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Present understanding of the universe
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Present understanding of the universe: ACDM model

Cosmological Principle + General Relativity
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Lambda Cold Dark Matter (ACDM) Model : Simplest Scenario

H(Z) = H(}\/Q,n(}(l + 2)4 + Qm{)(l + 2)3 + QA

Dark matter

Dark energy

Here it is assumed that universe
is spatially flati.e. ;=0.
Thanks to inflation!



High Precision Measures of Hy

CMB with Planck

Balkenhol et al. (2021), Planck 2018+5PT+ACT : 67.49 £0.53
Aghanim et al. (2020), Planck 2008: 67.27 £ 0,60

Aghanim et al. (2020), Planck 2018+CMB lensing: 6736 £ 0,54
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The Hubble Trouble
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CMB without Planck

Dutcher et al. (2021), SPT: 6B 8+ 1.5

Ainla et al. (2020), ACT: 67.0+1.5

Aiola et al, (2020}, WMAPS+ACT: 676 1.1
Zhang, Huang (2019), WMAPS +BAO: 68.3670 2

No CMB, with BBN

Colas et al. (2020), BOS5 DR12+BBN: 68,7+ 1.5
Philcox et al. (2020), Pi+BAO+BBN: 686 +1.1
lvanov et al. (2020), BOS5+BBN: 67.9+ 1.1

Alam et al. (2020), BOS5+eBO5S54BEN: 67.35 £ 0.97

Cepheids — SNla

Riess et al. (2020), R20: 73.2+£1.3

Breuval et al. (2020): 72.8=2.7

Riess et al. (2019}, R19: 74.0
Camarena, Marra (2019): 75.

Burns et al. {2018): 73

Follin, Knox (2017): 73

Feeney, Mortlock, Dalmasso (2017): 73.
Riess et al. (2016), R16: 73,
Cardona, Kunz, Pettorino (2016): 73.
Freedman et al, (2012):

TRGE - SNla

Soltis, Casertano, Riess (2020): 72.1 + 2.0
Freedman et al. (2020): 69.6+ 1.9

Reid, Pesce, Riess (2019), SHOES: 71.1+1.9
Freedman et al. (2019): 69.8x= 1.9

Yuan et al. (2019); 724+ 2.0

Jang, Lee (2017): T1.2+25
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Pesce et al. (2020): 739+ 3.0

Tully — Fisher Relation {TFR)
Kourkchi et al. (2020); 76.0+ 2.6
Schambert, McGaugh, Lelli (2020): 75.1+ 2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF wf HST: 73.3+2.5

Lensing related, mass model — dependent
Yang, Birrer, Hu (2020): Hy = 73.65%143
Millon et al. (2020), TDCOSMO: 74.2 £ 1.
O et al. (2020): ?3.6:}:5
Liao et al. (2020): 72.8113
Liao et al. (2019): 72.2 +2.1
Shajib et al. (201%), STRIDES: 74,2131
Wonag et al. (2019), HOLICOW 2018 ?3.3:3-%
Birrer et al. (2018), HOLICOW 2018: 72.52 ¢
Bonvin et al. (2016), HOLICOW 2016: 71,9233
Optimistic average
Di Valentino (2021): 72,94 +0.75
Ultra — conservative, no Cepheids, no lensing
Di Valenting (2021): 727 +1.1

(Di Valentino et al 2021)
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Understanding Hubble Tension

Early measurements |

» Based on observations of cosmic
microwave background coming
from last scattering surface
(redshift ~ 1100, 13.76 Gyr
back).

» Assumes ACDM model to
calculate H.

» Planck, WMAP

» Hy = 67.37 + 0.54 km/sec/Mpc

| Late measurements

» Based on astrophysics of stars:
observing standard candles in
the nearby universe.

» Model independent
measurement.

» SHOES, CHP

» Hy = 73.3 £1.04 km/sec/Mpc



Measurement of Hy from early Universe

six independent
parameters of
LCDM model.

Derived
parameters

Combined

0.02233 + 0.00015
0.1198 +0.0012
1.04089 + 0.00031
0.0540 + 0.0074
3.043 £ 0.014
0.9652 + 0.0042

13.801 + 0.024
0.8101 + 0.0061
0.830 + 0.013
7.64 +0.74
1.04108 + 0.00031

147.18 £ 0.29
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Planck 2018 measurements assuming LCDM model
give, Hy = 67.37 + 0.54 km/sec/Mpc

Reference: Planck Collaboration (2018)



Measurement of Hy from Late Universe

» Observing standard candles
Distant galaxies (Supernovae and Cepheids) to

in the expanding
universe hosting

wibinthe  hosting Type la supernovas calibrate distances to galaxies
Large Cepheids

Wi Ml Ades and using Hubble’s law to
g calculate H,,.

Three Steps to the Hubble Constant

R AVAVAVAVA

Light red-shifted (stretched by expansion of space)

» The SHOES Program (Supernovae
and H, for the Equation of State
of dark energy) measured
Hy =73.3 + 1.04 km/sec/Mpc

o Te0000 ] 24-100 milion | 100 miflion=1 billion (Riess et al 2022).

LIGHT-YEARS

» This drives the H, tension ~ 50

Image Credit: NASA

Cosmic Distance Ladder : calibrating distances to galaxies farther
away upto redshift ~ 0.1



https://lambda.gsfc.nasa.gov/contact/index.html#captioncredit

Resolving Hubble Tension with a dynamical dark energy

A dark energy field whose equation of state evolves with time w(z): But what else?

Physics of the Dark Universe

Volurhe 39, February 2023, 101163

Simultaneously solving the Hy and o
tensions with late dark energy

Lavinia Heisenberg ®® 9 [, Hector Villarrubia-Rojo ° i, Jann Zosso °

Conditions which can resolve cosmological
tensions without disturbing the CMB
observations:

= Phantom crossing

= Variation in Gravitational coupling
constant Gery

Phantom equation of state: w < —1 E==) Violation of Strong Energy Condition




DARK ENERGY
SPECTROSCOPIC

Hints of dynamical dark energy from DES| sl D
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=  DESI BAO favors a dynamical dark energy over cosmological - ———
constant. |
= Signatures of phantom crossing in DESI.
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Our Approach
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Our Model: A subclass of Horndeski theory

L= % (14 2¢c3¢] + %8,_;(;58”(,‘!) — V(o) — [clq‘) + %f;gama%] 0,0" ¢,

|

Non-minimal coupling Self-interaction (Galileon)

r— i r. Horndeski gravity: A generalized scalar tensor theory in 4D with
= Y second order equations o motion
Lo = Ga2(¢, X),
L3 = —G3(¢, X)Uo,
’ A diB | | Giy = 0G;/0Y
L = Gi($, X)R +Cax(9,X) |(O9) ~ (VuVud)?|, 1
1 . X = _§8u¢aﬁ¢

Ls = Gs(¢, X)GuV"'V"¢ = 2G5, x (6, X) (0)° - 306(V,V.9)* + 2(V.uVu9)° |,

(Kobayashi et al 2011, Kobayashi 2019)




H (2)

Background: Previous results
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https://link.springer.com/article/10.1140/epjc/s10052-024-12577-0

Background: Previous results

I, c2|=5.0l, c:3|=0.0|1 ]
, €,=5.0, ¢3=0.015 -
, €2=6.0, c3=0.01 |
, €,=6.0, ¢3=0.015 -

The model exhibits phantom divide
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Work in progress

Towards a Simultaneous Alleviation of HO and S8 tension with Horndeski gravity

Yashi Tiwari, Ujjwal Upadhyay, Rajeev Kumar Jain




Sgq Tension

Qas 05

Ss = 0s( 3

A measure of amplitude of matter clustering in
late universe

og is the variance of density field smoothed over 8h~1 Mpc

2-30 tension
at present

Most of the proposed solutions which resolve Hubble
Tension, actually worsen Sg tension !!!

* CMB Planck TT,TE.EE+lowE

* CMB Planck TT.TE.EE+lowE+lensing

*CMB ACT+WMAP

Aghanim et al. (2020d)

- Aghanim et al. (2020d)

Aidola et al. (2020)

Early Universe

Late Universe

0.75% )
s Asgan et al. (2021)
el Asgari et al. (2020)
0718 Joudaki et al. (2020)
RS, Wright et al. (2020)
0.651 Hildebrandt et al. {2020)
0.745 Kohlinger et al. (2017)
550 Hildebrandt et al. (2017)
7m0 Amon et al. and Secco et al. (2021)
Tats Troxel et al. (2018)
T Hamana et al. (2020)
ot Hikage et al. (2019)
Joudaki etal. (2017)
0.795
G778 Miyatake et al. (2022)
o1 Garcia—Garcia et al. (2021)
0.743 Heymans et al. (2021}
0376 Joudaki et al. (2018)
o Abbott et al. (2021)
0.728 Abboit et al. {2018d)
0.8 Trdster et al. (20200
- van Uitert et al. (2018)
0.751
GO BOSS DRI2 bispectrum “‘__—EQ—' Philcox et al. (2021)
GC BOSS+eBOSS —f Ivanov et al. (2021)
GC BOSS power spectra ‘—q,—' Chen et al. (2021)
= GO BOSS DRI12 Trister et al. (2020)
GO BOSS galaxy power spectrum TRE} Ivanov et al. (2020)
GC+CMBL DELS +Planck V784 White et al. (2022)
GC+CMBL unWISE+Planck HH Krolewski et al. (2021)
078
= CC AMICO KiDS=DR3 0.65 Lesci etal. (2021)
*CC DES=Y1 —— 0.79 Abbott et al. (2020d)
=0 SDSS=DRE v—.m Costanzi et al. (2019)
SO0 XMM=XXL I[,_—.—f Pacaud et al. (2018)
= CC ROSAT (WtG) —e— Mantz et al. (2015)
e T e 0. 749
*CCSPT 8% '_éF."HS - Boequet et al. (2019)
= CC Planck 187 —a— Salvati et al. (2018)
* CC Planck 187 '—Ubb—' Ade et al. (2016d)
0.7
*RSD '_'T'.'-I'.' Bemsty (2021)
* RSD Kazantzidis and Perivolaropoulos (2018)
i L i L i L
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(Abdalla et al 2022)




Perturbations: Growth of structures

ds® = —(1 4 2¥)dt* + a*(1 — 2@)dx” — Perturbed metric in Newtonian gauge

In quasistatic limit within sub horizon scales the evolution of matter density perturbation follows,

6+ 2HO — 47 Gegpmd =~ 0,

VAN

In General Relativity In Modified Gravity like Horndeski
Geff == GN Geff = F(t)



Some preliminary results: G,

Geff
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Some preliminary results: Growth Rate
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Cosmological Parameter Estimation

Il Planckl18 + PantheonPlusSHOES + BAO

Parameters|68% limits

Hy 69.06 &= 0.47

Qm 0.2953 £ 0.0052

S 0.8165 £ 0.0124

C1 3.4275 £+ 1.5290
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Conclusion and Future Prospects

» We exploit the phenomenology of Horndeski theory to build dark energy model to resolve
cosmological tensions.

» Interesting features like phantom crossing, variation in gravitational coupling constant etc., can
be obtained in such a setup.

» Constrains are obtained on parameter space by Supernovae, Planck, BAO and SHOES data.
» We are working on including new DESI data in the analysis.

» We further plan to constrain such MG theories (particularly with nonminimal couplings) with GWs
and their cross correlations with galaxy surveys, in a model independent way.



Thank you
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