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Power Spectrum Multipoles



Introduction M. BERTI 2

“Multipole expansion for 21cm Intensity Mapping power spectrum: forecasts for the SKA
Observatory” - M. Berti, M. Spinelli, M. Viel

v Use the same tools

* SKAO forecasts

Berti et al. (2022) * Tomographic data set — more accurate
» MeerKAT forecasts * Focus on ACDM
» Dark Energy models * Study of non linear scales
» (Limited) Tomographic data set

Soares et al. (2021) v Modelling multipoles and errors
» Multipole expansion v MCMC analysis, with different tools

See Py, las » SKAO forecasts (MCMC) * Constraints on cosmological parameters
talk/ » One redshift bin * 6 redshift bins

» Foreground analysis * 21cm combined with CMB data

== We do not model foregrounds



Theoretical Model



Modelling the 21cm Linear Power Spectrum M. BERTI 4

\ We model it as’
: \\ Pyy(z. k. p) = Ti(2) bii(2) + fz) 1 2Pm(z, k)
where
o le)(z) is the mean brightness temperature

e )(2)1is the HI bias

e f(7) is the growth rate

A\
A\

oy =k-Z

WSy o e s ' e e S O S Y W 0 0 Y W Y e P_(z, k) is the matter power spectrum
104 1073 102 10! 100 . P P

Berti et al. (2022) kb Mpc_l]
v in good agreement with hydrodynamical simulations

results (Villaescusa-Navarro et al. 2018)

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



Modelling the 21cm Linear Power Spectrum M. BERTI 5

Computed
numerically

with CAMB Lewis (2000)

3 i
_ hH, T2
Toi(2) = 180 Qi 1(2)——(1 + z)>mK =
H(z)
Battye et al. (2013) 1-
0 2 4
Qi(z) = 4. x 1074(1 + 2)%6 -

Crighton et al. (2015) Villaescusa-Navarro et al. (2018)



The Effect of the Telescope Beam M.BERTI 6

Py (2o ko 1) = T2 [byai(2) +£(2) 4] Pr(z. k)

" Soares etal.

'« 100- X

8.

2
- 50

Rbeam(z) — Ogl’ (Z) 5
_ Orwhm r(2) 1 )
Beam Smoothing Factor 24/21n2 z

Damping of the signal depending on

the scale of the beam S -
—k Rbeam(z)(l — U )

B(z k. 1) = exp ;

Py (2o ko pt) = TX2) B k1) [by(@) + £@) 2] Pz k)




Power Spectrum Multipoles Expansion M. BERTI

P21(Z9 k9 //t) — T%(Z) B(Za ka /’t) [bHI(Z) ‘|‘f(Z) /fiz] . Pm(Z, k)

Expand in u ZLou) = 1
Py (k, ) = 2, P (k)L A1) where the Legendre polynomials are 3 qu 1
ZH(u) =
l 2 2
Q¢+ 1) (!
Pf(za k) — 2 d//l g{(//t)le(Za ka /’t)
J_1

— we forecast observations of the monopole P,(z, k) and the quadrupole P,(z, k)



Data Set and Likelihood



Modelling the Sources of Error M. BERTI 9

Parameter Value
. Dyisp [m] SKAO dish diameter 15
[. Instrumental Noise st Seao cish d el
9 tobs [h] observing time 10000
Tsys4ﬂfsky Vbin( Z) Tsys [K] system temperature 25
PN( Z) — 6v [MHz] frequency range 1
, Qqur,1 [s1] survey area (Band 2) 1.5
NdlShtObSéD QSUI‘ Qqur,2 [sr] survey area (Band 2) 6.1
Jsky,2 covered sky area (Band 2) 0.12
. S covered sky area (Band 1 0.48
— depends on SKAO specifics e it of the rectf i 05
II. Variance per k and u Bin ITI. Multipole Covariance
: ¢ + 1)(2¢" DJldg()g()z(k)
= 1L () L o) o°(z, k,
(Parte ko i+ Po() ) 2 .
6°(z, k, 1) =
Nmodes(2> &, 1) The error on the single data pointis (' = ¢)

with the number of k*Ak(2)Au(z) \/
N ’ ka — V 1n . —
modes per bin being modes( 2> £ #) 472 bin{2) GP,/&(Z ’ kl)



The Forecasted Tomographic Data Set M. BERTI 10

e Forecasted observations for the SKAO telescope at the effective
central redshifts

14
9 12f z. = {0.25)0.75,1.25,1.75,2.25,2.75)
= 10t / \
I
= 8 SKA-MID Band 2 SKA-MID Band 1
6 5000 deg? 20 000 deg?
= 4 z range 0-0.5 z range 0.35-3
2
'k -
0 Az = 0.5
_20- .
ap

& 30 =
9 e 15-

Q
E Q. —— fuy = 048, T, = 10000
T 20 = 10 “== iy = 033, Typ, = 20000
Y Y X soaesetal e
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The Forecasted Tomographic Data Set

M. BERTI 11

kP (k) [mK* (=" Mpc)°)

kP> (k) [mK? (h—1 Mpc)?]
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e Forecasted observations for the SKAO telescope at the effective
central redshifts

z. = {0.25)0.75,1.25,1.75,2.25,2.75)

SKA-MID Band 2

5000 deg”
z range 0-0.5

SKA-MID Band 1

20 000 deg*
z range 0.35-3

e Planck 2018 as fiducial cosmology

[Q,h? = 0.022383,Q.h* = 0.12011, n, = 0.96605,
In(10'°A4 ) = 3.0448, 7 = 0.0543,h = 0.6732,Xm = 0.06eV }

* Scale range limited by the bin volume and the beam size

kmax(zc) = 2zl Rbeam(zc)

kmin(zc) = 2n/ \3/Vbin(zc)
NB hard limitat k= 0.2 A/Mpc™!



Covariance Matrix M. BERTI 12

For N, number of data points, N, = 2 number of multipoles

Covariance between monopole
and quadrupole

If we switch it off

B COO(Z) O
Cdiag(z) = < 0 C,, (Z))

CM/(Z, kl) 0 0
Cf{/(Z) — 0 e 0 Nk
0 0 Cozky)

Ny




Likelihood and Signal-To-Noise M. BERTI 13

80
Defining ©(z.) = (Py(z)) Pz 0l
\ Z 40l
. w
P (z.) = (PAz., k), ..., Pz, ky))
1 2071 === {=0,2-diagonal -
~In[Z] = ) ~AB()" C7'() AB() N =02
_ 2 0.05 0.10 0.15 0.20
- k[hMpc™]
with ABG(z.) = O%(z) — ©°%(z.) 50l
P . 60 |
NB redshift bins are independent! Z
740t i
— 2z2=025 — z=175
MCMC analysis — modified version of CosmoMC 20t — z=075 — z=225 1
Lewis (2002) | — z=125 — z =275
’ 0.05 0.10 0.15 0.20

k[hMpc ]



Results



Constraints From the Multipoles M. BERTI 15

B P

D

8 P, + P, - diagonal
B Py + P, - non diagonal

Fiducial values — {Q 7 = 0.022383,Q_h* = 0.12011, n, = 0.96605,
In(101°A4 ) = 3.0448, r = 0.0543, H, = 67.32}

Py + P, Py + P

Parameter Fo P2 diagonal | | non diagonal 3

Q. h? 16.7% 21.6% | 12.7% 13.4%

Ng 4.6% 5.6% 3.6% 3.4% ;_:u?

H, 9.1% 12.0% 6.9% 7.4% =

o 9.6%  11.9% | 7.1% 7.6% 2
o

» Tighter constraints using P, + P,

e Using the full non diagonal matrix doesn’t
affect much the constraints

 21cm signal alone from tomography has a
good constraining power on cosmological
parameters

02 09 1.0 2 3 60 80
Qch? s In(101°Ay) H, o0



Multipoles Combined With CMB Data
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/» Planck TT, TE, EE + lowE + lensing

Parameter Planck 2018 +Pgy + P>

Qy, h?

Q. h

S
n(10'"YAy)

1 0.46% 0.17%

10060

~

0.64% 0.49% NB Always with non
0.99% 0.25% diagonal covariance!
0.42% 0.27%
13.44% 6.09%
0.03% 0.03%
0.79% 0.16%
0.73% 0.26%

@\

0.0221 0.0227 0.118  0.122

096 097

Nng

S EIEN

W W |

l@ ]

3.01 3.05

In(101Y Ay)

0.04 0.06

T

1000 1c

[/

/]

1.0403 1.0415 66 67 68 69 0.80 0.82

Combining CMB and the 21cm multipoles
* Constraints are significantly improved

* Less marked degeneracies



Adding the Nuisance Parameters M. BERTI 17

One parameter per redshift bin — 12 new parameters

UTpbioglys [Tpboglys LTpbyioglss [ Tpbmioglys [ Tpbogls, [ T;,00108]6 1
Ty foglys [Ty fo3)0s LT fo3]5, [T, fogl4s [T, fO8ls, [T}, fogle }

fit: a=0.003, b=-0.017, c=0.104, d=0.030
0.2 - fit: a=0.004, b=-0.027, ¢=0.076, d=0.018
Tybr10s
beU'S
0.1-
Extrapolate redshift dependence — 8 parameters //
0 1 2 3
UT b0l oy [Tp0mi031 s [ 13,0163 e [ T,011081 43 :
U Ty fogl,, [Ty, fogly, [ Ty, fogl s [T, fo3] 41 f(2) = a7+ bz’ +c7+

for f(z) = Tybyos, T, fo3



Results Varying the Nuisance Parameters M. BERT

18

W Py + P> - nuisances . . .
\ - ;:1}; Fit redshift evolution \/\
A
b - Parameter Py + P,  with nuisances
"l / | Q2 21.04% 22.819%
ola - Q. h? 13.36% 14.66%
: S:ZZ:\ 2 N 3.44% 3.94%
S In(10°%A 8.83% —
= I 100057 1.53% 1.62%
| I H, 7.39% 8.10%
ol / [ /-\ o3 7.64% 32.48%
I A For the two nuisances models
::O 80 - -+ 4 -
| / i | / 1)\ e Same constraints on the cosmological
Ta N o] l 1A parameters
l _ ‘ I Ll * Faster and better convergence with 8

1 1
0.02 0.04 20 25 30 35 102 105 108 60 70 80 90 0.5 1.0 1.5

Qb }12

n(0°4)  1000mc o o parameters (redshift fit)



Combined With CMB Data M. BERTI 19

\
y/ \
¥/ \
0.124 ' ;" " Planck 2018
0122 |- 1 _ . . . .
SREMIRY SN == I Planck 2018 +P) + P; - nuisances Fit redshift evolution
SR sl [ Planck 2018 +P + P
097 -1 - \!
l’ ‘\
096 p \ Parameter Planck 2018 +Pyp+ P,  + with nuisances

Q; h? 0.64% 0.49% 0.49%
Y ] ' Jo ' o
T 13.44% 6.09% 12.19%

' 10005, 0.03% 0.03% 0.03%

H 0.79% 0.16% 0.20%
lox: 0.73% 0.26% 0.70%

| @

@ N\ e @ e e

N: &\

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
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Fit redshift evolution : One per redshift bin

N Tpbmiogla  46.90% Tobmosli  0.39%
E |l N - Tpbuioslp  25.66% Tybuogly  0.87%
2 sl - Tpbuiosle  3.98% Tybmosls  1.32%
) : : ; l Tpbyrosla 2.85% Tpbuiosls 1.56%
€ on + . be0-8 a 49.47% Tb bHI 0'8: 5 3.95%
~§ 010 / 1 \ _ Ty foslb 24.16% Tpbuiogle  4.08%
_' : : : : - Ty fos]c 8.24% Ty fos 1 1.49%
— 0032 | + + - bea'g d 8.30% beO'g 2 1.28%
) _ -
T oo + —+ - T, fogls 1.92%
& o \ / K \ - Ty, fosla 3.23%
B A S S | T, f o] s 9.13%
I3 0.005 -+ -+ -+ - ' T . 106007
-INT LI\ | (o0

how | : 1 | : 1 : : T : : ] / é: 0.062 -

l l ' l l ' l ' I Ii'Q'O.O60 I_ I

S IN]IZ 1N ]\ £l @TW) 1@

T:;om—l | -—l l -+ - --l l-—l l-— | | . EEO’”' T ‘ T T ‘ T ‘ 7
QNI INILZ 1L T\ R T B S £ £ R VAR

R AP I aE IS e S e ena 207191091 1010@/
@RI ININTIL T\ - elelel ‘1. & ®lele:

0.014 - T -1 -+ -T- - |- . 1 4N o4 4 1 i

1 1 1 1 1 1 1 1 1 | 1 | 1 1 | |
0.000 0.005 -0.03 -0.01 0.10 0.11 0.028 0.032 0.000 0.008 -0.04 -0.02 0.06 0.08 0.015  0.020 0.055 0.1 0.14 0.168 0.178 021 022 023 § 0.035 0.037 0.062 0.075 0.081 0.082 0.093 0.09 0.11 0.08 0.12

[Tybmiosla  [Tybmosly  [Tpbmosle  [Tpbrioslas  [Tpfosla [Ty fos]p [Ty fos]c [Ty fos]a [Tybr10s)1[ Ty brios)a [Ty brnos|3 [ Ty brosa Tybrios s Tobriosle [Tyfosly [Tufosla [Tofosls [Tufosla [Tufosls [Tpfosle



S/N

Extending to Non-Linear Scales

e Include non linear corrections

 Introduce Pqy

* Minimum scale from beam size

100
80 |
60 |

40 t

20

‘ I 2025 — 2—175 |
AL I —— 2 =075 2 =205 |
: 22125 =—— 7z =275
0.2 04 0.6 0.8
k [hMpc ]

0.9

.
\,
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Parameter Py + P, + with nuisances
Q h? 21.04% 22.81%
Q. h? 13.36% 14.66%

3.44% 3.94%

8.83% —

1.53% 1.62%

7.39% 8.10%

7.64% 32.48%

W Py + P> - nuisances
Bl PP,
B PNt 4+ PNL - nuisances, Psy

q 1 p(IJ\IL+p2NL

0.02 0.04

Qb hz

010 015 020

Qchz

1.0 L1 20 25 30 35 100 1.04 108 60 70 80 90 0.5 1.0 1.5

Hs

In(1019A;)

1008 p1c

Hy



Constraints for the Neutrino Mass Xm,

M. BERTI 22

Monopole, redshift z = 0.25

I Planck 2018 +Xm,y,
0 Planck 2018 +Py + P> + Xm, + nuisance
B Planck 2018 +Py + P, + Xmy,

— Xm, =0.09
4 1 o, =0.12
m, =0.15
m, =02
m, =03
3 m, =04
my, =0.5
QO. mock data set .~
2 D
1 ]
O ]
0.05 0.10 0.15 0.20 63
-1 -
k [hMpc™-| _
= 66
. . 64
Parameter Py+ P, +Xm,  + with nuisance
2Mm,y, < 0.305 < 0.404
Parameter  Planck 2018 +Xm,, +Py + P> + with nuisances
>m, <0.219 0.058+0-044 <0.118

—-0.043

0.1 0.2

2y

0.75

0.80 64 66 68
g Hy s



Conclusions
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* Published work on Dark Energy constraints (no multipoles) arXiv:2109.03256

* Construct a tomographic data set forecasting SKAO observations within 6 redshift bin of the monopole
and the quadrupole of the 21cm signal power spectrum

* Constrain the full set of cosmological parameters with a MCMC analysis, using the forecasted 21cm
data set alone and combined with CMB data

* Adding observations of the 21cm signal to CMB significantly improved the constraints on the
cosmological parameters

* When nuisances are taken into account, some of the constraining power is lost, e.g. on A, (and
o5), but results for  h?*/H, are not spoiled

* Constraints on neutrinos to be further investigated



Analytical P 0> P o) M. BERTI 25

o _ ToPn 4,0 Vrerfiy/A) et /7 erfi(y/A)
0= "5 ¢ HI VA 2byf A ) A3/2 |
| 3V7 erfi/Aa)  eta-3) |
H a2 oA
1512P, | ,[e* Vmerfi/A)
3y/7 erfi(y/A) (24 - 3) , 15v/7 erfi(y/A)

, ' AAS2 T A2 +/ QA 72 |

A=k Rbeam

| 4A3 A

eA(15 - 10A + 4A?) ) 5
2




