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ABSTRACT OF THE DISSERTATION

Astrophysics and Cosmology with Spectroscopic and Photometric Intensity Mapping
by
Bryan Richard Scott

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, September 2022
Dr. Simeon Bird, Chairperson

Spectroscopic and photometric intensity mapping are emerging techniques for ob-
serving large cosmological volumes with a high frequency but low spatial resolution survey.
We apply this technique to study large scale structure as both a tool for inference and for
constraining theories of gravity. In particular, we make forecasts for the performance of
future all-sky UV experiments with a technique that extracts the redshift distribution of
UV-optical background photon emission. We consider the Cosmological Advanced Survey
Telescope for Optical-UV Research (CASTOR) and the Spectro-Photometer for the His-
tory of the Universe, Epoch of Reionization, and Ices Explorer (SPHEREx). We show that
under reasonable error models, CASTOR measures the UV background SED 2-10 times
better than existing data.

We then study the detectability of deviations from General Relativity through
mm-wave spectroscopic line intensity mapping of galaxies that trace large scale structure.
We specifically consider measurements of the matter power spectrum and redshift space

distortion multipole moments including the effects of foregrounds and emission from inter-
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loping lines. In the context of Horndeski theories, we calculate the sensitivity that future
experiments would need in order to produce constraints on linear theory parameters that
are comparable to or better than the best existing constraints from galaxy surveys and the

Cosmic Microwave Background.
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Chapter 1

Introduction

Cosmology, derived from the Greek kosmos, is the study of order in the universe!.

It is poetic, then, that contemporary observational cosmology is mainly concerned with
techniques for turning the positions of galaxies, and the structures they form, into insight
into fundamental physics and the history of the universe. This dissertation has two main
goals related to the study of correlations in the universe, leading to two sets of new results,
presented in Chapters 3 and 4. In the first case, it will be shown that knowledge of large scale
structure can be used to achieve order of magnitude improvements in our understanding of
astrophysics over cosmic time. In the second case, we will study the feasibility of measuring
large scale structure and our ability to turn those measurements into an understanding of
gravity beyond Einstein’s theory. As this thesis covers a diverse set of physical phenomena
while applying a new set of experimental methodologies, we begin with an introduction to

astrophysics and cosmology in the era of intensity mapping and large surveys.

!The word Cosmology was likely coined by the philosopher Christian Wolff in the title of a 1731 book,
Cosmologia Generalis. [5)



Chapter 1 reviews intensity mapping and differences between the photometric and
spectroscopic (or line) intensity mapping cases, concluding with a brief review of current
and future analysis methods. Chapter 2 presents the scientific background for the later
chapters, in particular introducing the observational and theoretical status of the extra-
galactic background light (EBL) across the electromagnetic spectrum. Finally, the latter
half of Chapter 2 introduces the current status of contemporary cosmology, the theory of
large scale structure, and current puzzles surrounding the existence of dark energy and
the need for modifications to Einstein Gravity. Chapter 3 then presents a forecast of EBL
measurements with the Cosmological Advanced Survey Telescope for Optical-UV Research
(CASTOR), while Chapter 4 forecasts Large Scale Structure constraints on the linear theory
parameters of Horndeski Gravity theories. Finally, Chapter 5 concludes this dissertation

with a survey of future measurement and analysis strategies.

1.1 What is Intensity Mapping?

Intensity Mapping (IM) is a technique for measuring the integrated emission of
stars and galaxies over cosmic time [6]. The distinguishing features of this technique can
best be understood through comparison to a traditional galaxy survey. In a galaxy survey,
a telescope observes for a long period of time to produce deep images that are then thresh-
olded. Pixels with counts above some level, relative to some estimate of the background
noise, are labelled as significant (and interpreted as belonging to a star or galaxy), while
pixels below the thresholded are disregarded. Intensity Mapping experiments do away with

the requirement to “detect” individual sources and instead simply catalog every photon on



the sky. Rather than a catalog of detected sources, the fundamental data products of an

IM experiment are continuous maps over the sky.

Figure 1.1: Visual depiction of the Line Intensity Mapping data products. 2D slices the full
3D volume with each slice labelled by its measured redshift. Fluctuations in the distribution
of numerous discrete astrophysical are observed as continuous temperature fluctuations
on the sky. The number of slices in a cosmological volume is a function of the frequency
resolution of the instrument, and places a limit on the statistical information that can be
extracted from the map.

Intensity Mapping experiments can be divided into two categories. In a photo-
metric intensity mapping experiment, a telescope scans the sky through a set of discrete
filters, producing continuous measurements of photometric magnitudes, recorded in angular
coordinates. A significant challenge is to turn these band averaged angular measurements
into 3D resolved information by adding a distance measure for the photons detected in any
given pixel of the map. By contrast, Spectroscopic or Line Intensity Mapping (LIM), pro-
duces frequency resolved maps that target specific emission features. Frequency resolved
maps can be straightforwardly turned into a full 3D map of the emitting structures via the

relation veps = (1 + 2)Vpest-



Table 1.1: Table of current and near future sub-mm LIM experiments.

Experiment Target Lines Redshifts Bandwidth Aperature
COMAP I & 11 CO(1-0), CO(2-1) 2.4-3.4, 6-8 26-34 GHz 10.4 m
COMAP III CO(1-0), CO(2-1) 5.8-7.9,2.4-3.4, 6-8 13-17 GHz, 26-34 GHz 10.4 m

Fred Young/CCAT-Prime [CII] 6-8 210-275 GHz 6 m

TIME [CIT] 5-9 199-305 GHz 10.4 m
CONCERTO [CIT] 5-8 125-310 GHz 12 m

YTLA CcO 1.2-3 86-102 GHz Interferometer
mmIME CO, [C1]] 0.2-6 30, 90, 300 GHz Multiple
SPT-SLIM CcO 0.5-2 120-180 GHz 10 m

Evolved Future LIM* CO 0.3-3 75-300 GHz ~10 m

One key advantage of LIM, as compared to galaxy surveys, is that they quickly
survey large cosmological volumes and therefore allow for very large scales to be measured.
Further, the survey depth is no longer a function of detection threshold but is instead
driven by instrumental bandwidth [7]. As a consequence, emission lines are measured over
a very wide range in redshift, which allows for detailed studies of the redshift evolution
of both stellar/galactic astrophysics and large scale structure. The combination of large
survey volumes and deep redshift coverage makes LIM a uniquely powerful tool for both
astrophysics and cosmology [6], [8], [9], [10], [11]. Table 1.1 lists current and near future IM
experiments.

The Future LIM experiment is speculative and represents the experiment we con-
sider in detail in Chapter 4. In this section, we discuss results from photometric intensity
mapping experiments and introduce the spectroscopic intensity mapping formalism. We
conclude with a brief discussion of analysis methods and potential challenges for future

experiments.



1.2 Photometric Intensity Mapping

Despite the long history of low surface brightness and diffuse sky measurements
[12], the association of these measurements with the notion of “intensity mapping” is a recent
development, arising primarily in comparison with spectroscopic or line intensity mapping.
The concept is a straightforward one: observe the sky in some set of discrete but finite
filters chosen to target specific emission features at a given target redshift. Paradigmatic
examples of recent and contemporary photometric intensity mapping experiments are the
Cosmic Microwave Background satellites; Cosmic Background Ezplorer (COBE), Wilkinson
Microwave Anisotropy Probe (WMAP), and the Planck spacecraft. Although the primary
data products of these experiments are all sky temperature maps of the Cosmic Microwave
Background, a wealth of information about the the low redshift Comic Infrared Background
(CIB) is also obtained as significant CMB foreground.

The first detections of the CIB come from the FIRAS and DIRBE instruments on
the COBE spacecraft [13]. Follow-up observations of the CIB were made with the IRAS mis-
sion and the Spitzer space telescope, both of which produced infrared intensity /temperature
maps [14, 15]. Over the last decade, the Planck High Frequency Instrument (HFI) has be-
come an instrument of choice for measuring both the average brightness of the CIB (the
“monopole”), and for detecting anisotropies in the CIB that can be connected to large
scale structure. Planck HFI measurements of the CIB are a demonstrative example of
the challenges and methods used in photometric IM, both at the mapmaking and analy-
sis/inference to astrophysics and cosmology levels [16] The band-averaged magnitude of the

CIB (or extragalactic background light, total source + diffuse map at any wavelength) is



given by,

1(vo) = / Y W), (L1)

Vo

which is the band averaged specific intensity at an observed frame frequency rg. We can
contrast this expression with the expressions given in Chapter 3 in terms of specific models
for the UV-optical EBL. R represents the filter response function, and the width of the
filter response function relative to the shape of the function j, can be used to distinguish
the spectroscopic and photometric IM cases. In a photometric experiment, the width of R
>> j,, making the frequency response of the band-averaged quantity smoothed in observed
frame frequency, or equivalently, in apparent redshift space.

In this sense, SPHEREx (Spectro-Photometer for the History of the Universe,
Epoch of Reionization, and Ices Explorer) All Sky Spectral Survey represents a middle
ground between photometric and spectroscopic IM experiments. SPHEREx uses a linear
variable filter which scans the instrument across the sky to observe each field with an in-
strument whose response varies in frequency [17]. Rather than a photometric experiment
with a small number of broadband filters, or a spectroscopic experiment with a nearly delta
function like instrumental response, SPHEREx can be approximated as consisting of 96
gaussian narrowband filters. Performance for redshift estimation of sources therefore lies
somewhere between that of a broadband experiment, where only “drop-out” techniques are
typically used to yield uncertain redshift estimates, and a true spectroscopic experiment
where the emission redshift is known up to the instrument resolution, and usually approxi-

mated as a delta function in redshift space. This makes SPHEREx an attractive target for



improved redshift estimation techniques based on clustering with large scale structure, a
concept that has been explored in [18], and in the context of the high redshift UV-optical
EBL, in Chapter 3.

While SPHEREx can observe the UV-optical EBL at high redshift, observations
at lower redshift require a near-UV (NUV) or far-UV (FUV) instrument, like those on the
Galaxy Evolution Explorer (GALEX) and the uv, u, and g filters on the proposed Cosmo-
logical Advanced Survey Telescope for Optical UV Research (CASTOR). GALEX produced
NUV and FUV intensity maps over much of the sky [1]. While primarily envisioned as a
traditional survey satellite targeting the optical and near-uv, filling in a gap in the filter
coverage of large ground based surveys such as the Legacy Survey of Space and Time/Vera
C. Rubin Observatory and space-based Fuclid and Nancy Grace Roman infrared surveys,
CASTOR operating in an intensity mapping mode can extend existing constraints from
GALEX intensity mapping to z ~ 3.

From the band averaged quantities, connections to astrophysics and cosmology
are made through the power spectrum. While in a line intensity mapping experiment, it is
conventional to work in the full 3D averaged real or Fourier space, results for photometric
experiments are typically expressed in terms of the angular auto- or cross- power spectra.
Formal introductions to the foundations of the correlation function and power spectra for-
malism is included in [19], [20], and [21]. [22] provides expressions for auto- and cross-
power with a galaxy survey. This formalism can be contrasted with the phenomenological
approach we take in Chapter 3, but provides a model for forecasts of photometric map -

galaxy survey cross observables expressed in angular coordinates.



1,

~ (1.2)

Q:/w%?méwﬁ@&ﬁw

where C; is the angular power spectrum of the field, H(z) is the Hubble rate at redshift z,
c is the speed of light, x(z) is the comoving distance, b is the map bias, P, (k, z) is the
matter power spectrum, and % is the intensity redshift distribution. A(z) is the redshift
distribution of the galaxy catalog. Under the assumption of Gaussianity, which is known
to hold on large scales, uncertainties in estimates of the angular power spectrum include
contributions from Poisson or ”shot noise”, and instrumental systematics. On smaller scales,
one can include nonlinear correction terms including the bi and tri-spectrum [7]. Equation
1.2 easily generalizes to the cross spectrum by replacing factors of the map bias. Information
about the full posterior of the redshift distribution can be obtained by replacing Az with,

for example, the full posterior of a photometric redshift PDF.

1.3 Line Intensity Mapping

Line Intensity Mapping produces a full spectroscopic map of the sky by targeting
individual emission lines and observing at a range of frequencies. A wide range of lines are
being considered for current and near future experiments. These are summarized in table
1.2. A major target for LIM experiments is the 21 cm spin flip transition of neutral hydrogen,
which is a powerful probe of reionization and the cosmic dark ages. For a thorough review
of the state of 21 cm LIM, see [23].

In Chapter 4, we forecast for an experiment targeting the rotational CO ladder

over the redshift range ~ 0 — 3 and focus the discussion here accordingly . While the



Table 1.2: Table of target emission lines and observable wavelengths.

Line Wavelengths “Band” Comments

HI 50 - 350 MHz cm 21 cm spin flip transition
Lya ~350-550 nm  Optical

OIII 350-2500 nm Optical/Near-IR.  Doublet

Ha ~500-3000 nm  Optical/Near-IR

Hp ~500-3000 nm  Optical/Near-IR

CII ~200-1000 pm far-IR

Ol ~100-1000 pgm far-IR 145 pm line

OIII 100-500 pm far-IR 188 pm line

Ol 100-500 pm far-IR 63 pm line

OIII 50-300 pm far-IR 52 pm line

NIII 50-300 pm far-IR 58 pm line

NII 120-800 pm far-IR 122 pm line

CO(J — J-1) 0.1-10 um far-IR /mm Rotation Ladder from J=1-7

formalism for 21 cm experiments is similar, differences in expected systematic uncertainties
and the underlying physics of line emission motivate new analysis methods for sub-mm LIM
experiments targeting CO transitions.

CO is a major target for LIM experiments because it is a bright transition over
a large range in redshift and is thought to probe the interstellar medium in galaxies [24].
CO line intensities are a strong function of local star formation rate, which allows LIM
experiments to place tight constraints on the cosmic star formation history at low and
intermediate redshift [25] and the source of ionizing photons during the epoch of reioniza-
tion [26]. From a CO intensity map, statistical information about large scale structure is

extracted in the form of the observed line power spectra, Pys(k),

Pobs(k) = (b(z)l(z) )QPm(k)Q + Pshot + P, (1'3)

where b(z) is the map bias at redshift z, I(z) is the (average) line intensity at that red-



Table 1.3: Leading order noise terms in LIM experiments, origin, and mitigation strategies.

Noise Origin Mitigation/comments

measurements of atmospheric lines

1/t (kolgomorov) atmospheric fluctuations above the instrument
low frequency and large scale
. . Lo . low order polynomial fitting
galactic continuum thermal dust emission in the milky way .
to observed temperature fluctuations
cosmic variance finite volume of real surveys ultimate limit on any finite survey
finite angular resolution small scale limit

small scale smoothing . R . .
& finite spectral resolution of telescope/instrument on resolved structures

poisson sampling of the LSS distribution
variance of the luminosity function

shot noise diagonal of the covariance matrix

arises because line emission

in halos is correlated

geometric tests, cross-correlations,

deep learning, sparse matrix reconstruction

line decorrelation correlated emission within halos

interloper emission emission from lines that appear to be at the same redshift

shift, Pspor is a scale independent term arising from the non-zero variance of the luminosity
distribution, and P, is a scale independent white noise term due to instrumental or atmo-
spheric noise. The average line intensity I(z) is computed from the first moment of the line

luminosity function ®(L, z), itself a function of underlying star formation rate,

(I(2)) = /0 " Lo(L, 2)dL. (1.4)

Measurements of the line statistics, including the power spectrum, therefore probe
degenerate combinations of cosmology dependent terms (bias factors, reflecting structure
formation history, and the matter power spectrum), and astrophysics dependent terms
encoded by the average line intensities [6]. The line power spectrum is also only measured
as a noisy realization of the underlying matter power spectrum, subject to both frequency
independent and dependent noise sources, the latter of which is translated into k-dependent
noise during map construction. In addition to the Large Scale Structure fluctuations, this
signal also includes the effect of contamination by galactic thermal dust. Table 1.3 lists

this and other leading order noise terms in LIM experiments. See Chapter 4 for a more
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thorough discussion of each noise term and mitigation strategies.

There is a now an active community producing forecasts and interpreting early
results from this early generation of line intensity mapping experiments. Some notable re-
cent results include the first tentative measurement of clustering power by the CO Mapping
Array Project (COMAP) as well as forecasts for the Tomographic Ionized-carbon Mapping
Experiment (TIME) and the CarbON CII line in post-rEionisation and ReionisaTiOn epoch
(CONCERTO) experiment. One of the earliest measurements of the clustering component
of the power spectrum based on COMAP measurements is presented in [27]. Their estimate
of the CO clustering power Poo(k) = 2.7+ 1.7 x 10* K2 Mpc? for k =~ 0.051 — 0.62 Mpc~*
at z=2.4-3.4 [28] and is used to update forecasts for the full COMAP survey in [29] and for
the future COMAP Epoch of Reionization (EOR) experiment in [26]. In addition to these
promising early results, detailed forecasts for a range of astrophysical observables related
to star formation and reionization, as well as auto and cross power spectra have been com-
pleted for TIME in [30] based on parameterized astrophysics. Simulated maps based on

semi-analytic models have been used to produce similar forecasts for CONCERTO in [31].

1.4 Analysis Methods

While sophisticated analysis frameworks for large galaxy surveys and CMB ex-
periments have been developed to enable scientific inference, analysis methods for LIM
experiments remain in their infancy and depend on strong modeling assumptions. Al-
though higher-order statistics are of long term interest for studying small scale structure

and primordial non-Gaussianity, most existing analyses and forecasts restrict themselves to
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considering the 1- and 2-point statistics of the map.

In particular, the 1-point voxel intensity distribution has been extensively studied
for constraining the line luminosity functions. These P(D) or VID analyses are intended
to help break degeneracies in analysis of the 2-pt function, where identical power spectra
can be obtained for very different redshift dependent luminosity functions [6], [32]. The
key to breaking the degeneracies that complicate analysis of the 2-pt function is accurate
distance information that allows the line intensity to be localized to the 3D voxels rather
than 2D pixels in the sky. VID and P(D) methods have been widely adopted for LIM
forecasts, for example [33] applies a generalized VID “cross spectrum” in the context of
21 cm measurements, [34] forecasts CO VIDs for COMAP, [35] considers joint analysis of
VIDs between CO and Ly« surveys, and [36] forecasts cosmological constraints on neutrino
decays from the VID.

Equation 1.3 is only valid on intermediate and large scales in real space (see sec-
tion 2.2.4for a discussion of redshift space correlations). Including information from smaller
scales, the 1-halo and shot noise terms, as well as accounting for effect of making mea-
surements in redshift space, allows for the individual terms in the degenerate combination
(b(2)I(2))?P,, (k) to be individually constrained [7] by taking ratios of auto- and cross-power,
for example, with the CMB or a galaxy tracer survey. To make this concrete, consider the

ratio of the 2-halo auto and cross-power with a galaxy survey. This measures the ratio

P (B1)?P(k)

= 1.5
Pryrxg bIb, P (k) (15)

that constrains the quantity % and breaks the degeneracy between astrophysics and cos-
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mology present in the LIM map, assuming the galaxy bias b, can be modeled or measured.
Then the 2-halo term can be used to estimate P(k), while the ratio of the full shape auto
and cross power in redshift space can then be used to estimate the product of structure
growth and the amplitude normalization of the power spectra, fog. Because the observed
power spectrum is a sum over the shot noise, 1-halo, and 2-halo terms, and making use
of real and redshift space information requires a noisy reconstruction of the density field
from redshift space measurements, the feasibility of reliably measuring the auto and cross
power simultaneously is an open question that depends on modeling assumptions and the
development of new analysis techniques. An analysis strategy using the information from
all scales, including redshift space distortions, is presented in [7]. A feed-feed pseudo cross
spectrum analysis is used for the tentative clustering signal detection in [27]. This involves
constructing an estimator of the clustering power based on a split data set and including
information about the noise in the map.

Breaking degeneracies between astrophysics and cosmology requires the use of
internal or external LIM cross correlations, a prospect that is complicated by the existence
of frequency dependent foregrounds and other systematics in both LIM experiments and
auxiliary galaxy surveys. Thermal radiation from dust in the milky way, for example, adds
broad continuum noise across the wavelengths targeted in sub-mm LIM [37]. Although
thermal dust emission can be bright compared to the high redshift target emission lines,
the smoothly varying continuum spectra can be fit by a low order polynomial and removed.
At the level of current analyses techniques, the effect on the power spectra at observable

scales is limited. A similar source of noise is due to incoherent temperature fluctuations
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of the atmosphere. This 1/f or Kolgomorov noise term affects the largest accessible noise
scales. As these noise terms primarily effect the largest scales, their impact on LIM recovery
of the auto-power is expected to be small (see Chapter 4). Their impact on the LIM-CMB
cross-power may be larger, as the most constraining CMB modes are at scales impacted by
low-[ foregrounds in both CMB and LIM temperature measurements.

Of more concern for current experiments and those targeting intermediate scales
are the presence of bright interloper emission [38], [39]. An experiment targeting an emission
line at fixed frequency will observe both the target line at a given target redshift as well as
additional lines at a range of other distances that are redshifted to overlap with the target
line. The emission at the observed frequency is then a superposition of the emission that
one hoped to constrain, say because it probes the star formation rate at a given redshift, as
well as an unknown contribution from potentially many interloping lines. Several mitigation

strategies have been studied, including,

1. Bright voxel masking - A simple and common strategy is simply to mask out the
brightest voxels in the map. Because a bright voxel is likely produced by massive
galaxies, and structure formation implies that the most massive galaxies are at low
redshift, this can effectively mask out many low redshift interlopers leaving only the

high redshift target emission. Cf. [30]

2. Targeted masking - A slightly improved version of the bright voxel masking technique
is to develop catalogs of likely interloping sources at low redshift [40]. These sources
are then followed up with high resolution spectroscopy to confirm the redshift. Iden-

tification of targets is based on synergistic sub-mm observations, for example with
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ALMA, or based on scaling relations between optical lines that are observable with
multi-object spectrographs and interloper lines. Scatter in these scaling relationships
complicates inference. Both bright voxel and targeted masking techniques also intro-

duce selection effects into the interpretation of LIM experiments.

. Anisotropic Map Distortions - This class of techniques depends on an incorrect map-
ping between distances and angles if the underlying cosmology or emission redshift
is incorrect [38]. A significant advantage of this approach is that it does not depend
on any assumption about the emission lines, their correlation with the matter dis-
tribution, or their redshift evolution. We discuss this technique further in Chapter

4.

. Map-level techniques - Map level techniques have recently begun to attract more at-
tention. Some map techniques are based on deep learning approaches, while others
depend on strong assumptions about the distribution of sources and the line inten-
sities. These assumptions act, essentially, as an informal prior on the deconfusion
algorithm. As a particular example, the technique of [22] attempts to invert a sparse
matrix problem defined by I(v;) = Zév:lflij]\f (zj) + ni. Because the line intensity is
primarily due to sources at a small number of redshifts, A;; is a sparse matrix and the
inverse problem is well posed. Sparsity, however, depends on the interloper emission

being well confined to a small number of voxels.

. Cross Correlations - Cross correlations, both between LIM experiments and auxiliary
surveys are expected to be a key technique in the analysis of intensity maps. A

thorough overview of cross-correlations in the multi-line case, including small scale
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physics, is found in [41]. Although subject to the already mentioned degeneracies,
these external cross correlations can produce measurements that are free of systematics
not shared in a correlated fashion between multiple experiments. Additionally, as
LIM experiments with larger bandwidths are considered and fielded, this has opened
up the possibility of internal cross correlations. For example, current and future
experiments will observe multiple rotational transitions of CO at a range of redshifts.
By cross correlating each CO line and assuming that the matter power spectra is
independently known, ratios of the cross correlations yield direct constraints on the

mean line intensities that are free of interloper contamination.

Following confirmed detections of LIM shot and clustering power, high SNR de-
tections of each with future experiments will likely make use of all of the above strategies.
Rather than inferring only the line power for a given target emission feature and redshift,
such future experiments will instead jointly infer the line intensity distributions across all
observed lines and redshifts. Estimates of the matter power spectrum will then be based
on an analysis that fully marginalizes over the line emission distributions for all of the ob-
served targets. As mentioned above, development of simulation, measurement, and analysis
strategies remains in its infancy, and the exact methods used in future astrophysics and
cosmology results are likely to evolve significantly from the simplified methods discussed

above.
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Chapter 2

Scientific Background

One theme of this dissertation is that knowledge of large scale structure can be
used both to enable measurements of redshift dependent astrophysics and as a powerful
source of information about cosmology and fundamental physics. In this Chapter, we in-
troduce the scientific questions that motivate both applications of intensity mapping to
Large Scale Structure that are presented in Chapters 3 and 4. We begin with the extra-
galactic background light in Chapter 2.1.1, reviewing the EBL across the spectrum in 2.1.2,
the theory of the UV-optical EBL in 2.2.2, and review observational techniques in 2.1.3.
This concludes by introducing Broadband Tomography as a state of the art technique for
UV EBL measurement. Then, in the latter part of the Chapter, we discuss the status of
Einstein Gravity. The theory and its assumptions are detailed in 2.2.1, the formalism of
contemporary cosmology in 2.2.2, and the theory and observation of Large Scale Structure
in 2.2.3 and 2.2.4, respectively. Finally, we introduce reasons for suspecting the Einstein

Gravity is incomplete in 2.2.5.
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2.1 Extragalactic Background Light

It is somewhat of a surprise that the concept of an Extragalactic Background Light,
or mean surface brightness of the sky, has a physical meaning and in fact plays an important
role in both understanding the history of galaxies and in the physics of the intergalactic
medium (IGM) [12]. The deep significance of the EBL is found in the near homogeneity
and isotropy of the universe that makes it possible to sum over all systems and structures
in redshift to produce meaningful integrated quantities. The measurement of the average
EBL brightness represents a contemporary response to one of the first puzzles in modern
astronomy - Olbers’ paradox! - which asks why we observe a dark night sky in a universe
of emitting stellar populations that should sum to produce an infinite brightness. While
the finite age of stellar populations solves the apparent paradox, the remaining question of
how bright the universe is and, in turn, how those populations have evolved, remains open.
In the UV, this background sets the ionization state of the IGM and, because it depends
on integrated stellar formation histories, acts as a direct probe of structure formation and
the cosmic star formation history. Comparing theoretical predictions to the observed total
inventory of EBL photons serves as an important consistency test for models of photon
production in stars and galaxies in the universe. A discrepancy between the two could be

an indication of new physics.

!Olbers’ paradox may be the oldest puzzle in modern cosmology. It is not in fact due to Olbers, who
thought it was strong evidence for a finite cosmos, but rather most probably originates with Johannes Kepler’s
1610 argument for a finite universe. Writing in 1823, Olbers probably learned of it from an earlier 1720 paper
by Edmund Halley that argued to the contrary that the universe is infinite in spatial extent. Eighteenth and
nineteenth century solutions took many forms that prefigure contemporary ideas in cosmology, including
speculation about interstellar/intergalactic absorption, non-trivial topologies, and modified gravity theories.
A fascinating history of these accounts and their connection to the then new sciences of spectroscopy and
thermodynamics is found in [5]
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This section begins with a review of cosmic backgrounds across the electromag-
netic spectrum. As the new results of this dissertation are confined to future measurements
of the UV-optical background, the theory of the UV-optical background will then be pre-
sented before a short review of UV-optical background observations is presented in the final

subsection.

2.1.1 Cosmic Backgrounds Across the Spectrum

The EBL extends from the y-ray to the radio and contains a wealth of information
about both astrophysics and cosmology. Measurements at the highest energies constrain
the physics of compact objects and may probe the physics of dark matter interactions.
Lower energy measurements reveal the history of star and galaxy formation as integrated
over the populations of galaxies and active galactic nuclei. Finally, the Cosmic Microwave
Background places strong constraints on cosmology and the physics of the early universe.
Reviews of EBL measurements across the spectrum are found in [42] and [43].

Starting at the highest energies, the «-ray background is understood to be primar-
ily driven by emission from active galactic nuclei (AGN) and star forming galaxies, with
smaller contributions from pulsars, Type la supernovae, and from cluster gas. Constraints
on the ~y-ray background primarily come from the Compton and Fermi telescopes (cf [44]).
Searches for new physics in the form of an EBL excess that cannot be attributed to other
sources of photons are common. An exciting possibility at ~-ray energies is the potential
contribution of dark matter annihilations to the background [45].

Modeling of the UV and X-ray background is typically treated together using

the formalism introduced in the next section. However, as we do not treat the X-ray
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background in detail, here we summarize the key differences. While the UV background is
typically treated in terms of near and far-UV components, the x-ray background is instead
distinguished into hard and soft components, with the hard component attributed to low
luminosity Seyfert galaxies and the soft component including both an AGN part and larger
contributions from galaxy clusters and starbursts.

Moving down in energy, the near-ultraviolet (UV) and optical are, perhaps coun-
terintuitively, the most poorly constrained parts of the EBL. This is because of the existence
of bright (relative to the EBL brightness at these wavelengths) local foregrounds that are
thought to arise primarily from scattering of sunlight by the interplanetary medium and
scattering by the Earth’s atmosphere. These components exceed the total EBL brightness
at these wavelengths by as much as 1-2 orders of magnitude depending on the observed
wavelength. Motivated by this problem, we study a new approach for observing the UV-
EBL in Chapter 3 and discuss theoretical modeling and observations of the EBL in the
following sections.

The UV-optical backgrounds are closely related to the behavior of the infrared
background as photons originally emitted in the UV-optical and near-IR will be reprocessed
by dust into far-IR emission. As discussed in Chapter 1, the cosmic infrared background has
been well studied, primarily by CMB experiments operating at similar wavelengths such as
COBE, WMAP, and Planck.

The Cosmic Microwave Background (CMB) is both the brightest and most well
studied component of the the EBL. Its discovery by Penzias and Wilson [46] is often referred

to as the first definitive detection of EBL photons at any wavelength. Unlike the other
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components of the EBL that are produced by cosmic structures such as stars, galaxies,
and AGN, the CMB is produced by the scattering of photons as the universe expands and
cools from an optically thick to optically thin state. A detailed accounts of the coupled
Einstein-Boltzmann physics governing the CMB is given in [47]

While the study of diffuse backgrounds has been a paradigmatic example of pho-
tometric intensity mapping, the radio component of the EBL, produced by synchotron
emission in galaxies, AGN, and the lowest CMB energies, is also a dominant systematic for
line intensity mapping at 21 cm of the spin-flip transition of neutral hydrogen. Characteri-
zation of the diffuse radio background will therefore be important for mitigating systematics
in attempts to measure the distribution of neutral hydrogen that will probe cosmology and

astrophysics.

2.1.2 Theory of the UV-Optical Background

A useful starting point for understanding the theory of the UV-optical background

is the equation of cosmological radiative transfer [48], [49],

Cc

47re,,, (2.1)

0 0
<6t _UHay> Jy+3HJ = —C/iny“_

that relates an observed frame specific intensity J, to the comoving volume emissivity €,.
The theoretical task is to develop a model prediction for €, in terms of recombination
emission, galaxy and star formation histories, as well as AGN contributions that matches
observations. Our starting point for models of the UV-Optical background are those of [50],

that have also been studied in numerous works, but especially [51] and [52]. The evolution
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of this model with redshift is given in Figure 2.1.

Here, we summarize the salient features of this model,

1. Recombination Emissivity: Photons absorbed through a Lyman series resonance will
cause a radiative cascade that terminates in Lya or continuum decay. Haardt and
Madau’s model accounts for this by determining the relevant recombination coeffi-
cients relative to the ionization rate. The integral of the resulting emission coefficients
with the number density of absorbers gives the total comoving reconombination emis-

sivity.

2. Quasar UV Emissivity: the quasar UV SED is given by a broken powerlaw, with pivot
point at 1300 Angstroms and normalized by a redshift dependent fitting function for

the 1 Ryd emissivity.

3. Galaxy Emissivity: Baryonic physics leads to significant evolution with redshift and
variability in the galaxy emissivity. The aggregate UV luminosity density at low

redshift is computed from a Schechter function and corrected for dust absorption.

Recombination emissivity contributes a smaller fraction of the UV EBL than
quasar and galaxy emissivity, as photoionization equilibrium requires the output flux to
be less than the input flux onto photoionized gas. While shock-heating or collisional exci-
tion can also produce recombination photons, the magnitude of this effect is small as the
neutral HI fraction in the IGM is small. We constrain a piecewise parameterization of this

model in Chapter 3, following its use in the context of GALEX observations by [1].
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Figure 2.1: Evolution of the UV-EBL Spectral Energy Distribution (SED) in our piecewise-
model at redshifts z=0.5, 1, and 3, corresponding to CASTOR’s filter coverage. Shaded
blue regions indicate regions outside the filter coverage at the stated redshift.
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Table 2.1: Direct and indirect techniques for measuring the UV-optical EBL.

Technique Type Description References

Spatial or frequency variability in the foregrounds

is used to isolate them from the EBL.

A 7dark cloud” between the observer and the EBL
allows for an estimate of the foreground amplitude.
The difference between ”on sky” and ”dark cloud”
measurements then gives an estimate of the EBL.

Differential Variability =~ Direct [53]

“Dark Cloud” Direct [43]

Solar system foregrounds are largest in the inner
solar system and near the ecliptic plane. Observations

Outer Solar System Direct/Indirect with outer solar system missions, including Voyager, [54]
Pioneer, and New Horizons are less subject to these
foregrounds.
Counting galaxies, for example with deep HST

Number Counts Indirect observations, and assigning a flux contribution to the EBL 12]
to each galaxy can provide an estimate of the amplitude.

Interactions between high energy vy-rays and EBL

photons lead to pari-production and lower energy photons.
Attenuation of high energy ~-rays therefore constrains

the number of EBL photons available to interact.

Foregrounds cancel in cross-correlation as they do not correlate
with the large scale structure distribution.

~-ray Attenuation Indirect [55]

Broadband Tomography Direct [1], This Work

2.1.3 Observations of the UV-Optical Background

Measurements of the UV-Optical background can be broken up into two distinct
categories. Direct measurement techniques attempt to measure the UV background by
constructing estimators of the background that are insensitive to the bright local or galac-
tic foregrounds. Indirect measurement techniques take a different approach by instead
constraining quantities that isolate the galactic and extra-galactic components from the
foregrounds. Dark cloud measurements, for example, measure the difference between the
EBL and the EBL + foregrounds, taking the difference as an estimate of the EBL only
term. Examples of direct and indirect measurement techniques are given in table 2.1.

Because direct measurement techniques have historically relied on the ability to
isolate portions of the sky where foregrounds and systematics are expected to be minimized,

this limits their utility for true all sky intensity mapping experiments. As a result, poten-
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tially large amounts of information about the correlation properties of the UV background,
including its spatial variability, are lost. Further, an increase in the sky area available can
greatly minimize the statistical uncertainties and effects of cosmic variance. On the other
hand, the indirect measurement techniques all rely on strong modeling assumptions about
the emitting population and on the absence of potentially important selection effects. In
the context of GALEX all sky UV photometric intensity maps, based on [56] and [57], [1]
introduced a direct estimator of the UV background that is largely free of assumptions
about and insensitive to the presence of foregrounds that do not correlate with large scale
structure. As it is difficult to imagine a non-instrumental effect that would produce a fore-
ground correlated with large scale structure, this technique offers a potentially powerful
probe of the UV EBL.

Called Broadband Tomography, the elements of the approach attempted with

GALEX and extended here for CASTOR, are as follows:

1. Estimate the angular cross-correlation between a photometric intensity map and a

reference catalog of objects that carries redshift information

2. Forward model the cross-correlation by estimating the observed specific intensity
on the sky for a set of emissivity models and estimate the expected angular cross-

correlation.

3. Produce a maximum a posteriori estimate of the emissivity model parameters condi-

tioned on the observed cross-correlation.

The elements of this technique are illustrated in Figure 2.2. The MAP estimate
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Figure 2.2: Intuitive description of the Broadband Tomographic technique. The cross-
correlation between a 2D photometric intensity map in angular coordinates and a series
of 3D resolved galaxy survey slices in redshift + angular coordinates is measured. The
evolution of this quantity between redshift slices is used to infer the redshift distribution of
photon emission in the 2D intensity map.
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of the EBL parameters is taken as the best fit model for the EBL, and under additional
assumptions to break degeneracies in the correlation function measurement, can be used
to predict the total extragalactic only contribution to the observed diffuse background
signal. An additional advantage of this technique is that it unambiguously breaks the
observed signal into galactic and extragalactic components, an important consideration
for consistency checks that match the observed photon intensity to theoretical models of
extragalactic emission or that posit new physics present in either the galactic or extragalactic

signal. This motivates the work of Chapter 3.

2.2 Gravity and Cosmology

2.2.1 Einstein Gravity

The reputation of Einstein Gravity as an intractably difficult theory obscures the
intuitive premises upon which it is based and the close connection between it and a contem-
porary understanding of Newtonian physics and classical mechanics. In this sense, Einstein
gravity is a particular theory of spacetime structure, while special relativity and Newtonian
physics are alternative models that can be formulated on a similar mathematical basis?.
Following [59], we can think of Einstein gravity as motivated by two principles that con-
strain the space of possible theories, but do not uniquely imply the form of the Einstein

equation.

2See [58] for a thorough interpretation of Newtonian mechanics in geometric terms.
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These are,

1. The principle of general covariance® that states that the metric, g, and quantities

derivable from it, are the only spacetime quantities that appear in the laws of physics.

2. The equations of Einstein Gravity reduce to Special Relativity in the case that g, =

Nab-

to move from the above principles to a specific theory of gravity, one adds the

Equivalence principle?,

Equivalence Principle: The world lines of freely falling bodies in a gravitational field are

simply the geodesics of the curved spacetime metric.

Once the equivalence principle is assumed, one looks for a relationship between
nearby geodesics and a potential like term, that is, the equivalent of the Poisson equation
V2¢ = 4mp. If one identifies the Riemann tensor with one upper index, R%,,, with 0,0%¢
and Tv*0® with p and looks for a nontrivial equation relating these terms, one arrives at

the Einstein equation,

1
Gap = Rop — iRgab = &8 Tyy. (2.2)

Equation 2.2 is typically motivated through geometric arguments - considering the
behavior of particles moving on curved manifolds and through consistency with Newtonian

Gravity. An alternative and more generalizable approach is to posit the action of the theory

3The conceptual meaning and role of the principle of general covariance is unclear and has been the
subject of debate since it was first proposed by Einstein in 1915. See [60] for a review.

4This section follows the treatment in [59], but similar to the principle of general covariance, there
is debate about the historical role of the equivalence principle. [61] argues that Einstein was primarily
motivated by generalizations of energy-momentum conservation as late as 1913.
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of gravity and derive the Einstein equation by varying the action with respect to the metric.

The appropriate choice of action that leads to the Einstein field equation is,

Sg_g = /\/§R (2.3)

Once the action is specified, the equation of motion, Equation 2.2 is obtained
through variation with respect to the metric. The preceding conditions are necessary but
not sufficient for a consistent theory of gravity. As such, the Einstein Hilbert action of
Equation 2.3 can be modified to yield alternative theories of gravity, as we will discuss
further in Section 2.5 and study observational consequences in Chapter 4. In order to
introduce those observational consequences, it is necessary to discuss the connection between

Einstein Gravity and cosmology.

2.2.2 Cosmology and FLRW Models

The central question of relativistic cosmology is to determine which solution of
the Einstein equation corresponds to our observed universe. The apparent difficulty of
this question is owed to the complexity of the Einstein equation, but reduced significantly
under the potentially strong idealization of homogeneity and isotropy. Under these the
assumptions, the Friedmann-Lemaitre-Robertson-Walker (FLRW) solutions to the Einstein
equation possess maximal symmetry and a simple topology (X x R), that is a stack of
three-dimensional spatial surfaces labelled by values of a cosmic time coordinate [59]. These

requirements lead to a particular form for the metric:
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ds® = gdatde’ = —cdt* + a®(t)(dw?® + Sp(w)(d6? + sin*0dg) (2.4)

where w is a radial coordinate and 6 and ¢ take their usual meaning in spherical coordinates.

Sj is a term that encodes the curvature of the spatial 3-surface. It takes values,

Skw)§ w k=20

Here k is a parameter encoding whether the universe has positive (k=1), negative
(k=-1), or flat (k=0) curvature. Measurements of the cosmic microwave background, baryon
acoustic oscillations, and other geometric probes [62], have shown that the spatial curvature
is consistent with the k=0 (flat) case. As such, in this dissertation we assume a fiducial
background cosmology with zero curvature. In section 2.4, we will discuss the meaning of
this assumption in the context of perturbations away from perfect homogeneity and isotropy
that give rise to structure in the universe.

The preceeding description has left open the question of whether the spatial sur-
faces are identical or whether they evolve with respect to the temporal foliation. In fact,
observations of the recession velocities of distant galaxies (“Hubble’s law”) suggest that it

is necessary to endow our description with dynamics®. These are furnished by the Einstein

PEinstein was the first to recognize the role of his theory of gravity for cosmology. As discussed in [63],
Einstein believed that a role for Mach’s principle would be found in cosmology and this led him to reject
dynamical solutions that were then being studied by De Sitter and others. These dynamic proposals would
anticipate the discovery of the distance-redshift relationship by Hubble in 1929 and by the mid-1930s would
represent the consensus view.

30



equation, which relates the evolution of Equation 2.4 to the energy-momentum tensor, 7}, .
The result is a set of dynamical equations for the scale factor a?(t) known as the Friedmann

equations [59], [64], [65],

<a<t T_snG A1
alt)) 3 p 3 KZ2a%(t) (2.5)
a(t) _ _4nG

(p(t) +3p) + .

a(t) 3 3

With expressions® for the dynamics of the metric in hand, it is clear from inspection
that the spatial slices evolve over time based on the values of p(t), p, and A that describe
the constituents of the universe. What does the universe consist of? Under the assumptions
of homogeneity and isotropy, we have a particularly simple and general form for the stress-

energy tensor,

Top = pugtiy + P(gap + uauyp). (2.6)

One consequence of Equation 2.6 is that evolution in the background metric will
also lead to evolution in the matter sector. In particularly, for pressureless dust (“normal
or dark matter”) with P = 0, the energy density, p, evolves with a~3, while for relativistic
matter (“radiation”), with P = p/3, p, evolves with a=%. A term that does not experience
evolution with the background metric is known as a cosmological constant, A, and represents
the simplest dark energy model.

The above results answer our initial question about the range of solutions to the
Finstein equation that are consistent with observations. Some observations about these

results, however, are germane. First, as the energy densities p, and p, are not static,

A is included here for completeness. The significance of this term is discussed in Section 2.2.5.
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but evolve with the underlying dynamics of the spacetime they inhabit, the universe will
experience different epochs in which different components dominate. Second, examination of
the Friedman equation leads to the startling observation that as t — 0, so too does the scale
factor a(t) — 0. As the scale factor parameterizes the relative size of the spacetime slices,
it appears that spacetime vanishes in the distant past while p — co. In fact, observational
evidence strongly indicates that the universe was once in a very hot and dense state.

Theoretical challenges to this paradigm arise in two primary directions. The first
- often called the Cauchy problem - is to produce a theory of initial conditions. The
most popular accounts of how this is to be done is through inflationary models [47, 66].
The second is related to interpreting the behavior of the spacetime as the scale factor
approaches zero. Classically, this is interpreted in terms of the singularity theorems, in
which such behavior is understood to be a generic feature of many spacetimes and subject
only to modest assumptions, cf. Chapter 9 of [59]. One might expect that General Relativity
(Einstein Gravity) is to be a replaced with a quantum theory of gravity applicable to the
early universe’. Unfortunately, no fully consistent quantum theory of gravity, “in the UV”,
is yet known. The Horndeski theories we study in Chapter 4 are an “infrared”, or low
energy, classical generalization of Einstein gravity.

In summary, the existence of FLRW solutions that are consistent with the Ein-
stein equation translates the task of the observational cosmologist into one of determining
the component energy densities €2, ., Qa, and perhaps a small number of additional pa-

rameters, from observations along the past light-cone. This task can be attempted in one

7[67] discusses semi-classical and low energy quantum gravity theories, arguing that these are sufficient
for many problems in cosmology.
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of two ways. First, from direct measurement of geometric quantities or second, from the
information available in large scale structure. The machinery of cosmological perturbation
theory is required to make the link between structure formation and underlying cosmology

or fundamental physics.

2.2.3 Theory of Large Scale Structure: Cosmological Perturbation The-

ory

The goal of Cosmological Perturbation Theory is to predict the large scale distri-
bution of matter in the universe as it undergoes gravitationally driven evolution [68], [69].
We will assume that our theory of gravity is sufficiently close to General Relativity that we
are furnished with a background spacetime around which to study the behavior of small
perturbations. In Einstein Gravity, the task of cosmological perturbation theory is to solve

the perturbed Einstein equation,

SGI = 8nGOTH (2.7)

where the perturbation tensors 6G% and 67} involve perturbations of the homogeneous and
isotropic background spacetime of an FLRW model to the more realistic case of a universe
with slight deviations from homogeneity. We will restrict ourselves to scalar perturbations
on a flat background, as this is expected to be a very good model for the real universe. The

metric of 2.4, becomes

ds* = a(n)? [—(1 + 2®)dn* + (1 — 20)5;;dz"da’ (2.8)
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in the Conformal Newtonian Gauge. The functions ® and ¥ are referred to as the Bardeen
potentials. Large Scale structure measurements, such as those of a LIM experiment or
galaxy survey, probe specific combinations of the ® and ¥ [70]. The perturbation theory
problem can then be broken into two constraint equations (the first and fourth) and two

evolution equations (the second and third) for the Bardeen potentials.

SH(V + HP) — V2V = 47nGa’5p™
(V' +H®),; = A4rGa®(p + p)vTy
(2.9)

U+ H(D 4 2V) + 2H +HHD + %VQ@ — U) = 4nGa?5pN

(9,0, — éa;lv%(w + @) = 87Gap(5:0; — éa;iv%n
where H is the conformal Hubble constant, II is the dimensionless anisotropic stress, and
superscript N indicates that the perturbation is evaluated in this gauge. The constraint
equations relate the potentials to the perturbations on a fixed time slice (elements of the
foliation ¥ x R), while the evolution equations evolve them backwards or forwards to fu-
ture time slices. It is also possible to reframe the problem in terms of energy-momentum
continuity by imposing the condition that 77, = 0. Note that this condition generalizes
energy-momentum conservation to a curved background. This leads to a set of energy con-
tinuity equations and the Euler equation, which can be used as an alternative, and often
more straightforward way, to solve for the evolution of the potentials and perturbations.
For a perfect fluid, ® = ¥ and we can express the field equations entirely in terms

of @ and its derivatives. It is typical, then, to re-express the evolution of ® in terms of the

primordial perturbations, usually assumed to arise during inflation, in terms of a transfer
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function that depends on scale and the growth function that expresses the evolution of the

power spectrum with redshift (or scale factor). We have,

O(k, a) x BT (k)Ds (a), (2.10)

where @ is the primordial potential, T'(k) is a scale dependent transfer function, and D (a)
is a scale independent growth function [47]. The potential is not directly observable but is
related through the Poisson equation to the observable perturbation in the matter density

through the Poisson equation, which has a simple form in Fourier space,

E*®(k,a) = 41Gpy(a)aom(k, a) (2.11)

where p,, is the background matter density and ¢ is the density perturbation. Equation 2.11
provides the link between large scale structure observables, such as the correlation function
and power spectrum, and the theory of large scale structure and, more generally, gravity.
The power spectrum is obtained by substituting in expressions for the matter density, as
well as by solving the field equations in various limits (or numerically obtaining solutions)
for the transfer and growth functions. As the Poisson equation will be modified if the
underlying theory of gravity is assumed to differ from Einstein Gravity, the power spectrum
will generally differ in shape from the ACDM prediction. It is therefore a promising probe

of fundamental physics.
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2.2.4 Observations of Large Scale Structure in Comoving and Redshift

Space

In the previous section, we developed an account of how perturbations of the
background spacetime generate density perturbations in the matter sector. Our task is
to develop tools to measure the matter sector perturbations and compare them with the
theoretical predictions. The key idea of this section is the notion of a cosmological point
process and is based on the observation that what is measured in a galaxy survey is the
number counts of observed sources at a given redshift and position on the sky.

Beginning from the definition of a point process [21],

Point Process:

A point process in d-dimensions is a random variable taking values in a measurable space
formed by the family of all sequences ® of points in R? satisfying i) local finiteness and ii)
simplicity. Notationally, we say that x € ® if the point x belongs to the point process and

that @ is a random measure counting the points in a given region, e.g. ®(A) =n = X1(A)

for A € R%.

The definition of a point process is agnostic to the process that produces it. In
the context of a cosmological point process, we assume that inflation (or a similar early
universe process) generates a continuous gaussian distribution - a gaussian random field -
of scalar perturbations characterized uniquely by a mean and variance. What is observed
by a galaxy survey (or intensity map that is mediated by photon production in galaxies)
is a discrete Poisson sampling of a Gaussian random field. In the point process literature,
this is called a Cox Process, a type of (in general) doubly stochastic inhomogeneous Poisson

process. On sufficiently large scales, we can model the galaxy distribution as homogenous
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and driven by underlying gaussian random field. Observations of the galaxy distribution
measure the (co)variance or correlation functions from counts of objects at given spatial
positions.

In the language of statistical physics, the distribution of matter in the universe
is represented by a stationary continuous stochastic process (SSP) or field of fluctuations
about a given mean [20]. Fluctuations above the mean describe the presence of galaxies,
while fluctuations below the mean describe voids. The galaxy sampling of the underlying
random field discretizes this continuous field to a discrete SSP. Important properties of this

SSP are stationarity and ergodicity,

Stationarity:
A stochastic process is said to be stationary if it is statistically homogenous or translationally

invariant. This is justified for cosmological random fields by the assumptions of homogeneity

and isotropy used to define the class of FLRW models.

an additional requirement of the cosmological point processes is that they are er-

godic.

Ergodicity:
A process that generates a distribution p(r) is said to be ergodic if a function F(p(r)) has
an expectation value (F(p(r))) that converges to the spatial average of F as the volume

goes to infinity. In other words,

(F(p(r))) F = lim ‘1//Vd?’roF(p(ro—i—rl,ro—i—rg,....) (2.12)

Voo

The study of stochastic processes now furnishes the correlation function and power
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spectrum, In particular, it is common to consider the reduced 2-pt correlation function,

5(712) _ <(ﬁ(7“1) - pozgﬁ(TQ) - P0)> (213)
0

by isotropy, £(r12) is a function of the separation of two points only. We interpret this
as giving the excess probability of detecting a galaxy at a given separation from another
galaxy. In angular coordinates on the sky, this is called the angular correlation function,
and denoted w(#), where  is an angular separation vector. In Chapter 3, we work primarily
in terms of the angular correlation function, as is typical for photometric intensity mapping
analyses. In Chapter 4, we work in the more commonly used 3D Power Spectrum, P(k),
rather than the real space correlation function. The power spectrum is defined as the

function P(k) that satisfies,

£(r) = (271r)d / P(k)exp(ik - r)d%. (2.14)

Which has a familiar form when d=3. The 3D power spectrum, P(k), is related to
the angular power spectrum C; through the Limber approximation [71].

Observational constraints on the Correlation function and Power Spectra are based
on counts of galaxies or other tracers of the mass distribution. Chapter 4 provides explicit
models for the uncertainty in the measurements of the Power Spectrum in the context of line
intensity mapping in the sub-mm/far-IR, and Chapter 3 discusses the origins of correlation
function uncertainties in fluctuations of tracer galaxy counts.

Difference between Comoving and Redshift Space

So far, we have considered the power spectrum expressed in the Fourier space
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corresponding to comoving coordinates 7. Real observations, however, take place in a 241
dimensional space of angular coordinates, right ascension and declination on the sky, and a
redshift space coordinate, z. The redshift space coordinate is converted from the comoving
coordinates through the relation, ¥, = ¥+ ¥, which is a sum of the comoving position and
velocity of the galaxy in the comoving frame, so called peculiar velocities.

Measurements in redshift space are therefore distorted from measurements made
in the comoving space. Here, we summarize the salient features of these distortions and
refer the interested reader to [72] for a more complete summary. While one might initially
suspect that these Redshift Space Distortions (RSD) are simply a nuisance systematic to
be modeled and removed, the distortion actually carries information about cosmology that
exceeds the information present only in the matter power spectra. The reason for this is
that RSD are a consequence of non-zero peculiar velocities of sources in the comoving frame,
and these velocities are sourced by perturbations in the matter density field through the
Poisson linearized continuity equations. For linear redshift space distortion parameter S,

peculiar velocity field v, and overdensity J, we have,

V.u+B5=0. (2.15)

One can derive a relationship between the observed overdensity in redshift space
and the true overdensity in comoving space by combining the continuity equation with
number conservation - that is, for an identical physical volume in comoving and redshift
space, the number count of galaxies is conserved. This leads to a differential operator

relating the two densities. If one then makes the linear-plane parallel approximation that
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the distortions are parallel to the coordinate basis, a good approximation of the observer is
distant, and moves to Fourier space, one finds that the differential operator is now diagonal.
Hence the distortion is linear in the comoving density with statistically independent Fourier
modes. As the distortion depends on the growth of structure governed by the Poisson
equation, the difference between the real and redshift space power spectrum is a potentially
sensitive probe of cosmology. We will study the sensitivity of LSS measurements to modified

gravity effects in Chapter 4.

2.2.5 Dark Energy and Modified Gravity

Is Einstein Gravity the correct theory of classical gravitational interactions? Re-
markably, it can be shown that the Einstein equation (2.2) is, in some sense, the most
general description of gravity consistent with the basic assumptions of Section 2.2.1. This

result is due to [73], and can be phrased in modern notation [74] as follows,

Lovelock’s Theorem:

Let (M, gap) be a four dimensional spacetime. In a coordinate neighborhood of a point p
€ M, let ©, be the components of a tensor constructed from {gAH; I gAW,p} such that
V'O, = 0, then G4 = rGap + qgap Where V,, is the derivative operator associated with

Jab, Gap is the Einstein tensor, and q and r are arbitrary constants.
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The above formulation is written in the language of the geometric interpretation
of Einstein Gravity, but can be re-expressed in terms of the Lagrangian of the theory and
the same result is obtained [75]. This result is interpreted as limiting the space of possible

modifications to Einstein Gravity to,

1. Consider other fields beyond the metric tensor

2. Accept higher derivatives of the metric in the equivalent of the Einstein field equation

3. Work in a space with a higher dimensionality than four

4. Give up type (2,0) tensor field equations, symmetry of the field equations under index

exchange, or divergence-free field equations

5. Give up locality

In fact, it is already known that Einstein gravity must be modified to describe the
accelerated expansion of the universe [76] [77]. This is accomplished by changing 2.2 to

read,

Guw +Agw =Ty (2.16)

where A is a vacuum energy density. We can either view the inclusion of A is a modification
of gravity or as a new term in the stress-energy tensor. In this context, we refer to A as
Dark Energy, a new component energy density that is interpreted as a “modified form of
matter”.

In addition to A, we can consider the addition of a scalar (“spin-0”) field, ¢,

a vector (“spin-17) field, for example, A, (the vector potential of classical E&M) or an
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additional tensor (“spin-2”). [78]. We will specifically study a modification of the Einstein
equation that includes an additional scalar field with its own dynamics. In addition to the
mathematical requirements imposed on the Einstein Equation by general covariance, the
equivalence principle, and by consistency with special relativity and Newtonian physics,
in scalar-tensor theories, it is typical to impose the condition that the action be free of
Ostrogradski instabilities. This occurs if the Euler-Lagrange equations corresponding to
the action of the theory have terms that are higher than second order. This stability
condition implies that the theory depends in part on derivatives of the scalar field kinetic
term, and hence strongly constrains the form of the action. Schematically, the Horndeski

action is of the form [79],

S = /d4x\/—gEi£,; (2.17)
where £ is a function of ¢ and X = @. The exact form is fixed by the stability conditions

to be,

Lo =K(¢,X)

Ly = —Gs(0, X)o

L4=Ga(6, X)R + Gix(6,X) [(6)? — $yud™] (2.18)
L5 = G5(, X) G -

%G5X(¢’ X) [(@3 + 2(]5”#(750;/(#; - 3¢;W¢;W¢},

Horndeski theories generalize AC DM, Quintessence and K-essence, f(R) and gen-

eral scalar-tensor models, as well as Galileons, and Gauss-Bonnet coupling. For a full
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comparison of the Horndeski action to the space of previously considered models, see [80].
We further discuss additional stability conditions on the propagation of perturbations in
Horndeski theories in Chapter 4.

The introduction of dark energy A was motivated by the need to fit observations of
Type la supernova that constrain the expansion rate and hence the Hubble constant. There
is now a growing body of evidence that low redshift measurements, so called “local universe”
observations, give an estimate for Hy that differs from measurements of the CMB and other
“early universe” probes [81]. [82] reviews a large space of dozens of possible theoretical
responses to the tension and classifies solutions into 11 broad categories. A non-exhaustive
list includes new relativistic degrees of freedoms, new particle physics interactions, changes
to inflationary physics, modified recombination histories, and various flavors of dynamical
dark energy.

Horndeski theories with a dynamically evolving scalar field coupled to the back-
ground evolution are a natural framework for considering such models [83]. This allows for
the equation of state parameter ot either “freeze” or “thaw”, that is, w either decreases to
its cosmological constant value of -1 or increases away from -1 as the scalar field evolves.
Dynamical dark energy models have been studied extensively, cf [84], and for early dark
energy constraints from LIM by [85]. LIM is especially promising for searching for signs of
dynamical dark energy because it probes both large cosmological volumes and a wide range

in redshift. This motivates the work of Chapter 4.
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Chapter 3

Forecasts for Broadband
Tomography with CASTOR and

SPHEREx

3.1 Introduction

The extragalactic background light (EBL) is a powerful probe of structure for-
mation, cosmic star formation history, and the intergalactic medium [86, 87]. Because
the ultraviolet background (UVB) component of the EBL is both a direct probe of these
processes and sets the ionization state of the intergalactic medium, understanding the evo-
lution of the UVB and the EBL is both an important modeling problem and a promising
observational constraint on the photon distribution. Contributions to the EBL (and UVB)

come from direct emission due to galaxies and active galactic nuclei that produce a discrete

44



component, and from radiative processes, including dust scattering and recombination that
produce a diffuse component. The EBL contains information about the emission over cosmic
time of total integrated processes, and therefore provides an important consistency check
for models that attempt to reproduce the photon production history of the universe [13].

In the ultraviolet (UV), direct measurements of the EBL have been attempted
with Voyager 1 and 2 at 110 nm [88], and with Voyager UVS at 100 nm [89]. At these
wavelengths, the dominant foreground uncertainty is due to skyglow, leading to large un-
certainties on the total EBL intensity [43]. In the blue portion of the optical, attempts have
also been made with Pioneer 10 and 11 [90] at 440 nm with the broadband Long Range
Reconaissance Imager (LORRI) on New Horizons from 440 nm - 870 nm [91]. Direct pho-
tometric measurements with New Horizons have found that a large fraction of background
photons may be associated with a diffuse component not associated with identified sources
[54]. This diffuse component may arise either from galactic sources or extragalactic sources
below the limiting magnitude of current galactic surveys.

Beyond spacecraft measurements, observations as a function of galactic latitude
[4, 53] place upper limits on the total combined galactic and extragalactic component, sub-
ject to foreground uncertainties due to the zodiacal component and contributions from faint
stars. One way to mitigate these uncertainties is the dark cloud technique [92, 3], where
observations are taken in the direction of opaque clouds in the interstellar medium and com-
pared to blank sky observations. The difference between these two measurements is taken
to estimate the foreground and combined brightness. Each of these techniques attempts to

capture the contribution of diffuse emission at low surface brightness, which results in large
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statistical and systematic uncertainties arising from the larger skyglow, zodiacal, and galac-
tic foregrounds. The latter also complicates interpretation of direct intensity constraints as
they must be decomposed into galactic and extra-galactic components.

An alternative strategy (for a recent review see Hill2018) integrates the total
emission over number and luminosity counts of sources down to some limiting magnitude
[93, 94, 2]. This derives an indirect lower limit on the extragalactic component, subject
to large uncertainties in the contributions of fainter and diffuse sources. Since constraints
on the photon production history of the universe require knowledge of the diffuse compo-
nent that is produced by both undetected sources and scattering far from detected discrete
sources, significant uncertainties remain about the relative contributions.

To measure the total contribution of faint sources, intensity mapping measures
a continuous spatial brightness function on the sky without setting an absolute detection
threshold. Using the intensity maps in the Galaxy Evolution Explorer (GALEX) near (NUV)
and far ultraviolet (FUV) from [95] and [53], [1] introduced the concept of broadband in-
tensity tomography to measure the EBL. By cross correlating a spectroscopic tracer catalog
with these maps [56, 57|, an integrated constraint on the total EBL in two filters was de-
rived with high fidelity separation between the extragalactic signal and the foreground and
galactic contributions. In this work, we forecast a similar measurement using future UV
telescopes. We consider in particular the Cosmological Advanced Survey Telescope for Op-
tical and UV Research (CASTOR), a one meter class telescope intended for launch in the
mid to late 2020s [96], and Spectro-Photometer for the History of the Universe, Epoch of

Reionization and Ices Explorer (SPHEREx). CASTOR is a wide field of view survey satellite
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capable of producing all sky intensity maps with an expected 0.15” PSF. SPHEREx is an
infrared observatory which can extend and complement local restframe UV measurements
by observing at higher redshifts, z ~ 5 — 9.

The nominal mission design for CASTOR includes a survey over a 7700 deg? [96]
region defined to cover the overlap between the Roman Space Telescope [97], Euclid [98],
and Vera C. Rubin Observatory [99] survey areas. It will provide complementary informa-
tion in the optical and near ultraviolet to those surveys targeting longer wavelengths. The
CASTOR surveys would be performed in three broadband filters from 150 nm to 550 nm.
The larger mirror size, overall redder filter set and improved calibration compared to the
< 250 nm NUV and < 150 nm FUV filters on GALEX offers potential for extending inte-
grated constraints on the UV-optical background light, including Lyman continuum (LyC)
escape fractions, the slope and normalization of the continuum emission and its evolution
to intermediate redshifts up to z ~ 3 — 4, with improved error properties at lower redshift.

SPHEREX is an all sky spectro-photometric survey covering 0.75-5 ym. The space-
craft features a 0.2 m mirror and produces spectra of 6.2 arcsec? pixels by scanning 96
linear variable filters across the sky. Although nominally an infrared survey, at z > 5 — 9,
SPHEREx will produce rest-UV intensity maps of Ly« emission. Modeling the complete
response of a set of narrowband filters approximating the SPHEREx instrument can extend
these maps to measure the UV continuum and its evolution across these redshifts.

The plan of this paper is as follows. In Section 3.2, we introduce our notation and
derive the cross-correlation function which is at the heart of broadband tomography. In

Section 3.3, we introduce our emissivity model and the application of this technique to the
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expected CASTOR throughput and wavelength coverage. Section 3.4 estimates the error
budget for such a survey. In Section 4.4, we discuss how the additional filter and different
wavelength coverage impact our inference of the underlying spectral energy distribution and
the EBL monopole. Finally, in Section 3.6, we extend these results with a discussion of how
a broadband tomographic measurement with CASTOR is complementary to broadband
constraints from SPHEREx and LUVOIR on the ultraviolet background and history of Ly«
emission. We conclude in Section 3.7 with a summary of this work.

Where necessary, this paper assumes a 2018 Planck fiducial cosmology [62] with

Q,, =0.31, Q) =0.69, Qp = 0.05, and Hy = 67 km/s/Mpc.

3.2 Broadband Tomographic Intensity Mapping

In this Section we will introduce our notation and derive the cross-correlation
function between photon over-intensity and matter over-density. We will work throughout
with quantities averaged over angular shells. Quantities will be a function of r, the size of a
radial shell on the sky, or 6, the angular distance on the sky. We will also measure change
with redshift, z, and denote quantities which depend on frequency with a subscripted v.

We follow the derivation from Section 2 of [1], and summarize below.

3.2.1 The Filter Specific UV /Optical Photon Intensity

The comoving emissivity in the restframe, €, (r, z), often presented in ergs s~ Mpc ™3

Hz™!, is not a directly observable quantity, but is related to the observed angle average

specific intensity at frequency v, j,(r,z) (in ergs s™!' em™2Hz 'Sr~!) via the equation of
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cosmological radiative transfer [48];

<881/ - VH(Z)gt + 3H(Z)>jy(7", 2) (3.1)

= —chyjy(r, 2) + ieu(r, 21+ 2)3. (3.2)

Here H(z) is the Hubble function, ¢ is the speed of light and k,, is the opacity. The integral

solution in the observed frame is

c [ 1
] = — - 7Teff(llzz)
.]V,Dbs (T) 47'(' /0 dZH(Z)(]_ + Z) 61/ (T’ Z)e Y (33)

and v = (1 4 2)Vobs. Teft(v, 2) is the effective optical depth, for which we use the simple

model of [100],
—1.5
n(2) = AVATL () (1424 - ) (34)

where A = 1.4 x 107 is a normalization constant fixed by estimates of the density of Lyman
Limit Systems (LLS), o7, = 6.3x10718cm? scales the hydrogen photoionization cross section,
and vy, is the Rydberg frequency 3.3 x 10" Hz.

A broadband survey measures the convolution of this quantity with the filter re-

sponse function Ry (Veps),

JY(T) — / dVObSRY(Vobs)jV,obs(r)' (3'5)

Vobs
Here Y denotes the filter band and is u, v or g. Ry (veps) has been normalized such that
Jy (r) = ju(r) for a flat input spectrum. This ensures that the band averaged magnitude
is a function of the source emissivity over the observed frequencies, rather than the band

shape.

49



3.2.2 The Broadband Tomography Cross-Correlation Function

Intensity mapping experiments measure a continuous spatial flux distribution,
rather than a discrete sampling of emitting sources. Thus, rather than constructing a
catalog of objects, intensity mapping experiments produce maps of the sky in which the
intensity of each pixel is associated with both resolved and unresolved sources.

Broadband tomography [1] is a technique for extracting the redshift distribution
of emission from intensity maps in the presence of bright foregrounds. Cross correlating
an intensity map with a spectroscopic tracer catalog results in an estimate of the emission
distribution in redshift. Here we summarize the key features of this technique and refer the
interested reader to previous work for more details.

Our ultimate aim is to estimate the comoving emissivity as a function of redshift,
€,(2), from the band averaged specific intensity, Jy-, measured on the sky. We build a model
for €,(z), and forward model an estimate of the redshift evolution of Jy, denoted dJy /dz.
We compare this forward model to the cross-correlation of the over-intensity observed in
the map with a reference catalog and thus estimate the parameters of the model.

To make this explicit, consider a field X with coordinates (¢, z), where ¢ is the
angular separation from some reference location 6, and a spectroscopic tracer object. If
the overdensity of spectroscopic tracer objects is represented by d,(¢ + 6, z) (which is 1 if a

tracer object is located at a location ¢ + 6 and 0 otherwise), then the cross-correlation is

wxr(0,2) = / X (6, 2)6,(6 + 0, 2)deb (3.6)

Subscripts indicate the two fields that are being cross-correlated. Subscript X would be €
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for the emissivity map, or J for the observed band-averaged specific absolute over-intensity
AJy. Subscript r indicates the reference emitter catalogue.

To relate the observable cross correlation to the comoving emissivity in redshift,
consider the case where we have three dimensional information about the distribution of

emitters. Then the comoving emissivity, €,(6, z), is given by

e(0,2) = €,(2)(1 + wer(8,2)), (3.7)

€(2) = (e(0, 2)) ,

where €, (6, z) is the specific emissivity at angular separation 6 from objects in the reference
catalogue at redshift z and €,(z) is the spatial mean specific emissivity. Angle brackets
denote a 2D average over both sky directions. we,(f,2) is the angular cross correlation
function between emissivity and the spectroscopic tracer catalogue, defined in Equation 3.6.
Equation 3.7 is interpreted as giving the excess probability of detecting photons at the given
separation.

Our goal is to relate this to the observable cross correlation between the band-
averaged specific intensity map and the spectroscopic catalog, w,. To do this, we substitute
the integral solution of Equation 3.3 into Equation 3.7, and then apply the binning integral

from Equation 3.5 to find

dJy

Ty (0) = (I (0)) + / wr(0,2) 220, 2)d (3.8)

The first term on the right side of Equation 3.8 represents the average specific in-
tensity, or monopole, while the second is the term we seek, relating the shell 1-bin averaged

map intensity Jy to the redshift distribution and the rest frame emissivity cross correlation.
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To increase the signal to noise ratio on estimates of the cross correlation, we define nor-
malized weights W () such that [ W (0)df = 1 in angular separation and integrate out the
angular dependence to produce a one-bin measurement of the cross correlation or another
angular dependent quantity.

The second term in Equation 3.8 can be expressed in terms of the underlying
matter correlation function wpsps(2) if both the intensity map (or comoving emissivity) and
the large scale structure tracer are biased tracers of it.

dJy

WJJ“(Z) = WbrbimwM,M(z)' (39)

As both the tracer catalog and the EBL photons are biased tracers of the under-
lying matter field, we include scale-independent linear bias factors b;,,, and b,. This defines
the angular cross correlation function, wj, between the tracer catalog and the intensity
map, which is the observed quantity. The use of the angular correlation function to extract
redshift dependent quantities in this way is due to [56]. The explicit result in Equation 3.9,
however, was first arrived at in [57] who take this as the definition of the angular cross
correlation function w,, between the specific intensity (or its band averaged counterpart)
and the large scale structure tracer.

Equation 3.9 is the intrinsic observable obtainable in a broadband measurement,
where Jy is the band averaged specific intensity (Equation 3.5), which depends on the
integrated source rest frame emissivities, €, (see Section 3.3 for our modelling of these
quantities). The matter angular correlation function wys s can be estimated either nu-

merically with tools like CLASS [101] or CAMB [102] or with fitting functions [103]. The
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assumption of linear or scale independent biasing is valid on the large scales measured here
and has been tested in the context of clustering redshift estimation in [104, 105]. dJy /dz
encodes information about the astrophysics of UV photon production, while the remaining
terms encode the structure formation history and underlying cosmology dependence.

We will consider the effect of modeling the reference catalog bias b, in Section
3.4.2 and infer the evolution of the map bias, b;,, by modeling it as a double power law in

redshift and frequency, with evolution parameters v, and -,:

Yv
bon(v2) =05 () (12 (3.10)

These model the evolution of the frequency and redshift dependent photon clustering bias
bim (v, 2) = bim (7, z) that we evaluate at the effective frequency () of the filter in estimating
cosmic or sample variance on a per filter basis. The effective frequency we compute aver-
ages over the filter response, estimating the effective bias by its average value in the filter.
Although choices in how this average is performed may change the estimate of the filter-
specific cosmic variance, this is dominated by the bias weighted integral of the correlation
function of the underlying matter field, which on the scales we consider is orders of magni-
tude smaller than the contributions of field to field variance, shot noise in the spectroscopic
catalog, and evolution of the bias. As such, the choice to include or exclude filter-specific

cosmic variance does not change our forecasted constraints on UVB model parameters.
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3.3 Emissivity Model

3.3.1 Restframe Model

The comoving UV emissivity— the frequency-dependent energy emitted per unit
time and volume- is written as the sum of UV photon contributions from all sources.

UV photons can be produced by stellar populations in galaxies (written as €}), by active

AGN
v

rec

galactic nuclei (e D

), and through recombinations (€7¢), all of which are considered in the
source rest frame. Therefore, the total restframe emissivity €, determined from broadband
observations is

€, = N L e, (3.11)

Our model for ¢, follows [1] and parameterizes the model in [50]. This model has been
compared to broadband tomographic constraints from GALEX and used to inform improved
synthesis modeling in [52]. We approximate the spectral energy distribution of the EBL
over the wavelength range 500 to 5500 A as a series of piecewise defined power laws. The
filter width of the instrument is much wider than the emission feature, so the Lyman-«
emission line can be represented by a delta function at 1216 A.

For ionizing photons with A < 912 A, v > 3.29 x 10" Hz, we write

@1500 «1216 Q912
V1216 Y912 v
& = fryc(2) () ( ) €1500 <> ; (3.12)

V1500 V1216 V912

where fryc is a function that parameterizes the evolution of the Lyman continuum escape

fraction. We normalize fiyc at redshifts where the Lyman break is directly constrained as
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it passes through the GALEX filters, such that

g fuye(2) = ((og fi52 ~ 0w fi5) Jow (15 ) ) »

bl (3.13)
log (1:;) + log ff;clv

€1500 Will appear in each expression and normalizes the total emissivity to its value

at 1500 A, while vx is the frequency corresponding to X A. Similarly, ax is the spectral

slope at X A for X = 912, 1216 and 1500 A. The spectral slopes at 1216 and 1500 A evolve

with redshift according to

ax = a4 Cux log(1 + 2), (3.14)

where X = 1216, 1500, and the 0&:0 are the values of the power law parameters at z = 0
as determined from the GALEX intensity photometric intensity maps in [1].
For photons overlapping with Lyman-c emission, that is 912-1216 A, or v = 2.47—

3.29 x 10" Hz, we supplement the power law with a delta function for Lyman-a:

V1216 @1500 v x1216
€y = €1500 < > [< > + D(z, l/)}
V1500 V1216

1%

D(z,v) = EWrya(2)d(v — v1216) <02) . (3.15)

Motivated by the midpoints of the GALEX filter bands, we follow [1] and model

the Lya equivalent width, EWyy4(2), as linear in log(1 + 2):

EWLya(Z) = CLya 10g(1 + Z) + EWf;o(z)g

z= z= 1+1
Cua = (BWi5E ~ BWE) /0w (101 (3.16)
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CASTOR measures redder wavelengths than GALEX (0.15—0.55um instead of 0.1—
0.15um), and so the new data will not measure EW%SQ. We therefore fix it to the fiducial
value of -6.17 from GALEX. Similarly, we fix agis = —1.5 as this parameter lacks a direct
data constraint in CASTOR or GALEX photometry. The final piece of the emissivity model

is the non-ionizing or long wavelength continuum for photons with wavelengths greater than

1216 A or v < 2.47 x 10'5 Hz,

v a1500
ev(2) = €1500 ( > , (3.17)
V1500

with redshift evolution

€1500 = € gap(1 4 2)71500, (3.18)

Intensity mapping experiments measure a biased tracer of the underlying matter distribu-
tion. €1500 is thus constrained only as a product with the z = 0 bias normalized bf?o%.

In summary, our emissivity model has 11 free parameters that we evaluate in our
inference from A = 700 to 3000 A. Four parameters model the power law slope of the emissiv-
ity with redshift (5%, @iz, Ca1216, Cats00)- Two model the log of the Lyman continuum
escape fractions (log ff;g,log ff;é) Additionally, we have the Lya equivalent width at
z =1 (EW33)), the product of the emissivity and the bias normalization log (e{55b5500)

and the redshift evolution of the emissivity ~e1500-

3.3.2 Projection in Redshift Space

The piecewise model of Section 3.3.1 is related to the observed frame intensity j,
via Equations 3.1-3.5. To derive the observed frame quantity, we also require an instru-

mental response function which characterizes the transmission fraction or the probability
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of detecting an incident photon. This yields an instrumental magnitude of a source, which
is a combination of the distribution of emitted photons, the distance to the source, and the
instrumental response to detected photons. We can thus convert the observed broadband
intensity in frequency space into a broadband intensity distribution in redshift. Combining
Equations 3.3-3.5 above yields the observed frame quantity desired in Equation 3.9 for a

tomographic survey,

dJy c

PR e o ) (3.19)

d
/ Yobs R(Vops)bim (v, z)e,,(z)eiTeff(”’Z),

Vobs

where c is the speed of light, H (z) is the Hubble function, 7.¢ is the effective optical depth,
v is the emission rest frame frequency and v,y is the observed frame frequency.

Equation 3.19 is a band averaged intensity distribution and a function only of
redshift. In this sense, the instrumental response function has turned the rest-frame emis-
sivity function into a photon distribution in redshift by convolving a frequency and redshift
dependent quantity with a function that is of frequency only. The behavior of this function
is most easily seen by considering a single delta emissivity function in frequency that is
produced at a range of wavelengths. In this case, one would simply recover exactly the
filter curve in redshift space (see Figure 1 of [1]). The redshift distribution functions are
then filter specific combinations of the evolution of the underlying emissivity distribution

and the instrument response.

3.4 The CASTOR Filters and Error Budget

CASTOR is a proposed near UV-optical survey telescope. Wavelength coverage
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Figure 3.1: The filter transmission curves for CASTOR UV, u, and g filters (solid) and
GALEX NUV and FUV (dashed). The short wavelength GALEX FUYV filter is not replicated
in CASTOR, which replaces it with two redder filters.

for the UV imaging instrument is ~ 550 — 5500 A. The filter response functions R(Vops)
are shown in Figure 3.1, where we have also included the GALEX {NUV, FUV} filter sets
for comparison. GALEX covers effective wavelengths 0.1 — 0.15um in the FUV and NUV,
compared to effective wavelengths of 0.23 — 0.5um for the {uv,u, g} filters on CASTOR.
The NUV and uv filters on GALEX and CASTOR provide similar constraining power, while
the u and g filters extend the data constraints in observed frame frequency and thus higher
redshift. CASTOR thus has weaker constraints on short wavelength emission at low redshift,
but greater potential to constrain shorter wavelengths at higher redshifts in the red filters.
While GALEX samples the continuum to z = 1 in the FUV and z = 2 in the NUV,
CASTOR’s redder filters extend these constraints to z = 2.5 — 3 in the g band.

In this section we will describe our error models for a CASTOR like survey. We
will consider the contributions from shot noise (Section 3.4.1), photometric zero point (Sec-
tion 3.4.3), and evolution of the reference catalog bias (Section 3.4.2). We place upper and

lower bounds on the total error budget from these contributions.
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3.4.1 Shot Noise

For a galaxy tracer-intensity map cross correlation, shot noise is introduced due
to both the discrete nature of the galaxy tracers and the contribution from the tracers to
the observed intensity in the map. In other words, for a flux weighted cross correlation,
the amplitude of the shot noise becomes flux weighted. To estimate the size of the shot
noise on estimates of the correlation function, one can use a counts in cells approach, as in
[106] developed for HI intensity mapping or work directly from the definition of the cross
correlation estimator. In either case, for a tracer with angular number density ng4, the

variance in flux weighted counts is then (cf. [20]),

oy = : (3.20)

This corresponds to a scale independent shot noise with amplitude set by the an-
gular number density of tracer objects per redshift bin, n,. In general, the tracer catalog
density will be a function of both the galaxy density function in units of number per stera-
dian, which can be computed from the halo mass function dN/dM, where dN is the number
per mass bin M+dM, by integrating in mass and over the cosmological volume and a survey
selection function.

To model the tracer distribution as a function of redshift, we take the SDSS
CMASS and LOWZ [107], eBOSS LRG and QSO [108], and SDSS QSO DR12 [109] and
DR14 [110] catalogs and divide the redshift distribution into 80 bins from redshift 0 — 4. In
total, this corresponds to 2,727,612 tracer objects distributed over ~ 7000 square degrees

in the northern hemisphere.
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Figure 3.2: The fractional error budget as a function of redshift ~ 1/, /n,. Also plotted is
a photometric zero point error for which we assume a fixed 1% value in our optimal error
model. Inset is the redshift distribution from the SDSS tracer surveys we consider in this
work. The corresponding shot noise curve is multiplied by a factor of 5 to account for
the improved depth of future spectroscopic catalogs, and calculated using the relationship
derived in § 3.4.1
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We plot the total error budget in Figure 3.2. At most redshifts, the photomet-
ric zero point error is larger than the shot noise component. Future spectroscopic tracer
catalogs are expected to improve on the completeness, that is, detect a larger fraction of
galaxies contributing to the diffuse component of the UVB, of existing surveys, especially
at z > 1. In Section 3.4.3 we discuss how uncertainty in the field to field photometric zero
point propagates to a 1 — 3% uncertainty in the angular correlation function. Shot noise
from existing tracer catalogs is subdominant to the photometric error for z = 0.2 and for
z < 2.6. In Section 3.4.4 we will consider two noise models that bound the uncertainty
in the recovery of the intensity distribution in redshift. In order to set the lower bound,
we consider a spectroscopic tracer catalog improved in depth, as measured by the number
density of sources in each redshift bin, by a factor of 5, which delivers a shot noise term
that is subdominant to the photometric error for z < 4. Concurrent with the nominal
lifetime of the observatories we consider, in the mid to late 2020s, several large scale struc-
ture experiments will deliver deeper spectroscopic catalogs. In particular, the Dark Energy
Spectroscopic Instrument is expected to deliver a factor of 10 improvement in depth over
the catalogs we consider, ~ 30 million galaxy and quasar redshifts, between z = 0 and
z 2 3.5 [111].

The shot noise estimate given in Equation 3.20 assumes that noise is due entirely to
emission from discrete sources. That is, we neglect the variance in estimating the flux from
an intensity map discretized due to the finite resolution of an observed intensity map. This
underestimates the error since the intensity map will also have contributions from diffuse

emission due to extra-galactic sources below the detection limit of spectroscopic tracer
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catalogs. Given the deeper spectroscopic catalogs we consider, we expect the overall effect
of neglecting the contributions of diffuse sources to be a larger effect for current than for
future surveys. This leads us to expect that, with the improved depth of future spectroscopic
catalogs, neglecting the diffuse extra-galactic component in our analytic approach will lead
to only a small underestimate of the total noise amplitude.

It is important to note that our definition of the map bias, b;,,, encodes that the
observed map intensity Jy is a biased tracer of the underlying matter density field. As a
result, the estimate of the shot noise in Equation 3.20 is a bias weighted estimate. Since
dim and diffuse sources will be less clustered than more massive sources that produce a
greater observed intensity, we expect that the contribution of diffuse sources to the shot
noise in the map will be less than the contribution from the discrete sources considered in
the cross-correlation.

The frequency resolution for discrete features of the spectral energy distribution
is set by the ratio between the reference catalog binning J,, in redshift space given by
Az = 0.05, and the intrinsic clustering scale ¢, [57]. This is because the clustering scale is
a small number when evaluated in redshift space. A 5 Mpc angular separation corresponds
to Az ~ 0.001 at 2 = 0 and Az ~ 0.01 at z =~ 1. The signal to noise ratio also increases
with the effective survey volume, owing to more tracer objects in the reference catalog.
Broadband estimates of the SED therefore favor larger survey volumes and hence larger
redshift binning.

For existing spectroscopic catalogs, shot noise is comparable to photometric errors.

However, improved tracer catalogs reduce uncertainties by a factor of the survey depth, thus
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requiring improved photometric error control. Still broadband tomography may provide
advantages over other measurement techniques as these are often limited by the ability to

perform a foreground decomposition into galactic and extragalactic components.

3.4.2 Error due to Bias Evolution in the Tracer Catalog

From Equation 3.9, the ability to extract the bias weighted redshift distribution

dJy
dz

im (v, z) is limited by knowledge of reference catalog bias b, evolution with redshift.
Uncertainty in the angular correlation function and the tracer catalog bias propagates to the
cross-correlation, %bim (eq. 3.19). We can estimate the contribution of the bias evolution

to the inferred distribution by considering the mean offset in the inferred redshift,
E[Z] —z= /2a+1N(Z0,O')dZ — /z./\f(zo,a)dz, (3.21)

We assume a Gaussian probability distribution, N(zg, o) for the emission redshift, z. =z
is the true mean redshift of the emission, o is the associated standard deviation of the
distribution about zy and « is a parameter describing the bias evolution such that b, o z¢.
Following [57], we assume that o = 0.1, that is, estimates of the bias neglect up to 10% of
its evolution with redshift and that o ~ 0.5 based on the SDSS redshift distribution. We
show the evolution of Equation 3.21 with redshift as the dotted curve in Figure 3.3. This

effect is largest at low redshift and decreases rapidly at higher redshift.

3.4.3 Photometric Zero Point and Cosmic Variance

Errors in the photometric zero point of the intensity map and tracer catalog con-

tribute to the determination of the angular correlation function [112] due to the finite field

63



of view measured by each exposure. Varying zero points between fields produce an effec-
tively varying magnitude limit, which in turn produces a difference in map depth and a
change in the estimated surface brightness. That is, since we take correlations between the
tracer catalog and the absolute overintensity, variations in the effective mean intensity (Jy)
propagate to cause spurious changes in AJy.

A second and smaller effect arises from differences in the photometric zero point,
or catalog depth, of the spectroscopic tracer catalog. Here, the effect is to increase the
variance beyond the typical Poisson 1/N scaling as each field varies due to the fluctuating
magnitude limit. The photometric effect scales with the photometric zero point fluctuation
amplitude and, since it is a consequence of field to field variations, the number of fields over
which the cross correlation is measured. The spectroscopic effect is an order of magnitude
smaller, [56] estimated this latter effect at the roughly 0.1% level in Monte Carlo tests under

conservative assumptions.

For CASTOR, the mirror diameter increases to 1 m from 0.5 m for GALEX leading to
increases in the point-source derived limiting magnitudes from 19.9 fuv, 20.8 nuv, in GALEX All-
Sky Imaging Survey (AIS) to & 27, in the uv, u, and g for CASTOR respectively [113]. Although
not derived for a low surface brightness background measurement in a photometric intensity map-
ping survey, we expect similar corresponding improvements in the photometric error properties for
CASTOR. A rough estimate for the photometric error, which scales with mirror area, is that it
should improve by a corresponding multiple of the improvement in the mirror size. This is because
the field to field variance is due to drop out of sources, and the probability of detecting a source
in a given field is a function of the limiting magnitude, set by the integration time and mirror size.
The important quantity, here, is not the absolute photometric zero point, but the variation in zero

point between fields. Together, the zero point effects were estimated to contribute on the order of
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3% to the fractional error of the GALEX intensity maps in [1]. Given both the several magnitude
improvement in the point source limiting magnitude and the 4x increase in mirror area with CAS-
TOR, we thus naively expect photometric zero point error to be < 0.75%. However, achieving better
than 1% error control is always challenging, and so we will conservatively assume a 1% photometric
zero point error. Note that the photometric zero point error dominates the error budget. The most
worst case would be the 3% photometric zero point error from GALEX, which would achieve similar
constraints to [1].

We also considered a more general model which allows for the growth of photometric errors
with redshift. The first term of Equation 3.19 models the dimming of the source at higher redshift.
Motivated by the form of this expression, while noting that Jy and the bolometric flux differ by an
additional factor of 1/(14z), we assume photometric error scales with the flux, which scales with

1/(1 + 2)2. We assume a functional form
op = An(1+ 2)? (3.22)

where we take A,,, the noise amplitude, to be approximately the same level as the fixed component
of the photometric noise, i.e. 1%. This has the effect of rescaling the errorbars with redshift such
that the distribution becomes photometric noise dominated at all redshifts for existing spectroscopic
tracer catalogs.

On large scales, the correlation function is limited by the finite number of modes available.
However, we use the correlation function only on degree scales, while the tracer survey covers 7000
degrees. We thus expect cosmic variance to contribute only at the 1076 level, negligible in comparison

to shot noise and photometric uncertainties [114].
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Figure 3.3: Fractional Error as a function of redshift for Model C. Our error model consists
of three components, a photometric error, shot noise in the spectroscopic tracer catalog and
noise related to systematic error in parameterization of the bias evolution with redshift.
Model C incorporates each source of error, while Model O sets a lower limit on the errorbars
due to shot noise and a fixed photometric zero point error.

3.4.4 Summary of Error Models and Optimal Spectroscopic Tracer Cat-
alogs

We combine the error sources above into two error models, which bound the upper and

lower limits of uncertainty in the precision of a CASTOR measurement.

1. Model O: In this model, we consider only shot noise and fixed photometric zero point. This is
consistent with quoted errorbars on clustering redshift estimation in simulations and plotted in
Figure 3.2 [105]. Since we seek a lower bound on the total uncertainty, we consider an optimal
spectroscopic tracer catalog such that shot noise is always less than a fixed photometric error.
This optimal catalog is assumed to have five times the depth but the same distribution as
the SDSS catalogs discussed in Section 3.4.1. For comparison, DESI achieves an =~ 10 fold

increase in tracer catalog depth and so will achieve optimal tracer density.

2. Model C: To the errorbars in Model O, we add the effects discussed in Sections 3.4.2 and 3.4.3,

that better reflect the errorbars in broadband tomographic measurements found in [1] and
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[115]. We assume only the existing spectroscopic catalogs in modeling the shot noise compo-

nent.

We show Model C in Figure 3.3. Model O (whose evolution with redshift is shown in
Figure 3.2) is a lower bound on the error due to fixed additive noise from varying photometry
and tracer catalog completeness, while Model C is likely to overestimate the real low redshift error
bars owing to its simple parameterization of weakly constrained bias evolution and assumption that
photometric errors increase with redshift rather than remaining constant. The fractional error grows
with redshift, but not rapidly enough to produce large absolute uncertainties given the decline in
the intensity with redshift. Therefore, the signal and the error together go smoothly to zero at
high redshift because of the pre-factor in Equation 3.19 and the shape of the filter, regardless of the
underlying SED shape that we constrain.

The conservative error estimates we obtain show that the common assumption of 1/N Pois-
son noise [116] tends to underestimate the true uncertainties. Further, comparison of our analytic
approach with bootstrapped errorbars from GALEX in [1] reveals an unaccounted for and redshift
dependent term that inflates the error by a factor of 2-3 at z > 0.7. Another possibility is unmod-
eled systematics in the reference catalog, owing to differences in the underlying tracer populations.
Although we do not attempt to explicitly model this effect, we expect that it is a consequence of the
filter shape, where fewer photons are detected as the emission redshifts out of the filter coverage. A
stronger evolution of the photometric error could capture this effect at high redshift at the cost of
less agreement at lower redshift where most of our constraining power is expected to be.

To summarize the redshift dependencies of each model. In Model O, shot noise is subdomi-
nant to photometric uncertainties which become comparable as the completeness of the spectroscopic
tracer catalog falls off at z > 2.5. In Model C, at low redshift, error due to bias evolution dominates,
while for z 2 0.5, photometric errors grow and dominate over both shot noise and bias evolution.

In the remainder of this work, we will show results from both models. We expect the real
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performance to lie somewhere in between.

3.5 CASTOR Results

The bias weighted intensity distribution contains information about both the spectral
energy distribution (SED) of the extragalactic background and its overall intensity or monopole
term. In Section 3.5.1 we estimate uncertainties on the parameters governing the shape of the SED
model and its evolution. In Section 3.5.2 we infer the EBL monopole conditioned on the SED model
parameter distribution as a convenient statistic for summarizing measurements of the EBL in a

technique independent fashion.

3.5.1 UV-Optical Background Spectral Energy Distribution

To estimate CASTOR’s sensitivity to the parameters of the underlying SED model, we

write the likelihood of the fiducial model given a vector of model parameters ¥ as

p(D|¥) = N(gbim(\l&z),02> (3.23)

2 is computed by adding the terms in each error model in quadrature. Here, N indicates the

where o
Gaussian normal distribution. The probability that a vector ¥ defines the true underlying model is
given by Bayes’ theorem.

We assign uniform priors on each parameter with width specified by the marginalized

posterior uncertainties in [1]. We sample our likelihood function using the affine-invariant Markov

Chain Monte Carlo code, EMCEE [117]. Table 3.5.1 summarizes our fiducial model parameters and

2=0.3

Lya » since we

their corresponding priors. As mentioned in Section 3.3.1, we do not constrain EW
lack the FUV filter present on GALEX and thus cannot directly observe Ly« emission at low redshift.

As the additional and overall redder filter set on CASTOR is not expected to improve constraints
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Figure 3.4: From left to right, posterior distributions for the parameters of the SED model
Vo Yz, 10g(F50001500), 15005 @i500, Cats00, Aigigs Car2i6, EWTL, log f77d, log f7,4. Red
contours indicate uncertainties for the optimal error model using a spectroscopic tracer
catalog with five times the depth of the SDSS and a fixed photometric uncertainty. Black
curves indicate corresponding uncertainties in a conservative error model which adds a
redshift dependent photometric uncertainty, bias evolution, and shallower tracer catalog.
Diagonal panels show marginalized posteriors for each parameter, while off-diagonal panels
show the relationships between model parameters. The geometric mean improvement of the
optimal forecast over the conservative model is a factor of =~ 5 and a factor of ~ 10 better
than GALEX. As discussed in the text, log 150001500, V> and 1500 are prior dominated or
see minimal improvements with the additional and redder filter coverage.
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Table 3.1: Priors on and fiducial values for parameters of the SED model as derived from
the best fit parameters and uncertainties in GALEX constraints on the UVB.

Parameter Range Type Fiducial
Yy [-3.44, +0.8] Flat -0.86
Vb o =0.33 Gaussian 0.79
log(€e1500b5500) o =0.01 Gaussian ~ 25.13
Y1500 o =0.30 Gaussian 2.06
izl [-1.76, 2.48] Flat -0.08
Ca1500 [-0.71, —|—4.29] Flat 1.85
i [-5.67, -1.03] Flat -3.71
Ca1216 [—2.38, 3.42] Flat 0.5
EW{ . [-9.72, 190.9] Flat 88.02
log f7,6 <0 Flat -0.53
log f7,4 <0 Flat -0.84

on the overall amplitude of the bias weighted intensity normalization at 1500 A compared to the
constraints from GALEX, we place Gaussian priors on log(e1500b1500), the photon clustering bias
evolution with redshift v, and the evolution of the 1500 A normalization Ye1500-

Figure 3.4 shows the 2D contours and 1D marginalized uncertainties for our fiducial model
conditioned on the forecasted bias weighted intensities under each error model. These values are
summarized in Table 3.2. Our uncertainties are given as the 67% interquartile range relative to the
fiducial model parameter.

The parameters governing the evolution with redshift of the frequency evolution and the
15004 evolution, v and 7Ye1500, are coupled because they are only measured via the evolution of
the SED amplitude, log(e1500b1500). Similarly, in the frequency evolution of the normalization, there
is a degeneracy between 509, the evolution of the emissivity with frequency and the frequency
dependent clustering bias evolution «,. Since CASTOR NUYV is only sensitive to wavelengths greater
than rest 1500 A, a similar degeneracy between the Cyi216 and a5, parameters arises. A change
in the slope can offset a change in the intercept of the evolution of the emissivity in frequency.

Finally, the LyC escape fraction is parameterized by differences in the data constraints from the
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Figure 3.5: Comparison of the posterior fractional uncertainties on the SED model param-
eters forecasted for CASTOR conservative (red) and optimal (purple) error model to the
constraints from GALEX data (blue) in [1]. Parameters in the red region are constrained
by the data to z & 4, in the green region to z &~ 2.7, and in the blue region at z = 1. Also
shown is the geometric mean of the fractional uncertainties for each.
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Figure 3.6: First row: The bias weighted specific intensity distribution, fli—ibim(z), as a
function of redshift for the CASTOR uv imager filters. The shaded region represents the
error budget as a function of redshift, determined from our optimal tracer catalog and fixed
photometric error. Second row: Intensity distribution in redshift with bias removed and
sampling of corresponding fits to the distribution from the SED posteriors. Also indicated
is the magnitude of the filter specific EBL monopole. Third row: Same as first row for our
second error model incorporating redshift dependent photometric errors, bias evolution, and
a combination of existing spectroscopic tracer catalogs. Fourth row: Same as the second
row but for the second error model.
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Table 3.2: Posteriors interquartile ranges for parameters of the SED model under a con-
servative and optimal error model. The upper and lower limits are the 67% interquartile
range.

Parameter Optimal Conservative
Y [-0.88, -0.83] [1.04, -0.68]
Ve [0.60, 1.04] [0.60, 1.04]
log(e35.0b55h) [25.128, +25.131]  [25.126, +25.133]
Y1500 [1.81, 2.25] [1.81, 2.24]
iz [-0.1, -0.06] [-0.26, 0.1]
Cua1500 [1.82, 1.85] [1.77, 1.93]
oy [-3.85, -3.7] [-4.34, -3.06]
Ca1216 [0.23, 0.77] [-0.77, 1.8]
EW7,. [84.90, 91.20] [71.9, 105.6]
log ff ¢ [-0.54, -0.52] [-0.61, -0.44]
log fg;g [-0.85, -0.83] [-0.89, -0.79]
Monopole (uv) Jy/Sr [300, 403] [300, 405]
Monopole (u) Jy/Sr [180, 220] [180, 221]
Monopole (g) Jy/Sr [384, 547] [382, 562

GALEX filters at z = 1 and z = 2, leading to degeneracies between the inferred values of log ff;CQ
and log ff 7

We compare the relative uncertainties from GALEX and both CASTOR error models,
along with the range under which that parameter is constrained by the data, in Figure 3.5. These
represent competitive or improved uncertainties over those quoted for GALEX with a geometric
mean improvement of a factor of 2-3 for the conservative error model and a factor of ~ 10 for the
optimal error model.

In particular, the improved constraints on the 1216 A continuum slope, which are uncon-
strained by GALEX, are driven by the deeper redshift coverage of a CASTOR-like survey. Con-
straints on the parameters of the spectral energy distribution provide additional windows into the
ionization and thermal history of the IGM out to z ~ 3 that can be compared with constraints at
higher redshift.

log fiyc at z =1 and z = 2 has a 10 — 20% uncertainty in the conservative error model,

73



and =~ 1% uncertainty in the optimal model. These constraints offer a window into the UV photon
production history at intermediate redshifts. Previous measurements of the total photon budget in
the UV favour models for reionization with significant contributions from galaxies, but require large
escape fractions [118]. Both observational and theoretical measurements of the escape fraction of
ionizing photons from galaxies are poorly constrained. Observational measurements of the escape
fraction from z & 3 galaxies find low escape fractions (< 10 percent) that cannot account for galaxy-
driven reionization [119, 120] and escape fractions derived from simulations find wildly varying results
[121, 122, 123]. However, if a larger proportion of ionizing photons escape from low luminosity
galaxies at high redshift, then the low measured escape fraction in low redshift galaxies can be
reconciled with galaxy driven reionization [124, 87]. Although our approach in constraining the
escape fraction in this work does not distinguish between diffuse and discrete components, instead
modeling the total combined spectral energy distribution, measurements with real data can be
decomposed and considered separately by masking sources. This then yields a direct integrated
constraints on the sources of diffuse photons to z ~ 3.

SED information is captured by differences in the relative filter responses as a function of
redshift. In Section 3.4.1 we considered the contribution from deeper tracer catalogs with fixed source
distributions as well as improvements in the photometric uncertainties. Since the tracer catalog, and
hence shot noise, is redshift dependent, we expect changes in the inferred parameter uncertainties to
be driven more by improvements in the spectroscopic tracer catalog than by uniform multiplicative
improvements in the photometric noise. We tested this by running additional test chains with a flat
error model independent of redshift and one that was a linear function of redshift, finding modest
improvements for the latter over the former at fixed mean uncertainty.

In summary, improved uncertainties in model parameters are driven both by the informa-
tion present in the additional filters and reduction in the cross correlation error bars. The addition

of a third filter both appends a third column to our data vector and extends the constraints to higher
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redshift. Parameters normalized to their evolution at 1216 A are constrained to z &~ 3.5 — 4, while
parameters normalized at 1500 A are constrained to z ~ 2.7. This compares to limiting redshifts on

the data constraints of z < 1 for GALEX FUV/NUV or the CASTOR uv filter alone.

3.5.2 Total EBL Monopole

The EBL monopole is the leading order contribution to the spherical harmonic decompo-
sition of the EBL. This makes it a convenient summary statistic at a given effective frequency for
comparing EBL constraints across a variety of measurement techniques and frequency ranges. Fur-
ther, beyond being a summary statistic, the EBL monopole intensity at a given effective frequency
includes information about a combination of astrophysical emission and cosmic structure [42].

The EBL monopole is determined from the bias weighted intensity distribution functions,
%bim(z), shown in Figure 3.6 for both error models by integrating Equation 3.19 over redshift
from z = 0 to 2 = 24, and fixing the redshift dependent photon clustering bias to its fiducial
value as determined from the best fit model. Although the photon clustering bias is only measured
as a product with the emissivity normalization, it can be obtained in regions where the frequency
evolution of the bias is known to be flat and where a discrete source catalog exists [1]. Estimated
monopole values and uncertainties are given in Table 3.2. Error bars are determined from 67%
inter-quartile ranges on the monopole values determined from the posteriors to the parameter fits,
a sampling of which are shown in the lower panels of Figure 3.6.

For our fiducial model, [1] estimates values in the NUV of 172 photons cm~2 s~! Hz, while
[2] gives lower limits of 171 and 254 photons cm~2 s~! Hz in the u and g. The CASTOR uv filter
nearly replicates the information present in the NUV filter on GALEX (see Figure 3.1), while the u
and g filters extend these constraints into the blue end of the optical. Our forecast EBL monopoles
in each filter and their associated 1 — o uncertainties determined from the posterior distributions

of each model parameter are shown in Figure 3.7. The measured quantity is the extragalactic light
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Figure 3.7: Comparison of our forecasted EBL monopole values in the uv, u and g CASTOR
filters (red and dark grey bars) to the constraints on the intergalactic light (galaxies + AGN
only) from [2] (purple arrows), [3] using a dark cloud technique (orange arrows), the high
galactic latitude measurements from [4] (light grey arrows) and the GALEX constraints
(blue bars). To facilitate comparison of the uncertainties, we have introduced a 100 A offset
in wavelength. As described in the text, we have also multiplied the CASTOR forecasted
values by =~ 1.4, to better match the existing constraints given differences in the optical
depth model.

at the Earth; there is hence a degeneracy between the emitted extragalactic background light and
intergalactic medium absorption. The EBL is thus measured up to a function of the mean optical
depth 7eg. Our simple analytic model for 7o differs from the model of [125], which was used to
derive the parameters of the fiducial model in [1], by 20 — 30%. To facilitate a comparison between
our forecast and the existing results, we rescale our optical depth model so that the central forecast
CASTOR monopole in the uv filter matches the measured value in the GALEX nuv filter. This
corresponds to a factor of ~ 1.4.

We compare our uncertainties on the EBL monopole to existing limits in Figure 3.7. Our
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forecasted constraints are shown in red for the conservative model and dark grey for the optimal
model. We also include the limits in the u and g derived from COSMOS, HST ERS, and HST
UVUDF number and luminosity counts [2], including only extra-galactic contributions from discrete
galaxies as purple lower limits. Also shown are constraints from dark cloud measurements [126] as
orange upper limits, and observations at high galactic latitudes from [4] as light grey upper limits
as they include contributions from both foregrounds and the extragalactic background.

Our error bars are derived under both optimal and conservative error models from the
posterior fits to the spectral energy distribution. Both GALEX FUV and CASTOR uv, u, g have
uncertainties about a factor of 3 smaller than the New Horizons measurements and comparable to the
uncertainties from number count techniques, with the advantage of an unambiguous decomposition
into extra-galactic and galactic components. CASTOR’s redder filter set extends measurement of
the EBL monopole as compared to GALEX. As the EBL monopole is already well constrained in
GALEX, and it is not uniquely fixed by the emission redshift distribution, we do not find substantial
additional constraining power. Similarly, as the EBL monopole is sensitive to the value of ~.1500
that is not well constrained in either the conservative or optimal error models, there is little change
in the uncertainty on the inferred monopole between the two CASTOR scenarios we consider.

Although these constraints are competitive with the current best constraints, we caution
that our technique only measures the EBL monopole up to a degeneracy with the photon clustering
bias that must be determined independently. This degeneracy can be broken if one has a priori
knowledge of the emissivity distribution or, as in [1], a near-flat estimate of the slope of the continuum
that produces an integral constraint on the bias normalization. Further, the EBL monopole is

estimated only up to a factor dependent on the effective optical depth.

3.6 SPHEREx and LUVOIR

CASTOR is able to constrain the EBL from z = 0 to z = 3 as compared to z < 1
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for GALEX. Such a measurement is enabled by high redshift spectroscopic catalogs produced by
ground based large scale structure surveys (DESI, eBOSS), and would be extended by complementary
spectro-photometric observations with SPHEREx at higher redshift and LUVOIR at high spectral
resolution.

In this section, we study an extension of our CASTOR models with SPHEREx using a
simplified SED model. We then discuss the ability of LUVOIR to carry out a deep UV-optical

intensity mapping experiment.

3.6.1 SPHEREXx Filters, Error Model, and Results

The SPHEREx instrument is a spectro-photometer based on a series of linear variable
filters arranged such that the scan of the telescope across the sky exposes each independently. With
accurate pointing knowledge, spectra for each point on the sky are reconstructed. Spectral resolution
across the complete band-pass varies and is R = 35 — 130.

SPHEREx Lyman-« intensity maps will be produced by observing from 0.75 — 1.2um
with R = 41. We can model the spectro-photometer of SPHEREx as a limiting case of a broadband
tomographic experiment where one defines a series of narrow-band filters that approximate the
response of the spectro-photometer. The conservative instrument can be modelled by a series of 96
filters, however, only the first 19 constrain Ly« over this redshift range. We model these as a series
of Gaussians with FWHM set by the spectral resolution.

With 19 effective narrowband photometric filters, inferring the parameters of the conser-
vative rest frame emissivity model discussed in Section 3.3.1 becomes computationally expensive. To
mitigate this, we consider only the terms governing emission of Ly« and the Ly continuum observed
over this redshift range. We fix all other parameters to their fiducial values. In total, we constrain
the bias evolution in frequency and redshift, 7,, ., as well as the Ly-continuum slope and evolution
parameters a1216 and Cyui216 and Lya equivalent width, evolved to its low redshift value, EW%_!

Lya-
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Table 3.3: Posterior Interquartile Range on the parameters of a simplified high redshift
SED model assuming fractional uncertainties of 5% and 10% for measurement of the bias
weighted redshift distribution.

Parameter 10% 5% Fiducial
Yo [-0.89, -0.83]  [-0.87, -0.85] -0.86
o [0.788, 0.792]  [0.789, 0.791] 0.79
i [-4.4,-3.02]  [-4.04, -3.38] -3.71
Ca1216 [-0.22 ,1.22] [0.16, 0.84] 0.5
EWid [38.91 ,138.38] [60.5, 115.52]  88.02

For CASTOR, existing spectroscopic tracer catalogs and robust estimates of the bias
evolution allowed us to place limits on the signal to noise properties of our error budget at the 1—10%
level. For SPHEREXx, few spectroscopic tracer objects are known at z > 5 and future tracer catalog
depths (from, e.g., Roman Space Telescope) are only known to within an order of magnitude [127].
The lack of reliable high redshift catalogs and constraints on the bias evolution makes a detailed
estimate of the cross correlation errors depend on assumptions about the cosmological stellar mass
and survey selection functions at high redshift. Rather than make assumptions about parameters
which can vary over an order of magnitude, we instead consider fixed redshift independent fractional
errors on estimates of the cross correlation and derive corresponding SED parameter constraints.

We summarize results for SPHEREx in Figure 3.8 for fractional errors of 5% and 10%. The
former approximates the average amplitude of the bootstrapped errors in GALEX while the former
inflates these to approximate the peak observed noise amplitudes. Marginalized uncertainties are
given in Table 3.3 as the 67% interquartile range. Either error model produces 1% level constraints
on the frequency and redshift bias evolution, 10% level constraints on the continuum slope, a 30—50%

constraint on FWz=!

[ya and constrains the confinuum normalization to within an order of magnitude.

The 30% constraint on the Ly« equivalent width provides a window into the population of
Lyman « emitters (LAEs) at high redshift (Ouchi2019 and references therein, 1967ApJ...147..868P).

Traditional techniques for studying this population rely on identifying individual sources with either
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Figure 3.8: Restricted parameter uncertainties on SPHEREx with fractional uncertainties
of of 5% and 10%.

narrowband photometry or slitless spectroscopy, both of which suffer from long exposure times on
4-8 meter class telescopes and limit the population of identified LAEs up to z ~ 8 to 10 — 10*
[128]. In contrast, our technique measures the population statistics of Ly« emitters at z = 5 — 9
without identifying individual LAEs. Further, comparison of the bias parameters for Lya sources
and high redshift AGN can shed light on the relationship between LAEs and AGN through their
environmental dependence [129, 130]. The mass function n(M) and luminosity function ¢(L) are
also constrained through their dependence on the total UV photon density pyyv and escape fraction
fesc that we measure through the evolution of the EBL monopole.

Previously, measurements of the rest-UV specific luminosity density and Ly« luminosity
density, pyv and prya, relied on high resolution spectroscopy. However, we are able to forecast
constraints on these at the 10 — 30% level as determined from our posterior distribution for the
SED model parameters, assuming our emissivity model can be extrapolated to the higher z=5—9
redshift range. This particular redshift range is of interest, as they are expected to evolve rapidly

at this epoch. Both pyy and pry. can provide direct constraints on the timing and sources of
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reionization, so such a measurement overlapping with the expected reionization epoch expected to
end around z ~ 6 — 5.5 [131, 132, 133, 134] would be of particular interest.

Population synthesis modeling of high redshift LAEs have been challenged by the lack of
high signal to noise continuum detection in individual spectra [135, 136]. In contrast to stacking
techniques that are challenged by the presence of strong nebular lines, our technique is sensitive only
to broadband noise features that are produced systematically across the population of LAEs. The
joint analysis of a broadband tomographic measurement of the LAE population and high spectral
resolution studies of samples of LAEs would benefit from differences in the underlying systematic

uncertainties.

3.6.2 Measuring the UV-Optical Background SED with LUVOIR

In contrast to SPHEREx and CASTOR, the LUMOS instrument on LUVOIR will en-
able studies of a small number of sources with extremely high spectral resolution [137]. Studies
of the IGM and CGM will primarily use background QSOs to study the diffuse sky in absorption
from z = 1 — 2. Systematic and statistical errors in measurements of absorption constraints on the
UV background are summarized in [138], and include uncertainties in the effective optical depth,
temperature-overdensity relation, and Jean’s smoothing, which affect small scales and require de-
tailed modeling or simulations to estimate. In contrast, our error budget is dominated by large scale
effects that evolve with redshift and can be estimated with linear theory.

In addition to the spectroscopic instrument, LUVOIR, also has a UV-optical High Defi-
nition Imager (HDI) with wavelength coverage from 0.2-2.5 pm. Although a galaxy counting ex-
periment with LUVOIR would have improved depth compared to HST measurements, it would be
limited to the component of the UV background which arises directly from discrete components. A
diffuse sky measurement similar to GALEX and the one we envision with CASTOR could provide a

powerful complement to measurements of discrete sources. Broadband tomography will yield com-
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petitive constraints if a large enough area of the sky can be observed such that there is sufficient deep
spectroscopic tracer catalog overlap and minimal uncertainties due to cosmic or sample variance.
Compared to a large focal plane survey mission, HDI has a field of view of 0.2’ x 0.3/, about a factor
of 150 smaller than the 0.25 deg? field of view for the CASTOR imager.

LUVOIR-A is envisioned to have a 15 m primary, while LUVOIR-B would have a more
modest 8 m primary, corresponding to factors of 225 and 64 in light gathering power, respectively.
Assuming a constant limiting magnitude equivalent for both, an intensity mapping experiment with
LUVOIR would then survey an equivalent area with a similar overall exposure time. A 1 month
intensity mapping survey with LUVOIR would scan a map of ~ 100deg?. Such a survey would likely
be cosmic variance limited at the 1% level assuming the scalings in [114]. Since only knowledge, but
not control, of telescope pointing is required, it is interesting to note that a 6 month survey with
the Hubble Space Telescope following gyroscope failure could achieve a similar level of constraining

power.

3.7 Conclusions

We have considered the ability of future survey instruments, CASTOR and SPHEREx, and
optionally LUVOIR or HST, to extend the constraints from GALEX on the extragalactic component
of the optical and UV background light at redshifts z = 0—3 and z = 5—9. The low redshift regime
constrains properties of the UV background and the high redshift regime constrains the timing
and sources of reionization. For CASTOR, we have modelled measurement uncertainties with a
combination of shot noise from galaxy cross-correlation tracers, photometric errors, and fluctuations
in the bias evolution. We consider two error models, a limiting optimal model achievable with future
spectroscopic catalogs where shot noise from the tracer catalog is subdominant to photometric errors,
and a conservative model intended to bound upper limits on each effect we consider. For SPHEREx,

we instead considered fixed total error budgets of 5% and 10%. We derive posterior distributions
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on the model parameters for each model and experiment.

For CASTOR, we find a factor of 2 — 3 improvement in the geometric mean of the relative
errors in parameters of our spectral energy distribution model under conservative and optimistic error
models respectively. These constraints are determined from the application of clustering redshift
estimation to a future all sky broadband intensity mapping experiment. From the posterior SED
fits, we estimated monopole uncertainties for the uv, u and g filters, finding that these constraints
are competitive under both error models. SPHEREx would constrain Lya emission at the 10 — 30%
level from z = 5 — 9 and shed light on the population of Lya emitters at high redshift.

An observed frame UV broadband tomographic measurement with CASTOR intensity
maps would represent a significant improvement on current experiments targeting these wavelengths.
SPHEREX, by contrast, would constrain the population of Lyman-« emitters at high redshift with
observed frame infrared measurements. Intriguingly, LUVOIR’s large mirror size compensates for
its small field of view and would allow it to place tight limits on the UV-optical SED with a modest
investment in observing time. Similarly, since accurate pointing control is not necessary, a larger
investment of HST time in a post-gyroscopic failure mode offers a promising extension to this storied
mission’s history as a photometric intensity mapping experiment.

CASTOR and SPHEREx would yield an improved picture of the low surface brightness
universe and total photon budget in two windows, from z = 1—3 and z = 5—9. Together, we expect
knowledge of the SED at the few percent level, representing a factor of 2 — 10 over the current state

of the art.
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Chapter 4

A Forecast for Large Scale
Structure Constraints on
Horndeski Gravity with Line

Intensity Mapping

4.1 Introduction

The theory of General Relativity (GR) has withstood attempts at revision on theoretical
and experimental grounds for more than a century. In light of the non-renormalizability of GR
and the need to explain the observed change in the expansion rate of the universe, there is now
a rich taxonomy of theories that revise standard GR, including f(R), Horava-Lifshitz, and scalar-
tensor theories, for a thorough review, see [75]. Despite stringent experimental limits on deviations

from GR on small scales, measurements of the Hubble constant [76, 77, 139], the Cosmic Microwave
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Background (CMB; [140]) and Baryonic Acoustic Oscillations (BAO; [141]) all point to an accelerated
expansion of the universe. Although the most minimal explanation is arguably a cosmological
constant, other potential solutions include a new coupling to the matter sector or a modification of
the gravity theory itself.

Astrophysical and cosmological tests of GR are also worth pursuing even if they do not
seek to explain the expansion of the Universe, as they are able to probe regimes inaccessible to Solar
System probes. Horndeski theories are the most general theories which include a scalar field and
have 2nd order equations of motion [79]. They are interesting because they include a number of
previously studied classes of model as subcases, including Brans-Dicke, f(R), and Galileon models
[80].

Modified gravity effects can be observed both through changes to the background expan-
sion and large-scale geometry, or through measurements of large-scale structure (LSS) that probe
changes to the Poisson equation and the physics of galaxy formation and evolution ([142] and ref-
erences therein). BAO and CMB measurements probe geometry, while lensing, Redshift Space
Distortions (RSD), and biased tracers of the matter power spectrum probe structure formation. It
is typical to combine multiple probes to improve constraining power and perform consistency checks
[143], with specific consistency conditions for Horndeski theories derived in [144, 145]. Measure-
ments of galaxy cluster abundance and the linear growth rate of perturbations have placed limits
on modifications to gravity, especially in the dark energy equation of state (w) - linear growth rate
parameter (y) plane (cf. [146, 147]).

As a general framework of modified gravity, Horndeski theories have a variety of oper-
ators which can be constrained by different cosmological experiments. In the context of effective
field theory parameterizations of modified gravity, [148] find that modified gravity constraints are
primarily driven by a large amplitude modification of the ISW in CMB measurements. [149] pur-

sue lensing and clustering constraints on Horndeski model parameters from KiDS + GAMA. [150]
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combine measurements of the CMB, RSD and SDSS P, (k) measurements from the LRG catalog
to derive constraints on the Horndeski model parameters, with results similarly driven by the large
effect of modified gravity parameters at low ¢ in Planck C}T measurements. However, large un-
certainties, especially from galaxy biasing and degeneracies in the measurement of Py, (k), limit its
constraining power beyond the CMB-only result. In addition, the recent simultaneous detection of
gravitational and electromagnetic waves from neutron star mergers constrains the speed of grav-
ity to match the speed of light to high accuracy [151, 152]. Future theoretical work as well as next
generation-surveys (e.g., Vera C. Rubin Observatory/Legacy Survey of Space and Time [153], Nancy
Grace Roman Space Telescope [154], Euclid [155]) are likely to improve measurements of the matter
power spectrum, and will improve constraints subject to uncertainties in the biasing of LSS tracers.

In this paper we will make forecasts for an alternative avenue for constraining modified
gravity, based on Line Intensity Mapping (LIM). LIM is a promising technique for constraining both
astrophysics and cosmology in large cosmological volumes [6, 85, 156, 8, 39, 157, 32]. LIM uses
moderate resolution observations to detect LSS in aggregate by integrating over discrete sources [6].
By using a spectrometer to target a spectral line with known rest-frame wavelength, the redshift of
the source emission is known and 3D maps of cosmic structure can be constructed.LIM is particularly
advantageous for measuring a wide redshift range, including high redshifts where individual galaxies
become too faint to be detected in a traditional galaxy survey. This makes LIM an attractive way
to probe the evolution of structure during both the epochs of matter and dark energy domination,
and thus provide powerful constraints on modified gravity scenarios.

Numerous atomic and molecular lines are now being targeted by LIM experiments across
a wide range of wavelengths. High-redshift measurements of the 21 cm neutral hydrogen spin-flip
transition in the intergalactic medium are expected to probe the timing and sources of reionization
[158, e.g. HERA], while similar measurements of HI within galaxies at lower redshifts will constrain

dark energy [159, 11]. At shorter wavelengths, far-IR lines such as the CO J — J — 1 rotational
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transitions and the ionized-carbon [CII] fine structure line trace star formation and cold gas, are
known to be bright in early galaxies, and are being targeted at redshifts 0 < z < 10 by instruments
observing in the cm-THz range [160, 32, 161, 162, 163, 164, 165]. Finally, lines such as Ho and Ly«
are targets for optical LIM experiments; for example, SPHEREx targets galactic astrophysics and
reionization [166, 167, 168, 169].

Current and near-future far-IR LIM experiments aim to constrain the star formation rate
and galaxy formation history over a wide range of redshifts. Those targeting CO include COPSS
[170] and mmIME [171, 172], which have both reported first detections of CO shot noise power,
COMAP [161], EXCLAIM [10], YTLA [173] and SPT-SLIM [83]. TIME [174] and CONCERTO
target [CII] [175]. Recently the COMAP collaboration has placed upper limits on the CO(1-0) signal
at clustering scales [27]. While the first generation of mm-wave LIM experiments will primarily
constrain the astrophysics of the emission line, future generations have the potential to deliver
competitive constraints on cosmology, including early/dynamical dark energy and neutrino masses
[85, 9]. In particular, compact mm-wave spectrometers are now being demonstrated that could
enable future surveys with orders of magnitude more sensitivity than current experiments [176].

In this paper, we investigate the constraining power of future ground-based wide-bandwidth
mm-wave LIM experiments targeting multiple rotational CO transitions over the redshift range
z =~ 0— 3. In addition to large accessible cosmological volumes, this extends constraints on modified
gravity to higher redshifts than are available in current large optical surveys. In section 4.2 we re-
view Horndeski gravity and the application to LSS through the matter power spectrum and redshift
space distortions. Then, in section 4.3, we introduce the formalism of LSS measurements with LIM.
In section 4.4, we investigate the range of accessible scales and required survey integration times
to achieve competitive constraints on the linear theory parameters, accounting for the atmosphere,
astrophysical continuum, and interloper lines. In section 4.5, we discuss implications of these results.

We conclude in section 4.6.
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Although modifications to GR generally imply a different expansion history, we assume
that all deviations are small and only affect linear structure formation around a ACDM background.
As such, where necessary, we assume a flat ACDM-like cosmology with h = 0.678, Q,h% = 0.0224,

0.2 =012, and Q) = 1 — XQ;.

4.2 Horndeski Gravity

Horndeski theories construct a relativistic theory of gravity from a Lagrangian including
a metric tensor and a scalar field, and lead to second order equations of motion [79]. In this section,
we review the features of Horndeski theory relevant to this work, and refer the interested reader to
[80], which develops the formalism employed here, and its application to the Einstein-Boltzmann
solver CLASS [101] to produce the extended Horndeski in Linear Cosmic Anisotropy Solving System
(HI_CLASS) [177, 178].

In the linear regime, solving the perturbed Einstein equation allows for the construction of
four functions of time, denoted «;(t), that translate the functional degrees of freedom in the action
into four time-dependent parametric degrees of freedom [80]. The Horndeski action, the background
relations, and prescriptions for the a;(t) fully determine the evolution of perturbations in the linear
regime and hence LSS. There are 4 functions, two of which are in principle measurable by LIM (ap

and ajy) and two of which are not (g and ar). They have the following physical interpretations:

e o p encodes mixing between the scalar and metric perturbations that arises from the clustering
of the Horndeski scalar field, and appears as perturbations to Tp;. ag = 0 in ACDM + GR.

We treat ap as a free parameter to be constrained by the LIM experiment.

e o) rescales the Planck mass, representing a change in the strength of gravity. While a
constant rescaling of the strength of gravity does not affect structure formation, its time

evolution generates anisotropic stress. Since a; parameterizes the evolution of the Planck
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mass with time, ap; = 0 in ACDM + GR. We treat a; as a free parameter to be constrained

by the LIM experiment.

® a represents perturbations to the energy-momentum tensor 7),, arising directly from the
action. These can be thought of as perturbations in an additional fluid connected with the
modification to gravity. However, a affects only scales close to the cosmological horizon, far
larger than those measured by LIM or other LSS probes (for a discussion of this to second
order, see [80]). While ax = 0 represents the value in ACDM + GR and is therefore a natural
choice, we choose ax = 1 to ensure that our models easily satisfy the condition for avoiding

ghosts in the scalar mode: ak + 3/2a% > 0.

e «ap gives the tensor speed excess, potentially inducing anisotropic stress, even in the absence
of scalar perturbations. a7 = 0 in ACDM + GR. We set ar = 0, as it is well constrained by

measurements of the speed of gravitational waves [151, 152].

These expressions are implemented in the Einstein-Boltzmann solver Horndeski in Cosmic
Linear Anisotropy Solver (HI_CLASS), which we use to predict the matter power spectrum P, (k)
under an assumed ACDM background, and to vary the free functions according to the parameteri-

zations described in the next section.

4.2.1 Parameterizations

In the linear regime of cosmological perturbation theory, we assume that all perturbations

are small and taken around a flat background spacetime,
ds? = —(1+2W)dt? + (1 + 2®)d;;dx"da?, (4.1)

where U and @ are small metric perturbations. In the case of fluid scalar perturbations and general
theories of gravity, LSS observations such as the galaxy power spectrum, weak lensing shear field, or

RSD probe a small number of combinations of these potentials. In Horndeski theory the potentials
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are also complicated functions of the ay, arbitrary functions that represent the maximal amount
of information available from cosmology to constrain the dynamics of this class of models. The
evolution of the flat background itself can be determined from the Friedmann equations.

The functional freedom to pick the Horndeski «; allows any evolution for the background
spacetime to be realized. LSS alone cannot pick out either the expansion history or a unique form
for the a;. To reduce this freedom, we begin by first noting that geometric measurements are
consistent with the universe being nearly ACDM, which we select as our model for the background
evolution. Once a background is chosen, it is necessary to define a functional form to parameterize
how modifications to gravity evolve with time.

Parameterization I: A natural choice in a nearly-ACDM universe is to parameterize the
modified gravity effect as proportional to the cosmological constant density, 4. As this term grows
with redshift, it “turns on” modified gravity effects at late times and during the epoch of dark energy
domination. Thus for our first parameterization we assume that ap and «); are linear functions of
O

apm = M8 (4.2)

Here we have adopted notation from [150] and [148], and refer to this as Parameterization I.
Parameterization II: To evaluate the sensitivity of our probes to observations at high

redshift, we use an alternate parametrization where the effect of gravity modification is linearly

proportional to the scale factor [177]. This allows the modified gravity to become important at early

times, before the onset of dark energy domination. We thus have

aB,M = CB,MG. (4.3)

Figure 4.1 shows the relative deviation of the matter power spectrum at a fixed scale (k =
0.05 h Mpc~1) as the Planck mass rescaling cj; and braiding cp parameters are allowed to vary. Large

deviations from ACDM are possible for extreme values of the « functions. As noted in [150], curves
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Figure 4.1: Relative deviation of the matter power spectrum for fixed k& = 0.05 h Mpc™! at
z = 0.5 (Left) and z = 3 (Right) as a function of cps, with curves labelled by their value of
cp. Top row shows Parametrization I, bottom row shows Parametrization II. The cp and
ey parameters are allowed to vary over the range 0 — 1. In Parametrization II (o o< a) we
have truncated the results due to gradient instabilities when ¢y is small and cp is large.
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that intersect the ACDM prediction exhibit a degeneracy between cp; and cp for the matter power
spectrum with c¢g &~ 1.8¢), in Parameterization I (o; o a). By design, the effect of modifying gravity
is largest for the late-time universe, near the end of matter domination. One implication of this
evolution is that achieving robust constraints on these linear theory parameters and simultaneously
constraining deviations from GR in both parameterizations requires an experiment that targets a
large range in redshift.

By selecting a fiducial k-scale to summarize the effects of varying aj; and ap, we have
ignored the k-dependence introduced by the modification to gravity. A well known generic feature
of these models is a turnover in the power spectrum, where an excess on large scales becomes a
deficit on small scales (with respect to ACDM). However, this turnover occurs on scales near the
cosmological horizon and is thus extremely difficult to measure with LSS measurements.’

At the intermediate scales measured by a LIM experiment, the characteristic feature of
modified gravity models relative to ACDM + GR is a uniform excess in the power spectrum. The size
and behavior with varying c,s, cg of the effect depends strongly on the choice of parameterization,
with a < 1% difference in ACDM at z = 3 in Parameterization I and a few percent difference
at z = 0.5, even for extreme values of the cps,cg. The effect of modified gravity on the power
spectrum is larger in Parameterization II, approaching instability in the theory when cp; is small
and cp is large. We therefore expect greater sensitivity to the cps, cp in Parameterization II than
in Parameterization I.

To summarize, we have two modified gravity functions that scale with the background
evolution of the spacetime that we seek to constrain. The ¢p and cj; parameters govern respectively
the evolution of the braiding ap (clustering of dark energy) and the Planck mass run rate ajs (the
large-scale strength of gravity). ACDM differs from the models we consider in that the large-scale

strength of gravity is fixed and dark energy does not cluster. We assume two functional forms for

!The turnover is an unambiguous signature of modified gravity, and would constrain the braiding scale,
a function of oy and as.

92



the scaling of these parameters with the background evolution: one parameterization that scales
with the effective dark energy component density {2pr and one that scales with the scale factor. We
fix the remaining two functions to be constant and assign them to unity. We specifically forecast for

the uncertainties o(cg), o(car).

4.3 Line Intensity Mapping

In this section we discuss the details of the LIM observables used in our projections. We
then discuss experimental effects that limit the scales accessible in the power spectrum, in addition

to the effects of interloper lines and Galactic foregrounds.

4.3.1 Line Power Spectrum

Emission lines targeted by LIM experiments originate in galaxies that are biased with
respect to the underlying matter overdensity field. On the intermediate and large scales we consider
here, outside the nonlinear regime, we can parameterize clustering with a scale-independent cluster-
ing bias b(z) that varies with redshift. Since the target lines we consider are correlated with galaxy
properties (e.g., star formation rate and metallicity) that evolve with redshift, the line intensity I(2)

is also redshift-dependent. The LIM clustering power spectrum is
Post(k, 2) = b%(2)1%(2) P (K, 2). (4.4)

Here P, (k, z) is the underlying matter power spectrum which contains the cosmological information
(Section 4.2.1). We show the matter power spectrum for a range of choices of the ¢y and cp in
Figure 4.2, and the product of the matter power spectrum normalization and linear growth function,
f(2)os(z), in Figure 4.3. We assume the bias is scale independent and varies linearly with redshift,

b=(1+2).
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Figure 4.2: Top panel shows the matter power spectrum at z = 0.5 in both parameteri-
zations. We have chosen values of ¢g and cp; representative of the range of deviations in
P,,(k) that we constrain. Bottom panel shows the cumulative constraining power as a func-
tion of scale assuming a spectral resolution of R = 300 or 1000 in the baseline fg, = 40%
case. The SNR saturates once the scales probed are below the spectral resolution of the
LIM experiment. The lower spectral resolution with R = 300 causes the SNR to saturate
at an larger k£ than in the R = 1000 case.
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Figure 4.3: Evolution of the power spectrum normalization f(z)og(z) over the range of
redshifts accessible to the experiment we forecast for. We have also indicated the approxi-
mate redshift where the CO(1-0), CO(2-1), and CO(3-2) lines that we target in our forecast
are brightest. The evolution of the line brightness differs from that of the power spectrum
normalization, both in the peak and evolution with redshift. This allows an experiment
that measures LSS at a range of redshifts to disentangle the evolution of a modified gravity
effect on Py, (k) from that of I(z).
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We assume that the line evolution is given by the line models in [179]. Line intensities are
estimated from the specific luminosity density p(z). Redshift-dependent luminosity densities are a
function of the halo mass (dn/dM(M, z)) or line luminosity functions (dn/dL(z)), that are obtained
through empirical scaling relations through the dependence of L(M) with SFR(M,z) or SFRD(M,z).
In the [179] models, the line luminosities are derived from the Eagle simulation and are uncertain
from a factor of a few to ten. For a recent review of line intensity modeling, see [180].

The observable effect of the modification to gravity is a constant excess or deficit in Py, (k).
The degeneracy between the line intensity, (z), and the matter power spectrum introduces a degen-
eracy between the modified gravity effect and the evolution of the bias and line intensity. However,
f(2)os(z), which controls the power excess on the scales we observe, has a distinctly different form
of redshift evolution from the astrophysics-dependent term I(z). Observing a continuing increase
relative to the ACDM expectation as the line intensity decreases (or vice-versa) as a function of red-
shift can therefore break this degeneracy, allowing us to potentially recover a signal from modified
gravity effects.

A LIM experiment measures the clustering power, shot noise due to the discrete nature of

the emitting galaxies, and instrumental noise:

Pobs(ka Z) - Pclust(k, Z) + Pshot(z) + PN~ (45)

The uncertainty in the power spectrum measurement from a LIM experiment depends
both on the number of observed modes and on the instrumental noise. We write the number of

Fourier modes at a scale k, in bins of width Ak, in a total volume V as

k2AKV,
Ny (k) = ———= 4.6
(v = 228 (4.6
and the variance o(k) on a measurement of P(k) at a scale k is
P2 (K, z2)
o?(k, z) = o =s, 4.7
(K, 2) N, () (4.7)
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Estimates for Pyt are given in Table 4.1, while estimates of Py are discussed in Section

4.3.3.

4.3.2 Redshift Space Distortions

Observations of LSS are not made in the isotropic comoving space in which the matter
power spectrum is defined, but in the 241 dimensional space of angles and redshift. Since the
redshift of an emitter has components due to both the Hubble flow and its peculiar velocity, the
power spectrum in redshift space is distorted relative to comoving space [181].

Because the inferred transverse and line of sight coordinates are affected differently by the
RSD, it is necessary to consider the full anisotropic power spectrum in the space of parallel (k) and
perpendicular (k) ) modes. The RSD power spectrum can be expressed in (k, 1) coordinates, where
the cosine of the angle is denoted p = 2 - k. Then, in the linear plane-parallel approximation, the

anisotropic matter power spectrum is
Povs(k, p1, 2) = [b(2)°1(2) + f(2)*1(2)* 1] Pa (k). (4.8)

Here f(z) is the linear growth rate of structure, which is sensitive to modifications of
gravity. We show the redshift evolution of fog for the range of Horndeski theories we consider in
Figure 4.3.

[150] consider constraints on the Horndeski theory parameters cp and cps from both
anisotropic clustering measurements of the growth factor D in SDSS and fog at z = 0.57 in the 6dF
survey at z = 0.067. While the power spectrum adds little constraining power directly, the RSD
constraint improves the posterior uncertainties, especially on the cj; parameter, when compared to
the CMB-only constraint.

Although one can infer the value of fog directly from the full shape of the anistropic

matter power spectrum in (k, u, 2) space, it is simpler to consider constraints from the non-vanishing
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£ =0,2,4 moments obtained by convolving Eq. 4.8 with the Legendre polynomials £;:

Pk =22 / AP ) di (4.9)

Explicit expressions for the monopole and quadrupole are

Po(k) = (14 3600 + 20126 ) Pulh

4

4
7

Py(k) = <3(b[)26+ (bI)2ﬁ2> P (k). (4.10)

Here we neglect the [ = 4 moment since the hexadecapole is both difficult to measure
and contains little information not present in the first two multipoles [182]. For consistency with
the literature, we also work with 8 = f/b rather than fog directly. These expressions allow us to
compute the moments of the redshift space distortions from the isotropic power spectrum Py, (k).
The variance between the multipole moments can be computed explicitly:

(20+1)(21 +1)

Covi (k) = === / Li(1) Ly (1) (Pos (e, 12))? dp. (4.11)

—1
[183] (eq. C2-C4) gives explicit expressions for Cov; ;; (where we have here combined their

shot noise term with our Py notation). For the monopole:

2 4 6 4 1
C k)=—| 1+ —B2 4+ =g+ =p*
ovo,o(k) Nk[( RGN ARE At
2 1
x (bI)? Py (k)? + 2Py (1 +36+ 552> (bI)?Pu(k) + P3|. (4.12)
For the monopole-quadrupole cross-term:

2 8 24 40 40
COVO’Q(k) = m [ (Sﬁ + 7ﬁ2 + 553 + 99ﬂ4>

x (bI)? Py (k)? + 2Px (gﬁ + ;lﬁQ) (bI)QPm(kz)]. (4.13)

98



Finally, for the quadrupole:

COV272(I€) = ]\[k|:

220 90 , 1700 , 2075 , S
<5+ o Pt T g B g ) < (B Pa(k)

22
+ 2Py (5 + 2—10,6 + 370ﬁ2> (bI)? P (k) +5P3|.  (4.14)

The above expressions are exact in the case of flat Py, and are approximately correct
on intermediate and large scales where the finite spatial and spectral resolution induce only small

attenuation in the signal.

4.3.3 Target Lines, Redshifts, and Noise Estimates

Our forecasts focus on measuring the LIM power spectrum from 0 < z < 3, where ground-
based CO experiments are most sensitive. In Parametrization I (o; o ), the excess near the
turnover in the matter power spectrum at k = 0.01 is ~ 1% at z = 3, and an order of magnitude
larger at z = 0.5. The evolution in the effect of modified gravity for Parametrization II (o  a) is
comparable in magnitude, but begins at earlier redshifts, as shown in Figure 4.1.

We consider an experiment measuring the CO J — J—1 rotational transitions, which emit
at rest-frame frequencies of 115J GHz. CO offers several advantages compared to other LIM targets:
it is a known tracer of molecular gas and is therefore indicative of star formation (which peaked at
z ~ 2), it has been detected in individual galaxies at high redshift using ground-based telescopes
observing in the millimeter band, and the multiple transitions allow a wide range of redshifts to be
detected in a modest instrumental bandwidth. Our forecasts use the CO line amplitudes from [179].

To detect the CO power spectrum we consider ground-based mm-wave LIM surveys ob-
serving roughly from 75-310 GHz. Technology for this frequency range has seen significant recent
development for large-format CMB arrays: focal planes featuring dense arrays of background-limited

detectors are now common [184], and current instruments have demonstrated wideband optics that
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Table 4.1: Line frequencies, target redshifts, Pi,ot estimates, and line temperatures used
in this forecast. Unlisted rotational transitions up to CO(9-8) are assumed to contribute
interloper power, but are not included as targets as they are an order of magnitude smaller
in line brightness temperature.

Line Vrest |[GHz|  vops [GHz] 2 Pinot [#K?]  Temp [uK]
CO(1-0) 115 95 021 2.66 0.14
CO(2-1) 230 95 1.42 8.54 0.75
CO(3-2) 345 95 2.63 2.98 0.60
CO(2-1) 230 150 0.53 81.8 0.24
CO(3-2) 345 150 1.3 100 0.46
CO(3-2) 345 245 04 295 0.14

can measure the 1-3 mm band in a single receiver [185]. Current-generation mm-wave spectrome-
ters are significantly larger than their broadband counterparts since they generally use a physically
large apparatus (e.g. grating, Fourier Transform, or Fabry-Perot) for spectral separation. However,
on-chip spectrometer technology is rapidly progressing [186] and instruments are now being planned
to demonstrate LIM with dense spectrometer arrays that approach CMB packing efficiency. Our
forecasts anticipate that this technology can be scaled over the next ten years in the same manner
as CMB instruments leading up to CMB-S4 [187].

The oxygen line at 118 GHz and the water line at 183 GHz naturally divide up the
75-310 GHz mm-wave band into three windows: 75-115 GHz, 120-175 GHz, and 190-310 GHz.
We discuss our approach to estimating noise power in Appendix A. To account for the frequency
dependence of the line temperature, we calculate an effective redshift and line strength for each
target by averaging over the window. Target line frequencies, temperatures, and redshifts are given

in Table 4.1. Additional contributions to the noise model are discussed in the following section.
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4.3.4 Finite Resolution and Foregrounds

Instrument Resolution

The scales accessible to a LIM experiment are determined by the finite spatial and fre-
quency resolutions. In the frequency direction, the smoothing scale is characterized by the spectrom-
eter resolution dv, while in the transverse direction, the smoothing is a function of the beamwidth
0. These correspond to comoving smoothing scales at redshift z in the transverse o and parallel

(to the line of sight) direction oy. In the perpendicular (spatial) direction, the smoothing scale is

QbR(z)
- , 415
LT R (4.15)

where 6, is the full width at half maximum of the beam. The smoothing scale in the parallel

(frequency) direction is a function of the target frequency, resolution, and the Hubble scale H(z),

cov(l+z)

7H(z)yobs . (4.16)

g1 =

The noise power spectrum Py (k) is the product of the white noise level Py and a factor

accounting for the finite spectral and spatial resolutions of the instrument,

1
Px(k) = Pyet’ ot / dp e ¥ (el —1) (4.17)
0

where p is the cosine of the angle between the wavevector k£ and the line-of-sight direction, and the
integral averages over all such angles p to yield the spherically-averaged 3D power spectrum. Here
we treat the signal P(k) as fixed, while the finite resolution of the survey causes the noise to become
inflated at small scales. This differs from the physical situation, in which instruments generally have
flat noise properties as a function of k (or its angular counterpart, [), above a scale lxpee. In fact, it
is the inherent signal that is attenuated and not the noise.

Each point in the 2D k)| —k_ Fourier plane (averaged over the angular directions) has some
attenuation factor due to the instrument resolution. The RSD introduce some phase dependence

into the signal as structures move in the redshift direction only, that are picked out by the RSD
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operator. However, the attenuated 2D noise does not change due to the velocity-induced distortion
of the signal. On large and intermediate scales, and for small values of Py the attenuation factor
contributes negligibly to the noise on measurements of the multipole moments. This allows us to

use Eqs. 4.12 - 4.14 even in the case of finite instrument resolution.

Atmospheric Fluctuations

Atmospheric fluctuations generate scale-dependent noise. A frozen pattern of 2D fluc-
tuations blowing across the field of view at fixed height above the instrument produces a 1/f or
Kolmogorov spectrum with an approximate form of Py(f) ¢=8/3. Here we have introduced ¢,
the angular counterpart to k, which is the Fourier transform pair of the angle 6 on the sky. Since
atmospheric fluctuations are local to the instrument, it is common to express their effects in ¢ rather
than through the redshift dependent mapping to k. Since the fluctuations are finite in size, they

only affect the largest accessible scales, with the cut-off used to define the parameter £y e, such that

naor-n (14 (2)) s

The values of fxnee and « are determined empirically from fits to observed band powers

at fixed scan rate. In our forecasts we fix @« = —2.8 and fxnee = 200 to be consistent with measured
values from contemporary fast-scanning CMB experiments in temperature [188]. These values are
scan strategy-dependent and should be viewed as approximate. Moreover, it is possible that LIM
measurements will have improved noise properties due to the ability to excise atmospheric lines
in the spectroscopic measurement. Near-future pathfinder experiments will provide more detailed
atmospheric characterization suitable for LIM forecasts and better inform estimates of the largest

scales at which LIM is sensitive to cosmology.
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Interloper Lines

For observations at fixed redshift and target line frequency, line confusion arises because
the emission from sources at various redshifts overlaps in observed frequency. Without additional
information, observed power at a given target redshift cannot be easily distinguished from power at
a different redshift that has the same observed frequency. This effect can be large. For example,
for [CII] experiments targeting z ~ 7, CO rotational transitions between z = 0.45 and z = 1.8
act as foregrounds with power larger than the target line. For the low-J transitions of CO that
we target, higher rotational transitions are the main source of interloper confusion. To model this

scale-dependent effect, we modify the numerator of Eq. 4.7 to
Zlbl(z)ll(z)Pm(k:, Zz) + Piot + P (419)

For the RSD multipoles, we similarly modify Eq. 4.11 to sum over the RSD power spectrum

at each redshift,

204+ 1)(2 +1)

COVH/(k) = N

x / L) Lo ) (5P 2) + P d (1.20)

In other words, we assume that the interloper power adds to the noise, and does not
contribute signal to the estimate of Py (k, z;). In fact, the interloper contributions themselves carry
cosmological information similar to the information that we will consider from the brightest lines.
For example, in a wideband experiment observing a large range in redshift and different rotational
CO transitions simultaneously, internal cross-correlations may be able to extract the underlying
matter power spectrum from each CO line and add them coherently to the signal.

A wide variety of techniques has been proposed for interloper deconfusion. For surveys
targeting higher redshifts, masking techniques—i.e., removing brighter pixels that are more likely
to come from lower redshifts [164, 189], or using an external catalog of bright interloping galaxies

[190]) can significantly reduce the interloper contribution. Cross-correlations between lines can also
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reconstruct a high percentage of the true underlying map [182, 22]. Finally, geometric tests for

interloper deconfusion were introduced in [165] and [38].

Galactic Continuum Foregrounds

Galactic continuum emission can be a significant foreground for both CMB and LIM
experiments. For CO, thermal dust can significantly eclipse the line brightness temperatures at
frequencies above 50 GHz while non-thermal synchrotron emission dominates at lower frequencies.
By fitting a smooth, low-order polynomial to a foreground that slowly varies in frequency, this can be
subtracted and removed, leaving only the underlying cosmological signal. However, residuals from
fitting these broadband terms can lead to spuriously inferred excess matter power at large scales
that is a function of the residuals after continuum subtraction [37].

We used NBODYKIT to combine the linear matter power spectrum with the Galactic dust
continuum, and studied recovery of the power spectrum. We began by adding a mock LIM signal to
a typical Galactic dust spectrum, and then removed a series of low-order polynomials. We find that
even under pessimistic assumptions, foreground removal only affects large scales (k ~ 10~2 h/Mpc)
that contribute little weight to the overall constraint (due to the small number of available modes),
and which are additionally impacted by atmospheric noise. In a simple but more realistic model for
the continuum fitting, the difference between the input and recovered spectrum is less than 1% on

intermediate scales. We therefore neglect galactic continuum foregrounds in our forecast.

4.4 Results

In this section, we review the Fisher Matrix formalism used to derive constraints, and
describe the specifics of the survey we forecast, motivated by the relevant scales needed to constrain
modified gravity. We then present constraints for a future mm-wave LIM experiment as a function

of sensitivity, and account for various systematic effects.
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4.4.1 Fisher Matrix Formalism

Fisher matrix methods are a standard way of estimating the precision of future experi-
ments [191]. Beginning from an assumption of Gaussian errors, by Taylor expanding about the true

parameter values, we have
1, 1
exp | —5 X" | o exp —§ij5pj5pk (4.21)

where the matrix Fj; is called the Fisher matrix, and can be evaluated as

Nb 5fb 5fb
Fp = E —_— . 4.22
gk O'g 0p; Opk ( )

The Fisher matrix is equivalent to the inverse of the covariance matrix. Equation 4.22
instructs us to estimate the covariance matrix by computing derivatives of the observable quantity
in bins labelled by b and with corresponding error o3. Inverting Fjj then yields the variance and
covariance of the model parameters. In our case, we use the binned power spectrum, Py(k), and
estimate the error per bin o}, using Equations 4.7, 4.17, and 4.19. An explicit expression of the

Fisher matrix in terms of the modified gravity parameters is

Ny, 6P (k) 6P (k)
F = — . 4.2
M,B Ek: U]% 5CJVI,B 5CM,B ( 3)

Equation 4.22 is sufficient for estimating the covariance in the cg and cp; parameters
from a single measurement of the power spectrum. In the case where multiple emission lines are
independently used to constrain the power spectrum shape, the combined Fisher matrix is given by
the sum of the independent Fisher matrices for each line, FA+E = A 4 FB,

As the RSD multipole moments are not statistically independent, we compute the joint

constraint from the full covariance matrix:

0P (k P (k
Fyp = ZZ Z(B>Cl,l/ l ), (4.24)
%

N0 (SCM’ 6CM,B

where 1, I’ run over the 0 and 2 RSD multipole moments.
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4.4.2 Survey Definition and Accessible Scales

Constraints on the modified gravity models considered here will search for a nearly scale-
invariant change in the matter power spectrum from ACDM for k¥ > 1072 h/Mpc. This implies
that the astrophysical line emission terms in Eq. 4.4 need to be known to better than the ~few %
deviations in P, that we are considering. A LIM survey’s sensitivity to the power spectrum falls
off at the largest scales due to foreground filtering, atmospheric noise, and the decreasing number of
Fourier modes in a finite survey volume. A heuristic for the sensitivity of a survey to an observable,
e.g. the matter power spectrum on a given k-scale, is to count the number of accessible modes
accessible at that scale.

The number of observable modes can be improved by increasing either the spectral or
angular resolution or survey sky fraction. The LIM surveys we consider here are mismatched in
angular and spectral resolution; while the arcminute scales accessible with 5-10m class dishes cor-
respond to k ~ 1 — 10 h/Mpc, current mm-wave spectrometers have only been demonstrated up
to R ~ 300 corresponding to k ~ 0.2 . However, a factor of ~several improvement in resolution
should be possible with technology developments in the near future. In Fig. 4.2 we show the matter
power spectrum (k3 P, (k)) and cumulative signal-to-noise ratio on the power spectrum deviation as
a function of k for representative values of c¢js, cp in both parameterizations at z = 0.5, focusing on
the difference between the R = 57” = 300 and 1000 cases. Increasing the spectral resolution increases
the number of modes in the survey, leading to improved sensitivity even when a survey is unable
to resolve the smallest scale structures. Most of the constraining power in the R = 300 case occurs
around k£ ~ 0.1 h/Mpc, due to the larger number of modes after accounting for both the spectral
resolution and number of modes contained in the survey volume. The scale at which non-linear
growth affects the power spectrum at the 2% level is k ~ 0.1 h/Mpc at z ~ 0, and k& ~ 0.25 h/Mpc
at z = 3 (the mean redshift of the lines considered is shown in Table 4.1). Thus for R = 1000 about

50% of the constraining power comes from weakly non-linear scales. The exact level of non-linear
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growth expected in Horndeski gravity is uncertain, but experiments with HALOFIT [192] suggest a
moderate increase in the matter power spectrum, and thus moderately improved sensitivity. To be
conservative, we assume the predictions of linear theory. Another source of non-linear biasing is the
relationship between CO emissivity and dark matter power, which depends on the CO luminosity
function [32] and exhibits non-linear effects at k& ~ 0.2 h/Mpc [193]. The remaining uncertainties
in the scale at which nonlinear biasing becomes important will be decreased with future small-scale
detection of CO shot noise.

As a baseline survey definition, we consider a survey over 40% of the sky observing 75-310
GHz with R = 300. The sky fraction is set in part by the physical limits of telescopes and optics that
often restrict observing to elevation angles > 40-50 deg. Bright emission from the Galactic center
can further restrict accessible sky fractions by another ~ 10%. This survey geometry corresponds
to a range of accessible scales between ~ 2 x 1073 < k < 5 x 107! h/Mpc. The maximum scale
is set by the resolution in the frequency direction while the minimum scale is set by the assumed
sky fraction. Increasing the sky fraction to 70% improves access to the largest scales by about a
factor of two, while the smallest scales remain limited by the resolution in the frequency direction.
Atmospheric and galactic thermal continuum foregrounds can also limit sensitivity to the largest
scale modes.

Fixing the sky fraction and bandwidth allows us to make the estimates of the noise power
given in Table 4.1. The white noise contribution arises from incident photon power from the at-
mosphere, telescope, and detector (Equations A.1, A.2). Within each of the mm-wave atmospheric
windows (= 75-115, 125-175, and 180-310 GHz), we use an effective NET in which all of the fre-
quency channels within each band are nverse variance weighted. We then calculate the voxel volume
using Equation A.4 for the minimum spatial and frequency scales, set by the telescope’s angular res-
olution and spectrometer spectral resolution, respectively. We convert between NET and integration

time via Equation A.3.
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Figure 4.4: Sensitivity to the cjs, cp parameters from the matter power spectrum or redshift
space distortion monopole differs by a factor of ~ 2 independent of spectral resolution
or sky fraction. Here we show forecasted sensitivity (posterior width) as a function of
spectrometer hours for the ¢y and cp parameters in the baseline (R = 300, fq, = 40%),
increased spectral resolution (R = 1000, fuy = 40%), and increased survey volume (R =
300, fsey = 70%) cases. Top panels are for Parameterization II and the bottom panel is for
Parameterization L.

4.4.3 Fiducial Analysis

For our fiducial survey, we assume the experiment described in the previous section, with
R = 300 spectral resolution and fa, = 40%. In Table 4.1 we summarize our target lines, redshifts,
and shot noise estimates. Combined constraints are obtained by summing the Fisher matrices over
the full bandwidth, assuming statistical independence of each target line and redshift. We focus on
the effects of survey definition for the sensitivity of the baseline survey to ¢y, cg, leaving the effects
of interlopers and atmospheric foregrounds for the next section.

Figure 4.4 shows the 1o posterior widths, o(cp) and o(cpr), in Parameterization II (o; o a,

top row) and Parameterization I (a; o< Q4, bottom row), as a function of spectrometer-hours, the
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product of the number of spectrometers and integration time. In addition to the matter power spec-
trum constraint, we also show the results from the RSD power spectrum monopole and quadrupole
separately. The fiducial experiment (fgy = 40%, R = 300) achieves similar sensitivity to the RSD
monopole and matter power spectrum, while the quadrupole is significantly less constraining [182].

Sensitivity can be improved by increasing the number of modes through larger survey
volumes or improved spectral resolution. In the center and right panels of Figure 4.4, we forecast
for increasing the spectral resolution from R = 300 to R = 1000 at fixed sky fraction, and for
increasing the sky fraction from fy, = 40% to fa, = 70%. We find a factor of a few improvement
in sensitivity, achieving a 40.1 level constraint on each of the cp, cys in Parameterization IT at 103
spectrometer-hours, with improved sensitivity with longer integration times in both the R = 1000
and fo, = 70% experiments.

Increasing the spectral resolution provides larger returns on sensitivity than going to higher
sky fractions at fixed spectrometer-hours, with sensitivity approaching the +0.01 level in ~ 10%
spectrometer hours. However, this result depends on the assumed shot noise for each target line.
In a test where the shot noise was assumed to take its z = 2 values from [9], sensitivity saturates
near +0.1 at 10® spectrometer-hours in the R = 1000 experiment in both parameterizations. Less

sensitivity to the cps, cp is achieved in Parameterization I, regardless of survey definition.

4.4.4 Accounting for Interlopers and Low-Frequency Noise

In order to quantify the effect of different analysis choices on sensitivity to the power spec-
trum, we now consider the impact that interlopers and low-frequency noise have on measurements
of the cjs and, cp parameters. We begin by modifying the fiducial analysis and baseline survey ac-
cording to the discussion in Section 4.3.3. Both the survey geometry and atmospheric scale limit the
maximum accessible scales. Since the signal to noise ratio on measurements of the power spectrum

decreases significantly on the largest scales, the atmospheric parameters ¢ and « will only signifi-
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Figure 4.5: Including interlopers leads to a decrease in sensitivity both from P, (k) and the
sum of Pj_q(k)+ P—2(k), with a reduced sensitivity gap for the redshift space measurements.
As before, we plot forecasted sensitivity (posterior width) as a function of spectrometer
hours for the ¢j; and cg parameters when interlopers are included or excluded in the baseline
survey. Left panels show sensitivity from the matter power spectrum, right panels for RSD
multipoles. Top panels show Parameterization II, bottom panels show Parameterization I.
cantly impact the constraint if they differ substantially from the scale set by the survey geometry.
As discussed in Section 4.3.4, we assume that the atmospheric noise will be similar to that observed
at the South Pole. As the relevant observable scales are above £ (see Figure 4.2) the choice of ¢ has
little impact on our results.

We further consider the effect of interloper lines that mimic redshift dependent intensity
fluctuations and therefore pose a potentially more serious problem. Interlopers can mimic a modified
gravity effect, since at fixed redshift a change in the intensity bias is degenerate with a change in the
growth function. In Figure 4.5, we plot the sensitivity as a function of spectrometer-hours for both
the baseline case (fay = 40%, R = 300) and a case including interlopers and low frequency noise.
We treat the interlopers following Section 4.3.4, where interloper lines are assumed to contribute
noise but not signal to the measurement of the modified gravity parameters. Here we consider the

sensitivity from P, (k) and the sum of P,—o(k) and P,—2(k) computed using Equations 4.12 to 4.14

and 4.24. Interlopers are treated as in Equation 4.20.
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The inclusion of interlopers can significantly reduce constraining power. While we obtain
+0.1 level constraints in the fidicial survey for Parameterization II in 10% spectrometer hours, this
now requires 10° spectrometer hours or more. In Parameterization I, a 0.1 constraint is no longer
obtained in our range of spectrometer-hours. While such a measurement would still allow for char-
acterization of the size of modified gravity effect over a range in redshift, an interloper-contaminated
LIM measurement would add only a very limited amount of information as compared to the existing
CMB and LSS measurements.

When there is clean separation between interloper and target lines (the “interloper free”
baseline case), Py, (k) is more sensitive to the values of the ¢js, cp than the sum of the information
from P—o(k) and P,—(k). However, in the case of poor line separation, this situation is reversed,
where the RSD multipole moments retain more of the sensitivity that is lost in the matter power
spectrum. That is, the difference between the interloper and interloper-free cases is smaller. This
result is anticipated by the close relationship between Alcock-Paczynski tests, which can be used to
achieve line separation, and the redshift space distortion. The two effects are degenerate with the
matter power spectrum, and require an assumed background cosmology to fully isolate from one
another [194]. The degree of line seperation working in redshift space depends on the linear growth
factor f and ratios of volumes between the target and interloper line redshifts.

The two cases we have considered here (foreground/interloper-free and interloper-contaminated)
roughly bound the range of expected sensitivity. The interloper-contaminated case we have consid-
ered is unrealistically pessimistic, where no attempt is made to remove interlopers before performing
a cosmological analysis. Numerous techniques have been proposed in the literature for reducing their
contributions (see Section 4.3.4). Although outside the scope of this work, one complication for LIM
measurements of modified gravity is that several interloper mitigation schemes (e.g., geometric meth-
ods) depend on an assumed near-ACDM expansion history. Fully quantifying the effect of various

assumptions on the recovery of the signatures of modified gravity is left for future work.
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4.5 Discussion

The observable signature of Horndeski gravity on LSS is a scale-independent change in
the normalisation of the matter power spectrum for k > 10~3 h/Mpc, observable in either comoving
or redshift space.

[150] found that the inclusion of fog from BOSS DR11 CMASS and 6dF led to increased
sensitivity relative to the CMB-only and CMB 4 mPk cases. We therefore also forecast for an
experiment targeting the RSD monopole and quadrupole, which carry information about the velocity
field. We find similar sensitivity to c¢g, cps from combining the first two moments of the RSD power
spectrum and the matter power spectrum alone. Consistent with the expectations from [182], the
quadrupole contributes limited sensitivity compared to the monopole-only result. This is because
the uncertainties on the quadrupole power spectrum are a factor of ~ /2] + 1/2 larger than the
uncertainties on the monopole. We assume fiducial models for the line biases and temperatures
as discussed in Section 4.3.1 under the assumption that both will be well constrained by future
experiments, for example, through multiple-line cross correlations or via cross-correlation with galaxy
surveys [182].

Unmitigated interloper emission can reduce the sensitivity at fixed integration time by
roughly an order of magnitude. This is expected since the primary effect of modifying gravity in
our parameterizations mimics a change to the growth function with redshift. As interloper lines
add noise power from a range of redshifts, this adds scatter to the inferred growth function, or
equivalently the overall amplitude of the power spectrum on a range of scales.

The inclusion of interlopers in our baseline surveys leads to a reduction in sensitivity
to the Horndeski linear theory « functions. We expect the sensitivity of a future experiment to
lie somewhere between the no interlopers and interlopers cases shown in Figure 4.5. Although a
large number of methods to mitigate the effect of interlopers on cosmological analyses have been

studied in the literature, this motivates future work to understand how interlopers may bias future
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measurements in cosmology.

A LIM experiment will produce a set of redshift-dependent power spectrum amplitudes
that are weighted by the line temperatures and bias factors. Under a fixed background cosmology
and assumed evolution of the line intensities, internal and external cross correlations can be used
to both disentangle the interloper contributions and significantly reduce degeneracies between the
astrophysics- and cosmology-dependent terms.

Our constraints make use of only the average line intensity across the target band and not
its redshift evolution. However, the line intensity is expected to trace star formation and therefore
peak at z =~ 2, while the modified gravity power spectrum excess is expected to grow monotonically
with redshift. Therefore, the evolution of the two effects is expected to generically differ with an
overall change in the line evolution as compared to ACDM. This provides another potential avenue
for a LIM experiment to probe modified gravity directly from the redshift evolution. Making use of
this information will require improvements in our understanding of the line evolution (I(z)) models
and scaling relations that link these models to the SFR.

While direct constraints on Horndeski gravity from galaxy surveys have been challenged by
limited cosmological volumes and uncertainty in the galaxy bias, next-generation galaxy surveys will
probe larger volumes, allowing for joint analysis and cross-correlations that can break degeneracies
between multiple probes. Galaxy-LIM cross correlations and multi-line LIM cross correlations, for

example, can separate the line bias and intensities even in the presence of interlopers [7].

4.6 Conclusions

In this work, we investigated the ability of a wide-bandwidth ground-based LIM exper-
iment targeting rotational CO transitions to constrain the linear theory parameters of Horndeski
models. We consider two parameterizations for the evolution of these parameters, governing the

braiding and running of the Planck mass, where both are allowed to evolve with the effective dark
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energy density Qpp or with the scale factor a. Both parameterizations predict larger effects at low
redshift, with excesses in apparent power at small scales and deficits in power at large scales for a
large part of this 2D parameter space.

With observations in three atmospheric bands from 75-310 GHz, we find that the bright
rotational CO transitions from redshifts 0—3 yield posterior widths for these parameters approaching
the sensitivity of CMB and existing galaxy survey constraints at 108-10° spectrometer-hours. This
result is robust to the presence of continuum foreground and atmospheric effects, being primarily
driven by information obtained from intermediate scales and therefore mainly limited by the degree
of interloper contamination. Models in which the modified gravity effect is proportional to the
scale factor rather than Qpg yield constraints that are about an order of magnitude larger at fixed
integration time, a result that is consistent with past measurements. There is significant uncertainty
about what limits the sensitivity of future experiments in the space of noise, astrophysical, and
cosmological modeling uncertainties, and our results should therefore be viewed as a preliminary
estimate of the performance of a real instrument. Nonetheless, these results show that future LIM
experiments could place competitive constraints on the space of modified gravity theories.

Horndeski theories represent a general class of modified gravity models that add scalar-
coupled terms to the gravitational Lagrangian. As discussed in [80], measuring values of the «
functions therefore constrains the parameter space of viable modifications to General Relativity.
These include metric f(R), Kinetic Gravity Braiding, Galileon, Brans-Dicke, Palantini, and Gauss-
Bonnet models.

LIM experiments with CMB heritage could potentially reach 108-10° spectrometer hours
over the next 10-15 years. On similar timescales, space-based spectro-polarimeters operating in
the far-IR are expected to become feasible [179]. A space-based instrument would trade angular
spatial resolution for increased sensitivity to the integrated line emission through wider bandwidth

and reduced large scale noise due to a lack of atmosphere. Combined with a larger f, this would
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enable a range of complementary CMB and galaxy cluster science. As the signature of a modified
gravity effect is largely scale-independent on intermediate scales, such an experiment would be able
to improve constraints on deviations from General Relativity through both direct measurement of
the matter power spectrum and through multi-tracer analyses similar to the one we consider here.
Measurement of modified gravity effects will require improvements in our knowledge of
target line biases and intensities to break parameter degeneracies. While analysis and modeling
methods for LIM remain in their infancy compared to well developed-methods for CMB and galaxy
survey measurements, LIM experiments targeting rotational CO benefit from both this heritage and
bright line temperatures. This makes these transitions promising targets for constraining modified
gravity theories. Our results show that future LIM experiments can achieve constraints on the linear

parameters of Horndeski theories that are competitive with the current state of the art.
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Chapter 5

Conclusions and Future Work

Photometric and Spectroscopic Intensity Mapping are techniques for studying the aggre-
gate large scale properties of the universe by measuring very large cosmological volumes. Chapter
3 of this dissertation has investigated the ability of a next generation UV survey satellite, the
Cosmological Advanced Survey Telescope for Optical-UV Research (CASTOR), and an infrared
Spectro-photometric experiment, the Spectro-Photometer (SPHEREX), to measure the astrophysics
responsible for the production of UV and optical photons. Chapter 4 of this dissertation then inves-
tigated the ability of future all sky spectroscopic or line intensity mapping experiments to measure
deviations from Einstein’s theory of General Relativity and to use those deviations to constrain the

Horndeski family of gravity theories. Major conclusions of this work can be summarized as follows,

1. CASTOR can measure the UV-optical portion of the EBL at redshifts 0-3, producing approx-

imately 10% level measurements of the parameters of theoretical models for the UV-EBL.

2. SPHEREXx can extend these constraints, targeting rest Ly-alpha, that has been redshifted into

the IR in the observed frame, from redshifts z=>5-9.

3. A future LIM experiment targeting the rotational CO J — J-1 transitions from z = 0-3 can

measure deviations from Einstein’s theory of General Relativity through a constant excess
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in the observed matter and redshift space power spectra on intermediate scales. Such a
measurement is degenerate with the line bias and intensity, but can be disentangled through

a measurement of the redshift dependent line evolution that differs in shape.

4. For a LIM experiment achieving 102 — 10? detector hours, a constraint on the parameters of
Horndeski models of large scale structure governing the large scale strength of gravity and the

clustering of dark energy, we forecast constraints at the +0.1 level.

5. We find that this result is insensitive to choices about the inclusion of various noise sources and
systematics, including galactic and atmospheric foregrounds. Interlopers are a more serious
problem future LIM experiments to modified gravity theories, reducing sensitivity at fixed

number of spectrometer hours by about an order of magnitude.

6. These results are based on linear cosmological perturbation theory and neglect higher order
correlations, including in the line luminosity functions that may introduce additional noise
sources not considered here. They depend on the ability to disentangle the evolution of target
lines, as well as interloper line confusion, from the underlying cosmology and gravity dependent

signal.

With 6) in mind, the remainder of this dissertation will review the prospects for principled

inference of photometric and spectroscopic intensity mapping experiments.

5.1 Future Work in Line Intensity Mapping

5.1.1 Synergistic Measurement Techniques

While much of this dissertation has concerned itself with the autocorrelation and auto-
power spectra of large scale structure, there is an increasing understanding that fully exploiting the

information available in intensity mapping experiments will be done through cross-correlation, both
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with multi-wavelength intensity mapping experiments, and with galaxy surveys in the optical and

infrared. A non-exhaustive list of promising targets for cross-correlation,

1. Ground Based Photometric and Spectroscopic Surveys Over the next decade, a large number
of ground based photometric and spectroscopic surveys are anticipated to see first light. The
largest such survey, the Vera C. Rubin Observatory Legacy Survey of Space and Time (LSST),
will produce an 18,000 square degree survey in six photometric filters from ~ 320-1050 nm
[153]. LSST is designed to produce cosmological parameter constraints through a combination
of techniques, including weak lensing/cosmic shear, Baryon Acoustic Oscillations, constraints
on the mass function of halos through weak lensing, and through supernova cosmology. As a
photometric survey, LSST is able to achieve both a large and deep survey design (up to 24.5
magnitude) at the cost of spectroscopic information, and will require sophisticated techniques
to estimate the photometric redshift probability distribution of sources for the cosmology
analysis. By contrast, the Dark Energy Spectroscopic Instrument (DESI), will conduct a
spectroscopic survey over ~ 40% of the sky for large scale structure and redshift space dis-
tortion cosmology [195]. To achieve high survey areas in a spectroscopic survey, the limiting
magnitude and depth of survey is limited to 19.5. As explored in Chapter 3 for CASTOR,
cross-correlations between large photometric and ground based surveys will provide improved
redshift estimates for photometric experiments. More speculatively, similar cross correlations
may also be able to address the interloper line problem for spectroscopic intensity mapping

or contribute to removal of catastrophic outliers in photometric redshift surveys.

2. Space Based Surveys - Roman and Euclid Observatories The Nancy Grace Roman and Euclid
Space Telescope will produce large and complementary surveys of much of the sky. Similar
to the situation with ground based instruments that trade survey area for survey depth, the
Roman telescope will survey 5% of the sky to a limiting magnitude of ~ 27 [97], while Euclid

will survey up to 50% of the sky to a much lower magnitude & 24 in most bands [98]. Roman
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and Euclid will depend on lensing studies to calibrate the bias in order to reliably estimate
the matter density from clustering. Lensing of sub-mm intensity maps has only recently
been explored (cf [196]), but 21 cm lensing has been more extensively studied (cf [197]). Cross
correlations between Roman and Euclid with lensed intensity maps may aid the bias calibration
of both LIM experiments as well as the space based galaxy surveys. Finally, cluster cosmology
depends on accurate mass calibration from phase space modeling. Traditionally this has been
achieved with high resolution spectroscopy of cluster galaxies, but future modeling of the LIM

signal may allow a reliable inference from the measured intensity to the halo mass.

3. Multi-wavelength LIM Cross-Correlations Internal cross correlations between multiple lines
observed simultaneously and external cross correlations between lines observed by multiple
instruments are expected to be a major source of information about cosmology and astro-
physics, as well as a key technique for mitigating systematics. Applications for extracting the
target line power spectra in the presence of interloper emission are reviewed in Chapter 1.3.
Targets include CO J — J-1 transitions, as well as rotational or CII Ly« with HETDEX at

low redshift or SPHEREx at high redshift [35].

4. Cosmic Microwave Background FExperiments Cosmic Microwave Background experiments have
historically provided stringent constraints on the Cosmic Infrared Background (see Chapter
1). This opens the door for consistency checks on the CIB between Planck and SPHEREx
CIB constraints. Lensing of the CMB is highly synergistic with sub-mm and 21 c¢m lensing,
providing an obvious avenue for cross-correlation and calibration of, for example, estimates of

the bias for galaxy surveys [7].

Cross-correlations between galaxy surveys and photometric or spectroscopic intensity map-
ping will likely be important for the first low SNR detections of the LIM clustering signal, and for
extraction of information from photometric intensity maps. Synergies between next generation LIM

experiments and future galaxy surveys will extend these to high SNR measurements capable of
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constraining underlying astrophysics and cosmology.

5.1.2 Line Emission Models

Significant uncertainties in the estimates of line intensities and luminosity functions for
sub-mm emission lines remain. In particular, predicting the line intensity power spectra and noise
properties require knowledge of how line luminosities scale with halo and galaxy properties. There

are two common approaches to solving this problem,

1. Semi-analytic modeling frameworks begin by generating dark matter halos with merger histo-
ries estimated from extended-Press Schechter models [198]. After producing merger histories
for the halo population, empirical and simulation derived scaling relations are used to assign
gas fractions and metallicities to the halo masses. Cooling rate estimates are then used to
turn gas fractions and metallicities into estimates of the line emission. The key advantage of
the SAM approach is that it is more interpretable than simulation derived estimates of line
emission, while comparison of the SAMs are broadly consistent with observations over a large
range in redshift. Despite this, applying existing SAMs to analysis of intensity maps requires
uncertain extrapolation to higher redshifts where it is difficult to independently calibrate the

SAMs.

2. Simulation post-processing frameworks are an alternative that attempts to self-consistently
model multi-line emission properties. The Simulator of Galaxy Millimeter/Submillimeter
Emission (SIGAME) is a tool for sub-grid modeling of smoothed particle hydrodynamic (SPH)
simulations to self-consistently predict multi-line emission properties [199]. Outputs from SPH
simulations are first read in to assign gas fractions, masses, and metallicities. SIGAME then
uses gas fraction estimates to assign gas to giant molecular clouds and diffuse components,
consistently tracking the metallicity of the gas. Radiative transfer models are then generated

to track the line luminosities as a function of gas properties. Final outputs include gas
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properties and spatially resolved line luminosities. SIGAME is a fully consistent and physically
motivated tool, not relying on explicit scaling relations or uncertain extrapolations. This
trades generalizability for interpretability, extending the domain over which models can be

applied while potentially obscuring the underlying physics.

Approaches to line emission modeling based on both SAMs and post-processing tools will
be useful for the analysis of future intensity mapping experiments. The computational simplicity
of the SAM approach makes it appropriate for integration into Monte Carlo sampling to produce
estimates of line evolution parameters. Despite this, the need to independently calibrate SAMs at
redshifts that are inaccessible to auxiliary surveys introduces hard to quantify uncertainties into
inference based solely on SAMs. While simulation based techniques are computationally expensive,
such techniques can be used to provide an independent consistency check on the predictions of
SAMs. Simulation based techniques can also be used to widely sample parameter space and estimate
line emission statistics and luminosity functions without simplifying assumptions about structure

formation.

5.2 Summary and Concluding Remarks

Spectroscopic and photometric intensity mapping experiments will provide complementary
information, especially about higher redshifts, to the catalogs produced by large ground and space
based survey in the next decade. With this in mind, this dissertation has studied the ability of
future photometric and spectroscopic intensity mapping experiments to improve our knowledge
of astrophysics and cosmology. Beyond the major improvements in our understanding of the UV-
Optical extragalactic background light and new tests of Einstein Gravity that we forecast, a primary
theme of this dissertation is that large scale structure remains important as both of immediate

scientific interest and as a tool for enabling complementary measurements.
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Appendix A

Noise Power for Single Dish Line

Intensity Mapping Experiments

Noise power can be expressed in terms of the Noise Equivalent Temperature (NET) or
the Noise Equivalent Flux Density (NEFD). For consistency with our parameterization of the line
luminosities in terms of line temperature (1K), we choose to work in NET. We begin by assuming
a dual polarization instrument and calculate the noise equivalent power (NEP) from the incident

photon load @ for each detector:

207
Niodes AV ’

NEP,;, = 2hvQ + (A1)

where v is the detector center frequency and Av is the bandwidth. @ is the sum of power arriving

at the detector from the atmosphere and emission from the telescope:

Qtot = Qatm + Qte1~ (A2)

A detector observing a load of temperature T" with optical efficiency 7 sees photon power @ =
2nkTAv (for hv < kT). We use the am atmospheric modeling software to calculate the typical

atmospheric temperature at each frequency for the South Pole winter [200]. The telescope emission
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is assumed to be at the ambient South Pole temperature ~ 250 K with an emission ¢ = 0.01,
as measured for the South Pole Telescope. Finally, we assume that each detector has an NEP of
~ 10718 W/ VHz, which is added in quadrature to the incident photon NEP.

After converting the NEP to a white noise level o,s(~ 481 uK -y/s), the noise power
spectrum for a given integration time per pixel tpix is

o2

PN = Vvox&7 (A?’)
2‘:pix
where the voxel volume is
A1+ 2)?
VVOX = T(Z)2WQPD(AV' (A.4)

Here r(z) is the comoving radial distance, A is the wavelength, H(2) is the Hubble parameter, and

Qpix is the pixel size.
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