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Main take away message
Why care about the Hubble constant?
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A TheO tension is more than just #nsion between CMB an
the SHOE&easurement

A lts also a tension between theverse distance ladder and
high- » measurements

A We are very far from a solution!

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



General Relativity and Concordance Cosmc

Einstein 1915General Relativity (GR)

EinsteirHilbert action for GR: Energymomentum source of curvature
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Early Universe Concordance Cosmolo

Anomalies and problems:

A The Lithium problem

A Hints of a closed Universe

A Large angular scale anomalies in the CI
A Anomalously strong ISW effect

A Cosmic dipoles (cosmological principle)
A Lyman forest BAO anomalies

f nfiatien | Cosmic inflation A Cosmic birefringence
3 e Pros:Horizon and A Discordance in dark matter abundance :
5 flatness problems smaller scales
g Cons:Finetuning
N

Value 01

reheating end inflaton
the universe inflation field
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Late Universe Concordance Cosmolo

@ Requirements:
I8 Dark matter
, i Dark energy

Anomalies and problems:

A Cold dark matter problems (comisp, missing
satellites, satellite plane alignment)

A Dark energy in fundamental physics

A Oscillations of besfit parameters across the sky

A Baryonic TullFisher Relation
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The Hubble Tension

Early Universe —Late Universe
estimate estimate
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Cosmic Tensions

CMB 2018 Planck

CMB 2025 (ACT-DR6)
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TRGB EDD + SNla CSP 2021
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— Indirect measures predidD using
statistical or astrophysical modeling

CosmoVerse White Paper. arXiv:2504.01669




Cosmic Tensions: CMB

Parameter P1ik best fit P1ik [1] CamSpec(2] (21— (1)),  Combined | ¥CDMs a six parameter model:
OH® : oves 5 s & o 0.022383  0.02237 +0.00015 0.02229 + 0.00015 -0.5 0022332000015 | - Baryon de_nS|tyr(] Q) . PRF ]
o X - 0.12011 0.1200 + 0.0012 0.1197 + 0.0012 -0.3 0.1198 + 0.0012 | - Cosmological dark matter density 5000
10086 <7 5 snis & i 1.040909  1.04092 + 0.00031 1.04087 + 0.00031 -0.2 1.04089 + 0.00031 (m'Q) oo
T 0.0543 0.0544 + 0.0073 0.0536+0.00 -0.1 0.0540 + 0.0074 . &
In(10°Ay) .. ....... 3.0448 3.044 £0.014 3.041 +0.015 -0.3 3.043+0014 |~ ACQUS_“C _scale a_nglp (== ) )
My oo 0.96605 0.9649 + 0.0042 0.9656 + 0.0042 +0.2 0.9652 +0.0042 | - Reionization optical deptht) &
o . ) 2000
BT i 0.14314  0.1430 +0.0011 01426 + 0.0011 0.3 0.1428 + 00011 | - Primordial power spectrum
Hy[kms'Mpc']. .. 67.32 67.36 + 0.54 67.39 + 0.54 +0.1 67.37 + 0.54 amplitude { @p T O )) 1000
21 1 e o oo % e 0.3158 0.3153 + 0.0073 0.3142 + 0.0074 -0.2 0.3147 + 0.0074 Pri dial tral indes i 1 CU ) ‘ . ' :
Age[Gyr] . ........ 13.7971 13.797 + 0.023 13.805 + 0.023 +0.4 13801 +0.024 | - Primordial spectral index () 600 = AR ' ' Heo
e T 0.8120 0.8111 + 0.0060 0.8091 + 0.0060 -0.3 0.8101 + 0.0061 B, POF I Jh i i e el
Se = ou(Q /0305 0.8331 0.832 £0.013 0.828 +0.013 -0.3 0.830 £ 0.013 g _m:| { M ; W mmrhnu. iyt
Tt e e e 7.68 7.67+0.73 7.61+0.75 -0.1 7.64 +0.74 e el . . . . 350
1006, ............ 1.041085 1.04110 + 0.00031 1.04106 + 0.00031 -0.1 1.04108 + 0.00031 SpeCtrum Of CM B 2 10 30 500 1000 1500 2000 2500
FaagMPE]'s 3 v 5 o 147.049 147.09 + 0.26 147.26 + 0.28 +0.6 147.18 +0.29 temperature i
) anisotropies from Planck
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L Planck CMB anisotropies
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Cosmic Tensions: BBN
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Sasankan, N. et al Phys. Rev. D 101 (2020) 123
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Cosmic Tensions: SHOES Result

CMB 2018 Planck -
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Cosmic Tensions: Strong Lensing
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arXiv:2506.03023

Hp measurements in flat ACDM - performed blindly

RX J1131231 [Shajib, A. J., et al., A&A
673, A9 (2023)] (A, B, C¢hensed quasar,
G¢ Lens, & 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)

kinematics-only constraints on mass profile

Birrer et al. 2020

7 time-delay lenses (+ 33 SLACS lenses)
74.5%38
==
TDCOSMO-4

67.4+31

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
71.843%
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)
[Cepheide+TRGB+SBF+he

Freedman et al. (2021)

Riess et al. (2022)
[Cepheide+Snka]

|

Garnavictet al. (2022
[TRGB] (2022)
[SBF+Snig]
Planck Collaboration Khetanet al. (2021)
legacy (2018) [CM B]\ [SBF+Snks]
— AN \\ 7/
m— 71.76 + 0.58 (stat) + 1.19 (sys) N /\
m— 73,22 + 0.68 (stat) £ 1.28 (sys)
0.71 —— 73.04 +1.04 (total)
69.80 + 0.60 (stat) + 1.60 (sys)
0.6 74.60 £ 0.90 (stat) = 2.70 (sys)
<, = 70.50 + 2.37 (stat) = 3.38 (sys)
= — 67.40 +0.50 (total)
Q05
S
a
E 0.4
E 0.3
=
0.2
0.1
0.0

w
wu

60 65

85t
¢ ACDM
80t
D
=
= 75
IV) d
g
= 70f . +\\\l\l")
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65f P13 BAO FPI8
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Year

Perivolaropoulos, L.; Skara, F. Challenges@®@M: An
update. New Astron. Rev. 95 (2022) 101659.

70 75 80

Ho (km s~ Mpc~1)

85

Uddin et al Astrophys.J970 (2024) 1, 72
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What are possible solutions?



The Modifled Cosmology Landscape

Primordial
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Inflationary
models

Early dark
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Quantum
gravity
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matter matter particles Quantum
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Physics Solutions
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Late dark energy
energy transition
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Non-Riemannian geometry
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Quantum gravity theories

String theory

Horava-Lifschitz

D-dimensional theories

(Branoworld) [Rnndnll Sundmm)

Loop quantum Asymptotic

gravity safety

(Supergra\'it_v] (R ainbow gra\'it_\']

Tensor-vector-scalar theories

(Eiustoiu-/ELhorJ [Proca th(rorics)
[Beyond Horndeski]
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aZRAFTFASR [/ 2ayYy2ft 23e
Theorem

Adding new fields (scalar,
vector, tensor)

Bl el el I Use more/less than four

dimensions of spacetime

KS2NBY

secondorder derivatives
of the metric

[ 23St 201
Forsecond ordewvacuum field equation® M, if O is a
function of the metricQ , then

O h'0O ~¥Q 1 g‘r Q  ¥Q

Consider notdocal terms

Take an emergent form
of gravity

Changing the
gravitational connection



Attempts at a solution

ncl

Model AN, param Mp C,;;::l:jz? 'C]_?e?lhsl;z)l:l AX2 AAIC Finalist Theﬂ Olymplcs _
; ; 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 Plaf
ANy, 1 —19.395 +0.019 3.60 3.80 X —6.10 —4.10 X X 2018 + BAO + Pantheon best fit?
SIDR 1 ~19.385+0.024 320 33c X | —-957 -757 /@ 2 How does the inclusion of the SHOES
mixed DR 2 ~19.4134+0.036  3.30 340 X | -883 483 X X measurement impact this fit?
DR-DM 2 —19.388 £+ 0.026 3.20 3.10 X —8.92 —-4.92 X X 3. Does this inclusion make the best fit
SIv+DR 3 —19.44010-037 3.80 390 X | —4.98 1.02 X X better than¥CDM or worse?
Majoron 3 —19.38010 051 3.00 290 v | -1549 949 v ¥
primordial B 1 —19.39010:033 3.50 3.50 X |-1142 -942 v S @
varying me 1 ~19.391+£0.034 290 290 Vv |-12.27 -10.27 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 1.6c v | —21.98 -15.98 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  2.70 280 224 224 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 | —0.19 3.81 X X
DM — DR 2 ~19.410+£0.011  4.30 450 X | —0.53 3.47 X X

SchonebergN. 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)

_-*_

+

g p—
N s Ho [kms~1Mpc~1]

*

—_—
e —
——
—_—

68

70 72 74 76

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

CosmoVerse White Paper. arXiv:2504.0166
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Early vs local measurement approach:

| EarlyUniverse new physicé»y)

T - Considering the angular size of the sound horizon
S AR |

D —— Di
Y pTO q Y

By decreasingry, We can increasge , or so one would expect

@) ~ @ )0o () LateUniverse new physicér—)

O (a ) 0 (G - Keep early Hubble evolution unchanged and modify-late

time evolution of O &

This is very difficult to do provided BA®hlaand CC data



LateUniverse new physics

Possible latdJniverse solutions with new physics (that give h@hvalues with CMB):
A Graduated Dark Energyarsy 0., Barrow, J. D., Escamilla, L. A., and Vazquez, J. A. 2020

A Latetime interacting dark sectogariazzo, S., Di Valentino, E., Mena, O., and Nunes2@@X.
A Decaying dark mattevattis, K.,KoushiappasS. M., Loeb, A 2020

A Decaying dark energy, X.Shafieloo A., Sahni, V., artarobinskyA. A. 2019

A Negative dark energy densibgulinV., Boddy, K. K., Bird, S., atamionkowskiM 2018

A Phenomenologically Emergent Dark Energy., andShafielog A. 2020

A Running vacuum modetsla J., Gomezalent, A., and de Cruz Perez, J. 2017

BAO constrair—D i 'O, anchoring (early Universe) leaves few options for inferri@g




EarlyUniverse new physics

EarlyvUniverse physics concept:

- Fix— (CMB peaks unchanged) so thaD p1O
- Loweri which will increase pr£MB expansion rate
- Do not chang®© ° p¥O (), so modifications in the late Universe are not needed

A Recombination takes place sooner
A Sound waves travel a shorter distance (smal
A The early Universe cools faster

L Al n) o OFS Ver ' 2 L ; \ [ NSO SRR N 3
withwCDM, the preCMB Universe needs to expand fastc::r

o A

', Ir
r
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Early Universe Dark Energy (EDE)

A Motivation: Decrease the sound horizon by an early — Matter
Universe dark component that is active up to roughly | — 10°___ Ef‘gfa“"“
matter-radiation equality s —— EDE
S 102
A EDE continuity equation implies energy evolution -y
” (d.)) ” Fl 'Q " [ ( )] T Q 10_2'
This defines th&DE density parametéf R %3 -
o0
A This can be parametrized [t:)hroggh theS 10-10 //
0 (@ 3y P g O
P (WTw 2005
A Thecritical scal~e__fac,tq|se,ts~th,e §ca}l,e,fc_)r“EDE: 0100 10! 102 100 104 10°
OL & © AT OABAATXCEOH ©° p / 1+z
Ol & o SET OB ) £ _ -
Examples (%) %o + 0 & pIE p) Representatlve exampléQ Tpatq € oL T Tt
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Poulin, V., Smith, T. L., and KarwafrXiv:2302.09032




A Axionlike EDEAXEDIE
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A Acoustic EDE (ADE):
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A New EDE (NEDE):
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Evolution of EDE

Onsubhorizonscales the fluid equation takes the form

0 :
Q- \p 0

i (= ] @ Q[
efo5— 1 ) 6 @)ggle)

for the fractional EDE perturbation (), effective EDE sound
speed (v ), Newtonian potentiall( ) and adiabatic EDE sound

!
!
!
!
|
!
!
!
|
i

5 = 0.041 Wy =& =05

Speeel () S —— w;=05,c2=0.25
General features: T3 0.021 wp=0.5,c2=1
A Larger® translates to more resistance in EDE collapse, while§

smaller® give larger overall density perturbations. This sets| < 0-00

the frequency of the oscillations g 0.1
A The sign ofp o ) controls where the amplitude increases \g --------

( ) or decreases () N

A EDE modes are counteracted by pressure within the horizorn

N

with stable modes only entering the horizontat & p



The Problem with EDE

B BAO
I Planck ACDM

o: Q,.h2 = 0.143
681 ---- 0% Q,.h%=0.154
........ 0%, q 2 =0.167

66 '
——. BBA0(0.5), O,,h% = 0.143
\
BAO 2 \
6al - - OBAO(L5) Q,.h% =0.143 \
135 140 145 150
rq [Mpc]

JedamzikK.,PogosianL. and Zhao, G. Bommun Phys4 (2021) 123

CMB angular size at recombination:

i(a)
T 0@ )
Transverse BAO angular scale:
, l
— a T IS
G O(a )
0.95 1 i DES+SN
Model 2: / B Planck ACDM
Fits BAO and CMB peaks at B Model 2
m "Q T@ LU 0.901 7/ Model 3
Model 3: 0,851 /
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What about other tensions
on the rise?



Y 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 -

S, S Large scale structure is well represented ¥which
T . combines the matter density and matter density fluctuation.
B on the scale of’Q - D A
. Low-z
] o i N h
. ® T
- _'_
- + :
§ S — e
e i B DESI+CMB+Pantheon+
i} e ! DESI+CMB-+Union3
1 o i EEE DESI+CMB+DESY5
- e DESI+CMB
i e = i \
] s | ,
_ o] |
| 10 08 —06 —04 02 00 DESI Collaboration,
' . . . : i arXiv:2503.14738 (2025
0.70 0.75 0.80 0.85 0.90 : —
CosmoVerse White Paper. arXiv:2504.01669¢VI Said, SEENKITP 2025- 27 of 50




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

LRG2
LRG3+ELG1
ELG2

QSO

Lya

All

Rl

52I]l

N\

90 100 110
Hyrq [100 km s71]

0.21

DESI Collaboration,

arxiv:2503.14738 (2025

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



Data Analysis Techniques
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Gaussian Processes Regression

A The covariance function containsn-physical hyperparameters—
which define the distributionr—Rodoo e

A lterating over these values usiBgayesian inferencéor others) can
produce better hyperparameters

A The result isa (physicsjnodel independent reconstructiorof the
behavior of some parameter

A This is superior to regular fitting because it is nonparametric and so
assumes no physical modelhatsoever



The Covariance Functions

Squared Exponential (Gaussian or RBF)

aa) . %@Dg( - )




Square Exponentid GP

H(z)/kms~IMpc~!
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Toy Model@"y Teleparallel Gravity

A Tetrad ©Q ): Relate the tangent spac&® — Q Q )
A Use the (3 Q1 Q Q71 )instead of
the LeviCivita connection gived Y O

A B4 Gravity'y — Qg Y @y Y
A Taking a flat{LR\) cosmology:Q A E@A gitX®) hXo) Fxo) )

v,
O

I Y, ~y 0
T O Q Y ¢O ¢ =

. 0

o = O 1)

p !\Q C !'m
Bahamondest al. RoPR86 (2023) 026901




Boundary Conditions

¥YCDM (or®@”y ) at works at late cosmological times

This implies that
"Q@é meé T

t "@aem ¢O(m  p)

Briffa et al. CQG 38 055007 (202

D)

« N O
Y TE S od Y B-D1 Y




Propagating® Ya))

A The Friedmann equation contaii® whichneed to be eliminated finite differencenethods

A Using acentral differencingapproach (erroD “ (2@ )), we can assume

00 & Qq’ ) ’QQ( )
o Q — - ”
o Y. WY Y
A Therefore, we can remove thQ(Y Q)T Y(Q) o © o'n'
A This then gives propagation equation
o .y , , "O(d)( @) , )
o a a a —F—| O — 00 a
Qa ) Q@ ) g(C : )O(q) Q) - m (P o)

A Usingforward differencing we can produce a second boundary condition



Square Exponentidg®™y GP
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Artificial Neural Networks (ANNS)

Input Layer | Hidden Layer Output Layer
:Q E "Q ’, 1 ’

WA\.//A

Output 1

Cosmological

Redshift §) P! Output2 | parameters

(ex. A@h, ()

9

ANV

Output 3

WA \
«vo‘H “
o




Using the ANN

250 [ | N2 T L S N | RN L T N R | I T R S L ] 250 -
200
lU
s [
o 150_'
n
=
M L
E 100 i — 1 layer 3 layers |
I ~== 2 layers i CC+BAO |
- 0.0 05 T 15 20 2.5
501 — 11 MSE | z
. o  =m==SL @ C0REAS | One layer is preferred
0.0 0.5 1.0 1.5 2.0 2.5
V4
MSE: O o& ¢ p®EIO - DA
L1 O o@ o p@EIO - DA
SL1: O oYy pa@ElO - bA DialektopoulosK. et al. JCAP 02 (2022) 023
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Propagating f(T)CDM

£(T)/ [10°(km Mpc ™" s71)?]
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Horndesk(Gravity

HorndeskiGravity. Produces the mosieneral seconebrder

theory that contains only (in standard gravity
v P QoA At Al ]
S
where
fl ' (%60
fl " (%) %o
il (%)Y R (B[ B % %]
fll " (%)'O %4 % BB | ( %o C%p % % O%p %8 %o
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Example classes of models

Quintessence models

0 @ (WHO o6h
‘O pIch0 ™

Background equations:

%00

cO0 7 = (%9
%
¢'0 o0 n T (%9
% 0 Cho (%a Tt

Equation of State parameter:
%IC W
%IC W

DesignerHorndeskimodels
‘0 V(RO "yh

‘O pIchO ™
Background equations:
c0 7 V(@ ¢¢® 0@0
¢'0O o0 N V(@ ¢ 6O

%4%{0 00 % O) 0 % U |
0%{'0 0% 000 % Q) ™
Equation of State parameter:

WSO '0(p m)) T o '®O)p &0

0 0 O

0 P

wherev %



Using the ANN

/

One layer is preferred /

Monte Carlo routine used to determine
uncertainties oriO (Q)

DialektopoulosK. et alPhys. Dark Univ. 43 (2024) 101383




