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Abstract: 21-cm emission from neutral hydrogen atoms provides a unique window into galaxy formation and cosmology in the first billion ye:
cosmic history. As the first galaxies form after the Big Bang, they generate intense ultraviolet and X-ray radiation fields, which ionize and hee
otherwise neutral surroundings. The resulting modulations in the brightness of 21-cm emission relative to the background can be dete
principle by a single, well-calibrated dipole receiver, as features in the sky-averaged radio spectrum below ~200 MHz. Spatial fluctuations
21-cm background are expected also, and can in principle be detected statistically with the current generation of interferometers. In just the
years, enormous progress has been made on both fronts. The sky-averaged 78 MHz feature reported by the EDGES collaboration in 2018
flurry of activity, largely aimed at explaining its anomalous amplitude. Since then, the MWA, LOFAR, and HERA have all reported upper limit
the 21-cm power spectrum. In this talk, | will focus in particular on the first limits from HERA -- the most stringent limits reported to date --
describe their implications for galaxy formation and cosmology. | will also discuss the ongoing EDGES controversy, and how JWST and SPF
can provide independent tests of astrophysical scenarios that produce EDGES-like 21-cm absorption troughs at frequencies below ~100 MH:

Zoom Link: https://pitp.zoom.us/j/92616379096?pwd=eXNXQ0d5Z3IrUFdrY2hvY2daU2tMQT09
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Outline

 What do HERA's first limits mean for galaxy
formation and reionization?

Larger context: 21-cm intensity mapping,
galaxy formation, reionization.

HERA'’s limits + interpretation.

Looking forward.
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Recent updates to theoretical predictions.
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What is 21-cm cosmology?

Effort to constrain cosmology/astrophysics via observations of emission (or absorption) from H atoms:

Vobs = 1.4 GHz/(1 + z)
Aobs = 21 cm(1 4 2)

most H atoms in IGM

most H atoms in gz;!axies
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What’s the point?

 What were the first stars like? BHs? Is galaxy formation self regulating? Reionization?

'SciAM 2006
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What’s the point?

 What were the first stars like? BHs? Is galaxy formation self regulating? Reionization?
e Direct probe of ionization history, can then eliminate nuisance from in CMB analyses.

* Thermometer too, test of ‘exotic’ heating/cooling (DM annihilation/decay, RJ tail of CMB).

'SciAM 2006
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Key Physics

1s

hydrogen
\JY g

e

or CMB+7??

“Differential brightness temperature”:

1 1/2 T
5Ty, ~ 27|zw (1 4 6) (%) (1 — e

e.g., Furlanetto (2006)
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Key Physics

1s

hydrogen
\J)’ g

e

or CMB+7??

“Differential brightness temperature”:

1/2 ni g1
1 T — = Zexp |15 {T
5Tb227fﬂl[1+5)( +Z) (1— CMB) mK 7o 9o p| 21E

TS - Ts(nH, Ne, TK, Tfy, Ja)

e.g., Furlanetto (2006)
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Sky-averaged 21-cm Signal

z
30 20151210 8 7 6

1

o Key cosmic milestones:

e First stars: Wouthuysen-
Field coupling drives Ts
to Tk, resulting in
absorption signal.

—200} ;

~20 5" 00 150 200

v (MHz)

e.g., Shaver+ (1999), Furlanetto (2006), JM+ (2015)
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Sky-averaged 21-cm Signal

2
30 20151210 8 7 6

AR

» Key cosmic milestones:

e First stars: Wouthuysen-
Field coupling drives Ts
to Tk, resulting in
absorption signal.

e X-rays heat IGM, drives
dTp into emission.

e Reionization drives signal _2505 T T .
to zero. 50 100 150 200

v (MHz)

e.g., Shaver+ (1999), Furlanetto (2006), JM+ (2015)
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Sky-averaged 21-cm Signal

z
30 20151210 8 7 6

o Key cosmic milestones: 0 _' ' _r
 First stars: Wouthuysen- _501_ _
Field coupling drives Ts ~ —
to Tk, resulting in :é _100}
absorption signal. %0 . ;
= _150b :
e X-rays heat IGM, drives ™ Lot [ .
dTy into emission. _>00f SFRD « f. ;; :
2 C’é — f*NifeSC,i ]
e Reionization drives signal _250: T
to zero. 50 100 150 200

v (MHz)

e.g., Shaver+ (1999), Furlanetto (2006), JM+ (2015)
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Sky-averaged 21-cm Signal

z
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* Key cosmic milestones: R o . ;
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e Reionization drives signal _2502 N L log10 Touin
to zero. 50 100 150 200

e.g., Shaver+ (1999), Furlanetto (2006), J&
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271-cm fluctuations

Heating and ionization drive fluctuations, too!
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Modeling non-trivial in general!

Beardsley+ 2015; 21-cm mock generated w/ 21cmFAST

"-'CbDa'; CROG .. % A e Huge dynamic range problem:

~1000 [N

e Star forming regions ~ 100 pc
* Typical bubble sizes ~ 107 pc
* Volume probed by survey ~ (10° pc)3

|
[e=]

!
o

* (Galaxies are messy: gas, dust, star
formation, BHs, radiation.

500 [

* Non-trivial fraction (~50%?7) of
photons emitted by galaxies too faint
to detect directly.

-1000 -500 0 500 1000
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Modeling non-trivial in general!

Beardsley+ 2015; 21-cm mock generated w/ 21cmFAST

+/CoDd; CROC . Rénaissancé. | ~10.deg e Huge dynamic range problem:

o L 10 e Star forming regions ~ 100 pc
« Typical bubble sizes ~ 107 pc
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* (alaxies are messy: gas, dust, star
formation, BHs, radiation.
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e Non-trivial fraction (~50%?7) of
g photons emitted by galaxies too faint
to detect directly.
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Mpc/h

Diverse landscape of models

The excursion set approach from Loeb & Furlanetto (2013)
FZHO04, Barkana & Loeb (2005), (a) (b) ot
Pritchard & Furlanetto (2007), McQuinn & D’Aloisio (2018),
Raste+ (2018,2020), Schneider, Giri, & JM (2021), JM+ (2022) Yo V 7 TN

Analytic models

Excursion set + pert. theory for density and vel. ** *** * * Y *

Mesinger & Furlanetto 2007, Mesinger+ (2011), LI *x i
Santos+ (2011), Fialkov+ (2013) ve " -~

Excursion set on N-body simulations T

also: Bond+ (1991), Furlanetto, Zaldarriaga, & Hernquist (2004; FZH04)
Mutch+ (2016), Hutter+ (2018), Mondal+, Giri+, JM+ (2021)

Sim 0 Sim 1 Sim 2

Models calibrated to radiative transfer sims
Battaglia+ (2013), Trac+ (2109.10375; left)

1-D RT “painted” ortto N-body simulations
Thomas & Zaroubi (2009), Mondal+
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Semi-empirical predictions

g
) o UVLFs from Bouwens+ (2015), Finkelstein+ (2015) 80 30 20 151210 8 7 6
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Star formation inefficient in low-mass halos, drives from JM, Furlanetto, & Sun (2017)
later heating and ionization than earlier models. w/ ARES code (JM 2014)
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Semi-empirical predictions

10

g
o UVLFs from Bouwens+ (2015), Finkelstein+ (2015) 80 30 20 151210 8 7 6
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MUV

Star formation inefficient in low-mass halos, drives
later heating and ionization than earlier models.
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from JM, Furlanetto, & Sun (2017)
w/ ARES code (JM 2014)
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Semi-Empirical Predictions
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from Park+ (2019)
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Diverse Landscape of Experiments

global signal power spectrum & imaging

MAAY =
MURCHISON
WIDEFIELD ARRAY

Pirsa: 22030094 Page 20/45



HERA IS...

...a radio interferometer
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HERA is ...a.drift—scan

telescope that
stares at zenith
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HERA will have 350 elements when complete!
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Signals from each pair of antennas are combined

slide credit: Josh Dillon
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Long baselines probe short wavelength modes

v

slide credit: Josh Dillon
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Nor is it the full frequency band

Relative Flag Occupancy
o 4 S b=
e (@p] co o

=
.

0.0

HERA Collaboration et al. (2021)
(2108.07282)
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HERA Phase | Limits

M Band 1, z=104

® Band2, =79

;| HERA Collaboration (2021a)
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A? [mK?]

EoR Power Spectrum Limits

for 0.05 < k < 0.6 h Mpc™!
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Team Hiring Science v CHAMP Internal Wiki

Public Data Release 1

The page summarizes the results of Phase 1 operation of HERA with an index of the
papers supporting the result, data files containing the power spectrum limits, and
example code for reading them.

 HERA Collaboration et al 2021a (H21a) — Summary paper describing data and
methods. The paper has been accepted to ApJ and is currently in press.

« HERA Collaboration et al 2021b (H21b) — Companion paper evaluating theory
implications. This paper has been submitted to ApJ
« Supporting papers
« Aguirre et al 2021(arxiv) — Pipeline validation using independent simulators
« Kern et al. 2020b — Absolute Calibration
« Dillon et al 2020 — Redundant calibration
+ Tan et al 2020 — Error bar estimation used in H21a
« The Phase 1 750hm RF system has a known reflection systematic.
= Kern et al 2019 — A method for filtering systematic

« Kern et al 2020a — Application to HERA data

s Dillon et al 2019 — Memo detailing description of the processing used in this
release (eg flagging, calibration, binning)

HERA Construction Photo log (updating
continuously)

Related telescopes:
PAPER
MWA

HERA is a project of the National
Science Foundation, the Gordon and
Betty Moore Foundation, and these
member institutions.

About HERA

CHAMP
Hiring
Science
Memos
Papers from the HERA team

Public Data Release 1

Terhniral Nesinn

hitps://reionization.org/science/public-data-release-1
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his 1S the culmination of a lot of work!
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What does it mean?
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