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The Epoch of Reionization (EoR)

— the final observational frontier ——

Hydrogen in the
Universe was
neutral at z ~
1100 (to better
than 1 part in 104)

How did this come about?
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Slide credit: Andrei Mesinger

Galaxies during the first billion years

Telescopes like Hubble and ALMA have enabled detailed studies of
the brightest galaxies
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(Line) Intensity mapping (IM)
[Early studies: Hogan and Rees 1979, Sunyaev and Zeldovich 1972,1974, Bebington+ 1986]

- Measure all structure; sensitive to the integrated emission of all the
sources; including foregrounds

- Foregrounds are spectrally smooth, different from the signal

- Different environments, different lines
Credit: Dongwoo Chung

red dots: detectable w/ VLA aggregate CO flux
. " after.1 hr on-source co@ved wi/ ~5 arcmin beam

total time: 4500 hrs X




Cosmology with IM

21cm Cosmology
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Cosmology with IM

21cm Cosmology
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A plethora of experiments

[reviews: Kovetz+ (2017, 2019), Bernal and Kovetz (2022)]

Intensity Mapping Experiments
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Atomic and molecular lines

v =1420 MHz, A = 21 cm

"Hiline

>

spin flip

C* or [Cn]: 1s2 252 2p!
V= 34580 GHz, =087 mm
S Y O =3 3 N iine”

. v= 230 54 GHz \ = 1 3 mm

CO(J 2 - 1) Ilne
v=115.27 GHz, A = 2.6 mm

CO(J =1 = 0) line

Credit: Dongwoo Chung




Signature of the Neutral Gas
21-cm Signal

» Useful: 21-cm line (spin-flip transition)
« Can be observed today in Radio

A =21cm

lonized .
bubble v =1420 MHz

n=1

Spin Temperature
Neutral n/ng= 3exp(-T./T),
hydrogen (HI) T,=0.068 K

Slide credit: Anastasia Fialkov




The 21 cm IM signal

@ Radiative transfer:
Tb(y) — T3(1 — e_T”) -+ TVG_T”

@ Spin temperature:

nm g
— = Z—exp(—Eqo/KkT
Mo o P(—E1o/kTs)

@ Optical depth:

3\3,A 068 K
- — oo (o 068 )(1+5) (XHInH>;A1O:2.85X1OISS1

327 TS H(Z)
@ Observable:
Te—T.(z
STolv) = ~5 (1 = &™)

= ot -0 [(557) ()] [1- 52 (55 )



The 21 cm IM signal

Statistical fluctuations O v Simuation
: - : : : : L - - 21cmFAST A
in the intensity mapping signal: Do (uror)_
5,,(x) = [6T(x) — 6T, 1/5T, g 10k -
E
521(k)621(Ky) ) = 2aY’op(k; —k)Pyy(ky) g | ]
: ; -/ 2, Xu)=(9.0, 0.66]
P, will be a function of both k and z : g %:;3:%?3: 8:§3§
z, X,)=(6.7, 0.20
0.1 b
521 — bmém + ... v k (MPC")l N

In the limit of the linewidth of sources

; 21cmFAST; Mesinger, Furlanetto & Cen (2011)
<< frequency resolution,

we can write P, in terms of P4,

Fluctuations: as a function of fixed transverse scale, or fixed redshift



The "astrophysical systematic’
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ASTROPHYSICS COSMOLOGY

There is an interplay of astrophysics and cosmology



The tracer-halo connection

Biine(k, 2) = {(1(2))b°(2) Poam (K, 2) + Penot(2)

b(2)

[(7)
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A halo model for HI

[HP+, MNRAS (2017a, b), HP & Kulkarni (2017)]

Mz (M) = afu,cM (M/10h=1Mo)® exp |~ (veo/ve(M))?]

pHI(T) = po exp(—7/Ts);

0.109

CHI(M, Z) = Rv/'rs = CHI,0 (M/1011M@)_ 4/(1 + 2)7

CHI.0 = 28.65 = 1.76

a = 0.09 £+ 0.01
log v, 0 = 1.56 = 0.04

B = —0.58 = 0.06

v = 1.45 + 0.04

CONSTRAINTS FROM
CURRENT HI GALAXY,
DLA, IM DATA
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Accretion of fresh HI =
Consumption for star formation

[Dutton+ (2016), Werk+ (2014), Stern+ (2016), Prochaska & Wolfe (2008)]
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Slope

[Barnes & Haehnelt 2014; Bagla+ (2010), HP+ (2016)]
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Insights

B B 3
i &
afH,CM ].Ollh_lM® eXp T

Lower cutoff
e — 30.3 km/s

Photoionization increases cooling timescales
Constraints on UV background

" Mon. Not. R. Astron, Soc. 278, L49-L54 {1996)

Photoionization and the formation of dwarf galaxies

Thomas Quinn,! Neal Katz! and George Efstathiou?

! Department of Astronomy, University of Washington, Seattle, WA 98195, USA
2 Department of Physics, University of Oxford, Keble Road, Oxford OX1 3RH

... Suppression: circular speeds ~ 37 km/s! [Rees (1986), Efstathiou (1992),
Babul & Rees (1992),Quinn+ (1996), ...]
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21 cm IM observations
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21 cm IM observations

¥ Bandl, z=104

® Band2,2=179
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HERA Collaboration (2022a)
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EoR Power Spectrum Limits for 0.05 < k& < 0.6 h Mpc™!
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21 cm IM observations

Slide credit: Jordan Mirocha

EoR Power Spectrum Limits for 0.05 < k& < 0.6 h Mpc™!
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e Constraints on IGM temperature
e Simplest model predicts the highest temperature

e Remaining models consistent with 95% lower

HERA constraints on physics

Slide credit: Jordan Mirocha

limit on z~8 temperature of ~3-5 Kelvin, clearly
above the adiabatic cooling limit (1.8 K at z=8).
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Improved HERA constraints

* 94 nights (compared to 18 nights) of observing

* Improvements by factors of 2.1 and 2.6 on the previous
HERA limitsatz~ 7.9, 10.4

o Ts (K) at z=10.4
10 \ 0 10 20 30 40 50

N P HERA 95% Lower Limits :
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T 742‘ :
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“;.‘7 \ X 21cmMC Model . . N
2 0, \g% - Redosackaround ode heated above ™™™ "] ' I
EX-TA ~“ 5
a% \ 4 |
2 | '\‘ ad iabatic 18 nights (H22b, indep. z) 4<is
© g | H
= \'\é 94 nights (this work, indep. z) 1 —— —D>
% y 5 5
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TS/Tradio at Z= 10.4




What about other tracers?

Years after the Big Bang
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What about other tracers?

Years after the Big Bang
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[Smit+ (Nature, 2018), Pentericci+ (2017)]
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The microwave regime

— The CO Mapping Array Project ——

e CO is a major tracer of star

formation/ molecular hydrogen,

bright even at high redshifts

e ‘| adder’ of lines

e Pathfinder: a proof-of-concept,
single dish focal plane array,
26-34 GHz

e Three fields, ~ 4 deg2 per field

CO transitions

redshift

10

/

10

15

20

25

30

frequency (GHz)

35

40

Credit: Dongwoo Chung



CO at reionization

COMAP-EoR: Planned second frequency band (13-17 GHz) CO(1-0) line at z = 5.8 —
7.9 ; cross-correlation picks up the EoR signal

Forecasted constraints on molecular hydrogen; population of faint galaxies

— Li16/Keating20 H  CO Detections COPSS [ Li16/Keating20 Forecast
----- Yang21 ++  Dust Continuum mmIME ~ Yang21 Forecast
8
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[Breysse+ (2021)]



The submillimetre regime: [CII] and [Olll]

[Olll] 88 um and [CII] 158 um

Good tracers of star forming regions

Brightest infrared lines Er;ogepbc oncnp o

Sky noise/point sources much smaller v |

® Fred Young Submillimetre Telescope
(FYST) : 212 - 428 GHz

e EXperiment for Cryogenic Large-

Aperture Intensity Mapping (EXCLAIM) :
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[CIl] at reionization

rentat) = (57 ) et 30 (15 mages)

Observations indicate [CII] ‘deficit’ at high-z; if confirmed by IM,
indicates hard ISM field and/or larger HIl regions (but may also
result from underestimation of [ClI] in targeted observations)

[HP (MNRAS 2019), arXiv:1811.01968]
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CONCERTO—like, z~ 6.0
CCAT-p-li l'k ~ 6.0

TIME-like, z ~ 6.0
ALMACAL- lke ~ 6. 0 Z=6-9

x10 Higher U,
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0.5 1
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[Harikane+ (2020), Vallini+ (2021), Laporte+ (2019), Pallotini+ (2017, 2019), Carniani + (2020)...]



Cross-correlations with 21 cm

Cross-correlations mitigate systematics

MeerKAT radio Anglo-Austrailian
telescope Observatory

Good angular %
resolution

Optical
\ systematics

/' Good redshift \
resolution

" ,./-
| =eond )

Radio

. o S
systematics @& 0

Auto Correlation: uncorrelated
(XraaXond) = (SraiSraa) +2  (SeadNrad) + (NradNrad) | |
------------ 21cm intensity mapping will
(XraaXrad) = (Sradsrad> <}\TradNra<ik,} ~ provide benefits in future
signal y;;.;\;;l-r—t-tﬂ notse/residuals/systematics you don’t want ~ cross-correlations

Cross Correlation:

---------
.- Seo

<Xothrad> optSrad i+ W W ra.d Slide credit: Steve Cunnington

________

Cross-correlation with galaxy survey < few sqg. deg.: information loss in areas most affected by foregrounds
Mitigated by using IM with e.g. [CO], covering ~ few ten square degrees or more

[Lidz+ (2009), Beane & Lidz (2018), Beane et al. (2019), Sato-Polito+ (2020), Zhou+ (2020)]



HI gas mass density, py [Mo Mpc~3]
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Consistent with the HI halo model
in its present form!*

1011_

1010__

My (Mo)

10+

1012 1014
M /Mo

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

1010

*Note: total power only,
scale dependence unconstrained



Cross-correlations of sub-mm & 21 cm

- hear Relonization -

(FYST++) x MWA/SKA
2~ 7, [Cll] 158 x HI (MWA)

2 ~5.5-6.5, [ClI] 158 x HI (MWA)

107
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a ]
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100-;

k3P, W, /(27?), REBELS, z ~ 7.0

k3o /(2n?), Stage II

—— K30 /(27?), Stage III/IV
Total SNR Stage II = 2.0

Total SNR Stage I1I/IV = 30.0

10~

101

100
k/h Mpc !

10!

[HP (MNRAS, 2018), HP (MNRAS 2019), HP+ (MNRAS 2022), HP (MNRAS 2023, arXiv:2212.08077)]



To summarize ...
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Summary

Line Intensity Mapping (IM): large volumes over a wide range of redshifts, species

Epoch of Reionization: second major phase transition of cosmological hydrogen;
within reach of direct observations; effectively probed by 21 cm line of hydrogen

Astrophysical systematic in IM can be efficiently handled via a data driven halo

model, predicts mean hydrogen abundance out to z ~ 7 [HP+ (2015, 2016, 2017a, b), HP
& Kulkarni (2017), HP (2023)]

Latest 21 cm power spectrum upper limits from HERA show that the hydrogen in

the IGM must have been heated during reionization, by e.g., X-rays [HERA
Collaboration (2021, 2022)]

Sub-mm IM (CO/CII/OIlIl): several advantages, cross-correlations help mitigate
foreground challenge in 21 cm [e.g., Lidz+ (2011), Sato-Polito+ (2020), Visbal+ (2015)]

COMAP: upper limits on CO power at z ~ 3; COMAP-EoR and COMAP-ERA will
constrain faint galaxies and molecular hydrogen at the EoR [Breysse+ (2022)]

Future: Proposed experiments (SPHEREX, CDIM) to perform IM with other lines, H

a and Lyman-a, out to the EoR; Population lll stars from He Il IM [Mas-Ribas+ (2017),
Heneka & Cooray (2021), Parsons+ (2021), Visbal+ (2015)]



Summary

Line Intensity Mapping (IM): large volumes over a wide range of redshifts, species

Epoch of Reionization: second major phase transition of cosmological hydrogen;
within reach of direct observations; effectively probed by 21 cm line of hydrogen

Astrophysical systematic in IM can be efficiently handled via a data driven halo

model, predicts mean hydrogen abundance out to z ~ 7 [HP+ (2015, 2016, 2017a, b), HP
& Kulkarni (2017), HP (2023)]

Latest 21 cm power spectrum upper limits from HERA show that the hydrogen in

the IGM must have been heated during reionization, by e.g., X-rays [HERA
Collaboration (2021, 2022)]

Sub-mm IM (CO/CII/OIlIl): several advantages, cross-correlations help mitigate
foreground challenge in 21 cm [e.g., Lidz+ (2011), Sato-Polito+ (2020), Visbal+ (2015)]

COMAP: upper limits on CO power at z ~ 3; COMAP-EoR and COMAP-ERA will
constrain faint galaxies and molecular hydrogen at the EoR [Breysse+ (2022)]

Future: Proposed experiments (SPHEREX, CDIM) to perform IM with other lines, H

a and Lyman-a, out to the EoR; Population lll stars from He Il IM [Mas-Ribas+ (2017),
Heneka & Cooray (2021), Parsons+ (2021), Visbal+ (2015)]

Thank you!









Redshift space: dark matter

[White (2000), Seljak (2000), Cooray and Sheth (2002) ...]
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Redshift space: number weighted
biased tracers (galaxies)

_ [seljak (2000)]
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Redshift space: mass weighted
biased tracers (HI)

[HP (2021), HP+ (2023)]

| Subtlety:
- Shot noise with and without FoG term:

dMn(M)MZ,




