinson Microwave 
Anisotropy Probe): 
 angular scale ~ 15’ 
 

à angular scale ~ 5’,           
ΔT/T ~ 2x10-6, 30~867 Hz    
 



Comparison with forerunners 



Evolution of cosmological perturbations 

The overdensities in the baryon-
photon fluid collapse under the 
influence of gravity, until the 
pressure is strong enough to resist. 
Then the plasma starts to oscillate, 
until recombination. 

We therefore see (mostly) the 
oscillation pattern at trec! 

The largest scale that had just time to collapse will create the first peak, 
the scale that collapsed and re-expanded the second peak, etc.           
à angular diameter distance to z=1100! 

(Photons are also affected by physics on the way to us, like time-
evolving potentials, lensing, and other things.) 

(Wayne Hu) 



The CMB power spectrum 

CMB physics is mostly linear -> very clean probe!  
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measuring cosmological 
parameters 

(Wayne Hu) (Wayne Hu) 

varying baryon content varying curvature 
or Λ content 

The CMB fluctuations depend on the values of the parameters 
à we just vary all of them to find the best values 



A brief history of Planck 

•  1993: COBRAS & SAMBA proposals     
for M3 Horizon launch slot [2003] 

•  (1995: WMAP proposed to NASA) 
•  1996: selection of COBRAS/SAMBA,  

then named Planck [2004] 
•  1997: instrument AO [2006] 
•  1998: ESA runs into financial difficul-

ties, FIRST/Planck studies [2007] 
•  (2001 WMAP launch) 
•  … lots of work … 
•  2009 Planck launch [2009]  



the Planck mission 

14 May 2009!
13:12:02 UTC!







the Planck focal plane 

The satellite 

•  Launched and placed in L2 orbit in 2009. Full scan every 6 month. 

•  75 detectors covering 9 frequency channels, grouped as “LFI” (HEM transistors) 
and “HFI” (bolometers). 

•  Planck strengths: large and redundent sky coverage, number of channels & 

detectors, low detector noise (25 x better than WMAP). Resolution intermediate 

between WMAP (3 x better) and ACT, SPT. 

25.03.2013 Planck implications for cosmology – J. Lesgourgues 4 

PLANCK LFI HFI 

Center Freq (GHz) 30 44 70 100 143 217 353 545 857 

Angular resolution  (FWHM 
arcmin) 

33 24 14 10 7.1 5.0 5.0 5 5 

Sensitivity in I [µK.deg]  

[σpix Ωpix
1/2] 

2.7 2.6 2.6 1.0 0.6 1.0 2,9 

Sensitivity in Q or U [µK.deg] 
[σpix Ωpix

1/2] 
4.5 4.6 4.6 1.8 1.4 2.4 7.3 



Paolo Natoli– LAL 25 May 2011 

- 22-element array 

Sensitivity (ΔT/T ∼ 3 × 10-6/pix) 

70 GHz MMIC HEMT 

Planck-LFI: the Instrument 
Sensitivity, stability & low systematics 

30 GHz 44 GHz 

18 

19 
20 
21 22 23 28 

27 

24 
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- State-of-the-art InP LNA technology 

- Cryo operation 
20K Sorption Cooler 

300K 

20K 
(Sorption cooler) 

70 GHz 

(MB et al 2010, Mandolesi et al 2010) 



the Planck detectors 

HFI 
polarisation 
bolometers 
 
8x 100GHz 
8x 143GHz 
8x 217GHz 
8x 353GHZ 

HFI 
spiderweb 
bolometers 
 
4x 143GHz 
4x 217GHz 
4x 353GHz 
4x 545GHz 
4x 857GHz 

LFI 
high-electron 
mobility 
transistors 
 
2x 30GHz 
3x 44GHz 
6x 70GHz 



operational timeline 



29 “Planck Cosmology” papers delivered on March 21, 2013 
~ 1000 pages all together + several Gb of data! 





(nearly) raw data stream 



The Planck sky 

See next talk by Maude le Jeune.  



Consistency: HFI 100 GHz – LFI 70 GHz  
Planck Collaboration: Map consistency

Fig. 4. Interfrequency sky map di↵erences formed to assess the Planck data consistency. Top: 100 GHz minus 70 GHz. Middle:
143 GHz minus 100 GHz. Bottom: 143 GHz minus 70 GHz. All sky maps are smoothed to angular resolution FWHM = 150 by a
filter that accounts for a di↵erence between the e↵ective beam response at each respective frequency and a gaussian of FWHM
150. These maps illustrate clearly the di↵erence in the noise level of the individual maps, excellent overall nulling of the CMB
anisotropy signal in the di↵erence maps, and di↵erent combinations of dominating foreground components depending on frequency.
The 100 � 70 di↵erence shows CO (J = 0 ! 1) emission (positive) and free-free emission (negative. The 143 � 100 di↵erence
shows dust emission (positive) and CO (negative). The 143 � 70 di↵erence shows dust emissionn (positive) and free-free emission
(negative).
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Red is mostly CO, Blue is mostly free-free. CMB is gone!  

Planck paper XI, in prep.  



Layers on the sky 



Cosmic Microwave Background 

Sunyaev-Zeldovich 

Point & Compact sources 
The Milky Way 

30, 44, 70, 100, 143, 217, 353, 545,  857 GHz – I, Q, U at all channels 
Except 545 & 857 GHz 

Expected results from simulations 



Emission from the Milky 
Way 

0 500µK 0.0 2.5MJy sr�1

0 5µK km s�1

Non-thermal radio emission  Thermal dust emission  

Carbon monoxide 



Compact galactic and 
extragalactic sources 

See talks by Ludovic Montier and Marcos Lopez Caniego 



The anisotropies of the 
CMB 



The basic content of the Universe 



CMP polarization with Planck 

l 

 
Polarization non delivered in 2013. 
Large angular scales need better 
cleaning. Small angular scale are 
already in good shape as shown. 
 
The red line is not a fit to the 
polarization data, but the predicted 
curve from the ΛCDM model 
assuming the temperature data! 



Polarization and hot spots 

Stack hot/cold spots in the CMB. See the TE correlation in real space! 
 
Remarkable proof of inflation: existence of super-horizon fluctuations 



PLANCK PROBES AND EXPLOITS CMB LENSING 

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 



GRAVITATIONAL LENSING OF THE CMB 

A simulated patch of CMB sky – before lensing 

10º 



A simulated patch of CMB sky –  after lensing 

10º 

GRAVITATIONAL LENSING OF THE CMB 



2º 0.2º 

prediction based on the 
primary CMB fluctuations and 
the standard model 

PLANCK LENSING POTENTIAL POWER SPECTRUM 

It is a 25 sigma effect!! 

See talk by Aurelien Benoît-Lévy   



Non Gaussianity in the CMB 
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Nearly perfectly Gaussian fluctuation are a prediction of the inflation. 
 



How test for Gaussianity? And 
how? 

  The power spectrum compares two points separated by one angle (TT): 

See talk by Michele Liguori 

To check for non Gaussianity you can compare three points at more 
angles: the “power” bispectrum (TTT) and trispectrum (TTTT).  



Planck Collaboration: Doppler boosting of the CMB: Eppur si muove

ations in the velocity direction, and reduces them in the oppo-
site direction. This is the same e�ect which converts a portion
of the CMB monopole into the observed dipole. The e�ect on
the CMB fluctuations is to increase the amplitude of the power
spectrum by approximately 0.25% in the velocity direction, and
decrease it correspondingly in the anti-direction. Second, there
is an “aberration” e�ect, in which the apparent arrival direc-
tion of CMB photons is pushed toward the velocity direction.
This e�ect is small, but non-negligible. The expected velocity
induces a peak deflection of � = 4.2⇧ and a root-mean-squared
(rms) deflection over the sky of 3⇧, comparable to the e�ects
of gravitational lensing by large-scale structure, which are dis-
cussed in Planck Collaboration XVII (2013). The aberration ef-
fect squashes the anisotropy pattern on one side of the sky and
stretches it on the other, e�ectively changing the angular scale.
Close to the velocity direction we expect that the power spec-
trum of the temperature anisotropies, C⌅, will be shifted so that,
e.g., ⌅= 1000⌅ ⌅= 1001, while ⌅= 1000⌅ ⌅= 999 in the anti-
direction. In Fig. 1 we plot an exaggerated illustration of the
aberration and modulation e�ects. For completeness we should
point out that there is a third e�ect, a quadrupole of amplitude
�2 induced by the dipole (see Kamionkowski & Knox 2003).
However, extracting this signal would require extreme levels of
precision for foreground modelling at the quadrupole scale, and
we do not discuss it further.

In this paper, we will present a measurement of �, exploiting
the distinctive statistical signatures of the aberration and mod-
ulation e�ects on the high-⌅ CMB temperature anisotropies. In
addition to our interest in making an independent measurement
of the velocity signature, the e�ects which velocity generates on
the CMB fluctuations provide a source of potential bias or con-
fusion for several aspects of the Planck data. In particular, ve-
locity e�ects couple to measurements of: primordial “⇤NL”-type
non-Gaussianity, as discussed in Planck Collaboration XXIV
(2013); statistical anisotropy of the primordial CMB fluctua-
tions, as discussed in Planck Collaboration XXIII (2013); and
gravitational lensing, as discussed in Planck Collaboration XVII
(2013). There are also aspects of the Planck analysis for which
velocity e�ects are believed to be negligible, but only if they are
present at the expected level. One example is measurement of
fNL-type non-Gaussianity, as discussed in Catena et al. (2013).
Another example is power spectrum estimation — as discussed
above, velocity e�ects change the angular scale of the acous-
tic peaks in the CMB power spectrum. Averaged over the full
sky this e�ect is strongly suppressed, as the expansion and con-
traction of scales on opposing hemispheres cancel out. However
the application of a sky mask breaks this cancellation to some
extent, and can potentially be important for parameter estima-
tion (Pereira et al. 2010; Catena & Notari 2012). For the 143
and 217 GHz analysis mask used in the fiducial Planck CMB
likelihood (Planck Collaboration XV 2013), the average lensing
convergence field associated with the aberration e�ect (on the
portion of the sky which is unmasked) has a value which is 13%
of its peak value, corresponding to an expected average lensing
convergence of �⇥ 0.13 = 1.5⇥ 10�4. This will shift the angular
scale of the acoustic peaks by the same fraction, which is degen-
erate with a change in the angular size of the sound horizon at
last scattering, ⇥⇤ (Burles & Rappaport 2006). A 1.5⇥ 10�4 shift
in ⇥⇤ is just under 25% of the Planck uncertainty on this param-
eter, as reported in Planck Collaboration XVI (2013) — small
enough to be neglected, though not dramatically so. This there-
fore motivates us to test that the observed aberration signal is
not significantly larger than expected. With such a confirmation
in hand, a logical next step is to correct for these e�ects by a pro-

(a) T primordial

(b) Taberration

(c) Tmodulation

Fig. 1. Exaggerated illustration of the Doppler aberration and
modulation e�ects, in orthographic projection, for a velocity
v = 260 000 km s�1 = 0.85c (approximately 700 times larger
than the expected magnitude) toward the northern pole (indi-
cated by meridians in the upper half of each image on the left).
The aberration component of the e�ect shifts the apparent posi-
tion of fluctuations toward the velocity direction, while the mod-
ulation component enhances the fluctuations in the velocity di-
rection and suppresses them in the anti-velocity direction.

cess of de-boosting the observed temperature (Notari & Quartin
2012; Yoho et al. 2012).

Before proceeding to discuss the aberration and modulation
e�ects in more detail, we note that in addition to the overall pe-
culiar velocity of our Solar System with respect to the CMB,
there is an additional time-dependent velocity e�ect from the or-
bit of Planck (at L2, along with the Earth) about the Sun. This
velocity has an average amplitude of approximately 30 km s�1,
less than one-tenth the size of the primary velocity e�ect. The
aberration component of the orbital velocity (more commonly
referred to in astronomy as “stellar aberration”) has a maximum
amplitude of 21⇧⇧ and is corrected for in the satellite pointing.
The modulation e�ect for the orbital velocity switches signs be-
tween each 6-month survey, and so is suppressed when using
multiple surveys to make maps (as we do here, with the nominal
Planck maps, based on a little more than two surveys), and so
we will not consider it further.
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Simulated CMB

Aberration
for β=0.85

Modulation
for β=0.85

Doppler boosting of the CMB: 
eppur si muove! 

•  Planck is sensitive enough to 
measure the tiny doppler 
boosting effect on the 
anisotropies due to the 
observer peculiar velocity (we 
are not perfectly comoving 
observers!) 

•  Tiny effect: order β = v/c ~ 
1/1000  

•  Two main effects: aberration 
and dipole modulation 

•  This yielded the first measure 
of the Earth velocity 
independent from the CMB 
dipole (observed since 1977):  

•  V=384 ± 78 (stat) ± 115 (sys) 
Km/s 



Summary and what to expect in 2014 
Planck has worked very well: 
•  Will leave us with the definitive CMB temperature for many years to come 

(after 2014)   
•  Very good consistency with the flat ΛCDM model (but few hints of 

anomalies, stay tuned for the other talks) 
•  Strongly supports the inflationary scenario (Guassianity, primordial 

spectrum) 
•  Precision constraints on model parameters (typically < 1%) 

Planck 2014 will deliver: 
•  More than twice as much data 
•  Improved instrument models, calibrations etc. 
•  Polarization at large and small angular scales: 

–  Planck’s own measure of the optical depth at reionazation (presently still using WMAP) 
–  Improved constraints on GW from inlfation through primordial polarization B modes (no 

detection  promised of course!) 

(*: uses extra non-CMB data, limit is 0.85eV else) 



A. Zacchei 
"Frequency maps 
generation" 


