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The scale-dependent galaxy bias is an important signal to be extracted in constraining local
primordial non-Gaussianity (f19f*) from observations of large-scale structure. Constraints so obtained
rely on the assumption that horizon-scale features in the galaxy power spectrum are exclusively due to
primordial physical mechanisms. Yet, postinflationary effects can induce modulations to the galaxy
number density that appear as horizon-scale, scale-dependent galaxy bias. We investigate the effect of
two such sources of scale-dependent galaxy bias—the free-streaming of light relics and fluctuations in
the background of ionizing radiation—on precision measurements of local primordial non-Gaussianity
flocal from galaxy power spectrum measurements. Using the SPHEREX survey as a test case survey
reaching o(f19) < 1, we show that ignoring the scale-dependent galaxy bias induced by free-streaming
particles can negatively bias the inferred value of it by ~0.1-0.36. Ignoring the effect of ionizing
radiation fluctuations can negatively bias the inferred value of f}¢3 by ~16. The extent of inaccuracies
in parameter-inference so incurred depends on the source populations and the ranges of scales used in
the analysis, as well as the value of the neutrino mass and the modeling of the impact of ionizing
radiation. If these sources of scale-dependent galaxy bias are included in the analysis, forecasts for £l

are unbiased but degraded.
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I. INTRODUCTION

Cosmic inflation provides a compelling and simple
origin of primordial fluctuations in curvature that give rise
to the anisotropies in the cosmic microwave background
(CMB) and ultimately the distribution of matter and
galaxies in the Universe today [1-4]. In the simplest
scenario, the field that drives the exponential expansion
of inflation is also responsible for generating primordial
perturbations. Yet, in scenarios where additional light fields
are present during inflation, primordial perturbations may
have a more complex origin. A simple example is the case
where primordial perturbations are exclusively sourced by
a second light field, different from the inflaton. Example
implementations of this are the curvaton scenario [5-7] and
modulated reheating [8,9]; both cases are representative of
a variety of scenarios that could arise (for recent reviews,
see Refs. [10,11]).

Primordial curvature perturbations inherited from a
second light field are generically generated through a local
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nonlinear mapping of the fluctuations seeded during
inflation. This nonlinearity imprints a specific type of
non-Gaussianity on the initial curvature perturbations,

() = 60) + 2 AEEE? - () + o EE) + oo
n

where above {(X) is the primordial curvature perturbation
and £ is a Gaussian random field [12]. The particular value
of the coefficients fy; and gy are model-dependent, but in
simple scenarios are O(1). At present, the most stringent
constraints on these parameters come from CMB datasets,
with fy, = =09 £ 5.1 and gy, = (5.8 £ 6.5) x 10* at
68% confidence from Planck [13]. As of today, constraints
obtained from Large-Scale Structure are significantly less
stringent (see, for example, [14] for recent constraints on

"Throughout this paper, we use fx; and 19 interchangeably.
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S from the twelfth data-release of the Baryon Oscillation
Spectroscopic Survey (BOSS) [15]). In the near term,
however, constraints from galaxy surveys are expected to
surpass those from the CMB by nearly an order of
magnitude [16,17].

A key observable in the hunt for primordial non-
Gaussianity of the type given in Eq. (1), is a modulation
of the galaxy number density proportional to the primordial
curvature perturbation, in addition to the usual modulation
by the large-scale matter density field,

on on
9,79 + bgC, (2)

n n

g g

where 6n,/n, is the fluctuation in the galaxy number
density and b, is some coefficient. The equivalence
principle forbids a term such as b.¢ from being generated
dynamically, so this signature can only arise from initial
conditions [18]. Since ¢ is related to the matter density
fluctuation (in the comoving synchronous gauge)2 as
¢ ~8p,,/k* from Poisson’s equation, the imprint of the
b:{ term appears as a new term in the galaxy bias that
diverges at small wave number £,

b
Ab ~ k_g . (3)

Single field inflation does not predict any scale-
dependence in the galaxy bias like Eq. (3) [19,20].
A detection of nonzero fyni, gni, Or higher order terms
in Eq. (1) would therefore rule out all single-field, slow-roll
inflationary models for the origin of structure.” The
particular values of these parameters could further be used
to infer properties of the additional fields or the process by
which the perturbations in additional fields are converted
into curvature perturbations.

While it is indeed the case that postinflationary astro-
physical processes cannot generate a term like Eq. (3), there
are two known mechanisms that can cause increasing
changes to the galaxy bias with decreasing wave number,
down to values of k approaching the horizon. These are
(i) modulations to the galaxy number density caused by
fluctuations in ultraviolet (UV) background of ionizing
radiation [22] and (ii) changes to how the CDM modulates
the galaxy number density from gravitational interactions
with relativistic particles (e.g., neutrinos and photons)
[23-26]. Both of these change the galaxy bias on scales
related to the propagation distance of relativistic particles,
k ~aH, where a is the scale factor and H the Hubble
parameter. This violates the conventional wisdom that only

2Throughout this paper, we work in the comoving synchronous
gauge. See footnote 8 (on page 5).

“Even the gy term predicts a scale-dependent bias that goes as
1/k? on large scales. See, e.g., Ref. [21].

inflationary processes could generate correlations that
modulate the galaxy number density separately from the
matter density at such large scales.

In Ref. [22], it was estimated that UV background
fluctuations can modulate the galaxy number density at a
level comparable to fy;, ~ 1, while modeling the UV
background contribution to the galaxy power spectrum
would degrade constraints on fy; by ~40%. This paper
is the first to study the impact of scale-dependent bias from
neutrinos and light relics on fyy, forecasts. In this paper, we
quantify the importance of scale-dependent bias from
neutrinos and the UV background on precision measure-
ments of f, from galaxy power spectra, such as targeted by
the NASA mission SPHEREx [16] and the proposed
MegaMapper Survey [17]. SPHEREX is a planned all-sky
survey that (among other things) aims to study the imprints
of inflationary physics on large-scale structure by probing
galaxy redshifts over a large cosmic volume [16]. SPHEREx
is designed to minimise systematics in the measurement of
large-scale galaxy distribution and promises to constrain fyy,
tightly (64, ~ 0.5). SPHEREX will use both galaxy power
spectra and bispectra to achieve their target constraint. In this
paper, we restrict our analysis to the galaxy power spectrum
coming from the scale-dependent bias, which provides
roughly half the constraining power4 [16].

We use the SPHEREX galaxy survey as a test case and
build a likelihood that incorporates scale-dependent bias
from both UV background fluctuations and neutrinos on the
observed galaxy power spectrum. By performing an MCMC
analysis, we demonstrate the importance of these terms and
their dependence on galaxy populations, redshift, and
modeling assumptions. We use the parameter inference
package MontePython v3.4 [27,28], and our SPHEREXx like-
lihood is built by generalizing the Euclid galaxy power
spectrum likelihood [29] to multiple galaxy subsamples with
the specifications of the SPHEREXx all-sky survey [16].

We begin with a review of scale-dependent bias from
local-type primordial non-Gaussianity in Sec. II. In Sec. 111,
we review scale-dependent bias from neutrinos and fluc-
tuations in the UV background. In Sec. IV, we present our
model for the galaxy power spectrum in the presence of
fno, neutrinos, and UV background fluctuations. The
likelihood used for forecasts is given in Sec. VI and our
results are presented in Sec. VII. We conclude in Sec. VIIIL.

“Biased tracers, including those used for bispectrum measure-
ments, are generically altered by UV fluctuations and light relics,
so constraints on fy; from the galaxy bispectrum could also be
impacted these effects. Yet, much of the constraining power of the
galaxy bispectrum for primordial non-Gaussianity is driven by
the fyp contributions to the matter bispectrum that peak in
the squeezed limit, rather than the scale-dependent galaxy bias.
The squeezed-limit matter bispectrum is only very marginally
changed by light relics [24,26] and is unchanged by UV back-
ground fluctuations. We therefore restrict our attention to the
galaxy power spectrum and leave an investigation of the
bispectrum of biased tracers to future work.
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TABLE I.  Fiducial values for the six standard parameters of the
flat-ACDM model, in addition to our fiducial neutrino mass and
local primordial non-Gaussianity parameters.

wyp, Deam 1006S A_Y
0.02218 0.1205 1.041126 2.032692 x 10~
ng Zreio M v Kj)f‘al
0.9613 7.68 0.06 eV 1.0

A short appendix presents the full explicit expression for
the galaxy auto and cross-power spectra.

Throughout this paper, we assume a flat ACDM cos-
mology with massive neutrinos with fiducial parameters as
in Table I. Unless otherwise stated, we assume a degenerate
hierarchy” of three massive neutrinos with a total neutrino
mass of M, = 0.06 eV.° The general strategy we follow is
to conduct MCMC runs with our SPHEREx galaxy power
spectrum likelihood (plus a mock Planck CMB likelihood,
which roughly matches Planck 2018 sensitivity, to break
parameter degeneracies [36]) with and without the neutrino
and ionizing radiation effects of different magnitudes and
study how this affects the forecast of fy;. This enables us
to quantify the extent to which the measurements of fy,
can be biased’ if these nonprimordial effects are not
incorporated in modeling the galaxy power spectra.

II. SCALE-DEPENDENT BIAS DUE TO LOCAL
PRIMORDIAL NON-GAUSSIANITY

In this section, we present a derivation of the scale-
dependent bias caused by local primordial non-Gaussianity.
We show that the linear bias of galaxies acquires a
scale-dependent correction that diverges at large scales.
Throughout this paper, we work in the comoving synchro-
nous gauge because it is only in this gauge that the linear
bias relation (6, = b, X 6.) remains valid (at linear order)
out to the largest scales [37].8

>Of course, for small values of M ,» a completely degenerate
mass hierarchy is not consistent with oscillation data, yet this
proves to be a good approximation across the range of masses we
consider [30]. Additionally, the scale-dependence in the galaxy
bias introduced by the free-streaming of neutrinos is mostly
sensitive to the total neutrino mass and is not significantly
sensitive to the distribution of mass between individual neutrino
mass states [26]. See also [31-33] for more details.

®To analyze the impact of neutrino-induced scale-dependent
bias, we consider neutrino masses going up to M, = 0.3 eV,
roughly corresponding to conservative cosmological constraints
(see, e.g., Refs. [34,35]).

"Note that in this paper we use the word “bias” to mean
“galaxy bias” or to denote inaccuracies in the measurement of
cosmological parameters depending on the context of a given
statement.

*In other gauges, there are typically additional terms in the linear
bias relation that become more important at large scales [37].

Models of inflation containing additional light fields
along with the inflaton typically generate the “local” type
of primordial non-Gaussianity as given in Eq. (1). The
canonical example we consider here is of curvature
perturbations which are inherited from a single additional
light field such as a curvaton [38,39], wherein the primor-
dial curvature perturbation is quadratic in a Gaussian
random field as,

() =R SRR ), @)

where £ is a Gaussian random field such that the power
spectrum of primordial curvature perturbations is

P(k) = Pe(k) + O(f3LPY). (5)

In Fourier-space, Eq. (4) implies that the non-Gaussian
correction to a Fourier mode is a convolution of the
Gaussian curvature

() = F) + 3 Frad * 6F) 2 (@) CaP5h (D). (©

To analyze the effects of local-type primordial non-
Gaussianity on the clustering of dark matter haloes, we
follow the peak-background-split approach [40]. This
approach proceeds with the observation that one can split
the density field into a large-scale component, one that only
varies significantly over lengths much larger than the radii
of typical dark matter haloes, and a small-scale component
that eventually undergoes nonlinear gravitational collapse
to form haloes. The halo bias can then be studied by
examining the growth of small-scale matter density per-
turbations within a “background” of an ambient large-scale
matter density. Following in this spirit, one can separate the
small and large-scale parts of { and & ({ = ¢ + ¢, and
& =&, + &) and express the primordial curvature ¢ (up to
linear order in all the large-scale fields {; and £;) as

60 =6@(1+ S mam) +Hras@ 0

fr=&r. (8)

Equation (7) shows that the principal effect of primordial
non-Gaussianity is a nontrivial correlation between the
small-scale and large-scale cosmological fluctuations even
at the linear level.

Considering the clustering of dark matter haloes (and
more generally tracers of matter density) within a large-
scale matter density fluctuation at some point X, we note
that the comoving number density of such objects is
generically a function of the ambient large-scale matter
density perturbation (§; ) and the magnitude of small-scale
matter density fluctuations parametrized by og, which is a
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functional of the small-scale linear matter density power
spectrum. In the comoving synchronous gauge and at lower
redshifts, one can obtain the small-scale linear matter
fluctuations and the matter power spectrum in Fourier-
space from the CDM + baryon transfer function

Siin(K, 2) = T (K, 2)£1 (K) 9)
Plin(ks’ Z) = |ch<l_€sv Z)lsz(%s)' (10)

where ch(lg,z) is the CDM + baryon transfer function
computed using linear perturbation theory. The parameter
oy, which characterises the magnitude of small-scale density
fluctuations, can be obtained by integrating the small-scale
linear matter power spectrum convolved with a suitable
window function of width 8 Mpc/h. The window function
has support over a region as small as the width of the window
function (8 Mpc/h) over which the large-scale component
of  (namely ¢, ) is nearly constant. Owing to the correlations
between small and large-scale perturbations induced by non-
Gaussian initial conditions following Egs. (10) and (7), og is
now a position-dependent function following Eq. (7):

2
A2 =, (1+2wa®) +36. (1

where o3, is the squared amplitude of small-scale matter
density fluctuations in the absence of any primordial non-
Gaussianity and is therefore only dependent on the redshift z.
The dependence of og on the ambient large-scale curvature
perturbation in the presence of non-Gaussian initial con-
ditions is responsible for making the bias of dark matter
density tracers scale-dependent. The position-independent
term Xg just offsets the scale-independent part of the bias,
which we regard as a free parameter in our analysis. We can
therefore ignore Xg as we proceed to extract the scale-
dependence of the bias following Eq. (11). In Fourier-space,

08(]:1 7) =03, <1 +2fNLCL(B>- (12)

The mean comoving number density of matter density
tracers n[d;, o3, fn] within the large-scale perturbation
0y, is therefore

on

n[5L7 vafNL] = n[ov 030> fNL] =+ g [07 03.0> fNL](SL
L

[0, Us,o,fNL]ngLCL(%) +oee
(13)

where on/06; is now the scale-independent bias in the
presence of fn. and includes corrections due to the constant
term in Eq. (11).

on
dlog og

The fluctuation in the (comoving) tracer number density
may thus be related to the large-scale matter density
perturbation as

on dlogn dlogn 6 /L
o (2=, . S, ...
7i (a(sL 0.250) + Fiog o4 STkt T

(14)

In the above equation, b, = dlogn/d5; is the (scale-
independent) Lagrangian bias of tracers. This linear
Lagrangian bias acquires a scale-dependent correction in
the presence of local primordial non-Gaussianity that may
be written as

k,
AbL(kv Z) = szL%; (15)
__Ologn _ ]
'B_alogag [6L _0768,()]7 (16)
alk ) = 2Ty (k. 2) (17)

The functional dependence of the tracer number density n
on the small and large-scale density perturbations is in
general highly nontrivial and may not be expressible
analytically (see, e.g., Refs. [41,42]).

The parameter f = dlog n/dog is essentially the same as
the parameter b, in the effective field theory of large-scale
structure (EFTofLSS) [43] and should, in principle, be
considered independent of the lagrangian galaxy bias (b;).
In the particular case of the tracer number density having
the same form as a universal halo mass function, the
quantity n is a function only of the peak height &./05,
where, for example, 6. = 1.686 is the threshold matter
overdensity for spherical collapse in an Einstein-deSitter
universe. For a tracer number density of this kind, one can
show that B(k, z) = by 6,; so that the total Lagrangian linear
bias in the presence of local primordial non-Gaussianity is

bu k2 fn) = bi(2) (1 ; zfa(,fz)) (18)

In this work, we perform our analysis with the universal
ansatz in Eq. (18) as a modeling choice.”

°This universal ansatz for the non-Gaussian correction to the
bias has long been known to have limitations. The precise form
of the non-Gaussian bias in Eq. (15) in terms of the Gaussian
bias may have corrections, and, in particular, corrections that
are tracer dependent (see, e.g., Refs. [44,45]). Addressing this
requires introducing additional free parameters that break the
relationships between terms in the bias expansion, including
between the neutrino and fy terms, that should only further
degrade constraints.
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FIG. 1. Fractional change in the galaxy power spectrum due to

local fy = 1.

To obtain a(k,z) = (5/3)T.,(k,z), one can invert the
Poisson equation relating the gravitational potential to the
matter overdensity and write the CDM + baryon transfer
function T, (k, z) as

262T(k)D(z)

TCb(k’ Z) = 5H(2)Q ’

(19)

where —(3/5)T (k) is the transfer function for ¢ deep in the
matter dominated era and D(z) is the linear growth factor of
dark matter perturbations normalized to be the scale factor
in the matter dominated era. Deep in the matter dominated
era, the gravitational potential is constant with time and
approaches —(3/5)¢ as k — 0.'° That is why the function
T(k) is redshift independent and T'(k) — 1 as k — 0.
Figure 1 shows the effect of local primordial non-
Gaussianity on the galaxy power spectrum computed using
the linear bias model for fy; = 1, which is an important
theoretical target because fy; = 1 gives a natural O(1)
coefficient if { can be expressed as a power series in a
Gaussian random field and also is a typical value found in
multifield inflationary models. We see that the small-k
enhancement of the galaxy power spectrum due to local
primordial non-Gaussianity increases out to arbitrarily
large scales. Such an effect on galaxy clustering that
persists out to arbitrarily large scales can only have a
primordial origin. That is why surveys like SPHEREx
designed to improve measurements of galaxy clustering at

"In this paper, we are using a sign convention whereby the
primordial curvature perturbation can be ¢ ~ —¢ + (1/3)(5p)/
(P + p) in the Newtonian gauge and all transfer functions are
defined with respect to .

large scales provide important probes into the physics of
the early universe.

III. NONPRIMORDIAL SOURCES OF GALAXY
CLUSTERING BIAS

Noninflationary mechanisms having to do with the
nonlinear evolution of matter density fluctuations introduce
their own scale-dependent features in the bias of dark
matter tracers. Typically, these scale-dependent changes
occur on scales comparable to the nonlinear scale, which
characterizes the typical distance CDM and baryons move.
Yet, fast-moving particles such as photons and neutrinos
can imprint changes to the bias at much lower k. While
these late-time, causal sources of scale-dependence can
only persist out to scales about as large as the horizon, they
are nevertheless potentially important systematic effects
that need to be considered in measurements of primordial
non-Gaussianity from galaxy surveys. We consider two
such sources of scale-dependent bias—the free-streaming
of neutrinos (light relics) and fluctuations in the back-
ground of ionizing radiation.

A. Neutrinos

Free-streaming particles like neutrinos, which are relativ-
istic until late cosmic times, suppress the linear growth of
matter density perturbations on scales below their free-
streaming scales. Moreover, the nonlinear coupling between
small-scale and large-scale matter density perturbations
becomes dependent on the large-scale [23-26,46-53]."
The linear growth factor D(z) of small-scale matter pertur-
bations depends (to leading order) on an ambient large-scale
matter density perturbation &; (k; , z) as

D(z;6,) = D(z)(1 + Rp(ky,2)d,), (20)

where we have defined Rj(k;,z) as the response of the
linear growth factor to an ambient large-scale matter
perturbation §;.'” The dependence of the growth of
small-scale matter perturbations within a large-scale density
perturbation on the large-scale k; will naturally, following
the peak-background-split argument, show up in the
Lagrangian bias b; [used in Eq. (18)] which, as a result,
becomes scale-independent. Studies using the separate
universe simulations in a YACDM cosmology [24,26], as
well as studies using large-scale simulations with neutrinos

"Note that by “scale,” we refer to a comoving wave number.

2We note that the separate universe approach described in
this section can also be used to find the Gaussian bias b; via
by = dlogn/ds; = dlogn/dlogog(dlogog/ds;). This gives
an alternative approach to relating the Gaussian bias b; to the
fni-dependent correction in Eq. (15). Under the common
assumption that n(oy), this gives g = b; /(dlogog/ds; ), which
for an Einstein-de Sitter Universe is f = 21/13b; ~ 1.62b,,
which is remarkably similar to the f = b; 6. ~ 1.686b; used in
Eq. (18).
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and CDM [25], show that the scale-dependence of the
Lagrangian halo bias b; is the same as the linear growth
factor response, i.e.

- . (21)

We can therefore express the Lagrangian bias b; (in the
absence of primordial non-Gaussianity) at an arbitrary scale
k in terms of its value at a fixed small-scale k,, and the
relative growth factor response as

by (k’ Z) = Rrel(k’ Z)bL (kmam Z)?

(22)

Figure 2 shows the scale-dependence in the galaxy
power spectrum (computed using a linear galaxy bias
model) introduced by the presence of three neutrinos with
total neutrino mass of M, = 0.06 eV, whereas Fig. 3 shows
how this effect compares with the effect of local fy; = 1.
The overall amplitude of the scale-dependent bias from
neutrinos scales roughly with M, [26]. Figure 2 shows that
this effect increases with redshift and, for M, = 0.06 eV, is
no more than 2% even at the highest redshifts probed by
SPHEREX (.« & 4.3). Figure 3 also shows that while this
effect is very small compared to the effect of local
primordial non-Gaussianity at the largest scales—it is
comparable to the effect of a small local primordial non-
Gaussianity of (fy, = —0.13) at intermediate scales

0.0000+
—0.0025+
—0.0050-
—0.0075+

AF, /P,

2=0.0
— 2=2.0
— 2z=40

10_3 T T L |i|(|)_2 T —TTT |i‘|(|)_1 T T—TT |||1|()0
k (h/Mpc)

FIG. 2. Fractional change in the galaxy power spectrum due to
scale-dependent galaxy bias introduced by three degenerate
neutrinos with total mass M, = 0.06 eV. Note that the effect
on the matter power spectrum due to the neutrino mass sum itself
is omitted, as it is included in the reference spectrum.

z = 0.0, fyp =1.0
1.00) M
'. - 2= 20, fNL =1.0
0.75- I‘l -t 2= 40, fNL =1.0
g \ z = 0.0, M, =0.06 eV
~ ot
g 0.50_\‘ \‘ — z = 2.0,M,=0.06 eV
< — 2= 4.0,M,=0.06 eV
0254\
0.00 e e
T T TTTTTTg T T TTTTTTg T T T TTTTT
0.01
— 000_ .........................................
~
< ~001-
Q:’ z = 00, fNL = —-0.13
L -0.029; [/ - 2z =20, fyy=—-013
3 ,I' lll -t 2= 40, fNL =—0.13
o —0037 1y z = 0.0, M, =0.06 eV
— _0.04- ',' ',’ — z = 2.0, M,,ZOOG eV
i — z = 4.0, M, =0.06 eV
_0,05 ""I T T TTTTT T T T TTTTT T T T TTTTT
107 102 107! 100
k (h/Mpc)
FIG. 3. Top: effect of fy = 1 and the scale-dependent galaxy

bias due to three degenerate neutrinos with total mass M, =
0.06 eV on the galaxy power spectrum. Bottom: effect of the
scale-dependent galaxy bias due to three degenerate neutrinos
with total mass compared to the effect of iy = —0.13, which is
about the magnitude of the bias in fy; we later obtain upon
ignoring the scale-dependent bias induced by free-streaming
neutrinos of the same total mass.

(k~0.01 h/Mpc). Figure 3 shows that the shapes of the
neutrino and f scale-dependent biases are quite different;
so it may be surprising that there is any degeneracy between
the two signals. Indeed, we find (as we shall show later) that
the existence of the neutrino-induced scale-dependent
bias does not significantly alter the MCMC as well as
Fisher forecasts for fyi, as long as the effect of neutrinos is
modeled appropriately. However, the fact that the neutrino
effect is comparable in magnitude to the effect of a small
local primordial non-Gaussianity (as is shown in figure 3)
over the range of scales probed by a galaxy survey13 such as
SPHEREx leads to a small but significant bias in the
MCMC forecast of fyy, if the aforementioned effect is not
included in theoretical models of the observed galaxy
power spectra.

PNote that galaxy surveys measure galaxy power spectra at
finite scales limited by the survey volume (k > V~'/3).
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B. Fluctuations in the background of ionizing radiation

A background of ionizing radiation pervades the Cosmos
after the epoch of reionization and this radiation affects
how gas cools and forms galaxies. Fluctuations in the
density of ionizing radiation in turn modulate the clustering
of galaxies in a manner that has a scale-dependent bias on
scales smaller than the mean free path for ionizing photons
to be absorbed or, when the mean free path is long, the
distance the photons are able to travel since being emitted.
Indeed, the mean free path is long, approaching the
comoving Hubble radius by z ~ 2. Thus, ionizing radiation
can potentially imprint an additional scale-dependence in
the galaxy power spectrum [22]. One way to incorporate
this effect is to realize that fluctuations in the number
density of a certain population of galaxies (negatively) trace
the underlying fluctuations of ionizing radiation (in addi-
tion to matter) with a corresponding intensity bias b,:

8, = b,8. — b,5). (23)

In other words, intensity bias b; encodes how the clustering
of a galaxy sample responds to ambient fluctuations in the
ionizing radiation background [22]. In Eq. (23) and in all
equations hence, .. refers to the density fluctuations of cold
dark matter (CDM) and baryons. Similarly, in what follows,
we use the term “matter” to mean CDM + baryons.

The effect of ionizing radiation fluctuations on galaxy
power spectra is two-fold: there is a scale-dependent
suppression of power as large as the cross-power spectrum
between matter and ionizing radiation (P, ;) and there is an
additional shot noise contribution due to the discreteness of

sources of UV fluctuations. Assuming that P,; = (5}(2) is
real,' we have the following expressions for the galaxy
power spectra and the covariance matrix of galaxy number
density contrasts:

P.
P,=P.(b,—b,=
g cc(g JPcc

2
> + bngshot' (24)

In the above equation, P, refers to the power spectrum of
CDM + baryon density fluctuations,”” whereas P, refers
to the cross-power spectrum of matter and ionizing radi-
ation fluctuations. Pjg,, 1S the shot noise contribution that

"As there is no preferred direction in the universe, this two-
point function is a Fourier transform of a radial function which is
always real. Time/redshift is a preferred direction that slightly
breaks this.

“Note that we do not include the contribution of massive
neutrinos when we refer to P,. as the matter power spectrum.
N-body simulations performed in [54] suggest that halo bias
defined with respect to CDM + baryon density perturbations is
likely to be more universal. On the other had, a galaxy bias
defined with respect to the total matter fluctuation including the
contribution of massive neutrinos can introduce an unphysical
scale-dependence in the galaxy bias [54-56].

arises due to the discreteness of sources of UV fluctuations
(i.e. quasars). The minus sign in Eqgs. (23) and (24) encodes
the general fact that excess ionizing radiation typically
decreases the rate of galaxy formation and reduces the
observed number density of galaxies.

Modeling the intensity bias is a nontrivial task, as it
depends on the complicated physics of galaxy formation in
dark matter haloes. This presents an additional challenge,
as b; should be a population and redshift-dependent
parameter. Reference [22] calculated how the cooling rate
for the gas in dark matter haloes is affected by fluctuations
in the ionizing background and found that the cooling rate
changes by a factor of ~0.1 in response to a fluctuation in
the background for relevant densities and temperatures of
virialized gas of galaxy-hosting dark matter haloes. In a
model where the cooling rate of this gas is directly tied to
the observed properties of a galaxy (like its star formation
rate), this would lead to b; ~ 0.1. However, there are likely
to be feedback effects that reduce this response. Thus, they
estimated that b; for typical galaxy samples is at most 0.1
and could be much smaller. A reasonable value for b; is
therefore somewhere between 0 and 0.1. For simplicity, we
assume a fixed value of b; = 0.05 for all galaxy samples
and redshifts unless otherwise specified.

The shape of the matter-UV background cross-power
spectrum (P,;), UV auto-power spectrum (P;;), as well as
the shot noise contribution (Pjg,,;) should be more straight-
forward to model. The k-dependence of the UV transfer
function (7; = P.;/P..) and the shot noise (Pjq,) arises
from the finite mean free path of UV photons: 77 and Py,
decay as k=2 at scales smaller than the UV photon mean
free path [22]. The shape of the matter-ionizing radiation
cross-power spectrum is relatively unchanged with cos-
mology [22] and we use the template provided by Ref. [22]
in our analysis. On the other hand, the shot noise power
varies inversely as the effective number density of ionizing
radiation sources [22]; it tends to be large (and increase
with redshift) because relatively rare systems—quasars—
contribute most or all of the background [57]. In addition,
the extent of the shot noise depends on the lifetime (z,) of
ionizing radiation sources (i.e. quasars)—with an infinite
lifetime model for quasars in which they are assumed to
contribute 100% of the background giving a maximal
estimate of the shot noise [22].

Figure 4 shows the fractional effect of ionizing radiation
on the galaxy power spectrum in comparison to the effect of
scale-dependent bias due to fy; = 1 for different models
of the quasar shot noise at the redshifts relevant for
SPHEREx. Here b; = 0.05 is assumed, near the values
estimated in the simple model in Sanderbeck er al. [22],
which should be thought of as a rough upper bound on the
effect. The matter-density tracing component of the ioniz-
ing radiation fluctuations given by 7'; causes a significant
suppression of power out to scales comparable to the
horizon. This effect increases with redshift until the shot
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FIG. 4. Effect of ionizing radiation fluctuations with b; = 0.05
in comparison to the effect of fy; = 1 on the galaxy power
spectrum for different models of the quasar shot noise. The effect
of ionizing radiation is dominated by the shot noise of ionizing
radiation sources at higher redshifts for the extreme case of near-
infinite quasar lifetimes.

noise term in Eq. (24) becomes large enough to lead to a
relative increase in power at larger scales. Thus, both the
quasar shot noise and the density tracing component of
ionizing radiation fluctuations give rise to features in the
galaxy power spectrum that become important at near-
horizon scales. Figure 4 shows that for the most reasonable
upper limit on quasar lifetime, which is 100 Myr, the effect
of shot noise is subdominant to that of the matter-density
tracing component of the ionizing radiation fluctuations
except at higher redshifts (z ~ 4-5), at which point the two
effects become comparable to each other. For the extreme
case of infinite quasar lifetime, the quasar shot noise
dominates over the clustered component at larger scales,
especially at the highest redshifts (z ~ 4-5).'°

"°Of course, the ionizing radiation contributions stop increas-
ing at much larger scales (k < 0.0005 h/Mpc) so the bias
eventually becomes constant at sufficiently low k.

IV. GALAXY POWER SPECTRUM MODEL

We model the galaxy power spectra according to the
linear bias model, whereby the galaxy number density
contrast is proportional to the CDM + baryon overdensity,
0,4 o 6. and the proportionality constant is the galaxy bias.
However, peculiar velocities of galaxies modulate the
galaxy power spectra in redshift-space through redshift-
space distortion. This is a line-of-sight effect that breaks the
isotropy of the matter power spectrum and causes the
galaxy power spectrum to only by isotropic around the line
of sight. As a consequence, the galaxy power spectrum in
Fourier-space depends on the magnitude of the wave vector
k and the angle between the wave vector and the line of
sight encoded in its cosine u = k|| /k = k- 7/(kr). At linear
and mildly nonlinear scales, the redshift-space distortion is
given by the Kaiser formula [58], whereby the galaxy
power spectrum for a given sample of galaxies is

Py (k. z) = b*(k, 2)[1 + p3(k, 2)u* P PE. (k. z),  (25)

where b(k, z) is the linear Eulerian bias of the population
of galaxies generically dependent on the scale k and the
redshift, while ﬂ;Sd is related to the linear growth rate of
matter density perturbations as 7 = b(k,z)"'dlog 5,/
dlog a."” Note that PL. is the linear power spectrum of
CDM + baryon density perturbations. However, the signal
for local primordial non-Gaussianity that we are looking
for—the scale-dependent bias—comes mainly from scales
large enough to be in the linear regime.18 For this reason,
we expect that using the linear power spectrum at small
scales instead of the more appropriate nonlinear power
spectrum does not significantly alter the galaxy power
spectrum forecast for fy;.

Galaxy surveys measure the redshift and the angular
position of different galaxies and convert this data into a
Fourier-space galaxy power spectrum. In doing so, one
needs to assume a fiducial cosmology to convert angular
position and redshift into comoving Fourier-space coor-
dinates. However, this does not yield the true galaxy power
spectrum in the Fourier-space as comoving wave numbers
used in such an analysis are dependent on the fiducial
cosmology. This error in the galaxy power spectrum

"In the presence of free-streaming neutrinos, this term is
actually going to depend on scale—it will be suppressed at
smaller scales simply because free-streaming of neutrinos sup-
presses the growth of matter perturbations below the free-stream-
ing scale. We ignore this scale-dependence for the purposes of
this work, because we find that its effect on forecasts for fy is
<5-6% and is subleading to the effects we investigate here.

®Indeed, as we will show later, scales with k < 0.02 h/Mpc
provide most of the constraining power for fy; in a measurement
based on the galaxy power spectrum: o(fx [k < 0.02 h/Mpc) =
1.004 for SPHEREX, which is about 90% of the constraining
power of all the scales.
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extracted from the data but assuming a fiducial cosmology
different from the true cosmology is called the Alcock-
Paczynski effect. One can obtain the galaxy power spec-
trum in the true cosmology by mapping the comoving wave
numbers of the fiducial and true cosmologies in a way that
preserves the redshift and the angular coordinates of the
observed galaxy samples. This mapping is given by

H(z) .

Ky = HﬁSZ) i, (26)
fid

k, = 712 : (f)) K, (27)

where D, (z) and H(z) are the angular diameter distance
and the Hubble rate in the two different cosmologies.19 The
mapping in Eqgs. (26) and (27) is a mapping between the
fiducial and the true cosmologies that allows one to express
the observed galaxy power spectrum (in the fiducial
cosmology) in terms of the true galaxy power spectrum
through a redshift dependent multiplicative factor

fid 2
Far(s) = o . (28)

For SPHEREX galaxy data, an uncertainty in the redshift of
galaxy samples suppresses the galaxy power spectrum in
the radial direction. This effect can be modeled by adding
an exponential damping factor that suppresses the Fourier-
space galaxy power spectrum at large k along the line of
sight (see, e.g., Ref. [16]),

fo. = exp (=k*p?&2(1 + 2)*/H(2)?). (29)

Here 6,(1 +z) is the redshift uncertainty of a given
galaxy sample. This uncertainty is larger for SPHEREx
than many other spectroscopic galaxy surveys owing to its
low resolution.

There is also an additional damping factor that needs to
be included to model the smearing of (small-scale) BAO
features in the galaxy power spectrum due to the effect of
nonlinear bulk flows [16]. Following Ref. [16], this term is
given by

1 1
Farlhod) = exp (=305~ 3R 2. (30)

This nonlinear smearing arises due to the bulk motion
of dark matter particles over Lagrangian scales as large as
10 Mpc/h and does not invalidate the linear bias
assumption on BAO scales, as it is a resummation of
the effect of large-scale linear modes that advects any

“Note that at z=0, Dy(z=0)=0 and k =k = H(z)/
Hiiq(2) X keig-

large-scale structure tracer. The Lagrangian displacement
fields are given as [16]

ZL(Z) = CrecD(Z)ZO’ (31)

2)(2) = creD(2)(1 + f(2)) %, (32)

where D(z) is the linear growth factor and f(z) is the
linear growth rate. We set the parameter ¢, = 0.5 [16] and
%, = 11 h/Mpc for a fiducial 65 = 0.8. Putting all factors
together, we model the observed power spectrum of a given
galaxy sample (in the absence of the effect of ionizing
radiation fluctuations) indexed by j as

PZ{),;’(kﬁd’/"fid’ 2) = fprlk.p.2) X fo_j(k.p.2)
X fap(z) X b?(k, 2)
x [1+ (k. )p’)? x Pee(k.2).  (33)

with the wave number k and y = k;|/k on the right-hand
side expressed in terms of their counterparts in the fiducial
cosmology according to Egs. (26) and (27). Our model for
the effect of ionizing radiation according to Eq. (24) implies
that in the presence of ionizing radiation,

_byiPy :

Pthi — Pth (] (] +ﬁ‘ﬂ2)_l)
s w0 bi Pcc /

+ (fap X [5F X fo.i X b7 iPishor)- (34)

The galaxy bias at arbitrary scales and redshifts includes
the scale-dependent biases induced by local primordial
non-Gaussianity as well as the free-streaming of neutrinos.
Following Eqgs. (18) and (22) the total (Eulerian) bias of a
given galaxy sample is given by:

2fNL5C
a(k,z)

=00

}. (35)
We note that while there are additional k-dependent terms
in the galaxy bias that grow with increasing k (e.g. terms
proportional to k% [25]) these terms are less important in the
low-k regime where our non-Gaussian signal dominates,
and where the neutrino and UV bias effects are important,
so we neglect them for simplicity.

V. SPHEREx SURVEY SPECIFICATIONS

SPHEREXx is a proposed all-sky survey designed to
reduce systematics in the measurement of galaxy distribu-
tions on large scales (between k., ~0.001 h/Mpc and
kmax = 0.2 h/Mpc) [16]. It will map a large cosmic volume
in 3D and will this obtain data from many more modes than
CMB experiments like Planck [13,59] or WMAP [60].
SPHEREx will measure the spectroscopic redshift of pre-
determined galaxy populations belonging to the all-sky
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TABLE II. SPHEREXx galaxy samples and their redshift un-
certainties. The right column shows the maximum redshift errors
for the galaxy samples listed in the first column—for our
forecasts, we assume the maximum redshift uncertainties for
each galaxy in a given sample.

Sample G,

1 0.003
2 0.01
3 0.03
4 0.1

5 0.2

catalogs of the WISE [61], Pan-STARRS [62] and
DES [63] surveys [16]. The observational pipeline of
SPHEREX produces a galaxy type, galaxy redshift and a
redshift uncertainty. The galaxies are divided into different
galaxy samples with different galaxy biases classified
according to their redshift uncertainty. The observation
of different galaxy samples allows one to use multitracer
techniques, which significantly improve forecasts for the
measurement of primordial non-Gaussianity [16,64].

The main observables that can be obtained from the
SPHEREX data are the redshift-space galaxy power spectra
and the galaxy bispectra. We consider the galaxy power
spectra in this paper. SPHEREx will divide its galaxy
population into 11 redshift bins [z, zM]i=1! Jabeled by
their mean redshifts zZ;, with galaxies in each redshift bin
further classified into five different galaxy samples with
different redshift uncertainties & ; [16] (labeled samples 1
through 5 in increasing order of &, as shown in Table II).
Galaxies in each redshift bin have correspondingly differ-
ent biases b;(k, z).20 We marginalize over the small-scale
galaxy biases [bj) = bj(kpyay.2)] as free parameters and
express the galaxy bias at arbitrary scales and redshifts
following Eq. (35).

Figure 5 shows the number densities and biases (in the
small-scale limit) for the five galaxy populations observed
by the SPHEREx survey. From Fig. 5, we note that the
galaxy sample 5 with the highest redshift error (6, = 0.2)
has the highest number density at most redshifts of interest
(especially at higher redshifts when the effect of fy is
most pronounced) and can be considered a high-density
sample. Analogously, we consider sample 1 (5,) as a low-
density galaxy sample.

VI. GALAXY LIKELIHOOD FOR SPHEREx
MCMC FORECAST

We perform Markov Chain Monte Carlo (MCMC)
analyses using the public code MontePython v3.4 [27,28]
connected to a modified version of the Boltzmann code

**Details can be found at https://github.com/SPHEREx/Public-
products in galaxy_density_v28_base_cbe.txt.

37 - samplel
—o— sample2
4 -o- sample3
<37
2_
—o- sampled
14 —o— sample5
T T T T T
1 0,2; —o- samplel
E —o— sample2
o 10_3% —o— sample3
g, 3 —o— sampled
E 10 4; —e- sample5
S
S
IO'SE
10'63
- I I T T I
0 1 2 3 4
SPHEREX redshift bin centers
FIG. 5. Galaxy number densities and galaxy biases (in the

small-scale limit) for all five samples of SPHEREX labeled in
increasing order of redshift uncertainty &, according to Table II.

CLASS v3.0.1%! [65-67] modified to compute the neutrino
growth response. We construct a new galaxy power
spectrum likelihood within MontePython v3.4 for the
SPHEREX survey with five galaxy samples and 11 redshift
bins by generalizing the Euclid galaxy power spectrum
likelihood [29] and updating it to the SPHEREXx specifi-
cations (see Sec. V), plus adding the new ingredients to the
galaxy power spectrum (see Sec. IV for primordial non-
Gaussianity (see Sec. II, neutrino growth response (see
Sec. III A) and UV-background radiation (see Sec. III B).

We conduct our MCMC runs for the following set
of cosmological parameters: {@y,, ®cqm, 1000;, Ay, 1, Zicio»
M,, fnL}- Additionally, we regard the scale-independent
parts of the galaxy bias [= 1 + by (kyax, 2) in Eq. (22)] as
well as the bulk flow parameter X as free parameters. We
marginalize over these 56 additional nuisance parameters to
obtain forecasts for fy;. To break parameter degeneracies,
we include a mock CMB power spectrum likelihood named
‘fake_planck_realistic’ in MontePython from Ref. [36]

*'We use the publicly available version of CLASS v3.0.1 including
the neutrino growth response calculation found at https:/github
.com/dsjamieson/class_public/tree/su_response_3.0.
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(see that reference for a detailed description of this
likelihood designed to mimic the sensitivity of Planck
2018).” We use the option to not include the CMB
lensing power spectrum so the mock CMB likelihood is
not significantly correlated with our SPHEREx galaxy
power spectrum likelihood.* In order to isolate the ability
of SPHEREX to constrain primordial non-Gaussianity, we
have not added the effect of primordial non-Gaussianity
to the mock CMB likelihood and so it does not directly
carry information about fy. We use the modified version
of CLASS to obtain matter power spectra and the neutrino
growth response function Rp(k,z) defined in Eq. (20).
For the matter-ionizing radiation cross power spectrum
and the quasar shot noise, we use the templates computed
in Ref. [22].

To construct the SPHEREX likelihood, we work with the
standard assumption [16] that the galaxy density field 6, ; of
any galaxy sample at a given (fiducial) k-mode and redshift
is a Gaussian random variable and that galaxy densities at
different redshifts are uncorrelated. This results in an
exponential likelihood for the galaxy power spectra (at a
given k-mode and redshift) that goes as

Ly -exp [-Tr(C~'D)], (36)

2 gV detC

up to a multiplicative factor that does not depend on the
sampled cosmological parameters. Here C is the covariance
matrix of galaxy number densities and depends on the
sampled cosmological and nuisance parameters in an
MCMC run:

1
Cij = (818) = Pij + 6~ (37)

1

where P,’ﬁ‘ is the (observed) cross-power spectrum of the

ith and jth galaxy populations of SPHEREx and 7; is the
mean number density of galaxies in the ith sample.

On the other hand, the matrix D depends on the fiducial
cosmological (Table I) and nuisance parameters.

. 1
Dy = (8]8;)a = PM + 5{5;, (38)

1

“Note that our purpose in including a mock CMB likelihood
based on Planck 2018 is to resolve parameter degeneracies and
is essentially equivalent to imposing Planck-based priors on
our cosmological parameters as is done in [16]. By the time
SPHEREX data is released, the then-current CMB dataset would
likely have been collected by CMB-S4 [68], which is projected to
be more constraining than the Planck datasets.

23Although there is still lensing in the CMB temperature and
polarization power spectra, we assume it is safe to neglect the
correlation with matter density at angular scales [ <3000 at
Planck-level precision.

where PIi¢ is the (fiducial) cross-power spectrum of the
ith and jth galaxy samples of SPHEREx. We present the
complete expressions for the fiducial and theoretical cross-
power spectra in the Appendix.

The entire SPHEREXx galaxy power spectrum likelihood
is just the product of Ly . over all the 11 redshift bins
and independent k-modes between k.,;, = 0.001 h/Mpc
and k., = 0.2 h/Mpc. In taking this product, we are
assuming that the likelihoods Ly . at different redshifts
and k are independent of each other. This is a widely
used approximation while doing MCMC and Fisher
forecasts which avoids complicated windowing
effects [16,29]. An MCMC analysis used for cosmologi-
cal forecasts typically maximizes the likelihood by
minimizing [29]

knae (1 k2 dkdu
2 _ % v, / / Kk oo 1.
i 22,: (Zl) kmin /=1 2(2”2) 8 ke

where V(z;) is the comoving volume in the ith red-
shift bin.

VII. RESULTS

To study the impact of neutrinos and ionizing radiation
on future fy; measurements we perform three categories
of forecasts. First, we conduct forecasts on fy;, in the
absence of these effects. Second, we perform forecasts
including the effects of neutrinos and ionizing radiation
in our fiducial galaxy power spectra, but neglecting them
in the theoretical galaxy power spectra entering into the
covariance matrix. This allows us to estimate the bias in
S if these effects are neglected. Third, we include the
new sources of scale-dependent bias in both fiducial and
theoretical galaxy power spectra. By comparing our first
and third forecasts, we learn how neutrinos and ionizing
radiation change the forecasted sensitivity and bias for
fni- Throughout our analysis we find excellent agree-
ment between the results obtained by MCMC analysis
and from Fisher matrix calculations.

In the absence of the effect of neutrinos and ionizing
radiation on the large-scale galaxy power spectra, we obtain
an MCMC forecast of o(fx.) = 0.91 around fy = 1.0.
This is consistent with the Fisher matrix analysis in
Ref. [16], who found o(fy) = 0.87, and more recent
SPHEREX forecasts [69]. This forecast is obtained from the
galaxy power spectrum on scales with k., = 0.2 h/Mpc
and kp;, = 0.001 h/Mpc. This range of scales would, in
general, be different for different galaxy surveys. Figure 6
shows how the SPHEREx fy; Fisher forecast depends on
the largest or smallest scales in the galaxy survey. From
Fig. 6, we note that o(fy.) ~ 1.00 for k., = 0.02 h/Mpc.
This means that the bulk of our forecast on fy; comes
from relatively large-scales k < 0.02 h/Mpc, thereby jus-
tifying our use of the linear power spectrum for this
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FIG. 6. Top: Fisher forecast of fy;, obtained from the SPHEREx
likelihood with variable k,;, and k., = 0.2 h/Mpc. Bottom:
Fisher forecast of fy; obtained from the SPHEREX likelihood with
variable k,,, and k,;, = 0.001 h/Mpc.

analysis.”* Our forecast for n, (o(n,) = 2.5 x 1073) is also
consistent with the Fisher matrix analysis of Ref. [16].

In general, the constraining power of a given galaxy
population would also depend on factors specific to the
galaxy population—namely the galaxy bias, number den-
sity and (in case of SPHEREX) the redshift uncertainty &,.
The higher the number density, the lower the shot noise and
the better the forecast whereas a larger redshift uncertainty
significantly limits the number of accessible small modes
along the line of sight—thus making the forecasted
sensitivity weaker. To better understand the extent to which
these factors affect results for fyp, it is instructive to see
how well each of the five galaxy samples of SPHEREx
constrain fy. Table III lists the single tracer results
obtained from Fisher matrix calculations for each of the
five galaxy samples of SPHEREX. From Table III, we can
see that higher density galaxy samples (samples 4 and 5)
are the most sensitive when it comes to local fy;. These
forecasts are, however, also a bit degraded by the relatively
large &, of these samples—but, in general, the higher
density galaxy samples provide a stronger sensitivity to fyi,
in a galaxy power spectrum forecast.

*When nonlinear scales have more significant constraining
power (as when constraining nonlocal fy;, for example), the linear
modeling used in this paper is not adequate—one needs to use a
more accurate and comprehensive framework such as the effective
field theory of large-scale structure (EFTofLSS). See [70] for more
details. The nonlinear terms in the galaxy bias expansion according
to the EFTofLSS encode small-scale physics that, to a good
approximation, can be ignored at the relatively large scales which
dominate our forecast for fip.

TABLE III. SPHEREx galaxy samples and their respective
single tracer results for fy; around fiducial fy; = 1.

Sample o, o(fxr)

1 0.003 3.83

2 0.01 2.34

3 0.03 2.05

4 0.1 1.48

5 0.2 1.16

A. Effect of neutrinos

Figure 2 shows that the free-streaming of neutrinos
suppresses the galaxy bias on the largest scales. Ignoring
this effect therefore leads to a negative bias in the
measurement of fyp. This is reflected in our MCMC
forecasts where we observe that for neutrinos of total mass
M, =0.06 eV, the forecast mean of fy is biased by
Afny, = —0.140. Figure 7 shows the (negative) absolute
(—Afyn1) and relative [—Afny/o(fn)] biases in fy for
different total neutrino masses. The fact that the scale-
dependence imparted by neutrinos increases with neutrino
mass (as explained in Ref. [26]) explains the increase in the
(negative) absolute bias in fy, as seen in Fig. 7. In addition,
we find that the effect of neutrinos does not significantly
alter the forecast for fy; when properly included in the
modeling of galaxy spectra. Irrespective of the neutrino
mass, we obtain o(fy;) =~ 0.9 around fy = 1.0 when
fitting simultaneously for the effect of neutrinos, which is
the same o( f;,) we obtain in the absence of any large-scale
effects due to neutrino/ionizing radiation. This is why the
relative bias —A(fxi)/o(fnr) shows the same trend as the
absolute bias in fyp in Fig. 7.

0.35-
- —Afnp/o(fnr)
- —Afnr

0.30-

0.25-

0.20-

0.15-

005 010 0I5 020 025 030
M, (eV)

FIG. 7. Absolute and relative bias of £ upon ignoring the
scale-dependent bias induced by neutrinos. Note that o(fyn; ) ~
0.9 irrespective of the neutrino mass. The biases plotted above are
computed using our MCMC likelihood pipeline and use all five
SPHEREXx galaxy samples.
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FIG. 8. Absolute bias on i from ignoring neutrino scale-

dependent bias for SPHEREx galaxy samples 1 and 5.
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FIG. 9. Relative bias in the MCMC forecast of f%{fﬁz‘l upon
ignoring the scale-dependent bias induced by neutrinos of
different masses for SPHEREx galaxy samples 1 and 5.

Figures 8 and 9 show the (negative) absolute and relative
biases in fy; obtained in single-tracer MCMC forecasts
using our likelihood for the low density and high density
samples (samples 1 and 5 respectively) of SPHEREx as
function of neutrino mass. Figures 7 and 9 show that for
neutrinos with masses according to the minimal mass
inverted hierarchy (M, =~ 0.1 eV), one can potentially
obtain a (negative) bias between 0.l¢ and 0.26 when
measuring fy;, using galaxy power spectra. But at the
same time, including the effect of neutrino-induced scale-
dependent bias does not significantly worsen prospects for
measuring fyp.. This makes the free-streaming of neutrinos
an important systematic effect to take into account for
future galaxy surveys that plan to measure fi% with

increasing precision (o(fny) < 0.9). It is worth keeping
in mind that if neutrino masses are larger, the bias from
neutrinos is larger. Planck found a tight bound on the
neutrino mass sum [59], but some authors argue that the
Planck lensing anomaly causes Planck constraints to be
forced to low neutrino mass values, while reality may be
different (see, e.g., Ref. [71], which found M, = 0.5 lfg"zzi;
other analyses using A; find similarly larger values, see,
e.g., Ref. [35]).

B. Effect of ionizing radiation

The primary effect of ionizing radiation fluctuations is a
suppression of the galaxy power spectrum on scales larger
than the mean free path of UV photons [Eq. (24)].
However, the shot noise contribution in Eq. (24)—which
is important if quasars have long lifetimes—can temper this
suppression, as it peaks at the largest scales and becomes
more important at higher redshifts.

Since the sensitivity to fy; can be affected by possibly
different b; values, we now investigate the cost of mar-
ginalization over b;, taking independent values of b; for
each of our redshift bins and over all of our samples, since
b; can be different in all of them. We note that this is
maximally conservative. Marginalizing over different b, at
different redshifts without any priors in the single-tracer
Fisher analysis was done in Ref. [22] and results in a 40%
increase in o(fy;). For individual SPHEREx galaxy
samples we find a result that is qualitatively consistent
with their findings: We find that the extent of the degra-
dation in the Fisher forecast of fy;, upon marginalizing
over b;(z) varies with the tracer population. This is
unsurprising as at fixed b; the tracer bias b helps set the
relative amplitude of the fy;-dependent and UV back-
ground-dependent terms in the galaxy power spectrum.
Table IV shows the single tracer Fisher results for fyy, for
each SPHEREX galaxy sample obtained in the presence of
UV effects and different quasar shot noise models. Table IV
shows that the degradation in the sensitivity to fyp is the

TABLE IV. Single tracer Fisher results for fy; in the presence
of ionizing radiation effects for different models of the quasar
shot noise—t, in the above table is the quasar lifetime in the shot
noise model. All the forecasts are around a fiducial b, = 0.05,
which is taken to be an independent parameter for all galaxy
samples and redshifts.

o(fx)

SPHEREx Pyt =0 1o =100 Myr  tp =c0
sample b;=0 b; =0.05 b; =0.05 b; =0.05
1 3.83 6.47 6.42 5.77

2 2.34 3.71 3.68 3.24

3 2.05 3.14 3.12 2.70

4 1.48 2.08 2.06 1.80

5 1.16 1.44 1.42 1.26

103538-13



CHARUHAS SHIVESHWARKAR et al.

PHYS. REV. D 108, 103538 (2023)

highest for the low-density sample (sample 1, about 50%
effect) and lowest for the high-density sample (sample 5,
10%-30% depending on the lifetime model). Also, the
sensitivity is less degraded (across all samples) in the
presence of the maximal estimate of shot noise. We observe
a similar trend in multitracer Fisher forecasts for fy; —the
multitracer Fisher sensitivity obtained for samples 4 and 5
of SPHEREX is worsened by about 25% when marginal-
izing over different b, (z) for different galaxy samples. This
multitracer sensitivity is less degraded in the presence of
the maximal estimate of the shot noise (in which case the
degradation is closer to 22%).

These results suggest a significant cost to marginalizing
over the b; in the absence of any priors over the intensity
bias. Astrophysical considerations elaborated in Ref. [22]
suggest that the intensity bias b; at any redshift is smaller
than 0.1, and it could be much smaller. This makes it
important to impose priors on the b; parameters when
incorporating the effect of UV fluctuations. Upon doing so,
we find that multitracer Fisher sensitivity to fy; obtained
with all five galaxy samples of SPHEREX does not
differ significantly from the Fisher sensitivity obtained
in the absence of any neutrino/ionizing radiation effect
(see Table V). Figure 10 and Table V show how o(fr)
obtained from Fisher matrix analysis for all SPHEREx
tracers in the presence of ionizing radiation varies with the
prior imposed on b;. All the b; have a fiducial value of
b; = 0.05. We see from Fig. 10 as well as from Table V
that for reasonable priors on the b; i.e. o(b;) < 0.1, the
Fisher forecast of fy is worsened by Ao < 5%. Thus, a
reasonable prior on b;, while including the effect of
ionizing radiation in modeling the galaxy power spectra,
does not significantly weaken the galaxy power spectrum
sensitivity forecast of local primordial non-Gaussianity
with SPHEREX.

On the other hand, ignoring the effect of ionizing
radiation while modeling the galaxy power spectra can

TABLE V. Single tracer Fisher results for fy in the presence of
ionizing radiation effects for different priors on the intensity bias
and different models of the shot noise (see Fig. 10) 7, in the
above table is the quasar lifetime in the shot noise model. All the
forecasts are around fiducial values of b; = 0.05 for all galaxy
samples and redshifts. There is no significant degradation of
sensitivity upon marginalizing over the intensity bias as long as
we remember to impose reasonable priors on the b, reflecting the
fact that b; <0.1.

o(fxe)
Gprior(bj) PJShOt =0 tQ =100 Myr tQ = 0
b, =005 b= 005 b, = 0.05 b, = 0.05
0.0 0.89 0.89 0.90
0.025 0.90 0.90 0.91
0.05 0.92 0.92 0.2
0.1 0.96 0.95 0.94

—o— 1o shot
0957 o 1, =100 Myr
0944 * to=00
b;=0
—~ 0.931
<
= 0.92-
0.91-
X R
0.89-

T T
0.00 0.02 0.04 0.06 0.08 0.10
U(bJ) prior

FIG. 10. Multitracer Fisher results obtained in the presence of
ionizing radiation for all five SPHEREx galaxy samples for
different priors on b, around fiducial values of b; = 0.05 for all
galaxy samples and redshifts (see Table V). The dashed line
shows the forecasted SPHEREX Fisher sensitivity on fy in the
absence of any nonprimordial large-scale bias effects.

significantly bias the measured value of fy; . As mentioned
in Sec. III B, a reasonable value for the intensity bias b; is
between 0 and 0.1 but could vary significantly between
samples. For simplicity of our forecasts for how fy; is
biased by nonzero b;, we assume that the intensity bias b;
is the same for all galaxy samples of SPHEREX. As such,
this is not a realistic model for the intensity bias, but gives a
sense for the magnitude of bias that might be expected
if intensity fluctuations are ignored. Furthermore, since
much of the constraining power on f; comes from galaxy
sample 5, we can roughly think of this as the bias that
would be expected if sample 5 has intensity bias b;. Note
that in doing so, we obtain unmarginalized forecast for fyi,
where we marginalise over all parameters except the
intensity bias. The quasar shot noise Pjg, is in general
scale-dependent (dependent on the mean free path of
UV photons) and varies with the lifetime of quasars (see
Sec. III B and Fig. 4). We execute our MCMC analysis for
quasars with infinite lifetime and a more realistic model
with a lifetime of 100 Myr. We also do our analysis for the
case of no shot noise, which is the limit of short lifetimes.

Figure 11 shows the absolute (Afy;) and relative
(Afni/o(fne)) bias in the MCMC forecast of fy that
we obtained for different estimates of the quasar shot noise
for different values of the intensity bias b;. The clustering
of ionizing radiation reduces power at larger scales and
tends to negatively bias the forecast mean of fy;. The
general picture therefore is that ignoring the effect of
ionizing radiation on galaxy clustering leads to a negative
bias in the measurement of fy; from the galaxy power
spectrum. This negative bias is somewhat tempered at high
intensity bias by the effect of quasar shot noise growing
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FIG. 11. Absolute and relative bias in the MCMC forecast of

f}fffal upon ignoring effect of ionizing radiation for different
intensity biases b; and shot noises corresponding to quasars of
different lifetimes.

faster (o b3) than the clustering term, which grows linearly
with b; [see Eq. (24)].

Following Fig. 11, we see a clear increase in the
(negative) absolute and relative bias with increasing b;
for the models with no shot noise, corresponding to short
quasar lifetimes, and with 100 Myr quasar lifetimes. In
these two models, the effect of the shot noise on the galaxy
power spectrum remains subdominant even at high red-
shifts (see Fig. 4) and the bias in fy; arises primarily
because of the suppression in power at large scales causes
by UV fluctuations. For the (unrealistic) infinite quasar
lifetime model of the shot noise, however, the shot noise
dominates at higher redshifts (Fig. 4) and is large enough to
offset the negative biasing effect of UV fluctuations at
high b,—this explains the turnaround in the bias around
b; = 0.08 obtained with this model of shot noise. For
b; = 0.05, it follows from 11 that the (negative) bias in fy;,
can be anywhere between 0.5¢ (maximal shot noise) and
0.80 (no shot noise). Since quasar lifetimes likely are of the
order of the Salpeter time of 10—100 Myr [72], the intensity
bias can be as much as (if not bigger) than 16 depending on
the intensity bias. For our more realistic shot noise models,
the bias in the measurement of fy; grows approximately
linearly with the magnitude of the intensity bias b;.

Fisher matrix calculations performed by Sanderbeck
et al. in Ref. [22] find that using an approximate fitting
form for the UV transfer function 7; going as 1/k (i.e.,
T; < 1/k or in other words, P.; « P,./k) removes much
of the bias in f that results in ignoring ionizing radiation
fluctuations (without any quasar shot noise). This 1/k
form was motivated by the UV transfer function on scales
smaller than the mean free path of ionizing photons. These
calculations were performed for redshifts up to z = 2.0.
MCMC analysis performed using our SPHEREx like-
lihood, which goes out to redshifts as large as z ~4.5,
show that using a 1/k fitting form for T'; actually leads to a
positive bias as large as 0.4 in the forecast mean of fy, for
b; = 0.05. This form does not work when the mean free
path is shorter than the wavelength of modes that are
being used, which is the case at high redshifts. It severely
overestimates the UV transfer function at the largest scales
at high redshifts z > 2. And since most of our fy
sensitivity comes from the largest scales, using a 1/k
fitting form throughout the k-range overcompensates for
the negative bias in fyy that results from ignoring the effect
of UV fluctuations in the clustering of galaxies at high
redshift (z > 2.0).

Thus, to fit out for the effect of ionizing radiation requires
a more sophisticated template than P.; < P,../k for the
cross-power spectrum of ionizing radiation with density.
Since the major ingredients that go into computing this
cross-power spectrum are the mean free path of ionizing
photons, which is precisely constrained [73], and the
evolution of the sources of ionizing radiation, which is well
constrained by Lya forest measurements [57], we suspect
that a next-order model over the simplistic P,.; « P,./k will
be sufficient to remove most of the bias. Fortunately, we
found that if the template is sufficiently known, one can fit
out the effect of ionizing radiation with little cost to the
sensitivity to f.-

VIII. DISCUSSION

With improved systematic control, observations of large-
scale galaxy clustering provide a promizing avenue to
probe the physics of inflation. For squeezed limit primor-
dial non-Gaussianity, such observations are especially
important as the detection signal—namely, the scale-
dependent bias—diverges at the largest scales. Realistic
galaxy surveys can only measure galaxy clustering up to
distances about as large as the comoving Hubble radius
today. Non-primordial physical effects due to free-
streaming of light relics or ionizing photons (generated
at late times) can leave their imprints on the galaxy power
spectrum at such near-horizon scales, thereby contaminat-
ing the local primordial non-Gaussianity signal. Ignoring
these effects when modeling galaxy power spectra can
therefore bias the measurement of fy;—thus rendering
them important systematics for proposed surveys like
SPHEREx and MegaMapper, which aim to constrain
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S to a precision of ¢(fy.) < 1.0. In this paper, we have
investigated the impact of two such systematic effects—the
effect of free-streaming neutrinos and the effect of ionizing
radiation. Specifically, we performed MCMC forecasts
for the measurement of local fy;, around a fiducial value
of fni. =1 using the scale-dependent bias of galaxies
obtained from the SPHEREx all-sky survey. We con-
structed a SPHEREXx galaxy power spectrum likelihood
within the MontePython parameter inference package [27,28]
and, together with a mock CMB power spectrum likelihood
which does not include any effects due to primordial non-
Gaussianity,25 conducted MCMC runs with and without
the aforementioned systematic effects incorporated in the
galaxy power spectrum. We thus obtain a quantitative idea
of the effect of said systematics on a precision measurement
of fni, using the SPHEREx galaxy survey as a test case.

The free-streaming of light relics/neutrinos induces a
suppression of the galaxy bias on large scales following
Eq. (22) (see Sec. IIT A and Fig. 2). This effect (like other
gravitational effects of free-streaming neutrinos) is sensi-
tive to the sum of neutrino masses and increases with the
total neutrino mass [26]. As the scale-dependent bias
induced by the free-streaming of neutrinos contaminates
the fyp, signal in the regime where it is most important (i.e.
large scales), one might expect that the sensitivity to fyi,
would be somewhat degraded when it is taken into account.
We find, however, that appropriately modeling the scale-
dependent bias effect of neutrinos in the galaxy power
spectrum leads to no significant degradation of o (fyy ) for
three degenerate neutrinos with total masses up to 0.3 eV.

On the other hand, ignoring this effect can lead to a
significant negative bias in the measurement of fy,
especially for relatively more massive neutrinos. Figure 7
shows the (negative) bias in the MCMC forecast of fy; due
to three degenerate neutrinos of different masses (up to
M, = 0.3 eV). Note that the extent of the bias in fyi,
increases with increasing neutrino mass—this is only to be
expected because the scale-dependent effect of neutrino
free-streaming on galaxy bias increases with the neutrino
mass [26]. From Fig. 7, it is apparent that while this bias is
about 0.1¢ for neutrino masses equivalent to the minimal
mass normal hierarchy, while it can be closer to 0.2¢ for
somewhat larger neutrino masses in the mass range also
possible in an inverted hierarchy—making this a relevant
systematic for future measurements of fy;, which aim
for o(fnr) < 1.0. We also performed MCMC analyses
for the SPHEREX high-density and low-density samples
(samples 5 and 1, respectively) to investigate how the bias
in fynr could vary across different galaxy samples.
Figures 8 and 9 show that the absolute bias in fy resulting

“SPHEREX is expected to provide much more stringent
constraints on fy than CMB datasets—consequently, we expect
that including the effect of primordial non-Gaussianity in the
CMB likelihood will not affect our results much.

from ignoring the free-streaming of neutrinos is greater
for the lower density sample. However, the lower density
sample of SPHEREX also constrains fy;, quite weakly (see
Table IV)—so that the relative biases in fy; are more or
less of the same magnitude for both the high and low-
density samples.

The effect of ionizing radiation fluctuations (described in
Sec. III B) is the only astrophysical effect that is known to
affect galaxy clustering on large scales [22]. The effect of
ionizing radiation fluctuations on the galaxy power spec-
trum [see Eq. (24)] is parametrized by the intensity bias (b;)
per redshift bin and galaxy sample and the quasar shot
noise (Pjg)- The former encodes the response of the
cooling rate of gas in dark matter haloes to the ambient
fluctuations in ionizing radiation energy density and leads
to an effective suppression of galaxy bias at large scales.
Calculations by Ref. [22] show that any reasonable value
of b; is between 0 and 0.1. On the other hand, the quasar
shot noise (see Sec. III B) effectively increases the galaxy
power spectrum at large scales and depends on the quasar
lifetime (z,). Models with infinite quasar lifetime provide
a maximal estimate for the shot noise [22] that can have
the most impact on the forecast for fy;, but even the
to = 100 Myr model is likely extreme and so ignoring shot
noise seems justified. Figure 4 shows the impact of both the
matter-density tracing component of ionizing radiation
fluctuations and the quasar shot noise for different redshifts
and different models of quasar lifetimes.

When incorporated in the modeling of the galaxy power
spectra, there can be a significant cost to marginalizing over
the additional parameters in the galaxy power spectrum
(i.e. the intensity biases) in terms of a degradation in the
sensitivity to fy.. Table IV shows how single tracer Fisher
sensitivity to fyp obtained for each galaxy sample of
SPHEREX gets degraded by marginalizing over the inten-
sity biases (without any priors) for different estimates of the
shot noise. These results are qualitatively consistent with
the findings of Ref. [22], which show a 40% degradation of
single tracer Fisher sensitivity to fy; upon marginalizing
over the intensity biases. However, astrophysical consid-
erations suggest the imposition of priors on the b; reflect-
ing the fact that any realistic value of b; is thought to lie
between 0 and 0.1. Imposing such reasonable priors on the
b; changes the situation so that UV background fluctuations
do not significantly weaken the sensitivity to fy; obtained
from the scale-dependent bias. Figure 10 shows how
imposing reasonable priors on the b; does not significantly
worsen the multitracer Fisher forecast of fy obtained from
galaxy power spectra for the SPHEREX survey. Thus, we
must remember to impose reasonable priors on the intensity
biases b; when incorporating the effect of ionizing radiation
in constraining local primordial non-Gaussianity from gal-
axy power spectra.

On the other hand, not including the effect of ionizing
radiation in modeling the galaxy power spectra could
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significantly bias the measurement of fy; from galaxy
power spectra for b; < 0.1. Figure 11 shows the (negative)
bias in the MCMC forecast of fy, for the SPHEREX survey
for different models of the quasar shot noise and different
values of the fiducial intensity bias b;. For these MCMC
runs, we fix the values of b; to be the same at all redshifts
and for all galaxy samples of SPHEREx—while this is not
a realistic model, it gives an idea of how big a bias in fy,
we would incur upon ignoring the effect of ionizing
radiation. Note that while the suppression of power caused
by the UV transfer function (T; = P.;/P..; see Eq. (24) in
general leads to a negative bias in fy;, the presence of
quasar shot noise (Pyq,,) generically tempers this effect,
especially for large quasar lifetimes and greater intensity
biases. Except for the case of near-infinite quasar lifetimes,
we note from Fig. 11 that there is a monotonic increase in
the (negative) bias in fy;, with the intensity bias b;. For the
extreme upper limit on quasar lifetimes of 100 Myr, the
negative bias in fy; can be as large as 1o depending on
the value of b;. It is also likely to be greater for shorter
quasar lifetimes as the quasar shot noise decreases with
quasar lifetime. It therefore follows that an attempt to
unambiguously detect local primordial non-Gaussianity by
a precise measurement of fy;, from galaxy clustering needs
to incorporate the effect of ionizing radiation while model-
ing galaxy power spectra. While modeling the effect of
ionizing radiation fluctuations, Sanderbeck et al. [22] have
shown that a fitting form for the UV transfer function going
as T; « 1/k removes much of the bias in fy; when
constraining fy;. from the galaxy power spectra at redshifts
7 S 2. However, this fitting form overestimates the UV
transfer function at the largest scales at higher redshifts and
can lead to a positive bias in the measurement of fyy.
Consequently, we need a more sophisticated template than
T; & 1/k to successfully fit for the UV transfer function at
redshifts z > 2.

In this paper, we have used the SPHEREX galaxy survey
as a test case to quantify the importance of including some
postinflationary systematic effects. We contend that our
results show the importance of including said effects in any
measurement of local primordial non-Gaussianity from
observations of large-scale galaxy bias. We conducted
MCMC runs using our likelihood pipeline for the fiducial
galaxy sample of the proposed MegaMapper survey as
described in Ferraro et al. [17]. We obtain an MCMC
result of o(fxr) = 0.8 from the galaxy power spectrum,
which is consistent with the galaxy power spectrum
forecast of Ferraro et al. [17]. Preliminary analysis for
the MegaMapper galaxy sample using our likelihood shows
that the negative bias in fy; due to ignoring the scale-
dependent bias induced by neutrinos can be as large as
0.25¢ for total neutrino mass of M, = 0.06 eV (distributed
among three degenerate species). Similarly, we find that
ignoring the effect of ionizing radiation can lead to a
negative bias in fy as large as 2¢ for the case of zero

quasar shot noise and b; = 0.05. These biases in fy; are
significantly larger than the analogous biases for SPHEREXx.
While these are preliminary results, they still indicate that
the systematic effects we investigate in this paper are likely
to be more important for high-redshift surveys like
MegaMapper [17,74] that exclusively survey galaxies with
redshift z > 2. This is not surprising given that both the
effect of neutrinos and ionizing radiation generally increase
with increasing redshift (see Secs. IIl A and III B).

From our results, we also find that for the SPHEREX and
MegaMapper galaxy samples, the effect of ionizing radiation
is larger than the effect of neutrino-induced scale-dependent
bias in terms of how they bias a measurement of local
primordial non-Gaussianity using the galaxy power spec-
trum. For instance, |Afy| due to the effect of ionizing
radiation is as large as 0.8¢ for the fiducial case of b; =
0.05, and scaling linearly with b; assuming zero quasar shot
noise; whereas, even for the highest neutrino masses we
investigate in our analysis, |A fy; | due to the free-streaming
effect of neutrinos is no more than 0.4c. The difference is
even starker for MegaMapper, where the typical (negative)
bias in fy; due to neutrinos is about 0.36 while the
(negative) bias due to ionizing radiation can be more than
lo. Qualitatively, this just reflects the fact that the relative
effect of ionizing radiation on the galaxy power spectrum is
larger than that of the free-streaming of neutrinos.

In principle, any attempt at constraining primordial physics
from large-scale galaxy clustering observables needs to
reckon (to varying degrees) with the kind of systematic
effects we have investigated in this paper. In addition to the
effects of free-streaming light relics and ionizing radiation
fluctuations we have analyzed in this paper, general relativ-
istic light cone effects can modulate the observed galaxy
clustering on horizon scales and can masquerade as a
primordial non-Gaussianity signal (see, e.g., Refs. [37,75]).
These lightcone effects can contaminate the primordial non-
Gaussianity signal and should be modeled with a complete
general relativistic treatment of galaxy bias [76-78].

Moreover, there are additional parameters that can
characterise non-Gaussianity in the primordial curvature
perturbation and which can be detected using observations
of galaxy power spectra. Notable among these are the gy,
and 7y type non-Gaussianities, which respectively gen-
erate a scale-dependent bias and a stochastic contribution to
the galaxy power spectrum (see, e.g., Refs. [21,38,79]).
Thus, future surveys such as SPHEREx and MegaMapper
are also poised to constrain both gy and 7y type non-
Gaussianities. Our galaxy power spectrum likelihood
pipeline can be extended in a natural way to help obtain
forecasts for such measurements, as well as to understand
how they can be affected by postinflationary systematics
such as those investigated in this paper. Our galaxy power
spectrum likelihood can also be naturally applied (with
appropriate modifications) to investigate the viability of
surveys such as SPHEREx and MegaMapper in observing
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imprints of large-scale features in the primordial power
spectrum on galaxy clustering—the detection of which can
help constrain inflationary physics beyond the standard
model of cosmology or particle physics [80]. We leave all
such investigations to future work.
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APPENDIX: EXPLICIT EXPRESSION FOR
GALAXY POWER SPECTRA

In this appendix, we give the explicit expression for both
the auto- and cross-power spectra of galaxies in a

multitracer survey such as SPHEREZX, including the effect
of ionizing radiation fluctuations.
We begin with Eq. (23) for a particular galaxy sample:

0

9.0 — bg,iéc - b!,ié.lv

(A1)
where b, ; are the ner galaxy biases for different galaxy
samples. The galaxy biases b, ; include any effects of free-
streaming light relics or, in general, any contributions to the
matter bispectrum that survive in the nearly squeezed limit.
On the other hand, b, ; are the intensity biases that encode
the response of galaxy formation to ambient ionizing
radiation fluctuations. Squaring the above equation we get

by by,
Pgﬁij — bg,ibg,jPCC (1 - b TJ) <1 —b—jT]>

g.i 9.
+ by by iPyshors

(A2)

where T; = P_;/P,. is the UV transfer function and Py,
is the quasar shot noise (see Sec. III B). Accounting for
redshift-space distortions, the Alcock Paczynski effect and
other terms in the galaxy power spectrum model for the
SPHEREX survey (see Sec. IV), we have the following
expression for the theoretical galaxy power spectra, which
enter the covariance matrix defined in Eq. (37):

P?; = farfprfoPec(byi(1 +pu*) = by, T)
X (byj(1+pu*) = by ;T;) + fapfrfo.01.ib1 i Pishor-
(A3)
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