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fMnotesa nHdnaunm

[unotesa mHNAUMKM BceneHHon Obina Bnepsble npeasioxeHa Anekceem CTapoOWHCKMM M nosgHee
He3aBucumo (B pasnuuHblix Bapuaumsix) Alan Guth u Angpeem JlvHge. Bnocnegcteum  6binio
npeanoXXeHo MHOXEeCTBO Moaudomnkaumm n passutnum TxX UOemn.

[lpakTnyeckn HesaBMCMMO OT BapwuaHTa MoAenwu, o
nHpnauma NPEOCKA3BIBAET Hanunune nepBUYHbIX
rPaBUTALUMOHHBIX  BOJSIH, TMPOSIBIIEHWE  KOTOPbIX
BO3MOXHO OBOHapYyXMUTb U3 aHasrmsa XapakTepUCTUK
PESIMKTOBOIO N3ryyeHus (cemvyac akTUBHO ULLLYTCS).

Sound waves

Inflation

10°

Power spectrum

uo‘SnQEO

Kpome Toro, mogenb nndnaummn NPEOCKA3BIBAET
oTnnyne nokasarens crnekTpa NepBUYHbIX
BO3MYLEHMUA OT eauHuubl (NoaTBEPXKOEHO B 1
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Multipole moment, /

ng=1- E, 50 < N < 60 — MoKasaTteslb 3KCNOHEHTbI MHANAUNn!



KpacHoe cmelleHune

[na doTtoHoB ds = 0, Toraa MOXHO NoKasaTb, YTO:

)lper o )lncr[ a(tO)/‘l — a(t)}' . a(tO) 1
ew  a®2  a®

Z

To ecTb KOCMOMOrM4yeckoe rnokpacHeHne (OTOHOB OTpaxkaeT U3MeHeHue macliTabHoro daktopa co
BPEMEHEM.

a
2 =1+z
a

Takum obpasom, B otnuume ot adpekta [onnepa, dOTOH «4YyBCTBYET» pacwumpeHne BceneHHou
B rpouecce pacnpocTpaHeHUs, YTO cKa3blBaeTCA Ha ero pmanyeckom arimHe BOSIHBbI.

T(z) =Ty(1+ 2)

anoxe pekombuHauum (otaeneHme CMB ot BewecTtBa) cooTBeTcTBYET Z =~ 1090.

Camble paHHue ranaktukn, kotopble «Bnant» JWST nmetot z = 16.



arX1v:1807.06209

Vanilla ACDM

Parameter

Planck Combined

0.02233 + 0.00015
0.1198 +£0.0012
[.04089 + 0.00031
0.0540 £ 0.0074

3.043 £ 0.014
0.9652 + 0.0042

Q. h?

O

0.1428 + 0.0011
67.37 £ 0.54
0.3147 £0.0074
13.801 £0.024
0.8101 £ 0.0061
0.830+£0.013
7.64 +£0.74
1.04108 + 0.00031

147.18 £0.29

ACDM c Bbicokon To4HOCTbHO onucbiBaeT BCE pesynbTarthl
CMB (paHHas BcenenHas z =~ 1090 ). Mcnonb3yd aTu
napameTpbl Kak «HayaslbHble», MOXHO paccyuTaTb BCHO
OanbHeuwy  asonounio  BceneHHoM U CpaBHUTL  C
HE3ABCMbIMW n3MepeHusMu  ans «no3aHen»
BceneHHon (Marnble 3HaYeHns z < 2).

MapameTp Xabbna cerogHa, no SN la

| Bo3pacTt BceneHHOM

<:: Knactepusauma CKONNeHUM ranakTmk

< | ThasHbI NnUK B CMB
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PaHHAA kKocmonorma: CVIB
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T(z) =Ty(1+ 2)“
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CeBepxHoBble TMna la: CtraHAapTHbIe cBeYu
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[To3aHAA KOCMO/10rUA

B 1990-ble gBe rpynnbl actpodusnkos — The Supernova Cosmology Project (Coyn lNepnmyTep) n High-Z
Supernova Search Team (bpanaH LLUmnaTr) HE3aBMCMMO M3y4yanu 3BOMKOLUMIO paclumpeHnss BceneHHom ¢
MCMNOSIb30BaHMEM BCIbILLEK CBEPXHOBbLIX TUMa Ia Ha BOMbLUMX KpaCcHbIX cMeLeHunsix (z ~ 1).
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noaTBepXaarT NepBoHa4valibHblE BbIBOAbI! 13



CMB with Planck
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Baryon Acoustic Oscillations

Initial perturbations during Inflation

Observer 15



Baryon Acoustic Oscillations

Initial perturbations in hot universe

Observer 16



Baryon Acoustic Oscillations

Initial perturbations in hot universe

Observer 17



Sound wave propagation freezes at ry; ~ 150 kpc

Observer



Temperature fluctuations [ 1 K? ]
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Baryon Acoustic Oscillations

"""""""

Galaxies (dots) formation around matter clusters

Observer 20
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Baryon Acoustic Oscillations
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AnHamuKa pacwmpeHusa: ot CMB oo Hawumx aHeu

- Cosmic microwave background Lo
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Baryon Acoustic Oscillations results

The most recent paper features the full
DES dataset and a comprehensive
combination of probes, and achieving
the tightest constraint to, the ACDM
model.

Joint with DESI DR2 BAO, DES SNe lIa,
SPT clusters, and the Planck CMB, we
obtained the most precise
measurement of the ACDM model
parameters to date!/

Full DES data set. The most stringent constraints (after
combination with external probes) on ACDM.

DES Collaboration, PRD in review, arXiv:2601.14559
Sanchez-Cid et al., PRD in review, arXiv:2601.14859
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White et al. (2022)
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S; Tension

[lapametp Sg xapaktepuayeT Aucnepcuio  NIoKTyauuy
NMOTHOCTM MaTepun (DAapUOHHON+TEMHOM) HA XapakTEPHOM
Mactutabe 8 Mrik.

3HayeHue Sg, onpegenenHoe u3 cnektpa CMB (paHHAs
BceneHHas) u nepecuutaHHoe cornacHo ACDM Ha cerogs,
CUCTEMATMYeCKN OTNNYaeTCH OT 3HAYEHWs, MONy4YeHHOro no
M3MEpPEHNAM  pacrnpefefieHnss  Belectea B NO3AHEM
BceneHHon (Manble 3HaYeHns z).

B koMOVMHaLUMKM C HaNpsKEHHOCTbIO Xabbna, 3T HECTbIKOBKM
PacCMaTpMBaOTCA Kak pe3ynbTaT BO3MOXHOW HEMOHOTbI
cTaHgapTHoW (MuHuMansHon) ACDM.

-

Pacwupenns  ACDM:  aBontouusi  TEMHOW
Mmoaudmkauus OTO u 1.4. HoBble 3KCNEPUMEHTHI. ..

MaTtepuu,
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Pacwunpenua ACDM

Cosmic microwave background
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Pacwunpenua ACDM
Cosmic microwave background
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CraHaapTHaA IMHEenKa

arX1v:1904.03400 Baryon acoustic oscillations at z = 2.34 from the correlations of
Ly« absorption in eBOSS DR14

72 ! ! T T 45 T ! T T

| ‘this work —  Dy/rq| O¥nBaemble 3aBncumocty :
- Blomqvistetal. /| o Dut/ra MO AaHHBIM CMyTHUKa Plank "
‘Alam et al. n 35H —  Dyfry
Rgssatars Ao |

Beutler et al. !
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DESI: Telescope

Mayall Telescope @ Kitt Peak, Arizona USA
4m hyperboloidal mirror







Isotropic BAO
Dy(z)

F drag

Anisotropic BAO
Dy(z)

Dy (z)

CraHaapTHaA IMHEenKa

lookback time [Gyr]

01 2 3 4 D fi 7 0 10 11
L20 ————F; | | TRGZ ELC | Ly-a
1.15 - Y ! iy
Mo TP
1.10 - i WHH SNt -+].L| A WFH{}’ im-
1.05 4 *
R e e sa———— . S— AI’ \.\{_
T V &--- wpw, CDM
f H‘}_ ) |1
0.90 4 [N (N
i f N FRZAI\Y
0851 iy NHHW H! i
0.80 | I] _RG+ELG | QSO |
1.2
|.0 frm====c=s CEEE T T S 3
{].8 | I | |
0.0 0.5 1.0 1.5 2.0 2.5
redshift z Credit: Arnaud de Mattia and DESI
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BAO Tension!

Cosmological constant A

B DESI+CMB-+Pantheon+

DESI4+CMB+Union3
B DESI+CMB+DESY5
DESI+CMB

-— . .

Evolving dark energy
w=w,+ (1l —aw, AN

0 —08

—04
Wo

—0.6

¥m,, [eV]
wep, = 0.142, rq = 147.1 Mpc

—0.75 —0.50 —0.25 0.00 0.25 050 0.75
. M DESI DR2 a
1 Planck PR3 6,
0.32F
0.30 F
0.28 ¢
0.132 0.140 0.150

Wi (r4/147.1 Mpc)?
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BAO Tension?

Isotropic BAO Distance
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BAO Tension?

* Evolving Dark Energy with w<-1
contributes less energy than ACDM
at high z

* Lower energy density at z>2 2>
Distances are larger, resolving the
tension

* But the ensuing model requires dark
energy density to increase with time,
which does not seem physical

P2}/ Perit, 0

Energy density vs redshift (today: Q,, = 0.315, Q = 0.685)

— matter: Qp,(1 +2)3
— \: Qp = const
m—— WoWga DE: wo =—0.76, wsz = —0.85 (DESI+CMB best fit)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
redshift z
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Conclusion

« ACDM fits individual data sets remarkably well
« Stage 3 experiments have left us with hints of tensions that need to, and will be,
resolved — one way or another — with upcoming surveys
o CMB and Galaxy surveys (most notably DES) seem to be measuring slightly different values of Sq
o CMB and Galaxy surveys (most notably DESI) seem to disagree on distances

» This is often ascribed to evolving dark energy
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= But the model used to expose the tension is unphysical (increasing dark energy or negative neutrino
mass)

= Essence of the disagreement: distance in the Matter Dominated Era is off: might imply our
understanding of dark matter needs to be modified

= Essence of the disagreement: late measurements imply /ess non-relativistic matter than the CMB:
might imply our understanding of dark matter needs to be modified

ICHEP2026
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Euclid timeline

Euclid is great for anything that requires large areas, high sensitivity and high resolution

| 7th Nov 2023
] Release of first processed images (ERO)

19th Mar 2025
Q1 data release
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1st July 2023

Launch

Commissionning 14th Feb 2024

=arly Survey Operations Start of science survey 40
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ieuc‘id

consorfiom

The Euclid Legacy revolution

Revolution in wide field high resolution imaging and spectroscopy

Before Euclid After Euclid
Total sky coverage with high- <25 deg? 15, 000 deg?
resolution images Hubble Space Euclid Wide Survey
Telescope
Galaxies at redshift 1 <z < 3 with 5 million 200 million

precise mass measurement

Galaxies in clusters of galaxies at

Several hundreds

Several thousands

O
AN
(@)
(9
o
L
T
7
o
L
. 1<z<3
1y
o Dwarf galaxies <10 > 2 000 000
@
%' Active galaxy nuclei (0.7 <z < 2) 1000 10 000
E Very Distant Quasars at redshift <5 > 30
w z>8
|
E Lensing galaxies with gravitational 100 - 1000 300 0000
o arcs and rings
®)
o Giant gravitational arcs in clusters <200 > 50000
ué of galaxies
it Solar System Object 200 000 400 000
7))
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. Near-perfect Einstein ring observed with Euclid P

SDSS9 color & ‘ 5

NGC 6505
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Meet Rubin Observatory

Cerro Tololo

)
Cerro Pachdn

[ ]
Santiago

Located on Cerro Pachén,
in the Coquimbo region of
Chile

Jointly funded by the U.S. National Science +=5 VERA C.RUBIN

Foundation and the U.S. Department of Energy, *+— CBSERVATORY
Office of Science ANOIRLab ARNS SLAG :ii

£@ W U.S. DEPARTMENT | Office of

% of ENERGY | science

+__'..= VERA c_ RUBIN 115, Nagkomal % Vs DEPARTMENT | Office of
== Science Fondasion '._\?‘_! of ENERGY | science

+=—" OBSERVATORY Vera C. Rubin Observatory | EPS-HEP-2025 Marseille | 8 Julliet 2025 Acronyms & Glossary 43



https://www.lsst.org/scientists/glossary-acronyms

. T s AR S ;
° First ok images revealed last 23/06/2025
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Hubble Tension

Bo3aMOXXHOW nNpuyYMHON pacxoxaeHus pesynsrtatoB uamepeHua H, no CMB 1 no ceepxHoBbIM |a
MOXET SABMATLCA €lle He NOHATas cuctematuka B KannmbpoBKe «JIECTHULbI PACCTOAHUN». 3TO
MOXHO MNPOBEPUTb WUCMNOMb3yd MeToOAbl WU3MEpPEeHUA pPacCTOAHUA He OCHOBaHHbLle Ha
cTaHOapTHOW necTHuue napannakc-uedeungbi-SNia.

30.0
775
2, 75.0 1 +
HE 29 5 +* w—— Cepheids
" 70.0- —— TRGB
2 67.5 — CMB
= 65.0 -

6251 m Cepheids @ CMB ( ACT, SPT) @ TRGB

60.0 1= . . . , .

2000 2005 2010 2015 2020 2025 2030 2035

Year of Publication
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CoObiTne: GW170817

=
—— 115C1 ) LIGO e Swope +10.9 h
= Neutron o uear A :
R Virgo -/ £ : |
- -
~ 17 asrycta 2017 roma B 12:41:.04.4 UTC == , b
& _ Fermi/ | PG ‘_T
.~ obcepsaTtopun LIGO n VIRGO 3apeructpuposanun | GBM | E
»< rpaBuTaumoHHyto BornHy GW170817, npeanorso- R ;. i *| brraoz054
aw o 1 v
' XKWUTENbHO OT CNUSIHUS ABYX HENTPOHHbIX 3BE3A. INTEGRAL
388 LIGO - Virgo Fermi/GBM :
N -
T 0 - 300 keV -80°N, T - 30°

INTEGRAL/SPI-ACS 2

frequency (H
counts/s (arb. scale)

Bcero uepes 1.74+0.05 cekyHabl curHan Obin 3apernctTpupoBaH
s opbutanbHbiMu ramma obcepBatopusamu Fermi n INTEGRAL.

= B ontnyeckom pguanasoHe nepBad perncrpaumsi curHana
Teneckonom Swope 4vepes3 10.9 yacoB — ToYHada naeHTUduKa-
yray uma nctodHmka — ranaktnka NGC 4993 (pacctosiHue 40.7 Mnk).

Fermi. INTEGRAL. Astrosat. IPN. Insiaht-HXMT. Swift. AGILE. CALET. H.E.5.5.. HAWC. Konus-Wind 1 7




CTaHAapTHbIE CUPEHDI

An exciting possibility to expand our portfolio of cosmological probes.

Nature 323 310, 1986 * In a merging NS binary, the change

Determining the Hubble constant in GW signal frequency, gives the
from gravitational wave observations size of the system.

Bernard F. Schutz _
Department of Applied Mathematics and Astronomy, * Once we knOW the S|Ze, we can

University College Cardiff, PO Box 78, Cardiff CF1 1XL, UK predict the i_ntrinsic amplitude to
compare  with the observed
amplitude in our detectors!

I report here how gravitational wave observations can be used to
determine the Hubble constant, H,. The nearly monochromatic
gravitational waves emitted by the decaying orbit of an ultra-
compact, two-neutron-star binary system just before the stars
coalesce are very likely to be detected by the Kkilometre-sized
interferometric gravitational wave antennas now being designed' ™.

The signal is easily identified and contains enough information to * Need tO Observe Optlcal cou nte rpart

determine the absolute distance to the binary, independently of to determine the redshift

any assumptions about the masses of the stars. Ten events out to
100 Mpc may suffice to measure the Hubble constant to 3%
accuracy.
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GW170817 Cosmology

arXiv:1806.10596 [astro-ph.CO]
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Adding GW to the portfolio of cosmological probes

We have promising results. How can we reach the “precision cosmology” level in the near future?

o Get!|ET{[=14 samples of standard sirens, with LVK Collaboration, ApJL submitted, arXiv:2605.27227
better localization areas (IR1, O5). ‘ ' ‘ | | | ' |
0.051 Planck
e Discover new EM counterparts (LSST) ~— SHOES
- Bright siren
« Develop new analyses methods (T rn E ~—— Spectral sirens
. n —— Dark sirens
Correlathn TS 0.03 — Dark + Bright sirens
=5,
e Improve FEIEVAREIET S (LSST). S
—= 0.021
o Improve multi-messenger modeling of bright £
sirens (viewing angle constraints, peculiar 0.01]
velocity field reconstruction)
e Combine with other probes! 0% @ e S0 100 120 10 160 1380 200

Hy [kms™' Mpc™}]

University of Zurich | Marcelle Soares-Santos | Multi-messenger Astrophysics with Gravitational Waves: results and prospects | ICHEP 2026, Natal | 50



DES Y3 3x2pt + LVK GWTC-4.0 Standard Sirens

First multi-messenger combination of 3x2pt and gravitational-wave observables

e Our combination reached 6.4%

precision on the Hubble Andrade-Oliveira, F. et al., A&A 709 14 2026, arXiv:2601.04774
constant. g
. . T L e (nfo 300 | - A s
 And, surprisingly, it also ] T B o b
improved the overall ol || A/t 1 — - Standard Sirens (w/o Jet) |
TaY (0) i . . I | ——— Standard Sirens |
constraining power by 22 /o. 1 P £ ool Al e e b
relative to the 3x2pt analysis i : L o — Al .
alone. o4 { P 1 2 | ]
I -{ ; ; =2,0.04 - _
« We are looking forward to j A 5 | ]
presenting results based on Y6 [ NS 1 S oml -
and GWTC-5.0 soon. — Stay Z . ! } _
! I L ; | L, i L1 :' R -- \I‘h. il TN P |
tuned! 02270 %0 80 100 120 140 0.00 100 {2‘0 14'10
Hy [km s™' Mpc™] Hy [km s Mpc™]

University of Zurich | Marcelle Soares-Santos | Multi-messenger Astrophysics with Gravitational Waves: results and prospects | ICHEP 2026, Natal | 51



Decadal
Survey

Hubble

. 12010

Decadal

.+ |Survey
' | Roman

Amttmton st e

2021

Decadal
Survey


https://www.lsst.org/scientists/glossary-acronyms

The Telescope That Once Was a Spy Satellite

NASA wanted an observatory to study dark energy and dark matter. The National Reconnaissance Office (NRO) had an
extra Hubble-class telescope it didn’t need. In giving NASA its leftovers, the NRO enabled the birth of the Nancy Grace |
Roman Space Telescope, which will launch soon to try to solve some of the universe’s biggest mysteries.

NANCY GRACE

ROMAN

nyck: 30 aBrycra 2026

SPACE TELESCOPE
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RST Wide Field Camera
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Primary science instrument for surveys

Focal plane array of 18 4k x4k detectors, Large FOV — 0.8 x 0.4 deg (0.281 deg?)
300,000,000 pixels with 0.11"/pix

Image stability: 1.0 nm RMS wave front error (WFE) variation in 180 sec
Guide star sensing interleaved with science data collection



RST Wide Field Camera

THE NAHC?%CE ROMAN SPACE TELESCOPE
¥ T EFieTH of View -

WAL RO

THE EAGLE NEBULA, M 16, IN THE CONSTELLATION SERPENS, CONTAINING THE “PILLARS OF CREATION,” IN
THE MILKY WAY GALAXY, 5,700 LIGHT-YEARS FROM EARTH 55



ROMAN SCIENTIFIC OBJECTIVES

Evolution of the Universe

Bic RiP

CONSTANT

SCALE OF THE UNIVERSE

DARK ENERGY

Exoplanet Demographics

-

A SOLAR SYSTEM
KEPLER
looks w_ B
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TESS
will
look
here

Inner orbits
Outer orbits

WFIRST
will look
here

Natlonal Academy of Sciences

Astronomy & Astrophysics
Decadal Survey (2010)
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_of theUniverse
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