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Abstract: The history of the baryonic (normal) matter in the universe is an& nbsp;excellent probe of the& nbsp; formation of cosmic structures and
the evolution& nbsp;of galaxies.&nbsp; Over the last decade, considerable effort has gone into& nbsp;investigating the physics of baryonic material,
particularly after the& nbsp;epoch of Cosmic Dawn: signalling the birth of the earliest stars and& nbsp;

galaxies --- widely considered the &€ final frontier&€™ of observational & nbsp;cosmology today. The technique of (line) & intensity mappinga€™
(IM) has& nbsp;emerged as a powerful tool to explore this phase of the universe by& nbsp;measuring the integrated emission from sources over a
broad range of& nbsp;frequencies. | will overview my current research on the mapping of& nbsp;atomic hydrogen over 12&nbsp; billion years of
cosmic time, based on& nbsp;a& nbsp;data-driven framework developed for interpreting current and future IM& nbsp;observations. | will then
describe extensions of this approach which provide a comprehensive picture of molecular gas evolution, and& nbsp;interpret results from ongoing
observations. This opens up the exciting& nbsp;potential of constraining fundamental physics from Cosmic Dawn.
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CO intensity mapping
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Based on ...

HP, Choudhury, Refregier, arXiv:1505.00008 (MNRAS 2016)
HP, Refregier, arXiv:1607.01021 (MNRAS 2016)

HP, Refregier, Amara, arXiv:1611.06235 (MNRAS 2017a)
HP, Kulkarni, arXiv:1608.00007 (MNRAS 2017b)

HP, Refregier, Amara, arXiv:1804.10627 (MNRAS 2019)

HP, arXiv:1706.01471, MNRAS (2018)

HP, arXiv:1811.01968 (MNRAS under review)
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A brief history of the baryonic universe

Two major phase transitions!

Recombination (~ 300,000 y)
Reionization (~ 1 billion y)

Gas decoupled from

Whal is the Reionization Elra? radlatlon
l Cosmic “Dark
{’- ages”

First light; cosmic
% Dawn

Today, a HIGHLY
(re)ionized universe

Djorgovski/Caltech
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Mapping the baryonic universe

LOFAR (Netherlands)

BINGO, CHIME, TianLai, HIRAX...
SKA (South Africa/Australia)
ALMA, COMAP, COPSS, ...
CCAT-p, TIME, CONCERTO ...

(ESO/ALMA)

(CHIME Collaboration)

!

e = N—
= e m-?fh.m;’ﬁ_":' s

(LOFAR)

Pirsa: 19050035 Page 8/48



Intensity mapping

[Kovetz+ (2017):(‘,((?(1” P. Hrlr—zysse|

.
Cyis L]
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21 cm cosmology

21 cm Cosmology Tomography: each

Y

Eﬁ}. L~ frequency is a different

" = 2l em Radiation
e epoch

N L4
YA

21em Tomography of lonized Bubbles During Reionization is like

Slicing Swiss Cheese

N~ 3 x 1018 modes,
much smaller scales than
CMB

[Loeb & Zaldariagga (2004)] Observed wavelength <2 distance

2lcm x (1 4+ 2) (Loeb (2006))
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Impact of astrophysics

Pur = [0 Tui(k, 2)]* = T(z )@( > 2K \L;sz
Qi 1 tZ)z
T(z _44,1\ g?xmfi F2) O

i

ASTROPHYSICS COSMOLOGY

Interplay of astrophysics and cosmology
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The “astrophysical systematic’

-

COSMOLOGICAL
BACKGROUND
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The "astrophysical systematic’

ASTROPHYSICAL UNCERTAINTY
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Qp (" x 107
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8 I
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e

The "astrophysical systematic’

-

Cl
f%ﬂy' M

L MH |

0

1

2

3
z

4 5

60% - 100% uncertainty in HI power spectrum

[HP, Choudhury, Refregier, MNRAS (2015)]
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How can we quantify this in
predictions?

Efficiently model the astrophysics
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A halo model for neutral hydrogen

Combine IM observations with individual objects

w .

My (M, z) pui(r, M, z)
Average HI mass Radial HI distribution
associated with within
a halo of mass M a halo of mass M
at redshift z at redshift z

_ e

Allows us to derive HI observables

[HP, Choudhury, Refregier, MNRAS (2016)]
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Avalilable HI data

21 HIPASS mass function [Zwaan+ (2005a)]
?m_ WHISP column density [zwaan+ (2005b)]
emission ALFALFA clustering, bias (martin+ (2012)]

21 cm
intensity
mapping

GBT/DEEP2

[Switzer+ (2013)]

DLA H’ Mg Il SE'?CtEd [Font-Ribera+ (2012)] GGé 55
7 ~ urve
2 ~2.3 SDSS 4
[Rao+ (2008)] [Noterdaeme+ (2012)] [Crighton+ (2015)]

absorption

Z ~ 0-4 incidence [zatar+ (2013)] SDSS ||l (Bird+ (2016)]
0 1 2 3 4 5 zZ
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]\-[]]1(]\[, L)

L

HI HALO MODEL

X

pui(r, M, z)
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[Barnes & Haehnelt (2010, 2014),
Villaescusa-Navarro + (2015), ...]

: M
A[“I(A[q Z) ®fH‘l. ( I()“h,"-l]\[‘;:-) L !— ( :

HI Fraction Slope Lower cutoff
relative to cosmic

HI HALO MODEL

\

PHI (‘I", ]\[ Z)
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[Barnes & Haehnelt (2010, 2014),
Villaescusa-Navarro + (2015), ...]

. M
ML, 2) Gz (IU“I:WM.) o [_ ( ,

HI Fraction Slope Lower cutoff
relative to cosmic

HI HALO MODEL

poexp(—r/rs); rs = Ry(M)/cy1(M, 2)
\ g Y, ~0.109 1
/)III("'a ]\[ Z) CHI i IOIIM@ (1 + Z(: )

[e.g. Wang+ (2014), concentration parameter Evolution with redshift
Bigiel & Blitz (2012)...]
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Constraints

[HP, Refregier, Amara, MNRAS (2017), arXiv:1611.06235]

{r.rl} /{.(‘(“, ) ]:{

j”lli(f\f} = n_f'”_' U (J\f,'f]“”h l‘\[_ )"j(\\;l) ‘ ;
pu1(r) = poexp(—r/ry)

cri(M,z) = Ry /s = caro (M/10' M) “'m”-l/(l } 2)?

CHIo = 28.60 £ 1.76

a = 0.09+0.01

log ve.o = 1.56 + 0.04

g = -=0.58 &+ 0.06

v = 1.45 + 0.04

DATA : HI GALAXY,
DLA, IM
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A halo model for neutral hydrogen

Combine IM observations with individual objects

v S

My (M, z) pu1(r, M, z)
Average HI mass Radial HI distribution
associated with within
a halo of mass M a halo of mass M
at redshift z at redshift z

—_ o

Allows us to derive HI observables

[HP, Choudhury, Refregier, MNRAS (2016)]
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One shoe fits all!

y ~ 2.3

v ~ ]

i e SR B, - ) -
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One shoe fits all!

z ~ 1
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[his work
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Formalism

Column density distribution, incidence and clustering of DLAs

opLa(M) = ws?; Nui(s.) =10 cm 2

dN/dX = ((?/H(])/ n(M, z)opra (M, z)dM
0
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Formalism

Column density distribution, incidence and clustering of DLAs

opLa(M) = 7ss; Nyi(s.) = 10°%%em™*

dN/dX = ((r/I[U)/ n(M, 2)opra (M, 2)dM
0
e do |
f(Nu1, z) = (¢/Hy) / n(M, z) (M, z)| dM
J 0O dNHl
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Formalism

Column density distribution, incidence and clustering of DLAs

opLa(M) = ws?; Nui(s.) = 10°%3cm™2

dN/dX = ((f/HU)/ n(M, z)opra (M, z)dM
0
=5 do
f(Nui, z) = (¢/Hp) / n(M, z) (M, z)| dM
Jo dNyi

Jo dMn(M, z)b(M, z)opra(M, 2)
[(;x dMn(M, z)opLa (M, z)

bDLA(Z) —
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Best fit halo model

107 1 - =
1o™ 10"
10"
104 -
:-.-‘] 104 -
“‘_ ,:: 102
= o Lot = 2 0.0
< oL = 2 1.0
" § o= 2=20
i 3.0
, G | I— ; 10
Hom 10 Ir."‘mu IIH“ 107 10" |l|]3l‘}T . u-fT[iiﬁ S, “"Tf.i T
r (kpe)
[HP, Refregier, Amara, MNRAS (2017)]
Non-unity slope! Exponential profile
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What do we learn?
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Insights from the modelling

HIHM relations adopted in the

literature [Barnes & Haehnelt 2014;
Bagla+ (2010)]

Combining the relations [HP,
Choudhury, Refregier, MNRAS (2016)]

does not fit HI mass function well

4

+.....l....

0 51 Model *_

L] Zwaan+ (2005 '

| 1 1 |

S Y 1)
|‘=:‘\||. | '\{Hl.""i )
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Insights from the modelling

HIHM relations adopted in the

literature [Barnes & Haehnelt 2014; et
Bagla+ (2010)] . e

Combining the relations [HP,
Choudhury, Refregier, MNRAS (2016)]

does not fit HI mass function well

Fitting the mass function requires o i T

a non-unit slope of HIHM [Hp & éET * T
Refregier, MNRAS (2017)]

Y Model L

. Zwaan+ (2005 +

| 1 1 |

7 8 0 10
|‘=:‘\||.I,“f|||l".qh’I )

Pirsa: 19050035 Page 32/48



Pirsa: 19050035

Insights from the modelling

HIHM relations adopted in the

literature [Barnes & Haehnelt 2014;
Bagla+ (2010)]

Combining the relations [HP,
Choudhury, Refregier, MNRAS (2016)]

does not fit HI mass function well

Fitting the mass function requires

a non-unit slope of HIHM [Hp &
Refregier, MNRAS (2017)]

An exponential profile reduces
previously observed tension
between the HIHM and the

column density [HP, Refregier, Amara,
MNRAS (2017)]

eMpe

“HI

20.0)

" |'\'\||1H|I|\<il |

\ltered NFW
™ WHISP - Zwaan+ (2005) |

Braun (2012)
| | |
20.5 21.0 21.5

l"';lu (-\‘HI‘-" 1 ’]
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HIl IM observations

1072 - 10-3 e \\[th RSD, Zz=0.082

1074

3
10 1

-
=
=

_____________________________

SN upper limit

10°* 4

A4(K)
=
_——
——
—
c———
—
——
——
R —
——
Plk)(K“Mpc*h~=)
— —_
o o

1076 . ' N—— . e p—p———— "
101 10° 10! 107} 10° 10!

k(h Mpe~1) k(h Mpc~*)
Parkes x 2dF Parkes auto
Anderson+ (2017) with GBT/Parkes collaboration

RSD effects on tracers [seljak (2001), White (2001)]
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10F

[0
10!

Mwui/M

Reverse engineering ...

bl | T T &l a4
....
- - -
e
a8
.
P
L4
,
,
o,
L/

% 1
=== HIPASS
= ALFALFA
-  Fit

" L L il
T a1 T T

=== Moster+(2013)

M(M:)

Hl abundance matching
(quantify scatter ~ 60%)

[HP & Kulkarni, MNRAS (2017)]

Good match to Hl-stellar relations

.UH[ M

10

“'\n_

Lo

10"

10

T T T
¢ (using ALFALFA data)
S data)
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From astrophysics to cosmology

[HP, Refregier, Amara, MNRAS (2019), arXiv:1804.10627]

0.45 = .

e T B [ixed astrophysics
0.4 1 [ With astrophysical prior
0.35}F 4 I Without astrophysical prior

Relative/absolute error

h $, ne $ oy

8

Quantify degradation

from astrophysics ...
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From astrophysics to cosmology

[HP, Refregier, Amara, MNRAS (2019), arXiv:1804.10627]

0.45 . .
= BOR e, W B Fixed astrophysics
o U.4F 1 [—1 With astrophysical prior
= 0.35F 4 I Without astrophysical prior
L 03F . (.8, , : ‘ . , .
= gorl | ) —— BINGO
K V. 0.7 = TjanLai
B —— FAST
£ 0.2+ - < 0.6 — (h'li'llf\il_[-.',\.[‘
= 0.15F = 2 o SKA
e _: 0.5 e
'—;' 0.1F =1 5 0.4 — \Vithout astro prioy
= 0.05F . o \ —— Fixed astrophysics
= 0.3
0.0 | -
h S, ng $ oy e 0.2
0.1
0. . . .
0 05 1.0 15 20 25 3.0 3.0

Quantify degradation
from astrophysics ...

... alleviated by tomography
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Intensity mapping with the CO line(s)

Years after the Big Bang
-

1 billion 13.8 billion

The Big Bang -
N 224 cm . ¢
s / . ' .
. il . - - .
- : © _ .Other :
Lines .

.
123lqo [esiwiouocise
1544 40 uonRWIOY

» Fully ionized

1000 10
1*Redshift

Keating+ (2015, 2016), CARMA: first auto-constraints
COMAP collaboration
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CO constraints : z ~ 0-3

[HP (2018), MNRAS, arXiv:1706.01471]

FCRAO data, without Virgo

[z ~0; Keres+ (2003)]

COPSS | Noise Limit
¥ Estimated Noise (COPSS Il)
® Measured
= Model A
= = = Model B
= = Minimum Estimate ’

10" 10'
Wavenumber k (h Mpc ')

[z ~ 3; Keating+ (2016)]
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A halo'model for carbon monoxide

[HP (MNRAS, 2018), arXiv:1706.01471]

= «CO\iM,2) = - . - .
':T ' (;"\I/.‘"l](-:’-))_h("} | (ﬁl/ﬂ]l(;)]”(')
103 -
S 10? st
= .’
10! s
SE - i work | 31 - F T lyis work i :: 1““
Vishal and Loeh 2010 e Pullen et al, 2003 ~
) Itl.;'-“ MR ‘ J —Ii‘ul‘\-H . “|_:.. ][} 1.
11.5 12.5 13.5 11.5 12.5 13.5 o s Thi k. f |
logo(M /M) log,o(M /M) 0-2 .’ S— S ALE WALy g
I / i ¢ l r-'/,’ e T'his WOrk, fuuty 0.1
103 CONMAP sensitivity
=== Li4+ (2016), 2 =26
More CO at z ~ 3? 10 45 = T =

k(h Mpce 1
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IM with redshifted [CII]

[Aravena + (2016),Herrera-Camus+ (2014), Bradac+ (2016)]

Gas

® Maiolino+ 2015
9 0 ® Knudsen+ 2016
o Ota+ 2014
small dust grain . Ouchi+ 2013
or PAH Pyn _@_ 8.5} Gonzalez-Lopez+ 2014
@ Schaerer+ 2015
— =
: 8'0,. Willott+ 2015
- ® Capak+ 2015
T

€ pt Poua

H/H./e et
the gas

~1.0-05 00 05 1.0 1.5 2.0 2.5
log (SFR/M_ yr ')

[Knudsen+ (2016)]

[Uzgil+ (2014)]
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IM with redshifted [CII]

[Aravena + (2016),Herrera-Camus+ (2014), Bradac+ (2016)]

Gas

® Maiolino+ 2015
9 0 ® Knudsen+ 2016
o Ota+ 2014
small dust grain . Ouchi+ 2013
or PAH Pyn _@_ 8.5} Gonzalez-Lopez+ 2014
@ Schaerer+ 2015
— =
: 8'0,. Willott+ 2015
- ® Capak+ 2015
T

€ pt Poua

H/H./e et
the gas

~1.0-05 00 05 1.0 1.5 2.0 2.5
log (SFR/M_ yr ')

[Knudsen+ (2016)]

[Uzgil+ (2014)]
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Cll IM + CII galaxy LF

[HP (2018), arXiv:1811.01968]

Len(M, 2) = F(2)[(M/M,)P exp(—Ny /M)
Fz)= (T2 /(I [T 2)/2.9]%))°

SFR evolution
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Relonization

10 1
| — C]] power, z ~ 7.0
Noise power ALCAL-1, 2 ~ 7.0
| Noise powel \[t‘\l 2 ~ 7.0
81 Noise power ALCAL

1.0 0.5 0.0 0.5 1.0
k(h Mpe™)

ALMA UDF (with ESO)

ALMA CII pencil beam surveys

Redshift

26 - 34 GHz; CO 1-0 line @ z ~

2-3andCO 2-1 @ z ~6-8
(EoR!)

101 ¥ ]
[ Phase lll: z = 6-8 )
I J=2=->1 R
B i PN -
_ ~—
4= =
s Cidbrd iibil
LPhase |, Il; z=2-3 il 1
2 - -]
- COMAP 1
i Ka
0 L i i Il Il i
10 15 20 25 30 a5 40 45

Frequency (GHz)

COMAP Phases I/l
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Relonization

10 .
—Clipower,:~70 26 - 34 GHz; CO 1-0 line @ z ~
Noise power ALUAL-L, 2~ {.0)
ks powr ALGAL2, 5 ~ 70 2-3 and CO 2-1 @ z ~ 6-8
8 Nolse power ALCAL
(EoR!)
6 1074 e
' _:Iulrl:\ ‘.:;"H‘Ill Lidz+{2011) SFR-M;
10° e [Rigghii+(2008); Liclz+(2011) SFR-M,,
| g 10
“] ; 10!
| &
lI'I,n 0.5 0.0 0.5 1.0 10°
k(h Mpe ™) |
. 10 e ——— pe— eep——
ALMA UDF (with ESO) 10~ 107" . 10’
! k(h \[])l' )
ALMA CII pencil beam surveys
COMAP Phases I/
EoR HI Fundamental Physics with the SKA, chapter

on Cosmic Dawn and Reionization (2018), HP & Jonathan Prichard (co-lead)
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Summary and future ...
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Summary and future ...

A data-driven, halo model formalism to interpret future observations of Hi
(CHIME/SKA/MeerKAT ...)

Forecasting to investigate the ‘astrophysical systematic’ expected in
surveys; Primordial non-Gaussianity / axions (with S. Camera / D.
Marsh)

Extensions to other tracers — molecular and ionised carbon (CO, CII ...)

Probes of the epoch of reionization (SKA/COMAP/ALMA/CCAT-p, ...)
the ‘final frontier’ of observational cosmology (with COMAP/ALMA-ESO
collaborations)

- Extensions to halo model invoking environmental effects, comparison to

high-z observations, DLAs (with GBT/Parkes collaboration)

- Cross-correlations of gas tracers with large galaxy surveys (e.g., Euclid,

LSST, DES, DESI ... with A. Refregier and A. Amara)
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Summary and future ...

A data-driven, halo model formalism to interpret future observations of Hi
(CHIME/SKA/MeerKAT ...)

Forecasting to investigate the ‘astrophysical systematic’ expected in
surveys; Primordial non-Gaussianity / axions (with S. Camera / D.
Marsh)

Extensions to other tracers — molecular and ionised carbon (CO, CII ...)

Probes of the epoch of reionization (SKA/COMAP/ALMA/CCAT-p, ...)
the ‘final frontier’ of observational cosmology (with COMAP/ALMA-ESO
collaborations)

- Extensions to halo model invoking environmental effects, comparison to

high-z observations, DLAs (with GBT/Parkes collaboration)

- Cross-correlations of gas tracers with large galaxy surveys (e.g., Euclid,

LSST, DES, DESI ... with A. Refregier and A. Amara)

Thank youl!
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