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1 Probing the Epochs of Reionization and Cosmic Dawn

The development of a comprehensive understanding of the physics that led to the formation
of the first stars and galaxies — the Cosmic Dawn and the Epoch of Reionization (EoR) —
is a challenging but fundamental goal of astrophysics and cosmology. Although tremendous
progress has been made in the past two decades, many key questions remain. For example,
how and when did the first UV-bright stars that reionized the universe form from pristine
primordial gas? What is the history of stellar, dust and metal build-up during reionization?
What is the contribution of quasars and AGN to the reionization history of the universe?
Answering these questions during the EoR requires multi-phase tracers of interstellar and
intergalactic gas across a broad range of spatial scales. Multi-emission line surveys of the
EoR will provide the necessary probes.

One of the major challenges for reionization studies is the enormous dynamic range in
spatial scale involved; reionization directly couples the very small-scale astrophysical forma-
tion of stars to the cosmological length scales of structure formation. This involves complex
astrophysical processes such as the propagation of ionizing photons through interstellar, cir-
cumgalactic, and intergalactic gas. This presents challenges for both numerical simulations
and especially observations. Current major observational efforts include measurements of
individual high-redshift sources with HST, ALMA and other ground-based observatories on
small patches of sky, whereas the measurement of the optical depth to electron scattering
from Planck gives an integral constraint over the entire reionization history. This information
is sparse and not matched in scale to the reionization phenomena, driven by the growth and
percolation of ionized regions (bubbles) that are of Mpc or 10s of Mpc in scale. On-going
and upcoming 21 c¢m reionization experiments in the 2020s such as HERA and SKA1-LOW
will statistically map the neutral intergalactic medium as traced by the 21 cm transition
in three dimensions, with the hope of directly imaging the neutral IGM towards the 2030s.
The 21 c¢m surveys will cover tens to thousands of square degrees, and can therefore capture
representative samples of the ionized bubbles. However, these surveys track just the neutral
hydrogen gas and provide only indirect constraints on the formation and evolution of the
ionizing sources themselves.

Here we highlight how the Line Intensity Mapping (LIM) approach may provide an impor-
tant key to the reionization puzzle. Much like the approach of 21cm EoR surveys but more
generally, LIM measures the collective emission of a transition line on Mpc scales and larger.
Since the line in use traces directly the neutral, partially ionized, or ionized intergalactic
medium, LIM provides crucial environmental and statistical measurements of the IGM and
large-scale structure that complement galaxy detections. It also allows direct inferences of
the cosmic history of metal and dust build-up and the history of reionization. By combining
multiple such line measurements, originating from different phases of the ISM and the IGM,
one can determine the large-scale average physical conditions at early times and reveal the
physical processes driving reionization. We also advocate for additional probes of the cosmic
dawn era, when early stars had yet to significantly enrich their surroundings with metals.
Besides the 21 cm transition from neutral hydrogen, Ly tomography mapping during the
epoch of Wouthuysen-Field (WF) coupling may potentially be detectable as a faint glow
from cosmic dawn.



2 The Topology and History of Reionization

The cosmic reionization of hydrogen remains a poorly understood frontier of modern cosmol-
ogy. Sometime between 200 and 800 Myrs after the Big Bang (z ~ 6-20), the first luminous
objects formed in dark matter halos and eventually produced enough Lyman continuum pho-
tons to reionize the surrounding hydrogen gas. The EoR marked the end of the dark ages,
and is the first chapter in the history of galaxies and heavy elements [1]. Observations of the
Gunn-Peterson trough [2] in high-redshift quasar spectra suggest that reionization was com-
pleted by z * 6 [3, 4]. Current constraints from large-angle cosmic microwave background
(CMB) polarization measurements indicate an optical depth to reionization of = 0.054
0.007, corresponding to an instantaneous reionization redshift of 7.61  0.75 [5]. Although
these observations provide some constraints on the overall timing of reionization, it is likely
an extended and inhomogeneous process and so a great deal remains to be understood. We
anticipate that the coming decade is ripe for fundamental breakthroughs.

Studying the Reionization Epoch by Resolving its Sources. Direct observations of
galaxies and quasars beyond z * 6 provide tight constraints on crucial stages of reionization.
Observing these sources has been a major effort of the HST. For example, broad-band
searches for z 7 6-10 dropout galaxies (or Lyman Break Galaxies (LBGs)) have led to the
identification of > 1000 candidates. In the near future, JWST will directly observe galaxies
in the EoR. However, the JWST cosmological fields will be limited to a handful of deep fields,
with a total area of several hundred square arcmin and hence subject to sample variance.
Soon after, due to its large and deep survey capabilities, WFIRST will detect several million
LBGs at a redshift z > 6 over the * 2,000 sq. degree High Latitude Survey (HLS) [6].
Deep GO grism program will be able to access thousands of Ly emitters (LAE), albeit
likely limited to small fields. While WFIRST will perform wide area surveys, its lack of
capability beyond 2 m limits measurements of stellar mass (in the rest-frame optical) and
spectroscopic detection of H at z > 2, and the selection of z > 6 galaxies will be limited
to photometric data. Although JWST and WFIRST will provide important information
about early galaxy populations, they will suffer from incompleteness at the faint end of the
luminosity function and should also be supplemented by wide-field spectroscopic surveys.
Fortunately, other complementary approaches have emerged.

Studying Reionization by Mapping the Collective Light on Large Scales. Many
on-going experiments now aim at mapping the EoR using LIM in multiple lines such as the
radio hyperfine 21 cm line (e.g, LOFAR, PAPER, MWA, HERA, SKA1-LOW), CO (e.g.,
COMAP, AIM-CO), [Cii] (e.g. TIME, Concerto, CCAT-prime), and H and Ly (SPHEREx;
see [7] for references). Without resolving individual luminous sources, line intensity mapping
(LIM) measures all of the light emissions of a particular spectral line associated with cosmic
structures on large scales. This IGM- and larger-scale information provides the environmen-
tal context and connects directly to individual source measurements. LIM has emerged as a
promising approach to efficiently survey the three dimensional universe, probing the large-
scale structure (LSS), EoR and the Cosmic Dawn era [8, 9, 10]. LIM measures the cumulative
emission of light from all galaxies and can be used to (1) infer the mean luminosity density
and redshift evolution in lines such as CO, [C ii], [O iii], and H , (2) place constraints on
the early star-formation history (inferred through the luminosity density in various lines),



and (3) as a tracer of the reionization history (via its connection with the star-formation
history.)

Multi-LIM Approach. Studying multiple lines with LIM simultaneously o ers a richer,
more nuanced and more robust view of the processes at play during the EoR (Fig. 1).
Speci cally, we hope to access bright emission lines in the rest-frame UV/optical window,
as well as near-infrared and radio lines. While the insights gained by joint analyses of
these lines have been well studied on individual source scales, we discuss examples below to
motivate their studies on large scales during the EoR, in particular in the intensity mapping
regime asluminosity-weightedphysical quantities. In addition to science gain, we expect
the joint analysis of multiple lines will greatly aid the con rmation of measured signals and
help mitigate modeling and instrumental systematic e ects, as each line arises from di erent
physical processes, can be contaminated by di erent astrophysical foreground emissions, and
will be observed through di erent instruments.

Key Emission Lines. Optical and UV lines.

The ISM in the neighborhood of young, massive

stars is ionized by the Lyman continuum photons

produced by these stars, thereby giving rise to

H ii regions. The recombination of this ionized gas

produces hydrogen emission lines (e.g., LyH ,

H ), which can be used as a Star Formation Rate

(SFR) diagnostic since the line ux is proportional

to the Lyman continuum ux. Since the H lumi-

nosity is a measure of the formation rate of massive

stars, the derived SFR is sensitive to the assumed

stellar initial mass function (IMF). Dust extinction

may cause systematic errors due to non-negligible

dust absorption at the H wavelength, however, if

the H line is also measured, one may use the ra- _ o

tio to correct for dust extinction. Far-infrared lines, F'9ure 1: Di erent phases of reionization
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ionized medium, and jointly probe di erent phases parable to those probed by 21 cm surveys.

of the ISM, which is key to understand the interplay Combining large-scale tomographic inten-

between energetic sources, and the gas and dust aity maps in three lines (H , 21 cm and

high redshift. Radio lines. Stars form in clouds of Ly ) therefore provides a comprehensive

cold molecular hydrogen, but because-Hs invisible Vview of reionization and reveals the topol-

in the cold ISM, its distribution and motion is in- 09y and history of reionization.

ferred from observations of minor constituents of the clouds, such as CO and dust. Mapping

the CO thus gives us a direct survey of the molecular regions where star forms. Finally,
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