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D’où venons-nous ? / Que sommes-nous ? / Où allons-nous ?



§ How was the Universe created ?

§ What is the Universe made of?

§ What is the ultimate fate of the Universe?



Cosmological model

ΛCDM : phenomenological model based on GR, supplemented by CDM and dark energy, and 
complemented by an inflationary scenario
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No-hair conjecture: Q take unique values for BHs given their mass and spin
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General Relativity

- The residual power, after subtracting the best fit waveform from the data, is consistent with the detector noise

- All post-Newtonian deformation coefficients are consistent with the predictions from GR

- The spin-induced quadrupole moments Q of the BBH constituents are consistent with those of Kerr BHs in GR

- No evidence for dispersion of GWs

Tests of General Relativity with GWTC-3
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FIG. 4. 90% upper bounds on the absolute magnitude of the GR-
violating parameters �'̂n, from �1PN through 3.5PN in the inspiral
phase. At each PN order, we show results obtained from each of
the events listed in Table I that cross the SNR threshold in the inspi-
ral regime, analyzed with IMRPhenomPv2. Bounds obtained from
combining posteriors of events detected with a significance that ex-
ceeds a threshold of FAR < (1000 yr)�1 in both modelled searches
are shown for both analyses, using IMRPhenomPv2 (filled diamonds)
and SEOBNRv4 (empty diamonds).

across all events considered. This assumption should not be
made when testing a specific theory that predicts violations
that depend on the binary’s parameters. Posterior distribu-
tions of � p̂i for the individual-event analysis, also showing full
consistency with GR, are provided in Sec. 3 of the Appendix.

Figure 4 shows the 90% upper bounds on |�'̂i| for all the
individual events which cross the SNR threshold (SNR > 6) in
the inspiral regime (the most massive of which is GW150914).
The bounds from the combined posteriors are also shown;
these include the events which exceed both the SNR thresh-
old in the inspiral regime as well as the significance threshold,
namely GW150914, GW151226, GW170104, GW170608, and
GW170814. The bound from the likely lightest mass binary
black hole event GW170608 at 1.5PN is currently the strongest
constraint obtained on a positive PN coe�cient from a single
binary black hole event, as shown in Fig. 4. However, the con-
straint at this order is about five times worse than that obtained
from the binary neutron star event GW170817 alone [8]. The
�1PN bound is two orders of magnitude better for GW170817
than the best bound obtained from GW170608. For all other
PN orders, GW170608 also provides the best bounds, which at
high PN orders are of the same order of magnitude as the ones
from GW170817. Our results can be compared statistically to
those obtained by performing the same tests on simulated GR
and non-GR waveforms given in [93]. The results presented
here are consistent with those of GR waveforms injected into

realistic detector data. The combined bounds are the tightest
obtained so far, improving on the bounds obtained in [5] by
factors between 1.1 and 1.8.

VII. PARAMETERIZED TESTS OF GRAVITATIONAL
WAVE PROPAGATION

We now place constraints on a phenomenological modifi-
cation of the GW dispersion relation, i.e., on a possible fre-
quency dependence of the speed of GWs. This modification,
introduced in [100] and first applied to LIGO data in [6], is
obtained by adding a power-law term in the momentum to the
dispersion relation E2 = p2c2 of GWs in GR, giving

E2 = p2c2 + A↵p↵c↵. (2)

Here, c is the speed of light, E and p are the energy and
momentum of the GWs, and A↵ and ↵ are phenomenological
parameters. We consider ↵ values from 0 to 4 in steps of 0.5.
However, we exclude ↵ = 2, where the speed of the GWs is
modified in a frequency-independent manner, and therefore
gives no observable dephasing.12 Thus, in all cases except
for ↵ = 0, we are considering a Lorentz-violating dispersion
relation. The group velocity associated with this dispersion
relation is vg/c = (dE/dp)/c = 1 + (↵ � 1)A↵E↵�2/2 + O(A2

↵).
The associated length scale is �A B hc|A↵|1/(↵�2), where h
is Planck’s constant. �A gives the scale of modifications to
the Newtonian potential (the Yukawa potential for ↵ = 0)
associated with this dispersion relation.

While Eq. (2) is a purely phenomenological model, it en-
compasses a variety of more fundamental predictions (at least
to leading order) [94, 100]. In particular, A0 > 0 corre-
sponds to a massive graviton, i.e., the same dispersion as
for a massive particle in vacuo [102], with a graviton mass
given by mg = A1/2

0 /c
2.13 Furthermore, ↵ values of 2.5, 3,

and 4 correspond to the leading predictions of multi-fractal
spacetime [103]; doubly special relativity [104]; and Hořava-
Lifshitz [105] and extra dimensional [106] theories, respec-
tively. The standard model extension also gives a leading contri-
bution with ↵ = 4 [107], only considering the non-birefringent
terms; our analysis does not allow for birefringence.

In order to obtain a waveform model with which to con-
strain these propagation e↵ects, we start by assuming that
the waveform extracted in the binary’s local wave zone (i.e.,
near to the binary compared to the distance from the binary
to Earth, but far from the binary compared to its own size) is
well-described by a waveform in GR.14 Since we are able to

12 For a source with an electromagnetic counterpart, A2 can be constrained
by comparison with the arrival time of the photons, as was done with
GW170817/GRB170817A [101].

13 Thus, the Yukawa screening length is �0 = h/(mgc).
14 This is likely to be a good assumption for ↵ < 2, where we constrain �A to

be much larger than the size of the binary. For ↵ > 2, where we constrain �A
to be much smaller than the size of the binary, one has to posit a screening
mechanism in order to be able to assume that the waveform in the binary’s
local wave zone is well-described by GR, as well as for this model to evade
Solar System constraints.
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General Relativity

- The residual power, after subtracting the best fit waveform from the data, is consistent with the detector noise

- All post-Newtonian deformation coefficients are consistent with the predictions from GR

- The spin-induced quadrupole moments of the BBH constituents are consistent with those of Kerr BHs in GR

- No evidence for dispersion of GWs, non-GR modes of polarization
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Exotic Compact Objects: more massive than NS but without horizons
(ingoing GWs reflect multiple times off effective radial potential 
barriers, with wave packets leaking out to infinity at regular times)

Cardoso, Pani (2017)
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- Properties of the remnant BHs, including deviations of the quasi-normal mode frequencies and damping times, 
show consistency with the predictions of GR
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ΛCDM : phenomenological model based on GR, supplemented by CDM and dark energy, and 
complemented by an inflationary scenario

GW250114 enables precise tests of both the 
Kerr nature of BHs and Hawking’s area law:

§ The remnant’s event horizon area exceeds the 
total initial area at high credibility, in agreement 
with Hawking’s law 

§ Post-merger data contain two distinct ringing 
modes of the remnant, which are consistent 
with the fundamental and first overtone of the 
quadrupolar spectrum of Kerr BH

Phys.Rev.Lett. 135 (2025) 11, 111403

General Relativity
GW250114
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Is GR valid at all scales?

Credit: Ezquiaga, Zumalacarregu (2018)

General Relativity

Approach: 
Link cosmological large-scale structure, CMB, and GWs 
with classic PPN tests of gravity

Extremely large surveys (Euclid, SKA) will allow us to access 
perturbation modes close to the Hubble scale, hence test 
GR on ultra-large scales

Baker, Psaltis, Skordis (2015)



Cosmological model

ΛCDM : phenomenological model based on GR, supplemented by CDM and dark energy, and 
complemented by an inflationary scenario

Penrose singularity theorem (1965)

If the space-time contains a non-compact Cauchy hypersurface Σ and a closed future-trapped surface, and 
if the convergence condition                      holds for null u , then there are future incomplete null geodesics μ

The existence of classical singularities signals the limits of the classical theory at extreme conditions,             
which is precisely when gravitational quantum effects will become relevant

General Relativity



Cosmological model

ΛCDM : phenomenological model based on GR, supplemented by CDM and dark energy, and 
complemented by an inflationary scenario

§ rotation curves (out to tens of kpc)

§ gravitational lensing (out to 200 kpc)

§ hot gas in clusters

§ cosmic microwave background radiation

Ford & Rubin (1970)

Dark matter: observations
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Ferreras, Mavromatos, Sakellariadou, Yusaf, PRD (2009, 2012)Milgrom (1983)

Bekenstein (2004)
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ΛCDM : phenomenological model based on GR, supplemented by CDM and dark energy, and 
complemented by an inflationary scenario

Dark energy: observations

-- type Ia supernovae

-- cosmic microwave background anisotropies

-- baryon acoustic oscillations

-- weak gravitational lensing
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Dark energy: proposals

energy exchange in dark sectorDE

DM
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Cosmological model

ΛCDM : phenomenological model based on GR, supplemented by CDM and dark energy, and 
complemented by an inflationary scenario

§ cosmological constant

§ modified matter models:
- quintessence (time varying scalar field, slowly rolling down toward its potential minimum)
- k-essence (non-linear KE of scalar field drives negative pressure without help of potential terms)
- coupled dark energy and matter (example: chameleon mechanism)
- unified models of dark energy and dark matter (change in the equation of state of the background fluid)

§ modified gravity models (f(R) gravity, models with extra dim)

Dark energy: proposals



Cosmological model

ΛCDM : phenomenological model based on GR, supplemented by CDM and dark energy, and 
complemented by an inflationary scenario

Inflationary scenario

§ Adiabaticity in the CMB

no fluctuation in relative number density of species, hence no entropy perturbations 

The observation of the first CMB peak at l =220±𝟎. 𝟖 𝒉𝒂𝒔 𝒄𝒐𝒏firmed domination of adiabatic IC
They can arise from 1-field inflationary scenarios, which have only one degree of freedom, and therefore 
cannot produce entropy fluctuations



Cosmological model

ΛCDM : phenomenological model based on GR, supplemented by CDM and dark energy, and 
complemented by an inflationary scenario

§ onset of inflation (initial conditions for its realisation)

§ origin of the inflaton as a matter field

§ trans-planckian problem
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Goldwirth, Piran (1989, 1990)
Calzetta, Sakellariadou, PRD (1992, 1993)
Gernani, Nelson, Sakellariadou, PRD  (2007)

It requires a large non-minimal coupling to gravity Bezrukov, Magnin, Shaposnikov, Sibiryakov (2010)

Martin, Brandenberger (2010)

Inflationary scenario



Cosmological model

ΛCDM : phenomenological model based on GR, supplemented by CDM and dark energy, and 
complemented by an inflationary scenario

§ string gas cosmology (based on coupling a gas of closed string matter to a background space-time geometry)

§ matter bounce (quantum vacuum fluctuations which exit Hubble radius in a contracting matter-dominated universe)

§ ekpyrotic scenario - cyclic universe (collision - once or repeated periodically- of two branes bounding an extra dim)

Brandenberger, Vafa (1989)

Wands (1999); Finelli and Brandenberger (2002)

Steinhardt, Khoury, Turok, Ovrut (2001)

Inflationary scenario 

Alternatives:



- How did the Universe come into being?
- What was there before the Big Bang?
- Is the singularity real or our theory is incomplete?

§ How was created the Universe? 

Quantum Gravity 
is needed

The wave function of the Universe                                              satisfies WdW equation

field configurationsspace of all 3-metrics 2nd order differential operator in ST
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- How did the Universe come into being?
- What was there before the Big Bang?
- Is the singularity real or our theory is incomplete?

§ How was created the Universe? 

o Hartle-Hawking no boundary proposal

o Vilenkin’s tunneling out of nothing proposal

The wave function of the Universe                                              satisfies WdW equation

field configurationsspace of all 3-metrics 2nd order differential operator in ST

given by a Euclidean path integral over compact 4-geometries gμν (x, τ ) 
bounded by the 3-geometry hij (x) with the field configuration φ(x)

space and time should have no boundary to our past

Quantum Gravity 
is needed



- How did the Universe come into being?
- What was there before the Big Bang?
- Is the singularity real or our theory is incomplete?

§ How was created the Universe? 

o Hartle-Hawking no boundary proposal

o Vilenkin’s tunneling out of nothing proposal

The wave function of the Universe                                              satisfies WdW equation

field configurationsspace of all 3-metrics 2nd order differential operator in 
ST

obtained by integrating over Lorentzian histories interpolating between 
a vanishing 3-geometry ∅ and (h, φ) and lying to the past of (h, φ)

Quantum Gravity 
is needed



§ What is the Universe made of?

Even if some reasonable candidates exist, we still have not been able to identify dark matter, 90 years 
after it has been first postulated by Fritz Zwicky



§ What is the ultimate fate of the Universe?

It depends on what dark energy is



§ What is the current expansion rate of the Universe (value of the Hubble constant)? 

H0 tension : the persistent discrepancy between local and early-Universe measurements

Luminosity of SNIa calibrated by Cepheids 
using the distance ladder technique

~73.3 km/s/Mpc

GW as standard sirens: GW170817      
~ 68.7 km/s/Mpc

Observations of the sound horizon 
angular scales in CMB and BAO data

~ 67.4 km/s/Mpc

The CosmoVerse network 
arXiv:2504.01669



§ What is the current expansion rate of the Universe (value of the Hubble constant)? 

H0 tension : the persistent discrepancy between local and early-Universe measurements

The CosmoVerse network 
arXiv:2504.01669

Efforts for a solution:

§ Early DE (dominates before recombination)
§ Late DE (modify expansion history at low z, z<1)
§ Rapid transition in late Universe (DE from negative to positive)
§ Interacting DM and DE
§ Modified gravity
§ Exotic scenarios and non-standard DM
§ Extra relativistic species and neutrino physics
§ Local void hypothesis
§ Primordial magnetic fields
§ Inflationary models (non-standard reheating)
§ Varying fundamental constants
§ Local physics solutions (new physical effects specific to the 

local Universe)
§ Systematic uncertainties and calibration issues



Challenge to the ΛCDM concordance model

Reconcile local (late-time) measurements with global (early-time) constraints

model-dependentsubject to astrophysical systematics

GWs: independent approach free from electromagnetic systematics



Challenge to the ΛCDM concordance model

Reconcile local (late-time) measurements with global (early-time) constraints

model-dependentsubject to astrophysical systematics

GWs: independent approach free from electromagnetic systematics

S8 (a parameter that measures the clustering of matter in the Universe ) tension

Statistical discrepancy emerges in the observed values of S8 when comparing CMB-based primary anisotropy 
measurements with local probes such as WL, galaxy clustering, and galaxy cluster abundance studies



Moreover,

anomalies and challenges arising from the confrontation between ΛCDM and observational data (data analysis):

§ excess lensing amplitude in the Planck data and potential deviation from ΛCDM predictions

§ slight preference for a closed universe in spatial curvature parameter constraints within the ΛCDM

§ low quadrupole moment and its alignment with the octupole

§ hemispherical asymmetry (statistical difference in temperature fluctuations between opposite hemispheres)

§ CMB cold spot



§ What is the shape of the Universe?

§ Local geometry: spatial curvature 

The Universe is   
(first Doppler peak position)

§ Global geometry: topology

- simply connected space?
- multiply connected space?
- finite or infinite?
- wormholes? 



§ Baryon asymmetry of the Universe  

Observational evidence:

- Power spectrum of CMB

- Concordance of light elements and BBN
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Sakharov conditions (1967) for which a baryon asymmetry may successfully be generated:

§ The theory should have B-violating interactions
§ The interactions should violate both C and CP
§ The processes of a net baryon-number generation should have a degree of irreversibility due to 

an out-of-thermal equilibrium dynamics



§ Baryon asymmetry of the Universe  

Many scenarios have been proposed, for instance:

§ Baryogenesis through the decay of a heavy particle
- Based on the out-of-equilibrium B-violating decay of a heavy GUT particle

- Serious constraint difficult to overcome - strict experimental lower  limit on proton’s long lifetime
Yoshimura (1978) ; Dimopoulos, Susskind (1978)
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Many scenarios have been proposed, for instance:

§ Baryogenesis through the decay of a heavy particle
- Based on the out-of-equilibrium B-violating decay of a heavy GUT particle

- Serious constraint difficult to overcome - strict experimental lower  limit on proton’s long lifetime

§ Baryogenesis at the electroweak phase transition
- BAU is generated by (B + L)-violating sphaleron interactions at T ∼ Tc ≈ 140 GeV, through a FOPT

- One needs to resort to extended models with extended Higgs sectors, such as the MSSM

§ Baryogenesis through leptogenesis
- Leptogenesis is based on the out-of-equilibrium L-violating decays of heavy Majorana neutrinos.  
These decays produce a net lepton asymmetry, which is converted into the observed BAU through  
(B + L)-violating sphaleron interactions

Kuzmin, Rubakov, Shaposnikov (1985)

Fukugita, Yanagida (1986)

Yoshimura (1978) ; Dimopoulos, Susskind (1978)



§ Why do we live in (3+1)-dimensions?

Starting with a distribution of branes embedded in a higher dimensional bulk, brane interactions could 
naturally lead to the survival of only three-dimensional branes and one-dimensional branes (D-strings)

Nelson, Sakellariadou (2009)



Conclusions

Despite a big progress in Cosmology several questions remain open and further progress is needed.
Moreover, the (phenomenological) ΛCDM concordance model is facing challenges

Observations:

- gravitational waves (LIGO-Virgo-KAGRA, Laser Interferometer Space Antenna, Einstein Telescope       
& Cosmic Explorer) 

- astrophysical data (James Webb Space Telescope, Fermi Gamma-ray Space Telescope, 
Rubin Observatory, Dark Energy Survey, Dark Energy Spectroscopic Instrument,
Euclid, SKA Observatory)

Mathematics:

- Novel (more appropriate) tools 


