Cosmology with the Square
Kilometre Array

Marta Spinelli
Part Three
Simulate the signal - Understand the telescope
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Not only Dark Matter

o dark matter halo mass 0 ———————————
function converted into a SNe
luminosity function assuming
a fixed mass-to-light ratio

Dark halos
(const M/L)

@ compare with a measured
luminosity function

@ this over-predict the number
of both faint and luminous

galaxies

log(®/mag-'h® Mpc3)
A
T

galaxies B Data: Cole et al 01: Kochanek etal T
[ 01;Huangetal 03 R
| T ‘% I T |
-20 -25 -30
Feedback processes are M, —5logh
fundamental for baryons: Benson et al. (2003)

SN feedback and AGN feedback
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Adding Baryons (over-simplified version)

Galaxy evolution: complex interplay of physical processes on wide
range of scales and times with cold gas crucial piece of the puzzle

@ potential wells of collapsing .

structures = trapped gas is /
heated /
Ao
@ cooling and accretion onto VERY e
the central regions / o’ig g
Iy |
@ cold gas main components: * N
atomic and molecular STARS
hydrogen, HI and H2 N\ Wi
\ MER G s BUL GE /
@ H2 = stars = SN feedback N e

" e
~ -

@ the presence of AGN slows —

down gas accretion Courtesy of A. Zoldan
(AGN feedback)
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Hydro vs semi-analytical
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Coldberg & Diaferio
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Semi-analytic models:

* do not follow the particle dynamics;

* same sub-grid physics;

* fast computation (large
cosmological volumes).

Hydrodynamic simulations:

* explicit gas hydrodynamics;

« follow particle distribution;

* sub-grid physics;

* computationally demanding
(small cosmological volumes).

courtesy of A.Zoldan
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An example from SAMs

N-body DM
simulation

Friend of Friend Halo Bound sub-halos

Time

SATELLITES CENTRAL
credit: A.Zoldan
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An example from SAMs

N-body DM simulation: Semi-analytic model
Millennium Simulation (Springel et al. 2005)

9

\ QARS SN FEEDBAG

\ 7
N MERroet—BuLce
AN
N

HOT HALO///
Sub-halo properties:  « M, T~

* Spin;
* Rotational velocity;

credit: A. Zoldan
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-
The GAlaxy Evolution and Assembly (GAEA)

@ both on Millennium I and II
more “cosmological” ws.
better resolution

- —1
(500 2~ Mpc, 100 2" Mpc) SF efficiency tuned to match the
HI mass function at z =0
@ explicit treatment of cold gas
partition in atomic (HI) and "y — MM > 10,
050 - - MIT: M, > 10°M,

molecular (H2) W .E%;Cfﬂ'r:r i X Matin + 10
(Xie et al. 2017) o

@ Tested and upgraded during
the years: e.g. De Lucia &.
Blaizot 2007, De Lucia et al. . ( )
2014, Hirschmann et al. 2016, ‘ ;&)gl.,A\Im](h"l\lv])“ ' ’
Xie et al. 2017, Zoldan et al.

2017

&(Myr) (Mpe3h?)
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Role of centrals and satellites

— MI — — MII
Centrals dominate from
intermediate to high HI : : :
0 % @& & Martin+ 10 |
masses f_.;_;ﬁ O O Zwaan+05
== 88 e All galaxies |
R p Centrals
Satellites

Satellites dominate for low
HI masses

.
\ SATELLITE 5 = 1
SATELLITE G 7 s 9 10 1 12
SATELLITE log Myx (h™'My)

(M) (Mpeh3)
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Redshift evolution

All galaxies —

NN N N NN
LI | | | [ |
G W N e

How does the HI content evolve
with redshift?

@ hierarchical growth of

structures, switch between : : : 5 m m 12
z=0and z =1 due to AGN log Min (h™!Mo)
feedback

@ tuned to match Qg in the
local universe

@ SAMs often predict decrease
with redshift

107"




Redshift evolution: other results

= ALFALFA (2~0)
— 50 Mpc/h
— 25 Mpc/h 1
— 12.5 Mpc/h

& [Mpc~?|

& [Mpc~?|

z2=10
2=20
— z=4.0 be
—Sf == 2z=60

8 9 10
log (M) [Mg]
Popping et al. (2014)

@ [Mpc~?|

7.5 8.0 8.5 9.0 9.5 19.9
log My [Ms ]

Davé et al. (2017)



HI halo mass function

Total HI content My of a halo of
mass My: Myr(My,)

@ a fundamental ingredient of
the halo model (Chen et al.
(2021)) and to build mock
21 ¢cm maps

logyo My [h~'M.)]

@ GAEA vs some literature N

@ z = 0: fit a functional form
with: low mass cut-off +
power law with an inflection
point
(due to AGN feedback:
Baugh et al. 2019)
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A semplification

How to get big volumes for large-scale studies?
Combining SAMs and fast halo catalogues

(LPT: e.g. Pinocchio, Monaco et al. (2002))

[
0 T, K| i

arXiv:2107.10814
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Power spectrum and bias

10"
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o of
X =
= £
= E
=
Il Il
= =
< =10
B =
5 =
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Villaescusa-Navarro et al. (2018)



2lcm power spectrum

Poiom(z k) = T2 |bhy (14 B%14%)" Pra(2, k) + Pox]
e.g. Kaiser (1987), Bacon et al (2019)

zyr: abundance of neutral

1w

—o hydrogen
SRl =1 |
% wt | :j | bHI: HI bias
g -
<7 - 8242, with B = f /b
Lo S Redshift Space Distortions
& (hMpe™) Shot Noise from small

scales
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-
Redshift Space

171-1 = H T recession

I i velocity due to
peculiar
velocity galaxy’s position Hubble flow
. (in real space)
Xreal
,../g'alaxy’s postion
o Xobs ..+ (in redshift space)
us n u
Xobs = Xreal 7
aH
L Two effects:
us 1. Kaiser effect on large scales

2. Finger-of-God effect on small scales

courtesy of E. Sefusatti

16 / 36



Kaiser effect

Real space

line-of-sight
Redshift space
line-of-sight

distant galaxies
coherently in-falling
toward a cluster

In redshift space they
appear closer to the
cluster: enhanced
clustering

courtesy of E. Sefusatti
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Kaiser effect on the Power Spectrum

@ in real space P, (k) is
isotropic )

. . ) P
@ in redshift space is not LOS,

(clustering is enhanced along
the line-of-sight)

@ we are interested in HI so a R
biased tracer x
Pyi(k) = bmi P (k)

Py(k) = Py(k, p) = (bur + f1u®)? P (k)
Multipole expansion: Py = [ duPs(k, p1)Le(pe)
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21 cm Power Spectrum: how to

courtesy of Laura Wolz

GREEN BANK MEERKAT

Pry(k) [mICH()

MASUI+13, SWITZER+13,
WOLZ+17 SOUTH AFRICA
T
Spatial Scale A[h/Mpc]
PARKES TELESCOPE ASKAP

ANDERSON+17 AUSTRALIA



From single dishes to radio arrays

@ the resolution of single dish
telescopes scales as A/ Dgish

@ can we ask for sub-arcsecond
resolution?

@ you can go big (GBT
Dgisn = 100m) but not too
big (a square kilometer array
telescope would be a bit too
much..)

Way out:

combine the views of a group of
dishes/antennae spread over a
large area and operate them
together

courtesy of A. Pourtsidou

20/ 36



Key points of interferometers

courtesy of P. Bull

@ Phase delay depends on array Simple Interferometer configuration
. 0 Radio source
geometry (baseline length)

signal
\ Phase difference

@ Interferometers see the whole o QT
sky (weighted by a beam)

. ’SS%( e
@ Each baseline measures a TR
Sil’lgle FOU.I‘ieI‘ mode Of the WestAntenna | baseline East Antenna
(antenna-weighted) intensity combiner
on the WhOle Sky Output to receiver
@ The longer the baseline, the https://sites.google.com/site/

sharper the view! radioastronomydm?2/interferometry
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Array layout courtesy of P. Bull

baseline length (distance between antennas) connected to the scale I
can measure:

- Short baselines <> large scales

- Long baselines <+ small scales (high resolution)

@ For large arrays: we care about the number density of long vs.
short baselines.
- Higher density <+ higher sensitivity per mode

@ Optimise: Where do you need most sensitivity?
- Small objects (e.g. jets) — more long baselines (sparse array)
- Large scales — more short baselines (dense array)
- Detect galaxies — balanced baseline distribution



Array layout courtesy of P. Bull

Spal"Se array Jodrell Bank
e.g. JIVE/EVN

Torun

Dense array
e.g. MWA

Darnhall

=1

Balanced array
e.g. SKA-MID




e
MeerKAT 64 dishes

Condon et al. (2021)

Heywood et al. (2019)

PYWET



From single dishes to radio arrays, and back!

@ Interferometer
A/Dmin <00 S A/ Diax

., kDmax
@ Single-dish (also called Interferometer. |
autocorrelation) |
. k =S kFOV
we can see angular size larger L “Single Dish
than 60 > A/Dasn | N ‘
" ‘-: karea
Plan for Intensity Mapping ' = |(
. kBW kFG " kNL kchannel
use 64 MeerKAT dishes as a
collection of single-dishes looking Bull et al. (2015)

at the same patch in the sky
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-
Intensity Mapping with MeerKAT

Science Verification Data

Antennas All 64 MeerKAT dishes
° la'rger area, Observation mode Single-dish
more integration time Frequency range 0.856-1.712 GHz
Frequency resolution 0.2 MHz
o IM fOI‘ COSHIOIOgy Time resolution 2s
5 5 Exposure time 1.5hr x 7 scans
® Radio Continuum Target field WiggleZ 11hr field (10° x 30°)

HI galaxies
Wang et al. (2021)
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Challenges with Intensity Mapping observations

o HI IM signal

Foregrounds
Earth
- Atmosphere, RFI

@ Instrument

- Beam
- Noise

¢

credit: D. Alonso
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Noise and Sensitivity courtesy of P. Bull

Receiver noise
- Radio receivers measure signal + thermal noise
- Noise comes from electronics, the sky, the ground...
- Total noise temperature is the system temperature

Reducing noise
- Lower system temperature = less noise
- Can average the signal over time — noise averages down
- Can also average the signal over frequency;
wider bandwidth = more photons = lower noise

Radiometer equation

Tsys _ Thermal noise temperature
o VU tops Number of “samples”

28 / 36



MeerKLLASS scanning strategy

Zenith

Observer

Horizon

Azimuth

date.

azimuth and elevation against time

1000 2000 3000 4000 5000 6000

7000

1000 2000 3000 4000 5000 6000
time (s)

7000



MeerKLLASS scanning strategy

Wang et al. (2021)




A realistic beam
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A realistic beam
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A realistic beam

Normalized Beam [dB]

0 [degs]
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-
Radio Frequency Interference (RFI)

RFT is everywhere, even in the Karoo desert

redshift @ RFI flagging steps
0605 04 03 0.2 0.1 0
102 0bs190224 —— 0DS190401 —— 0bS190424- ] discard data
—— 0bs190225 —— 0bs190423 —— o0bs190711
—— 0bs190330
T 10! | b
c ¥
o
; n I — | Y 80
o o = 0bs190224
10 : s 60 0bs190225
¥ E @ 0bs190330
' € 0bs190401
La0
1071 5 f
900 1000 1100 1200 1300 1400 1500 1600 1700 g e | 0bs100711
Frequency (MHz) 8120 ‘
2
. . . 0 DR
@ contamination from satellites

1000 1100 1200 1300 1400 1500
Frequency (MHz)

Wang et al. (2021)

@ much worse in the future?
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R
Where we stand

Tsxy map for 244 scans, 0.3 deg/pix, 1023 MHz
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Instrumental effects

@ Need a realistic beam
modeling
(side-lobes, frequency
evolution, more accurate
deconvolution)

(non homogeneous noise, need
for real space convolution,
polarization leakage)

e RFI
(impact on cleaning, impact
on signal interpretation)
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raw signal
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