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Introduction

So far we have studied how measuring cosmological distances and redshifts and the
small fluctuations of the CMB can lead to new insights of fundamental physics: the
existence of dark energy and dark matter.

What is dark energy?

What is dark energy? (70%)

What is dark matter? (25%)

Today we discuss other observations, studies where cosmology can provide
information about fundamental physics:

Nucleosynthesis

Neutrinos

Phase transitions at high temperature

Baryogenesis

Inflation
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Ruth Durrer (Université de Genève) Cosmology III July 27, 2017 3 / 22



Introduction

So far we have studied how measuring cosmological distances and redshifts and the
small fluctuations of the CMB can lead to new insights of fundamental physics: the
existence of dark energy and dark matter.
What is dark energy?

What is dark energy? (70%)

What is dark matter? (25%)

Today we discuss other observations, studies where cosmology can provide
information about fundamental physics:

Nucleosynthesis

Neutrinos

Phase transitions at high temperature

Baryogenesis

Inflation
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The thermal history of the Universe

In the past the Universe was not only much denser than today but also much hotter.

Age of the Universe: t0 ' 13.7 milliards d’années

Important events in the early
Universe

Recombination

Nucleosyhthesis
(formation of Helium,
Deuterium...)

Neutrino decoupling

Phase Transitions?

Inflation ?
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Nucleosynthesis

At Tnuc ' 0.08MeV ' 109K,
znuc ' 4 × 108, Deuterium
(p + n) becomes stable. At
this moment virtually all the
neutrons present in the Uni-
verse are ’burned’ into He4.
Only traces of Deuterium,
Helium3 and Lithium7 remain.
Their abundance depends
strongly on the baryon den-
sity.
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Neutrino decoupling

At Tdec ' 1.4MeV ' 1.6× 1010K, zdec ' 6× 109, weak interactions are no longer
sufficiently frequent to keep the neutrinos in thermal equilibrium with the rest of the
matter (baryons, electrons, photons, dark matter) neutrinos decouple.

Subsequently they interact only gravitationally. They are neither generated nor
destroyed but simply loose energy due to the expansion of the Universe (redshift).

Later, at T ' 0.5MeV, electrons and positrons decay into photons and heat up the
photons but not the decoupled neutrinos.

A neutrino background at a ’temperature’ Tν =
( 4

11

)1/3 T0 ' 1.9K should exist in
the Universe.

But even if these neutrinos have a density of about 300 particles per cm3 they
have not been detected directly so far due to their extremely weak interaction.
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Abundance of relativistic particles

Neutrinos are however ’observed’ indirectly by their gravitational effects:

They contribute to the expansion of the Universe (Friedmann eqn) which is
relevant for the abundance of Helium-4. ⇒ Nν (number of relativistic
neutrino species at T ' 0.1MeV).

(Sarkar et al. ’06)

⇒ Nν ' 3± 1

This limit applies to any species of relativistic particles with thermal abundance at
T ' 0.1MeV.
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Neutrinos in the CMB

Neutrinos also contribute to the anisotropies of the CMB where one can even mesure
the consequence of the fact that neutrinos are not a perfect fluid but collisionless
particles.

(Sellentin & Durrer, 2015)
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Neutrinos in the CMB

The CMB cannot be fit with neutrino’s which are either a perfect fluid or a fluid with
anisotropic stress.

(Sellentin & Durrer, 2015)

The probability that the fluid model is described by this data is

exp(−∆χ2/2) ' 3.7× 10−5

times smaller than the probability that the data is described by free streaming
neutrinos.
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Neutrino mass

Oscillation experiments request (see course by Pilar Hernandez):∑
νi

mνi > 0.057eV. Oscillation experiments measure mass differences; cosmological
observations are mainly sensitive to the sum neutrino masses.
Massive neutrinos contribute to the dark matter density,

Ωmνh2 =

∑
νi

mνi

94eV.

As they are very light, the cannot form small scale structure: Observations of small
scale structure limit neutrinos masses.∑

mν < 0.49eV (95% )
(Planck only )∑

mν < 0.194eV (95% )
(Planck (2015) +BAO +

SN1a+H0)

∑
mν < 0.15eV (95% )

(SDSSIII/BOSS (Ly-α)
+Planck (2013))

Planck Collaboration: Cosmological parameters
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Fig. 29. Samples from the Planck TT+lowP posterior in theP
m⌫–H0 plane, colour-coded by �8. Higher

P
m⌫ damps

the matter fluctuation amplitude �8, but also decreases H0
(grey bands show the direct measurement H0 = (70.6 ±
3.3) km s�1Mpc�1, Eq. 30). Solid black contours show the con-
straint from Planck TT+lowP+lensing (which mildly prefers
larger masses), and filled contours show the constraints from
Planck TT+lowP+lensing+BAO.

high multipoles produces a relatively small improvement to the
Planck TT+lowP+BAO constraint (and the improvement is even
smaller with the alternative CamSpec likelihood) so we consider
the TT results to be our most reliable constraints.

The constraint of Eq. (54b) is consistent with the 95 % limit
of

P
m⌫ < 0.23 eV reported in PCP13 for Planck+BAO. The

limits are similar because the linear CMB is insensitive to the
mass of neutrinos that are relativistic at recombination. There is
little to be gained from improved measurement of the CMB tem-
perature power spectra, though improved external data can help
to break the geometric degeneracy to higher precision. CMB
lensing can also provide additional information at lower red-
shifts, and future high-resolution CMB polarization measure-
ments that accurately reconstruct the lensing potential can probe
much smaller masses (see e.g. Abazajian et al. 2015b).

As discussed in detail in PCP13 and Sect. 5.1, the Planck
CMB power spectra prefer somewhat more lensing smoothing
than predicted in⇤CDM (allowing the lensing amplitude to vary
gives AL > 1 at just over 2�). The neutrino mass constraint
from the power spectra is therefore quite tight, since increas-
ing the neutrino mass lowers the predicted smoothing even fur-
ther compared to base ⇤CDM. On the other hand the lensing
reconstruction data, which directly probes the lensing power,
prefers lensing amplitudes slightly below (but consistent with)
the base ⇤CDM prediction (Eq. 18). The Planck+lensing con-
straint therefore pulls the constraints slightly away from zero to-
wards higher neutrino masses, as shown in Fig. 30. Although the
posterior has less weight at zero, the lensing data are incompati-
ble with very large neutrino masses so the Planck+lensing 95 %
limit is actually tighter than the Planck TT+lowP result:

X
m⌫ < 0.68 eV (95%,Planck TT+lowP+lensing). (55)
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Fig. 30. Constraints on
P

m⌫ for various data combinations.

Adding the polarization spectra improves this constraint slightly
to
X

m⌫ < 0.59 eV (95%,Planck TT,TE,EE+lowP+lensing).
(56)

We take the combined constraint further including BAO, JLA,
and H0 (“ext”) as our best limit

X
m⌫ < 0.23 eV

⌦⌫h2 < 0.0025

9>>=>>; 95%, Planck TT+lowP+lensing+ext.

(57)
This is slightly weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO, (which is tighter in both the
CamSpec and Plik likelihoods) but is immune to low level sys-
tematics that might a↵ect the constraints from the Planck polar-
ization spectra. Equation (57) is therefore a conservative limit.
Marginalizing over the range of neutrino masses, the Planck con-
straints on the late-time parameters are23

H0 = 67.7 ± 0.6

�8 = 0.810+0.015
�0.012

9>=>; Planck TT+lowP+lensing+ext. (58)

For this restricted range of neutrino masses, the impact on the
other cosmological parameters is small and, in particular, low
values of �8 will remain in tension with the parameter space
preferred by Planck.

The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to disre-
gard the Planck lensing information while retaining other astro-
physical data. The CMB lensing signal probes very-nearly lin-
ear scales and passes many consistency checks over the multi-
pole range used in the Planck lensing likelihood (see Sect. 5.1
and Planck Collaboration XV 2015). The situation with galaxy
weak lensing is rather di↵erent, as discussed in Sect. 5.5.2. In
addition to possible observational systematics, the weak lensing
data probe lower redshifts than CMB lensing, and smaller spa-
tial scales where uncertainties in modelling nonlinearities in the
matter power spectrum and baryonic feedback become impor-
tant (Harnois-Déraps et al. 2014).

23To simplify the displayed equations, H0 is given in units of
km s�1Mpc�1 in this section.

41
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Neutrino number, sterile neutrinos

The number of relativistic degrees of freedom, Neff which decouple before e±

annihilation is defined by

ρrel =

[
Neff

7
8

(
4

11

)4/3

+ 1

]
ργ

In the standard model Neff = 3.046. The Planck + BAO data requires

Neff = 3.04± 0.33 (68%)

Even with the Planck data alone, ∆Neff ≥ 1 is excluded at more than 4σ.

An additional sterile neutrino with ∆Neff ' 0.3 and mass 0.5 eV <∼mνsterile <∼ 5 eV can
actually reduce the tension of Planck with lensing data (which has a lower σ8).

A much heavier, ∼ keV, sterile neutrino could be warm dark matter.
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Phase Transitions: confinement, electroweak transition

During the expansion and cooling of the Universe, its temperature has changed by
many orders of magnitude.

The QCD transition: at Tc ' 100MeV ' 1012K, zc ' 4× 1011 :
quarks and gluons are confined into hadrons. Protons and neutrons are formed.

The electroweak transition: at Tc ' 100GeV ' 1015K, zc ' 4× 1014:
The W± and Z bosons become massive, only the photon remains massless⇒
weak interactions become weak.

super-symmetry? ...

Possible observational conse-
quences:

Magnetic fields

Gravitational waves

Primordial black holes

(Caprini, Durrer & Servant, 2009)
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The satellite LISA

The LISA satellite projet (artist’s im-
pression). Launch >2020.

The LISA pathfinder satellite (the
real thing) successfully launched in
December 2015.
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Baryon asymmetry

The solar system consists nearly exclusively of baryons (’normal’ matter, protons
and neutrons), it contains only very little anti-matter.

The same is true for the Milky Way and the entire observable Universe.

Is this baryon asymmetry an initial condition?

If not, how can we explain it?

To generate a baryon asymmetry during the evolution of the Universe the three so
called Sakharov criteria have to be satisfied:

Violation of baryon number conservation (standard model �).

Violation of both, C (charge conjugation) and CP (P= parity) symmetry and
therefore also T (time reversal) symmetry (standard model �).

The cosmic plasma must drop out thermal equilibrium (standard model  ).

With small variations of the standard model particle physics can obtain a 1st order
electroweak phase transition which would lead to out of equilibrium processes and
allow the generation of a baryon asymmetry.
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Inflation

Inflation addresses several fundamental problems of cosmology:

Singularity ?

Why is the Universe so big and so flat?

Why is it so old ? (t0 ' 1.4× 1010years ' 4.4× 1017sec, tP ' 5.4× 10−44sec)

Why has it such a high entropy ? (entropy/baryon ' 1010)

An inflationary phase addresses these questions: During inflation, the energy density
is dominated by the potential energy of a scalar field which is nearly constant.
The Friedmann equation then becomes

H2 =

(
Ṙ
R

)2

' 8πG
3

V ' constant, Ṙ = HR.

With solution R(t) ' R0 exp(Ht).

This rapid expansion renders the Universe large and flat.
The inflationary phase ends when the potential decays and leads to the production of a
lot of particles and hence a lot of entropy.
But an inflationary phase has also other consequences...
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Ṙ
R

)2

' 8πG
3

V ' constant, Ṙ = HR.
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Ruth Durrer (Université de Genève) Cosmology III July 27, 2017 15 / 22



Inflation

Inflation addresses several fundamental problems of cosmology:

Singularity ?

Why is the Universe so big and so flat?

Why is it so old ? (t0 ' 1.4× 1010years ' 4.4× 1017sec, tP ' 5.4× 10−44sec)

Why has it such a high entropy ? (entropy/baryon ' 1010)

An inflationary phase addresses these questions: During inflation, the energy density
is dominated by the potential energy of a scalar field which is nearly constant.
The Friedmann equation then becomes

H2 =

(
Ṙ
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Fluctuations from inflation

In quantum field theory each particle species (electron, photon, neutrino, etc)
corresponds to a field. This field fluctuates and particles are simply excitations of their
field (like the sounds of a guitar which correspond to the excitations of its strings).

But a quantum field fluctuates a bit even in vacuum (i.e. in absence of particles).
During an inflationary phase, these quantum fluctuations are excited (enhanced) by the
rapid expansion of the Universe when they become larger than the Hubble scale during
inflation.
After this ’Hubble crossing’ they are no longer simple vacuum fluctuations but they
have a non-vanishing energy density.
This leads to real fluctuations in the energy density and, via Einstein’s equations, in the
geometry of the Universe.
These fluctuations which can be computed in detail, are the initial fluctuations for the
structures observed in the Universe, galaxies, clusters of galaxies, filaments, voids and
the anisotropies in the CMB.

The large scale structure of the Universe has been initiated by quantum fluctuations.
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Fluctuations from inflation in the CMB

Simple models of inflation predict not only scalar fluctuations (fluctuations of the
density) which lead to the formation of large scale structures, but also gravitational
waves.

Like scalar fluctuations, gravitational waves generate anisotropies in the CMB. In
addition, they generate a slight polarisation of the CMB photons.
Density perturbations (scalars) generate only one type of polarisation (E) while
gravitational waves (tensor perturbations) generate also a second type (B).

pure E-polarisation (scalars and grav. waves) pure B-polarisation (only grav. waves)
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Polarisation of the CMB

pure E-polarisation (scalars and grav. waves) pure B-polarisation (only grav. waves)

The discovery of B-polarisation is considered the ’holy grail’ of inflation. It determines
the energy scale of inflation.
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B-polarisation in the CMB from tensors & lensing
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Fig. 14. The 95%-confidence regions for the CMB polarization power spectra given a 2005 compilation
of CMB and large scale structure data from Ref. (91). The parameters varied are those for a constant
spectral index ΛCDM model with insignificant neutrino mass and sharp reionization. The two tensor
results are the B-mode power spectra expected from for a scale-invariant tensor-mode power spectrum
with AT = 4r×10−9 and two possible values of r. The effect of tensors on the cosmological parameter
constraints was neglected, and a prior zre > 6 was assumed.

5.4 B-mode confusion: implications for constraining inflation

Much future work on the CMB will be directed towards the detection of any primordial
gravitational waves (tensor modes). This is because tensor modes produce a distinct B-mode
polarization signal that can serve as a ‘smoking gun’ for primordial gravitational waves if it
can be distinguished from the lensing signal (88; 92). Any detection of tensor modes would be
of great interest as a way of discriminating different classes of models of inflation and other
models of the early universe (1; 93; 94; 95).

The primordial tensor modes are described by the transverse traceless part of the metric
tensor, hij , which is expected to be Gaussian in most models. The power spectrum Ph(k)
of the super-horizon modes after inflation (or more generally, near the start of the radiation
dominated era) is defined by

⟨hijhij⟩ =
∫ dk

k
Ph(k). (5.50)

55

Challinor & Lewis (2006)
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Experimental limits
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FIG. 6. Likelihood results from a basic lensed-⇤CDM+r+dust model, fitting BB auto- and cross-spectra taken between maps
at 150 GHz, 217, and 353 GHz. The 217 and 353 GHz maps come from Planck. The primary results (heavy black) use the
150 GHz combined maps from BICEP2/Keck. Alternate curves (light blue and red) show how the results vary when the
BICEP2 and Keck Array only maps are used. In all cases a Gaussian prior is placed on the dust frequency spectrum parameter
�d = 1.59 ± 0.11. In the right panel the two dimensional contours enclose 68% and 95% of the total likelihood.

variation at high latitude, as explained in Sec. V A.
Nevertheless, it is important to appreciate that the
r constraint curves shown in Fig. 6 shift left (right)
when assuming a lower (higher) value of �d. For
�d = 1.3 ± 0.11 the peak is at r = 0.021 and for
�d = 1.9 ± 0.11 the peak is at r = 0.073.

• Varying the dust power spectrum shape: in
the fiducial analysis the dust spatial power spec-
trum is assumed to be a power law with D` /
`�0.42. Marginalizing over spectral indices in the
range �0.8 to 0 we find little change in the r con-
straint (see also Sec. IVB for an alternate relax-
ation of the assumptions regarding the spatial prop-
erties of the dust pattern).

• Using Gaussian determinant likelihood: the
fiducial analysis uses the HL likelihood approx-
imation, as described in Sec. III A. An alterna-
tive is to recompute the covariance matrix C at
each point in parameter space and take L =
det (C)�1/2 exp (�(dTC�1d)/2), where d is the de-
viation of the observed bandpowers from the model
expectation values. This results in an r constraint
which peaks slightly lower, as shown in Fig. 7. Run-
ning both methods on the simulated realizations
described in Sec. IV A, indicates that such a dif-
ference is not unexpected and that there may be
a small systematic downward bias in the Gaussian
determinant method.

• Varying the HL fiducial model: as mentioned
in Sec. IIIA the HL likelihood formulation requires
that the expectation values and bandpower co-
variance matrix be provided for a single “fiducial
model” (not to be confused with the “fiducial anal-
ysis” of Sec. III B). Normally we use the lensed-
⇤CDM+dust simulations described in Sec. IV A be-
low. Switching this to lensed-⇤CDM+r=0.2 pro-
duces no change on average in the simulations, al-

though it does cause any given realization to shift
slightly—the change for the real data case is shown
in Fig. 7.

• Adding synchrotron: BK-I took the WMAP K -
band (23GHz) map, extrapolated it to 150 GHz ac-
cording to ⌫�3.3 (mean value within the BICEP2
field of the MCMC “Model f” spectral index map
provided by WMAP [2]), and found a negligible
predicted contribution (rsync,150 = 0.0008±0.0041).
Figure 3 does not o↵er strong motivation to reex-
amine this finding—the only significant detections
of correlated BB power are in the BK150⇥P353
and, to a lesser extent, BK150⇥P217 spectra. How-
ever, here we proceed to a fit including all the
polarized bands of Planck (as shown in Fig. 3)
and adding a synchrotron component to the base
lensed-⇤CDM+noise+r+dust model. We take syn-
chrotron to have a power law spectrum D` /
`�0.6 [23], with free amplitude Async, where Async is
the amplitude at ` = 80 and at 150GHz, and scal-
ing with frequency according to ⌫�3.3. In such a
scenario we can vary the degree of correlation that
is assumed between the dust and synchrotron sky
patterns. Figure 8 shows results for the uncorre-
lated and fully correlated cases. Marginalizing over
r and Ad we find Async < 0.0003 µK2 at 95% con-
fidence for the uncorrelated case, and many times
smaller for the correlated. This last is because once
one has a detection of dust it e↵ectively becomes
a template for the synchrotron. This synchrotron
limit is driven by the Planck 30 GHz band—we ob-
tain almost identical results when adding only this
band, and a much softer limit when not including it.
If we instead assume synchrotron scaling of ⌫�3.0

the limit on Async is approximately doubled for the
uncorrelated case and reduced for the correlated.
(Because the DS1⇥DS2 data-split is not available
for the Planck LFI bands we switch to Y1⇥Y2 for

(Bicep-Keck-Planck, 2015)
Limits on the tensor to scalar ratio r = AT/AS from observations.
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The significance of detecting tensor fluctuations

The amplitude of gravitational waves from inflation is proportional to the Hubble
scale and hence energy density during inflation.

The amplitude of tensor fluctuations determines the energy scale of inflation:

r = AT/AS , AS = 2.2× 10−9, AT = 4H2
∗/(π2M2

P).

E∗ = V 1/4
∗ = (r/0.1)1/41.8× 1016GeV.

This is 12 orders of magnitude higher than the energy reached at LHC!

A primordial tensor signal in the CMB polarisation would be a signal from this
energy scale.

And we would see a quantum effect of the gravitational field,
⇒ a ’glimpse’ of quantum gravity.
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Conclusions

Cosmological observations contain unique information about the physics at very high
energies, beyond the standard model.

Limits for the neutrino masses and their number of families.

QCD and electroweak phase transitions.

Baryon asymmetry

Inflation: what particle does the scalar field of inflation correspond to?

What is the energy scale of inflation and what can we learn about the physics at
this scale?

Are there consequences of superstring theory for cosmology?

Can we observe effects of quantum gravity in the CMB?

Cosmology seems to be one of the most promising directions to give us access to the
physics at very high energies, E � 10TeV.

Ruth Durrer (Université de Genève) Cosmology III July 27, 2017 22 / 22



Conclusions

Cosmological observations contain unique information about the physics at very high
energies, beyond the standard model.

Limits for the neutrino masses and their number of families.

QCD and electroweak phase transitions.

Baryon asymmetry

Inflation: what particle does the scalar field of inflation correspond to?

What is the energy scale of inflation and what can we learn about the physics at
this scale?

Are there consequences of superstring theory for cosmology?

Can we observe effects of quantum gravity in the CMB?

Cosmology seems to be one of the most promising directions to give us access to the
physics at very high energies, E � 10TeV.
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Ruth Durrer (Université de Genève) Cosmology III July 27, 2017 22 / 22



Conclusions

Cosmological observations contain unique information about the physics at very high
energies, beyond the standard model.

Limits for the neutrino masses and their number of families.

QCD and electroweak phase transitions.

Baryon asymmetry

Inflation: what particle does the scalar field of inflation correspond to?

What is the energy scale of inflation and what can we learn about the physics at
this scale?

Are there consequences of superstring theory for cosmology?

Can we observe effects of quantum gravity in the CMB?

Cosmology seems to be one of the most promising directions to give us access to the
physics at very high energies, E � 10TeV.
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