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- Cosmological Concordance Model
- Cosmic Microwave Background

ACT, SPTO
- Large scale surveys DESI
- Cosmological constraints
- Upcoming surveys: Euclid, Rubin-LSST, Roman, 

Simons Observatory, LiteBird



J. Peebles 
Nobel Prize in Physics 2019
Inaugural Lecture

… James Peebles’ theoretical framework, 
developed since the mid-1960s, 
is the basis of our contemporary 
ideas about the universe…

Large scale galaxy surveys
Cosmic microwave Background

And Type 1a Supernovae, weak lensing,
CMB lensing, Clusters…



Découverte de l’accélération de l’Expansion de l’Univers
Observations
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Prix Nobel de physique 2011 
S. Perlmutter, B. Schmidt, A. Riess

= > Une composante nouvelle 
accélère l’expansion de l’Univers :
             ”l’énergie noire”

Supernovae Type 1a
Chandelles standardizable



Cosmological concordance model LCDM 

The cosmological model is based upon:
- General relativity
- Standard physics
- Ordinary matter, mostly baryons
Some unknown components 
- Dark matter
- Dark Energy
Nearly scale invariant initial perturbations ns=0.96 

« Dark Energy» : 70 %

Dark Matter: 25 %

Baryons : 5 %
Energy content today

Dark Energy: Acceleration of the expansion of the universe
- Cosmological constant
- Modifation of gravity ?
- Scalar field, quintessence ?
- …



Model of the expansion
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Each component acts differently on the expansion (Friedmann equation) :
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Propagation of density waves

Einsentein, Seo, White (2007)

Stack of CMB maps 
on temperature hotspots



BAO distance scale
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Sound speed in primordial plasma 
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Expansion of the universe !(#)
 rd = 150 Mpc today  (distance to Virgo cluster ~20Mpc)



Progrès sur la mesure du Fonds diffus Cosmologique

Atacama Cosmology Telescope (Inc. P2I) South Pole Telescope Observatory
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ACT+Planck f150 T
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From Adrien La Posta, ACT collaboration
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Signal-to-noise ratio
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Experiment Sky fraction 
[%]

Coadded noise 
[uK-arcmin]

Planck 100 35

ACT DR6 45 10

SPT-3G D1 4 3.3

SPT-3G D1 provides the tightest 
band powers:  

- In TE, at , 

- In EE, at .

ℓ Λ [2200,4000]
ℓ Λ [1800,4000]

Data sets are 
complementary

Etienne Camphuis | CMB-France | October 13th, 2025



The Dark Energy Spectroscopic Instrument

2020-2025+

Telescope Mayall
4 m
Kitt Peak Obs.
Arizona
5000 spec. channels
8 deg2 FOV
Inc. P2I



Multi-objects Large Scale Spectrocopic Survey

DESI@Berkeley, 10 July 2019D. Schlegel !12

r-band depth

Final footprint 16,000 sq deg for dec > -30 deg 
                                20,000 sq deg including DES region

DESI@Berkeley, 10 July 2019D. Schlegel !12

r-band depth

Final footprint 16,000 sq deg for dec > -30 deg 
                                20,000 sq deg including DES region

2D photometric surveys
Target selection

Observation…
… of 5000 targets 
   every ~ 20 mins…

… and measure their redshift



DESI 3D map of the Universe
Density of discrete tracers



Le Monde, 21/03/2025 InspireHEP, 26/11/2025



DESI DR2 2-pt statistics
2-point correlation function : excess probability to find galaxies separated by distance s



BAO inferred dilation parameters

• DESI is consistent with LCDM
• ~2% / 2.3 s discrepancy with 
            Planck LCDM best fit 
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Cosmological constraints
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DESI DR2 BAO

CMB

• DESI tracers are consistent
• Different degeneracy directions

• Factor 2 improvement in the Wm/H0rd plane with DR2
• 2% / 2.3 s discrepancy with Planck LCDM best fit
• CMB includes :

- Primary CMB from Planck PR4 (camspec)
- CMB lensing from Planck PR4 and ACT DR6



Cosmological constraints including ACT & SPT ‘25 results

There is now a BAO-CMB tension

arXiv:2507.12459

arxiv:2506.20707

Models that can relieve the BAO-CMB tension:
Dynamical DE, Modified recombination, curvature, Alens, … 



Constraints on the Hubble constant
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CMB

• rd calibrated using wb from BBN
• Complementarity of DESI tracers
• 4.5 s tension between DESI+BBN and SH0ES



Constraints on Dark Energy
The nature of Dark Energy is encoded in the 
equation of state parameter and contribution to H(z) :
  

5 = 6
7

Cosmological constant: 5 = −1

Dynamical Dark Energy (Chevalier & Polarski 2001, Linder 2003)
General parametrization:

5 = 5/ + 1− 9 57      9 = 8
89: is the scale factor

cosmological 
constant

DESI + CMB + Type 1a Supernovae :

- DESI + CMB + Pantheon+ : 2.8 s
- DESI + CMB + Union3 : 3.8 s
- DESI + CMB + DES Y5 : 4.2 s

DESI + CMB :

3.1 s preference for w0waCDM over LCDM 



Further studies on dynamical dark energy
Changing w(a) parametrization : Binned w(z) :

- Signal is robust w.r.t. analysis choices
- “Phantom” crossing at z ~ 0.4
- Challenging for single scalar field DE models 

- Sensitive to ~2 additional d.o.f.

- Similar results with gaussian process
- Data agrees with “mirage” DE model 

with <w> = -1

quintessence

phantom



Neutrinos and cosmology

Wradiation
Wmatter WL

zCMB ztoday

1+z

- At early times, neutrinos act as additional relativistic species  

- At late times, neutrinos behave as matter 
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znr ⇠ 1900
m⌫

1 eV
- Non-relativistic transition: Latest KATRIN results meff<0.45 eV => znr < 800

N.O. lower value (degenerate mass) => znr > 40

”Early” expansion history depends 
on the sum of neutrino masses



Constraints on the sum of neutrino masses in LCDM

• CMB data contraints are degenerate 
in the ∑ F; vs Ω( plane

• BAO data helps to break this degeneracy
• Lower Ω( for BAO drives the constraint
• Quoted limits midly depend on ordering (DESI+CMB)

In particle physics:
3 mass eigenstates and 3 flavor eigenstates
Solar neutrinos     F!! −F8! ~ 7.5 10-5 eV2

Atmospheric neutrinos     F)! − (F8! +F!!)/2  ~ 2.4 10-3 eV2

∑ F; > 0.06 eV ∑ F; > 0.10 eV



Constraints on neutrino mass in w0waCDM

H F; < 0.163 MN (95%,w0waCDM)

H F; < 0.117 − 0.139 MN (95%,w0waCDM)

For DESI + CMB, the limit is :

For DESI + CMB + SN1a , the limits are :

Why ? Alleviating the dependance in the assumed cosmological model
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Constraints on neutrino mass from Power spectrum

Damping of power at small scales
due to free-streaming of neutrinos

Full-shape power spectrum measurement

DESI +BBN + ns constrain sum of neutrino mass



Lensing Observables

credit: Ruhr-University Bochum

Galaxy-Galaxy lensing - weak shear : Propagation through similar structures imprints 
coherent distortions on galaxy shapes

credit: ESA

CMB-Galaxy lensing : deflection by the gravitational 
lensing effect of massive cosmic structures changing 
'shapes' of hot and cold spots CMB structures



Upcoming results from Weak Lensing Surveys

Weak Lensing:
constraints on Dark Energy 
from the complete Euclid (Forecast, 2030+) 

Euclid DR1 (2027) : similar as DESI DR2

(GCsp)
(3x2pt)
(3x2pt + GCsp)

DESI DR2
+ CMB
+ SN1a (DES Y5)

EUCLID (inc. P2I):
- Spectroscopic and imaging instruments
- Mirroir 1.2 m, 0.55–2.0 μm
- Taking data ! Image quality fantastic



Upcoming Weak Lensing Surveys

Nancy Grace Roman Telescope
- Launch end of 2026
- Mirroir 2.4 m, 0.48–2.30 μm, imaging

Vera Rubin - LSST (inc. P2I):
- Mirroir 8m, imaging du ciel complet tous les 3 jours 
- Weak Lensing, Supernovae and more
- Taking SV data – Starts survey in 2026
- First data release in 2028



CMB upcoming experiments
Simons observatory (US++, inc P2I):
- Taking data !
- Discussion for a French (inc. P2I) SAT : Kairos project

LiteBird (Japan++, inc. P2I):
- Rescoping the project, on sky in 2030s
- Important french contribution



Disposition : Titre et contenu

• Search for B-modes, signature of primordial
gravitational waves = > Constrain inflation scenarios

12/10/2024

Cosmic Microwave Background 
- Science goals -

High redshift clusters
Synergy with the

Athena X-ray mission
(beyond XMM+Euclid)

Temperature anisotropies 
from Planck

Tremendous science reach
- Primordial Universe
- Fundamental physics
- Matter in the Universe

Search for light relics particle BSM
in combination with LSS constraints



Disposition : Titre et contenu

DESI – I DESI-II

?             Spec-S5  (US++)

2038 2040 20422024 2026 2028 2030 2032 2034 2036 20442022

Euclid

?                        WST (EU++)                                
Simons Observatory

RUBIN-LSST

SKA

• Cosmological science for the next decades: 
- Expansion of the Universe
- Establish the inflationary model

- Standard model physics 
- Matter in the Universe

Timeline:

Roman

<-->        LiteBird

ACT

South Pole Telescope Observartory = SPT and BICEP

MUST  (China++)

LSS

LSS
Future

CMB

Radio



Conclusions
• Des progrès très importants en cosmologie cette année

• LSS: DESI, CMB: ACT and SPT
• Des signes que le modèle LCDM n’est pas complet ?

• Tension à ~ 3s entre le CMB et les relevés de galaxies 
• Une énergie noire dynamique (surprenante) peut expliquer cette tension
• Les SN1a confirment cette interprétation

• Les contraintes sur la somme des masses des neutrinos sont compétitives
• De nombreux résultats à venir :

• Weak Lensing surveys
• Fond diffus cosmologique
• Supernovae Type 1a (Zwicky Transient Factory)
• DESI DR3
• Corrélations croisées entre les différentes sondes



Tension on growth is vanishing…

Après DESI 2024

=> Latest KIDS-legacy results



Disposition : Titre et contenu

12/10/2024

Future of Large Scale 
Spectroscopic Surveys

– 10-fold increase every decade
–  Goals of future programs

• High-density low-redshift
• High redshift 

è Largest Universe volume

Spec-S5
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12/10/2024

LSS – 2029-2035 DESI-II
DESI-II (after a 2.5 extension of DESI)
- a pathfinder for Stage-5 spectroscopic surveys
- Modest hardware upgrades
- Low-z program:

- ~20x density of DESI
- Growth of structures
- Modified gravity 
- Challenge for theoretical models

- High-z program 2 < z < 3.5:
- New tracers : star forming galaxies (LAE, LBG)
- Onset of Dark Energy
- Non-gaussianities

DESI-2 high-z target selection

Onset of Dark Energy

Constantin Payerne (Postdoc)
Henri Coquinot (Césure)
Maxime Devin-Pinson (Césure)

Leading role
from
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LSS – “Stage 5” surveys (>2035)
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DESI = BGS (BAO) + LRG (BAO) + ELG (FS)

DESI + Stage-5 (BAO)

DESI + Stage-5 (FS)

Planck + SO (TT, TE, EE,∑∑)

Planck + S4

Key science goals
– “Saturate” cosmic variance up to z = 4
– s(DE) < 2% → Rule out EDE models
– s(Smn) < 15 meV →	4s detection, 
– non-gaussianities : 

• Distinguish single and multi-field inflationary models

Figure 5: Forecast sensitivity of WST on BAO parameters DA(z)/rs (bottom left), H(z)rs

(top left), and on structure growth f�8 (bottom right) compare to DESI (light-blue lines),
DESI-II (darkblue lines), and Megamapper/MUST (green lines). The sensitivity of BAO
measurements is also propagated to a dynamical dark energy prediction �(⌦DE) (top right).
Contribution from the legacy survey (and z < 2 QSO) is shown in red dashed-lines, from the
high-z survey (2 < z < 5.5) in red solid lines. We also include the additional measurements
IFS, either from the cross-correlation with the MOS-LR in yellow dashed lines, and from
its auto-correlation in yellow solid lines (up to z ⇠ 7). The grey lines represent the cosmic
variance limit.

7

Cosmic variance floor

Constraint on the sum of neutrino massesMatter density
power spectrum



Disposition : Titre et contenu

12/10/2024

The Wide-field Spectroscopic Telescope

The ultimate spectroscopic telescope :
– 12m segmented Telescope – 3 deg2 field of view
– Spectroscopic capability:

• 20000-fiber Multi-Object Spectrograph
• 9 arcmin2 Integrated Field Spectrograph

– In Chile
– Supported by ESO community 

Timeline :
– Received EU funds for a 3-year 

concept study phase (”Horizon”, -> Jan ’28)
– ESO selection Q3 ‘28
– ESO approval Q4 ‘28
– First light 2040



DESI DR1 Full-Shape analysis – Test of GR

General
Relativity

https://arxiv.org/pdf/2411.12022

T = Ω( 3</.>>

DESI DR2 Full-Shape results : Spring 2026



Density field reconstruction

Improvement in precison :
10% to 40% 
depending on tracer
 

• Galaxies move in the density field
• Displacement field determined
          from the tracer field in 
     Zel’dovich approximation (1st order)



Systematics checks in BAO measurements

Data vector

BAO model

Imaging systematics

Data splits

Simulation (mocks) based systematics estimate : BAO model
Galaxy-halo connection 
Choice of fiducial cosmology

Total systematic errors :
0.2 % on aiso, 0.3 % on aAP
Limited by mock precison

Antoine Rocher (PhD)
Mathilde Pinon (PhD)

Ly-alpha systematic errors :  0.3 % on apar, 0.3 % on aperp (non-linear evolution of the peak)



Fits of available data





Impact on neutrino mass fits

Ø Small difference for the 4 options
Ø Boltzmann solvers are faster with degenerated cases
Ø For fit in of Smn we use the (degenerate 3n) configuration.

Ø In near future, we should consider the NO/IO
42

5

mass splittings informed from neutrino oscillation exper-
iments [11], which lead to a physical lower limit of the
sum of neutrino masses (Eq. 1, dotted lines in Fig. 1).
As is evident in the bottom right panel of Fig. 1, these
lower limits cut o↵ the posterior at higher Mtot leading
to loosened constraints compared the DM approximation:
Mtot < 0.31 eV (NH) and Mtot < 0.34 eV (IH). Hence,
for the constraints under Planck data alone, assuming the
physically motivated NH and IH leads to a loosening of
the constraints compared to the DM assumption, driven
by imposing a lower limit, re-confirming the findings in
[30–32]. We explore the impact of the prior further with
profile likelihoods below.

The posteriors of the other ⇤CDM parameters like
the baryon and cold dark matter fractions (!b, !cdm),
the optical depth (⌧ , not shown), and the ampli-
tude and spectral index of the primordial power spec-
trum (As, ns) in Fig. 1 show only negligible shifts
for the di↵erent neutrino mass splittings. However,
the well-known degeneracy between Mtot and the cur-
rent expansion rate, H0 (e.g. [8]), leads to shifts in
the posteriors of H0 from H0 = 65.96+1.3

�0.81 km/s/Mpc

(IH) and H0 = 66.42+1.3
�0.76 km/s/Mpc (NH) to H0 =

67.07+1.2
�0.72 km/s/Mpc for the common DM approxima-

tion (all at 68% C.L.). Therefore, imposing a physical
hierarchy does have an impact on the inferred H0, which
– taken at face value – leads to a worsening of the Hubble
tension [71–74].

The proximity of the inferred neutrino masses to the
physical boundary Mtot > 0, 0.06, 0.1 eV for DM, NH
and IH, respectively, can lead to subtleties in the analy-
sis. Moreover, it is well known that neutrino mass con-
straints strongly depend on the assumed lower limit of
the prior [20, 22, 24, 75]. It is hence informative to com-
pare the Bayesian credible intervals to frequentist con-
fidence intervals from profile likelihoods. In Fig. 2, we
compute profile likelihoods in Mtot under Planck data
assuming the four di↵erent neutrino mass orderings. The
upper limits in Mtot are obtained at the intersection of
the ��

2 (solid lines) with the Neyman band (dotted lines
in top panel of Fig. 2), where we assume a physical lower
bound of Mtot > 0. The constraints are summarized in
the right column of Tab. I. As in the Bayesian case, the
“crude” 1M approximation gives the loosest constraints
(Mtot < 0.20 eV, 1M), while the DM approximation gives
slightly tighter constraints (Mtot < 0.18 eV). In the fre-
quentist setting, the two physically motivated hierarchies
give the tightest constraints: Mtot < 0.16 eV (NH) and
Mtot < 0.15 eV (IH). The reason for this becomes ev-
ident when looking at the absolute �

2 values obtained
for the di↵erent neutrino mass orderings (bottom panel
of Fig. 2). For a given fixed value of Mtot < 0.18 eV,
the physically motivated NH and IH fit Planck data
slightly better than the DM approximation, which in turn
presents a slightly better fit than the 1M approximation.
At Mtot � 0.20 eV, the 1M approximation starts to fit the
data similarly well or even better than the other mass hi-
erarchies. This leads to a flatter profile likelihood for the

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Mtot

0

1

2

3

4

5

6

7

�
�

2

3 degenerate masses

1 massive / 2 massless

Normal hierarchy

Inverted hierarchy

�0.5 �0.4 �0.3 �0.2 �0.1 0.0 0.1 0.2 0.3
Mtot

2770

2772

2774

2776

2778

2780

�
2

3 degenerate masses

1 massive / 2 massless

Normal hierarchy

Inverted hierarchy

FIG. 2. Profile likelihoods under Planck data for di↵er-
ent neutrino mass orderings. Top: The intersection of the
parabola fits (solid lines) with the respective dotted lines give
the frequentist 95% confidence intervals. The vertical orange
and blue lines indicate the minimum allowed Mtot for NH and
IH. Bottom: Absolute �2-values indicate that IH and NH fit
the data marginally better than the 3 deg.-mass hierarchy and
the 1 massive/2 massless scenario (for Mtot < 0.2 eV). The
minima of the extrapolated parabolas lie at Mtot < 0 (vertical
dashed lines).

1M approximation and thus looser constraints.

As expected from the considerations in Sec. II, the DM
approximation presents a similar fit to NH/IH. The small
variations between NH, IH and DM can be attributed to
small changes in the background evolution, which might
lead to sub-cosmic-variance changes in the CMB power
spectra, and the relative suppression of lensing in NH/IH
compared to DM. The rather di↵erent behavior of 1M
compared to the other neutrino mass orderings is not
surprising given its stronger expected impact on both of
these observables [38].

With the profile likelihood, we can explore the im-
pact of imposing a lower physical bound Mtot > 0.06 eV
and Mtot > 0.1 eV motivated by the NH and IH, re-
spectively. Imposing these limits as physical boundaries
in the Feldman-Cousins construction loosens the bounds
to Mtot < 0.22 eV and Mtot < 0.26 eV for the DM ap-
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FIG. 4. Profile likelihoods under Planck+DESI data for
di↵erent neutrino mass orderings. Top: The intersection of
the parabola fits (solid lines) with the respective dotted lines
give the frequentist 95% confidence intervals. The vertical
orange and blue lines indicate the minimum allowed Mtot for
NH and IH. Bottom: Absolute �2-values indicate that all
mass orderings present a very similar fit to the data. The
minima of the extrapolated parabolas lie at Mtot < 0 (vertical
dashed lines).

ative” masses diminishes for di↵erent data sets, for ex-
ample for alternative Planck pipelines. Refs. [28, 76, 77]
find that the neutrino mass constraints from Planck PR3
data (used in this work) are a↵ected by the “lensing
anomaly” (e.g. [78, 79]) and replacing it with Planck PR4
and the HiLLiPoP/LoLLiPoP [80] or CamSpec [81] likeli-
hoods leads to relaxed constraints, while [6] find compa-
rable results with all Planck pipelines when combining
with DESI full-shape clustering data. Moreover, allowing
for more complex cosmological models than ⇤CDM (as-
sumed here), e.g. dynamical dark energy models, loosens
the constraints [6, 28, 29, 77, 82–84].

Similar to the Planck -only analysis, the frequentist
constraints from Planck+DESI data are about 10-40%
tighter (when comparing NH and IH with matching lower
bounds). Note that these constraints on Mtot are consid-
erably tighter than frequentist constraints [28, 61] from
Planck [8] and previous BAO data from 6dF [85], SDSS

[86] and BOSS [87], for which frequentist and Bayesian
constraints give similar results. As discussed above, dis-
crepancies between frequentist and Bayesian approaches
are not unexpected due to the di↵erent interpretations.
It can be expected that these discrepancies decrease with
the advancement of cosmological data sets. Regardless,
the tight upper limits from Planck+DESI data in the
frequentist framework for all assumed neutrino mass or-
derings rea�rms the Bayesian picture of constraints that
come very close to the minimum allowed masses from
neutrino oscillation experiments.

V. CONCLUSIONS

In this work, we explored the impact of di↵erent neu-
trino mass orderings on the inferred mass constraints
from Planck and Planck+DESI data.

For Planck data, we find that the DM approximation
gives tighter constraints than the physically motivated
NH and IH (Fig 1). This loosening of the constraints can
be attributed to the lower bound imposed by neutrino os-
cillation experiments for NH and IH (Eq. 1), confirming
previous results. This is corroborated by the frequentist
profile likelihood analysis, which shows that the DM ap-
proximation fits the data similarly well as NH and IH
(Fig. 2). The approximation with one massive and two
massless neutrinos (1M), however, presents a worse fit
than the other neutrino mass orderings and gives looser
Bayesian and frequentist constraints. Despite [30, 44–47]
pointing out that the 1M approximation leads to signifi-
cant changes in the background and perturbations com-
pared to NH/IH/DM, the 1M approximation is often set
as a default configuration in samplers like MontePython

and Cobaya [88]. Our exploration confirms that the 1M
approximation should be avoided and replaced by the
DM approximation in parameter inference.

For Planck+DESI data, the DM and 1M approxima-
tions give tighter Bayesian constraints than the physi-
cally motivated NH and IH (Fig. 3). The loosening of
the constraints for NH and IH can be attributed to the
imposed lower limits in NH and IH, respectively, which
we explore explicitly by imposing the same lower limits
for the DM approximation (Fig. 5). The profile likeli-
hood analysis shows that all neutrino models fit the data
similarly well (Fig. 4), thus indicating that Planck+DESI
data is not sensitive to the details of the neutrino mass
ordering.

For both data set combinations, we extrapolate the
profile likelihoods into the un-physical negative regime,
finding that the extrapolated minima of the parabolas lie
at Mtot < 0, re-a�rming the preference for zero or “nega-
tive” Mtot [26–29]. We recover the well-know degeneracy
between Mtot and H0, which leads to lower values of H0

for higher values of Mtot as obtained with NH and IH,
which in turn leads to a worsening of the Hubble tension.

The frequentist upper limits are consistently tighter
than the Bayesian constraints. While this is not unex-

Planck alone Planck + DESI

Laura Herold et al. arXiv:2412.03546


