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Physics at the time of 
recombination

Acoustic oscillations in
the last scattering layer

At the largest 
angular scales, 
the spectrum 
of primordial 
fluctuations is 
preserved

Photon 
diffusion 
damps
the signal 
amplitudes 
at
small 
angular 
scales

Reionisation increases
the optical depth
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Early Universe physics

Acoustic  physics

Large angles Small anglesLarge angles

~10o ~1o ~0.1o

The angular power spectrum of the temperature and polarisation anisotropies can be 
used to extract the value of fundamental cosmological parameters
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The shape of 
the power 
spectrum 
depends 
sensitively on 
the value of 
cosmological 
parameters

Hu 2002
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Theoretical angular power spectrum of the 
polarised CMB 
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E-mode spectrum

B-mode spectrum

Temperature spectrum
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2009

Planck

Penzias & Wilson

COBE

WMAP
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30 GHz
 44 GHz
 70 GHz


100 GHz
 143 GHz
 217 GHz


353 GHz
 545 GHz
 857 GHz


2018 Planck maps
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The temperature fluctuations of the 
CMB
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2018 
polarized 
maps
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The polarized CMB
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Lensing of the CMB
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The LCDM base model

1. General assumptions: GR, homogeneity, isotropy, …
2. Close-to-zero curvature and simple topology

3. Contents of the Universe
a. photons

b. Baryons
c. Dark matter
d. Dark energy that behaves like a cosmological constant

e. Sub-dominant levels of relativistic particles (low-mass 
neutrinos)

4. Initial density variations are gaussian, adiabatic, nearly-scale-
invariant (inflation)
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Best LCDM fit to 
TT, TE, 
EE+lowE+lensing
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Planck Collaboration: The cosmological legacy of Planck

Table 7. Parameter confidence limits from Planck CMB tem-
perature, polarization and lensing power spectra, and with the
inclusion of BAO data (“BAO”). The first set of rows gives 68 %
limits for the base-⇤CDM model, while the second set gives
68 % constraints on a number of derived parameters (as obtained
from the constraints on the parameters used to specify the base-
⇤CDM model). The third set below the double line gives 95 %
limits for some 1-parameter extensions to the ⇤CDM model.
More details can be found in ?.

Parameter Planck alone Planck + BAO

⌦bh
2 . . . . . . . . . . 0.02237 ± 0.00015 0.02242 ± 0.00014

⌦ch
2 . . . . . . . . . . 0.1200 ± 0.0012 0.11933 ± 0.00091

100✓MC . . . . . . . . 1.04092 ± 0.00031 1.04101 ± 0.00029
⌧ . . . . . . . . . . . . . 0.0544 ± 0.0073 0.0561 ± 0.0071
ln(1010

As) . . . . . . 3.044 ± 0.014 3.047 ± 0.014
ns . . . . . . . . . . . . 0.9649 ± 0.0042 0.9665 ± 0.0038

H0 . . . . . . . . . . . 67.36 ± 0.54 67.66 ± 0.42
⌦⇤ . . . . . . . . . . . 0.6847 ± 0.0073 0.6889 ± 0.0056
⌦m . . . . . . . . . . . 0.3153 ± 0.0073 0.3111 ± 0.0056
⌦mh

2 . . . . . . . . . . 0.1430 ± 0.0011 0.14240 ± 0.00087
⌦mh

3 . . . . . . . . . . 0.09633 ± 0.00030 0.09635 ± 0.00030
�8 . . . . . . . . . . . . 0.8111 ± 0.0060 0.8102 ± 0.0060
�8(⌦m/0.3)0.5 . . . 0.832 ± 0.013 0.825 ± 0.011
zre . . . . . . . . . . . . 7.67 ± 0.73 7.82 ± 0.71
Age[Gyr] . . . . . . 13.797 ± 0.023 13.787 ± 0.020
r⇤[Mpc] . . . . . . . . 144.43 ± 0.26 144.57 ± 0.22
100✓⇤ . . . . . . . . . 1.04110 ± 0.00031 1.04119 ± 0.00029
rdrag[Mpc] . . . . . . 147.09 ± 0.26 147.57 ± 0.22
zeq . . . . . . . . . . . . 3402 ± 26 3387 ± 21

keq[Mpc�1] . . . . . . 0.010384 ± 0.000081 0.010339 ± 0.000063

⌦K . . . . . . . . . . . �0.0096 ± 0.0061 0.0007 ± 0.0019
⌃m⌫ [eV] . . . . . . . < 0.241 < 0.120
Ne↵ . . . . . . . . . . . 2.89+0.36

�0.38 2.99+0.34
�0.33

r0.002 . . . . . . . . . . < 0.101 < 0.106

(b) Dark matter that is pressureless (for the purposes of
forming structure), stable and interacts with normal mat-
ter only gravitationally.

(c) Regular atomic matter that behaves just like it does on
Earth.

(d) The photons we observe as the CMB.
(e) Neutrinos that are almost massless (again for structure

formation) and stream like non-interacting, relativistic
particles at the time of recombination.

A6 The curvature of space is very small.
A7 Variations in density were laid down everywhere at early

times, and are Gaussian, adiabatic, and nearly scale invari-
ant (i.e., proportionally in all constituents and with similar
amplitudes as a function of scale) as predicted by inflation.

A8 The observable Universe has “trivial” topology (i.e., likeR3).
In particular it is not periodic or multiply connected.

With these assumptions it is possible to predict a wide range
of observations with a very small number of parameters. The ob-
served fact that the fluctuations in temperature and polarization

in the CMB are small, makes the calculation of CMB observ-
ables an exercise in linear perturbation theory (see ?, ?, ?, ? and
? for textbook treatments, and ? and ? for historical discussions).
The evolution of the perturbations in each species can be com-
puted to high accuracy using a “Boltzmann code” once the ini-
tial conditions, constituents, and ionization history are specified.
The initial conditions are part of our assumptions. The high-z
part of the ionization history can be computed to high accuracy
given the assumptions above (see, e.g., extensive discussion and
references in ?). Thus one needs to specify only the values of the
constituents and the low-z part of the ionization history.

3.2. Planck’s constraints on ⇤CDM parameters

To fully prescribe the ⇤CDM model we need to specify its pa-
rameters. Adopting the convention that the Hubble parameter
today is H0 = 100 h km s�1Mpc�1, we take these to be: the den-
sity of cold dark matter, !c = ⌦ch

2; the density of baryons,
!b = ⌦bh

2 (consisting of hydrogen, and helium with mass frac-
tion YP obtained from standard BBN); the amplitude, As, and
spectral index, ns, of a power-law spectrum of adiabatic pertur-
bations; the angular scale of the acoustic oscillations, ✓⇤; and the
optical depth to Thomson scattering from reionization, ⌧. The
best-fit model and constraints on these parameters are given in
Tables 6 and 7.

We assume that the radiation is made up of photons (as a
blackbody with T = 2.7255 K, ?) and neutrinos with ⇢⌫ =
Ne↵(7/8)(4/11)4/3⇢� and16

Ne↵ = 3.046 (?). The neutrinos are
assumed to have very low masses, which we approximate as a
single eigenstate with m⌫ = 0.06 eV. Other parameters can be
derived from these and the assumptions that we already spelled
out. For example, since |⌦K | ⌧ 1 we have ⌦⇤ = 1 � ⌦m and
the redshift of equality can be found from ⇢� + ⇢⌫ = ⇢c + ⇢b (as-
suming neutrinos are relativistic at z > 103, as required by the
current data). A list of derived parameters and their relation to
the base parameters can be found in ? or Tables 6 and 7. Further
discussion of how the parameters a↵ect the anisotropy spectra
can be found in the aforementioned textbooks or in ? and ?.

Figure 9 shows the measured angular power spectra from
Planck, with the blue line representing the best-fit ⇤CDM
model. Beginning with the TT spectrum, one can see three re-
gions, separated by two characteristic scales. On scales larger
than the Hubble scale at last scattering (low `) the almost scale-
invariant spectrum is a pristine imprint of the initial condi-
tions. On degree angular scales the almost harmonic sequence
of power maxima represents the peaks and troughs in density
and temperature of the baryon-photon fluid as is oscillates in the
gravitational potentials prior to recombination. On scales smaller
than the geometric mean17 of the Hubble scale and the mean
free path, photon di↵usion during the epoch of recombination
erases the fluctuations. A similar behaviour is seen in the polar-
ization spectra, without the low-` plateau and with sharper peaks
that are sourced primarily by the quadrupole anisotropy gener-
ated during last scattering. Not visible by eye, but included in
the calculation, are slight changes to the primordial signal due

16A newer evaluation gives Ne↵ = 3.045 (?). The di↵erence is neg-
ligible for our purposes, so we keep the older number for consistency
with previous results.

17The di↵usion scale is the mean free path times the square root of
the number of scatterings. Since photons travel at c, Nscatter scales as c

times the Hubble time divided by the mean free path, so N
1/2
scatter�mfp is

the geometric mean of the Hubble scale and �mfp.
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Precision concordance cosmology
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Planck T+E data and Best-fit LCDM 

"Planck Legacy", COSPAR, Pasadena François R. Bouchet, 20 July 2018 17	(Planck 2018 I) 

Per cent 
accuracy on 

all base 
LCDM 

parameters, 
but tau 

 

• Percent accuracies except for t
• Consistency between temperature and polarization

• Consistency with other tracers of cosmology

Age of the Universe: 13.8 Gyr
Hubble constant: 67.4 km s-1/Mpc
Reionization redshift: zre ~  7.7

26.6%

68.5%

4.9%



Extensions to LCDM 

Extensions to LCDM allow to
• Test assumptions

• Constrain theoretical parameters, e.g. set upper limits

• Departures from flatness
• Neutrino masses
• Number of relativistic species
• spatial non-gaussianity

• tensor modes (primordial gravitational waves)
• Deviations from scalar invariance
• Dark energy equation of state

• Deviations from isotropy
• Strange topologies

• Non-adiabaticity
• …

Jan Tauber, Astroparticle physics, La Palma, Oct 2018

Planck Collaboration: The cosmological legacy of Planck

and joint temperature- and polarization-based convergence maps
plus the simulations, response functions, and masks necessary to
use them for cosmological science. We also release the joint CIB
map, the likelihood, and parameter chains.

3. The ⇤CDM model

Probably the most striking characteristic to emerge from the last
few decades of cosmological research is the almost unreason-
able e↵ectiveness of the minimal 6-parameter ⇤CDM model in
accounting for cosmological observations over many decades
in length scale and across more than 10 Gyr of cosmic time.
Though many of the ingredients of the model remain highly
mysterious from a fundamental physics point of view, ⇤CDM
is one of our most successful phenomenological models. As we
will discuss later, it provides a stunning fit to an ensemble of
cosmological observations on scales ranging from Mpc to the
Hubble scale, and from the present day to the epoch of last scat-
tering.

The ⇤CDM model rests upon a number of assumptions,
many of which can be directly tested with Planck data. With the
model tested and the basic framework established, Planck pro-
vides the strongest constraints on the six parameters that specify
the model (Tables 6 and 7). Indeed of these six parameters all
but one – the optical depth – is now known to sub-percent preci-
sion.15

Table 6. The 6-parameter ⇤CDM model that best fits the com-
bination of data from Planck CMB temperature and polarization
power spectra (including lensing reconstruction), with and with-
out BAO data (see text). A number of convenient derived param-
eters are also given in the lower part of the table. Note that these
best fits can di↵er by small amounts from the central values of
the confidence limits in Table 7.

Parameter Planck alone Planck + BAO

⌦bh
2 . . . . . . . . . . . . . 0.022383 0.022447

⌦ch
2 . . . . . . . . . . . . . 0.12011 0.11923

100✓MC . . . . . . . . . . . 1.040909 1.041010
⌧ . . . . . . . . . . . . . . . . 0.0543 0.0568
ln(1010

As) . . . . . . . . . 3.0448 3.0480
ns . . . . . . . . . . . . . . . 0.96605 0.96824

H0 [km s�1Mpc�1] . . . 67.32 67.70
⌦⇤ . . . . . . . . . . . . . . 0.6842 0.6894
⌦m . . . . . . . . . . . . . . 0.3158 0.3106
⌦mh

2 . . . . . . . . . . . . . 0.1431 0.1424
⌦mh

3 . . . . . . . . . . . . . 0.0964 0.0964
�8 . . . . . . . . . . . . . . . 0.8120 0.8110
�8(⌦m/0.3)0.5 . . . . . . 0.8331 0.8253
zre . . . . . . . . . . . . . . . 7.68 7.90
Age [Gyr] . . . . . . . . . 13.7971 13.7839

15For ns this claim depends upon the conventional choice that ns = 1
represents scale-invariance.

Table 7. Parameter confidence limits from Planck CMB tem-
perature, polarization and lensing power spectra, and with the
inclusion of BAO data. The first set of rows gives 68 % limits for
the base-⇤CDM model, while the second set gives 68 % con-
straints on a number of derived parameters (as obtained from the
constraints on the parameters used to specify the base-⇤CDM
model). The third set below the double line gives 95 % limits for
some 1-parameter extensions to the ⇤CDM model. More details
can be found in Planck Collaboration VI (2018).

Parameter Planck alone Planck + BAO

⌦bh
2 . . . . . . . . . . 0.02237 ± 0.00015 0.02242 ± 0.00014

⌦ch
2 . . . . . . . . . . 0.1200 ± 0.0012 0.11933 ± 0.00091

100✓MC . . . . . . . . 1.04092 ± 0.00031 1.04101 ± 0.00029
⌧ . . . . . . . . . . . . . 0.0544 ± 0.0073 0.0561 ± 0.0071
ln(1010

As) . . . . . . 3.044 ± 0.014 3.047 ± 0.014
ns . . . . . . . . . . . . 0.9649 ± 0.0042 0.9665 ± 0.0038

H0 . . . . . . . . . . . 67.36 ± 0.54 67.66 ± 0.42
⌦⇤ . . . . . . . . . . . 0.6847 ± 0.0073 0.6889 ± 0.0056
⌦m . . . . . . . . . . . 0.3153 ± 0.0073 0.3111 ± 0.0056
⌦mh

2 . . . . . . . . . . 0.1430 ± 0.0011 0.14240 ± 0.00087
⌦mh

3 . . . . . . . . . . 0.09633 ± 0.00030 0.09635 ± 0.00030
�8 . . . . . . . . . . . . 0.8111 ± 0.0060 0.8102 ± 0.0060
�8(⌦m/0.3)0.5 . . . 0.832 ± 0.013 0.825 ± 0.011
zre . . . . . . . . . . . . 7.67 ± 0.73 7.82 ± 0.71
Age[Gyr] . . . . . . 13.797 ± 0.023 13.787 ± 0.020
r⇤[Mpc] . . . . . . . . 144.43 ± 0.26 144.57 ± 0.22
100✓⇤ . . . . . . . . . 1.04110 ± 0.00031 1.04119 ± 0.00029
rdrag[Mpc] . . . . . . 147.09 ± 0.26 147.57 ± 0.22
zeq . . . . . . . . . . . . 3402 ± 26 3387 ± 21

keq[Mpc�1] . . . . . . 0.010384 ± 0.000081 0.010339 ± 0.000063

⌦K . . . . . . . . . . . �0.0096 ± 0.0061 0.0007 ± 0.0019
⌃m⌫ [eV] . . . . . . . < 0.241 < 0.120
Ne↵ . . . . . . . . . . . 2.89+0.36

�0.38 2.99+0.34
�0.33

r0.002 . . . . . . . . . . < 0.101 < 0.106

3.1. Assumptions underlying ⇤CDM

A complete list of the assumptions underlying the⇤CDM model
is not the goal of this section, but below we list several of the
major assumptions.

A1 Physics is the same throughout the observable Universe.
A2 General Relativity (GR) is an adequate description of grav-

ity.
A3 On large scales the Universe is statistically the same ev-

erywhere (initially an assumption, or “principle,” but now
strongly implied by the near isotropy of the CMB).

A4 The Universe was once much hotter and denser and has been
expanding since early times.

A5 There are five basic cosmological constituents:
(a) Dark energy that behaves just like the energy density of

the vacuum.
(b) Dark matter that is pressureless (for the purposes of

forming structure), stable and interacts with normal mat-
ter only gravitationally.
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Inflationary scorecard
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Inflationary models
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The linear matter power spectrum (z~0)

from different probes spanning 14Gyr in time and >3 decades in scale
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Concordance cosmology
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The Hubble constant
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CMB 
measurements
state of the art
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Cosmological parameters 
over time
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What next ?
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“Moore’s Law” of CMB sensitivity
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors
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But need more than detectors…



What next ?

• CMB anisotropies + lensing
• Primordial grav waves

• Neutrino parameters
• Cluster science

• …

• CMB spectrum
• Distortion signals
• Recombination- and 

reionization-era lines
• …
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Potential future satellites
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Litebird

CORE

The#Primordial#InflaJon#Explorer#
Beyond*the*Power*Spectrum*

08&Sep.&2016& Space&Missions& 29&
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Sub-orbital
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10m South Pole Telescope 
pole.uchicago.edu  

2.5m  POLARBEAR 
Huan Tran Telescope 

bolo.berkeley.edu/polarbear

High resolution CMB experiments

6m Atacama Cosmology Telescope 
physics.princeton.edu/act/

Exceptional high and dry sites for dedicated CMB observations.  
Exploiting and driving ongoing revolution in low-noise bolometer cameras

Small aperture (big beam) CMB telescopes

BICEP3 and KECK 
at South pole 
bicepkeck.org 

CLASS telescope #1 
http://sites.krieger.jhu.edu/class/ 

NASA/JPL detector  
modules 

StratosphericBalloons:

Disadvantages:
•Stringent limits on mass, power
•Complexity of automation
•Insane integration schedule
•Narrow, and scarce, flight 

windows
•Risky recovery
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• The OLIMPO experiment is a first 
attempt at spectroscopic
measurements of CMB 
anisotropy.

• A large balloon-borne telescope
(2.6m aperture) with a 4-bands 
photometric array and a plug-in 
room temperature spectrometer

• PI Silvia Masi (Sapienza). See
http://olimpo.roma1.infn.it for a 
collaborators list and full details 
on the mission

• Main scientific targets:
– SZ effect in clusters –> unbiased

estimates of cluster parameters
– Spectrum of CMB anisotropy –> 

anisotropic spectral distortions



Ground-based forecasts
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2024 

2025 

2026 

2027/34
CMB-S4

≳10-5

10-6

10-8

Sensitivity 
(μK2) σ(r)

0.035

0.003

0.0005

σ(Neff)

0.14

0.06

0.03

σ(Σmν)

0.15eV

~0.06eV

0.015eV

Dark Energy 
F.O.M

0.15eV ~180

~300-600

1250

Boss BAO 
prior

Boss BAO 
prior

DESI BAO 
+τe prior

DES+BOSS 
SPT clusters

DES + DESI 
SZ Clusters

DESI +LSST 
S4 Clusters

Stage 2  
1000  

detectors

Stage 3  
10,000  

detectors



CMB cosmology

• The Cosmic Microwave Background is at the origin 
of the Hot Big Bang scenario

• It remains one of the major contributors to the 
development of a standard concordance cosmology

• It tests fundamental assumptions and provides 
precision measures of model parameters

• The challenge now is to achieve coherence 
between early and late Universe probes

• The CMB’s impact has grown according to the 
instrumental capabilities

• We can expect that it will continue to 
provide priceless cosmological information
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Jan Tauber, Astroparticle physics, La Palma, Oct 2018


