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Cosmology Intertwined: the state-of-art

LCDM gravity model
(GR+FLRW)

Data
(CMB, SN, BAO, GW,...)

Inconsistency : Dark matter + Dark energy

Issues: Cosmological Tensions

. Initial Conditions Cosmic Structure Late acceleration

£ Inflation Dark Matter A
2 : - Ultra-light /Axion? - -
z Primordial GWs? S Modified Gravity?
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Cosmology Intertwined: the state-of-art

Cosmology Intertwined: Snowmass Collaboration

Perspectives for the next decade

[E. Di Valentino, et al. Astropart.Phys. 131 (2021) 102606]

Cosmological models to solve Sg (and Hp) tension

Early times

* Decaying dark matter

[E. Di Valentino, et al. Astropart.Phys. 131 (2021) 102605]

Late times

The age of the universe

: e |Interacting dark ener
and its curvature 9 gy

¢ Running vacuum models

[E. Di Valentino, et al. Astropart.Phys. 131 (2021) 102607]

Beyond

* Modified and Extended Gravity models
« Beyond-FLRW framework

* Topic treated in this talk
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Cosmology Intertwined: the state-of-art

Cosmology Intertwined: Snowmass Collaboration and Cosmoverse

The Hubble constant tension

[E. Di Valentino, et al. Astropart.Phys. 131 (2021) 102605]

The age of the universe
and its curvature

[E. Di Valentino, et al. Astropart.Phys. 131 (2021) 102607]

fog and Sq

[E. Di Valentino, et al. Astropart.Phys. 131 (2021) 102604]

* Topic treated in this talk

* Improve our understanding of systematic
uncertainties

* Maximize the amount of information that can
be extracted from the data

* Improve our understanding of the physics on
non-linear scales

* De-standardize some of the LCDM
assumptions.
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From early cosmic times until today
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Beyond the standard cosmology

Cosmic Microwave Background Radiation (CMB)

1 1 , 2 dZ
9) sinh [HO\/QKA H(Z’)

Development of Galaxies, Planets, etc. dA(z ) — 1
I +z Ho VALK

|

Nobel Prize in Physics 2019

l¢
|‘

Cosmic Microwave Background (CMB)
(“Afterglow”) 370,000 years

"for theoretical discoveries in cosmology"
and “for the discovery of an exoplanet
orbiting a solar-type star".

Big Bang—>

Very Rapid
Expansion

First Stars
400 million years

Universe Expands

13.77 billion years

The CMB as a (self-calibrated) standard ruler

lIl. Niklas Elmehed. © Nobel [Il. Niklas EImehed. © Nobel Il. Niklas ElImehed. © Ncbel

TS Media Media. Media
James Peebles Michel Mayor Didier Queloz
S Prize share: 1/2 Prize share: 1/4 Prize share: 1/4

DA(Z = 1100)
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From today up to early cosmic times
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Peak Absolute Magnitude

Beyond the standard cosmology

Supernovae Type la
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Mantar

e Nobhel F \ tior
The Nobel Foundation

Nobel Prize in Physics 2011

e "for the discovery of the accelerated expansion of the
Universe through observations of distant supernovae”

Photo: U © The Nobel Foundation. Photo: U.

Montan Montan

Saul Perlmutter Brian P. Schmidt Adam G. Riess

Prize share: 1/2

Prize share: 1/4 Prize share: 1/4

u=mg—M—ax, — fc

[Philips, ApJ 413 (1993)]
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Beyond the standard cosmology

Type Ia Supernovae — redshift(z)

L) T 1 LJ
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Supernovae magnitude-
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36 -

/

« (z,Hg

Cepheids — Type Ia Supernovae ?

. : ‘ , T T} g .
o) A : | =z
& i 0.0 £
3 . “ M * <]
2 .o b 3 -0.4
& i 3 33 40
;‘. n 3 SN Ia: m-M (mag)
P
<~ Mpc Z
Geometry — Cepheids * : Calibrated SN relation
T ' ' N4258 P 04 with cepheid-determined
-~ [ M31 ¥ h*_{ #Q 3 = :
oh Fommm P - 4400 £ |distances.
g '-: 13 + W*— +H +—* 3 o
= L 3 4-04
2. aal LMC I o 30 31 2 33
g | Cepheid: m-M (mag)
2 " PMilky Way
=
& |
U o
o ' : ; ; alibrated cepheid
m cal et
:55_3 a _)L s il sl B period-luminosity
< il . . :
adf : PP relation with geometric
1o s s 2 distance calibrations.
Geometry: 5 log D [Mpc] + 25

@ © C. Escamilla-Rivera. ICN-UNAM [l f(T) cosmology in the regime of quasar observations 12



Beyond the standard cosmology

Type Ia Supernovae — redshift(z)

> 50 Mpc 4{ )

73.2,q0,J0)

3-rung distance ladder
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\ Supernovae magnitude-
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Beyond the standard cosmology

1-rung distance ladder
and the Event Horizon Telescope

Type Ia Supernovae — redshifi(z)
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Beyond Einstein’s gravity and its constraints

Possible solutions of Hyp

[Cosmology Intertwined: A Review of the Particle Physics,
Astrophysics, and Cosmology Associated with the Cosmological
Tensions and Anomalies. J. High En. Astrophys.(2022)]

CMB with Phud\ .

Balkenhol et al (2021), Planck 2018+SPT+ACT : 6

Pogvs:anetzl.(’l)”ﬁ) eBOSS+Planck mH2: 696: 18 .

etal (2020), Planck 2018: 67.27 = 0.60 -

Aghanim et al. (2020), Planck 2018+CMB lensing- 67.36 = 0.54 -
Ade etal. (2016), Planck 2015, HO = 67.27 £ 0.66 -

Dutcher et al. (2021), SPT: 68.8 = 1.5
Aiola etal (2020), ACT:679 =15
Aiola etal (2020), WMAPI+ACT: 67.6 = 1.1
Zhang, Huang (2019), WMAP9+BAO: 6836133
Henning et al. (2018), SPT: 71.3 2 2.1
Hinshaw et al. (2013), WMAP9: 70.0 = 2.2

No CMB, with BBN -

D Amico et al. (2020), BOSS DR12+BBN: 685 2. -
Colas et al. (2020), BOSS DR12+BBN: 68.7= 1. -
Philcox et al. (2020), P +BAO+BBN: 686+ 1.1 -
Tvanov et al (2020), BOSS+BBN: 679 1.1 -

Alam et al (2020), BOSS+eBOSS+BBN: 67.35 = 0.97 -
Addison (2018): 6698 = 1.18 -

Philcox et . (20201, 71} CME I S0 9435 -

SNIa-Cepheid
Riess etal. (2020), R20:732 =13
Breuval et al (2020): 72.8 = 2.7

Riessetal (2019),R19: 74014 -

Camarena, Mama (2019): 754 = 1.7

Bumsetal (2018): 732223

Dhawan, Jha, Leibundgut (2017), NIR: 72.8 = 3.1
Follin Knox (2017): 733 £ 1.7

Feeney, Mortlock, Dalmasso (2017): 732+ 1.8
Riessetal. (2016),R16: 732+ 1.7

Cardona, Kunz, Pettormo (2016), HPs: 73.8 = 2.1
Freedmanetal (2012): 743221

~IRGB

SNIa .

Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5= 1.8 -
Freedman (2021): 698 = 1.7 -

Kim, Kang, Lee, Jang (2021): 695+ 42 -

Soltis, Casertano, Riess (2020): 72.1 £ 2.0 -
Freedman et al (2020): 69619 -

Read, Pesce, Riess (2019), SHOES: 71.1£1.99 -
Freedman et al (2019):698 19 -

Yuanetal (2019): 72420 -

Jang Lee (2017): 71225 -

SNIa-Miras *
Huangetal (2019): 73.3 =40 -

SBF -
Blakeslee et al. (2021) IR-SBF w/ HST: 733 £ 25

Khetan et al. (2020) w/ LIMCDEB: 71.1 = 4.1
Cantiello (2018): 71.92 7.1

SNIL, -
de Jaegeretal (2020): 75.8%33 -

Masers *

Pesceetal (2020): 739230 -

Gao (2016): 66.0 = 6.0 -

Tully Fisher -

Kowkchi et al. (2020): 76.0 £ 2.6 -
Schombert, McGaugh._ Lelli (2020): 75.1 = 2.8 -

Zed V20 &5&5‘“&9%

Dominguez et al (2019): 64.9+

Hil g s
Femandez Arenas et al. (2018): 71’0: 35 .
Wang, Meng (2017): 7104341 -

Lensing related, mmo%lzgfpeﬂ%g

Yang, Burrer, Hu (2020): 73. 65*1;

Millon et al. (2020), TDCOSMO: 742+ 16 -
Baxter et al (2020): 'BSzﬁ .

Quetal (2020): 73.6%
Lizo (2020): 73.6*;

Lizoetal (2019): 722221 -

Shajib et al. (2019), STRIDES: 7423,
Wong et al (2019), HOL:COW 2019: 73.3*1-
Barer et al (2018), HOL:COW 2018: 72.5%:

Bonvin et al. (2016), HOLICOW 2016: 71.9%3 -

Di Valentino (2021): 72.94 = 0.75

Ultra conservative, no C egheldﬁoﬁo ;gr%mll% .
( 3 = 9

Gayathn et al. (2020), GW190521+GW170817: 73.4+]
Mukherjee et al. (2020), GW170817+ZTF: 67.6:
Mukherjee et al (2019), GW170817+VLBI: 68.3
Hotokezaka et al (2019): 68
Abbott eul. (7017) GW170817: 7047

mic chronometers
Gomez~ Val!m,Amx!olz(- 18): 67.06 = 1.68
Yu, Ratra, Wang (2018): 670+ 4

Hy [km s~ Mpc"]

| Indirect
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Beyond Einstein’s gravity and its constraints

I
LOVQIOCI( S theorem (1 971 ) [version from Clifton+ Phys.Rept. 513 (2012)]

“The only , local gravitational field equations derivable from an action
containing solely the 4D metric tensor (plus related tensors) are the Einstein field

equations with a cosmological constant”

()
Seray = J, [—gd*x [¢R—7(V¢2)—2V(¢)

M2
ngv — TDJ'\/ —yde[@ + a¥]

grav _ [ \/_d4x [R ]

=yt ()
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Beyond Einstein’s gravity and its constraints

Hubble tension from the Lovelock’s theorem break

“The only , local gravitational field equations derivable from an action
containing solely the 4D metric tensor (plus related tensors) are the Einstein field

equations with a cosmological constant”

M3 ()
S pray = — J [—gd*x [¢R ——¢<V¢2> - 2V(¢) Value: Hy = 69.9798 km/s/Mpc
[M. Gonzalez et al. JCAP 10 (2021) 028]
M2
Seray = TD J, [—ydPx[R + a@] Value: Hy = 68.8 = 0.9 km/s/Mpc
[D. Wang and D. Mota. Phys.Dark Univ. 32 (2021) ]
M3
gmv — J\/ d4 [R +f< >] Value: HO = 68. 74+8 g? km/S/MpC

[E. Belgacem et al. JCAP 04 010 (2020) ]

Value: Hy = 69.8 £ 2.0 km/s/Mpc

[C. Escamilla-Rivera and J. Fabris Universe 2021]
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Beyond Einstein’s gravity and its constraints

Rethinking the connection...
(@) m

tells space-time how to curve. — J. Wheeler -

Space-time tells matter how to move; matter

o
R Buv

~—

Curvature is a property of the connection not

TYTTTTTTRY =

of the space-time

If a manifold is differentiable ........gp We can define tetrads

(gives basis for vector on the tangent space)

@ © C. Escamilla-Rivera. ICN-UNAM [l f(T) cosmology in the regime of quasar observations
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Beyond Einstein’s gravity and its constraints

Two “completely” equivalent ways of understading gravity:

GR —-> Levi-Civita connection —-> Curvature with vanishing torsion

TEGR —-> Weitzenbock connection —-> Torsion with vanishing curvature

v v
~y ) T = B
I fw = Ef <aﬂe§ + wgﬂey) Tﬁy = F{jﬂ —I7
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Beyond Einstein’s gravity and its constraints

[S.Bahamonde, K. Dialektopoulos, C. Escamilla-Rivera, G. Farrugia, V.
Gakis, M. Hendry, M. Hohmann, J. Levi Said, J. Mifsud and E. Di
Valentino. Rept.Prog.Phys. 86 (2023)]

AT) = (=T) Stability ~ &%  Reproduces SNela @8  [houiler C. Escamilla
LCDM v E\élg;gc)z]l In preparation
_ Fine-tuning &9 BAO @
=1 [1 —Exp <_b2" T/T())] Reproduces

Cosmic v wz)CDM & Hz) @&

acceleration

1
S = —Jd4xe[—T+f(T)] + [d%ceffm

K2
T T 2
B iy — L=
* Power law model — Linder model — L 3 f 6 3 P
. 2
H (1 — fr—2T frr) =— 5 e +p) 5
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Beyond Einstein’s gravity and its constraints
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Constraints on f(T) Cosmology with Pantheon+

Beyond Einstein’s gravity and its constraints

[R. Briffa, C. Escamilla-Rivera, J. Levi Said and J. Mifsud. MNRAS 552 (2023)]

‘ SNela (Pantheon+) [Scolnic+ 2021]

{9 BAO [6dFGS, SDSS DR7/DR14, BOSS DR12]

‘ H(z) measurements [Moresco+ 2020]

True model

Predicted model

M Linder

= Power Law

" Exponential law
Hybrid

M Linear-power

Szm.()

Hy, =70.79 = 0.21 km/s/Mpc

---CC 4+ PN

—CC + PN + BAO
«(CC 4+ PN™ & SHOES

-—CC + PN™ & SHOES

SRR
Hy [kms™ Mpe ™|

T

/7 /

P1
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Beyond Einstein’s gravity and its constraints

f(T) cosmology in the regime of quasar observations
[R. Sandoval, C. Escamilla-Rivera, R. Briffa, and J. Levi Said, 2309.03675 (2023)]

" SNela (Pantheon+) + BAO + H(z)

-~ Quasars

XA sample [Negrete+ 2014-2018, Marziani+ 2018, |

~ 250 objects

1. Radiate near the Eddington limit (relation between this limit and the BH mass)
2. BH mass can be obtained through the virialized relation

3. Using an ionization parameter we can reach an expression for the luminosity

L(FWHM) = 7.88 x 10*(FWHM)3000.

2

¢ 1 by — L Z,j,@ -
X.>2<A:_§Z L /f(o ) +In(84:7)

‘-1

1= 2.5[log L — log(fy\\)] — 100.19 + 5log(1 + z), ” O
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Beyond Einstein’s gravity and its constraints

f(T) cosmology in the regime of quasar observations
[R. Sandoval, C. Escamilla-Rivera, R. Briffa, and J. Levi Said, 2309.03675 (2023)]

‘ SNela (Pantheon+) + BAO + H(z)

log(dr) = [log;’()f(y——vlfuv] +

o
. 2(v—1)
_ | _ /

(log Fx — vFuyv) + 58/,

0
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Beyond Einstein’s gravity and its constraints

f(T) cosmology in the regime of quasar observations

[R. Sandoval, C. Escamilla-Rivera, R. Briffa, and J. Levi Said, 2309.03675 (2023)]

‘ SNela (Pantheon+)

@ BAO

. H(z) measurements

‘ Quasars

AT = (=T

H(z) + SNla + xA
+ TRGB
+ GAIA

+ R21
+ P18

Yo
w»

o
Ho [km s~ Mpc™]

H(z) + SNla + nUVX
+ TRGB
+ GAIA

+ R21
+ P18

Q. m
4
. I

PSS ,(1, ,\b
Ho [km s~ Mpc™]

’f’@°?§" ’9 °f’¢°~9~°e°’o°

O by

H(z) + SNla + BAO + xA
+ TRGB
+ GAIA

+ R21
+ P18

LX)

5 o 9 o
Q7T @ AT AV
Ho [km s~ Mpc™!]

P o 3 o
S 2 0 P20 0 S
PN PN P IS 2 ’ /

Qm by

H(z) + SNIa + BAO + nUVX
+ TRGB
+ GAIA

+ R21
+ P18

9 8 o O
Q7 @ AT AV

Ho [km s~ Mpc~!]
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Beyond Einstein’s gravity and its constraints

f(T) cosmology in the regime of quasar observations

[R. Sandoval, C. Escamilla-Rivera, R. Briffa, and J. Levi Said, 2309.03675 (2023)]

ACDM

CC+SN
CC+SN+BAO
CC+SN+xA
CC+SN+xA+BAO
CC+SN+nUVX
CC+SN+nUVX+BAO

f(T)

CC+SN
CC+SN+BAO
CC4+SN+xA
CC+SN+xA+BAO
CC+SN+nUVX
CC+SN+nUVX+BAO

f2(T)

CC+SN
CC+SN+BAO
CC+SN+xA
CC+SN+xA+BAO
CC+SN+nUVX
CC+SN+nUVX+BAO
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Beyond Einstein’s gravity and its constraints

f(T) cosmology in the regime of quasar observations

[R. Sandoval, C. Escamilla-Rivera, R. Briffa, and J. Levi Said, 2309.03675 (2023)]
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Setting the scene:

e Cosmology Intertwined: the state-of-art

e

he precision problem:
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Beyond Einstein’s gravity and its constraints

Nonparametric and model independent reconstructions approaches

Method Assumption of | Binned Low efficiency at | Underestimation | High  computa-
prior/models high z of errors z tional cost

Principal Components || v X v v v

Analysis (PCA)

Nonlinear Inverse Ap- || v X v X v

proach (NTA)

Dipole of the Lumi- || X X v X X

nosity Distance method

(DLD)

Nodal Reconstruction || v/ X X X X

(NR)

Genetic Algorithms || X X X v X

(GA)

Reconstructions of || X X X v v

the Expansion History

(MIR-I,IL,IIT)

Gaussian Processes || v X X v v

(GP)

[C. Escamilla-Rivera+ JCAP 10 (2021) 016]
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Beyond Einstein’s gravity and its constraints

In which stage is “"NN" Cosmology?

Artificial Intelligence: perceive their
environment and define a course of
action.

Deep learning: tasks are organised in
consecutive layers, builded on the output
of previous ones. Mimics the distributed
approach to problem-solving.

Machine learning: tasks are complete
without being explicitly programmed to
do so.
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Beyond Einstein’s gravity and its constraints

Maping from observations to theory

= Data Trained

b --*g-f.-..-.r;ﬂ.-i-f
4 "i}§33¥ii5i§~.f .f:"*f‘f 1]
4 LR

 — _

[t 4)

® PantheonSN

RNN

@ DL Pantheon SN

Deep Learning Architecture
+

=
m —:; ’\,) . ’\
p(y*|x*,X,Y) j“/i\ /\ —
-@ N /N
- l N[ZI\|/
_ o i\
Architecture Neurons Batch size Epochs Dropout [C. Escamilla-Rivera, PoS AISIS2019 (2020)]
Iterations Random Walkers Rates of Convergence Bins of a Sample
1 200 5 100 0.7
2 200 10 150 0.7

Table 1. Choice of hyperparameters in both RNN architectures and their association with Bayesian cosmology
processing language.
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Beyond Einstein’s gravity and its constraints

Observations data mining results
50r

! W H k [HH Iﬂ w‘ A deep learning approach to
Ll l - "1 cosmological dark energy models

u(2)

[C. Escamilla-Rivera, M.Carvajal and S. Capozziello. JCAP (2020)]
® PantheonSN | [C. Escamilla-Rivera and C. Zamora. JCAP (2020)]
® DL PantheonSN

[C. Escamilla-Rivera, M.Carvajal, C. Zamora and M. Hendry. JCAP (2022)]

Constraints on dark energy using deep learning
training for quasars and JWST forecasting

[P. Maldonado, C. Escamilla-Rivera and R. Sandoval, in preparation (2023)]

{ Pantheon
i xA
I nuUVX

0 1

2 3 4 5 6 7
z
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Beyond Einstein’s gravity and its constraints

Constraints on dark energy using deep learning training for quasars

[P. Maldonado, C. Escamilla-Rivera and R. Sandoval, in preparation (2023)]
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» Teleparallel Cosmology is maturing fast

e

uasars can help to relax local tensions (!)
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Thanks for your kind attention
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