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ABSTRACT OF THE DISSERTATION

Non-Gaussian Signatures of Primordial Interactions During Inflation in the Large-Scale
Structure

by

Jiashu Han

Doctor of Philosophy in Physics

University of California San Diego, 2026

Professor Daniel Green, Chair

Cosmic inflation is the leading theory for the generation of fluctuations in the early
universe. Proposed interactions during inflation can lead to the generation of novel signatures
on top of the minimal Gaussian, nearly scale-invariant fluctuations predicted by the standard
model of cosmology. While the fields generating these signatures have long since decayed and
are no longer relevant for the dynamics of the late-time universe, their interactions with the
inflaton leave perturbations in the spacetime curvature that seed the matter distribution of the
present-day universe through gravitational interactions, allowing the large-scale structure (LSS)

to be a laboratory for probing these primordial interactions at the present day. In this dissertation,
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we study the non-Gaussian signals generated by field interactions during inflation by analyzing
the scale-dependent features they imprint in the power spectrum of galaxies, and the degeneracies
with nonlinear evolution and other late-time effects. In Chapter 1, we discuss the theoretical
background and motivation of this work. In Chapter 2, we study the scale-dependent bias that
results from interactions involving light fields during inflation, and explore the feasibility of
detecting such signatures from present and future galaxy surveys. We show that the survey
sensitivity can be significantly improved by optimizing the survey design. In Chapter 3, we
expand the search further by considering a wider range of scale-dependent signatures that are
generated through the cosmological collider. We make measurements and constraints on the
non-Gaussian amplitude in the expanded parameter space. While no signal has been detected, our
analysis offers insights into future galaxy surveys’ ability to constrain inflationary models through
the two-point statistics. We further discuss the effects of incorporating additional physical effects

in our modeling on the constraints.
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Introduction

The study of modern physical cosmology began with the development of the theory of
general relativity in the early twentieth century, and primarily concerns the origin, evolution
and structure of the Universe through models based on the laws of physics. Backed by major
discoveries that followed in the last century, the most promising cosmological models support
the Big Bang as the origin of the Universe. Since then, the standard ACDM model of cosmology
has seen remarkable success in tying physical processes of the very small, such as Big Bang
nucleosynthesis of the light nuclei, to the very big, such as the statistical properties of the spatial
distribution of galaxies and the cosmic microwave background (CMB), as well as connecting
the dynamics in the early seconds of the Universe to its structure and properties at the present
time [1]. This allows us to study the early-universe dynamics in the extremely far past with
incredible precision.

Despite these successes, some problems have persisted within the framework of the stan-
dard cosmological model. In particular, the apparent fine-tuning required to address the spatial
flatness and large-scale homogeneity of the Universe, and the origin of the small-scale fluctua-
tions need a convincing explanation. These issues have led to the development of many theories,
among which the most widely accepted is cosmic inflation, which solves the aforementioned
problems with a relatively simple argument [2-5].

Cosmic inflation postulates that a period of accelerated, approximately exponential
expansion occurred during the early universe. In the simplest realization, this expansion is
driven by a scalar field called inflaton, that slowly rolls down a sufficiently flat potential so that

its potential energy dominates over its kinetic energy. The period of inflation ended when the



slow-roll conditions were violated, followed by a reheating phase during which the inflaton
transferred its energy to Standard Model degrees of freedom [6]. While the theory requires the
introduction of a new field, it simultaneously solves the fine-tuning problems and provides a
mechanism for generating the primordial fluctuations that seed the cosmic structure we observe
today [7].

The information about the field content and interactions during inflation is encoded in the
correlation functions of the primordial curvature perturbation {. In the simplest model, inflation
is driven by a single scalar field with minimal interactions. This results in perturbations that are
nearly Gaussian, adiabatic, and approximately scale-invariant, which can be captured by the

two-point correlation function or power spectrum

— —

(RS (K)) = (2m)’ Sp(k+K') Py (k). (D)

More general models include additional fields that are coupled to the inflaton, leading to distinct
signatures in the three-point and higher-order correlation functions of the primordial fluctua-
tions [8, 9].

Depending on the fields at play during inflation, these signatures exhibit different qualita-
tive features. Interactions involving additional light fields can generate enhanced squeezed-limit

correlations that induce a scale-dependent bias in the galaxy power spectrum [10]
Ab(k) o< kA2 (2)

On the other hand, interactions involving additional massive fields could lead to oscillatory or
non-analytic features in the correlation functions, which encode the mass spectrum of inflationary-
era particles [11-13]. These insights have led to the idea of a “cosmological collider,” in
which the early universe acts as a high-energy environment capable of producing new particles

and imprinting their signatures on cosmological observables [14]. Observing these signatures



would allow us to explore fundamental physics at scales far beyond the reach of any Earth-
based experiment, but measuring them requires making connections between the early-universe
processes and late-time observables.

During inflation, modes of perturbations are stretched beyond the Hubble horizon. For
adiabatic modes, the curvature perturbation { becomes conserved on super-horizon scales,
allowing primordial information to be preserved until the modes re-enter the horizon at a later
time. Gravitational instability then causes the primordial fluctuations to be transferred into matter
density fluctuations, which in turn evolve into halos and galaxies through linear and nonlinear
processes, giving rise to the large-scale structure (LSS) of the Universe we observe today [15].
This opens a pathway for us to access primordial physics.

Primordial non-Gaussianity (PNG) is most directly encoded in the three-point (i.e. bis-
pectrum) and higher-N-point correlation functions of cosmological observables. Existing ob-
servations place stringent constraints on the amplitudes of several well-studied bispectrum
templates [16]. This implies that any potential signal beyond the two-point statistics must be
small and therefore suffers from low signal-to-noise, making the detection of PNG contribu-
tions to higher-N-point statistics observationally challenging. In contrast, two-point statistics,
such as the galaxy power spectrum, can be measured with relatively high precision in current
and near-future galaxy surveys. Compared to other observables such as the CMB, large-scale
structure measurements of PNG have an additional observational advantage due to its three-
dimensional nature, because the number of independent Fourier modes in a three-dimensional
LSS survey scales as k..., whereas the number of modes in a two-dimensional CMB map scales

as (2

“ax L17, 18]. Therefore, the scale-dependent features in the galaxy power spectrum offer a

robust probe of primordial physics.

Nevertheless, the quest to extract information about the primordial universe from the
large-scale structure faces many challenges. Theoretical considerations such as consistency
conditions, symmetry arguments and Boltzmann suppression of heavy particle production for

masses m > H limit the observability of certain classes of primordial contributions [19-24].



Furthermore, nonlinear gravitational evolution, galaxy bias, and observational effects can result
in features similar to the predicted primordial signal in the galaxy power spectrum, thereby
obscuring the true signal of interest [25-28]. To disentangle the primordial signal from these
various non-primordial effects, it is important to have a detailed model of the galaxy power
spectrum that incorporates the underlying theory [29].

In this dissertation, our goal is to study how interactions involving both light and heavy
fields during inflation leave imprints in the two-point statistics of the large-scale structure.
We build upon theoretical frameworks of inflationary physics and the standard cosmological
perturbation theory to identify and characterize these relic signatures in the distribution of
galaxies, and place constraints on these signatures using existing data.

First, we investigate how primordial interactions between light fields and the inflaton
modify the clustering of galaxies and introduce a scale-dependent bias on the galaxy two-point
correlation. We quantify this scale-dependent contribution to the galaxy power spectrum in a
minimally model-dependent framework, and determine conditions under which such signals can
be distinguished from contributions of non-primordial origins, such as nonlinear gravitational
evolution. We study the observational consequences of the scale-dependent bias in current and
future galaxy surveys by forecasting the constraint on the signal amplitude fl\AIL, and provide
insights into how these surveys can be optimized to search for these signals.

We then extend this analysis to a wider range of candidates including heavy fields during
inflation, which give rise to oscillatory features in the scale-dependent bias in the galaxy power
spectrum. These features are in principle distinguishable from biasing effects due to their
characteristic oscillatory shape. We assess the feasibility of detecting such features in realistic
survey settings, and illustrate how observations of the large-scale structure can allow us to probe
the mass spectrum of particles during inflation.

Our results demonstrate that through the scale-dependent bias, the two-point correlation
of the large-scale structure contains valuable information about interactions during cosmic

inflation. With sufficiently precise theoretical modeling, the large-scale structure can therefore



provide a competitive and complementary probe of high energy physics beyond the reach of
Earth-based experiments. The potential findings have implications not only for the field of
cosmology and the history of the Universe, but also for our understanding of the fundamental
interactions in nature.

This dissertation is organized as follows: In Chapter 1, we motivate this work by review-
ing the connection between the late-time observables in the large-scale structure and the origin
of the perturbations during cosmic inflation, and discuss treatments of the galaxy bias and other
effects in the modeling of the galaxy power spectrum. In Chapter 2, we present the analysis of the
impact of light-field interactions with the inflaton on the galaxy two-point statistics, and discuss
strategies to improve survey sensitivity on this signal. In Chapter 3, we focus on oscillatory
features in the galaxy power spectrum originating from heavy field interactions. Finally, we
summarize the results in Chapter 4, and discuss future directions for probing primordial physics
with the large-scale structure. A set of appendices provides additional details on the model-
ing, forecast and analysis of the light-field signals (Appendix A) and the oscillatory features

(Appendix B).



Chapter 1

From Inflationary Interactions to Galaxy
Clustering

In this chapter, we build a conceptual and mathematical bridge from cosmic inflation to
the large-scale structure observables used throughout this dissertation, while providing context
for the discussions and analyses in Chapters 2 and 3. This chapter is organized as follows:
In §1.1.1, we review the origin of primordial scalar curvature perturbation { in the simplest
inflationary scenario. Then in §1.1.2, we introduce additional fields and interactions responsible
for generating the primordial non-Gaussianity (PNG), which is the main focus of this dissertation.
Next, we describe how these primordial fluctuations are transferred into the late-time distribution
of matter. We cover the linear growth of matter and the transfer function that relates { to
the matter power spectrum in §1.2.1. We then discuss the biasing of galaxies with respect
to the underlying matter density field, and the resulting scale-dependent signature of PNG in
the galaxy power spectrum in §1.2.2. Finally, in §1.2.3, we examine additional observational
and astrophysical systematics, such as redshift-space distortions, the degeneracy between the
non-Gaussian bias and nonlinear gravitational evolution, and the damping of oscillatory features,
that must be considered in the extraction of PNG from real galaxy survey data. Throughout this
chapter, we focus on the statistical quantities and physical mechanisms most directly relevant
to the analyses in the following chapters, and we emphasize that this chapter is not intended as

a full review of inflation or structure formation. For more comprehensive treatments of these



topics, we refer the reader to refs. [17, 30] for inflation, refs. [8, 9] for the mechanisms generating
primordial non-Gaussianity, ref. [25] for galaxy biasing, and ref. [31] for observational effects

that complicate the measurement of the galaxy power spectrum.

1.1 Inflationary Origin of Primordial Fluctuations
1.1.1 Primordial Perturbations in Single-Field Inflation

Among the many realizations of cosmic inflation that have emerged since inflation was
first proposed [2—5], the simplest and most influential is the single-field, slow-roll inflation,

described by the action

2
S=/d4x¢—_g [@R_%@mz_v((p) , (1.1)

where R is the Ricci scalar, My, is the reduced Planck mass, and V (¢) is the potential for the
inflaton ¢. The signature of the metric is (—1,1,1,1).

The inflaton potential V(¢) takes a specific shape such that the inflaton field slowly
rolls down the flat part of the potential, resulting in much larger potential energy than kinetic
energy. This effectively behaves like a cosmological constant, and leads to a prolonged period
of accelerated expansion. A set of potential slow-roll parameters are defined to conveniently

characterize the slow roll,
M? /vy 2 v
evz—m(—) : v =M4— (1.2)

with the smallness of the parameters indicating the slow roll. Alternatively, slow-roll inflation

can be characterized by the Hubble slow-roll parameters

gz—i nz—i (1.3)



where H is the Hubble parameter. In the slow-roll regime, the two sets of slow-roll parameters
are related by € =~ &, N = 1y — &. An accelerated expansion requires € < 1, and slow roll
requires €, || < 1, which implies that H evolves slowly, i.e. |[H| < H?. The inflaton ¢ therefore
acts as a “clock” and its behavior determines how long inflation lasts. A sufficiently long period
of accelerated expansion satisfying the slow-roll conditions would significantly increase the
radius of spatial curvature of the Universe, and allow perturbation modes to exit the Hubble
horizon during the expansion and re-enter the horizon at a later time. The latter allows seemingly
causally disconnected points in the Universe to be in causal contact with each other in the far
past. As a result, inflation addresses the apparent fine-tuning required to explain the observed
flatness and large-scale homogeneity of the Universe.

On the other hand, quantum fluctuations of the inflaton about its classical background
trajectory, 8¢ (x,), will result in perturbations in the spacetime curvature, described by the

power spectrum of the curvature perturbations ¢,
(CEEE)) = 2m)>8p(k+K)Py (k). (1.4)

The inflaton fluctuation 8¢, evaluated on spatially flat slices, is related at linear order to (, at the

time of horizon crossing (k = aH ), by

Ll (1.5)

¢

At leading order in the slow-roll parameters, this relationship fixes both the amplitude and the tilt

of the power spectrum in (1.4), and it is conventional to define a dimensionless power spectrum

3 ng—1
A kPC(k)zAs(ﬁ) , (16)

27?2 ks

where A; 1s the amplitude and n; = 1 421, — 6€&, is the spectral index, both evaluated at the time

of horizon crossing (k = aH). k, is an arbitrarily chosen pivot scale. CMB observations constrain



these parameters to In(10'°A;) = 3.044 +0.014 and n; = 0.9649 +0.0042 at k, = 0.05 Mpc !
[1], which are consistent with the slow-roll prediction of a nearly scale-invariant power spectrum.

The power spectrum fully captures the statistical information of Gaussian primordial
fluctuations. Any deviations from a Gaussian distribution, i.e. non-Gaussianity, would result
in correlations beyond the two-point function/power spectrum, with the leading contribution

coming from the bispectrum By, defined via

(§(k1)C(ka)C (K3)) = (2m)38p (K1 +Ka +K3) By (ki ko, K3), (1.7)

where the delta function imposes conservation of momentum on the three input momenta. This
condition implies that configurations of the wavevectors contributing to the bispectrum must
form closed triangles. It is often convenient to consider some special configurations of the

bispectrum, which correspond to specific model predictions:

1. Squeezed triangle (k; — 0, k> ~ k3): particularly sensitive to additional light or heavy

fields during inflation [8],
2. Folded triangle (k; = k» = k3/2): enhanced in models with non-standard initial states [32],

3. Equilateral triangle (k; = k» = k3): enhanced in models with higher-derivative interac-

tions [33].

The simplest and most widely studied way to parameterize non-Gaussianity is local
non-Gaussianity, defined through a nonlinear correction to a Gaussian perturbation {, that is

local in real space

E®) = Gl0) + AT (L@ — () +-+-. (18)

Signals of local non-Gaussianity peak in the squeezed-triangle configuration of the bispectrum,
with the parameter fll\?f describing the amplitude of the non-Gaussian signal.

For single-field inflation, the squeezed limit of the bispectrum, which correlates a long-



wavelength mode (kz = k; — 0) and two short-wavelength modes (ky ~ k3 = k), is fixed entirely

by the tilt of the power spectrum, i.e. ny — 1, through the single-field consistency relation [19, 34],

lim By (kp,ks, ks) = — [(ns — 1) + O(kj /ks)] Py (kr) Py (ks). (1.9)

kL—>O

Using (1.7) and (1.8), this result translates to an effective local non-Gaussianity of
1"C:i(l—n) (1.10)
NL 12 s/ .

Observationally, ng — 1 is constrained to be O(1072), so single-field inflation predicts a very

small fll\?f

Moreover, the non-Gaussian contribution in (1.9) is the only type of non-Gaussian
signature permitted by the single-field model in the squeezed limit [20-22]. Therefore, any
observable primordial non-Gaussianity in violation of the single-field consistency condition (1.9)
would point to the existence of additional degrees of freedom beyond the inflaton, or a breakdown

of the assumptions underlying the single-clock attractor inflaton scenario, which we will discuss

next.

1.1.2 Interactions and Extra Fields

As discussed in the previous section, single-field inflation can only generate a specific
type of non-Gaussianity with very small amplitude. In contrast, additional fields present during
inflation can shift the value of the curvature perturbation § through their mixing with the inflaton
or through nonlinear super-horizon evolution. In the N formalism, the curvature perturbation
on uniform-density slices is given by the change in the number of e-folds due to fluctuations of

all light fields ¢; present at horizon crossing [35, 36],

C(f)=5N=Ni6¢i+%Nij5¢i6¢j+---, (.11)
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where N; = dN/d ¢; and its derivatives are evaluated on the unperturbed inflaton trajectory. When
Nj;j # 0, the nonlinear terms involving the light field fluctuations d¢; in (1.11) directly source
non-Gaussianity in §.

We will again consider the local non-Gaussianity introduced in §1.1.1. Local-type PNG
can be generated when fluctuations of an additional massless isocurvature field are nonlinearly
converted into the adiabatic curvature perturbation { after horizon exit. According to (1.8), this

produces a bispectrum that peaks in the squeezed limit,
12
By (kp, ks, ks) ~ < PPy (k)P (ks), kL < ks. (1.12)

In contrast to the single-field prediction in (1.10), this squeezed bispectrum is not suppressed by
the slow-roll conditions.

The squeezed bispectrum measures the response of small-scale power (fluctuations in
) to the amplitude of a long-wavelength mode, and the scaling of the squeezed bispectrum
with kg /ks directly probes features of the fields present during inflation, through a scaling

exponent A that we define explicitly below,

kr

A
By (kp, ks, ks) =< fir (E) Py (kp) Py (ks) , (1.13)

with fl\AIL the amplitude of the squeezed bispectrum of general scaling A. A massless field would
produce the scale-invariant (A = 0) scaling in (1.12), i.e. local non-Gaussianity, while a massive
field would leave its own characteristic scale dependence in the squeezed bispectrum.

To understand how the mass of an additional scalar controls the scaling exponent in
the squeezed limit, consider the quasi-single-field inflation (QSFI) model, in which a massive
spectator field o of mass m propagates in an approximately de Sitter background, described by
the action

—%(86)2—%m262+p6'¢0 , (1.14)

Sy = /d4x\/—_g {
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in which o is directly coupled to the inflaton through a linear mixing term with coupling p,
which generically arises whenever the inflationary trajectory is not exactly straight in field
space [11, 12].

The dominant super-horizon (i.e. kK < aH) behavior of o is captured in the squeezed

bispectrum by a real scaling exponent A = 5 — v where

vV=14/-——. (1.15)

For light fields with 0 < m < 3H /2, this translates to A € [0,3/2]. This result, along with (1.13),
generalizes local non-Gaussianity to a squeezed bispectrum with a general power-law scaling.
In §1.2.2, we show that this general scaling dimension A controls the scale-dependent bias in the
galaxy power spectrum.

Although light fields alone only produce A € [0,3/2], our analysis in Chapter 2 considers
a wider range of A € [0,2], with A = 2 corresponding to the squeezed-limit scaling characteristic
of the equilateral non-Gaussianity. This might seem surprising at first: A =2 not only lies outside
the light-field range derived above, but it also does not match the m — oo limit of the heavy-field
case below, where the scaling dimension instead approaches the complex value A ~ % +im/H,
set by the wavefunction of a single massive particle in an expanding universe [14]. As we
will explain in more detail in §2.3.2, the A = 2 contribution arises from a distinct, subleading
effect: the virtual exchange of a massive field leaves behind a purely local self-interaction of the
inflaton, which has the same scaling as the one produced by the derivative self-interactions of
single-field inflation [37, 38]. Because this interaction is local (i.e. k-independent) at the level of
the primordial bispectrum, it was long thought to be indistinguishable from the contributions
described by an ordinary galaxy bias, and therefore unobservable through the scale-dependent
bias [39]. However, because matter continues to evolve gravitationally after horizon re-entry, a
term that is local during inflation is not necessarily degenerate with a term that is local at late

times, which allows equilateral non-Gaussianity to be measured through the scale-dependent

12



bias after all [40].
Following the same prescription in (1.14), the scaling dimension A analytically continues

to a complex value for heavier fields with m > 3H /2, and (1.15) is replaced by

m2 9
=\~ 1.16
v=\lm g (1.16)
with the scaling dimension being A = % +1v. Instead of following a smooth power law, the

squeezed bispectrum now oscillates logarithmically in k; /kg, with a frequency set by v,

k) ke
Bc(kL,ks,ks)MPC(kL)Pc(ks) k_S cos|vin k_S +0o|, (1.17)

where the phase ¢ and the overall amplitude of the bispectrum are model-dependent. The
amplitude is in general exponentially suppressed by the Boltzmann factor for producing a
particle of mass m > H.

Equations (1.16) and (1.17) form the basis of the so-called “cosmological collider” [14],
in which the oscillation frequency Vv directly encodes the mass of the additional particle interact-
ing with the inflaton. A measurement of the squeezed bispectrum therefore acts as a probe of the
particle spectrum during inflation, much like what a collider experiment does.

Note that the value o = ReA = 3/2 above is not a coincidence for heavy fields in the
QSFI example. It is the minimum value allowed by unitarity for any principal-series (oscillatory)
field propagating in pure de Sitter space. For these fields, the optical theorem forces a > 3/2,
regardless of the details or strength of the field’s interactions with the inflaton [23], and the QSFI
construction above saturates this bound.

In Chapter 3, we generalize this picture further by allowing the scaling dimension to
take a fully complex value A = @ + iV that is not fixed to the principal-series value of a = 3/2.
This generalization is possible because inflation only approximates de Sitter space. As discussed

in §1.1.1, the time evolution of the inflaton provides a physical clock, so any interaction involving
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additional fields during inflation that explicitly depends on this clock, such as a direct mixing
between two fields written in terms of physical rather than conformal time, breaks the de Sitter
isometries. As a result, the optical-theorem bound on & no longer applies. It has been shown that
models containing explicit Lorentz-violating or time-dependent mixing terms can allow & < 3/2
together with a nonzero oscillation frequency v, and in some cases it is possible to achieve
o — 0[23, 24]. Since the power-law suppression, (k7 /kg)%, of the squeezed bispectrum in (1.17)
is controlled by «, these models with smaller values of ¢ can produce oscillatory signals that are
less suppressed and therefore considerably easier to observe than the fixed oo = 3/2 case. We
refer to this generalization as the extended cosmological collider and study its phenomenology

in detail in Chapter 3.

1.2 Structure Formation

In the previous section, we discussed how interactions during inflation can generate
non-Gaussian correlations in the primordial curvature perturbation {. We now shift our focus
to how these primordial fluctuations are transferred to the late-time distribution of matter, and

ultimately galaxies, which are the main observables we consider in Chapters 2 and 3.

1.2.1 Linear Growth and Transfer Functions

The rapid expansion of the Universe during inflation causes modes of the primordial
fluctuations to exit the horizon, and become frozen at super-horizon scales. After the end of
inflation, these modes re-enter the horizon, with smaller-scale modes generally re-entering earlier.
After a mode re-enters the horizon, gravitational instability converts the primordial curvature

perturbation { into a matter density fluctuation (overdensity),

6m(—» ) = pm()_é?a) _pm(a)7 (1.18)

pm(a)

where p,,(¥,a) is the matter density field, and p,,(a) is the average matter density.
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Figure 1.1. The matter power spectrum Py (k) at z = 0. The growth of structure is linear at
the largest scales, but the linear approximation breaks down at small scales as matter collapses
under gravity to form structures like halos and galaxies. The transition between the linear and
nonlinear regimes is marked by the nonlinear scale ki, which is roughly 0.1 AMpc~! at z = 0.

When §,, is small, its evolution in Fourier-space factorizes into a transfer function 7'(k),
which encodes sub-horizon physics such as the suppression of growth for modes that entered the
horizon during radiation domination, and a linear growth factor D(a), normalized as D(a) = a

during matter domination,

2T (k)D(a) _ ~

Su(k,a) = K> T (k,a)®(k) = o 20 (1.19)
mito

where & = —%C is the primordial Newtonian potential, €,, is the present-day matter density
parameter and Hy is the Hubble constant. In the linear regime (J,, < 1), the fluctuations in &,

are captured by the linear matter power spectrum,
Pin (k,a) o< k*D*(a)T* (k)P (k). (1.20)

Figure 1.1 shows the matter power spectrum at z = 0, with a transition at the nonlinear scale
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knp(z=10) = 0.1 hMpc’l. At the largest scales (k < knp), structures grow linearly with &, < 1,
and the fluctuations in §,, are well-described by the linear matter power spectrum. On the
other hand, gravitational nonlinearities become important at smaller scales (k = knp) [15] as 6y,
becomes O(1). In order to accurately capture the growth of structure near the nonlinear scale, it
is necessary to model the nonlinearities via a bias expansion, which we will discuss in §1.2.2.
As mentioned in §1.1.1, single-field inflation generates a nearly scale-invariant power
spectrum given by (1.6), which translates to Pym (k) o< ks at the largest scales. The existence
of light and heavy fields during inflation will lead to the generation of PNG which is encoded
in the matter bispectrum through (1.7). On the other hand, the linear matter power spectrum
is completely insensitive to PNG at tree level. Modifications of Py (k) due to PNG only enter
through loop corrections and are suppressed. This appears to limit the prospect of detecting PNG
through the two-point statistics of late-time observables. However, the squeezed bispectrum
in (1.13) couples long-wavelength modes with small-scale variance. In the next section, we will
discuss how this coupling induces a scale-dependent bias in the galaxy power spectrum that can

become significant at specific scales.

1.2.2 Galaxy Biasing

The formation of galaxies from matter density fluctuations is a complicated process that
depends on the local environment, and the matter density fluctuations do not map perfectly to
fluctuations in the number density of galaxies. As a result, galaxies are biased tracers of the
underlying matter density field. In order to extract information about the matter overdensity &
(previously denoted by &,,) from the distribution of galaxies, the nonlinear galaxy formation
process must be modeled empirically. On sufficiently large scales, this can be done through the

bias expansion, which treats the galaxy overdensity 8, as an expansion in the matter overdensity
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0 and its derivatives [25],

b
205250 b ()5°(%.0) +bera( V2O () 4

(1.21)

0;(X,2) = b1(2)d(%,2) +

2 is an operator constructed from the tidal tensor V;V ;. The term containing V2§isa

where s
gradient bias term capturing nonlocal effects on &, and €(X,z) is a stochastic term uncorrelated
with & on large scales. Chapters 2 and 3 extend this expansion to one-loop order with additional
operators to model the full galaxy power spectrum in the mildly nonlinear regime (k = knp.).
Following the expansion in (1.21), in the absence of primordial non-Gaussianity, the

leading order galaxy auto- and galaxy-matter cross-power spectra are related to the underlying

matter power spectrum directly through the linear bias b (z),
Pyo(k,z) = b%(z)Pmm(k, 2) + Pee(k, 2), P (k,z) = b1(2) Pum (K, 2). (1.22)

The presence of PNG, however, changes the behavior of the galaxy power spectrum by
introducing a scale-dependent effect in the linear bias. Consider again the example of local non-
Gaussianity introduced in §1.1.2: As a direct result of equation (1.8), the late-time Newtonian

potential ® is a nonlinear function of a Gaussian field @g,

D(¥) = 96(%) — 5 [0(X) — (63)] - (1.23)

Because & directly sources the matter density fluctuations J, the presence of local PNG ( fll?f #0)
introduces a modulation of (0 (ks)d (ks)), i.e. the small-scale variance of the matter density fluctu-
ations, by a long-wavelength mode of ¢g. This modulation results in locally enhanced/suppressed
variance in 6 (ks). Since galaxies form in overdense regions, an increase in the local variance
of d(ks) will lead to an increase in the local abundance of galaxies, as depicted in Figure 1.2.

Therefore, the galaxy number density fluctuation &, acquires a scale dependence that becomes
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Figure 1.2. Modulation of the small-scale variance in matter density fluctuations, (8 (ks)o (ks)),
by a long-wavelength mode ¢ (X). In this simplistic model, halos/galaxies form in places where
the local matter density is above some threshold .. The large-scale modulation of the variance
in 8(ks) effectively changes the local formation threshold, leading to boosted (suppressed)
halo/galaxy formation in places with larger (smaller) variance.

18



significant at long wavelengths. At leading order, this effect appears in the galaxy power spectrum

as a correction to the linear galaxy bias [10, 41, 42],

locb
Ab(k,z) ~ % (1.24)

where .7 (k,z) is the Poisson-equation kernel in (1.19), and by (z) is a non-Gaussian bias pa-
rameter whose form depends on the modeling of halo formation. In the limit k — 0, 7 (k,z2)
approaches a constant, leading to Ab(k,z) o< k2 on the largest scales.

Equation (1.24) is motivated using the example of local non-Gaussianity, but this result
can be extended by considering the generalized squeezed bispectrum in (1.13), for which local
non-Gaussianity is a special case with A = 0. This leads to the general scale-dependent bias

fLbo (2)

Ab(k:2) = 12 5k o)

(kR )™ oc kA2, (1.25)

where R, corresponds to the locality scale for halo formation. In Chapters 2 and 3, we derive
and use the general scale-dependent bias expression extensively.

Note that in (1.25), the non-Gaussian amplitude fl\AIL is degenerate with the non-Gaussian
response coefficient by (z), which is often related to the linear bias b; through a universality
relation for halo formation. In §1.2.3, we will briefly discuss how this degeneracy can be treated
in practice, along with other observational effects that must be considered in order to place

constraints on the non-Gaussian parameter fl\AIL.

1.2.3 Observational and Astrophysical Systematics

Actual measurement of primordial non-Gaussianity through the scale-dependent bias
in general requires careful consideration of additional effects related to the survey observation,
model assumptions, and large-scale gravitational nonlinearities. We briefly summarize these

effects in this section, and discuss how they are treated in the forecasts and data analyses in
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Chapters 2 and 3.

The first effect is the anisotropic distortion of the observed clustering of galaxies along
the line of sight, known as redshift-space distortions. In an actual galaxy survey, the positions
of galaxies are indirectly measured through the measurement of redshifts. The radial positions
inferred from redshift measurements receive contributions from the galaxies’ peculiar velocities,
producing distortions in the observed radial distribution of galaxies. At linear order, the modifi-
cation of the galaxy bias due to the motion of galaxies falling into overdense regions is given
by

bk, it,2) = bi(2) + f(D)* +---, (1.26)

where U is the cosine of the angle between the wavevector k and the line of sight 71, and
f =dlogD/dloga is the linear growth rate [43].

A second observational distortion, the Alcock—Paczynski effect, arises when the fiducial
cosmology used to convert observed angles and redshifts into comoving wavenumbers differs
from the true cosmology. This effect rescales both the amplitude and wavenumbers of the
measured power spectrum [44]. Because both the redshift-space distortions and the Alcock—
Paczynski effect depend on the scale and angle, they must be modeled jointly with the scale-
dependent bias.

Another complication in the measurement of the scale-dependent bias comes from the
nonlinear bias operators in §1.2.2 that describe gravitational clustering and nonlinearities. These
operators generate their own scale-dependent contributions to the galaxy power spectrum that
become increasingly important toward smaller scales, and can become degenerate with the
primordial signal of interest, particularly for squeezed-limit scalings with larger A. These late-
time contributions to the galaxy power spectrum must be marginalized over in order to obtain a
meaningful measurement of the non-Gaussian amplitude fl\AIL. In practice, this is done by fitting
for all of the parameters in the bias expansion in (1.21) together with the non-Gaussian bias by (z),

which without further theoretical input is completely degenerate with fI\AIL in (1.25). We break

20



this degeneracy in the analyses in Chapters 2 and 3 using a commonly assumed universality

relation motivated by the physics of halo formation,
by(z) =26 [b1(z) — pl, (1.27)

where &, ~ 1.686 is the critical overdensity for spherical collapse, and p = 1 for a universal halo
mass function [25], which we adopt in the forecasts. Nevertheless, the validity of this universality
assumption for specific galaxy populations remains an active area of study.

Finally, the oscillatory non-Gaussian signatures due to heavy fields in §1.1.2 can be
degenerate with features of the baryon acoustic oscillations (BAO). Both leave sharp, oscillatory
features in the galaxy power spectrum, and both are subject to the same physical damping
mechanism. Large-scale bulk flows displace galaxies from their initial positions by an amount

that is only known statistically, which smears out sharp features in the linear power spectrum,
Pk, 1) ~ Pa (k) +e ¥ Z W) [P (k) — Paw (K)], (1.28)

where P,y (k) is the smooth, “no-wiggle” power spectrum, and the damping scale X?(u) =
Zi + ,uz(Zﬁ — Zi) is set by the (anisotropic) variance of the large-scale linear displacement
field [45—47]. This damping mechanism suppresses the amplitude of the oscillatory scale-
dependent bias of Chapter 3 at high frequency v, and in general must be accounted for at scales
where the effective linear oscillation period is comparable to the damping scale X(u) [18].

In summary, this chapter lays out the theoretical motivation for the signatures studied in
the rest of this work. In Section 1.1, the effect of additional fields during inflation is characterized
in the squeezed bispectrum (1.13) using a scaling dimension A that captures the information
about the field content. In Section 1.2, the mapping of this scaling into a scale-dependent bias in
the galaxy power spectrum is presented, along with the late-time and observational effects that

should be considered in the measurement of this scale-dependent signature.
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Chapter 2

Light Fields during Inflation from BOSS
and Future Galaxy Surveys

2.1 Synopsis

Primordial non-Gaussianity generated by additional fields present during inflation offers
a compelling observational target for galaxy surveys. These fields are of significant theoretical
interest since they offer a window into particle physics in the inflaton sector. They also violate
the single-field consistency conditions and induce a scale-dependent bias in the galaxy power
spectrum. In this paper, we explore this particular signal for light scalar fields and study the
prospects for measuring it with galaxy surveys. We find that the sensitivities of current and future
surveys are remarkably stable for different configurations, including between spectroscopic
and photometric redshift measurements. This is even the case at non-zero masses where the
signal is not obviously localized on large scales. For realistic galaxy number densities, we
demonstrate that the redshift range and galaxy bias of the sample have the largest impact on
the sensitivity in the power spectrum. These results additionally motivated us to explore the
potentially enhanced sensitivity of Vera Rubin Observatory’s LSST through multi-tracer analyses.
Finally, we apply this understanding to current data from the last data release of the Baryon
Oscillation Spectroscopic Survey (BOSS DR12) and place new constraints on light fields coupled

to the inflaton.
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2.2 Introduction

The statistics of the primordial density perturbations offer a window into the dynamics
of the very early universe [29, 48, 49], in particular the inflationary epoch [17, 50]. While
current maps of the universe are consistent with purely Gaussian fluctuations [16], non-Gaussian
correlation functions encode the particles and interactions relevant to the origin of structure [9,
17, 51]. Inflation predicts a lower bound on the amount of primordial non-Gaussianity (PNG)
due to gravity alone that is approximately two orders of magnitude below current constraints [52].
On the other hand, signals that are large enough to be detected in the next generation of surveys

arise in many models, including examples with only Planck-suppressed interactions [53].

Due to the limited number of modes remaining to be measured to the cosmic variance
limit in the cosmic microwave background (CMB), surveys of the large-scale structure (LSS)
of the universe present the best opportunity to improve our understanding of the primordial
statistics [17, 48, 54-56]. With the benefit of three-dimensional information, even current
surveys have the raw statistical power to compete with the CMB [18]. Unfortunately, for generic
non-Gaussian correlation functions, late-time nonlinearities make many modes inaccessible
and present a serious obstacle to our progress [26-28, 57]. In some circumstances, however,
the manifestation of the primordial signal is robust to nonlinear physics and can be measured

reliably [29].

The fluctuations of extra fields beyond the inflaton present such an opportunity. In the
absence of these fields, correlation functions of matter and galaxies are subject to the constraints
of the single-field consistency conditions [19-21]. In practice, these conditions are similar to
the equivalence principle [22] and ensure that correlations are determined by the curvature of
spacetime (i.e. derivatives of the metric fluctuations). Light fields break these conditions and can
lead to enhanced long-distance correlations [11-13, 58-60]. These apparent violations of the
equivalence principle cannot arise from nonlinear gravity, and can therefore be distinguished

from astrophysical and gravitational sources of non-Gaussianity.
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Figure 2.1. Illustration of the effect of the scale-dependent bias bﬁG from a non-zero non-
Gaussian amplitude fI\AIL on the linear galaxy power spectrum. We see that the enhancement of
power shifts from large to small scales as we increase the exponent A (see §2.3.2 for its definition
and details). The horizontal dashed lines indicate the effective shot noise level for BOSS, DESI
and SPHEREXx after scaling them to the displayed redshift z = 0 and linear bias b; = 1.6. The
gray-shaded regions on large scales indicate the wavenumbers below the minimum wavenumber
of these surveys, k < knin, computed based on their entire spherical volume. The gray-shaded
regions for large wavenumbers indicate the regimes where the scales exceed the nonlinear scale,
k > knL, for the maximum redshift of BOSS and DESI, respectively.

From the perspective of both data analysis and survey design, the unique advantage of
these non-Gaussian signals is that they can be observed in the two-point statistics of galaxies.
Violations of the single-field consistency conditions introduce couplings between long- and short-
wavelength modes. The short-wavelength modes control the number density of galaxies, which
are then non-trivially correlated on large scales in the presence of this type of non-Gaussianity.
The resulting (non-local) change to the shape of the galaxy power spectrum, shown in Figure 2.1,
is known as scale-dependent bias [10] and has been searched for in many existing datasets (see

e.g. [42, 61-69]).

The case of local primordial non-Gaussianity [70], for which the Gaussian and non-

Gaussian Newtonian potentials ¢ and & are related by

D(¥) = @) — RLP*F) +..., Q2.1
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has been very well studied in the literature, both theoretically and observationally. Local PNG
arises in the presence of multiple massless fields, such that ¢ is an isocurvature mode during
inflation, but is converted to an adiabatic mode at later times [S8—60]. Future measurements
are expected to reach particularly interesting thresholds for the physics of multi-field infla-
tion [17, 57,71, 72].

The contribution to primordial non-Gaussianity from massive particles is much less
studied observationally. It is however a classic signature of quasi-single-field inflation [11-13],
which is also known as cosmological collider physics [14]. Importantly, these models are
compelling targets for current and future surveys. In spite of this, little has been known about the

optimal survey strategy to search for these relics from inflation up to now.

In this paper, we will examine how future surveys can best constrain these non-Gaussian
signals using galaxy power spectra. For local PNG (massless fields), the signal is dominated by
the largest scales and most observational strategies are designed accordingly [73, 74]. On the
other hand, the signals of massive fields may arise at large or small scales (see Fig. 2.1), which
means that the characteristics which best constrain these models are less clear a priori [40, 75, 76].
We therefore study this signal in detail, and investigate how redshift coverage, biasing, multi-
tracer techniques and target selection impact forecasts over the full range of scaling laws induced
by these particles.

We find that target selection, specifically finding highly biased objects, is the largest factor
in driving current and future measurements of this effect when assuming a fixed universality
relation. While large volumes help to increase the number of modes, especially in spectroscopic
surveys, we observe that the benefits of going to higher redshifts are more driven by the large
biases of high-redshift objects and only secondarily by the increased volume. In photometric
surveys, the larger number density of galaxies also enables a significant increase in sensitivity
through sample-variance cancellation. This requires splitting the sample according to the bias,

which we explore in the context of Vera Rubin Observatory’s Legacy Survey of Space and
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Time (LSST).

Using these insights, we explore current constraints on the scale-dependent bias of galax-
ies using the BOSS DR12 dataset [77] for the full range of scaling behaviors of light inflationary
fields. We measure the contributions to the power spectrum for one scaling exponent (PNG shape)
at a time and compute a correlation matrix to extrapolate between the discrete choices of scal-
ing dimensions (masses). In terms of the amplitude fﬁL of primordial non-Gaussianity (and,

therefore, of the scale-dependent bias), we infer the following discrete results at 26

S = {1735, 07380, 40072200, 25074000, 20073400k for  A=1{0.0,0.5,1.0,15,2.0},

(2.2)
where the parameter A is related to the mass of the fields, with definitions and details provided
below. This means that our analysis is consistent with no scale-dependent bias and zero primordial
non-Gaussianity for all light inflationary fields. While our inferred constraints are less sensitive
to the PNG amplitude than those from Planck, the CMB constraints for non-zero masses
are driven by bispectra in equilateral configurations rather than the scaling behavior in the
squeezed limit probed by the galaxy power spectrum. The only previous constraint from
LSS data in this regime was made in [78]. At the same time, we forecast that galaxy power
spectrum measurements in future surveys will exceed the sensitivity of Planck to these light

fields for a sizable range of their masses.

This paper is organized as follows: In Section 2.3, we review the relevant theoretical
background for our non-Gaussian signal. In Section 2.4, we present forecasts for a wide range
of model parameters and experimental configurations. Our goal is to identify the choices
that most directly impact the sensitivity to PNG beyond the local type. In Section 2.5, we
apply our understanding of the signal to BOSS DR12 galaxy clustering data and present new
constraints on non-Gaussianity from light fields. In Section 2.6, we discuss the role of multi-

tracer analyses and astrophysical effects on the forecasts. We conclude in Section 2.7. A set
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of appendices contains technical details on the modeling of the galaxy power spectrum and the
survey specifications (Appendix A.1), and a discussion on our ability to measure the scaling

behavior of the non-Gaussian signature from the galaxy power spectrum (Appendix A.2).

2.3 Light Fields and Galaxies

Our goal in this paper is to explore the signal of additional fields that manifest themselves
in the galaxy power spectrum via the scale-dependent bias. This section reviews the necessary
background to understand the signal. Readers who are familiar with the scale-dependent bias
due to general forms of primordial non-Gaussianity (i.e. beyond the local type) may proceed

to Section 2.4.

2.3.1 Galaxy Power Spectrum

The formation of structure in the universe is driven by the growth of density fluctuations
in the dark matter [15]. The evolution of the density contrast Fourier mode in redshift space,

8n(k,2) = 8pm(K,2)/Pm(2), can be solved at linear order to give

_ 2KT(k)D(z)

ouk.2) 3Q,,H?
ms=0

O (k) = k>.T (k,2)®(k) (2.3)
where k = |k|, T (k) is the transfer function defined such that T (k — 0) — 1, and D(z) is the
linear growth factor normalized as D(z) = 1/(1 + z) during matter domination. The primordial

Newtonian potential ®(k) encodes the primordial density fluctuations generated during inflation

which are concretely of the form

9 A

(@(K)D(K)) = 5]{—;1("5—1 (2r)36p(k+K), (2.4)
where 8p is the Dirac delta function and we used ® = —%C , with curvature fluctuation ¢, for

modes that re-entered the horizon during matter domination. The linear matter power spectrum

27



is therefore given by

As 4 AD()?

_ 4 2
Binb) =K 7 0273501 = 25 o

T (k)K" . (2.5)

The nonlinear matter power spectrum P, (k) follows the linear power spectrum on large scales,
By.(k) = By, (k) for k < kn, for some scale kn, = 0.12Mpc~! at z = 0. Gravitational evolution

corrects this behavior on smaller scales, k = k.

We will generally work with galaxies in the regime k& < kn.. The nonlinear effects that
are relevant in this regime can be described solely in terms of the bias expansion [25, 79]. In its
most general form, the bias expansion is simply the assumption that galaxy formation is a local

pI'OCCSSZ1

3 (¥) = } b, Gi(%), (2.6)

where the operators ¢;(X) are any locally measurable quantities. Since we typically assume that
the matter controls the formation of galaxies, these are usually local products of §,,(X) or the
tidal tensor [80], s;; = (% — %5,7) Om (%),

O € {80, V28, 82,57:,83, 8%, Te[(TT)3)|3) eraMnl2)|3) ...y 2.7

miI ijr Yms ijo

where the tensors Hl[.’;} are defined in [25].? In principle, there are an infinite number of operators
to consider. At any fixed accuracy, we however understand this as an expansion in powers of the
small density contrast, ,, < 1, and gradients R2V? « 1, for some fixed scale R. To model the

galaxy power spectrum at one-loop order, we consider the following set of operators (up to third

ITechnically, biasing is best understood as a local process in Lagrangian space. The non-locality in Eulerian
space is captured by the Zel’dovich approximation [79].
“The superscript (3) indicates that the operator includes only terms up to third order in perturbation theory.
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order in J,,) in the bias expansion:

8o (%) = b1 8 (X) + bg2R*V?8,,(X) + b2 (82(X) — 6%) + by (s* (%) — (s%))

+bHHPJTr[H[l]Hm]|(3)(f) Tty (2.8)

with 6% = (§2). The coefficients by, = by,by2,bs2,bg, by, -+, which we refer to as bias
parameters, are constants that are determined by the details of galaxy formation and evolution.
Put differently, we parameterize the complex physics of galaxies by these coefficients.

On large scales and for initial conditions set by single-field inflation, this is the complete
list of operators for practical purposes on large scales. Because the fluctuations are necessarily
adiabatic throughout cosmic history, the evolution of the universe is controlled by a single
statistical quantity, which we have chosen to represent in terms of ® and ,,. On smaller scales,
the evolution of different components of the universe can however lead to some new types of

biasing terms.

The redshift evolution of the bias parameters, particularly b;(z), is important for project-
ing the sensitivity of future surveys. If (proto-)galaxies form at a high redshift and primarily
evolve with the expansion of the universe, then we expect that the large-scale comoving galaxy
power spectrum remains constant, Py, (k,z) & Pgg(k,z'). In other words, the power spectrum is
due to the inhomogeneities in the density field at the time they are formed, as one would find in

Lagrangian biasing. This holds if
bi(z) =D(2)"' b1(2=0), (2.9)

which is a common simplifying assumption in many forecasts. Changes to the galaxy sample
through mergers, for example, can however lead to behavior that differs significantly from
Lagrangian biasing. When possible, we will therefore use the biases for surveys that were

defined by target selection, but the assumption of this type of time evolution is also important in
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the context of multi-tracer analyses discussed in Section 2.6.

Given the bias expansion for the galaxy overdensity, we can write down our model for
the galaxy power spectrum after including a few additional effects. First, we work in Fourier
space by transforming from real-space coordinates X to (k, i), where u is the cosine between the
wavevector k and the line-of-sight direction. (Note that the composite operators ¢;(X) are simply
related to &;(k, i) by a single Fourier integral.) Second, there are redshift-space distortions
which arise from the peculiar velocities of galaxies. We account for the Kaiser effect by adding
Ab(u,z) = f(z)u?, with the linear growth rate f = dlogD/dloga, to the linear bias by [43].

Collecting all terms in the bias expansion at linear order in Jy, (75) therefore results in
b(k,pt,2) =b1(2) + (2> + Y ben(z) (kR, )™, (2.10)
n>0

where the last term are the gradient biases in Fourier space with the comoving Lagrangian ra-
dius R, of the halos of interest. Third, we describe gravitational nonlinearities in the very mildly
nonlinear regime via the one-loop terms P»» and P;3 in standard Eulerian perturbation theory. Fi-
nally, the leading-order stochastic contribution is given by Pg,. Putting it all together, we therefore

model the theoretical anisotropic power spectrum for two galaxy samples A and B as follows:

Pk, 1t,2) = b (k)b (k) [Pin (k) + P2 (k) + P13 (k)] + Pe, a5
+ [bA (k)2 + b, b" (k)] Py (k) + [bA (k)bE + bAbP (k)] Pa (k)
+b§ab5, (Psas2 (k) —20%) + (bgzbfz + b?zbgz) Py (k)—30%) (.11
+ bl (Pog (k) — §0*) +3 [bA (k)b + by bB(k)] Prpe (k)
where we have suppressed the dependence on u and z on the right-hand side, explicitly define all

loop and bias contributions in Appendix A.1, and d4p is the Kronecker delta. To illustrate these

terms, we display the individual contributions in Fig. 2.2.
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Figure 2.2. Contributions to the galaxy power spectrum Pg(fg) (k) at z = 0 from the nonlinear, bias
and non-Gaussian terms. The linear bias is chosen to be b; = 1.6 and the gradient biases b;2. (with
n < 2) are taken to be unity. The bias parameters b and by are calculated in the Lagrangian
local-in-matter-density model [25], and b is calculated using the halo simulation fit of [81]. For
comparison, we already include the scale-dependent bias from general PNG, which we introduce
in §2.3.2. The non-Gaussian parameter fI%L is set to unity for both cases of A=0and A = 2.
The dashed lines indicate negative contributions.

In practice, we compute the linear matter power spectrum Py, (k), which underlies all con-
tributions of the theoretical galaxy power spectrum P"(k), with the Boltzmann solver CAMB [82]
using a fiducial ACDM cosmological model based on the Planck 2018 TT, TE, EE + lowE +
lensing + BAO best-fit cosmology [1]. In Table 2.1, we list the fiducial values of the ACDM,
non-Gaussian and bias parameters. We set the fiducial values of the three loop biases bg2, b
and by to O instead of using the Lagrangian local-in-matter-density model [25] and fit results
from halo simulations [81], as we did in Fig. 2.2, since we cover a larger redshift range than the
fitted bias relations were derived from. This choice should have minimal impact on the results of
this paper because the forecasted constraints on the loop biases are large enough for both choices
of fiducial values to be consistent with each other.

Finally, to relate the theoretical galaxy power spectrum P (k, i, z) to the observed galaxy
power spectrum Png(k, U,z), we account for two observational effects that are present in any

real survey: redshift errors and the Alcock-Paczynski effect. Redshift errors are observational un-
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Table 2.1. Parameters of the fiducial ACDM model, based on the Planck 2018 best-fit cosmol-
ogy [1], with the sum of neutrino masses ) m, = 0.06eV, and the biasing model employed in
our forecasts. Except for the optical depth, we vary these parameters in our forecasts unless
stated otherwise.

Parameter Description Fiducial value
p Physical density of baryons @, = Q,h> 0.02242
, Physical density of cold dark matter @, = Q.h? 0.11933
1006y Angular size of the sound horizon at recombination 1.04119
T Optical depth due to reionization 0.0561
log (10'°45) Logarithm of the primordial scalar amplitude 3.047
g Scalar spectral index 0.9665
ffIL Non-Gaussian amplitude 0

by Linear bias bi(z)
byon Gradient biases (n < 2) 0

b Quadratic bias 0

by Tidal bias 0

b Evolution bias 0

certainties in the measurement of galaxy redshifts, 6,0(1 + z), which we model as an exponential

suppression of the power spectrum along the line of sight,

Fa ko p1,2) = exp{ 4 o2y (1421 HEy () | @12)

where GzAb is the root-mean-square redshift error of sample A at z = 0 [83, 84]. (We neglect this
effect for spectroscopic surveys by setting 0., =0, i.e. féz = 1.) The Alcock-Paczynski effect
arises when the true cosmology differs from the fiducial cosmology that is used to convert the
measured angular positions and redshifts of the galaxies to comoving wavenumbers in Fourier
space. The effect of this mapping on the density contrast is captured by the following anisotropic

rescaling of the power spectrum amplitude, the wavenumbers and the angles [44]:

1 2 12 qt
far(d) = —=,  K(ku,z)=k ”—2+ 2“ , u’(u,z):u/ u2+(1—u2)—2”,
991 g q7 q7

(2.13)
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where g (z) = Ha(z) /H(z) and g1 (z) = Da(z)/ D14 (z), with the angular diameter distance D4 (z)
to redshift z. To summarize, our model for the observed galaxy power spectrum in redshift space

therefore is

PAf)gS(kdl?Z) = fAP(Z) \/féz(kla H,7Z)fcl;gz(k/7 .ulaz) Pft\}}?(kla .u*lvz) ) (2.14)
where P (k, 11, z) is given by (2.11).

2.3.2 Scale-Dependent Bias

The conventional description of biasing applies when the initial conditions are Gaussian.
Gaussian 1nitial conditions do not correlate modes of different scales, i.e. the collapse of small-
scale density fluctuations to form halos in different regions is determined by locally observable
quantities, such as the matter density, that vary over cosmological distances due to the long-
wavelength fluctuations. On the other hand, mode coupling in the initial conditions due to
primordial non-Gaussianity can introduce long-range correlations that are purely related to the
statistics of the small-scale fluctuations themselves. When interpreted through the bias expansion,
this mode coupling may appear to be non-local (scale-dependent) bias [10, 39, 41, 85] and/or
long-range stochastic bias [86]. We will focus on the former since the latter is typically a

subdominant contribution to the signal.

The coupling of long and short modes is described by the squeezed or collapsed limits of
a non-Gaussian correlation function. In single-field inflation, the bispectrum is constrained by

the single-field consistency conditions to take the following form in the squeezed limit [19, 34]:

—

Tim (§()¢ ()¢ (ka)) = — [(ns = 1)+ O /)] Py (k)P (ks) (27 8p (LK) - 2.15)

k1—>0

Furthermore, the leading term, which corresponds to fll\?LC = —%(ns — 1), is unphysical [37, 87].

The leading physical term is suppressed by O(k% / k%) and 1s due to the coupling of the short

modes at horizon crossing to the curvature of the universe due to long-wavelength modes [88],
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which is typically proportional to the amplitude of equilateral non-Gaussianity, f;%.

In the presence of additional fields, the short-scale power can depend on the long-
wavelength values of these fields and not just derivatives of the metric fluctuations [89]. For an
additional massless field, the late-time Newtonian potential @ may be nonlinearly related to a
light (isocurvature) field x during inflation, ®(¥) = (%) — £i3°x*(¥). For a massive field, we
have in the super-horizon limit

lim y (k1) ~ c—r (—) , (2.16)
%1—>0 ( ) ki/z aH

with a constant c. If y alters the power spectrum of the short modes at horizon crossing, k, = aH,

then we have a contribution to the bispectrum of the form

A
lim (£(0)EFa)C (i) = £ (kl) Pl )P(k). @.17)

7&1*)0 k2

where we defined (...) = (27)38p (¥, %) (...)". To have such a contribution to the bispectrum,
we also need ¥ to mix with {. Even without a mixing term, this same effect however appears
in the collapsed limit of the trispectrum. For light fields, A = 3/2 — \/m such
that m = 0 leads to local PNG (A = 0) as expected. For m/H >3/2, A= %iiv, with v =
\/m, is complex in which case the complex conjugate? also contributes which results
in the bispectrum being real valued, as required. More generally, it is possible to construct
models with a wider range of real and complex values of A than those generated by a single
massive field [23, 24, 90, 91].

In single-field inflation, physical mode coupling must involve derivatives of the metric
fluctuations [37], whose leading behavior in the soft limit corresponds to A = 2 [38]. One

might naturally be surprised to find that the m? — oo limit of A for a massive field does not

3For heavy fields, there are two solutions of the long-wavelength behavior which scale as A and its complex
conjugate A*. We note that there is also a second solution A’ = (3 — A) for light fields which is however suppressed
relative to A.
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yield this value of single-field inflation. It was nicely explained in [14] that A~ 3/2+im/H
is precisely what is expected from the single-particle wavefunction of a massive particle in an
expanding universe in the high-mass limit. This contribution to the squeezed limit arises from
the physical production of these particles. This particle production is Boltzmann suppressed in
some simple models [92], fI\AIL o e~ ™/H byt can be enhanced depending on the nature of the
interaction [93]. In addition, very massive fields will also produce a sub-leading contribution to
the squeezed limit with A = 2. This contribution arises from the virtual exchange of a massive
field and is equivalent to a purely local interaction (i.e. to integrating out the massive field).
It may be surprising that a local term will produce non-local scale-dependent bias. When
T (k) — 1, A=2is indeed a local term and it was long thought that f;% could not be measured
via scale-dependent bias for this reason (see e.g. [39]). However, because of the evolution of
matter after horizon entry (T' (k) # 1), local interactions during inflation are distinguishable from
local processes in structure formation at late-times [40], i.e. equilateral PNG can be measured in

the power spectrum via scale-dependent bias.

In the conventional picture of galaxy biasing (see §2.3.1), the density contrast of galaxies
is determined by a long list of composite operators in the initial density field. The origin of the
unique signal of PNG in galaxies is that the behavior of these composite operators becomes a
proxy for the light fields during inflation. For example, consider the impact of structure formation

from the local amplitudes of fluctuations on a scale R,

= 3 .
on(s) = [dke S [ SELBHEE-DER). @.18)

for some filter function F(x). This is the local variance of the primordial fluctuations which
varies from place to place. Importantly, this variance is correlated with the long-wavelength

metric perturbations as follows:

A
(OO = R GR1P) = (@B = o Pl 219
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Since the number density of galaxies at a location X is related to og(X), this introduces a long-
distance correlation between &, (X) and J,, that is non-local. The resulting non-local modification

of the bias (2.10) is given by [86]*

by(z)

bk, 1,2) = b1 (2) + f(* + X byen (kR)™ +A P 52

n>0

kRS, (2.20)

where by is the non-Gaussian bias parameter and we took R = R,. The constant A normalizes
the non-Gaussian parameter fl\AIL in the conventional way for PNG in the squeezed limit of the

bispec:tmm,5 so that the last term in (2.20) is [41, 94-97]

D% (k,z) = fise e QE)) (local), (2.21)

bug (k,z) =3 fNLk—E?Z)(kR*)Z (equilateral), (2.22)
bRG(k,z) =3 ffm%(mm (general exponent A € [0,2]). (2.23)

Note that we do not include the physical orthogonal shape, as it is produced in single-field
inflation and, therefore, has the same squeezed limit as the equilateral shape, i.e. corresponds
to A = 2. Previous work on the scale-dependent bias used an orthogonal template which has
A =1 (e.g. [76]), which is however unphysical and has not been used in recent LSS analyses.
Without any additional theoretical input, by (z) and fﬁL are both unknown quantities and
are completely degenerate. If that was the case, we could only measure the combination fI\Aijq; (2)
in each redshift bin which would make it challenging to infer limits on fI%L alone. More

optimistically, we can fix by (z) in terms of the linear bias by (z) using the universality relations

#1t is important to note that, in principle, the scale-dependent bias is distinguishable from the expansion in (kR,)
even for A = 2n for any positive integer n. At k < keq, -7 (k) — const and the scale-dependent bias scales as k=2
which is degenerate with b; and bkz (n—1) However since keqR, < 1, the transfer function introduces a non-trivial
scale dependence in the regime keq S k < R ! which is not captured in the local bias expansion.

>Note that for the special bispectrum conﬁguratlons when expressed in terms of the general exponent A, the
equivalent f3; definitions are related by fi5° = 3£47° and fyf = fAr>.
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found in phenomenological models [25],

by(z) =28:(b1(z) — p), (2.24)

where 8, = 1.686 is the critical overdensity for spherical collapse and p = 1 if we assume a
universal halo mass function. We will adopt this relation in our forecasts, but refer to e.g. [98—

101] for a recent discussion of the validity and risks of this choice.

To conclude, we note that we incorporate the general scale-dependent bias (2.20) in the
galaxy power spectrum as described in (2.11) and (2.14), i.e. b4 = b‘z(k, i,z). In the rest of
the paper, we follow [40] in assuming a minimum halo mass of 10'3M,,, which corresponds to
R, ~2.66h~! Mpc, and truncating the non-local gradient bias expansion at n = 2. We illustrate
the effect of bﬁG on the linear galaxy power spectrum in Fig. 2.1 and compare these non-Gaussian
contributions to the nonlinear galaxy power spectrum in Fig. 2.2 at redshift z = O for linear bias
b1 = 1.6. We see from the latter figure that the A = 0 contribution does not mimic the behavior
of any other bias or nonlinear terms at low k. On the other hand, the A = 2 contribution is both

much smaller at k < kN1, and similar in behavior to those Gaussian contributions.

2.4 Information Content of the Galaxy Power Spectrum

Our goal in this section is to understand how to design a galaxy survey to best measure fﬁL
for A € [0,2]. To do so, we will explore the Fisher forecasts for fl\AIL as a function of A for a
variety of survey configurations and biasing models.® We will compare these results with analytic
estimates to understand what aspects of the surveys drive major improvements in sensitivity.
While our forecasts will be rooted in specific survey configurations, our goal is to isolate the

features of these surveys that impact the forecasted constraining power the most.

In Appendix A.2, we also discuss our ability to measure the scaling behavior of the non-Gaussian bias, where
we also include A as an additional free parameter in the Fisher matrix.
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2.4.1 Fisher Information Matrix

In the following, we describe the well-known Fisher matrix forecasting techniques for
the galaxy power spectrum that we use. We review the basics here and refer to Appendix A.1 for

the experimental specifications of the surveys.

The Fisher matrix for a set of galaxy samples, labeled by {A,B, ...}, is defined by

Udu  [hwax dikk? 1

F(w:ZV(z,-)/_17 it [CoCT'CpC], (2.25)
i

min

where 6, g are the model parameters, the trace is over the samples and we defined C o = dC/d0y.
The integrals are discretized, with the integration over wavenumbers k being limited by the
minimum wavenumber ki, and the maximum wavenumber kpax, and bins of width Ak = kyy;,.
We note that we vary all parameters listed in Table 2.1 throughout this paper, unless specified

otherwise. The elements of the matrix C are given by
CAB<k7.u7Z) EPXBS(]C,‘LL,Z) +5ABNA(k7u>Z) ) (226)

with the shot noise term Ny (k, 1t,z) = 7i4(z) ~!, where 7i4(z) is the average comoving number
density of tracers at redshift z. Shot noise arises because we observe a finite number of discrete
objects in galaxy surveys. (Note that we absorbed the stochastic term P of (2.11) into Ny.) We

treat the redshift bins as spherical shells so that the volume of the i-th redshift bin is
4r 3 3
V(zi) = ?fsky [de(zi+Azi/2)” — do(zi — Az /2)°] (2.27)

where fqy is the sky fraction observed by the survey, d.(z) is the comoving distance to redshift z

and Az; is the width of the i redshift bin.

To ensure that only modes under perturbative control in Eulerian perturbation theory

and the bias expansion enter our Fisher matrix calculation, and to exclude long-wavelength
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modes inaccessible to a given survey due to its finite volume, we restrict the integral in (2.25)
to a maximum wavenumber k., and a minimum wavenumber ky;,, respectively.” We make
a conservative choice for kpy,x by taking the smaller of the two scales indicating the range
of validity of perturbation theory and the bias expansion. To be precise, we take it to be the

I associated with

minimum of the nonlinear scale® kx, and the wavenumber ko =~ 0. 19hMpc™
the Lagrangian scale corresponding to the minimum halo mass of the surveyed population which
we assume to be R, ~ 2.66h~ ! Mpc (cf. §2.3.2), i.e. kmax(z) = min{knr(2), knalo } FOr kmin, we

assume a spherical survey geometry per redshift bin which results in a conservative minimum

wavenumber knin; = 27 [3V (z;)/ (47)] /3.

For most of the forecasts in Sections 2.4 and 2.6, we use a futuristic spectroscopic survey
with a billion objects divided into 10 redshift bins with z < 5, which we will hereafter refer to as
the billion-object survey. We split the galaxy sample of this survey into two populations based
on their linear bias at z = 0, chosen as b(ll)(z =0)=2.0 and bgz) (z=0) = 1.2. We model their
redshift evolution according to (2.9) as previously discussed in §2.3.1. In addition, we assume a
constant number density across all redshift bins and both galaxy samples, ﬁg) (z) = ﬁéz) (z) =
const. The details of this and other surveys used in our forecasts, i.e. the Baryon Oscillation
Spectroscopic Survey (BOSS) [77], the Dark Energy Spectroscopic Instrument (DESI) [104],
Euclid [105, 106], Vera Rubin Observatory’s LSST [107], the Spectro-Photometer for the History
of the Universe, Epoch of Reionization and Ices Explorer (SPHEREX) [71], MegaMapper [55,
108] and the billion-object survey are provided in Appendix A.1. Except for SPHEREx and the
billion-object survey, we treat all surveys as single-tracer surveys by combining different groups
of tracers (if available) into a single effective number density and bias. The impact of this should

not significantly impact our forecasts as we explain in Appendix A.1.

Unless mentioned otherwise, we marginalize over all bias parameters separately for

7 Alternatively, we could have included the correlations between k bins for small wavenumbers and the theoretical
uncertainties following [26, 102, 103] for large wavenumbers. Our approximate and conservative treatment using
k € [kmin, kmax] follows the common procedure in Fisher forecasts.

8We use knp, = ﬁ, with the radius Ryy. at which the variance of linear fluctuations is og = 1/2 at a given z.
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each sample and redshift bin, and include CMB information on the ACDM parameters (but not
on PNG) from Planck throughout the paper.” We achieve this by computing the ACDM Fisher ma-
trix directly following the Fisher methodology and the experimental specifications of [111] (see
also [112] for the latter), marginalized over the optical depth 7. We then combine this marginal-
ized Planck Fisher matrix with the respective LSS Fisher matrix for the five ACDM parameters,
the non-Gaussian parameter fl\AIL and the galaxy bias parameters b,,. We treat each redshift bin
with mean redshift Z; as an independent survey and independently marginalize over the biases

within each redshift bin.

2.4.2 Information and Survey Design

Using Fisher forecasts, our aim is to understand the possible strategies for optimizing
the measurement of fl\AIL for shapes including but not limited to local PNG. The parameters
that we most directly control in the design of a survey are the sky fraction (fsy), the redshift
range (z € [Zmin,Zmax)) and the number density of tracers [7i4(z)]. However, the actual statistical
power of the survey is controlled by the smallest (ki) and largest (kmax) wavenumbers that can
be reliably measured, the linear bias of the sample [ (z)], etc. These factors are influenced by

the details of the survey, but can also be affected by systematics and astrophysics.

We show the overall landscape of future power spectrum measurements of fl\AIL for
A € [0,2] in Fig. 2.3. Qualitatively, the forecasts show the overall behavior that we might
expect: (1) constraints at A = 0 are generally much stronger than at A = 2, (i1) higher-order
biasing affects larger A more than smaller A, (iii) larger surveys have more constraining power,
and (iv) future LSS surveys will be able to improve over Planck bispectrum constraints from
the galaxy power spectrum for A = 0, but not for A = 2 without additional information on

bias parameters. In detail, the forecasts however have elements that are harder to understand

When marginalizing over the full biasing model for the billion-object survey, for instance, the difference
between using the ACDM covariance from Planck or CMB-S4 [109, 110] for A < 1.5 is less than two percent. In
fact, this CMB information decreases o ( fﬁL) only by a few percent for A < 1.3, and by a maximum of 20% (15%)
with Planck (CMB-S4) at A = 2.
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Figure 2.3. Forecasted constraints on fﬁL for general scaling A € [0, 2] of the scale-dependent
bias, for current and future surveys, compared to the Planck bispectrum constraints for local
and equilateral non-Gaussianity. We also marginalize over the five ACDM parameters, use
Planck results as priors for the ACDM parameters, and either fix the bias parameters (left) or
marginalize over them (right). Note that the SPHEREX forecast uses the five-tracer sample and
the billion-object survey forecast uses the double-tracer sample as provided in Appendix A.1.
For all the other surveys, we use their combined single-tracer sample.

without further investigation. First, the forecasts show clear features at values of A ~ 1.4 that
depend on the marginalization over biasing parameters (see also Fig. 2.6 below). This suggests
a qualitative change in where the constraining power is coming from as we vary A. Second,
we see that SPHEREX and LSST produce very similar forecasts despite having very different
strengths and weaknesses. Furthermore, both significantly exceed the constraining power of
Euclid and DESI which have the advantage of being three-dimensional (spectroscopic) surveys.
In order to make sense of these forecasts, we will break them down according to the number
density (noise), scales (kmin/kmax), the fiducial bias [b(z)], the survey geometry ( Sskys Zmax) and

redshift errors (0y0) in the following.
Dependence on Number Density

The most basic parameter in any experiment is the signal to noise. In a galaxy survey,
shot noise is the dominant (irreducible) noise source. At fixed volume, increasing the number of
objects increases the range of wavenumbers k where Py, (k) is measured with at least signal to

noise of order one, Pyq(k)/N(k) 2 O(1).
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For most cosmological parameters, sample variance presents an additional irreducible
source of noise. However, for scale-dependent bias, the parameter fl\AlL can, in principle, be
measured without sample variance when the signal to noise is large for multiple tracers [113].
Concretely, the relationship between &, (k) and 8,,(k) in (2.8) is completely deterministic and
is therefore not limited by sample variance. However, this only works if we can measure the
same Fourier mode with high signal to noise for tracers with different values of by. The noise
introduced by sample variance is proportional to P(k), while shot noise is independent of k.
As a result, sample-variance cancellation dramatically alters how different scales contribute to
the measurement of fﬁL and, therefore, the qualitative understanding of our forecasts. This is
why it is important to distinguish from the outset to what degree multi-tracer sample-variance

cancellation is relevant in our forecasts.

The impact of shot noise in both single- and multi-tracer scenarios is illustrated in Fig. 2.4.
Two points should be very clear from these curves: (1) sample-variance cancellation has the
potential to dramatically improve the sensitivity to fl\AIL for all values of A, and (2) realistic current
and future surveys are very far from being in the regime where sample-variance cancellation has
a large impact. In fact, most near-future surveys are, at best, at the boundary between single and
multiple tracers.'® As a result, sample-variance cancellation is important for highly accurate
forecasts, but the qualitative behavior is consistent with single-tracer forecasts. We therefore use
a single-tracer emphasis for the rest of this section. We will revisit the advantages offered by

multi-tracer techniques and how astrophysics affects the constraints on fl\AIL in Section 2.6.
Dependence on Scales

The defining feature of scale-dependent bias is that it is enhanced at small wavenum-

bers/large distances. For A < 2 and f4; # 0, we have Pyy(k) > b2P,(k) as k — 0. Since the

10Note that the curves in Fig. 2.4 are computed using the spectroscopic billion-object survey (cf. Table A.6). This
means that the photometric LSST is not a direct comparison and the line labeled as LSST only actually indicates a
spectroscopic follow-up of LSST. The potential sensitivity in a multi-tracer analysis of LSST itself will be discussed
in §2.6.2.

42



——— Fixed biases

Marginalized over by

LT
% 2 iEo s
=i m: FsaCH
100 F : b =t
E n &
=
g —1L LZZZ '?'4—— _
p2227 :
- :
r —— Single
: - : === Double
1072 il W W 1 1
L . T . . L . T T
102 |
o2 10tk
<
N\Z F
S~—
¢ [
100 &
-~ A=1.0
10—1 L VIR : i 1
101 102 103 104 10° 106

1/7y [h=3 Mpc?]

= b1, b2, by

= b1, bg2, bga, bs2, be2, b

10!

100

A =0.5

Billion_ objects.
MegaMapper

101 :

10°

10—1

A =20

10t 102

T T )
103 104 105 106

1/, [h=3 Mpc?]

Figure 2.4. Dependence of o( fI\AIL) on the shot noise, i.e. the inverse survey number density ﬁ;l,

for the billion-object survey for four representative values of A. The solid lines show the single-

tracer forecasts and the dashed lines display the double-tracer results. The different colors
indicate which bias parameters are marginalized when calculating o ( fﬁL). The vertical lines
mark the averaged shot noise of various surveys which are calculated by taking the average of
the number densities of the middle 50% of redshift bins of each survey, i.e. they should be taken
as an approximate illustration of the noise level in these surveys.
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noise is also a function of k, it is however not a given that the information resides at small k
for all A < 2. We now investigate this analytically in the Fisher matrix and numerically in our

forecasts.

For a single-tracer analysis where we know the bias parameters exactly, 1.e. by, are held

fixed, the Fisher information for a fiducial fﬁL =0 is given by

d’k 6b1bg (z:) (kR )2)? P (k, 1, 2:)*
S T & (27)3 264 T (k, 2:)2 (D2 Pk, 1, 20) + N (k, 1, 27) 2
In the high signal-to-noise regime, b3P,,(k) > N, this becomes
9 bé (z;) oA (202
F ~— RV (z) | dbk———. 2.29
R 72 ; b3 (z) * (Zl)/ T (k,zi)? (229)

For 2A < 1, the integral over k is dominated by ki, and the Fisher information arises from
the largest scales. However, due to the limits placed by noise and volume, realistic surveys are
far from the asymptotic kK — 0 regime. For modes with the largest signal to noise, k ~ keq ~
10-2hMpc !, the matter power spectrum is flat, P, (k ~ keq) o< k° and, therefore, 7 (k,z)> ~ k1.
In this regime, repeating our analysis of (2.29) shows that the integral is dominated by large & for

A 2 0. In this regard, we expect that the transition from low to high k is gradual as we change A.

This behavior is seen in forecasts by varying ki, as illustrated in Fig. 2.5. Since in-
creasing the minimum wavenumber ky,;;, removes information, the constraints o ( fﬁL) always
decrease. We therefore show do—2(f4; )/dlogkmin because this quantity provides a more quan-
titative illustration of how much information is being lost as we change Kumin-'! For A =0, the
largest impact is for the smallest values of ky,, indicating that the lowest wavenumber has the
most information. As we increase A > 0, we see that this trend changes: the curves are mostly

flat at small kp,;, for A < 0.5. This is a reflection of the fact that there is no sharp transition in A

"'We consider the logarithmic derivative in order to numerically extract the relevant scaling that we analytically

discussed in the previous paragraph. We additionally note that log ki, is implicitly normalized by 1 2Mpc ™.
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Figure 2.5. The information density with respect to log ki, in the billion-object survey, with
fixed ACDM cosmology, and the same kpyin, Ak = 0.003AMpc~! and kpax = 0.22Mpc™!
in each redshift bin. The different colors indicate which bias parameters are marginalized
when calculating o ( fI%L) using the double-tracer version of the survey. A negative (posi-
tive) slope of the curves indicates that there is more (less) information on smaller wavenum-
bers k. We observe that the information density is dominated by small (large) wavenumbers
for small (large) scaling exponents.
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Figure 2.6. Dependence of o( fﬁL) on the maximum wavenumber where we take kpnax =
khalo and kmax = knL(z), with the latter being less conservative at higher redshifts. Here, we
combine the middle two redshift bins (2 < z < 3) of the double-tracer billion-object survey into
a single comoving box with a total of about 1.3 x 10% objects. We show this dependence of
the constraining power for four biasing models. The choice of kpx barely impacts o ( fﬁL) at
small A, but becomes significant for large A. We explain the origin of the feature around A =1
in the main text.

due to the impact of .7 (k,z) in (2.29).

As we move from large to small scales (or small to large k), we are increasingly sensitive
to the marginalization over the bias parameters. The information density in Fig. 2.5 at large
wavenumbers becomes highly suppressed as we marginalize so that the true constraining power
remains at small wavenumbers. The oscillatory behavior in these figures highlights that the
baryon acoustic oscillations contained in the transfer function are imprinted in the non-Gaussian

signal and are not absorbed into the bias expansion.

At the same time, this short-distance information remains however crucial for breaking
degeneracies between bias and cosmological parameters. This is shown in Fig. 2.6, which
illustrates how the maximum wavenumber kp,ax impacts the constraining power. We see that the

constraint on fﬁL improves by roughly a factor of five to nine (depending on the biasing model)
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for A =2 when we choose the less conservative kyax = knp. This improvement is consistent
with the number of additional modes available between kp,1, and kny, and the fact that our signal
depends on wavenumbers. This difference becomes even more pronounced at higher redshifts
since kL (z) increases significantly, while kp,), is independent of redshifts. For all of our other
forecasts, we however use the more conservative choice of kmax(z) = min{knaio,knp(2) } s noted
in §2.4.1.

When marginalizing over b, we notice a feature around A ~ 1 in Fig. 2.6 and not around
A = 0.5 as we might expect from (2.29). This is a consequence of the information on fﬁL
moving to larger k where T(k) # 1. Specifically, if we assume P, (k) o k" for large k, then

I*T (k) o k"/>+3/2 which implies
A A-1-3 2
Pyg (k) ~ (b1 +2b il C(kR, YA 53 +) Pu(k), (2.30)

for some constant C. Using n ~ —1 for k ~ 0.1 AMpc~! [114], we notice that A — % —s~A-1.
At large wavenumbers, the “scale-dependent bias” for A =~ 1 is therefore degenerate with the

linear bias by, resulting in the observed feature.
Dependence on Fiducial Biases

All else being equal, a single-tracer survey with the largest possible (absolute) value
of by o< (by — 1) will yield the most sensitive measurement of fyr.. It may therefore seem
self-evident that selecting highly biased targets is a central tool in the search for PNG. Having
said that, in practice, target selection involves numerous factors that lie beyond the scope of these
simple forecasts. Yet, when it comes to understanding the performance of a given survey, the
biases of the objects in their sample will strongly influence the overall sensitivity. As a result, it
is important to separately understand the role that the fiducial biases play from the aspects of the

survey that we can control more directly.

For a single-tracer analysis, we only measure by fﬁL. At fixed redshift and assuming
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Figure 2.7. Dependence of o ( ffIL) on the fiducial value of the linear bias for both the single-
tracer (solid) and double-tracer (dashed) versions of the billion-object survey for A = 0 (/eft)
and A = 1 (right). We show this dependence as a function of the linear bias b;(z = 0) of the
single-tracer survey in which case we see the improvement in the constraining power of the
survey for larger b;. In the double-tracer scenario, for which the galaxy sample is split into

two populations of equal number density with bgA’B) (z=0) =b1(z=0)+0.4, the effects of
sample-variance cancellation can be observed. (Note that the y-axis is on a linear and not on a
logarithmic scale like in the previous figures.)

by o< (by — 1) from (2.24), we therefore have

_ 1
O (fRL)male. b1 (2.31)

As aresult, we can expect a large improvement in a single-tracer analysis from choosing a sample
with by 2 2. Figure 2.7 shows how the value of b (z = 0) influences the overall constraining
power of our billion-object survey in both single- and multi-tracer analyses. We see that o (fNL)
increases sharply when the bias approaches one. It does not diverge because of the redshift
dependence of b (z) which ensures that some of the redshift bins have by # 0. On the other
hand, sample-variance cancellation in the multi-tracer configuration results in a much weaker
dependence of o ( fI%L) on the linear bias and, in fact, benefits from having one of the tracers
with 6% (z = 0) < 1. At the same time, we however see that taking larger values of b;(z) in a

single-tracer analysis closes the gap to the double-tracer case for b1(z = 0) = 3.

Technically speaking, we cannot choose the linear bias b;(z) and the number densi-
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ties 71(z) independently, in particular since more highly biased objects are more rare. In practice,
traditional spectroscopic surveys are typically limited by the number of spectra that can be
measured and not the number of objects in the universe. However, other types of surveying
techniques, such as line intensity mapping (see e.g. [115-120] in the context of PNG), may get
closer to these fundamental limits. We refer to [40] for a discussion of the sensitivities of surveys
in the regime where the galaxy power spectrum analysis is limited by the number of available

objects.
Dependence on the Volume and Redshift

Given a single redshift bin with volume V and a fixed choice of targets, it is easy to see
the impact of this choice on kp,;, and knax. However, when we design a survey, the choice of
redshift range, volume and targets is not fixed, but is part of the survey design. The redshift range
and volume affect ki, and kpax, but they also change the biases of the targets and the number
densities of objects in each redshift bin. For the purpose of designing a survey, we therefore
want to understand the optimal choices for the sky fraction fy and the redshift range as given

by Imax-

It is important to compare survey strategies assuming “constant effort”. In practice, it is
the time for acquiring spectra that limits the sensitivity of a spectroscopic survey. This is why
we vary fgy for a given redshift range while holding the total number of objects fixed. As a
result, there is a trade-off between increasing the volume and increasing the shot noise, which
needs to be optimized. When it comes to varying the redshift range, the time required to observe
each object changes with redshift which means that the total number of objects in the sample
decreases with larger zmax. To hold the observational effort fixed, we use a simplified model
where it takes twice the amount of time to obtain spectra for galaxies at z > 3 than for galaxies at
z < 3 (cf. [54]). We further assume that it is desirable to maintain a constant level of shot noise
over the survey volume, which is equivalent to 7P, = const given the assumption (2.9) for the

redshift evolution of the linear bias, or that we obtain spectra evenly across the sky and along the
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Figure 2.8. Dependence of o ( Iﬁfl) on the sky fraction fy, and the maximum redshift zmax
at fixed observational effort for the double-tracer billion-object survey. The left panel shows
the fiducial case, b;(z) o< D(z) ! [cf. (2.9)] and the right panel displays the constant bias case,
b1 (z) = const. While we only show the results for A = 1, the displayed trends are similar for all
scaling exponents A.

radial direction.

Higher-redshift objects are generally expected to yield larger values of b;(z) [see the
discussion around (2.9)]. Since by (z) o< (b1(z) — 1) from the universality relation (2.24), the
signal can be enhanced by a large amount by extending the survey to redshifts where b;(z) > 2
instead of b;(z) ~ 1. Assuming the bias evolution model of (2.9), we see in Fig. 2.8 that we
maximize our sensitivity to fl\AIL even at constant effort by maximizing zmax. While we only
show the results for A = 1, the qualitative features in the figure are independent of the scaling
exponent A. This implies that increasing the redshift range at fixed observational effort increases
the constraining power for the entire range of A.

Increasing the redshift range also increases the number of modes. If we however hold
by(z) = b fixed and increase zmax, We see in the right panel of Fig. 2.8 that there is a more
complex relationship between zyax and the sensitivity to fﬁL. For instance, keeping zmax = 3 and
increasing fky also increases the number of modes without the added observing time per object
needed at high redshifts. Having said that, the benefit of a large sky fraction is much weaker than

the impact of larger b; at high z which can be seen by the lower overall sensitivity to ffIL in the
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right panel.

By comparing the two panels in Fig. 2.8, we can see that the optimal configuration is
still at the largest maximum redshift and sky fraction, zmax = 5 and fy = 0.7, for either biasing
model. For smaller fy, the large advantage offered by larger zmax however disappears when
going from evolving to fixed bias due to the lower overall number density of galaxies at higher
redshifts. In this case, more emphasis is placed on high-redshift targets without the corresponding
boost in the signal. (The drop-off in o (fNL) between zmax = 3.0 and 3.5 is the result of our

simplified choice of dividing the observational effort at z = 3.)

To summarize, at fixed observational effort, increasing the redshift range via a larger zmax
has the largest influence on the sensitivity of a survey. The reason is that z,« increases both the
size of the signal and the number of modes. The former is particularly important since it offsets
the increased noise associated with a large-volume survey. We however note that this conclusion
does depend on the redshift dependence of the bias and the observing time needed for acquiring

spectra of these high-redshift objects.
Photometric versus Spectroscopic Surveys

The benefit of a three-dimensional survey can simply be estimated by counting modes
for many cosmological parameters, including fni from the bispectrum. The number of modes in
a three-dimensional survey scales as k3, while it scales as k2, for a two-dimensional survey.
The benefits of a three-dimensional survey are however less clear for scale-dependent bias since
the information for this signal manifests itself at low k, in particular for A < 0.5. In reality, the
trade-off is of course not between a two- and a three-dimensional survey, but between surveys
which measure redshifts spectroscopically and photometrically. While photometric redshifts are
less precise, they may be good enough to provide three-dimensional information on the scales

needed for scale-dependent bias for a significant range of A which we investigate now.!?

128pectroscopic surveys will have additional benefits for controlling systematics, such as projecting out large-scale
effects, but typically at the cost of larger shot noise. Quantifying the importance of spectra in this context is a
delicate issue which is beyond the scope of this work.
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Figure 2.9. Comparison of o(f4; ) for a range of photometric redshift errors o9 € [0.001,0.2]
for the billion-object survey. We observe that photometric redshift errors only mildly degrade
the constraining power of a survey for A < 1.3. Photometric surveys therefore seem to be able
to access most of the information about the scale-dependent bias with the additional benefit of
generally lower noise levels in the galaxy power spectrum.

The impact of redshift errors on the constraining power of the billion-object survey is
shown in Fig. 2.9. We see, somewhat surprisingly, that spectroscopic surveys do not provide a
significant improvement to the power spectrum measurement of fl\AIL for A < 1—1.3. (The specific
value of this transition in A depends on the employed biasing model.) In practice, photometric
redshifts therefore appear to be good enough to access a lot of the available information about the
scale-dependent bias. This conclusion is supported by the similarity of the forecasts for SPHEREx
and LSST. While the two surveys pursue very different strategies for obtaining redshifts, the
resulting forecasts are quite similar. At first sight, this similarity is still surprising because it does
not reflect the impact of the difference in number density shown in Fig. 2.4. The reason for this,
however, is just that multi-tracer analyses are not implemented in conventional LSST forecasts.
This naturally raises the question of whether a multi-tracer analysis would lead to an advantage
of LSST over some spectroscopic surveys given its very high number density (cf. Fig. 2.3). We

will explore this in detail in Section 2.6.

Importantly, we have not discussed the impact of systematic effects [121] on photometric

and spectroscopic surveys. Given that the signals are the largest on large angular scales (especially
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for A < 0.5), a variety of atmospheric, detector and astrophysical effects can contaminate our
signal. Having said that, we expect that many of the conclusions drawn from these forecasts will
be robust over a large parameter range since the scales on which the signals dominate vary with

the scaling exponent A.

2.5 Constraints and Data Analysis for General Scaling
Exponents

In the previous section, we focused on forecasting current and future constraints on fI\AIL,
and on how to optimize a survey to measure PNG from the galaxy power spectrum for A € [0, 2].
In this section, we will apply this knowledge to constrain fl\AIL over this same range of scaling
exponents A using the BOSS DR12 galaxy power spectra. We will first derive and propose an
effective and convenient search strategy. We will then perform this measurement and compare it

to a direct analysis.

2.5.1 Search Strategy

The scaling exponent A is fixed in some inflationary models, while it is a free parameter
in others. For the standard local and equilateral shapes, the value of A are fixed by their templates
to A =0 and A = 2, respectively. The physics of these cases is clear since they arise from multi-
and single-field dynamics. In quasi-single-field inflation, we have A =3/2 — \/m
which implies that it is natural to scan over values of A € [0,3/2] in an analysis of those models.
The natural question we face in a practical analysis of current data therefore is whether it is
prudent to vary fﬁL and A € [0,2] as free parameters, or whether we should hold the scaling

exponent fixed to some value as suggested by a given model, A = A’, and only vary fl\AIL.

The strategy we will follow is to hold A fixed to a few discrete values, e.g. A= 0,2 or
A=0.0,0.1,...,1.9,2.0, and infer the associated constraints on fﬁL at each respective A. The
reason why we prefer this strategy over scanning over both parameters simultaneously is that

small changes to A have no impact on the signal to noise and, therefore, represent a degenerate
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direction in the analysis. This becomes evident in the Fisher matrix formalism, where we have

for a fiducial value of g, = 0:

d _ _
- Peg (k) = 6/}Lbo (k) k2.7 (k)™ log (KR, (kR+)" b(k) Piin (k) =0. (232
aA fA =0 fﬁL:O

NL
We therefore have no reason to expect marginalizing over A would lead to more accurate results
until our data are comfortably excluding f3; = 0.

We can quantify to what degree the data can distinguish two values of the scaling

exponent, A; and A, through the “cosine” between the signals,

F
FALRE I 30

Al A
CoS , — = 5
(fNL>/Ni) \/FfAl o VP

N

L/NL JNL/NL

(2.33)

where we defined F;; = F 5, ;. This is precisely the same definition of the cosine used to define
NL»/NL
the PNG shapes in a bispectrum analysis [122]. We can also generalize this to the Fisher matrix
after marginalizing over the bias parameters by inverting the Fisher matrix, truncating to fﬁlL and
fl\AIi, and inverting the truncated matrix to get the effective Fisher matrix for these two parameters.
We therefore take F;; to be the marginalized, two-dimensional Fisher matrix for the parameters
ﬁi and ﬁi from now on.

The correlation (2.33) between the measurements of fﬁi and fﬁi is shown in Fig. 2.10
using the experimental specifications for the BOSS survey of Table A.1 which have yielded
forecasted results consistent with performed data analyses in the past (see e.g. [18]).!> The

cosine computed for other surveys is similar (see Appendix A.2). The key take-away from

this correlation is that we can effectively constrain almost the entire range A € [0,2] using

13Note that for the calculation of the correlation matrix for BOSS, we assumed fiducial values of b and b
based on the Lagrangian local-in-matter-density biasing model [25] and b based on halo simulation fit in [81].
This choice (rather than setting them to 0 as in most other cases in this paper) leads to minimal differences in the
correlation coefficient. In addition, we impose the same Gaussian priors on the loop biases as quoted in [123] which
barely affect the forecasted constraints for small A and up to a factor of four at large A, as expected. Finally, we
employ a slightly larger minimum wavenumber ki, = 0.01 AMpc~'. All these choices are guided by the data
analysis performed in §2.5.2.
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Figure 2.10. Correlation matrix for measurements of galaxy power spectra with different values
of the non-Gaussian exponent A as defined in (2.33). This was computed for BOSS with fiducial
values of fﬁi =0, fixed ACDM parameters and marginalized over all biases. The orange arrows
indicate the coverage of the local (A = 0) and equilateral (A = 2) templates with a correlation
coefficient of larger than 0.9.
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measurements only at A = 0 and 2. Specifically, using the Cauchy-Schwartz inequality and the

Cramér-Rao (CR) bound, we have

A
1 o’(ful)  Fu
(Fp) ' < 2 < 2TNLA2F_’ (2.34)
o cos*(fni, i) £22
where 62( fﬁlL) is the variance of the measurement of fI\AI‘L while holding fﬁf fixed. The best

possible constraint we could place on fI\AIi, o?( Iﬁi)CR = F2’21, is therefore bounded by the

measurement of fl\A]‘L via
2( £AI
o-(/xL)  Fu

Al A '
cos?(fal, fup) F22

S (fi2)er < (2.35)

. . A2 . A1
As aresult, we can place an approximate constraint on f; by rescaling the measurement of f;;

using the elements of the marginalized Fisher matrix F;;.

It is important to highlight that this strategy is only effective if our parameter inference is
consistent with fﬁL = (. To be more precise, all values of A look similar at low signal to noise
for fﬁL. On the other hand, the data is no longer independent of A if one or more of your fI\AIL
measurements at specific A show significant evidence for fﬁL # 0. In that case, a measurement
at a different value A’ could produce a much larger or much smaller signal to noise. We refer to

Appendix A.2 for more details on this scenario.

2.5.2 BOSS DR12 Analysis

Based on the strategy laid out above, we inferred constraints on fI\AIL from the BOSS DR12
dataset following the general setup of the analysis for local, orthogonal and equilateral PNG
performed in [66, 124] (see also [65]) with a few different (generally more conservative) choices.
In the following, we provide a brief overview of our data analysis, describe these differences and

report the limits on PNG that we inferred directly and via the correlation matrix (2.33).

We analyzed the power spectrum from galaxy clustering data of the twelfth and fi-

nal release of BOSS, referred to as DR12 [77]. This dataset contains the positions of about
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1.2 x 10° galaxies between redshifts 0.2 and 0.75 in a cosmic volume of roughly 5.8 273 Gpc?
divided into four subsets: the Northern and Southern galactic caps of the two non-overlapping red-
shift bins [0.2,0.5] and [0.5,0.75] with effective mean redshifts z = 0.38 and 0.61. We employ the
(0)

galaxy power spectrum multipoles Pgﬁ (k), with £ = 0,2, 4, measured using a quadratic window-
function-free estimator [125]. The corresponding covariance matrices were computed from
MultiDark-Patchy mock catalogs [126]. This follows the analyses in [66, 124] restricted to the
power spectrum multipoles. We model the nonlinear galaxy power spectrum in redshift space as
implemented in CLASS-PT [127] (based on CLASS [128]) which follows the analyses of [129, 130]
based on the effective field theory of large-scale structure (EFTofLSS) [131-134] (see [27, 135]
for recent reviews) and galaxy bias expansion [25], including the Alcock-Paczynski effect. We
additionally include the non-Gaussian contributions from the scale-dependent bias (2.23) due to
fl\AIL # 0 similar to the analyses in [66, 124].14

We performed a Markov chain Monte Carlo (MCMC) analysis of the data using the
Metropolis-Hastings sampler of MontePython [136, 137], varying the theoretical galaxy power
spectrum multipoles in each step. We fix the ACDM parameters to the Planck 2018 best-
fit values [1] (with the sum of neutrino masses Y ,m, = 0.06eV) instead of including Planck
information on ACDM since we saw essentially no change in the forecasted constraints on fl\AIL
of Section 2.4 when marginalizing over all of our galaxy bias parameters. Per redshift bin and
galactic cap, we however separately vary the bias parameters bgi), bg) and bg as defined in [138,
139,15 and analytically marginalize over the other eight biases and EFTofL.SS counterterms
which appear linearly in the theoretical galaxy power spectrum [140]. We impose flat priors
on the linear biases bgi) € [1,4] and the non-Gaussian amplitude fl\AIL (infinitely wide), and

Gaussian priors on the other nuisance parameters as described in [123]. Following [124], we

also marginalize over the non-Gaussian bias by — Np, by separately for each data subset and

14n this paper, we have not considered the imprints of light inflationary fields in the bispectrum, but focused on
the scale-dependent bias in the power spectrum. To remain model agnostic, we also did not include the contribution
of a non-zero primordial bispectrum to the galaxy power spectrum.

The bias expansions used in our forecasts and data analysis are equivalent.
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impose a wide Gaussian prior on its normalization, N, ~ A (1,5), which is motivated by the
peak-background split model [94].1° On the other hand, the non-Gaussian parameter fﬁL is
commonly varied for all four data subsets at fixed exponent A. We (more) conservatively limit
the range of wavenumbers to k € 0.01 zMpc~'00.13hMpc~! and 0.01 A-Mpc~'100.16 hMpc~!
for the low- and high-redshift bin, respectively, after initial tests. We therefore employ a smaller
maximum wavenumber than in [66, 124], who tested the validity of the analysis for A = 0 and 2
on mock catalogs, and a slightly higher (same) minimum (maximum) wavenumber than the
forecasts shown in Fig. 2.3. Since Ak = 0.0052Mpc~!, this choice implies that we employ
24 and 30 k-bins for the respective redshift bins, each power spectrum multipole and both
galactic caps. All chains converged with a Gelman-Rubin criterion of R — 1 < 0.01 (usually

much smaller) for each parameter.

The results of our separate MCMC data analyses for 21 fixed values of the non-Gaussian
exponent A are shown in Fig. 2.11 and we provided the numerical constraints for A =0.0,0.5, 1.0,
1.5,2.0 in (2.2). Since the posterior distributions for fl\AIL are slightly non-Gaussian, we display
the mean values in gray pentagons, and the upper and lower 20 constraints in filled and unfilled
black diamonds, respectively. We do not find any evidence for any PNG shape with A € [0, 2]
and observe the same characteristic functional dependence of 26 ( fl\AIL) on A as we forecasted
in Fig. 2.3.17 We note that the difference in forecasted constraining power of Fig. 2.3 and
the data analysis of Fig. 2.11 can be mainly attributed to the use of Gaussian priors on the
higher-order galaxy bias parameters in Section 2.5. In fact, we find reasonable consistency

if we include the priors on the Gaussian biases in our Fisher matrices as discussed in §2.5.1.

161t might appear surprising that we marginalize over by with a Gaussian prior given the degeneracy with fﬁL.
Note that the mean value of the Gaussian is still set by the universality relation (2.24) with p = 1, but its variance
is very wide. In addition, we marginalize over by in each of the four data subsets separately, as we do with the
Gaussian bias parameters. This procedure alleviates degeneracies between fI\AIL and b; which can be severe if we
assume that the universality relation is exact, especially for A ~ 1. This procedure is an imperfect solution to address
the uncertainty in by which we plan to address as part of [141].

"The non-Gaussian amplitude f3; is defined relative to the scalar amplitude, A2 2551075 [1], such that

weak PNG corresponds to fNLAsl/ % < 1. This means that our bounds 20( fﬁL) ~ 10 are approaching the limits of
the range of validity of our implicit expansion in linear order in fl\AIL' This concern is however alleviated even with a
very conservative inclusion of bispectrum data [65, 124].
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Figure 2.11. Comparison of the measured (diamonds) and derived (lines) values for twice
the standard deviation of fI\AIL, 20( fﬁL), for the BOSS DR12 dataset. The light (dark) blue
lines show the approximate value of 20(f3; ) derived from the data with A =2 (0), i.e. the
equilateral (local) PNG templates using (2.36), with the minimum of these being shown in
blue. The diamonds indicate the constraints directly inferred from BOSS DR12 for fixed values
of A, while the gray pentagons are the corresponding mean values. Filled (unfilled) symbols
and solid (dotted) lines represent positive or upper (negative or lower) values. We do not find
evidence for fﬁL # 0 for any A € [0,2], and generally good agreement between the measured
and derived limits on general PNG. This demonstrates that our proposed search strategy works
on data.
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Compared to [65, 66, 124], our constraints are weaker, as expected due to our more conservative
approach and use of less data, but consistent. This is particularly evident for the case of the
equilateral shape (A = 2) that dramatically benefits from bispectrum information in various
ways which is absent in our analysis of the power spectrum alone. On the other hand, our
limits on fﬁL are comparable to the constraints on fﬁﬂL when including bispectrum informa-
tion [124] for A < 0.75. While the bispectrum will always add information, we might however
imagine there is a more limited gain in this regime.

We can also compare our bounds on fﬁL to those obtained in previous analyses of
CMB and LSS data. As already anticipated and explained in Section 2.4, the CMB limits on
local and equilateral PNG from the Planck 2018 bispectra are significantly better [16]. This is
also the case for the constraints for A € [0,3/2] derived from Planck 2013 data [142], | £3; | < 50,
which is dominated by the equilateral bispectrum while our bounds arise from the squeezed limit
of the quasi-single-field shapes. The only previous analysis constraining fﬁL from LSS data was
performed in [78] on SDSS-III DR8 data with more limited modeling and range of scales. It is

therefore unsurprising that our bounds are considerably more constraining.

In addition to directly inferring constraints on fﬁL from the data, there exists a second
path to inferring the bounds at a given value of A based on the correlation of different values of A
in the marginalized galaxy power spectrum as discussed in §2.5.1. We take A = A; =0 and 2 as
the fiducial values for this inference since these scaling exponents correspond to the signal from
local and equilateral PNG, respectively, which are usually considered in data analyses. Based

on (2.35), we obtain these derived bounds as follows:

1 G(fI\AIL)

cos(fd L) o (fur )

(2.36)

MCMC MCMC

200/ = [ ] 20(7°%)]
Fisher

where the subscript ‘Fisher’ (‘MCMC’) indicates that these quantities are calculated based
on the Fisher matrix (from the MCMC analysis). The correlation term cos( fI\AIL, fﬁf 0’2) is

displayed in Fig. 2.10, while the standard deviations & ( fI\AIL) are computed from the marginalized
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one-dimensional Fisher matrix as in Section 2.4, but including the same Gaussian priors as
in the correlation term and the data analysis. The constraints derived from the measurement
at A = 0 and 2 are displayed in Fig. 2.11 as the dark and light blue curves. We see that the
constraint derived from 20 ( ﬁfo) dominates for A < 1.1, while the constraint derived from
20( fﬁfz) dominates for larger A, which is consistent with our expectations from Fig. 2.10.
Overall, we find generally reasonable agreement between the directly inferred limits
on fI\AIL, and those jointly derived from the local and equilateral measurements. This is especially
true for those values of A with large correlation and negligible mean values. This implies that
we can use (2.36), with the correlation term calculated in a Fisher matrix approach for a given
survey, to derive 20 /( ﬁf 0’2) in the absence of a detection of fll\?f, ;‘i = 0. In other words, we
have demonstrated that the search strategy that we proposed in §2.5.1 works on BOSS data
and allows to dramatically reduce the number of analyses needed to constrain general forms of
primordial non-Gaussianity and light inflationary fields as parametrized by A from measurements
of local and equilateral non-Gaussianity. The agreement between our analysis and forecasts,
together with the consistency with prior analyses, is an additional sign that searches for light

fields with the galaxy power spectrum will be competitive with the CMB for near-term galaxy

surveys.

2.6 Multiple Tracers and the Dependence on Astrophysics

Sample-variance cancellation plays an important part in improving the measurement of
primordial non-Gaussianity from the galaxy power spectrum. Applying this technique however
requires knowledge of the details of the specific galaxy samples used in the multi-tracer forecast
or analysis. In this section, we will first investigate how an optimal survey design can maximize
the scientific return of multiple tracers in spectroscopic surveys. Then, we will consider the

untapped potential of a multi-tracer configuration of LSST and compare it to SPHEREX.
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2.6.1 Optimizing Spectroscopic Multi-Tracer Analyses

We now explore the potential of multi-tracer analyses and how astrophysical details of
the galaxy samples affect the constraints on fﬁL. Given our biasing model (2.8) with (2.20), this
comes down to the description of the non-Gaussian bias parameter by (z), which depends on three
parameters when using the universality relation (2.24): J, b1 (z) and p. Since the parameter J,
is completely degenerate with fl\AIL, we will focus on exploring what combination of b;(z) and p

leads to the biggest improvement on o (f3; ).

For galaxy power spectrum forecasts to recover all the information in the primordial
statistics, we need to apply the multi-tracer technique and its ability for sample-variance can-
cellation at very high number density. For example, we know the information in the primordial
bispectrum for A > 0 is dominated by k ~ kmax [122]. On the other hand, the non-Gaussian
information in the single-tracer power-spectrum forecasts are limited by sample variance at small
wavenumbers for A < 0.5. Sample-variance cancellation eliminates this artificial dependence
on the noise at low k, limiting a measurement instead by the shot noise associated with galaxy
formation [143], which corresponds to modes at kmax ~ khalo-

Realistic spectroscopic surveys are unfortunately far from being in the fully multi-tracer
regime as we have seen in Fig. 2.4. As a result, it is harder to get reliable intuition for how to
optimize the measurement of fl\AIL. We have previously explored how to maximize the science of
a spectroscopic survey by changing the experimental configuration in terms of fiky, Zmax, €tc.
Here, we will assume a fixed survey geometry and investigate what additional information can
be extracted by taking advantage of sample-variance cancellation.

In the fully multi-tracer regime, the inverse variance depends on the linear bias b(li) and

non-Gaussian bias b((;) as [144]

o(f) 2o [V E — P (2.37)
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On the other hand, we simply maximize b1by in the single-tracer regime. The question therefore
is how we can choose the samples to minimize o(f4; ) in realistic surveys. In Figure 2.12,'8
we show the relative comparison of o ( fI%L) between a double- and single-tracer forecast of the
billion-object survey while holding the ACDM parameters fixed.!” We show this for A = 0 (see
also e.g. [145]) since we expect this case to benefit the most from a multi-tracer analysis, but
explicitly verified that the forecasts with A > 0 show at most comparable levels of improvement.

We vary the linear biases of the two subsamples of the survey in the left column of
Fig. 2.12, while fixing p = 1, as in all of our forecasts in Section 2.4. Note that we only vary the
bias at z = 0, as labeled in the figure, with the biases of the actual galaxy samples then being

calculated based on the bias evolution model of (2.9). The values along the diagonal bgl) = b(lz)

correspond to a single-tracer forecast, in which o( fﬁL) simply decreases with increasing bgi).
We observe that the multi-tracer improvement is most pronounced here when the difference
between bgl) and bgz) is maximized. We additionally see that the improvement of the double-

over the single-tracer approach is limited to about 30%.

So far, we have assumed a universal halo mass function which corresponds to p = 1
in the universality relation (2.24). Even though this has been widely adopted in the literature,
this assumption is not a perfect description of halos in simulations and will likely not be
generally true for actual galaxy samples, cf. e.g. [146-155].20 This is why we now explore the

possibility of improving the constraints on fﬁL by selecting tracers within the parametrization

8Figure 2.12 only shows the forecasted constraints and improvements for the scaling exponent A = 0, i.e.
local PNG. When we marginalize over all biases, the scaling behavior of the scale-dependent bias however has little
effect on the improvement factor and the marginalized biasing model only changes the overall constraining power as
indicated by the color bar in the upper panels. In other words, the overall qualitative behavior conveyed in Fig. 2.12
remains intact for different biasing models and scaling exponents.

“When marginalizing over the biases, the difference between the forecasts for fixed and marginalized ACDM pa-
rameters (with a Planck prior) is at most a few percent. We therefore fix the ACDM parameters to their fiducial
values for all forecasts in this section.

20We note that, as long as by # 0, a detection of scale-dependent bias for a single redshift bin and tracer implies
a detection of primordial non-Gaussianity, fﬁL # 0. However, reaching the full sensitivity of a survey requires
combining multiple tracers and/or redshift bins which necessitates knowledge of how by (z) changes across the
samples. Most analyses will therefore make assumptions about by, such as the universality relation (2.24) and the
values of p.
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Figure 2.12. Double-tracer forecast for o/( fI%L) with A = 0O for the billion-object survey (top) and
relative comparison to a single-tracer forecast, o/( fﬁL)doubk /o ( fl\AlL)single (bottom), with fixed
ACDM parameters. In the left column, we vary the linear biases bgi) of the two samples at fixed
p(i) =1, i.e. similar to our forecasts in Section 2.4. In the right column, we use the fiducial biases
of the samples [cf. (2.9)], with l_)gl) (z=0)=20>12= l_agz) (z=0), and vary the parameter p'”

in the universality relation for bg) [cf. (2.24)]. While we only show these results for A = 0, the
qualitative features of these panels remain the same for other values of the scaling exponent.
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Figure 2.13. Forecasted constraints on fl\AIL for different values of the parameter p!) in the
universality relation (2.24) of by for the double-tracer configuration of the billion-object survey

and fixed ACDM parameters. We observe that o( fl\AIL) improves for all A when |b(11)b5b2) —

bgz)bém increases which is the direction indicated by the arrow.

of by through p (assuming such knowledge is already reliably known from simulation results).

We therefore vary the parameters p(i) of the two galaxy samples while using their fiducial
biases in the right column of Fig. 2.12. Note that the fact that the linear biases for the two tracers
are different, with b(ll) (z=0)=2.0and bgz) (z=0) = 1.2, is the reason for the asymmetry of
these panels. We observe the largest improvement for small p(l) and large p(®) which is exactly
when the combination shown in (2.37) is maximized. In this case, the double-tracer approach
can improve the constraints by as much as a factor of two over a single-tracer analysis which
is much larger than what we saw for fixed p(i) and varying bgi) in the left panels. Figure 2.13
displays the constraining power as a function of the scaling exponent A for a few pairs of tracers
characterized by different values of p() 2! This is further confirmation of our findings and we

explicitly see that maximizing the combination of biases given in (2.37) leads to the same relative

improvement in o ( fI\AIL) for all A.

The results shown in the previous figures suggest that it may be possible to improve

2I'We also tested the possibility of using galaxy samples for which the parameter p(i) is redshift dependent. The
results shown here are robust to these changes.
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o fﬁL) by more than a factor of two if we had knowledge about the parameter ) of the
tracers. As previously discussed, however, most forecasts for current or near-future galaxy
surveys assume the scale-dependent bias takes the form predicted by a universal halo mass
function. In particular, these surveys do not select targets based on the value of p (or by) which
implies that there is some level of uncertainty in the actual value of p for the employed galaxy
samples. Since the parameter p is degenerate with fI%L, this uncertainty in p could complicate
the measurement of fl\AIL. While complete ignorance of p (i.e. marginalizing over it as a free
parameter in each redshift bin) would make constraining fﬁL impossible, it would be helpful to
know the required level of precision so that the universality assumption does not significantly
affect the inference of f3; .

We investigate this question by imposing different Gaussian priors on the parameter p
for a fiducial value of p = 1. Figure 2.14 shows that an uncertainty in p mostly affects A < 0.5
when marginalization over the biases. In addition, the degradation in the constraining power
on fl\AIL is limited to within a factor of less than three (two) for an extremely conservative prior
with width o(p) = 10 (5). This implies that a lack of knowledge of the precise value of p
for the given galaxy samples does not significantly affect the forecasts. On the other hand, a
careful consideration of the values of p in target selection could potentially lead to important

improvements in o (£ ).

2.6.2 Multi-Tracer LSST and Comparison to SPHEREXx

So far, we have seen that the multi-tracer forecasts offer somewhat limited potential
for improvements in the context of both current and future, realistic spectroscopic surveys.
Acquiring spectra takes more observational time than imaging alone which makes it harder
for spectroscopic surveys to reach the high number densities needed for sample-variance can-
cellation to be most effective. In principle, photometric surveys, such as LSST, are therefore
not limited in the same way, as indicated in Fig. 2.4, and have the potential to benefit signifi-

cantly from a multi-tracer analysis. Following the LSST science book [107], our LSST fore-
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Figure 2.14. Forecast for o(f3; ) for different Gaussian priors ¢(p) on the parameter p in
the universality relation (2.24) for the billion-object survey (at fixed ACDM parameters and
with fiducial value fl\AIL =1 so that p can be independently varied). While marginalizing over p
with wide priors significantly impacts the constraints for small A in the case of fixed bias
parameters (left), the realistic case of marginalizing over the biases (right) shows a relatively
small degradation even for very wide priors on p.
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Figure 2.15. Comparison of the constraining power of single- and double-tracer versions of LSST
and the billion-object survey (with fixed ACDM parameters) for A = O (left) and 2 (right). We
can clearly see the significant improvement that a double-tracer analysis of LSST could provide
due to its large number density for the entire range of scaling exponents A.

casts however use a single tracer as shown in Table A.7 and, consequently, do not capture

the full potential of this survey which we will now investigate.

In order to explore the potential for an LSST multi-tracer analysis, we consider a simpli-

fied case in which we split the LSST sample of Table A.7 into two subsamples of equal number

density but different linear biases bgi)'zz In Figure 2.15, we compare the constraints o ( fﬁL)

22For simplicity, we split the LSST sample in the same way as the sample for the billion-object survey, i.e. we take
bgl’z) (z=0) = b} (z = 0) + 0.4 with equal number densities, ﬁél) = fzéz), to retain the single-tracer LSST sample
when combined. We refer to [156] for similar forecasts for an LSST sample split into “blue” and “red” galaxies.
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from single- and double-tracer configurations of LSST and the billion-object survey. As for
all of our spectroscopic surveys with their given number densities, there is a relatively small
change in the constraining power for the billion-object survey.”> On the other hand, LSST shows
a remarkable improvement which is consistent with the factor of roughly three seen in Fig. 2.4.
This increase in sensitivity however depends of course on the biases of the samples and would be
diminished to less than a factor of two if we had instead taken b(ll 2) (z=0)= biingle (z=0)£0.2,
for instance. We additionally note that the much larger number density of the LSST samples
appears to outweigh the larger number of (linear) modes in the billion-object survey.

In this regard, LSST has much more potential for testing inflationary physics than
is typically seen in forecasts. Of course, spectroscopic information may prove essential in
eliminating systematics or reliably splitting the LSST sample. The improvements that we see in
Fig. 2.15 however strongly encourage a future investigation that accounts for systematic effects.
In addition, we have not included the information from cosmic-shear observations, which are
sensitive to primordial non-Gaussianity in their own right (see e.g. [157]) and may be useful
in conjunction with the galaxy power spectra considered here. Cross-correlations with other

observables, such as CMB lensing and the kinetic Sunyaev-Zel’dovich effect, would additionally

provide complementary constraining power [158—160].

Given the potential of LSST as a multi-tracer survey, we should also revisit how it
compares to other near-term surveys. We noted in §2.4.2 that LSST and SPHEREX result in
similar forecasts despite having different strengths and weaknesses in their designs. SPHEREX is
a spectro-photometric survey with a larger sky coverage, while LSST is a photometric survey
with a larger number density. The comparison in §2.4.2 is additionally complicated by the fact
that we treated LSST as a single-tracer survey following [107] while multi-tracer forecasts would

maximize the benefit of the higher number density.

231n this context, it is important to remember the large maximum redshift for this survey (zmax = 5) which results
in a number density more or less comparable to DESI/Euclid for many redshift bins. The same number of objects in
a smaller volume, as would for example be the case for a spectroscopic follow-up survey to LSST with zp,x = 3,
would not have the same limitation, but its effectiveness for most other science targets would be reduced [48].
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We might have naively imagined that the slight advantage of SPHEREX was due to the
smaller photometric redshift error of most of its samples. (Specifically, the redshift uncertainty
of LSST is assumed to be 0,9 = 0.05, while the SPHEREX samples are binned with maximum
errors of 6,0 = {0.003,0.01,0.03,0.1,0.2}.) This is however not what is found in our forecasts.
In Figure 2.9, we see that the potential impact of photometric redshift errors on fﬁL forA<1.2
is at most 50%. At the same time, we observed in Fig. 2.15 that the potential improvements
in LSST from splitting the single sample into two is potentially a factor of three or more. This
suggests that the number density is a larger effect than the quality of the photometric redshifts.>*
At the same time, there are however many other factors that differ between these surveys and
we would like to identify the most important individual design factors that set the two surveys
apart (at least for the purpose of constraining fl\AIL from the scale-dependent bias in the power
spectrum).

In order to isolate the differences and control the individual factors in survey design, we
compare LSST and SPHEREX by their biases and number densities in Fig. 2.16, while ignoring
the photometric redshift errors for both surveys, 6,0 = 0. To be precise, we take SPHEREx
as the fiducial survey and substitute either the linear biases or the number densities from a
survey equivalent to LSST (see Appendix A.1 for details). When we keep the number densities
of SPHEREX and use the LSST-like biases, i.e. two samples with equal number densities, which
add to the total number density of SPHEREX, and the same biases as in our earlier LSST forecasts
just over the larger redshift range of SPHEREX with the same scaling proportional to D(z)_] ,
SPHEREX still outperforms in the single-tracer case, but underperforms in the double-tracer
scenario. In this sense, SPHEREX has a built-in advantage from the fiducial biases used in our
forecasts, while our relatively large splitting in the linear biases of the LSST-like samples leads
to a considerable improvement in the regime of sample-variance cancellation. If we instead

keep the biases of SPHEREX and use the number densities of LSST, i.e. we include objects

2*While the observed volume of SPHEREX is in principle more than twice as large (see Appendix A.1), its
number densities are much smaller, especially at high redshifts, which results in an effective volume that is smaller
by a factor of almost four compared to LSST.
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Figure 2.16. Constraining power of SPHEREx with its fiducial biases bgi) and number den-

sities ﬁéi) compared to a survey with either of these observational design factors replaced by

LSST-like numbers for fixed (left) and marginalized (right) Gaussian bias parameters. The
solid/dashed lines show the forecasts for a single-/multi-tracer version of these surveys (five
samples for SPHEREX and two samples when considering LSST-like design factors) for which
we ignore the photometric redshift errors in order to directly infer the sizable impact of these
design choices.

with LSST-like number densities according to (A.13) beyond its zyax, the latter becomes more
sensitive. In fact, this advantage becomes larger when we additionally allow for a double-tracer
configuration of LSST, which takes full advantage of the difference in number densities. As a
result, we should understand that the slightly better sensitivity of SPHEREX indicated in Fig. 2.3
is primarily due to the single-tracer nature of the LSST forecast and the larger biases of the

SPHEREX samples.

Before concluding, we have to however state that the largest challenge for both LSST
and SPHEREX will of course be identifying and mitigating the impact of large-angle (and other
potential) systematics. In this regard, the survey which will be most sensitive to fﬁL cannot
be easily anticipated ahead of time. Either way, both surveys have the potential to in principle
place constraints on general PNG from the galaxy power spectrum alone (i.e. without the galaxy

bispectrum) that exceed those inferred from the Planck bispectrum for A < 1.
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2.7 Conclusions and Outlook

Primordial non-Gaussianity from scale-dependent bias offers one of the best avenues
to test the physics of inflation in the coming decade and beyond. The signal imprinted by
light particles coupled to the inflaton is localized on relatively large scales where analyses are
less influenced by gravitational nonlinearities, baryonic physics and modeling errors. Equally
importantly, the scaling behavior of this signal encodes the mass of these light particles, offering

a unique window into the spectrum and interactions of particles during the inflationary epoch.

Pragmatically, the scale-dependent bias offers a method to test for new physics within the
power spectra measured in large-scale structure. One might expect that the best measurements of
primordial physics should ultimately come from higher-N-point statistics or even from analyses
performed directly at the level of the observed maps.>> Technical obstacles have however slowed
down progress and obscured the ultimate sensitivity of LSS surveys. In fact, analyses of the
bispectrum only recently became possible for single-field inflation (equilateral PNG) and remain
far from the demonstrated sensitivity of the CMB. The established theoretical and observational
control of LSS power spectra therefore offer a reliable approach for near-term surveys to impact

our understanding of inflation.

Previous work has largely focused on local PNG for which the signal to noise is dominated
by only the largest angular scales accessible in a given survey. These measurements are exciting
since they have the potential to exceed the sensitivity of the CMB and explore the interesting
theoretical threshold of fﬁ%‘j ~ O(1). The much richer phenomenology of inflation however
raises the question if optimizing a survey for fll\?f is the same as optimizing for understanding
inflation more broadly. For example, degeneracies [167-169] and large-angle (systematic)

effects [121, 170—174] that limit the local PNG measurement may not impact other changes to

the statistics. Similarly, some variations in the observational strategy or target selection may not

2In some cases, it has already been shown that the signals of extra fields are best understood as map-level
features [161-166] that may carry more signal to noise than low-order statistics.
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significantly affect the constraining power on fﬁﬁf, but could yield a vast increase in the insights

that we can gain on other inflationary observables.

In order to extend the reach of current and future surveys to these compelling inflationary
targets, we studied primordial non-Gaussianity associated with light fields during inflation over a
wide range of their masses. We found that surveys optimized for fll\?f tend to perform equally
well over a broader mass range beyond the massless (local) limit. Furthermore, we placed new
constraints on these types of PNG by analyzing the BOSS DR12 dataset in two different and
consistent ways. These results are consistent with previous analyses in the case of massless fields.
In addition, they extend to heavier fields and other types of non-Gaussianity. They also show that
bounds on these general non-Gaussian shapes can be simply inferred from scale-dependent bias
measurements of fll?f and f;% if they are consistent with zero. Our measured constraints from
BOSS data are also consistent with our BOSS forecasts which suggests that our understanding
of the constraining power of these surveys, which we described in detail, is reflected in real data.
These insights are likely relevant to the analysis strategies for current or near-term observations

and the design of future surveys. For instance, we demonstrated the significant improvements in

sensitivity that may be available from a multi-tracer analysis of LSST data.

More broadly speaking, additional fields present during inflation are interesting in their
own right, far beyond their potential impact on the galaxy power spectrum. While we focused
on models leading to power-law corrections to the power spectrum, oscillatory contributions to
inflationary spectra can arise from (more) massive fields [14, 92, 175] or chemical potentials [176,
177], for instance. This vast range of phenomenology therefore indicates that there are many
opportunities in the analysis of galaxy surveys [156, 178] that remain under-explored and, as we
also show in this paper, minor additional work could result in much broader and deeper insights

into the primordial universe.
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Chapter 3

Extending the Cosmological Collider: New
Scaling Regimes and Constraints from
BOSS

3.1 Synopsis

Primordial non-Gaussianity generated by additional fields during inflation offers a com-
pelling observational target. Heavy fields imprint characteristic oscillatory signals in non-
Gaussian correlation functions of the inflaton, a process sometimes referred to as cosmological-
collider physics. These distinct signatures are compelling windows into ultra-high-energy
physics, but are often suppressed, making standard equilateral non-Gaussianity the most promis-
ing discovery channel in many scenarios. In this paper, we show that direct couplings between
the inflaton and additional fields can lead to a wide variety of novel, observationally relevant
signals which open new parameter regimes that simultaneously exhibit the characteristics of
light and heavy fields. We identify these primordial signatures in the late-time observables of the
large-scale structure of the Universe, where they most significantly modify the scale-dependent
bias of the galaxy power spectrum to include an oscillatory modulation around a non-trivial
power law. We explore the full range of parameters that phenomenologically arise in these
models and study the sensitivity of current and future galaxy surveys, finding that this new class

of primordial non-Gaussianity is particularly accessible in near-term surveys due to its oscillatory
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feature. Finally, we perform an analysis of existing data from the final release of the Baryon
Oscillation Spectroscopic Survey (BOSS DR12). While we find no evidence for a signal, we
demonstrate significant improvements in sensitivity over respective non-oscillatory scenarios

and place the first constraints on this extended parameter space of oscillatory non-Gaussianity.

3.2 Introduction

One of the central goals of cosmic surveys is to extract the physics of the early universe
from the statistics of primordial fluctuations [48]. The expansion rate, particle content and
interactions throughout cosmic history dictate the statistics of the primordial density perturbations,
which are in turn encoded in cosmological maps [49]. These maps therefore contain information
about the standard cosmological model, the nearly Gaussian fluctuations and their evolution
after the hot big bang, and extensions of this model including additional primordial signatures
such as isocurvature modes, features and non-Gaussianity [17]. A key challenge in cosmology
therefore is to completely decode these maps in order to reveal all the physical laws that shaped

our Universe.

Inflation provides a particularly compelling opportunity to translate maps of the Universe
into insights about the particle content and interactions relevant at inflationary energy scales [17].
For additional fields weakly coupled to the inflaton, the statistics of non-Gaussian correlation
functions encode the masses and spins of the excitations of these fields [11-14, 51, 92, 156, 175,
177, 184-192]. This probe of fundamental physics using maps of the Universe, often referred
to as cosmological-collider physics, is potentially sensitive to physics up to the scale of grand
unified theories and beyond. Moreover, these processes introduce violations of the single-field
consistency conditions [19, 34] and are therefore distinguishable from effective self-interactions
of the inflaton mediated by the massive fields.

Despite the compelling theoretical motivation and broad space of signals, only a few

observational analyses relevant to the cosmological collider have been performed with data from
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the distribution of galaxies [193, 194] and the cosmic microwave background (CMB) [195-198].
Unfortunately, for conventional models like quasi-single-field inflation [12], the signals in the
squeezed limit for massive fields are generally subdominant to the equilateral contribution to
the bispectrum [193]. As a result, there has been limited effort in extracting these exciting
signatures from data. However, this conclusion applies only to models with approximate de Sitter
invariance. In the presence of stronger interactions between the additional fields and the inflaton,
the soft limits are more complex [23, 24] and the actual potential of current and future data is
unknown. These signals of the extended cosmological collider therefore strongly motivate that

we revisit how fundamental physics is encoded in and extracted from data.

Isolating cosmological information about the history of the Universe in maps of the CMB
has been a remarkably successful enterprise [1, 16, 199-201]. This is due to both the CMB being
an effectively linear system, which makes isolating primordial physics particularly straightfor-
ward, and the development of powerful statistical tools, which enable the data analysis. In other
words, the fact that linear transfer functions directly relate primordial fluctuations to observed
modes in the CMB dramatically helps with the modeling of the signals. These insights into
the CMB are now standard practice [122, 202] and have been applied to summary statistics
for a wide range of primordial signals [203—207]. These measurements have confirmed that
fluctuations are predominantly adiabatic, nearly Gaussian and close to scale invariant, which has
already ruled out broad classes of inflationary scenarios. In principle, there remain significant
opportunities beyond correlation functions and searches for more complex signals directly in
the maps have opened additional pathways to extracting primordial physics [161, 208-211].
Ultimately, the two-dimensional CMB sky provides access to roughly 107 independent modes
and cosmic variance will therefore soon limit constraints from the primary CMB.

Galaxy surveys can allow us to access vastly more information about the Universe
than is available in the CMB [48]. Since these surveys cover a similar range of scales, but

in three dimensions, near-term surveys are expected to contain at least one to two orders of
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magnitude more modes [54]. Unlike the CMB, however, the large-scale structure (LSS) of
the Universe is generally nonlinear, and primordial information can additionally be mixed
with late-time gravitational evolution and astrophysics [29]. This not only moves information
into higher-point correlation functions, but also complicates the modeling of the observed
maps and inferred summary statistics. While considerable progress has been made through
effective field theory approaches [27, 131, 135], simulation-based forward modeling [212-218],
and their combination [219-223], decoding these maps has proven to be quite challenging.
This may explain why a much smaller space of possible primordial signals has been explored
in LSS analyses. Even looking forward, restricting to the quasi-linear modes for which the
gravitational and astrophysical nonlinearities are under control often leaves the sensitivity of

current and future galaxy surveys comparable to that of the CMB today.

One successful strategy for inferring primordial information from LSS maps has been
to focus on protected observables [29]. Local primordial non-Gaussianity (PNG) offers one
such example since it leads to modifications to the power spectrum at large scales, due to the
generation of scale-dependent bias [9, 10, 17]. The presence of an additional massless field
beyond the inflaton is generically expected to give rise to local PNG, making it a compelling
observable. Moreover, the imprint of this signal in the form of a scale-dependent bias on large
scales looks like an apparent violation of the equivalence principle during structure formation and
cannot be produced locally with conventional gravity. While current bounds on the amplitude of
local PNG, fll\?f, which parametrizes the size of this signal,! from galaxy surveys are weaker than
those from the CMB, SPHEREX is expected to change this with a significant improvement [71,
224, 225].

Primordial features provide a second compelling example since they imprint oscillatory

patterns in the power [204] and higher-point spectra [205, 226]: for example, sharp events

"'We emphasize that any form of primordial non-Gaussianity will generate scale-dependent bias as we will also
explicitly see throughout this paper. In this paragraph, we focus on its local type since the scale-dependent bias has
the potential to provide the best measurement in this case [9, 17].
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during inflation or resonant interactions with heavy fields lead to a strong departure from scale
invariance during inflation (or its alternatives) producing distinct signals in the correlation
functions [17, 227]. Late-time astrophysical and gravitational processes however cannot give
rise to these high-frequency oscillations. This allows us to measure these features without
careful modeling of structure formation, making them especially robust probes of the primordial
universe [18] (cf. also [228-232]). The Baryon Oscillation Spectroscopic Survey (BOSS) has
already provided the strongest constraints on such oscillatory features over a wide range of
frequencies [18, 233-235] and upcoming surveys will further extend these bounds to levels that

CMB observations will never be able to achieve (cf. e.g. [18, 236, 237]).

One major reason to be optimistic about the potential for discovering extra fields during
inflation is that they can introduce a hybrid of these two robust signals [11, 12]. Specifically, if
we introduce a nonzero interaction of the inflaton with a heavy scalar field with mass m > 3H /2,
where H is the Hubble scale during inflation, one finds an oscillatory non-Gaussian signal. In

the squeezed limit of the primordial bispectrum, it takes the form?

k]*)O

- o o . iv . —iv 3/2
lim (¢(R1)E () (k)Y = A fae lew (%) o0 (’%) ](%) PU)P(). G.1)

where we employed the correlation function defined as (...) = (27)38p(¥;ki) (...)’, with the
Dirac delta function Jp, ¢ is a calculable phase and v = \/m Since the non-Gaussian
amplitude fyr is set in the equilateral limit, we introduced A to capture the relative amplitude
in the squeezed configuration. Unfortunately, A is exponentially suppressed in simple models
with heavy fields, A «< eV [92]. Nevertheless, it is important that the signal in (3.1) exhibits
logarithmic oscillations in k; /k; with a frequency v, which is set by the mass m of the field.
These oscillations arise from the interference term between the wavefunction of the heavy field,

which oscillates at a frequency set by its mass, and the massless mode of the inflaton [14].

2In a standard abuse of notation, limy, o indicates that we take the squeezed limit k| < k2, k3 while keeping the

leading term. The (implicit) momentum conservation on the left-hand side of the equation then also forces k; = —k3
so that k; and k; on the right-hand side are the wavenumbers of the short and long mode, respectively.
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Figure 3.1. Illustration of the effect of oscillatory primordial non-Gaussianity on the linear galaxy
power spectrum through the scale-dependent bias for different scaling dimensions A = @ +iv. In
addition to the standard cosmological collider with oc = 3/2 as in (3.1), we also show examples
for the wider range of values considered in this work. The employed non-Gaussian amplitudes
are fﬁiv = 3,500,2000 and 2000 for the shown cases (with absorbed suppression factors; see
especially Section 3.4 for its definition and details). We observe that the oscillatory imprint with
logarithmic frequency v moves from large to small scales as we increase the scaling exponent ,
which also sets the envelope of the oscillations. The horizontal dashed lines indicate the effective
shot noise level for BOSS, DESI and SPHEREKX after scaling them to the displayed redshift z =0
and linear bias b; = 1.6. The gray-shaded regions on large scales indicate the wavenumbers
below the minimum wavenumber of these surveys, k < kpy,in, computed based on their entire
spherical volume. The gray-shaded regions for large wavenumbers indicate the regimes where
the scales exceed the nonlinear scale, k > kni., for the maximum redshift of BOSS and DESI,
respectively.

The squeezed bispectrum in (3.1) is responsible for the robustness of the cosmological-
collider signal: it induces a scale-dependent bias and imprints characteristic oscillations, as
illustrated in Fig. 3.1. It therefore benefits from both forms of protection. These oscillations in
addition to the smooth power-law bias are a particularly compelling theoretical and observational
target for two reasons. First, the oscillation frequency v directly encodes the mass of the
additional fields which could provide access to the particle spectrum during inflation. Second,
this type of oscillations can generally neither arise without new degrees of freedom in the very
early universe nor be produced by known astrophysical processes at late times. As a result, it is

typically easier to robustly isolate this oscillatory signal in cosmological data.
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Unfortunately, the amplitude of this compelling signal is doubly suppressed in most
models. First, the squeezed limit is Boltzmann suppressed ~ e~/ due to the high energy
of the additional particles compared to the de Sitter temperature. Second, the signal scales
as (ki / k2)3/ 2. This means that it effectively vanishes as k; — 0 which is a particularly significant
observation since resolving an oscillation in the ratio of wavenumbers k; /k; requires taking
this squeezed limit. Moreover, the suppression by at least (k;/ k2)3/ 2 in the squeezed limit
is unavoidable for massive fields that effectively see a de Sitter background, even in strongly
interacting theories: the effective scaling dimension A = o +iv, with o = ReA = 3/2 and
v =ImA, in (3.1) can receive corrections in interacting theories, but the optical theorem (or, in
other words, the positivity of probabilities) always requires & > 3/2 [23, 187, 238-244]. The
resulting suppression renders the oscillations encoded in (3.1) difficult to observe in practice,
unless an equilateral non-Gaussian signal has already been detected with high significance.

On the other hand, light fields with mass m < 3H /2 have a real-valued effective scaling
dimension 0 < A = a < 3/2, which alleviates both suppression factors. While this comes at the
expense of generating non-oscillatory signals, these lighter fields have therefore been considered
the more promising target for current and future LSS observations [40, 193]. At the same time,
however, inflation does not occur in a pure de Sitter space and allows for models that escape
the discussed squeezed-limit suppression. In fact, due to the time evolution of the inflaton, the
de Sitter isometries are broken and the optical theorem no longer applies. In particular, explicit
examples with Lorentz-violating or time-dependent mixing between fields have been shown
to allow for complex scaling dimensions with ReA = o < 3/2 and ImA = v > 0 [23, 24]. In
such cases, high-frequency oscillations can appear in the squeezed limit without the mentioned
exponential or power-law suppressions of the standard cosmological-collider scenario. In
consequence, such models would be easier to search for in cosmological data, opening a new and
observationally accessible window into the particle content and interactions of the inflationary

epoch.
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In this paper, we explore the theoretical and observational implications of this broader
class of models characterized by general complex-valued scaling dimension A. We first analyze
the two-field model of [24] in Section 3.3, demonstrating that large frequencies v are achievable
for 0 < ReA = o < 3/2. We in particular show that while the amplitude of the oscillatory signal
in the galaxy power spectrum remains suppressed for vacuum fluctuations, this can be partially
compensated by the enhanced observational sensitivity to these oscillations. We then deduce
the observational signatures imprinted in galaxy power spectra, as exemplified in Fig. 3.1 for
arange of scaling exponents o and frequencies v, and assess the detectability of such signals
through the scale-dependent bias in current and upcoming galaxy surveys in Section 3.4. Using
Fisher-matrix forecasts, we demonstrate and quantify the increased sensitivity of the galaxy
power spectrum to these high-frequency oscillations in the squeezed limit. In Section 3.5, we
subsequently place the first constraints on these bispectra for general complex values of A from
the BOSS DR12 dataset. Finally, Section 3.6 contains our conclusions, and a set of appendices

provide additional details on our forecasts (Appendix B.1) and our data analysis (Appendix B.2).

Throughout the paper, we will use the following notation: A comoving vector k is defined
to have length k = |7€| We denote the n-point correlation function of operators ¢; without

momentum-conserving Dirac delta function op as

(61(k1)...Op(kn)) = 27:35,)<i ><ﬁ1(%l)..ﬁn(7én)>’. (3.2)

The inflationary adiabatic mode is {, the additional scalar fields are o; and the correlation
function in a classical ¢ background is written as {{(ki)... (%n)>(7 This should not be con-
fused with the squeezed limit of a correlator (& (k) O (k>) ) by cky = Mg <k, (O (k1) O (%2)> =
limg, 0 <ﬁ1 (%Qﬁz (%2)> (see also footnote 2). The scaling behavior of the additional fields o;
coupled to the inflaton is parameterized by the complex dimension A = ¢ +1v, with real-valued
exponent ¢ and frequency Vv, so that the power spectrum scales as k*2~3 in three spatial di-

mensions. For a single principal-series scalar (m> > 9H?/4) in de Sitter space, we therefore
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have oo =3/2 and v = \/m?/H? — 9/4. We refer to the non-Gaussian amplitude for the oscilla-
tory (v # 0) and non-oscillatory (v = 0) scenarios as fﬁiv and fﬁiy, respectively. Finally, we
use the density perturbation 9, the smoothed density field &, for (halo) mass M and the galaxy

overdensity J.

3.3 Cosmological-Collider Models

The framework of the cosmological collider provides a natural origin for the distinct oscil-
latory and power-law signatures [14, 92, 156, 175, 177, 185, 186]. The simplest examples arise
in quasi-single-field inflation [11, 12], in which the inflaton interacts with an additional scalar of
mass m. For heavy fields, the signal is characterized by a frequency which is controlled only by
this mass providing a direct connection between the inflationary particle spectrum and observable
non-Gaussianity. However, the space of possible signals is large and we would consequently
like to understand the viable parameter space in which to look for these primordial signals. This
is why we will in this theoretical section characterize the range of frequencies (§3.3.1) and
amplitudes (§3.3.2) accessible in the two-field model of [24], and evaluate the impact of the
squeezed limit of the adiabatic modes (§3.3.3). While many aspects of our discussion were
presented in [24], our focus on the range of viable values of the scaling exponent ¢, oscillatory

frequency v and PNG amplitude fﬁiv is both new and relevant for observations.

3.3.1 Frequency Range of Two-Field Models

The frequency of oscillatory signals in cosmological-collider scenarios is determined by
the scaling behavior of the fields in the super-horizon limit [cf. the frequency Vv in the exponents
of (3.1)]. We therefore start by analyzing this behavior in a simple model with two mixing fields

which already exhibits a broad spectrum of scaling behaviors. To be specific, we consider two
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scalar fields o;, i = 1,2, which mix according to the following quadratic Lagrangian:

(9u6i0* 0; —m}6?) +p (6102 — 6201) (3.3)

| =
'MN

30:—
1

~

with the masses m; of the two fields, the mixing parameter p and dots denoting derivatives
with respect to physical time ¢. The last term is responsible for the mixing and explicitly
breaks the de Sitter isometries. This is particularly significant because the allowed space of
scaling behaviors (values of A) is highly constrained by symmetries and unitarity in a de Sitter
background. Once de Sitter invariance is broken, much wider ranges of A are (at least in principle)
allowed. As we will see, the relative sizes of the masses m;, the mixing p and the Hubble scale H
will determine whether the scaling dimensions are real or complex and what the size of the

imaginary part is, which sets the characteristic frequencies that we are interested in.

We start by computing the scaling dimension of the model (3.3) as a function of m;, p

and H. The equations of motion are given by

) . k* .
61 +3H6 + (;+m%> 01 +p(262+3Hoy) =0,

5 (3.4)

k
6, +3H6, + (;%—m%) 0, —p(26)+3Ho;) =0.

Since the Fourier modes are described by the time evolution in the super-horizon limit, k < aH,

we make the ansatz 6 = (07, 07) = a(t) ~*V. We consequently have to solve

AA=3)H>+m?  Hp(—2A+3)
7=0. (3.5)
Hp(2A—3)  AA—3)H?4m}

The four solutions to this equation are given by
3 9 -
Ai:i_ Z—i—ai and AL =3-—-A4, (3.6)
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where we introduced

5 2 e + = (3.7

_lm%+m%+4p2i2\/lp_2 (m%—f—m%—f—sz 9> 1 (m%—m%)2
16 H4

We therefore see that A = o 41V is in general complex. Now, we are interested in the ranges
of a and v that are possible within this model, in particular whether small o and large v may
occur concurrently.

To gain further insight by simplifying the expressions of these four solutions, it is helpful

to define

\S}

lmend 1 (o)
2 HX ~16 H2p?

9
ai:—x—Zz:I:Z\/wa-l-y—i—z—Z. (3.9)

Given the assumption of real fields, the parameters x, y and z are also real, and y,z > 0. If we

(3.8)

2
I
T

so that we have

demand that both squared masses are positive, ml2 > 0, we also have x > 0. This limits a to be
real-valued, except at small x, y and z such that x+y+z < 9/4. While this does not eliminate
complex dimensions A since a+ can be negative, it does not lead to novel phenomenology.

In contrast, for tachyonic masses, ml2 < 0,3 we find a much wider range of viable values

of A. Considering the special case for whichy=0and x+z =0, i.e. p> = —m% = —m% >0, we
get ar = —z = 3i,/z, which implies the following four complex-valued solutions:

3 3. \*3 3\ P, .P
Ac 5_1/(511\/2>,§+1/(§i1\/£) :{:I:IE,3:|:IE}. (3.10)

As a result, allowing ml2 < 0 leads to solutions where A = 0+iv. In other words, we found

3The use of negative squared masses for the fields in the Lagrangian (3.3) does not imply any non-attractor behav-
ior in the solutions we will discuss. Tachyonic matter without mixing (p = 0) has long been known to have unique
phenomenology (see e.g. [245]), due in part to the fact that the background is unstable. We however emphasize the
novel signals are stable and distinct from the usual differences between attractor and non-attractor phenomenology.
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at least one region of the parameter space {m;,p} of the two-field model (3.3) in which the
frequency v may be large while the real-valued scaling exponent & vanishes. Small deviations
from our special case will generally preserve this behavior with a combination of potentially
large frequency v and scaling exponent 0 < o < 3/2. We reiterate that this does not violate the
optical theorem since the mixing p between the two fields breaks the de Sitter isometries. This is
therefore a phenomenologically compelling region of viable parameter space that has so far been

under-explored.

3.3.2 The Amplitude of Primordial Fluctuations

To establish whether this phenomenologically compelling region of parameter space is
also observationally interesting, we need to compute the expected amplitude of the oscillatory
signal, which depends on how efficiently the massive modes are excited during inflation. We
therefore need to calculate the normalization of the fluctuations produced during inflation, focus-
ing on the regime where & ~ 0 and v > 1. While the scaling exponent & and the frequency v
are determined by the long-wavelength behavior, as we saw above, calculating the amplitude
requires matching to the sub-horizon limit. This means that the full dynamics of the coupled
system must be solved. In practice, solving for the mode functions analytically is difficult in
this case, but a numerical solution is fortunately sufficient to determine the amplitude. In the
following, we will set up the differential equations to be solved and discuss how we set their
initial conditions using the WKB approximation, numerically solve these equations and validate

our procedure.

In order to calculate the amplitude of the oscillatory signal, we return to the quadratic
equations of motion (3.4). To make solving these coupled differential equations numerically more

straightforward, we define the dimensionless fields 6; = K32 o;/H, and employ the dimensionless
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quantities u = k1, m; = m;/H and p = p/H so that

2 72 2 3
6{’—;6{+ (1+%> 61+p (—;6ﬁ+;62) =0,
5 (3.11)

&) — §6§+ (1 + ’%) &~ p (—%6{ +%61) —0,
where primes denote derivatives with respect to u. Following [53], these equations can be solved
numerically by starting at a time u < —1 when the mode functions are well inside the horizon.
Since we took the Fourier transform, it is in principle straightforward to numerically compute
the solutions in terms of u using any integrator for ordinary differential equations.

The non-trivial step in determining the amplitude of the vacuum fluctuations is imposing
numerically that the modes are in the Bunch-Davies vacuum. We implement this as an initial
condition for our numerical analysis as follows: in the early-time limit, u = kT — —oo0 (a(t) — 0),
the WKB approximation in physical time ¢ should correspond to a massless field with dispersion
relation @(¢) — ka~'(t) + O(a®). The WKB calculation incorporates the first sub-leading
correction to (3.11), i.e. terms of O(u~!) that are suppressed by (k7)~!, but neglects the second-
order terms, O(u~2 = (kt)~?). Instead of the o}, basis used in (3.5), the WKB solutions for
the initial mode functions are more conveniently expressed in a different basis, o4 g, which are

defined with respect to the original basis by

(+) (=) (+) ()
ol :Gf\—., Gzzu (3.12)
V2i V2
The dimensionless WKB mode functions 6, g = k*/204 3/H are then given by
5;§i)(u) _ qzl_ue—i[u:tplog(—u)] 6I§i)(u) — UM o—ilutplog(~u)] (3.13)

2 ’ 2

A priori, one might have expected the modes to be defined in the o7 > basis since the mixing term

is subdominant when the WKB approximation holds. However, if we include only the canonical
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kinetic term, we can rotate to any linear combination of o7 ; and the action will be unchanged.
The benefit of using the 64 p basis is that it diagonalizes the (sub-leading) mixing term p log(—u)
in the limit where the WKB approximation is exact, u — —oo. Keeping the mixing term in the
WKB approximation allows us to match the numerical result to the analytic WKB solution at
smaller values of |u|. This, in turn, improves the accuracy of our results as we do not have to

integrate the equations for as long to reach the super-horizon regime, |u| < 1.

Having determined the analytic initial conditions that hold when |u|? > m? /H?,* we can
now solve the differential equations numerically starting from the WKB regime. The analytic
form of the WKB solution is sufficient to calculate the initial values and first derivatives of Gé?'
Since we have to additionally determine the correct normalizations, we match to the Bunch-
Davies solution by isolating the positive frequency modes in the WKB limit and canonically
normalize the fields according to ¢; = ao; = ak=32H 6;, i = 1,2. We can then solve for 6;

numerically given these initial conditions. If needed, their (equal-time) power spectra may

subsequently be obtained according to

, (3.14)

H 2P, = |6 P+ 607

o H R =[5 ey

and we naturally have P, = Py, for the case of no mixing and equal masses, p = 0 and m| = m.

As a first step, we consider the special case of a principal-series field o with no mixing,
m? > 9H? /4 and p = 0, since it can serve as an important point of comparison between the
analytic and numerical results. In this particular case, the mode functions have an analytic
solution,
T v

&(u) = 767(—u)3/2Hi(v2)(—u), (3.15)

where H,SZ) (x) are Hankel functions of the second kind. In the limit u — 0, we can expand the

“Note that in this representation, the mass term is time dependent (rather than the physical frequency) and is
therefore relevant to the WKB approximation.
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solution to find (see e.g. [242])

&(u—0) — ;) [F(—iv) (—%u) ! +I(iv) (—%u) _iv] : (3.16)

2Vm

with the gamma function I'. Since itV = eTV7/2 and the asymptotic behavior of the gamma
function is [[(iv)| — v2mv—1/2e~1VI7/2 a5 v — oo, the two terms of the mode function have an

exponential hierarchy for large v,

6(u—0) %i% le"w (—%u) iv+ (—%u) _iV]. (3.17)

As aresult, the power spectrum of the original field o in the super-horizon and large-frequency

limits, u — O and v > 1, is

2.3

H
Py (k,T) ~ z\f [1+2e~™ cos(2vlog(kt)) + ... (3.18)

We see that the leading term is analytic in k and, consequently, is a pure contact term. The
leading oscillatory (non-analytic) behavior in k is therefore suppressed by e *". This behavior
highlights an important feature of the principal-series field which is that the wavefunctions are
highly oscillatory as u — 0 while the power spectrum is mostly analytic. This is because the
oscillations in the power spectrum arise from the interference between the two oscillatory terms
of the wavefunctions. We additionally note that the exponential suppression of the massive
power spectrum makes it also useful as a test of our numerical implementation in a regime
with known analytic behavior. In Fig. 3.2, we show this comparison between the analytic and
numerical results for both the mode function & (u) and its power spectrum Pg (1), both of which
generally agree with one another within about two percent or (much) less. This therefore serves
as a validation of our numerical approach that employs the Dormand-Prince method to solve the

ordinary differential equations (3.11) for which we set the initial conditions at ug = —5000 and
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Figure 3.2. Comparison of the numerical and analytical solutions for the dimensionless mode
function & (u) (top) and its respective power spectrum H~2k>Ps(u) (bottom) as a function of
u = k7 for the case of no mixing, p = 0, and equal masses of the two fields, m; = m,. We display
both the real and imaginary parts of &, and note that 6 = 6'f§+) - 67 = ié‘l(gi) [cf. (3.13) since
01 = 03]. The left and right panels illustrate the massless scenario and an example for the massive
case with m = 10H, respectively. The numerical solution is computed using the Dormand-Prince
method with initial step size Au = 0.01 and initial point ug = —5000 to minimize the phase error,

and exhibits very good agreement with the analytic result.
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use an initial step size of Au = 0.01.

Having established that the accuracy of our numerical methods for massive fields is
sufficient, we will now re-introduce p # 0 to find the solutions in this novel parameter regime.
As discussed in §3.3.1, the mode function in the ¥ — O limit is a linear combination of four
power-law solutions, with their dimensions being two complex-conjugate pairs. In general, the

dimensionless mode functions Glgi) (u) and Géi) (u) can consequently be parameterized as

Gy () = a3 ()P + b5 ()™ + P ()P +dlH (—w)® (3.19)

where A* and A* are the complex conjugates of A and A, respectively, which are defined in (3.6),
and the coefficients aﬁfg , bﬁg, cflg and de) are all complex. In the limit # — 0, the two solutions
with smaller o become dominant, which allows us to drop two out of the four terms in (3.19).
Our expectation therefore is that our numerical solutions for |u| < 1 can be used to determine
these coefficients.

We fit the power laws in (3.19) to the numerical mode functions and show several
cases in Fig. 3.3, including their dominant power laws. We find that the parametrization (3.19)
provides excellent fits to the numerical solutions, with the relative differences being at most
at the sub-percent level. The central take-away from these solutions consequently is that the
mode functions corresponding to the Bunch-Davies vacuum populate the long-wavelength
scaling solutions associated with A and A* for @ — 0 and v > 1. Concretely, our analytic
calculations confirm the existence of these solutions in the super-horizon limit, but we need
the numerical computations to confirm these solutions are realized with a sufficient amplitude
to dominate the super-horizon evolution. We additionally see that we can generate positive

and negative scaling exponents in this two-field model and in particular observe that the novel

regime where & ~ 0 and v > 1 is indeed generated from vacuum fluctuations with an amplitude

SFor a = 3 /2, some of the scaling dimensions become degenerate, i.e. A* = A, which requires a more careful
treatment of the solutions and fitting all four coefficients in (3.19).
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Figure 3.3. Numerical solutions for the mode functions &*) (1) = :t&lii) (u) = i&l(;i) (u) for
six different cases of non-zero mixing, p # 0. We show the real (blue) and imaginary (green)
parts for a few different scenarios, taking the masses to be equal for simplicity. Fitting the
parametrization (3.19) to these curves over the shown range of u leads to excellent agreement,
with differences being at most at the sub-percent level. We explicitly highlight the dominant
scaling solution as parameterized by A = o +1iv in each panel. We observe that the oscillatory
mode functions are not only non-zero in all cases, but may in fact have an appreciably large
amplitude, especially for tachyonic masses in the new regime of interest with small scaling
exponent & and large frequency V.
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of O(1). Figure 3.3 also illustrates the sensitivity of ¢ to the precise values of p and m?. In this
regard, there is nothing special about the case o = 0, but we see instead that ¢ can take on a
wide range of positive and negative values for a narrow range of p and ml2

While the power spectrum provides a useful benchmark for numerical results, the ob-
servational signatures will be driven by the unequal-time two-point functions. As a result, it is
primarily the mode functions that directly control observational predictions. To avoid distrac-
tions, we therefore do not show the (equal-time) power spectra of the numerical mode functions
in Fig. 3.3. Importantly, we have now explicitly seen that the mode functions can be reliably
determined numerically and indeed exhibit the large oscillatory signals that we anticipated
analytically. From here, we will see that the amplitude of the observational imprints are driven

more by the coupling to the inflaton, rather than the intrinsic size of the statistics of the field o.

3.3.3 Non-Gaussianity and the Squeezed Limit

Having established the existence of a phenomenologically viable parameter space for
A = a+1v with general o and v, particularly small o and large v, we want to know the
amplitude of any observational signatures. In general, the signal of primordial non-Gaussianity
in the scale-dependent bias of galaxies arises from the squeezed and collapsed limits of the
primordial correlation functions of the adiabatic mode {. Since the correlations are induced
entirely when the massive field is outside the horizon, these limits are fortunately particularly

straightforward to theoretically understand and calculate which we do in the following.

Suppose we have a cubic interaction between our massive fields o; and the adiabatic
inflaton mode {, such as given by the interaction Hamiltonian %, = KMSIH C 2(acy +boy) =
KMng C 25, with coupling constant &, Planck mass M, and parameters a and b governing the
relative coupling strengths of the massive fields to the inflaton. At a very basic level, this gives
rise to the non-Gaussian signal because it means that the power spectrum of ¢ is modulated by

the long-wavelength o. In this regime, the long-wavelength modes are effectively classical and
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we can therefore think about this as a purely statistical correlation of the form [184, 246]

/

- - - / 7 / 8
<G(k1’fz)<§(k2’Tl)c<k3’rz)>6>kl<<kﬁk3 ~ (o(ki,t1)o(—k1,2)) %Pg(kz), (3.20)

where (¢ (kz)¢ (k3))o is the two-point correlator in a classical & background. The derivative on
the right-hand side of this expression is easily calculated by treating ¢ as a background field
and the two-point correlator of ¢ is computed by the methods in §3.3.2. We however have not

specified 7; and 7, which play crucial roles in determining the signal when A £ 0.

In practice, it is the squeezed bispectrum of the adiabatic modes that is the most obser-
vationally relevant.% The role of the field o in this case is to enhance the correlations between

adiabatic modes of different wavelengths. We can write the squeezed limit in the suggestive form

— — — — —

(G E)EE))y, iy, = (EEI(EF)E () ). (3.21)

In order to generate a large three-point function, we must introduce an additional interaction,
a Hamiltonian mixing term 5%y = K’MI%IH C c.” Note that we have not yet specified in this
expression at which time these background fields are evaluated. The correct answer of course
is that we integrate over time, but understanding the scaling requires identifying the times that
dominate this expression.

Interactions of { always involve derivatives and, therefore, exponentially decay in time ¢
outside of the horizon. Similarly, due to the i€ prescription (the interacting Bunch-Davies
vacuum), fluctuations inside the horizon are also exponentially suppressed. As a result, the
dominant contributions to the correlations of { are associated with the fields at the time of

horizon crossing of the corresponding mode. This implies that we should evaluate the squeezed

The collapsed limit of the trispectrum is the leading signal in some models [11, 13, 86]. The generalization to
that case is straightforward, but we focus on the bispectrum to simplify the presentation.

7In principle, there is no reason that the linear combination of o; in the mixing term matches the combination in
the cubic interaction. To simplify the notation, we assume here that they are both the same ¢ = aoc; + bo, without
impacting our results.
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limits at the times when  (k;) is crossing the horizon, i.e.

(EEDLEE ), gy, ~ Re| (00, (@t))o(F1, (aH))) o Pe(ln) g ()|

(3.22)
where we defined the time of horizon crossing via (aH ); = k; and 5 C is the linear response of {

to 0. The unequal-time correlators of o can be evaluated using the leading power laws in the

. k a+iv k a—iv
G(k,aH)k3/2:c+<a—H) +C_(a_H> : (3.23)

mode expansion,

with the coefficients ¢4 having the potential of being O(1) as explicitly shown in the numerical
calculations of §3.3.2, so that

Ko~ 3
ki
k(X

(o(ki,(aH)1)0(—k1,(aH))) o (cy+c )

kl —iv kl iv
= = . 3.24
Since (aH); = ki, we see that the correlator scales as (k1 /k2)”. Moreover, there is no possibility

of canceling the oscillatory behavior unlike in the calculation at equal times. In this sense, the

squeezed limit of the primordial bispectrum necessarily takes the form

o 1 9 .~ (k\*
(SN E(k2)E(KR3)) iyt @%C(kl) <é) cos[vlog(ki/k2) + @], (3.25)

where @ is a (model-dependent) phase.

While the amplitude of the oscillations in the unequal-time correlation function of ¢
in (3.24) is unsuppressed, the same conclusion cannot be reached for the bispectrum. Specifically,
the correlation between { and o is an integrated rather than instantaneous quantity and must be

evaluated with care. This means that we should actually consider

%«Im{k%g(%l,ro)/%é(kl,r) c+(—k1r)“+i"+c(—klr)“_i"]}. (3.26)
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This integral can be evaluated by a Wick rotation [247] noting that
/ dte T2 Y — D — 1 £iv) oc vO3/2e7VE/2 (3.27)
0

where T = —k; 7. Consequently, the mixing term alone is expected to exponentially suppress
the amplitude at large frequencies, v > 1. We note that the precise form of the bispectrum is
model dependent, including on both the definition of ¢ and the specific interactions. For an
explicit calculation of the bispectrum and the trispectrum in one such model, we refer to [24],
which confirms the above scaling. As a result, we expect the scaling of our signal to take the

model-independent form

S ya—=3/2a-vr/2 (kl

(@0, et ) coviostia/i) el G28)

with the mentioned exponential suppression with frequency, e VT2,

The origin of this exponential suppression has a relatively simple physical origin. In
order to measure the two-point function (3.24) of the field o, we would have to have a detector
with perfect time resolution. This requires an injection of energy sufficient to produce physical
particles of any mass [248], as we would expect from the uncertainty principle. When the
signal is not localized in time, there is correspondingly no energy injection and the signal
is Boltzmann suppressed [14]. In this particular model, the same behavior holds, although
the “energy” associated with these models is determined by v, but does not have the familiar

interpretation in terms of the mass of a particle.

We have focused on the behavior in the soft limit because it plays an outsized role
in the description of the large-scale structure of the Universe. As we can see from (3.21),
the long-distance behavior of these soft correlators is controlled by (k) outside the horizon
and is largely independent of the details of how the short-wavelength { fluctuations behave.

Moreover, these signals violate the single-field consistency relations [19, 34, 38] and, therefore,
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cannot be mimicked by loop corrections to correlators, either in the early [184, 249-252] or late
universe [20, 21, 253, 254]. This implies that the exponential suppression with v, the power-law
behavior with o and the logarithmic oscillations with frequency v can generally be expected to

be present in late-time cosmological observations.

While this suppression is typical, it is specific to models with an approximate time-
translation symmetry that is broken at the scale H by the expansion rate. The fields in our
model effectively carry energy E ~ Hv > H in the high-frequency regime and are consequently
Boltzmann suppressed in an approximate de Sitter background. However, the inflaton background

1/2

carries an effective energy of ¢!/? ~ 60H [255] which is why direct couplings to the inflaton can

overcome this suppression. Explicit examples have realized this idea (see e.g. [93, 176, 177, 205])

and, therefore, suggest our scaling behavior could arise without the exponential suppression.®

For the rest of this paper and in line with this phenomenological approach, we will
consider a range of scaling exponents of a € [—1,3]. While the focus of this section was on
models with @ € [0,3/2], this broader range for a allows for connections with a wider range
of models [257]. Concretely, for v = 0, some relevant values of « include: the tachyonic col-
lider (¢ = —1) [245], local PNG (a = 0), the conventional cosmological collider (@ = 3/2) [92],
equilateral and orthogonal PNG (& = 2), and inflationary loops or composite operators (&t =

3) [90].

3.4 Oscillations in the Galaxy Power Spectrum

We have established a novel type of oscillatory behavior in the squeezed limit of infla-
tionary correlators in concrete multi-field models. We therefore expect that these primordial
signatures are imprinted on the late-time distribution of matter as characteristic modulations

in the large-scale clustering of halos and galaxies. Structure formation should translate these

8Some classes of models with broken time translations produce additional oscillatory signals in the power
spectrum [256]. There are physical reasons these corrections can be subdominant in other examples, including
chemical-potential-like couplings [176].
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violations of the single-field consistency relations into a distinct scale-dependent bias. In this
section, we will explicitly determine the relationship between the primordial statistics of the
adiabatic mode {, which we determined in the previous section, and the observable statistics
of galaxies, which are accessible to cosmological surveys of the large-scale structure of the
Universe. We first review how the primordial bispectrum in the squeezed limit affects the halo
power spectrum by modifying its bias (§3.4.1). We then translate this modification into the
scale-dependent and oscillatory behavior of the galaxy power spectrum (§3.4.2). Finally, we
describe the Fisher forecasts and their results for the sensitivity of current and future surveys to

this class of oscillatory primordial non-Gaussianity (§3.4.3).

In the following, we primarily focus on the origin of the scale-dependent bias from
primordial non-Gaussianity [10]. Due to the novel parameter regime found in the models in
Section 3.3, the relationship between the primordial signal and the galaxy power spectrum does
not follow directly from many conventional discussions which is why we discuss it in detail. In
contrast, the nonlinear biases due to gravity and galaxy formation will be the same as those that

appear in any number of analyses of LSS data and have been thoroughly reviewed in [25].

3.4.1 Oscillations in the Scale-Dependent Bias

The essential feature of the models studied in this paper is the complex scaling dimen-
sion A which encodes the time evolution of the additional fields. Our goal is to infer this
parameter from the observed distribution of galaxies. The map from initial conditions to the
statistics of galaxies, i.e. galaxy biasing, is a well-established subject with many comprehensive
reviews [15, 25, 80]. Having said that, the complex scaling behavior of the primordial bispec-
trum (3.28) introduces a novel challenge in describing the signals accurately. This section will
review some of the well-known tools in modeling galaxies with the goal of making the derivation
and assumptions of our signal transparent to all readers. To some degree, the results mirror the
scenario in which A is real [40, 86, 193]. As we have however already seen when calculating the

squeezed limit of the primordial signal in §3.3.3, high-frequency oscillations demand more care
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when determining the normalization of the signal.

In order to quantify the impact of primordial non-Gaussianity on the statistics of galaxies,
we need a model that relates initial conditions to galaxy abundances. The essential input is
the idea that galaxy formation is effectively local on cosmological scales. Specifically, we
often assume that the density contrast of galaxies, 8, (X), is determined by some unknown local
function,

8y (¥) = Fo(8(X), ViV, ®(%), V28 (%),...). (3.29)

Here, we have allowed not only for the density perturbation & (X) and its derivatives to appear in
this expression, but also for the tidal tensor, V;V jfb()_c’), with the Newtonian potential @, since
it is allowed by the equivalence principle. In principle, Taylor expanding this expression tells
us that any local operator allowed by the equivalence principle can appear in the relationship
between 0, and 6.

While this is a compelling physical argument, it presents a challenge when it comes
to the initial conditions. The above expression is only local on scales larger than the scale of
the halos, kpaio, Or the nonlinear scale, knp. Since this is better expressed in terms of Fourier

modes k, we are considering local operators
o) = / Pt o(3), (3.30)

with k < kni.. However, for non-Gaussian correlators, this constraint does not mean we are
neglecting short-wavelength modes. For example, using (3.22), we see that
a3k,

(8208 (F)) = / p (8(R)S(k—F)8()Y o< (o(k. (aH),) o(®,al)Y . (3.31)

In this sense, in a theory with primordial non-Gaussianity, & 2(%) behaves at a practical level like

a proxy for o (k) as much as it encodes the local density squared.

The unusual dependence on initial conditions is related to the fact that the long-distance
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description of the large-scale structure is local in space, but nonlocal in time. One consequence
is that o(X,1,) effectively plays a role in the clustering of matter at a time 7 > #,. In addition, the
biasing model in (3.29) defines the halos in terms of these locations in the initial conditions (La-
grangian coordinates), which are then mapped to biases in Eulerian coordinates through the

motion of the underlying structures through gravitational evolution.

In order to provide a concrete model for the formation of halos (and, therefore, the
statistics of halos and galaxies), we will use the barrier-crossing formalism [258]. The key input
is the smoothed density field,

d3k

5u(x) = | We—@fwu«) SH), Wk =3

sin(kRM) —kRy COS(kRM)
(kRy)3 ’

(3.32)

where Ry, is the Lagrangian radius corresponding to the halo mass M and W), is the Fourier
transform of the associated top-hat window function. An important simplifying feature of using
the smoothed density field is that it eliminates short modes from the description of the bias and
moves the squeezed PNG into the scale dependence of the bias.

The barrier-crossing model defines the number density of halos in terms of the linear
density above a critical threshold .. Following [86], it is first useful to define the Edgeworth
expansion of the probability distribution of the matter overdensity. To determine the power
spectrum of galaxies, we will need the two-point probability distribution

p(v,V) =exp| k| 18—2+ ) (_1)m+n1< o (V) pe(V) (3.33)
’ " avav mln! " gymo (vt ) FeTEE T

m+n>3

where v() = § ()?(’ )) /oM, Oum is the root-mean-square amplitude of &y and pg (V) is the normal

distribution. The coefficients of this expansion are the cumulants

([ [8m )Y
GZ{Z,IGK—;

Knm(r =X —X|,M,M) = , (3.34)



where the notation [&’] means the operator ¢ minus all self-contractions (or, equivalently, that
we only evaluate the connected correlator). In cosmological applications, we frequently also
need to determine the cross-correlation between the galaxies and the matter overdensity,

SO

—KA JR—
| 1,n n
= on! ov

p(v|8(X)) = exp [Z ] pg(v), (3.35)

with the cumulants relevant here being defined as

(3@(8E))"

Kﬁ,m(r:‘)_é_)_é,LM): oo™
M

(3.36)

This is, in effect, a definition of the linear bias. In order to therefore determine the scale-dependent

bias, we need to calculate

(W@ [851@))
6oy,

ki, (k,M) = /d3xeiz'£ ki, (nM) = /d3xei%'£ , (3.37)

where 8() is the linear matter overdensity and & is its root-mean-square amplitude.

. 2 2\ 27 (k)D

In addition, we now define 8(V)(k,z) = k>.7 (k,z)®(k), with .7 (k,z) = 31(1’3)9512) , Where
T (k) is the transfer function defined such that 7 (k — 0) — 1, D(z) is the linear growth factor
normalized as D(z) = 1/(1 + z) during matter domination, Hy is the Hubble constant and €, is
the matter density. Although measuring the matter-galaxy cross-correlation is not possible

with BOSS (or other galaxy surveys) directly, the calculation of the cross-correlation is important

for distinguishing the stochastic and deterministic scale-dependent biases.

We can determine the relevant deterministic bias parameters by taking the £k — 0 limit
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of kj ,. We will only need the first two cumulants,

Pam(k
K.y (kM) =2 ‘g‘gﬁj : (3.38)

ki, (kM) 8 671 a2 / | KW Waa(92) 7 (01) 7 (a2)7 (9 (@] ()@ 1) [](@2)

AL Pom(K)
60y KT (k)

5]

(kRy ) /q Wat (q)*Pon (9) (qR0) 2, (3.39)

where fq =/ % and Py, is the standard (Gaussian) matter autocorrelation power spectrum.
As we will explain in §3.4.2, we will need the real part of this expression for complex-valued
exponents A. We note that we reintroduced here the relative normalization of the squeezed limit
in terms of the parameter A which is defined in (3.1). To simplify the equations, we will hereafter

denote the integral on the right-hand side as

% (A) = /q Wat(q)*Poen (0) (R ) 2. (3.40)

This integral isolates the bispectrum shapes that contribute to the long-distance scale-dependent
bias and are more easily measured.

The leading contribution to the halo-matter power spectrum is then given by

k—0

1
th(k) — [b(} + =

5 S.bk

Kj 2(k’M)
7—+... Pmm k
Ki,l(k7M)GM ( )

(kRu)™ oy (A)
KT (k) o

= {bg+27tf§ivéc(bg— 1) +} Pum(k), (3.41)

where bg is the linear bias in the limit of purely Gaussian initial conditions and the additional
terms denoted by ... are of O( fI%L), with the contributions of higher-order biases vanishing in

the k — 0 limit. For later convenience, we will define the second term in the bracket as the
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non-Gaussian bias

(kRy)* oy (4) &

oG (kM. 8) =227 8clba = 1) 13 205~ o < a7
M

(3.42)

The essential feature of this expression is that the scale-dependent term scales as k*~2 at small
wavenumbers k since .7 (k — 0) — const. In addition, the amplitude of the signal is controlled
by 6 (A).

What we actually observe from galaxy surveys is the halo-halo correlation, which involves
an additional contribution from the primordial trispectrum whose amplitude is O(£Z; ) and should
be sub-dominant compared to the term linear in fnr.. For simplicity, we will approximate this

contribution using bIZ\IG, so that the halo-halo correlation in Fourier space is

k—0
Pan(k) =3 [bG + bng (k; M, A) + .. > Pom (k) - (3.43)
Here, we are working in the small fnp approximation and are ignoring the stochastic halo biases
that are of O( fI%IL). Some of these terms contribute to the stochastic bias, which is given a more

rigorous treatment in [86].

The key take-away from this result is that the shape and behavior of the scale-dependent
bias are determined by the scaling dimension A. For instance, the scale-dependent bias has
a power-law behavior in k when the field coupled to the inflaton is light so that A = « is
real. On the other hand, when the scaling dimension is complex, A = & + iV, we can rewrite
(kRy)™ = (kRyy)®e'1°2(Rm) which shows that the imaginary component manifests itself in the
power spectrum as an oscillatory feature in logk. It is also useful to note that this oscillation
arises from a scale-invariant initial condition due to the breaking of scale invariance associated

with the size of the halo.
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3.4.2 Modeling the Galaxy Power Spectrum

Having derived the contribution to the halo-halo power spectrum from a generic primor-
dial non-Gaussian signal, we can now discuss how to parameterize the galaxy-galaxy power
spectrum in order to extract this signal. Our goal is to measure the amplitude of the non-Gaussian
signal in a model-independent way while accounting for uncertainties in galaxy biasing. We
will therefore discuss the new non-Gaussian contributions in detail and mention the standard

nonlinear biases at the end.

We parameterize the theoretical galaxy power spectrum by separating the scale-dependent
bias contribution into a smooth power-law piece, S(k), and an oscillatory modulation, O(k), such

that (3.43) is written as’

2

Py(k) = [b1 4317 bo |Z31(A)|S (ks M, A) O(k; M, A) +...] " Pam (k) , (3.44)

where by = 25,(b; — 1) following the universality relation,'® X2,(A) = 67,(A)/oj; and we have
taken A = 3 to match the normalization for the equilateral template used especially in [40, 94,
193] when A = 2. To make a distinction between the bias for halos and galaxies, we switched
the notation from bg to the standard notation for the linear galaxy bias as b;. We note that
the form and parameter values of the universality relation may change for different galaxy
populations or types of primordial non-Gaussianity, for instance, and should therefore be used

with care (cf. [98, 100, 144, 146-148, 152-155, 259-263]). Having said that, we will generally

9Since we are only considering the galaxy auto-power spectrum and no cross-spectra, we are denoting it
by P, = Py for simplicity.

10A simple relation between the non-Gaussian bias by and the linear Gaussian bias bg can be derived in halo-bias
theory [25]. For local PNG, by = 20.(bg — p) can be obtained, where §. ~ 1.686 is the critical overdensity for
spherical collapse and p = 1 when assuming a universal halo mass function. While this relationship was originally
derived for dark matter halos, it is usually also applied to galaxies by using their linear bias b; instead of bg.

"Even for equilateral non-Gaussianity, the normalization in the squeezed limit is model dependent and only
has A = 3 for the factorizable template. The normalization obeys a non-trivial soft theorem that depends on the
specific interaction [88] and is exponentially sensitive to the frequency v which we implicitly absorb into the
PNG amplitude fy;".
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Figure 3.4. Suppression of the overall amplitude of the oscillatory PNG signal in the galaxy
power spectrum as captured by |3, (e, V)| in (3.44) for a halo mass of M = 10'3M,. For all
values of the scaling exponent «, \ZIZW\ sharply decreases at large frequencies v since we integrate
over the highly oscillatory signal. It approaches a constant for small frequencies which is (close
to) unity for (around) @ = 0, as expected, but is O(100) for o = 3 since the integrand in (3.40)
peaks around the scale of matter-radiation equality and is additionally enhanced by (gRys) ™% > 1
at that scale. We note that we absorb this suppression factor into the PNG amplitude fﬁiv for
the rest of our discussion, forecasts and data analysis. This is because we are mostly interested
in investigating the sensitivity to a potential signal in this new PNG class and this suppression
factor can easily be reinstated to get specific model predictions and results.

apply and use this particular form of the relation throughout this work.!?

The numerical results for |£3,(A)| = |22,(, v)| are shown in Fig. 3.4 as a function of fre-
quency V for the range of scaling exponents o considered in this work. We note that £37(A) may
be complex valued since A may be complex. We therefore factored out the absolute value |22,(A)|

in (3.44) so that the term S(k;M,A)O(k; M, A) carries only the phase information of 6z (A). The

overall magnitude of |212‘4(A) , especially for small v, depends on the range of wavenumbers
in which the integrand in (3.40) peaks. For o = 0, this is the case around 0.5 AMpc~! which
shifts to larger (smaller) scales for positive (negative) o, reaching approximately the scale of

matter-radiation equality for o = 3. In the latter case, the peak is additionally enhanced since

(gqRy)~%* > 1 for those scales. For v > O(1), we see a large suppression of the signal due to the

121t is interesting to note in this context that when we marginalized over the universality relation with a broad
Gaussian prior for non-oscillatory PNG in [193], we found the same qualitative behavior with some degradation in
constraining power.

104



integration over the rapidly oscillating correlator.
Comparing (3.44) with (3.42) and (3.43), it remains to define the two terms S(k; M,A)
and O(k;M,A). We take the former to be the power-law part of the scale-dependent bias, which

only depends on the real part of A and the halo mass M,

kRy)®
S(k;M,A) = S(k;M, o) = ];TM()]() (3.45)

For complex A, i.e. if v # 0, the latter describes the oscillatory part of the scale-dependent bias,

which only depends on the frequency v (and the halo mass M),
Il Ok M, A) = £3  O(k; M, v) = Acos cos[v1og(kRy )] + Agin sin[v1og(kRy)],  (3.46)

i.e. we parameterize the oscillations in the amplitude parametrization with two amplitudes A¢os
and Ag;,. For notational convenience, we defined these two parameters to effectively absorb the
PNG parameter fﬁiv, but we will only use this as an intermediate step and state our results again
in terms of f3;' . In addition, it is implied that f;" O(k) = fﬁﬁy for v =0 and a change of the
pivot scale in the logarithmic oscillations, which we took as Ry, would only lead to a physically
irrelevant shift in the phase.

We note that it would have been equally possible to describe the oscillations in terms of
one amplitude and a phase, i.e. in the phase parametrization. While this can be a conceptually
simpler way to understand the signal, it can complicate a parameter inference, whether for a
forecast or a data analysis. This same challenge is present in searches for primordial features in
the power spectrum and we refer to [18] for a detailed discussion of the merits and shortcomings
of these parametrizations. In short, the posterior distributions for A.qs and Agj, are both Gaussians
that are mostly uncorrelated at large v and peak at zero for a vanishing signal. This contrasts
with the phase parametrization, with a phase ¢ € [0,27), for which the phase will be uniformly

distributed in the absence of a signal, while the amplitude will have a positive prior. In this regard,
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Fisher forecasts in the phase parametrization may not accurately capture these non-Gaussian
priors and can therefore be a weaker approximation to the results of Markov chain Monte Carlo

analyses like those used in Section 3.5.

Throughout the rest of this paper, we adopt two approximations for the theoretical
non-Gaussian signal or, equivalently, the normalization of fﬁiv. First, we know that large-scale
gravitational nonlinearities exponentially damp any oscillatory signal in the late universe [18] (see
also [45—47, 228-232]). While it is important to take this damping into account in general, we are
able to neglect it in the following because we make conservative scale cuts given the rest of our
modeling (and, more generally, the original signal can be reconstructed on smaller scales to some
level). This means that the damping effect remains small over the range of wavenumbers that we
are taking into account (see e.g. Fig. 19 of [18] for an illustration). More generally, our work is of
a more exploratory nature and with results shown on a logarithmic scale for the PNG amplitude
which means that corrections to the amplitude at the O(10%) level will not have a visible impact.
Second, we saw in Fig. 3.4 that |212v1(0‘7 V)| is suppressing the non-Gaussian oscillations by many
orders of magnitude for large frequencies v. In our forecasts and data analysis, we are however
mostly interested in investigating the sensitivity of the surveys to a potential signal. This is why

¥2 (o, v)| — 1, or alternatively absorb it into a redefinition of the

we set this term to unity,
PNG parameter, fy;" — fup. /1Z3(c, v)|.13 As discussed in Section 3.3, the primordial signal
itself may be exponentially suppressed or enhanced in a given inflationary model so that these
factors can be reinstated when projecting the inferred constraints on the model space or specific

scenarios.

The shape of the signal is shown in Fig. 3.5 for a range of (real-valued) scaling expo-

nents & and frequencies Vv (see also Fig. 3.1). We note that the oscillatory signal looks the same

13We therefore effectively remove an O(1) number for small and vanishing v (and scaling exponents around
zero), cf. Fig. 3.4, which we had implicitly done in [193] following [40]. For @ = 2 and small v, we however
remove a larger factor. For the two-field model of Section 3.3, this is consequently the second exponential factor
in v that we absorb into the PNG amplitude. More generally speaking, our convention isolates the survey sensitivity
to the phenomenological signature of the combined power law and logarithmic oscillations, and model-dependent
suppression factors can be reinstated when mapping inferred constraints to specific inflationary scenarios.

106



P, [h~3 Mpc?]

bne (k)

01 0‘.I01 — Oll
k [hMpc™ ] k [hMpc ™|

Figure 3.5. Illustration of the effect of the oscillatory scale-dependent bias on the linear
BOSS galaxy power spectrum at z = 0.35, with the phase chosen so that Agj,, = 0. The top panels
display the power spectra P, (k) for different values of the scaling exponent ¢ and frequency v,
while the bottom panels show the non-Gaussian bias bng (k). We observe how the non-Gaussian
signature moves from the largest to the smallest scales as we increase the scaling exponent o from
the leftmost to the rightmost panels. (Note that the PNG amplitude fﬁiv also increases between
the panels and we have already absorbed the suppression factor |Z,2u| into its normalization as
explained in the main text.) We can also see how the logarithmic oscillations with frequency v
are modulated by the power-law contribution, which is governed by &, and that we would only
measure part of an oscillation for small frequencies given the limited range of wavenumbers (see
main text).
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on all scales since these are logarithmic oscillations on a logarithmic wavenumber axis. We can
already anticipate degeneracies with the smooth broadband galaxy power spectrum, particularly
for small frequencies, because only a fraction of a period is covered in the finite range of k. On
the other hand, the oscillatory behavior of the signal, especially for high frequencies, will clearly
break these degeneracies. At the same time, the signal-to-noise ratio is not uniform in k both
for sample variance due to the finite cosmic volume and the finite number density of objects in
a realistic cosmological survey.!* As a result, the leading constraints may arise from limited
ranges in k for which the oscillations have the largest signal-to-noise ratio. As can be anticipated
from Figures 3.1 and 3.5, this directly depends on the value of o which will also be evident in

our forecasts below.

Our treatment of the non-Gaussian signal as a complex power law is a simplification
that is valid for small fﬁiv. Nonlinear corrections will generate additional frequencies, nv
for integer n, that are suppressed by f{i; . This phenomenon arises for any nonlinear ampli-
fier and is suppressed by the amplitude of the oscillatory signal (and not just the nonlinear
scale). Additionally, there are stochastic bias terms proportional to the collapsed trispectrum
that can contain oscillating and power-law behavior that we have neglected. This should not
qualitatively affect our results given the existing bounds on primordial non-Gaussianity and
features which allow us to anticipate that the potential non-Gaussian signal at any given fre-
quency is small and uncorrelated across frequencies. This is also why we can analyze one
pair of (o, V) at a time. Having said that, the constraints between frequencies will themselves
be correlated since we cannot isolate each logarithmic frequency in our analysis ahead of

time (unlike for a time-series analysis with white noise).

In addition to the linear and scale-dependent biases, we also have to model nonlinear

corrections to the galaxy spectrum. We will follow the same bias expansion as [193] which

14The wavenumber dependence of the signal-to-noise ratio depends primarily on the shape of the scale-dependent
bias and power spectrum relative to the sample variance and shot noise. This means that shot noise being independent
of k does not simplify our understanding of the constraints.
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includes operators up to third order in J,,. At the field level, the bias parametrization is given by

8o(%) = b16m(X) + by2Ry V28 (¥) + b2 (S3.(¥) — (83)) + by (s*(X) — (57))
(3.47)

+ by Tr [n[llnm} ‘(3) @) 4.,

where s;; = (Vl-V i/ VZ_§; i/ 3) Om(X) is the tidal tensor and the tensors Hl[?] are defined in [25],
with the superscript (3) indicating that the operator includes terms up to third order in perturbation
theory. We additionally include redshift-space distortions and higher-derivative terms through a

change to the linear bias,

bi(z) = blk,p,z) = by (2) 2+ Y bn(2) (kRy)™, (3.48)
n>0

with the cosine u between the wavevector k and the line of sight, and the growth rate f(a) =

dlogD(a)/dloga, where D(a) is the linear growth factor, while keeping by = by (z) as is.
While the details of our modeling, forecasting and eventual analysis are largely the same
as in [193], it is noteworthy that in the regime v > 1, the detailed description of the nonlinear
galaxy power spectrum has a limited impact on the sensitivity to our non-Gaussian signal. This
is an expected property of oscillatory features [18, 45]. Since these details do not significantly
affect our main results, we refer to §2.3.1 and Appendix A.1 for a complete description of the
nonlinear galaxy power spectrum with Gaussian initial conditions, including the observational

Alcock-Paczynski effect and the theoretical one-loop corrections.

The key take-away of this section is that we describe our non-Gaussian oscillatory signal

in the galaxy power spectrum at small wavenumbers k by

2

(kRy ) (Acos cos[v1og(kRy)] +Agin sin[v1og(kRy)]) | Pum(k), (3.49)

where the PNG amplitude fffiv is determined from the oscillatory amplitudes Acos and Agi,
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by (3.46). This expression receives corrections from higher-order biasing given by (3.47)

and (3.48) that are important and taken into account at larger wavenumbers and in redshift space.

3.4.3 Forecasts for Current and Future Surveys

Having translated the phenomenological two-field model of Section 3.3 into a specific,
but generalized observational signal as a combination of power-law and oscillatory PNG in
the galaxy power spectrum, we are now ready to examine the signal in realistic surveys. Our
forecasting methodology generally follows the detailed description in [193], with some additional
aspects explained in Appendix B.1. In the following, we will summarize our approach based
on the Fisher information matrix, provide our forecasted results for current and future surveys,
and discuss their main implications and differences to the case of power-law PNG (v = 0),

which we comprehensively studied in [193].

We compute the standard Fisher matrix for four galaxy surveys: BOSS [77], which is com-
pleted, the Dark Energy Spectroscopic Instrument (DESI) [104]'° and the Spectro-Photometer
for the History of the Universe, Epoch of Reionization and Ices Explorer (SPHEREX) [71], which
are currently taking data, and the billion-object survey, which we introduced in [193] to investi-
gate the potential capabilities of a more futuristic survey. The former are modeled to roughly
replicate the specifications of the existing surveys once completed, while the latter assumes one
billion spectroscopic objects split into two target samples with different linear galaxy biases and
distributed with a constant number density over 10 bins in the redshift range 0 < z <5 covering
half the sky. This could therefore be thought of as a spectroscopic follow-up survey to the
Vera Rubin Observatory’s Legacy Survey of Space and Time (LSST [107]; cf. the MUItiplexed
Survey Telescope [264] and Spec-S5 [54] as steps in this direction) and/or an estimation for a

21 cm or other line intensity mapping survey over these redshifts (see e.g. [115-120, 178, 265]).

Our detailed specifications for these surveys, including the values of the linear bias and number

15Since DESI and Euclid [106] are expected to have very similar constraining power for our non-Gaussian
signal (cf. [193]), we only include one of these current surveys explicitly as part of our reported results.
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density in each redshift bin, can be found in Appendix A of [193].

We model the galaxy power spectrum including our non-Gaussian signatures as de-
scribed in §3.4.2, cf. (3.49). Unless stated otherwise, we vary the cosmological parame-
ters { @y, O, O5,10g(10'9A;), ns} and oscillatory PNG parameters {Acos,Agin } defined in (3.46)
for a given survey, while the bias parameters {b1,b2,b4,b52,b2,b2 } are independently
varied in each redshift bin.'® The fiducial cosmology is the same ACDM cosmology with
Gaussian initial conditions as in [193],17 i.e. Acos = Agin = 0, and we also impose a marginalized
Planck-like CMB Fisher matrix as a ACDM prior.18 We set the minimum wavenumber k,;, of a
given redshift bin by its volume assuming a spherical geometry. The maximum wavenumber kmax
is taken to be the minimum of the nonlinear scale knp, = ﬁ, with the radius Ryp. at which the
variance of linear fluctuations is halved at a given z, and the wavenumber kj4, =~ 0.19 2 Mpc ™!
associated with the Lagrangian scale Ry ~ 2.66h~! Mpc corresponding to the minimum halo
mass of the surveyed population which we generally assume to be 10'3M,. Our choices for
both knin, and kmax are conservative. In this work, we implement two extensions of our fore-
casting methodology compared to [193] which are both necessitated by the oscillations on top
of the previously studied smooth PNG signal, which we discuss in the following and refer to
Appendix B.1 for further details: using bandpowers and reporting 95% upper limits on the
PNG amplitude.

Surveys can only observe a finite cosmic volume which implies that we can only access

16The ACDM parameters are the physical baryon density @y, the physical cold dark matter density @, the
angular size 0, of the sound horizon at recombination, the (logarithm of the) primordial scalar amplitude Ag and
the scalar spectral index ng. The bias parameters that we include are the linear bias b1, the gradient biases up to
quartic order by and b4, the tidal bias b» and the evolution bias by defined in (3.47) or explicitly in terms of
the theoretical galaxy power spectrum in (2.11).

"The fiducial values of the linear biases are provided in Appendix A for all surveys together with their other
specifications. The fiducial values of the nonlinear bias parameters are set to zero except for BOSS, for which we
assumed fiducial values for b and b2 based on the Lagrangian local-in-matter-density biasing model [25] and
for bgs» based on the halo-simulation fit of [81] to align with previous and current analyses. As expected from [193],
this different choice in the fiducial values for BOSS has only minimal effects on the forecasted constraints.

8For BOSS, we impose the same Gaussian priors on the biases bg2, b,> and bppe) as [123]. For all other surveys,
we take the priors to be uniform for all biases. Similar to the findings in [193], imposing priors on the loop biases
results in O(1) improvements in the forecasted constraints for small v, but leads to only minor changes of around a
few percent for v 2 10.
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a limited number of discrete wavenumbers k;. For sufficiently small spacing Ak between these
wavenumbers, we can approximate a smooth enough (theoretical) power spectrum P(k), such
as the ACDM power spectrum with Gaussian or power-law non-Gaussian initial conditions, in
a given band [k; — A/2,k; + A/2] by taking the value at its midpoint, P(k;). On the other hand,
the logarithmic oscillations (3.46) lead to significant variations within bands depending on the
frequency v and wavenumber k;. This is why we compute the finite-size bandpowers P; as
linear averages of the galaxy power spectrum within these bands taking Ak = kp,in. We refer
to Appendix B.1 for additional details, and to Fig. 4 of [18] for an illustration of the effect on
the observed signal and the reason why we do not additionally need to take the survey window
function into account.

As aresult of our forecasts and analyses, we would like to report constraints on the overall
non-Gaussian signal. Given its oscillatory nature and our use of the amplitude parametrization
with the two amplitudes A.qs and A, instead of the phase parametrization with an amplitude
and a phase for good reasons [see our discussion below (3.46)], this requires more care than
in the case of simple power-law PNG. Motivated by the phase parametrization, we define the
non-Gaussian amplitude of our signal (3.44) as

Afg = 1/A2 + A2 (3.50)

cos sin ’

which is positive semi-definite. Phenomenologically, there is no preferred phase and the values of
the amplitudes are unknown. We therefore do not assume any prior knowledge of A5 or Agj and
the forecasted constraints on A fﬁﬁv should be defined so that they are independent of the fiducial
values for (Acos,Asin) OF, equivalently, the fiducial phase. First, as noted, we take the fiducial
values for both amplitudes to be zero, i.e. the fiducial cosmology has Gaussian initial conditions.
Second, following [18], we describe the sensitivity of the surveys in terms of the 95% exclusion
limit of A fﬁiv which is a convenient estimate of the constraining power that however does not

quite articulate the statistical power at small frequencies due to the strong degeneracy between
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the two amplitudes Aqos and Agj,. Given the definition (3.50), this means in practice that we
compute the radius of the circle in the marginalized (Acos,Asin) parameter plane that contains
95% of the forecasted probability. In practice, we perform this calculation by Monte Carlo
integration of the two-dimensional Gaussian posterior distribution for (Aces,Agin) around their
origin given their marginalized Fisher matrix.!® This way of computing the survey sensitivity
to our oscillatory PNG signal is both robust to changes of the fiducial values and implicitly
marginalizes over the phase information (see Appendix B.1 for more details). We additionally

note that the sensitivity metric to compare to for the non-oscillatory power-law non-Gaussianity

of [193] with v = 0 is the 95% limit on the absolute value of its amplitude, | fﬁiy given the

positive semi-definite nature of (3.50).

We present the forecasted 95% exclusion limits on the amplitude A fﬁiv of our oscillatory
PNG signal of (3.49) in Fig. 3.6. For all displayed experiments (BOSS, DESI, SPHEREx and
the billion-object survey), we can observe a few general trends and regimes as a function of the
scaling exponent ¢ and frequency v. First, we can generally see that the constraints at small and
intermediate frequencies change by several orders of magnitude with increasing @, but remain
within about one order of magnitude at large frequencies indicating the impact of the oscillations.
More generally speaking, we expect that oscillatory features in a power spectrum make the
primordial signal easier to identify and distinguish from nonlinear physics. As a result, we might
anticipate that introducing v > 0 will strengthen our constraints for all frequencies, but the actual
situation is more nuanced as can be seen in Fig. 3.6 when comparing the solid to the dotted
line with the 95% limit on | fﬁiy |, which is the absolute value of the power-law PNG amplitude
considered in [193]. We additionally present their ratio in Fig. 3.7. Taken together, we can
see distinct behavior at small, intermediate and large frequencies, and for positive and negative

scaling exponents.

19While the inherent scatter of the inferred mean values around the truth in an observational measurement was
also taken into account in the forecasts of [18] by additionally sampling the fiducial cosmology, we keep the fiducial
values fixed to the origin in this work.
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Figure 3.6. Forecasted constraints on the amplitude of primordial non-Gaussianity in terms of its
95% exclusion limit as a function of the oscillation frequency v for four values of the scaling ex-
ponent &. We note the logarithmic-linear scaling of the frequency axis as separated by the vertical
dotted line. We show the Fisher-based limits on the overall oscillatory amplitude A fﬁiv (solid),
the oscillatory cosine amplitude |Aos| with fixed Ag;, = 0 (dashed) and non-oscillatory power-law

amplitude | fﬁiﬁ (dotted) for the current and future surveys BOSS (blue), DESI (green; Euclid
has a very similar forecasted sensitivity), SPHEREXx (orange) and the billion-object survey (red)
described in the main text. The fiducial cosmology has Gaussian initial conditions, and we
marginalized over the galaxy biases and ACDM parameters, with priors on the latter from a
Planck-like CMB experiment. For small frequencies v, the constraints on the overall oscillatory

amplitude A fﬁiv are worse than those for the power-law case with v = 0 denoted by | fﬁi’é
due to the implicit marginalization over the phase exhibiting the phase degeneracy, while we
recover the v = 0 result when the phase is fixed to zero by setting Ag, = 0. On the other hand,
the forecasted limits are much more similar for different values of o at large v since the main
constraining power comes from the imprinted oscillations. The frequency range available to
the experiments is limited by the probed volume since it sets the minimum wavenumber and
bandwidths which we conservatively estimate for each redshift bin (see Fig. B.1 in Appendix B.1
for a visualization). We also note that we compare the PNG amplitude A ﬁiv to the absolute

values of A¢os and fﬁiy since A fﬁiv is a positive semi-definite quantity.
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Figure 3.7. Ratio of the 95% exclusion limits for the oscillatory PNG amplitude A fﬁiv with

v # 0 and the (absolute value of the) power-law PNG amplitude | fﬁﬁy with v = 0 as a function
of frequency Vv for a range of scaling exponents &. We note the logarithmic-linear scaling of the
frequency axis as separated by the vertical dotted line. The four panels show the relative improve-
ment (or degradation) of the oscillatory signature for the four current and future surveys BOSS,
DESI, SPHEREX and the billion-object survey. While the forecasted limits are degraded by
the inclusion of the oscillations for small v and a < 0 due to the phase degeneracy and the
signal peaking at the lowest wavenumbers, respectively, we observe a significant improvement
in particular for large frequencies and scaling exponents since the oscillatory signal breaks the
degeneracies with the broadband galaxy power spectrum.
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For scaling exponents a < 0, the overall constraining power on the PNG amplitude fﬁiv
is most stringent in absolute terms, reminiscent of the light-field case of [193], which we have
now extended to negative values of &. At the same time, there is effectively no improvement
or even a severe degradation of the sensitivity by more than an order of magnitude even for
large frequencies compared to the v = 0 case. The reason is that the PNG signal peaks at small
wavenumbers k — 0, leaving little room for our oscillations to be visible in the observed power
spectra (see Fig. 3.5) and providing little benefit. On the other hand, due to the power-law
term S(k;M, @) in (3.44), the signal moves to larger wavenumbers as the scaling exponent
increases and peaks at kpmax for the largest o under consideration. While this degrades the
overall constraints on fﬁL’v, the imprinted oscillations can as a result dramatically improve the
relative PNG sensitivity by up to two orders of magnitude for BOSS and even almost three
orders of magnitude for the billion-object survey for v 2> 30. So, as for primordial features [18],
introducing oscillations allows the PNG signal to be measured at k ~ knp. while being robust to
nonlinearities. In fact, as mentioned above, our treatment is conservative since we only consider
linear wavenumbers, i.e. we limit the potential reach of the observations that would be possible
following [18] in this regime.?’ Even with our limited range of wavenumbers, we however
clearly see the improvement over v =0 for & 2 0 and v 2 1 precisely due to the fact that the
oscillations break the degeneracies of the power-law term with biasing and short-distance physics
more generally.

At small frequencies, v < 1, the forecasts weaken significantly, effectively independently
of the experimental specifications. We can see this both when comparing the limits for v # 0
and v = 0 in Fig. 3.6 or in their ratio in Fig. 3.7. This is due to marginalizing over the phase.
Concretely, without seeing multiple periods of the oscillation at a large signal-to-noise ratio,

changing the phase allows to escape the more stringent bounds. Put differently, the amplitude

20The range of considered wavenumbers could be significantly extended to all observed modes of a survey for the
oscillatory imprint with the additional modeling as for primordial features in [18]. While we left this combined
analysis to future work, we can already anticipate that it would further improve the sensitivity considerably in this
regime of (a, v).
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parameter Agj, becomes nearly unconstrained at v — 0, which makes constraining the overall
amplitude more difficult. The role of this degeneracy is clearly demonstrated in Fig. 3.8, in which
the forecasted contours in the (Acos,Asin) plane are shown as a function of v for o = 0.21 We
see that the degeneracy line rotates as we decrease the frequency. As v — 0, the Ao direction
remains as constraining as the non-oscillatory scenario (see also the dashed line in Fig. 3.6
for the 95% exclusion limit on |A¢os| which is essentially the same as the limit on fﬁiy for
v < 0.1), while constraints along the Agj, direction degrade rapidly. Since we also display
the circle indicating the 95% limit on A ﬁiv, we can also directly see how this degeneracy
impacts the sensitivity to the overall PNG amplitude.

When we increase the frequency, we can observe in Fig. 3.8 that the contours are nearly
circular for v 2 2 which indicates that this phase degeneracy is effectively broken at these larger
frequencies. We note that the same rotation and vanishing of the degeneracy line with increasing v
is not only present for o = 0 as shown, but all scaling exponents under consideration. This
therefore also explains why we then start being able to see the improvements in the forecasted
limits for @ 2 0 since the power-law term moves the signal to the largest wavenumbers in the
analysis where the oscillations really help to distinguish between the primordial signature and
the nonlinear galaxy power spectrum with Gaussian initial conditions. Comparing the limits
on A fﬁiv and | fﬁiy\ in Fig. 3.6 or their ratio in Fig. 3.7 at fixed & confirms our expectation that
oscillations make it easier to measure this signal at large k.

Additional features of Figures 3.6 and 3.7 are the bumps around v ~ 1 and 10, with their
significance depending on the scaling exponent. These bumps can be attributed to degeneracies
with cosmological and bias parameters since the oscillatory signal may become degenerate
with the broadband and/or the standard baryon acoustic oscillations. We further discuss this
in Appendix B.1, in particular around Fig. B.4, which shows that these features depend on the

marginalization over both the bias and ACDM parameters. We additionally note that we cut off

2INote that the light-blue two-dimensional 26 contours enclose about 86.4% of the probability while the orange
circles visualize the respective (one-dimensional) 95% limits.
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Figure 3.8. Forecasted posterior distributions of (Acos,Asin) for BOSS, a scaling exponent of o =
0 and different frequencies v. The standard two-dimensional 10 and 20 limits around the fiducial
value of zero are included as the blue contours. The orange circle encloses 95% of the probability,
with its radius being the corresponding limit on the overall oscillatory PNG amplitude A fffiv.
While the sine and cosine amplitudes are strongly degenerate for small v, and the degeneracy line
rotates as we increase the frequency, the degeneracy effectively vanishes for v 2 2 as evidenced
by the (nearly) circular posterior contours. We note that the light-blue 26 contours and the
orange circle do not coincide even for the frequencies for which Ay and Agj, are essentially
independent since the former (two-dimensional 26) contours enclose approximately 86.4% of
the probability and not 95% as in the case of the latter to display the (one-dimensional) limit on
the PNG amplitude.
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the frequency range for BOSS and DESI since the oscillations for frequencies exceeding the
effective Nyquist frequency, which is set by the employed conservative bandwidths for each
redshift bin,?? are aliased for all wavenumbers (see Fig. B.1 in Appendix B.1 for a visualization).
This implies that the forecasts for BOSS and DESI should not be trusted for v 2 55 and 90,
respectively, while the other surveys cover a larger cosmic volume with correspondingly larger

Nyquist frequencies far beyond the frequencies considered here.

The potential reach of SPHEREXx, which will have results within the next few years,
is of particular interest in Figures 3.6 and 3.7. When o ~ 0, the improvement from BOSS
and DESI to SPHEREX is more than an order of magnitude and persists across the full range
for frequencies. This improvement is largely compatible with the reach in 1{;’]5 since the higher-
frequency results do not meaningfully exceed the v = 0 sensitivity. In contrast, for o = O(1),
the relative improvement is the same within a factor of a few for small v, but we see substantial
improvements at higher frequencies relative to the v = 0 forecasts. Both results are compatible
with the idea that SPHEREX has a larger advantage when the signal peaks at low &, while the

benefit of large frequencies is pronounced for larger o when the signal is pushed to higher

wavenumbers.

The relative importance of the smallest modes can also be seen through the dependence on
the maximum wavenumber kn,x as shown in Fig. 3.9. For all values of a, we see that for v 2> 10,
there is a significant improvement in the forecasted limits with kpax = ANL > khalo- For v < 1,
there is a more pronounced improvement with larger kmax only for @ = O(1). This reinforces
the conclusion that (i) v > 1 gains sensitivity from small-scale modes since the oscillations
are not degenerate with biasing and (ii) o < 0.5 gets more constraining power from k << kN,
and is therefore less sensitive to the choice of k2x. As confirmed in additional forecasts based

on the billion-object survey (as in [193]), this same pattern is important for understanding the

22The bandwidths employed in our forecasts are inferred from a spherical volume separately for each redshift bin
which results in overly cautious estimates. This also means that the bandwidths for BOSS are larger in our forecasts
than in the data analysis presented in Section 3.5. Compared to [18], the smaller maximum wavenumber further
limits the effective reach in the logarithmic frequency v.
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Figure 3.9. Dependence of the 95% exclusion limit of the PNG amplitude fﬁiv on the maximum
wavenumber kpax Of the billion-object survey for different values of the scaling exponent «.
We compare the two cases for which we set the maximum wavenumber to correspond to the
Lagrangian scale of the minimum halo mass, kpax = khalo, and to the nonlinear scale, kpax =
knp(z). The latter is in particular much more optimistic at higher redshifts given our modeling
of the (Gaussian) galaxy power spectrum. While the impact on the forecasted constraints for
small frequencies is limited, as expected, we see decisive improvements when increasing kmgx
to knr at high frequencies, especially for large ¢, since many more oscillatory periods are being
captured by the survey.
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relative importance of the survey volume (or the minimum wavenumber ky,i,) and the number
density (or kmax) When designing future surveys for these kinds of power-law and/or oscillatory

signals.

Of course, larger and deeper surveys have the potential to find ever weaker PNG signals
of this kind. We however see in Fig. 3.7 that the shapes of the curves illustrating the relative
limits as a function of v are very similar across the four displayed surveys. As a result, the
impact of survey design on the v = 0 forecasts, which were discussed at length in [193], will be
effectively the same for all values of v. In this regard, the large improvement in going from DESI
to SPHEREX can again be attributed to the higher biases and the slightly larger number densities
of the latter. Furthermore, we again expect a multi-tracer analysis from LSST to offer improved
sensitivity over SPHEREX. Having said that, it would be worthwhile to understand how these
non-Gaussian oscillations are affected by systematics. While the raw sensitivity of SPHEREx
and LSST offer the potential for large improvements over spectroscopic surveys like DESI
and Euclid, the scale-dependent bias from local non-Gaussianity can be particularly sensitive
to large-angle effects and (catastrophic) photometric redshift errors among other potential
systematic biases (see e.g. [121, 169, 171, 173, 174]). An oscillatory signal can potentially evade
this potential sensitivity to systematic errors, making these kinds of improvements more robust

than for the scale-dependent bias from light fields parametrized by fﬁf_y.

Ultimately, inferring constraints on the PNG signal in terms of fﬁtv for a given o and v
is a determination of the strength of the coupling of ¢ and { for a fixed quadratic action for o (i.e.
its masses and mixing). For & ~ 1 and v ~ 1, the improvement in the limits on fﬁiv relative to
v = 0 from Fig. 3.7 is substantially larger than the effect due to the LSS suppression factor |Z%,[|
in Fig. 3.4 (as well as the primordial factor e ™"). This is the regime where our new analysis
is expected to be more sensitive to the coupling to additional fields than the models with no
oscillations. This might appear to be a small region of parameters space, but we note that there

is good reason for dimensionful parameters to be set by the Hubble scale H [13]. Moreover,
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as we discussed in §3.3.3, there are phenomenological ways to boost the primordial amplitude
to further overcome the suppression factors over a wider frequency range. Either way, it is
evident that the improved PNG sensitivity is a consequence of model building and analysis,

which highlights the discovery potential that is driven by theoretical work in this area.

To summarize, galaxy surveys are more sensitive to oscillatory signals with v 2> 1 when
o = O(1). In these situations, the signal-to-noise ratio is dominated by large-k modes and
is sufficiently distinct from nonlinear corrections to be robust to marginalization over bias
parameters. For scaling exponents ¢ near or smaller than zero, the signal is peaked at smaller
wavenumbers which results in less improvement in sensitivity relative to the non-oscillatory
scenario, vV = 0. These models are not degenerate with more conventional PNG shapes, which
means that an analysis of BOSS or DESI data could find a non-zero signal for non-zero ¢ and v

while being consistent with previous analyses.??

3.5 Constraints from BOSS Galaxy Clustering

Having established the expected sensitivities of current and future LSS surveys to our
broad class of oscillatory non-Gaussianity in the previous section, we now apply its phe-
nomenological template to observations and derive constraints from observed galaxy-clustering
data. We analyze BOSS DR12 data based on the galaxy power spectrum. The methodology,
which we summarize in §3.5.1, closely follows that of recent analyses of standard PNG tem-
plates [65, 66, 124, 266] and our previous analysis of non-oscillatory models [193], with ex-
tensions to address the presence of the frequency-dependent oscillations. Our inferred limits
on the PNG amplitude A fﬁﬁv are presented in §3.5.2 and exhibit the same behavior as seen in
the forecasts. This includes confirming the significance of an oscillatory component in reduc-
ing the sensitivity to nonlinear astrophysical effects even for frequencies v = O(1). Since we

find no evidence for a non-zero oscillatory PNG signal, we place upper limits on the explored

23The results must also be consistent with the existing constraints on primordial features from BOSS [18, 233—
235].
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(o, v) parameter space. The results of this section suggest that this type of analysis should be
straightforward to apply to current and future data, for example from DESI (e.g. as an extension

of [266]) and SPHEREX.

3.5.1 Analysis Pipeline for BOSS DR12 Data

To extract constraints on oscillatory PNG, we analyze the BOSS DR12 [77] galaxy power
spectrum following the same methodology used in [193], which was based on [66, 124] (see
also [65]) with a few different (generally more conservative) choices, after extending it to account
for the scale-dependent oscillatory modulation predicted by the class of models studied in this
work. In particular, we modify the theoretical prediction for the galaxy power spectrum to include
the scale- and frequency-dependent bias induced by primordial oscillations in the bispectrum. As
discussed in more depth after (3.46), we use the amplitude instead of the phase parametrization
since the former results in nearly Gaussian posterior distributions for the oscillatory parameters
while the phase is relatively poorly constrained in the latter in the absence of a signal. Compared
to [193], we therefore extend our theoretical model of the galaxy power spectrum P, (k) to include

the oscillatory amplitudes A¢os and Ag;, as follows:2*

b
b (k,2) = 3f1\AJL#EZ]3Z)(kRM)A .
’ (3.51)
b
— bg’c‘; (k,z) = 3%(1&1@“{&03 cos[vlog(kRyr)] + Agin sin[v1og(kRy)] },

where we took Ry; ~ 2.66 ! Mpc corresponding to the Lagrangian radius of a halo with a mass
of 10'3M_,, as in our Fisher forecasts presented in §3.4.3. Let us in particular reiterate that we

effectively absorbed the suppression factor [£3,(ct, V)| of (3.44) into the PNG amplitudes.

The dataset, the observables and covariances, and the nonlinear and bias modeling are

identical to the analysis presented in [193]. In short, we use the BOSS DR12 dataset [77] with

Z4We also refer to (3.49) and remember that we absorbed the overall PNG amplitude fﬁiv into the amplitudes Acos
and Ag;, for notational convenience while ultimately still reporting the results of our analysis in terms of fﬁi".
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about 1.2 million galaxies which are split into two redshift bins, z € [0.2,0.5] and [0.5,0.75],
and two galactic caps. The monopole, the quadrupole and hexadecapole of the galaxy power
spectrum Py) (k) are estimated using a quadratic window-function-free estimator [125] while the
employed covariance matrices are computed from the MultiDark-Patchy mocks [126]. We limit
the range of wavenumbers to k € 0.01 AMpc~'700.13 hMpc~! and 0.01 A-Mpc~'00.16 AMpc~!
for the low- and high-redshift bin, respectively, with bandpowers Ak = 0.0054Mpc~'. The
theoretical power spectra account for redshift-space distortions, nonlinear evolution and the
Alcock—Paczynski effect, include parameters from the bias expansion and EFTofL.SS description
following [129, 130] (cf. [25, 131-134] and [27, 135] for recent reviews) and are calculated
using a modified version of CLASS-PT [127] which in turn is based on CLASS [128].

The parameter inference is performed via Markov chain Monte Carlo using the Metro-
polis-Hastings algorithm implemented in MontePython [136, 137], with all chains converging
with a Gelman-Rubin criterion of R — 1 < 0.01 (usually much smaller) for each varied parameter.
While the cosmological parameters are fixed to the Planck 2018 best-fit ACDM values (with
the sum of neutrino masses } m, = 0.06eV) [1],% the bias and EFT parameters are sampled
independently for each redshift bin and galactic cap as in [123, 124, 140, 193]. On the other
hand, the oscillatory non-Gaussian parameters Acos and Agj, are shared across all subsets, with
the (real-valued) scaling exponent o = ReA and frequency v = ImA being fixed for individual
runs and scanned over a linear and logarithmic-linear grid with nine and 19 values, respectively:
a € [—1,3] and v € [0.1,10] U [10,50]. As discussed above, these ranges are motivated by
theoretical and observational considerations, respectively: we interpolate between the benchmark
scaling exponents o for the tachyonic collider (& = —1), local PNG (a = 0), the conventional
cosmological collider (oc = 3/2), equilateral and orthogonal PNG (a = 2) and originating from

inflationary loops or composite operators (& = 3); we take v > 0.1 since we saw in our forecasts

25We saw in the forecasts (see Fig. B.3 in Appendix B.1) that fixing the five ACDM parameters has essentially the
same effect on the constraints on fﬁi" as imposing a ACDM prior consistent with Planck 2018. For BOSS, the main
difference of fixing these parameters is a slight overestimation of the constraining power around v ~ 10 which is
broadly negligible on our logarithmic scale for fﬁLv and given the main focus of this work. We therefore effectively
infer the limits on the PNG amplitude from the BOSS data while imposing a Planck prior on the ACDM parameters.
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that the constraints further weaken for smaller frequencies given the phase degeneracy and
v < 50 to approximately remain within the effective logarithmic Nyquist frequency of the
BOSS DR12 volume (cf. [18] and Fig. B.1 in Appendix B.1). We impose flat priors on the
non-Gaussian and the linear bias parameters, and Gaussian priors on higher-order bias, the
non-Gaussian bias and nuisance parameters. We refer to [193] for further information and details
on the data and choices underlying our analysis.

To infer the value of the PNG amplitude ﬁiv, rather than the product by fﬁiv, we
marginalize over by with a Gaussian prior separately in each redshift bin. This prior has a mean
value that is set by the universality relation, by = 25.(b; — 1), and a large standard deviation of
five times this mean (see [193] for additional details). This procedure alleviates degeneracies
between fﬁiv and b; which can be severe if we assumed that the universality relation is exact,
especially for & ~ 1. Although the constraint on fﬁiv is sensitive to the prior on by, the

degeneracy is further reduced by the fact that by varies in each redshift bin while there is only a

single primordial amplitude fﬁiv (or rather Acos and Agj,) for the entire survey.

In order to constrain the oscillatory PNG amplitude while marginalizing over the phase,
we follow the same method introduced in [18] (and also applied to our forecasts in §3.4.3) to
infer the limit on the overall (phase-independent) oscillation amplitude from an analysis based
on the amplitude parametrization. This means that we analyze the marginalized posteriors of
the oscillatory amplitudes, Acos and Agj,, in the two-dimensional plane defined by these pa-

cf. (3.50),

rameters. The 95% confidence limit on the total amplitude A fﬁiv = /A2 +A§in,
is defined as the radius of a circle around the origin that encloses 95% of the posterior prob-
ability or, equivalently, 95% of the Monte Carlo samples which implicitly marginalizes over
the phase of the non-Gaussian oscillations. This procedure therefore accounts for the fact that
the phase is not independently constrained and that the maximum posterior point may be off-

set from the origin due to noise. While the posteriors are pixelated in the (Acos,Asin) plane,

we explicitly verified that pixelation artifacts are negligible. We note that A.os and Ag;, are
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effectively uncorrelated for frequencies v 2 1, but exhibit correlations especially for the small-
est frequencies under consideration (see Fig. 3.8 and the top panels of Fig. 3.10 for some
example illustrations, and Appendix B.2 for additional details). While our procedure is gener-
ally robust and conservative in estimating the PNG amplitude A fﬁiv, this correlation implies
that the inferred limits may not always reflect the actual constraining power of the data. For
full details and validation of this methodology, we refer to Appendix C of [18].

The bounds on A.os and Agj, for oo = 0, along with the derived 95% exclusion limits
of A fﬁﬁv, are shown in the bottom panel of Fig. 3.10. Comparing the top panels with the
associated frequency illustrates the relationship between the samples in the Monte Carlo Markov
chains and the inferred bounds. The mean values of Ao and Ag;, are consistent with zero across
all of the frequencies (and scaling exponents) that we sampled. It is important to keep in mind
that the analysis at each individual frequency is correlated with other frequencies, especially
for a = 0, where the information is at low wavenumbers k. As a result, we do not have an
expectation to see several 1o fluctuations in these 19 frequencies. Similarly, we had already seen

and utilized the broad correlations in the scaling exponent in [193].

3.5.2 Bounding Non-Gaussian Oscillations

We can straightforwardly infer the posterior distributions for the parameter A fﬁiv from
the Markov chains of the BOSS DR12 data following the procedures laid out above. For
each pair of (o, V) in our grid of values, we calculate the posterior while marginalizing over
the additional bias and EFT parameters. These results are all consistent with A fﬁiv =0 and,
therefore, do not show any evidence for this kind of underlying non-Gaussian signal. We display
the 95% exclusion limits on the non-Gaussian oscillatory amplitude A fﬁff as a function of the
frequency v for nine values of the scaling exponent & € [—1,3] in Fig. 3.11.

We can clearly observe the general trends of our inferred exclusion limits as a function
of both o and v. We infer the tightest bounds for &« = —1 which is due to the sharp cubic

scaling behavior on large scales. As we increase the scaling exponent ¢, the limits continuously
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Figure 3.10. Constraints on the non-Gaussian amplitude(s) inferred from BOSS DR12 for a scal-
ing exponent of o = 0 as a function of frequency v. We note that the frequency axis is displayed
on a logarithmic-linear scale. This figure illustrates the relationship between the MCMC sam-
ples and the inferred mean values, standard deviations and 95% upper limits at each sampled
frequency. Top: The three panels contain the pixelated posterior distributions in the marginalized
(Acos,Asin) plane based on the MCMC samples in blue (light/dark blue: low/high density) for the
three frequencies v = 0.16,6.3 and 45. We see the strong and weak correlation of these two am-
plitudes at small and intermediate/large frequencies, respectively, which is also illustrated by the
red contours which enclose 95% of the samples. This is also the case for the orange circles which
display our main statistic, the phase-marginalized 95% (exclusion) limits on the overall ampli-

tude A fﬁiv =./AZ —l—Agin, which are derived following [18] as summarized in the main text. We
additionally refer to Appendix B.2 for further details and these (Acos,Asin) panels for all sampled
frequencies v. Bottom: The standard deviations, positive and negative mean values of Ay (blue)
and Agj, (green) are shown as solid, dashed and dotted lines. The gray dots are the mentioned
95% exclusion limits on the PNG amplitude A fffiv for the 19 sampled values of the frequency v,
with the orange points corresponding to the three panels at the top. We can clearly observe
that no non-zero PNG amplitude is detected and how the degeneracy line between Aqs and Agiy

rotates for v < 1 while these amplitudes become nearly uncorrelated for larger frequencies.
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Figure 3.11. Exclusion limits at 95% c.l. on the non-Gaussian oscillatory amplitude A fﬁ]’_v
inferred from the BOSS DR 12 dataset as a function of the oscillatory frequency v of the non-
Gaussian signature. The excluded parameter space is indicated by the shaded regions for different
scaling exponent ¢. Note that the horizontal frequency axis is on a logarithmic-linear scale,
while the vertical axis for the amplitude is logarithmic. The labels ‘local’ and ‘equilateral’ denote
the parameter space excluded for o = 0 and 2, respectively, which are the scaling exponents
of these standard PNG types in the v — O limit. These exclusion limits are inferred from
171 separate Markov chain Monte Carlo analyses at fixed (¢, v) using the method introduced
in [18], which implicitly marginalizes over the oscillatory phase. On this grid, the tightest
95% bounds with Afg;" < 1.7 are inferred for (o, v) = (—1,4), while the weakest 95% limits
with Afyx;’ < 1.7 x 10° are inferred for (e, v) = (3.0,0.1). We observe that the bounds get
weaker for both lower frequencies v and larger exponents .
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degrade, being more than three orders of magnitude weaker for ¢ = 3. On the other hand,
these limits improve by about one to almost two orders of magnitude from v =0.1to v ~ 10
before remaining roughly at the same level for v 2> 10. As discussed in §3.4.3 and §3.5.1,
the apparent improvement in constraints from v < 1 to v = O(1) is primarily a consequence
of marginalizing over the phase of our two-parameter model of the non-Gaussian oscillations.
Due to this marginalization, the constraints at small v are much weaker than the constraint for
v = 0 derived in [193]. In this sense, the data remains very capable of detecting a signal at low
frequency, but the overall sensitivity of the survey is not well captured by our statistic of the
exclusion limit of A fﬁiv when v < 1 since the sine component becomes poorly constrained.
To better understand the functional dependence of these limits on the frequency v, we
also included the marginalized constraints on the amplitudes A.os and Agj, for a = 0 in Fig. 3.10.
We clearly see that the two amplitudes are highly degenerate for small frequencies v < 1, with
the degeneracy line rotating in the amplitude plane as a function of v. This additionally implies
that our procedure to infer a conservative exclusion limit on the overall amplitude A leads to
weaker bounds in this range of parameters. For larger frequencies, the standard deviations of the
two amplitudes are very similar and the procedure results in limits that more directly capture
the underlying constraining power of the survey. We note that this behavior shown for o¢ = 0 is
generally similar for other exponents ¢ as can be assumed from Fig. 3.11 (and Fig. B.7 included
in Appendix B.2). We also display the two-dimensional histograms for all sampled frequencies

at a fixed scaling exponent of & = 0 in Fig. B.6 in Appendix B.2.

We can additionally compare these new results with the respective limits for the non-
oscillatory forms of primordial non-Gaussianity studied in [193]. We show the relative exclusion
limits in Fig. 3.12. To be precise, we present the ratio of the 95% exclusion limits on the oscilla-

tory PNG amplitude A flffiv displayed in Fig. 3.11 (and Fig. B.7) to the bound at 95% confidence

level (c.1.) on (the absolute value of) the non-oscillatory, simple power-law PNG amplitude | fﬁff

that we had studied in detail in [193].2®° We observe that the oscillatory bounds are weaker

26While we analyzed the BOSS DR12 dataset for & € [0,2] in [193], we performed here an equivalent reanalysis
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Figure 3.12. Exclusion limits at 95% c.l. on the amplitude of the oscillatory primordial non-
Gaussianity, A fﬁtv, from BOSS DRI12 relative to the 95% limit on the absolute value of the

amplitude of the non-oscillatory, simple power-law non-Gaussianity, | fﬁﬁy |. The relative limits
are shown as a function of the frequency v for the nine scaling exponents a (left), and as a
function of both a and v (right). The axes for the exclusion limit, frequency and exponent
are on a logarithmic, logarithmic-linear and linear scale, respectively. The oscillatory limits
are better than those for the power-law signal for o 2> 0 and v 2 1, while they are worse
otherwise. The improvement reaches factors of five to 23 for o > 0.5. The relative degradation
at small frequencies originates from the phase marginalization and the related strong degeneracy
between A.os and Ag;, as discussed in the main text. For a < 0, the highly oscillatory limits
do not improve over the non-oscillatory constraints since the non-Gaussian signal peaks at the
smallest survey wavenumbers and may be aliased. On the other hand, the power of the oscillatory
imprint to distinguish the PNG signal for o« > 0 from the smooth galaxy power spectrum is
clearly evident.
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than the non-oscillatory bounds for v < 1 — 2 depending on the scaling exponent ¢ and further
weakening towards smaller frequencies. In fact, even for larger frequencies, the oscillatory
limits are generally weaker for o < 0 and the ratio is about unity for & = 0. On the other hand,
the oscillatory amplitude is constrained better by a factor of up to five to 23 for & > 0.5 and
frequencies v 2 10 on our grid of parameter values.

We can understand the origin of the degraded constraints at small frequencies to come
from the degeneracies of the oscillatory signal with the smooth broadband spectrum and of
the amplitudes Ay, X = sin, cos, as discussed above. This also results in a relative limit that is
not unity in the limit of very small frequencies (v — 0) as one might have initially expected.
Relatedly, we do not observe an improvement in the inferred limits compared to the non-
oscillatory PNG results for a < 0 since the signal is dominated by the largest scales of the
survey where the non-Gaussian signal is generally not degenerate with the broadband power
spectrum. On the other hand, we see a significant improvement for positive exponents o and
larger frequencies since the constraining power is coming from smaller and smaller scales where
the additional oscillations break the larger and larger degeneracy of the smooth power-law

non-Gaussian signal with the Gaussian broadband power spectrum.

Comparing these results inferred from the BOSS data to our Fisher forecasts described
in §3.4.3, we can clearly see the qualitative similarities as a function of both scaling exponent ¢
and oscillation frequency v. While the precise quantitative limits somewhat differ between the
forecasts and data analysis, these may be due to the differences in the underlying modeling and
specifications as in [193], especially regarding the specific scale cuts and biases (with larger o
being particularly sensitive). We in particular note that the bumps for v~ 1—2 and o 2 0 are
as present in the forecasts as the seemingly unexpected behavior for smaller frequencies and
o 2 1 in Fig. 3.12. At the same time, the forecasted and inferred limits are also similar for

larger frequencies including their roughly logarithmically equidistant values. We additionally

for a € [—1,3] (see Appendix B.2).
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observe the same degeneracies and behavior in the two-dimensional (Acos,Agin) contours. We
therefore conclude that our 95% exclusion limits on the oscillatory PNG amplitude A fﬁiv (and
other results) inferred from the BOSS DR12 data in this section are broadly consistent with our

BOSS forecasts of §3.4.3, with the agreement between the two providing a mutual validation of

the forecasting and analysis pipelines.

To summarize, we have inferred the first constraints from data on the class of oscillatory
primordial non-Gaussianity described by the scale-dependent bias (3.42) in the galaxy power
spectrum for the wide ranges of o € [—1,3] and v € [0,50]. The power law governed by the
scaling exponent & and the oscillations with frequency v decisively change the sensitivity
of BOSS to the PNG signal compared to the non-oscillatory or standard shapes. We explored this
entire and previously unexplored parameter space and explained the origin of the constraining
power in the different regimes. This will therefore make it straightforward to augment analyses
of DESI, Euclid, SPHEREXx and other future datasets targeting standard local and equilateral non-
Gaussianity (such as the recent [266] for DESI) to also probe this promising class of oscillatory

primordial non-Gaussianity.

3.6 Conclusions and Outlook

Primordial non-Gaussianity offers a unique opportunity to search for new particles
and interactions during inflation, and has the potential to probe energy scales many orders of
magnitude higher than any terrestrial experiment. Accessing these signatures of ultra-high-energy
physics in cosmological data typically requires new templates and dedicated search strategies
since the relevant signals may be hidden in more conventional analyses. Given the unparalleled
reach of current and near-term surveys, it is timely and important to thoroughly explore the space

of models and theoretically motivated signals to the greatest extent possible.

In this paper, we studied a new theoretically motivated class of models, which was first

introduced in [24] and exhibits non-trivial behavior in the squeezed limit of the primordial
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bispectrum, and their observational imprints in galaxy surveys. These models include a regime
with both oscillatory and power-law behavior which gives rise to a hybrid signal between the
traditional light- and heavy-field signals that have previously been explored.

The main phenomenological implication of this primordial physics for observations of
the large-scale structure of the Universe is that the scale-dependent bias of the galaxy spectra,
especially the power spectrum, is modified to include a non-trivial power law and logarithmic
oscillations with a wide range of both scaling exponents and frequencies, respectively. We
showed that this oscillatory component results in comparatively easy searches in observations
and a more straightforward separation of primordial physics from late-time astrophysics. We
explicitly demonstrated this in forecasts for current and future galaxy surveys, and in an analysis
of the BOSS DR12 dataset. In this way, we also highlighted the significant discovery potential
in this extended parameter space and, since our results are consistent with no such primordial

non-Gaussianity, inferred the first constraints on these phenomenological non-Gaussian signals.

At the same time, it is also this oscillatory nature that typically suppresses the signal
beyond the level that intrinsically arises from the inflationary mechanism itself when the primor-
dial bispectrum is translated to the scale-dependent bias in late-time observables. The reason
is that this transfer of power involves an average over small-scale (oscillatory) fluctuations.
This suppression, which we absorbed into the inferred PNG amplitude, becomes increasingly
significant at high frequencies. In turn, this suggests that a bispectrum or trispectrum analysis
may provide more powerful constraints on the underlying microphysics of these models at least
in parts of their parameter space. In fact, the first cosmological analyses for the conventional
cosmological collider (i.e. with oo = 3/2) were only recently performed in [194-198]. While
these measurements offered the first direct constraints on heavy inflationary fields, they are
currently much less sensitive than indirect constraints from the equilateral bispectrum [16]. This
therefore also means that there is still much space to explore not only phenomenologically in

extensions of the cosmological collider, but also observationally in pipelines extending our
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analysis to all observed wavenumbers and involving higher-point statistics in both the cosmic

microwave background and the large-scale structure.?’

More broadly, new signals continue to appear that shift our perspective on what is both al-
lowed and observable, even as techniques ranging from the effective field theory of inflation [279]
to the cosmological bootstrap [280] have simplified and expanded the exploration of theory space.
The signals described in this paper are one such example, but also only represent a small step away
from existing searches. In fact, it is important to recognize that the signatures that may be easiest
to detect in observations are not necessarily those that may be considered the most generic. This
in particular includes the realizations that signals are not limited to low-point statistics [93] and
can manifest themselves directly as features in maps of the primordial fluctuations [161]. A com-
mon aspect of these models, including the ones studied in this paper, is that their novel signatures
can make it easier to isolate in the data than many of the (smooth) conventional shapes of primor-
dial non-Gaussianity. In this sense, there is real discovery potential available from theoretical
exploration alone, and the forthcoming wave of cosmological data provides a timely opportunity

to convert this potential into new signature-driven insights into the primordial universe.
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Chapter 4

Conclusions

Throughout this dissertation, the main question has been whether the two-point statistics
of the large-scale structure, and more specifically, the scale-dependent bias feature in the galaxy
power spectrum, can be used to robustly probe the field content during inflation in the near-term.
In Chapters 2 and 3, we answer this question through forecasts of current and near-future galaxy
surveys as well as constraints derived from the BOSS DR12 dataset for two complementary
regimes: light fields that generate a power-law scale dependence in the galaxy power spectrum,
and heavier fields that leave behind oscillatory signatures. These two analyses together cover a
wide range of masses and interaction couplings accessible to the galaxy power spectrum through
the scale-dependent bias. In this chapter, instead of restating the findings of Chapters 2 and 3
in detail, we integrate the results and discuss the state and future of the search for primordial
non-Gaussianity through large-scale structure measurements.

In Chapter 2, we studied the scale-dependent signature of light fields during inflation in
the galaxy power spectrum by considering a minimally model-dependent framework that captures
a continuum of behavior between the local and equilateral limits of primordial non-Gaussianity.
We used forecasts based on the Fisher information formalism to show that the sensitivity of a
galaxy survey to this signal depends strongly on its design parameters, such as the bias of the
survey population, galaxy number densities, and the use of multiple tracers. In particular, we

demonstrated that a multi-tracer survey configuration can substantially improve the achievable
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constraints on the non-Gaussian amplitude fﬁL, and in some cases this can compensate for the
otherwise less favorable survey configurations. We then applied this framework to the BOSS
DR12 dataset and obtained constraints on fﬁL for a general scaling exponent A. We found the
results to be consistent with both the previous measurements in the massless limit (A = 0) and
the forecasted sensitivities. This consistency gives us confidence that our modeling of the galaxy
power spectrum and the forecasted sensitivities based on it reflect what is achievable with real
survey data.

In Chapter 3, we extended the analysis to include oscillatory features in the scale-
dependent bias, which arise from heavier fields during inflation. We described this qualitatively
different class of signals by a scaling exponent ¢ and a (logarithmic) oscillation frequency V.
Despite the fact that the amplitudes of these oscillatory signals suffer from the inherent suppres-
sion due to their production mechanism and the transfer mechanism to late-time observables, we
showed that these oscillations, if present in the survey data, can be more easily isolated from
the galaxy power spectrum than the power-law signatures considered in Chapter 2 due to their
distinct shape. We forecasted the sensitivities for current and future galaxy surveys across the
(o, v) parameter space, and obtained (to our knowledge) the first observational constraints on
this class of primordial non-Gaussianity using the BOSS DR12 dataset. As in Chapter 2, the
BOSS constraints are consistent with our forecasted sensitivities, again validating the theoretical
pipeline we used to connect primordial physics to late-time galaxy clustering.

Beyond the individual results presented in these two chapters, the recurring forecast-data
agreement for two qualitatively different classes of signals (power-law behavior on the large
scales and oscillations on the small scales) suggests that the modeling choices common to
both analyses (the parameterization of the scale-dependent bias, the handling of degeneracies
with the non-primordial galaxy biases, and the scale cuts) are applicable to a wide range of
signals. Therefore, our work provides a tested and reasonably general pipeline for connecting a
broad range of inflationary dynamics to the galaxy power spectrum. Additionally, it is worth

pointing out that while higher-N-point statistics and map-level analyses are in principle capable
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of extracting more primordial information than the power spectrum, their reach for non-local
shapes of non-Gaussianity has historically been limited by observational and computational
obstacles (see the related discussions in Chapters 2 and 3). Given these limitations, our results
in Chapters 2 and 3 show that despite being the most well-understood observable of the large-
scale structure, the galaxy power spectrum remains an under-exploited channel for constraining
inflationary physics today.

Looking ahead, the findings of this work point in several directions. The most immediate
next step is to apply the tested pipeline to current and next-generation galaxy surveys, including
DESI, Euclid, SPHEREX, and LSST, whose larger volumes, higher number densities, and in
some cases multi-tracer capabilities were already shown in our forecasts to substantially improve
their sensitivity to primordial non-Gaussianity over BOSS. On the theoretical side, the models
considered in this work constitute only a small set of a large space of possibilities. Extending
the analysis of PNG beyond the squeezed limit to other bispectrum configurations, and to a
broader range of spins, multi-field scenarios, and mechanisms such as chemical potentials (see
the discussion in Chapter 2), would allow future work to probe an even wider range of inflationary
models.

Furthermore, the suppression of the oscillatory signal arising from the averaging over
small-scale features in the transfer of primordial fluctuations to the power spectrum, identified
in Chapter 3, provides motivation for higher-N-point statistics and map-level analyses, which
may be less susceptible to this suppression due to retaining more direct information about the
underlying mode-coupling. There are also opportunities for complementary measurements from
cross-correlations of the galaxy distribution with other observables such as CMB secondary
anisotropies, weak lensing, and line intensity mapping (see the outlook discussion in Chapter 3).
Finally, many practical challenges identified in both chapters, such as the identification and
mitigation of large-angle systematics in future photometric surveys, and the modeling of the
halo formation process based on universality relations, remain unresolved and will need to be

addressed as survey precision continues to improve.
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As the next generation of galaxy surveys becomes available, the large-scale structure
will provide an increasingly precise laboratory for physics at energy scales far beyond the reach
of any terrestrial experiment. This work forms part of a broader effort, spanning advances in
both theoretical understanding and observational strategies, to extract the maximum possible
information about the earliest moments of the Universe. Our results show that searches for scale-
dependent and oscillatory signatures in the galaxy power spectrum can already make meaningful
progress with existing methods and data, while providing a foundation for the substantially

greater precision of upcoming surveys.
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Appendix A
Appendix for Chapter 2

A.1 Forecasting Details

In this appendix, we collect additional information on our LSS Fisher forecasts. We first
provide the full set of definitions underlying our model for the galaxy power spectrum and then

describe the experimental specifications of all galaxy surveys employed in the main text.

A.1.1 Galaxy Power Spectrum Model

We model the galaxy power spectrum at one-loop order in standard Eulerian perturbation
theory and in the bias expansion where the galaxy overdensity &, is a function of terms up to
third order in the linear matter density contrast &,, [cf. (2.8)]. The theoretical galaxy power

spectrum for two biased tracers A and B is then given by (2.11). The various loop contributions
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in that equation are defined as follows:
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where k = 751 —|—%2 + %3 and Ggs) (%1 ,%2) is the symmetric, second-order kernel of the velocity

divergence 0,,,
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2 (k1K) 7+7< Tk \k  k (A.12)

A.1.2 Survey Specifications

In the following, we provide detailed information about the spectroscopic and photo-
metric redshift surveys that we employ in our Fisher forecasts, including the assumed redshift

distribution in bias and number density.
Spectroscopic Surveys

The experimental specifications of the spectroscopic redshift surveys BOSS, DESI,
Euclid, SPHEREXx, MegaMapper and the billion-object survey are provided in Tables A.1 to A.6.
We provide the linear bias 1 and number density i, for each sample and redshift bin with mean
redshift Z and spherical volume V. For DESI, different types of tracers were combined into
one galaxy sample with a single effective number density and bias following [18, 111]. Since
the number density of DESI is not in the regime where sample-variance cancellation is most
effective (see Fig. 2.4), our results should be relatively insensitive to this choice. For all surveys,
we treat each redshift bin as being independent so that the Fisher matrix for the entire survey is
the sum of the Fisher matrices associated with each separate redshift bin.

Table A.1. Basic specifications for a BOSS-like survey [18] (inspired by [281] as detailed

in [111]), covering a sky area of 10252 deg2 with a total of about 1.2 x 10° objects in a volume
of roughly 6.3 473 Gpc?.

Z 0.35 0.625
b 1.634 1.877
1037, [P Mpc™3]  0.275 0.142
V [h=3Gpc?] 2.18  4.15
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Photometric Surveys

To forecast Vera Rubin Observatory’s LSST, which is a photometric redshift survey, we
use the “gold” sample defined in their science book [107], which includes more than four billion

galaxies over 20000 deg?. The number of objects in each redshift bin is calculated according to

Z=Zmin
(223 + 2202+ 2%) e /% : (A.13)

Z=Zmax

N, tothky

Ng (ZmimZmaX) = 2Z2
0

where Ny = 55arcmin—2, Qky = 20000deg2 and zp = 0.3. The bias is taken to be by (z) =
0.95/D(z) and we assume a photometric redshift error of 6,9 = 0.05. Table A.7 explicitly
provides the derived experimental specifications for this survey with zp.x = 3 and twelve redshift

bins with width Az = 0.25.
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Table A.2. Basic specifications for DESI [18] (derived from [104] as explained in [111]),
covering a sky area of 14000deg” with a total of about 2.7 x 107 objects in a volume of

roughly 58 43 Gpc?.

Z 0.05 0.15 025 035 045  0.65
b 1.40 148 155 1.61 1.67 205
1037, [h*Mpc—3] 38.8 157  3.96 0.883 0.0992 0.591
V [h3Gpc?] 0.0356  0.229 0.560 0.979 1.44  2.39
4 075 0.85 095 1.05 1.15 1.25
b 171 171 1.53 1.45 148  1.47
10%, ["*Mpc™3] 1.31  0.920 0.779  0.466  0.398 0.387
V [h=3 Gpc?] 283 324 3.6l 3.94 4.24  4.49
4 135 145 155 165 175 185
b 147  1.69 168 227 245 247
1037, [”*Mpc—3] 0.180 0.133  0.110 0.0387 0.0197 0.0208
V [h=3 Gpc?] 471 490 505 518 529  5.37

Table A.3. Basic specifications for the Euclid survey [111] (derived from [282]), covering a sky
area of 15000 deg” with a total of about 4.9 x 107 objects in a volume of roughly 71 A~3 Gpc>.

4 0.65 075 0.85 0.95 1.05 1.15 1.25 1.35
b 1.06 1.11 1.16 121 1.27 133 1.38 1.44
10%7, [i*Mpc™¥] 0.637 1.46 1.63 1.50 1.33 1.14 1.00 0.837
V [h=3 Gpc?] 256 3.03 347 3.87 423 454 481 505
4 145 155 1.65 1.75 1.85 195 2.5
by 151 154 1.63 1.70 1.85 190 1.26
1037, [R*Mpc™3]  0.652 0.512 0357 0.246 0.149 0.0904 0.0721
V [h=3Gpc?] 525 541 555 567 576 583  5.88

144



Table A.4. Basic specifications for SPHEREx [283], covering a sky fraction fgy = 0.75 with a
total of about 7.0 x 103 objects in a volume of roughly 450 43 Gpc3. SPHEREX is a spectro-
photometric survey and the observed objects are divided into five samples based on their photo-
metric redshift uncertainty bin, with respective maximum error 6,9 = {0.003,0.01,0.03,0.1,0.2}.
The volume V' and the galaxy number density i, are given in units of h=3Gpc? and A* Mpc 3,
respectively.

Z 01 03 05 07 09 13
v 0.584 340 743 115 151 604
(1 13 15 18 23 21 27

1
@ 12 14 16 19 23 26
105 1230 856 282 93.7 43.0 5.00

3)

b
105 997 411 501 7.05 3.16 1.64
b

b 10 13 15 17 19 26
109 1340 857 362 294 204 212

098 13 14 15 17 22
10975 2290 1290 535 495 415 79.6

083 12 13 14 16 21
109 1490 752 327 250 183 734

z 19 25 31 37 43
v 714 736 718 683 642
bV 36 23 32 27 38

105" 0359 0.0807 0.184 0.150 0.113

bt 34 42 43 37 46
105 0.803 0383 0328 0.107 0.0679

30 32 35 41 50
105 0.697 0.202 0.143 0.193 0.0679

36 37 27 29 50
109" 775 0787 0246 0.193  0.136

32 42 41 45 50
109 253 541 299 0941 0.204
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Table A.5. Basic specifications for MegaMapper [108], covering a sky area of 14000 deg? with
a total of about 6.6 x 107 objects in a volume of roughly 200 4~ Gpc>.

4 2.0 3.0 4.0 5.0
b 2.5 4.0 3.5 5.5
1037, [B*Mpc™3] 098  0.12  0.10  0.040
V [h3Gpc?] 540 544 500 448

Table A.6. Basic specifications for our (futuristic) spectroscopic billion-object survey, covering
a sky fraction fgy, = 0.5 with a total of 10° objects in a volume of roughly 330273 Gpc>. The
observed objects are divided into two samples based on their linear bias, b1 (z =0) =2.0 and 1.2.

z 025 075 125 175 225
V [h3Gpc?] 478 206 32.8 38.8 408

p{! 228 294 366 441 517
137 [B3Mpe=3] 1.54 154 154 154 154
b 137 176 219 264 3.10
10377 [B3Mpe=3] 1.54 154 154 154 154
z 275 325 375 425 475
V [h—3Gpc?] 40.7 394 377 359 340
bV 594 672 751 829 9.07

13 [3Mpe=3] 154 154 154 154 154
2)

b 357 403 450 497 545
1377 [B3Mpe™3] 154 154 154 154 154

Table A.7. Basic specifications for Vera Rubin Observatory’s LSST [107], covering a sky area
of 20000 deg” with a total of about 4 x 10° objects in a volume of roughly 170 1= Gpc>. The
photometric redshift error is 0,9 = 0.05.

z 0.125 0375 0.625 0.875 1.125  1.375
by 1.01 1.16 1.31 1.48 1.65 1.82
1037, [B*Mpc—3] 292 183 108 63.6 36.8 21.0
V [h=3 Gpc?] 0.709  3.93 8.10 119 14.9 17.0

4 1.625  1.875 2125 2375 2625 2875
b 2.00 2.18 2.36 2.54 2.73 2.91
1037, (B Mpc™3] 119 6.46 3.55 1.94 0.969  0.646
V [h=3 Gpc?] 18.4 19.2 19.7 19.9 19.8 19.6
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A.2 Measuring the Scaling Behavior

We have assumed for all forecasts throughout the paper that the fiducial value of the non-
Gaussian amplitude fl\A]L vanishes. This is of course motivated by the fact that we have only been
placing observational bounds on PNG that are consistent with fﬁL = 0, including in Section 2.5.
We additionally always considered the scaling exponent A to be fixed. In this appendix, we
will consider nonzero fiducial PNG amplitudes and clarify to what degree measurements of the

galaxy power spectrum are sensitive to the precise value of A.

We defined the correlation between the non-Gaussian signals of two different values of A
in (2.33) in terms of the respective Fisher matrix elements (after marginalization) for a fiducial
value of fI\AllL'z = 0. For BOSS, we can observe in Fig 2.10 that this correlation is close to unity,
even for widely separated values of A. We see in Fig. A.1 that this statement still holds for the
billion-object survey. In fact, the range of A which are highly correlated with the local shape
further expanded. Naively, this suggests there is little information about the shape of the signal,
described by A, encoded in these observables.

To first approximation, the fiducial value of fl\AIL = 0 is the reason why we see little ability
to distinguish different values of A. Since there is no signal to measure, it is not surprising that
the precise shape is not very important. If we were instead to detect fl\AIL, we would expect that
the signal to noise would be a fairly sensitive function of A and we could therefore measure
the true value of A precisely. This is exactly what is found in Fig. A.2, in which we show the
forecasted constraints for measuring A, 6(A), assuming that fI\AIL is detected at a significance
of 50 in the billion-object survey. The key result is that if we detect fl\AIL while holding A fixed,
we expect to have enough sensitivity to measure the scaling exponent with (A) ~ 0.05 —0.5.
In this sense, the strategy of searching for fl\AIL at fixed A is a reliable strategy to search for
new physics, but would yield additional information about the origin of the signal even at the
threshold of a detection. When we instead marginalize over A, we require a significantly larger

non-Gaussian amplitude fﬁL to be detected. In this case, the corresponding uncertainties on A
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Figure A.1. Correlation matrix for measurements of galaxy power spectra with different values
of the non-Gaussian scaling exponent A as defined in (2.33) for the billion-object survey and four
biasing models. The lower right panel is equivalent to Fig. 2.10, which shows the correlations
for BOSS. As in that figure, we hold the ACDM parameters fixed, take the fiducial non-Gaussian
amplitudes to be zero, fﬁ’L = 0, and indicate the coverage of the local and equilateral templates
with a correlation coefficient of at least 0.9 by the orange lines. We can clearly observe the
impact of the biasing model and the different experimental specifications compared to BOSS.

148



—— Fixed biases Marginalized over by === by, bg2,bga === by, bg2, by, bs2, bs2, by

103 T T T

E 3 T T T 3
Fixed A E F Marginalized A /

102

100

10—1

L AL = 5o (fAL)

100

a(A)

101

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

A A

Figure A.2. Forecasts for o(f4; ) (top) and o(A) (bottom) as a function of A if the scaling
exponent is either fixed (left) or varied (right) for the billion-object survey. To compute the
constraint on A, we take the fiducial value of the non-Gaussian amplitude, fg; , to be the value
necessary to achieve a 5o detection in the respective forecast. We fix the ACDM parameters and
marginalize over four different biasing models.
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would however be generally smaller, with o(A) < 0.1.

At first sight, it might seem surprising that the curves of 6(A) in Fig. A.2 have minima at
the values of A where the curves of o( fﬁL) have maxima or downward bends. By comparing
the curves for different biasing models, we can however see that these features are the result
of marginalizing over the bias parameters. For example, we noted in the main text that the
maximum in o ( fﬁL) near A = 1 when marginalizing over b arises because the linear bias by
and fl\AIfl are degenerate at high k. The fact that the measurement of fl\AIL is less constraining at
this point then also implies that we are very sensitive to the exact value of the scaling exponent A.
When we hold f3; /o(f4;) fixed, we should therefore expect that o(A) is smaller in regions

of A where fﬁL is degenerate with bias parameters.

Let us finally return to the correlation coefficients between scale-dependent biases with
different scaling exponent A. In order to be consistent, the impact of marginalization over the bias
parameters must also appear in cos( ﬁi, Iﬁi) Specifically, the impact of the marginalization
has a large impact on o( fﬁL) for larger values of A. For the inferred constraints to be consistent
with our forecasts, this has to imply that the correlation between large and small A decreases by
a similar factor. If this was not the case, our constraints inferred from fﬁ;’f at large A would be
stronger than directly measuring fl\AIL.

This expectation is precisely what occurs, as shown in Fig. A.1. The correlation coef-
ficients for larger A are affected by the number of bias parameters that are marginalized over.
With more marginalized bias parameters, the range over which A < 2 and A = 2 are degenerate
decreases significantly. This is expected since the (equilateral) signal for A = 2 gets most of its
information from large wavenumbers, where the biases play a significant role (cf. §2.4.2). In
contrast, the increase of the range of strong overlap with A = 0 is likely due to the increasing
difficulty to distinguish similar shapes of A with the inclusion of more bias parameters. Finally,

it is also worth noticing that the non-Gaussian signal with A = 0 (local PNG) appears to be

anti-correlated with the scale-dependent bias signal for A ~ 2 in the last three panels of Fig. A.1
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in which we marginalize over the biasing model.
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Appendix B
Appendix for Chapter 3

B.1 Details for the Fisher Forecasts

The forecasts presented in Section 3.4 were obtained following standard Fisher methodol-
ogy. Many of the specific choices and experimental specifications are described in detail in [193].
In this appendix, we summarize the implemented changes to address the subtleties induced by
high-frequency oscillations that are unique to the models discussed in this paper. We also include

additional forecasting results.

Bandpowers

A lot of useful intuition for measuring primordial oscillations can be derived from time-
series analysis. We measure the power spectrum at a finite number of wavenumbers k; and can
therefore only extract a finite list of frequencies. Unlike most time series, however, we do not
actually measure the power spectrum at a unique set of points. Instead, different Fourier modes k
are binned according to their length k. As the oscillatory frequencies approach the bin size (or
spacing), this detail can significantly impact the results.

In order to model the binning procedure, we computed the Fisher matrix by summing
over discrete wavenumbers k; based on the minimum binning width Ak, which is conservatively
set by the volume V of a given redshift bin, and the minimum accessible wavenumber k,;, = Ak.

For a sufficiently small Ak, the power spectrum is smooth and we can approximate it in a
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given band [k; —A/2,k; + A/2] by taking the midpoint value P; = P,(k;). For high-frequency
oscillations, there will however be significant variations within each band and our ability to
resolve these features will be limited, as depicted in Fig. B.1. If we do not take this into account,
our results would suffer from aliasing. This is why we compute the bandpowers P; as the average

power spectrum in a given bin centered around k;,

1 hitAk/2

= — kPy(k). B.1
Ak Jii—ak/2 «(k) 5D

When numerically implementing this, it is important to sufficiently sample the theoretical galaxy
power spectrum P, to resolve the oscillations which requires a sampling step of Ak’ < Ak, with
Ak" < 8k(kmin, Vmax )» Where Viax is the largest logarithmic frequency considered. We introduced
here 8k(k, V) as the separation of the zeroes of the oscillatory term O(k) defined in (3.46) which
depends on both the wavenumbers k and the logarithmic frequency v, as illustrated in Fig. B.1.

To use our intuition from time series and linear features, we can convert 0k to an (effective) linear

10t ; ———— T —— 7 ; —
—_—y =1 4100
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10— v =10
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Figure B.1. Separation of zeroes 6k of the isolated oscillatory signal (or, alternatively, its
effective linear frequency @y, ) for five values of the logarithmic frequency v as a function of
wavenumber k. The gray-shaded regions indicate the wavenumbers that are inaccessible in our
BOSS forecasts below ki, and above knax, respectively, and the red-shaded regions are those
in which the survey is partially (light red) and completely (dark red) insufficient to resolve the
oscillations at ky,, highlighting the need to use bandpowers in our forecasts.
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frequency @i, which naturally decreases with increasing wavenumber for a given logarithmic
frequency.

To illustrate the ability to resolve the logarithmic oscillations over the range of wavenum-
bers used in our forecasts for BOSS, we also highlight their values of kyjn, kmax and band-
width Ak (see also footnote 22). Signals in the white region of Fig. B.1 (8k > Ak) are fully
resolved by the survey, those in the light-shaded region (Ak’ < 6k < Ak) are partially affected by
the bandpass filtering and those in the dark-shaded region (6k < Ak" = Ak/40) would be entirely
affected for frequencies v > 100. This also explains and the figure visualizes the maximum
frequency Vmax = 55 for which we forecast the constraining power of BOSS in §3.4.3. As a
point of comparison, we found that the BOSS forecasts using the midpoint approximation lead to
approximately the same constraints as those including the bandpowers if v < 20. We finally note
that our bandpass filtering is additionally serving as an approximate way to include the effects of

the survey window function on the oscillations as shown in [18].

Phase Dependence

The purpose of forecasting is to anticipate the behavior of our analysis of observed
data and estimate the sensitivity of future surveys. One of the downsides of a Fisher approach
however is that the uncertainties are effectively implemented as Gaussians around a fiducial
value. This is important to keep in mind and one of the reasons why we employ the amplitude
instead of the phase parametrization as mentioned in the main text. We explicitly show in
Fig. B.2, how the forecasted uncertainty for the amplitude(s) is affected by the fiducial value
of the phase when characterizing the logarithmic oscillations in terms of an amplitude and a
phase. Specifically, we display the two-dimensional contours in the (A¢os,Agin) plane for @ =0
and v = 1, as in Fig. 3.8, but for five different values of the fiducial phase. The forecasts in

fid Aﬁd

this case are computed by setting the fiducial values (A.G, A’

) as given by the fiducial phase

¢rq = arctan(—Afd /A4 ) and overall amplitude. We then calculate the posterior distribution

sin

around that (necessarily non-Gaussian) fiducial point in the (Acos,Asin) plane and convert the
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Figure B.2. Forecasted posterior distributions for (Acos,Asin) and the derived limits on A fﬁL’v
for different fiducial phases ¢g5q = arctan(—Afld /Afid ) if we had used the phase instead of the

sin
amplitude parametrization to model the logarithmic oscillations. The scaling dimension is set to

a = 0and v = 1, and the phase is varied by setting Al = cos ¢4 and changing Ag‘rll accordingly.

The light and dark blue contours represent the two-dimensional posterior distributions at 1o
and 20, respectively, while the orange circle encloses 95% of the probability centered around the
origin to indicate the 95% upper limit on A fﬁL’v. The green dotted lines visualize the constraints
projected along the direction specified by the fiducial phase which then translates to the green
circle displaying the corresponding limit on A fﬁiv. We can clearly observe the dependence of
these projected limits on the fiducial phase due to the highly degenerate nature of A.qs and Agiy
for the considered scaling dimension, showing why the 95% upper limit (orange circle) is a more
robust indicator of the survey sensitivity to the overall non-Gaussian amplitude.

two-dimensional distribution to a 95% exclusion limit on A fﬁL’v by taking the half-width of the
20 contour along the direction specified by the fiducial phase. This is displayed by the green
dotted lines and their corresponding circles. While the forecasted two-dimensional posterior
for (Acos,Asin) is unaffected, the inferred 95% exclusion limits on the overall amplitude clearly
vary with the fiducial phase and can therefore obfuscate the survey sensitivity by directly
depending on its value. We consequently followed the method developed in [18] to work in
the amplitude parametrization and implicitly marginalize over the phase when deriving the
95% upper limits on the non-Gaussian amplitude A fﬁ]:v (orange circles). As an additional
advantage, this also allows us to fiducially pick the Gaussian cosmology with Acos = Agin = 0

which would not have been possible with the phase parametrization.

Cosmology Dependence

Our results depend on cosmology (and astrophysics) directly through the signal and
noise that enter the forecasts, and indirectly through choices in our analyses and parameters we

marginalize over. The direct cosmological impact is often self-evident, while the indirect effects
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Figure B.3. Effect of marginalizing over the cosmological parameters and imposing a CMB prior
on the forecasted 95% exclusion limits on the non-Gaussian amplitude A fﬁiv for four values
of o as a function of v. The solid lines, which show the results when marginalizing over the
ACDM parameters with a Planck CMB prior, are the same as in Fig. 3.6. The dashed and dotted
lines display the limits without imposing this prior and when fixing the cosmological parameters
to their fiducial values while still marginalizing over the bias parameters. The impact of the
CMB prior on the forecasts amounts to factors of O(1) for small frequencies (v < 10) and
percent-level to negligible differences at high frequencies (v = 10) as expected. The difference
between imposing a CMB prior and fixing the cosmological parameters is very small, except for
the billion-object survey at large o and small v.

may go unnoticed. Given that we scan over a wide range of frequencies, with the signal moving
in k with the scaling exponents, it may be unclear where the changes in sensitivity originate
from.

We illustrate the effects that marginalizing over the cosmological parameters and impos-
ing priors from a Planck-like experiments have on the forecasted non-Gaussian limits in Fig. B.3.
We clearly see that forecasts for v > 10 are unaffected by marginalizing over ACDM without
any priors. This quantifies our expectation that the non-Gaussian signal at high frequencies is

not degenerate with the smoother changes of the galaxy power spectrum due to cosmological pa-
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rameters. Perhaps more surprising is that the impact of the Planck prior for v < 1 is not dramatic
although visible up to factors of O(1). An important take-away for the analysis of BOSS data
in Section 3.5 is that fixing the ACDM parameters to their fiducial values leads to essentially
the same results as varying them with the mentioned CMB prior. Given the goals of this work
and the dramatic speed up in the statistical analysis of the data, we indeed adopted this approach
as detailed in the main text. In fact, fixing the cosmological parameters and marginalizing over
them with a Planck prior only lead to changes at the level of a few to 20% depending on & even
for future surveys (especially around v = 10 due to the discussed degeneracy with the scale
of baryon acoustic oscillations), except for the billion-object survey at large & and small v for
which the forecasted limits are more visibly affected.

In Fig. B.4, we investigate the impact of a variety of cosmological and astrophysical
factors on our forecasts for the billion-object survey through the lens of the employed maximum
wavenumber kpax by fixing and varying the cosmological and bias parameters, respectively.
If our forecasts are limited only by cosmic variance, then increasing the number of modes
should dramatically improve the sensitivity. This relative improvement is seen consistently for
v > 30 for all values of a, regardless of the details of the analysis. This is consistent with
our expectation that the high-frequency regimes are robust to most degeneracies. In contrast,
we notice a significant feature around v = O(10) for the full forecasts that is absent when
the ACDM parameters are held fixed. This feature is consistent with being the result of the
degeneracy between v and the scale of baryon acoustic oscillations which corresponds to a
linear frequency of 150 Mpc (cf. Fig. B.1). We also see many features around v = O(1) due to
degeneracies with both biasing and cosmological parameters. Overall, we clearly see that the
high-frequency regime is very robust due to its oscillatory nature breaking degeneracies with the
other effects that all result in smooth changes to the galaxy power spectrum, as is also evident at

small frequencies.
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Figure B.4. Relative improvement of the 95% upper limit on A fﬁiv for the billion-object
survey when increasing the maximum wavenumber from our fiducial and conservative choice of
kmax = khalo to the more optimistic kmax = knp(2) as a function of frequency v for four scaling
exponents. The solid blue line is the ratio of the lines displayed in Fig. 3.9, while the dotted
blue line fixes instead of marginalizes over the bias parameters. For the green and orange curves,
the biases were marginalized, but the ACDM parameters and all parameters except for Acos
fixed, respectively. We can observe that the relative improvement is robust to these variations for
v 2 30, shows the largest value for v = O(10) due to the degeneracy with the baryon acoustic
oscillations and exhibits the underlying degeneracies in the small-frequency regime, especially
for increasing scaling exponent .
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Figure B.S. Forecasted constraints on the amplitude of primordial non-Gaussianity in terms of its
95% exclusion limit as a function of the oscillation frequency v for four additional values of the
scaling exponent & than in Fig. 3.6. We refer to the caption in the main text for the description
and explanation of the displayed curves, but note that the range of limits differs here between the
top and bottom panels by three orders of magnitude. These results extend the values of o to the
entire range investigated in this work and additionally complement the relative exclusion limits
of the oscillatory with respect to the non-oscillatory signals presented in Fig. 3.7.

Additional Forecasts

To conclude this appendix, we show the forecasted upper limits on A fffiv for four
additional values of the scaling exponent « in Fig. B.5 to complement the results displayed in
Figures 3.6 and 3.7 in the main text. The negatives values of & = —1 and — 0.5 further highlight
that the forecasts are generally worse for v £ 0 than for v = 0 when the scale-dependent bias
signal is dominant at small wavenumbers. This is compatible with the idea that the low-k
information is lost by marginalizing over the phase at small v without sufficient gains from
the high-k modes for which the signal vanishes, even at large v. At the same time, the overall

constraint on the non-Gaussian amplitude is tighter than for positive ¢, as expected. The
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cases of @ = 1.5 and 3 have signals that peak at larger k where they can be distinguished from
nonlinearities when v > 10. The case @ = 1.5 is of particular note here because it corresponds
to the classical cosmological-collider signal of a coupling to a single massive particle. Finally,
we see that the improvement in forecasts from BOSS through a billion-object survey are largely
independent of the scaling exponent &. For v > 10, the improvement by roughly an order of
magnitude is effectively independent of ¢, showing that the improvement in the sensitivity is not

strongly affected by the nature of the signal.
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B.2 Details for the BOSS Analysis

In this appendix, we collect additional information from our data analysis of the BOSS
DR12 dataset presented in Section 3.5. We present three additional figures to illustrate the
posterior distributions of the oscillatory amplitudes and our inference of the 95% limits, the
obtained exclusion limits on the oscillatory PNG amplitude, and those on the non-oscillatory

PNG amplitude.

To provide additional insight into our parameter inference and our procedure for inferring
the 95% exclusion limits on the overall PNG amplitude A fﬁiv, Fig. B.6 shows all posterior
distributions directly based on the MCMC samples for the scaling exponent & = 0 in the plane
of the oscillatory amplitudes A.os and Ag,. We observe the same rotating degeneracy line
with increasing frequency v as predicted in our forecasts of Fig. 3.8. For frequencies v 2 1,
this degeneracy is effectively absent and the posterior is close to isotropic, while for v < 1
the degeneracy becomes very pronounced. As a result, the orange circle, whose radius is the
95% exclusion limit on A fﬁiv since it encloses 95% of the Monte Carlo samples (see §3.5.1
for details), provides an accurate summary of the statistical sensitivity of the survey to our
PNG signal at large frequencies, but underestimates the constraining power for small v in the
form of weaker reported limits. We also note that the other eight values of & exhibit qualitatively
the same patterns and behaviors as shown here for o = 0, with some scaling dimensions
exhibiting non-Gaussian posteriors in (Acos, Asin)-

We presented the 95% exclusion limits on the oscillatory PNG amplitude A fﬁiv in
Fig. 3.11 as a function of the frequency v for the nine sampled exponents ¢. In Figure B.7, we
display these limits as a function of both v and & providing an additional way of interpreting
especially their qualitative behavior. The degradation of the inferred limits with decreasing
frequency and increasing exponent is clearly visible both in the color gradient and in the contours
of constant exclusion limit. This behavior reflects the interplay between the effective wavenumber

range probed by the signal at a given signal-to-noise ratio of the survey and the ability of the
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non-Gaussian oscillations to break degeneracies with smooth bias contributions, as discussed in
detail in the main text in the context of both the forecasts (§3.4.3) and the data analysis (§3.5.2).
Finally, we show the 95% exclusion limits on the absolute value of the non-oscillatory

PNG amplitude | fﬁg

as a function of the exponent & in Fig. B.8. Since we extended the
range of scaling exponents studied in this work compared to [193] from [0,2] to [—1,3] (see

the main text for the phenomenological motivation), we reran the analysis of [193] in order
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Figure B.6. Posterior distributions of (Acos,Asin) for a scaling exponent of a = 0 and the
19 frequencies v sampled in our analysis of BOSS DR12 data. The panels show the pixelated
posteriors based on the MCMC samples marginalized over the bias and EFT parameters, with
their density increasing from light to dark blue. The red contours enclose the pixelated 95% con-
fidence regions around the respective maximum posterior points while the orange circles contain
95% of the total probability around the origin A ﬁiv = Acos = Agin = 0 as obtained from the
shown pixelated posteriors. As explained in §3.5.1, the radius of the latter therefore is the
95% exclusion limit of A fﬁiv which we employ to quantify and compare our results. We see that
this method and our inferred limits well represent the posteriors for frequencies v 2 1 when the
oscillatory amplitudes A.os and Agj, are (effectively) uncorrelated, but may underestimate the

actual statistical power of BOSS for smaller frequencies for which this correlation is strong.
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Figure B.7. Exclusion limits at 95% c.l. on the non-Gaussian oscillatory amplitude A fﬁiv
inferred from the BOSS DR12 dataset as in Fig. 3.11, but shown as a function of both the scaling
exponent o and oscillatory frequency v of the non-Gaussian signature. The axes for ¢« and v,
and the colorbar for A fﬁiv are displayed on a linear, logarithmic-linear and logarithmic scale,
respectively. We also show the contours of constant exclusion limit for every decade in the
size of the amplitude. We can clearly observe how the constraining power of BOSS decreases

with increasing o while larger oscillation frequencies help to distinguish and constrain the
PNG amplitude.
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Figure B.8. Exclusion limit at 95% c.1. on the absolute value of the non-Gaussian non-oscillatory
amplitude | fﬁm inferred from the BOSS DR12 dataset as a function of the scaling exponent «.
The filled (unfilled) pentagons display the inferred positive (negative) mean values of fﬁl’dy.

This extends the range of scaling exponents from [0,2] as studied in detail in [193] to the
range [—1,3] considered in this work. For ease of comparison, the displayed range of values

for fﬁiy matches that of Fig. 3.11, with the mean values for ¢ = —1.0,—0.5 and 0.0 being
factors of approximately 100, 110 and 220 smaller than their respective 95% exclusion limits.
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to compare the inferred limits for these two classes of primordial non-Gaussianity across the

same range of exponents in Fig. 3.12. To be precise, we computed the upper limits on | fﬁi’é

at 95% c.1. so that they can be directly compared to the limits on the positive semi-definite
oscillatory amplitude A fﬁiv. These limits are essentially the same as the upper and lower
20 constraints on fﬁL’y reported in [193] (with the exception of & = 3, for which the difference is
approximately 25%). Across the extended regions & < 0 and o > 2, the inferred limits and mean
values behave as expected from the more detailed and more densely sampled results of [193],
with no indication of qualitatively new or unexpected behavior. This in particular includes a

large correlation length in the scaling exponent o and no detection of a nonzero PNG signal.
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