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ACDM model
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State-of-the-art
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New observables — 21cm signal

power spectrum
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Overview

Constraining beyond ACDM models with 21cm intensity mapping forecast observations combined
with latest CMB data

Supervisor: M. Viel

Collaborators: M. Spinelli, B. S. Haridasu, A. Silvestri

Model independent approach

N === === =-=-===-=-- 1
Effective Field Theory (EFT) ! Impact of the |
for Cosmic Acceleration Numerical codes S 21cm signal alone !
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analyis - constraints :

new likelihood implementation

Realisitc forcasted data
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Effective Field Theory for Cosmic
Acceleration




Effective Field Theory - The idea behind

Introduced for INFLATION ( ) — applied to the LATE TIME
COSMIC ACCELERATION ( )

— description of Large Scale Structure (EFTofLSS, )
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Effective Field Theory - The idea behind

Introduced for INFLATION ( ) — applied to the LATE TIME
COSMIC ACCELERATION ( )

— description of Large Scale Structure (EFTofLSS, )

Construct the most general

ACTION
EFFECTIVE UNIFYING
easily interfaced includes as many DE-MG
with observations models as possible
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EFT action

Up to second order in perturbations in the Jordan frame:

S= /d%vﬁ{ [1 —+ QEFT(T)] R+ A(7) — ¢(7)a284°°
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EFT action

Up to second order in perturbations in the Jordan frame:

S= /d%vﬁ{ [1 —+ QEFT(T)] R+ A(7) — ¢(7)a284°°
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Full EFT is described by 9 time-dependent EFT functions

- {QFFT A, ¢} first order — also background evolution
- {M3, M3, M2, M2, m3, M*} second order — only perturbations
- ACDM limit — all EFT functions are 0 5/22



Testing MG/DE models in the EFT formalism

\\\«\E\ F T Theoretical predictions

Einstein egs. —~

Fluid eq CAMB for observables
SgrT 7 : — - 1
poltzmann eqs constraints

statistical MCMC analysis

Latest constraints

- studied in ,
- constraints from Planck, Weak Lensing, BAO, RSD data

-+ no significant evidence beyond ACDM
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Testing MG/DE models in the EFT formalism

\\\«\E\ F T Theoretical predictions

Einstein egs. —~

Fluid eq CAMB for observables
SgrT 7 : — - 1
poltzmann eqs constraints

statistical MCMC analysis

Latest constraints

- studied in ,
- constraints from Planck, Weak Lensing, BAO, RSD data

-+ no significant evidence beyond ACDM

— | Could a new observable such as P21 (k, z) help constrain such models beyond ACDM?
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21cm intensity mapping



The 21cm signal

3 fundamental temperatures:
T, the CMB temperature

Ty, the gas (IGM) temperature

T, the spin temperature — sets the population
hyperfine level with respect to the ground state

— T} the brightness temperature

of the
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Evolution of the 21cm signal
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Evolution of the 21cm signal
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Line intensity mapping

- Look at the total intensity of the

emission line in a large 3d pixel

(angle and frequency)

- Pixel will have integrated

emission from multiple galaxies

- relatively low-budget technique

Intensity map

- Challenging foreground cleaning
- wide redshift range 1 + z = 7=

e
ob.
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Line intensity mapping

Line Intensity Mapping (LIM)

Credit:

- Look at the total intensity of the

emission line in a large 3d pixel

(angle and frequency)

- Pixel will have integrated

emission from multiple galaxies

- relatively low-budget technique
- Challenging foreground cleaning

- wide redshift range 1 + z = Zem

Vobs
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The 21cm power spectrum

We can model it as?

Pai(z k) = T3(2)( + f(2))? P2, )
where
- T2(2) is the mean brightness temperature
is the
- f(2) is the linear growth rate

- Pn(z k) is the matter power spectrum

— in good agreement with hydro-dynamical simulation T )
results ( ) 104 1073 1072 107! 10°
k[hMpc™]
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Present and future instruments

Currently taking data (some examples):
- CHIME (Canada) — interferometer array
- FAST (China) — single dish
- MeerKAT (South Africa) — single dish

The Square Kilometer Array Organization (SKAO):
- SKAO-MID: ~ 200 dishes (South Africa)

- SKAO-LOW: > 10° simple dipole antennas (Western
Australia)

— more dishes and possibly higher redshifts




Intensity mapping with MeerkKAT

Credit:

Science Verification Data (

Antennas
Observation mode
Frequency range

All 64 MeerKAT dishes
Single-dish
0.856-1.712 GHz

MeerKLASS ( )

- 4000 deg?, 4000 h
- IM for Cosmology

+ Radio Continuum HI galaxies

— already taking data

— we build a very realistic data
set of future MeerKAT
observations at z = 0.39
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First results with MeerKAT
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Likelihood implementation




Bayesian Likelihood estimation

Bayes theorem

L(D|e) LIKELIHOOD function — compute

P(a|D) xx L(D|ex) P(cx) P(ex) PRIOR distribution — guess

‘P(c| D) POSTERIOR distribution — sample
« set of parameters, D
set of observations

1. Confidence Regions (68%, 95%) 2. Marginalized posterior

—0.45F 1

—1.05F 1

A 20 N W \e) 1o o)
[NENENEE A A %

Qm wo

0.5

100 100
50 50
00
Monte-Carlo Markov-Chains
(MCMC) sampling

3. Confidence levels (68%)

Parameter Planck
+0.022

Qo oo 0'341—300335

we ... —0.8927 7
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Ingredients to compute constraints from a new data set

To compute constraints on model parameters for a generic cosmological model we need:
- compute theoretical predictions e« — CAMB/EFTCAMB’
< model with Py1 P2y (2 k) = T5(2)( + f(2)? P2, k)
D — construct a
- compute £(D|e) — multivariate Gaussian

- a MCMC code to sample the parameter space — CosmoMC/EFTComsoMC*

EFTCAMB/EFTComsoMC — new module twentyonepk.fo0 (Fortran 2008 language)

3
4
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Mock data set

x10°

ERRORS
- assume MeerKAT observation
- 64 single dishes, 2000 deg? sky area
- atredshift z=0.39

CENTRAL POINTS

Py (k) [mK? (h=" Mpc)?]

- ACDM theory prediction randomly or Theory at = = 0.39
scattered . e Da‘t“a point at z :‘ 0.39 ‘ ‘ |
0.02 0.04 0.06 0.08 0.10
k[hMpc
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Results




Studied Models

We test the Po; likelihood in the following frameworks:

reference ACDM constraints
- we study the effect of P»; alone and combined with CMB Planck data
- two different pure EFT models described only by the function Q¥FT (a)

<103 Linear model <108 Exponential model

QFFT =+ 1
8 QEFT — + 0.5
QFFT = £ 0.1

QFFT = £ 0.01

1 Acm =

— OFFT -
Q=05
Or — Q=01
— OFFT —0.01

-1
0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10
k[h Mpe™] k[h Mpe™]
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Label

Description

Planck 2018 | CMB data from Planck 2018 TT, TE, EE power spectra +
low polarization (lowE) data + lensing

Py; (z=10.39) | mock data set of MeerKAT forecast observations at
redshift z =10.39

fos + H+ D, | or background, additional background and struc-
ture formation mock data sets at z = 0.39 inferred
from higher redshift IM forecast

5http://pla.esac.esa.1'nt/pla/,<7fhome
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http://pla.esac.esa.int/pla/#home

ACDM reference simulation - |

fecifes!

1 (2

0.39) + fos+ H + Dy Par.

P31 (2= 0.39) +fog + H+ Dy

Q,h? 0.038 £ 0.015  0.0226 4 0.0035

Q.h? 0.1620-959 0.1227 & 0.0081

ng ... < 0.959 0.95179-072

Hy .. > 73.6 67.14+1.3
Remarks

cannot constrain all the cosmological
parameters, we fixed 7
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10003
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ACDM reference simulation - |

Par. P31 (2= 0.39) +fog + H+ Dy

Qyh? 0.038 +0.015  0.0226 + 0.0035

Q.h? 0.1620-959 0.1227 & 0.0081

ng ... < 0.959 0.95179-072

Hy .. > 73.6 67.14+1.3
Remarks

cannot constrain all the cosmological
parameters, we fixed 7

marked degeneracy between Q.h? and Hy

> ~ - - ——
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ACDM reference simulation - |

Par. P31 (2= 0.39) +fog + H+ Dy

Qyh? 0.038 +0.015  0.0226 + 0.0035

Q.h? 0.1620-959 0.1227 & 0.0081

ng ... < 0.959 0.95179-072

Hy .. > 73.6 67.14+1.3
Remarks

cannot constrain all the cosmological
parameters, we fixed 7

marked degeneracy between Q.h2 and Hy

adding the background data significantly improve
' the constraints
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ACDM reference simulation - |

Par. P31 (2= 0.39) +fog + H+ Dy

Qyh? 0.038 +0.015  0.0226 + 0.0035

Q.h? 0.1620-959 0.1227 & 0.0081

ng ... < 0.959 0.95179-072

Hy .. > 73.6 67.14+1.3
Remarks

cannot constrain all the cosmological
parameters, we fixed 7

marked degeneracy between Q.h2 and Hy

adding the background data significantly improve
' the constraints

> ~ - - ——

with only 21 + 3 points we get a competitive
constraints on Hy

o o8 ey W2 A AN a8 a® gl (9 AR M ® ®

Oh? Qch?® 1006xs¢: In(10"A,) ng Hy 19/22



ACDM reference simulation - Il

BN Planck 2018
B Planck 2018 + Py (2 = 0.39)

Par. Planck 2018 + Py (2= 0.39)
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0.117
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§1l)u '
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- significant improvement on Q.A% and Ho
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ACDM reference simulation - Il

BN Planck 2018

B Planck 2018 + Py (2 = 0.39)
Par. Planck 2018 + Py (2= 0.39)
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ACDM reference simulation - Il

BN Planck 2018
B Planck 2018 + Py (2 = 0.39)

Par. Planck 2018 + Py (2= 0.39)

&'Zhh,2 0.02237 £ 0.00014 0.02236 £ 0.00011 (—24%)

0.123 ;
Lol (G Q.h? 0.1201 + 0.0012 0.12004 + 0.00046 (—61%)
0.1
© Ng ... 0.9650 + 0.0041 0.9651 4+ 0.0031 (725%)
0.117
) Hy .. 67.32 + 0.53 67.32 £ 0.16 (—69%)
§ll)“ '
1.040
308 Remarks

significant improvement on Q.A? and Hy

® ©® e
«-

& 0\ ) () - Q.h? and Hy anti-correlated from Planck
0.96
2018 data
69
5| - N = Y - - adding BAO data does not produce relevant
o effects
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EFT results - Linear evolution of QT (q)

Par. Planck 2018 + Pyq (2= 0.39)
ek 2015 ek " Q,h% . 0.02234 4 0.00015  0.02237 & 0.00011 (—26%)
BN Planck 2018 WS Planck 2018 + P (= = 0.39) Q.h? . 0.1203 + 0.0012 0.12003 % 0.00046 (—63%)
0.04r r r Hy ... 67.21 £+ 0.55 67.33 £ 0.17 (—70%)
=
1<
E0.02f b t QFFT < 0.0147 < 0.0135 (—11%)
00220  0.0225 0118 0.122 1.0405 10415 Remarks
Q(,}Lz Q(»}ZQ 1000}[@
Po1 (z=0.39) alone has no significant
constraining power on EFT parameters
0.04
e
=0.02 . . '
301 305  3.00 0.96 097 004 006 0.08
111(1[)1”‘45) N T
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EFT results - Linear evolution of QT (q)

Par. Planck 2018 + Pyq (2= 0.39)
ek 2015 ek " Q,h% . 0.02234 4 0.00015  0.02237 & 0.00011 (—26%)
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EFT results - Linear evolution of QT (q)

Par. Planck 2018 + Pyq (2= 0.39)
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EFT results - Linear evolution of QT (q)

Par. Planck 2018 + Paq (z = 0.39)
ek 2015 ek " Q,h% . 0.02234 4 0.00015  0.02237 & 0.00011 (—26%)
BN Planck 2018 WS Planck 2018 + P (= = 0.39) Q.h? . 0.1203 + 0.0012 0.12003 % 0.00046 (—63%)
0.04r r r Hy ... 67.21 £+ 0.55 67.33 £ 0.17 (—70%)
=
1<
E0.02f b t QFFT < 0.0147 < 0.0135 (—11%)
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Q(,}Lz Q(»}ZQ 1000}[@
Po1 (z=0.39) alone has no significant
constraining power on EFT parameters
0.04
& - constraints on cosmological parameters remain
BHon e
002 . . . unaffected
301 305 3.0 0.96 097 004 006 0.08 - results compatible with results in literature
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Planck 2018 + P21 (2 = 0.39) improvement at the
10% level on errors of EFT parameters
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Conclusions




Summary

Work done

- We extended the EFTCAMB/EFTCosmoMC codes by implementing a likelihood module fully integrated
with original codes to test forecast 21cm Intensity Mapping observations
- We constructed a realistic data set at z = 0.39 from future MeerKAT observation settings

- We tested the impact of Py likelihood on DE/MG models in the EFT framework
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- We tested the impact of Py likelihood on DE/MG models in the EFT framework

Results

- Significant improvement on Q.h?, Hy constraints from Py combined with Early Universe probes, i.e.
Planck 2018 CMB data

- Impact at the level of 10% on models beyond ACDM
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Summary

Work done
- We extended the EFTCAMB/EFTCosmoMC codes by implementing a likelihood module fully integrated
with original codes to test forecast 21cm Intensity Mapping observations
- We constructed a realistic data set at z = 0.39 from future MeerKAT observation settings
- We tested the impact of Py likelihood on DE/MG models in the EFT framework

Results
- Significant improvement on Q.h?, Hy constraints from Py combined with Early Universe probes, i.e.
Planck 2018 CMB data
- Impact at the level of 10% on models beyond ACDM

The road ahead

- Add observations from other redshift bins
- Cross-correlation exploitation of intensity mapping and galaxy clustering observations

- extend the likelihood other beyond ACDM models, e.g. decaying dark matter /2
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