SlSéA lﬁ

2 UNIVERSITE

&) DE GENEVE

SWISS SKA DAYS 2024 MARIA BERT!
4 September Postdoc - Université de Geneve

Probing the ACDM Universe and Beyond

with Present and Future 21cm Intensity
Mapping Surveys



Hydrogen Through Cosmic Time M. BERTI 2
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21cm Line Intensity Mapping
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Open Questions M. BERTI 4

What i1s Dark Matter?

What is the link between galaxies

’) '
and dark matter halo’ Can alternative

models solve the tensions
simultaneously?
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What can cosmology tell
us about neutrinos?

What is Dark Energy?

Does the CMB lensing anomaly hide not
understood systematics?

Are the Hubble and the growth
tension an indication of new
physics?
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Probing the
ACDM Universe

* Cosmological parameters constraints

e 21cm combined with CMB data

The 21cm observable

Constraints on

* Theoretical modelling Dark Energy

Probing the beyond
ACDM Universe

e Forecasted data sets

e Numerical methods Constraints on the

neutrino mass
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The 21cm Observable



Theoretical 21cm Linear Power Spectrum M. BERTI 7
Berti et al. (2022)
| We model it as*
Pu(a k) = T30 | by + f0) 1* | Pz,

where

cu=k-?

10~ 1073 1072 101 10V
k [h Mpc™]

+ Di(2) is the HI bias

- f(2) is the growth rate

. T%(z) is the mean brightness temperature

+ P_(z, k) is the matter power spectrum

V' in good agreement with hydrodynamical

! Kaiser (1987), Bacon et al. (2019)

simulations results (Viiaescusa-Navarro ef al, 2018)



Power Spectrum Multipoles Expansion M. BERTI 8

Pyy(z. ko ) = T22) [bn(@) + ) 2] Pl b

Expand in i
Zou) =1
Py (k,p) =2, P (k)L (1) where the Legendre polynomials are 2

3
l °CZ2(//1) — .

2 2
2+ 1) (!
J_1

du Z ()P, (2, k, )

(2 + 1)

|
P(e.k) = ——5—T@) Pu(z. ")J du L ) [ba(@) + @ 7]
1

— We forecast observations for the power spectrum P, ,(z, k, j1) and the multipoles P (z, k)



SKA Observatory (SKAQO) M. BERTI 9

post-Reionization Universe

Cosmic Dawn, Reionization
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Location: Australia

Credit: skatelescope.org

MeerKAT

— Radio frequencies
(SKA pathfinder)

— Covers all the relevant frequencies
with unprecedented sensitivity 1.5>z>0




Modelling SKAO Observations M. BERTI 10

|, Beam Effects

. Instrumental Noise ) R 2@ — i)
B(z, k, 1) = exp = ;
P _
Tsys47[fsky Vbin(z)
NO=N s T
dishtobs v sur ;
Ry.n(?) = ——2r(z) beam physical size
SKAO specifications 2v2in2
Parameter Value
D¢, [m] SKAO dish diameter 15 i i
Rt SKAQ dish d ol 1l. Covariance Between Multipoles
Zobs [h] observing time 10000
Tsys [K] system temperature 25 |
ov [MHz] frequency range 1 (2/ + 1)(2{ gus 1)
Qqur.1 [s1] survey area (Band 2) 1.5 Cff’(za k) = [ du gf(,u) gf’(//t) GZ(Z, k,p)
Qqur.2 [sr] survey area (Band 2) 6.1 -1
Jsky,2 covered sky area (Band 2) 0.12
Ssky,1 covered sky area (Band 1) 0.48
Az width of the redshift bins 0.5

SKAO Red Book (2018) 0'2(2, k, ﬂ) o (P21(Z, k, ﬂ)+PN(Z)>2

variance



The Power Spectrum Mock Data Set M. BERTI 11

<103 Berti et al. (2022) - MeerKAT like observations
| - Auto-power spectrum
o - One redshift bin
= 3
0 - More realistic measurement
Ny
5 2f
e
£
/A—&\ LT . Tsky map for 244 scans, 0.3 deg/pix, 1023 MHz ‘
N— 1 | ' d
=~ | . 35
) gt
Or Theory at z = 0.39 _ 6" "'I:I:. L .
—I— Data point at z = 0.39 2 4 e E:
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Wang et al. (2021)



The Multipoles Mock Data Set M. BERTI 12

SKAO like observations

Monopole and quadrupole

Observations within 6 redshift bins

- Beam's effect, multipole covariance

80

20 | -
=== {¢ =0,2-diagonal
— 0 =0,2
0" - - -
0.05 0.10 0.15 0.20

k [hMpc 1]

kP, (k) [mK? (h—! Mpc)?]




Probing the ACDM Universe



Constraints From the 21cm Signal M. BERTI 14

5

. P Analysis set up
S Py + P, - diagonal

W Py + D - full covariance . Full MCMC analysis

- Implement a new likelihood code integrated
with CosmoMC

- Varying the full set of cosmological parameters
(Q.h?, Q. h? 1,0yc, A, 1)

+ Test the constraining power of the 21cm signal
alone and combined with CMB

- Multiples’ mock data set - 6 bins

- 21cm alone has a good constraining power
on the cosmological parameters

- Marked correlations (Q2 1° — H,and 6 — A)

01 02
Q. h?
Berti et al. (2023q)



SKAO vs MeerKAT Forecasts
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Berti et al. (2022)



Constraints iIn Combination With CMB M. BERTI 16

‘\‘ I Planck 2018 Berti et al. (2023q) /’ Panck 11, 15, EE + lowE + lensing
] \s . Planck 2018 +Py + P, - nuisances
ol ' ] B Planck 2018 +Py + P Parameter Planck 2018 +Py + P
3ee @) 5
o Qph 0.64% 0.49%
0.97 |- 41 ] QC h 0.990]0 0.250]0
= 0.96 | @ -+ - I" ‘\‘ n S 0.42070 0.27070
[ e S m e In(10'"YAy) 0.46% 0.17%
<"Z) 3.08 |- - — _
Sig/ 3.04 @ 4 (@ 4 @ _ T 13.44070 6.09070
= s | | T N IOOHMC 0.030]0 0.030]0
@ | | ] _ Hy 0.79% 0.16%
] 0:04 - @ 4 (@ 41 @ 1 i i 0-8 0.73070 0.26070
2 o] T :: T T :
5;313;; @ @ T @ T @ ; - Constraints are significantly improved with
T T T n respect to Planck alone
2 Zi é [ @& ] 1
. T, T T, 1L - Removed degeneracies
ggzgf - | l@’ @ = 1 - We loose constraining power when introducing

0.0221 0.0227 0.118 0.122 096 097 3.01 3.05 0.04 0.06 1.0403 1.0415 66 67 68 69 0.80 0.82
QO h? Q. h? Mg In(1019 Ay) T 10004 Hy 03



MeerKAT Forecasts
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Probing the Beyond ACDM Universe



Constraining Dark Energy With P,, M. BERTI 19

Linear model

- MEERKAT forecasts for the 21cm power
spectrum

- One redshift binat z = 0.39

- More ideal multiple bins data set

Pyi(k) [m K= (h™" Mpc)’]

- Study of DE — Effective Field Theory

0.02 0.04 0.06 0.08 0.10
k [h Mpc 1]

Berti et al. (2022)



Effective Field Theory of Cosmic Acceleration M. BERTI 20

Introduced to describe INFLATION Later applied to late time CosmIC ACCELERATION

Creminelli et al. (2006), Cheung et al. (2008) Creminelli et al. (2009), Gubitosi et al. (2013), Bloomfield et al. (2013)
Egﬁ'gam - Casc‘adi"gg""“y I....L."."?'.‘EZ.I.-.f.'%EH'J__, Conformal gravity
Strings & Branes\ s <§> R,O'RY ‘ """" f (‘G)
Randall-Sundrum | & |1 DGP Some .
2T gravity d‘:f;:;:?::“ Higher-order
Higher dimensions/ }on-local /G\IR -
Construct the most general \ N
Modified Gravit)/’..)’?fﬁ?f____:
Genera lisations  Enseain-Aethar ;
ACT | O N ’ of Ser Teves — Add new fel|d content
Gauss-Bonnet i 8 Brane Dicke \ Chern-Slmons\A e\nx{
Lovelock gravity Gh ensates Cus /\
Emergent I RIE: Scal Chaplygin g Bimetric MOND
Approaches szl 4 Quintessere L
cor Padata ¢ H” ) ETC“: ________ bble ;

Bull et al. (2016)

Effective Unifying

Easily interfaced Must include as many DE/MG
with observations models as special cases



Studied Models

Parametrise the evolution of the -FT functions
Jd“x, /— { [1+ ] R+ — azégoo} + 5,
We choose pureEF T models + Fix background evolution

Linear parametrisation

= Q" 'a

—xponential parametrisation

= exp(QgFTaﬁ ) — 1

H(a)

to study on
on pert

v the impact

Urbations

M. BERTI 21



Latest Constraints on pureEFT Models M. BERTI 22
EffectlveFleIdTheory
S witr -Xponential o
~  .»CAMB /}ear ACDM limit

Hu et al (2014)

Raveri et al. (2014)

— Planck + WP

+ BAO + Lensing
— Planck + WP

+ BAO
— Planck + WP

0.04 008 0.12 0.16

S}EFT

Parameter

Planck + all

QEFT

0.061 (95% CL)
68.22 + 0.75

Planck collaboration (2018)

1.0 - — Planck TT,TE,EE+IowE+Iensing’\
' —— +BAO/RSD+WL R
=== Planck TT,TE EE+lowE
0.8 1 ==- +BAO/RSD+WL
Q:é’ 0.6 -
~—
Q
0.4 -
0.2 - ,/
0.0 ———sl
—0.4 —0.3 —0.2 —0.1 0.0
QEFT
Parameter Planck 2018
EFT L +0.059
QO . 0.101_0.038
Hy ...... 68.30 = 0.71




Do We Expect To Be Sensitive? M. BERTI 23

‘ Exponential model
10 Linear model <103 p
Q' ==+1
3| QOFFT — 1+ 0.5
5 T QST =+ 0.1
2 =2, QEFT — 4 0.01
= =N
= =
< e
1S £
S <
S 5
—— QEFT — (.01
_1 : : : : ' . : : :
0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10

k [h MpC_ll L [h MpC_l]

Berti et al. (2022)



Exponential pureEFT Results - 21cm Alone
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PJCPM (7 = (0.39) e
PZAICDM (all bins) h

+ fO' g + H+D A
PACPM (311 bins)- halved errors

Berti et al. (2022)

Par. poOPM i, —0.39) PYCPM (all bins)
EFT _ +0.075
Qf - 0.053_+05.(1)7
B ... 1.21727 1.267 2]
B +8.1
Hy 74173,

- Constraints on the cosmological parameters
remain unaffected

+ P5(z = 0.39) alone has weak constraining
power (realistic)

- Using multip
constraining

e bins significantly improves the
oower (ideal)




Exponential pureEFT Results - 21cm + Planck M. BERTI 25

B Planck 2018
4 PEFT (2 =0.39)  —

BN | PIFT (all bins) — <o—
B+ PEFT (all bins) - halved errors

70r

T 68}

Cj%O.IQO -

0.115F

QF QN
EFT
Q0
Berti et al. (2022)

Par. Planck 2018 + Planck 2018 +
PEFT (2 = 0.39) PSET (all bins)
Q.h? . 0.1194 4+ 0.0011 (—22%)  0.12042 + 0.00080 (—43%)
EFT +0.064 +0.047
QF —0.086;6).50838 (—10%) _0'073604336 (—26%)
B ..... 1.287 ;55 (+4%) 1.08" 55 (—13%)
Hp ... 67.63 + 0.50 (—24%) 67.15 4+ 0.36 (—46%)

- Planck 2018 + P, (z = 0.39) improvement at
the 10% level (realistic)

- Planck 2018 + P, improvement up to the 26%
evel and 35% level with halved errors (ideal)




Related Works

M. BERTI 26

Testing gravity with gravitational waves x electromagnetic probes cross-correlations
JCAP 02 (2023), arXiv:2210.02460

dark sirens

1.6

bright sirens

1.50;

1.00-
0.751
0.50 . .
1.4 1.6
2
— fsky =05 Planck 1o

PROBE ko “no !
Lensing 1.63 3.93 0.14
Clustering 0.09 0.50 0.29
L+C 0.03 0.06 0.01
Planck
Parameter
Mo — 010i§§(52)
n—1............ 0.2277
20— 1 ... ... ... 0.100 + 0.093


https://inspirehep.net/literature/2161865
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Latest perspectives on weighing the neutrinos with 21cm Intensity Mapping with the SKAO
M. Berti, M. Spinelll, B.S. Haridasu, M. Viel, in preparation.

z =0.25 z=125 z=225 —— Mock data, Zm, = 0.06 eV B Planck 2018
z=0.75 z=1.75 z=275 >m, € [0.06,0.6] eV B Planck 2018 + BAO
I Planck 2018 +Py + P> + nuisance
W Planck 2018 +B2y + P,
o 0.801
()
0.75¢
f 66.0
63.5
‘.l; 0.147
o G 0.143
Upper limits on 2m,,
04r
s
Planck 2018 < 0.259 W 0.2}

+ Py + Py < 0.101
+ nuisance < 0.129 ne




Conclusions
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1.

The results we found are in agreement with similar works in the literature and

confirm the key role of present and future late-time 21cm intensity mapping
observations.

Combining 21cm power spectrum measurements to CMB observations leads
to a substantial improvement of the constraints on Q _4* and H,,

Present-day surveys produced encouraging mild constraining power over
beyond-ACDM extensions. More ideal 21cm sighal SKAO observations within

multiple redshift bins could potentially improve the knowledge of DE-MG
theories.

21cm intensity mapping SKAO measurements provide a new interesting
cosmological probe, that carries rich information complementary to other
high-precision cosmological observations.



