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Abstract xi

Zusammenfassung

Linienintensitatskartierung (LIM) ist ein neues Werkzeug zur Erforschung von Astro-
physik und Kosmologie im jungen Universum. LIM kartiert die Intensitat einer atom-
aren oder molekularen Emissionslinie in einem dreidimensionalen Volumen, mitsamt des
Lichts von anderenfalls schwer erfassbaren, lichtschwachen Galaxien und Gas, und bildet
die Materieverteilung ab.

In dieser Dissertation fithren wir zuerst eine LIM-Messung auf kleinen Skalen durch
Stacking der Lya-Emissionslinie um Lya-lichtschwachen Galaxien in den Daten des Hobby-
Eberly Telescope Dark Energy Experiments (HETDEX) durch und erforschen den dom-
inanten Ursprung der Lya-Photonen im zirkumgalaktischen Medium (CGM) von stern-
bildenden Galaxien. Wir stellen fest, dass die aufleren Bereiche der allgegenwartigen
Lya-Halos fiir Lya-helle und Lya-lichtschwache Galaxien gleichermafien hell sind. Dies
deutet darauf hin, dass diese Photonen nicht von den gestackten Galaxien stammen,
sondern von deren CGM oder von auflerhalb ihrer Dunkle-Materie-Halos.

Als Vorbereitung fiir die Analyse und Interpretation der LIM-Daten entwickeln wir
einen schnellen Simulationscode namens SIMPLE, der Galaxienkataloge und Linienin-
tensitatskarten von beliebigen Emissionslinien mit Experiment-spezifischen Effekten er-
stellen kann. Nachdem wir den Code prozentgenau iiberpriifen, erstellen wir simulierte
Daten fiir HETDEX und untersuchen, ob HETDEX das Kreuzleistungsspektrum von de-
tektierten Lya-emittierenden Galaxien (LAEs) und der Lya-Intensitat nachweisen kann.

Die vielfache Streuung von Lya-Photonen kann einen Selektionseffekt von LAEs
verursachen, der die Anisotropie des LAE-Leistungsspektrums verandert. Deshalb un-
tersuchen wir den Einfluss der Lya-Streuung auf LIM-Leistungsspektren der Lya-Linie
mithilfe eines linearen analytischen Modells und einer Umsetzung im SIMPLE-Code.
Wir zeigen, dass das lineare Modell ungeeignet ist, da die meiste Streuung in stark
tiberdichten, nichtlinearen Regionen nahe den LAEs erfolgt. Wir zeigen, dass das von
HETDEX gemessene LAE-Leistungsspektrum von diesem Effekt stark beeinflusst wird,
wahrend das Kreuzleistungsspektrum von LAEs und der Lya-Intensitidt zu verrauscht
ist, um diesen Effekt wahrzunehmen.

Abschlieend messen wir das Kreuzleistungsspektrum von detektierten LAEs mit der
Lya-Intensitiat undetektierter Quellen in HETDEX und detektieren das Signal deutlich.
Wir sdubern die Daten griindlich, um systematische Anteile zu entfernen. Wir model-
lieren die gesamte Datenverarbeitung und Messung mit simulierten Daten des SIMPLE-
Codes und berechnen das erwartete Signal und Kovarianzmatrizen. Wir ermitteln an-
schlieBend die mittlere Lya-Intensitat im Universum. Unser ermittelter Wert is deutlich
niedriger als diejenigen, die von Kreuzkorrelationen von Quasaren mit der Lya-Intensitat
abgeleitet wurden, jedoch etwas hoher als eine Obergrenze, die von einer Kreuzkorrelation
von dem Lya-Wald mit der Lya-Intensitiat gewonnen wurde. Unsere Ergebnisse stimmen
grob mit der Vorhersage einer kosmologischen Simulation mit Lya-Strahlungstransport-
Modellierung iiberein. Die mittlere Lya-Intensitidt kann auferdem vollstandig von Stern-
bildung in Galaxien produziert werden.

Zusammenfassend entwickeln wir einen vielseitigen, schnellen Simulationscode fiir
LIM, untersuchen den Effekt von Lya-Streuung auf LIM-Leistungsspektren und fithren
eine prazise Messung von Lya-LIM in HETDEX-Daten durch. Diese Forschungsarbeit
ebnet den Weg fiir die Einschrankung von Modellen zur Galaxienentstehung und -entwicklung
mit zukiinftigen, noch préaziseren LIM-Messungen.
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Abstract

Line intensity mapping (LIM) is a novel tool for studying astrophysics and cosmology in
the young Universe. LIM maps the intensity of an atomic or molecular emission line in
a three-dimensional volume, including the light from otherwise elusive faint galaxies and
gas, and traces the matter distribution.

In this thesis, we first conduct a small-scale LIM measurement of the Ly« line by
stacking Lya-faint galaxies in the data of the Hobby-Eberly Telescope Dark Energy Ex-
periment (HETDEX) and study the dominant origin of Ly« photons in the circumgalactic
medium (CGM) of star-forming galaxies. We find that the outer parts of the ubiquitous
Lya halos is equally bright for Lya-bright and Lya-faint galaxies. This indicates that
these photons do not originate from the stacked galaxies, but rather from the galaxies’
CGM or from outside of their dark matter halos.

In preparation for the analysis and interpretation of LIM data, we develop a fast
simulation code to create mock galaxy catalogs and line intensity maps of any emission
line, called SIMPLE, assuming that the underlying mass distribution is lognormal and
assuming an input power spectrum and line luminosity function. One can apply survey-
specific effects to the intensity maps such as angular and spectral smoothing, a mask,
and sky subtraction, to make the mock data more realistic. After validating the output
of the code to percent-level precision, we create mock data for HETDEX and examine its
ability to measure the cross-power spectrum monopole of detected Lya-emitting galaxies
(LAEs) with the Ly« intensity of undetected sources.

Lya photons scatter many times within the interstellar medium, changing the shape
and central wavelength of the Lya emission line escaping the galaxy. Ly« photons can
also scatter in the CGM and intergalactic medium (IGM). The scattering probability
depends on the matter and velocity distribution, which can introduce a selection effect
of LAEs that changes the anisotropy of the LAE auto-power spectrum. Therefore, we
investigate the effect of Lya scattering on Lya LIM power spectra using a linear analytic
model and an implementation in the SIMPLE code. We find that the linear analytic
model is inadequate to describe this effect because most of the scattering takes place
in highly overdense, nonlinear regions near the LAEs. We show that the LAE auto-
power spectrum measured by HETDEX will be sensitive to this effect, while the LAE-Lya
intensity cross-power spectrum is too noisy to be affected.

Finally, we measure the cross-power spectrum of detected LAEs and the Ly« intensity
of undetected sources in HETDEX. We thoroughly clean the spectra to remove systematic
contributions. We forward-model the entire data set and data processing using mock data
from the SIMPLE code and calculate the expected signal and covariance matrices. We
then infer the mean intensity of Ly« photons permeating the Universe. Our inferred value
is significantly smaller than those inferred from cross-correlations of quasars with the Lya
intensity, but slightly higher than the upper limit inferred from a cross-correlation of the
Ly« forest with the Lya intensity. Our results roughly agree with predictions from a
cosmological simulation including Ly« radiative transfer modeling. The mean intensity
is also consistent with being entirely sourced by star formation in galaxies.

In summary, we create a versatile mock simulation code for LIM, model the effect
of Lya radiative transfer on Lya LIM measurements, and conduct a precise Lya LIM
measurement in HETDEX data. This research paves the way for constraining galaxy
formation and evolution models with upcoming, even more precise LIM measurements.
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Chapter 1

Introduction

1.1 Why Line Intensity Mapping?

Galaxy formation and evolution are still a mystery — highlighted by recent unexpected
results from the James-Webb Space Telescope: bright, massive galaxies have formed at
earlier times than state-of-the-art cosmological and galaxy formation models predict (see
Stark et al. (2025) for a review of observational insight; and Dayal & Ferrara (2018) for
a review on early galaxy formation theory). While it is important to study individual
galaxies throughout cosmic time, this approach is limited to the brightest galaxies that
rise above the noise level of deep observations, probing only the “tip of the iceberg” of the
galaxy population. Faint galaxies and the abundant gas around and in between galaxies
are extremely difficult to observe individually. The gas surrounding galaxies is vital for
their evolution, and we do not fully understand how the interplay between galaxies and the
circumgalactic (CGM) and intergalactic media (IGM) affects star formation (Tumlinson
et al., 2017).

Instead of observing individual galaxies, we can map the intensity of an atomic or
molecular emission line within a three-dimensional volume. This approach is called “line
intensity mapping” (LIM; Kovetz et al., 2017; Bernal & Kovetz, 2022). LIM measures
the intensity from all sources, including faint galaxies and gas, and thus probes the
global history of star formation and the matter distribution. Different lines are emitted
in different regions and from different types of gas, for example cold molecular clouds
(CO and [C I1]), the ionized interstellar medium (ISM; Lyc«, Ha, and [O II}), and neutral
hydrogen (21 cm). Combining the intensity maps of different emission lines thus promises
to reveal a wealth of information on the physics of gas and galaxies.

Figure 1.1 illustrates the LIM observing method, showing all galaxies in a simulated
volume, only those that are brigh enough to be detected, and the total Lya intensity.
While galaxy surveys can only find a small subset of the galaxies, LIM is sensitive to the
intensity from all galaxies.

Because an intensity map is a biased tracer of the matter distribution, it can also be
used for cosmology. Because LIM surveys do not require deep observations, they will be
able to reach larger scales than galaxy surveys, at a lower cost. In the long term, LIM
will constrain all cosmological parameters, including the nature of dark energy, modified
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Figure 1.1: Simulated (32x 128 x 128) Mpc3h—3 comoving volume of galaxies with minimum Lya
luminosity Ly, = 10*! ergs™! (first panel), galaxies with a flux above 5 x 1077 ergs~! cm 2
that could be detected by a HETDEX-like survey (second panel), noise-less Ly« intensity map
averaged over the first dimension (third panel) for a LIM survey similar to HETDEX, and Ly«
intensity map including noise similar to HETDEX (fourth panel); using the SIMPLE code (see

Chapter 5). With LIM, no photons are left behind.

gravity (Moradinezhad Dizgah et al., 2024), beyond-A-cold-dark-matter (ACDM) models
(Sabla et al., 2024), neutrino physics (Moradinezhad Dizgah et al., 2022a), and primordial
non-Gaussianity (Moradinezhad Dizgah & Keating, 2019). Due to its sensitivity to the
total intensity of all sources, LIM will also reach the redshift range inaccessible to galaxy
surveys and the cosmic microwave background (CMB). For instance, the universe was
dark between recombination and the time when the first stars formed, except for the
diffuse 21 cm glow of neutral hydrogen (e.g., Padmanabhan, 2024). Using space-based
or lunar observatories, it will be possible to access these redshifts with 21 cm LIM for
precision cosmology (Mondal & Barkana, 2023; Mondal et al., 2024).

LIM will also give insight into the Epoch of Reionization (EoR). Cross-correlating
intensity maps of different emission lines, such as 21 c¢m, Lya, CO, and [C II], will
uncover the sources that drive reionization and study the evolution of the ionization
state, morphology, and metal content of the IGM (Lidz et al., 2009, 2011; Gong et al.,
2012; Dumitru et al., 2019; Cox et al., 2022; Ambrose et al., 2025). For these reasons,
LIM is considered the next frontier of astrophysics and cosmology.

1.2 Why Lyman-a?

The Lya emission line of the hydrogen atom is one of the brightest emission lines produced
in the universe and an important observational probe at high redshift (Ouchi et al.,
2020). Historically, Partridge & Peebles (1967) predicted that high-redshift galaxies emit
Lya photons through recombination radiation in the ISM, which had been ionized by
young, massive stars. They predicted that the Lya emission could make up 6 — 7%
of the total luminosity of a galaxy, bright enough to be detected from Earth. While
their predicted luminosity was an overestimate, over a million Lya-emitting galaxies
(LAEs) have been detected by surveys such as the Hobby-Eberly Telescope Dark Energy
Experiment (HETDEX; Gebhardt et al., 2021) and tens of thousands are publicly cataloged
(e.g., Mentuch Cooper et al., 2023a).
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Neutral hydrogen has a large cross-section around the Ly« line, making it prone to
scattering (e.g., Dijkstra, 2019). As a result, Ly« photons produced in the ISM of a galaxy
can scatter in its CGM and the IGM and light up the surrounding gas as Ly« halos (e.g.,
Wisotzki et al., 2018). Collisional excitation and recombinations of hydrogen ionized
by the ultraviolet background contribute to the diffuse Lya glow. Because hydrogen is
the most abundant element, the entire universe glows in Ly« after the reionization of
hydrogen (e.g., Wisotzki et al., 2018).

The abundance of LAEs at high redshift and the glow of the abundant diffuse hydrogen
gas make the Ly« line an ideal target for LIM. However, few Lya LIM measurements have
been conducted, and theoretical predictions of the Lya luminosity density vary widely.
Figure 1.2 shows a comparison of theoretical predictions and observational constraints
of the comoving Ly« luminosity density. Some predictions are obtained by integrating
the (extrapolated) Ly« luminosity function within a luminosity range, Lyin < L < Lijax,
which by construction does not contain diffuse IGM emission. I chose Ly, = 103 ergs!
t0 Limax = 10% ergs™ for the luminosity functions of Ouchi et al. (2008), Konno et al.
(2016), the Schechter components, i.e., excluding active galactic nuclei (AGNs), of Umeda
et al. (2025), and Tornotti et al. (2025a). Comaschi & Ferrara (2016) used an analytic
model to predict the luminosity density originating from the ISM (shown as a red star in
the figure) and the IGM (shown as a red empty circle) at z = 4. Byrohl & Nelson (2023)
post-process a cosmological hydrodynamic simulation at z = 2 with Lya emission and
radiative transfer (RT). They predict the mean Ly« luminosity density of the universe
at that redshift (orange filled circle) and the contributions from galaxies (orange star),
the CGM (orange diamond), and the IGM (orange empty circle). All of these values
correspond to photons as they would be observed after scattering. This shows that most
Lya photons illuminate diffuse gas that is undetectable in galaxy surveys. Lya LIM will
not leave these photons behind.

The lowest-redshift observational constraint is the broadband intensity mapping by
Chiang et al. (2019). At higher redshift, the constraints from the quasar-Ly« intensity
cross-correlation of Croft et al. (2016), Croft et al. (2018), and Lin et al. (2022), and the
upper limit from the Ly« forest-Lya intensity cross-correlation of Croft et al. (2018) are
shown, all assuming a fiducial Ly« intensity bias b; = 3. The following section describes
the observations in more detail.

1.3 Previous Lyman-a Intensity Mapping Studies

By stacking narrowband or pseudo-narrowband images around galaxies, many studies
have shown the ubiquity of faint Ly« halos around LAEs and other star-forming galaxies
(e.g., Steidel et al., 2011; Wisotzki et al., 2018; Kikuchihara et al., 2022a; Lujan Niemeyer
et al., 2022a; Kikuta et al., 2023; Trainor et al., 2025). As we will show in Section 3.3, the
stacked intensity profile of LAEs is similar to the angular cross-correlation of LAEs and
the Ly« intensity. These measurements show that the intensity profile flattens at proper
distances 2 20kpc. The flattening has been predicted by Byrohl et al. (2021) using a
cosmological hydrodynamic simulation post-processed with Lya RT. In their simulation,
the flattening is caused by photons originating from other galaxies in other dark matter
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Figure 1.2: Measured (triangles) and predicted mean comoving Ly« luminosity densities. The
measurements include the broad-band intensity mapping technique of Chiang et al. (2019),
the QSO-Lya intensity cross-correlation of Croft et al. (2016), Croft et al. (2018), and Lin
et al. (2022), and the Ly« forest-Lya intensity cross-correlation of Croft et al. (2018). The RT
simulation of Byrohl & Nelson (2023) predicts the total luminosity density (orange filled circle),
that of the CGM (diamond), the IGM (empty circle), and galaxies (star). The analytical model
of Comaschi & Ferrara (2016) for the diffuse emission (empty circle) and for galaxies (star) is
shown in red. The crosses show predictions of the luminosity density from galaxies obtained by
integrating over the luminosity functions of Ouchi et al. (2008), Konno et al. (2016), Tornotti
et al. (2025a), and the Schechter components of Umeda et al. (2025), from Ly, = 1039 ergs™!

t0 Lipax = 10%3 erg s7L.

halos that scatter in the CGM of the stacked target sources. We will show in Chapter
4 that the Ly« intensity profiles at proper distances 2 40 kpc is independent of the Ly«
emission of the stacked sources, which supports this picture.

On larger scales, Croft et al. (2016) cross-correlate residual galaxy spectra with
high-redshift quasar (QSO) positions to extract the QSO-Lya cross-correlation signal
at redshifts 2 < z < 3.5. Lacking direct observations, the authors obtain the Ly«
intensity from spectra of low-redshift luminous red galaxies (LRGs) after subtracting
the best-fit galaxy spectrum. This process involves a delicate data analysis. Assum-
ing a Ly« intensity bias of by = 3, their measured mean Ly« intensity is <I/I\“yo"016) =
(3.940.9) x 10~ ergs ' em 2 A~! arcsec2, which is 21 — 35 times higher than estimates
using the luminosity function of individual LAEs. This implies that 97% of Lya photons
in the universe are produced by diffuse gas or faint galaxies below the detection limit
of previous surveys. Croft et al. (2016) also find redshift-space distortions (RSD) of the
QSO-Lya cross-correlation that are inverted compared to the Kaiser effect (Kaiser, 1987)
as predicted by Zheng et al. (2011) (see Section 2.4.2). While the Kaiser effect predicts
pRaiser — )0-55(» = 2.55) /by ~ 0.32, they measure 316 = —0.76 + 0.36.

Lya Lya
However, in a more thorough analysis, Croft et al. (2018) find that Ly« emission
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from the QSOs scattered within the camera into adjacent fibers, creating an artificially
extended cross-correlation signal. After removing these fibers from the data, they measure
a lower signal by 50%. Assuming a Ly« intensity bias of by = 3 and adopting 6%2, they
find a mean intensity (1}¥*°"®) = (1.9 & 0.5) x 10 *'ergs ' em~2 A" arcsec2 from the
QSO-Lya emission cross-correlation. They do not detect the cross-correlation of Ly«
emission with the Lya forest, implying an upper limit on the mean Ly« intensity of
(LYY 1.2 % 107 2ergs em~2 A~ arcsec™2 with 95% confidence. Because of the
inconsistency between the two measurements, the authors argue that the strong QSO-
Ly« intensity cross-correlation signal is not produced by star-forming galaxies but by the
impact of QSOs on their surroundings, even on ~ 20 Mpc scales. Croft et al. (2018) do
not measure RSD in this work because of the lower signal-to-noise ratio.

Lin et al. (2022) use more recent data with more LRG spectra and a larger QSO cat-
alog from the eBOSS survey (Ahumada et al., 2020) to repeat the analysis of Croft et al.
(2018). They detect the QSO-Lya cross-correlation with a slightly lower mean intensity
than Croft et al. (2018): (I,Y*"*?) = (1.4470:42) x 10~2"ergs~! cm~2 A~ arcsec™2. While
they rule out the scenario in which QSOs source most of these Lya photons based on calcu-
lations of the required QSO luminosities, observed LAEs can still only account for ~ 12%
of the measured Lya photons, assuming a Ly« intensity bias of b; = 3. They argue that
most star-forming galaxies, including non-LAEs, produce Lya photons, which are then
scattered out of the galaxy into the halo, contributing to the mean intensity. Lin et al.
(2022) find a large uncertainty of the RSD parameter S22 = 0.07*;93. This is consistent
with the absence of an RT effect, which would imply e = Q0% (z = 2.4) /by ~ 0.32.
While the authors do not detect the Lya forest-Lya intensity cross-correlation, their
measurement is consistent with the model using the mean intensity derived from the
QSO-Ly« intensity cross-correlation due to the large measurement uncertainty.

Chiang et al. (2019) employ a broad-band intensity mapping technique to constrain
the Lya luminosity density at z ~ 1. They spatially cross-correlate the broad-band in-
tensity from the GALEX far-UV (1500A) and near-UV (2300A) bands with a million
spectroscopic objects in the Sloan Digital Sky Survey as a function of redshift. They
measure the Lyman break strength, the non-ionizing UV continuum, and the Lya equiv-
alent width of the UV background. They constrain the Lya luminosity density at z ~ 1
to be pfia’(z = 1) = 11755 x 10* ergs™! Mpc~®. The authors argue that it is consistent
with expectations of galaxies and QSOs inferred from measurements of the Ha luminosity
density, while the contribution from the IGM has to be small.

1.4 The Hobby-Eberly Telescope Dark Energy Ex-
periment

The Hobby-Eberly Telescope Dark Energy Experiment (HETDEX) spectroscopically maps
the locations of one million LAEs at z ~ 1.88 — 3.52 to measure their clustering and
constrain cosmological parameters (Gebhardt et al., 2021). HETDEX aims to measure the
Hubble expansion rate H(z) and the angular diameter distance D4(z) at these redshifts
to constrain the evolution of the dark energy equation of state parameter wge.
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The Hubble expansion rate H = a/a is described by the Friedmann equation,

H2 a ; 14w, e(a/)
= Q0@ + Quoa ™ + Quege 2o @707 +.Q, 0a2, (1.1)
0

where Hy is the current expansion rate of the universe, a = (1 + z)~! is the scale factor,
the subscript “r” stands for radiation, “m” for matter, and x is the spatial curvature of
the universe. The (2 parameters are given by the ratio of the current (denoted by “07)
energy densities and the critical density:

pr,O pm,O pde,O
Qo= —— Qm,0=7 ) Qde,(): ) and Qo= ——5

5 Y

1.2
Perit,0 Perit,0 Perit,0 ’ H 8 ( )

The critical density is the density at which the spatial curvature of the universe vanishes,

3H2

Perit,0 = %7 (13)

and G is the gravitational constant. The angular diameter distance in a spatially flat
universe is given by

1 z cd?
S 14+zJo H(Z)

HETDEX observes the sky with the Visible Integral-Field Replicable Unit Spectro-
graph (Virus; Hill et al., 2021) on the Hobby-Eberly Telescope (HET; Ramsey et al.,
1994, 1998). The HET has an 11-m diameter primary mirror made from 91 identical 1-m
hexagonal segments. VIRUS consists of 78 integral-field unit spectrographs (IFUs). Each
IFU covers 51”7 x 51” on the sky and contains 448 optical fibers that are 1.5” in diameter.
The IFUs are arranged on a 100” grid on the 18" wide field of view. The fibers from each
IFU feed two spectrographs. The CCD camera of each spectrograph is read out by two
amplifiers, so that the fibers from each IFU are split up into four amplifiers (see bottom
left cutout of Figure 1.3). The resolving power of VIRUS is R = ﬁ ~ 800, corresponding
to a line full-width-at-half-maximum (FWHM) of A\ ~ 5.6 A at A\ = 4500 A. Figure 1.3
shows the IFU and fiber layouts of VIRUS.

Each HETDEX observation consists of three slightly dithered exposures to fill in the
gaps between the fibers in each IFU. The gaps between the IFUs remain. Therefore, each
HETDEX observation consists of > 100,000 fiber spectra. HETDEX is designed to detect
roughly 2.5 LAEs per IFU observation on average to meet the science requirements. Fach
fiber spectrum has 1036 spectral pixels, so each IFU observation has ~ 1.4 million voxels
(3-dimensional pixels). Therefore, most of the spectra are noise-dominated. However,
they are not empty, as faint galaxies below the detection limit and diffuse Ly« emission
send photons into VIRUS. By cross-correlating the detected LAEs with the intensity in
the “empty” spectra, we will recover the signal from these faint sources in Chapter 7.

HETDEX observes 540 deg” on the sky without pre-selecting targets. The total ob-
served comoving volume comprises 10.9 Gpc®. The observations are taken in two main
fields - the Spring and Fall fields, and smaller science verification fields - the Cosmos,
extended growth strip (EGS), and GooDs-N fields. The TESLA survey (Chavez Ortiz

DA(Z)

(1.4)
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Figure 1.3: The focal plane of the HET. Each square is one IFU of VIRUS, with a zoom-in
shown in the top left cutout. The bottom left cutout shows the fiber layout, where the color
of the fibers shows which CCD amplifier reads out their spectra. The Habitable Zone Planet
Finder (HPF) and the two IFUs for the Low Resolution Spectrograph (LRS2-B and LRS2-R)
are located in the center of the focal plane. From Hill et al. (2021).

et al., 2023) uses HETDEX-like observations in the North Ecliptic Pole (NEP) field, which
are also used in Chapter 7. Figure 1.4 shows the tiling of HETDEX observations in the
Spring and Fall fields, along with a zoom-in to a smaller region, and the fiber layout
including the three-exposure dithering pattern.

After observing, HETDEX processes the data in several steps, described in detail in
Gebhardt et al. (2021). The sky subtraction, an especially important data processing
step for LIM, estimates and removes the emission from airglow, zodiacal light, and other
bright, but spatially smooth, foreground emissions. These emissions are many orders of
magnitude brighter than the Ly« intensity, and residual sky emission is the dominant
contaminator of the line intensity map. The sky subtraction also removes the mean Ly«
intensity at each wavelength, thereby reducing the large-scale intensity fluctuations (see
Section 3.5.1).

After subtracting the sky foreground, a line detection algorithm finds emission lines.
A detected line can be a detector artifact, a false-positive detection, or an emission
line from an astrophysical object. False positive detections include residuals from an
imperfect sky subtraction, especially around bright sky emission or absorption lines, and
malfunctioning detectors. Emission lines from astrophysical objects within the VIRUS
wavelength range are predominantly Lya emission at 1.88 < z < 3.52, i.e., the target
LAEs, and the [O II] emission line doublet at Ajor = 3727 A from galaxies at z < 0.47.
A Bayesian analysis based on several indicators, such as the line equivalent width, is used
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Figure 1.4: Observation tiling in the HETDEX Spring (top panel) and Fall (middle panel) fields
(Mentuch Cooper et al. in preparation). The colors show the angular resolution FWHM in
arcseconds, which is limited by the seeing. The bottom left panel shows a cutout of the Fall
field with sometimes overlapping observations. The bottom right panel shows a cutout of one
IFU, where the color of the fibers refers to the exposure number.

to determine whether a detected emission line is an LAE, an [O II]-emitting galaxy, or
another object (Leung et al., 2017; Farrow et al., 2021; Davis et al., 2023a). Objects with
strong continuum emission, such as stars and nearby galaxies, are collected in a separate
catalog. A subset of the HETDEX continuum and emission line catalogs is published in
Mentuch Cooper et al. (2023a).

1.5 Upcoming Lyman-a Intensity Mapping Studies

The Spectro-Photometer for the History of the Universe, EoR, and Ices Explorer (SPHEREX;
Doré et al., 2014, 2016, 2018) maps the entire sky at infrared wavelengths between 0.75 pm
and 5 ym with low spectral resolution (R ~ 35— 130, depending on wavelength). Because
the SPHEREX spacecraft follows a polar orbit, the observations near the north and south
ecliptic poles are deeper. The wavelength range of SPHEREX includes the Ly« line at
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z > 5.17. Because the Universe is not yet completely ionized at these high redshifts, Lya
will be mostly absorbed in neutral regions. It is therefore an interesting probe of reion-
ization (Ambrose et al., 2025). SPHEREX uses Linear Variable Filters (LVFs) to obtain
spectra. LVFs transmit different wavelengths at different positions along one direction of
the filter. With overlapping, but offset observations, every point in the survey is observed
with every part of the filter to measure the low-resolution spectrum.

The proposed space mission called Cosmic Dawn Intensity Mapper (CbpiM; Cooray
et al., 2019) uses LVFs to map the intensity between 0.75 um and 7.5 um, which covers
the Lya line at z > 5.17, with a higher spectral resolution of R ~ 300 and a 9 deg? field of
view. While SPHEREX observes the entire sky, CDIM will observe a deep field (15 deg?),
a medium-depth field (30 deg?), and a wide field (300 deg®) overlapping with galaxy and
21 cm LIM surveys.

Padmanabhan & Loeb (2024a) predict a detection of scattered Lya emission from
LAEs in the surrounding IGM at redshifts 9 < z < 12 both in autocorrelation and cross-
correlation with 21 cm LIM. For the Lya observations, they propose using SPHEREX and
CbpiM. Individual detections and detections using stacking with the James-Webb Space
Telescope (JWST; Gardner et al., 2023) are also possible (Padmanabhan & Loeb, 2024b).

The Physics of the Accelerating Universe Survey (PAUS; Castander et al., 2012; Erik-
sen et al., 2019) is planning to measure the cross-correlation of the Lya forest with Ly«
emission at redshifts 2.7 < z < 3.3, measured with 40 narrowband filters on the William
Herschel Telescope with the PAU Camera (Renard et al., 2021). While a detection in
this setup is predicted to be unlikely, Renard et al. (2024) predicts a detection of Ly«
LIM through a cross-correlation between broad-band optical images and Ly« forest data.
The narrowband surveys J-PAS (Benitez et al., 2014) and miniJPAS (Bonoli et al., 2021)
could also be used Lya LIM in cross-correlation with the Ly forest (Renard et al., 2024).

The upcoming Ultraviolet Transient Astronomy Satellite (ULTRASAT; Shvartzvald
et al., 2024) maps UV emission, including Ly« emission at 0.9 < z < 1.4, in broad-band
images. It is possible to recover the redshift dependence and constrain the Lya emission
using cross-correlations with a spectroscopic galaxy survey (Libanore & Kovetz, 2024) in
a similar fashion as Chiang et al. (2019).



10

1. Introduction




Chapter 2

Physics of Line Intensity Mapping

2.1 Intensity

The intensity, often also called “surface brightness”, is the energy E transferred through
a unit area dA, (physical, not comoving), per unit time dt, per unit solid angle df2,

d*E
I=——1—. 2.1
dtdA,dS} (2.1)
The specific intensity is the intensity per unit wavelength or frequency
dl dl
AT and v v (22)

The observed wavelength A,s and frequency v, of an emission line with rest-frame
wavelength )y and frequency 1 are determined by the redshift z,

Yo
1+2)

Aobs = Ao(1 + 2) and Vobs = ( (2.3)

where the redshift depends on the scale factor a = (1+2)7!, neglecting peculiar velocities
and Lya line peak shifts (see Section 2.4.1).

Consider a source with luminosity L = dFE/dt in a comoving volume dV, subtending
a solid angle df). The intensity measured from this source is

d*L  d*V,
I, = . 24
Aobs T q AL AV, dAoped? (24)
The flux from this source is il ’
F = = 2.5
dA, 4wD3(z)’ (2:5)
where Dy, is the luminosity distance in a spatially flat universe,
z cd? 9
Dp(z) = (14 z) = (14 2)°Da(2). (2.6)

o H(2')
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We can write the volume as the product of the comoving line-of-sight (LOS) distance and
a comoving area, dA, = dA,(1+ 2)?,

dV, = dxdA, = dydA,(1 + z)*. (2.7)
A physical area perpendicular to the LOS is related to a solid angle by the square of the
angular diameter distance Dy,

Di(2)
(1+ 2)*
The infinitesimal LOS distance can be written in terms of the redshift or observed wave-
length difference,

dA, = D%(2)dQ) = dQ. (2.8)

dy = HEZ)dz =% ; s (2.9)
Inserting Equations (2.5), (2.8), and (2.9) into Equation (2.4), we obtain
- dL cD? _ cpr
o 4rD3dV. (1+ 2)2H(2)\g  4mXo(1+ 2)2H(z2)’
where we defined the comoving luminosity volume density p;, = dL/dV,. Similarly, using
|dz| = (1 + 2)%v5 | dveps|, we find

(2.10)

;oo

b Ay H(2)
Using the Rayleigh-Jeans relation of a blackbody spectrum, T, = ¢*I,/(2kpr?3,,), with
the Boltzmann constant kg, we can define the brightness temperature,

A1+ 2)%
T, = C\TH 2.12
o 8rkprd,H(2) ( )

which is commonly used in radio and sub-mm LIM.

(2.11)

2.2 The Lyman-a Line

As described in Section 1.2, the Ly« line is one of the brightest emission lines in the
Universe due to the abundance of hydrogen, its high transition energy, and the efficient
emission through recombinations and collisional excitations.

High-redshift probes using Lya are not limited to detecting individual LAEs. The
faint Lya glow of the CGM of LAEs and other high-redshift galaxies can be used to
study the properties of the gas and its role in galaxy formation and evolution (e.g.,
Leclercq et al., 2017; Byrohl & Nelson, 2023). The Gunn-Peterson Lya absorption troughs
in continuum emission from high-redshift quasars constrain the timing of the end of
hydrogen reionization (Gunn & Peterson, 1965; Scheuer, 1965). At lower redshifts, Ly
absorption of background quasar continuum produces the so-called Ly« forest, which can
constrain the matter distribution between the quasar and the observer (Rauch, 1998).
And damped Lya absorption (DLA) systems point to dense neutral hydrogen pockets
within galaxies even after reionization (Wolfe et al., 2005).

In this section, I will outline the emission mechanisms and the basic effects of the RT.
Much of the content of this section is based on Dijkstra (2019).
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2.2.1 Lyman-a Emission Mechanisms

The hydrogen atom consists of one proton and one electron. In the quantum-mechanical
picture, the energy state of the electron is characterized by the quantum numbers n, [,
m, and m,. The energy level is given by the principal quantum number n € {1,2,...},
where n = 1 is the ground state. The energy at the level n is

2
qMme

E, =17
2n2h?

1
= —13.6eV x e (2.13)
where ¢ is the charge of the electron, m, is its mass, and A is the reduced Planck constant.
The orbital quantum number [ € {0,1,...,n — 1} quantifies the angular momentum of
the electron. The magnetic quantum number m € {—I, -1 + 1,...,1 — 1,1} characterizes
the orientation of the orbital if it is not spherically symmetric, i.e., if [ # 0. The spin
quantum number m, € {—3, 3} denotes the spin of the electron.

Transitions from an energy state |n,l, m,ms) to the |n/,I',m’',m)) state are only al-
lowed if ' —1 € {—1,1} and m' — m € {-1,0,1}. Ly« is the transition between
the |n =2,l=1) state (2p) to the |n = 1,1 =0) state (1s). The energy difference is
Frya = —Eo((1/2)* — 1) ~ 10.2€V, which corresponds to a photon frequency and wave-
length of

Erya
Viye = Zy ~ 2.47 x 10" Hz (2.14)
&

and  Apyo = ~ 1215.67 A, (2.15)

Viya

where h = 27h is the Planck constant. In order for the Ly« transition to occur, the
electron has to get to the excited |n = 2,1 = 1) state. The two most relevant ways for
a hydrogen atom to get into an excited energy state are recombination and collisional
excitation.

Recombination

Following the recombination of a proton and an electron to a hydrogen atom, the newly
bound electron can be in any excited state |n,[) with the temperature-dependent prob-
ability Pj,(T). The probability of the electron to fall from the state |n,l) to the state
|n’, 1"} is given by the branching ratio

Anl,n’l’

n—1 n/'—1 ’

S5 Auns

n''=11"=0

P(|n,1) — |n',1") = (2.16)

where the Einstein coefficient A, quantifies the probability of a spontaneous transition
from the |n, ) state to the |n’, ) state. The probability of the |2, 1) state to lead to a Ly«
transition is P(|2,1) ~ Lya) = 1, while the |2, 0) state can only transition to the ground
state through two-photon emission (Breit & Teller, 1940), so that P(|2,0) ~ Lya) = 0.
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Knowing the Einstein coefficients, we can calculate the probability of any state |n,[) with
n > 2 to lead to a Ly« transition,

Pn,1) = Lya) = Pn.D) > [2.1) + 3 Z P(n.1) — [, U)P (!, 1) — [2,1)).

(2.17)
The probability of a recombination event in a gas with temperature 7" to result in a Ly«
photon emission is then given by the sum of the probability of a recombination event
ending up in state |n,l) multiplied by the probability of this state leading to a Ly«
photon emission,

co n—1
Piya(T) = 2. > Puy(T)P(n,1) ~ Lya). (2.18)
N=Nmin [=0

The value of ny;, is determined by the optical depth of the medium. One typically
distinguishes between two cases:

o “case-A recombination”: The gas is optically thin at all Lyman series frequencies,
i.e., all transitions leading to the ground state. Then we can set ny;, = 1.

o “case-B recombination”: The gas is opaque at all Lyman series frequencies. Neutral
hydrogen atoms immediately reabsorb all photons produced by a transition to the
ground state or by a direct recombination into the ground state. This is modeled
by setting n,,;, = 2 and setting all Einstein coefficients of Lyman transitions to zero
for the calculation of Py, (7).

The Lya luminosity density from recombination is

Pre(T) = Pﬁ‘;ca(T)nenpa(T)ELya, (2.19)
where n. and n, are the electron and proton number densities and «(7") is the recombi-
nation coefficient (see Draine, 2011). The Ly« emission probability for a recombination
event Pryo(7') increases with decreasing gas temperature. At a temperature of 104K, it
is Py, (T = 10*K) = 0.68. The remaining 32% of recombination events lead to radiative
cascades that lead to the |[n = 2,1 =0) (2s) state and therefore do not result in a Ly«
transition.

Collisional Excitation

A collision of an electron and a neutral hydrogen atom can excite the electron. The
probability of an excitation to the 2p state depends on the relative velocity between the
hydrogen atom and the electron. The probability is also proportional to densities of
neutral hydrogen nyg; and electrons n, and therefore depends on the ionization state of
the gas. The Lya luminosity density of photons produced by collisional excitation is

P%OH(T) = nenHI%s,Qp(T)ELym (2-20)
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where the rate coefficient y1450,(7") encodes the velocity dependence, assuming a thermal
velocity distribution. Because at the energies of interest of the free electron, it spends
a relatively long time around the target atom, and distorts the wavefunction of the
bound electron (Dijkstra, 2019). This makes the calculation of 4, complicated, so that
collisional excitation rates are known with an uncertainty of 10 — 20%.

Because the free electron loses energy, collisional excitation cools the gas. Assuming
that the ionization state depends only on the temperature, one can calculate the cooling
rate as a function of temperature and overall gas density. Under these assumptions, Ly«
cooling is most efficient at 1042 K. At higher temperatures, collisional ionization removes
neutral hydrogen that is necessary for this Lya emission channel.

2.2.2 Lyman-a Radiative Transfer

The absorption cross-section of neutral hydrogen is very large around the Ly« line. Be-
cause of the large cross-section and the high neutral hydrogen column densities within
the ISM, a Ly« photon is usually absorbed and re-emitted several times before escaping
it. Because of the long path of a Ly« photon in the ISM, it is also prone to destruction by
dust grains. The scattering and dust extinction significantly alter the observed Ly« line
shape and luminosity compared to the intrinsic signal. Scattering also plays an important
role on larger scales in the CGM and IGM (e.g., Byrohl & Nelson, 2023). Thus, one has
to account for the RT when modeling and interpreting Ly« observations.

While the absorption cross-section of neutral hydrogen close to resonance with the
Lya line can be modeled analytically, the full quantum-mechanical calculation further
away from resonance is complicated (e.g. Bach & Lee, 2015; Mortlock, 2016). However,
one can model the cross-section of a hydrogen atom at rest with a Lorentzian function
for simplicity.

In a gas with nonzero velocity dispersion, the photon frequency is Doppler-shifted
differently for each atom in the gas, shifting its cross-section from the photon’s point
of view. To calculate the effective cross-section of the atoms in that gas, one has to
convolve the rest-frame cross-section with the velocity distribution of the gas. For a
Lorentzian rest-frame cross-section and a Maxwell-Boltzmann velocity distribution with

temperature 7" and thermal velocity dispersion vy, = 1/2kgT/my, the Lya cross-section
becomes (Dijkstra, 2019):

OLya(z) =59 x 1071 (me) ’ é(x) cm?, (2.21)

Here, x is the dimensionless frequency

V= VLyaUth
r=—"2% where  Avpy,=—"—, (2.22)
Ay c

and ¢(x) is the Voigt function,

2

a, [ e Y e~ core
P(z) = */ dy——5—5 ~ { . (2.23)

T ) T(y—1x)2+a 25 wing,
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with the Voigt parameter a, = 4.7 x 1074(T/10* K)~'/2. The cross-section is steep in the
core at resonance with the Ly« line. However, it is also very high in the wings, making
non-resonant scattering of Ly« very important (e.g., Chang et al., 2023).

The optical depth 7 of a medium describes the ratio of the incoming flux, F;, to the
transmitted flux through the medium, Fj,

F;
T = lOg {F} = NHIULya- (224)
t

At typical astrophysical neutral hydrogen densities of Ny ~ 107 — 10%! cm =2 (physical,
not comoving), the optical depth at line center reaches 7 ~ 10* — 10%. This high optical
depth implies that a Lya photon experiences many scattering events before escaping the
gas.

The RT of Lya photons can be described by the change of the specific intensity as a
function of propagation direction n and distance traveled s:

1 8 (‘9 . / 3.4/ / NN
<Cat + ag) I, = —Oéyfy(n) + ]y(n) +/dV /d n Oé,/[,/(n )R(y,n’y 1 ) : (2'25)

absorption emission -
scattering

Let us briefly outline the effects of each term.

Absorption

The absorption term describes the loss of photons from the line of sight, reducing the
specific intensity. As it is proportional to the specific intensity, the solution for this term
in the absence of emission and scattering is

I, =1I,pexp {—/ ds'ozl,(s’)} =Tl,0e ", (2.26)
0

which is an exponential decay of the intensity and defines the optical depth 7. The
attenuation coefficient is the sum of the absorption by neutral hydrogen and destruction,

a, = OZZP/H + Oélc}estructlon‘ (227)

The attenuation coefficient for absorption by neutral hydrogen is simply o' = nyopya,
neglecting a correction for stimulated emission. Ly« photons can be absorbed by dust
grains, which re-emit lower-energy photons, effectively destroying the Lya photons. Less
importantly, molecular hydrogen can also absorb Ly« photons and re-emit them at lower
energy. At high energies, an electron in the |n = 2,1 = 1) (2p) state can interact with a
free electron or proton and transition to the |n = 2,1 = 0) (2s) state. From there, it has
to emit two photons, not at the Lya wavelength, to reach the ground state. Finally, Ly«
photons can ionize or further excite already excited hydrogen. However, these destruction
mechanisms are subdominant compared to absorption by dust (Laursen, 2010).
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Emission

The emission is given by the sum of the recombination and collisional excitation lumi-
nosity densities given in equations (2.19) and (2.20)

= O (e oy, (2.28)

=3
42 Avpge

Here, ¢(v) is the Ly« line shape given by the Voigt profile of equation (2.23). Continuum
photons that are redshifted to the Lya wavelength can also contribute to the Ly« source
term.

Scattering

After absorbing a Ly« photon, the hydrogen atom emits it again after a short time. This
can be modeled as scattering. While in the rest frame of the hydrogen atom, the frequency
of the photon is the same at absorption and re-emission, the velocity of the hydrogen atom
causes a frequency shift in the observer’s frame of reference. Therefore, a scattering event
changes the photon’s direction and frequency. The redistribution function R(v, |/, i)
in equation (2.25) is proportional to the probability distribution function of a photon
with initial frequency v’ and direction i’ to scatter into the direction n with frequency
v.

Repeated scatterings due to the typically high optical depth in the ISM lead to a
substantial, non-trivial change in the spatial and spectral distribution of Ly« photons.
While the emission and absorption terms have analytic solutions, one can only find an-
alytical solutions for the RT equation including the scattering term in simple scenarios
(Dijkstra, 2019). Instead, Monte-Carlo RT algorithms are used to model the RT in more
realistic settings (e.g., Byrohl & Nelson, 2025).

2.3 Astrophysical Sources of Lyman-a Emission

Lya photons are emitted through recombination of hydrogen in the ISM that has been
ionized by young, massive stars or an AGN. Recombination and collisional excitation of
hydrogen in the CGM and IGM can also produce Ly« photons. In this section, I will
describe the astrophysical sources of Lya emission and estimate typical Ly« intensities,
often following Dijkstra (2019).

2.3.1 Lyman-a Emitting Galaxies

LAEs are characterized by their strong Lya emission. The equivalent width EWp,
quantifies the strength of the Lya emission line compared to the continuum in the rest
frame of the galaxy. It is the wavelength width one would need to integrate over the
continuum flux density to obtain the Ly« line flux. A galaxy is classified as an LAE if
its EWiya > 20 A (Ouchi et al., 2020). The Lya emission of LAEs is either dominated
by an AGN or star formation, which ionize the ISM and produce Ly« emission through
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recombination. LAEs without an AGN are typically compact, metal-poor, star-forming
galaxies with SFR of ~ 1 — 10 M, yr~! and reside in dark matter halos with a mass
around 10 — 10" M, (Ouchi et al., 2020).

Young, massive stars emit highly energetic photons that ionize the ISM. As a result,
recombining hydrogen emits Lya photons and other recombination lines, such as Ha. In
an ionization equilibrium, the rate of recombinations, Ny, equals the ionization rate of
hydrogen; Tion = Nee. Because some ionizing photons escape the ISM, only a fraction

(1 — flon) jonizes the gas. The production rate of Ly« photons through recombination in

the ISM is therefore

N, = PR (T)(1 — ) i = 0.68(1 — £ i, (2:29)

Ly« Lya esc esc

where we used Pr5s, (T ~ 10°K) ~ 0.68 for case-B recombination. The ionization rate
is governed by the abundance of hot, massive stars, and therefore depends on the star-
formation rate (SFR), M,. Assuming the initial stellar mass function of Salpeter (1955) at
a solar metallicity and the mass limits M, = 0.1Mg and M. = 100M, the ionization
rate relates to the SFR as

M,

Tion = 9.3 x 107257t x ——.
X S XM@yr’1

(2.30)

With fl" = 0 and using Ly, = ELyaNﬁi,‘;, we obtain the relationship between Ly«
luminosity and SFR,

M*
Mgyr—t
This is consistent with the relation between Ha emission and SFR, of Kennicutt (1998),
assuming a constant ratio of the Lya and Ha emission rates of 8-10 (Hummer & Storey,
1987). However, the conversion can deviate by factors of 2 — 3 with other assumptions
(Raiter et al., 2010).

At a fixed mass, stars with lower metallicity are hotter (Tumlinson & Shull, 2000).
The increased ionizing photon production also increases the Lya photon production. At
very low metallicities, Z < 0.03Z., the case-B approximation no longer holds and the
Lya production increases. This is due to a combination of two effects. Firstly, the hotter
gas leads to more collisional excitations of hydrogen atoms. Secondly, the harder ionizing
photons emitted by the stars can give enough energy to the electron after ionizing a
hydrogen atom that this free electron can ionize or collisionally excite other hydrogen
atoms (Shull & van Steenberg, 1985).

The luminosity of an LAE is determined by the escape fraction of Lya photons from
the ISM, fL¥® and its intrinsic luminosity, estimated by Equation (2.31). Because Ly«
scatters many times before escaping the galaxy, it is prone to dust extinction, which lowers
the escape fraction. By post-processing a hydrodynamic simulation of a disk galaxy with
Lya RT, Behrens & Braun (2014) show that the escape fraction depends on the observer’s
viewing angle with respect to the disk. The largest EW, is observed perpendicular to
the disk, while most Ly« is absorbed along the disk axis.

A fundamental observational quantity to describe galaxy properties is the luminosity
function (LF). It is defined as the comoving number density of emitters per unit luminosity

Ligo ~ 10%ergs™ x (2.31)
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dn/dL and therefore describes the number density of LAEs and the luminosity probability
density function (PDF). A Schechter function is often fitted to the LF (Schechter, 1976),

dn ¢* (L a>a ( Liya
——(Liya) = Y exp | ——]|, 2.32
dLLya< by ) Liya <Liya Liya ( )
with the characteristic number density ¢*, the characteristic luminosity Lf,, and the

slope a. The mean luminosity density of the universe originating from LAEs is the first
moment of the LF,

LAE _ / e _dn_ L (2.33)
PL = Loin AL Lya Lya®LLya- :
The LF increases monotonically from redshift z = 0 to z ~ 3 because of an increasing Ly«
escape fraction from galaxies and an increasing ionizing photon abundance. It evolves
little from 2z ~ 3 to z ~ 6, and drops rapidly at higher redshifts because the hydrogen
reionization is incomplete at higher redshift, significantly increasing the optical depth in
neutral hydrogen regions (Hayes et al., 2011; Ouchi et al., 2020; Umeda et al., 2025).
At high luminosities of Liy, 2 10*ergs™, AGNs dominate the LF (Spinoso et al.,
2020). While it is theoretically expected that the Lya LF decreases at faint luminosities
(Liu et al., 2016), the observations of LAEs have not been deep enough to detect the
turnover of the LF. This turnover could be constrained using LIM because it measures
the integrated luminosity of all sources, including bright and faint LAEs and diffuse Ly«
emission (“no photons are left behind”).

Figure 2.1 shows the mean intensity of the Universe originating from LAEs, calculated
using equations (2.33) and (2.10), as a function of minimum luminosity L. The mean

intensity flattens off at Ly, < 10% ergs™! to a value of (I¥AF) ~ 10-*2 ergs~! em~2 arcsec 2 A1

~

for all considered LFs.

Because of the high optical depth at the line center, Lya photons scatter multiple
times before the frequency shifts into the wing and they can escape the galaxy. Because
of the complexity, Monte-Carlo methods are usually employed to model the RT (e.g.,
Byrohl & Nelson, 2025). Idealized models of galaxies, such as the expanding shell model,
are used to interpret observed LAE line profiles (e.g. Verhamme et al., 2006a).

The expanding shell model consists of a central source of Lya photons surrounded by
a spherical gas shell with a given radial velocity, velocity dispersion, neutral hydrogen
density, and temperature. If the shell is static, the RT leads to a double-peak profile
symmetric around the line center. If the shell is expanding outwards, photons emitted
in the center are redshifted with respect to the hydrogen atoms in the shell. Therefore,
photons that were emitted bluewards of the Ly« line are redshifted into the optically
thick line center in the hydrogen atoms’ rest frame and cannot escape. On the other
hand, photons that were emitted redwards of the Ly« line are redshifted far enough that
they do not scatter in the hydrogen shell and escape. Because scattering events change
the photon frequency, previously blue photons can also be redshifted out of the optically
thick line center due to scattering and escape. As a result, the blue peak of the escaping
profile is suppressed, while photons in the red peak escape. In an inflowing shell model,
the red peak is suppressed instead. Most observed Lya spectra have a dominant red peak
(Ouchi et al., 2020).
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Figure 2.1: Mean specific Ly« intensity of the Universe from LAEs, obtained by integrating
over the LFs from Ly to Linax = 10% ergs™!, as a function of Lyi,. The LFs are the best-fit
Schechter functions from Konno et al. (2016), Ouchi et al. (2008) (fit by Konno et al., 2016), the
Schechter components of Umeda et al. (2025) at z = 2.2 and z = 3.3, and Tornotti et al. (2025a)
at 3 < z < 4. We used z = 3.5 for the Tornotti et al. (2025a) LF. The faintest luminosity bin
of each LF measurement is shown as a star.

Expanding shell models can fit the majority of observed Ly« spectral profiles (Gronke,
2017). However, galaxies do not resemble expanding shells. Modeling slightly more
complicated, asymmetric geometries, adding clumpiness to the gas, and allowing escape
channels with low neutral hydrogen density illuminate the high variability of Ly« line
profiles and the difficulty of interpreting them (Behrens et al., 2014; Chang et al., 2023;
Almada Monter & Gronke, 2024).

2.3.2 Diffuse Lyman-a emission

Not only LAEs shine brightly in Lya, but the surrounding CGM and IGM commonly
exhibit a faint Lya glow, called Lya halo (e.g.; Steidel et al., 2011; Wisotzki et al., 2016).
The diffuse Lya emission around LAEs extends over such a large area that, statistically,
every LOS passes through a Lya halo at z ~ 3 — 6 (Wisotzki et al., 2018). Bright,
extended Lya emission is also found in galaxy-overdense regions independently of host
LAEs or quasars (Kikuta et al., 2019). Depending on their luminosity, they are classified
as Lya blobs (e.g., Shibuya et al., 2018) or extremely luminous Ly« nebulae (ELAN; e.g.,
Cantalupo et al., 2014; Cai et al., 2018). Cosmic web filaments have also been observed in
Lya emission in the vicinity of quasars illuminating the surrounding cosmic web (Arrigoni
Battaia et al., 2019), around protoclusters (Umehata et al., 2019), and around LAE
overdensities (Bacon et al., 2021; Martin et al., 2023; Tornotti et al., 2025b,c). Possible
emission mechanisms of diffuse Lya emission include scattering of photons produced in
the ISM of the galaxy into the CGM and IGM, recombination following photoionization
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from an ionizing background (“fluorescence”), either in low-density gas or in the outer
shell of a neutral dense cloud, and collisional excitation within such a dense cloud.

Recombination in the Low-Density Ionized IGM

Recombination in the low-density ionized IGM can be described by the luminosity density
in equation (2.19). We can write the comoving proton density in terms of the mean proton
density 7, and the proton density contrast 9,,

0-75Qb,0pcrit,0

ny = Np(1+6)) = m
P

(1+,), (2.34)

where .0 = pbo/Paito is the ratio of the baryon density and the critical density. As-

suming n, = n, and substituting H(z) = Hoy/Qmo (1 + 2)° for the matter-dominated
universe at z 2 1 in Equation (2.10), we obtain

rec O75Q cri ? Cpreca B TE «
I JIGM (1 1 5p)2 ( b,0P t,0> Ly ( ) Qp ( ) Ly . (2.35)
my 47THO Qm’()(l —+ 2)3(1 + 2)2)\Lya
Inserting the case-B recombination coefficient (comoving),

Qg™ (T) = 2.6 x 1073(T/10* K)™*7(1 + 2)* em®s ™1, (2.36)
and Py, (T = = 10" K) =~ 0.68, the specific intensity from recombination in the low-density
IGM becomes

14 2\"2 T \ 7 erg
LM~ 2 51072 (1 + 6,)° ( > < ) : 2.37
( ») 4 104K s cm? arcsec?A (2.37)

Recombination in Ionized, Dense Gas

If the emission region is smaller than the LOS resolution of the observing spectrograph,
it is helpful to calculate the integrated intensity of this region. This is given by

ool

47r(1 + 2)% (2:38)

where [ is the physical (not comoving) size of the emission region along the LOS and pf
is the physical luminosity density (see Section 2.1). We can express the physical proton
density as nb = NP/I, where NP is the physical hydrogen column density. Then the
intensity becomes

npr'])rec ( ) rec(T)ELya

]rec,dense — Lya
(14 2)*
~ 2 % 1072 (1 +z)‘4( nt ) Ny ( T >‘°‘7 erg
- 4 103em=3/ \1020cm—2 ) \10¢ K scm? arcsec?’

(2.39)

The specific intensity measured by a spectrograph with LOS resolution A\, is I, =
I/ ANops-
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Recombination in the Skin of Self-Shielding, Dense Clouds

If a gas cloud is dense enough to shield itself against ionizing radiation, only its surface
is ionized and can emit Lya photons through recombination. The mean free path of a
Lya photon corresponds to the depth of the ionized skin,

1 1 1 — zu)Tion
Amfp = o (L= o) , (2.40)

rec
NHITion  MHZTHITion N2y Oion

where 0j,, is the ionization cross-section of neutral hydrogen, nyy is the neutral hydrogen
density, ng = nur+n, is the density of neutral hydrogen and protons, xg; = ngi/ny is the
neutral hydrogen fraction, and T, is the ionization rate. In the last step, we assumed
that most free electrons originate from hydrogen atoms, i.e., n. ~ n, = (1 — xur)nq,
and ionization equilibrium xylo, = neafs®. Dijkstra (2019) approximates the ionization
cross-section and recombination coefficient, finding an intensity of

_ 142\ I, - erg
[rec,shlelded ~1.3x 10—20 1 — < > lon . 2.41
( ) 4 101251 s cm? arcsec? ( )

Cooling by Dense, Neutral Gas

The neutral core of a self-shielding cloud will emit Ly« photons through collisional ex-
citation, thereby cooling the gas (see Section 2.2.1). Calculating the intensity of this
emission requires many assumptions and is highly uncertain (see Dijkstra, 2019; Ouchi
et al., 2020; Byrohl, 2021). An attempt to quantify cooling emission rates is beyond
the scope of this thesis. Nonetheless, cooling emission from collapsing halos can be very
bright (e.g., Haiman et al., 2000; Dijkstra & Loeb, 2009).

Origin of Diffuse Lyman-a Emission

While diffuse Lya halos around star-forming galaxies have been detected ubiquitously,
their dominant emission mechanisms are still debated (see Ouchi et al., 2020, for a re-
view). Lya halos could be illuminated by scattered photons from the ISM of the galaxy,
fluorescence, or collisional excitation. Given the modeling uncertainties, every emission
channel described above can be bright enough near ionizing sources. A population of faint
Lya emitters below the individual detection limit can also appear like diffuse emission
(Mas-Ribas et al., 2017).

Byrohl et al. (2021) and Byrohl & Nelson (2023) post-process a cosmological hydro-
dynamic simulation with Lya RT to study the emission mechanisms of Lya halos. Figure
2.2 shows the median-stacked Ly« surface brightness profile of simulated galaxies with
solar masses M, € [10°° M, 10" M| of Byrohl et al. (2021), separated into the contri-
butions from different emission origins before scattering and convolved with the VIRUS
PSF. Near the stacked galaxies, Ly« halo emission is dominated by scattered Lya pho-
tons from within these galaxies. Most of these are sourced by star formation in the ISM,
closely followed by collisional excitation. Photons at larger distances from the galaxy, at
r 2 20 physical kpc (=~ 60 kpc after smoothing), predominantly originate from the CGM
of other dark matter halos and scatter in the IGM. This causes the surface brightness



2.3 Astrophysical Sources of Lyman-a Emission 23

r [arcsec] at Zmedian = 2.5
0 5 10 15 20 25 30 35

(\l’]_‘ h 1 1 1 1 1 1 1

o .

% 10-17 * — central  —-= central + otherhalo

8 ] outerhalo total

|

g L0-18 1% —— otherhalo ----- background (sim.)

N 3 — IGM HH LAEsin HDR 2.1.3

20 ]

= 10719

3 3

=

%D J

g 1072 3

e ]

g :

Lg 1072 T T T T T T

s 0 50 100 150 200 250 300
r [kpc]

Figure 2.2: Median-stacked Ly« surface brightness profile of LAEs in HETDEX (black; Lujan
Niemeyer et al., 2022a) as a function of physical projected distance, compared to the median
surface brightness profiles of simulated galaxies with stellar masses M, € [10%° Mg, 10100 )]
from Byrohl et al. (2021), convolved with the VIRUs PSF. The dashed gray line indicates the
mean Ly« surface brightness of the simulation (background (sim.)), which was added to the
measured Lya surface brightness profile. Different colors show different emission origins of the
simulated Lya photons: the central galaxy in the target dark matter halo (central, blue), the
outer parts of this dark matter halo (outerhalo, orange), another dark matter halo than the
target halo (otherhalo, green), the IGM (red), and the sum of these (total, purple). This figure
is taken from Lujan Niemeyer et al. (2022a).

profiles of Ly« halos to flatten at r» = 15 physical kpc (=~ 60 kpc after smoothing). The
predicted Lya halo profiles agree with measured individual Lya halo profiles observed
by the MUSE spectrograph (Leclercq et al., 2017) and with stacked Ly« halo profiles
of LAEs observed with HETDEX (Lujan Niemeyer et al., 2022a). While the former only
probe the inner part of the Ly« halos, the latter detect a signal out to 160 kpc and confirm
the flattening of the profile (see Figure 2.2).

As we will show in Chapter 4, star-forming galaxies without observable Lya emission
are also surrounded by faint Lya halos. The outer regions of the Lya halos is equally
bright for these Lya-faint galaxies as for LAEs, suggesting that Ly« halo properties are
independent of the Lya luminosity of the host galaxy. This supports the picture that
these photons do not originate from the stacked galaxies.

Byrohl & Nelson (2023) explore the contribution of different emission mechanisms and
origins, including scattering, to the total Ly« intensity and distribution. They find that a
quarter of the Lya photons originate from central galaxies. 98% of all Ly« photons orig-
inate from within halos, only 2% originate in the low-density IGM. Collisional excitation
produces 48% of Lya photons, making it the most important emission mechanism. Star
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formation produces 29% of Lya photons, and recombination outside of the ISM produces
23%. Scattering redistributes the Lya photons significantly, so that the luminosity den-
sity of the IGM is boosted by an order of magnitude. After scattering, LAEs contribute
30% of the total Lya photons in this simulation, 42% of photons last scatter in the CGM,
and 28% of Ly« photons reach the observer from the IGM (see Figure 1.2).

2.4 Radiative Transfer Distortions of Galaxy Clus-
tering Statistics

The complex RT in the ISM changes the Ly« line shape and the Lya peak position of
the LAEs. Inferring the redshift of LAEs from the Lya line leads to a wrong redshift
estimate and a Fingers-of-God-like damping of the small-scale power spectrum (Byrohl
et al., 2019). Scattering of Lya photons out of the LOS in the IGM causes the LAEs
to appear fainter. Because the scattering probability depends on the gas density and
velocity, it might be correlated with the large-scale structure, which would cause an
anisotropic distortion of the power spectrum that is similar to the Kaiser effect (Kaiser,
1987), but inverted (Zheng et al., 2011). While these effects have not been observed
unequivocally, they could significantly alter the LAE and Lya LIM clustering statistics.
This section provides an overview over these two effects.

2.4.1 Lyman-a Peak Shift

Because of the effective peak shift from RT as described in Section 2.3.1, the redshift of
the Ly« line peak does not align with the cosmological redshift. This can be described
as an additional peculiar velocity of the LAEs, causing a damping of the power spectrum
on small scales, similar to the Fingers-of-God effect (FoG; Byrohl et al., 2019). Consider
a galaxy at the location x = r(sin© cos ¢, sin O sin ¢, cos ©), where the origin of the
coordinate system is Earth, with the velocity v. The observed (“redshift-space”) position
s of this galaxy is at
VX,

S=X+ % (2.42)
where a is the scale factor, H is the Hubble expansion rate at the galaxy position, and
X = x/r is the unit vector in the radial direction. The velocity only affects the observed
position in the LOS direction, introducing an anisotropic distortion to observed galaxy
clustering statistics, called RSD (see Hamilton, 1998; Saito, 2016, for reviews).

The LOS velocity v does not have to be a physical velocity of the galaxy. It can also
be an effective velocity shift from Lya RT. If the peak of the escaped Lya photons from
a galaxy is at a rest-frame wavelength Apeax, the apparent velocity of the galaxy due to
RT is
povp — (Apeak = Alya (2.43)
Il ALy ’

where c is the speed of light and Ary, is the Lya rest-frame wavelength.
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To linear order in the density contrast and velocity, the galaxy density contrast in
redshift space becomes

Y

0g(8) = 0g(x) — O — 7 =

= 0g(x) — fOu, (2.44)

where 0y is the derivative with respect to the comoving LOS distance, u = v/(faH) is
the scaled velocity, v is its LOS component, and f = dlnD/dlna is the linear growth
function. It can be shown that f ~ Q%% in the ACDM model (see Appendix B of Wang
& Steinhardt, 1998), which has also been found in simulations (e.g., Linder, 2005). In
Fourier space, Equation (2.44) reads

/ x — fOyuy (x) ) e G, (2.45)
The power spectrum in redshift space is therefore

Pik) = [ deeeemidu (5,(x) — foyu(x)) (5:(x) = foguy (), (2.46)

where £ = x — x’ and Auj = u(x) — uy(x’). It can be shown that the factor e'/*I4u
leads to the FoG damping of the form
. . 2
D (k) = [te ) [* = | [ duyo(uy el (2.47)

where p = k/k is the cosine of the angle between k and the LOS. Dgog(k) is the
square of the Fourier transform of the PDF of the velocity distribution ¢(u) (Hikage &
Yamamoto, 2016). The FoG damping can be understood as the reduction of clustering
along the LOS on small scales because of the uncorrelated peculiar velocities of galaxies.

Similarly, the uncorrelated peak shift from Lya RT reduces small-scale clustering along
the LOS (Byrohl et al., 2019).

2.4.2 1IGM Absorption

At linear order of the density contrast and for small velocities, the linearized continuity
equation and equation (2.46) yield the so-called Kaiser effect (Kaiser, 1987),

P2(K) = (bg + f122)2Pa(k) = (1 + By Pu(), (2.48)

where § = f/by and by = 04/, is the linear galaxy bias. We can write the anisotropic
power spectrum in terms of its multipoles,

) =D Pre(k)Lo(p), (2.49)

where L,(p) are the Legendre polynomials and

Paath) = 250 [ auPp b (o). (2.50)
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For the linear RSD, only ¢ € {0,2,4} are non-zero (e.g., Percival & White, 2009):

Pusmo(h) = (1+ 26+ 26°) B2Pu(h), (2.51)
Purealh) = (55 +287) B2Pu (k) (2.52)
Puomalk) = S B0 Pu (k). (2.59)

Figure 2.3: Hlustration of the selection effect on LAEs due to Lya RT, adapted from Gurung-
Loépez et al. (2020). Lya photons are emitted in star-forming galaxies and travel toward the
oserver through the IGM. Photons that are blue enough can scatter out of the line of sight,
effectively being absorbed. The dependence of this process on the large-scale matter and velocity
distributions can introduce a selection effect of LAE detections, which alters the clustering signal
anisotropically.

Figure 2.3 shows an illustration of the effect of Lya photons scattering out of the
LOS in the IGM on the observed Ly« emission line. After escaping the ISM of the source
galaxy, Lya photons can scatter in the CGM and IGM on the way to an observer if their
wavelengths are close enough to the Ly« line center or on its blue side. This reduces
the observed Ly« flux of the galaxy. Because the scattering probability depends on the
matter and velocity distributions, this can introduce an anisotropic selection effect of
LAEs, changing the observed LAE clustering statistics.

The scattering of Lya photons out of the LOS can be modeled as absorption. The
optical depth for a photon with initial frequency v on the way to an observer is

)= [ drog(r)em(r)o. [y (1 + ”“—(T)ﬂ , (2.54)

Cc
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where 1y, is the virial radius of the dark-matter halo of the source galaxy, nyg is the
hydrogen density, xyy is the neutral fraction of hydrogen, and v is the LOS velocity of
the gas at distance r from the galaxy, such that v > 0 if it moves away from the observer
(Wyithe & Dijkstra, 2011). Here, the coordinate system is centered on the galaxy (r = 0).
0Lya(V) is the Ly absorption cross-section at frequency v. We can assume photoioniza-
tion equilibrium, zp; = nga’l (T) /T, where o/l (T) is the temperature-dependent case-A
recombination coefficient and I' is the ionization rate. We assume case-A recombination
because of the large ionization fraction and low density of the IGM. We obtain

2 A vy (r)
() = :o ” nH<T)@reC0?EI;)<1 +— )} . (2.55)
We can approximate the absorption cross-section as a Dirac delta function,
o2
0a(V) & faﬁmecé(y — Vq) (2.56)

= faTrecd(V — vy) =: 00 (v — 1),

where v, is the Lya rest-frame frequency, e is the electron charge, m, is the electron
mass, 7. = 2.81 x 1073 cm is the classical electron radius defined by & 2 = = mec?, and
fo = 0.4167 is the oscillator strength of the Ly« transition (e.g., Wylthe & Dijkstra,
2011; Bartelmann, 2021). Inserting this in equation (2.55) and integrating yields

A tot
(C + UH) nHarec o

o)

Ts — (257)

v, I’

Here, v is the peculiar velocity, such that v = vj/ — H(z)r. We used 0 (g(r)) = o(r —

7o) ¢ (ro)] ", where ¢’ denotes the derivative of g with respect to r and g(ry) = 0.
Specifically, g(r) = v(r) — v, = V(1+UH( )/c) Ve, S0 that 0 (v(r) —v,) = o(r —
o)V, ' (¢ + vy)dvy/dr. Equation (2.57) shows that the absorption of Lya photons on the
way to an observer increases with increasing hydrogen density, decreasing ionization rate,
and decreasing LOS velocity gradient. Because the scattering of photons out of the LOS
reduces the observed Lya flux of a galaxy, it reduces the detectability of this galaxy
through the Ly« line.

If the hydrogen density, the ionization rate, and the velocity gradient correlate with
the large-scale structure, and if a large enough fraction of Lya photons are subject to
scattering after escaping the ISM and CGM, this could bias LAE correlation function
and power spectrum measurements. Zheng et al. (2011) post-process a cosmological
hydrodynamic simulation with Lya RT and calculate the power spectrum of detected
LAEs after RT and compare it to the galaxy power spectrum with random Ly« emission
properties. They find that the selection effect of LAEs from RT in the IGM inverts the
linear Kaiser RSD. This is because Lya photons are less likely to escape high-density
regions than low-density regions, changing the effective bias. Sources moving toward the
observer are often on the far side of an overdensity, and are also less likely to be detected
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because of the additional peculiar blueshift, and hence the stronger attenuation, of the
Lya photons. This velocity dependence affects the RSD. However, only photons that
are close enough to the Lya wavelength, or on its blue side, after escaping the ISM and
CGM are subject to scattering in the IGM and can cause this effect. Zheng et al. (2011)
assume that the escaped line shape is Gaussian centered on the Lya wavelength, not
taking into account the characteristic peak redshift and asymmetric line profile caused
by the scattering within the ISM and CGM (see Section 2.3.1). A redshifted Ly« line is
less prone to scattering than a Gaussian line centered on the Lya wavelength.

We show in Chapter 6 that most of the Lya RT takes place in very dense, nonlinear
regions of the universe. However, the linearized model of Wyithe & Dijkstra (2011) can
be helpful for a qualitative understanding of a potential effect of IGM absorption on the
observed LAE clustering statistics. We can introduce a linearized optical depth following
Wyithe & Dijkstra (2011),

1+ cyom

T ot 0, (2.58)

TNin =

where 7y is the mean optical depth in the IGM, ér = FLO — 1 is the ionization rate
perturbation, and ¢, = (2.7 — 0.7y) =~ 1.72 with the polytropic index v = 1.4 (Hui &
Gnedin, 1997) quantifies the dependence of the optical depth on dark matter density. The

fluctuation in the LOS velocity is given by 6, = d(jriim)%’
LOS distance from the galaxy. We can further assume that a fraction (1— F,ps) of photons
that escape the ISM and CGM are redshifted far enough out of resonance that they are

not subject to scattering in the IGM. The transmittance of the IGM is therefore

where 7.om is the comoving

T((Sm, (SF, 51}) = (1 — Fabs) + Fabseini“. (259)

Because of the absorption, the observed flux is reduced by a factor of 7. Let ngy, (x|F > Fin)
be the observed number density of LAEs at location x whose observed flux F' is bright
enough to be detected. Its dependence on d,,, dr, and ¢, can be approximated as

Ngo (X|F' > Fipin) = Mg, (Lint > Limin) (1 + by, 6m (%))

oT| o,
+ [F(X) - FO] aT _— 87— -
_ 9T Ong, (2.60)
+ [p<X) pU] ap oo 87— -
d’U” ] oT aﬁg
e b I |
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where by, is the LAE bias, 1y, (Lint > Lmin) is the mean number density of LAEs whose
intrinsic luminosity, i.e., without IGM absorption, is larger than Ly, = 47 D% Fiuin. We
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can rewrite this expression as

Ngo (X|F > Finin) = Mg, (Lint > Limin) [1 4 by, 0m(X)]

dlogT ong,
T FlogT | . Dlog T
081 I7,m, Y008 ) g
dlogp To.00 Olog T |,
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s 0 ogl‘ ong, ‘
dlog (driH) . Olog T |,
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We obtain the observed LAE overdensity,
Mg (X|F > Fiin)
) = Jo —1=06,(b 9o ) + opCL 4 6,09 2.62
ga(X) ﬁga(L>Lmin) (9a+Cp >+ FCF + C’u ) ( 6 )
where
1 OlogT on
Cga — Ja s 263
g ﬁga(L > Lmin) alogp 70,00 alOgT To ( )
1 1 n
O — _ Olog T Onge , (2.64)
Mg, (L > L) OlogT 0T dlogT To
1 dlog T on
and C9 = — o Ja : (2.65)
Mg, (L > Linin) dlog (ﬁ) - Olog T |

To calculate C'%°, Cf> and C%, we can model the fluctuation of the ionization rate as a
function of the matter overdensity,

~ ~ tan (kg ~
51 (K) = biondi () 8 EAD) 5 e (k). (2.66)
kAo
where A\ is the mean free path of ionizing photons. The LAE overdensity in redshift

space is given by d; = d,, — 0, (see Equation (2.44)), so that we obtain

Ja

05, (K) = 0m (bg, + bionC{e Kp + C9° + (1= C*) fui?) . (2.67)

Here, we assumed linear RSD, i.e., d,(k) = —f1?0,,(k). If the luminosity function can
be described as a power-law function with slope —a around L,,;,, where a > 1, the mean
number density of LAEs with intrinsic luminosity above L, is

L 1-a
ﬁga<Lint > L) = 'ﬁga (Lint > Lmin) (L) . (268)
After calculating the derivatives in equations (2.63), (2.64), and (2.65), we obtain
FjabsTOeiT0
O =C% = (a—1
3 ! ( ) (1 - Fabs) + F‘abse_TO (269)

and O = —c,Cp".
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The power spectrum in redshift space after IGM absorption therefore reads

2
Py (k) = (by, + bionC Kr + C9* + (1= C3) fu?)” P (k)

) (2.70)
= (B2 (1+ BT?)” Pulk),
where P, (k) is the matter power spectrum and the effective bias is given by
b = by, + bionCP K (k) + CS° (2.71)
and the effective RSD parameter is given by
e = (1_1);9)]0 = Bga(l_ggﬂ)g“ (2.72)

This shows that the RSD can be reduced if (1 — C9)by, /b2 < 1. While the above
discussion only concerns the power spectrum of LAEs, we derive the corresponding model
for the cross-power spectra of LAEs with non-LAE galaxies and the Ly« intensity, and
for the Lya intensity auto-power spectrum in Chapter 6. However, we find that the
linear model is inadequate to describe the RT because most of the RT takes place in the
nonlinear, high-density regime. This discussion should therefore only be used to build a
qualitative intuition on the dependencies of IGM absorption on the environment and its
potential effect on the power spectrum.

Behrens & Niemeyer (2013) and Behrens et al. (2018) repeat a similar study as Zheng
et al. (2011), but using simulations with higher spatial resolution. They find that the Ly«
observability is uncorrelated with the large-scale structure, while they can reproduce the
effect of Zheng et al. (2011) when they artificially lower the resolution of their simulation
before calculating the RT. The authors argue that the RT is dominated by the small
scales that were not sufficiently resolved by Zheng et al. (2011). However, they find a
strong influence of the spectra emerging from the ISM on the coupling between large-
scale density and velocity fields with the scattering of Lya photons in the IGM similar
to Laursen et al. (2011).

This implies a large modeling uncertainty of the RT effect on clustering statistics,
showing the need for observational constraints. At the time of writing, Croft et al. (2016)
and Lin et al. (2022) constrained 5}3@0 by cross-correlating quasar positions with the
diffuse Ly« intensity in residual spectra of low-redshift galaxies at redshifts z = 2 — 3.5
(z ~ 2.5, see Section 1.3). The expected RSD coefficient at redshift 2.5 from the Kaiser
formula, assuming a Lya intensity bias by = 3 is gRaiser = (2 = 2.5)%% /b, ~ (.32.

Lyo
Croft et al. (2016) measure Bﬁfyfa = —0.76 £ 0.36, Wﬁich is inconsistent with the linear
Kaiser RSD and implies a strong Lya RT effect. However, after improving the analysis,
Croft et al. (2018) find a strong systematic contribution to the previous measurement.
Because their signal is much lower, they do not constrain 3°f. Using a larger quasar
catalog and residual spectra, Lin et al. (2022) measure S = 0.0715:5°. This is consistent

Lya
with the linear Kaiser RSD.
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2.5 Other Targeted Lines

Various emission lines can be used for LIM. Their emission mechanisms vary widely, and
they probe different phases of the ISM, CGM, and IGM. In this section, I will briefly
outline commonly targeted emission lines in order of increasing restframe frequency. We
discussed the Ly« line in detail in Sections 2.2, 2.3, and 2.4 instead of this section. Much
of this section is inspired by Bernal & Kovetz (2022).

2.5.1 21 cm

When the spin of the electron in a hydrogen atom flips from being parallel with the proton
spin (triplet state) to being anti-parallel (singlet state), a photon with the wavelength of
21 cm is emitted (van de Hulst, 1945; Ewen & Purcell, 1951). This transition is forbidden
with an Einstein A-coefficient of Ay = 2.85 x 10 s~ Therefore, the average lifetime
of a photon in the triplet state is ~ 10® years, making this emission line extremely weak.
However, the abundance of hydrogen atoms in the universe makes it bright enough for
LIM.

Because the 21 ¢cm line is sourced by neutral hydrogen and does not require the pres-
ence of star formation, a 21 cm signal is present after recombination at z ~ 1100. Before
the formation of the first stars at z ~ 20 — 30, in the so-called Dark Ages, hydrogen was
almost completely neutral and can be traced by 21 cm absorption against the CMB. Dur-
ing reionization, stars and galaxies ionized neutral hydrogen atoms around them, creating
holes in the neutral hydrogen distribution. After reionization, the 21 cm line primarily
traces neutral high-density regions in galaxies (Padmanabhan, 2024).

The 21 cm line falls into the radio wavelength range. Several surveys target the 21 cm
line for LIM, pursuing different observing tactics and redshifts. LOFAR (z > 4.9; van
Haarlem et al., 2013; Shimwell et al., 2019), nenuFAR (z 2 16; Bonnassieux et al., 2021),
Lwa (7 < z < 20; Eastwood et al., 2018), CHIME (0.8 < z < 2.5; Amiri et al., 2022),
uGMRT (2 < z < 3.6; Chakraborty et al., 2021), Tianlai (z < 0.068; Perdereau et al.,
2022), Hirax (0.8 < z < 2.5; Newburgh et al., 2016), CHORD (z < 3.7; Vanderlinde
et al., 2019), PuMA (0.3 < z < 6; Slosar et al., 2019), Mwa (4 < z < 17; Tingay et al.,
2013), HERA (4.7 < z < 27; DeBoer et al., 2017), SKAO (z < 6; Bacon et al., 2020),
and its predecessor MeerKAT (z < 1.45; Santos et al., 2016) are interferometers, while
FAsT (z < 0.35; Bigot-Sazy et al., 2016) and BINGO (0.13 < z < 0.48; Wuensche &
the BINGO Collaboration, 2019) are examples of single-dish telescopes. However, SKAO-
MiD and MeerKAT only calculate the auto-correlations of individual antennas for the
cosmological survey, called “single-dish mode”.

At the time of writing, 21 cm is the most studied LIM target. While there are no
detections at the EoR or the Dark Ages, the 21 cm power spectrum has been detected
in cross-correlation with galaxies at z < 1.5 (e.g., Chang et al., 2010; MeerKLASS Col-
laboration et al., 2025), in cross-correlation with the Ly« forest at 1.8 < z < 2.5 (Amiri
et al., 2024), and as an autopower spectrum at z ~ 0.32 and z ~ 0.44 (Paul et al., 2023).
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2.5.2 Carbon Monoxide

The carbon monoxide (CO) molecule has quantized angular momentum from the car-
bon and oxygen atoms rotating around the center of mass. A change in this angular
momentum can only occur through emission or absorption of a photon with the energy
corresponding to the energy difference between the angular momentum states. The fre-
quency of the emitted photon during the transition from the angular momentum J to
J—1isvy, ;-1 = Jx115.27 GHz. The frequency falls into the mm or sub-mm wavelength
range and can be observed with telescopes on Earth.

CO molecules exist in dense, cold molecular clouds within galaxies. Astrophysical
CO emission was first discovered in the Orion nebula by Wilson et al. (1970). The CO
intensity can therefore be used to estimate the cold gas content of galaxies; either by
estimating the mass of a molecular cloud or by counting the number of molecular clouds,
assuming that the counted objects have uniform properties (e.g., Kennicutt & Evans,
2012). Because stars form in cold molecular gas clouds, one can infer the SFR of the
galaxies from the CO intensity (Tacconi et al., 2020). By measuring the cold gas density
at higher redshifts, one can constrain the star-formation history of the universe. While
most of our current understanding of the star-formation rate density of the universe comes
from stellar light and emission lines from the hot ISM, CO emission is a more direct probe
of the actual star-formation sites.

Current and future surveys observing the CO lines include Copss (Keating et al.,
2015, 2016), mmIME (Keating et al., 2020), ComAP (Cleary et al., 2022), CONCERTO
(CONCERTO Collaboration et al., 2020), TIME (Crites et al., 2014; Sun et al., 2021), Ex-
CLAIM (Switzer et al., 2021), FysT (Collaboration et al., 2022), and SpT-SLIM (Karkare
et al., 2022).

The first detection of the CO power spectrum was measured from CoOPSS data at
2.3 < z < 3.3 (Keating et al., 2015, 2016). Using data from mmIME, Keating et al.
(2020) found measured the CO power spectrum even more precisely from 1 < z < 5. Roy
et al. (2024) detect the stacked CO(3-2) intensity at z ~ 0.5 of galaxies in eBOSS in the
CO(2-1) map of the Planck CMB observations. The COMAP collaboration constrained
the molecular gas density at 2.4 < z < 3.4 by measuring upper limits on the CO power
spectrum (Lunde et al., 2024; Stutzer et al., 2024; Chung et al., 2024). Dunne et al. (2024)
calculated similar constraints from an upper limit on the stacked intensity on quasars.

2.5.3 Ionized Carbon

Singly ionized carbon ([C II]) has two fine-structure energy levels in the electronic ground
state. The transition from the ?P3/, state to the 2Py, state emits a photon with a
wavelength of Ay = 157.74pum, corresponding to a frequency of vy = 1900.537 GHz
(Cooksy et al., 1986). Astrophysical [C II] emission has first been detected in the Orion
nebula (Russell et al., 1980). The [C II] fine-structure transition can be excited via
collisions with hydrogen molecules, atoms, and electrons, and it is the primary cooling
mechanism of the ISM in star-forming galaxies (e.g., Field et al., 1968; Dalgarno &
McCray, 1972; Stacey et al., 1991). This frequency can be observed from the ground
at z 2 4.5, where the Earth’s atmosphere becomes transparent. Because the frequency
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of the CO transitions is slightly lower than that of [C II], they act as line interlopers for
[C II] observations (see Section 3.5.2).

The [C II] emission line traces multiple phases of the ISM: cold atomic clouds, the
diffuse warm neutral and ionized media, and molecular clouds. It is difficult to distin-
guish between the different [C II] emission components (Lagache et al., 2018). The [C II]
emission line can also be detected in the CGM (Fujimoto et al., 2019, 2020).

Surveys observing the [C II] line include CONCERTO (CONCERTO Collaboration
et al., 2020), ExcLAIM (Switzer et al., 2021), FysT (Collaboration et al., 2022), Tim
(Vieira et al., 2020), and TIME (Crites et al., 2014; Sun et al., 2021). The first [C II]
LIM measurement detected the cross-correlation between the Planck High-Frequency
Instrument and high-redshift catalogs of quasars and luminous red galaxies (LRGs) at
a 20 confidence level (Pullen et al., 2018), and later reached a 40 detection using an
improved methodology (Yang et al., 2019).

2.5.4 Huo

The Balmer-a or Ha line transition corresponds to the transition of the electron in a
hydrogen atom from the energy state n = 3 to n = 2. A photon with a wavelength
of Ao = 6564.6 A is emitted during this transition (see Equation (2.13)). The emission
follows the recombination of a hydrogen atom, in which the electron ends up in an excited
state. Due to the small lifetime of these excited states, the electron “falls” through the
lower energy levels in a radiative cascade, often involving an Ha transition. The Ha line
therefore traces the ionized ISM and can be used to estimate the SFR (Kennicutt et al.,
1994; Kennicutt, 1998),

LHa -1
~ 1126 x 100 ergs—1 0¥ (273)

*

However, this estimate is affected by systematic errors, including dust attenuation of
the Ha emission and the sensitivity of the Ha emission to the abundance of high-mass
stars (Kennicutt & Evans, 2012). The Ha emission line will be mapped by SPHEREX at
0.14 < 2z < 6.62 (Doré et al., 2014, 2016, 2018, see also Section 1.5).

2.5.5 Cross-correlations

Cross-correlations between different emission lines or between an emission line and an-
other tracer in the same volume can provide several benefits. While systematic errors
are prominent in LIM autocorrelation measurements, instrumental systematics should be
uncorrelated across different instruments, so that cross-correlation studies can be used
to remove systematics and astrophysical foregrounds (e.g., Wolz et al., 2016; Fronenberg
& Liu, 2024). Because line interlopers are uncorrelated with galaxy catalogs with the
matching redshift of the target line, they also do not contribute to the cross-correlation
signal.

Cross-correlations between different line intensity maps can be used to recover the
LIM auto-power spectrum (Beane et al., 2019; McBride & Liu, 2024). Assuming a linear
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bias model, one can estimate the autopower spectrum of line A from the crosspower
spectra of line A with lines B and C and the cross-power spectrum of lines B and C,

P PapPac
AA X ———.
Ppc

(2.74)
The proportionality factor depends on the biases of the lines.

Cross-correlating different line intensity maps can give insight into physical processes
affecting the line emission. For example, Lya and Ha are both emitted with hydrogen
recombinations, but Lya can also be emitted by collisional excitation. It is ongoing
research to determine the dominant emission mechanism of Ly« halos (see Section 2.3.2)
and the diffuse IGM (Bacon et al., 2021; Martin et al., 2023). Combining the Lya and
Ha emission at different scales, for example with HETDEX and SPHEREX data, could
constrain the contribution of recombination to the Lya glow of the CGM and IGM,
and the escape fraction of Lya photons from the ISM (see Schaan & White, 2021, for a
formalism of decorrelation scales).

At the EoR, high-energy photons from the first stars, galaxies, and AGNs ionized the
neutral hydrogen in the IGM. The size of the ionized regions as a function of time can be
constrained with LIM cross-correlations (e.g., Lidz et al., 2011). While 21 cm photons are
emitted in the neutral gas outside of the ionized bubbles, Ly«a, CO, and [C II] photons
originate from the star-forming regions and from within the ionized bubble. Therefore,
a cross-correlation signal between these lines and the 21 cm line will be anticorrelated on
scales larger than the bubble size. LIM can thus constrain the ionized bubble sizes at
reionization.

Finally, by cross-correlating CMB lensing maps with a line intensity map, one can
extract the contribution of the matter at a higher redshift than the line intensity map to
the CMB lensing signal and use this to constrain the high-redshift matter power spectrum
(Maniyar et al., 2022; Fronenberg et al., 2024b,a).

2.6 Modeling Line Intensity Maps

There are multiple approaches to modeling line intensity maps, ranging from high-
resolution hydrodynamic simulations that are post-processed to include line emission
and RT, to simple Gaussian or lognormal fields. While the former are more detailed than
the latter, they are more computationally involved, and one can only create a small num-
ber of realizations. On the other hand, one can run many realizations of simple models
to create covariance matrices of summary statistics, e.g., power spectra and bispectra.
Because of their simplicity, they also enable more straightforward interpretation of mea-
surements. However, they do not contain information about the emission mechanisms of
the lines, which LIM aims to constrain.

Cosmological hydrodynamic simulations typically model cosmological structure for-
mation as well as the hydrodynamics of gas. They employ semi-analytic sub-grid models
for star formation and black hole growth, and their impact on the gas ionization state,
metallicity and temperature (e.g., Somerville et al., 2015). The gas density, temperature,
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metallicity, and ionized fraction are calculated in each cell. One can then infer an ex-
pected line luminosity for each cell (e.g., Moriwaki et al., 2019; Silva et al., 2021; Kannan
et al., 2022; Byrohl & Nelson, 2023; Liang et al., 2023; Garcia et al., 2024). However,
this type of simulation requires many assumptions, which can lead to vastly different
outcomes (e.g. Bhagwat et al., 2024). They are also computationally demanding, so only
a small number of realizations can be obtained with this amount of detail.

Because of the large cross-section of hydrogen atoms at the Lya wavelength, simply
painting the Lya luminosity on simulated galaxies is insufficient. One needs to model
the Lya RT to accurately estimate the Ly« intensity of galaxies and diffuse gas. Byrohl
et al. (2021) and Byrohl & Nelson (2023) post-process a cosmological hydrodynamic
simulation with Lya RT. First, they assign a Lya luminosity to each cell, based on
the hydrogen and electron densities, the temperature, and the ionization state of the
gas, and the ionization rate from star-forming cells, using equations (2.19), (2.20), and
(2.29). They then calculate the RT using a Monte-Carlo approach (Byrohl, 2021) and
calibrate the emission from the ISM to the observed Ly« luminosity function to account
for dust extinction. The RT significantly changes the photon budget, spatial distribution,
and intensity of diffuse gas. For example, Byrohl & Nelson (2023) find that the IGM
is illuminated predominantly by scattered Lya photons originating from star-forming
galaxies and their CGM, rather than diffuse emission of the IGM.

To lower the computational cost, one can simplify the modeling of the structure for-
mation of matter. For example, one can simulate only gravitational interaction, removing
the hydrodynamic and sub-grid modeling computations, in N-body simulations. Rela-
tions between the dark matter halo mass and the emitted line luminosities are used to
paint the emission lines onto the simulation (Lidz et al., 2011; Gong et al., 2012; Li et al.,
2016; Chung et al., 2019; Spina et al., 2021; Béthermin et al., 2022; Moradinezhad Dizgah
et al., 2022b; Sato-Polito et al., 2023). To speed up the gravitational modeling even fur-
ther, one can model the dark matter halos using Lagrangian perturbation theory or the
mass-peak patch method (Mesinger et al., 2011; Silva et al., 2013, 2015; Mesinger et al.,
2016; Heneka et al., 2017; Heneka & Mesinger, 2020; Mas-Ribas et al., 2023; Chung et al.,
2022; Roy et al., 2023).

Relations between the dark matter halo mass and the line luminosities are obtained by
relating the dark matter halo mass to its SFR and relating the SFR to the line luminosity.
The SFR is often modeled as a double-power law function of the halo mass, and the
relations between the line luminosities and the SFR are obtained from observations of
galaxies (see Bernal & Kovetz, 2022, for a review). These relations are extrapolated to
faint galaxies and higher redshifts to model line intensity maps. However, the low-redshift
relations do not always hold at high redshift (Lagache et al., 2018; Chung et al., 2021).
The relations are also calibrated to individual detected galaxies, while LIM is sensitive
to the otherwise inaccessible faint galaxies by construction.

The simplest models for line intensity maps can be obtained by multiplying a random
density field that follows a Gaussian or lognormal distribution with a given power spec-
trum by a bias and mean line intensity to obtain an intensity field (Alonso et al., 2014;
Ramirez-Pérez et al., 2022; Rubiola et al., 2022). This approach is fast, but does not
contain astrophysical information beyond the mean line intensity. While a Gaussian field
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can output unphysical negative densities, a lognormal distribution is strictly positive and
therefore preferable for modeling densities or intensities. The PDFs of the matter den-
sity in N-body simulations and the galaxy density in galaxy surveys also roughly follow
a lognormal distribution (Kayo et al., 2001; Shin et al., 2017; Clerkin et al., 2017). If
the intensity is sourced by discrete sources such as galaxies or halos, the intensity power
spectrum also contains a shot noise term, which can be modeled by Poisson-sampling
discrete sources from the lognormal or Gaussian field (e.g.; Agrawal et al., 2017). One
can also model the intensity field directly based on effective field theory (Obuljen et al.,
2023).

Chapter 5 presents a mock generation approach and public code based on a simple
technique. Instead of multiplying a Gaussian or lognormal random field by a factor
to obtain the intensity field, we Poisson-sample galaxies from the galaxy density field
(Agrawal et al., 2017) and assign a line luminosity to each of these galaxies following a
luminosity function. From these line luminosities, we calculate the line intensity map.
This simple technique allows us to quickly simulate mock line intensity maps and include
the shot noise contribution and observational effects. In Chapter 6, we apply basic
Lya RT effects to the line intensity maps to forecast the sensitivity of HETDEX to these
effects. Because this thesis aims to measure the LAE-Ly« intensity cross-power spectrum
of HETDEX, the primary purpose of these mocks is to estimate the covariance matrix of
power spectra and provide a simple theoretical prediction for the signal. When the
measurement becomes more precise in the future, we will need more detailed models for
the interpretation.



Chapter 3

Statistics of Line Intensity Mapping

Because line intensity maps are typically noisy, summary statistics are necessary to ex-
tract physical information from them. One can measure one-point statistics such as the
voxel intensity distribution (VID), two-point statistics such as the power spectrum and
correlation function, higher-order statistics such as N-point correlation functions with
N > 3, or topological statistics such as Minkowski functionals. These can be used in
auto- or cross-correlation with other tracers. This chapter provides an overview of the
most commonly used summary statistics for LIM. While the power spectrum, correlation
function, and stacked signals have been measured, the VID and other summary statistics
have only been explored theoretically at the time of writing.

3.1 Correlation Function and Power Spectrum

Similar to galaxy surveys, one can calculate the correlation function or its Fourier coun-
terpart, the power spectrum, of the line intensity maps. Omne can calculate the auto-
correlation or the cross-correlation with other large-scale structure tracers. This section
follows Section 5.2, which is inspired by Blake (2019).
The cross-correlation between two fluctuation fields 0A(x) = A(x) — (A(x)) and §B
is defined as
(AX)B(y)) — (Ax))(B(y)) _ (6A(x)0B(y)) (3.1)

Can(x —¥) = = S B (ACNB(Y)

where the angle brackets (-) denote an average over many realizations. The corresponding
power spectrum is defined as the Fourier transform of the correlation function,

Pap(k) = / d3s 1B () ek, (3.2)

Here, £4p5(x) is dimensionless and P4p(k) has units of volume.
We can define the matter density contrast as

5m(x) _ pm(X> — <,0m(X>> (33)
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where py,(x) is the matter density at location x and (py,) is the mean matter density at
that redshift. Similarly, a galaxy density contrast can be defined from the galaxy number
density ng(x) as
5,(x) = ng(x) — (ng(x)) (3.4)
(ng(x))

where (ng(x)) is determined by the luminosity function of the observed galaxies and the
detection limit of the survey,

Lmax d

(ng(x)) = /L AL (3.5)

Here, Lyin(x) is the minimum luminosity that can be detected at location X. Lpja.x is
the maximum luminosity, for example, if one removes bright AGNs. Because the mean
intensity is often unknown and is effectively subtracted from the maps (see Chapter 5),
we define the intensity contrast without the division,

d\(x) = I\(x) — (In(x)), (3.6)

where I,(x) is the specific intensity at location x and (/,(x)) is the mean specific intensity
at that redshift. The following equations are also valid for the specific intensity I,.
On large scales, the galaxy density contrast and intensity contrast can be modeled as
proportional to the matter density contrast with the proportionality factor known as the
bias b (Desjacques et al., 2018),

0\ (x) = by, (In(%x))0m(x) and 0g(X) = bgdm (x). (3.7)

To model the LIM power spectrum, we assume that the intensity is sourced by galaxies,
neglecting diffuse emission. Following Peebles (1980), we consider the intensity I,(x)
in an infinitesimal volume §V, so that only N € {0,1} galaxies occupy this volume.
The expectation value of N is 7 [1 4 d4(x)] 0V, where n is the mean number density of
galaxies in the universe at that redshift. Fach galaxy has a line luminosity L;, which is
sampled from a luminosity function dn/dL. To convert the luminosity function into a
PDF, P(L) := $¥n~!, the integral [dL 9% =: i must converge. For realistic luminosity
functions, setting a minimum luminosity is sufficient.

To get an expression for the LIM power spectra, we will need to know the expectation
values (1,0V) and (I36V?). The expectation value of a function f(A) of a continuous
random variable A that is sampled from a PDF P(A) is (f(A)) = [dA f(A)P(A). The
PDF of 1,6V of a single source at position x is given by P’'(1,6V) = P(L) X[ (x), where
(see Section 2.1)

]>\ C
XX = = e H () (1 + )2 (3:8)
and L < (3.9)

X (x)="2L=—°
1 (%) pr  AmvH(z)
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The first moment of 1,0V is then given by
(IN(x)8V) = (Xp, (x)L)
dn
= 5V X}, (x) / aL L,
where we used N = 70V in the last step. Similarly, the second moment is given by
(Bx)0V?) = NX3, (x) [ ALP(L)L? = 6V X3, (x /dL 5] (3.11)

To get an expression for the intensity auto-correlation, we follow the integration ap-
proach of Feldman et al. (1994). Consider the expectation value of the integral

/ d*x / Py g(x, 7)1 (x) () (3.12)

for an arbitrary function g(x,y) over many realizations of the field values I,(x). Using
infinitesimal voxels with volume 0V, we obtain

</d3X/d3yg(X, Y)IAX)IA(Y))
= [d'x [ @y gy (L)L)
= Z5‘/1'5‘/3'9(&'»Xj)<fA(Xi)IA(Xj)>

=2 0VidVig(xi, x;) (I (i) In () + Zg (xi, %) (I3 (%) V%)

1 jF#L
=2 Z#: oVioVig(xi, x;5) (In(x:)) (In(x5)) (1 + &1 (%0 — %))
+ Zg (x5, %)V X2, (x /dL an e (3.13)

= [@x [ @y glx y) N (L4 & (x = ¥)

+/d3xg x, %) X2 (x /dL—L2
- /dsx/dgy 9(x,y) [UA(X)MA()’)) (1 +&nn(x —y))

+0p(x — y)X2 (x /dL—L2

where Jp is the Dirac delta function. Because this is valid for arbitrary functions g(x,y),
we can compare the first and last line and find

() IA(y)) = () INY) [+ &1, (x = ¥)] + 0b(x — y) XT, (%) /dLjZH . (3.14)
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The second term is the Poisson shot noise from discrete sources, which would not arise
from smooth fields.
We follow the same line of reasoning for the galaxy-intensity cross-correlation,

([ dx [y glxy)(1+ 8,(x) 1))

= [@x [ @y glx,y)((1+ o) D))
= 3 0VidVg (i, %) (14 0y(x:)) In(3)

1,J
= 3257 0VidVigtox ) (14 850602 x) + 320V (14 3,06 30
i g
(3.15)
The second term is zero if there is no detected galaxy in this voxel or if the line luminosity
of this galaxy is zero. If there is a galaxy in the voxel, the value of this is the intensity
sourced from that galaxy. Therefore, the expectation value is

SV {1+ 6,(x:)) [a(x1)) = X1, (% /dmdet L)L

XI dndet
— Ao / dL (3.16)

ndet

- [Xf* xi) / ardn ] ,
ggﬂgI

where dnge /dL is the luminosity function of only detected sources in the galaxy catalog
and Paer(L) = g dnge/dL is the corresponding PDF. Here, G, is the set of galaxies
contributing to the catalog and Gz is the set of galaxies contributing to the intensity
map. The integral becomes

/d?’x/d?’yg(X’ Y){(1L+ 65(x)1a(y))

=2 Z#: 0VioVig (i, %) (In(%)) (1 + i, (%5 = )

X1, (x3) dn
+ ;fﬂxi’xfw" [<ng<xi)> /deLLL ng

(3.17)

— /d3X/d3yg(XaY){<]A(Y)> (1 + &, (x =)

o i |
g\ GeNG1

Thus, the cross-correlation with the galaxy density contrast of detected galaxies is given
by

(LG + 85(3))) = (In(3)) [+ Enex — )] + dn(x — ) mfff / dngL]

ggmgI
(3.18)
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We define the weighted Fourier transform as
0T, (k) = / dx wy, (x)015(x) k> (3.19)

with a dimensionless weight wy, (x), which can, for example, represent a survey footprint.
We define the estimator for the intensity power spectrum,

pf)\f,\ (k) = Vi;»l(qgj;(k)F) 5 (320)

where V},ox is the volume of a cuboid enclosing the survey used to compute the Fourier
transform. Py, 7, (k) has the dimension of volume times specific intensity squared. Cal-
culating the weighted Fourier transform of the intensity fluctuations and inserting it into
equation (3.20) yields

(SN = [ by 1) Wi, (e — )P + [ ', (X3, G0 [ LS L2, (3:20)
where the window function is defined as

W, (k) = / dx e ;. (x)(1r(x)) (3.22)

and Py, is the power spectrum defined in Eq. (3.2) with units of volume.

We can use the same weighted Fourier transform as defined in Equation (3.19) for the
galaxy density contrast, using dimensionless weights w,. We define the estimator for the
cross-power spectrum,

A

Pyr, (k) = Viot Re { (011 (k)35 (K)) } | (3.23)

where Re {-} denotes the real part of the expression within the curly brackets, and the
asterisk is the complex conjugate operator. We find

. A3k’ _ _
(BIN9)5:00) = [ 1555 P )W, (1 = KW (b~ K)
3.24)
X] (X) dn (
+/d3xw1 (x)wg(x) [ 2 /dLL] :
YR (n(x) AL |6 g,
where W, (k) = [ d*x e**w,(x) is the galaxy window function.
The galaxy power spectrum estimator can similarly be defined as
Pog(k) = Vo105 ) , (3.25)
where
< d3K’ — w?(x)
SR)P) = [ Pk = K2+ [dix 25 3.26
(5008 = [ G Pk Telk =10 + [ dx 7250 (3.26)

In this formalism, the intensity units of the power spectrum estimators Py, ;, and plkg
are contained in the intensity window function, Wi, (k). Therefore, the power spectra
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Py, 1., Pr,g, and Py, within the integrals of equations (3.21), (3.24), and (3.26) are defined
through Equation (3.2) and have units of volume. On large scales, the power spectra
Pr 1., Pr,g, and Py, can be modeled in terms of the matter power spectrum with a linear
bias (see Equation (3.7)),

Pip = babg Py, (3.27)

where Py (k) = (|0 (k)[?) is the matter power spectrum. If the intensity is sourced by
galaxies with bias bsource, the intensity bias equals this bias, b7, = bsource- This assumption
breaks down on small scales, where the intensity does not linearly trace the matter density.
This can be modeled, for example, using the halo model (Cooray & Sheth, 2002; Wolz
et al., 2019; Schaan & White, 2021). Different lines also are emitted by different types of
sources, depending on their astrophysical properties, which affects the small-scale cross-
correlation signal. This can be modeled in simulations (see Section 2.6).

3.1.1 Effect of Limited Resolution and Noise

LIM surveys typically have lower spatial and spectral resolution than galaxy surveys.
Limited observational resolution can be modeled by smoothing the intensity map. If the
intensity map I,(x) is smoothed with a smoothing kernel D(x), the smoothed intensity
map in Fourier space is

L(k) = L(k)D(k). (3.28)

The factors in the power spectrum estimators become
([61xs(K) ) = (|61x()[*)[ D(I) [, (3.29)
(010s(1)3; (k) = (51 (k)33 (k) D(k) . (3.30)

Common smoothing kernels in the LOS direction are a Gaussian kernel, mimicking the
line-spread function,

1
Gauss __ 2 2
and top-hat smoothing, representing the binning of intensity into frequency channels,
_ 1
D™ = sinc (2k5”) : (3.32)

The beam smoothing or point-spread function (PSF) is often modeled as Gaussian smooth-
ing in the angular direction,

1
DF™uss — exp (—Qkisi> : (3.33)

In Equations (3.31), (3.32), and (3.33), s and s, define the smoothing lengths parallel
and perpendicular to the LOS, respectively, and kj = pk and k; = /1 — p?k are the
components of the wavevector parallel and perpendicular to the LOS.

Observed line intensity maps are contaminated with noise, Al ,, containing noise
from the instrument and the Poisson noise of individual photons. The noisy line intensity
map is Iysn(x) = Ds(x) + Al n(x). Assuming that the noise is uncorrelated and has
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zero mean, the noise can be characterized by its variance, (AI3 (x)) = o7 (x), where
oy, is the standard deviation of the noise in each voxel. This adds a term to the power

spectrum estimator,
(0T (R)P) = (ST (00)) + 6V [ d*xw(x)o%, (). (3.34)

The second term still holds for larger than infinitesimal voxel volumes dV.

3.2 Voxel Intensity Distribution

The VID, By,, is an estimator for the PDF of line intensities P (1)) (e.g., Breysse et al.,

2017; Breysse, 2022; Bernal & Kovetz, 2022; Bernal, 2024). The VID at intensity I,
with bins of width A, ; in a survey with a total number of voxels Ny is

I)\,»L+AI)\,»L/2
Bb\ (I/\,i) = NVOX/I Pobs<I)\)d[)\~ (335)

Ni— ATy /2

Here, Pops(1,) is the observable PDF of intensities, which is a combination of noise of the
survey Ppoise(I)) and the PDF of astrophysical sources Pagro(1))-
The total intensity of a voxel is the sum of the intensities of all contributing sources

in that voxel. For example, the intensity PDF of a voxel containing two sources with
intensity PDFs Py, (1)) and Py, (1) is

Portea(D) = [ AP (B)Polly = ) = (Puy # o) (1) (3.36)

Hence, the PDF of the total intensity of Ny sources within a voxel is the convolution the
PDFs of the Ny sources,

PZ;-V; sj([,\) = (Pgy * ... x Poy ) (). (3.37)
Because this is easier to treat in Fourier space, we introduce its Fourier counterpart, the
characteristic function,

P(r) = /0 T ALP(L)e T = (emihT, (3.38)

Because of the integration limits from 0 to oo, this is a one-sided Fourier transform, or a
Laplace transform with a purely imaginary kernel. Then,

Py =117 (3:39)

j=17%7

To account for the clustering of sources, we assume that the intensity is sourced only
in dark matter halos and model the intensity as a function of the host dark matter halo
mass M, following Breysse (2022). We also assume that dark matter halos are linearly
biased tracers of the underlying matter density field. We can define a halo mass bin
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[M, M + dM] that is narrow enough that either zero or one halo within this mass range
is in a voxel, i.e., N € {0,1}. A voxel containing one dark matter halo within this mass
bin has the intensity PDF P, (1| M). The intensity PDF of a voxel containing either zero
or one dark matter halo within the mass bin is

P(ILM) = P(N = 0)6p(1) + P(N = 1)Py (1| M). (3.40)

Writing this in terms of the characteristic functions, and using P(N =0) = 1-P(N = 1),
we obtain

P(r|M) = 14+ P(N = 1) (Py(7|M) - 1). (3.41)

Assuming that the distribution of the number of dark matter halos per voxel follows a
Poisson distribution with mean N (M) < 1, the probability of having one dark matter
halo in the voxel is

_ d
PN =1) ~ N(M) = dT\ZVVOX (1+ b(M)d,,) dM, (3.42)
where j—]\’} is the halo mass function, V.. is the voxel volume, b(M) is the dark matter

halo bias, and d,, is the matter density contrast at the voxel location. Using N(M) < 1,
we can approximate equation (3.41) as the Taylor expansion of the exponential function,

P(r|M) ~ exp [jMVVOX (14 b(M)dy) (Py(r|M) — 1) dM] : (3.43)

The total intensity is the sum of the intensities of the halos in all mass bins, so that

= [IP(7|M)
= exp [%j dMCi]C[VVOX (14 b(M)é,,) (75](7|M) - 1)] (3.44)
~ exp V dM(Z\ZVvOX (14 b(M)8,0) (Pu(r|M) - 1)] :

where we take the limit dM — 0 to approximate the sum as an integral in the last step.
We can separate this result into two components. The first component gives the PDF in
the absence of clustering,

Pon(r) = exp [/ A g Voo (PA(r1AD) ~ 1>1 (3.5

=: exp [/ de(T]M)] :

The second component accounts for clustering,

Pcl = exXp

b [ AMB(M )} . (3.46)
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To obtain the PDF of all voxel intensities, we need to average over all d,,. Assuming that
dm is Gaussian distributed, we can use {exp (x)) = exp ({(x?)/2) to obtain

Palr) = expl < / dMb(M TlM)) ] (3.47)

where

&k
/P ) W) = (3.48)

is the variance of the matter density contrast within a voxel with window function
Weox (k).

The observed intensity is the sum of the astrophysical intensity and the noise, so that
the PDF of observed intensity can be written as the Fourier/Laplace transform of

7)obs 7)astro,]Dnmse - Pun Pclpnmse (349)

While the power spectrum only probes the first two moments of the luminosity func-
tion, the VID is sensitive to its entire shape and amplitude. Combining the VID and
power spectrum can help break degeneracies between cosmology and astrophysics (Sato-
Polito & Bernal, 2022; Sabla et al., 2024). Because P is directly related to the PDF
of the matter distribution in the universe, the VID can constrain that PDF beyond the
Gaussian information encoded in the power spectrum. See Bernal (2024) for a model of
the VID including extended emission, line broadening, and limited resolution.

3.3 Stacking

A simple, but not necessarily easy, way of obtaining a detection of the astrophysical
intensity in a noisy line intensity map is stacking (e.g., Dunne et al., 2025). This involves
calculating the mean, median, or biweight location (Beers et al., 1990) of the line intensity
map around the positions of detected galaxies, thereby reducing the noise. The stacked
signal depends on the average line intensity of the stacked galaxies and the clustering and
intensity of the surrounding dark matter halos.

Stacking is closely related to the cross-correlation function between galaxies and the
line intensity. A mean stacking estimator in three dimensions can be written as

Ng

1
S]Ag<AX ﬁ Z [)\ XZ -+ AX) <I)\>, (350)

g i=1

where x; is the location of the galaxy ¢ and N, is the number of galaxies in the stack.
This is equivalent to

Sro(Ax) = — Z / Bx I(x + Ax)0P) (x — x;) — (). (3.51)

gzl

Because the galaxy distribution is the sum of the Dirac delta functions at each galaxy
position,

1+ 6, — Z 5 (3.52)

gzl
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we can rewrite equation (3.51) as
S1npld%) = [ dx I (x + &) (1+ 8,(x)) = (D)

(3.53)
= /d3X I (x + Ax) 64(x).

This is simply the cross-correlation of the intensity and galaxy density contrast.
Similarly, an angular stacking estimator using narrowband or pseudo-narrowband
images with the intensity I can be constructed as
1 e
3y 0)— (1), (35

g =1

S1g<0) =

where y; are the angular coordinates of the galaxies and (/) is the mean intensity within
this narrowband image. Following the same steps as above, we find

S15(0) = [ Py I(y +0)6,(y), (3.55)

which is the angular cross-correlation function of the intensity and galaxy density con-
trast.

3.4 Other Summary Statistics

Minkowski functionals (Minkowski, 1903) describe the topology, specifically the size and
connectivity, of subsets of a vector space. They can be used to describe the large-scale
structure of matter, as probed by line intensity maps (Spina et al., 2021). One can define
subsets of the space by drawing isocontour maps, and calculate the Minkowski functionals
of these isocontour subsets as a function of the intensity threshold. Comparing this to
simulations can, for example, reveal the relationship between dark matter halo mass and
its intensity.

Line intensity maps can also be modeled directly at the map (or “field”) level using
an analytic forward model based on perturbation theory (Obuljen et al., 2023). This can
be used for cosmological inference and for quickly generating mock line intensity maps.
The difference between the modeled intensity field and the actual intensity map can yield
additional information, such as on the presence of the FoG effect.

Using wavelet scattering transforms (WSTs; Mallat, 2012) for cosmology involves con-
volving the line intensity map with a family of wavelets, and calculating the spatial av-
erage of the complex modulus (Cheng & Ménard, 2021; Chung, 2022). These scattering
coefficients provide information on the morphology of the underlying field beyond the
Gaussian statistics of the power spectrum. They also promise much finer parameter
constraints than the combination of the power spectrum and VID.

3.5 Observational Difficulties

Because LIM surveys span a wide frequency range and employ different observing strate-
gies, the observational difficulties vary from survey to survey. However, there are common
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problems across many surveys. For example, the line intensity maps contain not only pho-
tons from the target emission line, but also photons from continuum foreground sources,
background sources, and other emission lines at different redshifts. Instrumental artifacts
can also contaminate the line intensity maps. This section briefly describes foreground
and interloper contamination in the context of HETDEX and a general method to clean
spectra from foreground and systematic residuals.

3.5.1 Foregrounds

Line intensity maps observe the integrated intensity in each voxel, regardless of its origin.
This includes sources between the target signal and the observer - called foregrounds,
and background sources, such as the CMB in CO observations. The types of foreground
and background sources depend on the observed wavelength or frequency range.
Continuum foregrounds, which contaminate 21 cm, CO, and [C II] observations, are
spectrally smooth, while the target line intensity is expected to have strong spectral struc-
ture. Therefore, continuum foregrounds can be modeled by fitting a smooth curve to the
intensity along the LOS, and removed from the map (Kovetz et al., 2017). However, some
radio interferometers suffer from mode mixing, which moves spectrally smooth contami-
nation into other regions of Fourier counterpart of the map. Most of this contamination
is contained in a well-defined region in the & — k; plane, which can be removed for
the power spectrum analysis. While common in other LIM surveys, this type of bright,
spectrally smooth foreground and mode mixing is less relevant in optical observations.
Instead, the dominant foreground, called “sky”, is smooth in the angular direction.

Sky Subtraction in Optical Observations

Optical observations are contaminated with “sky” emission, which is a combination of
zodiacal light, aurora, airglow, diffuse Galactic light, and emission from the Galactic
warm interstellar medium (e.g., Wyse & Gilmore, 1992). The sky spectrum in the optical
wavelength range of VIRUS consists of a continuum component and emission lines. Some
emission lines in the “sky” emission observed by HETDEX are caused by street lamps in
West Texas, such as the 4358 A and 5461 A emission lines of mercury. Neutral nitrogen
in the atmosphere also emits a line doublet at 5198 A and 5200 A.

Assuming that the sky foreground is homogeneous over the focal plane, one can es-
timate the sky spectrum by averaging the spectra of “empty” fibers without detected
objects, using the biweight location (Beers et al., 1990) or a different robust estimator
of the central location of the intensity distribution, The estimated sky spectrum, which
is subtracted from all spectra, includes the mean intensity in each wavelength slice by
construction. This removes large-scale fluctuations in the angular direction. The contri-
bution of the line intensity to the estimated sky foreground can be modeled as a smoothed
intensity map. The kernel corresponds to the region used for the sky spectrum estimation;
for example, a two-dimensional spherical top-hat kernel in the plane perpendicular to the
LOS. The size of the kernel is the size of the area used for the sky spectrum estimation,
for example, a circle with radius s;. Thus, the contribution of the line intensity to the
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sky spectrum is

Tt () = Iy (k) Dy (). (3.56)

where Dsky(k) is the Fourier transform of the two-dimensional spherical top-hat kernel,

given by
i 20 (sry/k2 + k2)
Dy (k) = , (3.57)
St/ kg + k‘g

where a and b denote the directions perpendicular to the LOS, and .J; is the Bessel
function of the first kind and first order. Because Dy (k) is real-valued, we obtain

(1K) = Doy (K)[%) = (|1 (K)[?) [1 = 2Dy (k) + D3 (k)| | (3.58)

and
([Ia(k) = Dyay ()] 03) = (1(K)85) [1 = Day (k)] (3.59)

This shows that the power spectrum is suppressed on scales larger than the scale used
for the sky spectrum estimation s;. Figure 3.1 shows an example sky spectrum of a
HETDEX observation and an illustration of the effect of the sky subtraction on large-scale
fluctuations of a simulated line intensity map.

For the main purposes of HETDEX, i.e., detecting LAEs, the sky subtraction is per-
formed for each amplifier individually (see Figure 1.3 for a visualization of the layout of
VIRUS). However, this effectively removes the mean spectrum, including the mean Ly
emission at each wavelength within a ~ 13" x 51” region. This corresponds to a comoving
area of ~ 400 kpc x 1600 kpc at z = 3. Therefore, LIM needs a different approach.

HETDEX employs a second sky subtraction technique - the “full-frame” sky subtrac-
tion, which we use for LIM (see Gebhardt et al., 2021; Lujan Niemeyer et al., 2022a, for
details). Here, the sky spectrum is estimated from all “empty” fibers of the total ~ 35k
fibers in an exposure. Because every spectrograph, amplifier, and fiber has a different
wavelength-dependent throughput, and some have slightly different spectral resolutions,
one must accurately model these differences when estimating and subtracting the sky
spectrum. The full-frame sky subtraction is less stable than the local, amplifier-based
sky subtraction because of the differences between the amplifiers. Because of the high ac-
curacy needed for LIM, it is necessary to apply empirical corrections to the sky-subtracted
spectra, as described in Chapter 7.

3.5.2 Interloper Emission Lines

Similar to foregrounds, other emission lines at different redshifts can fall into the same
observed frequency range as the target line. For example, [C II] observations also contain
various rotational emission lines of CO (Kovetz et al., 2017). The sources of interloper
lines are also clustered, so that an auto-correlation contains their clustering signal.

To mitigate the impact of interloper lines on the line intensity map, Breysse et al.
(2015) suggest masking out the brightest voxels. This technique assumes that interloper
sources reside at a lower redshift than the target sources, and are therefore more massive
and brighter. Thus, they should produce the brightest voxels. Instead of blind masking,
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one can also mask known objects from galaxy catalogs that could contaminate the signal
(Sun et al., 2018; Van Cuyck et al., 2023). Bernal & Baleato Lizancos (2025) use the
correlation between the interloper emission with complementary tracers at the interloper
redshift to remove the contamination from the line intensity map. The same technique
was previously suggested for analyzing galaxy clustering (Farrow et al., 2021).

Because the sources of interloper lines reside at a different redshift, their clustering is
mapped onto wrong spatial scales if one assumes the redshift of the target line. Assuming
a spatially flat universe, the apparent coordinates 7 and X, of an interloper at redshift
z; are related to the true interloper coordinates x and x, by

H(z) 1+ 2z . Da(z)

Fo— d _
I H(zt)l—i—zix” an xL DA(ZZ-)XL’

where z; is the redshift of the target line (Lidz & Taylor, 2016; Leung et al., 2017). This
produces a strongly anisotropic power spectrum or correlation function of the interloper
contaminant. It is analogous to the Alcock-Paczynski effect, which arises from assuming
the wrong cosmology rather than the wrong redshift (Alcock & Paczynski, 1979). In a
sensitive enough experiment, the anisotropic part of the power spectrum can be fitted
and subtracted to remove the interloper contamination (Lidz & Taylor, 2016).

The observed wavelength range of HETDEX at 3470 A — 5540 A observes the Lya line
at redshifts z ~ 2—3.5 as well as the [O II] emission line doublet at a restframe wavelength
of S\[OH] = 3727 A at 2z < 0.47. While other emission lines also fall into this wavelength
range, [O II] emission is the dominant interloper for HETDEX. Because [O II] emitters are
bright and most are identified by HETDEX, targeted masking of the affected spectra is an
effective approach for HETDEX Ly« intensity mapping (Chapter 7). Because we measure
the LAE-Lya intensity cross-power spectrum, the interloper lines only contribute to the
noise, not the signal.

(3.60)

3.5.3 Foreground and Systematics Cleaning

Foregrounds and other systematics often cannot fully be subtracted with the above-
mentioned techniques. To remove residual contributions, Cunnington et al. (2023a) use
a Principal Component Analysis (PCA), which we also apply in Chapter 7. Carucci
et al. (2024) show that a more sophisticated technique, which involves applying a scale-
dependent PCA, can clean their data with less signal loss. However, we limit this dis-
cussion to the standard PCA technique used in Chapter 7. This method assumes that
the foreground residuals dominate the signal of the line intensity map and that they are
correlated in frequency/wavelength. PCA calculates the orthonormal basis of the data
such that the variance along the first basis vector is highest, and the following basis vec-
tors are sorted in decreasing order of variance. Although removing the components of the
data vectors along the highest-variance basis vectors should remove mostly foreground
and other systematic residuals, some signal will also be removed. This must be quantified
and corrected in the analysis.

We prepare the spectra for PCA by subtracting the mean spectrum and normalizing,

L(A) = {(I(V)

X =

(3.61)
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where the subscript 7 refers to the individual spectra and o;(\) is the standard deviation
of the intensity as a function of wavelength. A spectrum can be represented as a vector,

X, = ZX (X;(M), Xi(Xa), - XA ) (3.62)

where ) is the number of wavelength bins per spectrum, and the normalized basis vector
é;‘ is 1 in the jth wavelength bin and 0 otherwise. The jth value of X; is the normalized
intensity in the jth wavelength bin, X;();). We can define an Nype. X Ny matrix, X,
which contains the Ny vectors X; as its rows. PCA calculates its covariance matrix,
X TX. The eigenvectors of the covariance matrix are called weight vectors, and form an
orthonormal basis, €“*, so that

X, = Z yij€h . (3.63)

The weight vectors are arranged in an order of decreasing variance of y;;, such that
var(yo) > var(y;) > ... > var(yn, ). Assuming that the first Np¢ principle components
are dominated by systematics or foreground emission, i.e., that these cause most of the
variance of the spectra, we can set these to zero,

X;h = Z yie, Or. (3.64)
J=Npc+1
To obtain the cleaned spectra, we perform an inverse coordinate transformation,

Nx

XPCA Z Z y”<)\TAPCA)ek’ (3.65)

k=1 j=Npc+1
so that
N
XP) = Yy (e, (3.66)
j=Npc+1
and undo the normalization,
IPCA(N) = XPA(N)ar(N). (3.67)

The first Np¢ principal components likely contain some astrophysical signal from the
target line. The power spectra calculated from the cleaned spectra IFCA(\) are therefore
damped. The signal loss of the cross-power spectrum of a galaxy catalog with the cleaned
intensity map can be quantified with the transfer function (e.g., Cunnington et al., 2023b;
Chen, 2025),

*

Pocan (0T (k)3 (K))
Prwe (617" (K)3, (k)

T(k) = (3.68)

where Piean is the cross-power spectrum estimator of the cleaned intensity map and the
galaxy catalog, and P, is the underlying cross-power spectrum one would obtain in the
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absence of foregrounds, systematics, and cleaning. The transfer function can be estimated
using a mock intensity map and a corresponding correlated mock galaxy catalog. We
start by inserting the real intensity into the mock data, so that the combined spectra are
[rocktdataryy — pdata(\y 4 fmock()\) One then performs the PCA on 0922 ()\) and
calculates the PCA-cleaned, mock-only contribution,

— IPCA (). (3.69)

1 (2

A
]mock,PCA(/\) _ [I;nock-l—data(/\)] PC

Alternatively, one can calculate the weight vectors, é})CA from IMek+data () and apply

the coordinate transforms in Equations (3.63) and (3.65) to the mock-only data, IM°%(\),
to obtain 1" (\). We choose the second option in Chapter 7.
The transfer function can be estimated as

—~PCA ~
> <5[mock (k>5g,mock(k)>

T(Kk) = = ! .
) T o (K)5: oy ())

(3.70)

As Np¢ increases, more astrophysical signal is removed, and the transfer function ap-
proaches zero. Cunnington et al. (2023b) show empirically that the signal loss of the
intensity auto-power spectrum is the same as for the cross-power spectra, although the
cleaned line intensity map contributes to the power spectrum twice. This is intuitively
explained in MeerKLASS Collaboration et al. (2025) and formally derived in Chen (2025).
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Figure 3.1: The top panel shows an example full-frame sky spectrum in white, estimated from
all spectra of a HETDEX observation, a subset of which is shown as black dots. The bottom
panels show the effect of the sky subtraction on a simulated redshift slice of a line intensity
map. The bottom left panel shows the complete line intensity map and a circle showing the
area over which the sky spectrum is estimated. The bottom middle panel shows the contribution
of the signal line intensity to the estimated sky spectrum. The bottom right panel shows the
sky-subtracted slice of the line intensity map. The fluctuations on larger scales than the sky
subtraction are removed.



Chapter 4

Lyman-oa Halos around
[O III]-Selected Galaxies in
HETDEX

The content of this chapter has been published in Lujan Niemeyer et al. (2022b).

We present extended Lyman-a (Lya) emission out to 800 kpc of 1034 [O III]-selected
galaxies at redshifts 1.9 < z < 2.35 using the Hobby-Eberly Telescope Dark Energy
Experiment (HETDEX). The locations and redshifts of the galaxies are taken from the 3D-
HST survey. The median-stacked surface brightness profile of Lya emission of the [O III]-
selected galaxies agrees well with that of 968 bright Lya-emitting galaxies (LAEs) at
r > 40 kpc from the galaxy centers. The surface brightness in the inner parts (r < 10 kpc)
around the [O III}-selected galaxies, however, is ten times fainter than that of the LAEs.
Our results are consistent with the notion that photons dominating the outer regions of
the Lya halos are not produced in the central galaxies but originate outside of them.

4.1 Introduction

Extended Lyman-a (Ly«) emission around star-forming galaxies without an active galac-
tic nucleus (AGN) has been found around Lyman-break galaxies (LBGs; e.g.; Steidel
et al., 2011; Kusakabe et al., 2022; Ouchi, 2019, for a review on LAEs) and Lya-emitting
galaxies (LAEs; e.g.; Wisotzki et al., 2016; Kikuchihara et al., 2022a). One source of Ly«
photons is the local recombination of hydrogen atoms ionized by photons from young,
massive stars in star-forming regions. After their escape from the interstellar medium
(ISM), Ly« photons will be scattered by neutral hydrogen atoms in the circumgalactic
medium (CGM) and intergalactic medium (IGM). Hydrogen atoms in the CGM and IGM
can also be ionized by photons from more distant AGN or star-forming regions, called
the ultraviolet (UV) background, and recombine to emit Lya photons (“fluorescence”;
e.g.; Gould & Weinberg, 1996). Lya photons from satellite galaxies (Mas-Ribas et al.,
2017) and collisional excitation of hydrogen atoms in cooling gas (“cooling radiation”;
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e.g.; Haiman et al., 2000) can add to the extended Lya emission.

Because the contribution of scattered photons from the central galaxy to the halo
depends on the galaxy’s Lya emission, comparing the Ly« surface brightness (SB) profiles
of galaxies with different intrinsic Lya luminosities or escape fractions can probe the origin
of Lya halos. Because LAEs are selected using their large Lya equivalent width (EW),
they comprise a biased subset of high-redshift galaxies that have a large Ly« escape
fraction along the line of sight (LOS). Galaxies selected via other methods such as LBGs
or via their rest-frame optical emission lines may have similar physical properties, but with
smaller Ly« escape fractions than LAEs. Erb et al. (2016), Hathi et al. (2016), Trainor
et al. (2016, 2019), and Reddy et al. (2022) argue that LAEs have different properties
than other star-forming galaxies, such as less dust and metal content, lower star-formation
rates (SFR) and stellar masses, and higher H I covering fractions. Conversely, Hagen et al.
(2016) and Shimakawa et al. (2017) report no statistical difference between the properties
of the samples of LAEs and rest-frame-optical emission-line galaxies except at high stellar
masses. Hence, comparing the Lya halo profiles of LAEs with those of rest-frame-optical
emission line galaxies can shed light on the emission sources and mechanisms of Ly«
halos.

We compare the median-stacked Lya SB profile of 1034 galaxies at 1.9 < z < 2.35
selected via their rest-frame optical emission lines in the 3D-HST survey (Brammer et al.,
2012; Momcheva et al., 2016; Bowman et al., 2019, 2020) with that of LAEs at 1.9 <
z < 3.5 detected in the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX; Hill
et al., 2021; Gebhardt et al., 2021; Lujan Niemeyer et al., 2022a, hereafter LN22). We
use integral-field spectroscopic data from HETDEX to extract the Lya SB profiles.

We adopt a flat A-cold-dark-matter cosmology with Hy = 67.37kms~! Mpc ™' and
Q0 = 0.3147 (Planck Collaboration et al., 2020a). All distances are in units of physical
kpc unless noted otherwise.

4.2 Data and Galaxy Samples

4.2.1 HETDEX Data

We use spectra from the HETDEX survey (Gebhardt et al., 2021), specifically the internal
data release 3. The survey uses the VIRUS instrument on the 10—m Hobby-Eberly
Telescope (HET). See Hill et al. (2021) for details.

VIRUS consists of up to 78 integral-field unit fiber arrays (IFUs), each of which
contains 448 1.5"”-diameter fibers and covers 51” x 51” on the sky. The fibers from each
IFU are fed to a low-resolution (R ~ 800) spectrograph covering 3500 — 5500 A. The
IFUs with ~ 35k total fibers are distributed on a grid with 100” spacing throughout the
18 diameter of the telescope’s field of view. Each HETDEX observation comprises three
6-minute exposures, which are dithered to fill in gaps between the fibers. Because the
gaps between the IFUs remain in an individual observation, the filling factor is ~ 1/4.6.

We use the full-frame sky-subtracted data (details in Gebhardt et al. (2021); LN22).
This sky-subtraction method measures the sky emission from the entire 18-diameter field
of view of VIRUS to ensure that extended emission on the scale of an IFU or larger is
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not removed along with the sky model. The full-frame sky subtraction in the internal
HeTDEX DR 3 has some differences to that in DR 2, which is used in LN22. Instead of
roughly 75% of the total fibers with the lowest continuum emission, only 50% are used for
the sky estimate. This helps prevent the oversubtraction of continuum emission due to
unresolved sources. To be more conservative, the smooth background subtraction within
a six fibers by 600 A window is omitted. These changes do not affect our measurement
because we perform a local continuum subtraction. As expected, the Lya SB profiles of
the LAEs using the data from DR 3 and DR 2 and the same stacking procedure are very
similar. We mask the wavelength regions around the brightest sky emission lines to avoid
residuals associated with this component.

4.2.2 [O IIT]-Galaxy Sample

Our [O III}-galaxy sample is drawn from 3D-HST (Brammer et al., 2012; Momcheva
et al., 2016), an HST Treasury program which used 2-orbit exposures with the WFC3
G141 grism to observe ~ 625 arcmin? of sky within the Cosmic Assembly Near-IR Deep
Extragalactic Legacy Survey (CANDELS; Grogin et al., 2011; Koekemoer et al., 2011)
footprint. Bowman et al. (2019) vetted this dataset to define a sample of ~ 2000
optical-emission line galaxies with IR continuum magnitude mj g < 26, unambiguous
emission-line redshifts between 1.90 < z < 2.35, and a 50% line-flux completeness limit
of ~4x 107" ergs cm=2 s71. In over 90% of the sample, the brightest emission line in the
spectral region surveyed by the grating is [O III] A5007; in 90% of the remaining galaxies,
[O 11} dominates. Most AGN have been removed from this dataset via comparisons with
X-ray source catalogs, and Bowman et al. (2019) estimate the fraction of remaining AGN
to be less than 5%.

More than half of the Bowman et al. (2019) sample has been surveyed as part of
science verification for the HETDEX survey (Gebhardt et al., 2021); this dataset includes
over 900 galaxies that have been observed more than once, with some being observed up
to 15 times. These repeat observations partly cover the gaps between IFUs and provide
a better spatial sampling of the datacube. Weiss et al. (2021) measured the mean Ly«
escape fraction of the subsample of these galaxies present in HETDEX DR2 (670%%) and
determined the systematic behavior of the Ly« escape versus stellar mass, SFR, internal
extinction, half-light radius, and excitation.

We only include HETDEX observations with good seeing (point-spread function (PSF)
full-width-at-half-maximum < 1.7”) and observing conditions (total system throughput
> 0.1 = 13th percentile). These requirements are less strict than for the LAE sample
because too few observations of [O III] galaxies meet these requirements. We inspect
the remaining observations and exclude data with obvious artifacts such as interference
patterns. We require that for an [O III| galaxy’s halo to be included in our analysis, the
center of the galaxy must lie within 3” of the center of a HETDEX fiber. A total of 1034
[O 111] galaxies (in 44 HETDEX observations) meet our selection criteria, with 57 (~ 6%)
having a Lya detection in HETDEX (within 3” and 15 A of the expected emission line).
Each galaxy was observed in 1 — 15 separate observations; thus there are 7401 individual
observations of the 1034 galaxies. Their mean redshift is (z) = 2.1.

Because of the abundance of imaging data in the CANDELS fields, the physical
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properties of our [O III] sample have been well characterized, with stellar masses between
8.2 < log;y M/Mg < 11.4 (median mass of log;y M/Mz = 9.3), SFRs between 0.02 <
SFR < 250 M yr~! (median value of 1.9M, yr~!), internal extinctions between 0 <
E(B—-V) < 0.6 (median of E(B — V) = 0.09), and optical half-light radii R, < 5 kpc
(with a median of 1.4 kpc). The full distribution of these properties, along with their
[O III] luminosity function and equivalent width distribution, can be found in Bowman
et al. (2019, 2020, 2021).

To study the potential dependence of the Lya SB profile on various galaxy prop-
erties, we form two sub-samples above and below the median observed Loy (41.3 S
log,o Lerg™'s < 43.1, median 42.1, 517/517 sources above/below), SFR, (517/517 sources
above/below), stellar mass (517/517 sources above/below), H3 flux (< 8x107 17 ergs™! cm ™2,
median 1077 ergs™! em ™2, 516/518 sources above /below), [O IT] flux (< 1.7x10 % ergs™ em ™2,
median 2 x 10717 ergs™' em ™2, 517/517 sources above/below), dust attenuation (515/519
sources above/below), and UV luminosity (25.4 < log;q Ligoo erg ' s Hz < 29.4, median
28.5, 517/517 sources above/below). We also fit a line to the SFR as a function of stel-
lar mass and create subsamples above and below this linear relation (459/575 sources
above/below). We omitted unrealistic values from the spectral-energy-distribution fits in
the property ranges above.

We estimate the virial radius of the host dark matter halos using the stellar mass-halo
mass relation of Behroozi et al. (2019). Roughly 68% of the galaxies in our [O III] sample
have stellar masses between 108 M, and 10°Y M and therefore reside in 10'*4 M to
10M9 M, dark matter halos. Following the definition of r; of Bryan & Norman (1998),
we obtain 7., ~ 59 — 105 kpc.

4.2.3 LAE Sample

The LAE sample is selected from the HETDEX survey and is described in LN22. It consists
of 968 LAEs at 1.9 < z < 3.5 with narrow lines (Lya line FWHM < 1000 kms™!) and
Lya luminosities 10***ergs™ < Liyq < 10% ergs™. These conditions remove most AGN
from the sample. Each LAE was observed once. 364 of these LAEs are at z < 2.35. The
equivalent widths of the Lya and other lines measured from the median-stacked rest-frame
spectrum are consistent with star formation being the main powering mechanism of the
Lya emission. To resolve Ly« halos, LN22 chose LAEs observed with PSF FWHM < 1.4”
throughput > 0.13 = 40th percentile. While we do not know the SFR and stellar mass of
this sample, LAEs at z ~ 2.2 with slightly lower Lya luminosity (Liy, ~ 10**3ergs™)
typically have SFR =~ 14 M, yr~! and stellar mass M, ~ 5 x 108 M (Nakajima et al.,
2012). HETDEX LAEs have similar SFR and stellar mass (McCarron et al. 2022, ApJ
submitted).
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4.3 Measurement of Lya Halos

4.3.1 Extraction of Surface Brightness and Stacking

We measure the Lya halo profiles of the [O III] galaxies and around our comparative
sample of LAEs following a similar procedure to LN22. The LAE profiles are consistent
with each other. Because we do not detect individual Ly« emission lines of most [O III]
galaxies, we assume that the observed Lya line lies at the 3D-HST redshift. First, we
remove continuum emission from the spectra to isolate Lya from the continuum flux
and to mitigate the impact of continuum emission from projected neighbors. From each
fiber spectrum, we subtract the median flux between 11.7 and 40 A (observed) away from
the Ly« line on the red and blue side. We then integrate the flux around the expected
Lya wavelength, obtaining a surface brightness for each fiber. We choose an integration
window of )\ﬂl}’,z + 10 A to account for the uncertainty of the expected observed Lya
wavelength due the limited spectral resolution of the grism (R ~ 130).

The Lya line can be redshifted by ~ 200kms™! from a galaxy’s redshift because
of radiative transfer effects (e.g., Nakajima et al., 2018a). We tested redshifting the
integration window by 200 kms~! and subtracting the continuum on the red side of the
shifted Ly« line. We also tested subtracting only the red continuum without shifting the
line. Both tests produce a Lya SB profile consistent with our results.

We define two LAE samples, the entire sample and the low-redshift (z < 2.35) sub-
sample. For the comparison with the entire LAE sample we correct for cosmological
surface brightness dimming to the mean redshift (2.1) of the [O III] galaxy sample (factor
(1+2)* x (1 +2.1)"%). For the comparison with previous results (§ 4.4.1) we convert
the surface brightness of each LAE and [O III] galaxy to surface luminosity to account
for cosmological surface brightness dimming. The surface luminosity SLyy, relates to the
surface brightness SBry, as SLiye = dL/dAem = 47 (1 4 2)* SBrya, where dAgy, is the
surface area at emission.

We sort the fibers around each galaxy in each observation by their distance from the
galaxy center, and place them in radial bins with the bin edges at 5, 10, 15, 20, 30, 40,
60, 80, 160, 320 and 800 kpc.

We take the median of all fibers within each bin around each galaxy observation
individually. Then we take the median of these radial profiles and estimate the uncertainty
via a bootstrap algorithm. At least 355 (527) [O III] galaxies (galaxy observations)
contribute to each bin.

4.3.2 Estimating Systematic Uncertainty

We estimate the systematic uncertainty in two parts following the approach of LN22.
The first estimates the background surface brightness at the same wavelengths and in the
same observations as the galaxies separately for each galaxy sample. This background
includes physical emission, e.g. from interlopers, sky emission residuals, and systematics
introduced in the continuum subtraction. We calculate the median surface brightness of
all fibers farther away than 800 kpc from each galaxy observation. The median of these
determines the background and a bootstrap algorithm determines the uncertainty. We
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find (1.51 +0.02) x 10" Yergs™' em™? arcsec™2 for the [O III] galaxies. We subtract this
background from the median profile of the galaxies.

The second part determines the systematic uncertainty of the median radial profile in
proximity of the galaxies. We repeat the stacking procedure 40 times, but with the central
wavelength shifted between 20 A and 210 A in increments of 10 A in both wavelength
directions. Some galaxies at the blue end of the covered wavelength range have fewer
than 40 wavelength-shifted profiles. The standard deviation per bin of these 40 Lya-free
profiles determines the systematic uncertainty of the median Lya SB profile. The median
ratio of this systematic uncertainty to the uncertainty from the bootstrap algorithm is
1.4. In each bin, we choose the larger of the two estimates as the final uncertainty. The
mean and median of the wavelength-shifted profiles are consistent with the background
surface brightness.

We stack the radial profiles of stars from the Gaia DR 2 (Gaia Collaboration et al.,
2018) in the same manner as LN22 out to 100”. The median profile plateaus at 10" < r <
100", presumably because of unmasked continuum sources and the lack of a continuum
and background subtraction. We subtract the mean value at » > 10”. We obtain a
separate star profile for the observations of LAEs and [O III] emitters and scale them
to match the flux within 2” of the galaxy profiles. Both profiles are modeled well by a
Moffat function with g = 2.2 with the mean seeing FWHM as the observations.

4.4 Results and Discussion

Figure 4.1 presents the median Lya SB profile of the [O III] galaxies out to 800 kpc. The
profile is significantly more extended than the star profile. Figure 4.1 also shows the
median redshift-adjusted Lya SB profile of the LAE sample at 1.9 < z < 3.5. While
the [O III]-galaxy profile is an order of magnitude fainter at r < 10kpc, it reaches a
consistent surface brightness at r > 40kpc. The profiles of the entire LAE sample and
the subsample at z < 2.35 are consistent at all radii.

Byrohl et al. (2021) find in their simulation that the photons in the core predomi-
nantly originate from the central galaxy, but those at large distances originate from other
galaxies. Hence the central surface brightness should depend on the amount of photons
escaping the central galaxy. At large distances, however, galaxies with similar CGM and
clustering properties should have similar Lya SB profiles.

While the intrinsic Lya luminosities of the galaxy samples are unknown, the small
Lya escape fraction of the [O III] galaxies along the LOS can explain the lower surface
brightness of the profile in the core. In contrast, Leclercq et al. (2017) find a weak
positive correlation between the halo scale length and Ly« luminosity of the inner halo,
implying that brighter LAEs have flatter halos. The similarity of the Lya SB profiles of
the two galaxy samples at r > 40 kpc supports the picture in which the outer parts of the
profiles are dominated by photons not related to Lya emission produced in the central
galaxy. The profiles are modeled well by a PSF-plus-powerlaw model, with power law
index —1.45, cut off at ry;, >~ 2kpc. While the power-law component is designed to be
identical, the best-fit PSF component of the LAE profile is 40 times brighter than that
of the [O III] galaxies.
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Figure 4.1: Top: Median Lya SB profile of 1034 [O III] galaxies (blue circles) compared to the
redshift-adjusted profile of all LAEs (red squares) and the profile of the LAEs at z < 2.35 (green
diamonds). The LAE profiles are slightly shifted along the x axis for better visibility. The star
profile in the [O III] galaxy observations at z = 2.1 and that in the LAE observations at z = 2.5
are shown as light gray and dark gray areas, respectively. The cyan area shows the estimated
virial radius of the host dark matter halos of the [O III] galaxies. The dotted and dashed lines
show the best-fit PSF-plus-powerlaw model. Bottom: Significance of the difference between
the profiles, i.e. the difference between the [O III] profile and the LAE profiles divided by the
uncertainties added in quadrature, with the same symbols as above.
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Figure 4.2: Median Lya SB profiles of differently separated subsamples. Except for the bottom
right, each panel includes the subsample above (upward-facing magenta triangles) and below
(downward-facing green triangles) the median of one property. The bottom right panel shows
the subsample above and below the linear SFR-M, relation. The bottom part of each panel
shows the significance of the difference between the two profiles.

Figure 4.2 shows the median Lya SB profiles of several subsamples of the [O I11] galax-
ies. Most profiles are similar (< 20 difference). The following differences are statistically
significant (> 20). The Lya surface brightness of the low-Lioy sample is lower than
that of the high-Lo 1y sample at r < 60 kpc. While the low- Loy profile follows the star
profile out to 40 kpc, it increases to match the high-Lo ) profile at » > 60 kpc. The sub-
samples with high dust attenuation, stellar mass, and SFR are fainter at r < 5kpc than
those with low dust attenuation, stellar mass, and SFR, but similar at larger distances.
This can be explained by lower escape fractions for those subsamples, consistent with the
notion that the escape fraction anti-correlates with dust extinction, stellar mass, and SFR
(Runnholm et al., 2020; Weiss et al., 2021). The profiles of the subsamples with low UV
luminosity or below the SFR-stellar mass relation are similar to those with high UV lu-
minosity or above the SFR-stellar mass relation at most radii, but fainter at intermediate
distances, similar to the low-Lor subsample. This suggests that the surface brightness
is independent of the properties of the central galaxies at large distances. However, the
uncertainties at large radii are large and more data are necessary for a clear conclusion.
The similarity of the Lya SB profiles at different stellar masses appears to contradict the
result of Byrohl et al. (2021). Their fiducial model, which does not account for destruc-
tion of Lya photons by dust, indicates that the Lya SB is higher for galaxies with higher
stellar mass out to large distances. When including dust treatment (see Appendix A4 of
Byrohl et al., 2021), the correlation between stellar mass and outer Lya SB level weakens
because massive galaxies are more strongly affected by dust attenuation. The resulting
Lya SB profiles are more similar across stellar masses, better matching our findings.
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Figure 4.3: Comparison of the surface luminosity profile of the [O I1I] galaxies (blue circles) and
that of the LAEs (red squares) with LAEs at z = 3 — 4 (WI+418; Wisotzki et al., 2018), LAEs
at z = 2.2 and z = 3.3 (KI+21; Kikuchihara et al., 2022a), LBGs with net Lya emission and
absorption at z = 2.65 (ST+11; Steidel et al., 2011), and LBGs at z = 3.56 (KU+22; Kusakabe
et al., 2022). The dotted profiles are convolved with the VIRUS PSF.
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4.4.1 Comparison with Previous Results

Figure 4.3 compares the surface luminosity profile of [O I11] galaxies and that of the LAEs
with previous results for LAEs and LBGs at redshifts 2 < z < 4. We show the profiles
as a function of physical distance because most of the data lies within the virial radii of
the galaxies. The profiles that were given as a function of comoving distance or did not
contain the (1 + z)* factor were adjusted using one redshift for each sample (see caption
of Figure 4.3). Because of the smaller PSF of MUSE, the profiles of Wisotzki et al. (2018)
and Kusakabe et al. (2022) are steeper in the core than our profiles. We therefore show
the convolved profiles with the PSF model following the stacked star profile in the [O III]
galaxy observations (Moffat function with § = 2.2 and FWHM= 1.47 convolved with
the VIRUS fiber profile), as though VIRUS observed these profiles at z = 2.1. Despite
differences at small distances, all LAE and LBG profiles are similar at intermediate
distances (20kpe < r < 80kpe).

4.4.2 Emission Mechanism
Star formation in other galaxies

To find out whether the measured Ly« emission can be powered by star formation alone,

we estimate the required star formation rate density (SFRD) from the measured Lya
luminosity within 800kpc of the [O III] sample (Liye = (2.3 £ 1.3) x 10¥ergs™!).
Using Lyy, = 102 ergs™ x SFRMg'yr (see Dijkstra, 2019), we find SFRD = 0.05 +
0.03 Mg yr~! eMpc 3. This value is smaller than those in the literature (~ 0.1 Mg yr~' cMpc™;
summarized by Rowan-Robinson et al., 2016), implying that star-formation-induced pho-
tons can account for the Lya emission out to 800 kpc.

Star formation in the central galaxy

The median SFR of the [O III] galaxies is 10°9%° M yr~!. Using the same Liy,-SFR
relation as above, we expect an intrinsic Ly luminosity L%, ~ 9.1x10% ergs™". Because
this is consistent with the measured luminosity, the Lya photons could originate from
the central galaxies if the escape fraction is close to one. This scenario is disfavoured
because of the small measured escape fraction of 670%% (Weiss et al., 2021), as well
as the theoretically expected one. Using the standard relation for the optical depth
due to dust extinction of Calzetti et al. (2000) and Verhamme et al. (2006b) yields

flye < exp {—Tc%gs‘ﬁ} ~ 0.21 for the median E(B-V) of our sample.

esc

Fluorescence

Cantalupo et al. (2005) predict a Ly« surface brightness through fluorescence from the
UV background of 3.67 x 1072 ergs~' ecm 2 arcsec 2 at z ~ 3. The photoionization rate
of the UV background changes little from z = 3 to z = 2 (Faucher-Giguere, 2020).
Accounting for cosmic dimming, this value would be ~ 107 ergs~! cm~2arcsec 2 at
z = 2.1, which is consistent with the intermediate and outer points of the radial profiles,
but too low to explain levels at small distances.
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Cooling radiation

Lya photons can be emitted through collisional excitation and recombination in cooling
gas flowing into a galaxy. The subsequent scattering in an inflowing medium can lead to a
blue-shift of the Ly« line (Dijkstra et al., 2006). While the scattering and blue-shift may
be negligible due to the low volume-filling factor of cold streams, we expect a filamentary
morphology of the Ly« emission (Haiman et al., 2000; Dijkstra & Loeb, 2009). We cannot
test whether the Ly« line is blue-shifted because of the low spectral resolution and the
high redshift uncertainty of the [O III] galaxies. Detecting the filamentary structure
requires deep observations of individual Ly« halos rather than stacking and circular
averaging.

4.5 Summary

We measure the Lya emission out to 800 kpc around 1034 [O III]-selected galaxies at
1.9 < z < 2.35. While the central surface brightness in the core (r < 10kpc) is fainter
than that of the median redshift-adjusted Lya SB profile of 968 LAEs at 1.9 < z < 3.5
by an order of magnitude, the Ly« surface brightness in the outer parts (r > 40 kpc)
reaches the same surface brightness as that of the LAEs.

This result supports the picture in which photons originating from outside of the cen-
tral galaxies dominate the Lya SB profiles at large radii. These photons either originate
from other dark matter halos or satellite galaxies, or are emitted through fluorescence or
cooling radiation in the CGM. While we cannot exclude any of these sources, star forma-
tion alone can account for the integrated Lya emission out to 800 kpc, and fluorescence
from the UV background is sufficient to explain the surface brightness at intermediate
distances.
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Chapter 5

SIMPLE: Simple Intensity Map
Producer for Line Emission

The content of this chapter has been published in Lujan Niemeyer et al. (2023).

We present the Simple Intensity Map Producer for Line Emission (SIMPLE), a public
code for quickly simulating mock line-intensity maps, and an analytical framework for
modeling intensity maps including observational effects. SIMPLE can be applied to any
spectral line sourced by galaxies. The SIMPLE code is based on lognormal mock cata-
logs of galaxies including positions and velocities and assigns luminosities following the
luminosity function. After applying a selection function to distinguish between detected
and undetected galaxies, the code generates an intensity map, which can be modified
with anisotropic smoothing, noise, a mask, and sky subtraction, and calculates the power
spectrum multipoles. We show that the intensity autopower spectrum and the galaxy-
intensity cross-power spectrum agree well with the analytical estimates in real space. We
derive and show that the sky subtraction suppresses the intensity autopower spectrum
and the cross-power spectrum on scales larger than the size of an individual observa-
tion. As an example application, we make forecasts for the sensitivity of an intensity
mapping experiment similar to the Hobby-Eberly Telescope Dark Energy Experiment
(HETDEX) to the cross-power spectrum of Lya-emitting galaxies and the Ly« intensity.
We predict that HETDEX will detect the galaxy-intensity cross-power spectrum on scales
of 0.04hMpc™! <k < 1hMpc.

5.1 Introduction

Line-intensity mapping (LIM) is a promising survey strategy for constraining cosmological
parameters and studying astrophysics of galaxies and intergalactic gas (e.g., Kovetz et al.,
2017; Bernal & Kovetz, 2022). Instead of relying on detections of individual galaxies
to trace the large-scale structure of matter, LIM measures the integrated line emission
from all galaxies and the intergalactic medium (IGM) as a biased tracer of the matter
distribution. It collects light from all emitters, including those that are too faint for
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individual detection at high redshift, and requires lower resolution and shorter integration
times than traditional galaxy surveys.

Several LIM surveys are in operation (Santos et al., 2016; Keating et al., 2016, 2020;
DeBoer et al., 2017; CONCERTO Collaboration et al., 2020; Gebhardt et al., 2021; Cleary
et al., 2022) or in preparation (Doré et al., 2014; Vieira et al., 2020; Sun et al., 2021;
Switzer et al., 2021; CCAT-Prime Collaboration et al., 2022). They target lines ranging
from the 21 cm line in radio frequencies to the ultraviolet Lyman-« (Ly«) line, which trace
atomic or molecular gas. Although the 21 cm line is emitted by neutral atomic hydrogen
in the IGM and in neutral pockets within the interstellar medium (ISM) of galaxies, other
lines targeted by LIM experiments are associated with star formation in the ISM (e.g.,
Bernal & Kovetz, 2022). Neglecting scattering and diffuse emission of the Ly« line, which
can illuminate the circumgalactic medium (CGM) and IGM (see, e.g., Byrohl et al., 2021;
Byrohl & Nelson, 2023), these line intensities are therefore sourced within galaxies and
influenced by their astrophysical properties such as their star-formation rate.

Mock intensity maps are necessary to model the signal beyond the capabilities of
analytical models, estimate statistical covariance, and explore observational effects such
as foregrounds, sky subtraction, and survey footprints on summary statistics (e.g., Cun-
nington et al., 2023b). Modeling techniques of line-intensity maps have to compromise
between astrophysical complexity, volume, and computational feasibility. On the one
hand, cosmological hydrodynamical simulations can be post-processed using the astro-
physical properties of galaxies and the gas to infer the line emission (e.g., Moriwaki et al.,
2019; Silva et al., 2021; Kannan et al., 2022; Byrohl & Nelson, 2023; Liang et al., 2023).
Halo catalogs from N-body simulations can also be combined with galaxy evolution mod-
els to predict line luminosities and produce intensity maps (e.g., Lidz et al., 2011; Gong
et al., 2012; Li et al., 2016; Chung et al., 2019; Spina et al., 2021; Béthermin et al., 2022;
Moradinezhad Dizgah et al., 2022b; Sato-Polito et al., 2023). Although these approaches
provide accurate small-scale clustering and include astrophysical dependences of the line
intensity, it is not feasible to produce enough realizations for covariance estimation or
parameter inference. To speed up the calculation, one can model the underlying dark
matter density field through Lagrangian perturbation theory or mass-peak patch and
apply various post-processing steps to model the astrophysical dependence of line inten-
sities (Mesinger et al., 2011; Silva et al., 2013, 2015; Mesinger et al., 2016; Heneka et al.,
2017; Heneka & Mesinger, 2020; Mas-Ribas et al., 2023; Chung et al., 2022; Roy et al.,
2023). The line intensity can also be modeled by multiplying the total matter density in
a fast lognormal simulation by a bias (Alonso et al., 2014; Rubiola et al., 2022). These
approaches are fast and enable simulating many realizations of large volumes, but do not
account for the shot-noise contribution to the power spectrum from the discreteness of
the line-emitting sources. Finally, Obuljen et al. (2023) use a field-level forward-modeling
approach to simulate intensity maps based on effective field theory.

To include shot noise, one can generate a galaxy catalog from a lognormal galaxy
number density field via Poisson sampling. Lognormal simulations take advantage of
the roughly lognormal probability density function (PDF) of matter and galaxy density
distributions, measured both in N-body simulations (e.g., Kayo et al., 2001; Shin et al.,
2017) and in galaxy surveys (e.g., Clerkin et al., 2017). The lognormality of the PDF of
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the density contrast § implies that the logarithmic transformation field, In (1 + 9), is a
Gaussian random field whose statistics are defined entirely by its two-point correlation
function or power spectrum. Agrawal et al. (2017) present a public lognormal mock
generator for galaxy catalogs, including self-consistent velocities of the galaxies. The
velocities enable redshift-space distortion (RSD) modeling beyond the linear Kaiser model

(Kaiser, 1987), which is critical for any large-scale structure measurement in redshift space
such as LIM.

The lognormal galaxy catalog generator of Agrawal et al. (2017) has been extended
to generate weak-lensing fields (Makiya et al., 2021). In this paper, we extend it to
quickly and self-consistently generate intensity maps and galaxy catalogs, which we call
the Simple Intensity Map Producer for Line Emission (SIMPLE).! Given a luminosity
function for any emission line, we assign line luminosities to galaxies in a lognormal
galaxy simulation, apply a selection function to obtain a galaxy catalog, and calculate
the intensity on a grid. We can add noise, smooth the intensity map, model the sky
subtraction, and apply a mask before calculating the galaxy and LIM auto- and cross-
power spectra. The simplicity of this approach enables us to quickly generate many mock
intensity maps, e.g., to estimate the covariance matrices of the LIM power spectra.

As an example of its capabilities, we use the SIMPLE framework to forecast the sen-
sitivity of the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX; Gebhardt
et al., 2021) to the cross correlation of Lya-emitting galaxies (LAEs) and the Ly« in-
tensity. An analytical forecast for the intensity autopower spectrum in HETDEX was
presented in Fonseca et al. (2017).

This paper is structured as follows. Section 5.2 derives the power spectrum formalism.
In Section 5.3 we describe the steps of the SIMPLE code to generate line-intensity mocks.
Section 5.4 explains an example mock setup for HETDEX that is used in the rest of the
paper. We validate the SIMPLE code by comparing the power spectrum multipoles with
theoretical predictions in Section 5.5. Section 5.6 presents the forecast for the LAE-
Ly« intensity cross-correlation of HETDEX. Section 5.7 discusses the limitations of the
SIMPLE framework. We conclude in Section 5.8.

We use the following Fourier convention:

fa) = [ axflx)e,

31 . (5.1)
109 = [ e ke,

where the tilde denotes quantities in Fourier space. We refer to real space in contrast to
redshift space, and to configuration space in contrast to Fourier space.

Throughout this paper, we assume a flat A cold dark matter (ACDM) cosmology
with Hy = 67.66 kms™ Mpc™!, O, 0h? = 0.022, Q, 0h* = 0.142, In (10" A,) = 3.094, and
n, = 0.9645.

https://github.com/mlujnie/simple (Lujan Niemeyer et al., 2023)
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5.2 Power Spectrum Modeling

Consider a fluctuation 0A(x) = A(x) — (A(x)) of a field A, such as the intensity A(x) =
I(x) and the normalized galaxy number density A(x) = n(x)/(n(x)) = 1 + 04(x). Here,
(-(x)) denotes the mean field at location x over many realizations, for example, the
mean intensity as a function of redshift, or the galaxy selection function as a function of
position. The dimensionless correlation function of fields A and B in configuration space
is defined as

(5.2)

The corresponding power spectrum with the dimension of volume is the Fourier transform
of the correlation function,

Pap(k) = / d3s €48 (5) ik, (5.3)

5.2.1 Galaxy and Intensity Auto- and Cross-power Spectra

Following the standard approach of Peebles (1980), we model the galaxy number N(x) as
a Poisson point process in infinitesimal volume elements 6V, so that the occupation num-
ber in each cell is N; € {0,1}. The expectation value of N in one cell is 7 [1 + d4(x)] IV,
where 7 is the mean number density of galaxies in the entire volume, and d, is the
galaxy overdensity. Let each galaxy have a line luminosity L;, which is sampled from a
luminosity function dn/dL. We require that the integral [ dL g—z =: n converge so that
o(L) := j—zﬁ_l is a PDF, for example, by setting a minimum luminosity.
The specific intensity in a cell with luminosity L(x) is

_ c L(x) oy L(x)
L) = e Hm s ov X1 Sy (5.4)
or I(x) = 47%@[{ E Lé(";) _ ;(X)%(";), (5.5)

where ¢ is the speed of light, H(z) is the Hubble expansion rate, X7 is a redshift-dependent
conversion factor, and Ay and 1 are the rest-frame wavelength and frequency of the line,

respectively. For simplicity, we refer to the specific intensity as ‘intensity’ with the symbol
1.

Given a function f(A) of a continuous random variable A with PDF ¢(A), we can
calculate its expectation value as (f(A)) = [dAf(A)$(A). As the PDF of IV at
position x is given by ¢'(I0V) = ¢(L)X(x), the first and second moments of IV are



5.2 Power Spectrum Modeling 69

given by
(I(x)0V) = NX;(x) / dL &(L)L .
5.6
— SV X1(x) / dL jZL,
(12(x)0V?) = NX2(x) / AL &(L)L?
dn (5.7)
— 5V X2(x) / aL I
where N = ndV.
Following the integration approach of Feldman et al. (1994), we find
(I(x)I(y)) = (LI(x)I(y)) [L+ & (x —y)]
(5.8)

dn
— X2 / iy

where dp is the Dirac delta function. The second term in the previous expression assumes
Poisson shot noise. Similarly, the cross correlation with the galaxy density contrast of
detected galaxies, d,(x) = n(x)/(n(x)) — 1, is given by

(1(x)d(y)) = ([(x)) [1 + &rg(x = y)]

+op(x—y) lj:;(g; /dszL

where the (second) shot-noise term only contains galaxies that contribute to the galaxy
catalog and the intensity map, i.e., only detected galaxies with nonzero luminosity in the
target line, denoted in the expression as G, N Gz.

We define the weighted Fourier transform as 67(k) = [ d3xw;(x)51(x)e™* with a
dimensionless weight w;(x), which can represent a survey footprint.? We define the
estimator for the intensity power spectrum,

(5.9)

Y

‘| ggmgI

Pri(k) = Vi (161 (%)) , (5.10)

where V}o, is the volume of a cuboid enclosing the survey used to compute the Fourier
transform, so that Pj;(k) has the dimension of volume times intensity squared. We find
that

A3k’

(0100 ) = [ 55 Pur(i) Wik = K

(2m)? | (5.11)
+/d3xw%(x)X12(x)/de—ZL2,

where Py; is the power spectrum defined in Eq. (5.3), and the window function is defined
as Wi(k) = [ d3x e**w;(x)(I(x)).

2Blake (2019) follow a similar approach, but use weights in units of (intensity)*.
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Similary, we define the estimator for the cross-power spectrum as
Pyr(k) = Voo (61 (k)6 (K)) , (5.12)

with the dimension of volume times intensity, where the asterisk is the complex conjugate
operator, and

T30 = [ S Py ) — 1) )

5.13)
Xi(x) /. dn (
—i—/dgxw[(x)w (x) /dLL] :
() AL |4 n6,
where the galaxy window function is W,(k) = [d®xe™*w,(x) with a dimensionless
weight, wg(x).
Finally, we define the galaxy power spectrum estimator as
Py (k) = Viu 106 ()% (5.14)
where
S 2 d°K’ NITA7 N2
(3:09F) = [ Gy Pes €)W = 5
(5.15)

5. We(x)
AR
5.2.2 Smoothing and Noise

Limited observational resolution can be modeled by smoothing the intensity map. Sup-
pose that the intensity is smoothed with a smoothing kernel D(x), i.e., [i(k) = I(k)D(k).
Then the factors in the power spectrum estimators change as

~<!5?s(k)| ) = {I51(1)])|D(k)[*, (5.16)
(01,(K)55(k)) = (51(K)5;(k)) D (k). (5.17)

Examples for smoothing kernels are a Gaussian or top-hat smoothing in the line-of-sight
(LOS) direction, mimicking the line-spread function or binning of intensity into frequency
channels,

DGaUSS = exXp ( 2k8||> (518)
Dﬁ(’p*hat = sinc (2k||5> (5.19)

and a Gaussian smoothing in the angular direction, mimicking the beam smoothing or
point-spread function (PSF),

D = exp ( 2/@51) (5.20)
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where s and s; define the smoothing lengths parallel and perpendicular to the LOS,
respectively. Similarly, kj = pk and k; = /1 — p®k are the components of the wavenum-
ber parallel and perpendicular to the LOS, respectively, and g is the cosine of the angle
between the LOS and the wavevector k.

Uncorrelated noise A, with zero mean can be added to the intensity to model instru-
mental and sky noise. Therefore, I;,(x) = Ii(x) + Al,(x), and the noise is characterized
by its variance (AI2(x)) = o%(x), where o7 is the standard deviation of the noise in each
voxel. This adds a term to the power spectrum estimator,

(161,0(1)1%) = (|61,(K)[*) +5V/d3xw2(X)0'?(X)~ (5.21)

The second term still holds for larger than infinitesimal voxel volumes dV.

5.2.3 Modeling the Sky Subtraction

The sky subtraction is a common step in the reduction pipeline of ground-based opti-
cal data to remove zodiacal light, aurora, airglow, diffuse Galactic light, and emission
from the Galactic warm interstellar medium (WIM; e.g., Wyse & Gilmore, 1992). The
optical sky spectrum consists of a continuum component and emission lines. With the
assumption that the sky spectrum is homogeneous on scales of the focal plane size, one
can estimate the sky foreground by taking an average of the spectra in ‘empty’ areas on
the detector, i.e., areas that do not contain an object above a fiducial detection limit.
The sky foreground spectrum is typically subtracted from the data.

In addition to sky subtraction, further foreground mitigation is required. For exam-
ple, continuum subtraction of the spectra can be applied to remove small-scale continuum
foreground fluctuations, or wavelength regions around strong optical emission lines from
the WIM of our Galaxy can be masked to reduce line foreground fluctuations. Masking
spectral channels would add structure to the mask along the LOS, but can be mod-
eled using the formalism in this work. Continuum foreground substraction removes the
longest-mode fluctuations along the LOS, which can be reconstructed modeling suitable
transfer functions (see, e.g., Cunnington et al., 2023b). In this paper, we only model the
sky subtraction for simplicity.

Sky subtraction also removes roughly the average intensity per redshift slice of the
cosmological signal of interest within the scale used for the sky foreground estimation,
for example, the focal plane radius (see, e.g., the discussion in Lujan Niemeyer et al.,
2022a). Therefore, the sky subtraction decorrelates fluctuations on larger scales. This
does not affect the galaxy clustering of detected galaxies because the detection of galaxies
is not influenced by the zeropoint on larger scales. However, it does affect the intensity
autopower and cross-power spectra even when all galaxies are detected because the inten-
sity zeropoint is changed. While optical ground-based LIM experiments such as HETDEX
suffer from a loss of large-scale power due to sky subtraction, ground-based LIM exper-
iments in other wavelengths such as radio and submillimeter may also lose large-scale
power due to similar issues.

We can model the effect of the sky subtraction on the intensity map by calculating
the contribution of the line intensity to the estimated sky foreground. We smooth the
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intensity map with a two-dimensional spherical top-hat kernel in the plane perpendicular
to the LOS with the size of the area used for the sky spectrum estimation. Specifically,
the estimated contribution to the sky foreground, i.e., the top-hat-smoothed intensity
map, is

T () = (1) Dy (k). (5.22)

where Esky(k) is the Fourier transform of the two-dimensional spherical top-hat kernel,

given by
2
B (1) = 20 (sr/k2 + k2) (5.25)
sky N /1.2 2 ’ )
St ka + k‘b

where a and b denote the directions perpendicular to the LOS, and J; is the Bessel
function of the first kind and of first order, and s; is the radius of the area used for
estimating the sky.

As Dy (k) is real-valued, we obtain

(11() — T (0?) = (111 [1 — 2D (k) + D3, (10)] (5.24)

and

([T1(k) = Ly (k)| 87) = (I(k)37) [1 = Dy (k)] - (5.25)

This shows that the power spectrum is suppressed on scales larger than sg.

5.3 Generating Mock Intensity Maps

This section describes the framework of the public code SIMPLE for generating mock
intensity maps. In a nutshell, the code follows these steps:

1. Generate a galaxy catalog in real and redshift space using the lognormal code of
Agrawal et al. (2017).

2. Randomly assign line luminosities to galaxies following an input luminosity func-
tion.

3. Assign redshift and flux to each galaxy. Apply the input selection function to
distinguish between detected and undetected galaxies.

4. Paint an intensity map and a galaxy density map using detected, undetected, or all
galaxies in each map, and optionally smooth the intensity map.

5. Optionally, generate and add an intensity noise map, apply a mask or weights, and
model the sky subtraction.

6. Calculate the auto- and cross-power spectra.
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The main input parameters to SIMPLE are cosmological parameters, a luminosity
function, a linear galaxy bias for all galaxies, the central redshift of the box, and the rest-
frame wavelength or frequency of the target line. If no tabulated matter power spectrum
is provided as input, the cosmological parameters are used to generate the matter power
spectrum using the Eisenstein & Hu fitting function (Eisenstein & Hu, 1998). They are
also used to calculate the luminosity and angular diameter distances in later calculations.

Along with the luminosity function, one has to specify the minimum luminosity to
obtain a finite number of galaxies. This defines the number of galaxies to simulate with
the lognormal galaxy catalog generator of Agrawal et al. (2017), which produces their
positions, velocities, and redshift-space positions. This procedure assumes a flat sky and
a single redshift. We assign a luminosity to each galaxy by randomly drawing from the
luminosity function. Unless otherwise specified, we define the first axis of the simulation
box as the LOS and assign the redshift to each galaxy according to its distance from
the observer, inferred from the position in this simulation axis. We use this redshift to
convert luminosities into fluxes. Alternatively, a single redshift can be assigned to all
galaxies.

We then apply a selection function based on an input flux limit above which a galaxy
is detected, or on the target galaxy number density as a function of redshift. This
produces a galaxy catalog with detection flags. We then calculate an intensity map and a
galaxy number density map using the nearest-grid-point (NGP) assignment scheme. One
can specify which galaxies contribute to the intensity and galaxy maps, i.e., detected,
undetected, or all galaxies.

From the luminosities, we calculate the intensity map, either in terms of a specific
intensity

Al epg
YT dr AnH (2w (5.26)
or [ = ar = PL |
AN ArH(2)(1 4 2)2 N’
or brightness temperature
_ pLCS(l + 2)2 (5 27)

- SwkpyiH(2)’

where p;, = vajo L;/0V is the total emissivity in each voxel, i.e., the sum of the luminosi-
ties of all galaxies in that voxel divided by the voxel volume, and kg is the Boltzmann
constant. This step assumes that the emission line is narrow, i.e. a delta function.

If specified in the input, the intensity map is smoothed with a Gaussian kernel per-
pendicular to the LOS, imitating the beam smoothing. Along the LOS, one can apply
Gaussian or top-hat smoothing, imitating a line-spread function or binning in redshift,
wavelength, or frequency channels, respectively (see Section 5.2.2). The LOS smoothing
can also be used to model broader lines than a voxel length. One can add random Gaus-
sian noise with the provided standard deviation per voxel o, and subtract the estimated
sky foreground (see Section 5.2.3) from the intensity map. If a mask is specified in the
input, the galaxy number density and intensity maps are multiplied by the mask. The
mask is equivalent to the weights introduced in Section 5.2.1.
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z2=222|z=304

L™ [h~" Mpd] 622 624
Nmock 7 9

ST % Gpcd] 2.33 3.23
v 1.14 1.09
Noe 311 312
Ngar/10° 14.2 14.4
oy [h~T Mpd] 176 1.27
s¢ [h™! Mpc] 10.0 11.6
or, [1072ergs~' cm 2 arcsec 2 A~1] 2.9 1.5

Table 5.1: Summary of the Differences between the Low-z and High-z HETDEX Mocks.

Finally, one can calculate the summary statistics, i.e. the autopower spectra of galax-
ies and the intensity and the cross-power spectrum. We compute the intensity and galaxy
power spectra and the cross-power spectrum using the estimators defined in Section 5.2.1,
where Vj,oy is the volume of the simulation box. We use the fast Fourier transform (FFT)
to calculate 57 and Sg, keeping only the independent modes, and calculate the correspond-
ing k and p values of the cells. For the quadrupole, we multiply the mesh 64 (k)0 B*(k)
by the second Legendre polynomial evaluated at the p values of the mesh. For each k bin,
we collect cells whose k values fall into the bin and calculate their mean. We calculate
the mean k value of each bin in the same way.

5.4 Example Mock Setup: HETDEX

In this section, we introduce the setup for a HETDEX-like Lya LIM experiment. HETDEX
is primarily a cosmological galaxy survey that aims to map approximately one million
LAEs through their Lya emission line at z € [1.88, 3.52] (Gebhardt et al., 2021). HETDEX
uses the Visible Integral-field Replicable Unit Spectrograph (VIRUS; Hill et al., 2021) on
the Hobby-Eberly Telescope (HET'), which consists of 78 integral-field unit spectrographs
(IFUs), each of which contains 448 fibers that are 1.5” in diameter, with a spectral
resolution of 5.6 A.

HETDEX observes a total area of 540deg® without target preselection, expecting
460, 000 IFU observations. Because each IFU spans 51”7 x 51” in the sky, this amounts to
an effective fill factor of the survey of fouvey =~ 0.17. The layout of the IFUs across the
18" diameter focal plane leaves an IFU-sized gap between adjacent IFUs and a hole in
the center of the focal plane, which is used for other instruments (see Figure 5.1). Three
six-minute exposures per HETDEX observation fill in the gaps between fibers, but not
between IFUs, so that each individual HETDEX observation has a fill factor of ~ 1/4.6.
The HETDEX data reduction pipeline offers a sky-subtraction mode that estimates the
sky spectrum from all IFUs simultaneously, i.e., roughly from a discontinuous circular
area ~ 9’ in radius.

We divided the redshift range of HETDEX into two parts with a similar LOS distance
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Figure 5.1: On-sky slice of a HETDEX-like mask applied to the HETDEX and validation mocks.
The mask is constant in the LOS direction. The right panel is a zoom-in of a small area in
the left panel. Each roughly hexagonal element with a hole in the center corresponds to one
HETDEX observation with the VIRUS focal plane layout. The green squares in the right panel
show the individual IFU positions in the higher-resolution mask that was used to generate the
downsampled gray mask. The holes between observations show randomly removed individual
observations to match the target fill factor of HETDEX.

of 622 (624) h~'Mpc for the low-z (high-z) sample. The low-z (high-z) sample covers
z € [1.88, 2.57] (z € [2.57, 3.52]) and is centered around z = 2.22 (z = 3.04). At the
mean redshift, the survey area of 540 deg? translates into a comoving area of 2.38 h~2Gpc?
(3.23h72Gpc?). We generated 7000 (9000) mocks of cubic volumes with side length
622 h~'Mpc (624 h~'Mpc). By averaging the power spectra over 7 (9), cubic boxes,
we effectively obtained 1000 power spectra of a box that is 1.14 (1.09) times the size
of the low-z (high-z) volume. In the last step, we multiplied the covariance matrix of
each redshift slice by the respective factor to correct for this oversampling. The largest
accessible scale with this box size is ky;, = 0.01 hMpc_l.

We set the cosmological parameters to the fiducial cosmology (see Section 5.1). While
the bias of detected LAEs is ~ 2 (Gawiser et al., 2007; Guaita et al., 2010), the bias of
LAEs fainter than the detection limit is unknown. To obtain a conservative estimate for
the signal-to-noise ratios (S/N) of the HETDEX power spectra, we choose a smaller linear
galaxy bias of b = 1.5. We simulate the Ly« intensity at the rest-frame wavelength of
1215.67 A. In the following, we use the specific intensity I,. For both redshift sections,
we adopt the Lya luminosity function of the EWgt60 sample of Konno et al. (2016) for
galaxies at z = 2.2, which is given by a Schechter function,

dn . ¢* L @ —L/L*
o I <L> c (5.28)

with L* = 4.87 x 10%2ergs™!, ¢* = 3.37 x 107*Mpc >, and @ = —1.8. We set the
minimum luminosity to 4 x 10%ergs™!, based on Figure 4 of Gronke et al. (2015), and

do not set the maximum luminosity.
Chiang et al. (2013) investigated the impact of sparse sampling for galaxy redshift
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surveys, in particular HETDEX, and found that the voxel size used for the power spectrum
calculation has to be at least twice as large as the separation between IFUs to obtain an
unbiased power spectrum. For this reason, we grid the simulation box with a resolution
of 2h™'Mpe, i.e. Nyesn = 311(312), which corresponds to a Nyquist frequency of kny =
1.57 hMpc~'. Each voxel in our mock encompasses roughly two IFU side lengths (102")
perpendicular to the LOS and two spectral bins (4 A) along the LOS, which is smaller
than the spectral resolution. This means that in our HETDEX-like experiment, one has
to average the intensity of the fibers in each of the larger voxels.

Each cubic box at low-z (high-z) contains roughly 14.2 (14.4) million galaxies, both
detected and undetected. We use a wavelength-dependent flux limit, enforcing that there
are 2.5 detected galaxies per IFU on average, summed over the entire HETDEX LOS
range (see Gebhardt et al., 2021). This corresponds to a mean galaxy number density of
g =~ 2.0 x 1072 h*Mpc ™. We rescaled the measured flux noise standard deviation from
Figure 18 in Hill et al. (2021) to obtain a wavelength-dependent flux limit that satisfies
this condition.

Figure 5.2 shows the resulting mean n4(z) in one realization of low-z and high-z
HETDEX mocks. We compare this to the distribution of LAEs from the HETDEX public
source catalog I (Mentuch Cooper et al., 2023b), where we selected LAEs with the ‘lae’
flag in the ‘source_type’ column. The shapes agree well. A decrease in the detected LAEs
at z ~ 2.7 is caused by a mask applied at the center of 50% of the HETDEX detectors
and an increase in night-sky emission. The real number density in the high-z volume
can differ if the luminosity function at z ~ 3 is different from that at z ~ 2. However,
because of the good agreement with the detected galaxies in HETDEX, we continue to
use the luminosity function at z = 2.2.

The high angular resolution of HETDEX allows one to mask individual detected galax-
ies without masking entire voxels. Therefore, we focus on the intensity map of only un-
detected sources. This intensity map does not share galaxies with the catalog of detected
galaxies, so there is no contribution of shot noise to the cross-power spectrum between
galaxies and intensity.?

3Combining the catalog of detected galaxies with the full intensity map of all sources adds information
with respect to the autopower spectrum of detected galaxies alone. This is true even if the intensity map
is dominated by bright detected galaxies (i.e., if the line luminosity function flattens at the faint end)
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We do not apply beam smoothing perpendicular to the LOS because the PSF of
VIRUS is smaller than the size of an IFU /voxel. We smooth the intensity map along
the LOS with a Gaussian kernel with standard deviation o = 2.38 A(FWHM = 5.6 A) to
imitate the line-spread function, i.e., spectral resolution, of VIRUS (Hill et al., 2021). This
corresponds to o = 1.76 h~*Mpc (1.27 h~*Mpc) for the low-z (high-z) volumes. Because
of the low spectral resolution and the large size of the voxels along the LOS, we do not
model the broadening of the Lya line. For the sky subtraction, we set the focal plane
radius to 9, which corresponds to a distance scale of s; = 10.0 »~'Mpc (11.6 h~'Mpc) for
the low-z (high-z) part.

To add HETDEX-like noise, we transform the measured wavelength-dependent 5o sky
flux noise per resolution element per fiber in VIRUS (see Fig. 18 in Hill et al., 2021), 50 p,
into a specific intensity noise per fiber, oy, , by dividing by (5 x 7(0.75")% x 5.6 A) Then
we divide by /3 x 448 to account for the averaging over fibers within an IFU in three
dithers. The simulation voxels are shorter along the LOS than one spectral resolution
clement of VIRUS (5.6 A; sece Hill et al., 2021). Because the noise below this scale is

correlated, the factor of \/% to obtain the noise in the voxel with LOS length A\ is
an overestimate of the correlated noise. We therefore do not apply this factor. Because
the area of a voxel encompasses four IFU areas, we divide this noise level by 1/ Nipy(x).

Here, Nipy(x) is the number of IFUs observed in the voxel at position x, i.e. where
the supersampled mask described below is nonzero. This can in principle be an integer
between zero and four; for our masks, it is < 2. In summary, we convert the 5o flux noise
per resolution element 50 into the intensity noise at position x by calculating

50'F
5m(0.75")2/3 x 448 x Nipy(x) x 5.6 A

(5.29)

01, (X) =

2 in each voxel in the low-z

This results in o7, = 2.9(1.5) x 107 ergs™ cm 2 arcsec™
(high-z) boxes on average.

To obtain a mask on the coarse grid, we first generate a HETDEX-like mask with
double resolution, so that each cell corresponds roughly to one IFU. We generate a mask
of VIRUS-like tiles of ones on and zeros in between IFUs and keep the mask constant
along the LOS. If we filled the entire area with observations, we would have a fill factor
of fops = 0.23, similar to the focal plane fill factor of VIRUS SQSRUS =1/4.6 =0.22. To
match the effective fill factor of fouvey >~ 0.17 due to sparser observations, we randomly
remove ~ 26% of the individual observations after applying the VIRUS-like mask. Then
we downsample this mask to the same resolution as our simulated maps by averaging
eight adjacent cells, which is equivalent to NGP assignment. The result is shown in
Figure 5.1. We generate 7 (9) separate masks for the low-z (high-z) boxes and then
average the power spectra of the boxes with different masks.

We calculate the power spectrum monopoles and quadrupoles in linearly spaced bins
from kp, = 0.04 hMpc_1 t0 kpax = 1 hl\/[pc_1 with Ak = 0.04 hMpc_l. We summarize

the differences between the low-z and high-z HETDEX mocks in Table 5.1.

because intensity fluctuations have a different (luminosity-weighted) bias from number-count fluctuations.
We leave the study of this case for future work.
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5.5 Validation

In this section, we show that the results of our simulations in real space agree with
the expected power spectra given in Section 5.2. We perform this comparison in real
space because the lognormal algorithm precisely reproduces the input power spectra in
real space, while the redshift-space power spectra deviate from the expectation in linear
approximation (see Agrawal et al., 2017).

The setup of the validation mocks is almost identical to the low-z HETDEX-like mocks
described in Section 5.4. However, we reduce the intensity noise by a factor of 300 and
the flux limit by a factor of 5 to reduce the shot noise for validation, and do not apply
sky subtraction. We apply one of the HETDEX-like masks to all intensity maps. We
calculate the validation power spectra in real space and average over 1000 mocks with
side length 622 h~'Mpec. All other input parameters are the same. We calculate the
intensity-intensity, galaxy-galaxy, and galaxy-intensity power spectrum monopoles and
quadrupoles, where undetected galaxies contribute to the intensity map.

To obtain the model, we evaluate the input power spectrum that includes the galaxy
bias on a mesh with the same k and p values as obtained from FFT of the mock maps.
We also evaluate the damping functions from the intensity smoothing on this mesh. We
calculate the window function by multiplying the mask by the mean expected intensity
or the galaxy number density expected from the flux limit and the luminosity function as
a function of redshift. We use FFT for the convolution of the power spectrum with the
window function, add the shot noise, and multiply the result by the damping functions.
Then we add the intensity noise power spectrum to the intensity autopower spectrum
mesh. We calculate the power spectrum multipoles of these results in the same way as
for the mock (see Section 5.3).

Figure 5.3 shows the power spectrum monopole and the quadrupole in real space
measured from the validation mocks. The shot-noise (intensity noise) power spectrum is
subtracted from the galaxy (intensity) autopower spectrum monopole. The shot noise is
not subtracted from the intensity autopower spectrum because it contains information
about the luminosity function. The quadrupole is affected by the anisotropic mask, the
selection function, and the smoothing. It also shows the analytical prediction presented
in Section 5.2, as well as the relative residuals between the power spectra of the mock and
the model. The measured real-space power spectra from the mock agree with the model
at all £ modes. We also tested the validation in the cases where all or only detected
galaxies contribute to the intensity map and find excellent agreement.

5.6 HETDEX Forecast

In this section, we forecast the sensitivity of HETDEX to LIM power spectra. We use
the mock setup described in Section 5.4 in redshift space and calculate the galaxy and
intensity autopower spectra, as well as their cross-power spectrum with and without sky
subtraction. As explained earlier, only undetected sources contribute to the intensity
map.

The upper panels of Figure 5.4 show the monopole and quadrupole power spectra in
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Figure 5.3: Comparison of the mock power spectra (solid lines) with the analytical model
(dashed lines) of the monopole (left) and the quadrupole (right) power spectra in real space. The
shot-noise (intensity noise) power spectrum is subtracted from the galaxy (intensity) autopower
spectrum monopole. The bottom panels show the relative residuals between the mock and
model power spectra. The units are uy = (I)) ~ 2.8 x 107* ergs™ cm 2 arcsec ™2 and ug = 1.
The shaded areas show the 1o error of the mean given by the standard deviation of the different
realizations divided by the square root of the number of realizations. The gray area shows

deviations within 1%.
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Figure 5.4: Power spectra of the HETDEX-like mocks in redshift space. The top left (right)
panel shows the monopole (quadrupole) of the intensity (blue), galaxy (orange), and sky-
subtracted intensity (purple) autopower spectra, and the intensity-galaxy cross-power spectra
without (green) and with (red) sky subtraction in the high-z volume. The quadrupole of the
normal and sky-subtracted intensity autopower spectra were multiplied by factors of 1073 and
107°, respectively, for better visualization. The shaded areas show the square root of the di-
agonal elements of the corresponding covariance matrices. The units are u; = ur_, = (I)) ~
2.9 x 107 P ergs ! cm 2 arcsec™? and ug; = 1. The dotted lines show the intensity noise (in-
distinguishable from the total power spectra) and the galaxy shot-noise power spectra. The
bottom panels show the cumulative S/N up to a given k bin after subtracting the shot noise
from the galaxy autopower spectrum monopole and and quadrupole. The solid (dashed) lines
correspond to the high-z (low-z) HETDEX-like mocks. The cumulative S/N of the intensity
autopower spectra are not shown because they are zero. The cumulative S/N of the galaxy au-
topower spectrum monopole (quadrupole) is multiplied by 0.05 (0.02) for better visualization.
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redshift space. The bottom panels show the cumulative S/N calculated as

— -1 —
S/NZB,e(kN) = ®£B;Z (C’SB,E) OBy, (5.30)
where ky denotes the maximum wavenumber considered. Here, © 4 Be= M Zf\i 1 @X)B, P
is the mean of

O4s = (Pih (ko). PL% (kr), ... PLL o (kn)) — Q (5.31)

over M realizations, where ]55‘%7@ is the estimator of the power spectrum monopole (¢ = 0)
or quadrupole (¢ = 2) calculated from the ith realization of maps A, B € {I,d,}.

Here, Q is the constant shot noise of the galaxy autopower spectrum monopole, the
noise power spectrum for the intensity autopower spectrum monopole, and zero otherwise.
The noise power spectra of the intensity autopower spectra were calculated by generating
7000 (9000) pure noise mocks in the low-z (high-z) bin, performing the sky subtraction,
calculating their monopole and quadrupole power spectra, and averaging them over the
realizations. For simplicity, we leave out the subscript AB,¢ from now on. We do
not subtract the shot noise from the intensity autopower spectrum because it contains
information about the luminosity function. Because the intensity autopower spectra are
indistinguishable from the intensity noise power spectra, the cumulative S/N are not
shown in the figure.

-1
(C,SV) is the inverse of the covariance matrix, whose elements are defined as

fv
M—17

B

co _ (01— 81) (8 — 8. (5.32)

=1

~

Only elements of the covariance matrix up to the maximum ky are considered for matrix
inversion to obtain (C,g?v )_1. As explained in Section 5.4, we multiply the covariance
matrix by the factor fyy = 1.14 (1.09) at low-z (high-z) to correct for slightly larger
simulated volumes than the HETDEX volume.

We predict that an ideal HETDEX-like experiment can detect the galaxy-intensity
cross-power spectrum monopole at ~ 80c in each redshift bin of the survey despite the
significant loss of large-scale power from the sky subtraction. The quadrupole of the
galaxy-intensity cross-power spectrum is not detectable (the S/N is 1). The intensity
autopower spectrum also cannot be detected.

Figure 5.5 shows the correlation matrices of the data vectors

& = (Py(ko), Po(ky), ..., Polkn), Pa(ko), - .., Palkn)) (5.33)

for the different power spectra that include the shot noise in the high-z HETDEX mock.
The correlation matrix R of a vector @ is given by R® = C® /,/C® C® where the

mm nn?
covariance matrix is given in Eq. (5.32).
The galaxy autopower spectrum monopole has a large off-diagonal correlation that
increases with increasing k. This is mainly due to the mode coupling introduced by
the convolution with the complicated window function. The galaxy autopower spectrum

monopole and quadrupole have a systematic low-level cross correlation that is visible as
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Figure 5.5: Correlation matrices of ® = (Fy(ko), Po(k1), ..., Po(kn), P2(ko), ..., Pa(kn)) for
the intensity autopower spectrum, cross-power spectrum, galaxy autopower spectrum, sky-
subtracted intensity autopower spectrum, and sky-subtracted cross-power spectrum (from top
left to bottom right) of the high-z HETDEX mock.

stripes at constant k of the quadrupole. This may result from the imperfect integration of
the p values, in which the Legendre polynomials are no longer orthogonal (see Appendix
D.2.3 of Agrawal et al., 2017).

The correlation matrices of the intensity autopower spectrum and the cross-power
spectrum without sky subtraction are dominated by diagonal elements. They have an
off-diagonal correlation between the monopole and quadrupole power spectra at the same
k, which is slightly higher than the noise around most off-diagonal elements. Although
this monopole-quadrupole correlation is positive without sky subtraction, it is larger and
negative with sky subtraction. The off-diagonal correlation for the intensity autopower
spectrum monopole is negligible because the covariance is dominated by the uncorrelated
intensity noise. Because of the strong non-Gaussianity of lognormal realizations, the off-
diagonal elements of the covariance matrix are overestimated (Blot et al., 2019). SIMPLE
therefore returns a conservative estimate of the S/N. This effect is most relevant for the
galaxy power spectrum, the correlation matrix of which has the largest off-diagonal terms,
as shown in Figure 5.5.
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5.7 Discussion

The SIMPLE framework is a simple and fast LIM simulation scheme with two main ap-
proximations. First, the galaxy distribution is modeled by a lognormal random field
following the input power spectrum that inculdes a linear bias (Agrawal et al., 2017).
The galaxies are obtained using Poisson sampling, and the galaxy velocities follow the
linear continuity equation. By construction, it is only accurate on the scales on which the
input power spectrum is accurate, which, for example, is only true on linear scales for the
Eisenstein & Hu fitting function (Eisenstein & Hu, 1998). We may also underestimate
the small-scale power spectrum because we do not model the one-halo term, nonlinear
bias, or assembly bias. It is possible to improve the density and velocity distribution of
mocks at the expense of decreasing the speed of the code, for example by using other
dark matter simulation methods described in the introduction.

The second approximation of the SIMPLE framework is that the luminosity of a galaxy
is randomly sampled from a luminosity function. Therefore, it does not depend on galaxy
properties such as the star-formation rate or on its environment. This procedure misses
any nontrivial connection between a specific galaxy population and their clustering, lim-
iting any astrophysical analysis to the luminosity function. For instance, SIMPLE can
be used to study the performance of a given summary statistic to constrain the input
luminosity function. Alternatives such as an empirical determination of the astrophysi-
cal properties, semi-analytic models of galaxy evolution, or hydrodynamical simulations
defeat the purpose of SIMPLE, given their computational cost.

5.7.1 Limitations Specific to the Lya Line

Our approach only models the emission from galaxies that is contained in the luminosity
function. This does not capture all relevant physical emission processes of the Ly«
line, as it neglects the recombination of ionized hydrogen and the collisional excitation
of neutral hydrogen in the CGM and IGM (e.g., Dijkstra, 2019). Photons originating
from a galaxy can also be observed far away from its source due to scattering in the
CGM and IGM (Byrohl et al., 2021). Byrohl & Nelson (2023) find that while photons
produced through diffuse emission in the IGM are negligible in the global Ly« luminosity
budget, photons that originate from the ISM or CGM of galaxies and scatter in the IGM
contribute substantially to the Lya luminosity budget. One can test the significance
of the scattered contributions for LIM by modifying the luminosity function to include
emission from the CGM calibrated on observations or by smoothing a small fraction of
the intensity map to imitate scattering on larger scales than the voxel size. One can also
add an intensity component that is directly proportional to the matter distribution to
mimic diffuse gas emission.

Scattering of Lya photons in the ISM strongly affects the escape fraction of Ly«
photons and the emission peak wavelength (e.g., Hashimoto et al., 2013; Blaizot et al.,
2023). The luminosity function contains the observed Lya luminosity of detected galax-
ies, which consists only of photons that escaped from the ISM. However, the SIMPLE
framework does not account for the noncosmological redshift of the Ly« line due to ra-
diative transfer within the ISM, which may cause an anisotropic effect similar to the
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Fingers-of-God effect (Byrohl et al., 2019). It also does not account for radiative trans-
fer in other environments, especially absorption, which may cause an anisotropic effect
similar to the RSD, but with the opposite sign (e.g., Zheng et al., 2011; Behrens et al.,
2018). These two effects can be modeled in an extension of the SIMPLE code by shifting
the Ly« line and calculating the optical depth along the LOS as a function of density
and velocity, which can be obtained from a lognormal simulation.

5.7.2 Limitations of the HETDEX Forecast

This HETDEX forecast is meant as an order-of-magnitude forecast for the detectability
of the cross-power spectrum of sky-subtracted intensity and detected galaxies. There
are several possible improvements for a more accurate forecast in addition to the above
Lya modeling improvements: one can account for the evolution of the luminosity func-
tion; include Galactic extinction; include interloper contamination of the intensity map,
specifically [O IT]-emitting galaxies at z < 0.5, and masking of bright interlopers; model
the mask, selection function, and non-Gaussian noise more accurately using the HETDEX
data; account for false-positive galaxy detections; and model the intensity data reduction
more accurately. We leave these improvements for future work.

5.8 Summary and Conclusions

We have presented the publicly available SIMPLE code for quickly generating intensity
maps that include observational effects such as noise, anisotropic smoothing, sky sub-
traction, and masking. It is based on a lognormal simulation of galaxies and random
assignment of luminosities to these galaxies. Although this approach does not contain
the dependence of the line luminosity on galaxy properties or of the galaxy properties
on the cosmological environment, it provides a fast and versatile way to generate mock
intensity maps. These can be used to study survey systematics and calculate covariance
matrices of power spectra.

We also derived an analytical model and showed that sky subtraction suppresses the
power spectrum on scales larger than the focal plane size of the telescope. We validated
the SIMPLE code by showing that the power spectra in real space agree precisely with
those of the analytical model. This is the advantage of a lognormal mock, where the
output power spectrum is designed to agree with the input power spectrum in real space
(Agrawal et al., 2017).

As an application, we generated mock intensity and galaxy number density maps for
a HETDEX-like LIM survey in redshift space that included a realistic mask, selection
function, and intensity noise. We calculated the cross-power spectra of detected galaxies
and the intensity of undetected galaxies after subtracting the sky spectrum and the
respective covariance matrix in two redshift regimes within the survey. We predict that
HETDEX will detect the cross-power spectrum monopole.

In summary, SIMPLE has been designed to provide fast but reliable realizations that
allow for changes in cosmology, luminosity function, and observational specifications with
little effort. For example, one can numerically estimate covariance matrices for different
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setups. Because lognormal realizations overestimate the off-diagonal elements of the
covariance matrix due to strong non-Gaussianity, SIMPLE returns a conservative estimate
especially for the galaxy autopower spectrum (Blot et al., 2019). Therefore, this code is
an excellent complement to slower, more physical simulations with the potential to guide
the analysis of LIM surveys.
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Chapter 6

Effect of Lya Radiative Transfer on
Intensity Mapping Power Spectra

The content of this chapter has been published in Lujan Niemeyer (2025).

Clustering of Lya-emitting galaxies (LAEs) and Ly« line intensity mapping (LIM)
are useful probes of cosmology. However, Lya radiative transfer (RT) effects, such as
absorption, line shift, and line broadening, and their dependence on the large-scale den-
sity and velocity fields can modify the measured LAE clustering and LIM statistics. We
explore the effects of RT on the Lya LIM power spectrum in two ways: using an analytic
description based on linear approximations, and using lognormal mocks. The qualita-
tive effects of intergalactic Lya absorption on the LIM auto- and cross-power spectrum
include a scale-dependent, reduced effective bias, reduced mean intensity, and modified
redshift-space distortions. The linear absorption model does not describe the results
of the lognormal simulations well. The random line shift suppresses the redshift-space
power spectrum similar to the Fingers-of-God effect. In cross-correlation of LAEs or Ly«
intensity with a non-Lya tracer, the Ly« line shift leads to a phase shift of the complex
power spectrum, i.e. a cosine damping of the real part. We study the impact of Ly«
RT effects on the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX) LAE and
LIM power spectra using lognormal mocks. We find that even small amounts of IGM
absorption will significantly change the measured LAE auto-power spectrum. The LAE-
intensity cross-power spectrum stays within the measurement uncertainty. Therefore,
HETDEX will be able to constrain Lya RT effects.

6.1 Introduction

The Ly« emission line is an excellent tool for cosmology at high redshift (e.g., Partridge
& Peebles, 1967). Detected Lya-emitting galaxies (LAEs) are used to measure their clus-
tering and constrain cosmological parameters (Ouchi et al., 2020; Gebhardt et al., 2021).
Instead of detecting individual LAEs in deep observations with high resolution, one can
also map the total Ly« intensity in noisy, low-resolution observations to constrain cos-
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mological parameters, called line intensity mapping (LIM, e.g., Bernal & Kovetz, 2022).

Neutral hydrogen has a large scattering cross section around the Ly« line. The radia-
tive transfer (RT) complicates the interpretation of measurements using Lya emission.
For example, using simulations, Zheng et al. (2011) find a strong correlation between
the Lya optical depth in the intergalactic medium (IGM) and the large-scale density
and velocity structure. They predict that the anisotropic dependence of the observed
fraction of LAEs suppresses line-of-sight (LOS) density fluctuations, makes the effective
bias scale-dependent, and can even ‘invert’ the so-called Kaiser effect (Kaiser, 1987), the
linear redshift-space distortions (RSD).

One can model the effect of IGM absorption on the LIM power spectra in various ways.
Wyithe & Dijkstra (2011) (henceforth WD11) and Greig et al. (2013) derive an analytic
model for this effect for the power spectrum and bispectrum. The analytic absorption
model for the power spectrum in the first part of WD11 is based on linear approximations
for the dependence of the Ly« transmittance on the matter, ionization rate, and velocity
distributions. While this explains the qualitative effect of IGM absorption on the power
spectrum, the amplitude is determined by three free parameters: the mean optical depth
To, the fraction of Lya photons subject to IGM absorption Fj;s, and the smoothing kernel
of the ionization rate with respect to the galaxy distribution. The linear approximations
are also only valid when the matter overdensity ¢d,,, the ionization rate perturbations
or, and the velocity gradient perturbations ¢, are small, which is not the case in the
immediate environments of galaxies. WD11 also present a more detailed analytic model
that is based on assumptions on the density profile, ionization rate, temperature, and gas
velocities in the environment of the LAEs.

Using a cosmological hydrodynamical simulation and post-processing it with Lya RT,
as done by Zheng et al. (2011), Behrens & Niemeyer (2013) and Behrens et al. (2018), may
provide the most realistic estimate for the optical depth and the effect on the observed
fluxes and the power spectrum, if it accurately simulates the matter and velocity structure
within and outside of the galaxy halos. However, the results of these simulations are
dependent on the resolution: using an RT simulation with higher resolution, Behrens
et al. (2018) find little correlation between the large-scale environment and the observed
fraction of LAEs, while they reproduce the results of Zheng et al. (2011) when they
degrade the resolution of the simulation.

Gurung-Lépez et al. (2020) develop a semi-analytic model for Lya RT in the inter-
stellar medium (ISM) and IGM. They find that, at low redshift (z € [2.2, 3]), the spatial
distribution of LAEs is independent of IGM properties. However, at z = 5.7, the LOS ve-
locity and density gradients modify the clustering of LAEs on large scales in an isotropic
fashion.

Another effect of the Lya RT in the ISM and circumgalactic medium (CGM) is the
broadening and the shift of the Ly« line, typically toward the red (e.g., Nakajima et al.,
2018b). Byrohl et al. (2019) find in a cosmological RT simulation that this wavelength
shift is independent of the large-scale velocities, and they show that the shift adds a
Fingers-of-God-like damping to the LAE power spectrum.

Croft et al. (2016) observationally find a strong effect of RT on the cross-correlation of
quasars with Ly« intensity. However, more recent studies are consistent with the absence
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of RT effects (Croft et al., 2018; Lin et al., 2022). More observations of LAE clustering
or Lya LIM are necessary to constrain RT effects. The Hobby-Eberly Telescope Dark
Energy Experiment (HETDEX; Gebhardt et al., 2021) uses integral-field spectrographs
to find ~ 10° LAEs without target preselection in a 10.9 Gpc® comoving volume. Its
primary goal is to use LAE clustering statistics such as the power spectrum to constrain
cosmological parameters, especially the dark energy equation of state (Shoji et al., 2009).
The blind nature of HETDEX enables Lya LIM studies that may also be affected by
Lya RT effects. We therefore explore these effects on LIM power spectra and estimate
the sensitivity of a HETDEX-like survey to these effects. Other Lya LIM experiments
(e.g., Doré et al., 2014, 2016, 2018; Renard et al., 2021; Renard et al., 2024) may also be
affected by Lya RT.

In this paper, we explore the effect of Lya absorption in the IGM and the line shift
and broadening on the Ly« intensity auto- and cross-power spectra. We use lognormal
simulations for the forecast. SIMPLE! is a fast simulation tool for self-consistently gener-
ating galaxy catalogs and intensity maps in redshift space given an input power spectrum
and luminosity function (Lujan Niemeyer et al., 2023). It is based on a lognormal galaxy
catalog generator? (Agrawal et al., 2017), assigns luminosities, determines the detectabil-
ity of each galaxy, and generates an intensity map. One can apply smoothing and a
mask and add noise to make the mocks more realistic. Because the matter density and
velocity fields are output by the lognormal galaxy simulations, one can self-consistently
calculate the Lya optical depth in each resolution element and attenuate the luminosities
accordingly to simulate IGM absorption. Adding a random line shift and broadening is
also straightforward.

A drawback of hydrodynamic simulations and semi-analytic models is their compu-
tational cost, which makes it unfeasible to generate enough realizations to calculate a
covariance matrix and make sensitivity forecasts. Because lognormal simulations are
fast, it is possible to generate enough mocks to calculate the covariance matrix for the
HETDEX survey and make predictions for its sensitivity to Lya RT effects.

The rest of the paper is organized as follows. Section 6.2 builds on the model by
WD11 to develop an analytic model for the IGM absorption for LIM auto- and cross-
power spectra. Section 6.3 extends the work of Byrohl et al. (2019) on the effect of the
line shift and broadening of the Ly« line to LIM power spectra. Section 6.4 describes
the modifications to the SIMPLE code to incorporate IGM absorption and a Ly« velocity
shift, and shows the effects on the different power spectra using the lognormal simulations.
Section 6.5 analyzes the sensitivity of a HETDEX-like experiment to these effects using
SIMPLE mocks for the HETDEX survey. Section 6.6 discusses the shortcomings of this
approach. We conclude in Section 6.7.

We use the following Fourier convention:

F0) = [ dxfix)e™,

BK 2 e (6.1)
16 = [ 0™

https://github.com/mlujnie/simple
’https://bitbucket.org/komatsu5147/lognormal_galaxies


https://github.com/mlujnie/simple
https://bitbucket.org/komatsu5147/lognormal_galaxies

90 6. Effect of Lya Radiative Transfer on Intensity Mapping Power Spectra

where the tilde denotes quantities in Fourier space. We refer to real space in contrast to
redshift space, and to configuration space in contrast to Fourier space.

Throughout this paper, we assume a flat A cold dark matter (ACDM) cosmology
with Hy = 67.66 kms~' Mpc™!, Qp0h? = 0.022, Quoh? = 0.142, In (101°A,) = 3.094, and
ns = 0.9645.

6.2 Intergalactic Lya Absorption

A Lya photon escaping the CGM of a galaxy that is close enough to the Ly« line center
can scatter off of neutral hydrogen on the IGM. Although the photon scatters out of the
LOS, we refer to it as absorption in this work.

The optical depth for a photon with the initial frequency v on its way from a galaxy’s
virial radius to the observer is

o0

) = [ draa(r)em(r)o. [y (1 + ”Z(”ﬂ , (6.2)

Tvir C

where ny(r) is the hydrogen number density, xy(r) is the neutral fraction of hydrogen,
v,(r) is the LOS velocity of the gas at distance r from the galaxy, where v, > 0 if it moves
away from the observer, and o,(v) is the Lya absorption cross section at frequency v
(see, e.g., WDI11). Using zgr = npal. /T at photo1on1zat10n equilibrium, where T' is
the photoionization rate and o, ~ 4.18 x 107 cm3s~! is the case-A recombination
coefficient at temperature T = 10* K (Burgess, 1965; Draine, 2011), we obtain

) = o nZ(r)al o, [ (1 + UZT(T))] |

- () (6.3)

Because the Lya cross section is within the integral, we can approximate it as a Dirac
delta function:

oo(V) & for ¢ v —vy)

MeC (6.4)
= faTreCO(V — g) =1 00 (v — vy),

where v, is the Lya rest-frame frequency, e is the electron charge, m, 1s the electron
mass, 7. = 2.81 x 107 cm is the classical electron radius defined by & = = m.c?, and
fa = 0.4167 is the oscillator strength of the Ly« transition (e.g., WD11 Bartelmann,

2021). Inserting this in equation (6.3) and integrating yields
(€ + v:) nhioneoe”

v, I ‘%—H(z)‘

, (6.5)

T5 —

where v? denotes the peculiar velocity, such that v, = v — H(z)r, and H(z) is the Hubble
parameter at redshift z. Here, we used 8 (g(r)) = 6(r — o) |¢'(ro)| ", where ¢’ denotes
the derivative of g with respect to r and g(rg) = 0. Specifically, g(r) = v(r) — v, =

v(l+v,(r)/c) — v,
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Because equation (6.2) only considers the absorption at distances larger than the virial
radius, we summarize the RT within the galactic halo by using an effective absorption
fraction. Like WD11, we introduce the fraction F,,s of Lya photons subject to absorption
as a free parameter, such that the fraction 1 — F,,s of photons travels freely. This is a
simplified description of the line shape, where 1 — F,s of the photons are redshifted
outside of the high Ly« cross-section region from the RT within the ISM and CGM. The
fraction F,ps of photons are either on the blue side of the Ly« line center or close enough
to be subject to absorption. The total transmittance is given by integrating over the
spectral flux density profile of the Ly« line J(v), which becomes

 JdvJ(v)e™
7= [dv J(v)

~1-— Fabs =+ FabseiTE- (66)

6.2.1 Analytic Model for LIM Power Spectra

We modify the calculation of WD11 to derive a model for intergalactic Lya absorption
for the LIM power spectrum. Consider the Ly« intensity field as a biased tracer of the
matter density with

0I(x) = I(x) — Io(x) = In(x)brdm, (6.7)

where by is the linear intensity bias, d,, = p(x)/po(x) — 1 is the matter density contrast,
and p(x) is the matter density in real space. The subscript ( denotes the mean field over
many realizations - for example, the mean intensity or matter density as a function of
redshift. We use brackets (-(x)) to denote the same when it is more convenient. For
simplicity, we consider a single redshift, and therefore Iy(x) = [y = const. Thus, the
intensity power spectrum is

Pri(k) = (|01(k)|%) = b7 15 P (k). (6.8)

where P, is the matter power spectrum and we have neglected the discreteness of the
intensity sources and therefore the shot-noise contribution.
The intensity after IGM absorption can be approximated as

() = 157 [1 + brdm(x)]

8T alabs
+[I'(x) = To] 5=
or 7o To oT T
oT oI2bs 6.9)
+[p(x) = po] 5 6
0P 7500 9T Iy
dv, oT OI2bs
n [ - H] L/ il
d com dv,
(areom) O (amz) Ly O
We adopt the linear model of WD11 for the transmittance:
T(5m7 51"7 51}) - (1 - Fabs)
1+c¢,0 (6.10)
F o 2T 60m
+ absexp{ 701+5F+5v}7
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where 7y is the mean opacity in the IGM, ¢, = (2.7 — 0.7y) =~ 1.72 with the polytropic
index v = 1.4 (Hui & Gnedin, 1997) denotes the dependence of the optical depth on
dark matter density, and o = FLO — 1 is the ionization rate perturbation. The expression

0, = d(jﬁm)% represents the fluctuation in the LOS velocity. The dependence of the
intensity on the transmittance is
0 ]abs b
o7 |, R T
To (6.11)

~ Igbs (1 - Fabs + Fiabbseim)i1

We can rewrite equation (6.9):
5IabS(X> — ]’&bS(X) - Igbs (6 12)
= I (b0 + 6:C,y + 0rCr + 6,C.) '

where the constants C, are given by

_oT
~ OlogT

o7
~ Ologp

a Iabs
oT

alabs

To,p0 T

B oT
~ Olog (dv,/dreom)

T (5>~

To,l'o To

(152! (6.13)
To

p

a ]’abs

Co a7

(1)
To

To, H
We find

FabsToe_TO
Cr=0, = =:C 6.14
: 1— Fabs + }Taubse_TO ( )

and
—T
Cy FapsToe™™

1-— Fabs + F‘abseiT0

The ionization rate fluctuations can be modeled by convolving the overdensity of
ionizing sources with bias b, with a kernel K (k) = arctan(kAmgp)/ (KAmsp), where Amgp
is the mean free path of ionizing photons, so that

C,=—

= —¢,C. (6.15)

gF(k) = biongm(k>K>\(k)' (616)

The fluctuations of intensity introduced by observing in redshift space, denoted by
the superscript °, are

dv, 1
Y 51— I, (6.17)

0l =61 — I,
0 T'eom Ha

Relating the velocity gradient fluctuations to the density fluctuations as d,(k) = — f 20, (k),
where f = dInD/dlna is the logarithmic growth factor, we can write

O L5 (k) = I35 (k)
xh+%&ﬂ@}+@+ﬂ—@ﬁﬂ (6.18)
=: I2%6, (k) D1 (k) = TaIodm (k) Dy (k).
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Here, we have assumed that the intrinsic luminosity of galaxies is uncorrelated with the
local transmittance and Ty = 1 — Fys + Fape/ dx n(x)e” ™™ /[ dxn(x) is the effective
mean transmittance around galaxies. The intensity auto-power spectrum is then given
by

—~—

Pri(k) = (|05, (K)|*) = I T, P (k) D (k). (6.19)
Taking a closer look at the intensity damping factor, we find

D[ = b[ + bionK)\C — C,YC + (1 — C’)f,u2
= (by + biwC Ky — ¢,C)

f . b(1-0)
141 .
X ( 0 b bonCEr — 0

(6.20)

The RSD-like effect of the IGM absorption is introduced because the RSD parameter
f/br is effectively multiplied by the factor (1 —C)/(1 + CKy — ¢,C/b;), assuming that
by = bion. This factor is smaller than one, i.e. the RSD is reduced, if by > ¢, >~ 1.72 on
small scales (K ~ 0), and b; > 0.5¢, ~ 0.86 on large scales (/) >~ 1).

Following WD11, the LAE overdensity in redshift space is

05 = Om(K) [by, + bionCE Ky () + C& + (1 — C5) f1i°]

B (6.21)
=: 0 (k) Dy, (k),
where
FabsT(]e_TO
C& = (8 = (By — 1 —. e
: ! (B¢ )1 - Fabs =+ F‘abseiT0 7 (622)
O = —c,C,

and 4 > 0is —1 times the slope of the Lya luminosity function, which is also negative.
Note that, because C%* is negative for 3, > 1, the effective LAE bias by, +bion CE* K\ (k) +
(% can become negative at large k (where K)(k) becomes negligible) if ¢,C' > by, ; for
example, for by ~ 2, B, ~ 2.6, and 79 ~ 1.

The cross-power spectrum of LAEs and Ly« intensity is given by

P, w1, (k) = Py(k)IyTaD;(k) Dy, (k). (6.23)

The cross-power spectrum becomes negative under the same conditions as Dy, (k).

For galaxies detected through a different line than Ly« that are not affected by Ly«
RT effects, denoted by the subscript or superscript g, we have gg = b (bg + fp?), so that
the cross-power spectrum of these galaxies with the Ly« intensity is

Pya(k) = Pulk) (b + f12) IsTeDi (k). (6.24)

Figures 6.1 and 6.2 show the effect of this model of Lya absorption in the IGM on
the power spectra with different bias values. We set the mean optical depth to 79 = 5
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and the negative slope of the luminosity function to 3, = 1.8 in Figure 6.1, so that the
parameters match those of the lognormal simulation in Section 6.4.2. We set the mean free
path of ionizing photons to Ayg = 300 Mpce (Bolton & Haehnelt, 2007). The first-order
effect of both settings is that the amplitude decreases when including IGM absorption
because of the smaller effective bias. This amplitude difference does not include the lower
mean intensity, which will further decrease the amplitude of the LIM power spectra. The
reason for the smaller effective bias is that the transmittance modeled in equation (6.10)
is smaller at higher densities. While a larger ionization rate implies a larger transmittance
and the ionization rate is higher in high-density regions, its influence is reduced by the
smoothing kernel. The velocity gradient fluctuations are negative in overdensities, which
also increases the transmittance.

The anisotropy of the suppression depends strongly on the input parameters. In the
configuration of Figure 6.1 with the bias b = 1.5, large scales are more strongly suppressed
perpendicular to the LOS. A higher bias of b = 2 inverts the RSD, leading to a stronger
suppression along the LOS; see Figure 6.2.

The suppression of the monopole power spectrum shown in the right panels of Figures
6.1 and 6.2 shows that the effective bias is smaller at small scales than at large scales.
This scale dependence is introduced by the smoothing kernel of the ionization rate pa-
rameterized by the mean free path of ionizing photons. A larger mean free path leads to

a decrease at smaller k ~ )\r;}p.

6.2.2 Shot Noise

We have ignored the shot-noise power spectrum in the previous section. Without absorp-

tion, and assuming constant redshift, the intensity auto-shot noise follows (e.g., Bernal
& Kovetz, 2022)

2
c Limax dn

Puos = / ar 2 6.25

hot (4#(1 +z)2/\aH(z)> Low  dL (6.25)

where ), is the rest-frame Lya wavelength, g—z is the luminosity function, and L,

and L., are the minimum and maximum luminosities of the galaxies contributing to
the intensity map. The first factor assumes that we measure the specific intensity 1.
Assuming that the intrinsic luminosity of a galaxy is independent of the matter density
and therefore uncorrelated with the local transmittance, equation (6.25) turns into

2
c Linax dn
dL —L*T2. 2
(47?(1+z)2)\aH(z)> /L dL 7 (6.26)

If the galaxy sample changes - for example, because only undetected galaxies contribute to
/

the intensity map through masking - the integration limits have to be changed: L =

min/max
—1
7-9 Lmin/max'

abs __
Pshot - ,
min

6.3 Lya Line Shift and Broadening

For Lya photons to escape the ISM, they have to diffuse spatially and spectrally. In the
absence of inflows or outflows, this gives rise to a symmetric, double-peaked spectrum,
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Figure 6.1: Effect of IGM absorption on the Ly« intensity power spectrum in the analytic
model with 79 = 5, by = bg, = by = 1.5, Fops = 0.9, A, = 300Mpc, and By = 1.8. We show
PFans=09 ) pFabs=0.0 £ where PFabs=0-9 ig the power spectrum with Fyps = 0.9 and PFars=00 jg
that without absorption. The factor f7 accounts for the amplitude change due to the lower
mean intensity: f7 = Io/I3P® for the cross-power spectra (g x I and g, x I), fr = (Io/I3b)?
for the intensity auto-power spectrum (I x I), and fr = 1 for the LAE auto-power spectrum
(8a X ga). The four left and middle panels show the power spectrum damping as a function of
wavenumber perpendicular and parallel to the LOS. The top left panel shows the damping of
the LAE auto-power spectrum, the top middle panel shows that of the cross-power spectrum
of Ly« intensity with non-LAE galaxies. The bottom left panel shows the LAE-Lya intensity
cross-power spectrum damping. The bottom middle panel shows the Ly« intensity auto-power
spectrum. The top right panel shows the damping of the monopole of the LAE auto-power
spectrum (blue), the non-LAE-intensity cross-power spectrum (red), the LAE-intensity cross-
power spectrum (green), and the intensity auto-power spectrum (orange). The bottom right
panel shows the same for the quadrupoles. Note that the anisotropy of the suppression depends
strongly on the input parameters, especially the bias.



96 6. Effect of Lya Radiative Transfer on Intensity Mapping Power Spectra

0.84
0.83 0.8
ay ~
- 0.82 5 N— >
i 5 i
Q 0.81 < <
[=9 a. Q.‘o
~ F0.7
z 0.79 5 s
— 0.78 1 i
< 0.77 %, 06 &
0.76
0.74 T T T
0.0 0.5 1.0
0.71 \
0.69 & N
— c T 8aX8al| =
Fol R
< 00 % — goXI e
Q.‘ a
= 0.63 = |\ Ix1 S
= < i
y 061 % I\ L 0.6 &,
0.59 % &
0.57
L . = ; 0.55 T T T
0.5 1.0 0.5 1.0 0.0 0.5 1.0
k1 [hMpc~!] k1 [hMpc~!] k [Mpc h~1]

Figure 6.2: Same as figure 6.1, but with larger bias b; = by, = by = 2.

while simple shell models show that inflows enhance and outflows suppress the blue peak
(e.g., Verhamme et al., 2006a). Because a sufficiently redshifted peak is redshifted out
of the Lya cross section, only the blue part of the spectrum is subject to intergalactic
absorption. At redshifts z 2 2, LAEs predominantly have red peaks (see, e.g., Ouchi
et al., 2020).

The RT in the ISM also broadens the Lya line. We model the effect on the intensity
auto- and cross-power spectra in the same way as spectral smoothing of the intensity map
(see, e.g., Lujan Niemeyer et al., 2023), assuming that the broadening is independent of
galaxy properties. However, Chung et al. (2021) show that the dependence of the line
width on halo mass or luminosity produces a different damping of the power spectrum
than a mass-independent broadening. Li et al. (2024) show that the LIM power spectrum
is mostly sensitive to the line width, but not the exact line shape. For modeling of the
voxel intensity distribution including spectral broadening, see Bernal (2024).

When the redshift-space position of LAEs is determined from the Ly« line, it is
affected by the line shift caused by RT as well as by the peculiar velocity of the galaxies.
Following Byrohl et al. (2019), we consider the redshift-space galaxy density field that is
exact under the assumption of one fixed global LOS direction & (Taruya et al., 2010),

53(k) = / dx [3,(x) — Oy (x)] e Fkim 0, (6.27)
Here, we have introduced a scaled velocity u = v/(aH) and 0, denotes the derivative

with respect to the LOS distance. The same equation can be written for Sﬁ(k) If we
cross-correlate this galaxy overdensity with another field d that is not affected by u)(x),
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and neglecting cross-shot noise, we can write the cross-power spectrum as
Pry(k) = / dPr e (1m0 [6,(x) — Dy (x)] 6 (x)), (6.28)

where we have set the condition that the expression within the angle brackets depends
only on r = x’ — x. We can rewrite this in terms of the cumulants as (Scoccimarro, 2004;
Taruya et al., 2010; Byrohl et al., 2019)

Pr(k) = /dSr ™ T exp {(eik‘lu“(x))c}
x [(e™®14109 A(x) 8 (%)) (6.29)
+ (e ) A(x)) (e s, (x)) ],

where A(x) = d,(x) —0u(x). The factor exp {(eik\\“ll(x)>c} = (e*1"1¥)) can be taken out
of the integration because it does not depend on r. It constitutes a Fingers-of-God-like
damping of the form

pcross exp {(eikuu”>c} — <€ikuu”>

URT
. (6.30)

- /d“\@(un)em““”v
where ¢(u)) is the probability density function (PDF) of the LOS velocity shift . This
factor is a one-dimensional Fourier transform of ¢(u)) to the variable k.

As an example, consider a Gaussian PDF with mean %) and standard deviation Ty
The cross-power spectrum damping factor is then
ikuﬁuf%kQquﬁH

Cross
D =e
VRT

(6.31)

which contains a phase shift due to @. The real component of the cross-power spectrum
is therefore multiplied by

_ 112,22

Re{(Df);OTSS)} = cos(kpay)e " "M (6.32)

The imaginary part of the power spectrum is multiplied by the respective sine function.
The cosine has a zero point at ku = 7/(2%)) =~ 0.9 hMpc ™" for @ = 200kms™! at z = 3.
Note that an auto-power spectrum of §; will have a Fingers-of-God-like damping of the
form

) 2
Dio (o) =| [ dug(uy)e | (6.33)

which is unaffected by u (see Byrohl et al., 2019).

The phase shift can also occur in a cross-power spectrum of two fields with different
velocity distributions, such as the cross-correlation between the detected, bright LAEs
with the intensity of undetected, faint LAEs as planned by the HETDEX collaboration
(Lujan Niemeyer et al., 2023).
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6.4 Lognormal Simulation

6.4.1 Modeling

The analytic model is limited to the linear approximation of the optical depth in equation
(6.10), which is only expected to hold for small fluctuations in the matter density, ioniza-
tion rate, and velocity. However, the Lya absorption mostly happens in the immediate
environment of the galaxies, where these fluctuations are large.

To introduce a model that is both fast and more accurate, we modify the SIMPLE
code (Lujan Niemeyer et al., 2023) to include the effect of Lya RT. SIMPLE is a tool for
quickly generating mock intensity maps. It uses lognormal galaxy simulations (Agrawal
et al., 2017) and randomly assigns a luminosity to each galaxy by sampling from the input
luminosity function. One can smooth the map, add noise, and apply sky subtraction to
make the mocks more realistic for observations. One can also apply a selection function
to obtain a catalog of detected galaxies.

The lognormal simulations of Agrawal et al. (2017) calculate the velocity field from
the linearized continuity equation. Together with the matter density field and a model
for ionization and the IGM transmittance, we can build a model for IGM absorption.

We model the ionization rate as proportional to the galaxy number density field of
all (detected and undetected) galaxies, smoothed with the kernel K in equation (6.16).
The amplitude of the ionization rate is chosen so that the mean ionization rate matches
that of Khaire & Srianand (2019) in each redshift bin. The mean free path of ionizing
photons A, is left as a free parameter.

We calculate the hydrogen number density field ny to be proportional to the matter
density field:
~opu(x)  0.750(2)pe(2)

mp mp

(1 + 6u(x)), (6.34)

nu(x)

where py is the hydrogen mass density, mp is the proton mass, €2, is the baryon density
parameter, p. is the critical density, and ¢, is the matter overdensity output from the
lognormal simulation.

The velocity field is calculated by the lognormal simulation of Agrawal et al. (2017).
We use numpy.gradient® to calculate the velocity gradient.

Finally, we calculate the local optical depth 75(x) and transmittance 7 (x) in each cell
with Equations (6.5) and (6.6). The luminosity L(x) of each galaxy at the position x
is replaced with T (x)L(x) = [1 — Fops + Fabse*”(x)} L(x) before generating the intensity
map. Fy,sis equal for all galaxies. We use this transmitted intensity map to calculate the
power spectra and the transmitted flux for the selection function for the detected galaxy
catalog.

Using a cosmological RT simulation, Byrohl et al. (2019) find that the Ly« velocity
shift from RT is independent of the peculiar velocity of the host halo. We therefore model
this effect by adding a random velocity shift to the mock galaxies following an input PDF

o(uy)-

3https://numpy.org/doc/stable/reference/generated/numpy.gradient .html
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Because line broadening can be modeled in the same way as a limited spectral reso-
lution, one can increase the LOS smoothing in the input to SIMPLE.

6.4.2 RT Effects in Lognormal Simulations

We set up a cubic box with length Lyox = 512Mpc h™! and Npesh = 256 at mean redshift
z = 2.2 with galaxy bias b = 1.5 and the EWgt60 Ly luminosity function of Konno et al.
(2016), which includes photometrically selected LAEs with Ly« equivalent width larger
than 60 A. We adopt a constant flux limit Fpy, = 3 x 107 ¥ ergs™ em =2 for detection,
no noise, and no smoothing of the intensity map. To remove the shot noise, we calculate
the power spectrum using the half-sum-half-difference approach (HSHD; see Appendix
and Ando et al., 2018; Wang et al., 2024). We study the IGM absorption and the line
shift effects separately. Realistically, line shift and broadening affect the amount of Ly«
photons subject to absorption, which we include in Fjy.

To exaggerate the IGM absorption effect, we adopt a large absorption fraction Fy,s =
0.9 and use all galaxies to generate the intensity map. We set the mean free path of
ionizing photons to Amg = 300 Mpe.

Figure 6.3 shows the distribution of the neutral hydrogen fraction, the optical depth,
and the effective transmittance values (accounting for Fjps) in the whole box compared
to that in voxels containing galaxies and their mean values. The transmittance at galaxy
positions is smaller than the overall mean transmittance in the simulation volume be-
cause galaxies lie in matter overdensities and therefore neutral hydrogen overdensities by
construction. The mean galaxy-weighted transmittance is low, ’7:g ~ (.5. The optical
depth distribution has a long tail toward high optical depths. As a result, the mean
optical depth is higher and inconsistent with the measurement of Turner et al. (2024),
which is on the order of ~ 0.1. The median optical depth in the lognormal simulations
is lower at ~ 0.1.

We calculate the intensity and LAE auto-power spectra, the LAE-Lya intensity cross-
power spectrum, and the cross-power spectrum of Ly« intensity with non-Lya galaxies
that have an uncorrelated luminosity function and are unaffected by IGM absorption. We
subtract the shot noise using the HSHD method, and take the average power spectrum of
1000 mocks. Figure 6.4 shows the power spectrum ratios as a function of &, and k; with
and without IGM absorption. The main effect of the absorption is a suppression that is
stronger at small scales. This is predicted by the analytic model, where the suppression
is stronger at small scales where K is small. However, the shape of the suppression
differs from the analytic model in the setup with the same bias, luminosity function
slope, and mean optical depth (see Figure 6.1). The suppression from IGM absorption
in the lognormal simulations looks similar whether the bias is b = 2 or b = 1.5.

To explore the reason behind this discrepancy, we calculate the transmittance accord-
ing to equation (6.10) using 0.,, d,, or, and 79 = 5 from the lognormal simulation. Figure
6.5 compares this transmittance to that directly calculated from the mocks. It shows that
the linear approximation for the optical depth in equation (6.10) does not describe the
results of the lognormal simulations well. The absorption is dominated by the immediate
surroundings of the galaxies, where the § values are too large for linear approximations
to hold. However, lowering the value of 7y in the WD11 model by a factor of 10 leads to
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Figure 6.3: Distributions of the neutral hydrogen fraction zyy (left panel), the optical depth
(middle panel), and the effective transmittance with F,ps = 0.9 (right panel) of the entire mock
box (blue) of the test mock compared to those in voxels containing at least one galaxy (red).
The green line in the right panel shows the effective transmittance of the galaxies calculated
from ratio of the attenuated and original luminosity. The dotted lines and the text show the
corresponding mean values.

a better agreement with the transmittance values of the lognormal simulation.

To model the Lya line shift, we set ¢(u) to a Gaussian PDF with mean vgy =
639kms™! and standard deviation o,,, = 169kms™!. This line shift PDF is a best-
fit Gaussian for the line shift distribution at z = 3.01 with a galaxy number density
ng = 107° Mpc2h? considering only the red peak in the RT simulation of Byrohl et al.
(2019). In order to see the phase shift of the cross-power spectrum in this test, we keep
the redshift-space positions of the galaxies in the galaxy catalog unchanged, while we
add the line shift to the galaxies to calculate the intensity map. We use all galaxies to
generate the intensity map in order to see the effect of the line shift on the cross-shot
noise. We calculate the shot-noise-subtracted 2D power spectrum from an average of 100
mocks using the HSHD method. We calculate the ratios between the power spectrum
with and without the RT line shift and compute the mean damping along the LOS by
averaging over k. We confirm that the cross- and auto-power spectra follow the expected
damping in Equations (6.32) and (6.33).

6.5 Sensitivity of a HETDEX-Like Experiment

We use the same HETDEX-like mocks as in Lujan Niemeyer et al. (2023) and include
IGM absorption, a Ly« line shift, and Ly« line broadening to investigate the sensitivity
of the power spectrum measured by a HETDEX-like survey to Lya RT effects. We set
the mean free path of ionizing photons to Ang, = 300 Mpc. We set ¢(u) to a Gaussian
PDF with mean vgy = 639kms~! and standard deviation Ovpr = 169 km s~!. Fig. 13 of
Mentuch Cooper et al. (2023a) shows the observed line width distribution of the LAEs in
HETDEX with a mean of oy = 3.54 A, which includes the intrinsic Lya line width of the
LAEs and the smoothing of the spectrograph VIRUS (o, ~ 2.38 A; see Hill et al., 2021).
To model the line broadening through RT and the VIRUS resolution, we apply Gaussian
smoothing of the intensity map along the LOS with o) = 3.54 A in the case with Lya
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Figure 6.4: Similar to Figure 6.1, but for the lognormal mocks after shot-noise subtraction.
These power spectrum ratios include the decreased mean intensity. The ratios of the power
spectrum with absorption (Fups = 0.9) over that without absorption (Fu,s = 0) of the LAE
auto-power spectrum (top left panel), the LAE-Ly« intensity cross-power spectrum (bottom left
panel), the non-LAE-Ly« intensity cross-power spectrum (top middle panel), and the intensity
auto-power spectrum (bottom middle panel) are shown. The right panels show the damping
of the monopole and quadrupole of the LAE auto-power spectrum (blue), the non-LAE-Ly«
intensity cross-power spectrum (red), the LAE-Lya intensity cross-power spectrum (green),
and the intensity auto-power spectrum (orange). The 2D damping maps were smoothed with
a Gaussian kernel with a width of o ~ 0.024 hMpc ! for better visualization.
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RT effects, and oy = 2.38 A in the fiducial case without RT. We subtract the shot noise
using the HSHD method.

Figure 6.6 shows the impact of the RT effects on the HETDEX power spectra compared
to the fiducial case in dashed lines at z = 2.2*. 'We obtain a similar result for z = 3.0.
The fiducial galaxy auto-power spectrum quadrupole looks slightly different than in Lujan
Niemeyer et al. (2023) because the HSHD method removes some previously unaccounted-
for shot noise in the quadrupole. The LAE-Ly« intensity cross-power spectrum is smaller
and has a lower signal-to-noise ratio because of a missing factor of (1+2)~2 in the equation
(4) for the specific intensity I, in Lujan Niemeyer et al. (2023). This is corrected in this
paper and the public SIMPLE code, such that the correct specific intensity is lower, while
the noise level remains the same.

The amplitude, i.e., the effective bias, is lower for higher F,,s. The RT line shift
dispersion suppresses the power spectrum at small scales; this is also noticeable in the
different shapes of the quadrupole. The effects are significant even at F,,s = 0.2 for
the LAE auto-power spectrum, while the LAE-Lyc« intensity cross-power spectrum stays
within the measurement uncertainty. Note that the covariance of the power spectra with
Fos > 0 is overestimated because we do not change the input luminosity function, which
is measured from observed fluxes, such that the number of observed galaxies is lower than
for F,,s = 0.

These results demonstrate that the HETDEX LAE power spectrum is sensitive to the
presence of Lya RT effects. However, because the main effect of the Lya absorption is

4Note that, while the intensity unit contains arcsec ™2 A_l, the intensity is not aperture-dependent. It
is calculated using I\ (x) = cpr(x)/ (47m(1 4 2)?X\oH (z)), where pp,(x) is the luminosity per unit comoving
volume at location x and g is the rest-frame Lya wavelength.
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Figure 6.6: Power spectrum monopoles (left panel) and quadrupoles (right panel) with RT
effects (solid lines) compared to the fiducial case without RT effects (dashed lines) in the z = 2.2
bin. The red lines show the LAE auto-power spectra, and the blue lines show the cross-power
spectra of LAEs with sky-subtracted intensity. The absorption fraction is shown with differently
shaded lines, where lighter lines correspond to higher F,;s. The shaded areas show the standard
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degenerate with the LAE bias, it can be difficult to isolate - for example, through its
scale dependence. Greig et al. (2013) show that the bispectrum can help break degen-
eracies between gravitational and RT effects. Using the power spectrum, HETDEX can
nonetheless constrain the Ly« line shift distribution (see Section 6.3). Because LAEs
are mostly central halo galaxies and therefore unaffected by virial motion (Ouchi et al.,
2020), a Fingers-of-God-like damping with a velocity dispersion of order ~ 100 kms™!
would likely stem from RT line shifts.

6.6 Discussion

Lognormal simulations directly produce the galaxy and matter distributions and linear
velocities, which we use in this work to calculate the optical depth. This approach requires
an assumption of the ionization rate smoothing kernel and the Lya absorption fraction,
but produces the mean optical depth as output. In this regard, there are fewer free
parameters than in the analytic model. While the mean optical depth is dominated by
a long tail toward high optical depths and inconsistent with the measurement of Turner
et al. (2024), the median optical depth is lower and consistent with the measurement.
Because the lognormal simulations do not include galaxy-scale or CGM-scale physics,
the optical depth is calculated from large-scale matter distributions and velocities, so a
correlation between the optical depth and the galaxy distribution - and therefore an IGM
absorption effect on the power spectrum - is inevitable. We showed that this approach
produces high optical depths in voxels containing galaxies. As in the WD11 model, the
parameter Fj,ps defines how much of the Lya RT takes place on the scale of the resolution
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of the simulations (~Mpc), where F,,s = 0 represents the case where no RT takes place
on these scales. This means that we account for the shape of the Ly« line emerging from
the CGM only effectively with Fps (see equation (6.6)).

We approximate the RT outside of the virial radius as attenuation proportional to
exp (—75). Zheng et al. (2011) compare the clustering of LAEs in their full RT simulation
to exp (—7(v)) attenuation from the centers of the galaxies. They find that, while the
qualitative effects of RT on LAE clustering are captured by the exp (—7(v)) model, they
are quantitatively different, presumably because multiple scatterings are unaccounted for
in the exp (—7(v)) model. One important difference between our model and that used
by Zheng et al. (2011) is that we calculate 75 only outside of the virial radius, similarly
to Laursen et al. (2011), and we approximate the RT within the galactic halo through
the parameter F,,s. As shown in Figure 6.3, most of the 75 values in the lognormal
simulations are smaller than 1, where we expect multiple scatterings to be rare.

We find that the linear analytic model for absorption does not describe the lognor-
mal simulations well. In the lognormal simulations, the absorption takes place in the
immediate environment of the galaxies, where the matter overdensity is large. In this
regime, the linear approximations for the transmittance and the effect on power spectrum
break down. Therefore, the linear model is an inadequate description of the effect of Ly«
absorption on the LIM power spectra.

A minor shortcoming of the lognormal approach is that we used the same luminos-
ity function as an input, such that fewer galaxies are detected and the mean observed
intensity is lower after IGM absorption. To mitigate this, one could change the input
luminosity function to match it to the observed one after absorption. One could also
implement a distribution of absorption fractions, which we assume would not change the
power spectra, but it would slightly increase the covariance.

To summarize, the correlations between Ly« transmission and the large-scale matter
and velocity, and therefore the effects of IGM absorption on the LAE and LIM power
spectra, are model-dependent. Observations of the LAE and Lya LIM power spectra,
such as from HETDEX, are clearly necessary for constraints. As shown in this paper,
HETDEX could be strongly affected by Lya RT, and this must be accounted for in the
power spectrum modeling.

In this work, we have only accounted for Lya absorption in the IGM and Ly« line
shifts and broadening from RT. We have not attempted to study the impact of the
Lya absorption from background continuum sources on Lya LIM power spectra. The
Lya forest in quasar spectra can easily be masked by masking quasar spectra for LIM.
However, Weiss et al. (2024) find broad absorption troughs around LAEs in HETDEX
through stacking, which will affect Lya LIM studies.

This work also does not account for extended and diffuse Ly« emission, i.e. photons
that scatter into the LOS or those that are produced in the CGM and IGM. Extended
Lya halos are ubiquitous around galaxies at z 2 2 (e.g. Leclercq et al., 2017; Lujan
Niemeyer et al., 2022a,b). In this work, we assume that the flux originating from Ly«
halos is included in the luminosity function and approximate the galaxies including their
halos as point sources. Using high-resolution observations, Leclercq et al. (2017) find that
~ 65% of the LAE flux comes from Ly« halos. However, Konno et al. (2016) use 2" — 3"
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apertures to measure the Lya flux of the LAEs for the luminosity function. The majority
of the Lya halo flux is contained within these distances (Leclercq et al., 2017). Lujan
Niemeyer et al. (2022a) find that Lya halos of LAEs can reach ~ 160 kpc (proper), but
with negligible intensity compared to the central emission. The scales of interest in this
work are also much larger than the extent of Lya halos. Neither lognormal simulations
nor the exp (—75) attenuation model are adequate for studying Ly« LIM at kpc scales.

Furthermore, Byrohl et al. (2021) find that Lya halo photons in the outer halo are
scattered photons originating from galaxies outside of the host galaxy’s dark matter halo,
introducing a nonlocal component to Lya halos. This environmental dependence of the
intensity of the Ly« halo cannot be captured in this lognormal model.

6.7 Summary and Conclusion

We have presented an analytic model for the effect of Lya absorption in the IGM on the
Lya LIM power spectra by adapting that of WD11. While the overall effect is similar
to that of the LAE auto-power spectrum - a lower, scale-dependent effective bias and
reduced RSD, the suppression of the LIM component does not depend on the slope of
the luminosity function.

We have extended the model of Byrohl et al. (2019) of the effect of line shifts from
Lya RT on the galaxy power spectrum to LIM power spectra. The effect on the intensity
auto-power spectrum is the same as for LAEs. In cross-correlations of one tracer affected
by this line shift with another that is unaffected, a phase shift of the power spectrum is
introduced, leading to a cosine-shaped damping of the real part of the power spectrum.
This can be useful to measure the average line shift and its dispersion of different galaxy
populations with or without LIM.

We have modified the SIMPLE code, a lognormal galaxy and intensity map simulator,
to calculate the optical depth in each voxel from the matter and velocity distribution
and attenuation of the intrinsic luminosities of galaxies in that voxel. In this model, a
correlation between the optical depth and large-scale matter and velocity distributions is
inevitable, but can be modulated with the effective absorption fraction F,;,s. We also add
a random RT line shift to the peculiar velocities. The analytic model for the line shifts
matches the results of the lognormal simulations.

While both the analytic and the lognormal models for IGM absorption predict a
stronger power spectrum suppression at small scales, their predictions for the dependence
of the suppression on k| and k, differ because the linear approximations break down in
the nonlinear environment of the galaxies.

Finally, we have implemented the modified SIMPLE code to model the effects of Ly«
RT on the LAE and LAE-Ly« intensity power spectra for a HETDEX-like experiment. The
line shift and broadening from RT significantly change the monopoles and quadrupoles
of the LAE auto-power spectrum. The IGM absorption also changes the LAE auto-
power spectrum significantly even at an absorption fraction of 0.2, while the LAE-Ly«
intensity cross-power spectrum remains within the measurement uncertainty even with
an absorption fraction of 0.5. Therefore, HETDEX will help constrain the interplay of Ly«
RT and galaxy clustering. Our lognormal framework will be useful for the interpretation
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of upcoming large-scale structure measurements using Ly« emission.

6.8 Appendix: Half-Sum-Half-Difference Method for
LIM

Ando et al. (2018) introduce the half-sum-half-difference (HSHD) method for galaxy
clustering to automatically remove shot noise. This is especially useful if the shot noise
is anisotropic or scale-dependent. One randomly splits the galaxy sample into two halves

and calculates the density contrast for each, dy; and dg. Then one calculates the half
sum (HS) and half difference (HD) of the two fields:

1 1
HS = 5 (6g1 + §g2) ; HD = 5 (6g1 - 6g2) . (635)
One can then calculate
(HS(k) HS' (k') — (HD(k) HD (k') = (27)° dp(k — K') Piion (), (6.36)

where dp is the Dirac delta function. The auto-power spectrum of HS contains the signal
and shot noise, while that of HD only contains the shot noise, so that equation (6.36)
contains only the signal. As shorthand, we use the notation

paute ' — (HSHS*) — (HD HD*). (6.37)

Wang et al. (2024) extend this method to the cross-power spectrum of two galaxy
catalogs A and B, where each galaxy in A corresponds to a galaxy in B. One splits the
catalogs into two halves so that A; and By (and A; and B) maintain the one-to-one
correspondence, and then calculates HS 4,5 and HD 4,5. The shot-noise-free cross-power
spectrum estimator takes the form

A

s = (HS4HSE) — (HD4HDT). (6.38)

LIM surveys typically have low resolution, such that the separation into two galaxy
samples is not possible. After all, measuring the integrated emission from all galaxies
within a resolution element is the main concept of LIM. Instead of separating galaxy
samples, one can still separate observations of the same volume at different times and
cross-correlate these to remove the intensity noise power spectrum. The HETDEX survey,
however, is not designed solely for LIM, but has a higher resolution in order to detect
individual galaxies, which can be artificially decreased for LIM. In this case, it may be
possible to separate galaxies within the same LIM voxel.

For modeling purposes, it is helpful to separate the clustering power spectrum from
the shot noise and intensity noise. In the mock, we can randomly split the galaxies
contributing to the intensity map into two separate samples and calculate 61y = I — (Ig;)
for each sample i. Because only half of the galaxies contribute, the mean intensity is

halved (Iy;) = 1(Lu). Let us assume that I,; includes uncorrelated intensity noise with
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the same variance (I7,..) = o7, so that (015i015;) = (0 Iy signa10 Iy ignar) + 070i;, where dy;

is the Kronecker delta. Defining
HS; =014 + 61y and HD; = 61y — 01,0, (6.39)
the power spectrum estimator becomes

Pyy = (HS;HS;) — (HD/HD;) = 2 ((011015) + (31:2013,))

_ L{la)® 51,01 51,5017
= 5137 (OTadlp) + ($1udL).

(6.40)

The power spectrum estimator has the same normalization (I,;)? as the “normal” power
spectrum estimator (01,;07};). Note that HS; and HD; contain the intensity noise term
2(c?), which cancels out in P;; as long as the intensity noise contributions of 0I5 and
0149 are uncorrelated.

Similarly, the cross-power spectrum with a galaxy sample separated into dg; and g
can be estimated as

Py, = (HSHS}) — (HD HD}), (6.41)
which does not contain shot noise as long as dg; and 0l (and dge and 01y;) do not share
galaxies contributing to both fields. This can be achieved by using the same galaxy split
for 04 and 0/, in the mock.

The treatment of intensity noise and sky subtraction for the mocks is not straightfor-
ward. To ensure that the noise power spectrum is removed along with the shot noise, the
noise maps of 0151 and 014 must be uncorrelated. Depending on the split in the real data,
the effective o of the subsamples is different than that of the total intensity. Staying
agnostic, we add noise with the variance of the total intensity noise to each 0/,;. Because
the galaxy split cannot be done after the sky subtraction in the mocks, we apply the sky
subtraction to each dly;. In a realistic setting, the sky is subtracted before splitting the
data.
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Chapter 7

Lya Intensity Mapping in HETDEX:
Galaxy-Lya Intensity Cross-Power
Spectrum

The content of this chapter has been published in Lujan Niemeyer et al. (2026).

We present a measurement of the Lyman-« (Ly«) intensity mapping power spectrum
from the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX). We measure
the cross-power spectrum of the Ly« intensity and Lya-emitting galaxies (LAEs) in a
redshift range of 1.9 < z < 3.5. We calculate the intensity from HETDEX spectra that do
not contain any detected LAEs above a signal-to-noise ratio of 5.5. To produce a power
spectrum model and its covariance matrix, we simulate the data using lognormal mocks
for the LAE catalog and Ly« intensity in redshift space. The simulations include the
HETDEX sensitivity, selection function, and mask. The measurements yield the product
of the LAE bias, the intensity bias, the mean intensity of undetected sources, and the ratio
of the actual and fiducial redshift-space distortion parameters, byb; (I) Frsp/Fidy =(6.7+
3.1), (11.7 £ 1.4), and (8.3 £ 1.5) x10~2?erg s~* cm 2 arcsec 2 A~! in three redshift
bins centered at z = 2.1, 2.6, and 3.2, respectively. The results are reasonably consistent
with cosmological hydrodynamical simulations that include Ly« radiative transfer. They
are, however, significantly smaller than previous results from cross-correlations of quasars
with Ly« intensity. These results demonstrate the statistical power of HETDEX for Ly«
intensity mapping and pave the way for a more comprehensive analysis. They will also be
useful for constraining models of Lya emission from galaxies used in modern cosmological
simulations of galaxy formation and evolution.

7.1 Introduction
Line intensity mapping (LIM) is a novel tool for studying cosmology and the astrophysics

of galaxies and intergalactic gas (see Kovetz et al., 2017; Bernal & Kovetz, 2022, for
reviews). Intensity maps of one or more emission lines in large volumes can be used
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as biased tracers of the underlying matter distribution. Instead of detecting galaxies as
peaks in the intensity above the noise level, LIM can use noisy data to measure summary
statistics of the intensity such as N-point correlation functions. It thus incorporates
photons from all galaxies and diffuse gas within the survey volume that would otherwise
remain undetected.

Several LIM surveys are currently in operation (Doré et al., 2014; Santos et al., 2016;
DeBoer et al., 2017; CONCERTO Collaboration et al., 2020; Cleary et al., 2022; Karkare
et al., 2022), or in preparation (Vieira et al., 2020; Sun et al., 2021; Switzer et al.,
2021; CCAT-Prime Collaboration et al., 2022; Renard et al., 2024; Renard et al., 2025).
The emission lines targeted by these surveys span from the ultraviolet (Lyman-c, or
short, Lya) to the radio (21 ¢cm) and are emitted by atomic or molecular gas. LIM has
produced detections of cross- and auto-power spectra for the 21 cm and CO lines (e.g.,
Chang et al., 2010; Keating et al., 2016, 2020; Cunnington et al., 2023c; Paul et al., 2023).
Other surveys have provided upper limits on the auto-power spectrum (e.g., Cleary et al.,
2022; Keenan et al., 2022) or employ stacking (e.g., Dunne et al., 2024, 2025; Chen et al.,
2025).

The Lya emission line of atomic hydrogen enables observations of high-redshift galax-
ies, called Ly« emitters (LAEs), and of diffuse gas in the circumgalactic and intergalactic
media (CGM and IGM; e.g., Ouchi et al., 2020). Stacking of LAEs (Wisotzki et al., 2018;
Kakuma et al., 2021; Kikuchihara et al., 2022b; Lujan Niemeyer et al., 2022a; Kikuta
et al., 2023; Trainor et al., 2025, e.g.,) and other galaxies (Steidel et al., 2011; Kusak-
abe et al., 2022) has revealed the ubiquity of Ly« emission out to projected distances of
~ 1 Mpc from these galaxies. However, few Lya LIM measurements have been performed
on larger scales. All distance units refer to comoving distances unless otherwise specified.

Croft et al. (2016, 2018) and Lin et al. (2022) present a measurement of the cross-
correlation of quasars (QSOs) from the Baryon Oscillation Spectroscopic Survey (BOSS)
and the Extended Baryon Oscillation Spectroscopic Survey (eBOSS) with Ly« intensity
from a projected radius of r; = 0.5h *Mpc to 150 h~*Mpc (see Lin et al., 2022, for a
measurement from r; = 0.12 'Mpc). The Lya intensity is measured by subtracting
the best-fit galaxy spectrum from spectra of luminous red galaxies (LRGs), assuming
that the residual consists of background Ly« intensity and noise. By measuring the
QSO-Lya« intensity cross-correlation, they constrain the average cosmic Lya luminosity
density. However, these results are inconsistent with the upper limit on the cosmic Ly«
luminosity density inferred from the Ly« forest, as reported in Croft et al. (2018). While
Croft et al. (2018) argue that the intensity is dominated by Ly« emission from QSOs, Lin
et al. (2022) conclude that the bulk of the Ly« luminosity originates from star-forming
galaxies.

The Hobby-Eberly Telescope Dark Energy Experiment (HETDEX; Gebhardt et al.,
2021) provides an ideal data set for Lyar LIM. HETDEX is a galaxy survey aimed at
detecting ~ 10° LAEs at 1.88 < z < 3.52 in a comoving volume of 10.9 Gpc®. HETDEX
observes its survey area with the Visible Integral Field Replicable Unit Spectrograph
(VIRUS; Hill et al., 2021) on the Hobby-Eberly Telescope (HET; Ramsey et al., 1998;
Hill et al., 2021) without target preselection. Therefore, most fiber spectra do not contain
sources that are bright enough to be detected, with detected LAEs comprising only
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~ 0.01% of the signal (Mentuch Cooper et al. in preparation). This makes LIM a unique
scientific target for HETDEX.

Lujan Niemeyer et al. (2022a,b) stacked the Lya emission in spectra around HETDEX
LAEs and independently detected Lya-faint galaxies selected by their [O III] emission,
and detected Lya emission out to ~ 100kpc (proper) in both samples. This stacking
signal is closely related to the small-scale angular cross-correlation of galaxies with Ly«
intensity. Khanlari et al. (2025) increased the sample size and stacked HETDEX spectra as
a function of line-of-sight (LOS) distance and angular separation, finding Lya absorption
halos (see Section 7.9.4 for a discussion). These studies confirm the suitability of HETDEX
data for LIM. The simulation study presented in Lujan Niemeyer et al. (2023) (see also
Fonseca et al., 2017) predicts a high-significance detection of the LAE-Ly« intensity cross-
power spectrum at wavenumbers of k& ~ 0.08 — 1A Mpc ™' for an ideal HETDEX survey
without systematics, while masking the spectra of detected LAESs.

In this paper, we present Lya LIM results from HETDEX observations. Using the HET-
DEX LAE catalog and HETDEX spectra, we detect the LAE-Lya intensity cross-power
spectrum with high statistical significance. By masking LAEs that are detected above a
certain signal-to-noise ratio (SNR) threshold, we ensure that the intensity contains only
undetected sources. We generate mocks with the SIMPLE code (Lujan Niemeyer et al.,
2023) to calculate the transfer function and estimate the power spectrum covariance
matrix. By shuffling the on-sky positions of the HETDEX intensity, we calculate the un-
certainty due to HETDEX noise. We constrain the product of the LAE bias, the intensity
bias, the mean intensity of undetected sources, and the ratio of the actual and fiducial
redshift-space distortion factors, byb;(I) Frsp/Fidy. Finally, we compare our findings to
the expected mean intensity from integrating extrapolated LAE luminosity functions,
and to a cosmological Ly« radiative transfer (RT) simulation.

Our measurement is complementary to those of Croft et al. (2016, 2018) and Lin
et al. (2022) because we cross-correlate the Ly intensity with different sources, with
an emphasis on larger scales, and with higher sensitivity. Because this work does not
exclusively use QSOs, but LAEs, our results should not be strongly affected by Ly«
emission around QSOs.

This work represents a LIM detection in HETDEX data. We expect to improve data
processing and increase the sample size of LAEs and spectra in the future.

This paper is structured as follows. Section 7.2 describes the LAE catalog and spec-
tra obtained by HETDEX and the data processing. It also describes the separation of the
observations into smaller regions and the creation of galaxy and intensity maps. Section
7.3 presents lognormal mocks from the SIMPLE code. Section 7.4 explains how we es-
timate the LAE-Ly« intensity cross-power spectrum. Section 7.5 describes how we fit
the power spectrum model to the data. We show the power spectra and constraints on
byby (1 ) Frsp/Fid, in Section 7.6. We compare our constraints with the QSO-Lya inten-
sity and Lya forest-Lya intensity cross-correlations in Section 7.7. We explore origins of
the Ly« intensity in Section 7.8. Section 7.9 discusses potential improvements in data
processing and modeling, and the possible effect of Lya absorption on our measurement.
We conclude in Section 7.10.
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We use the following Fourier convention:
F<) = [ dxflx)e,

d3k ~ ) (7.1)

— k —ik-x

16 = [ Gy e,
where the tilde denotes quantities in Fourier space. We adopt a flat A-cold-dark-matter
cosmology with Hy = 67.66kms™ Mpc™, O, 0h? = 0.022, Quoh? = 0.142, ¥ m, =
0.06eV, In (10'°A,) = 3.047, and n, = 0.9665 (Planck Collaboration et al., 2020b).

We refer to the specific intensity I, the intensity per unit observed wavelength, as the
intensity I for simplicity.

7.2 HETDEX Data

Our analysis uses the data of the internal HETDEX data release HDR5 (Mentuch Cooper
et al. in preparation). These data are collected from 2017-01-01 to 2024-07-31 and com-
prise the full main HETDEX survey. The spectra cover 90 deg® of sky, 87.7deg? of which
meet the science quality criteria. These data include observations within an equatorial
“Fall” field, whose footprint covers 150 deg?, a higher-declination “Spring” field, which
covers 390 deg?, and several smaller fields, which were used for HETDEX science verifi-
cation (Gebhardt et al., 2021). We also use observations of the Texas Euclid Survey for
Lya (TESLA), which covers a 10 deg® region of the North Ecliptic Pole (NEP; Chavez
Ortiz et al., 2023). The TESLA data were observed in the same manner, processed in
the same way, and have the same exposure times as the HETDEX spectra.

The HETDEX spectra were obtained with VIRUS on the 10m HET (Ramsey et al.,
1998; Hill et al., 2021). VIRUS is composed of up to 78 integral field unit fiber arrays
(IFUs), each of which spans 51”7 x 51” on the sky and contains 448 fibers that are 1.5” in
diameter. The fibers from each IFU feed into a spectrograph with two spectral channels.
The spectrographs have a resolution of R ~ 800, which corresponds to a Full-Width-
at-Half-Maximum (FWHM) of 5.6 A at A\ = 4500 A, and cover the wavelengths between
3470 A and 5540 A. Each spectral channel is read out by a CCD with two amplifiers;
thus, the fibers from each IFU are split into four amplifiers. Each HETDEX observation
consists of three six-minute exposures in a triangular dithering pattern that fills the gaps
between the fibers on each IFU.

The IFUs are spread out over the HET’s 18 field of view on a 100”-grid, so that the
gap between each IFU is roughly equal to the size of the IFU. As a result, the gaps
between the IFUs lead to a fill factor of ~ 1/4.6 for each observation. The observations
in the NEP field are dithered to fill the gaps between the IFUs, while these gaps remain
in the Spring and Fall fields.

For this work, we only include observations that are not masked by the HETDEX flag
for low-quality observations. As HETDEX requires a minimum effective throughput of
0.08 at 4540 A for an LAE to be included in the catalog, we only select spectra from
observations that meet this requirement. Additionally, we exclude HETDEX observations
before 2018 because these early data contain more artifacts and larger sky emission resid-
uals. This approach leaves 1,949 observations in the Fall field, 3,797 in the Spring field,
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Figure 7.1: IFU coordinates in the Fall (top), Spring (middle), and NEP (bottom) fields. The
fields are divided into 5.6° wide regions for the power spectrum, shown as black squares (see
Section 7.2.3). Masked maps are shown as hatched regions (see Section 7.4.2). The backward-
facing (forward-facing) diagonal hatchings represent boxes masked in the low-z (medium-z) bin,
and the dotted hatchings indicate those masked in the high-z bin.

and 484 in the NEP field. Figure 7.1 shows the I[FU coordinates used in the Fall, Spring,
and NEP fields.

7.2.1 LAE Catalog

We select LAEs from catalog 5.0.1 of the internal HETDEX data release HDR5 (Mentuch
Cooper et al. in preparation). A public release of an early subset of this sample is
found in Mentuch Cooper et al. (2023a), including a description of source detection and
classification. For each line detection, the catalog provides the central wavelength; the
sky coordinates of the detection; the line width of the best-fit Gaussian to the emission
line (0); the line flux; the SNR of the detection; an aperture correction factor, which
quantifies the fraction of a source’s light that falls onto an IFU (as opposed to off an
edge); and the source type, e.g., LAE or [O II]-emitting galaxy, and the confidence of this
classification.

Because the LAE detections will be masked in the Lya intensity map, there will
be no shot noise in the cross-power spectrum. We restrict our LAE sample to high-
confidence objects (‘flag best’ detections with SNR > 5.5, see Mentuch Cooper et al. in
preparation), preferring a smaller, higher-quality set of LAEs to a larger set with more
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Figure 7.2: The normalized distributions of redshifts (left panel), luminosities (middle panel),
and the best-fit Gaussian o line widths in observed wavelength units (right panel) of HETDEX
LAEs in the Fall (blue), Spring (orange), and NEP (green) fields. The black dashed lines in the
left panel show the boundaries of the three redshift bins used to calculate the power spectra.

contamination. The ‘flag best’ criterion of the HETDEX detection catalog summarizes
quality criteria based on known bad data; masks of large galaxies, meteors, and satellites;
goodness-of-fit of the line detection; detection confidence based on Machine Learning and
citizen science (House et al., 2023, 2024); and other quality criteria (details can be found in
Mentuch Cooper et al. 2023a and Mentuch Cooper et al. in preparation). We also select
only those sources with an aperture correction factor > 0.4, and require the updated
SNR, which incorporates systematics, to be SNRs > 4.5. The noise model used for
SNRyes is the third model described in Section 6.20 of Gebhardt et al. (2021).

We further impose thresholds on the LAE detection confidence parameters derived
from machine learning models. We require peone > 0.5 from a Random Forest classifier
based on emission-line measurements (Mentuch Cooper et al., in preparation) and a score
> 0.4 from a convolutional neural network (CNN) trained on HETDEX spectra (Mukae et
al., in preparation). These classifiers are developed to distinguish LAEs from false-positive
detections due to systematic errors in the spectra and sky residuals. For the SNR > 5.5
sample, the adopted CNN threshold yields a precision of ~ 96% when compared with
visual classifications as described in House et al. (2023), effectively classifying LAEs while
minimizing false detections. Using these criteria, 90.4% of detections in the COSMOS
science verification field are confirmed in a different HETDEX observation of the same
field or a separate galaxy catalog. Thus, the fraction of false positive detections using
these criteria is < 9.6%.

We then remove detections within £10A of the [O III] emission line at 5007 A to
mitigate contamination from high-Galactic latitude planetary nebulae. We also exclude
LAE candidates within =10 A of the sky emission lines at 5200 A and 5457 A.

Figure 7.2 shows the redshift, luminosity, and line-width distributions of the LAE
samples in the Fall, Spring, and NEP fields. The dip at z ~ 2.7 in the redshift distri-
butions is due to a mask that is applied at the center of 50% of the detectors as well as
an increase in night sky emission (Mentuch Cooper et al., 2023a). The dip at z ~ 2.3
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is also due to bright sky emission. There remain 37,773 LAEs in the Fall field, 95,774
in the Spring field, and 9,372 in the NEP field. After removing detections in IFUs that
we mask (see Section 7.2.2), 36,303 LAEs remain in the Fall field, 92,192 in the Spring
field, and 8,932 in the NEP field. This number is much lower than the total number of
detected LAEs in HETDEX because of our strict selection criteria.

We mask these LAEs in the intensity map for the power spectrum measurement, as
described in Section 7.2.2.

7.2.2 Intensity Spectra

In this section, we describe the additional data reduction steps we apply to the HETDEX
spectra. The intensity mapping results can be sensitive to reduction artifacts and our
goal is to reduce those as much as possible.

Removing Sky Emission

Gebhardt et al. (2021) describe the HETDEX data processing pipeline. A crucial part
of the processing for low-surface brightness measurements is sky subtraction. “Sky”
emission, including airglow, zodiacal light, and foreground emission from the Milky Way,
dominates the observed spectra and must be removed.

HETDEX employs two methods for sky subtraction. The first method uses a ‘local’
sky estimator, measured using the 112 fibers present on each CCD amplifier; these fibers
cover a ~ 13" x 51” field. This sky subtraction technique is optimized for LAE detection.
The second method computes a ‘full-frame’ sky, derived from the photons detected on
all ~ 35k fibers of the 18 field of view of the VIRUS instrument within one exposure
(see Lujan Niemeyer et al., 2022a, for details). As demonstrated in Lujan Niemeyer et al.
(2023), the galaxy-intensity cross-power spectrum is suppressed on scales larger than the
sky subtraction scale. To keep information on a scale as large as possible, we use the
‘full-field” sky subtraction in this work.

Our IFU data can be visualized in a two-dimensional figure, where the z-axis is
the wavelength, and the y-axis is the fiber number. When averaging the full-frame sky-
subtracted spectra of each amplifier over all observations taken within a month, one would
expect a mean of zero. However, we find systematic two-dimensional patterns that are
unique to each amplifier. To remove these residuals, we first divide each fiber spectrum
by the full-frame sky spectrum of the same fiber. We then calculate the biweight location
(BL) of these relative residuals across observations within a month. The BL and biweight
scale (0p,y) are estimators of the central location and scatter of a distribution that are
robust to outliers (Beers et al., 1990). In each observation, we subtract this BL relative
residual multiplied by the respective sky spectrum for each fiber.

Masking Bad Detectors, Bright Voxels, Continuum, and [O II] Detections

Processed HETDEX spectra are output in 2 A bins between 3470 A and 5540 A. When all
78 IF'Us are operational, 3 x 34,944 spectra are obtained from each observation. However,
some of the CCD amplifiers and a few of the individual fibers produce bad data in certain
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observations. The bad amplifiers, fibers, and pixels (including those affected by cosmic
rays) are flagged by the HETDEX data processing software as described by criteria set
in Table2 of Mentuch Cooper et al. (2023a), and are masked in our analysis. We also
mask spectra containing large galaxies and meteors using the fiber mask provided by
the HETDEX Application Programming Interface (API; see Section 2 of Mentuch Cooper
et al., 2023a)

For each observation, we also mask outlier pixels individually. First, we calculate the
BL and oy, of all the spectra, and then mask all pixels with fluxes that deviate by > 3o,
from the BL of the fluxes.

Since HETDEX is an untargeted survey, the spectra of continuum objects, such as
foreground stars and galaxies, are also in the HETDEX database, and these objects can
contaminate the Ly« intensity map. We therefore remove all fiber spectra containing
continuum emission. To do this, we estimate the continuum within each fiber by calcu-
lating the BL of its spectrum within the wavelength range of 4100 — 5100 A, and mask
out those fibers with a 3oy, deviation from the BL of the continuum values within each
observation.

Because light can scatter within the detector, we also mask out fibers adjacent to
each masked fiber with continuum emission on the CCD. Spectra adjacent in the array
obtained from the HETDEX Application Programming Interface (API) are adjacent on
the CCD, unless they are the first or last fiber on the CCD. We mask all adjacent fibers
in the array, which sometimes includes the first or last fiber on an adjacent amplifier.

We set the spectra of the fibers within 10” of all [O II]-emitting galaxies to zero. The
detection criteria match those used for LAEs, as described in Section 7.2.1, except that
the source type indicates [O II]-emission. For these objects, we do not apply cuts based
on the CNN score, peont, O SNR res.

Separating Intensity Contributions from LAEs and Undetected Sources

We separate the spectra into contributions from detected LAEs and undetected sources
as described in this subsection. In this step, we consider all LAEs selected in Section 7.2.1
as ‘detected.” We select voxels within 10” of an LAE’s positional centroid and within 2.5
times the line width of its wavelength centroid. For the ‘undetected’ spectra, we set these
voxels to zero. For the ‘detected’ spectra, we instead set all other voxels to zero. Adding
the ‘detected’ and ‘undetected’ spectra therefore yields the total spectra. This process
translates directly to the power spectra: adding the cross-power spectrum of LAEs with
the ‘detected’ intensity to that of LAEs with the ‘undetected’ intensity has to be equal
to the cross-power spectrum of LAEs with the ‘total’ intensity. We use this property as
a check for the power spectrum pipeline. Henceforth, we apply the same data processing
to the ‘detected,’ ’total,” and ‘undetected’ spectra, unless specified otherwise.

Lowering Angular Resolution

The angular resolution of the HET is much better than that of typical LIM experiments:
the FWHM of the VIRUS point-spread function (PSF) is between 1.2” and ~ 4”. For
computational simplicity, we condense 3 x 448 spectra taken by each IFU during a single
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HETDEX observation into one spectrum. We have 132,051 IFU spectra in the Fall field,
241,969 in the Spring field, and 34,239 in the NEP field. Each spectrum represents the
average flux within 517 x 51” x 2 A voxels, which corresponds to 1.5 Mpc x 1.5 Mpc x
1.9 Mpc at z = 2.5. We will henceforth refer to these as ‘IFU spectral elements.

We calculate the mean of the ‘total,” ‘detected,” and ‘undetected’ fiber spectra within
each TFU. We also calculate the standard deviation of the ‘total’ fiber spectra within
each TFU and save the mean coordinates of all the IFU’s fibers.

Finally, we calculate the inverse variance of the ‘total’ fiber spectra of each pixel.
Some voxels have much higher values than the typical distribution because few unmasked
elements of the fiber spectra contribute to it. We therefore set all pixels with inverse
variances of > 3600/u? to zero, where u; = 1017 ergs ™t cm~2 arcsec™2 A", This removes
everything with a deviation 2 5.70y,, from the BL of the inverse variance distribution.

Calculating the Intensity and Removing Extinction

The spectra are output as specific fluxes, fi, per 2A bin in each fiber. The intensity is
obtained from fy as I(z) = fi(2)/Agber, Where the fiber area is Agpe: = 7 (0.75”)°.

To obtain the intensity as would be seen outside the Milky Way, we remove the
reddening caused by Galactic extinction. We collect the color-excess values, E(B — V),
as measured by Schlegel et al. (1998) at the coordinates of each IFU, using the dustmaps
API (Green, 2018). Following Schlafly & Finkbeiner (2011), we assume a Ry = 3.1
reddening model of Fitzpatrick (1999) and set Ay = 2.742E(B — V). We calculate and
apply the extinction correction using the open-source Python module extinction®.

Removing More Systematics

We combine all IFU spectra within each of the three fields for the following steps.

First, we again mask those voxels that are much fainter or brighter than the rest of the
distribution, i.e., those with values above 0.0125u; or below —0.0125u;. We determined
this threshold empirically; this cut removes everything with a = 7oy, deviation from the
BL of the pixel distribution, which is ~ 0.

We expect that, after the subtraction of foreground sources and sky emission, the
spectra of each IFU will be dominated by sky noise. However, some spectra exhibit sys-
tematic patterns, indicating imperfect sky subtraction or other detector problems. Since
these spectra typically have a higher standard deviation along the wavelength direction,
we mask out those spectra with a standard deviation along the wavelength direction
> 0.0035 u;. This maximum value was determined empirically; the cut removes spectra
whose standard deviation along the wavelength direction deviates 2 3.30y,, from the BL
of the distribution.

The residuals from sky subtraction are most prominent around the emission lines in
the sky foreground, including light from street lamps. We therefore mask all pixels of
the IFU spectra at 4350 — 4370 A, 5190 — 5210 A, and 5447 — 5467 A. We also mask
+10 A around the rest-frame [O ITI] emission line at 5007 A to mitigate contamination
from planetary nebulae and diffuse gas within the Milky Way.

'https://github.com/sncosmo/extinction/
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Principal Component Analysis

Despite the extensive masking described above, the spectra still contain sky emission
residuals. We use a principal component analysis (PCA) to remove these sky emission
residuals from the spectra.

We perform the PCA on the Fall, Spring, and NEP fields separately. We first subtract
the mean spectrum of each field, (I(\)) = N, SNFU I,(\), and normalize,

X;(\) = w (7.2)

where the subscript i refers to the [IFU and o;(\) is the standard deviation of the intensity
within each wavelength slice. Nipy is the number of IFU spectra used for the analysis,
which is 132,051 in the Fall field, 241,969 in the Spring field, and 34,239 in the NEP
field. Of these IFU spectra, 5,882 (Fall), 13,851 (Spring), and 1,803 (NEP) are fully
masked in the steps described in Sections 7.2.2, 7.2.2, and 7.2.2. In the remaining fibers,
~ 7% of the voxels are masked. We then set all masked intensity values to zero.

We define a vector of length N, as

X; = éxi(Aj)é; = (Xi(A), Xi(No), -, XD )T (7.3)

where N, = 1036 is the number of wavelength bins per spectrum. The jth value of the
vector X; is the normalized intensity fluctuation in the jth wavelength bin, X;();). The
value of the basis vector, é;‘, is equal to 1 in the jth wavelength bin and zero otherwise.

We define an Nipy-by-Ny, matrix, X, which contains the vectors X; as its rows. PCA
then calculates an Ny-by-N) covariance matrix, X ' X. The eigenvectors of the covariance
matrix are the weight vectors. These form an orthonormal basis é?CA, such that

Ny
X; = y;e (7.4)
j=1
PCA arranges the eigenvectors éfCA in order of decreasing variance of y;;, with the
variance being highest for j = 1. The variance of y;; is proportional to the jth eigenvalue.
Figure 7.3 shows the first seven PCA weight vectors, éf CA with j = 1 — 7, of the
‘total” spectra in the fall field; an example ‘full-field’ estimated sky spectrum; and the
eigenvalues corresponding to the first 200 weight vectors. The first weight vectors contain
features of the sky spectrum, such as the K and H lines at 3934 A and 3968 A.
The high-variance weight vectors are dominated by systematics such as sky emission
residuals. We therefore set the first Npe € {10, 20, ...,200} of the principal components
(PCs) to zero and work with

N
Xrea =y y,-jé;?CA. (7.5)

j=Npc+1

To obtain clean spectra, we perform an inverse coordinate transformation,

N, N,
XPCA_ - - [ AATAPCAY AX 7.6
=D > yzy(ek € )ek7 (7.6)
k=1j=Npc+1
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Figure 7.4: Standard deviation of the IFU spectra in each wavelength slice in the Fall (blue),
Spring (orange), and NEP (green) fields compared to the pure-noise expectation inferred from
Figure 18 of Hill et al. (2021) (black). The dashed colored lines show the standard deviation of
the IFU spectra without PCA (Npc = 0). The solid colored lines are the standard deviation
of the IFU spectra after PCA cleaning, where Npc = 170 in the low-z bin, Npc = 130 in the
medium-z bin, and Npc = 100 in the high-z bin. The vertical black dashed lines indicate the
boundaries of the three redshift bins used for power spectrum measurements. The gray shaded
areas show masked wavelength values.

so that N
A
j=Npc+1

and undo the normalization:
IPOA () = XFOA (N (). (7.8)

We then re-apply the mask.

We calculate the weight vectors, éf CAfrom the covariance matrix XX of the nor-
malized ‘total’” spectra. We then use these vectors to clean the ‘total,” ‘detected,” and
‘undetected’ spectra. This ensures that the sum of the ‘detected’ and ‘undetected’ spectra
equals the ‘total’ spectra. Since most spectral elements do not contain a detected LAE,
the ‘total’ and ‘undetected’ spectra are similar.

The PC removal also removes cosmological signal. We model this loss in the mocks
in Sections 7.3.2 and 7.4.3.

Comparison with Noise

Figure 7.4 compares the measured and expected standard deviations of the IFU spectra
in the absence of astrophysical sources, as a function of wavelength. We translate the
measured 5o sky and read noise per fiber per spectral resolution element (FWHM= 5.6A)
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of Figure 18 in Hill et al. (2021) to the intensity noise per fiber by dividing it by (5 X
7(0.75")% x 5.6A). This assumes that the noise of the pixels within a resolution element is
fully correlated, as expected if the noise is dominated by sky photons. The noise is indeed
dominated by sky photons at A > 4000 A (Hill et al., 2021). At shorter wavelengths, it is
read-noise dominated, which is not correlated within a spectral resolution element. The
expected intensity noise per IFU spectrum is obtained by dividing this value by /3 x 448
for 3 dithers and 448 fibers per [FU per dither. This measured standard deviation of the
IFU spectra without PCA cleaning is similar to the expectation inferred from Hill et al.
(2021) in the NEP field, but slightly smaller at most wavelengths in the Fall and Spring
fields. This discrepancy could be due to masking outlier pixels and high-variance spectra.
After PCA cleaning, the standard deviation is smaller at most wavelengths. This is a
natural consequence of our removal of PCs with the highest variance.

7.2.3 Creation of Intensity Maps

Due to the loss of power from sky subtraction (see Lujan Niemeyer et al., 2023), we
measure the power spectrum at wavenumbers k& > 0.08 hMpc™t. To accommodate the
required high angular resolution, we split the three fields into smaller regions with a side
length of 5.6° for the maps.

We divide the redshift range into three redshift bins from 1.85 to 2.3 (2 = 2.07), from
2.3 to 2.86 (z = 2.58), and from 2.86 to 3.56 (z = 3.21). This binning yields 23 x 3 = 69
maps for the Spring field and 6 x 3 = 18 maps for the Fall field. The NEP field fits within
one such map in each of the three redshift bins. Figure 7.1 shows the map division in the
three fields.

Each map is contained within a cubic box with a side length of 432 h~! Mpc for the low-
z and medium-z bins and 463 h~! Mpc for the high-z bin. The fundamental frequencies
are kp = 0.015 h Mpc ! and 0.014 h Mpc ™!, respectively. We create cubic voxels that are
2 h~'Mpc long, corresponding to a Nyquist frequency of kny = 1.57 hMpc ™.

To create the intensity map, we collect all the IFU spectral elements contained within
each region and redshift bin. Then, we transform the sky and redshift coordinates into
Cartesian coordinates and collect the IFU spectral elements in each voxel.

For each voxel, we calculate the mean intensity 7(x) of the IFU spectral elements

within. We then calculate the intensity fluctuation, §/(x), in each voxel,
61(x) = I(x) — (I)(z0), (7.9)

where x = (z9, 1, 22), o is the position along the LOS axis of the map, z; and x5 are
the coordinates perpendicular to the LOS, and (I)(zo) is the mean intensity in each slice
along the LOS direction of the map. We calculate (I)(xg) as

1 Nvyox Nyox

(Do) = 5= > D1 (w0, 21,24, (7.10)

vox =1 j=1

where le and x’g are the coordinates of the ith voxel, and Nyox = Lpox/Lyox s the number
of voxels in each direction of x. Here, Ly, is the length of the box and L.y is the length
of a voxel.
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7.2.4 Mean Expected Number of LAEs per Voxel

We define the galaxy overdensity as

5y(x) = NLAE(J’\_‘%); M) (7.11)

The number of LAEs detected per voxel is Npag(x) and the ez(pected number of LAEs
detected per voxel at location x in the absence of clustering is N(x). This parameter can
be calculated as

Lo d L
N(x) =6V (x) /me dL ﬁC’ <47rD%(z)’ f5o(X)> , (7.12)

where dV(x) is the volume covered by spectra within the voxel at position x, g—z the
luminosity function of LAEs, D;, the luminosity distance, and f5y the flux limit at which
50% of LAEs will be detected. The completeness factor, C, is a function of LAE line flux
and is characterized by the 50% completeness, f50. Examples of completeness curves as
a function of flux are shown in Figure 28 of Gebhardt et al. (2021).

We use the completeness model v4 of the HETDEX API? (Gebhardt et al., 2021, Farrow
et al. in preparation). This completeness function depends on the ratio of the LAE flux
to the flux at 50% completeness; C(f, fs0) = Cya(f/ f50), which is a non-parametric model
to map f/fso to detection completeness based on inserting simulated LAEs into the data.
The value of f5 is obtained by multiplying the flux noise, o/(0, \), at the sky coordinate
©® and wavelength A by the minimum SNR for an emission-line detection (here 5.5, as
described in Section 7.2.1), a polynomial dependence on the wavelength of the detection
ax(A), and a line-width dependent adjustment (Farrow et al. in preparation). The value
of 0;(®, \) is calculated as a PSF-weighted sum of the spectral errors within an aperture
3.5” in diameter and 14 A deep.

We collect the values of f5y in each IFU spectral element. We extract the flux noise
o;(®,\) on a 2" x 2" x 2A grid for each IFU using the HETDEX API. The redshift
bins correspond to the 2 A grid of wavelengths between 3470 A and 5540 A of the spec-
tra. Because the API also provides a mask on the grid, we obtain the volume cov-
ered per IFU spectral element, 6V;(z), for line detections. We transform these values
to fr0(©,A) = 5.50(0, N)ax(A), not accounting for the line-width adjustment. For each
IF'U and wavelength, we calculate a histogram of f5o values in 5001 logarithmically spaced
bins between 107! and 1073 ergs™ cm 2.

We calculate the number density, n(fs0, 2), for each bin center of the f50 histogram
and for each redshift bin corresponding to the 2 A wavelength grid. We use the best-fit
Schechter function component (Schechter, 1976) of the z = 2.2 Lya luminosity function
measured by Umeda et al. (2025); with L* = 10**8ergs™!, ¢* = 107316 Mpc ™ and o =
—1.53 for z < 2.3, corresponding to the low-z bin for the power spectrum measurement.
In the medium-z and high-z bins (z > 2.3), we adopt the z = 3.3 luminosity function of
Umeda et al. (2025) with L* = 102 ergs™!, ¢* = 107213 Mpc ™ and o = —1.19.

’https://github.com/HETDEX /hetdex_api
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We evaluate equation (7.12) by translating the f5o histogram, N ](02)(2), in the ith IFU
into the number of expected LAEs, N;(z), in the absence of clustering:

=Y Vi(z)n(fs0, 2 )Nf50( 2). (7.13)
fs0

We save N;(z), the covered volume 6V;(z), and the mean value of fix,

Zf50 f50N(2)( )

7.14
Efs)o fso( ) ( )

fio(2) =

The value of N;()\) predominantly depends on the observing conditions and the sky
spectrum. It therefore varies from IFU to IFU, although it is similar for different IFUs
within the same observation.

Equation (7.13) overestimates the number of detected LAEs by a factor of ~ 2. This
could be due to an overestimated luminosity function, especially at the faint end, or an
imperfect model for f59. To avoid a systematic power spectrum signal resulting from this
discrepancy, we ensure that the redshift distribution of N(z), averaged over the IFUs,
matches that of the detected LAEs in each field. However, we still need N;(z) to model the
IFU-to-IFU variations. We therefore multiply N;(2) by the ratio, fx(z) = Npag(2)/N(2).
We calculate this ratio separately for the Spring and Fall fields. We use fy(z) from the
Fall field for the NEP field due to the low number of LAEs. The values of fy(z) are
mostly around 0.5, with individual spikes up to ~ 3. After this correction, 84% (95%) of
the values of n;(z) = N;(2)/6V;(z) are below 4, 6, and 4 (7, 10, and 6) x10~*Mpc >h* in
the Fall, Spring, and NEP fields, respectively.

To create a map of the LAE overdensity, we first transform the number of LAEs, Ny g,
and the expected N into the same format as the spectra. If the mean total spectrum at
an IFU spectral element is masked, then all other values, including Niag and N, are also
masked at this IFU spectral element. We then calculate the total number of detected
LAEs Npag(x), the expected number of detected LAEs in the absence of clustering N (x),
in each map voxel to create a map of ;. We also save the mean f5p in each voxel and
use it for the mocks.

7.3 Mock Data

We generate mock data to compare the measured LIM power spectra with a theoretical
expectation. These mocks allow us to quantify the effect of the data cleaning, and to
calculate the covariance matrix of the power spectra.

7.3.1 General Setup

To create a model for the power spectra and estimate their covariance matrices, we
generate mock data using the SIMPLE code?® (Lujan Niemeyer et al., 2023). This package

3https://github.com/mlujnie/simple
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generates galaxy and intensity maps with nonlinear redshift-space distortions (RSD) due
to peculiar velocities (Agrawal et al., 2017).

We use the same box size, voxel size, and redshifts as in the HETDEX maps (see
Section 7.2.3). The redshifts used to calculate the intensity of the mock data vary along
one axis. We generate 100 mocks for each redshift bin and each region shown in Figure
7.1, henceforth called boxes, i.e., 6900 for the Spring field, 1800 for the Fall field, and
300 for the NEP field. We input the nonlinear matter power spectrum calculated at the
three mean redshifts using the public CLASS code? (Blas et al., 2011) with the default
Halofit model parameters (Smith et al., 2003; Takahashi et al., 2012; Bird et al., 2012).
We compare the mock power spectra from the nonlinear and linear matter power spectra
in Appendix 7.11.

We set the LAE bias to byoac = 2, which is consistent with the measurements of
brag = L7703 at 2 = 3.1 (Gawiser et al., 2007), 1.8 £0.3 at z = 2.1 (Guaita et al., 2010),
and 1.72705% and 2.012%% at z = 2.4 and 3.1, respectively (Herrera et al., 2025). In this
setup, detected and undetected LAEs in the mock have the same bias parameter; thus,
the LAE bias is b, = 2 and the intensity bias is b; = 2. Our simulations use the same
luminosity functions of Umeda et al. (2025) as we did for the N calculation described in
Section 7.2.4, and we set the minimum Ly« luminosity to 4 x 10%° erg s~!. This minimum
luminosity mainly determines the number of simulated LAEs and the mean intensity.
However, a smaller value barely changes the mean intensity. We apply a o, = 2.38 A
LOS Gaussian smoothing algorithm to the intensity maps in order to imitate the VIRUS
spectral resolution. Since the VIRUS PSF is much smaller than the voxel size, we do not
smooth in the angular direction.

To determine which simulated LAEs are detected, we randomly draw from the sim-
ulated LAEs. The probability that a simulated LAE with flux f at position x will be
detected is given by the completeness function, C(f, fs0(x)), described in Section 7.2.4,
where f50(x) is the mean of the values of f5y within the voxel.

7.3.2 Inserting the Observed Data into the Mock Data

To create the same mask for the data and mocks, we convert the mock galaxy and intensity
maps to the same format as the IFU spectra. For each IFU spectral element, we select
the corresponding map and voxel in the mock. We save the mock ‘total,” "detected,” and
‘undetected’ intensities and the number of detected galaxies in the voxel.

The volume of a voxel, Vi, is larger than the volume covered by one IFU spectral
element, Vipuxax. Therefore, the number of galaxies that can be detected in the spectra
is less than the number calculated for the voxels by a factor of feoy = ViFusan/Veox-
Ideally, we could account for this effect through binomial sampling with a probability of
p = feov. However, the redshift distribution of the detected mock galaxies differs from the
actual LAE distribution similarly to N (see Section 7.2.4). We therefore sample from the
detected mock LAEs using a binomial distribution with a probability of p = feou fa(2).
We use the redshift of the voxel for z.

“http://class-code.net
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We imitate the sky subtraction process by subtracting the mean mock intensity spec-
trum of each observation from the mock intensity. We calculate the mean mock “sky”
spectrum for the mock ‘total,” ‘detected,” and ‘undetected’ intensity maps separately, and
subtract it from the same mock intensity map. We refer to the mock intensity spectra
as I™(\) and the actual data intensity spectra as I9()\). We add the mock intensity
to the data intensity (I™3%(A\) = I™ 4 (A) + I 4 (N), etc.), where the data have been
processed until, and including, the step described in Section 7.2.2. The intensity noise
is thus naturally included in the mock spectra, ™% (\). Then, we perform the steps
detailed in Section 7.2.2 (masking outlier pixels and high-variance spectra) and Section
7.2.2 (PCA) on I™()\) and I™*4()). Finally, we calculate the PCA weight vectors of the

I2F4(N\) spectra and apply the PCA cleaning to the I™,..(\) and ™54 (\) spectra.

undet

7.4 Power Spectrum Measurement

7.4.1 Power Spectrum Estimator

We calculate the cross-power spectrum of the detected LAE overdensity, d,, and the Ly«
intensity fluctuation, 07, in each box. We use a fast Fourier transform (FFT) to calculate
01(k) and d4(k) and compute the power spectrum,

PO(K) = Vidy (k)31 (K), (7.15)

where V}ox is the volume of the box, the asterisk denotes the complex conjugate, and the
superscript 4 identifies each box, as shown in Figure 7.1.
We calculate the power spectrum monopole, Péz)(k), by averaging P (k) over angles,

iy 1 o
B h) = - / &k PO(k), (7.16)

in 23 linearly spaced k bins from kyi = 0.08 AMpc ™ t0 kmax = 1 AMpce™! with Ak =
0.04 hMpc ™. We calculate ﬁ’éz)(k;) for the cross-power spectrum of LAEs with the inten-
sity of undetected sources for Npc € {0, 10, ...,200}. We also calculate P (k) of detected
mock galaxies and the mock intensity of undetected sources, sI™%d and 617 ...

We do not use weights for the intensity because we find that the generated inverse-
variance weights do not improve statistical significance of the power spectrum and com-
plicate the analysis.

N naturally includes duplicate detections in repeated observations. The effective
mask, m(x), for both the galaxy and intensity maps is therefore equal to 1 in the voxels
that contain IFU spectral elements and equal to zero otherwise (m € {0,1}). We adjust
the power spectra of the boxes by the fraction of observed voxels, fiy = (m) = (m?), and
calculate the weighted mean in each redshift bin:

Npoxes

N B (k) fitwik)
=1

Npoxes

Z w; (k)

Fy(k) =

, (7.17)
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where w;(k) are the weights defined in the next section.

7.4.2 Covariance Matrix, Weights, and Masking

We calculate the covariance matrix of Py(k) as the sum of two matrices: the first from
shuffling the data (Cgpume), and the second from the mocks (Cpocr). Cshume quantifies
the statistical covariance arising from noise in the data, while C,,q quantifies cosmic
variance. The total covariance matrix is given by C' = Cynugiie + Crnock-

For Cypume and the weights, w;(k), we randomly shuffle intensities of the IFU spectral
elements in each of the three fields while keeping the redshift fixed, then calculate the
power spectra, }305 ’(i)(k). We repeat this process 100 times, and compute weights as the
inverse variance of the power spectrum monopole of each box as a function of wavenumber,

1
wi(k) = I~ (PS’(i)(k)f‘Z}). (7.18)

For each shuffling instance, we calculate the weighted mean, P5(k), of the shuffled box
power spectra, ]508 ’(l)(k). Finally, we construct the covariance matrix of the weighted
mean power spectrum of each field in each redshift bin.

For Ciyock, We calculate the covariance matrix using the mock-only intensity, I/, (2),
of 100 mocks per box. This covariance quantifies cosmic variance of the intensity and the

LAE catalog.

The power spectra of some boxes exhibit a much higher variance along the wavenum-
bers than the rest, indicating the presence of residual systematic errors. To remain
cautious, we exclude these boxes from the analysis. We also mask one box in the Spring
field due to its small number of observations. The masked boxes are marked by the
hatched regions in Figure 7.1.

7.4.3 Loss of Power from PCA

Figure 7.5 displays the effect of removing PCs on the cross-power spectrum of galaxies
and intensity from the mocks. The left panel shows the cross-power spectrum of mock
galaxies with I ,..(z) after sky subtraction and removal of Npc € {0,10,...,200} PCs
in the Spring field in the medium-z bin. The suppression of power at k& < 0.4 AMpc™' is
caused by sky subtraction. The right panel shows the ratio of the sky-subtracted mock

power spectrum monopole with and without PCA.

Removing PCs suppresses power, but does not completely eliminate it. Mocks are
useful for capturing the effect of PCA on the signal power spectrum. We will use this
information when we compare theoretical predictions with observed power spectra.
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Figure 7.5: Left panel: suppression of the power spectrum monopole due to PCA cleaning. We
show the mean power spectrum monopole obtained from the fiducial mocks in the Spring field
in the medium-z bin. The different colors correspond to different values of Npc, as indicated in
the color bar. Here, ur = 107 ergs™! cm =2 arcsec™2 A Right panel: the ratio of the power

spectrum monopole with and without Npc PCs removed as a function of k and Npc.

7.5 Fitting the Power Spectrum Model

7.5.1 Model

We use mock power spectra to calculate theoretical predictions and compare them with
observed power spectra. The mock power spectrum can be written as

Pinock (k) = bgbr (1) T (k)

X / é;,)Pm(k’)FRSD(k’)D(k’) (7.19)

X W (k — KW, (k — K,

where b, and b; are the linear bias parameters of LAEs and intensity, respectively, (1) is
the mean intensity of the mock, and P, (k) is the matter power spectrum computed for
the fiducial cosmological model.

The factor Frsp(k) accounts for the effects of nonlinear RSD and a potential Lya RT
(Lujan Niemeyer, 2025). In the mock, we account for nonlinearity in the Jacobian of the
coordinate transformation from real to redshift space non-perturbatively (Agrawal et al.,
2017). In a linear model, it would be Fy§, = (1 + fu°b;')(1 + fub;t) (Kaiser, 1987),
where py = k- 1A<|| is the cosine of the angle between the unit wavevector k and the LOS

In Appendix 7.12 we show a linear model for Lya RT in Frsp. We do not, however,
account for this effect in this paper because we do not detect the quadrupole power
spectrum and the RT effect is degenerate with the bias parameters.

The factor D(k) accounts for the LOS damping due to limited spectral resolution (see
Section 7.3.1). The transfer function, 7 (k), accounts for the loss of power due to data
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processing, especially sky subtraction and PCA (see the right panel of Figure 7.5 for the
loss of power due to PCA). Note that we include the transfer function in our forward
model and do not attempt to reconstruct a PCA-free power spectrum from the data.
The window functions, W; (k) and W, (k), account for the observing mask and weights.
Since the mask and weights are the same for the mocks and the data, we assume that
the window functions are fully modeled by the mocks.

In our model for the monopole power spectrum, the only free parameter is the overall
factor, bgby (1 ) Frsp, where Frgp is the effective nonlinear RSD factor from the integral
given in Equation (7.19) and the angular averaging given in Equation (7.16).

In the absence of a mask, a linear model gives Fig, = 1+ % (bgl + bl_l> + %nglbjl ~
1.3. Therefore, a slight mismatch in the values of by and b; between the mock and the
data only gives a minor correction to this factor.

In practice, we define the fitting parameter, A = bgb;(I)Frsp/(bi654 (%) Fiigp),
where bgd, bid and (I%9) are the fiducial LAE bias, the intensity bias, and the mean
intensity of undetected sources assumed in the mocks. Ffd is the effective nonlinear
RSD factor in the mocks. If the mocks were in perfect agreement with the data, we
would find that A = 1.

Due to nonlinearity, Frsp depends on the wavenumber k. However, the ratio, Frsp / F, ggD,
depends on k only weakly if the mock and the data are in reasonable agreement, which
is the case (see Section 7.6). Therefore, we neglect the scale dependence of Frsp/Fid,
and treat it as a constant factor. This is a good approximation given our limited ability
in determining the shape of the power spectrum due to the large statistical uncertainty.

7.5.2 Parameter Inference

To determine A, we fit the fiducial mock power spectrum multiplied by an amplitude
A to the data. We define x> = Y'C7'Y, where Y = Ygua — AY5q is the difference
between the measured power spectrum and the model power spectrum,

Y dara = (P (1), Py (ka), - .., Pg ™ (a3)),

(7.20)
Y;ird = (Pgld(kl)’ P()ﬁd(k:?)a ceey Péid(kQS))a

and Pfd(k) is the monopole of the mock power spectrum Pyou (k) (Equation (7.19)),
calculated in the same 23 £ bins as the data.

We also combine the power spectra of the fields and fit a single amplitude A to all of
the fields within each redshift bin simultaneously. Specifically, we use

) 1 d ’
le_ata,all = (P(;iata o (k1)7 R Oata Fall<k23)7
Paiata,Spring(kl)’ o élata,Spring(k23)’ (721)
P(;iata,NEP (kl)) o gata,NEP (k23))

and the equivalent vector for the model. For the covariance matrix, we combine the
individual covariance matrices:

Cranl 0 0
C1all = 0 CSpring 0 . (722)
0 0 Cxep
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The best-fit amplitude that minimizes y? for the individual fields is given by

Y{—-’lrd C_ ! Ydata

Apost = Bd ~data,
best Yl:-lrdC_IYﬁd

(7.23)

The best-fit amplitude that minimizes y? for the combined fit is given by

T —1
Aall - Yﬁd,alloall Ydata,all
best — T 1 .
Yﬁd,all C’all Yﬁd,all

(7.24)

7.5.3 Error Estimation and Goodness-of-fit

The uncertainty of the best-fit amplitude can be estimated as
1

\/ YledC _1Yﬁd
We calculate Ape; and oy, for each field, as well as A#l and o
redshift bin.

To ensure that we do not underestimate the uncertainty of the measured power spec-
tra, we empirically estimate the uncertainty, referred to as gemp. This method assumes
that the best-fit model is correct, but that the data contain an unaccounted-for systematic
error that increases the point-to-point variance. We generate fake power spectra by ran-
domly sampling from a Gaussian probability density function (PDF) at each wavenumber
bin. The mean of the Gaussian is given by the power spectrum of the best-fit model,
Y odel = Apest Yia; the standard deviation of the point in the jth £ bin is given by

O =

(7.25)

all

', for each Npc and

\/ Ngl\l/ls zg’i;‘_gmata,i — Yinodeli )%, where we sum over the Nrys = 9 nearest wavenumber
bins. We fit the model to the data using equations (7.23) and (7.24) and repeat this pro-
cess 1000 times. The standard deviation ey, of the 1000 best-fit amplitudes is typically
larger than o) with the mean ratio (Gemp/01s) =~ 1.6. To remain conservative, we select

the larger of the two estimated uncertainties,
04 = Max{Temp, O1s }- (7.26)

To determine the goodness-of-fit, we calculate the reduced x?, x2 = x2,,/v, where
X2, is the x? minimum and v = Ny — Ng, is the number of degrees of freedom, assuming
that the covariance matrix is diagonal (see Appendix 7.13 for the correlation matrices).
Each individual field has N, = 23 wavenumber bins per power spectrum. Since we are
fitting a single parameter, N = 1, there are v = 22 degrees of freedom for the fit to
individual fields. The combined fit has v = 3 x 23 —1 = 68 degrees of freedom per redshift
bin.

We also calculate the probability-to-exceed (PTE, also called p-value), from the inte-
gral of a x? PDF, P,(x?), from x2. of the best fit to infinity:

PTE(G) = [, Po(R)ds® (7.27)
Xmin
If a fit yields PTE > 0.05, the probability of obtaining a higher value of y2. than this
fit is > 5% (assuming the model is correct), indicating consistency with the model.
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7.6 Results

Choosing the optimal Np¢ is a crucial decision in the analysis. We want Npc to be high
enough that most systematics are removed. We use goodness-of-fit as a guide: good
agreement between the model and the data implies a low value of x? ~ 1 and a high
value of PTE > 0.05. However, removal of PCs also reduces the signal. We therefore
want Npc to be small enough to retain a high SNR. Finally, we want the amplitudes
inferred in the three fields to be consistent with each other at the chosen Npc.

Figure 7.6 shows x2, the PTE, and the SNR(A) = Ayest/0a as a function of Npc
for the three fields and the combined fit, for the three redshift bins. x? decreases with
increasing Npc, indicating a better agreement between the measured and model power
spectra. In the low-z bin of the combined fit, x? approaches ~ 1.5 at Npc > 100; in the
medium- and high-z bins of the combined fit, 2 is close to 1 at Npc > 120. The PTE
generally also improves (increases) with increasing Npc. The SNR, however, decreases
with Npg above a threshold value of Npg ~ 50.

The goodness-of-fit is acceptable in all cases except for the fit of the combined power
spectrum in the low-z bin, which yields a low PTE < 0.05 at all Npc. This result
could indicate the presence of systematic errors that are not quantified by the covariance
matrix or an underestimation of the statistical covariance matrix of the power spectrum.
Otherwise, the fit is excellent.

We also want to choose Npc so that the inferred amplitudes in the three fields
agree. Figure 7.7 displays the best-fit byb;(I)Frsp/Fliap = Apestbibi4(I84) and its
uncertainty for the three fields and the combined fit as a function of Npc. The fidu-
cial bias values used for the mocks are b4 = bgd = 2 (Section 7.3.1). The fiducial
mean intensity of undetected sources obtained from the mocks is (I19) = 1.5, 2.2, and
1.4x1072erg s7! em™2 arcsec 2 A~ in the redshift bins centered around z = 2.1, 2.6,
and 3.2, respectively.

In principle, we could choose different values of Np¢ for each field and redshift bin
because the PCA is performed independently in each field. However, for simplicity,
we choose the same Npc for all fields in each redshift bin. Based on the small y?2
and high SNR shown in Figure 7.6, and the requirement that the best-fit amplitudes
be consistent across fields, we choose Npe = 170, 130, and 100 in the low-, medium-,
and high-z bins, respectively. The best-fit values of bgb;(I) Frsp/Fidy at these Npg are
bgbr (I) Frsp/Flidy =(6.743.1), (11.741.4), and (8.3+1.5) x107 2 erg s~' ecm~2 arcsec > A~
in the low-, medium-, and high-z bins, respectively. Our main result is that we signifi-
cantly detect the LAE-Ly« intensity cross-power spectrum.

Finally, Figure 7.8 shows the quality of the fits to the power spectrum monopoles
from each field and redshift bin using the selected Npc. We compare the measured power
spectra to the fiducial mock power spectrum and to the mock power spectrum multiplied
by the best-fit amplitude. The error bars of the power spectra are given by the square
root of the diagonal elements of the covariance matrix (see Section 7.4.2). The mocks
accurately describe the data.

Figure 7.9 shows the weighted mean power spectrum monopole of the three fields and
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Figure 7.6: Reduced x?2 (black dots), SNR (red stars), and PTE (purple empty circles) of the
fit as a function of Npc in the Fall (first row), Spring (second row), and NEP (third row) fields,
and that combining the three fields (fourth row). The columns show the three redshift bins.
The horizontal black dashed lines indicate x2 = 1. The horizontal purple dotted-dashed lines
indicate PTE = 0.05.
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Figure 7.7: Constraints on bgbr(I) Frsp/Fid inferred from the best-fit amplitude as a function
of Npc in the Fall (blue), Spring (orange), and NEP (green) fields, along with the combination
of all three fields (red). The dashed lines show the mean, while the shaded areas show the 1o
uncertainties. The black polygons indicate the constraints from the combined fit, as determined
from the best combination of x2, SNR, and PTE values.

the three redshift bins shown in Figure 7.8. We use inverse variance weights,

(7.28)

where aﬁ,(j)(ki) is the square root of the diagonal element 7 of the covariance matrix of
0

the power spectrum monopole ]50(j ), and the index j denotes a field and redshift bin. The
propagated uncertainty of the weighted mean power spectrum monopole, Po(k:), is given
by

1

opy (k) = h
Z UP(J)

We calculate the weighted mean of the best-fit mock power spectra using the same inverse
weights of the data. We use the same Np¢ as in Figure 7.8 for the data and mocks. As a
test, we fit an amplitude times the weighted mean of the best-fit mock power spectrum
monopole to the weighted mean power spectrum monopole. We find a best-fit amplitude
of 0.97 £ 0.07, which is consistent with the expectation of 1. With v = 22 degrees of
freedom, we find x? = 21, x2 = 0.94, and PTE = 0.54.

Although all quadrupole power spectra are consistent with zero, we do not use them
to extract physical constraints, such as the Lya RT effect (Lujan Niemeyer, 2025), as
the shape and amplitude of the quadrupole power spectra are strongly affected by sky
subtraction and PCA, and are therefore not yet stable. We leave detailed investigations
of the quadrupole power spectra for future study.

(7.29)
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Figure 7.8: Power spectrum monopoles in the Fall (top row), Spring (middle row), and NEP
(bottom row) fields and in the three redshift bins (different columns). Each panel shows the
mean power spectrum monopole (Eq. (7.17)) in each field and redshift bin. We have removed
Npc = 170, 130, and 100 PCs in the low-, medium-, and high-z bins, respectively. The dotted
red lines indicate the fiducial mock power spectra using the same Npc. The solid red lines are
the mock power spectra multiplied by the best-fit amplitude.



7. Lya Intensity Mapping in HETDEX: Galaxy-Lya Intensity Cross-Power
134 Spectrum

0.04 - 1 e
0.03 - I I
T 0.02-
mO
Q_‘ —
; 0.01 |
o
= 0.00 -
S
" _0.01 1
—0.02
003 L—— . . | |
0.2 0.4 0.6 0.8 1.0
k [h Mpc™!]

Figure 7.9: Weighted mean power spectrum monopole of the three fields and three redshift bins
of the data (blue) and the best-fit mocks (red). Here, uy = 1078 erg s~! em™2 arcsec™? A~1.

7.7 Comparison to Previous Constraints

To compare our results to previous work, we convert our measurements to by (I) assuming
a fiducial LAE bias of by = 2 (Section 7.3.1) and Frsp = Fiidp.

Figure 7.10 compares our combined best-fit values of b;(I), i.e., the product of the
linear intensity bias and the intensity of only undetected sources, with those obtained
from cross-correlations between QSOs and Ly« intensity (Croft et al., 2016, 2018; Lin
et al., 2022), and the 95%-confidence upper limit on b;(I) inferred from Ly« forest-Lya
intensity cross-correlation (Croft et al., 2018). These studies are all performed at redshifts
from z = 2 to 3.5.

Since these analyses constrain the product of the intensity bias and total Ly« intensity,
we also show b9 Apest (109, )+ (189)), where Ay is the best-fit amplitude, b4 = 2 is the
fiducial intensity bias, and (Ifid, ) and (Ii4) are the mean intensities of only undetected
and only detected sources from the fiducial mocks, respectively. The luminosity function
of the mocks does not include QSOs (see Section 7.3). These values are only slightly
larger than by (Lundet)-

Both by (Lundet) and bi4(Apese (189, ) + (I84)) are significantly smaller than the values
inferred from QSO-Lyc« intensity correlations. The low- and high-z best-fit values are con-
sistent with the upper limit inferred from the Ly« forest-Lya intensity cross-correlation,

while the medium-z bin is 2.60 higher.

This discrepancy could be due to the QSO-Lya cross-correlations being dominated
by small-scale physics that are affected by QSOs, such as an elevated radiation field
surrounding them (e.g., Miller et al., 2021; Dong et al., 2023). Since our galaxy sample
is dominated by star-forming galaxies, our measurement is less affected by QSO-related
issues and may provide a more accurate representation of the Lya radiation field in the
IGM.
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Figure 7.10: Constraints on by(I) obtained from this work (dark blue polygons). We assume

bgd =2 and Frep = FﬁigD. The medium blue error bars span the the constraints when assuming
bgd =2+ 0.5. The light blue polygons show by {Iiot) = bi(Apest (159, ) + (I89)) (see text for

undet
more information). The purple triangle, olive circle, and pink square are the constraints from

the QSO-Lya intensity cross-correlations of Croft et al. (2016, 2018) and Lin et al. (2022),
respectively. The upper limit from the Ly« forest-Lya intensity cross-correlation (Croft et al.,
2018) is displayed as an olive arrow.

7.8 Origins of the Lya Emission

In this work, we masked the spectra within 10” of the detected LAEs, which, in our
redshift range, corresponds to a proper distance of ~ 75 — 85 kpc. Beyond this distance,
the photons contributing to the radial profiles of the simulated LAEs originate from
outside the stacked LAEs’ dark matter halos (Byrohl et al., 2021; Byrohl & Nelson, 2023).
Therefore, the intensity should be dominated by photons unrelated to the detected LAEs.
The intensity includes photons emitted within undetected galaxies, from detected LAEs
that scatter many tens of kpc from the origin, and from the CGM and IGM. While we
cannot directly constrain the origin and emission mechanism from our measurement, we
can compare it to theoretical expectations.

We translate our constraint on bgbs(I) Frsp/Fidy to a constraint on the comoving
luminosity density

47

—(DH )1+ 2)"D0, (7.30)

L =

where \g = 1215.67 A is the Ly rest-frame wavelength. We assume bgd = bld = 2 as
we do not know the bias of the detected LAEs or of the intensity. We will discuss a
possible range of the intensity bias from simulation work in Section 7.8.3. In addition, we
assume that Frsp = Fid). We compare our constraint on py, to theoretical expectations
in Figure 7.11.
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Figure 7.11: Constraints on the mean comoving luminosity density of undetected sources from
this work, (pr), assuming bgd = b = 2 and Frsp = Ffig, (dark blue polygons). The dark blue
error bars are the statistical uncertainty of the fit, whereas the light blue error bars indicate the
best-fit values with b?d = 2.0£0.5 and bgd = 2. The filled stars show the luminosity density
obtained by integrating the luminosity functions (Konno et al., 2016; Umeda et al., 2025; Ouchi
et al., 2008; Tornotti et al., 2025a) from Ly, = 4 x 10% ergs™! to a typical HETDEX detection
limit of Limax = 4 x 102 ergs™. The empty stars of the same colors show the luminosity
density obtainted with Ly, = 10%ergs™!, below which the integral barely changes. The
orange symbols are predictions from cosmological simulations with Lya RT (Byrohl & Nelson,
2023): the filled circle shows the total mean luminosity density; the empty orange star represents
photons from galaxies with luminosity L < 10417 ergs~!; and the empty diamond and triangle
denote photons that last scattered in the IGM and CGM, respectively.
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7.8.1 Expectations from Luminosity Functions

The mock is based on our fiducial model, which only includes the intensity from faint, un-
detected galaxies, as expected from extrapolating the LAE luminosity function measured
by Umeda et al. (2025). The mean comoving luminosity density from undetected galax-
ies can be calculated by integrating the luminosity function up to the HETDEX detection
limit:

Ldet dn
undety — dL——L 31
oy = [ LTI, (731

where L, is given by the lowest Lya luminosity of galaxies and Lge; is the minimum
luminosity detectable by HETDEX. The corresponding mean specific intensity at redshift

z is then given by

< gal >_ c<pEndet>

undet T 4 H(2) (14 2)20
We integrate Equation (7.31) from Ly, = 4 x 10%ergs™ to a typical HETDEX
detection limit, L., = 4 x 102 ergs™ (see Figure 7.2). To illustrate the uncertainty

due to the unknown minimum luminosity, we also show the result for L, = 103 ergs1.

Using a smaller value for L, barely changes the integral. Figure 7.11 shows (pundet)
obtained by integrating various luminosity functions from the literature (Ouchi et al.,
2008; Konno et al., 2016; Umeda et al., 2025; Tornotti et al., 2025a). The luminosity
densities of the different luminosity functions are similar to each other and slightly lower
than that of our measurement. Note that the luminosity functions of Ouchi et al. (2008);
Konno et al. (2016); Umeda et al. (2025) are obtained from narrowband surveys, which
have different LAE selection criteria from spectroscopic surveys like HETDEX or Tornotti
et al. (2025a). The value of p; from integrating luminosity functions is also strongly
dependent on the faint-end slope a of the luminosity function, which is degenerate with

L, and ¢, (see Figure 3 of Tornotti et al., 2025a).

(7.32)

7.8.2 Star Formation

The comoving star-formation rate density at 2 = 2—3.51is ~ 0.1 My yr—! Mpc*f” (Rowan-
Robinson et al., 2016). We use the conversion of the star-formation rate, M,, to the
intrinsic Lya luminosity (Dijkstra, 2019)

Liye ~ 10%ergs™! (1\/[;\?’*1“_1> . (7.33)
Note that this conversion factor strongly depends on the initial stellar mass function and
the assumption of case-B recombination and can deviate by factors of 2 — 3 with other
assumptions (Raiter et al., 2010).

Using Equation (7.33), we obtain a comoving intrinsic luminosity density of pj =~
10" ergs™' Mpc™3. The corresponding observed intensity at redshift z = 2.1(2.6/3.2)
is (Isp) =~ fose X 2.4(1.4/0.8) x 107?' ergs™! cm ™2 arcsec ™2 Afl, where fu is the mean
escape fraction of Ly« photons from star-forming regions.

Therefore, star formation can power the mean intensity inferred from our measure-
ments if by (1) fesc/{(Isp) = b1 fesc =~ 0.1, 0.4, and 0.5 in the low-, medium-, and high-z bins,
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respectively, assuming b, = 2 and Frsp = Fg‘SiD. These numbers are reasonable: much
higher (b fesc > 1) and lower (b; fese < 0.1) values would not support the interpretation
of Lya emission powered by star formation.

7.8.3 Comparison to an RT Simulation

Byrohl & Nelson (2023) post-processed a cosmological hydrodynamic simulation in a
cosmological volume at z = 2 with Lya RT. The authors calibrated the escape fraction of
Ly« emission from galaxies to an observed luminosity function, painted Ly« emission from
recombination and collisional excitation into cells without star formation, and simulated
the scattering process of the photons. In the simulation, 48% of Lya photons are produced
by collisional excitation, making it the dominant emission mechanism. Star formation
produces 28% and recombination outside the interstellar medium (ISM) contributes 23%
of the photons. The vast majority, 98%, of Lya photons are produced within halos, with
more than half produced within the CGM. Only 2% are produced in the IGM.

Figure 7.11 compares our constraints on the luminosity density with the total lumi-
nosity density of the simulation of Byrohl & Nelson (2023) and its contributions from
photons that last scattered in faint galaxies, in the CGM, and in the IGM.

The total mean luminosity density of the Byrohl & Nelson (2023) simulation is 4.4 X
10" erg s~ Mpc =3 (filled circle). After scattering, 30% of the luminosity density originates
from galaxies within an 1.5” aperture, 42% of photons last scatter in the CGM (empty
triangle), and 28% of Ly« photons reach the observer from the IGM (empty diamond).

Of the photons that reach us from galaxies, 6.1 x 103 ergs™ Mpc™ (empty star)
are due to galaxies with a Lya luminosity of L < 10*"7 ergs—!, which is fainter than
the typical HETDEX detection limit. Given this luminosity density, the photons that
reach us from faint galaxies, the CGM, and the IGM would produce an intensity of
9(5/3) x 1072 ergsL em 2arcsec 2 A" at redshift z = 2.1(2.6/3.2). Assuming that
this value is the mean intensity of undetected sources, the intensity bias necessary for
our measurement is by ~ 0.4(1.1/1.3). Note, however, that the approximation that
Frsp = Fii4}, breaks for values of b; that differ significantly from bfd = 2.

We masked spectra containing continuum emission in our measurement, which may
include galaxies with nonzero Lya emission. When we include only emission that last
scattered in the CGM or IGM, the necessary intensity bias to match the simulation results
is by ~ 0.5, 1.3, and 1.6 at z = 2.1, 2.6, and 3.2, respectively.

We can approximate the intensity bias b; from the relation between the luminosity
density as a function of dark-matter halo mass. As shown in Figure 3 in Byrohl & Nelson
(2023), their simulation predicts a tight relationship between the Lya luminosity and
halo mass. From this relation, the intensity bias b; can be estimated as

Japmex NG Ldn/d My, b(My,)

1,min

g™ dMy, Ldn/dMy,

h, min

br

(7.34)

where M, is the halo mass and we adopt a fitting formula from Tinker et al. (2010) to com-
pute the halo bias, b(My,). We obtain by o~ 1.4 for (logo(Mhn min/Ms),10g10(Mhmax/Ms)) =
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(9,12) and by ~ 1.6 for (log,o(Mpmin/Ms),10g10(Mnmax/Ms)) = (9,00). This is a con-
sequence of the intensity bias being weighted more toward small-mass halos given the
relation in the simulation, which can be compared with by ~ 3 assumed in Croft et al.
(2016). Given the 10-20% accuracy of the fitting formula in Tinker et al. (2010), it is
reasonable to estimate that 1.5 < by < 2.

7.9 Discussion

7.9.1 Possible Data Processing Improvements

This work has demonstrated the feasibility of detecting the LAE-Lya intensity cross-
power spectrum in HETDEX data and provides a constraint on bgby(I) Frsp/Fid,. We
have used extensive masking and PCA to remove systematics from our results. This
resulted in significant signal loss. This subsection describes three ideas for improving the
HETDEX LIM measurement in the future.

o Implementing a better full-frame sky subtraction technique would reduce system-
atics. This includes identifying low-level systematic contributions associated with
individual fiber spectra or entire IFUs. With these improvements, we would not
have to mask vast regions of the observed HETDEX volume or apply the PCA.

» Using more robust weights for the intensity and galaxy catalogs could improve the
statistical significance of the power spectrum detection.

o The completeness model and luminosity function used in this work could be updated
to better match the redshift distribution of LAEs.

7.9.2 Possible Modeling Improvements

Within the statistical uncertainty, the measured LAE-Ly« intensity cross-power spectra
are consistent with our mock based on a lognormal model (Agrawal et al., 2017; Lujan
Niemeyer et al., 2023). This allows us to constrain bgb; (lundet) Frsp/ Fiidp. Fast lognormal
mocks are therefore essential because they allow us to study many systematic effects in
the data and enable us to faithfully forward-model the data.

However, future higher-fidelity measurements with lower statistical uncertainty will
require more detailed models with better treatment of the relevant physics. Although
cosmological simulations with Lya RT are still computationally expensive, they are es-
sential for a more accurate modeling of physics (see, e.g., Behrens et al., 2018; Byrohl
et al., 2019; Gurung-Lépez et al., 2021; Byrohl & Nelson, 2023; Khoraminezhad et al.,
2025).

While our current model includes RSD, the LAE luminosity function, and the HETDEX
sensitivity and masking function, it is otherwise simple. For example, all galaxies have the
same bias, luminosity function, and emission line width, regardless of their environment.
The model only includes Lya emission sourced by galaxies expected from extrapolating
the luminosity function of Umeda et al. (2025) to faint luminosities. Future models could
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include diffuse Lya emission of the CGM and IGM, and the scattering of Lya photons
into or out of the LOS. These emissions source Lya halos around galaxies, which have
been found ubiquitously at z > 2 (e.g., Steidel et al., 2011; Wisotzki et al., 2018; Lujan
Niemeyer et al., 2022a,b). They could also model the Ly« absorption around LAEs,
which we discuss further in Section 7.9.4.

7.9.3 Contamination from [O 11]-emitting Galaxies

Despite thoroughly masking spectra with continuum emission and detected low-redshift
sources, some interloper contamination may remain. If present in both the galaxy catalog
and the intensity map, the signal of these interlopers would contaminate the cross-power
spectrum of the detected LAEs and the Ly« intensity measurement.

However, we believe that any contamination in the HETDEX LAE catalog is likely
to be small. Davis et al. (2023a) estimated that [O II]-emitting galaxies make up only
~ 1.2% £+ 0.1% of the HETDEX LAE catalog, and contamination from other sources is
only ~ 0.8% + 0.1%.

7.9.4 Lya Absorption around LAEs

By stacking the spectra of tens of thousands of LAEs detected in HETDEX, Davis et al.
(2023b) and Weiss et al. (2024) found broad, negative absorption troughs around the
stacked Lya emission lines.

Weiss et al. (2025) argued that these troughs are due to the extragalactic background
light (EBL) that is absorbed in the CGM surrounding the LAEs. If HETDEX detects
LAEs preferentially on the near side of overdensities — for example, because less Ly«
emission is absorbed on the way to Earth — then the EBL is enhanced behind the LAEs
and absorbed around the Lya wavelength. The sky subtraction removes the mean EBL
spectrum from all spectra, including those where the EBL is completely absorbed. Con-
sequently, the absorption troughs become negative, explaining the data.

Khanlari et al. (2025) stacked the spectra as a function of the angular distance from
the LAEs and find Ly« absorption out to ~ 350kpc (proper). The Lya absorption at
LAE positions and in their surroundings is stronger for sources with a smaller detection
significance, and is not observed for LAEs with SNR > 6.

The expected effect of this absorption on our measurement is twofold. First, the
absorption around LAEs can be modeled as part of the emission line profile. This profile
can be written as ¢(A) = Gem(A) + Pabs(A), Where ¢em(A) is the shape of the emission
line, and @aps(A) is the shape of the absorption feature (e.g., a Voigt profile). One can
then model an intensity map from delta functions at the locations of point sources and
convolve this map with ¢(\) (see, e.g., Lujan Niemeyer et al., 2023). This convolution
dampens the power spectrum, P(k), along the LOS. In this work, we have neglected
Gabs(A) and modeled ¢(N) =~ @em(A), including the LOS resolution of HETDEX. We have
also not included continuum emission or the EBL in the model. The measured cross-
power spectrum of detected LAEs with undetected Ly« intensity is consistent with the
model without the absorption feature, suggesting that Lya absorption found in Davis
et al. (2023b) and Weiss et al. (2024) does not dominate the cross-correlation signal.
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Second, we only considered sources with SNR > 5.5 as detected; thus, galaxies with
lower detection significance and undetected galaxies contribute to the Lya intensity map.
If the intensity map were dominated by a continuum background that is absorbed in
overdensities, the cross-correlation between the detected LAEs and the Ly« intensity
map excluding detected LAEs would be negative. However, since we detect a positive
signal, we conclude that Lya emission dominates the intensity map.

More sophisticated modeling of and exploration of the absorption feature will be left
for future work.

7.10 Summary and Conclusions

In this paper, we presented a Lya LIM power spectrum measurement in HETDEX. We
reported the detection of the LAE-Lya intensity cross-power spectrum of LAEs with
SNR > 5.5 and the intensity of undetected sources in three redshift bins centered around
z=2.1, 2.6, and 3.2.

To accomplish this measurement, we thoroughly cleaned the spectral data to remove
systematic contributions. We created self-consistent lognormal mocks for the LAEs and
the Lya intensity, including RSD, using the HETDEX window function, sensitivity, and
noise (Lujan Niemeyer et al., 2023; Lujan Niemeyer, 2025). We estimated the covariance
matrix of the power spectra from the mocks and from the shuffled data.

By fitting the fiducial mock prediction times the overall amplitude to the measured
power spectra, we constrained the product of the detected LAE bias, the intensity bias,
the mean intensity of undetected sources, and the ratio of the real and fiducial RSD
factors, bebs(I) Frsp/Fidp.

Assuming a fiducial LAE bias bj* = 2 and Frsp = Fii4,), we inferred lower values of
by(I) than those from the QSO-Lya cross-correlations (Croft et al., 2016, 2018; Lin et al.,
2022). Our constraint, however, is slightly higher than the upper limit inferred from the
Lya forest-Lya intensity cross-correlation measurement (Croft et al., 2018).

Assuming fiducial LAE and intensity biases of bgd =2 and b4 = 2, and Frsp = Fiidp,
our constraints on the Lya luminosity density are slightly larger than those obtained by
integrating extrapolated LAE luminosity functions. Our constraints are on the same order
of magnitude as the intensity of faint galaxies and of the CGM and IGM emission in the
cosmological simulations with Lya RT at z = 2 (Byrohl & Nelson, 2023). Our measured
intensity is smaller than the total Ly« intensity expected from the star formation rate
density at z >~ 2 — 3, and is consistent with an escape fraction of Lya photons from
the ISM being fesc < 1. These results will be useful for constraining models of galaxy
formation and evolution.

This work represents initial LIM results from the HETDEX data. We will improve the
data processing and modeling of the signal in the future.
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Figure 7.12: The red solid lines show the fiducial nonlinear mock cross-power spectra, while the
green dashed lines show the linear mock cross-power spectra. These two power spectra are com-
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pared in the Spring field across three redshift bins. Here, ur = 107 ¥ ergs~! cm =2 arcsec ™2 A

7.11 Appendix: Effect of Nonlinearity on the Power
Spectrum

To see the effects of nonlinear corrections to the matter power spectrum, we generate a
new set of mocks with a linear input matter power spectrum generated by CLASS, i.e.,
not using Halofit. Otherwise, we keep the same settings as the fiducial mocks described
in Section 7.3. In both cases, nonlinearity in RSD due to the Jacobian of the coordinate
transformation from real space to redshift space is included (Agrawal et al., 2017). We
also process the mock maps in the same way, including sky subtraction.

Figure 7.12 shows the LAE-Lya intensity cross-power spectrum of the linear mock
compared to that of the fiducial nonlinear mock in the Spring field. The power spectra
are similar even at k > 0.5hMpc ™! across all explored redshift bins from z = 1.88 to
3.52, as nonlinearity due to structure formation is mild at such high redshift (Jeong &
Komatsu, 2006).

7.12 Appendix: Frsp Including the Lya RT Effect

When Lya photons travel from a galaxy to an observer on Earth, they can be scattered
out of the LOS by hydrogen atoms in the IGM, which can be modeled as an effective
absorption. This reduces the observed Ly« luminosity of a galaxy, making it less likely
to be detected, and the observed Ly« intensity in the intensity map. This effect depends
on the density and velocity gradient of the gas between the observed galaxy and us. If a
significant fraction of Lya photons are subject to scattering in the IGM, this can affect
the observed clustering statistics of LAEs and Ly« LIM (e.g., Zheng et al., 2011; Behrens
& Niemeyer, 2013; Behrens et al., 2018). Specifically, it can change the anisotropy of
the power spectrum in redshift space. In a linear model for RSD and Lya RT following
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Wyithe & Dijkstra (2011) and Lujan Niemeyer (2025), the RSD factor reads

Frsp(K) = [br + bion KA (k)C = ¢,C + (1 = C) f ] [bg + bion K (k) CB — ¢,C% + (1 — C5) f1i?],
(7.35)

where b; and b, are the intensity and LAE bias, respectively, bio, is the bias of ionizing

sources, and ¢, ~ 1.72. The smoothing kernel K,(k) = arctan(kAme)/ (EAmep), with

the mean free path of ionizing photons Ay, translates the locations of ionizing sources

to a map of ionization rate fluctuations. The constants C' and C® quantify the effect

of the Lya absorption in the IGM on the intensity fluctuation and the detected galaxy

overdensity, respectively:

FabsToeiTO

1-— Fabs + Fjaubse_T0 7
Flpsmoe™™

O8> = -1 - .
<6¢ ) 1— Fabs + Fabse_m
Here, F,,s € [0,1] is the fraction of Lya photons that can be absorbed in the IGM.
The fraction 1 — Fj, travels to the observer unobstructed, for example, because they
have redshifted out of resonance before escaping the galaxy. 7 is the mean effective
optical depth of the IGM; 35 = —a is —1 times the faint-end slope of the Ly luminosity
function. Note that the linear model for Lya RT is only valid for small overdensities and
breaks down in the nonlinear environment around galaxies.

C =

(7.36)

(7.37)

7.13 Appendix: Correlation Matrices

We calculate the correlation matrices M;; of the power spectrum monopoles shown in

Figure 7.8 as M;; = C;;/4/CiiC;;, where C;; is the total covariance matrix described in
Section 7.4.2. Figure 7.13 shows the correlation matrices. They are mostly diagonal.
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Chapter 8

Conclusions and Outlook

8.1 Summary

Lya LIM is a versatile tool for observing the Universe at intermediate to high redshifts.
We conducted small-scale Lya LIM, i.e., stacking, to study the CGM of star-forming
galaxies (Chapter 4), explored the possibility of large-scale Lya LIM with HETDEX and
created a fast mock simulation code for any LIM survey (Chapter 5), investigated the
effect of Lya RT on Lya LIM measurements (Chapter 6), and finally measured and
detected the Lya LIM power spectrum in HETDEX data (Chapter 7).

In Chapter 4, we tested the hypothesis that Lya halos around star-forming galaxies
at large distances from the galaxies (2 60 proper kpc) are dominated by photons that
originate from outside the target galaxies’ dark matter halos and scatter in their CGM.
This hypothesis implies that the surface brightness of the outer Ly« halos is independent
of the Lya luminosity of the central galaxy. To test this hypothesis, we stacked the
Lya emission around Lya-faint galaxies in HETDEX, which were detected through their
[O I1I] emission line in the 3D-HST survey. Indeed, while the central surface brightness
in the core (r < 10 proper kpc) was found to be fainter than that of the stacked LAESs,
i.e., Lya-bright galaxies, in Lujan Niemeyer et al. (2022a) by an order of magnitude, the
outer halos (r > 40 proper kpc) reached the same surface brightness as that of the LAEs.
We found that these photons either originate from other dark matter halos or satellite
galaxies, or are emitted through fluorescence or cooling radiation in the CGM. While
we could not determine the dominant Ly« emission origin with this measurement, star
formation alone can account for the integrated Lya emission out to 800 proper kpc, and
fluorescence from the UV background is sufficient to explain the surface brightness at
intermediate distances.

The analysis in Chapter 4 and Lujan Niemeyer et al. (2022a) showed that the data
quality of HETDEX is sufficient for low-surface brightness measurements, and opened the
door for Lya LIM. However, we required mock data to calculate the expected signal and
covariance matrices for the LIM power spectrum measurement in HETDEX.

In Chapter 5, we developed a fast simulation code, called SIMPLE, to self-consistently
generate galaxy catalogs and line intensity maps in redshift space. It is based on the as-
sumption that the underlying mass distribution is lognormal and follows an input power
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spectrum, and assigns random luminosities to the galaxies following an input line lu-
minosity function. SIMPLE then calculates the line intensity maps and detected galaxy
catalog. One can apply angular and LOS smoothing, a survey mask, and sky subtraction
and finally calculate the LIM cross- and auto-power spectra. After validating the output
of SIMPLE with an analytic model to percent-level precision, we created mock data for a
HETDEX-like survey. Using our fiducial model, we forecasted that HETDEX would be able
to detect the cross-power spectrum monopole of detected LAEs with the Ly« intensity
of undetected galaxies with a signal-to-noise ratio of eight in two redshift bins.

The calculation in Chapter 5 did not include any effects of Lya RT. Zheng et al.
(2011) predict that the scattering of Lya photons out of the LOS in the IGM introduces
an anisotropic selection effect of LAEs due to the dependence of the scattering probability
on the large-scale density and velocity distributions. In Chapter 6, we modeled this
effect on Lya LIM power spectra using two methods. We first derived a linear analytic
model based on the approximation that the relevant matter overdensities and velocity
fluctuations are small. We then implemented a simple model for IGM absorption in the
SIMPLE code. We also modeled the effect of line broadening and spectral line shifts due
to the scattering of Lya photons before escaping the ISM, and revealed a new effect
that arises in cross-correlations of lines with different spectral line shifts. We found that
the linear model is insufficient to describe the Lya RT effect on the LIM power spectra
because most absorption takes place in highly nonlinear, overdense regions. We predicted
that the LAE auto-power spectrum measured by HETDEX will be sensitive to this Ly«
RT effect, while the LAE-Lya intensity cross-power spectrum will be too noisy to be
affected.

Lastly, in Chapter 7, we measured the cross-power spectrum of detected LAEs in
HETDEX with the Ly« intensity of fibers excluding detected LAEs. This resulted in a
breakthrough for LIM research by producing the most precise measurement of a LIM
power spectrum to date. To achieve the LIM detection, we conducted an end-to-end
analysis for measuring, modeling, and interpreting the HETDEX LIM power spectrum.
After cleaning the spectra from systematic contributions, we measured the LAE-Lya in-
tensity cross-power spectrum. We created mock data using the SIMPLE code, including
RSD, and using the HETDEX window function, sensitivity, and noise. Using these mock
data, we calculated the expected signal, including the effect of the data cleaning and sur-
vey specifics, and covariance matrices. We estimated the total covariance matrix of the
power spectra from the mocks and from the shuffled data. By fitting the fiducial mock
prediction times an overall amplitude to the measured power spectra, we constrained the
product of the detected LAE bias, the intensity bias, the mean intensity of undetected
sources, and the ratio of the actual and fiducial RSD factors, bzbr(I) Frsp/Fid,. Assum-
ing a fiducial LAE bias and Frep = Fiid, we inferred lower values of b;(I) than those
from QSO-Lya cross-correlations, but slightly higher values than the upper limit inferred
from a Ly« forest-Lya intensity cross-correlation measurement. Further assuming a fidu-
cial intensity bias, our constraints on the Ly« luminosity density are slightly larger than
those obtained by integrating extrapolated LAE luminosity functions, but on the same
order of magnitude as the intensity of faint galaxies and of the CGM and IGM emission
in a cosmological simulation with Lya RT at z = 2. Finally, our results are consistent
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with the total Ly« intensity being sourced by recombination in the ISM of star-forming
galaxies. The philosophy of LIM is “no photons are left behind” and we have achieved
exactly this for Lya photons.

8.2 Outlook

This thesis showed the enormous potential of Lya LIM with HETDEX to constrain models
of galaxy formation and evolution at cosmic noon. In this section, I will outline possi-
bilities for future research to extract even more information from Lya photons in the
HETDEX survey by optimizing the HETDEX data processing (Section 8.2.1) and com-
bining the data with line intensity maps from other LIM observations (Section 8.2.2).
It would also be useful to make the SIMPLE code more physically realistic by including
effective models for line emission and RT, calibrated using high-fidelity RT simulations
(Section 8.2.3). Finally, Section 8.2.4 will present ideas for desigining an optimal LIM
survey. Figure 8.1 shows a summary of these research directions and a subset of scientific
questions they will address.

Optimize HETDEX data ( )
processing for LIM

Calibrate Lya emission and RT

modeling with RT simulation )
N — Design optimal LIM experiment

COMAP-HETDEX and SPHEREX-
HETDEX cross-correlations

CO, [0 IT], Ha emission and

systematics modeling

& )

Figure 8.1: Future research directions informed by the results of this thesis and a subset of
scientific questions to be answered next.

8.2.1 Optimizing LIM with HETDEX

While the LIM cross-power spectrum measured in Chapter 7 is very precise, it is still
limited by the data quality and the analysis pipeline. It is currently necessary to remove
large regions of the map and to clean the spectra using PCA, which reduces the cosmo-
logical signal and modifies the anisotropy of the measured power spectrum. We intend
to optimize the HETDEX data processing for LIM measurements.

First, we will remove the source of the majority of systematic errors in the measure-
ment by improving sky subtraction, using two methods. The first method builds on
the current implementation of sky subtraction, but correcting for a known source of sky
emission residuals. The second method is a new approach to sky subtraction altogether.
The standard sky subtraction method estimates the sky spectrum model only from a sin-
gle observation, which removes intensity fluctuations on large scales (see Section 3.5.1).
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Instead, we will calculate the mutual information of the observed spectra with a global
sky model, which combines all individual sky models from the thousands of HETDEX
observations, using Machine Learning (ML) methods such as Non-negative Matrix Fac-
torization (NMF). This new approach to sky subtraction will help LIM overcome the
common limitation of large-scale signal loss.

Second, we will apply ML techniques to identify and correct for instrumental and
observational systematics. For example, we will explore the performance of Rapid Auto-
matic Image Categorization (RAIC) or an auto-encoder or U-network (similar to Zhong
et al., 2025). This is already in place for the main HETDEX analysis pipeline (Mentuch
Cooper et al. (2023a); Mentuch Cooper et al. in preparation). However, the sky subtrac-
tion method currently used for LIM introduces systematic errors that are not included in
the main HETDEX mask. It would therefore be helpful to implement a similar ML sys-
tematics detection pipeline for the LIM analysis. Consequently, the necessary masking
will be less extensive and much less PCA cleaning will be required, significantly increasing
the measurement precision.

Additional, HETDEX-like data have been taken in parallel with other observations us-
ing the HET, which will double the map size when we include them in the LIM measure-
ment. These improvements will significantly enhance the LIM signal detection, enabling
us to extract valuable astrophysical and cosmological information. For instance, it will
inform us about the origins of Ly« emission (see Section 8.2.3) and constrain the mean
Ly« intensity of the Universe, the global volume density of the star-formation rate, and
the escape fraction of Lya photons from faint galaxies at cosmic noon more precisely. We
could also be able to detect the anisotropy in the measured power spectrum caused by the
peculiar velocity field and constrain the effect of Lya RT on Ly« clustering measurements
(see Section 2.4 and Chapter 6; Zheng et al., 2011; Lujan Niemeyer, 2025).

8.2.2 Measuring Cross-Correlations of Line Intensity Maps

Cross-correlating line intensity maps of different emission lines will give insight into the
formation and evolution of galaxies throughout cosmic history. At the time of writing,
there are no cross-correlation measurements of two different line intensity maps. We
have the opportunity to measure the first LIM-LIM cross-correlations using data from
HETDEX, the CO Mapping Pathfinder (ComaP; Cleary et al., 2022), and the Spectro-
Photometer for the History of the Universe, Epoch of Reionization, and Ices Explorer
(SPHEREX; Alibay et al., 2023).

One difficulty of LIM is that multiple emission lines at different redshifts contribute to
the same line intensity map (see Section 3.5.2). For example, HETDEX maps photons from
the Ly« emission line at 1.9 < z < 3.5 and the [O II] emission line at z < 0.47. SPHEREX
measures photons from the Ha (0.14 < z < 6.6), [O IT] (1.01 < z < 124), and Lya
(z > 5.17) lines; and COMAP contains the CO (1-0) transition line at 2.4 < z < 3.4 and
the CO (2-1) line at 5.8 < 2z < 7.9. In Chapter 7, the [O II] line does not contribute to the
LAE-Lya intensity cross-correlation because the [O II] line at z < 0.47 is uncorrelated
with the LAEs at 1.9 < 2z < 3.5, We will fully model the joint intensity maps and
cross-correlations between the intensity maps using mocks data created in Section 8.2.3.
It would also be interesting to test the performance of interloper line removal using
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ancillary spectroscopic tracers of the large-scale structure, such as the HETDEX galaxy
catalogs (Bernal & Baleato Lizancos, 2025).

The space-based SPHEREX mission maps the Ho and [O II] line intensities at redshifts
overlapping with HETDEX. The SPHEREX deep field at the NEP is also observed by the
TESLA survey (Chavez Ortiz et al., 2023), which uses the HETDEX observing strategy and
data processing. We plan to measure the cross-correlation of the TESLA galaxy catalog
and Ly« intensity map with the Ho and [O II] intensity maps of SPHEREX. Lya and
Ha are both emitted through hydrogen recombination in the ionized ISM; however, Lya
is much more prone to scattering and absorption by dust. Therefore, this measurement
will constrain the Lya escape fraction from faint star-forming galaxies. Because Ly«
is also emitted through collisional excitation of neutral hydrogen, while Ha generally is
not, the cross-correlation will also shed light on the relative contribution of different Ly«
emission mechanisms to the total Ly« intensity. The cross-correlation with the [O II]
intensity mapped by SPHEREX will yield even more information about the properties of
faint galaxies, probing the connection between metallicity, ionization state, dust content,
and star formation.

COMAP measures the intensity of the CO (1-0) transition line within two 4 deg? fields
overlapping with the HETDEX observations at redshifts 2.4 < z < 3.4. CO traces cold
molecular gas in galaxies, the fuel for star formation. The Lya emission line is emitted
by recombining hydrogen atoms following their ionization by young, massive stars. Ly«
is thus associated with active star formation. Since CO emission is correlated with the
presence of dust and Lya photons are absorbed by dust, these two lines are expected to
be anti-correlated. This anti-correlation of the CO and Ly« intensities encodes a wealth
of information on the physics of star formation. We will be able to measure this cross-
correlation using the data of HETDEX and COMAP at redshift 2.4 < z < 3.4; the time
when most stars in the Universe formed. This measurement will give insight into the
sources emitting Lya and CO and their connection to the dust content. It will connect
the fuel for star formation, traced by CO emission, to its consumption, traced by the Ly«
photons emitted in the ionized [SM.

8.2.3 Including Line Emission and RT Models in the SIMPLE
Code

Mock data, such as those created with the SIMPLE code described in Chapter 5, are
essential for quantifying the expected LIM signal and uncertainty, including the effect of
data processing and survey specifics, and for the physical interpretation. However, the
SIMPLE simulations do not contain astrophysical information beyond the line luminosity
function, while LIM aims to study the physics behind the line emission and RT and
their connection to the properties of the line-emitting galaxies. It would therefore be
beneficial to create effective models for the line emission and RT of the most commonly
targeted emission lines for LIM, such as Lya, Hea, [O 1I], and CO, and include them
in the modeling of the SIMPLE code. We plan to calibrate these models using high-
fidelity cosmological simulations that include the physics of line emission and RT (e.g.,
Kannan et al., 2022; Byrohl & Nelson, 2023; Garcia et al., 2024). This will enable
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SIMPLE to produce physically realistic intensity maps at minimal computational cost.
As demonstrated in Chapter 7, the speed of these simulations is essential for forward-
modeling all the complexities of the data. We also plan to create a framework to model
the LIM-LIM cross-correlations described in Section 8.2.2.

These models will enable us to explore the dependence of Lya LIM measurements
on the relative contribution of star-forming galaxies and the CGM and IGM to the Ly«
intensity and extract this information from the precise Lya LIM measurement (see Section
8.2.1). We will also be able to investigate the imprint of the different Lya emission
mechanisms, i.e., collisional excitation and recombination of hydrogen atoms, on cross-
correlations of Ly« intensity maps with other line intensity maps, such as Ha and [O 1]]
(see Section 8.2.2). This will give insight into the dominant emission mechanisms of
diffuse Lya emission of the cosmic web (see Section 2.3.2). The effective line emission
and RT models will also allow us to extract information on the connection between star
formation activity, dust and metal contents, and molecular gas abundance from the LIM-
LIM cross-correlation measurements in Section 8.2.2.

Finally, to establish SIMPLE as a robust and widely applicable tool for LIM experi-
ments, it is important to ensure that the most important systematic effects of LIM surveys
targeting emission lines across the electromagnetic spectrum can be accounted for.

8.2.4 Designing an Optimal LIM Experiment

Current optical and infrared LIM experiments are not specifically designed for LIM, but
rely on data from other surveys such as HETDEX and SPHEREX. This section describes
ideas for designing an optimal LIM experiment for studying galaxy formation and evo-
lution in the young Universe. We intend to explore new observing strategies for LIM,
especially in the optical and infrared wavelength regimes.

One limitation of HETDEX is the loss of intensity fluctuations on scales larger than a
single observation due to the sky subtraction, a necessary step in the data processing (see
Section 3.5.1). This is typical for deep observations of a single region, for example, for
detecting galaxies. Instead, LIM surveys at lower frequencies, such as mm and sub-mm
bands, move the telescope pointing during an observation, similar to the “nod-and-shuffie”
technique for optical/near-infrared observations. As a result, the sky emission stays
coherent over larger observed scales, and large-scale intensity fluctuations are preserved.
It would be interesting to investigate whether a similar strategy is desirable and feasible
for ground-based optical or infrared LIM experiments.

Space-based observations, such as those produced by SPHEREX, are not impacted by
airglow, and therefore much less contaminated by foreground emission. This makes LIM
measurements much cleaner, allowing for the preservation of large-scale intensity fluctu-
ations. As a result, the power spectrum can be measured down to small wavenumbers,
including the baryon acoustic oscillations, a powerful probe of cosmology. We plan to
examine the benefits and drawbacks of space-based LIM surveys further.

Another consideration is the spectral resolution. Many LIM experiments have poor
spectral resolution and are unable to measure the intensity fluctuations along the LOS.
As demonstrated in Chapter 7, good spectral resolution improves the ability to identify
and remove systematic contributions, e.g., the sky foreground emission, from the spec-
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tra. Good spectral resolution also enables LIM surveys to measure the power spectrum
anisotropy due to peculiar velocities and RT effects, revealing valuable information about
cosmology and the physics of the line-emitting sources and the IGM. It would be inter-
esting to quantify how much more can be learned from LIM surveys with good spectral
resolution and to identify the ideal resolution.

8.3 Conclusions

In this thesis, we performed an end-to-end analysis for the LIM power spectrum mea-
surement in HETDEX, first showing the potential for HETDEX to perform low-surface
brightness measurements; then creating a fast mock simulation code to model line in-
tensity maps of any emission line, including data cleaning and survey-specific effects;
modeling the effects of Lya RT on Lya LIM power spectra; and finally precisely mea-
suring the LIM power spectrum in HETDEX data. This is the most exciting time for
LIM science, as the first observations are able to detect LIM power spectra and study
otherwise elusive faint galaxies and gas. Upcoming LIM observations will bridge our
knowledge of current-day galaxies to the first light in the Universe, and it is essential to
develop robust data analysis and modeling techniques to extract the rich astrophysical
and cosmological information encoded in the LIM data. This thesis has contributed to
this endeavor by developing modeling and data processing techniques for LIM and I am
excited to continue studying the frontier of astrophysics and cosmology.
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