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Modified Gravity through Lovelock’s Theorem
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The Modified Gravity Landscape
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What inspiration can we get
from other branches of physics?



Inspiration from Particle Physics

e Gauge Principle: Replace by

produce compensating fields

e This results in the

Can we apply this to gravity?



Gauge theory of gravity

* Formulating a gauge theory of gravity (1956 onwards)

» Starting from special relativity (SR)

- Applying Yang-Mills theory to SR
- Result is Poincaré gauge theory (curvature and
torsion appear as field strengths)

* Torsion is the field strength of the translation group

Hehl et al. Phys.Rept. 258, 1 (1995) [arXiv:gr-qc/9402012]
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Modified Gauge Gravity

One can always (supergravity, conformal,
metric affine,...)

In all of them, is related to the gauge structure
of the theory

Here, torsion opens the possibility of having a quantum
theory of gravity



Modifying Gravity

Accelerating Universe (1998): Thousands of works in

modified gravity (f (R), Horndeski, Galileon, Lovelock,
massive, Weyl,...)

These are almost all

Can we using torsion?

Saridakis et al. [The Cantata Consortium], Modified Gravity and Cosmology:
An Update by the CANTATA Network. Springer, Cham (2021) [arXiv:2105.12582]




Rethinking the connection

Spacetime tells matter how to move; matter tells spacetime how to curve
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The Teleparallel Equivalent of GR (TEGR)

: This is the simplest torsional theory of gravity
* Tetrad (e“,): Relate the tangent space (g,, = nabeaﬂebv)
* Usethe (ng = eaaaveaﬂ T eaga)avu)
instead of the Levi-Civita connection (Christoffel symbols)
: Measures torsion (T° ,,, = IJ, — T'7})
* TEGR Action: 1
> = T TonG

f d*x e[T]

1 1
where T = ZTPWTPW + ETP"“’T

_ PmVH
vup Tpu r,



Modified Teleparallel Gravity

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

G~l = GS =1, GT('](' == F(O)T

Cubic Teleparallel

Non-minimally

Kinetic Telepar- couplings
allel between ¢ and
T and B

Couplings
with T

Couplings
with B

Teleparallel
Horndeski

LTele # 0

Conformal
Teleparallel

New General
Relativity

Bahamonde et al. RoPP 86 026901 (2023)
[arXiv:2106.13793]
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f(T) Teleparallel Gravity

:R=-T+8B

B « VAT, ,

* f(T) Gravity: Inspire by f(R) gravity

— 4 _
§ = | d*xel=T + ()] + S
« Taking a flat ( ) cosmology: g, = diag(—1, a(t)? a(t)?, a(t)?)
. 81G  f(T) T T = Gl

H® =—=pm ———+3/r (d)
— 6l

11— fr—2Tfyr



Scalar Perturbations

f(T) gravity leaves imprints at the perturbative level
e®, =801 +y),e', =6a(l—¢) = ds?=(1+2¢)dt*> —a?(1 — 2¢)5;;dx"dx’

- Matter over-density perturbations also contribute through
0Pm

0. =
™ pm

- Matter perturbation evolution equation
5 + ZH(S + 4'7TGeffpm5 =0

Identifying the effective gravitational constant
Gop = —2N
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f (T, B) Gravity

cR=-T+B

Naturally, f(T) # f(—T + B) = f(R)

f (T, B) organically decouples second-order (T) and fourth-

order (B) contributions

Only

B is a boundary term

S

: Generalizing f(R) gravity

1
- 167G

j d*x e[~T + f(T, B)] + Smat

B « VATH),




f (T, B) Background Cosmology

* As before, the Friedmann equations are
3H? = 81G (P + Pefr)
3H2 + H = —87TG(pm + peff)

* Therefore, the effective fluid will have arv L

arXiv:1609.08373
arXiv:1909.10328

: . 1
8mGperr = 3H*(3f + 2fr) —3Hfp + 3Hfp — Ef

1 : . .
87TGPeff=§f—(3H2+H)(3fB+2fT)—2HfT + f5 T — 612

* Giving an B = 6(3H R
fy—3Hfy — 20 fr — 2HF, R=-T+B=6(02H%+H)

Werf = —1 + , , T
3H%(3fp + 2fr) —3Hfp + 3Hfp =5 f



Horndeski Gravity

Horndeski Gravity: Produces the most general second-order
theory that contains only one scalar field (in standard gravity)

1
S = f d*x\=glL; + L3+ Lo+ Ls]  pesseis il

NS |
167TG ;—-'u—() ""0+LM;& Ly N
:;-ﬁ;;f Ny
L SWE S G«o#)
where Rk m S N
Ly = Gy(9, X) . RO B

= G3 ((er)D(p
Ly = Ga(d, X)R + Gy x (0, X)[([@P)2 — .0y 9]

1
= Gs(¢, X)G 1y pHY — EGS,X(Qb» [(@P)® +2¢,.0 ¢ “d.0" — 3¢9 00|
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Teleparallel Horndeski Gravity (TeleDeski)

- TeleDeski Goal: What is the of ?
: (i) Field equations must be » (i)
terms : (iii) contributions can be at
most

: Lrele = Gre1e(D, X, T, Tax, Tyec, 12, J3) (1
- linear coupling with matter, J; - quadratic coupling with
matter]

Bahamonde et al. PRD 100, 064018 (2019)




Tensor Perturbations

- Taking tensor perturbations for tetrads fields
e®, =60 ,e', =6, + %5&.5"%}-,{ = ds? =dt? — a?(6;; + hyj)dx'dx
- Produces a gravitational wave propagation equation (GWPE)
. : k*
hij + (3 + aM)Hhij — (1 + aT)?hij =0

in the Fourier domain

1 dM? .
> iS
HMZ dt
the Planck mass run rate (M? is the effective Planck mass)

- ar = c% — 1is the tensor excess speed and «;, =
T T M
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The Era of Multi-messenger Astronomy

GW170817

LIGO-Virgo localization

GRB170817A

Fermi Telescope

Mot = 2-74‘i8:8£1LM©

AT = 1.7s

__+7x10716
Cr = C_3%10-15

=== \/irgo observatory
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GWs in TeleDeski

hl] + (3 + CKM)H]:LU — (1 + aT)ﬁhij =0

TeleDeski GWPE:

2X . 1
ar = M2 (2G4,X o ZGS,qb o GS,X(¢ o ¢H) I 2GTele,]8 o E GTele,]5) =0
0 1
where M? = 2(G, — 2XG, x + XGs,g — $XHGs x + 2XGreje), + 5 XGrelej, — Greler)
: : 1 dM?
Running Planck mass: Continues to observe a;; = V2 L

: Opens new possibilities for reviving Horndeski
gravity

Bahamonde et al. PRD 101, 084060 (2020)
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What do observations tell us
about modified teleparallel
gravity?



Gt /G — 1

frLm(T) Model

N L * L | ' R | ' R | 4 T ey
— SN+ CC+ Hf - - SN+ CC+ KVNO + Hff

Model: fPLM = alTbl

1-b; 1—-QI0
|| |where a; = (6H{) °
| | 2b;—1
0.2F 1

Geff(Z =~ 0) = Gy

—-0.1F

— L L gl I L gl - L L aaaal 1 a3 aaaal 1 i 3l 1 L1 3y
1073 1071 1073 10~* 107! 1 10

KVNO - Aa/a from quasar data




Precision Cosmology Constraints for fpy,,CDM

---CC + SN : - CC + SN + BAO
—CC + SN +R19 / —(CC + SN + BAO + R19
------ CC + SN + HW - wwee CC 4+ SN + BAO + HW
--CC + SN + TRGB -—CC + SN + BAO + TRGB

Qru.(l
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I R
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———T— T
Qi 29 =0 ;9 =200 29
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Data Sets

Results for fPLMCDM

Qm,o

Hoy [km s™* Mpc™!]

CC+SN 68.5 + 1.8 0.350%30¢2 —0.22187% 1.45 6.43
CC+SN+R19 71.3%13 0.3261004> —-0.137930 1.51 6.50
CC+SN+HW 71.0 + 1.3 0.3299:9¢3 —0.16%3 %5 1.51 6.50
CC+SN+TRGB 69.1%13 0.34413:94> —0.20+022 1.87 6.85
CC+SN+BAO 67.1+1.6 0.294 + 0.015 0.06 +0.13 1.68 6.68
CC+SN+BAO+R19 69.9 + 1.2 0.30518:013 —0.14151% 0.56 5.56
CC+SN+BAO+HW 69.7 + 1.2 0.30419313 —0.121912 0.89 5.89
CC+SN+BAO+TRGB 68.1 + 1.2 0.298 +0.014 —0.01%8:12 2.00 7.00

AIC=2k —2InL

Number of

e

Model parameters

AN

Maximum likelihood

BIC=kInn—2InL

/

Number of
points in a data set
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fpL.MCDM at perturbative level

Qm.()
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Results for fPLMCDh/I_

Data Sets Hy [km s™* Mpc™1] Om,o

CC+BAO 66.9%%9 0.29179913 0.141317 -
CC+BAO+RSD 68.5713 0.28319:099 —0.04619-120 0.77812:93¢
PN*+RSD 73.7+1.00 |0.289 +0.019 0.07113:973 0.82513:032
CC+PN*+BAO 70.10%982 0.305%3815 —0.040 + 0.087 —
CC+PN*+BAO+RSD 70.441972 0.29619:999 —0.068%3:973 0.80310:032
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Precision Cosmology Constraints for fp;pCDM

-=CC +.BAO + RSD
- PN"/&SHOES + RSD
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Data Sets A

RSD

0.710+0058

CC+BAO+RSD

0.755+0041

PN*+RSD

0.80613048
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fem (T, B) Model

Recall:
1
S = f d*x e[~T + f(T, B)] + Smat
Model:
fem(T, B) = a1 (B)P*
where

6HZ (O o + Qo — 1)

a1 = (p; — 1)(By)P1 + 6H0(P1(P1 — 1)(Bo)p1—23|t=t0)



Precision Cosmology Constraints for fpCDM

---CC + SN ---CC + SN + BAO
—CC + SN + R21 — CC + SN + BAO + R21
CC+ SN + BAO + F21

~CC + SN + F21

7

S & S QD H o>

s NRA < Q & A
S PSS P
H [1 s Mp _1] 1 1 WIS N TN
o [km s pe Hy [kms™" Mpc™] Qo
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Results for fpCDM

Data Sets

CC+SN 68.5121 0.28119:927 0.140%3:929 1.21 6.19
CC+SN+R21 72.0 + 1.1 0.26913921 0.080*0:0¢s 1.04 6.02
CC+SN+F21 69.1113 0.279%3:925 0.143%3979 1.10 6.08
CC+SN+BAO 67.5t 1.4 0.305+0.017 | 0.058 +0.053 —0.04 4.96
CC+SN+BAO+R21 70.3219:23 0.314 + 0.016 0.01223-037 0.79 5.79
CC+SN+BAO+F21 68.1 + 1.2 0.308 + 0.017 0.04613:9%3 0.13 5.12

AIC=2k —2InL BIC=klnn—-2InL
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Can we do this in a model-
independent way?



(Gaussian Processes Regression

The covariance function contains non-physical hyperparameters 6
which define the distribution k(0, x, x')

lterating over these values using Bayesian inference (or others) can
produce better hyperparameters

The result is a (physics) model independent reconstruction of the
behavior of some parameter

This is superior to regular fitting because it is nonparametric and so
assumes no physical model whatsoever



The Covariance Functions

Squared Exponential (Gaussian or RBF):

-
1/x—x'
k(x,x") = of Exp ‘E< I )




Square Exponentlal H, GP

H(z)/kms~Mpc~!

H(z)<c % H(Z)SN § H(Z)BAO - /\CDM | [ 1 H(Z)CC % H(Z)SN § H(Z)BAO s wwe NCDM g
250 | 250 HR
’ . §
200} =y 200
| e e IU
Q
=
i |
v 150 F
150 [ =
Y4
N
i R
100 100
= _ R
: - - CC _ ’ CC + Hp
7+ 1 e Y S —— CC4 SN ] sof | | = L. e CC+SN+H§ i
[ - CC + SN + BAO | i - CC + SN + BAO + H§ 1
0.0 0.5 1.0 I.1.5II..2.0...‘ O.O.I.‘0.5I...1.0.‘..1.5“..2.0‘..’
Z Z

Hy = 67.539 + 4.772km s tMpc~?
Hy = 67.001 + 1.653km s tMpc~?
Hy = 66.197 + 1.464km s~ *Mpc~1

Hy = 73.782 + 1.374km s tMpc~?
Hy = 72.022 + 1.076km s~ tMpc~1
Hy = 71.180 + 1.025km s~ *Mpc™!  |evisaid, sept 2023 -37 of 52




Square Exponential Covariance for Hy

Ho; — Hp

Distance (in o units) between the H, arguments: d(Ho,, Ho,;) =

2 2
\/al- +0j

Data set(s) Ho|km s™* Mpc™?] d(Ho, H3™®) d(Ho, H{R%P)

cC 67.539 + 4.772 -1.304 -0.441 -1.133
CC+HE 73.782 + 1.374 -0.126 1.711 0.217
CC+SN 67.001 + 1.653 -3.225 -1.118 -2.617
CC+SN+HY 72.022 + 1.076 -1.128 1.026 -0.622
CC+SN+BAO 66.197 + 1.464 -3.841 -1.513 -3.113
CC+SN+BAO+HE 71.18 £+ 1.025 -1.628 0.645 -1.046
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Boundary Conditions

ACDM (or f(T) = A) works at late times

This implies that
fr(z=0)=0

= f(z = 0) = 6H§ (R, — 1)

Briffa et al. CQG 38 055007 (2020)

1

S =
16

— | b e[=T + f(T)] + Smatee




Propagating f(T(Z))

The Friedmann equation contains fr which need to be eliminated finite difference methods

Using a central differencing approach (error ~ (?(Azz)), we cah assume

f(ziy1) — f(zi-1)

f(z) =
Zit+1 — Zi—1
, 8GN
Therefore, we can remove the f7(T) = f'(2)/T'(2) 2 3 Pm 6 3 It
This then gives a propagation equation
H'(z;) f(z)
fZis1) = f(Zi—1) + 2(Zj41 — 2i-1) H(Z-l) <3H(Zi)2 + 21 — 3H§Qpm (1 + 2)°
l

Using forward differencing, we can produce a second boundary condition



Square Exponential f(T) GP

40000 60000

T [(km/s/Mpc)?]

_5000 T T 1 T T 1 T 1 _5000 T . . - . ' : I I ' I
CC + SN + BAO CC+SN+BAO+HOR
- CC + SN | R
~10000 ~10000 } CC + SN + H§
----- CC + H§
—~15000 —15000 F
R —— )
8. -___- ___ _- ____- SERTIILD L Dl Sl S e A R TR T R L A R T T N -~ g
s —20000 : |
E | a
g g
= | = —25000
) =
) =
T —30000
T —35000
L -+ NCDM (H§C*+SN+BAO 4 HR)
—40000 - - - . . . —40000 . , ' | . | | |
80000 100000 120000 140000 40000 60000 80000 100000 120000 140000

T [(km/s/Mpc)?]
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Open Problems with GP Reconstructions

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

Underfitting Overfitting Balanced

 Kernel Selection Problem: There is no natural kernel for cosmology

Square
Exponential

Rational
Quadratic

Matérn
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Artificial Neural Networks (ANNSs)

Input Layer | Hidden Layers Output Layer

SN

Output 1
O—
Cosmological

Output 2 parameters
” (ex. H(z), oy (2))

Redshift (z) | —PY

O

T

o



Training Data for the ANN

CC+BAO dataset

P(2)

0.0 0.5 1.0 1.5
Z

2.0

L
-
-
-
-
-
-
-
-
-

-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

P
——
e —
= — -
—-——-.____
—_--
——
——

a
P(z,a, 1) = ——=2z% Le ¥

I'(a)

This observes the gamma distribution:

Mean: oy = 14.25 + 3.42z
Upper error: oy = 21.37 + 10.79z
Lower error: gy = 7.14 — 3.95z
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Designing the ANN

* Risk — Optimizes the number of hidden layers and neurons in an ANN
N

N
risk = E(Biasi2+Variancei) = 2 ([HObs(zi) = Jokren (Zl-)]2 + of; (Zi))
i=1

i=1

* Loss — Balances the number of iterations a system needs to predict the observational data
1. L1 (Least absolute deviation)

N
L1 = Z|H0bs(zi) — Hpred(Zi)|
=1

2. Smoothed L1 (SL1)

3. Mean Square Error (MSE)
N

1 2
MSE = NZ (HObs(Zi) . Hpred(Zi))
L=



Building the ANN

1.025

1.020

1.015

1.010

1.005 |

1.000 f

102 103 104
Number of neurons

Loss

1071 |

10-2;

104 k.
1 O 3 ; -‘.. .
102;

10 |

SL1 9
...... MSE

102 103 104 10°
Ilteration

Risk function for one layer (number of neurons = 2"
n € {7,..14})
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Using the ANN

vvvvv

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

—— 1 layer 3 layers |
-== 2 layers ¢ CC+BAO |

s T RS AR A ] 250 |
R 200
200 A y
— (] /’ g
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What about priors?

H(z)/kms~tMpc~1
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Whisker Plot of Results
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Propagating f(T)CDM
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Conclusion

to traditional ways to
modify gravity

* TG satisfies a number of preliminary observational tests, and
offers a more consistent picture of modified gravity

* TG is compatible with novel methods being developed in
conjunction with machine learning



Thank You
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