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Main take away message
W[hsy care about the Hubble @@ns{tamﬁt?

A TheO tension is more than just #nsion between CMB an
the SHOE&easurement

A Its also a tension between thaverse distance ladder and
high- » measurements

A We are very far from a solution!

rals (Cosmic -
Surface BdghmessFlucmatl ns 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 Cosmc

: _ Einstein 1915General Relativity (GR)
¥yCDM action: Energymomentum source of curvature

LeviCivita connection Zero Torsion, Metricity
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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 nflatien | 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

Levi Said, FLAG 2025 of 42




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 “WLate Universe
estimate estimate

(O] PR X TMPTEIO - DA | X @t p&ttiEiO - PA




Cosmic Tensions
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Cosmic Tensions: CMB

YCDM is a six parameter model:
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Cosmic Tensions: BBN
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Cosmic Tensions: SHOES Result

Type Ia Supernovae — redshift(z)
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Cosmic Tensions: Tip of the Red Giant Bra

Distribution of H; Values for 3 JWST Methods
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Astrophysics > Cosmology and Nongalactic Astrophysics

[Submitted on 21 Aug 2024]

JWST Validates HST Distance Measurements: Selection of Supernova Subsample Explains Differences in JWST
Estimates of Local HO
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Cosmic Tensions In recent years
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What are possible solutions?



Attempts at a solution

ncl

Model AN, param Mp C;?:l:;il ?e?ll\:ij(x)l:l AX2 AAIC Finalist Theﬂ Olymplcs _
‘ ; 1. What tension does a model have with
ACDM 0 ~19.416£0.012  4.4o 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 V@ 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 a2 X X better than¥CDM or worse?
Majoron 3 ~19.38010:037 3.00 290 v | -1549 949 ¥
primordial B 1 —19.39010-038 3.50 3.50 X |-11.42 -9.42 v S @
varying m. 1 ~19.391+0.034  2.90 290 v |—12.27 —1027
varying me—+$ 2 —19.368 £ 0.048 2.00 1.90 v | —-17.26 —-13.26 v v
EDE 3 —19.3907 0028 3.60 160 v | —21.98 —15.98 y
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 2.80 2.24 224 X X
GPEDE 1 ~19.400 £0.022  3.60 460 X | —045 155 X X
DM — DR+WDM 3 ~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

SchonebergN. et al. Phys. Rept., 984 (2022) 1
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Early vs local measurement approach:

| EarlyUniverse new physicé»y)

- Considering the angular size of the sound horizon

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

RS gl Y s Ve ' > 7 p : -l--“,.'..ﬁ.
withwCDM, the preCMB Universe needs to expand fastc::r

LRty

', /n
’
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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°___ if‘gfa“"“
matter-radiation equality s —— EDE
S 102
A EDE continuity equation implies energy evolution -
” (d.)) ” Fl 'Q " [ ( )] T Q 10_2'
This defines th&DE density parametéf R %3 i
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! 102 100 104 100
OL & © AT OABAATXCEOH ©° p / 1-+-2
Ol & o $ET OO b ) / _ -
Examples (%) %o + 0 & pIE p) Representatlve exampléQ Tpatq € oL T Tt
(0 O p¥c¢ afterwards)

Poulin, V., Smith, T. L., and KarwaPhys.Dark Univ. 42 (2023) 10134

(0]




A Axionlike EDEAXEDIE

: , ~ . [ %0
w a "Q[p AI(@Q]

Aw201 Wy RmREDH): 95

9

7 7 ( %0 ) L)
O (= ®
0

A Acoustic EDE (ADE):
p U

EDE Models

ACDM1 ¢
P18, Pan, BAO, H\®
axEDE
P18, Pan, BAO, H.”

(') RnR

P15, Pan, BAO fo8, H\"
ADE

P15, Pan, BAO o8, HM
NEDE

P18, Pan, BAOfoS, BBN, H"
DA EDE

P18, Pan, BAO, H"

EDSH

P18, Pan, BAO, H{V

a-EDE (B)

p U
o @7y (

A New EDE (NEDE):
. _ P, . .
([ g Tf cT L [ GI U
A EDE coupled to DM (EDS):

W) (%9
attractors EDEX EDE):

P

A

L 1) OAleID )

P

@

A %o Br %o [
Q C

P18, Pan, BAO*, H;"’
EMG

P18, Pan, BAO, H.”

dULS

P18, Pan, BAO, HJV

)7]

0.0 0.1 67
fEDE

Q d¥69

o @o 0 %,

%0

KleinGordon equation of motion:

o 1 OA[%EQD )]




The problem with EDE

B BAO
I Planck ACDM

o: Q,.h2 = 0.143
681 ---- 0% Q,.h%=0.154
........ 0%, q_h2=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:
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Transverse BAO angular scale:
) l
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a2RATASR DNII@AGe (K

Adding new fields (scalar,
vector, tensor)

RISl U 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



The Modified Gravity Landscape

s

Non-Riemannian geometry

(Einsteiu—Ceu't an)

[P()ill(féll'é gauge gravity]

geometry

Non-commutative
(Teleparallel theories}

|

Other approaches

[

Padlnanabhan] Holography

thermod.

[ General |

D-dimensional theories

(Braneworld) (Rundall Sundrum)

DGP

EdGB i
Kaluza-Klein gr;\(/;irty M-theory
(. - = )

Higher-order theories

f(R.©)
Lovelock
theories

Quantum gravity theories

| String theory '

(Hofava—Lifschitz)

Quantization

| Relativity |

£ 2

Loop quantum
gravity

[Supergravity) [Rainbow gravity]

Tensor-vector-scalar theories

Bimetric

(Einstein—fEther) (Proca theories)

(Beyoud Horndeski)

| Massive l
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What about other tensions
on the rise?



'\

Y Tension

r

0.834 . H . . o
- CMB Pk TTTEEE dovE B s o Large scale structure is nicely representedYayhich combines the
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* CMB ACT+WMAP ' - Aiola et al. (2020) . 4 . 7y N
matter density and matter density fluctuations on the scaleof) - D A
Late Universe
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How can machine learning
help?



Horndesk(Gravity
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Example classes of models

Quintessence models
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Artificial Neural Networks (ANNS)
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Designing the ANN
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Using the ANN
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Quintessence Models
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DesigneHorndeskModels
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Using machine learning to
probe systematics
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A possible latéime transition ofv

~19.15 ol L af ~19.0-
~19.20-
o e O e s s e F O e e T e n q) Ht p p @ Tt Tg ~19.1 -
—19.25 1 1
—~ an il -:E;.—-- T -r[& -[ (p @ 8 —19.2
3 ~19.30 P r P@p g = _103]
¥ —19.351 [ % . 1 8 =
= | P& O T PAT 3 < -19.41
= -1, ~19.5-
—19.451 PX T P& @ T ¢ A 7
~19.6-
~19.50-
~19.7-
—19.55- ' | . I | , , , : , , , ,
0.00 025 050 075 1.00 1.25 150 1.75 2.00 000 025 050 075 1.00 125 150 1.75 2.00
zlll(l(l' Z

\
Mild indication of
transition atad  p

Levi Said, FLAG 202487 of 42



What are we doing In
CosmoVerse?



CA21136 CosmoVerse
”
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