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Modified Teleparallel Gravity

A What modifications of GR/TEGR are physically meaningful?
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Galactic Scale Physics

Can cosmologically motivated models produce new galactic physi

. - Disksurface brightness distribution
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Galactic Scale Physics

== GR
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How do these theories beyond genere
relativity fare in cosmology?



Local Expansion Data

A Cosmic Chronometers (CGpectroscopic dating arddependent of cosmological
models(a D ()

A Typelasupernovae $N) Pantheon+ Sample1701 light curves of 1550 Type
supernovae

A Baryonic Acoustic Oscillations (BAPD data fronSDS$or & ¢8




‘O Priors

A Planck Collaboration (18) CDM Model dependen® O P8 TWEIO - A

A SHOES Surve[]: Based omeometry andCepheid variable® 'O 18t o
8 E10 - PA

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

A HOlicow [HW] Based on strong lensifg O xo® pFPEIO - PA
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v# $ -Constraints

Data Sets Ho (km/s/Mpc) 0 X2 AIC BIC

CC+ SN 68.7+ 1.8 0.30610057 1041.49 1047.49 1062.44
CC + SN +R19 71.3%13 0.2901 0 a0 1046.32 1052.32 1067.27
CC + SN + HW 71.0 £ 1.3 0.2917+0-020 1044.99 1050.99 1065.94
CC + SN + TRGB 69.2+ 1.4 0.303 10021 1041.69 1047.69 1062.64
CC + SN + BAO 67.63 =+ 0.90 0.297 +0.013 1057.46 106346 1078.45
CC + SN + BAO + R19 68.8110-52 0.300 +0.013 1068.30 1074.30 1089.30
CC + SN + BAO + HW 68.70 £ 0.83 0.300F0-013 1066.03 1072.03 1087.03
CC + SN + BAO + TRGB 67.98T 070 0.298 + 0.013 1058.56 1064.56 1079.56

¥# $ - EurPhys.J.Plus 137 (2022) 5, 532, said. SEENETP 2025, 6 0f 62



Q'Y Cosmological Models

B models: |
1. Powerlaw: " Y | (Y ] ;
2. Linder Q'Y | "Y(p Q V7 ) =
3. ExponentialQ("y | Y(p Q T )
. P Mn
- (90) e
}6 | P M5
P p (p MQ
e | P Mn
p (P ¢NQ
Eur.Phys.J.Plus 137 (2022) 5, 53
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Powerlaw: "O("Y
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Powerlaw: ")

"(XCDM Constraints
Y

~

Data Sets Hplkm/s/Mpc] 2,0 by M Xinin AIC BIC AAIC  ABIC
CC + SN 68.5+ 1.8 03507008 —022704 1930070033 104094 104894  1068.88 145  6.43
CC + SN +R19 71315 03261008 —0.137030  —1931470030 104583 105383 107377 151 650
CC + SN + HW 71.0£1.3 03207008 —0.1670 4% —19.32470035 104450 105250 107244 151 6.50
CC + SN + TRGB 69.1113 03447008 —0207093  —19.375+0.040 104155 1049.55 106949 187  6.85
CC + SN +BAO 67.1 £ 1.6 0.204£0.015 0064013 —19.435£0.047 1057.13  1065.13 1085.13 168  6.68
CC+SN+BAO+RI9 699412 0.305001%  —0.147013  —19.35970037  1066.87 107487 109487 056  5.56
CC+SN+BAO+HW 697+ 12 0.30410014 o 12t012 193667093 1064.92 107292 108692 089  5.89
CC+ SN +BAO + TRGB  68.1 +1.2 0.298£0.014 —0.017)"1) —19.407£0.036 1058.56 1066.56 1086.56 2.00  7.00

At $ - EurPhys.J.Plus 137 (2022) 5, 532, said. SEENETP 2025 12 0f 62




y A

DM Posteriors
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Lindetr™ QY |

Y ip Q

"(QQCDM Constraints
ST

2

Data Sets Holkm/s/Mpc] Q2.0 by M Ximin AIC BIC AAIC  ABIC
: +1.8 +0.031 +0.227 11+0.57 A1 . 10 | 0, -
CC + SN 68.7+1% 0208F003L 010170538 19431027 104149 104949 1069.43 200  6.98
CC + SN +RI9 714413 02830037 0.088T0 2 —19.28702) 104632 105432 107425 200  6.99
CC + SN + HW 71.0713 0285F0050  0.00670557  —19.37103) 104499 105299 107293 200  6.99
CC + SN + TRGB 69.2+ 1.3 02960038 0.08870530  —19367035 104169  1049.69  1069.62 200  6.99
CC + SN + BAO 66.97] 0294£0.016 0.22%01F  —1938%03F 105652 1064.62 108452 106  6.06
CC+SN+BAO+RI9  68.711)58 0.300 £0.014  0.079700%%  —19.3570-17 106831 107631 109631 200 7.00
] +0.89 +0.013 +0.105 +0.045 - ,
CC+SN+BAO+HW  68.58705 0.30010013 007670005 —19.389F0013  1066.03  1074.03 109403 200  7.00
CC + SN +BAO + TRGB ~ 67.7 4 1.0 0.297 £0.014  0.12870 000 1946703 105847 106647 108647 190  6.90

At $ - EurPhys.J.Plus 137 (2022) 5, 532, said. SEENETP 2025. 14 0f 62




"QQCDM Posteriors
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Exponential Q™Y

"QCDM Constraints

CY(p ©Q

")

A

Data Sets Hylkm/s/Mpc] 2,0 % M Xmin AIC BIC AAIC  ABIC
CC+SN 69.6%1g 02860020 0.067F001 1936770033 104504 1053.04 107297 555 10.53
CC + SN +R19 72,011 0273£0.020 0.042700%)  —1930270:03]  1048.16  1056.16 1076.10 3.84  8.82
CC + SN + HW 715+ 1.4 0275700k 0.07070012 _19317F008  1047.06 105507 1075.01 408  9.06
CC + SN + TRGB 69.7113 028570050 0.04870037  —19.366£0.040 104504 1053.04 107298 536 10.34
CC + SN + BAO 67.35+ 00 0.280£0.013  0.04370000  —10.44170:03%  1060.55  1068.55 1088.55 5.09  10.09
CC+SN+BAO+RI19  68.7010%1 029370013 00597005 —19.397F0050 107171 1079.71  1099.71 541 104
CC+SN+BAO+HW  68.52F0-% 0290570010 0.0347005)  —19.40170055  1069.03  1077.03  1097.03 499 9.10
CC+SN+BAO+TRGB  67.79+£0.85  0.202F0012  0.074F503]) —19.425T0037  1061.78  1069.78 1089.78 521  10.21

At $ - EurPhys.J.Plus 137 (2022) 5, 532, said. SEENETP 2025 160f 62




"@"Y Cosmology Comparison
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Scalar Perturbations

A 4| gravityleaves imprints at the perturbative level
Q (e MR 1T de Wt A (e DD D ¢ F D

equation(‘| —):
1 O 170" Tt

0.8

SDSS MGS

where O — 07

0.6 - SDSS LRG FastSound

A Using thestructure function and mass fluctuation metric:

QT a , 1@ [
QQ) ’Q‘I ’&') " (Q) » h <-|_ . s ’GAMA o

We can define the growth rath measui@ (Q)

0.2

T T T T T T T
0.0 0.2 04 06 0.8 1.0 1.2 1.4 1.6
zZ

arXiv:2310.09159

Levi Said, SEENMTP 2025- 18 of 62



'O Constraints

— SN+ CC+HF - _ SN+ CC+KVNO + Hff
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A Keck Observatory (K) and Very Large Telescope [VLT]

Measuring guasar absorption lines

A Oklonuclear reactor (O)

A 21 New Measurements {NCollected in arXiv:1709.0292
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v# $ -Growth

—CC + BAO Model Ss.0
1CcC + BAO + RSD 0.72970 026
PN+&SHOES + RSD --CC 4 BAO L RSD 0.758+0'Oi6
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XCDM Growth Constraints
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"QQXCDM Growth Constraints

Data sets Hy [km s~ Mpc™?] Qo w 78,0 M
CC + BAO 68.1717 0.314700%  —0.0970%) - -
CC + BAO + RSD 69.17 4+ 0.81 0.287f§;§§6 —0.097037  0.785 4 0.035 —
PN* & SHOES + RSD 73.7+1.0 029070 01s  0.07670%0  0.817TH0T  —19.25270 030
CC + PN* & SHOES + BAO 69.4570% 0.31670 035  —0.06703 - —19.375 + 0.017 ,
CC + PN & SHOES + BAO + RSD 69.90 + 0.58 0.28970018  0.0147099F  0.81070 088 —19.367 5015 i —
Q‘}Q ] 1'\(‘(‘\ §|]|w;w|\(\’ j f\:::_
\\9‘" 1 _cnnl ‘
Data sets S8.0
F0.06T
o | 0.718_g.060 :
---CC + BAO + RSD 0.76170 016
----- PNT & SHOES + RSD 0.80110 052
0.2
. - ] 7 /g?/;g’/;bb/é\\ /Q"??‘/Q‘\%/\N\“'/ ® QQ\\ \\b {" \ Q‘_‘\?’
oy | Y @ 7)) é
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"QQCDM Growth Posteriors
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"QCDM Growth Constraints

Data Sets Hy [km s~ Mpc™!] Qo o7 08,0 M
CC + BAD ORI 000 - -
CF DA + RSD 02865515 039%p5 07841500 -
PN & SHOES + RSD 73.2+ 1.0 0.287 £0.013 0.359700%  0.77010 05 —19.267053
CC + PNT&SHOES + BAO | 02005007 o7t 00t
CC + PN' & SHOES + BAO + RSD 69.381004 0.282+0.011  0.2750058  0.793 +0.035  —19.3710:3]
CC + BAO + ;RSD‘--
Dat t g \Q'b : PN* & SHOES + RSD
ata sets 8.0 N : i
— RS T0.061
RSD 0.7847 ¢ s
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0.052
076520 04
0703 g el
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y A

M Growth Constraints
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"QQCDM Growth Constraints

Data Sets Hp [km s~ Mpc™!] Q.o pfw 80 M
CC + BAO 67.5557 031170057 0.05870 e - -
CC + BAO + RSD 68.67 13 0.276X0012  0.02670733  0.79820 03¢ -
PN* & SHOES + RSD 73.2710 0.280t§;§}§ 0.232t§;§§I 0.79370055  —19.25+0.11
CC + PN* & SHOES + BAO 69.3410 0.3001 0018 0.160 9 50 - —19.3470:24
CC + PNT & SHOES + BAO + RSD

= 4+0.64
69.54" 5 ¢6

0.282£0.012  0.19750:035  0.807 £ 0.032

0.20
—19.3870%%

Data Sets Ss.0
—— 0.079
— R5D 0.744 0 066
-+--CC 4 BAO + RSD 0.762100%
----- PN+ & SHOES + RSD 0.765 002
0.782 £ 0.043

arXiv:2310.09159

CC + BAO + RSD--
PN™ & SHOES + RSD
ah

Levi Said, SEENKTP 2025- 26 of 62




"QQCDM Growth Constraints
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Is there a model independent way of
performing background analyses?



What about Gaussian Processes?

Definition A GP Is a stochastic (random) process where any finite subset Is ¢
multivariant Gaussian distributiorwith mean‘ (¢) and covarianceC ot )ee

Setting the each (w) to zero, thecovariance functiorcan be used tdearn
the behaviorthat produced the data points -
aw ndp 2]

0.57




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

A Squared Exponential (Gaussian) A Matérn

N Aot
i) . wolp P Y o) - B
" c\ & Volo @] O/Q;D\/‘_"‘” ®|
A Cauch S O ¢
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o ., a A Rational quadratic
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‘O Priors

A Planck Collaboration (18) CDM Model dependen® 0 ¢ 8 ™E IO - EA

A SHOES Surve®[]: Riesset al. (2019) calibrated witGepheid variable® 'O xt8t 0
P8 10 - PA

A Tip of the Red Giant Branch [TRGBgedman et al. (2019) repof®@ ¢ @&
PBE IO - DA

A HOlicow [HW] Based on strong lensifg™O  xo®& pREIO - DA

O - O -

Distance (in, units) between théO arguments: QOHO})




Hubble Data'Q(Q))
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uare Exponentid GP

GaPRode from
Seikeket al. (2012)
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CauchyO GP
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Square Exponential Covariance @r

Data set(s)

CC P® 0WIY X ¢ -1.304 -0.441 -1.133 0.029
CC+SN Q@BTPPP L G -3.225 -1.118 -2.617 -0.231
CC+SN+BAO 8 8 -3.841 -1.513 -3.113 -0.778
CG0O 8 8 -0.126 1.711 0.217 4.364
CC+SNO X @ C Cpdty @ -1.127 1.027 -0.622 3.897
CC+SN+BAD X @ Ympdtg u -1.628 0.645 -1.046 3.316
CG0O Q@ TTPX L @ -1.960 -0.076 -1.491 1.208
CC+SNO Q& o yYpg ¢ p -2.970 -0.594 -2.264 0.810
CC+SN+BAD ORpPPPP T X -3.407 -0.903 -2.623 0.328
CG0O X @O OopH ot -0.486 1.262 -0.138 3.204
CC+SNO X WL PP ww -1.711 0.471 -1.155 2.656
CC+SN+BAD Q@pPpPPPCc Y -2.272 0.051 -1.628 2.036
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Data set(s)

Cauchy Covariance f@

CC Q@& wELY Y@ -0.862 -0.073 -0.713 0.383
CC+SN Q@ By CPH YC -3.157 -1.078 -2.562 -0.181
CC+SN+BAO 8 8 -3.839 -1.512 -3.114 -0.786
CG0O 8 8 -0.115 1.719 0.226 4.374
CC+SNO X L Pt Ya -1.106 1.040 -0.605 3.905
CC+SN+BAD X® oopdtg Y -1.634 0.638 -1.052 3.294
CG0O O @ wLPX O T -1.917 -0.041 -1.452 1.254
CC+SNO O® mMYp® og -2.937 -0.575 -2.239 0.833
CC+SN+BAD O WOPP L [ -3.410 -0.909 -2.628 0.316
CG0O X @ T OpD ¢ X -0.469 1.276 -0.122 3.221
CC+SNO X B wgpg Tw -1.683 0.489 -1.132 2.670
CC+SN+BAO O @& wL PP 0 ¢ -2.277 0.043 -1.634 2.016
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Can we test # $ with the GP reconstruction:

A They # $ Friedmann equatiorfor adark fluid 0 (¢) is

GG o y p U (X,
O (@) h (T mrpE O mr%Io 5 @aeAaee
A Solving form ¢ (0 (0) p) we can define
e Oo@ p
|_|( ) '
@ON &6 oa @
A Thereforewe can define thaliagnostic test
. A
fl)(@) h R op OMW)pP & ¢ od& a)ONO(Q)

AFor AAROQ@ myandflOW@



Diagnostic Tests af # $ -
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Square Exponential &) GP
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What does this say about the transition redsl

Matérn

Data set(s)

Square exponentia Cauchy

Rational quadratic

cc T P P ® X G ® © P @ U OF
CC+SN 8 c 8 < 8 g 8 3

8 8
CC+SN+BAO @ @ X8 @ v Ye T U Gf T @ T§
CGO @ v pé ™ T e ™ T @8 @ ¢ Y8
CC+SNO e 1 i P x8 T W18 T X 0
CC+SN+BAD 8 2 8 8 8 : 8 .
CG'0 ™® X o8 ® v 8 ™ @18 T™® 0 X3
CC+SNO ® o o8 T ¢ T3 T® ¢ B T ¢ C3
CC+SN+BAMD & T o8 @ w ol # W L3 T W uh
CG0 ™ v @8 ™ T 15 ™ v pS ™ o ps
CC+SNO @ X of T® ¢ OF @ X P§ @ ¢ p§
CC+SN+BAD e L 8 T g T T g° T T U§
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Square Exponential(a) GP
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Propagating®"Y¢) ) with GP data

A The Friedmann equation contaii® whichneed to by finite differencemethods

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

() é Qa’ ) ,Qq )
Q Q T mp——
o Y. @Y Y
A Therefore, we can remove the('Yy QAT Y(Q) o © O'Iﬂ
A This then gives propagation equation
.y .y , , "O(é()< ‘@a) , )
Q o o o ——| O —— 00 o
Qa ) "Qa ) c(c : )O(g) @) - m (P )

A Usingforward differencing we can produce a second boundary condition



Boundary Conditions

2S

¥vCDM (or'®@"y ) at works at late cosmological timé

This implies that
Qe meé T

t "@aem @O(m  p)
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Cauchy@’y GP
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