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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
high-z measurements

 We are very far from a solution!

Riess, A. Nat. Rev. Phys. 2 (2020) 10
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Why do we need modifications
to standard cosmology?



General Relativity and Concordance Cosmology

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

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

e

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 principle)

* Lyman-a forest BAO anomalies

[ nfiaten | Cosmic inflation « Cosmic birefringence
5 5 |Pros: Horizon and * Discordance in dark matter abundance at
s flatness problems smaller scales
3 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 lomG
i Dark energy

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

Early Universe “W 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

ACDM is a six parameter model:

- Baryon density (Q,,h?)

- Cosmological dark matter density
(Qch?)

- Acoustic scale angle (1006y¢)

- Reionization optical depth ()

- Primordial power spectrum
amplitude (In(101°4;))

- Primordial spectral index (ng) 600 F
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HOACT+P18+BAO+BBN = 68.1 + 1.0 km S—lMpC—l

ACT Collaboration Astrophys. J. 962 (2024) 2, 113
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Cosmic Tensions: BBN

Data Sets Ho [km s~ Mpc™1] Q0
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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

Distribution of Hy; Values for 3 JWST Methods
= JAGB H, = 69.96 + 1.05 (stat) + 1.12 (sys)
— n H, = 69.82 + 1.69 (st: 2 (sys
| = Cepheids 0 69.82 .69 (stat) 1.12 (sys)
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Freedman, W. et al. L. ApJ 919
(2021) 16

Astrophysics > Cosmology and Nongalactic Astrophysics

[Submitted on 21 Aug 2024]

JWST Validates HST Distance Measurements: Selection of Supernova Subsample Explains Differences in JWST

Estimates of Local HO

Adam G. Riess, Dan Scolnic, Gagandeep S. Anand, Louise Breuval, Stefano Casertano, Lucas M. Macri, Siyang Li, Wenlong Yuan, Caroline D. Huang, Saurabh Jha, Yukei S.

Murakami, Rachael Beaton, Dillon Brout, Tianrui Wu, Graeme E. Addison, Charles Bennett, Richard |. Anderson, Alexei V. Filippenko, Anthony Carr

v

H)?3 =721422kms *Mpc?!
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Cosmic Tensions In recent years

Hy [kms™ Mpc™]

85t
¢ ACDM
80}
70+ . {\\\I\P‘) RS
WMAP3 ywmAPs
WMAP7 ** } &
WMAPI P15 :
65f P13 BAO PI8
2000 2005 2010 2015 2020

Year

Perivolaropoulos, L.; Skara, F. New Astron. Rev. 95 (2022) 101659.
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Freedman, W. et al. L. ApJ 919 (2021) 16
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What are possible solutions?



Attempts at a solution

Model ANyaram Mg GTi‘;jzl“ ?e?l“:i‘;‘; Ax2  AAIC Finalist The Ho Olympics:
‘ 1. What tension does a model have with
ACDM 0 ~19.416£0.012 440 450 X 0.00  0.00 X X the SHOES result using a baseline Plangk
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 3.4o0 X —-8.83 —483 X X measurement impact this fit?
DR-DM 2 ~19.388£0.026  3.20 31c X | —-892 —492 X X 3.  Does this inclusion make thelb et
SIv+DR 3 —19.44010:037 3.80 390 X | —4.98 1.02 X X better than ACDM or worse?
Majoron 3 —19.38010051 3.00 290 v | -1549 949 v
primordial B 1 —19.39010-3% 3.50 3.50 X |-11.42 -9.42 v S @
varying m. 1 ~19.391+0.034  2.90 290 v |—12.27 —1027 v
varying me—+$ 2 —19.368 £ 0.048 2.00 1.90 v | —-17.26 —-13.26 v v
EDE 3 —19.3907 0028 3.60 1.60c v | —21.98 -15.98 v v
NEDE 3 —19.3801 005 3.1 190 v | —18.93 —12.93 v
EMG 3 —19.39710-03% 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  2.70 280 v 224 224 X X
GPEDE 1 ~19.400 £0.022  3.60 460 X | —045 1.55 X X
DM — DR+WDM 3 ~19.420+0.012  4.50 450 X | —019 381 X X
DM — DR 2 ~19.410£0.011  4.30 450 X | —053 347 X X

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

Early-Universe new physics ()

rs(2Ls) _

[, cs(z,pp)H™1(z")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,
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Early-Universe new physics

Early-Universe physics concept:

- Fix 85 (CMB peaks unchanged) so thatr, ~ 1/H,
- Lower r; 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
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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+ (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
<\T 10" e
8—1 —— EDE
s 10
= 8
@ 1072
~
>
o 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. Phys.Dark Univ. 42 (2023) 101348




1 +WADE =

V=A+VO

Axion-like EDE (axEDE):

V =m?f? [1 — COS <%>]

Rock ‘n Roll EDE (RnR EDE):

VZVO(MiPI

Acoustic EDE (ADE):

2n
) 1,

EDE Models

New EDE (NEDE):
A 1 1

V@, o) = ZWL +§,3M2¢2 = §aM¢3 +

EDE coupled to DM (EDS):

2

[1 + (ac/a)3(+wr)/ p]p

1 1
m2¢2 + Ey¢21/}2

V(p,a) =V(¢p) + ppm(a)

a —attractors EDE (¢ —EDE):

(1+ B)?" tanh(¢/V6aMp) "’

[1 +p tanh(qb/\/6_aMp1)

]Zn

ACDM{ ¢

P18, Pan, BAO, H\”
axEDE

P18, Pan, BAO, H.”

RnR

P15, Pan, BAO fo8, H\"
ADE

P15, Pan, BAO o8, HM
NEDE

P18, Pan, BAOfoS, BBN, H"
DA EDE

P18, Pan, BAO, H\“

EDSH

P18, Pan, BAO, H{V
a-EDE (B)
P18, Pan, BAO*, H;"’
EMG

P18, Pan, BAO, H.”

dULS

P18, Pan, BAO, HJV

0.1
fEDE

2
AX(\\[B

¢+ 3Hp +

dV(¢)

ap 0

Klein-Gordon equation of motion:

AX%HOES
AxcmB




The problem with EDE

CMB angular size at recombination:
78 B BAO g (21.<)
B Planck ACDM _ Is\ZLs
*
76 D(zys)
1] Transverse BAO angular scale:
& QBAO( ) — Td
= Zobs) = Dz
< 721 (Zobs)
g
2 70-
T; S 09) : Qb= 0143 . 0.951 DES+SN
Ay i | A 0. 0 B2 =0154 Model 2: B Planck ACDM
sl T Fits BAO and CMB peaks at B Model 2
........ 0%, q_h2=0.167 Qh? = 0.155 0.90 Model 3
66 1 BAO 9 I\
. eBAO(o.5), th2 = 0.143 \ e .
64 - - 0°°°(L5), Qph* =0.143 | Fits BAO, CMB peaks and 5
: - - . SHOES result at Q,,h? = 0.167
135 140 145 150 0.801
rq [Mpc]
0.751
Jedamzik, K., Pogosian, L. and Zhao, G. B. Commun. Phys. 4 (2021) 123
024 026 028 o.éoQ 032 034 036 0.38
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Modified Gravity through Lovelock’s Theorem
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The Modified Gravity Landscape

s

Non-Riemannian geometry
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Other approaches
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[ General |
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EdGB -
Kaluza-Klein gra\(f;irty
= J
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: ) : Lovelock

ies NEY theories

Quantum gravity theories

(Horava-Lifschitz) [ String theory )

Quantization

| Relativity |

£ 2

Loop quantum Asymptotic
gravity safety

[Supergravity) [Rainbow gravity)

Tensor-vector-scalar theories
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(Beyond Horndeski] (Massive)
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What about other tensions
on the rise?



Sg Tension

* CMB Planck TT,TE,EE+lowE
* CMB Planck TT,TE,EE+lowE+lensing
* CMB ACT+WMAP

+ Aghanim et al. (2020d)
- Aghanim et al. (2020d)
- Aiola et al. (2020)

Early Universe

Late Universe

Asgari et al. (2021)
Asgari et al. (2020)
Joudaki et al. (2020)
Wright et al. (2020)
Hildebrandt et al. (2020)
Kohlinger et al. (2017)
Hildebrandt et al. (2017)
Amon et al. and Secco et al. (2021)
Troxel et al. (2018)
Hamana et al. (2020)
Hikage et al. (2019)
Joudaki et al. (2017)

Miyatake et al. (2022)
Garcia—Garcia et al. (2021)
Heymans et al. (2021)
Joudaki et al. (2018)
Abbott et al. (2021)
Abbott et al. (2018d)
Troster et al. (2020)

van Uitert et al. (2018)

Large scale structure is nicely represented by Sgwhich combines the
matter density and matter density fluctuations on the scale of 8 h™*Mpc
S =g Qm,o
80 =080 [Tho
0.3
1.1 i
B BOSS+KV450 (Troster et al. 2020) 07
DES Y1 3 x 2pt (DES Collaboration 2018) i
Bl KiDS-1000 3 x 2pt i
107 I Planck 2018 TTTEEE+lowE i
-171 |
0.9 + S? 1
0.8 i Il DESI BAO + CMB + PantheonPlus

i DESI BAO + CMB + Union3

i N DESI BAO + CMB + DESY5

0.7 T 08 0.6 0.4

wWo
06 DESI Collaboration, arXiv:2404.03002
& NG & o
o, Haymans, C. et al. A&A 646 (2021) A140

0.751
* GC BOSS DR12 bispectrum = Philcox et al. (2021)
* GC BOSS+¢BOSS T Ivanov et al. (2021)
* GC BOSS power spectra 0% A Chen et al. (2021)
* GC BOSS DR12 Xl Troster et al. (2020)
* GC BOSS galaxy power spectrum '—Oﬁ Ivanov et al. (2020)
* GC+CMBL DELS+Planck P—‘O—b 784 ‘White et al. (2022)
* GC+CMBL unWISE+Planck FOH Krolewski et al. (2021)
0.78 §
* CC AMICO KiDS-DR3 065 - Lesci et al. (2021)
* CCDES-Y1 ;i 0.79 Abbott et al. (2020d)
* CC SDSS-DRS8 '_°ﬁ§1 Costanzi et al. (2019)
* CC XMM-XXL 'OTO—' - Pacaud et al. (2018)
* CC ROSAT (WtG) —e—t - Mantz et al. (2015)
0.749
*CCSPT tSZ 0785 * Bocquet et al. (2019)
* CC Planck tSZ '—g—'o_ o3 * Salvati et al. (2018)
* CC Planck tSZ —0— - Ade et al. (2016d)
0.7 .
*RSD 47 Benisty (2021)
*RSD —0— Kazantzidis and Perivolaropoulos (2018)
1 M " M " "
0.2 0.4 0.6 0.8 1.0 1.2

S3_=6'3‘\' .Q,,, /03

Di Valentino et al. CQG, 38 (2021) 15

Cosmology Intertwined, JHEAp. 2204 (2022) 002
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How can machine learning
help?




Horndeski Gravity

Horndeski Gravity: Produces the most general second-order

theory that contains only (in standard gravity)
S = 1677Gfd4x\/_g[£2 +L3 +L4 +L5]
where

LZ — G2(¢1X)
LS — G3(¢1X)D¢
Ly = Ga(, X)R + Gox (¢, X)[(@)? — ¢, ]

1
Ls = Gs($, X)Gu ™ — = Gs.x (6, X)[([@P)* + 26" ¢, “b.0" — 3¢y /00
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Example classes of models

Quintessence models

GZ :X_V(¢),Gg — C,
G, =1/2,Gs = 0

Background equations:

sz
3H? =p+7+V(¢)
L2
2 H + 3H2 =—p—¢7+V(¢)

d+3Hp+V' () =0

Equation of State parameter:
b/2-v
W¢ = =
Q/2+V

Designer Horndeski models

GZ = K(X)) GS — G(X),
G, =1/2,Gs =0

Background equations:

3H? = p— K(X) + 2XKx + 3Hp?Gy
2H +3H? = —p —K(X) + 2X ¢pGy

CB[QS(3H(GXX P% + GX) + Kxx ¢) + KX]
+3¢(Gx H +3GxH? d + HKy) =0

Equation of State parameter:

JN2x (HZ — H§(1 - ﬂm)) 2JV2X(pKy + 3H $2Gx)(1 + z)HH'
3HE0(1— Q) IHEQ (1 — Q)

W¢=—1+

where ] = ¢Ky + 3H ¢p2Gy



Artificial Neural Networks (ANNS)

Input Layer

Redshift (z)

Output Layer

Cosmological
parameters

(ex. H(z),o04(2))




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 + aﬁ(zﬁ)
i=1

i=1

o 1.015

1.025

1.020

1.010

1.005

1.000

102

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 (HODS(Zi) T Hpred (Zi))
=

Loss

104 |,

103 =5 i

102 -
10 ¢
1L
107t ¢

10—2 L

1

‘io R

102

Iteration

103

104

10°




Using the ANN

One layer is preferred

10097 — R21

80 «ree- ACDM

S 60
s

40

1.0 1.5 2.0

Dialektopoulos, K. et al. Phys. Dark Univ. 43 (2024) 101383

Monte Carlo routine used to determine

uncertainties on H'(z)
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Quintessence Models

V(¢)=H+3H2—¥

¢? =—2H — (p —p)
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Designer Horndeski Models

| — R21 o5 — R2I
---- TRGB 2] | s TRGB
257 | s P18

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

™0
N

— R21
---- TRGB

== , JV2XH? J\V2X(1-Q,)
1 P K = _3H0 (1 - Qm) + > -
| : 3HZO,, Q,,

~ 2JH'(X)
X 3HZQ,,

0.0 0.5 S 20 Levi Said, FLAG 2024 - 33 of 42




Using machine learning to
probe systematics




Luminosity distance: d;(z) = ¢ (1 + 2) |,

SNal Distances

Apparent Magnitude:
d(z)
1 Mpc

m(z) = 5logy [
el

v

H(z) =

c (1+2)?

(1+2)d; (z) —d,(2)

—— Reconstruction

lo
¢ Pantheon+

05 1.0 1.5 2.0

z dz’
0 H(z"

N

Absolute magnitude

--#-- Derivative Reconstruction at zc¢

0.00

0.25

050 0.75 1.00 125 150 1.75
Z

2.00

Mukherjee et al., JCAP,
Accepted [arXiv:2402.10502]




100

300

400

Mg

ANN-Driven constraints on Mg

MCMC log-likelihood:

r: 1
log L(Mg) = —— — —longl — —log 2T

2

?(Mg) = Z; j[Hcc(z) — HANN(Zi)]COVij [Hcc(Zi) — Hann (1))

—195 —19225

(¥

Cov [m(z

), m(z)] Cov [m(z), m/(2)]

30

o
I3

20

@
@

Cov [m'(z)

10

,m’(2)]

30

1.05

0.90

0.75

0.60

0.45

0.30

0.15

0.00

—0.15

This work*

Shah et al. 4

Shah et al. 4

Banerjee et al. -

Favale et al. 4

Favale et al. 4
Gomez-Valent 4
Gomez-Valent 4

Benisty et al.

Benisty et al. 4

Dinda & Banerjee 4
Dinda & Banerjee -
Dinda & Banerjee 4
Mukherjee & Banerjee 4
Mukherjee & Banerjee A
Mukherjee & Mukherjee -
Camarena & Marra 4

Camarena & Marra 4

-19.353+0.073
-19.2¢ ’7—(1 Oél
-10.394f3-‘;13 :
1040473320
-19.314139%¢

-19.344 7110
-19.362+0.978
-19.374 + 0.080

-19.220 & 0.200

-19.380 i 0.200

-19.395 :t 0.015
—1!).39() + 0.016
e
-19.384 £ 0.052
———
-19.398 £ 0.041
———
-19.360 £ 0.059
——
-19.387 £ 0.060
—— :
-19.262 £ 0030
—— S

-19.401 + 0.027
——

-19.6

2194 -193  -19.2
My,
x

- CC+Pantheon+
tOpao+7gMP+Pantheon

b apao+r M +Pantheon

F CC+rpao+Pantheon+ (2 # 0)
- CC+BAO+Pantheon+ (€ # 0)
 CC+Pantheon+ (€ # 0)

- CC+BAO+Pantheon (€2 # 0)
+ CC+BAO+Pantheon

b apao+1y "4 Pantheon

b apao+7 M +Pantheon

+ CC+BAO+Pantheon

+ BAO+Pantheon

- CC+Pantheon

F CC+rpao+Pantheon

+ CC+Pantheon

+ CC+Pantheon
FOpao+r$MP+Pantheon

b apao+r ME+Pantheon

-19.0

SHOES Team (S22) Mg

—19.214 + 0.037
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A possible late-time transition of Mg

& —19.30 1

1)

A/[B (Zma

—19.15

—19.20 1

—19.25 1

—19.35 1
—19.40 -
—19.45 1
—19.50 1

_1955 i T T T 10 T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

z Mp(Z)
0.275 —19.40413-927
0.746 —19.61%312
1.234 —19.14151%
1.748 | —19.46 + 0.22$

Zmazx \

\

Mild indication of
transitionatz = 1

—19.0 1
—19.1+
—19.2 finieniiiinicenne - S ... ... .........

N =193

o 104

~ —
~19.51

—19.6 1

—19.7 1

000 025 050 075 1.00 125 150 175 2.00

Z
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What are we doing in
CosmoVerse?



CA21136 CosmoVerse
f

Main Challenge: Understand the nature of cosmic
weeshoud | t€NSiONS and probe possible solutions using novel

Which features What new data analysis data analysis . e .
should be probed / /\hat properties of  approaches shoud siotsbefocused? | Statistical approaches and fundamental physics
in cosmological fundamental physics be investigated? i
data sets? should be explored? -
Which tests

show the greatest potential for

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

can be realistically tested with
\_ survey data sets? Y,

CosmoVerse@Krakow 2024

CosmoVerse@Lisbon 2023
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CA21136 CosmoVerse — Current Activities

CosmoVerse White Paper: Addressing observational tensions in cosmology with

systematics and fundamental physics
(Dated: September 5, 2024)

SION,
‘b,‘gﬂ s o

92 oo
=4 %
< Zz
s [¢]
E & CosmoV Semi
1. Introduction A ) osmoverse seminars
1.1. State of the art status of cosmologi . .
1.2. Early vs local measurements and ef Q, <
1.3. Additional curiosities and anomalie OsmoveR®
2. Observational Costology and Systemati Nils Schéneberg Leandros Perivolaropoulos
2.1. HO Tension: measurements and systematics S
The Distance Ladder # wednesda: 2,2024 )30am CE
2. Cepheid _‘"‘““M"‘ s ;““'“‘l*”"l candles o er y - September 19, 2024 =3 Title: Hubble tension: A global perspective of measurements and models
Maser driven constraints S S O r u r a e a
. On the Tip of the Red Giant Branch method O O .
Calibration through Mira stars
Type Ia supernovae
7. Jregions of the asymptotic giant branch methods "
8. The Hubble constant from Type II supernovae £ . o
. The surface hrightness fuctuntions method Glenn Starkman William Giaré
2.1.10. Cosmic chronomete 3.6.4. Applications in cosmology 73 e ey o5 y of Sheffield, UK
2.1.11. HII galaxy distance indicators i , ~ Vo asdome Gotiber 309004 e B A00m OE
2.1.12 and time delay measurements L. Fundamental Physic: T4
13, ) cosmologies 1.1. Early time proposals 74
2.1.14. GRBs as Cosmological Standard Candles 1.1.1. Early dark energy and Variants T4
2.1.15. The baryonic Tully-Fisher relation approach 1.1.2. New early dark energy and variants 79 o
2.1.16. Gravitational wave constraints 1.1.3. Extra relativistic degrees of freedom 81 Tessa Baker Elsa Teixeira
2.1.17. The cosmic microwave background radiation 1.2, Late time proposals ) ) 84 - o . va ey - oy = Dacemt ‘o
2.1.18. Baryonic acoustic oscillations 1.2.1. Challenges for Late Dark Energy Models from BAO and Snla Data on Deformations of H 0 R Sk s kA o fte 004 i s b
S8 Tension: measurements and systematics the Ultralate Physics Transition Approach
2.1. Weak lensing . 1.2.2. Dark Energy models hibiting a Rapid Density transition from Negative to Positive values in
the Late Universe B8

2. Calaxy Cluster Counts
2.2.3. Other probes

Other challenges 13, Midifed gravity o o2 . 1
231, Systamatcsand the Ay, Parametr i 1. Modified gravity in ight of cosmic tensions o htt ps -//COS m Ove rS ete N S | O 1] S . e u

2.3, Tnteracting dark energy 88

wly modifications to gravity

idence for a nonvanishing € 48

1
4.4. Matter

Anisotropic anomalies in the cosmic microwave background radiation 48 or solutions 103

wiwa Tension 50 14.1. Cold dark matter 103

Cosmic dipoles 50 1.4.2. Warm dark matter 106

Big Bang nucleosynthesis 53 1.4.3. Interacting and decaying dark matter 107

Anomalies with Lyman-a measurements 55 45. Other solutions ) ) o

Cosmic superstructures and the ISW Anomalies 56 1.5.1. Estimates based on a lpu“lhlx‘ local void 110

2.3.9. Cosmic Voids 59 4.5.2. Primordial magnetic ficlds 110
2.3.10. Fast Radio Burst probes of Cosmic Tensions 60 _4.5.3. Inflationary models 112
2.3.11. Radio Background excess 63 4.6. The cosmological principle 119

- L.7. Quantum gravity phenomenology 123

3. Data Analysis in Cosmology 1.7.1. QG modified gravitational dynamics 124
Cosmology simulators and Markov chain Monte Carlo approaches 4.7.2. Quantum gravity effects on the physics of particles and fields 125
Machine learning based inference techniques 4.8. Neutrino It\n\_mn.\ 126
Reconstruction techniques 4.9. Variation of Fundamental Constants 127

. Genetic algorithms in model selection 1.10. Local physics solutions to the Hubble and growth tensions 127

3.4.1. Genetic algorithm o .

3.4.2. Machine learning and GA variants 5. Discussion and Policy Recommendations 128
k GA for cosmology L. Summary of current and (possible) future tensions 128
3.4.4. GA for cosmological tensions Summary of new techniques being developed 128

§ y . . ; ; iscussi f new 51 2
3.5. Inference from cosmological sinmlations 5.3. Discussion of uew physics 1;3
3.6, Profile Likelihoods in cosmology 5.4. Future 5“!'\‘1'\'_’ TOSPY luef
a6 Recommendations 128

Motivation
Confidenee intervals from Profile Likelihoods
3. Caleulation of Profile Likelihoods

3.6.1
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CA21136 CosmoVerse - 2025

CosmoVerse@Naples COSMBVERSE

May 21 -23, 2025 Q
Naples - Italy

Europe/Rome timezone

Overview

Timetable
Registration
Participant List
Organizing Committee

Venue Information

BA cosmoverse cost@gmail

B4 cosmoverse@oa.uj.edu.pl

CosmoVerseWorkshop@Naples 2025 - 21-23 May

b o ; — ——
A BN E2 4""’2-'6ﬂ21E1_‘v25

ADDRESSING OBSERVATIONAL TENSIONS IN . COSMOLOGY, WITH SYSTEMATICS AND.
FUNDAMENTAL PHYSICS COST ACTION CA 21 1136

ITo®

<
OOSMO Vf’-“%

**

* *

* *
* ok
Funded by the é

European Union

C;qsl:

EAN COOPERATION
SCIENCE & TECHNOLOGY §f

2505

CosmoVerse@Istanbul 2025 — 24-26 June
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