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The SKA Observatory

credit: skatelescope.org
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Location:
South Africa
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The Radio Sky

atomic and molecular transitions from various celestial objects

Synchrotron radiation due to electrons with relativistic velocities
SRR gyrate and radiate in the presence of magnetic fields.
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Radio Cosmological Probes
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Radio Cosmological Probes
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Radio Cosmological Probes
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SuperCLASS (VLA)
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MeerKAT
CHIME
Tianlai




Synergies
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Hydrogen in cosmic history

credit. ESA

Recombination ., |, Reionization

Cosmic Dawn late Universe

z~20 RE— | ' 7<6 \
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The “high” redshift Universe

credit. ESA
Reionization

20<z<6
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one-to-one correspondence =3
frequency-redshift
observations in radio band

(below 200 MHz)

21cm line of -
neutral hydrogen

Cosmic Dawn

z~20
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The “low” redshift Universe

Large-scale structure

21cm line of
neutral hydrogen
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Late-time neutral hydrogen distribution

dark Universe

What is the nature of dark matter and dark energy?
how is dark matter distributed on large scales?
how does its distribution evolve with cosmic time?

what is the role of dark energy?

credit llustris

How do baryons trace dark matter?
what is the link between galaxies and dark matter halos?
how are HI galaxies distributed in the cosmic web?

how does the total cosmic HI evolve with redshift?
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LSS with Neutral Hydrogen
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LSS with Neutral Hydrogen
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LSS with Neutral Hydrogen
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LSS with Neutral Hydrogen
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E.g. Bharadwaj et al. 2001;

. . Battye et al. 2004; Wyithe et al. 2008;
Intensity Mapping Chang et al. 2008

the distribution of neutral Hydrogen
is a biased tracer of the matter clustering

How can we efficiently observe
cosmological volumes?

Intensity Mapping:
total intensity of the 21cm emission line
in a large pixel (low spatial resolution)
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E.g. Bharadwaj et al. 2001;

. . Battye et al. 2004; Wyithe et al. 2008;
Intensity Mapping Chang et al. 2008

the distribution of neutral Hydrogen
is a biased tracer of the matter clustering

How can we efficiently observe
cosmological volumes?

one-to-one correspondence frequency-redshift
high spectral resolution (tomography)

Key cosmological probe
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Frequency and redshift for the 21cm line

_ (V emitted — Y observed)

s —

Vobserved

\ /

space

https://www.pitt.edu/~jdnorton /teaching/

With Vemitreq = 1420 MHz

Examples:
Vobserved ~ 900 MHz .
corresponds to z ~ 0.6: late Universe

Y ~ 170 MHz
observed o .
corresponds to z ~ 7: Epoch of Reionization

Y ~70 MHz
observed .
corresponds to z ~ 20: Cosmic Dawn
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HlI @ SKAO

credit: skatelescope.org

SKA-Low
50 MHz - 350 MHz .
21cm: 3<z<30 v

Location: Australia

Location:
South Africa

post-reionization Epoch of Reionization Cosmic Dawn
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HlI @ SKAO

credit: skatelescope.org

SKA-Low
50 MHz - 350 MHz ¢
21cm: 3<z<30 v

Location: Location: Australia

South Africa

| What is the precise value of the B
cosmological parameters?

| When and how the first
stars and galaxies
started to form?

What is the nature
of dark matter and
dark energy?

post-reionization Epoch of Reionization Cosmic Dawn
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HlI @ SKAO

credit: skatelescope.org

SKA-Low
50 MHz - 350 MHz .
21cm: 3<z<30 v

Location: Australia

Location:
South Africa

MeerKAT
64 antennas
21cm: 0<z<1.5

post-reionization Epoch of Reionization Cosmic Dawn
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Hydrogen on cosmological scales

Marta SPINELLI - Observatoire de la Cote d’'Azur

simulations
MSetal 2021,2022
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SKA-Mid 21cm Forecasts

= Tl%(Z) [ by(2) + f(2) pu ]zpm(Z, k)

Pk = 2+1)

1
TX2) Pz, k)J du Z /(1) [by(2) +f(zw2]2
-1

. —g(:) is the mean brightness temperature
® by(z) is the HI bias

¢ f(z) is the growth rate

o U= k-2

e P (z, k) is the matter power spectrum
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SKA-Mid 21cm Forecasts

Berti, MS, Viel (2023)
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By + b, - full covariance

Q¢+ 1)

\QO Pf(Z, k)=

o Tg(z) is the mean brightness temperature

° /)Hl(’:) iS the HI bias

* f(2) is the growth rate

ou=~k-2

e P (z, k) is the matter power spectrum
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Berti, MS, Viel (2023)

SKA-Mid 21cm Forecasts
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SKA-Mid 21cm Forecasts Berti, MS, Viel (2024)

Berti, MS, Viel (2023)

Dy + D,
-7 E. pRcid
—

By + P, - diagonal

- PRehd + nuis.
By + b, - full covariance

oL 0.03F
)
‘QO G 0.02F
o, ©
0.2
6.% O 9
- On OO0 Ty D
J. - O DD % w 10}
) ¢ ®(< o/ /(‘)) =
1 11 /)O’ Q. O Z) 0.9
1 af SRR 2
y I 1 7 (&/ \Q
12 o pe) "= 35}
S . : o/ @) <
' R 2. 2 39
R o 2 @) 1@
\ \ 1 1 ‘\ \\ 25T
N N :/ \ \ \ -5 ' ' : :
X ) T ) . 1 R
% ; ‘Y o ’ 4
I 68 4 L 4
/ / \ 1) 40 Y,
I T ] 'l' 6 =4 ,
. ; : ; ! ; Q & ¥ O
2 3 60 80 0.6 08 A RN
Qh? ng In(101°4,)  Hp 03 Qch? Qyh?

Marta SPINELLI - Observatoire de la Cote d'Azur 17



SKA-Mid 21cm Forecasts Berti, MS, Viel (2024)

Berti, MS, Viel (2023
b ( ) s P+ By
S - 5 == Afl‘f;“d
\ e . b : .
‘\ “ By + P, - diagonal [ p zE]L,‘;hd + nuis.
\ \\ B Py + D, - full covariance N_: 003k /
0P\ l:';'\ 0.0, Cont A /(/
=09 \ Faf s O, 2n & . 1L
: % 0 J\O) O\p L 4
a5 o 0 % n o1 W D
7 R, . R )
2 ml 1 / 1 11 /)O’ % . . o 1 Q ] :
£ // v af \73 See Gabriele Autieri's ; '
E2t 1/ Q| slidesformore forecast [ ~ I~ "I 4
- N\ =~ 1 4 (including neutrinos!) || ‘ I |
A\TERY : .
N2 WX ') 1 @)
- / \ \ ‘\ ‘\ &7 . , o /'./ \\
60 F\/ 18 . ‘\‘;:_\ + . ‘ el , A v v T T T T T T t
' ' ' ' ' : ' V'
. . r | i s | © 68 ’ | f 1 4 “ |
0.8 oy A + $ iy B ) ‘ } %
¢ \\ [/ / \\ FA s -
0.6} s 1 /4 66 § i il &
02 0910 2 3 60 8 06 08 F FFTE 9P PP
10
Q.2 ne  In(10104,)  Hy oy Qch? Qyh? ns In(10"°As)

Marta SPINELLI - Observatoire de la Cote d'Azur 17



The challenge of foregrounds

Haslam et al. (1982)

Marta SPINELLI - Observatoire de la Cote d’'Azur
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The challenge of foregrounds

Haslam et al. (1982)
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The challenge of foregrounds

21cm signal

EXTRAGALACTIC \
TR

A5
MSTR ZIEthy 3

GALACTIC

Haslam et al. (1982)
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The challenge of foregrounds

21cm signal

EXTRAGALACTIC
foregrounds

[ e
;
;

GALACTIC
foregrounds

Haslam et al. (1982)
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Properties of the foregrounds

Matshawule, MS et al. 2021
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[ foregrounds are orders of magnitude
stronger than the 21cm signal
O theyare smooth in frequency
(highly correlated)

see also: Ansariet al. 2012; Wolz et al. 2014; Alonso et al. 2015;
Shaw et al. 2015; Olivari et al. 2016; Carucci et al 2020, Fonseca &
Liguori 202 1; Makinen et al. 2021, Soares et al. 2021, MS et al. 2022
etc.

10° {
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Questions:
O Canthe properties of the foregrounds
be used to separate them from the 21cm signal?

@ Evenif we add some realism to our simulations?
(Foregrounds,beam response,noise,RFl,..)

Marta SPINELLI - Observatoire de la Cote d’'Azur
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Dec(/2000)[ ° ]

A cleaning example

Mock observation “cube”

130 140 150 160 170 180
R.A(J2000)[ "]

T = Astn+c <
y BN

N\

190

A mixing matrix of the

foreground sources noise

Simulation includes:

100 channels around redshift 0.5
Foreground contamination:
Synchrotron, Free-free, point sources
Gaussian beam

ol OO

White noise

How many sources?
Nfg need to be estimated/guessed

Cosmological
signal

Marta SPINELLI - Observatoire de la Cote d’'Azur
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Smap=0

Smap=1

A cleaning example

Marta SPINELLI - Observatoire de la Cote d'Azur
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Smap=0

Dec(/2000)[ "] Dec(/2000)[ "]

Dec(/2000)[ "]

A cleaning example

v 20
93
15
190

0.10

150 160 170 180

R.A(J2000)[ "]

0.05

150 160 170
R.A(J2000)[ "]

150 160 170
R.A(J2000)[ "]
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ctn =T - As

T

A mixing matrix
including only the First
NFg components

A cleaning example

21cm signal and noise only

. D 10
S

- 2
Q1 05 E
=
@ 20
o

130 140 150 160 170 180 190
R.A(J2000)[ "]
PCA reconstructed 21cm signal

=)
o
o
N
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R.A(J2000)[ "]
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PI: Mario Santos (UWCQ)

Intensity Mapping with MeerKAT

Santos et al. 2017, Wang et al. 2021

Antennas All 64 MeerKAT dishes
Observation mode Single-dish
Frequency range 0.856-1.712 GHz
Frequency resolution 0.2 MHz
Time resolution 2s
Exposure time 1.5hr x 7 scans
Target field WiggleZ 11hr field (10° x 30°)
azimuth and elevation against time
0 "oy
- track-1
S -20
81 ‘ ‘ ‘ % o scan track-ll
\ INSNONONN NN ° =
A N o MWVWWAWVW
s N 0
= K XX XK REK XX XK XK XL XL XKD 0 1000 2000 3000 4000 5000 6000 7000
2 XERRLRLRLRLRLRLKRLNRS
841 rising ’0‘0’0.0’0.0’0‘0’0‘Q’Q‘0’0‘0’0‘0’0‘0’0‘0'0‘0’0‘ S
: —— setting ‘0"‘0‘&0’&0"’0"‘0‘&0’&"&0"‘"&6‘&"& 551 track-l
82 e e e T e =
SOOOK £5 -
0 /\/\/\/\/\/\/\/\/\/\ \ < 45 scan track-Il
145 150 155 160 165 170 175 180 o 0 1000 2000 3000 4000 5000 6000 7000
R.A. (J2000) time (s)
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MILLTKLASS observations

Wang et al. 2021

Tsky map for 244 scans, 0.3 deg/pix, 1023 MHz
|
|

Dec (J2000)

Sky Temperature (K)

R. A. (J2000)

64 MeerKAT antennas used in single-dish mode (Santos et al. 2017)

@  first successful calibration of intensity mapping data from MeerKAT
O  L-band: 850-1700 MHz (4096 channels)

Marta SPINELLI - Observatoire de la Cote d'Azur
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MeerKLASS observations

No foreground clean

13 9
5.0 +
2.5 9
0.0 -
=25
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( Nig= 3(*CA clean '

754" T, .M ,
504 ,'.'-av_ “"v! g
00 1 ﬁ# E "‘#”. ':.;".L."'\

-2.5

Dec. [deg]

180 175 170 165 160 155 150 145
R.A. [deg]

Cunnington et al. 2022

M%%[ﬁKLAss Marta SPINELLI - Observatoire de la Cote d’'Azur



MeerKLASS results

Blake et al. 2011 11—=hr region

llllllllllllllllllll

170 165 160 155

Ny =30 PCA clean

: 0.02
75 4= ey * o e
w : F e 0.01
g 50 Bl j ﬂ 2
= 3 0.00
g 251 ‘,*? T =
a4 - L St —
S R S | B
_25 L} L} L) Ll L) Ll L} Ll _0.02
180 175 170 165 160 155 150 145
R.A. [deg]

Cunnington et al. 2022
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MeerKLASS results

Blake et al. 2011 11—=hr region
| L (R4 Vv« 1
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MeerKLASS results

Blake et al. 2011 11—=hr region
AN RARAS RARAE RARLE RA
¥ ) e - 117, e Quibr=(0.86 + 0.10)x 103
g R
o [ R ek S0 T AR see also: Carucci et al. 2025
. W TR S e Masui et al. 2013; Anderson et al. 2018;
170 165 160 155 Li et al. 2021; Tramonte&Ma 2020; Wolz et al. 2022;
CHIME Collaboration et al. 2022
Ngg =30 PCA clean — ) —
754" " . -t a g - F'.'gl 002 T 4+ Null test (no TF)
%0 . . 0.01 b2 A ,
5ol b e MR R 2
G 2.5 A L W et ' ¢ olkto 3.0 4
A i g A W . ~0.01 5
_2.5 Ll L} L) Ll L) Ll L} Ll _0.02 <5..:.= _4. N
180 175 170 165 160 155 150 145 = } Unthuffied § Shaffled _
R.A. [deg] 6x 102 107! 2x107  3x10™
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On-the-fly

MeerKLASS: MeerKAT Large Area Synoptic Survey

28] AR MAANAAANL LAWY Chatterjee, Paul,
| Lol \ ! \\ . \ \’\r \ \\\\\\ \ | \§\ Santos,Tasse,
=-30] VT XAV ANV VI AR UG AIAY Mohr +
& -32 \ \n \ ‘x\ Y RINRIGIRY ‘\‘

V3 Ui dRxAjud RN
E 340 345 350 355 360
RA (deg)

OTF as a byproduct of IM observation
2s snapshot images ——) transient studies
Large visibility mosaics produced using DDFacet
——> continuum science

iy Ny

VILLTKLASS
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L-band 2021 results
MeerKLASS collab (Cunnington & Wang corresponding authors) - arXiv:2407.21626

i
)

1
[\o]
)
<)
AN

Kelvin

Dec. [deg]

1\
V307

oo© Point sources

\ |

340° 330°

3500
R.A [deg]
Freqrange: 970 <v <1020 MHz (z~0.4)

41 blocks over 240 deg?
deepest single-dish Hi intensity maps to date

Improved Calibration strategy (better sky model)
Heavy RFI flagging (safe strategy but working on data recovery)
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L-band 2021 results

MeerKLASS collab (Cunnington & Wang corresponding authors) - arXiv:2407.21626
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L-band 2021 results

MeerKLASS collab (Cunnington & Wang corresponding authors) - arXiv:2407.21626
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L-band 2021 results

MeerKLASS collab (Cunnington & Wang corresponding authors) - arXiv:2407.21626
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(more) Intensity Mapping Observations

MeerKLASS: cosmological survey with MeerKAT 64 antennas
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(more) Intensity Mapping Observations

MeerKLASS: cosmological survey with MeerKAT 64 antennas

o]

SDSS Euclid 4MOST —— MeerKLASS 2025-2026
DES DESI ] L-band 2021 - MeerKLASS 2023-2028
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code adapted from Berti,

Berti, MS for t

MS et al 2024

Forecasts and more

he MeerKLASS collab

DESI
PR
. P,

Berti, Autieri, MS, Santos +

[ Meerklass with nuisances free
[ Meerklass with nuisances fixed (Cunnington+2022)
I Mock SKAXDESI cross with fixed nuisances

11t
o LOf
0.9}
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Need a realistic beam modeling
side-lobes, frequency evolution,
more accurate deconvolution

Matshwule etal. 2021,
MS et al. 2022

Every detail counts
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Scanning strategy

non homogeneous noise,
need map space convolution?
polarization leakage?

Radio Frequency Interference
(RFI)

new strategies for flagging,
impact on cleaning

Harper et al. 2018
Matshawule (2022)

Marta SPINELLI - Observatoire de la Cote d’'Azur

Harper et al. 2018
Engelbrecht et al. (2024)
MS, Wang, et al (in prep)
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MeerKLASS ongoing

New calibration pipeline(s):

KATcali: improved RFI flagging, improved sky model with self-calibration
arXiv:2407.21626, main developer: JY Wang

Ivory/MuSEEK: new improved modular plugin-based architecture

(main developers: W. Hu, A. Wild)

easily adaptable to SKAO

PLUGIN 1

PLUGIN 2 PLUGIN N

Raw_map, 1746045261, m001h, ch3015 (944.4 MHz)

VLKL ASS
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4000
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3000

2000

1000

Marta SPINELLI -

Raw_map, 1746045261, m001h, ch3300 (982.3 MHz)
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[ Overall bandpass and ]

Track part

Raw signal

s

[‘ Strong RFI flagging j

absolute flux scale
calibration

Level 2: Tadiode result

]\ scanning data

Level 6: Final
data cube
\

-

-

Final weight-clipped
data cube serves as
updated sky model

Level 3:
Calibrated scans

}_

Removal of low-level
RFI features (4o outliers)
in the maps

&

Level 5: Pixelized
intensity cube
dish and scan)

Per-channel outlier
removal for RFI

From polarization
to intensity

5 loops

self-calibration

Map
pixelization

Observatoire de la Cote d'Azur

‘\

mde-based
calibration of the

30



Moving forward
h : oy map for 244 scans, 0.3 deg/pix, 1023 MHz zj %
:
o 50 . SKA Red Book (2020)
w00 " 10 102 107!
k [Mpc™!]
SKAO
Radio cosmology <,7 Prepare a detailed exploitation of the data
with the SKA precursors scientific case for the | > collected with the
ViILLTKLASS SKA cosmological surveys SKA cosmological surveys

Start of Science

HSKA beginning of construction |'| Commissioning  [] Start of Science Verification Commencement of KSPs
D U - 2023 q2025 L [ 2027

|_| |_| new MeerKAT campaign Key Science Project (KSP) planning & proposals

MeerKAT telescope
time for MeerkLASS
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Single Dish vs Interferometry
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Interferometry for the BAO
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AP/P true

UNIVERSITY of the
WESTERN CAPE

Matshawule, MS, Santos et al. 2021

Effect of the telescope beam

0.3

0.2 4

0.1 4

0.0 4

-0.1

~0.2 1

no smoothing
Gauss
Approximate Cosine

Accurate Cosine

-03

10-%

ke [hMpe™ d

a realistic MeerKAT beam model;
side-lobes and a non-trivial frequency
evolution

]

point sources and synchrotron
spatial structures coupled with the
beam complicate the separation of
HI signal and foregrounds

careful beam-deconvolution
alleviates the problem but need to be
careful for precision cosmology

Even more structure if using
measured 2D beam
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RFI from satellites Engelbrecht et al. (2024)

UNIVERSITY of the
WESTERN CAPE

Radio Navigational Satellite System (RNSS)
modelled and calibrated on MeerKLASS data (1100-1350 MHz)

1562857793

cut=T.»3Kk | [ recreate the satellite contamination
M= 200 with high accuracy around its peak
frequencies in MeerKLASS data

| [— Obs
| ==+ Sim

[ predicted signal below the noise in

1100 1150 1200 1250 1300 1350 : ,
Frequency [MHz] L-band cosmological window
I (970-1015 MHz)

.

__________ ‘ in simulations, we detect the signal
*T l in cross-correlations after mild
foreground cleaning

--}- Hl + sat + sync: Ngy=1  --{-- HI + sat + sync: Ng=3
~-{-- HI + sat + sync: Ng=2 --{- HI + sync: Ng=1
101
k[Mpc™]
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HI galaxy surveys

Redshift resolution

5 3
HI Intensity HI Galaxy [distance [adder] y _Madldox 'et al'. (20%1)
Mapping . ST ) measurement of HO :
e.g. Lelli et. al (2019), ob ™
4 R Schombert et al. (2020) <
Continuum Boubel et al. (2024)b =
Galaxies ’2% 9
o P g
Angular resolution 8 .
direct peculiar velocity measurements ] %\M'GHLTAEDEJMHA j:
7t S
growth rate of structures 00 01 02 03 04 05

e.g. Kodaetal. (2014)
Boubel et al. (2024)a
probes of modified gravity

accurate galaxy positions
in ra,dec,z

BAO detection at low z
e.g. SKA Red Book 2020

Marta SPINELLI - Observatoire de la Cote d’'Azur



