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The standard ACDM model - I
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Planck spectacular c
6 parameter model.
linear perturbations
(Thomson scattering).
and

Non baryonic

fluids required at 80

1000
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onfirmation of a
FRWL metric +
of hot plasma

baryonic matter

and 140c.

Rich structure full of information on

(but not only!) our Universe at
z~1100.
Frontier 1s now lensing and (more

importantly) polarization.



The standard ACDM model - II: LSS

SDSS galaxies e Large Scale Structure
(LSS) 1s a tracer of the
underlying matter (cold?
total?) density field.

e Different redshifts,
scales, systematics
compared to CMB.

e Most used: galaxies red.
space distortions, weak
lensing.

e Difficulties: physics not
linear any more. Galaxies
are a biased tracer.

e Note: modelling galaxies
as points 1s pointless.

Northern Galactic Cap




Non-linear Universe

Initial Conditions

13 Gyrs later
Under the influence of gravity

and astrophysical processes....
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SUMMER 1982




SUMMER 1982 DARK MATTER IS NEEDED .......

LARGE-SCALE BACKGROUND TEMPERATURE AND MASS FLUCTUATIONS
DUE TO SCALE-INVARIANT PRIMEVAL PERTURBATIONS

P. ). E. PEEBLES
Joseph Henry Laboratories, Physics Department, Princeton University
Recerved 1982 July 2; accepred 1982 Auguse 13

ABSTRACT

The large-scale anisotropy of the microwave background and the large-scale fluctuations in the
mass distribution are discussed under the assumptions that the universe is dominated by very
massive, weakly interacting particles and that the primeval density fluctuations were adiabatic with
the scale-invariant spectrum P o wavenumber. This model yields a characteristic mass comparable
to that of a large galaxy independent of the particle mass, m_, if m_= | keV. The expected
background temperature fluctuations are well below present observational limits.

Subject headings: cosmic background radiation — cosmology — galaxies: formation




Dark Energy
Arcelerated Expansion
Afterglow Light
Pattern Dark Ages Pevelopment of
375,000 yrs. Balaxies, Planets, e

Inflation |

Quant
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years




RATIONALE BEHIND A "TOMOGRAPHIC MULTI PROBE APPROACH"

1) NEW FUNDAMENTAL PHYSICS IS USUALLY WELL HIDDEN: TO MAKE A CONVINCING
CASE --> MORE OBSERVABLES
STRONG CLAIMS NEED STRONG PROOFS!

2) WIDE REDSHIFT RANGE: USEFUL TO BREAK DEGENERACIES BETWEEN ASTRO AND
COSMO PARAMS

3) MITIGATION OF SYSTEMATICS DUE TO INSTRUMENTATION, OBSERVATIONAL BIAS, ETC.
(different experiments, different people)

4) PARAMETER SPACE OF THEORETICAL MODELS BECOMES WIDER AND MORE TESTS CAN

BE ENVISAGED
... ARICHER LANDSCAPE, WITH HUGE DISCOVERY POTENTIAL



INTENSITY MAPPING
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PLAN

1) basics of HI intensity mapping
2) theoretical modelling

3) big questions to be addressed
4) experiments



(z~1100)

~380 kyr
Recombination

HI in the Universe

Hydrogen through cosmic time

T\ 200 Myr - 1Gyr
, - . W Reionization
(( ™ o 6<z<20

21cm line of
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\ Galaxy evolution
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Cosmic Dawn
7220 credit: ESA

...note: different IM lines: 21cm, [Cll], CO, Halpha, Lyalpha --> each of them tracing different environments
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A verv comprehensive view of high-z Universe

GAS ACCRETION
PROCESSES
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Simulation of CO intensity mapping (right)
and galaxies (left)

Theoretical Modelling:

1) embed empirical galactic relations into halo models

2) semi-analytical galaxy formation models down
properties

3) full hydro-sims down to ISM properties

IM basics

Large volumes!
Small scales integrated out

to ISM

Large scale modelling [take P_m=P_lin]

P.(z) = (I(2))°b*(2) Pn(k, 2) + Panot(2)
(I(2)) x [ LP®(L,z)dL, Paot(2) o« | L*®(L, z)dL.
[ [

®(L,z) =dn(z)/dL

Shot Noise

....

Clustering

10 10" 10° 10’

k (h/Mpc)

... but one can also take P_m=P_nonlin or use halo model...



Halo models for 21cm

Pyi(k, z2) = Par,1n(k) + Prar2n(k)

1 oo
Pt n(k,2) = oo /0 AMn(M, 2) M2, (M, 2) [ug (K| M, 2)|
}Dlin ka Z [ 1’
PHI,Qh(k, z) - (pgﬂ}(n (z)))2 /O dMn(M, z)b(M, Z)MHI(M, Z) |uH1(k|M, z)|

u is the normalized Fourier transform of the HI halo profile

pur(r) = L exp(—ro/r)

in this model the Shot noise term is the large scale limit of P_1halo



Intensity mapping @ 2lcm

Linear theory model:

NEUTRAL HYDROGEN

20.0

0.0 20,2
hl Mpe
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Aﬂnm

My, (M, z) = Mo(

Mmin decreases with redshift
alpha increases with redshift

) exp(—(Mmnin //M)0°35 ).

cmn -

cimm -

P21 em(k, p, 2) = Tp(2)*[(bu1(z) + f(2) p*)*Bn(k, 2) + Psn(2)].
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1 [
U@ = — [ n, )M (M, )M,

Fe
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P 81.1(2)

bri (2) = fu " (M, Db(M, Mg (M, 2)dM.

1
(e, (2))?

Pex(z) = fu n(M, 2)M2 (M, 7)dM,

e degeneracy between byr and Omegasu:,
which can be broken by using other
probes (cross-corr.)

e Progress made mainly 1n the modelling
and 1n determining the low-z HI bias
(~0.8) from observations
(Obuljen+18) - Pen+09, Switzer+13
(auto and cross to constrain Omega HT
X bias HI), Anderson+18,
Cunnington+22 (cross. with galaxies).

e IM signal: main 1ngredient 1is
the function Mgur(Mhalo) with its
scatter.



Independent constraints on Omeqga HI and bias HI from OSO spectra

Villaescusa-Navarro+18
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More than simple Omega_HlI(z):

It is reasonable to expect that at least at large scales

b_HI = b_DLAs [strong absorbers carrying most of the Hl]

QHI(Z) =

d2n(NHI)
frn(Na) = dNprd X
muHy, [°
;IOOO/ fu1(Nur1, z) Nu1d Nur
c 0

o(M|Nyp,2) = A ( i ) (1 — e_(M’,M"’]B)

b Ny (3 ) =

h -1 J‘/I )

[ b(M, 2)n(M, z)o (M| Ny, z)dM
fooc n(M, z)o (M |Nyz, z)dM




SKAO forecasts

=D " i 2
P,,(z, k,p) = T}_)(:) [ by1(2) + f(2) #° ] P (2, k)

20+ 1) -, ! 12
Pz, k) = ( 2-l- ) Ti(2) Pz, k)J du & ,(u) [bm(z) + f(2) ;r]
-1

We consider only monopole and quadrupole 1=0,2
SKA-Mid like observations
-  tomographic (6 redshift between 0 and 3)
-  Single-dish: beam effect
- expected noise and sky area

kPs (k) [mK? (h~" Mpc)?]

Berti, Spinelli & MV 2022



Simulating intensity mapping signal: the HI bias

Py (k) [(h~" Mpc)® |

HI bias scale,z dependent
non-linear scales
carry information about
non-linear clustering of haloes
and their HI content

by (K)

Villaescusa-Navarro,
MV + 2014

e Modelling of HI distribution based on particles and hydrosims of different box sizes
of 15,30,60,120 Mpc/h linear size and different feedback implementation with and
without galactic feedback (B60W with galatic winds, B60 without).



hydrosims and galaxy formation models
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..further progress: interfacing this “small-scale” accurate and physical
information with large scale methods for extensive mock productions
e.g. PINOCCHIO LPT light-cone halos (Spinelli, Carucci+2021)



Simulating intensity mapping sienal: large scales

— M, 00V \ . * Scale dependence bias also present in massive neutrino
Z2 = | .
| M=03eV 3 cosmologies.
[| — M, =0.6 eV :

Pyy_m(K)/ Pr()

by (F)

e My (M) not affected by the presence of neutrinos.

e Hl is more clustered in massive neutrino sims. (but
Omegan lower) - because small mass haloes are
suppressed i.e. impact on nyao(M).
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T2€‘21cm [mK2 (h - Mpc) 2]
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BAQOs with SKA1-MID -1
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Villaescusa-Navarro, Alonso, MV, 2017



Pip (k) [mK? h~'Mpc]
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BAOs with SKA1-MID - 111
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cosmological mask
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BAOs with SKA1-MID -1V

Z range (z) mask T
(C) (C+N) (C+N+FG)
036.075] o0 DO 10080016 10080016 10074 0.016
o 7 yes  1.006+0.020 1.00640.021 1.006 % 0.024
075126 10 PO 09960010 09970011  0.99640.011
o 7 yes  0.997+0.012 0.9974+0.013  0.998 + 0.015
[1 26-1 98] 16 no 1.001 =0.011 1.004 = 0.014 1.003 = 0.014
S " yes  1.000+0.013 1.00340.016 1.004 % 0.019
108305 25 PO L004+0013 1.003£0021 10000021
o “  yes  1.004+0.016 1.002+0.026 1.002 + 0.031

Villaescusa-Navarro, Alonso, MV, 2017
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Simulating intensity mapping signal: small scales

z=1)

107

1032

10" o

108

[1-2] x 108 h 1My

10°

Villaescusa-Navarro+18
based on Illustris TNG

e Modeling of HI halo important also for
halo models - Surely affected by
feedback but maybe also sensitive to
DM nature?

e Large scatter in the HI density profile.

e Mass dependence and central wvs.
satellites galaxies important to
compare with observations.
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Villaescusa-Navarro+18

2
n(M, 2)My (M, z)dM]

e Shot noise level in HI quite different from the standard case of galaxies and haloes

good amount of HI substructure within each DM halo

e Note further that numerical convergence of all quantities not fully achieved.
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Simulating intensity mapping signal: WDM

to —1000 hours |
---- halo based | 1 1y =3000 hours |
— particle based 1 ¢, =5000 hours
0 1 0 1 0 1 .
10 10 10 10 1 10 10 Carucci+15
k [h Mpc™ |

Saxena,Majumdar,Kamran,MV+20

Probably able to rule out a 4 keV WDM model with 5000 hours of
observations at z > 3, while a smaller mass of 3 keV, comparable to
present day constraints, can be ruled out at more than 2 confidence
level with 1000 hours of observations at z > 5 - Note that density
inside haloes poorly modelled.



Simulating intensity mapping signal: WDM and bispectrum
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SKAO Mid - Power spectrum from HI only

LN
Py

W By + B, - diagonal

W By + P, - full covariance

Berti, Spinelli, MV 2022
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Table 1. Assumed specifications for SKA-Mid survey (SKA Cosmology SWG

2020).

Parameter Value
4 [M] SKAOQ dish diameler 15
Ndih SKAO dishes 133
tons [B] observing time 10000
Toys [K] syslem lemperature 25
ov [MHz] frequency range 1
As [deg?] survey area (Band 2) S000
Qo1 Lsr] survey arca (Band 2) 1.5
Aj [deg?] survey area (Band 1) 20000
$denr,2 [sr] survey area (Band 2) 6.1
Jky2 covered sky area (Band 2) 0.12
Kky. covered sky arca (Bamd 1) 0.48
Az width of the redshift bins 0.5

Realistic mock data set

Constraining power ~10% for many cosmo params
If added to Planck data the improvement
compared to Planck only could be up to a factor 2

for HO, sigma8
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0.115

SKAQO Mid - Conservative EFT constraints

B Planck 2018

W 4+ PACDM (5 — 0.39)
Bl - PAPM (all bins)
B | PACPM (all bins

| - halved errors

QT (@) = exp(Q5FTa”) — 1

PARAMETER

Planck 2018
+ P3"T(z = 0.39)

Planck 2018
+ P31 " (bins)

0.1194 + 0.0011 (—22%)

0.12042 + 0.00080 (—43%)

‘L o O
H,

Berti, Spinelli, Haridasu, MV, Silvestri 2022

QFFT ... —0.08670 058 (—10%) —0.07970 036 (—26%)
B oviiann... 1.28105% (+4%) 1.080:92 (—13%)
Ho ........ 67.63 + 0.50(—24%) 67.15 + 0.36 (—46%)
Planck 2018 Planck 2018
PARAMETER  + PH°PM (2 =0.39) + P°PM(bins)
Q.h? ...... 0.1194 £ 0.0011 (—22%) 0.11957 + 0.00082 (—41%)
QFFT L. —0.08670 036 (—10%) —0.06679037 (—24%)
B i, 1.287035 (+4%) 1.1870:57 (—8%)
Ho ........ 67.63 + 0.51 (—23%) 67.54 + 0.37 (—44%)
PARAMETER PHCPM (bins) P3FT (bins)
srE ... 0.053+9.975 —0.14+0-13
B i, 1.2679:55 1.1079:55
Hy ........ 74173} 70+9

Q.h*
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Neutrino free streaming
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Koregrounds

21cm signal

EXTRAGALACTIC £ i
foregrounds " | | Fat

GALACTIC

-~ " e . -
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adapted from Haslam et al. (1982)

+ Radio frequency interference and instrumental noise
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Foresrounds - 11

Matshawule, MS et al. 2021
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- Galactic Synchrotron
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Foregrounds are usually smooth (highly correlated in frequency)
Can we separate them from the signal?

polarization leakage has structure
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Carucci+20
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Strategies for FGs:
1) avoid them
2) model them
3) subtract (clean/separate) them

Techniques:

Principal Component Analysis
Independent Component Analysis
Generalised Morphological Component Analysis
Machine Learning
Deep Learning
CNN
etc.



Cross-correlations

SDSS optical
telescope

Green Bank
radio telescope

)

Good angular

resolution

Optical
systematics

Good redshift
resolution

Auto Correlation: uncorrelated
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Cross-correlation

AUTO POWER SPECTRUM and CROSS POWER

BETWEEN DIFFERENT SEASONS Wolz et al. 2022 CROSS-CORRELATION WITH GALAXIES
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Cross-correlation of GBT data (HI) with WiggleZ (active star forming galaxies), BOSS ELG (emission line galaxies) and BOSS LRG (Luminous Red Galaxies)
IMPORTANT: the galaxies have different dN/dz so this study allows to "filter" the signal

POWER SPECTRUM: convergent results for IC>20 in cross Pu,g (k) = Taibuibgrun,opt Ps s (k)
Effectively a noise measurement (FastlCA used)
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Need a realistic beam modeling
side-lobes, frequency evolution,
more accurate deconvolution
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Scanning strategy

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

raw signal

redshift
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Physics on ultra large scales

Perturbation to galaxy number counts:
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e Real observable is
galaxy number counts
(not matter!).

e At leading order
reflects density but 1is
richer than that.

* Could probe GR at the
largest scales.

Comoving Gauge
Longitudinal Gauge

Uniform curvature hypersurface
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Relativistic Effects

Imaginary part of the 21cm bispectrum is at leading order
a purely relativistic effect

In Fourier space the leading order Doppler type signal
will scale as i(H/k), then they cancel out in the power spectrum
(suppressed) or they survive in cross-correlations

In the B(k) they survive since they couple with the Newtonian term

(2.15)

’Cf\?)(kl, ko, k3) = by Fo(ky, ko) + by + fu3Ga(ki, ko) + fZa(k1, ka) + b2 So(k1, k),

(2.16)

e Leading-order relativistic kernels:

KD (ke) = iHfA ZL , (2.17)
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Intensity Mapping and Primordial Non-Gaussianity

Correction to linear bias for CO line )
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line  o(fl%) o(fe1) o(f&P)  o(fil) o(v)
CcO 1. 00 125 44 9 62.1 14 .8
[CII]  1.00 89.8 39.6 45.9 117




SUMMARY

e H|l important cosmic tracer to perform quantitative cosmology especially at
high redshift.

e |ntensity Mapping: new technique, cheap, fast, no small scales

e Access to large volumes (high-z)

e Mocking 21cm maps with N-body simulations with inputs calibrated with
high-res hydro sims and/or semi-analytical models of structure formation is
promising (NOTE: small scales are not important but somewhat needed).

e Scientific questions:

BAO, neutrinos, dark matter nature, cosmo params, inflation, relativistic

effects, dark energy

e What's next: we try to be optimistic in the sense that foreground removal and
instrumental effects are likely not to corrupt the signal much.

e Progress is being made: cross-correlations + machine learning techniques



