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Universe evolution

ture (minimum displacement) and then toward minimum tem-
perature (maximum negative displacement). The wave that
causes the region to reach maximum negative displacement ex-
actly at recombination is the fundamental wave of the early uni-
verse. The overtones have wavelengths that are integer fractions
of the fundamental wavelength. Oscillating two, three or more
times as quickly as the fundamental wave, these overtones cause
smaller regions of space to reach maximum displacement, ei-
ther positive or negative, at recombination.

How do cosmologists deduce this pattern from the CMB?
They plot the magnitude of the temperature variations against
the sizes of the hot and cold spots in a graph called a power
spectrum [see box on page 51]. The results show that the re-
gions with the greatest variations subtend about one degree
across the sky, or nearly twice the size of the full moon. (At the
time of recombination, these regions had diameters of about
one million light-years, but because of the 1,000-fold expan-
sion of the universe since then, each region now stretches near-

ly one billion light-years across.) This first and highest peak in
the power spectrum is evidence of the fundamental wave, which
compressed and rarefied the regions of plasma to the maximum
extent at the time of recombination. The subsequent peaks in
the power spectrum represent the temperature variations
caused by the overtones. The series of peaks strongly supports
the theory that inflation triggered all the sound waves at the
same time. If the perturbations had been continuously gener-
ated over time, the power spectrum would not be so harmo-
niously ordered. To return to our pipe analogy, consider the ca-
cophony that would result from blowing into a pipe that has
holes drilled randomly along its length.

The theory of inflation also predicts that the sound waves
should have nearly the same amplitude on all scales. The pow-
er spectrum, however, shows a sharp drop-off in the magnitude
of temperature variations after the third peak. This discrepan-
cy can be explained by the fact that sound waves with short
wavelengths dissipate. Because sound is carried by the collisions

w w w . s c i a m . c o m  S C I E N T I F I C  A M E R I C A N 47

B
R

YA
N

 C
H

R
IS

TI
E 

D
ES

IG
N

 

TIMELINE OF THE UNIVERSE
AS INFLATION EXPANDED the universe, the plasma of photons
and charged particles grew far beyond the horizon (the edge of
the region that a hypothetical viewer after inflation would see
as the universe expands). During the recombination period

about 380,000 years later, the first atoms formed and the
cosmic microwave background (CMB) radiation was emitted.
After another 300 million years, radiation from the first stars
reionized most of the hydrogen and helium. 
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CMB polarization

➡ Scalar perturbations: E-modes

➡ Tensor perturbations 
(GW): E and B-modes

credits: E. Calabrese



Planck satellite
➡ 3rd CMB satellite, in operation from 

2009 to 2013 

➡ Two instruments (on the same focal 
plane) with different detector teconlogies 
(radiometers at low freqs vs. bolometers 
ath high freqs) 

➡ 9 frequencies (30-897 GHz), 7 polarized 

➡ 3 data release:

★ 2013: HFI and LFI total intensity data from 15.5 months 
★ 2015: HFI temperature and small scale polarization (29 months) + LFI temperature 

and polarization (48 month)  
★ 2018 (Legacy): Full datasets from HFI and LFI

Credits: Planck Collaboration & ESA
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:
adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent

estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
parameters compared with ignoring spectrum-based polariza-
tion e�ciency corrections entirely; the largest of these shifts
are +0.5� in !b, +0.1� in !c, and +0.3� in ns (to be com-
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Fig. 2. Planck 2018 T E (top) and EE (bottom) power spectra. At multipoles ` � 30 we show the coadded frequency spectra
computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectra estimates from the SimAll likelihood
(though only the EE spectrum is used in the baseline parameter analysis at `  29). The best-fit base-⇤CDM theoretical spectrum fit
to the Planck TT,TE,EE+lowE+lensing likelihood is plotted in light blue in the upper panels. Residuals with respect to this model
are shown in the lower panels. The error bars show Gaussian ±1� diagonal uncertainties including cosmic variance. Note that the
vertical scale changes at ` = 30, where the horizontal axis switches from logarithmic to linear.
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Fig. 2. Planck 2018 T E (top) and EE (bottom) power spectra. At multipoles ` � 30 we show the coadded frequency spectra
computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectra estimates from the SimAll likelihood
(though only the EE spectrum is used in the baseline parameter analysis at `  29). The best-fit base-⇤CDM theoretical spectrum fit
to the Planck TT,TE,EE+lowE+lensing likelihood is plotted in light blue in the upper panels. Residuals with respect to this model
are shown in the lower panels. The error bars show Gaussian ±1� diagonal uncertainties including cosmic variance. Note that the
vertical scale changes at ` = 30, where the horizontal axis switches from logarithmic to linear.
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Barion density
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0.0544 ± 0.0073

3.044 ± 0.014
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0.7 %
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13 %
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0.4 %

Planck  parameters ΛCDM Planck Collaboration 2018, VI
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Optical depth to reionization
τ = ∫ ne(t)σT dt

➡ In total intensity the effect is to dump 
the fluctuations inside the horizon - 
degerate with As 

➡ Bump at low-ell in polarization 

➡ Measure at low-ell is making difficult by 
systematics and foreground!

σ(τ)CV ≃ 0.002

constant   Ase−τ

TT

EE

BB



100

143

credits: Planck Collaboration and L. Pagano

Planck large scale maps (2015)

➡ Foreground cleaned 2015 
polarization large scales maps 
(unpublished)

➡ High dipole residual due to 
 leakageI → P

d(t) = K [I( ̂n) + cos (2α(t)) Q( ̂n) + sin (2α(t)) U( ̂n)] + n(t)
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143

credits: Planck collaboration and  L. Pagano

Planck large scale maps (2018)

➡ Systematic effects reduced 
thanks to the inclusion of time 
variation in the timestream 
calibration

τ = 0.0544+0.007
−0.008



100

143

Pagano et al. 2019

SRoll2 large scale maps (2019)

➡ Better modeling of ADC non-
linearity in the map-making 

➡ Better foreground modeling

τ = 0.0566+0.005
−0.006



Credits: Planck-ESA

Current and future CMB observations

Current constraint on r : 
(amplitude of primordial B-modes)

r < 0.06 (95 % C.L. )

from BICEP2/Keck + WMAP/Planck
Bicep2/Keck array collaboration 2018
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Figure 1: (Top) Planned sky coverage of the Small Aperture Telescopes (SATs, left) and Large Aperture
Telescope (LAT, right, targeting maximal overlap with LSST and DESI), in Equatorial coordinates. (Bottom)
CMB temperature and polarization angular power spectra, showing projected SO-Nominal errors compared
to current data from Planck [10] and the BICEP/Keck array [11], and projected errors for the LiteBIRD
0.4 m satellite. Other current ground-based data are in Fig. 18 of [10]. SO will increase angular resolution
compared to Planck, and will improve the sensitivity of the divergence-like E-mode and curl-like B-mode
polarization signals. Other key SO statistics include the TE primary spectrum, the CMB lensing power
spectrum, the bispectrum, the kinematic Sunyaev-Zel’dovich (kSZ) effect, and the number of clusters seen
via the thermal Sunyaev-Zel’dovich (tSZ) effect.

in those channels. These measurement requirements are described in [1]. The anticipated sky
coverage and CMB power spectra uncertainties are shown in Fig. 1. In the following we quote
projections for baseline noise levels, with goal noise in braces {}.
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Figure 1: (Top) Planned sky coverage of the Small Aperture Telescopes (SATs, left) and Large Aperture
Telescope (LAT, right, targeting maximal overlap with LSST and DESI), in Equatorial coordinates. (Bottom)
CMB temperature and polarization angular power spectra, showing projected SO-Nominal errors compared
to current data from Planck [10] and the BICEP/Keck array [11], and projected errors for the LiteBIRD
0.4 m satellite. Other current ground-based data are in Fig. 18 of [10]. SO will increase angular resolution
compared to Planck, and will improve the sensitivity of the divergence-like E-mode and curl-like B-mode
polarization signals. Other key SO statistics include the TE primary spectrum, the CMB lensing power
spectrum, the bispectrum, the kinematic Sunyaev-Zel’dovich (kSZ) effect, and the number of clusters seen
via the thermal Sunyaev-Zel’dovich (tSZ) effect.

in those channels. These measurement requirements are described in [1]. The anticipated sky
coverage and CMB power spectra uncertainties are shown in Fig. 1. In the following we quote
projections for baseline noise levels, with goal noise in braces {}.
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➡ From ground:  
Simons Observatory (2022)

➡ From space:  
LiteBIRD (2027) 

New cool LB 
logo  

I cannot show 
yet

✴ 3 SAT (0.5m), 1 LAT (6m) 
✴ frequency coverage: 27-280 (6 bands) 
✴ sky coverage: 10-40% 
✴  
✴ baseline on r: 

ℓ ≳ 30
σ(r) ≃ 0.003

✴ full sky coverage 
✴  
✴ 15 frequency bands 40-400 
✴ forecast on r: 

ℓ ≲ 200

σ(r) ≃ 0.6 × 10−3



Snapshot on LiteBIRD

LiteBIRD has a clear goal and will achieve it!

Full Success�
• dr < 1 x 10-3 (for r=0)
• >5s observation for 

each bump (for r≥0.01)

u Detailed foreground cleaning studies 
yield s(r=0) = 0.6 x 10-3

u Thorough systematic error studies 
yield total uncertainty dr < 1.0 x 10-3

without delensing

Rationale
• Large discovery potential for

0.005 < r < 0.05
• Simplest and well-motivated R+R2

“Starobinsky” model will be tested.
• Clean sweep of single-field models 

with characteristic field variation 
scale of inflaton potential greater 
than mpl (A. Linde, JCAP 1702 
(2017) no.02, 006

2019/12/16 B-mode from Space, December 16, 2019 at Max-Planck-Institut für Astrophysik 5
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• s(Smn) = 15 meV

• ≥ 3s detection of 
minimum mass for 
normal hierarchy

• ≥ 5s detection of 
minimum mass for 
inverted hierarchy

Caveat:
No systematic error 
included yet.

2019/12/16 B-mode from Space, December 16, 2019 at Max-Planck-Institut für Astrophysik 14
➡ LB will be the only experiment having access to the very large scales, fundamental for a relihable 

reconstruction of the primordial B-mode spectrum 

➡ With upper limit  Starobinsky-like inflation would be ruled outr < 0.001

➡ Cosmic variace limited measurment of , allowing tight constraint on τ ∑ mv
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CMB lensing
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Thermal dust
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Foreground studies
N. Krachmalnico↵ et al.: The S-PASS view of polarized Galactic Synchrotron at 2.3 GHz

Fig. 9. Upper panel: synchrotron spectral index map derived as de-
scribed in the text. Middle panel: 1� uncertainty on �s. Lower panel:
significance of the spectral index variation with respect to �s = �3.2,
corresponding to the value at which the distribution of the �s on map
peaks (see Figure 10). Note that colors are saturated for visualiza-
tion purposes. The complete range of values is: �4.4  �s  �2.5,
�1.6  log10[�(�s)]  0.03, �6  S/N  20

– we start from the S-PASS total polarization map that we ex-
trapolate at WMAP/Planck frequencies using our �s map;

– we add a noise realization representative of WMAP/Planck
noise to the extrapolated maps (following the procedure de-
scribed in Section 4.1.1);

– on this set of simulated maps we estimate the value of the
spectral index �⇤

s
with the procedure used for data;

– we compute the power spectrum of the �di f f = (�⇤
s
� �s) map

(thin grey lines on Figure 11);
– we repeat this procedure a hundred times changing the noise

realizations;

Fig. 10. Comparison of the normalized histograms of the synchrotron
spectral index map obtained from data (indigo) and simulation (cyan
line). The dashed line is at �s = �3.2, where the �s distribution peaks
and also represents the reference value of the simulated case.

Fig. 11. Angular power spectrum of the S �PAS S �s map before (blue)
and after (purple) correction for the contribution of noise. For a com-
plete description of the Figure see text in Section 5.3.

– we evaluate the noise bias as the mean of the obtained one
hundred spectra (black line on Figure 11);

– the unbiased �s spectrum is obtained by subtracting this
mean curve to the spectrum of �s;

– error bars on the unbiased spectrum are obtained as the stan-
dard deviation of the hundred noise spectra.

The unbiased spectrum is shown in Figure 11 in purple, for
the four multiple bins not compatible with zero. In order to ex-
trapolate the amplitude of fluctuations at all angular scales we
fit these points with a power law model with C` / `�, finding a
value of � = �2.6 ± 0.2 (dashed purple line). We also compare
our results with the power spectrum of the synchrotron spectral
index map (computed on the same 30% sky region of our anal-
ysis) currently used in the sky modeling for many CMB exper-
iments, i.e. the map included in the PySM simulation package
(Thorne et al. 2017)), shown in orange on Figure 11. We stress
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➡ We need to know foregrounds to perform optimal 
and reliable component separation 

➡ Data are mostly coming from Planck and WMAP 
(not sensitive enough)

 synchrotronβ  dustβ



Conclusions

➡ CMB is probably the most powerful tool we have to study the history 
and evolution of our Universe 

➡ CMB observations have already allowed to constrain with impressive  
precision cosmological parameter 

➡ …but a lot still needs to be unvailed 

➡ This decade will be fundamental especially to put contraints on 
inflation thourgh CMB polarizations, with singery of ground based 
and satellite experiments 

➡ Challanges are huge (systematics and foregrounds) but we are ready to 
face them! Stay tuned!


