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Abstract: The observation of the Cosmic Microwave Background (CMB) is a powerful probe to unravel many mysteries of the late-time Universe.
During the first half of the talk, I will discuss how future low-noise and high-resolution CMB experiments can be used to probe the detailed physics
of reionization, constraining the morphology, shape, and temperature of ionized bubbles. Furthermore, | will talk about the prospects of LSS x CMB
to understand the thermodynamic properties of gasin the halos. In the second part of my talk, | will also talk about "line intensity mapping", a novel
technique that will provide us with new information from the star formation in galaxies to the expansion of our Universe. Mentioning the viable
challenges, | will discuss the estimators to extract the signal in the presence of interlopers and instrumental noise. | will also describe how the MLIM
could help us to perform cross-correlations with complementary probes such as CMB lensing and galaxy field. In the end, | will present the
constraints on astrophysical and cosmological parameters that we hope to achieve from future intensity mapping observations.

Zoom link: https://pitp.zoom.us/j/933086594472pwd=VVM2czBWCcONTeTA5eTRWdzV FRUtndz09
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Probing the Universe EE
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Years after the Big Bang
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How could CMB be used to
probe the late-time Universe?
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Ionization history =,
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A variety of observations (Lyman alpha, tau constraints from
CMB, QSO near-zones...) suggests reionization is delayed.

Roy et al. 2021, Kulkarni et al. 2019
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Probing reionization inside and out

Potential of high resolution CMB
Sources of reionization

Number density of ionized bubbles
Temperature of IGM during EoR

Small-scale CMB fluctuations can unveil
more about the reionization

Potential of multi-line intensity mapping [Eg
ISM physics at high redshift

How does an intensity map trace LSS?
Morphology of reionization

Tomography using MLIM and a robust analysis
of MLIM can shed light on these topics
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Patchy reionization &

Anirban R_pyt

kinetic SZ

54 de ~ ;.
oE [xe(Xl) + Az, (f, Xl)]

Roy et al. 2018, Namikawa 2018,
Ferraro & Smith 2017, Dvorkin & Smith 2009
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Patchy reionization

Anirban Roy.

screening

scattering

kinetic SZ

X de

? [EG(XI) - Awe(ﬂv Xl)]

T(fl, X) = O'TT_?,p’()/
0

Roy et al. 2018, Namikawa 2018,
Ferraro & Smith 2017, Dvorkin & Smith 2009
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Modeling patchy reionization

Toy Model Numerical

——- R =5Mpc, onr=log(2)
—==- R=7Mpc, 0,r=log(2)
——- R =10Mpc, g = log(2)
—— R =5Mpc, gj,r =10g(2.5)
—— R =5Mpc, g = log(3)

cMpe/h

oW
60 80 100 120 140 160
cMpe/h

2
lnr Excursion set

Inferring the statistics of ionized
bubbles from radiative transfer
simulations is not straightforward.

Spread in the T
AGE % Characteristic
bubble distribution bubBle siza

Wang & Hu 2006, Furlanetto et al. 2004
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Tau fluctuations

a=x

ax
= U%niO/ 4 2P33e$e (X? k = E/X)
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Reconstructed signal

Astrophysical aspects

of Reionization

Cosmological Signal
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(K, x)dx

Hu 2000, Dvorkin & Smith 2009
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The path forward &

Lensing Potential Optical Depth Anivban R;‘_“__"‘.
(free electrons)

. ST

Optical depth map can act as an electron density template of the universe.
Optical depth map = Reionization + Clusters + Diffuse sources

l A

tau / kSZ Compton y-map
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Detectability
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Maps of optical depth =3
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Roy, Kulkarni, Meerburg et al. 2021,
Mukherjee et al. 2019, Namikawa 2018
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B modes in a nutshell
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Roy, Kulkarni, Meerburg et al. 2021,
Mukherjee et al. 2019, Namikawa 2018
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B modes in a nutshell &
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Roy, Kulkarni, Meerburg et al. 2021,
Mukherjee et al. 2019, Namikawa 2018
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B modes in a nutshell =
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Roy, Kulkarni, Meerburg et al. 2021,
Mukherjee et al. 2019, Namikawa 2018
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B modes in a nutshell
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Roy, Kulkarni, Meerburg et al. 2021,
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Roy, Kulkarni, Meerburg et al. 2021
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TSZ from reionization and halos

galaxy clusters ionized bubbles

Me c2 fa’kBTb T, X)Ne (T2, X)
C; 7" (reionization) > C77 (halos)
C}¥ (reionization) << C}* (halos)
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observer

galaxy clusters ionized bubbles

L5 ) aksTh (R, X)ne (72, X)
C;7 (reionization) > C;" (halos)
C}¥ (reionization) << C}¥ (halos)

Can we measure the tau-y cross-correlation?
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Bias due to the patchy reionization

E T T TTTT III

[ e Eiducial

Min = 10" Mg
Mpin = 104 Mg
with lensing

T = Teff

CMB-54

Simons Obs.
BICEP array

Current upper limit

BICEP+Planck
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For which “r”, patchy
B-mode signal can
contaminate primordial
B-mode signal?
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Roy, Kulkarni, Meerburg et al. 2021
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Measurements of tau-y o~
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no bias-hardening
lens & source-hardening
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Temperature of
ionized bubbles Namikawa, Roy et al. 2021
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Constraints on reionization parameters 1
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Priors on Ry [0.01, 10] [0.01, 50]
Parameters C[Y C7Y4+C[” C[?
Ry 9.4 9.5 23.1
Olar 0.81 0.83 0.74
log(Tp) 6.1 [ 5.85 6.05
a 5.8 6.3 6.16

/ - \
l 1 ) 1 =
T T T T T
- L4
N N

N \..

\ \

- \

A

Oinr log(Tp) a

T % & &
normalization

Ty(total) Czy(reio) —|—_(T-)J-X ng(halos)

Namikawa, Roy et al. 2021,
Battaglia 2016
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Forecasts for future CMB experiments 17
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Experiments Ry [Mpc] Olnr Ty [K]

S4-DeepxPlanck 9.57%5  0.57703 77000755000

S4-WidexPlanck 9.0127  0.517023 800007 ¢3000

HDxPlanck  5.1975:3¢ 0.68817-033 508007 15000

S4-DeepxPICO  7.9737  0.62151; 51000112000

S4-WidexPICO 7.2819 0.641210 4970079200,
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Forecasts for future CMB experiments 17 &
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Constraints on reionization parameters 16 ©
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I Ty+TT

Priors on Ry [0.01,10]  [0.01,50]
Parameters C[Y C7Y4+C[™ C7Y
Ry, 9.4 9.5 23.1
Olnr 0.81 0.83 0.74
log(Tp) 6.11 [ 5.85 6.05
a 5.8 6.3 6.16

Oinr log(Ty) = .
normalization

Ty(reio) _I_—g?x ng(halos)

Namikawa, Roy et al. 2021,
Battaglia 2016
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Forecasts for future CMB experiments 17
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Can we measure the thermodynamic properties of galaxy clusters
(and CGM) by the measurements of these cross-correlations?

Roy et al. 2022
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Constraints on CGM
i
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TG == g4

yg + g9

TY + yg + g9

TY + 79 + Yyqg + gg

Ty + g9
N g + gg
I joint analysis

! ! L
1.5 2.0 2.5 3.0
Z

Constraints on the density and
pressure profile translate into
constraints on fg (~ 7%).

5

density RIESSULE HOD model Roy et al. 2022, Pandey et al. 2020
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Multi-line intensity mapping

Aniroan ReY, S R | o

Observation

Halos star formation rate Line luminosities
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MLIM experiments

CCAT-prime SPHEREX

CDIM [86] | Hp

@ complete

COPSS [77]

Lya
L on ol - @ Funded

. Proposed

Origins [88
AIM-CO [83] gins [88]

Kovetz et al. (2017)
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Basic structure of LIMpy

Models of star
formation

Halo model
formalism

Apply HOD

model

5~

Cosmology

Y

Foreground

MCMC /
Fisher
forecast

Power
spectrum

Detectability

Parameter
estimation

A

Models for
line
luminosity

Simulate halo
catalog

Paint the
halos with
line emissions

Map making

Noise
simulation

Voxel
intensity
distribution

Anirban Roy

Modelling of all bright lines from z ~ 0 -10.
Generate simulated intensity maps quickly for analysis.

Include varieties of model to study the foreground contamination.

Roy et al. in preparation
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Modelling of star formation rate :

= r
R
N e

T T
Silva et al. 2015 = Silva et al. 2015 Silva et al. 2015
Fonseca et al, 2016 = Fonscoa et al, 2016 = F aet al, 2016
TNG 100 TNG 100

E o TNG 300
= Beherozzi et al. 2013

TNG 100
F o TNG 300

[ o TNG 300
w—— Beherozzi et al. 2013

m— Beherozzi et al, 2013

str (M., /h/yr]

1 Il 1[ 1
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101 1012 10! 101
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SFR (Mhalo, 2

Empirical Simulation
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Modelling of line luminosities

Salid: Mpao = 10*° My /h
Dashed: Mpa1, = 10" Mg /h

Visbal et al. 2010
Vishal et al. 2010 | = Delooze et al. 2014 |
Silva et al. 2015 i s Fonseca ct al. 2016
e Fonseca et al. 2015 | 3 s (GGong et al. 2017 d 3L Visbal et al. 2010

[ agache et al. 2018 Kannan et al. 2022 m— Kamenetzky et al. 2015

Schaerer et al. 2020 Harikane et al. 2020 Greve et al. 2014

[ 8 ) : 10 15

Lline (Ma Z)
Mmin
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CII Power spectrum
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Schaerer et al. 2020
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Visbal & Loeb 2010

Delooze et al. 2014
— Gong et al 2017
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Simulations of MLIM
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Simulations of MLIM
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Cross-correlation studies

Anirban Roy —
nirban Ro¥f \

e . s LIM -LIM cross-correlation
Helpful for removing interlopers

Estimation of cosmological
parameters

=220 GHZ = 280 GHZ

log Ierp

Mpe/h

238

Mpe/h ’ ‘

S ' . LIM -CMB cross-correlation
Can break parameter degeneracies
Leads to multi-probe cosmology

log Iorirss

LIM - galaxy cross-correlation
Useful for component separation

Explores ISM physics over a
broad redshift range

[

log Ir'r).;—w

Mpe/h
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Analysis

Simulations Statistical properties

L =80Mpc
Vobs — 280GHz
gL = 5.8
Mpin = 101 M,
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LIM observations &
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#
plane of observation

Simulations are done using LIMpy (Roy, Battaglia et al. in prep)
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LIM observations CE
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Plane of observation Intensity

How to analyze the LIM dataset to extract
maximum information encoded in it?
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LIM observations =
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white noise

3D Gaussian
noise sims

Cg(AZl)

_ Pap(kap, Az)
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LIM observations -

Anirban Roy _;
How to analyze the LIM dataset
to extract maximum information
encoded in it?

Qoff

Three dimensional power spectrum
Cg(AZl) An
gular power spectrum
Voxel Intensity distribution
il Pap(kap, Az;) Likelihood free inference

X2 Nearest k-neighbor
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What do we learn? &
0
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Cosmo — Cosmo
Cosmo — Astro
Astro — Astro

Adding LIM data will
improve the constraints on
cosmological parameters

R N I

Kovetz et al. (2017)

R gy (Mpe)

Pirsa: 23010094 Page 46/50



=

What do we learn? o
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Astrophysics Cosmology

[ COMAP | Forecast
W CO(4-3) Forecast
+ Madau + Dickinson Data

=
i
o)
a
=

I
L
=
=
a
4
w
]

B SN+gal+Lys For,
W SN+gal+Lyo For.+IM
. h L i £,
1 2 3 1 5 & 7

- : Cross-correlations
Sources of reionization :
Delensing

ISM physics
Star formation history (early) Dark e
Structure formation

Silva et al. 2020
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Noise simulations

0
25
50
s
_:
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Preliminary result

0

1 2 3 4 2 3

20000 40000 60000 80000
Noisemap

Hitsmap White Noise

Generate a noise map based on a fixed telescope scanning strategy and atmospheric noise

Use this noise map for detectability forecasts and parameter constraints
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Summary and outlook =
P

Anirban Roy il e A
Can we measure the radius and number density of ionized bubbles solely using the

CMB dataset? A joint analysis using kSZ, fluctuations in optical depth, and tSZ.

Can we make an electron density template of the Universe by constructing an optical
depth map? Forecasts show a CMB-S4-like experiment is capable of making a map
of optical depth fluctuations (> 5 sigma).

What are the physical parameters of our interest that we can constrain from
CMB measurements? 7, Z;¢, Te, Mmin, C, Rb, Olny

How do we separate small-scale CMB anisotropies induced by reionization
from the low redshift contribution? Cross-correlations with galaxy samples
and probing higher order statistics might be useful.

How the small-scale CMB measurements complement the other probes?
Foreground removal is a major challenge but cross-correlations with LIM,
galaxies, and other CMB anisotropies are important.
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Line Intensity Mapping

First generation experiments

Underlying

Primordial
CMB

density field

CII lines

CO(1-0) lines
High-z Galaxies

Observation ?»B"-‘“‘“ﬁt

kSZ (reionization)

h%e \G

&
4 %,k 7 : <
kSZ (clusters)
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Third and fourth generation experiments

CMB (and galaxy survey)
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