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1 | A BRIEF INTRODUCTION TO ACDM COSMOLOGY

History of the Universe

Topics Covered
e Standard model of cosmology
* Cosmic Microwave Background

e Distance Measurements

10732 seconds 1 microsecond 3 minutes 380,000 years 200 million years 400 million years 10 billion years 13.8 billion years

Inflation First Particles First Nuclei First Light First Stars Galaxies & Dark Energy Today

Initial Neutrons, protons, Helium and The first Gas and dust Dark Matter Expansion Humans observe
expansion and electrons form  hydrogen form atoms form condense into stars Galaxies form in accelerates the universe
dark matter cradles




NANCDM COSMOLOGY

GENERAL RELATIVITY '8
To describe gravitational interactions S
o
=
STANDARD MODEL %
To describe fundamental interactions =
INFLATION
To explain spatial flathess, homogeneity on large scales and -
inhomogeneities on small scales. o
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CoLD DARK MATTER =
To Facilitate structure formation and explain the observational evidence =
for a missing mass in the Universe S
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DARK ENERGY (COSMOLOGICAL CONSTANT ANA)

: : : : My pictorial representation of ACDM cosmolo
To explain the late-time accelerated expansion of the Universe y P P gy



CosMIC MICROWAVE BACKGROUND

We can extract 4 independent observables

(note: assuming that parity is conserved)
TEMPERATURE ANISOTROPIES

1) Angular power spectrum of temperature anisotropies C;T

RELIC PHOTONS . (TT spectrum)
FROM THE BIG BANG
2) Temperature and E-mode cross-spectrum C;E
(TE spectrum)
3) Angular power spectrum of E-mode polarization CEE
ode® 5~
PoL 2 / > (EE spectrum)
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Y B = < > 4) Angular power spectrum of B-mode polarization C2°
B-modes
. N (BB spectrum)
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Low-multipole temperature data
2 < <30inthe TT Spectrum
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High-multipole temperature data

30 < Z <2500 in the TT Spectrum
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Low-multipole Polarization data
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High-multipole EE Polarization data
30 < 7 <2000 in the EE Spectrum
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Disregarded
Low-multipol ata
2 < 30 in the TE Spectrum

The low-TE data show excess of variance compared to simulations
at low multipoles, for reasons that are not understood

High-multipole TE data
30 < Z <2000 in the TE Spectrum




CosMIC DISTANCES

Einstein Field Equations

| B y{ 6}
R,uv o Eg,uyR + Ag//w — 4 T//w

We start from the Einstein equation with a positive Cosmological

Constant A to describe the dynamics of the Universe



CosMIC DISTANCES

Einstein Field Equations

1 87[ G We start from the Einstein equation with a positive Cosmological

R Y - 5 g //tUR + Ag U — 4 T//tl/ Constant A to describe the dynamics of the Universe
C

Fredmann Equation

4 Once we specify the geometry (flat FRW) and the stress energy
H 2(2) — Hg [Qr . (1 + Z) + Qm . (1 + 2)3 + Q) A] <«—— density components (matter, radiation, etc), we know the expansion
rate of the Universe H(z) = d/a



CosMIC DISTANCES

Einstein Field Equations

1 3G

o = Eg””R T A8 = ch L T
Fredmann Equation
H)=H[Q -(1+2*+Q, - 1 +2°+Q,] «——
Cosmic Distances
Z
D;(2) = (14+2°D,(z) « | dz/H(z')™ —

O I
Distance Duality Relation Model Dependence herel!!

We start from the Einstein equation with a positive Cosmological
Constant A to describe the dynamics of the Universe

Once we specify the geometry (flat FRW) and the stress energy
density components (matter, radiation, etc), we know the expansion

rate of the Universe H(z) = d/a

Once we know H(z), we have a map between the redshift z, the

Luminosity Distance D; (z) and the Angular Diameter Distance D ,(z)
which is a unique prediction of the cosmological model



BAO (Models vd Data)

CosMIC DISTANCES 251
F
20 1
Baryon Acoustic Oscillations g . *
- The comoving angular diameter distance D,,(z) = D,(z)(1 + z), i.e., the spatial
distance between two objects in the direction perpendicular to the line-of-sight; 107
_ _ _ _ _ _ — ACDM b Du(2/(rVZ)
- The line-of-sight distance D(z) = ¢/H(z), i.e., the distance along the line-of- b DUDIrVE) b ZDDrE)
sight between an observer and an object; > 0 10 1

Redshift
- The volume-averaged distance D\(z) = [zDH(z)DA%[(z)PB, i.e., the quantity to

which isotropic BAO measurements are sensitive.

* Require calibration: all the distances relative to the sound horizon at the Drag
epoch



BAO (Models vd Data)

b
CosmMIC DISTANCES 251
F
20 1
Baryon Acoustic Oscillations ° . :
.‘Dﬁ
- The comoving angular diameter distance D,,(z) = D,(z)(1 + z), i.e., the spatial
distance between two objects in the direction perpendicular to the line-of-sight; 107
—— ACDM ¢ Dm(2)/(revz)
- The line-of-sight distance D(z) = ¢/H(z), i.e., the distance along the line-of- b DUDIrVE) b ZDDrE)
sight between an observer and an object; > 0 10 1 . e
Redshift
- The volume-averaged distance D\(z) = [zDH(z)DA%[(z)PB, i.e., the quantity to
which isotropic BAO measurements are sensitive.
* Require calibration: all the distances relative to the sound horizon at the Drag SN (Models vs Data)

epoch

Type la Supernovae

D
. Distance Moduli: 1(z)" = 5log;, ( 15(Z)> -3
pC

- Require calibration: ;(z)°* = m(z) — M where m(z) is the observed magnitude

of SN at that given z while M is the absolute magnitude defined as the apparent

magnitude at 10 parsec 0.0 0.5 1.0 1.5 2.0 2.5
Redshift (z)

Distance Moduli
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2 | A BRIEF INTRODUCTION TO COSMIC TENSIONS

H,=67.310.6 km/s/Mpc Overview of Topics Covered
 Hubble Tension

e S8 Tension

H.=74.3+1.4 km/s/Mpc SR T . Neutrino Mass Bounds Tension




HUBBLE TENSION

50 tension in the value of the Hubble parameter H,,

Direct Measurement

SHOES: H, = 73 = 1 km/s/Mpc

Model-independent, based on Type-la Supernovae

Distance Ladder Methodology in a Nutshell:

* Rung 1:
Calibrate Cepheid luminosities using geometric anchors
(i.e., parallax, eclipsing binaries, masers)

* Rung 2:
Calibrate Type la supernovae in host galaxies with Cepheid distances

* Rung 3:
Use calibrated supernovae la in the Hubble flow to measure H,

Cepheid: m-M (mag)
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Cepheids — Type Ia Supernovae
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Type Ia Supernovae — redshift(z)
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https://arxiv.org/abs/22112.04510

HUBBLE TENSION

50 tension in the value of the Hubble parameter H,,

Direct Measurement

SHOES: H, = 73 = 1 km/s/Mpc

Model-independent, based on Type-la Supernovae

Indirect Measurement

Planck: H, = 67.4 = 0.5 km/s/Mpc

Model-dependent, inferred from CMB measurement (in ACDM)
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HUBBLE TENSION

50 tension in the value of the Hubble parameter H,,

Direct Measurement

SHOES: H, = 73 = 1 km/s/Mpc

Model-independent, based on Type-la Supernovae

Indirect Measurement

Planck: H, = 67.4 = 0.5 km/s/Mpc

Model-dependent, inferred from CMB measurement (in ACDM)

Tension confirmed by many other independent probes

Cosmoverse WP — [arXiv:2504.01669]

CMB 2018 Planck =

CMB 2025 (ACT-DR6)

CMB 2024 (SPT-3G+lensing+tauprior) =
BBN+DESIBAO 2024 -

BBN+eBOSS 2022 -
BBN+BAO+Shapefit eBOSS 2022 -

HST SHOES 2024 (4 anchors) -
JWST SHOES 2024 (1 anchor)
Cepheids 2022 (2 rungs, no SNIla) -
Masers 2019 (no rungs) -

TRGB CCHP + SNla CSP 2025 -
TRGB EDD + SNla CSP 2021 -

TRGB CATs + SNla PanthP 2023 +
TRGB JWST + SBF 2025

TRGB HST + SBF 2021 -

Cepheids HST + SBF 2021 —

Miras + SNla 2023 -

JAGB JWST SHOES set + SNla 2024 -
JAGB JWST CCHP set + SNla 2024 -
JAGB JWST all + SNla 2025

SN Il 2024 (no rungs) =

HIl 2024 —

Tully-Fisher 2024 -

Tully-Fisher 2022 (baryonic) -
Tully-Fisher 2020 (baryonic) -

DESI Fundamental Plane + COMA 2024 -

Strong lensing 2020 (7 lensed QSO asser) =
FRBs 2023 (18 local) o

FRBs 2024 (64 local) -

—O—
+
+
iy Ho [km s~ Mpc™]
—— Cosmological Model Dependent
] —— Direct
(D vs 2z)
7 Modeled Phenomena
=
66 68 70 712 74 76 78 80


https://arxiv.org/abs/2504.01669

S¢_ TENSION

Cosmoverse WP — [arXiv:2504.01669]

CMB 2018 Planck - 58 @
CMB 2025 (ACT-DR6+Sroll2) - o

Sg measures the amplitude of density fluctuations on scales of of 8h~! Mpc CMB 2024 (SPT-3G+lensing-+tauprior) CMB e

s -

a Low-z

3x2pt KiDS-1000 + BOSS 2021

3x2pt DESY3 2022

S8 — 08 > \/Qm/o, 3 3x2pt HSCY3 + SDSS BOSS DR11 2023
Peak Counts KiDS-1000 + DESY1 2024

Peak Counts DESY3 2022

Peak Counts HSC-DR1 2024

Cosmic Shear KiDS-Legacy 2025

Blue Cosmic Shear DESY3 2024

Cosmic Shear DESY3 + KiDS-1000 2023
2 2 Cosmic Shear HSCY3 2023

dk k Pm(k, Z) W (k, R) Cosmic Shear DECADE 2025
A Cluster Counts eROSITA eRASS 2024

Cluster Counts SPTPol 2024

Cluster Counts DES 2025

Cluster Counts Subaru/HSC-SSP 2024
Matter BOSS Galaxy Bispectrum 2024

Power Spectrum Cross-Correlation unWISE-ACT DR6 2023

W' d VF ) Cross-Correlation Gaia-Planck DR4 2024
INaow unctlon Cross-Correlation DESI-Planck-ACT 2024

-1
Smoothed on R /1 MpC Stacked void-galaxy cross correlation 2022
(R=8 for 08) UNIONS cluster cosmology 2025

: | +

GR:<‘51%‘>=

212

: : : 0.70 0.75 0.80 0.85 0.90
CMB and Week Lensing estimates seem to disagree

(at 20 — 3.50 level)


https://arxiv.org/abs/2504.01669

S¢_ TENSION

Angus H. Wright, et al., (kids Legacy) — [arXiv:2503.19441]

| T | | | T I | T I
Ss measures the amplitude of density fluctuations on scales of of gh~! Mpc Planck Legacy
KiDS—-1000 Analyses
I Li et al. (2023) —— —2.930
Legacy Nz est. & calib. — —2.080
: : -1.61o
_ 21\ — 2 ) Legacy Tomo. & KiDZ (5 bins)™ @
op = (|0x|) = > dk k- P, (k,z) W*(k, R)
2 t Legacy Analyses

K1000 Tiles; NLA; 5 bins -1.170

Matter 10
Power Spectrum ‘ K1000 Tiles; NLA-M; 6 Bins —1AY0

Window Function
. —0.730
Smoothed on R /4~! Mpc Legacy (fiducial)
(R=8 for o5s) A T SR N T TR S | !

0.7 0.8
. Kids Legacy Week Lensing re-analyses in line with CMB 28=08(Qm /0 3)058


https://arxiv.org/abs/2503.19441

NEUTRINO TENSION

TOTAL NEUTRINO MASS AND ORDERING

Neutrino oscillations measured by terrestrial experiments indicate that at least two normal hierarchy (NH)
neutrinos are massive: m2 A
— V3
- Atmospheric splitting: |Am321 | = |m32 — m12| ~2.55 % 1073 eV?
T 2 _ 2 2 —5 _\,2
- Solar splitting: Am; | = my —m; ~7.5X 107 eV A2

atm

Since the sign of | Am321 | is unknown, two mass orderings are possible:
A777’301

1) Normal Ordering (m; < m, < my) —

2) Inverted Ordering (m; < my < m, )

Credit: Figure taken from S. Vagnozzi — Weight them all!

inverted hierarchy (IH)

| V2
| 1
2
ATnatm
\ 4
LT V3

Am

2


https://inspirehep.net/files/3230e2f65d0ef24c1803a07014a74283

NEUTRINO TENSION

TOTAL NEUTRINO MASS AND ORDERING

Neutrino oscillations measured by terrestrial experiments indicate that at least two
neutrinos are massive:

- Atmospheric splitting: |Am321 | = |m32 — m12| ~2.55 % 1073 eV?

_ Solar splitting: Am221 = m22 - m12 ~ 7.5 % 107> eV?
Since the sign of | Am321 | is unknown, two mass orderings are possible:
1) Normal Ordering (m; < m, < m;)

2) Inverted Ordering (m; < my < m, )

It we set the mass of the lightest neutrino to m;,}, = 0, within the two orderings,
we get a lower limit on the total mass from neutrino oscillations

1) Normal Ordering: Z m, > 0.06eV

2) Inverted Ordering: Z m,> 0.1eV

Credit: Figure taken from S. Vagnozzi — Weight them all!

- = Current cosmological 95% C.L. upper limit (Paper I)

1.00f

0.10

0.06

- Normal ordering
- |nverted ordering||

0.001

7 0.010

TMYight eV]

7 0.100



https://inspirehep.net/files/3230e2f65d0ef24c1803a07014a74283

NEUTRINO TENSION

EARLY UNIVERSE CONSTRAINTS

The total neutrino mass Z m,, impacts the CMB in various ways:

1) it boosts the late-time non-relativistic density, affecting the scale-angle
relations on the last scattering surface and the late ISW effects.

2) affects the non-relativistic transition of neutrinos by changing the pressure-to-
density ratio and causing metric fluctuations observable in the early ISW effect.

3) it reduces weak lensing effects on the CMB by suppressing the matter
power spectrum and CMB spectra at small scales.

) m, <0.24eV Planck - (TT TE EE) + lensing

Planck 2018 results. VI [arXiv:1807.06209]
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https://arxiv.org/abs/1807.06209
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NEUTRINO TENSION

22.5 1

CNmzo.o-

§ 17.5 1

LATE UNIVERSE CONSTRAINTS ;‘E’

15.0 A
How can we improve the CMB limit on Neutrinos? 12.5 Py VT
10.0 - - va=2eV ¢ Du(2/(rsVz)
1) Neutrinos will become non-relativistic particles, contributing to the matter } SDSS t zDu(2(rsVZ)

energy density at late times. Depending on their mass, they will alter cosmic 0.5 1.0 1.5 2.0 2.5

distances, measured by BAO and, in part, Supernovae. Redshift

26 -
24 -
3 22-
O
=
S
O 20 A
©
0
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18 -
07 —— >m,=0.06 eV
- va =2eV
147 ¢ Pantheon+
0.0 0.5 1.0 1.5 2.0

Redshift (z)



NEUTRINO TENSION

%
LATE UNIVERSE CONSTRAINTS &
; Suppression of Power \
How can we improve the CMB limit on Neutrinos? = \\
1072 - \
1) Neutrinos will become non-relativistic particles, contributing to the matter } \
energy density at late times. Depending on their mass, they will alter cosmic S E— '
distances, measured by BAO and, in part, Supernovae. 10° 10° multipoleslz)z 10°

2) Neutrinos will suppress structure formation, affecting other local observables
such as the matter power spectrum and weak lensing. We can examine the large-
scale structure of the Universe.

=0

Matter power spectrum at z

101 LN | ! ! L ! ! LA | ! ! LA | ! ! L |
1074 1073 1072 1071 10°

k/h Mpc



NEUTRINO TENSION

LATE UNIVERSE CONSTRAINTS

How can we improve the CMB limit on Neutrinos?

1) Neutrinos will become non-relativistic particles, contributing to the matter
energy density at late times. Depending on their mass, they will alter cosmic
distances, measured by BAO and, in part, Supernovae.

2) Neutrinos will suppress structure formation, affecting other local observables

such as the matter power spectrum and weak lensing. We can examine the large-
scale structure of the Universe.

Z m, < 0.8eV  Distances+lensing

0.83

0.80

0.77

0.74

0.34

0.32

0.30

WG, et al.[arXiv:2307.14204 ]

B Full lensing+BAO
B Full lensing+SN

B Full lensing+BAO+SN+DES
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https://arxiv.org/abs/2307.14204

NEUTRINO TENSION

DESI DR2 Results II: Measurements of Baryon Acoustic Oscillations and
Cosmological Constraints

| DARK ENERGY
|| SPECTROSCOPIC
{ INSTRUMENT

U.S. Department of Energy Office of Science

The DESI collaboration

We present baryon acoustic oscillation (BAO) measurements from more than 14 million galaxies
and quasars drawn from the Dark Energy Spectroscopic Instrument (DESI) Data Release 2 (DR2),
based on three years of operation. For cosmology inference, these galaxy measurements are combined
with DESI Lyman-a forest BAO results presented in a companion paper. The DR2 BAO results
are consistent with DESI DR1 and SDSS, and their distance-redshift relationship matches those
from recent compilations of supernovae (SNe) over the same redshift range. The results are well
described by a flat ACDM model, but the parameters preferred by BAO are in mild, 2.30 tension
with those determined from the cosmic microwave background (CMB), although the DESI results
are consistent with the acoustic angular scale 6, that is well-measured by Planck. This tension
is alleviated by dark energy with a time-evolving equation of state parametrized by wo and w,
which provides a better fit to the data, with a favored solution in the quadrant with wo > —1
and w, < 0. This solution is preferred over ACDM at 3.1c0 for the combination of DESI BAO
and CMB data. When also including SNe, the preference for a dynamical dark energy model
over ACDM ranges from 2.8 — 4.20 depending on which SNe sample is used. We present evidence
from other data combinations which also favor the same behavior at high significance. From the
combination of DESI and CMB we derive 95% upper limits on the sum of neutrino masses, finding
> m, < 0.064 eV assuming ACDM and > m, < 0.16 eV in the wow, model. Unless there is an
unknown systematic error associated with one or more datasets, it is clear that ACDM is being
challenged by the combination of DESI BAO with other measurements and that dynamical dark
energy offers a possible solution.

DESI 2025 — [arXiv:2503.14738]
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https://arxiv.org/abs/2404.14738

NEUTRINO TENSION

® NO ® 10 + ps X Qpmar * A

one, as well as the tension between cosmological and terrestrial data. Combining DESI data
with Cosmic Microwave Background measurements and several late-time background probes,
the tightest 2o limit we find without including a local Hy prior is > m, < 0.05eV. This leads
to a strong preference for the normal ordering, with Bayes factor relative to the inverted
one of 46.5. Depending on the dataset combination and tension metric adopted, we quantify
the tension between cosmological and terrestrial observations as ranging between 2.50 and
50. These results are strenghtened when allowing for a time-varying dark energy component

baseline+CC -

with equation of state lying in the physically motivated non-phantom regime, w(z) > —1,

acelinerspss |

highlighting an interesting synergy between the nature of dark energy and laboratory probes

baseline+SNela -

of the mass ordering. If these tensions persist and cannot be attributed to systematics,
either or both standard neutrino (particle) physics or the underlying cosmological model
will have to be questioned.

. . S ~ |ACDM+2m, |
ournal of Gosmology and Astroparticle Physics 6ol oo = L
A : c 5 ol
n IOP and SISSA journal Q : : : : : Y : :
+
Neutrino cosmology after DESI: tightest mass upper 7 RO AR DURR SRS SN SN * ........ @ *Sk .............
« . . . = S f
limits, preference for the normal ordering, and tension g * n * % *g A 3 «
i : - kK ok e
with terrestrial observations qt) 3 * ............. L *5{2 ............. Lo )-'Z * ........ ;|( ....... 5|_< ....... e —
- kX garx XXX
Jun-Qian Jiang ©,%® William Giaré ¢ Stefano Gariazzo,%¢/f lg * % X* * fre X * * *
Maria Giovanna Dainotti?,9"%J Eleonora Di Valentino”,° Olga Mena " ,* o 2 _5|'<+ ....... Slzsl'( ....... +>'|2 ................................... ............. SI&* .......
Davide Pedrotti’’,”! Simony Santos da Costa’%! and Sunny Vagnozzi % - X X :
ABSTRACT: The recent DESI Baryon Acoustic Oscillation measurements have led to tight 8 . .
upper limits on the neutrino mass sum, potentially in tension with oscillation constraints \L)/ 1 S S-S S SRR S .............
requiring Y m, 2 0.06 eV. Under the physically motivated assumption of positive Y m,, we @
study the extent to which these limits are tightened by adding other available cosmological =
probes, and robustly quantify the preference for the normal mass ordering over the inverted O : :
N —_
»n QW
> a
t +
) —
g o\
S
+ —
Q @)
= )
g aa)
=
S O

baseline (CMB+DES|) |

KEYWORDS: neutrino masses from cosmology, cosmological neutrinos, dark energy
experiments, neutrino properties

ARX1v EPRINT: 2407.18047



DESI 2025 — [arXiv:2503.14738]
WHAT’S THE MATTER (DENSITY)?

60 - ---- DESI DR1 BAO
/| —— DESI DR2 BAO
i ,“\ "j‘ — CMB
> 20 ‘\V | —— Pantheon+
Although all the datasets are well described by a flat ACDM model: Iz | | —— Union3
g 40 | —— DESY5
« DESI-2025 BAOs show a mild tension (2.30) with Planck. 2 2. |
=
a
 DESI-2025 BAO+Planck leads to a moderate shift (~1.50 - 20) in Planck’s S 20-
preferred parameter space, notably favouring a larger H, and a lower 2 . -
10
- DESy5-SN+Planck favours larger 2, and lower H,,.

Y025 0.30 0.35 0.40 0.45
=> Planck+DESI-2025 BAO and Planck+DESy5 SN pull the parameter space in | | Q' ' '
opposite directions. 0.4 m

| DESI
Note that the DESI-2025 BAO preference for lower values of () is largely - gfds};“f CMB
responsible for the neutrino tension: 0.3-
2 _ 2 2 :- ------ i-: E ,,//’ ’l
Qm h* = Qb h* + QC h +Q’/h 3 0.2- Rl v
I N ,/’ L ,l’
: 5 0.1- A
: m 1 ’ ,/ ,' ,I
Q7 ~ L, 5
: 93.14 h%2eV : /7 ACDM
e mmmmmm-eec---ssssssss====-— 0.0 . Lt .
0.28 0.32 0.34 0.36
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3 |A BRIEF INTRODUCTION TO POSSIBLE SOLUTIONS

Overview of Topics Covered
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Is IT /\’S FAULT?

1 3G

Ry — Eg,WR + A8 = A L

Constant Component in the Einstein
Tensor

(2, is a Cosmological Constant term. Assumption is not free from limitations:

 Asymptotical cosmology: A positive A implies living in an asymptotically de
Sitter universe, which seems to contrast with several theories/models of
quantum gravity proposing instead an asymptotically anti-de Sitter universe

 Physical interpretation: Based on QFT calculations, one would expect a
zero-point energy density 1090 to 10120 orders of magnitude larger than what is
iInferred by cosmological data

« Why Now?: Why are we so lucky to live precisely in the cosmic epoch when
such a constant component came to be dominant?
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DESI DR2 Results II: Measurements of Baryon Acoustic Oscillations and
Cosmological Constraints

|1 DARK ENERGY
|| SPECTROSCOPIC
_ I8 INSTRUMENT

U.S. Department of Energy Office of Science

The DESI collaboration

We present baryon acoustic oscillation (BAO) measurements from more than 14 million galaxies
and quasars drawn from the Dark Energy Spectroscopic Instrument (DESI) Data Release 2 (DR2),
based on three years of operation. For cosmology inference, these galaxy measurements are combined
with DESI Lyman-a forest BAO results presented in a companion paper. The DR2 BAO results
are consistent with DESI DR1 and SDSS, and their distance-redshift relationship matches those
from recent compilations of supernovae (SNe) over the same redshift range. The results are well
described by a flat ACDM model, but the parameters preferred by BAO are in mild, 2.30 tension
with those determined from the cosmic microwave background (CMB), although the DESI results
are consistent with the acoustic angular scale 6. that is well-measured by Planck. This tension
is alleviated by dark energy with a time-evolving equation of state parametrized by wo and w,,
which provides a better fit to the data, with a favored solution in the quadrant with wg > —1
and w, < 0. This solution is preferred over ACDM at 3.1c for the combination of DESI BAO
and CMB data. When also including SNe, the preference for a dynamical dark energy model
over ACDM ranges from 2.8 — 4.20 depending on which SNe sample is used. We present evidence
from other data combinations which also favor the same behavior at high significance. From the
combination of DESI and CMB we derive 95% upper limits on the sum of neutrino masses, finding
> " m, < 0.064 eV assuming ACDM and ) m, < 0.16 eV in the wow, model. Unless there is an
unknown systematic error associated with one or more datasets, it is clear that ACDM is being
challenged by the combination of DESI BAO with other measurements and that dynamical dark
energy offers a possible solution.
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We present baryon acoustic oscillation (BAO) measurements from more than 14 million galaxies
and quasars drawn from the Dark Energy Spectroscopic Instrument (DESI) Data Release 2 (DR2),
based on three years of operation. For cosmology inference, these galaxy measurements are combined
with DESI Lyman-a forest BAO results presented in a companion paper. The DR2 BAO results
are consistent with DESI DR1 and SDSS, and their distance-redshift relationship matches those DESI 2025 — [arXiv:2503.14738]
from recent compilations of supernovae (SNe) over the same redshift range. The results are well 0.3 '
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EVOLVING DARK ENERGY (How) does the preference depend on CPL?

w(z) = wyg+w, (1 —a)

lournal of €osmology and Astroparticle Physics
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Robust preference for Dynamical Dark Energy in DESI Quintessence w(z) > — | Quintessence w(z) > — |
BAO and SN measurements Rl
-0.8
William Giaré",%* Mahdi Najafi,’¢ Supriya Pan'",%¢ Eleonora Di Valentino '@ Ty
and Javad T. Firouzjaee”“/ L;, '
ABSTRACT: Recent Baryon Acoustic Oscillation (BAO) measurements released by DESI, v e
when combined with Cosmic Microwave Background (CMB) data from Planck and two W _1.4-
different samples of Type Ia supernovae (Pantheon-Plus and DESY5) reveal a preference for Phantom w(z) < — 1 Phantom w(z) < — 1
Dynamical Dark Energy (DDE) characterized by a present-day quintessence-like equation Bl |
of state that crossed into the phantom regime in the past. A core ansatz for this result is ~184 -=-=- CPL 4 ---- CPL
assuming a linear Chevallier-Polarski-Linder (CPL) parameterization w(a) = wg + w,(1 — a) Planck+DESI+PantheonPlus Planck+DESI+DESY5
to describe the evolution of the DE equation of state (EoS). In this paper, we test if and ‘220_3 T 02 10t 100 100 102 10t 100
to what extent this assumption impacts the results. To prevent broadening uncertainties redshift z redshift z

in cosmological parameter inference and facilitate direct comparison with the baseline CPL
case, we focus on 4 alternative well-known models that, just like CPL, consist of only two
free parameters: the present-day DE EoS (wp) and a parameter quantifying its dynamical
evolution (w,). We demonstrate that the preference for DDE remains robust regardless of the . _
parameterization: wg consistently remains in the quintessence regime, while w, consistently » Present-day Quintessence equation of state W(Z) >—1
indicates a preference for a dynamical evolution towards the phantom regime. This tendency
is significantly strengthened by DESY5 SN measurements. By comparing the best-fit y?
obtained within each DDE model, we notice that the linear CPL parameterization is not the e Late-time Phantom equation of state W(Z) < —1]

best-fitting case. Among the models considered, the EoS proposed by Barboza and Alcaniz

« Quintessence to Phantom crossingatz ~ 0.3 — 0.4

consistently leads to the most significant improvement.
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ABSTRACT: Recent Baryon Acoustic Oscillation (BAO) measurements released by DESI,
when combined with Cosmic Microwave Background (CMB) data from Planck and two
different samples of Type Ia supernovae (Pantheon-Plus and DESY5) reveal a preference for
Dynamical Dark Energy (DDE) characterized by a present-day quintessence-like equation
of state that crossed into the phantom regime in the past. A core ansatz for this result is
assuming a linear Chevallier-Polarski-Linder (CPL) parameterization w(a) = wg + w,(1 — a)
to describe the evolution of the DE equation of state (EoS). In this paper, we test if and
to what extent this assumption impacts the results. To prevent broadening uncertainties
in cosmological parameter inference and facilitate direct comparison with the baseline CPL
case, we focus on 4 alternative well-known models that, just like CPL, consist of only two
free parameters: the present-day DE EoS (wp) and a parameter quantifying its dynamical
evolution (w,). We demonstrate that the preference for DDE remains robust regardless of the
parameterization: wg consistently remains in the quintessence regime, while w, consistently
indicates a preference for a dynamical evolution towards the phantom regime. This tendency

is significantly strengthened by DESY5 SN measurements. By comparing the best-fit y?
obtained within each DDE model, we notice that the linear CPL parameterization is not the

best-fitting case. Among the models considered, the EoS proposed by Barboza and Alcaniz
consistently leads to the most significant improvement.
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ARTICLE INFO

ABSTRACT

Keywords:

Dynamical dark energy
Cosmological parameters
Observations

Recent measurements of Baryon Acoustic Oscillations (BAO) and distance moduli from Type Ia supernovae
suggest a preference for Dynamical Dark Energy (DDE) scenarios characterized by a time-varying equation
of state (EoS). This focused review assesses its robustness across independent measurements and surveys.
Using the Chevallier-Polarski-Linder (CPL) parametrization to describe the evolution of the DE EoS, we analyze
over 35 dataset combinations, incorporating Planck Cosmic Microwave Background (CMB) anisotropies, three
independent Type Ia supernova (SN) catalogs (PantheonPlus, Union3, DESY5), BAO measurements from DESI
and SDSS, and expansion rate measurements H(z) inferred from the relative ages of massive, passively evolving
galaxies at early cosmic times known as Cosmic Chronometers (CC). This review has two main objectives:
first, to evaluate the statistical significance of the DDE preference across different dataset combinations, which
incorporate varying sources of information. Specifically, we consider cases where only low-redshift probes
are used in different combinations, others where individual low-redshift probes are analyzed together with
CMB data, and finally, scenarios where high- and low-redshift probes are included in all possible independent
combinations. Second, we provide a reader-friendly synthesis of what the latest cosmological and astrophysical
probes can (and cannot yet) reveal about DDE. Overall, our findings highlight that combinations that
simultaneously include PantheonPlus SN and SDSS BAO significantly weaken the preference for DDE. However,
intriguing hints supporting DDE emerge in combinations that do not include DESI-BAO measurements: SDSS-

BAO combined with SN from Union3 and DESY5 (with and without CMB) support the preference for
DDE.
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EVOLVING DARK ENERGY Can Evolving Dark Energy solve the H,,

Tension?
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IN TERACTING DARK E NERGY IDE introduces energy-momentum transfer from DM to DE

V., (Ipn) =+ Q(VaDM)U V,(Ipp)' = — Q(VaDM)U
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We investigate the implications of the baryon acoustic oscillations measurement released by the Dark E
Energy Spectroscopic Instrument for interacting dark energy (IDE) models characterized by an energy- c 15.0 - ¢
momentum flow from dark matter to dark energy. By combining Planck-2018 and Dark Energy 4&
Spectroscopic Instrument data, we observe a preference for interactions, leading to a nonvanishing O 12.5-
interaction rate £ = —0.327("{%, which results in a present-day expansion rate H, = 70.8%-7 km/s/Mpc,
reducing the tension with the value provided by the SHOES Collaboration to less than ~1.36. The 10.0 7
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IDE introduces energy-momentum transfer from DM to DE
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We investigate the implications of the baryon acoustic oscillations measurement released by the Dark
Energy Spectroscopic Instrument for interacting dark energy (IDE) models characterized by an energy-
momentum flow from dark matter to dark energy. By combining Planck-2018 and Dark Energy

Spectroscopic Instrument data, we observe a preference for interactions, leading to a nonvanishing " 0.4 F

interaction rate £ = —0.327("{%, which results in a present-day expansion rate H, = 70.8%-7 km/s/Mpc,

reducing the tension with the value provided by the SHOES Collaboration to less than ~1.36. The
preference for interactions remains robust when including measurements of the expansion rate H(z) N
obtained from the relative ages of massive, early-time, and passively evolving galaxies, as well as when >
considering distance moduli measurements from Type Ia supernovae sourced from the Pantheon-plus 0.6 N
catalog using the SHOES Cepheid host distances as calibrators. Overall, the IDE framework provides an
equally good, or better, explanation of both high- and low-redshift background observations compared to
the lambda cold dark matter model, while also yielding higher H( values that align more closely with the ——-- Planck-2018+DES|
local distance ladder estimates. However, a limitation of the IDE model is that it predicts lower Q,, and 0.8}

higher og values, which may not be fully consistent with large-scale structure data at the perturbation level. Bl Planck-2018+DESI+SN
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IMPLICATIONS OF LATE-TIME
MODELS

PHYSICAL REVIEW D 112, 023515 (2025)

Implications of distance duality violation for the H, tension
and evolving dark energy

Elsa M. Teixeira ,1’* William Giare ,2 Natalie B. Hogg ,1 Thomas Montandon ,1
Adele Poudou,1 and Vivian Poulin’'
'L aboratoire Univers et Particules de Montpellier, CNRS and Université de Montpellier (UMR-5299),
34095 Montpellier, France

*School of Mathematical and Physical Sciences, University of Sheffield,
Hounsfield Road, Sheffield S3 7RH, United Kingdom

® (Received 7 May 2025; accepted 10 June 2025; published 8 July 2025)

We investigate whether a violation of the distance duality relation (DDR) D;(z) = (1 + z)?D4(z)
connecting the angular diameter and luminosity distances can explain the Hubble tension and alter the
evidence for dynamical dark energy in recent cosmological observations. We constrain five phenomeno-
logical parametrizations of DDR violation using baryon acoustic oscillation measurements from the
DESI survey calibrated with the sound horizon derived from Planck cosmic microwave background data
and the Pantheon + Type Ia supernova (SNIa) catalog calibrated with the supernova absolute magnitude
from the Supernovae H, for the equation of state program. We find that two toy models can resolve the
tension: a constant offset in the DDR (equivalent to a shift in the calibration of the SNIa data)
D; (z)/D4(z) ~0.925(1 + z)?, which leaves the hint for evolving dark energy unaffected, or a change in
the power-law redshift dependence of the DDR restricted to z < 1, D;(z)/D,(z) ~ (1 + z)'8%, together
with a constant phantom dark energy equation of state w ~ —1.155. The Bayesian evidence slightly favors
the latter model. Our phenomenological approach motivates the investigation of physical models of DDR
violation as a novel way to explain the Hubble tension.

DOI: 10.1103/zzmp-rxrh

H, Tension or Distance Calibration Tension?

Measuring cosmological distances requires calibration

BAO measure « D,(z)/r;, — Planck r; = 147.09 = 0.26 Mpc

SN measure « 5log,o D;(z) + M, —> SHOES M, = — 19.253 = 0.027 mag

Assuming D;(2) = (1 + 2)*°D,(z)
Mg calibration uncertainty % PantheonPlus SN ¥ DESIBAO SDSS BAO
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 Hubble tension partially recast as distance tension (NOT always ~50)

« Late time physics cannot solve the Distance tension (r; and M, unaffected)
« Late time solution cannot fully solve the H, tension (unless we break the DDR)

« Late time solution can still help a lot with the /, tension
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EARLY TIME SOLUTIONS

If some New Physics reduces r(z:) , [, should increase to keep 0, fixed

() = ”“dZCS(Z)
O = I’S(Z*) / S J 2 H(z)

dz

dz IJ
o H@)  Holy [Q, (1 +22+9Q,]"

How can we decrease r(z:) ?

1) Changing the sound speed c(z) of the Baryon-Photon fluid prior recombination

2) Increasing the expansion rate of the Universe H(z) before recombination:
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Knox and Millea — 1908.03663
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= Planck TT,TE,EE+lowE (ACDM)

- = Planck TT({>800)+IlowE (ACDM)
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EARLY DARK ENERGY EDE introduces a DE phase in the Early Universe, quantified by

Jepp = max PepE(?)
EDE —
< pc(Z)

l.e., the maximal fractional contribution to the total energy density
Impact of ACT DR6 and DESI DR2 for Early Dark Energy and the Hubble tension

Vivian Poulin®,!>* Tristan L. Smith®,% " Rodrigo Calderén®,*'* and Théo Simon®!:®

! Laboratoire univers et particules de Montpellier (LUPM),
Centre national de la recherche scientifigue (CNRS) et Université de Montpellier,
Place FEugéne Bataillon, 34095 Montpellier Cédex 05, France
2 Department of Physics and Astronomy, Swarthmore College, 500 College Ave., Swarthmore, PA 19081, USA
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SCEICO, Institute of Physics of the Czech Academy of Sciences, - +M,
Na Slovance 1999/2, 182 21, Prague, Czech Republic a0 [ v\ e P-ACT-LS
The data release six of the Atacama Cosmology Telescope (ACT DR6) and the second datarelease |« | v \of | eeeees +M,
from the Dark Energy Spectroscopic Instrument (DESI DR2) recently became available. In light
of these data, we update constraints on the Early Dark Energy (EDE) resolution to the Hubble

tension. While ACT DR6 does not favor EDE over the core cosmological model ACDM, it allows
for a significantly larger maximum contribution of EDE, fgpg, in the pre-recombination era than
the latest analysis of Planck NPIPE despite increased precision at small angular scales. Moreover,
EDE rises the value of Hyrs, improving consistency between CMB and DESI DR2 data. We find
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 3.7c 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 fgpg = 0.09 £0.03 and
Hy =71.0£ 1.1 km/s/Mpc. When including DESI data, the EDE model with Hy = 73 km/s/Mpc
provides a better fit than the ACDM model with Hyp = 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.
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Can we measure r,; without assuming any

A (FUTURE) CONCLUSIVE TEST o
model or calibration?

76 1 1 1 1 1 1 : 1 1 1
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PHYSICAL REVIEW LETTERS 135, 071003 (2025) ; .
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Model-Independent Test of Prerecombination New Physics: ; _
Measuring the Sound Horizon with Gravitational Wave Standard Sirens g § 20 ©
. @ @ ! n
and the Baryon Acoustic Oscillation Angular Scale = 707 | 30 &
2 | =
William Giare ,* Jonathan Betts ,T Carsten van de Bruck,i and Eleonora Di Valentino®" é -40 %
School of Mathematics and Statistics, University of Sheffield, Hounsfield Road, Sheffield S3 7RH, United Kingdom = 681 Planck ' 54 g
I :
® (Received 20 June 2024; revised 24 February 2025; accepted 24 July 2025; published 14 August 2025) | 60 -
66 - i l
In a broad class of cosmological models where spacetime is described by a pseudo-Riemannian 70
manifold, photons propagate along null geodesics, and their number is conserved, upcoming gravitational BAO-i-GWS
wave (GW) observations can be combined with measurements of the baryon acoustic oscillation (BAO) 64 1 EEE BAO(SDSS)+SN - 80
angular scale to provide model-independent estimates of the sound horizon at the baryon drag epoch. By B N\CDM
focusing on the accuracy expected from forthcoming surveys such as the Laser Interferometer Space Bl New Physics (SHOES-Like Hy) - 90
Antenna GW standard sirens and dark energy spectroscopic instrument (DESI) or Euclid angular BAO 62 : . . . . . = . . .
measurements, we forecast a relative precision of o, /rq ~ 1.5% within the redshift range z < 1. This 135 137 139 141 143 145 147 149 151 153
approach will offer a unique model-independent measure of a fundamental scale characterizing the early rqg [Mpc]

universe, which is competitive with model-dependent values inferred within specific theoretical frame-

works. These measurements can serve as a consistency test for ACDM, potentially clarifying the nature of

the Hubble tension and confirming or ruling out new physics prior to recombination with a statistical - GW standard sirens will measure DE W(Z)
significance of ~4o.
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HUBBLE TENSION, NEUTRINOS 6 Fail to reconcile the Neutrino Tension
AND Sg

? Fail to reconcile the S¢ Discrepancy

Strong anti-correlation between /{,and 2 m, Models that can increase H,, typically drag 2 m, , towards smaller values
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DESI 2025 — [arXiv:2503.14738] Reeves, et al. — [arXiv:2207.01501] WG & E. Di Valentino [arXiv: 250x.XxxX]


https://arxiv.org/abs/
https://arxiv.org/abs/2404.14738
https://arxiv.org/abs/2207.01501

SO, WE FOUND MODELS THAT

CAN...

...EXPLAIN DATA CAN
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2 m,

Much remains to be understood...
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