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Statistical challenges in cosmology

Lixploring the growth of parameter spaces, statistical effects, data combination and thewr impact on cosmological inference
and tensions in cosmology
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Statistical methods in cosmology

Cosmology as a precision science owes much of its LCDM Bayesian statistics;
progress to the large and precise cosmological data sets MCMC techniques
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Statistical methods in cosmology

Cosmology as a precision science owes much of its LCDM Bayesian statistics;
progress to the large and precise cosmological data sets MCMC techniques
Next decade: growth of statistical power ot cosmological experiments > Stress test LGDM,

(Now!) New probes tensions, new physics, ...



Observations - Stage 5 and 4

Huge amount of data coming now and 1n the future: incredible precision, new probes, small scales, polarization, ...

Photometric and spectroscopic surveys
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Statistical methods in cosmology

Cosmology as a precision science owes much of its LCDM Bayesian statistics;
progress to the large and precise cosmological data sets MCMC techniques
. . . Stress test LGDM
Next decade: growth of statistical power ot cosmological experiments > . g
New probes tensions, new physics,

break degeneracies, ...

However...

Increased statistical power and complexity from new observational, theoretical, and systematic uncertainties
introduce additional nuisance parameters, making statistical inference more challenging,

Particularly important with the increase of high quality data, where systematics will play important role:
stage 1V (even stage 111), cosmological tensions, ...

LSS surveys: large number of observational and “astrophysical systematics”



Statistical methods in cosmology

LSS surveys:

“astrophysical

Photometric surveys - avenue for addressing important

| systematics”

questions 1 cosmology

Ex: galaxy clustering + weak gravitational lensing (DES) -

- 6 cosmological parameters (ACDM and the total neutrino mass)
- 2) nuisance parameters

arge number of observational and

Parameter Prior
Cosmological Parameters
O U[0.1,0.9]
As U[0.5,5.0] x 107°
Q U[0.03,0.07]
ns U[0.87,1.07]
h U[0.55,0.91]
Q, h? U[0.6,6.44] x 1073
W U[-2, -0.333]
Calibration Parameters
m N (-0.0063, 0.0091)
my N (-0.0198, 0.0078)
my N (-0.0241,0.0076)
my N (-0.0369, 0.0076)
Az; N(0.0,0.018)
Azp N(0.0,0.015)
Az3 N(0.0,0.011)
Azy N(0.0,0.017)
Intrinsic Alignment Parameters
aj U[—S, 5]
as U[-5, 5]
m U[=5, 3]
2 U[-5,5]
bt U[0,2]
Shear Ratio Parameters
Az N (~0.009, 0.007)
At N (-0.035,0.011)
AZEmS N (-0.005, 0.006)
gl N(0.975,0.062)
s N (1.306,0.093)
5‘;38 N (0.870,0.054)
by U[0.8, 3]

Secco et al 2021



Statistical methods in cosmology

Cosmology as a precision science owes much of its LCDM Bayesian statistics;
MCMC techniques

progress to the large and precise cosmological data sets

Increased statistical power and complexity from new observational, theoretical, and systematic uncertainties
introduce additional nuisance parameters, making statistical inference more challenging;

T'his inflation of parameters can lead to statistical artetacts or inetficient data analysis that can bias

the cosmological parameter inference, aftecting how powertul these data sets can be

-

Statistical tools at center stage! Bayesian, frequentist, ML, ...
J

Questions: What are those effects and how important/how much thy affect parameter inference.

Can we combine data sets to improve parameter constraints.

Cosmological tensions?



Statistical methods in cosmology -

challenges for current and next generation of experiments

Combining data sets
&

tension 1n cosmology

Can we combine data sets to improve
parameter constraints?

Cosmological tensions?

The BAO-CMB “Iension and Implications for Inflation, EF, et al -
PRD Editor’s suggestion

T he Shifting Spectrum of ns constraints from DESI and CMB data, F.
McDonough, EF

Volume eflects
&

profile likelihood m cosmology

Parameter inflation

What are those effects and how important/
how much thy affect parameter inference?

Challenges for new experiments

o Laura Herold, EF 2210.1629

o Laura Herold, EF and Euchiro Komatsu 2112.12140),

* Reeves, L. Herold, S. Vagnozzi , B. Sherwin, EF 2207.01501

 Profile Likelihoods in Cosmology: When, Why and How lustrated with ACDM,
Masswe Neutrinos and Dark Energy, L. Herold, EF, L. Henrich, 2025

 E.Holm, L. Herold, T. Simon, EF, S. Hannestad, V. Poulin, T. Tram

2023




[ he BAO-CMB tension and Implications for Inflation

o The BAO-CMB ‘Ilension and Implications for Inflation, EF, . McDonough, L. Balkenhol, R
Kallosh, L. Knox, and A Linde, 2025 - Editor’s suggestion
o The Shufting Spectrum of ns constraints from DESI and CMB data, EE McDonough, EF, 2025



Larly unwerse and the spectral index

Prediction from inflation: primordial density fluctuations that are nearly Gaussian and adiabatic and are described by a nearly
scale-invariant power spectrum

 Confirmed by observations (CMB and LSS)

e Scale invariant excluded!

30

Value of ng: great discriminator of inflationary (and early universe) models

Oc
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Larly unwerse and the spectral index

Current status:
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| |

Tensor-to-scalar ratio (7g.002)
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A, and n, determined with great precision ( < 1% )!
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Primordial tilt (ns)
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Low scale SB SUSY
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Planck 2018

ns = 0.9626 + 0.0057 (68 % CL, Planck TT+lowE)

ns = 0.9649 + 0.0044 7 =0.052 + 0.008

(68 % CL, Planck TT,TE,EE+1owE)

Planck 2018 + lensing

ny = 0.9634 + 0.0048
(68 % CL, Planck TT+lowE+lensing),
ns = 0.9649 + 0.0042
(68 % CL, Planck TT,TE,EE+lowE+lensing).

Planck 2018 + lensing + BAO (BOSS)

ng = 0.9665 + 0.0038
(68 % CL, Planck TT,TE,EE+lowE+lensing+BAO) .

Viable targets (Planck/BICEP/Keck/ACT/SP1 data):

- Starobinsky model ,

- Higgs inflation and

- a-attractors (exponential - 1" and FE a-attractor)
- Polynomual, ...



Larly unwerse and the spectral index

Given that we determined A, and n, with great precision, ...

Next steps for early universe cosmology:

- Primordial gravitational waves
- Non-Gaussianity

- lFeatures 1in the power spectrum
- New phenomenology

Main goal of the next generation of experiments:
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Next Generation CMB Experiment
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+ LSS experiments
+ GW wxperiments
+ New probes



BUT...

In 2025, n, comes back to the light and a new discrepancy arses



Observations - Stage 5 and 4

From the ones we already have results, we already learned a lot of new things!!!

Photometric and spectroscopic surveys
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DESI galaxy samples: 40M galaxy
redshifts in 5 years of observations

QSO: 3M (SDSS: 500k)
Lya 1.8 < z

Tracers 0.8 < z < 2.1

ELG: 16M (SDSS: 200k)
06<z<1.6

LRG: 8M (SDSS: TM)
04<7<0.8

Bright Galaxies: 14M
(SDSS: 600k)
0<z2<0.4




1 he Dark Energy Spectroscopic Instrument - DESI

What DESI BAO measures wx = Qx h?

Ogao = ra/Dy(2)

C # dz’
Dale] = F/ H(')/Hy

rq = 147.05 Mpc X o0 CS(Z) ¢

W ~0.13 / (. \=023 [ N.g\ * rd = H H(z
(0.02336) (0.1232) (3.01) -0 HZ) (2) + Dy (2)/rq




1 he Dark Energy Spectroscopic Instrument - DESI

Results: LCDM

0.34
. ---- DESI DR1 BAO

[ Ty BN DESI DR2 BAO

‘ I CMB * DR2: 40% Improvement in the precision on and compared to DR
0.32-

= 0.30 - Qm = 0.295 £ 0.015,
- reh = (101.8 + 1.3) Mpc, [ DPESIBAO
0.28 - \‘\\ \\\
0.26 - .- * Constraint: ~ 2.36 away from Planck (DR1: ~ 1.90)
98 100 102 104 106

Hyrq [100 km s™1



1 he Dark Energy Spectroscopic Instrument - DESI

Results: wOwa model

2 ; ; .
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_ | W DESI BAO + CMB @ BN DESI+CMB-Pantheont
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Stage 3 CMVIB experiments
Planck ACT SPT

Final release 2018 Observations 2008-2022 Observations 2007-2024(27)
fsy=70% for science fsy~30% for science fsy ~4-10% for science

5-10 arcmin resolution 5% Planck resolution Noise 6-17x lower than Planck
9 bands from 30-857 GHz Iz Planck white noise RMS 1-1.6 arcmin resolution

90, 150, 220 GHz

Precise polarization measurements

March 2025- DR6 Biggest

data improvement since Planck! | |
Credit: Calabresi



Atacama Cosmology Telescope (ACT)




Atacama Cosmology Telescope - ACT
ACT

e 5x Planck resolution

e '3 Planck white noise RMS

e Small scales!!

* Precise polarization measurements

Final release 2018 Observations 2008-2022

fsy=70% for science fsky~30% for science

5-10 arcmin resolution Noise 3-6x lower than Planck March 2025- DR6
9 bands from 30-857 GHz 1-2 arcmin resolution

Biggest data

Improvement since

Planck!

98, 150, 220 GHz (+30, 40 GHz)



Atacama Cosmology Telescope - ACT

What AC'T measures

ACT

/\ \x —— best-fit lensed CMB
] ”\,,a’\ Planck
{/ \/‘\\Jﬁ\

s 104 "
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- \,\,%

0 500 1000 1500 2000 2500 3000 3500 4000
[

ACT data

1) Extend Planck measurement to small angular scales
2) Consistent with Planck data on overlapping angular scales



Atacama Cosmology Telescope - ACT

What AC'T measures

ﬂ — Dbest-fit lensed CMB
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Atacama Cosmology Telescope - ACT

What AC'T measures
—— best-fit lensed CMB
5.0 v“ Planck
/\ / \ ACT
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1.1 % constraint on HO from TE alone



ACT
Planck PR3

Atacama Cosmology Ielescope
-ACT -
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How collaborations assess the compatibility between data sets

Ex.: AC'T and Planck

- Calibration and transfer-function checks:
ACT maps were cross-correlated with Planck to measure scale-dependent calibration and power-loss. After applying conservative
¢ -cuts and updated calibration factors, ACT and Planck agree at the <0.3 % level.

- Power-spectrum consistency tests:

ACTXACT, AGTXPlanck, and PlanckXPlanck '1"'l'/'TE/EL spectra were compared on the same sky region. Residuals and P T'Es

show no significant discrepancies.

- Checks for residual tilts or scale dependence:
Ratios of ACG'T and Planck spectra to best-fit AGDM models show no significant relative tilt or scale-dependent mismatch once the

transter-function cuts are applied.

- Parameter-shift tests:
ACT-only and Planck-only posteriors overlap well. A single ACDM model fits both datasets with high goodness of fit, indicating

statistical compatibility.



ACT
Planck PR3

Atacama Cosmology Ielescope
-ACT -
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Atacama Cosmology “lelescope

-ACT

Extensions to LCDM:

More than 30 extension of LCDM tested:

no preterence over LGDM!
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Stage 3 CMVIB experiments

Planck ACT SPT

Final release 2018 Observations 2008-2022 Observations 2007-2024(27)
fuy=70% for science fuy~30% for science oy ~4-10% for science

5-10 arcmin resolution Noise 3-6x lower than Planck Noise 6-17x lower than Planck
O bands from 30-857 GHz 1-2 arcmin resolution 1-1.6 arcmin resolution

98, 150, 220 GHz (+30, 40 GHz) 90, 150, 220 GHz

Credit; Calabresi



South Pole Ielescope - SPT3G

June 2025: Latest data release

e SPT-3G D1
= ACT DR6
o Planck
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DFE [uK?]
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Next obvious step:

combine these data sets



Combiming CMB and LSS data

0.0228}
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P: Planck
L: ACT lensing
B: BAO from DESI



BAO - CMB tension

Are ACT and SP'I" compatible with DESI ?

" Bl ACTDR6
[\ Bl DESIDR2

038 1
034 B |'

-7. . ‘

|

030 [ \ ; f
. 'j‘

925 950 975 1000 1025 0275 0300 0325

0350 0375

2d posteriors show small overlap
1d posterior shifted

038

034

030

T he BAO-CMB “Iension and Implications for Inflation

EF, I McDonough, L Balkenhol, R Kallosh, L. Knox, and A Linde,
2507.12459

(or BAO-CM tension or €,, tension)

Bl \CTDR6
B SPT3G

B DESIDR2

95 100 105 030 034 038

Discrepancy (or tension) in the values ot r;h and Q,;, measured from GMB and DESI BAO!



T he BAO-CMB “Iension and Implications for Inflation

BA 0 - CMB tgnSiOn Llisa G.M. Ferrevra et al, 2507.12459

Discrepancy or tension in the values ot r;h and €;, measured

from CMB and DESI BAO!

(]

AN

Garcia-Quintero et al

(DESI collaboration) 2024

w

Bl ACTDR6
Bl DESIDR2

()
}

Discrepancy with DESI BAO

o

038

034 | < f

030 [ \

Om

100 Q. hrq [Mpc] Distance to DESI

015 950 975 1000 1023 03;5 0300 0325 0330 0375 CMB-SPA 31.66 +0.50 98.89 + 0.63 2.8 0

ah Qm SPTHACT 82.77+0.72 97.61 £0.87 3.70
SPT+Planck 31.89 +0.54 98.63 £ 0.67 3.00
ACT and SP'T present parameter-level oftset wrt to DESI ! ACTDRE  33.0L10 972419 310
Translating the differences in the (2m and rdh constraints from CMB and DESI data to equivalent statistical obLatz L oaar=mUl 8755 1.1 A
significances for a one-dimensional Gaussian distribution: Planck 31.45x0.67 99.18 £0.84 200
DESI 29.76 = 0.87 101.52 +0.73
2 — 40 discrepancy between GMB and BAO datasets Camphuis et al (SPT collaboration) 2025

= Implication for other cosmological parameters



BA 0 - C M B dZ.SC 7/‘ epdnqy T he BAO-CMB “Iension and Implications for Inflation

Elsa GM. Ferrewra et al, 2507.12459

Discrepancy or tension in the values ot r;h and €;, measured

from CMB and DESI BAO!

Bl . CTDR6

e eI DR 100 Q. hrq [Mpc] Distance to DESI
CMB-SPA  31.66 £0.50 98.89 + 0.63 2.80
SPT+ACT 32.77+0.72 97.51 £0.87 Bina
SPT+Planck 31.89 +0.54 98.63 £ 0.67 3.00
ACTDR6  33.0£1.0 97.2+1.2 3.10
of : SPT-3G D1 32474091 97.9+1.1 250
- Planck 31.45+0.67 99.18 +0.84 2.00
| DESI 29.76 + 0.87 101.52 £ 0.73

034 B n

Camphuis et al (SPT collaboration) 2025

] ; "
|
030 F \ :

025 950 975 1000 1025 0275 0300 0325 0350 0375 Is 1t even valid to combine them?

e |

SP'1" collaboration doesn’t combine

ACT and SPT might not be compatible with DESI ! their data with DESI for this reason
2 — 40 discrepancy between CMB and BAO datasets Caution requared!



How collaborations assess the compatibility between data sets

ACT and DESI

- Parameter-shift test or parameter level consistency tests: compare AGDM posteriors (AGT vs DESI BAO)

- BAO distance comparison: AGT-inferred distances vs DESI BAO measurements; AGT+Planck tully consistent.

- Cross-correlation study between ACGT DR6 CMB-lensing maps and DESI Luminous Red Galaxies (LRGs) (redshift range ~0.4—
1.0) detects the signal at ~380 (AC'T only) and ~500 (AC'T + Planck Collaboration PR4) level.

Caveats:

- Parameter-shift test:
- Shift in the BAO and other parameters

- Posterior 2d overlap (or one-dimensional
posterior)

- Goodness of fit

- Covanance

PS: Other cosmological parameters might present smaller shift than
the BAO ones, which might lead to not noticing this discrepancy.

/ * The BAO-CMB lension and Implications for Inflation
Elisa G.M. Ferreira et al, 2025

~

"While ACT alone exhubits a tension with DESI exceeding 3o within the ACDM model, this discrepancy is reduced when
ACT 15 analyzed in combination with Planck."

» Camphuis et al (SPT collaboration) 2025

* Cosmological implications of DESI DR2 BAO measurements in
light of the latest AC'T DR6 CGMB data, DESI collaboration 2025

"We forego reporting the combination of DESI with SPT+ACT as it does not meet our 3 0 consistency
requirement, if we were to do so, differences in the favored 2m and hrd values would also lead to
sizeable shifts in other cosmological parameters in the joint constraints compared to the CMB-
preferred values.”

“...while we find that the results from SPT-3G, Planck, and ACT DR6 are in excellent agreement and
Q‘lsistent with ACDM, we report a growing inconsistency with the BAO results from DESI DR2" J




CO”S 6 q uenc ejjbr t}le Spec t?f a Z Z.n d 6 x n S T he BAO-CMB “Iension and Implications for Inflation

Elsa GM. Ferrewra et al, 2507.12459

The BAO-GMB tension has important consequences for n,



CO”S 6 q uenc eSﬁT t}le Spgc t?f' d Z Z.n d 6 x n 'S‘ The BAO-CMB “Iension and Implications for Inflation

Elsa GM. Ferrewra et al, 2507.12459

T'he BAO-CMB tension has important consequences

for ns ————e

B Planck
B DESI DR2

ne=1-2, Nx=50-60

’
*

* From the correlation between Q,_ and r, A, and
the correlation of each of these with ns:

Moving Q. and r,h, towards the DESI- o
preferred region, while maintaining the fit to the |
data, requires a equivalent increase 1n n.. :

G 0.32 A

0.34 -

0.30

0.28 -

Pink band:

1o help contextualize we compare with the predicted ns from
mflation (Mukhanov & Chibisov 1981; Starobinsky 1983) 097

compatible with ‘benchmark’ models S
ng =1—2/N,
= N, = [50,60],ns = [0.9600, 0.9667]

0.98 -

0.96 -

0.95 -

92 94 96 98 100 102 104 028 030 032 034 036 038 0.95 0.96 0.97 0.98
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The BAO-CGMB tension has important consequences for ns ese ACT DR6 s DES| DR2
0.38 0.990
- lo illustrate, I show constraints on €, and r, A, N R <

from ACT DR6 and DESI DR2. N\0.36 0982
e AC'T barely enters DESI, and when 1t does n, > 0.97 ) \ 0.974

e DESI only overlaps with ACT for lage values of ns 0.34\

G& AM-0.967 &
In the n, — r, h plane: there 1s no 0.52 A' Pink band
simultaneous overlap between the ACT 20 |
contour, the 20 DESI constraint on rdh, and the 0.30
band of ns values predicted by benchmark ' 0.951
inflation scenarios!

0.28 0.944

0.140 0.145
Qpn(hrq/147.1 Mpc)?
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The BAO-CGMB tension has important consequences for ns ese ACT DR6

mes DES|I DR2

- lo illustrate, I show constraints on Q  and r, A,

from ACT DR6 and DESI DR2.

e ACT barely enters DESI, and when 1t does n, > 0.97
e DESI only overlaps with ACT for lage values of ns

In the n, — r, h plane: there 1s almost no
simultaneous overlap between the

- AC'T 20 contour,
- the 20 DESI constraint on rdh, and

- the band of ns values predicted by benchmark
inflation scenarios!

1 his discrepancy suggests that there is hitle evidence that ACT and DESIT 0.140 0.145
wnstmimfs are both rght, uiJ/zz'le at the same time ACDM with a benchmark inflation Q. ( hr g / 147.1 Mp C)Q
scenario holds true; something has to gwe.



Consequences for the spectral index ns

Combining ACT DR6 and DESI DR2

0.38 -
036
034 -
G 032+
030 -

0.28 -+

0:99 4

< 0.97 -

0.95

T he BAO-CMB “Iension and Implications for Inflation
Elsa GM. Ferrewra et al, 2507.12459

B ACT
Bl ACT+DESI
B DESIDR2

ng=1-2Z, N+« =50-60

’
*

9 94 96 98 100 102 104 028 030 032 034 036 038

fdh

Qm

0.95 0.97 0.99



CO”S 6 q uenc ejﬁr t}le Spgc t?f' d Z Z.nd e x n 'S‘ The BAO-CMB “Iension and Implications for Inflation

Elsa GM. Ferrewra et al, 2507.12459

Combining ACT DR6 and DESI DR2

B ACT
Bl ACT+DESI
B DESIDR2

ns=1—2, N+=50-60

e Significant shift in the BAO parameters Q, and r, A,

— corresponding shift ot n, along the degeneracy direction of

the fit to AC'T alone

Constraints from ACT DR6 CMB and DESI DR2 BAO Data

Parameter ACT ACT + DESI

ne 0.9666 (0.9664) =+ 0.00760.9770 (0.9754) =+ 0.0070

rah [Mpc] | 96.5(96.27) £ 1.5 101.04 (101.05) + 0.54
< Qi 0.337(0.338) +0.013 |0.2999 (0.2996) =+ 0.0040

~ 3.34¢0 distance

(translating into a one-dimensional Gaussian difference)

- : : a
For ng alone, the discrepancy 1s from ~ 3.5¢

Correlated data - dependent on the metric used)

» 9 94 96 98 100 102 104 028 030 032 034 036 038 0.95 0.97 0.99

u

highly significant shift



T he Shufting Spectrum of ns constraints
Sfrom DESI and CMB data, F.
McDonough, EF, R Kallosh, and

A Linde, to appear

Consequences for the spectral index ns - SP'1

B Planck B Planck+DESI B DESI DR2 =1 -1;,"’-; , N, =50—-60

Planck

0.99 -

Planck + DESI

Sk ® Planck has the tightest constraint on ns and the strongest correlation between ns
- and BAO parameters.
Planck and DESI differ at the level of ~2.0¢.
Adding DESI shifts ns slightly upward, but Planck remains fully compatible with
N ACT N ACT+DESI I DESI DR2 Bl n,=1-3, N.=50-60 .
= pink band
S 097

0.95

® [Lven after adding DESI, ns stays strongly correlated with BAO parameters due to
Planck’s constraining power.
SPT + DESI (full SPT likelihood, no lensing)
. | | e SPT has a weaker intrinsic correlation between ns and the BAO parameters, so

the upward shift in ns 1s smaller than for ACT

T ST W SPT4DES| WM DRSIDR) WM clom, MR- e SPT prefers a lower ns than ACT, so DESI acts to move SPT toward the pink band
o] 01 N 1 . e Aswith AC'T, DESI causes a re-orientation and decorrelation of the ns —-BAO
1 | b contours.
S 0.97- A» B -
0.95 ;‘ KA | Data set N rah [Mpc] Qm T
-— - L —— , . DESI - 101.54 + 0.73 0.2975 + 0.0086 -
Planck 0.9638 + 0.0040 99.16 = 0.88 0.3149 +0.0070  0.0516 & 0.0078
B OuBSea MR CMBSPADRY B DRSIDRM B mslon, Ne-H- Planck + DESI 0.9690 + 0.0035 100.90 +0.49  0.3014+0.0037  0.0554 = 0.0076
R A ACT 0.9666 + 0.0076 96.5+ 1.5 0.337 £ 0.013 0.0562 0:0053
ACT + DESI 0.9767 + 0.0068 101.05 + 0.55 0.2984 + 0.0041 0.0636 + 0.0064
S ‘? (‘ SPT 0.948 + 0.012 97.6 £ 2.1 0.328 = 0.017 0.0506 =+ 0.0059
/ SPT + DESI 0.955 & 0.012 101.30 + 0.56 0.2988 + 0.0042 0.0529 + 0.0059
0951 CMB-SPA 0.9693 + 0.0029 98.90 = 0.72 0.3151 +0.0057  0.0557 & 0.0036
- e e | / . \ | CMB-SPA + DESI  0.9737 + 0.0025 100.59 + 0.45 0.3021 4+ 0.0034  0.0575 = 0.0036
96 97 98 99 100 101 102 0.29 0.30 0.31 0.32 0.33 0.34 0.95 0.97 0.99
rq¢h [Mpc] i s

SPA: SPT+Planck+ACT




Consequences for the spectral index ns - Planck, AC'L, SP'T

EEl CMB-SPA ~ CMB-SPA-+DESI B DESI DR2 =1 Nl’ , N = 50 — 60

CMB-SPA

0.99 1

S 0.97 -

0.95 1

100 101 102 0.29 0.30 0.31 0.32 0.33 0.34 0.95

99
rqsh [Mpc] 0.

96 97 98

Planck P-ACT P-ACT-LB

0.0228}
~ 0.0226}
< 0.0224}
G 0.0222}

0.0220}

66 67 68 69 096 097 098 0116 0120 0.124
HO ns Qchz

ns = 0.9666 + 0.0077(ACT)
= 0.9709 + 0.0038(P — ACT)

— 0.9743 + 0.0034(P — ACT — LB)
SPA: SPT+Planck+ACT

0.99

T he Shufting Spectrum of ns constraints from DESI and
CMB data, F. McDonough, EF, R Kallosh, and A

Linde, to appear

Data set N rah [Mpc] . . T
DESI - 101.54 +0.73 0.2975 + 0.0086 -
Planck 0.9638 =+ 0.0040 99.16 4 0.88 0.3149 4 0.0070 0.0516 & 0.0078
Planck + DESI 0.9690 + 0.0035 100.90 + 0.49 0.3014 £ 0.0037 0.0554 & 0.0076
ACT 0.9666 4 0.0076 96.5+ 1.5 0.337 £ 0.013 0:05627 3058
ACT + DESI 0.9767 £ 0.0068 101.05 + 0.55 0.2984 + 0.0041 0.0636 & 0.0064
SPT 0.948 4+ 0.012 97.6 + 2.1 0.328 +0.017 0.0506 + 0.0059
SPT + DESI 0.955 4 0.012 101.30 & 0.56 0.2988 4 0.0042 0.0529 =+ 0.0059
CMB-SPA 0.9693 + 0.0029 98.90 4 0.72 0.3151 & 0.0057 0.0557 & 0.0036
CMB-SPA + DESI 0.9737 + 0.0025 100.59 & 0.45 0.3021 = 0.0034 0.0575 + 0.0036

* CMB-SPA shows excellent alignment with Planck (and ACT)

in the structure of the ns correlations.

* Adding DESI to CMB-SPA mirrors the behavior seen 1n the

other data sets: an upward shift in ns and reduced correlation
with BAO parameters.

The “high" value of ns comes only when combined with

DESI



the spectral index n

Understanding these shifts and significance:

Why AC'T shifts so much when including DESI?

* Smaller BAO-CMB discrepancy for Planck ACT allows more
* Different degree ot correlation of BAO parameters with ns for variation of than
these data sets. Correlation structure depends non-trivially on: Planck!
* Angular scales covered by the power spectrum
measurements:
* Experiment with more of its information coming from
large angular scales (Planck) has the higher correlation:
more information about , h*
* Weighting of the data towards temperature or polarization
set by the noise level
* Relative weight of information:
oravitational lensing 1s more important on smaller scales,
and is another source of information about Q _h?* , one we ,'
expect to be relatively uncorrelated with ns. 101 N

W.Hu 11700 10 1000

—— best-fit lensed CMB
Planck
I ACT

3
-
‘‘‘‘‘‘

M4iehd

by !
i

, , | | , , , |
0 500 1000 1500 2000 2500 3000 3500 4000
/




CMB

BAOQO parameters r, 4 and €2, can also be inferred from CMB data

ew, = Q h* is determined primarily by the imprint of the ‘radiation
driving’ effect

. Decay
e ‘Radiation driving’: boosting of acoustic oscillation amplitude due and
to potential decay at horizon crossing Gravitational Drivine

e The amplitude depends on the matter-to-radiation ratio at horizon
crossing and hence changes smoothly over a wide range of angular scales,
with some similarity to changes in n

e [ eads to a partial degeneracy between n, and @, .

e Determination of €2 _comes from combining @,, and the angular size of
the sound horizon, 6, (- best measure quantity in cosmology)

e Q determination is correlated with n, since Q h? is correlated with 7,
and @, is not



Implications to inflation

Does this shift has consequences for inflationary models?

Iessons from Planck:

Plateau potentials are preferable to monomual potentials. Moreover; over the
last 10 years, the data have supported models approaching the plateau
exponentially

Viable targets (Planck/BICEP/Keck/ACT/SPT data):
- Starobinsky model ,
- Higgs inflation and

- a-attractors (exponential - 1" and FE a-attractor)

0.1

0.03

0.01

0.003

0.001

3x10

T he BAO-CMB “Iension and Implications for Inflation
Elsa GM. Ferrewra et al, 2507.12459

From CMB White Paper and LiteBIRD

———— l
% \\ — Stage 4 :
— BK18/Planck | )
gl
— Ve tanh?(p/M) 5 -
E— — mp° 47<N. <57 3 |
—_— y3(0 47< N, < 57 ;
M= —_— ,4'0/3¢2/3 47< N, < 57 § | i
—_— Poincaré disks 1
& Higgs N, =57 | 7
® R* N,=50 |
Starobinsky |
1 g 1 1 1 1 1 1 1 l
0.955 0960 0965 0970 0975 0980 0985 0.990 0.995 1.00

ng

No viable targets at n 2 0.967

The predictions are for 47 < N#* < 57,

If one plots the model predictions in the often used range 50 <N < 60, they
would shift to the right by about 0.002



Implications to inflation

Does this shift has consequences for inflationary models?

Iessons from Planck:

Plateau potentials are preferable to monomual potentials. Moreover; over the
last 10 years, the data have supported models approaching the plateau
exponentially

Viable targets (Planck/BICEP/Keck/ACT/SPT data):
- Starobinsky model ,

- Higgs inflation and

- a-attractors (exponential - 1" and FE a-attractor)

Hard to change conditions of these models to have n 2 0.967 -
e.g. changing reheating
- Starobinsky model: not very ethicient n, ~ 0.962 — 0.963
- Higgs inflation: very efficient n, ~ 0.966
- a-attractors: max An, ~ 0.006

T he BAO-CMB “Iension and Implications for Inflation
Elsa GM. Ferrewra et al, 2507.12459

From CMB White Paper and LiteBIRD

—— |
0.1F "
M= 10, T — — Stage 4 |
Doty S BK18/Planck |
0.03 F a-attractor | Y
H
0.01 F — Vi tanh? (/M) 5 =
\ w0®  47<N. < ST 3 |
[ — 9  47<N,<57 ; Il
0.003 M = — g P ATEN. ST § |
—_— Poincaré disks . I
0.001 f @ Higgs N,=57 | 1
® R* N,=50 |
-4 Starobinsky
3x10 ' I i
1 — 1 1 1 1 1 1 1
0.955 0960 0965 0970 0975 0980 0985 0990 0.995 1.00

ng

No viable targets at n 2 0.967

The predictions are for 47 < N#* < 57,

If one plots the model predictions in the often used range 50 <N < 60, they
would shift to the right by about 0.002



[ Z . . . . The BAO-CMB “Iension and Implications for Inflation
mp ZCdtZOnS tO ZnﬂdtZOn Elisa GM. Ferrewra et al, 2507.12459
Does this shift has consequences for inflationary models?

Taking the high value of ns from ACT+DESI (or P-ACT-LB

result ns = 0.9739%£0.0034) at face value: 0.1 —
= Stage 4
BK18/Planck |
: S : 0.03 ptan?
* Starobinsky model, Higgs inflation and a-attractors NOT Y il :
y —_— M 47<N.<5T £
viable anymore! L e B
we  Poincaré disks 2
0.003 F @ Higgs N, =57 él
* Would need models that allow n, > 0.97 » & A g
|
Ex.: simple inflationary models with polynomial potentials- e.g. 31074 | -
pole inflation, D-brane inflation, KKIL.T'1 models, polynomial a-attractors, 0955 0960 0965 0970 0975 0980 0985 0990 0995 1.00

ng

chaotic inflation with nonminimal coupling to gravity (V. = 60)

- Polynomual attractors with k = 1, 2 compatible with P-AC'T-LB

Red lines represent the E-model a-attractors, while the
purple and orange lines show the predictions of the

_ . polynomial attractors with k = 4 and k = 2
It we confirm that data preters ng ~ 0.973 — 0.974: Deedictions of the smplest models with k = 4 andk = 2 n

data prefer potentials apgzmach;ng ﬂli {bé?teau polynomaally rather the small r area have 0.965 < ns < 0.974 for 47 < Nx* < 50
an exponentially




[ mp ZZ.C d tZ.OnS tO ifﬂdtz.On T he BAO-CMB “Iension and Implications for Inflation

Elsa GM. Ferrewra et al, 2507.12459

* Large value of n; only appears for the data combinations that add BAO DESI data to CMB (ACT or
SP'I, with or without Planck

* Shift comes from the BAO-CMB discrepancy (within LGDM); can we rely in these combinations?

Remember: many of the current hints
are only present when combining datasets

« CAUTION when interpreting these constraints until the BAO-CMB discrepancy is resolved .§ dmamical DE

* T'hese shifts in n, can strongly impact the viable inflationary scenarios in accordance to data

At this point, we don’t know what 1s the final value of n,
\— _J

Stnce we don’t know what this tension 1s indicating - systematics, new nsights on the analysis, new physics - we need to be careful when combining
data sets

* Interesting interplay between fau, the CMB-BAO tensiwon and ns.



[nt&ybl@/ Qf nSs dnd tdu Sailer et al, 2504.16932;

Jhavert et al 2504.21813;
Liu et al 2510.14957

7 - optical depth to reionization

CMB-BAO tension: inability to change the cold dark matter density Q_h?* given the measurements of the CMB lensing once the optical depth to
relonization t 1s constrained by the Planck lowE polarization data

Optical depth constraint prevents the amplitude As of the curvature power spectrum, A.e~%,from adjusting the lensing amplitude to fit the data
and instead fixes Q h* — fixes Q (D, )

It 1t 1s not systematics, what would happen 1f these constraints on t can be somewhat relaxed 1n extended reionization models or alternately by
reducing the large scale primodial power spectrum from inflation

C is measured from: x

1. Low- { E-mode polarization bump from rescattering during reionization

— main observable; CfE oc 7?2

2. Suppression of high- { TT/TE/EE acoustic peaks

— gwes 7 only via and 1s hughly degenerate with A_s
3. Low- £ TE correlations

—> secondary constraint

\_ /




Sailer et al, 2504.16932;
haveri et al 2504.21813;
1 ﬂtﬂ/ﬁl@/ Qf ns and tau . 1 9510.14957

CMB-BAO tension: inability to change the cold dark matter density Q_h?* given the measurements of the CMB lensing once the optical depth to
relonization t 1s constrained by the Planck lowkE polarization data

Optical depth constraint prevents the amplitude As of the curvature power spectrum, A e~ from adjusting the lensing amplitude to fit the data
and instead fixes Q h* — fixes Q (D, )

It 1t 1s not systematics, what would happen 1f these constraints on t can be somewhat relaxed 1n extended reionization models or alternately by
reducing the large scale primodial power spectrum from inflation

Influence of 7 for sum of neutrino mass and DE constraints

CMB-BAO discrepancy can be resolved by raising z,,., from 0.054 to a higher value, ~ 0.09 — 0.1 (in the absence of low- ¢ EFE data)

elo

e R E——
———high-¢ CMB + CMB lensing + BAO — w/ > m, =0.06 A@DM DESI‘I’CMB

-+ low-¢ CMB === w/ > m, >0.06

Reduces preterence for
dynamical DE from 36 to 1.5¢

0.04 0.06 0.08 0.10 0.12 0.14
Toio For axion DE, it one had 7 = 0.1, this would fit the data as well as w0 — wa phantom dark energy

However, the required increase in T is in = 3 — 5a tension with Planck low- € E-mode polarization



Interplay of ns and tau

Exercise:

Force 7 to be large, ~ 0.1, has the same effect in the constraints in
the BAO parameters and ns as combining with DESI

Expected: 7 tightly correlated to As and ns

There might be systematics in the measurements of low |
polarization and in the determination of 7 - important goal of

Lite BIRD

105

100

rdh

95

0.38 |
0.36 |-
0.34 |

G o032}
0.30 |

0.28

1 he Sthufting Spectrum of ns constraints from DESI and
CMB data, . McDonough, EF, 2512.05108

ACT

ACT+DESI

ACT+7 prior

DESI DR2

nszl—N%, N, =50 — 60

N

e

1 | | 1 1 |
0.96 0.98 1.00 95 100 105 0.30 0.35
Nig rqh (L


https://arxiv.org/abs/2512.05108

A New Constraint on the Optical Depth from the Reronization History Independent of CMB

[ n tem Zd')} Qf nS dnd tau Large-Scale E-Mode Polarization, Y. Kageura, M. Ouchi, F. Naokawa, H. Umeda, A.

Matsumoto, Y. Harikane, M. Nakane and '1' Thi Tha1

Can we really have a large value for tau?

e Lya damping-wing absorption of GRBs at z =
5.9 — 6.3 (Totani et al. 2006, 2014; Fausey et al.

2025)
1 O _____-_____________é___________________-.é ______________ e Lya damping-wing absorption of QSOs at z =
" : :{ 6.0 — 7.5 (Greig et al. 2022; Durovéikova et al.
. 2024)
0 8 * + 4B e Lya damping-wing absorption of LBGs at z = 5 —
- 4 J. : 13 (Umeda et al. 2025a)
' e Clustering properties of Lya emittersat z =5—7
0.6 | I : (Umeda et al. 2025b)
E | : : e Evolution of the Lya luminosity function at z =
X IRE : 5— T (Wold et al. 2022; Umeda et al. 2025b)
' : : m GRBDW
0 o 4 | 8 : : ® QSODW e Evolution of the Lya EW distribution at z = 5 —
A | ¢ LBGDW 14 (Mason et al. 2019b; Jung et al. 2020; Whitler
"“5’5' | : e LAE Clustering et al. 2020; Bolan et al. 2022; Kageura et al. 2025)
0 p. 4 I T=0.0552 4+ LAELF ;
5 o1 | # : e Dark gaps in the Lyg forest at z = 5.5 — 6.0 (Zhu
I | : = 0.09: * Lya EW et al. 2022)
I i’ I : : # Lya forests
/ : : e Fraction of dark pixels in the Lyman-series forests
0.0~ C T = T at z = 4.9 — 6.2 (Davies et al. 2026)
1 1 é 1 1 1 :J8 1 1 1 1I0 1 .d 1 1I2 1 1 1 1I4 1 1



1 he resolution of the BAO-CMB tension remains an open question,
and so too does the fate of n.!

Lattle evidence that ACT and DESI constraints are both right, while at the same time ACDM with a benchmark

inflation scenario holds true; something has to gwe.

But this goes beyond winflation. It affects: dynamical DL, neutrinos, ...
Important!

Also alerts us for to be careful when combining datasets



Statistical methods in cosmology -

challenges for current and next generation of experiments

/ Volume eflects \

&

profile ikelihood 1n cosmology

Parameter inflation

What are those effects and how important/
how much thy affect parameter inference?

Challenges for new experuments

o Laura Herold, EF 2210.1629

o Laura Herold, EF and Euchiro Komatsu 2112.12140,

* Reeves, L. Herold, S. Vagnozzi , B. Sherwin, EF 2207.01501

* Profile Likelihoods in Cosmology: When, Why and How lustrated with ACDM,

Massiwe Neutrinos and Dark Energy, L. Herold, EF, L. Hemnrich, 2025

!Holm, L. Herold, T. Ssmon, EF, S. Hannestad, V. Poulin, T.Ty
2023




Profile likelihood in cosmology



Statistical methods in cosmology

Cosmology as a precision science owes much of its LCDM Bayesian statistics;
MCMC techniques

progress to the large and precise cosmological data sets

Increased statistical power and complexity from new observational, theoretical, and systematic uncertainties
introduce additional nuisance parameters, making statistical inference more challenging;

Particularly important with the increase of high quality data, where systematics will play important role:

stage 1V (even stage 111), cosmological tensions, ...

Statistical tools center stage! Bayesian, frequentist, ML, ...

Important:

MCMUC eftect: Prior volume effect — when large, atfects the results
Profile likelihood



Cosmological tensions and early dark energy

Based on Laura Herold, EF 2210.1629
& Laura Herold, EF and Euchiro Komatsu 2112.12140,
& A. Reeves, L. Herold, S. Vagnozzi , B. Sherwin, EFF 2207.01501



Hubble tension

Indirect

Direct

» Depends on the cosmological

flat — ACDM
()71 :U..:)
Early | ®L.g-05
Planck
6745
DES+BAO+BBN
7403 Late
@
SHOES
69.8 e
CCHP
73.613%
MIRAS
73354
-
HOLICOW
MCP
76.51 40
SBF
Early vs. Late
733j82 combining all 6.10
—
3.9 { ::with Cepheids 5.80
. 4
T‘_’..'»t'{ 5 with TRGB 4.00
o] with MIRAS 4.40
66 68 70 712 74 76 78 80

Hy [kms ! Mpc™1] Verde++1907.10625

model

New SHOES result (Riess et al 2021):
HO = 73.04 =1.04 km/S/MpC

50 tension with Planck!

|

HO = 67.71 = 0.40 km/S/MpC
(Planck+BAO+Sn)

Systematics or new physics?



Larly vs late time solutions to the Hubble tension

|—> r.: pre-recombination physics — depend on physical densities (b, r, cdm, v)

re(zs) [, cs(z)dz /H(z)

Measured with a 0.03% / B DA(Z*) . _/ﬁ()z>l< CdZ /H(Z)

precision by Planck 2018

o increase Hy:

rs(zs«) — Sound horizon at lss

Dy: pos l-recombination thS1CS D 4(z.) — Angular diameter distance

—  Information on HO 8,(z.) — Angular scale of the sound horizon
LATE UNIVERSE SOLUTIONS EARLY UNIVERSE SOLUTIONS
Change only late time physics: early universe unattected Change only early time physics, late ime almost unaftected
Little room for changes in the physics (?) 0s(2+) : decrease 75(2x) == decreases D4 (zy)

Fixed JL

Increases H

Shown to not solve the tension, only alleviates!

Verde + (2019),Poulin (2019), Agrawal + (2019), Lin +(2019), Smith + (2019), Knox and Milea (2019)



Larly time solutions to the Hubble tension

0s(zx) : decrease Ts(z+) = decreases Da(z.) = Increases H
ACDM Fixed

EDE
— If we decrease r; by 10 Mpc (keeping r,/r, and r,/r,, fixed) we can solve the H tenswon

: . : Many 1deas on how to do this: The Hy Olympics: A fair mn/ﬂ'nﬁ
63 71 74 of proposed models,
Hy <, Schéneberg + (2021

AN,

rs(2x) = cs(t) |
H ( Z) Majoron
. primordial B
varying me.
varying me—+$2

- Light Relics -

- Early Dark Energy K EMG
Change z:: change recombination physics - primordial B (Jedamzik + 2020); change m, or m,, Q, (Sekiguchi+ 2020)

W W W N =W
® ©© & & ® ©

Change H(z) : increasing H(z) before recombination with additional components

Change c; (e.g Boddy + 2018)



The Hy Olympics: A farr Tdﬂkiﬂh
of proposed models,
Schoneberg + (2021

AN,

Majoron
primordial B
varying me
varying me—+$2
EDE

NEDE

k EMG

W W W N =W
® ©© & & @ ©

.

Larly dark energy

Based on Laura Herold, EF 2210.1629
& Laura Herold, EF and Euchiro Komatsu 2112.12140,
& A. Reeves, L. Herold, S. Vagnozzi , B. Sherwin, EFF 2207.01501



Larly dark energy

Idea: add an extra component (to increase H(z)) that starts acting around equality, behaves as DE and
dilutes faster than matter | |

O; Initially frozen
Slow-rolls



Larly dark energy

Idea: add an extra component (to increase H(z)) that starts acting
around equality; behaves as DE and dilutes faster than matter

V(¢) = Vo [1 —cos(o/f)]"

Smith et al 2019
0.10- —_— n=2 O, ;{
—_—- =2, ©; =0.1 *
3 free parameters: {m, f,n} 4+ 1C: 12 0.08 - R s “‘
——— n=23,0;=01 IRy
* Vo or m (Vy=m*f?) : the field is ultra-light m ~ H(z¢q) = 0.06- '
] I
~107%"eV = 0.04 ;1} :
* f (spont. sym. breaking scale) W AT |
iy Y ]
0.02 - s L ¢
. . 'IJ’N'\ / ;-
* N : controls the decay — needs to be hidden at late times 0.00 +——= STt A N
N> 2 (0> 1/3) LT T e g ey
B N Z
s . D
Phenomenological parameters  { fepgp(2.), 2¢, N, 0; = ¢;/f} We usually fix n = 3
__ PEDE PEDE 0
fEDE(Zc) — — 5 179 : {fEDE(ZC)7 e z}
Ptot zc ( Mle ) Ze

- j Matteo Braglia et al 2020, Adria Gémez-Valent et al 2021, ...




Larly dark energy

Does EDE really solves the H, tension?



Larly dark energy can resolve the Hubble tension o

V. Poulin, T. Smith, T. Karwal,

EDE from CMB M. Kamionkowski, 2019

- For: Planck + BOSS DR12 BAO/RSD + 6dFGS + Pantheon
+ SHOES 2016

0.9555 0.9774 0.9992
s

Ho = 71.49 +1.20km/s/Mpc

T fEDE T Hy

T JED ‘
/\

But with: 0.04,0.08 012 69 72 75 78 0120  0.13

. fepe(ac) HO Wedm
- More DM - Higher n, . d

Solves the tension!

T Hy

(1)

2
Wedm = chm h



Larly dark energy does NO'1 restore cosmological concordance
EDE from LSS 2020

Early Dark Energy Does Not Restore Cosmological Concordance

Use LSS to constrain EDE

J. CouN HiLL,"? EvaN McDoNouGH,* MICHAEL W. TOOMEY,* AND STEPHON ALEXANDER®

 GMB: Planck 2018 '1'1, TE, EE

Constraining Early Dark Energy with Large-Scale Structure

¢ LSS Mikhail M. Ivanov,»? Evan McDonough,® J. Colin Hill,*® Marko Simonovié,®
Michael W. Toomey,” Stephon Alexander,” and Matias Zaldarriaga®

* Planck lensing

e “Compressed” likelihood
« BAO

* Weak lensing from KIDS+VIKING-450 + HSC
 FULL SHAPE OF THE PS

Uniform prior in the phenomenological parameters

TEDE, Z¢, 0;



Larly dark energy does NO'L restore cosmological concordance
EDE trom LSS

B EDE, Planck TT+TE+EE
B EDE, Planck + BOSS
- For: Planck + BOSS DR12 BAO/RSD + SHOES 2016 + B ACDM, Planck + BOSS

Jull-shape of PS

Constraints from Planck 2018 data + BOSS DR12

Parameter ACDM EDE (n = 3)
JepE — < 0.072 (0.047)
Ho [km/s/Mpc]|  67.70 (67.56) =+ 0.42 68.54 (68.83) 7052
O 0:3105(0:3112)*8-9552 0.3082 (0.3120)+3- 0088

0.05 0.10 0.15

f EDE

Hy = 68.547002 km /s /Mpc

fopp < 0.072 (95 % CL)

Ivanov et al. 2020

. . |
Adding S, prior —>  fupp < 0.058 3.60 tension with SHOES !!

Farly dark energy does NO'1" solve Hubble tension!



Early dark energy is NOT excluded by current LSS data

%it. .. T. Smith et al (2020)

Niedermann, Sloth (2019)

Not all groups agree with this result Volume effects?
B EDE, Planck TT+TE+EE
Em EDE, Planck + BOSS
- Previous result can be a consequence of choice of priors of the EDE M ACDM, Planck + BOSS
parameters

Volume effects: fgpg — 0, any value of log(z.) and 6., degenerate with ACDM

l

Marginalization: preterence for fgpg ~ 0

Ivanov et al, 2020

* log(z.) and 6, are not well constrained by data

€S 10 1% 20 25

8,




Prior volume effects

Bayesian marginalization ot the tull-dimensional posterior involves integrating out the nuisance dimensions

and other cosmological parameters e p———

B EDE, Planck + BOSS

Since 1n addition to the value ot the posterior, an integral 1s sensitive to
the prior volume

LLarge parameter regions (of possibly non-maximal posterior

>

values) are emphasized compared to smaller regions e

(of possibly larger posterior values).

Inescapable feature ot the Bayesian method!!

&
o
T

initial value of field 6,
U

=
U

(volume effect can occur even with flat priors)

32 3.6 4.0

critical redshift log(z,)

And 1t this 1s true, does it bias the parameter so much that we don’t know 1t the Tvanov ef al. 2090

Hubble tension 1s solved or not by EDLE.



Prior volume effects

Prior volume eftects or marginalization eftects: ...appear it the posterior 1s dominated by the prior volume

When they appears: BN EDE, Planck TT+TE+EE
Bl EDE, Planck + BOSS

* Model has too many parameters / data 1s not constraining.

T : —

* Posterior 1s very non-Gaussian.

o
wu
!

» Parameter structure of the model generates large volume differences.

5
o
T

initial value of field 6,
(9

Leads to:
1.0 |
—> Bias/shifts in the marginalized posterior 0 L
— Inethiciencies in sampling — -
3.2 3.6 4.0
— Incorrect assessment of the ettect of errors, such as systematic errors critical redshift log(z.)
Elisa Ferreira to appear Ivanov et al. 2020

Important to understand to what extent the results are aftected by volume eftects!



Example

DESI DRI full shape analysis

wlwaCDM
DEST - @] A | —— e B e O
DESI + CMB { | () f—— () O | @]

DESI + DES-SN5YR - = e Oy %
=
DESI + CMB + DES-SN5YR - | ./ | HOA e ) B 2

Q O NS S QO %» v N QN Y

Q‘b Q‘b Q‘b Q‘b /\- /\, /Q A
9 W Wa

Solid horizontal lines: 95% marginalised posteriors, e: mean
(O : MAP (maxima of the corresponding posteriors)

DESI collaboration doesn’t even quote the DESI and DESI+CMB values since this result is
dominated by prior volume effects!



Challenges for data analysis

Statistical challenges for parameter inference:

* Prior volume/marginalization/projection eftect

* Prior weight eftect

* Parameters at the border of the prior volume

* Very non-Gaussian likelthoods

Marginalization

Prior

initial value of field 6,

1.5

I EDE, Planck TT+TE+EE
I EDE, Planck + BOSS

1 1
3.2 3.6

4.0

critical redshift log(z,)
Ivanov et al. 2020

—

02 04 06
Mtot [GV]

Herold et al 2025

Planck intermediate results XVI, 2014




Faramelers at the border of the prior

Neutrino mass:

Planck 2018

Herold et al 2025

B Inverted hierarchy
B 1 massive /2 massless
0 Normal hierarchy
0 3 degenerate masses

Negative
neutrino mass

PP

= ACDM+>" 1,

= ACDM+Y" 1y, + Alens
= ACDM+Y #it,, + Bions
—— ACDM+Y 7, no ACT
—— ACDM+Y 7, no CE¢

—0.400 —0.200 0.000 0.058 0.200

>y [eV]

Green et al 2024

Tensor to scalar
ratio (r):

JEDE:

BN PLK20(HiLLiPoP) + BK18

I PLK20(CamSpec) + BK18

I PLK20(HiLLiPoP) + BK18 + LVK21
B PLK20(CamSpec) + BK18 + LVK21

=2 0 2 4 001 002 003 004 005
Nt lo.o1

B EDE, Planck TT+TE+EE
B EDE, Planck + BOSS

Ivanov et al. 2020

0.05 0.10 0.15

JEDE

Galoni et al 2024



Bayesian and. frequentist

Bayesian statistics

Bayesian inference: derive the posterior probability as

a consequence of two antecedents: a prior probability and a
"likelihood function" derived from a statistical model for the
observed data.

Likelihood Prior
Posterior
P(E | H) ; P(H) H: hypothesis
P(H | E) — P(E) E: evidence

e [ikelihood: probability of observing E gwen H

 Prior: Probability of H before E 1s observed

* Posterior: probability of H gwen Lk, 1.e., after L 1s observed.
Probability of a hypothesis gwen the observed evidence.

Frequentist approach

L(x]0)

data model
parameters

Frequentist statistics never uses or calculates
the probability of the hypothesis, while
Bayesian uses probabilities of data and

probabilities of both hypothesis.

Frequentist methods do not demand
construction of a prior and depend on the
probabilities of observed and unobserved
data.



Profile Likelithoods in Gosmology: When, Why and How

PTQ][Z‘ Z 6 ZZ. k 6 ZZ. }l 0 0 d iﬁ%ﬁgﬁiggﬁ /i(.ll[i)l(:i{;rli\gﬁssive Neutrinos and Dark Energy,

Motivation:

Frequentist method for comparison with Bayesian to check for prior or marginalization effects

What is the profile likelihood ¥*(9)?

» I'ix the parameters of interested @ to different values

Planck intermediate results XVI, 2014

------------------------------------------------

» Maximize the likelihood L (minimize y* = — 21n L) wrt to the other < =
parameters for difterent values of the parameter of mnterest WO E
<o =

» For Gawussian distribution this gives a parabola — fit a parabola i 3
- = .

0.0219  0.0220  0.0221  0.0222  0.0223
Confidence interval: oy

» A confidence region, can be extracted from the likelihood ratio statistic:
Ay (0) = % 0) — y2. = —2In(L/ &

max)

» For parabolic y*(0), and one dof, the c.i. is given by:

Ay* =1,2.7,3.84 for 68, 90 and 95%, respectively — Graphical profile likelihood method Only valid in the asymptotic limit )

)(r%lin Is obtained from global maximum likelihood estimate given the entire set of parameters



Profile Likelihoods in Cosmology: When, Why and How illustrated with

. . ACDM, Massive Neutri d Dark E ,
PTsz‘Zg ZZkelZ}lOOd L. Herold, ESFS)WE I—(Iisitrllni“lilcohs S

Advantages:

* Not affected by volume eftects (no priors)

» Invariant under reparametrizations (since L(6) 1s a MLE) 777777777
% ( CMB le 2
- Allows construction ot confidence intervals close to boundaries 7 \ CMB-+lenssing ; s
" CMB+lensing+BAO 4

/

N N

Disadvantages: i /
< b !
- Computationally expensive S 7 7 -
N ~ /
. . . Wit % I 2 4 - N
* When can be used — asymptotic limit G 7 /’ A
V4 > : \‘\ _
* Insensitive to parameter volume; prefer cosmology small parameters 7 2,7 ‘,/’ -
° o ——
volume ("fine tuning")
-1.0 -0.5 0.0 0.5 1.0
Zm, [eV]

Planck intermediate results XVI, 2014



Gong back to our case of EEDE and the HO tensiwon. . .



Profile likelihood for frpi

B ———  Planck

—==baseline + DES
~—==  baseline + SHOES

—— Planck + BOSS (baseline)

‘\
\‘\\
0 T L T .
0.00 0.02 0.04 0.06 0.08 0.10 0.12
fepE
{base) — 0.087 -
(68%CL)

Baseline: Planck+BOSS FS

- 0.037

Check for volume effects:
comparison to previous results

Bayesian result:

fepe < 0.072 (95%CL)

B EDE, Planck TT+TE+EE
B EDE, Planck + BOSS

Ivanov et al. 2020

0.05 0.10 0:15

f EDE



Laura Herold, EF 2210.1629

P qui Ze ZZ ke ZZ }l 00 d jbr H 0 Laura Herold, EF and Eiichiro Komatsu 2112.12140

Baseline: Planck+BOSS FS H(])E)DE,(base) — 7057 £ 1.36

—— Planck | (68%CL)

—— Planck + BOSS (baseline) |

—==' baseline + DES 5 5 5 ,

—~ baseline + SHOES Data set x“(ACDM) | x“(EDE)| Ax fEDE Hy (consistency w. SHOES)
Planck 2774.24 | 2770.72 | —3.52/0.072 £ 0.039 69.97 + 1.52 (1.7 0)
Planck+BOSS (base)| 3045.65 | 3039.98 | —5.67(/0.087 4+ 0.037 70.57 +1.36 (1.40)
Baseline + DES 3052.06 | 3049.13 | —2.93|| 0.061+3:93° 70.28 +1.33 (1.6 0)

Baseline + SHOES 3068.44 | 3042.08 |—26.36|/0.127 £+ 0.023 72.12 £ 0.82 (0.690)

Consistent with SHOES at < 1.46/

No HO tension with EDE
(For this dataset)

PL analysis: could show that there
indeed 1s was a prior volume effect

in the MCMUOC analysis.

Solve the confusion in the field and proposed new method



Profile likelihood - advantages

Profile likelihood usetul tool:

- Very informative for diagnosis and knowledge ot your likelihood and parameter space

- Provides complementary statistical methods to deal with volume eftects

- Usetul and informative for parameters close to a physical boundary (e.g Forecasts in LiteBIRD)
- Valuable when priors strongly influence results

- In some cases yields tighter constraints (e.g., neutrinos, 7)



Profile likelihood: when, how, why

P1. cookbook - practical guide

Profile Lakelihoods in Cosmology: When, Why and How
lustrated with ACDM, Massiwe Neutrinos and Dark Energy,

L. Herold, EF, L. Heinrich

Why compute frequentist confidence intervals?

How to compute the profile likelihood and frequentist confidence intervals?

When does the graphical profile likelihood construction give constraints with correct coverage?

Goal to be the main guide for researcher on PL 1n cosmology



P TQ][Z‘Ze ZZke ZZ}ZO 0 d.. w;len }ZO w w@/ Profile Likelihoods in Cosmology: When, Why and How
J ) Ulustrated with ACDM, Massiwe Neutrinos and Dark

. ‘ Lnergy,
P1. cookbook - practical guide L. Herold, EE, L. Heinrich

Why compute frequentist confidence intervals?

Run the MCMC. If....

 Some of the parameters of the model are not well constrained; OR
* At a physical boundary

Check:

1. Assess the sensitivity of the results on the choice of prior
2. Compute point estimates like the maximum likelithood estimate (MLE) or maximum a posteriori (MAP)

Compute PL 1t:

1. Dependence of the results on the choice of prior

Hint that volume eftects might be
2. MLE/MAP strongly deviates from the mean

strong!

How to compute the profile likelihood and frequentist confidence intervals?

When does the graphical profile likelihood construction give constraints with correct coverage?



P o o . Proﬁle Likeli.hoods n Cosmolf)gy: Whe.n, Why and How
TQfZ‘ Z 6 ZZ k 6 ZZ }l 0 0 d. w ;l 6”) }l 0 u}) w }.ly illustrated with ACDM, Massive Neutrinos and Dark Energy;

L. Herold, EF, L. Heinrich

P1. cookbook - practical guide

Why compute frequentist confidence intervals?

How to compute the profile ikelihood and frequentist confidence ntervals?

Assume that the Gaussian approximation or Wilks’ theorem holds, and the graphical profile likelihood method 1s used
(acknowledging that correct coverage might not be fulfilled)

1. Compute a profile likelihood using an efficient minimizer (ex. pinc)
2. Construct a confidence interval. For that, it 1s relevant whether the parameter 1s near a physical boundary.
i) If far away from boundary, one can use the simple graphical profile likelihood method
4i) If the parameter 1s near a physical boundary, one needs to use the boundary-corrected graphical construction

When does the graphical profile likelihood construction give constraints with correct coverage?



o o . Proﬁle Likeli.hoods n Cosmolf)gy: Whe.n, Why and How
PTQﬁ Z 6 ZZ k 6 ZZ }l 0 0 d. w ;l 6”) }l 0 u}) w }.ly lustrated with ACGDM, Massive Neutrinos and Dark Energy,

L. Herold, EF, L. Heinrich

When does the graphical profile likelihood construction give constraints with correct coverage?

Verity wether the mocks follow the predictions 1in the asymptotic limait

25 -
e ACGDM: tests indicate that asymptotic assumptions hold — graphical profile 9 &

\ ]
o Pipue =0.6732 [ \

likelihood method 54 .y —0.665 (shifted)
e AGDM + Mbyv: tests indicate consistency with (Gaussian near boundary — 8- =

boundary-corrected graphical method (Feldman-Cousins) 2 6 \
e wlDM: tests indicate violation asymptotic assumptions — should use full Neyman 4'

. 2.
construction
’ 10 10°

0.66 0.68



Profile likelihood: codles

« CAMEL (Henrot-Versille et al 2016)
» PROSPECT (Holm et al 2023)

» PROCOLI (Karwal et al 2024)

* pinc (Herold, EF 2024)

« CONNECT (Nygaard et al 2022)




Ed?il)/ dd?fk enerlg.)/ o 76@7@@.[)/ S Z.S George Efstathiou, Erik Rosenberg,, and Vivian Poulin 2023,

Improved Planck constraints on axion-like early dark energy as a resolution

of the Hubble tension

Reanalysis using new Planck likelihood (NPIPE)+CamSpec: different analysis choices, more data

Profile likelihood: MCMCUC:

5 -~ 5

— NPIPE —— NPIPE

1t o —  Plik B iR
| R W [ Ser——r— DTSV SRR e I B AR PR T N

------ Plik+SHOES
3 3
? g oo il
21 2
N T G Al le _____ Y . A S lo.
. SHOES _ i ‘
66 67 68 69 70 71 72 73 74 75 8.00 002 004 006 008 010 012 0.14 005000 0TS
Hy [km/s/Mpc] fEDE(ZC) JepE(ze)
. . 17EDE,(NPIPE) __ , . o

PL (MCMUC) analysis: Hy ( ) = 68.37 £ 0.0075 (68.11F007) Volume ettects present in the old likelihood.

Distance from SHOES at 3.7¢ NO volume eflects with new likelihood!



ACT DR6

Larly dark energy

Calabrese et al 2025

E ACT
B W-ACT
B P-ACT
A4 3
V(¢) = A*[1 — cos(¢/ fa)]
_0.14 B
G013 (9
Q12+
fEDE<O.O88 (95%,ACT),
P fopp <0.12  (95%, P-ACT),
0.8
0.18} T T Hy=67.51%2 (68%,ACT),
80.10/ [ £ Hy=69.310F  (68%,P-ACT),
Yo
0.02¢

66 70 740.12 014 08 09 005 0.15
Ho Qch? Ss fepe



ACT DR6 - profile hikelihood

Larly dark energy

p—— ] ® Bayesian
® Frequentist
P i ® Bayesian (w/ SHOES)

— P-ACT+DESI DR2
..................................................... ERREEL ) NPIPE+SDSS

P —]

------------------------------------------------------------------------------------------------

= = @ == =
68 70 72 74
H() [kIIl/S/MpC]

Poulin et al 2025

—— NPIPESDSS —— PhkSDSS —— P-ACT-LBS —— NPIPE-SDSS ~ —— Plik-SDSS ~ —— P-ACT-LBS

3.
N
<
2.
1.._ ...............................................................
66 67 68 69 70 71 72 73 74 75 8.00 0.02 004 006 008 0.10 0.12 0.14 0.16 0.18
Ho [km/s/Mpc] fepe(ze)

a residual tension with SHOES of ~ 20 for the combination of Planck at £ < 1000 + ACT DR6
+ lensing + Pantheon-plus + DESI DR2, a significant decrease from 3.70 for analyses that use
NPIPE and SDSS BAO data. A profile likelihood analysis reveals significant prior-volume effects in
Bayesian analyses which do not include SHOES, with confidence intervals of fepg = 0.09 £0.03 and
Hy =71.0+£ 1.1 km/s/Mpc. When including DESI data, the EDE model with Ho = 73 km/s/Mpc
provides a better fit than the ACDM model with Hy = 68.4 km/s/Mpc. The inclusion of SHOES
data rises the preference well above 50, with Ax? = —35.4. Our work demonstrates that after ACT
DR6 and DESI DR2, EDE remains a potential resolution to the Hubble tension.



Application to other cases

Pror effects in EF Lof LSS analyses of full-shape BOSS
and eBOSS data

E.Holm, L.. Herold, T. Ssmon, EF, S. Hannestad, V. Poulin, T. Tram 2023

* Discrepancy between MCGMOC and PL results for both
parametrizations of tull-shape: WC and EC - prior

volume etlects!

e Profile likelihoods from WC and EC coincide - no

more discrepancy

.
[Strong prior dependence! J

* Use this tool caretully!
Main tool for next generation of surveys

* Show that more constraining power reduces the difterence
between the Bayesian and frequentist approaches.

Sum of neutrino masses

Profile Likelihoods in CGosmology: When, Why and How
llustrated with ACDM, Massive Neutrinos and Dark Energy,
L. Herold, EF, L. Heinrich

Sum of neutrino mass 1s close to a physical boundary
2 m,=M, >0 — strong prior dependence

Pertect target for profile likelihood

T'he presence ot the physical border, Mv = 0, leads

to an accumulation of points near Mv = 0.

-
i

Mocks, M, < 0.005eV /
. Mock Planck data 1

Using PL can help yield
correct results 1n this
case!

tLr
oS H N W A ol O N

00 025 050 075



Neutrino mass

Sum of neutrino mass 1s close to a physical boundary Z m,=M,6>0 — strong dependence on the prior

Planck 2018

B Inverted hierarchy
B 1 massive /2 massless Negative neutrino mass

" Normal hierarchy
3 degenerate masses

= ACDM+Y_ m,

w— ACDM+> M, + Alens
= ACDM+3" 1%, + Blens
——— ACDM+Y 1, no ACT

—— ACDM+Y i, no C$¢

P/ By
ot 0

Herold et al 2025

—0.400 —0.200 0.000 0.058 0.200

0.2 04 06 S my [oV]

Green et al 2024



Neutrino mass

Sum of neutrino mass 1s close to a physical boundary 2 m,=M,>0

Pertect target for profile likelihood

The presence ot the physical border, Mv = 0, leads to an accumulation
of points near Mv = 0.

For all checks we did in AGDM+M

e large scatter: more complex model or intrinsic? Distribution of M,

deviates from Gaussian?

e Deviation from Wilks & Walds

— Indicates that boundary-corrected graphical method (Feldman-

Cousins construction) gives correct coverage &/ ok to use PL/

Profile Likelihoods in Cosmology: When, Why and How
lustrated with ACDM, Massive Neutrinos and Dark Energy,
L. Herold, EF, L. Heinrich

strong dependence on the prior

Mocks, M, < 0.005eV /
o Mock Planck data [

0.00 025 050 075



Neutrino mass

Sum of neutrino mass 1s close to a physical boundary Z m,=M,>0

Pertect target for profile likelihood

Planck intermediate results XVI, 2014

Naredo-Tuero et al 2024
Green et al 2024
Noriega et al 2024
Herold et al 2024
Chebat et al 2025

strong dependence on the prior

Indeed, the PL has its minimum (or the likelihood peaks) in negative values for all current data sets:

LI ' ‘_ | | I | | | | | | | | J ’ l/, l l,
111«} /! s /4
(S / /
a / ,/ ’
N / [ ) /
> Vi ,‘ ll
) ! » V) -
........... ’— b — il _._._.l [ ——— (P ——
! y /
/ y/
J  y

Unphysical (extrapolated)

/ & |
_ CamSpec22-PR4 '

HiLLiPoP23-PR4

Planck13-PR1 T
[1311.1657] T

Planck only
(no lensing)
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J _
. /

/ (o o _
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—
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Planck intermediate results XVI, 2014
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Naredo-Tuero et al 2024



Neutrino mass

Chebat et al 2025 - Cosmological neutrino mass: a frequentist
overview 1n light of DESI

12 ;

I |
—— Planck PR4 /.{/ Fi
10{ —— Planck PR4 + SDSS Lya Taylor /~./ 7
— Planck PR4 + SDSS Lya Lyssa /~./ /
8 " —-= Planck PR4 + DESI DR1 BAO 7 4
. o Planck PR4 + DESI DR1 BAO + SDSS Ly« Taylor y./
61 —:= Planck PR4 + DESI DR1 BAO + SDSS Ly« Lyssa /
‘:““ ‘ i //."
41— : :
s\"" " }
szz“ i .
- s, :
27", |
........ ! I
................. S |
O i et et ey it
..... :.:.:.:.: #:.:-: s :
— 9 :
, . | ! , , |
—0.20 -0.15 —-0.10 —-0.05 0.00 0.05 0.10 0.15

> my [eV]

Ax? (Z m,,) = x? (Z m,,) — x? (Z m, = 0.005 eV)

0.20

wow, CDM

7
—— DESI DR2 BAO + Planck PR4
61 —— DESI DR2 BAO + Planck PR4 + DES-Y5
—— DESI DR2 BAO + ACT-lite
O 1. —— DESI DR2 BAO + ACT-lite + DES-Y5
0‘ '0’ “’ I
4 1 .., . I
0‘ c‘ 0.. "‘ I
o e I
1 I
3 |
|
I
2- |
I
I
1 - = |
3 ‘e, » I
O- ......":.4;’:'
|
_1 1 1 ! I I I
—0.15 —0.10 —0.05 0.00 0.05 0.10 0.15
>_my [eV]
Ho o H95
ACDM
DESI DR1 BAO + Planck PR4 (no lensing) -0.068 0.067 0.074
DESI DR1 BAO -+ Planck PR4 -0.048 0.054 0.063
DESI DR2 BAO -+ Planck PR4 -0.036 0.043 0.053
DESI DR2 BAO + ACT-lite -0.038 0.048 0.060
DESI DR1 BAO + Planck PR3 plik -0.046 0.055 0.068
DESI DR1 FS+BAO + Planck PR3 plik -0.063 0.053 0.053
Planck PR4 -0.067 0.130 0.192
Planck PR4 + SDSS Lyman-a Taylor -0.042 0.102 0.160
Planck PR4 + SDSS Lyman-a Lyssa -0.093 0.115 0.143
Planck PR4 + SDSS Lyman-« Taylor + DESI DR1 BAO -0.052 0.050 0.055
Planck PR4 + SDSS Lyman-a Lyssa + DESI DR1 BAO -0.048 0.048 0.053
wow,CDM
DESI DR2 BAO + Planck PR4 0.024 0.078 0.177
DESI DR2 BAO + Planck PR4 + DES-Y5 -0.007 0.068 0.126
DESI DR2 BAO + ACT-lite 0.041 0.066 0.171
DESI DR2 BAO + ACT-lite + DES-Y5 -0.009 0.077 0.132
Qx + ACDM
DESI DR2 BAO + Planck PR4 -0.044 0.064 0.085

0.20



Addressing the challenges for data analysis

Prior volume eftects, weight volume effects, ...

Many different ways to deal with them:

* More/better data
* Physical priors or prior/model reparametrization
e Parameter reparametrization (e¢g EFT of LSS: b, = {b1,b2,be,b3m} — {b10s,b202,b202, bsniod})
* Profile likelihood
* Hybrid Bayesian/frequentist methods
» Approximate method to analytically marginalise over a large number of nuisance parameters (Hadzhyiska et al 2023)
* Informed prior to reduce volume effects (Marco Bonici +++, Guachalla et al 2024, Reeves et al 2025)
* Other computational methods

* Hamiltonian Monte-Carlo approaches

* Work in progress

» Combining data Including inside

collaborations, e.g Fuchd,

LiteBIRD
But let’s pay attention and deal with them!!

Relevant to study the extent to which an analysis 1s attected by those effects!



Limulator for early dark energy

Linear predictions:

—— n200_e5000_bs512
1T TE EE

Boltzmann codes: axionCAMB, ClassEDE

5 10~ Slow!! 1 - 3 min per spectrum
£ 101102 1000 2000 10’102 1000 2000 10'102 1000 2000
Q L
Parameter inference — very hard!
class_ede
emulator
(Work in progress) EDE emu
Theofile Laurent (2025 ILANCE student), EF, and Andreas Nygaard,
2604. XXXX
* Based on emulator CONNEC, 1t accelerates
theoretical prediction.
l /‘ | * Optimizes MCMOC and PL computations

* Publicly available (soon)
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Statistics: Are you Bayesian or
: : : . F tist?
Bayestan-vsFrequentist Bayesian & Frequentist & ML & ... T o s o

Statistical methods are available to us to use. Fach statistical method should be used 1n the appropriate situation.

No right or wrong, no better or worse, no preterence.

Not use blindly

Arman Shafieloo: “Many statistical tools not used'properly in cosmology™

|_> or interpreted

Caretful to avoid misinterpretations

. . , i .
Systematics dominated era: o “Fake" new discoveries

Higher quality data — effects of systematic more important

Particularly serious for Stage IV experiments or cosmological tensions!

Prior/marginalization etfects

Inflation 1n the number of nuisance parameters or beyond LCDM parameters that enter the statistical
analysis leading to possible marginalization or prior volume eftects in standard MCGMOC analysis

g D
Complementary statistical methods necessary for current and future parameter

inference analysis - profile likelihood




Next-generation cosmological surveys

Large volumes, different probes, different wavelengths

With statistical precision rapidly improving, systematic uncertainties will set the frontier

New, creative and complementary statistical analysis necessary to achieve this frontier
Opportunity for new analysis

Careful modelling of astrophysical systematics

Combining surveys and probes

Understand systematic eftects
Opportunity to maximize constraining power

Careful! Need proper framework (avoid improper claims)

A lot work to be done...
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