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Main take away message

Why care about the Hubble constant?
Adam Riess (2019): “H,, is the ultimate end-to-end test for ACDM”

* The Hy tension is more than just a tension between CMB and
the SHOES measurement
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* |ts also a tension between the inverse distance ladder and
high-z measurements

 We are very far from a solution!

- Wate!
® - Tully-| irals (Cos!
© - surface Brightness Fluctuations in.Elliptical Galaxies

Riess, A. Nat. Rev. Phys. 2 (2020) 10
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Why do we need modifications
to standard cosmology?



General Relativity and Concordance Cosmology

. . . . Einstein 1915: General Relativity (GR)
Einstein-Hilbert action for GR: Energy-momentum source of curvature

Levi-Civita connection: Zero Torsion, Metricity
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Early Universe Concordance Cosmology

2

Anomalies and problems:

* The Lithium problem

* Hints of a closed Universe

* Large angular scale anomalies in the CMB
 Anomalously strong ISW effect

e Cosmic dipoles (cosmological principle)

* Lyman-a forest BAO anomalies

[ nfiaten | Cosmic inflation « Cosmic birefringence
5 5 |Pros: Horizon and * Discordance in dark matter abundance at
s | flatness problems smaller scales
3 Cons: Fine-tuning
Value of
reheating end inflaton
the universe inflation field

Levi Said, SEENET-MTP 2025 -5 of 50



Late Universe Concordance Cosmology

Anomalies and problems:

e Cold dark matter problems (core-cusp, missing
satellites, satellite plane alignment)

* Dark energy in fundamental physics

* Oscillations of best-fit parameters across the sky

* Baryonic Tully-Fisher Relation

‘ 1
| Requirements: S = j d*x [—g[R — 2/]
8 Dark matter lomG
4 Dark energy

+ f d*x=g L (9 V)
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The Hubble Tension

Early Universe & Late Universe
estimate estimate

HY'® = 67.27 + 0.60 km s *Mpc~! | H3?? = 73.04 + 1.04 km s~ *Mpc~?!




Cosmic Tensions

CMB 2018 Planck

CMB 2025 (ACT-DR6) -

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

BBN+eBOSS 2022
BBN+BAO+Shapefit eBOSS 2022
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HST SHOES 2024 (4 anchors)
JWST SHOES 2024 (1 anchor)
Cepheids 2022 (2 rungs, no SNla)
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 EPM method 2024 -

SN 11 SCM method 2022 -

SN 1l (no rungs) -

HIl 2024

Tully-Fisher 2024

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

DESI Fundamental Plane + COMA 2024
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—&— (Dvs2z2)
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CC (GP) 2022 1

Strong lensing 2020 (7 lensed QSO cons) o
Strong lensing 2020 (7 lensed QSO asser)
Strong lensing 2023 (SN Refsdal)

Strong lensing 2024 (SN HOpe)

GWSs 2024 (1 bright standard siren) -

GWs 2024 (dark standard sirens) =

GWs 2023 (spectral+1 standard siren) =
Cosmic Voids 2022 -

FRBs 2022 (16 unlocal + 60 local)

FRBs 2023 (18 local) -

FRBs 2024 (64 local) -

Modeled Phenomena
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~ Indirect measures predict Hy using ACDM

—_— > CS(Z"pb) dz’
s /
ZLS H(Z)

—~ Direct measures estimate H, using astrophysics

6w =a+2) [ 75

— Indirect measures predict Hy using
statistical or astrophysical modeling

CosmoVerse White Paper. arXiv:2504.01669




Cosmic Tensions: CMB

ACDM is a six parameter model:

Baryon density (Q,,h?)
Cosmological dark matter density
(Qch?)

Acoustic scale angle (1006yc)
Reionization optical depth (1)
Primordial power spectrum
amplitude (In(101°4;))
Primordial spectral index (ng)

T
DESI Fundam

Strong

Parameter Plik best fit Plik [1] CamSpec [2] ([2] = [1])/oy Combined
Ouh? & oo ¢ v & e 0.022383 0.02237 + 0.00015 0.02229 + 0.00015 -0.5 0.02233 + 0.00015
QR ..o 0.12011 0.1200 £ 0.0012 0.1197 £0.0012 -0.3 0.1198 +£0.0012
1006vc « oo vv e e . 1.040909 1.04092 + 0.00031 1.04087 + 0.00031 -0.2 1.04089 + 0.00031
B s @ ek B WS @ 0.0543 0.0544 + 0.0073 0.()536t3:33;'(7) —-0.1 0.0540 + 0.0074
In(10"Ay) . ........ 3.0448 3.044 £ 0.014 3.041 £0.015 -0.3 3.043 £0.014
Mg oovie e e 0.96605 0.9649 + 0.0042 0.9656 + 0.0042 +0.2 0.9652 + 0.0042
Qahe oins i vatn s o 0.14314 0.1430 + 0.0011 0.1426 £ 0.0011 -0.3 0.1428 £ 0.0011
Hy [ km s’lMpL 1 67.32 67.36 + 0.54 67.39 + 0.54 +0.1 67.37 £ 0.54
i ce o sciasiaze o siosiens o v 0.3158 0.3153 £0.0073 0.3142 + 0.0074 -0.2 0.3147 £ 0.0074
AgE[Gyr] -5 vsais s as 13.7971 13.797 £ 0.023 13.805 +0.023 +0.4 13.801 + 0.024
(o2 S 0.8120 0.8111 +0.0060 0.8091 + 0.0060 -0.3 0.8101 +0.0061
Ss = 05(R,,/0.3)% .. 0.8331 0.832 +£0.013 0.828 £ 0.013 -0.3 0.830+0.013
Tosciovia & watisies v SOSIRTE & wa 7.68 7.67 +0.73 7.61 +0.75 -0.1 7.64 +£0.74
1006, ............ 1.041085 1.04110 + 0.00031 1.04106 + 0.00031 -0.1 1.04108 + 0.00031
Farag IMPC] < « s« e 147.049 147.09 + 0.26 147.26 + 0.28 +0.6 147.18 £ 0.29
Planck Collaboration, A&A 641 (2020) A6 :
L Planck CMB anisotropies
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. ACT+Planck lensing + SNe + BBN (no r;)
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HE'® = 67.4 + 0.5 km s~ *Mpc™?

H5CT+BAOFBBN — 683 + 1.1 km s~ *Mpc~?

HOACT+P18+BAO+BBN = 68.1 + 1.0 km S—lMpC—l

ACT DR6 (2023)
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Cosmic Tensions: BBN

Data Sets

Ho [km s~ Mpc™1]

Qm,0

BAO (DR12)+BBN

(noLUNA)

68.361113

0.30215:918
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0.293%3912

Schoéneberg, N. et al
JCAP 11 (2022) 039
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Sasankan, N. et al Phys. Rev. D 101 (2020) 123532
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Cosmic Tensions: SHOES Result

Type Ia Supernovae — redshift(z)

0=0.135 mag

"

ﬁ 12 variants of analyses

Analysis Variants

III]IIII[IIIIIII.IIIIIIII'IIIIIII]IIIIII

W (z.Hy=73.0 gy jo)

s 1 Only Optical Ceph. Data

Cepheids — Type [a Supernovae *
0=0.130 mag, N=42
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Geometry — Cepheids
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Cepheid: m-M (mag)
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Geometry: 5 log D [Mpc] + 25
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Direct
(Dvs2)

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

TRGB CCHP + SNIa CSP 2025
RGB EDD + SNIa CSP 2021

s o e Riess, A. G. et al. ApJL 934 (2022) L7

JAGB JWST SHOES set + SNia 2024 o
JAGB JWST CCHP set + SNia 2024 o
JAGB JWST all + SNia 2025 -
SN Il EPM method 2024 -
SN 1l SCM method 2022 -
SN 1l (no rungs) | e
Hil 2023 - e
Tully-Fisher 2024 -
Tully-Fisher 2022 (baryonic)
Tully-Fisher 2020 (baryonic) -
DES! Fundamental Plane + COMA 2024

1071
Cepheid Clipping
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1 Modeled Phenomena
cc (GP) 2022 4

Strong lensing 2020 (7 lensed QSO cons) -
Strong lensing 2020 (7 lensed QSO asser) - —&
Strong lensing 2023 (SN Refsdal)

Strong lensing 2024 (SN HOpe)

GWs 2024 (1 bright standard siren) -

‘GWs 2024 (dark standard sirens)

GWs 2023 (spectral+1 standard siren) -
Cosmic Voids 2022 <

78.36

68.14

Density (log scale)

FRBS 2022 (16 unlocal + 60 local)
FRBS 2023 (18 local) - d
FRBs 2024 (64 local) - ©
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Cosmic Tensions: Strong Lensing

&
L

CMB 2018 Planck -
CMB 2025 (ACT-DR6) o

CMB 2024 (SPT-3G +lensing +tauprior)
[

B8N +eBOSS 2022 -
BBN+BAO+Shapefit eBOSS 2022

A
IN+DESIBAO 2024 ‘--.-
o
-

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

SN 11 (no rungs) 4
HI 2024 o

Tully-Fisher 2024

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

DESI Fundamental Plane + COMA 2024

HP [kms~! Mpc~1]
Cosmological Model Dependent
e  Direct
S (Dvs2)
-

cc (GP) 2022 4

Strong lensing 2020 (7 lensed QSO cons) -
Strong lensing 2020 (7 lensed QSO asser) 4
Strong lensing 2023 (SN Refsdal)

Strong lensing 2024 (SN HOpe)

GWs 2024 (1 bright standard siren) -

Ws 2024 (dark standard sirens) 4

GWs 2023 (spectral+1 standard siren) -
Cosmic Voids 2022 <

FRBS 2022 (16 unlocal + 60 local)

FRBS 2023 (18 local) -

FRBS 2024 (64 local) -

Modeled Phenomena

55 60 65

TDCosmo Collaboration

Hp measurements in flat ACDM - performed blindly

arXiv:2506.03023

RXJ1131-1231 [Shajib, A. J., et al., A&A
673, A9 (2023)] (A, B, C, D — Lensed quasar,
G — Lens, S — Disconnected satellite galaxy)

+1.7
Wong et al. 2020 73.3 18

6 time-delay lenses HOLICOW (average of PL and NFW + stars/constant M/L)

Millon et al. 2020

7 time-delay lenses (6 HOLICOW + 1 STRIDES) TDCOSMO-1 (NFW + stars/constant M/L)

TDCOSMO-1 (power-law)

Birrer et al. 2020

7 time-delay lenses (+ 33 SLACS lenses)

kinematics-only constraints on mass profile

74,5426
® 6.1
TDCOSMO-4

o 87450

TDCOSMO-4 + SLACS

8 time-delay lenses (+ 11 SLAC lenses + 4 SL2S) with improved kinematics

TDCOSMO-2025 + Pantheon+
+3.3
72 '3.’72.8
TDCOSMO-2025 + SLACS + Pantheon+
+3.8
71. f2—3.4
TDCOSMO-2025 + SL2S + Pantheon+

71.9 +3.4
2—29

.
TDCOSMO-2025 + SLACS + SL2S + Pantheon+

60 65 70 75 80
Ho [kms=1 Mpc—1]
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Cosmic Tensions In recent years

Uddin et al. (2023)

85t
Cepheide+TRGB+SBF+Sne la i
[Cep ] Riess e'F al. (2022) o ACDM
[Cepheide+Sne Ia]
Freedman et al. (2021) | _ _ 30
Garnavich et al. (2022) T
[TRGB] %
[SBF+Sne Ia] S
. | 1 A
Planck Collaboration Khetan et al. (2021) ; 4 | ‘. [ !
legacy (2018) [CMB] N [SBF+Sne la] = ol nrapo  SHOES
y A ,
AN \ / s WMAP3 \wmAPs
0.8 = 71.76 £ 0.58 (stat) + 1.19 (sys) \ t WMAP7 * * } ‘
m— 73.22 + 0.68 (stat) + 1.28 (sys) WMAPI ) P15
0.71 —— 73.04 +1.04 (total) 65} P13 BAO P18
69.80 = 0.60 (stat) = 1.60 (sys) b

0.6 74.60 £ 0.90 (stat) = 2.70 (sys)
<, = 70.50 + 2.37 (stat) = 3.38 (sys)
= —— 67.40 + 0.50 (total) L L L 1
305 2000 2005 2010 2015 2020
§0.4 Year
ﬁ Perivolaropoulos, L.; Skara, F. Challenges for ACDM: An
E 03 update. New Astron. Rev. 95 (2022) 101659.
2

0.2

0.1

0'055 60 65 70 75 80 85 .

Ho (km s~ Mpc~1) Uddin et al. Astrophys.J. 970 (2024) 1, 72 Levi Said, SEENET-MTP 2025 - 13 of 50




What are possible solutions?



The Modified Cosmology Landscape
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Modified Cosmology through Lovelock’s
Theorem
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Attempts at a solution

Model AN,aram Mp (;Ti‘;j;? %TSI:)‘; Ax?  AAIC Finalist The Ho Olympics:
1. What tension does a model have with
ACDM 0 ~19.416£0.012 440 450 X 0.00  0.00 X X the SHOES result using a baseline Plangk
ANy 1 ~19.395+0.019  3.60 380 X | —-610 —410 X X 2018 + BAO + Pantheon best fit?
SIDR 1 ~19.385+0.024  3.20 33c X | —-957 -757 v K 2. How does the inclusion of the SHOES
mixed DR 2 —19.413 + 0.036 3.30 3.4o0 X —883 —-483 X X measurement impact this fit?
DR-DM 2 ~19.388£0.026  3.20 31c X | -892 —492 X X 3.  Does this inclusion make thelb et
SIv+DR 3 —19.44010-037 3.80 390 X | —4.98 1.02 X X better than ACDM or worse?
Majoron 3 —19.38010-927 3.00 290 v | —1549 —9.49 v v
primordial B 1 —19.39010:033 3.50 3.50 X |-1142 -942 v S @
varying m. 1 ~19.391+0.034  2.90 290 v |—12.27 —1027 v
varying me—+$Q 2 —19.368 £ 0.048 2.00 1.90 v | —-17.26 —-13.26 v v
EDE 3 —19.3907 0028 3.60 1.60c v | —21.98 —15.98 v v
NEDE 3 —19.3801 005 3.1 190 v | —18.93 —12.93 v
EMG 3 —19.39710:03% 3.70 230 v | —18.56 —12.56 v v
CPL 2 ~19.400 £0.020  3.70 41c X | —494 -094 X X
PEDE 0 ~19.349+£0.013  2.70 280 v 224 224 X X
GPEDE 1 ~19.400 £0.022  3.60 460 X | —045 155 X X
DM — DR+WDM 2 —19.420+0.012  4.50 450 X | -019 381 X X
DM — DR 2 ~19.410£0.011  4.30 450 X | —053 347 X X

Schoneberg, N. et al. Phys. Rept., 984 (2022) 1
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Status of Potential Solutions

EDE (Poulin+ 2018)

EDE (Poulin+ 2024)

EDE freq (Herold+ 2022)

EDE (Hill+ 2020)

EDE freq (Herold+ 2022)

Cold NEDE (Cruz+ 2023)

Cold NEDE (Cruz+ 2023)

Cold NEDE freq (Cruz+ 2023)

Cold NEDE freq (Cruz+ 2023)

Hot NEDE (Garny+ 2024)

Hot NEDE (Garny+ 2024)

Majoron (Escudero & Witte 2021)

Non-thermal DM+phantom DE (da Costa+ 2023)
Wess Zumino DR (Schoneberg & Abellan 2022)
Vacuum Metamorphosis (Di Valentino+ 2020)
Emergent DE (Banihashemi+ 2020)

LsCDM (Akarsu+ 2023)

LsCDM+string model (Anchordoqui+ 2024)
wXCDM (Gomez-Valent+ 2024)

IDE (Giare+ 2024)

IDE (Zhai+2023)

IDE (Pan+2020)

Generalized Cubic Galileon (Frusciante+ 2020)
String Inspired Chem-Simons (Gomez-Valent+ 2023)
Ultralight DM-DE interaction (Aboubrahim & Nath 2024)
DM-photons Interaction (Becker+ 2021)
Decaying DM (Simon+ 2024)

DM-DE Interaction (Teixeira+ 2024)

KBC void galaxy counts (Haslbauer+ 2020)

PMF (Jedamzik+ 2025)

Higgs Inflation (Rodriguez+ 2023)

Electron mass + Omegak (Schoneberg & Vacher 2024)
Electron mass (Schoneberg & Vacher 2024)
Modified Recombination (Lynch+ 2024)

Modified Recombination MODREC (Lynch+ 2024)
LMT (Alestas+ 2021)

LwMT (Alestas+ 2021)

AVERA-625k (Pataki+ 2025)

——
+
i —
S Ho [km s~ Mpc1]
—P
—_—
e —
——
+
———
_._
_._
68 70 72 74 76

How do mature
cosmological models
perform in the context of
the Hubble tension?

CosmoVerse White Paper. arXiv:2504.01669

Levi Said, SEENET-MTP 2025 - 18 of 50




Early vs local measurement approaches

Early-Universe new physics ()

rs(2Ls) _

[, cs(z,pp)H™1(z")dzZ’

ZLS

S DA(ZLS) -

fOZLS H-1(z")dz'

- Considering the angular size of the sound horizon

9 e
~ ~ T,
° 1/H(Zlate) ’

By decreasing 1, we can increase H, or so one would expect

Late-Universe new physics (D 4)
- Keep early Hubble evolution unchanged and modify late-
time evolution of H(z)

This is very difficult to do provided BAO, Snla and CC data



Late-Universe new physics

Possible late-Universe solutions with new physics (that give high H, values with CMB):
e Graduated Dark Energy Akarsu, 0., Barrow, J. D., Escamilla, L. A., and Vazquez, J. A. 2020

* Late-time interacting dark sector Gariazzo, S., Di Valentino, E., Mena, O., and Nunes, R. C. 2022
* Decaying dark matter vattis, K., Koushiappas, S. M., Loeb, A 2020

° Decaying dark energy Li, X., Shafieloo, A., Sahni, V., and Starobinsky, A. A. 2019

* Negative dark energy density Poulin V., Boddy, K. K., Bird, S., and Kamionkowski, M 2018
 Phenomenologically Emergent Dark Energy Li, X., and Shafieloo, A. 2020

° Running vacuum models Sola J., Gomez-Valent, A., and de Cruz Perez, J. 2017

BAO constrain 85 ~ 1.H,, anchoring 15 (early Universe) leaves few options for inferring H,

Levi Said, SEENET-MTP 2025 - 20 of 50



Early-Universe new physics

Early-Universe physics concept:

- Fix 85 (CMB peaks unchanged) so thatr, ~ 1/H,
- Lower r; which will increase pre-CMB expansion rate
- Do not change D, « 1/Hj ,:(2), so modifications in the late Universe are not needed

 Recombination takes place sooner
e Sound waves travel a shorter distance (small )
* The early Universe cools faster
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Early Universe Dark Energy (EDE)

Motivation: Decrease the sound horizon by an early
Universe dark component that is active up to roughly
matter-radiation equality

EDE continuity equation implies energy evolution

1
pepe(@) = PEDE, e Jal
This defines the EDE density parameter fepg = PEDE/Pcrit

1+WEDE (a)] da/a

This can be parametrized through the EoS

1+ (ac/a)3(1+wf) B

wgpe(a) =

The critical scale factor sets the scale for EDE:

a < a, — cosmic expansion with wgpg = —1

a > a, - Dilutes as a~3(1+%r)

Example: V(¢p) = ¢*" = wr, = (n—1)/(n+ 1)

—— Matter
6 | — Radiation
<\T 1M cc
8—4 —— EDE
s 10
= 8
@ 1072
~—
>
o 107°
10—10 //
0.1+
a
& 0.05
T T T T TS
/ 1+z
/

Representative example: fgpg max = 0.1 at z, = 3500
(Wgpg — 1/2 afterwards)

Poulin, V., Smith, T. L., and Karwal, T. arXiv:2302.09032




1 +WADE =

V=A+V0

Axion-like EDE (axEDE):

V =m?f? [1 — COS <%>]

Rock ‘n Roll EDE (RnR EDE):

VZVO(MiPl

Acoustic EDE (ADE):

2n
) 1,

EDE Models

New EDE (NEDE):
A 1 1

V@, o) = ZWL +§,3M2¢2 = §aM¢3 +

EDE coupled to DM (EDS):

2

[1 + (ac/a)3(1+wf)/p]p

1 1
m2¢2 + Ey¢21/}2

V(gp,a) =V(¢) + ppm(a)

a —attractors EDE (¢ —EDE):

(1 + B)?" tanh(¢p/VeaMp) "

[1 +p tanh(qb/\/6_aMpl)

]Zn

ACDM ¢

P18, Pan, BAO, H\
axEDE

P18, Pan, BAO, H.”
RnR

P15, Pan, BAO fo8, HS"
ADE

P15, Pan, BAOfo8, H\M
NEDE

P18, Pan, BAOfo8, BBN, H®
DA EDE

P18, Pan, BAO, H\“
EDS

P18, Pan, BAO, H{V
a-EDE (B)

P18, Pan, BAO*, H;"'
EMG

P18, Pan, BAO, H.*

dULS

P18, Pan, BAO, H\V

0.1
fEDE

2
AX(x\lB

¢+ 3Hp +

dV(¢)

ap 0

Klein-Gordon equation of motion:

AX%HOES
AxcmB




Evolution of EDE

On subhorizon scales, the fluid equation takes the form
d2 5EDE
dT]z 1+ WEDE
OEDE a' d OEDE
== 2 2__ _=Uh — 1 — 2\ __
& <CS 1+ WEDE T ¢N> ( 3Ca a dn <1 + WEDE

for the fractional EDE perturbation (dgpg), effective EDE sound
speed (c?), Newtonian potential (/y) and adiabatic EDE sound
speed (c?2)

General features:

e Larger c? translates to more resistance in EDE collapse, while
smaller c2 give larger overall density perturbations. This sets
the frequency of the oscillations

* The sign of (1 — 303) controls where the amplitude increases
(+) or decreases (—)

 EDE modes are counteracted by pressure within the horizon,
with stable modes only entering the horizon at wgpg =~ —1

dPEDE/ O Prot

pEDE/pt.ot

=

<

041 Wy =& =0
—— wy=05c

021 wy = 0.5, c;

00

0.1

WY




The Problem with EDE

CMB angular size at recombination:
78 B BAO g (21.<)
B Planck ACDM _ Is\ZLs
*
76 D(zys)
1] Transverse BAO angular scale:
& QBAO( ) — Td
= Zobs) = Dz
= 72 (Zobs)
g
2 70-
j R 09) s Ok = 0143 . 0.951 DES+SN
Ay 65 o s 0. 0 B2 =0154 Model 2: B Planck ACDM
= B ORISR Sk Fits BAO and CMB peaks at B Model 2
........ 0%, q 2 =0.167 Q. h?% = 0.155 0.901 Model 3
66 1 BAO 9 I\
—— eBAO(o.5), th2 = 0.143 \ e .
64 - - 0°°°(L5), Qph* =0.143 | Fits BAO, CMB peaks and 5
: - - . SHOES result at Q,,h? = 0.167
135 140 145 150 0.801
rq [Mpc]
0.751
Jedamzik, K., Pogosian, L. and Zhao, G. B. Commun. Phys. 4 (2021) 123
024 026 028 o.éoQ 032 034 036 0.38
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What about other tensions
on the rise?



Sg Tension

CMB 2018 Planck -
CMB 2023 (ACT-DR4+BAO)
CMB 2024 (SPT-3G+lensing+tauprior)

3x2pt KiDS-1000 + BOSS 2021

3x2pt DESY3 2022

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
Cosmic Shear HSCY3 2023

Cosmic Shear DECADE 2025

Cluster Counts eROSITA eRASS 2024
Cluster Counts SPTPol 2024

Cluster Counts DES 2025

Cluster Counts Subaru/HSC-SSP 2024
BOSS Galaxy Bispectrum 2024
Cross-Correlation unWISE-ACT DR6 2023
Cross-Correlation Gaia-Planck DR4 2024
Cross-Correlation DESI-Planck-ACT 2024
Stacked void-galaxy cross correlation 2022

UNIONS cluster cosmology 2025 -

Large scale structure is well represented by Sgwhich
combines the matter density and matter density fluctuations

on the scale of 8 h~tMpc

Sg ®
. @
CMB ©
B Low-z
- e
- e
- _'_
i - e
- e S
e
- ©
. @
- e
— e
0.70 0.75 0.80 0.85 0.90

S8,0 = Og 0 03
Gt == pememnrnmenne = —————
! Il DESI+-CMB-+Pantheon+
! DESI+CMB+Union3
! BN DESI+CMB+DESY5
: \ DESI+CMB
-1q | \
S | )
—24 i
g3l ; : ; : :
-1.0 —-0.8 —06 —04 —0.2 0.0
wo

DESI Collaboration,
arXiv:2503.14738 (2025)
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Status of Potential Solutions

EDE (Poulin+ 2018) -

EDE (Poulin+ 2024)

EDE (Hill+ 2020) -

Cold NEDE (Cruz+ 2023) -

Cold NEDE (Cruz+ 2023) A

Non-thermal DM+phantom DE (da Costa+ 2023) -
Wess Zumino DR (Schoneberg & Abellan 2022) -
LsCDM (Akarsu+ 2023) -

LsCDM (Akarsu+ 2024) -

wXCDM (Gomez-Valent+ 2024) —

IDE (Sabogal+ 2025) -

IDE (Zhai+2023)

Generalized Cubic Galileon (Frusciante+ 2020)
String Inspired Chern-Simons (Gomez-Valent+ 2023)
DM-baryon Interaction (He+ 2023) -

Ultralight DM-DE Interaction (Aboubrahim & Nath 2024) -
DM-photons Interaction (Becker+ 2021)

Decaying DM (Simon+ 2024) -

DM-DE Interaction (Teixeira+ 2024) -

PMF (Jedamzik+ 2025)

LMT (Alestas+ 2021)

How do mature cosmological models
perform in the context of the Hubble
tension?

BGS
LRG1
B LRG2
I LRG3+ELGI1
I ELG2
B QSsO
Il Ly

52Ill

0.2 \\‘\\\\\\

90 100 110
Hyrq [100 km s71]

DESI Collaboration,

arXiv:2503.14738 (2025)

CosmoVerse White Paper. arXiv:2504.01669
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How can machine learning
help?




Data Analysis Techniques

Boosted
Nested Boosted
Inform- SRR (e Markov
ation pling Chain
Cri- Hamilto-
teria nian
Monte
— Carlo Nested
Suspic- sy
iousness B
plers
Model Boosted /
i];‘?rrl)ﬂ(‘ advanced
Posterior- approaches "‘“‘“"‘f“ i Markov
based ADPROACSES Chain
meth- " Monte
s o Traditional Carlo
3 inference
metrics
approaches
Cosmology
simulators
and Markov
Binned chain Monte
MCMC Carlo
approaches Models
beyond
LCDM
Dedicated
opti-
mization 5 Inference
hathods Frequentist from cos-
Approaches mological
simulations
Cosmological Memetic
Data Analysis i
Techniques
i Grammatical
i Evolution
Networks
Machine Bio-inspired
Lmrniug algorithms
Concurvant sk in model -
S echniques o Differential
Networks Evolution
Approximate
Genetic Bayesian
Nt Reconstruction Algorithm Compu-
HOBYOEER Recurrent Techniques Particle tation
Neural Swarm Op-
Networks timization
Gaussian Parametric
Processes Methods
Artificial
Neural
Networks

simu-
lations

Nonlinear
scale
ob-

tions
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(Gaussian Processes Regression

The covariance function contains non-physical hyperparameters 6
which define the distribution k(8, x, x")

lterating over these values using Bayesian inference (or others) can
produce better hyperparameters

The result is a (physics) model independent reconstruction of the
behavior of some parameter

This is superior to regular fitting because it is nonparametric and so
assumes no physical model whatsoever



The Covariance Functions

Squared Exponential (Gaussian or RBF):

-
1/x—x'
kG = a7 B |5 ()




Square Exponentlal H, GP

H(z)cC % H(Z)SN % H(Z)BAO . /\CDM [ H(Z)CC % H(Z)SN § H(Z)BAO -..- ACDM
250 - 250 F HR
200} _200¢
IU 3 IU
a a
= =
| I |
e - v 150
= 150 c
V4 [ 4
) I3
Ry L Ry
100 f 100 F
'_x;rr]u - - CC+ Hg
sof | ol L e CC + SN + HE i
[ —— CC + SN + BAO ] —— CC + SN + BAO + HE 1
0.0. 0.5 ‘1.0 1.5 ..2.0.... 0.0‘ .0.5‘ ‘1.0.‘l.1.5“..2.0‘..‘
z z

Hy = 67.539 + 4.772km s tMpc~?
Hy = 67.001 + 1.653km s~ tMpc~?
Hy = 66.197 + 1.464km s~ *Mpc~1

Hy = 73.782 + 1.374km s tMpc~1
Hy = 72.022 + 1.076km s~ tMpc~?

Hy = 71.180 + 1.025km s~ *Mpc~

1
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Toy Model:f(T) Teleparallel Gravity

Tetrad (e%,): Relate the tangent space (g, = nabeauebv)

Use the (3, = ey ?0,e%, +e,°w%,,) instead of
the Levi-Civita connection gives R = —-T + B

f(T) Gravity: S = ﬁf d*x e[-T + f(T)] + Spat

Taking a flat ( ) cosmology: g, = diag(—1,a(t)?,a(t)?, a(t)?)

81G f(r) T

o\ 2
a 2 _ — — = z
\TI»W H = 3 Pm 6 +3fT T—6H2—6(—)

a
B 4‘7TG(pm + pm)
1—fr—2Tfrr

Bahamonde et al. RoPP 86 (2023) 026901




Boundary Conditions

ACDM (or f(T) = A) at works at late cosmological times

This implies that
fr(z=0)=0

= f(z = 0) = 6H§ (R, — 1)

Briffa et al. CQG 38 055007 (2020)

1

> = Tenc

f d*x e[—T + f(T)] + Smatter




Propagating f(T(Z))

The Friedmann equation contains fr which need to be eliminated finite difference methods

Using a central differencing approach (error ~ O(AZZ)), we cah assume

f(ziy1) — f(zi-1)

f'(z) =
Zi+1 — Zji—1
H2_8TL’G _f(T)_l_Zf
Therefore, we can remove the f(T) = f'(2)/T'(2) 3 Pm 6 2
This then gives a propagation equation
H'(z;) f(z)
f(Ziy1) = f(2i—1) + 2(2i41 — 2i-1) H(z-l) (3H(Zi)2 + ZL = 3H§Qm0(1 + z;)3
l

Using forward differencing, we can produce a second boundary condition



Square Exponential f(T) GP

_5000 T T T T T T T T T T T _5000 T T T T T T T T T T T
i CC + SN + BAO | I CC + SN + BAO + H}
......... CC + SN + SN + HR
—-10000 —10000 F cC+5 0 i
————— CC + H§

—15000 —-15000 F -
S <
8_ ___:___:__ .';_;—_;_';_';_E:-:-;.;—_-'-_-;_-;_:“;____-___—_:_.l'.-n-r.-.' ........................... el f e b oo P P LRI R a
< -20000 . < —20000 F 1
€ £
v s
= -25000 < = —25000
= =
= =

—30000 1 —30000

—35000 T —35000

... ACDM (HSC+ SN +8A0) 1 [ - .- ACDM (H§C*SN+BAO 4 HE)
—40000 1 1 1 L 1 . 1 L 1 L 1 _ | ) 1 ) 1 . | . 1 ) 1
40000 60000 80000 100000 120000 140000 40000 5000 60000 80000 100000 120000 140000
T [(km/s/Mpc)?] T [(km/s/Mpc)?]
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Artificial Neural Networks (ANNS)

Input Layer

Redshift (z)

Output Layer

Cosmological
parameters

(ex. H(z),o04(2))




Using the ANN

H(z)/kms~Mpc—!

250 [T T T T T T | eI R AL T PR RS R RS _ 250 i
200 +
150 F
100 — 1 layer 3 layers ]
-=- 2 layers ¢ CC+BAO |
i 0.0 05 0 15 20 2.5
50T — L1 MSE ) z
S o . = SLl IIIII ? | CC+BAO One layer is preferred
0.0 0.5 1.0 1.5 2.0 2.5
Z

MSE: H, = 69.76 + 14.82 km s *Mpc~?
L1: Hy,=6893+11.90 kms Mpc~?
SL1: H, =69.18 + 13.92km s IMpc~? Dialektopoulos, K. et al. JCAP 02 (2022) 023
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Propagating f(T)CDM

£(T)/ [10°(km Mpc ™" s71)?]

; —0.64 CC+ H,TRGB
S sl - CC+BAO+H e
------ ACDM: Q0 = 0.315
~1.0 ; ; : '
5 10 15 20
e 7/ [10*(km Mpe ™" s71)?]
--=-=- CC+BAO
...... ACDM: Q,.,0 = 0.315
; - 5 20 25

T/ [10*(km Mpc ™" s71)?]

8mG f(r) T
H? =3 Pm——¢ T3/t

| — CC+HM

_08] === CC+BAO+H*

6 3 ------ ACDM: Q,,0 = 0.315

5 10 15 20
T/ [10*(km Mpc ™' s71)?]

F(T)/ [10°(kan Mpe™ s71)?]
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Horndeski Gravity

Horndeski Gravity: Produces the most general second-order

theory that contains only (in standard gravity)
S = 1677Gfd4x\/_g[£2 +L3 +L4 +L5]
where

LZ — G2(¢1X)
LS — G3(¢1X)D¢
Ly = Ga(, X)R + Gox (¢, X)[(@)? — ¢, ]

1
Ls = Gs($, X)Gu ™ — = Gs.x (6, X)[([@P)* + 26" ¢, “b.0" — 3¢y /00
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Example classes of models

Quintessence models

GZ :X_V(¢),Gg — C,
G, =1/2,Gs = 0

Background equations:

sz
3H? =p+7+V(¢)
L2
20 +3H% = —p— 2 4 V()

2
d+3Hp+V' () =0
Equation of State parameter:

_®/2-V
YT G2ty

Designer Horndeski models

G, = K(X),Gs = G(X),
G, =1/2,Gs =0

Background equations:

3H? = p— K(X) + 2XKx + 3Hp?Gy
2H+3H? = —p — K(X) + 2X ¢Gy

(ﬁ[(ﬁ(BH(GXX $? + GX) + Kxx ¢) + Kx]
+3¢(Gx Hp +3GxH? d + HKy) = 0

Equation of State parameter:

JV2X (H2 = HZ(1 = Qu))  2JVZR($Ky + 3H ¢2G)(1 + ) HH'
3HIOm(1— Q) 9HE Ay (1 — Q)

W¢=—1+

where ] = ¢Ky + 3H ¢2Gy



Using the ANN

One layer is preferred

1007 — R21

80 «ree- ACDM

= 60
s

40

1.0 1.5 2.0

Dialektopoulos, K. et al. Phys. Dark Univ. 43 (2024) 101383

Monte Carlo routine used to determine

uncertainties on H'(z)
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Quintessence Models

V(¢)=H+3H2—¥

¢? =—2H — (p —p)
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Designer Horndeski Models

| — R21 o5 — R
---- TRGB 2 | wea TRGB
257 | e P18

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

N
N

— R21
---- TRGB

== , JV2XH? J\V2X(1-Q,)
1 7 K = _3H0 (1 - Qm) + > -
‘ ; 3HZO,, Q,,

~ 2JH'(X)
X 3HZQ,,

0 0.8 B b 20 Levi Said, SEENET-MTP 2025 - 45 of 50




CosmoVerse Activities



CosmoVerse Events 2025

Ve N
WG1: Observational Cosmology
and systematics
Where should
Which features What new data analysis data analysis
should be probed What properties of approaches should efforts be focused?
in cosmological fundamental physics be investigated?
data sets? should be explored?
Which tests
show the greatest potential for
new physics? .
WG3: Fundamental Physi < WG2: Data Analysis
srundamental Fhysics > in Cosmology
What types of new physics
can be realistically tested with
\_ survey data sets? )

Funded by the
European Union

O

coskE

i : 250k

: 5%
ADDRESSING OBSERVATIONAL TENSIONS IN COSMOLOGY, WITH SYSTEMATICS AND ITU y//
FUNDAMENTAL PHYSICS COST ACTION CA 21136

CosmoVerse@Istanbul 2025 — 24-26 June
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CosmoVerse White Paper

CosmoVerse White Paper: Addressing observational tensions in cosmology with

systematics and fundamental physics
(Dated: September 5, 2024)

SION,
q’.‘gﬂ s “

pNOMAL e
(s]
19070ws°

o <
Osmover®

=] I‘_ﬁ\lV > astro-ph > arXiv:2504.01669

Astrophysics > Cosmology and Nongalactic Astrophysics

[Submitted on 2 Apr 2025]

The CosmoVerse White Paper: Addressing observational tensions in cosmology with systematics and
fundamental physics

Eleonora Di Valentino, Jackson Levi Said, Adam Riess, Agnieszka Pollo, Vivian Poulin, Adria Gémez-Valent, Amanda Weltman, Antonella Palmese, Caroline D. Huang,
Carsten van de Bruck, Chandra Shekhar Saraf, Cheng-Yu Kuo, Cora Uhlemann, Daniela Grandén, Dante Paz, Dominique Eckert, Elsa M. Teixeira, Emmanuel N. Saridakis,
Eoin O Colgain, Florian Beutler, Florian Niedermann, Francesco Bajardi, Gabriela Barenboim, Giulia Gubitosi, llaria Musella, Indranil Banik, Istvan Szapudi, Jack Singal, Jaume
Haro Cases, Jens Chluba, Jesus Torrado, Jurgen Mifsud, Karsten Jedamzik, Khaled Said, Konstantinos Dialektopoulos, Laura Herold, Leandros Perivolaropoulos, Lei Zu, Lluis
Galbany, Louise Breuval, Luca Visinelli, Luis A. Escamilla, Luis A. Anchordoqui, M.M. Sheikh-Jabbari, Margherita Lembo, Maria Giovanna Dainotti, Maria Vincenzi, Marika
Asgari, Martina Gerbino, Matteo Forconi, Michele Cantiello, Michele Moresco, Micol Benetti, Nils Schéneberg, Ozgiir Akarsu, Rafael C. Nunes, Reginald Christian Bernardo,
Ricardo Chavez, Richard I. Anderson, Richard Watkins, Salvatore Capozziello, Siyang Li, Sunny Vagnozzi, Supriya Pan, Tommaso Treu, Vid Irsic, Will Handley, William Giare,
Yukei Murakami, Adéle Poudou, Alan Heavens, Alan Kogut, Alba Domi, Aleksander Lukasz Lenart, Alessandro Melchiorri, Alessandro Vadala, Alexandra Amon, Alexander
Bonilla, Alexander Reeves, Alexander Zhuk, Alfic Bonanno, Ali Ovglin, Alice Pisani, Alireza Talebian, Amare Abebe, Amin Aboubrahim, Ana Luisa Gonzalez Moran, Andras
Kovacs, Andreas Papatriantafyllou, Andrew R. Liddle, Andronikos Paliathanasis, Andrzej Borowiec, Anil Kumar Yadav, Anita Yadav, Anjan Ananda Sen, Anjitha John William
Mini Latha, Anne Christine Davis, Anowar J. Shajib, Anthony Walters, Anto Idicherian Lonappan et al. (438 additional authors not shown)

The standard model of cosmology has provided a good phenomenological description of a wide range of observations both at astrophysical and cosmological scales for several decades. This
concordance model is constructed by a universal cosmological constant and supported by a matter sector described by the standard model of particle physics and a cold dark matter contribution,
as well as very early-time inflationary physics, and underpinned by gravitation through general relativity. There have always been open questions about the soundness of the foundations of the
standard model. However, recent years have shown that there may also be questions from the observational sector with the emergence of differences between certain cosmological probes. In this
White Paper, we identify the key objectives that need to be addressed over the coming decade together with the core science projects that aim to meet these challenges. These discordances
primarily rest on the divergence in the measurement of core cosmological parameters with varying levels of statistical confidence. These possible statistical tensions may be partially accounted for
by systematics in various measurements or cosmological probes but there is also a growing indication of potential new physics beyond the standard model. After reviewing the principal probes
used in the measurement of cosmological parameters, as well as potential systematics, we discuss the most promising array of potential new physics that may be observable in upcoming surveys.
We also discuss the growing set of novel data analysis approaches that go beyond traditional methods to test physical models. [Abridged]
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Conclusion

* Tensions in cosmology is robustly established and unlikely to be
due to cross-experiment systematics

 Fundamental Physics offers a variety of ways to address but more
work is needed for the models to mature

(GP, GA & ANN) offer unique
opportunities to probe new physics



Thank You
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