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Main take away message

Why care about the Hubble constant?
Adam Riess (2019): “H,, is the ultimate end-to-end test for ACDM”

* The Hy tension is more than just a tension between CMB and
the SHOES measurement

aaaaaaaaaaaaaaa

* |ts also a tension between the inverse distance ladder and
low-Z measurements

 We are very far from a solution!
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Why do we need modifications
to standard cosmology?



General Relativity and Concordance Cosmology

. . . . Einstein 1915: General Relativity (GR)
Einstein-Hilbert action for GR: Energy-momentum source of curvature

Levi-Civita connection: Zero Torsion, Metricity
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Early Universe Concordance Cosmology

2

Anomalies and problems:

* The Lithium problem

* Hints of a closed Universe

* Large angular scale anomalies in the CMB
 Anomalously strong ISW effect

e Cosmic dipoles (cosmological principles)
* Lyman-a forest BAO anomalies

! inflation | Cosmic inflation * Cosmic birefringence
g S Pros: Horizon and « Discordance in dark matter abundance at
s flatness problems smaller scales
8 Cons: Fine-tuning
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Late Universe Concordance Cosmology

Anomalies and problems:

e Cold dark matter problems (core-cusp, missing
satellites, satellite plane alignment)

* Dark energy in fundamental physics

* Oscillations of best-fit parameters across the sky

* Baryonic Tully-Fisher Relation

. 1
| Requirements: S = j d*x [—g|R — 2/]
B Dark matter lemG
4 Dark energy

+ f d*x=g L (9 V)
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The Hubble Tension

Early Universe & Late Universe
estimate estimate

HY'® = 67.27 + 0.60 km s™*Mpc~! | H3?? = 73.04 + 1.04 km s~ *Mpc~?!




Cosmic Tensions
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Cosmic Tensions: CMB

Parameter P1ik best fit Plik [1] CamSpec (2] (121-[1)/oy  Combined | ACDMisasix pa rameter model:
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Planck CMB anisotropies
WMAP+ACT DR4 CMB aniso\
SPT-3G CMB anisotropies

ACT lensing + BAO + BBN
ACT+Planck lensing + BAO + BBN

HE'® = 67.4 + 0.5 km s~ *Mpc™?
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Cosmic Tensions: BBN
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Cosmic Tensions: SHOES Result

Type Ia Supernovae — redshift(z)
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Cosmic Tensions: Tip of the Red Giant Branch

Mg for TRGB Anchors

Systematic Error Bars and Statistical Distributions
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Freedman, W. L. ApJ 919 (2021) 16

[Submitted on 8 Mar 2023]

a 1‘<1V > astro-ph > arXiv:2303.04790

Astrophysics > Cosmology and Nongalactic Astrophysics

Richard I. Anderson, Nolan W. Koblischke, Laurent Eyer

Reconciling astronomical distance scales with variable red giant stars

H5?3 =71.84+ 1.5km s *Mpc~?!
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Cosmic Tensions In recent years
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What are possible solutions?



Attempts at a solution

Model BIC or Mg ili:in ge?l“:;‘)‘; Ax2  AAIC Finalist The Ho Olympics:
i 1. What tension does a model have with
ACDM 0 ~19.416£0.012  4.4o 450 X 0.00 0.00 X X the SHOES result using albaseineiEIuEt
ANy 1 —19.395+£0.019  3.60 380 X | —-610 —410 X X 2018 + BAO + Pantheon best fit?
SIDR 1 ~19.385+0.024  3.20 330 X | —-957 -757 v K 2. How does the inclusion of the SHOES
mixed DR 2 ~19.413+£0.036  3.30 340 X | -883 —483 X X measurement impact this fit?
DR-DM 2 ~19.388+0.026  3.20 310 X | —-892 —492 X X 3.  Does this inclusion make thelE TR tl
SIv+DR 3 —19.44070-037 3.80 390 X | —-4.98 L2 X X better than ACDM or worse?
Majoron 3 ~19.380F 0027 3.00 290 v | -1549 —-949 v v
primordial B 1 —19.39010:05% 3.50 3.50 X |-11.42 -942 v @
varying me 1 ~19.391+£0.034 290 290 v |-1227 -10.27 v v
varying me+Q 2 —19.368 £ 0.048 2.00 1.90 v | =1726 —13.26 v v
EDE 3 —19.390+0-036 3.60 1.60 v | —21.98 -15.98 v v
NEDE 3 —19.380+0:92 3.10 190 v | —18.93 -1293 v v
EMG 3 —19.39710:0%7 3.70 230 v | —18.56 —12.56 v v
CPL 2 ~19.400 £ 0.020  3.70 41c X | —494 -094 X X
PEDE 0 ~19.349£0.013  2.70 2.80 v 2.24 224 X X
GPEDE 1 ~19.400 £0.022  3.60 460 X | —0.45 155 X X
DM — DR+WDM 2 ~19.420+0.012  4.50 450 X | —0.19 3.81 X X
DM — DR 2 ~19.4104£0.011  4.30 450 X | —0.53 347 X X

Schoneberg, N. et al. Phys. Rept., 984 (2022) 1
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Early vs local measurement approaches

Early-Universe new physics ()

1s(z1s) _

[, cs(z,pp)H™1(2")dzZ'

ZLS

S DA(ZLS) -

fOZLS H-1(z")dz'

- Considering the angular size of the sound horizon

9 e
~ ~ T,
° 1/H(Zlate) ’

By decreasing 1, we can increase H, or so one would expect

Late-Universe new physics (D 4)
- Keep early Hubble evolution unchanged and modify late-
time evolution of H(z)

This is very difficult to do provided BAO, Snla and CC data



Late-Universe new physics

Possible late-Universe solutions with new physics (that give high H, values with CMB):
e Graduated Dark Energy Akarsu, 0., Barrow, J. D., Escamilla, L. A., and Vazquez, J. A. 2020

* Late-time interacting dark sector Gariazzo, S., Di Valentino, E., Mena, O., and Nunes, R. C. 2022
* Decaying dark matter Vattis, K., Koushiappas, S. M., Loeb, A 2020

° Decaying dark energy Li, X., Shafieloo, A., Sahni, V., and Starobinsky, A. A. 2019

* Negative dark energy density Poulin V., Boddy, K. K., Bird, S., and Kamionkowski, M 2018

* Phenomenologically Emergent Dark Energy Li, X., and Shafieloo, A. 2020

* Running vacuum models Sola J., Gomez-Valent, A., and de Cruz Perez, J. 2017

BAO constrain 85 ~ 1.H,, anchoring 15 (early Universe) leaves few options for inferring H,




Early-Universe new physics

Early-Universe physics concept:

- Fix 85 (CMB peaks unchanged) so thatr, ~ 1/H,
- Lower 75 which will increase pre-CMB expansion rate
- Do not change D, « 1/Hj,:(2), so modifications in the late Universe are not needed

 Recombination takes place sooner
e Sound waves travel a shorter distance (small )
* The early Universe cools faster

Qs

Compared with ACDM, the pre-CMB Universe needs to expand faster :

[ ’ (B4 9
) 70,

SRS ¢

i
’,
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Early Universe Dark Energy (EDE)

Motivation: Decrease the sound horizon by an early
Universe dark component that is active up to roughly
matter-radiation equality

EDE continuity equation implies energy evolution

1
pepe(@) = PEDE, e Jal
This defines the EDE density parameter fEpg = PEDE/Pcrit

1+WEDE (a)] da/a

This can be parametrized through the EoS
1+ Wf

1+ (ac/a)3(1+wf) B

wgpe(a) =

The critical scale factor sets the scale for EDE:

a < a, — cosmic expansion with wgpg = —1

a > a, - Dilutes as a~3(1+%r)

Example: V(¢p) = ¢*" = wr, = (n—1)/(n+ 1)

—— Matter
6 | ™ Radiation
CTT 1M ¢
8-4 —— EDE
2 102
Q
@ 1072
~
>
0 107°
10—10 //
0.1+
a
£ 0.05
T T T T TS
/ 1+z
/

Representative example: fgpg max = 0.1 at z, = 3500
(Wgpg — 1/2 afterwards)

Poulin, V., Smith, T. L., and Karwal, T. arXiv:2302.09032




EDE Models

* Axion-like EDE (axEDE):
¢ n
V = m2f2 [1 — COS <?>] P18, Pan, ls\x(u%\‘)‘[ . | L:% | :
e, 0 5] — ‘ — c—
* Rock ‘n Roll EDE (RnR EDE): . | B 1 — -
(l) 2n o r\D‘L‘\:“ PR — g )
S e ] B
Pl e EoR| | — ' — —
* Acoustic EDE (ADE): ) e . ]
_|_ P18, l’zm.‘HA(‘)_ HM
1+ Wapg = Y N ==
|1+ (ac/a)*Cwle] e — — |
dULS ——s — o
0 beylHeke (NEDE): o BA\().H&\‘()R; 0.1 67 70 73 .—)
A 1 1 1 1 H
V(@) = 7% +5 FMPY? — ZaMy? +5mPp? +—ypy? fu
. . Ay2
EDE coupled to DM (EDS): Klein-Gordon equation of motion: X%‘“’ES
V(gp,a) =V(¢p) + ppm(a) ) . dV(9) Axcms
e a —attractors EDE (o« —EDE): ¢ +3Hop + a0 =0

(1 + £)?" tanh(¢/V6aMp)™"

V=A+V, -
[1 + [ tanh(qb/\/6_aMp1)]




Evolution of EDE

On subhorizon scales, the fluid equation takes the form
d2 6EDE
dT]z 1+ WEDE

o) "d o)
— —k?2 <CZ&+IIJN>—(1—3C§ 2 < EDE >

* 1+ Wgpg a dn\1+ wgpg
for the fractional EDE perturbation (8gpg), effective EDE sound —107
speed (c?), Newtonian potential (/y) and adiabatic EDE sound
speed (c?2)

S
o
=

— wy=c2=05
—— w;=05,2 =025

w = 0.5,¢2 =1

General features:
e Larger c? translates to more resistance in EDE collapse, while

smaller c2 give larger overall density perturbations. This sets

dPEDE/ O Prot

=
o
S

S ————

the frequency of the oscillations 5 0.1
X
* The sign of (1 — 302) controls where the amplitude increases \EJ --------
(+) or decreases (_) g OO ...........................
10!

 EDE modes are counteracted by pressure within the horizon,

with stable modes only entering the horizon at wgpg =~ —1



The problem with EDE

o: Q,,h2 = 0.143
681 ---- 6Y: Q,.h% = 0.154
........ 0%). Q. h2=0.167

\
[

I BAO
I Planck ACDM

66 1 ‘
—— BBA0(0.5), O,,h% = 0.143 \,
\
BAO 2 \
gad ---- 0 (1.5), Q,h* =0.143 \
135 140
ra [Mpc]

145

150

Jedamzik, K., Pogosian, L. and Zhao, G. B. Commun. Phys. 4 (2021) 123

CMB angular size at recombination:

_ rs(2Ls)
L= —
D(zs)
Transverse BAO angular scale:
T4
HBAO(ZObs) = D
(Zobs)
0.95 DES+SN
Model 2: B Planck ACDM
Fits BAO and CMB peaks at B Model 2
Q,h? = 0.155 0-901 Model 3
Model 3: 0.851
Fits BAO, CMB peaks and A
SHOES result at Q,,h? = 0.167 50,
0.75
024 026 0.28 o.éoQ 032 034 036 038
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Modified Gravity through Lovelock’s Theorem
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The Modified Gravity Landscape
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What about other tensions
on the rise?



Sg Tension

Lm0

58,0 = 0O0g,0 W

Large scale structure is nicely represented by Sgwhich combines the
matter density and matter density fluctuations on the scale of 8 h™*Mpc
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* CMB Planck TT,TE,EE+lowE+lensing o, * Aghanim et al. (2020d)
* CMB ACT+WMAP - Aiola et al. (2020)
Early Universe
Late Universe
0.759 .
0A7'55 Asgari et al. (2021)
T Asgari et al. (2020)
0716 Joudaki et al. (2020)
5_737 Wright et al. (2020)
0651 " & Hildebrandt et al. (2020)
> 0.745 Kohlinger et al. (2017)
T Hildebrandt et al. (2017)
B e Amon et al. and Secco et al. (2021)
¥ b.éo4 Troxel et al. (2018)
o Hamana et al. (2020)
017 9 Hikage et al. (2019)
Joudaki et al. (2017)
0.795 .
b Miyatake et al. (2022)
0766 Garcia—Garcia et al. (2021)
0.745 Heymans et al. (2021)
%5776 Joudaki et al. (2018)
0773 Abbott et al. (2021)
0728 3 Abbott et al. (2018d)
& 08 Troster et al. (2020)
-0 van Uitert et al. (2018)
0.751 i
* GC BOSS DR12 bispectrum = Philcox et al. (2021)
* GC BOSS+eBOSS ST Ivanov et al. (2021)
* GC BOSS power spectra o % Chen et al. (2021)
* GC BOSS DR12 b 708 Troster et al. (2020)
* GC BOSS galaxy power spectrum '—Om Ivanov et al. (2020)
* GC+CMBL DELS+Planck ’—0—‘0‘784 ‘White et al. (2022)
* GC+CMBL unWISE+Planck o4 Krolewski et al. (2021)
0.78 P
* CC AMICO KiDS-DR3 065 - Lesci et al. (2021)
* CCDES-Y1 0.79 Abbott et al. (2020d)
* CC SDSS-DR8 Hﬁl Costanzi et al. (2019)
* CC XMM-XXL 'OTO—' - Pacaud et al. (2018)
* CC ROSAT (WtG) —— - Mantz et al. (2015)
0.749
* CCSPT tSZ 0785 * Bocquet et al. (2019)
* CC Planck tSZ =93 * Salvati et al. (2018)
* CC Planck tSZ —0— - Ade et al. (2016d)
0.7
*RSD 47 Benisty (2021)
*RSD —0— Kazantzidis and Perivolaropoulos (2018)
" M 1 M " "
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Di Valentino et al. CQG, 38 (2021) 15
Cosmology Intertwined, JHEAp. 2204 (2022) 002

Levi Said, Rijeka 2023 - 26 of 36




How can machine learning
help?



f(T) Teleparallel Gravity

Tetrad (e%,): Relate the tangent space (g, = nabeauebv)

Use the (L7, = ey ?0,e%, +e,°w?,,) instead of
the Levi-Civita connection gives R = —-T + B

f(T) Gravity: S = ﬁf d*x e[-T + f(T)] + Spat

Taking a flat ( ) cosmology: g, = diag(—1,a(t)?,a(t)?, a(t)?)
i 8nG  f(I) T AN
\TW HZ:Tpm_T+§fT T=6H2=6(E)

B 4‘7TG(pm + pm)
1—fr—2Tfyr

Bahamonde et al. RoPP 86 (2023) 026901




Propagating f(T(Z))

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

Using a central differencing approach (error ~ O(AZZ)), we cah assume

f(ziy1) — f(zi-1)

f'(z) =
Zit+1 — Zi—1
gz BG FCU
Therefore, we can remove the f7(T) = f'(2)/T'(2) 3 Pm 6 3 It
This then gives a propagation equation
H'(z;) f(z)

fZis1) = f(zi—1) + 2(2i41 — 2i-1) <3H(Zi)2 + — 3H§ Qo (1 + Zi)g)

H(Zi) 2

Briffa, R. et al. Class. Quantum Grav. 38 (2020) 055007




Artificial Neural Networks (ANNSs)

Input Layer | Hidden Layers Output Layer

Wa\\ ’//A Cosmological

| k >
«“W{W&‘%‘( Output 2 parameters

Redshift (z) P4

EW ‘i"&' (ex. H(2), 04 (2))
AN



Designing the ANN

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

N

N
risk = E(Biasi2+Variancei) = z ([HObS(Zi) — Hp,,ed(zi)]2 + J,%(ZQ)
i=1

i=1

o 1.015

1.025

1.020

1.010

1.005

1.000 |

10?2

104

* Loss — Balances the number of iterations a system needs to predict the observational data

1. L1 (Least absolute deviation)

N
L1l = Z|H0bs(zi) — Hpred(zi)|
=1

2. Smoothed L1 (SL1)
3. Mean Square Error (MSE)

1% 2
MSE = NZ (HObs(Zi) _ Hpred(Zi))
=

Loss

104 E,

103 F =5 1

102 -
10 ¢
1L
107t ¢

10—2 L

1

‘io R

102

Iteration

103

104

10°




Using the ANN

H(z)/kms~Mpc~1!

250

200 |

100 |

50 F

..... ,.--------l""""'_ 250‘

50 |

vvvvv

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

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

L1 MSE 1
-== SL1 § CC+BAO |

Hy = 69.76 + 14.82 km s *Mpc~?!
Hy = 68.93 + 11.90 km s *Mpc~?
Hy = 69.18 + 13.92 km s *Mpc~?

One layer is preferred

Dialektopoulos, K. et al. JCAP 02 (2022) 023
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Propagating f(T)CDM

£(T)/ [10°(km Mpc™! s71)?]

; —0.64 CC+ H,TRGB
= _o0gl == CC+BAO+HTEE
...... ACDM: Q,,0 = 0.315
~1.0 ; - ' '
5 10 15 20
e 7/ [10*(km Mpe ™" s71)?]
--=-=- CC+BAO
...... ACDM: Qyiioo—="0:815
5 10 15 20 2

T/ [10*(km Mpc ™" s71)?]

8nG f(r) T
H? = —=pm — ==+ 5/

1|=— CC+H0R2O

_08] ——= CC+BAO+H™

6 3 ...... ACDM Qmo _ 0315

5 10 1 "
T/ [104(km Mpc™? S—1)2]

f(T)/ [105(km Mpc_1 S—I)Q]
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What are we doing in
CosmoVerse?



CA21136 CosmoVerse

e \
WG1: Observational Cosmology
and systematics
Where should
Which features What new data analysis data analysis
should be probed What properties of approaches should efforts be focused?
in cosmological fundamental physics be investigated?
data sets? should be explored?

Which tests
show the greatest potential for

new physics? .
. . < WG2: Data Analysis
WG3: Fundamental Physics > in Cosmology
What types of new physics

can be realistically tested with

survey data sets? )

Main Challenge: Understand the nature
of cosmic tensions and probe possible
solutions using novel statistical
approaches and fundamental physics

CosmoVerse@Lisbon 2023
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Thank You
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