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Why do we need modifications
to standard cosmology?



Introduction

A Einstein 1915General Relativity (GR)
source of curvature

LeviCivita connection Zero Torsion, Metricity

A Einstein 1928Teleparallel Equivalent of GR

(TEGR)

source of torsion
Teleparallel connectionZero Curvature, Metricit)

arxiv:1903.06830
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Fundamental Physics
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Cosmological History

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years



an we describe the early universe”

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of E
375,000 yrs. Galaxies, Planets, etc. E Big Bang

Inflation
quantum-gravity era

Big Bang plus inflation
10743 seconds —— '

1stStars Big Bang plus o7 i, COsmic microwave background
about 400 million yrs. 10-35 seconds? ; :

Big Bang Expansion

13.77 billion years i @ light
Big Bang plus < ;
380000 years

Big Bang plus
14 billion years




Adding Inflation
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General Relativity and Standard Modificatic

A Einstein 191% GR
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Latetime reasons for modified gravity

Energy budget of the universe over the decad

Galactic Dynamicd-lat rotation curve problem

Dark EnergyLatetime acceleration

Dark Energy

Exolic Dark\
\ viatier ,

Ordinary ark

Iviatter:
\ > Ordinary Visible
Matter

WMAP Science Team

Planck Collaboratior




Modified Matter |

Dark Matter Detection Attempts

2000¢ MACHOMACHOmicrolensing

2010¢ DAMA/LIBRAWIMP particle interactions
20142016¢ LUXWIMP particle interactions
2015¢ TheAxion Dark MattereXperiment(ADMX)
2016¢ IceCube Sterile neutrinos
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The O Tension
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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

Non-Riemannian geometry

(Einstein-Cartan )

(Poincaré gauge gravity]

geometry

Non-commutative
(Teleparallel theories]

\

4 N

Other approaches

|

Padlnanabhan] Holography

thermod.

[ General |
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(. - = )

( Higher-order theories i
f(R) f(R,0)
Lovelock
theories

Quantum gravity theories

| String theory l

(Hoi‘ava—Lifschit z)

Quantization

| Relativity |

£ 2

Loop quantum
gravity
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What inspiration can we get
from other branches of physics?



Inspiration from Particle Physics

A Gauge PrincipleReplace by

produce compensatingelds

A This results in the

Can we apply this to gravity?



Gauge theory of gravity

A Formulating ayauge theory of gravity (1956 onwards)

A Starting from

- Applying to
- Result ifPoincaregauge theory(curvatureand
torsion appear as field strengths)

IS the of the translation group

Hehlet al. Phys.Rept258, 1 (1995)drXiv:grqc/9402012]




Modified Gauge Gravity

A One can always (supergravity, conformal,
YSGNRO FFFAYSIXD
A In all of them, IS related to thegauge structure

of the theory

A Here, torsion opens the possibility of havinguantum
theory of gravity



Modifying Gravity

A Accelerating Universe (1998Thousands of works in

modified gravity QT

YI AaAOSZ
A These are almost &l
A Can we

. Horndeski Galileon Lovelock,
2 Saf ITXU

usingtorsion?

Saridaki®t al. [The Cantata Consortium], Modified Gravity and Cosmology:

An Update by the CANTATA Network. Springer, Cham (2021) [arXiv:2105.12




Rethinking the connection

Spacetime tells matter how to move; matter tells spacetime how to curve

John Archibald Wheeler

\ Taw/

IS a property of theconnection

Connection of gravity

not of the



The Teleparallel Equivalent of GR (TEGEF

<This Is the simplest torsional theory of gravity
A Tetrad Q ): Relate the tangent spac&® - Q Q )

A Use the (3 Q1T Q Q71 )
iInstead of theL.eviCivita connectionChristoffel symbols)

r Measures torsion’{y 3 3 )
A TEGR Action:

Y WCS)(DQ\I

where"Yk =Y Y =Y Y Y Y



Modified Teleparallel Gravity

GR and TEGR are equivalent at
the level of their field equations

Cubic Teleparallel Gy =G5 = 0,Greie = F(Q)T

Teleparallel
Horndeski

Non-minimally

Kinetic Telepar- couplings
allel between ¢ and

T and B

Couplings
with T

Couplings
with B

LTele # 0

New General
Relativity

Conformal
Teleparallel

Bahamondeet al. RoPR86 026901 (2023)
[arXiv:2106.13793]
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Modified Teleparallel Gravity

N Y O - .
o Y

A B4 Gravity Inspire by'®T) gravity
Y —— CS) 0w Y @Yy Y
A Taking a flatK )cosmology‘.Q A E@A g o) FiX®) Fxo) )

e @y Y Y
0O — — =0 o
O o ¢ O Pl =

o ™0 ) (w)

p Q ¢W



‘(0"Y Effective Dark Energy

A Interpreting the modification to TEGR ad@fk fluid
b: 0 v T
p*“@ " )h AQ ¢W)
AThe ‘ (Eo$ turns out to be

0 (Q Y ¢ "WCQ ¢ "V)
bohs=p e g e v



Scalar Perturbations

- B4 gravityleaves imprints at the@erturbative level
Q 1 (p MR 1A wWt D (P DD O P W

- Matter over-density perturbationsalso contribute through

| 1,,—

- Matter perturbation evolution equation
I ¢ 10" m
|dentifying theeffective gravitational constant
) 0
O 5 0
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What do observations tell us
about modified teleparallel
gravity?



"0y Gravity Models

Popular models ofz]) gravity

1. Powerlaw Model ('Y | ('Y

2. Linder Model™ Q('Y | "Y(p Q “7)

3. Exponential Model'Q("y | “Y(p Q 7 )




Observational Data and Priors

A Cosmic Chronometers (CGpectroscopic dating arddependent of cosmological models
@Dq)

A Supernovae Typka (SN) Pantheon Sample

A Baryonic Acoustic Oscillatiamscoustic perturbationsn early Universe plasma

A 31 I from Quasar Absorption line&Keck (K) observatory, VLT (V)|i&tature
measurements (N) an@klonuclear reactor (O)




‘O Priors

A SHOES Survey [R1B]est al. (2019) mainly usin@epheidcalibratedSNela® "O
xt8to p&8 E10 - PA

A Tip of the Red Giant Branch [TRGBgedman et al. (2019) reportd ¢ @
PBE IO - PA

A HOlicow [HW] Based orstrong lensing® O xXo® pFEIO - PA




QY Model

Gt /G — 1

STl - wrccosomt|Model:@ | Y
[).3- _ 1Y/

where (¢0) —
0.2 F -

10°° 101 1073 1072 1071 1 10

Jackson Levi Said et al. JCAP 11, 047 (2020)




Precision Cosmology Constraints $8¥¢D
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Results forQCDM

Data Sets
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QY Model

Go /G — 1
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Precision Cosmology Constraints
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Results forQCDM

Data Sets
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QY Model
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Precision Cosmology Constraints
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Results forQCDM

Data Sets
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Can we do this in a model
iIndependent way?



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 (Gausstan)

o) %@DE( ‘ )




Square Exponentid GP

H(z)/kms~Mpc~!

H(Z)CC % H(Z)SN § H(Z)BAO - /\CDM :
250 F
200 r
150
100
= - - CC
sob L| | Y | L e CC + SN
CC + SN + BAO |
0.0. 0.5‘l..1.0..I.1.5. '.2.0...‘

H(z)/kms~Mpc~?!

250 F
200
150

100

sof |

H(Z)CC

% H(Z)SN

H§

§ H(Z) BAO

CC + SN + HE}

CC + SN + BAO + H{ 1

2.0

O o®Wowt& xkiO - PA
O oe@npp® IO - PA
O o@® wxpd pEIO - PA

cp® xEIO - PA
CpBigE IO - PA

PET CBI O - D A Levisaid, March 202345of 70



Sqguare Exponential Covariance@r

O - O -

N

Distance (in, units) between théO arguments:  'Q("O;KOy)

Data set(s)

CcC O® 0 WIE X C -1.304 -0.441 -1.133
CC# " 8 8 -0.126 1.711 0.217
CC+SN eBTppPHP L O -3.225 -1.118 -2.617
CC+SN® X @ Cqpdryx ¢ -1.128 1.026 -0.622
CC+SN+BAO 8 8 64 -3.841 -1.513 -3.113
CC+SN+BAO* X @Y p8tgu -1.628 0.645 -1.046
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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
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Propagating® Ya))

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

A Using acentral differencingapproach (erroD * (3¢ )), we can assume

00 & Qq’ ) ’Qq )
Q Q — =y "
o YU, Ty Y
A Therefore, we can remove tHQ('Y Q)T Y(Q) o O'Iﬂ
A This then gives propagation equation
.y .y , , ”O(d)< @) , )
o Q Q Q ——| O —— 00 o
Qa ) Qa ) 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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Open Problems with GP Reconstructio

A Overfitting at origirt GP is very prone to overfitting for small data sets,
which is especially pronounced at the origin, i.e. Hubble constant

Underfitting Overfitting Balanced

A Kernel Selection ProblenThere is no natural kernel for cosmology

Square
Exponential

Rational
Quadratic

Matérn
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Genetic Algorithms (GAS)
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Genetic Algorithms (GAS)
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Trials for GAs

== Hybrid RBF-RQ
- === Hybrid RBF-RQ-M52 74
Trial | Population Selection Mutation No. of Best fitness =" Mot Ra
sSize rate generations I
1 pTI T® T U p T P TR \;5200_
2 pPTT Ti® T® TT p Tl pTa&
3 pTl 1D T T p T ) 10 Ll
4 8 8 8
0.0 0.5 1.0 l1.5l 2.0 2.5 3.0
Kernel ‘ o 1T I fitness  Penalty :
HybridRBFRQ X ® LB PO WP pT& | p Gt
HybridRBFR T - Q1D
Méz Q PR ¢ | poHYpG | pTA| pR 0 AT Al
C
Mostly RQ P& o8 POPQPE | PTD| par
HybridRBFM52 8 8 8 8 8 8 Bernardo et al. JCAP 08, 027 (202
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Artificial Neural Networks (ANNS)

Input Layer Hidden Layers Output Layer

‘Q i "Q E é

VRSN

Output 1

Cosmological

Redshift §)

Output 2 parameters
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Training Data for the ANN

CC+BAO datast
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Designing the ANN

A Riskc Optimizes thenumber of hidden layers and neuroria an ANN

r r pd ’ ~ Ve Ve ~

OEOE "EAGAOEAI AI{[”O @ o (@ . ((1))

A Loss;c Balances theumber of iterationsa system needs to predict the observational data
1. L1(Least absolute deviation)

P '0 (@) O (@)

2. Smoothed L1SL)
3. Mean Square ErroMSH

3%c (0 @ O @)



Building the ANN
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Using the ANN

H(z)/kms~Mpc~1!
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One layer is preferred
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What about priors?

250 | >
L 200}
IU
o
=
7 150
w0
€
¥ -
N 100 i
T ' .
: — L1 5 CC+BAO |
50 =me R0 I HE*o y
i TRGB % HgRGB
0.0 0.5 1.0 1.5 2.0 2.5
z

ﬂ
ﬂ

Priors

O X& p®EIO - PA

O o@&@ pPpHEIO - DA
" 0 XRTpBIEIO - DA
11820 gax p@XEIO - DA

Levi Said, March 202359 of 70



Whisker Plot of Results
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What about gravitational
waves?



HorndeskGravity

HorndeskiGravity. Produces the mosieneral seconebrder
theory that contains onlyone scalar fieldin standard graV|ty

P

Y _ Qo fl fl fl]
PO cS)
where
fll ' (%)
fll ' (%) %o
fll " )T R ()| B %p %0 |

I o W O R % K O D o
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TeleparalleHorndeskGravity TeleDeshi

- TeleDeski GoaWhat Is the of ?

: (1) Field equations must be ; (1)
terms . (1) contributions can be at
most

 fl O (%Y iY RO) [0

- linear coupling with matten) - quadratic coupling with
matter]

Bahamondeet al. PRD 100, 064018 (2019




Tensor Perturbations

- Takingtensor perturbationsfor

Q 1 K %1 Qe d @ &f Q)
- Produces a (GWPE)
Q
Q (o )YOoQ (p )(b,—"Q T

INn the Fourier domain

~y

w pisthetensor excess speeand =S
the ( . is the effective )




GW Observations

Can we us&\W observationto detectmodified gravity?

Strain (10~2%)
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The Era of Mukmessenger Astronomy

GW170817 GRB170817A
LIGQVirgo localization Fermi Telescope
A (3 8 (3
U CX T g Ug
Y p§O
W W

9 Virgo observatory
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GWs inlTeleDeski
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gravity
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Conclusion

to traditional ways to
modify gravity

A TG satisfiea number ofpreliminaryobservational tests and
offers a more consistent picture of modified gravity

A TG is compatible with novel methods being developed in
conjunction withmachine learning
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