.

Alkistis Pourtsidou
ﬂniversity of fcﬁ’nﬁurgﬁ

g

.A:- " v . . ¢ “l"_‘ X
3 we b @A . . 209
! 4 - '_'\"\ d.\;ﬂ_‘ : ’12 ar i
e %> ¥ 15 _-&" <
“,'; J et y
T 3. 4 -‘
P =
X o
=)
| /
v ,,/'
‘ Y. : " 7 - . -
»
.
i )
, ;
...A. -

Image credit: Ha‘yden Planetarium



DI [1uK?]

ADIT

6000 FT TTTTTT
5000
4000 -
3000 -
2000 -
1000 |-

600 [
300F

-300
-600 £

New Frontiers in Observational Cosmology

.....................

Planck 2018 ]

Dark Matter

Dark Energy

95% of our Universe is dark
matter and dark energy

Use large sky surveys, multiple
wavelengths, and multiple
probes

Large scale structure surveys:
DESI, Euclid, Rubin-LSST, SKA

- ~Wayt £ Euglid* MeerKAT/SKA



The Big Bang

Fully ionised

400 thousand

seby MJeq ay |

0.1 billion

-
- $109[00 [BOIWIOUOJ)SE

“18Jy Bt} JO UOJeULIOY X

Rubin-LSST

Years after the Big Bang

1 billion

Fully ionised

FZ ‘ |
’
ionis 'IOH

MeerKAT and the SKA

ARep 1ussald



LSS summary statistics

The correlation function is simply the real-space
2-pt statistic of the field

§(r) = (0(x)d(x +r))

Its Fourier analogue, the power spectrum is
defined by

BGS 0.1<z<0.4
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State-of-the-art optical galaxy surveys

Galaxies trace the underlying dark matter distribution — statistical sampling, more volume and more
galaxies, better precision on both large and small scales!

large scales [r/Mpq]

« Spectroscopic: Very precise
redshifts [BOSS/DESI/Euclid]

350 4

kP:(k) [(Mpe/h)?]

DESI 2024 V

« Photometric: Large sky, many
galaxies, uncertain redshifts
[KiDS/DES/Rubin-LSST]




The history of the Universe

ESA and the Planck Collaboration / Planck Science Team

10* seconds 1 second 100 seconds 380 000 years 300-500 million years Billions of years 13.8 billion years

Beginning
of the @&
Universe *

Inflation Formation of Light and matter Light and matter Dark ages First stars Galaxy evolution The present Universe
light and matter are coupled separate

Middle-aged

Processing via acoustic Gravitational
Produce oscillations, etc collapse, etc
initial  p 0TcmB » SGataxy
fluctuations Linear evolution Non-linear evolution

Late time physics dominated by small scale (nonlinear) effects!



Combined cosmological probes

| - e —
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LCDM fits the data well, but there are some “troubles”: e.g. the Hubble and Ss tensions,
and of course the DESI results for evolving dark energy!



Working with nonlinear scales is challenging!
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LSS predictions depend strongly on unknown nuisance parameters




Example: wOwa forecasts for Euclid

The importance of nonlinear modelling for LSS surveys

Main LSS Probes: Spectroscopic and photometric galaxy clustering (GC), weak lensing (WL), and
their joint analysis

wo, W, FoM Flat Non-flat
Linear setting
GC, 40 19
Pessimistic setting
GC; 14 10
WL 23 5
GC;+WL 99 40
GCpn+WL 64 14
GC+WLA+GCp, 123 49
WLAGCpp+XC ™™ 367 59
GCAHWLAGCy+XC ™™ Combined probes very powerful 377 128 |
Optimistic setting
GC, 55 19
WL 4 12
GCs+WL 157 87
GCpn+WL 235 129
GC+WL+GCp, 398 218
WL+GCyp+XC ™™ 1033 326
GCAHWLAGCp+XC™ ™ Nonlinear scales —> high S/N 1257500 |

Euclid preparation: Vil. Forecast validation for Euclid

cosmological probes




Shrinking error bars: precision vs accuracy crucial
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Plot by Pedro Carrilho,
Euclid Overview paper



Weak Lensing example — precision vs accuracy

No place for theoretical systematics to hide!

Planck+Euclid WL,|/zmax = 1500| Planck+Euclid WLlemax = 5000|

Halofit i Halofit
B HMCode /\ BN HMCode
T ‘ —0.8[ |

A - £ 1.0} \ |
2 1 \ " 05/ & 1 '\ I
| \, | 0.0f | | W/

- 0.82| , ] I -
60080- | i 4 1 60080» / i \ 1 , |
o782 ' - 078} I I .
0.65 0.69 -1.0-0.7 -0.5 0.5  0.79 0.67 070 —1.1 —0.8 0.0 0.5 0.8
h Wo W, Og h Wo Wa Og
Euclid: impact of nonlinear prescriptions on cosmological * M. Martinelli et al. 2021

parameter estimation from weak lensing cosmic shear*



Baryonic feedback uncertainties ... “linear” scales affected too!

z 11 = Including baryons (free)
' 10 I Including baryons (fixed)
f» ' I gnoring small scales (£ < 100)
~ 0.9 OWLS I Ignoring baryons
S | mmm Cosmo-OWLS 8.0
2 %7 i Cosmo-OWLS 8.5 True
£ 074! Horizon-AGN 4
a W Illustris-TNG cosmology
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107! 10° 10!
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+ Forecasts by A. Schneider et al (2020)
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* can also affect Ss tension (see e.g. Amon & Efstathiou 2022)



Methods and tools for Stage-IV analyses

Perturbation theory [e.g. EFTOfLSS, Ivanov et al (and many more)].

State-of-the-art matter and galaxy power spectrum emulators built on N-body
simulations [e.g. bacco, Euclid Emulator 2] Angulo et al., Knabenhams et al.

Limitations of emulators: restricted prior ranges / model space

State-of-the-art [e.g. bacco, BCEmMu] Angulo et al., Schneider and
Giri

A few open questions: How many varying baryonic parameters are optimal?
Can we figure out the z-dependence? Intrinsic alighments have similar issues ...

What about beyond LCDM/wCDM?

 possibilities include N-body sims, approximate sims, halo model reaction /
ReACT [Cataneo et al., Bose et al.]

* and baryons added on top a la LCDM (how good is this?)




Stress-testing with current data: a case study for Dark Scattering

4 Dark Scattering is an interacting dark matter - dark energy model
4+ Feature: pure momentum exchange, interaction only affects the perturbations

4+ Nonlinear modelling with perturbation theory and ReACT: validated on simulations

o
HDM, + (.7'[ + A apDE)HDM + V2¢ = A=0+w) m[l))M

F T ™ T T
[ —— ACDM |
m
— 104 5
o) i
2 —_
g >
= (3]
P— 3L
— 0% Q
o ' a
Il
N -
- 102E §
~ ] o<
<
IOI :-......I 2 a2l M AT | o2 a2 a3l o3 a3 aaanl -:
1073 102 10~ 100 107

k [Mpc~]

* Simpson et al, Pourtsidou et al, Baldi et al, Bose et al, Carrilho et al, Carrion et al



It's worth it! Joint probes analysis is very powerful

Interacting dark energy constraints from the full-shape analyses of BOSS
DR12 and DES Year 3 measurements

M. Tsedrik!2,* S. Lee?, K. Markovic3, P. Carrilho!, A. Pourtsidou!-2, C. Moretti*>:%, B. Bose!-2,
E. Huff?. A. Robertson’. P. L. Taylor®%10 J. Zuntz!

W
Current data
40 i The future
i 40 :
201 DES Y3 !
201 Euclid m
0. ___________
3 CRP——) -
—20- )
—-20 ‘
i -
—40 1 I DES Y3 3x2pt a |
: BOSS DR12 + BAO 49].5 —1.0 —0.5
|
| joint w
— |
605 1.0 0.5

w

* see e.g. Giare et al 2024, Pourtsidou 2025 for recent Planck + DESI constraints on IDE models



A NEW OBSERVATIONAL WINDOW: 21CM LINE

Years after the Big Bang

L
400 thousand 0.1 billion 1 billion 4 billion 8 billion 13.8 billion

The Big Bang

Lines, *
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Image Credit: NAOJ [Kovetz et al. 2017]



SKA OBSERVATORY - UNDER CONSTRUCTION

SKA - MID (South Africa)

Frequency range: @@@

350 MHz . ~200 dishes

14 GHz including 64 MeerKAT dishes)
EE
Total |_ _{ A
collecting }——l
area:
33,000m? | —-
126 Maximum distance
Sen e between dishes:
courts 150km

» Redshiftrange: 0 <z< 3

» Late Universe, can complement optical
surveys




MEERKAT (SKA’S PATHFINDER) - OPERATIONAL !

64 dishes, will become part of SKA-MID
0.2 <z<0.58 (L-band)
0.4 <z < 1.45 (UHF-band)




HI Intensity Mapping

[Chang et al 2008, Peterson et al 2009, Seo et al 2010, ...]

Galaxies the telescope Intensity map
beam

» Intensity mapping is very fast & uses all the

» Need redshifts: very expensive
photons

» Inradio: 21cm line — SKA1 not sensitive

enough to be competitive » High redshift resolution, low angular

resolution



Opportunities for Radio Cosmology

« Can be competitive with optical galaxy surveys, and can go to high redshift where optical
are shot-noise limited

« Major observational challenges (calibration, foregrounds ...) should be addressed
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The MeerKLASS survey

“New” UHF
observations

SDSS Euclid 4MOST —— MeerKLASS 2024-2025
DES DESI 1 L-band 2021  ----- MeerKLASS 2023-2028




Meerkat data analysis

. MLk, 3 scans| Wu = T S S
Pilot survey data: |- T ; ~»-,\i \ 'Ilu““!igz
* 10.5 hours of data from six o . 7 35 i.‘ IE : |I| li,

nights of observations : \\\\“&
SRR

+ Overlapping with the
WiggleZ11hr field (~200 deg?)

* We use data in range 973-1015
MHz (0.40 < z < 0.46)

K

1014.6 > v > 973.2MHz 35

3.4 k
33
32
3.1

035, 1 scan
N
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» Loss of data due to RFI

» Foreground removal J.Wang et al. 2021 [arXiv:2011.13789]

» Unknown systematics



Cross-correlations with optical surveys

T T T T T
EEE MeerKAT N WiggleZ 11hr Hl WiggleZ 9hr

MeerKAT pilot observations
conducted in WiggleZ 11hr field

Dec.(J2000) ]

2579 150 155 160 165 170 175 180
R.A.(J2000) []

WiggleZ Dark Energy Survey galaxies

150 160 170 180 150 160 170 180
R.A [deg] R.A [deg]
LI . B 2 0 I
—0.12 —0.10 —0.08 —0.06 —0.04 —0.02 0.00 0.02 0.04 0.00 0.01 0.02 0.03 0.04
mK

Cunnington,Li+22 [arXiv:2206.01579]



Cross-correlation detections so far

® MeerKLASS L-band pilot x WiggleZ (Cunnington+23 - arXiv:2206.01579)
10* E MeerKLASS L-band pilot x WiggleZ re-analysis (Carucci+25 - arXiv:2412.06750)
¥ MeerKLASS L-band deep-field x GAMA (MeerKLASS+25 - arXiv:2407.21626)

4%x102  6x102 10
k [hMpc™}

2 % 10! 3 x 10!

MeerKLASS L-band deep-field intensity maps: entering the Hr dominated
regime

MeerKLASS Collaboration*: Matilde Barberi-Squarotti>3#, José L. Bernal®, Philip Bull®”,

Stefano Camera!®%7, Isabella P. Carucci!®!!, Zhaoting Chen'2, Steven Cunningtonmr,

Brandon N. Engelbrecht’, José Fonseca” !4, Keith Grainge®, Melis O. Irfan'>’, Yichao Li'%7,
Aishrila Mazumder®, Sourabh Paul®, Alkistis Pourtsidou'?!”"7, Mario G. Santos’-'®, Marta Spinellilg'7,
Tinovine Wane207 4 Amadens Witzemann’0_ T.aura Wolz%

Single-dish Hi Intensity Mapping with the SKAO:
Precursor Progress with MeerKAT’s Large Area Synoptic
Survey (MeerKLASS)

Steven Cunnington®,"? Jingying Wang®,>* Mario G. Santos®,*> Matilde
Barberi-Squarotti ,6:7.8.9 Philip Bull,2* Stefano Camera®,>10:11:4 Jsabella P.
Carucci®,'213 Zhaoting Chen ,14 Brandon Engelbrecht,4 José Fonseca,*!5:16 Karin
Fornazier®,* Keith Grainge,2 Wenkai Hu®,* Melis O. Irfan®,'7# Yichao Li®,!84 Alkistis
Pourtsidou®,!4* Marta Spinelli,'g’4 Amadeus Witzemann*? and Laura Wolz?2




Recent highlight

MEER21cM: AN ANALYSIS PIPELINE AND COMPREHENSIVE TOOLKIT FOR Hi INTENSITY MAPPING

ZHAOTING CHEN © !, STEVEN CUNNINGTON @ 2, DANIEL TASSIE © 2, ALKISTIS POURTSIDOUY®, LAURA WoLz*, GABRIELE
AUTIERI®, MATILDE BARBERI-SQUAROTTI® 79 Josk Luis BERNAL® 0 PuiL BurLL®!'', STEFANO CAMERA® 9121311
ISABELLA P. Carucct @ %1° BRANDON ENGELBRECHT!!, JOSE FONSECA® 61711 KARIN FORNAZIER® ! KEITH
GRAINGE® %, JIAKANG HAN?, WENKAI Hu © '® MELIs O. IRFAN® '°| PIYANAT KITTIWISIT'', YICHAO L1*°, SEFA
PAMUK® 1% MARIO G. SANTOS'1 2!, MARTA SPINELLI® 2211 JINGYING WANG® 2311 AMADEUS WITZEMANN'!?, BOYAN
ZHAO'®
(MEERKLASS COLLABORATION)

HI-Galaxy cross-power spectrum
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https://meer21cm.readthedocs.io/en/latest/




