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Cosmological observations
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ACDM — Standard cosmological model

established in the 2,000s through accumulated observational evidence

e Describes the formation and evolution of the universe

° X

dlains the cosmic ex

universe

bansion & the resulting matter distribution across the

Formation: | 7n,d

evolqun of galaxies | = * ‘Clustering of galaxies/clusters
TNe A / e (large-seple structure)
<\ \ Q)
K< Ko o

http://www.esa.int/spaceinimages/Images/



ACDM — Standard cosmological model

A minimal model based on general relativity only with six

Darameters

* A spatially flat universe with a cosmological constant (/\)

* Homogeneous & Isotropic background + perturbations

/

e Structure formation driven by the gravitational instability of cold dark matter

ing a self-consistent explanation that agrees with current observations

: baryon density

. CDM density Parameters derived
. | from CMB observations
: distance ratio to last

scattering surface

: scalar spectral index

: amplitude of curvature fluctuation}

. reionization optical depth
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Planck 2018

Cosmic microwave background experiment led by ESA

emperature Polarization Gravitational lens
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Planck 2018
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Planclc 20 &

Parameter Planck alone

0.02237 £ 0.00015

0.1200 £ 0.0012
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Mysteries/unresolved issues

Nature of dark energy: driver of the current accelerated cosmic ex

* |s it Einstein’'s cosmological constant !

* Or does It signal a breakc

own of general relativity ?

DaNSIon

Nature of dark matter : backbone of structure formation in the universe.

Even 1ts mass Is unknown

— A vast discovery s

Furthermore,

key assumptions remain untestec

such as:

Inflation — a phase of rapid expansion in the early universe

Hypotheses: cosmological

slalale

ble, Gaussianity of

brimordial fluctuations, ...




Cosmological parameters derivec
with those obtainec
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from distance ladc

Hy=74.0x1.4km s_1 Mpc‘

(Riess et al.’19)

A mscreaancy in the Hubt
/

Tensions across multiple observations

from Planck CMB observations do not agree

from local (low-z) measu_

\_‘m ents

etween values inferrec
‘ from CMB

H,=674+05kms ' Mpc™!

(Planck 2018 results 1V)

Model-independent observations
using Cepheids & lype la SNe as
standard candles

Predictions’ o
derived from P

observations

- N\C

anck CMB

DM model




Timeline of HO measurements

Planck 2018 results [, modified

Riess et al. ('19)
H,=74.03+1.42kms ' Mpc™!

CMB results are excludec

ADEEY o

L §44 .
I ]

Gravitational wave

(GW /7081 17)

2010 5015 Nyl [Mproving precision across
Year of publication methods, values are converging




Timeline of HO measurements

HST key project
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. - Since 2010, local vs. CMB
B Distance Ladder A ACDM Freedman ('17) measureme,nts has ShQ\/\/n
INcreasing tensions

WMAPS3

2005 2010 2015
Publication Year



Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 + 0.5 < : M B W/

Pogosian et al. (2020), e BOSS+Planck mH2: 69.6 + 1.8
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54
Ade et al. (2016), Planck 2015, HO = 67.27 + 0.66 P I E i n C k

Dutcher et al. (2021), SPT: 68.8 + 1.5

Aiola et al. (2020), ACT: 67.9 + 1.5 H0 [km S _I Mpc _I]

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1

Zhang, Huang (2019), WMAP9+BAO: 68.36+(-33

Henning et al. (2018), SPT: 71.3 + 2.1

. Hinshaw et al. (2013), WMAP9: 70.0 + 2.2

No CMB, with BBN
Zhang et al. (2021), BOSS correlation function+BAO+BBN: 68.19+0.99 - ]
Chen et al. (2021), P+BAO+BBN: 69.23+0.77 -

[=C=
Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.313-83 - =—0—]
D' Amico et al. (2020), BOSS DR12+BBN: 68.5 £2.2 - TR — B AO W B B N
Colas et al. (2020), BOSS DR12+BBN: 68.7 £ 1.5 oo

Ivanov et al. (2020), BOSS+BBN: 67.9 + 1.1 - ——i
Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 + 0.97 - (=]

CMB lensing - -
Baxter et al. (2020): 73.5+ 5.3 + C M B Ie n SI n g .

° '
D I re Ct d | E; | E l n C: ‘ E i d d e I/‘ Philcox et al. (2020), P;(k)+CMB lensing: 70.6+3:]
LSS #.q standard ruler -

Farren et al. (2021): 69'51%:(5) .

2§23

Indirect

Direct

Riess et al. (2022), R22: 73.04 + 1.04
Camarena, Marra (2021): 74.30 + 1.45
Riess et al. (2020), R20: 73.2 + 1.3

sing empirical relations and observations to
rectly determine the distance—redshift relation.

SNIa-TRGB -
Dhawan et al. (2022): 76.94 + 6.4 - [—— o
Jones et al. (2022): 72.4 + 3.3

Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 £ 1.8 - [——C=
Freedman (2021): 69.8 + 1.7 - + —e—i

Kim, Kang, Lee, Jang (2021): 69.5 + 4.2
Soltis, Casertano, Riess (2020): 72.1 + 2.0
Freedman et al. (2020): 69.6 + 1.9

Reid, Pesce, Riess (2019), SHOES: 71.1 £ 1.99 - ‘t e Ia S N e =
Yuan et al. (2019): 724 +£2.0 - = =]

SNIa—Miras

| emaitre-

Huang et al. (2019): 73.3 £ 4.0 -

S B SR 2 R YOGy IR o o HOKE R . SR A R 2 AL Vot { > : o HOKE R Blakeslee et al. (2021) IR—SBF w/ HST: 73.3 £ 2.5

e a W , : . x X . ; - X \ : ; - X ) : ¥ ) ; ; Y - : Khetan et al. (2020) w/ LMC DEB: 71.1 + 4.1

u i 1 ' SoAns ol . AR 94 : AR 1 ' SoAns ol AR 94 : 2 Cantiello et al. (2018): 71.9 + 7.1

de Jaeger et al. (2022): 75.455:? .
de Jaeger et al. (2020): 75.8%3'5

T
[

Masers -
Pesce et al. (2020): 73.9 £ 3.0 -

Tully Fisher -
Kourkchi et al. (2020): 76.0 + 2.6 - [ @ 1
Schombert, McGaugh, Lelli (2020): 75.1 + 2.8 -

HII galaxy -
Fernandez Arenas et al. (2018): 71.0 £ 3.5 -
Wang, Meng (2017): 76.123-47 -

o
Lensing related,mass model dependent -
Denzel et al. (2021): 71.8f§:9 . o
Birrer et al. (2020), TDCOSMO: 7445J_r2: . .

Birrer et al. (2020), TDCOSMO+SLACS: 67.4F

= [ C
Yang, Birrer, Hu (2020): 73.65¥132 - O
Millon et al. (2020), TDCOSMO: 74.2 + 1.6 - [—0=
1.8

. . ' Qi et al. (2020): 73,6J_r}_g . I ® i
-t Liao et al. (2020): 72.8%{§ - ——
Liao et al. 2019): 72.2 £ 2.1 - P—_—C—
ssuming a cosmological model to Infer e =
Wong et al. (2019), HOLICOW 2019: 73.3¥ 14 - ——i

Mukherjee et al. (2022), GW170817+GWTC-3: 67t§;§
Abbott et al. (2021), GWTC-3: 68+ 4%

Palmese et al. (2021), GW170817: 72477fg']35

Gayathri et al. (2020), GW190521+GW170817: 73A4flgg

Mukherjee et al. (2020), GW170817+ZTF: 67.6T :%
Mukherjee et al. (2019), GW170817+VLBI: 68.3t§:

Hotokezaka et al. (2019): 70.3J_r5:0

arameters from observables (CMB, BAQO, ...

Moresco et al. (2022), flat ACDM with systematics: 66.5 + 5.4
Moresco et al. (2022), open wCDM with systematics: 67.8J_r§:z

Which measurement Is reliable ! or none e s 85
of them are correct ? km/s/Mpc

ar><|V:2203 .06 | 42\/ | FIG. 2. 68% CL constraint on Hy from different cosmological probes (based on Refs. [48, 49]).




Tensions across multiple observations

Cosmological parameters derivec

from Planck CMB observations do not agree

with those obtained from local (low-z) measurements

* H tension. -

A discrepancy in‘the Hubble

from ¢

* S¢ tension :
A mismatch in the parameter Sg, which characterizes the growth of cosmic
'ween weak lensing and CMB observations

structure, be

— possibly hinting.at flaws4nACDM model

barameter today, between values inferrec

istance ladder observations and those derived from CMB

Q) : matter density parameter

og : RMS amplitude of matter fluctuations at 3 h~! Mpc



Gravitational lensing effect
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Weak lensing observations
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Weak lensing (angular) power spectrum
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Weak lensing measurement of S Xiv2304.00704
Subaru HSC 3 year result (416 deg"2) arXiv:2304.00705

Comparison between Comparison with other
different probes observations (3x2pt analysis

| | 3x2pt large scale * Bl 3 2pt large scale * (This work)
BEl < 2pt small scale 3x2pt small scale

: : Mawal o018
B Cosmic shear tomography: Real _ Planck 2018

Bl Cosmic shear tomography: Fourier T al DES Y3 3x2pt
Planck 2018 | e - Ki1DS 1000 C \%—( &5

(Mlyatake et al.’23)




« CMB Planck TT,TE,EE+lowE - - Aghanim et al. (2020d)
* CMB Planck TT,TE,EE+lowE+lensing ' - Aghanim et al. (2020d)
* CMB ACT+WMAP ' - Aiola et al. (2020)

I t n t n r I 7 Early Universe
S ‘:;8 ensio eadl !
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)

Compilation of various measurements ‘

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

(Weak lensing, salaxy clustering, cluster | P

van Uitert et al. (2018)

counts, redshift-space distortions) B meonesh oo

* GC BOSS+eBOSS " Ivanov et al. (2021)

* GC BOSS power spectra  Chen et al. (2021)

* GC BOSS DR12 —0— - Troster et al. (2020)

* GC BOSS galaxy power spectrum —0— * Ivanov et al. (2020)

* GC+CMBL DELS+Planck —0—i - White et al. (2022)

* GC+CMBL unWISE+Planck HEH - Krolewski et al. (2021)

* CC AMICO KiDS-DR3 —— - Lesci et al. (2021)

* CC DES-Y1 —E— - Abbott et al. (2020d)
* CC SDSS-DRS ' - Costanzi et al. (2019)
* CC XMM-XXL b————@—1 - Pacaud et al. (2018)
* CC ROSAT (WtG) —— - Mantz et al. (2015)

* CCSPT tSZ ——i * Bocquet et al. (2019)
* CC Planck tSZ - - Salvati et al. (2018)
* CC Planck tSZ —&— - Ade et al. (2016d)

* RSD ' - Benisty (2021)
* RSD - - Kazantzidis and Perivolaropoulos (2018)

arXiv:2203.060142v1




Tension has gone ?

| atest weak lensing analysis from KiDS-Legacy (1347 deg”™2)

ECUC Yl  ° A larcer area coverage

ﬂ

Kernel

* |mproved redshift distribution estimation
out to higher-z (z~2)

COSEBIs (E,)

Bandpowers (Cg ' -
1 PlanIZk—Leg(acy)(CMB) Now, consistent with Planck ACDM

Prior Volume

)
-
s
o
-
C
-
s
™
-
™
-
e
O
-

... still premature to say tension has gone

arXiv:i2503.1944 1



What do the tensions imply ?

Systematic errors in local (low-z) measurements

Unaccounted systematics may bias local parameters, causing
inconsistency with Planck results.

Breakdown of ACDM model

New physics beyond ACDM could cause apparent discrepancies
between Planck and local measurements

To clarify the cause, more detailed observations are necessary:

* |nvestigate systematic errors & cross-check with independent probes

o Test ACDM with observations beyond Hy & Sg tensions (new physics search)



Beyond ACDM model

ng

Cluster




Galaxy surveys

HETDEX (2018~)
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Observational information in galaxy surveys

Imaging - galaxy shapes & angular

on the celestial sphere

* Weak lensing

* Angular galaxy clustering
(2D)

Spectroscopy - 3D positions of galaxies (angular position + redshift)

DOSITIONS

Combining both
3x2 pt analysis

. Decoding * Baryon acoustic oscillations
3D galaxy clustering — 4 ——»

e Redshift-space distortions

% Combining iImaging & spectroscopic data yields even more information

(how and what can be extracted is nontrivial)




Baryon acoustic oscillations (BAO)

* (haracteristic scale imprinted on galaxy

e Acoustic sound horizon of primeval baryon-photon fluic

Galaxy power spectrum
N component)

distance

(relative to smoot

5 <3
i j!
A=

-4
= z

Using the Alcock-Paczynski effect, the Hubble

distribution (~100 Mpc/h) | gt

Cosmic
standard ruler

Angular diameter “Galaxies at z
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BRI END

barameter at z can also be measurec




Redshift-space distortions

Peculiar velocrties cause anisotropy In spectroscopically measured galaxy distributions

—> The strength of the anisotropy X foq(z) ~ Q. (2)"%0q(z)  (Kaiser '87)

150 BOSS DR12 - 05 < z < 0.75

Lme-of—mghtT__

100 N

Galaxy two-point
correlation function

50

- — ~ Nick Kaiser
& Galaxy |

:

L Test of gravity on
cosmological scale
(General relativity)
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Dynamical dark energy ? by DESI

Kitt Peak Obs.

BAO measurements from DESI — Francisco Prada’s talk a

Dark energy

BN DESI+CMB+Pantheon+
DESI+CMB+ Union3
. DESI+CMB+DESY5
DESI+CMB

DR2 result
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Cosmological observations & structure formation

Cosmological information from the CMB and galaxy surveys Is connectec

through structure formation — combining multiple observations is thus beneficial
(evolution of density fluctuations)

Generation of e Matter fluctuations
Cosmic Inflation = Primordial fluctuations —»  (dark matter, baryon & neutrinos)
(Still to be confirmed) With adiabatic initial condition @ Photon fluctuations
(CMB anisotropies)

Theory of cosmic structure formation

brovides tools for quantifying observables & interpreting them

(what physics can be extracted from, how to model & interpret it quantitatively)




Cosmic structure formation: overview

After radiation domination, dar
growing via gravitational instabi

nen fluctuations reach unity (0 ~ 1),
nonlinear gravity forms self-gravitating halos

decoupling (z ~ 1,100), soon ca

'ching up with those o

“dark mat

< matter perturbations quickly begin
'y, while baryons start to grow af
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Cosmic structure formation: overview

fter radiation domination, dark matter perturbations quickly begin
ity, while baryons start to grow after

rowing via gravitational instabil
ecoupling (z ~ 1,100), soon catching up with those of dark matter.
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Matter power spectrum
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Dark matter halo: small-scale structure formation
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Linking theory with observations

Linear theory of structure formation More theory needs to be involved to
(CMleReeliviuEiiiReet DMl confront with precision observations
» Matter fluctuations

+ For survey specific talks
Nonlinear gravity
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Sunyaev-Zeldovich/X-ray clusters

Weak lensing (cosmic shear)

Galaxy clustering ;» Statistical characterization
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Cosmology Is a subect of physics tightly connected to observations
(from stars, galaxies to CMB)

ACDM model, the standard cosmological model, needs to be scrutinizec
by new observational data — beyond ACDM & new physics search

* Nature of dark energy & dark matter, and untested hypothesis

e Tensions across multiple observations (Hp, Sg)

(Stage |V class) galaxy surveys play a crucial role

(cosmological parameters, testing ACDM & gravity)

Theory of cosmic structure formation provides a basis to interpret
observational data as well as a clue to clarity/address




