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Introduction

What are presently the most outstanding questions in cosmology ?

There are evidently the three ’elephants in the room’

How does inflation work ?

Dark matter ?

Dark energy?
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Inflation

Inflation made the Universe large and flat and it generated initial fluctuations.

As (scalar) fluctuations are coherent over super Hubble scales they most probably
originate from an inflation-like period.

It is amazing that most probably the larges structures we see in the Universe (e.g.
in the CMB) are imprints of tiny quantum fluctuations.

There are too many inflationary ’models’ but no convincing ’theories’.

How does inflation end ?

Over which scales is the scalar perturbation spectrum nearly flat ?

Gravitational waves, the scale of inflation ?

Ruth Durrer (Université de Genève, DPT ) Modern Cosmology : Puzzles and Thoughts Genve, June 10, 2025 3 / 23



Inflation

Inflation made the Universe large and flat and it generated initial fluctuations.

As (scalar) fluctuations are coherent over super Hubble scales they most probably
originate from an inflation-like period.

It is amazing that most probably the larges structures we see in the Universe (e.g.
in the CMB) are imprints of tiny quantum fluctuations.

There are too many inflationary ’models’ but no convincing ’theories’.

How does inflation end ?

Over which scales is the scalar perturbation spectrum nearly flat ?

Gravitational waves, the scale of inflation ?
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Dark matter ?

This old elephant goes back to Fritz Zwicky 1933.

Is DM a weakly interacting massive particle ? Most ’candidates’ are ruled out by
direct detection experiments like XENONnT and similar.

XENON1T collab.
(2016)
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Dark matter ?

This old elephant goes back to Fritz Zwicky 1933.

Is DM a weakly interacting massive particle ? Most ’candidates’ are ruled out by
direct detection experiments like XENONnT and similar.

Or is it an axion ?
β = 0.341± 0.094
Eskilt & Komatsu 2022
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Dark matter ?

This old elephant goes back to Fritz Zwicky 1933.

Is DM a weakly interacting massive particle ? Most ’candidates’ are ruled out by
direct detection experiments like XENONnT and similar.

Or is it an axion ?

Primordial BHs

Fuzzy dark matter

Or an entire dark sector

How is it interacting with ordinary matter or with dark energy (apart from gravity) ?
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What is Dark Energy ?

Vacuum energy/cosmological constant with a very strange value,
V = (0.7× 10−3eV)4 ?

Or are data telling us that DE is evolving?

If w < −1 for some redshifts, then we probably deal with modified gravity.

But we can always write the evolution eqns. of the metric in the form

Gµν = somerhing

So how can we distinguish dark energy from modified gravity?

How important is clustering of dark energy?

What about the coincidence problem
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Ruth Durrer (Université de Genève, DPT ) Modern Cosmology : Puzzles and Thoughts Genve, June 10, 2025 5 / 23



What is Dark Energy ?

Vacuum energy/cosmological constant with a very strange value,
V = (0.7× 10−3eV)4 ?

Or are data telling us that DE is evolving?

If w < −1 for some redshifts, then we probably deal with modified gravity.

But we can always write the evolution eqns. of the metric in the form

Gµν = somerhing

So how can we distinguish dark energy from modified gravity?

How important is clustering of dark energy?

What about the coincidence problem
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Ruth Durrer (Université de Genève, DPT ) Modern Cosmology : Puzzles and Thoughts Genve, June 10, 2025 5 / 23



Clustering does not affect the distance redshift relation significantly

(From Adamek et al.. 1812.04336 )

Ruth Durrer (Université de Genève, DPT ) Modern Cosmology : Puzzles and Thoughts Genve, June 10, 2025 6 / 23



More puzzles

But there are also other important wide open questions:

What is the physics of reheating? Does it lead to observational relicts?

Baryon asymmetry?

Phase transitions

Cosmic magnetic fields

Gravitational wave background, is the pulsar timing array signal cosmological?

How can we observe the neutrino background ?

Galaxy formation
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Reheating

On large cosmological scales (> Mpc) reheating can probably be regarded as
instantaneous and fluctuations from inflation can simply be matched to the radiation
era by requiring continuity of the metric and the intrinsic curvature (Israel junction
conditions, Deruelle & Mukhanov, 1995)

But what happens on smaller scales?

This depends on the detailed model of reheating⇒ Contains information on very
high energy physics.

If reheating is accompanied by a first order phase transition it can lead to a very
high frequency gravitation wave background.

During a phase of extremely slow roll, fluctuations were strongly amplified, these
may lead to the formation of primordial black holes and via 2nd order fluctuations
to a GW background.
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Reheating: Some numbers

H−1
inf ' MP/E2

inf ∼ the smallest scale on which quantum fluctuations are amplified.

This scale has grown to about MP/E2
inf (Tr/T0) by today.

It is useful to put in some numbers:

1016GeV ∼ (0.2× 10−29cm)−1. [1=200MeV fm]

The scale H−1
inf redshifted to today is about

H−1
inf

a0

ar
' 10cm

(
1016GeV

Einf

)2
Tr

1016GeV

' 1016cm
(

1GeV
Einf

)2 Tr

1GeV
' 0.001pc

(
1GeV
Einf

)2 Tr

1GeV
.

In most models of inflation this scale is irrelevant for LSS.
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Phase transitions

Within the standard model of particle physics there are no known phase transition.
Both, the electroweak transition and the quark-hadron transition are simple
cross-overs.

However, minor modifications (e.g. adding a 2nd scalar Higgs or an additional
U(1)) the electroweak transition and T ∼ 100GeV can become strongly first order
with interesting consequences:

Bubble collisions lead to MHD turbulence and the generation of of magnetic fields.

A sight enhancement of the parity violating terms can lead to chiral magnetic fields and
baryon asymmetry (both are related the the Chern-Simons number of the electroweak
sector).

The bubbles, the turbulent plasma and the magnetic fields generate (chiral)
gravitational waves.
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Gravitational waves from phase transitions

From
Wang, Huang & Zhang
2003.08892
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Cosmic magnetic fields

Magnetic fields are ubiquitous in the Universe on all scales, stars, galaxies, clusters,
filaments and even voids.
It is not clear whether they are primordial or generated in the late Universe.

First order phase transitions lead to turbulence which is MHD turbulence and very
generically leads to magnetic fields. These fields, however are causal hence
PB ∝ k2 . They cannot seed the large scale coherent fields in galaxies and voids.

As gauge fields are conformally coupled they are not generated during inflation
except if one introduces non-minimal coupling to curvature or to the inflation.

strong coupling

back-reaction

Magnetic fields in galaxies might be generated at late times via charge separation
and dynamo amplification.

Could a dipole component in these fields generate the requested fields in voids?
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Cosmic magnetic fields
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From
Garg, RD, Schober
2505.14774
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Stochastic GW backgound

We expect a stochastic gravitational wave background from inflation with power
spectrum

PGW =
128

3

(
Einf

mP

)4

(k/k∗)−2ε .

Also reheating might generate a (blue) GW background.

First order phase transitions generate a blue GW background with P ∝ k5 with
charactzeristic scale given by a fraction of the horizon scale at the phase
transition.

There is certainly also an astrophysical GW background from close binary
systems (BHs, NSs and white dwarfs).

Already 2nd order scalar perturbations generate GWs
(→ poster by Stylianos Papadopoulos).
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Stochastic GW backgound

(From Kalogera et al. 2111.06990)
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Neutrinos : Have we already detected the cosmic neutrino background?

Number of relativistic degrees of freedom after e± annihilation. Neff = 2.99± 0.34
is in perfect agreement with the theoretically expected value for 1 photon and 3
species of neutrinos, Neff = 3.046. (from Planck 2018).

The neutrino mass scale is constrained to
∑

i mi < 0.12eV ( from Planck 2018).

But are these really collisionless particles?

∆χ2 as a function of `(ν)max

(From Sellentin & RD. 1412.6427
using Planck 2013 data)
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Galaxy formation

Can we learn e.g. about dark matter from galaxy formation ?

Are the high z galaxies discovered with JWST a problem for ΛCDM ?

If there are galaxies at z > 13 why did reionization only happen at z ' 6 ?

When did the large central BHs in galaxies form ?
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Are we sufficiently careful in analysing large scale structure data?

Observations are made on our background lightcone.

We cannot observe a {t = const. } hypersurface and therefore not a power
spectrum.
For small scales this is irrelevant but the more we go to cosmological scales the
more it becomes important.

(From Castorina & Di Dio 2106.08857)
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Weak lensing

Lensing describes the deflection of photon geodesics on their way from a source into
our antennas n→ n′.
Often people described this via the map Dab = δab + θa,b, where θa is the 2d deflection
angle.

But this angle is coordinate dependent!

In the coordinate independent Jacobi map, Ja
b, deflection is defined wrt a parallel

transported Sachs basis.
While θa has only 2 degrees of freedom, Ja

b has in general 4 .

Differences
At first order in perturbation theory there is no rotation.

The B-component of shear and the rotation have different spectra

Convergence and the E-component of shear have different spectra (on large
scales).
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Weak lensing

(From Fanizza, Di Dio, RD & Marozzi 2201.11552)

scalar pert.

tensor pert.
(r=0.1)
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Measuring shear via galaxy rotation

Galaxies are usually quite elliptical.
If you shear an ellipse whose principle axes are not aligned with the principle axes of
the shear map, this induces not only a change in the ellipticity but also a rotation.
With respect to arbitrary parallel transported axes (e1, e2), shear rotates the original
orientation α of, say, the semi-major axis into α + δα where (at first order in γ)

δα =
ε2

2− ε2 (γ2 cos 2α− γ1 sin 2α) .

Here 0 ≤ ε ≤ 1 is the ellipticity of the galaxy. (Note that δα = 0 if the principle axes are
aligned, i.e. α = 0 (or π) and γ2 = 0 or α = π/4 (or 5π/4) and γ1 = 0.)
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Results with SKA 2

SNR ∼ 45
For a conservative SNR
of 10−3 per galaxy.

J. Francfort, RD, & G. Cusin (2022)
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Conclusions

The present cosmological model has serious unsolved problems.

Apart from the ’3 elephants’ there are reheating, baryon asymmetry, stochastic
GW background, cosmic magnetic fields and more.

We must be careful when analysing our observations. Better observations need
more care concerning systematics and theoretical analysis

It is important to develop new, independent cosmological observables that have
different systematics.

————————
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