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Abstract. We present constraints on local primordial non-Gaussianity (PNG), parametrized
through fll\?f, using the Sloan Digital Sky Survey IV extended Baryon Oscillation Spectro-
scopic Survey Data Release 14 quasar sample. We measure and analyze the anisotropic
clustering of the quasars in Fourier space, testing for the scale-dependent bias introduced by
primordial non-Gaussianity on large scales. We derive and employ a power spectrum esti-
mator using optimal weights that account for the redshift evolution of the PNG signal. We
find constraints of —51 < ff@f < 21 at 95% confidence level. These are among the tightest
constraints from Large Scale Structure (LSS) data. Our redshift weighting improves the error
bar by 15% in comparison to the unweighted case. If quasars have lower response to PNG,
the constraint degrades to —81 < f\?f < 26, with a 40% improvement over the standard
approach. We forecast that the full eBOSS dataset could reach 0 floc = 5-8 using optimal
methods and full range of scales.
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1 Introduction

Measurements of the statistical properties of the late-time large-scale structure (LSS) of
the Universe can provide insights into the physics that generated the primordial density
fluctuations. In particular, they offer the possibility to distinguish between different mod-
els of cosmic inflation by measuring primordial non-Gaussianity (PNG), the deviation from
Gaussian random field initial conditions. In this work, we focus on the local type of PNG,

through the one parameter fll\?f Single-field inflationary models predict an amplitude of fll\?f

that is unmeasurably small, and a detection of |fi2¢| > 1 would robustly rule out this class
of inflationary models [1, 2].

The current state-of-the-art constraint on PNG comes not from LSS data but from
measurements of the bispectrum of the cosmic microwave background (CMB) by the Planck
satellite, which has reported fll\?f = 0.8+5.0 [3]. Unfortunately, the improvement in precision

from CMB measurements is not expected to reach the level required to distinguish between



inflationary models (o ( fi5¢) ~ 1) due to cosmic variance limitations [4, 5]. However, forecasts

for future LSS surveys, e.g., [6-15], indicate a strong potential for PNG constraints. The
sensitivity to PNG originates from the distinctive scale-dependent bias signature that is
imprinted on the clustering of biased tracers (e.g., galaxies or quasars) by local primordial
non-Gaussianity [16-19] (see e.g. [20] for a review). The effect is proportional to the bias
of the tracers themselves and scales as fll\%k_Q; thus, it is most prominent on the largest
scales probed by a survey. Further gains can be made by surveys that observe multiple
tracers, which are able to effectively remove uncertainties from sample variance in their
measurements [21-24].

The current best constraints from the analysis of large-scale structure data are compara-
ble to those found by the WMAP CMB experiment [18, 25-29]. The first such analysis by [18]
combined a number of different tracers from early SDSS releases to find fi¢ = 28733 (68%
CL). This analysis also demonstrated the constraining power of quasars, finding fll\?f = 8f§$
at 68% CL using only the SDSS photometric quasar sample. For recent constraints using
QSOs see [26, 27, 30]. As quasars are highly biased and probe large volumes, they are ideal
for measuring the PNG signal on large scales. On the other hand large scales are the most
contaminated by systematic effects [25, 28, 31-35]. Systematics control has spurred work on
the use of cross-correlations in LSS PNG analyses, e.g., [36, 37].

Data sets that probe large volumes offer the best chance to detect non-Gaussian bias-
ing features on large scales, but they also complicate data analysis. For samples that span
a wide redshift range, traditional analysis methods, such as using multiple, smaller redshift
bins, become non-optimal. A proper treatment of the redshift evolution of the tracer bias and
PNG signal is therefore necessary to fully exploit the constraining power of a data set. Re-
cent work has focused on using redshift weights to optimize LSS surveys for baryon acoustic
oscillation (BAO) and redshift-space distortion (RSD) analyses [38-40]. The methods pre-
sented in the aforementioned works have been recently applied to the first data release and
cosmological analyses of the extended Baryon Oscillation Spectroscopic Survey (eBOSS; [41])
survey [42-46]. The idea of redshift weighting scheme was also extended in [47] to optimize
for PNG constraints. The purpose of this work is to present and clarify the methodology to
perform an optimal, in a statistical sense, signal weighted measurement of PNG using galaxy
surveys data.

Our first goal is to derive a redshift-weighted optimal quadratic estimator for the two-
point statistics that yields optimal constraints for ll\?LC Our method is general and can be
applied to any other parameter, using measurements in configuration space or Fourier space
in a spectroscopic or photometric catalog. We will also show that optimal redshift weights to
a good approximation change the effective redshift of a survey, in a way that is completely
analogous to the standard FKP weights [48]. As an application of our method we use the
Sloan Digital Sky Survey (SDSS) IV eBOSS Data Release 14 quasar sample (DR14Q) [49] to
derive constraints on fll\?f This data set includes 148,659 quasars and spans a redshift range
of 0.8 <z <2.2.

This paper is organized as follows. We present our new optimal estimator, which cor-
rectly accounts for redshift evolution of the signal, in section 2. In section 3 we describe the
eBOSS quasar sample used in this work. Section 4 outlines our analysis methods, includ-
ing how we estimate the power spectrum multipoles of the data and the theoretical model
used to estimate parameters. In section 5 we study the Fisher matrix of eBOSS data to
try to quantify a-priori the improvement yielded by the optimal analysis. We present our

constraints on fll\?f in section 6 and discuss and conclude in section 7.



2 Primordial non-Gaussianities in the large scale structure

2.1 Local PNG

In this work we focus on the local type of primordial non-Gaussianity, where the primordial
potential, ®,(x), is the sum of a random Gaussian field, ¢, and its square,

®,(x) = d(x) + /XL (6(x)* = (6%)) (2.1)

with flOC parametrizing the amount of PNG. The relation between ®, and the matter over-
density dy, is easiest to express in Fourier space, where it is given by 6,,(k, 2) = a(k, z)®,(k),
with

2¢2k%T (k)D(z)

k =

(2.2)
where T'(k) is the transfer function, c is the speed of light, D(z) is the linear growth factor
normalized to (1 + z)~! in the matter-dominated era, €, is the matter density parameter
at z =0, and Hy is the present-day Hubble parameter. We also define a related quantity a,
which will be useful in the discussion to follow:

20 3Qu,HEO.
a(k,z)  2k2T(k)D(z)’

Gk, z) = (2.3)

with 0. = 1.686, the critical density in the spherical collapse model in a Einstein-deSitter
Universe.

As shown in [16, 18, 19], local PNG as parametrized by fx¢ introduces a scale-dependent
bias, Ab(k, z), given by

Ab(k, 2) = by fNEa(k, 2) = (b —p)fNalk, 2), (2.4)

where by is the response of the halo or galaxy field to the presence of PNG. In the last
equality we assumed by = (b —p) where b is the bias of the sample. This is an approximation
to the exact floC response of discrete tracers, but measurements in N-body simulations have
shown it is good enough to estimate the amplitude of scale-dependent bias [50] (see [51] for
a recent review). The parameter p takes a value of 1 for a halo mass selected sample and
1.6 for samples dominated by recent mergers [18, 52|, as could be the case for QSOs for
instance. For the purpose of deriving an optimal estimator we will not fix p for now. It
is worth reminding that for the purpose of excluding fllﬁ’f = 0 the actual value of p does
not matter and we will therefore just assume p is perfectly known. On the other hand, if
non-zero PNG are detected with sufficient confidence, the precise value of by will become of
utter most importance to compare different measurement of floC If p is poorly known one
would be able to quote only the product by f100 # 0. At the linear order, and after adding
redshift-space distortions (e.g., [53]), we find the quasar overdensity is related to the matter
overdensity in the presence of PNG as follows

Sqso = [b+ F1u® + Ab)5, = [b+ Ab]6,y (2.5)

where f = dIn D/dIn a is the logarithmic growth rate, x is the cosine of the angle between the
Fourier modes and the line of sight, and we have defined the convenient quantity b = b+ fu?,
which accounts for both Gaussian biasing and linear redshift-space distortions.



2.2 Optimal estimators in LSS

Our goal is to derive an estimator for the two-point clustering of a data set that yields
the tightest constraint on fll\?f We begin by describing the data, positions on the sky and
redshifts of set of objects, in terms of the pixelized overdensity dqso(7;), Where 7; gives the
pixel position. We will also need the mean density at a given pixel position, denoted as
n(r;). Optimal analysis invariably requires inverse noise weighting of the data. For example,
if n(r;) = 0 then no data have been observed at that pixel and it should not be used for data
analysis, suggesting that the noise in the pixel is effectively infinite or alternatively it should
be given zero weight. An additional source of uncertainty is sample variance, which is caused
by the finite number of measureable modes and is present even in absence of noise.

When considering Gaussian statistics, the optimal inverse noise weighting of a data set
has a well-defined solution, known as the optimal quadratic estimator [54, 55, which weights
the data inversely by the covariance matrix. If we collect our overdensity pixels into a vector
x, with z; = Jqe0(r;), then its signal covariance matrix is S;;, and the total covariance
matrix reads

Cij = (wixj) = Nig + Sy = [Vi(r:)]~'6j; + Sy, (2.6)

where 5f§ is the Kronecker delta, V is the pixel volume, and we have assumed Poisson
statistics for the noise term N;.
The optimal quadratic estimator (OQE) for a parameter 6 is then [56-59]

1
Go = 5mtc—lcﬂc—lm — Agp, (2.7)

where C g denotes the derivative of C' with respect to 6, and Agg subtracts a possible bias of
the estimator. If the response of the covariance matrix is constant in €, then the OQE is also
the maximum likelihood solution. It can indeed be shown that the variance of the estimator
in the above equation is the Fisher information for the parameter €, and therefore the OQE
yields the tightest possible constraints [57, 58]. The most difficult task is to compute C~'x,
and a diagonal form for the configuration space covariance matrix C' is often employed to
evaluate C~!. Suppose indeed we want to determine, using eq. (2.7), the power spectrum in
a bin [k — Ak, k+ Ak] around some wavenumber k, where we expect the power to be close to
a fiducial power spectrum Pgq. If we assume that the power spectrum is locally flat (white
noise) within the k-bin, then its Fourier transfer would be a zero lag correlation function
determined by the amplitude of the power spectrum. This gives rise to a diagonal inverse of
the covariance matrix in configuration space,

C;' = (Paa(k) +n~ ")V (2.8)

The fiducial power spectrum should in principle be varied with k, but over the range of
scales one is usually interested in it is a relatively slowly varying function. For PNG, we
are concerned with the power on the largest scales, and we can assume a constant fiducial
value Paq ~ 3 x 10* h=3 Mpc? for all wavenumbers k. While this choice is sub-optimal, it
saves a large amount of computing resources, and it is consistent with previous analyses of
BOSS and eBOSS data. In the future it would be interesting to relax this approximation
and estimate the benefits of varying the fiducial value of the power spectrum with k.

We also need to evaluate the derivative Cp, where 6 is the parameter we wish to
determine, in our case the averaged value of the power spectrum in the bin. Suppose



we focus first on a single mode k with a volume dk = (27)3/V. The Fourier trans-
form of the power spectrum is the correlation function, which for this single mode gives
Sij = VLP(k) explik(r; — 7;)]. Its derivative with respect to P(k) gives
dCZ'j
dP(k)

=V letk(ri=r)), (2.9)

and the estimator of eq. (2.7) for the power spectrum becomes
2

Pk)y=A ZeikrijKP ; (2.10)
J

where we have replaced the sum over pixels with the sum over discrete objects, such that
dgsonV = Ngso, where Nyq, is the number of objects in the pixel (if the pixels are small enough
this can be viewed just as the sum over object positions 7;). The weights wpkp take the
well-known form as first derived in [48], wrkp = (1 + nPsq) ! We see that the operation in
eq. (2.10) is a Fourier transform, which can be computed rapidly using fast Fourier transforms
(FFTs). The normalization A can be determined by performing the same operation on an
unclustered catalog of synthetic objects, including FKP weights, and normalized to the total
number of observed objects [48, 60-63].

2.3 Optimal estimator for fll\?f

Now we consider instead the weighting scheme that yields an optimal constraint on fll\?f We
explicitly account for redshift evolution by considering overdensity pixels as a function of
time, or redshift, » = r(z). We begin by computing the signal covariance in the presence of
PNG from eq. (2.5),

S12 = (Jgso(T1(21))dqso(T2(22))) (2.11)
={BE+AMMAmﬂﬂ%+A@mﬂmﬂy (2.12)

where we have defined 51 = g(zl), r1 = 1r(21), Ab; = Ab(z1), and similar quantities at zs.

Evaluating the derivative of this expression at fll\?f = 0 yields

dS1o

2 = b1 (by — P)@a (O (71)0m(2)) + 143 2, (2.13)
diL

fe=0

where the second term is symmetric and can be computed via an exchange of indices. We
can use the definition of the power spectrum to express this equation as

05

dk ik(ri—r
= (bl _p)bQ / %Oél(k)(l + 52#32)Pm(k,z1,z2)e k(r1-r2) + 12, (214)

=0

where P, (k) the matter power spectrum, 8 = f/b is the standard RSD parameter, and .,
is the line-of-sight angle associated with position rs.
It is useful to factor out some of the time dependencies in equation eq. (2.14) using

Pm(k‘, 21, 22) = Pm(k', Zg)(k‘)D(zl)D(ZQ)/D(Zo)Q, (2.15)
a(k,z) = Og((f)) ; (2.16)



with zy some reference time, we adopted z = 0.! With these definitions, we can express the
optimal estimator in eq. (2.7) as a function of 1 and 75 as

-1
dfll\?f Cw— Aqff\?f

=0

Lo t
:5(0 5q80(7°1))[

. .-
Qpge(r1,m2) = S(C lz)

dk ipimr .
550 * T P (k)@ (k) D(z2) (1 + By, ) (br — p)ba

+ 143 2| (07 gs0(1r2)) — Agjree. (2.17)

And now, summing over 71 and 79, we obtain the estimator
. 1 dk ~
Qfioc = 5 / me,o(k)ao(k)
{ [ e agalra) tn-p)| | [ dra 7O b)) 14 62, )
+1<—>2}—Aqf11\?f. (2.18)

Note that in these last equations the inverse noise weight factors of C~! have been assumed
to be diagonal in pixel space and equal to the near optimal FKP weight.? We can further
decompose in Legendre polynomials the angular part of the Kaiser factor,

(L au2) = (145 ) ol + 3 et (2.19)
then define, for a generic weight w(z), the weighted density multipoles
5 (k) = / B X ppep (2)w(2)0(0) Lol - 7) (2.20)
to finally obtain
iy = [ G P30 [ AW T 00~ Ay 021)

w(z) =b(z) —p,  wo(z) = D(2)(b(2) + f(2)/3),  wa(z) =2/3D(2)f(z) . (2.22)

The above eq. (2.21) and the associated set of weights defines the optimal signal weighting
of the power spectrum, and they represent one of the main results of this work. One can
immediately recognize that, if we neglect the optimal weights, the structure of angular integral

!"Multiplicative constants independent of wavenumber k and redshift, like D(z0), can be safely neglected
as the final result is always properly normalized.

2 A full study of how much improvement could be obtained from the full C~! weighting of the data compared
to the FKP one goes beyond the scope of this work, which focuses on optimal signal weighting.
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Figure 1. Redshift weights for the eBOSS DR14 QSO catalog. Since n(z)Py < 1, the standard FKP

weights, in blue, show small redshift evolution. The optimal weights to estimate PNG are shown in

red, green and orange. The weights depend on the QSOs response to fll\?f, as one can see from the

difference between the solid red line, for p = 1, and the dashed one, for p = 1.6.

over the wavenumber k is the same of standard estimators of the monopole and quadrupole
of the power spectrum [60-64]. This is expected, as the optimal redshift weights are no
different than FKP weights in this respect. Within our model, the hexadecapole, { = 4,
does not carry any information about PNG and therefore does not appear in the optimal
estimator. We notice that optimal weights for PNG up-weight high redshift galaxies, which
are highly biased and have therefore larger fll\}’f response. The OQE also exploits the fact that
the primordial potential does not evolve in redshift, whereas the Gaussian part of the signal
does. This can be seen by comparing the different dependence of w and wy on the linear
growth function D(z). Figure 1 shows the redshift evolution of the unormalized weights
in the eBOSS DR14 QSOs catalog, described in more details in section 3. For the DR14
sample, wpkp(2), blue line, and wy(z), green and orange lines, slowly vary across the survey,
the former since n(z)Py < 1 whereas the latter because bqso(2)D(2) =~ const., assuming the
fiducial QSO bias as a function of redshift measured by eBOSS and discussed in [65]. On
the other hand w(z) grows quite rapidly with resdhift, up-weighting galaxies with a larger
response to fll\?f

Finally, the estimator in eq. (2.21) in principle needs to be made unbiased by subtracting
out the signal in the absence of any fll\?f via the Agq floc term. As we will see in the next section,
optimal weighting boils down to a redefinition of the mean redshift of the survey, allowing us
to use standard tools to constrain fll\?f or other parameters, and obtain statistically unbiased
results. It is also straightforward to generalize the estimator defined above to the case of
cross-correlation between different tracers.

We conclude this section with a few remarks. Our estimator differs from the one in [47],
in which the authors defined optimal weights for pairs of galaxies, under the assumption that
a single redshift can be associated to each pair. The drawback of this approach is that there
is no straightforward implementation in Fourier Space, as there is no Fourier space analog
of a pair of objects. This led [47] to define weights for individual galaxies as a square root
of pair weights. However, weights can be negative and one is forced to take an absolute
value before the square root. We’d like to stress that configuration and Fourier space carry



the same amount of information, and as such the same weighting scheme should apply to
both. Our method naturally addresses this issue, as the optimal weights are defined for each
individual object. The same arguments hold for the weights derived in [40] for redshift-space
distortions parameters and for BAO in [39].

3 Data

In this section, we describe the eBOSS DR14Q sample and the synthetic mock catalogs used
in our analysis.

3.1 eBOSS DR14Q sample

The extended Baryon Oscillation Spectroscopic Survey [41] is part of the SDSS-IV experi-
ment [66]. The eBOSS cosmology program relies on the same optical spectrographs [67] as
the SDSS-IIT BOSS survey, installed on the 2.5 meter Sloan Foundation Telescope [68] at the
Apache Point Observatory in New Mexico. In addition to observing luminous red galaxies
and emission line galaxies, eBOSS will observe and measure redshifts for ~500,000 quasars
across a volume of the Universe unexamined by previous spectroscopic surveys. First eBOSS
cosmology results for the DR14Q sample were recently presented in [69], which reported the
first BAO distance measurement in the range 1 < z < 2. The clustering properties of the
eBOSS quasars have also been previously examined in [65, 70], although these works do not
make use of the full DR14Q sample. Recent work in [42-46, 71, 72] has presented several
application of eBOSS DR14 data to measurements of BAO and redshift space distortions
parameters.

The imaging data, target selection, and catalog construction methods for the DR14Q
sample used in this work are discussed in detail in [49, 73]. Targets are selected from the
catalogs of the SDSS I/II surveys [74], released as part of SDSS DR7 [75], and the SDSS-III
survey [76, 77], released as part of SDSS DR8 [78]. The eBOSS also makes use of several
bands of the Wide Field Infrared Survey Explorer (WISE; [79]), as described in [80]. The
target selection criteria for the DR14Q sample is presented in detail in [81, 82].

Accurate redshift estimation is crucial for achieving the cosmology goals of eBOSS,
which is particularly challenging for quasar spectra [83]. As described in [73], the DR14Q
sample contains three automated redshift estimates per object. In this work, we use the
so-called “fiducial” redshift zzq, which can be any of the three redshift estimates, depending
on which one yields the lowest catastrophic failure rate (see [73] for further details).

The DR14Q sample contains 148,659 objects with spectroscopic redshifts in the range
0.8 < z < 2.2. The observed objects are distributed in two separate angular regions in
the North Galactic Cap (NGC) and South Galactic Cap (SGC). The effective areas of these
regions are 1214.6 deg? and 899.3 deg?, respectively. We show the observed number density as
a function of redshift for the NGC and SGC regions in figure 2. There are slight discrepancies
in n(z) between the two regions due to differences in targeting efficiency.

3.2 Completeness weights

Objects in the DR14(Q sample are assigned weights to account for the incompleteness of the
target selection process and other systematic effects that could potentially bias our clustering
measurements. There are two main types of weights that we will discuss in this section,
spectroscopic completion weights wspec and systematic imaging-based weights wgys. The
former accounts for the fact that a small percentage of targets do not receive a redshift while



10°n(z) [A/Mpc]?

Figure 2. The mean density of quasars in the DR14Q sample as a function of redshift for the
NGC (blue) and SGC (red) regions of the sky. The differences between the two regions are due to
known discrepancies with the targeting efficiency. The two vertical lines bracket the DR14 QSOs in
0.8 <z<22.

the latter set of weights corrects for systematics arising from photometric inhomogeneities
in the targeting selection. When combining these two sets of weights, we take the total
completeness weight as

We = Wsys * Wspec- (31)

3.2.1 Spectroscopic weights

The first main cause of spectroscopic incompleteness in the DR14Q sample is fiber collisions.
Fiber collisions result when a pair of quasars are separated by less than the 62”angular size
of the SDSS spectrograph fiber, which prevents one of the objects from being observed.
Missed observations are partially alleviated by the eBOSS tiling pattern, which naturally has
overlapping tiles in regions with a density of targets on the sky, and thus, allows redshifts
to be measured for objects separated by less than the 62”collision scale. Ultimately, 4% and
3% of the eBOSS quasar targets are fiber-collided objects that do not receive a spectroscopic
observation in the NGC and SGC regions, respectively.

We account for the missing objects due to fiber collisions by up-weighting the nearest
neighbor with a valid redshift and spectroscopic class. This procedure follows previous clus-
tering analyses, e.g., as in BOSS [84, 85]. In practice, this is not a perfect correction, as a
fraction of fiber collision pairs are mere projections and are not associated with the same dark
matter halo. However, the nearest neighbor weighting scheme does preserve the large-scale
bias of the clustering sample. As we are concerned only with the PNG signal on large scales,
we leave exploration of most advanced fiber collision correction schemes, e.g., [86], for future
work. We denote the weight used to correct for fiber collisions as a close pair weight, wcp.
By default, its value is unity for all objects that are not involved in a fiber collision, and for
the case of fiber collisions, it is equal to an integer with value greater than unity.



The second main cause of spectroscopic incompleteness is redshift failures, which refers
to the subset of quasars that do not receive a valid automated redshift and are not visually
inspected. The distribution of these objects is not uniform within the focal plane due to
variations in detector efficiency. In past BOSS releases [87], redshift failures were an almost
negligible fraction of the total, less than 1%. However, redshift determination for a quasar at
z ~ 1.5 is more difficult than for an LRG at z ~ 0.5, and the DR14Q sample has a redshift
failure rate of 3.4% and 3.6% in the NGC and SGC, respectively. With this increased rate,
a more complex scheme than was used in previous BOSS analyses, is required to adequately
correct for the effect. Here, we use a focal plane weight wi,. defined as

Wroc = [1 - Prf(xfoca yfoc)]_l 5 (32)

where Pyt defines the probability of obtaining a redshift failure as a function of position in the
focal plane. With this weight, quasars with measured redshifts that are observed in positions
on the focal plane where P, is greater than zero will be up-weighted to account for the fact
that, on average, targeted quasars are missing from the sample due to redshift failures. We
refer the reader to [72] for further details on the redshift failure weights.

Finally, we assign the total spectroscopic completeness weight as the product of the
fiber collision and redshift failure weights, wspec = Wep - Wioc-

3.2.2 Imaging weights

Each quasar in the DR14Q sample is also assigned a weight to mitigate photometric system-
atics, using the prescription studied in [65]. The weights, denoted here as wsys, account for
inhomogeneities in the quasar targeting selection related to the Galactic extinction and depth
of the targeting image data. The weights used in this work have been utilized in previous
eBOSS cosmology analyses [69, 72]. They are described in detail in section 3.4 of [69], and
we refer the reader to that work for further details.

3.3 Synthetic DR14Q catalogs

We make use of a set of mock catalogs to estimate the covariance matrix of the eBOSS
power spectrum measurements. The mocks are based on the Extended Zel’dovich (EZ)
approximate N-body simulation scheme [88]. Throughout this work, we refer to this set of
synthetic catalogs as EZ mocks. In total, we utilize 1000 independent realizations for each
Galactic cap region. We also use the mocks to verify and test our analysis and parameter
estimation pipelines.

The set of EZ mocks are generated following the methodology outlined in [88], matching
both the angular footprint and redshift selection function of the DR14Q sample. Briefly, the
EZ mock scheme relies on the Zel’dovich approximation to generate a density field, and
implements nonlinear and halo biasing effects through the use of free parameters. These free
parameters are tuned to produce two-point and three-point clustering of a desired data set.
The method allows for the fast generation of a large number of mock catalogs without the
computational cost of full N-body simulations, and it has been used extensively in previous
BOSS cosmology analyses, e.g., [89, 90|, and eBOSS DR14 analyses [69]

The EZ mock catalogs account for the redshift evolution of the eBOSS quasars by con-
structing a light-cone out of 7 redshift shells, generated from periodic boxes of side length
L = 5000 h~!Mpc at different redshifts. The free parameters of each box are calibrated
independently, and the boxes are combined using the make_survey software [91]. The back-
ground density field of the light cone mocks is continuous, as each of the boxes shares the
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same initial Gaussian density field. The NGC and SGC data sets are treated independently
when deriving the best-fit internal EZ mock parameters. The cosmology of the EZ mocks
is a flat, ACDM model with ,, = 0.307115, € = 0.048206, h = 0.6777, og = 0.8255, and
ns = 0.9611.

Finally, we mirror the effects of fiber collisions and redshift failures (as discussed in
section 3.2.1) and each object in an EZ mock catalog also has associated values for wg,. and
wep. Fiber collisions are implemented by applying the tiling pattern to the mock data, and
removing pairs that fall within the collision scale that are not in overlapping tiles. Redshift
failures are applied by statistically removing objects based on the position of the object in
the focal plane, using the probability of a redshift failure Pyt(Ztoc, Ytoc)-

4 Analysis methods

Throughout our analysis, we assume a flat ACDM cosmology from [92] as our fiducial back-
ground cosmology. The parameter set we use is h = 0.6774, Q,h? = 0.0223, Q.h% = 0.1188,
ng = 0.9667, and og = 0.8159. We use this fiducial cosmology to convert observed quasar
coordinates (right ascension, declination, and redshift) to Cartesian coordinates during the
estimation of the power spectrum of the sample (see section 4.1). The fiducial cosmology
also determines the shape of the real-space matter power spectrum, which is used in our
theoretical modeling (see section 4.2).

4.1 Power spectrum estimation

We begin by defining the weighted quasar density fields [48§]

F(r) = ot [nge (1) — alns(r)] , Fo(r) = wrote [ngeo(r) — afns(r)], - (4.1)

where ng, and ns are the number densities of the quasar sample and a synthetic catalog

of random objects, respectively. The total weights are the product of FKP and the optimal
redshift weights

Wit (2) = wrkp(2)W(2) , Weot ¢(2) = wrkp (2)we(z) , (4.2)

and they are applied to both the quasar and synthetic samples. The synthetic catalog contains
unclustered objects — it is used to define the expected mean density of the survey, accounting
for the radial and angular selection functions. The factor «f gives the ratio of quasars
to synthetic objects and serves to properly normalize the number density of the synthetic
catalog. In our notation, quantities marked with a prime (/) include the completeness weights
w, specified in section 3.2. The synthetic catalog defines our expected number density, and
as such, does not require completeness weights. The synthetic sample has a number density
1/c times more dense than the true sample. We assume that, on average, the relation
(nleo(r)) = a (ns(r)) holds true. We define o as af = N/, /Ns, where N}, = 2 qso We and
N is the total number of objects in the synthetic catalog.

Now, the multipoles of the cross-correlation between the weighted density fields can be
estimated following [60],

s 241 [dD
P—+/k

L ik-ry —ik-rg L. .a .
¢ = AZ In |:/ drq F(m)e /d’r’g Fg(’l‘g)e ,Cg(k 7“2) 527 (43)
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where we have introduced the shot noise contribution Sy, defined as
S = A7 / dr 1o (1) (we(r) + oY rorweone(r) Lol - 7), (4.4)

which is different than zero only for the monopole £ = 0. The normalization is defined as

A= /dr wtotvg(r)u}mt(r)[ngso(r)]2 . (4.5)

We compute the shot noise (equation (4.4)) and the normalization (equation (4.5)) as discrete
sums over the quasar and synthetic catalogs. To do so, we make use of the following relation:

N gso

N5
/drngso(r)‘..—)ch('ri)...%aéz..., (4.6)

where the integral can be expressed equivalently as a sum over the quasar or synthetic
catalogs. Thus, the normalization Ay can be computed as [72, 93]

Nqso
Ar="3" Wl (P we(r: ) wion e (r) Bion (1) (4.7)

3
Ns

=a Z Mg (1) Wrot 0 (1) Wrot (77) - (4.8)

7

Note that while equations (4.7) and (4.8) are equivalent on average, in practice, we use the
latter equation to estimate the normalization due to the increased number density of the
synthetic catalog. Similarly, we can express the shot noise contribution to the monopole
(equation (4.4)) as

Nqso NS
So = Ay Z wa (73) ot (76 Wiot0(74) + Z Weot Weot,0(T3) | » (4.9)

K3 K3

where the two terms compute the contributions to the shot noise from the quasar and syn-
thetic catalogs, respectively. There is some uncertainty surrounding the impact of fiber colli-
sions and completeness weights on the Poisson shot noise calculation of equation (4.9) [93-95].
We choose to use the standard Poisson expression and vary a shot noise parameter while per-
forming parameter estimation to account for any discrepancies (see section 4.2).

Our implementation of equation (4.3) uses the FFT-based estimator of [63]. This esti-
mator builds upon similar estimators presented in [61, 62], but reduces the number of FFTs
required per multipole using a spherical harmonic decomposition. We calculate the power
spectrum multipoles as

R _2€+1/ko~
- 47

Py(k) A ——F(k)Fu(—k), (4.10)
with
Fy(k) = /dr Fg(r)eik'rﬁg(lzz T,

20+

m=—

L
= T Vb [ dr R e, @11)
l
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where Yy, are spherical harmonics. Note that equation (4.11) requires the calculation of
2¢ + 1 FFTs for a multipole of order /.

To compute the FFTs required by our estimator, we estimate the overdensity field on
a mesh of 10243 cells for the quasar and synthetic catalogs using a Triangular Shaped Cloud
(TSC) interpolation scheme (see e.g., [96]). When interpolating to the mesh, each quasar
contributes a weight of w.wiot and each synthetic object a weight of wiot. When computing
FKP weights, we use a fiducial power spectrum value of Py = 3 x 10* h=3 Mpc?, roughly equal
to the expected power on the scales where PNG is prominent in our sample, k ~ 0.03 h Mpc .
We use the interlaced grid technique of [96, 97] to limit the effects of aliasing, and we correct
for any artifacts of the TSC scheme using the correction factor of [98]. With the combination
of T'SC interpolation and interlacing, we are able to measure the power spectrum multipoles
up to k = 0.4 h Mpc~! with fractional errors at the level of 1073 [97, 99]. To perform these
operations, as well as estimate the power spectrum multipoles via equation (4.10), we utilize
the massively parallel implementations available as part of the open-source Python toolkit
nbodykit [100].

4.2 Modeling
4.2.1 The power spectrum model

We use linear theory to predict the quasar power spectrum in redshift-space [53]

Pysoltk, 1) = G(k, 092 [brot (k) + fu]” Pon() + N, (4.12)

where P,, is the real-space matter power spectrum, N is a free parameter accounting for
residual shot noise, and by is the total quasar bias, including PNG, given by

btot(k) = bqso + Ab = bqso + fll\(I)If(bqso - p)&(k), (4~13)

where bqso is the linear bias of the quasar sample, and @ is defined in eq. (2.3). To account
for redshift-space related damping of the power spectrum, we include a Lorentzian damping
function,

Gk, wsop) = L+ (kuop)?/2) ", (4.14)
with a single free parameter op, which represents the typical damping velocity dispersion.
The physical motivation for the inclusion of G(k, u1) is the Finger-of-God (FOG) effect in red-
shift space due to the virial motions of the quasar within its host dark matter halo [101]. How-
ever, the damping term also accounts for errors in the spectroscopic redshift determination
of the quasars [41]. The effect can be estimated for the DR14Q sample as ¢, = 300 km s~!
for 2 < 1.5 and o, = [400 - (2 — 1.5) + 300] km s~ ! for z > 1.5 [41].

The multipoles of the power spectrum are then computed as
C2+1 !

PE,qso(k) - T L dNquo(kv N)['f(:u)' (4'15)

We evaluate the linear, real-space matter power spectrum P, (k) and the transfer function in
Ab using the classylss software [102], which provides Python bindings of the CLASS CMB
Boltzmann solver [103]. We evaluate the linear power spectrum using the fiducial cosmology
and keep the shape of the power spectrum fixed during parameter estimation. This choice
assumes that the uncertainty as determined by [3] for most of the parameters which define
the shape of the power spectrum is much smaller than the uncertainty of our measurement
and can be neglected. This has been shown to be a reasonable assumption for current data
sets, e.g., [93, 104].
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4.2.2 Window function and effective redshift

The measured power spectrum multipoles are the result of the convolution of the true un-
derlying power spectrum with the Fourier transform a window function W (s), defined by the
footprint on the sky and the redshift selection function. It is easy to see that the ensemble
average of the estimator in eq. (4.3) measures the following multipoles of the power spectrum
Py cr(k) [64, 105-107]

a9,

Ppess(k) = (2A+1) / o P51 ds5 ™25 5 ()8 (s2)W (s1)W (82)Lalk - 51)  (4.16)

2
=<i>A<2A+1JZ(§§‘§) [ s iaths) [ sy st si(2)@ulsin(2)

¢, L
(4.17)
where we have defined the multipoles of the window function
Qu(s) = (2L +1) /dQs/d351W(sl)W(s b s)LL(GE - 5) (4.18)
= /d81 s2Qr(s;s1). (4.19)

In the above equations we have chosen the direction to one of the two QSOs to be the
line of sight for the multipole decomposition, s;(z), explicitly accounting for the redshift
evolution of the signal. In principle, one should perform the redshift integral f dsi(z) in
eq. (4.16) for each evaluation of the model parameters in the likelihood, which makes the
data analysis numerically quite challenging. However, as we will now show, an effective
redshift approximation is often very close to the full answer in eq. (4.16). Under a generic
set of weights w(z) of the density field d, the effective redshift is defined as [108, 109]?

Zeff = Jdz n(2)?[x*/H(2)] w(z)*
T [dz n(2)2[ 2/ H (2)]w(z)?

(4.20)

where x(z) is the comoving distance to redshift z and H(z) the Hubble function. The power
spectrum evaluated at the effective redshift reads

2
Pattiza) = (<0*2A+ DY ((04) [as@iatamanens @2
4, L

For FKP weights and smoothly varying selection function the above expression is sub-percent
accurate, even in large redshift bins [110]. In particular, on scales where linear theory is a
good approximation, it is always possible to define an effective redshift because, in linear
theory, redshift evolution preserves the shape of the power spectrum. For the DR14 QSOs
in NGC, neglecting for the moment the angular mask, assuming the fiducial cosmological
parameters and the model in eq. (4.12), the accuracy of the effective redshift approximation
is shown in the left hand panel of figure 3 for FKP weights. For NGC, between 0.8 <
z < 2.2 the effective redshift is z.g = 1.52. The measured monopole power spectrum,
in blue, can be accurately described by a model evaluated at the effective redshift of the

3Notice that with respect to the work in [108-110] we use a slightly different notation in the definition of
the effective redshift.

—14 —



| — Pe;ff(k)

_r=0] Pt
o Pl zer) '

P(k; zefr)

2 1000 < 1000

N

S r 18

Q_‘ 1 =

| X

= 1S

<500 § 500

< =

0 0
1.02F 1 1.02F
1.01f 1 1.01f

.S s}

s LOOK /\ § 1.00 _\<
0.99F 1 0.99} 1
0.98} 1 0.98}

1072 107! 1072 107!
k [h/Mpc] k [h/Mpc]

Figure 3. Accuracy of the effective redshift approximation for the eBOSS DR14 QSOs sample (NGC).
Left panel: the monopole, blue lines, and quadrupole, red lines, evaluated at the effective redshift
defined by FKP weights, dashed lines, compared to the full integral of the signal power spectrum over
the QSOs selection function, continuous lines. The accuracy for both the monopole and quadrupole
is at a percent level, well withing the error in the measurements. Right panel: same as the left panel
but including fi%¢ optimal weights. The amplitude and shape of the multipoles of the power spectrum
have changed compared to the plot on the left, but new effective redshift can be defined to provide
an excellent description of the full redshift integral.

survey, with deviations smaller than 1%. Moreover the difference between eq. (4.21) and
eq. (4.16) is well captured by a constant, which can therefore absorbed when marginalizing
over galaxy bias. Similar conclusions hold for the quadrupole. The large difference at high
k is a mere consequence of the fact that the quadrupole crosses zero at k ~ 0.25 h Mpc ™!,
the relative deviation is still quite small. The bottom line is that, within FKP weighting,
the error introduced by evaluating the model at an effective redshift is always well below the
measurement uncertainties.

Our optimal weights are smooth in redshift, thus we expect to be able to evaluate the
theoretical model at new effective redshifts, one for the monopole and one for the quadrupole

_ Jdz n(2)*[x*/H(2)] wiypt(2)wo(2)z
ZO,GH - 2 2 2 ~ 9 (4.22)
J dz n(2)2[3/H (2)Jwigpd (2)wo(2)
o LA PR/ HE)] whpin(u():
2.eft — = .
Jdz n(2)2[x?/ H (2)Jwigpd(2) w2 (2)
Since the optimal analysis up-weights high-redshift galaxies where the PNG signal is larger,
the effective redshift goes up compared to the FKP-only case, z.g = 1.52, to

20,0ff = 1.64 , 2956 = 1.58, (4.24)

(4.23)
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Figure 4. The window function multipoles in configuration space (left) and the effects of the window
function on linear Kaiser power spectrum multipoles (right) for the eBOSS DR14Q NGC survey
geometry. In the right panel, the solid lines show the original multipoles, while the dashed lines
correspond to the model after convolution with the window function, Pg(k). The main consequence
of the presence of the survey geometry is a change in power on large scales.

for p = 1.0, and to
20,eff = 1.74 , 22 off = 1.70 , (4,25)

for p = 1.6. For an optimally weighted case the comparison between the effective redshift
approximation, eq. (4.21), and the full integral over redshift, eq. (4.16), is shown in the right
hand panel of figure 3. We find that despite the large redshift range covered by eBOSS
QSOs, evaluating the power spectrum at the effective redshift is accurate at the percent level
for both the monopole and the quadrupole. We have further tested this assumptions in the
EZ mock catalogs, finding that we can reproduce the weighted clustering using the effective
redshifts defined above.

We finally stress that effective redshifts can be defined using optimal weights with re-
spect to any other cosmological parameter, and thus, upon checking they provide an accurate
description of the data, vastly simplify the cosmological analysis. For instance, see [111] for
an implementation of the effective redshift approximation for BAO and RSD in eBOSS data.

The shape of the window function multipoles Qr,(s) and their effect on the monopole of
the eBOSS QSOs power spectrum at zeg is shown in figure 4. The main effect of the survey
mask is to reduce the amplitude of clustering at large scales compared to the true underlying
power spectrum, and therefore needs to be properly taken into account for unbiased estimates
of PNG. Given the high effective redshift and the small fraction of the sky covered by DR14Q),
wide angle effects in redshift space distortions and their possible coupling to the survey mask
can be safely neglected [64, 106].

4.3 Parameter estimation

In both CMB and LSS constraints on PNG the shape of the power spectrum is usually held
fixed. In addition, we are not interested in BAO information or RSD, so we keep cosmological
parameters fixed to Planck best fit values and do not include the Alcock-Paczynski (AP)
effect [112]. Actually, the onset of the PNG signal is fixed by the position of the wavenumber
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associated with the size of the horizon at matter-radiation equality, which is one of the most
precise derived parameters measured by Planck [92, 113]. In summary, our base model has
three free parameters in each patch of the sky: the linear bias by, the damping velocity
dispersion op, and the residual shot noise parameter N. In section 4 we already subtracted
the Poisson estimate of the shot noise, but we do not want to assume QSOs are a Poisson
process and therefore we marginalize over an extra free parameter N. When fitting for PNG,
we introduce fll\?f as an additional free parameter. We remind that our goal is to exclude
fll\?f = 0 rather than its actual value and therefore we keep p fixed to 1 or 1.6. Since we
have shown that the optimal quadratic estimator, in the limit of diagonal pixel covariance,
boils down to a standard measurement of the power spectrum, we don’t need to remove any
estimator bias and just model the expected signal. We estimate the best-fit parameters of
the model using a likelihood analysis. We assume that the probability that our data vector
D, that contains the measured power spectra in bins, corresponds to a realization of our
model T'(0) is given by a multi-variate Gaussian of the form,

L(D|0, ®) x exp [-éf(D,@,@)} , (4.26)

where 6 is our vector of model parameters, and y? takes the quadratic form,

X*(0) =D (Di — T;(6))®(D; — T;(6)), (4.27)
ij
and ® is the inverse of the covariance matrix C of the measurements, often referred as the
precision matrix.

When performing our likelihood analysis, our data vector D consists of the monopole
and quadrupole, measured using the procedure outlined in section 4.1. We use linearly spaced
bins of width Ak = 0.001 A Mpc~'. With the first bin separation at k ~ 0.005 h Mpc~! and
extending to kmax = 0.3hMpc™!, we have a total of 120 data points in D (60 bins per
multipole).

We estimate the covariance matrix of our data measurement using the 1000 EZ mock
realizations, described previously in section 3.3. As the covariance is computed from a finite
number of mock realizations, its inverse ® provides a biased estimate of the true precision
matrix due to the skewed nature of the inverse Wishart distribution [114]. To correct for this
bias, we re-scale the precision matrix as [114]

Nmock — np — 2
Nmock -1

® =

P. (4.28)

We perform our likelihood analysis following equation (4.26), we use the rescaled precision
matrix ®’. In our analysis, we use Npocs = 1000 and n, = 120, yielding a Hartlap factor
of ~0.88. Following [72] we do not include the extra correction of [115] since it has a minor
impact on the errors.

We find the best-fitting model parameters in the mocks using the LBFGS nonlinear
minimization algorithm [116]. We verify that the minimization procedure converges by start-
ing the algorithm from a number of different initialization states. In the data analysis, we
compute the full posterior distribution of the parameters of interest using the emcee soft-
ware [117] to perform Markov chain Monte Carlo (MCMC) sampling. We assume broad
constant priors on all parameters of interest such that the priors serve only to bound the
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parameter values to the largest possible physically meaningful parameter space; in particular

f\?ﬁ’ is sampled uniformly between -500 and 500, the QSO bias bys, between 0.1 and 6, the
velocity dispersion o, between [0, 20] h~1! Mpc, and any residual shot noise term N between
-5000 and 5000.

5 Fisher information

It is useful to look at what a Fisher analysis [118] based on eBOSS number densities and
sky area returns for the error on ff@f using measurements of scale-dependent bias. This will
tell us the best possible constraints, and on how much improvement we can expect from an
optimal analysis.

For simplicity we will assume shot-noise and the redshift error o, are perfectly known, as
they both have a small impact on the final fll\?f bounds. Since we are interested in quantifying
the maximum information of the survey we assume QSOs in NGC and SGC have the same
value of linear bias. We consider measurements of the monopole and quadrupole only, for

which the Fisher matrix reads

kmax dk k2 9P (k) T P (k)
F; = -1 1
i=V /,g o212 00 Clk) 90, (5-1)

min

where 0 = {bgso, fit}, P(k) = {Po(k), Px(k)} is a vector formed by the monopole and
quadrupole of the power spectrum, and C(k)~! is the inverse of the covariance matrix of the
measurements. The fiducial value for the QSO bias is taken from the fitting function in [65],
while the fiducial redshift error from [41].

The Fisher matrix can be evaluated at the effective redshift defined by FKP weights or
by the optimal ones. In both cases T floc is defined via (V F~1)95. The DR14 catalog contains
QSOs from redshift 0.5 < z < 3.5, of which the redshift range 0.8 < z < 2.2 corresponds to
the fiducial survey. We will repeat the calculation in both redshift ranges, to assess the gains
of an extended, in redshift, analysis. We furthermore distinguish between NGC and SGC,
and thus perform two separate Fisher calculations which are then added together. NGC
covers a larger area of the sky than SGC, by ~ 30%, and will therefore be more constraining.
As discussed in section 2, egs. (2.4) and (4.13), the response of a generic tracer to the presence
of PNG depends on one parameter p, that for QSOs takes a value between 1 and 1.6. We
therefore repeat the Fisher matrix calculation, and in section 6 the fit to the data, for both
values of p =1, 1.6.

5.1 Fiducial survey: 0.8 < z < 2.2

The left panel of figure 5 shows the constraints on fll\?f, for p = 1, in NGC plus SGC, as
a function of kp.x and for different values of kpjn. The values of kpi, correspond to the
first three k-bins of the measured power spectra. The dashed lines correspond to the FKP
weighting, while the continuous one to the optimal analysis. The error o floc strongly depends
on the largest scales included in the analysis, since the signal peaks at Tow k, but it very
weakly changes with kpax. Comparing the standard analysis to the optimal one, we find
that the optimal method provides roughly 20% better error bars than the FKP one, with
larger improvement for higher values of kyi,. The right panel in figure 5 displays the results
of the Fisher analysis for p = 1.6. The optimal analysis for p = 1.6 moves the effective

redshift further up, in order to compensate for the reduced response to fll\?f We thus expect,
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Figure 5. Constraints on PNG from a combined analysis of NGC and SGC in the redshift range
0.8 < z < 2.2. Different colors corresponds to different value of ki,. Dashed lines show the FKP
only weights, whereas continuous lines refer to the optimal analysis. Left and right panels correspond
to p = 1.0 and p = 1.6 respectively.

compared to p = 1, larger difference with respect to the FKP-only weighting. We indeed find
40-60% benefit of the optimal analysis comparing it to a standard one. A comparison of the
two panels in figure 5 also shows that T floc degrades by almost a factor of 2 going from p = 1
to p = 1.6 in the standard FKP analysis, whereas with our method we lose only 50% of the
constraining power.

It is worth emphasizing again that we do not know the exact value of p for the eBOSS
QSOs sample. This implies that an analysis of the eBOSS data assuming p =1 or p = 1.6
will not necessarily return the error bar of the Fisher calculation described above. It is
nonetheless reasonable to expect that, in absence of systematic effects at low-k, T floc < 20
and T floc < 30, for p =1 and p = 1.6 respectively, are in the reach of eBOSS DR14Q data.

5.2 Including QSOs at z > 2.2

The analysis of the previous section suggests that extending the fll\?f analysis to z > 2.2

could significantly increase the sensitivity to PNG. The benefit of a larger redshift coverage
is two-fold. First, at fixed kuin, sample variance is reduced in a larger volume simply because
more modes are available. The error 0 floc indeed roughly scales with V1/2 at fixed Kmin,
see eq. (5.1). Second, since the signal peaks at the largest scales, including lower k& modes
into the analysis shrinks the error bars by another factor of V/6. The latter improvement
would however require a careful study of the systematic effects at large scale, as described
in section 3.2.1. In this section we calculate the Fisher information of the full redshift range
covered by the eBOSS survey, providing a motivation to further investigate and reduce the
systematics at low k. The redshift distribution of eBOSS QSOs is such that at z > 2.5 the
number of objects drops very quickly. In terms of the effective redshift defined in section 4.2.2
we find

=172, =166, f =1
0.8<2<25: zegg=154, {Zeffvo Zeff,2 orp (5.2)

Zeff0 = 1.83, zeggo = 1.78, for p=1.6
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Figure 6. Constraints on fi¢ using DR14Q in 0.8 < z < 3.5, encompassing the full redshift range
of eBOSS. Left and right panel correspond to p = 1 and p = 1.6 respectively. Note the difference in
scale of the y-axis between the two panels.

and

Zeff,0 = 1.78 , 2ep2 = 1.69, for p=1

(5.3)
Zeff0 = 1.89, zego = 1.82, forp=16.

0.8<2<35 263:1.56,{

The inclusion of QSOs in the range 2.2 < z < 2.5 basically does not change the FKP effective
redshift, but it moves up the optimal effective redshift by a substantial amount compared to
eq. (4.25). This indicates that a large amount of signal could become accessible by including
z < 2.5 QSOs in the analysis. Minor shifts in the effective redshift are produced by adding
QSO all the way to z = 3.5 as one can see by comparing eq. (5.2) and eq. (5.3), suggesting
that including this redshift range will likely only help to reduce sample variance by increasing
the number of large scale modes available.

Figure 6 shows the error on PNG, o floc that could be obtained by optimally combining
all the eBOSS data between 0.8 < z < 3 5 Several choices of ki, are displayed, to help
understand how the lack of control on systematics on the largest scales affects the final result.
Similarly to what we find in the nominal DR14 redshift range, the optimal analysis yields
25-30% improvement for p = 1, and 40-50% for p = 1.6. We notice that only in the case of
the optimal weighting the full survey could in principle achieve 0 floc = 10, even at relatively
high kpin. The final eBOSS footprint is expected to be roughly 3 times larger than the one of
DR14, which could in principle shrink o floc by an additional 3'/2. A survey like eBOSS could

therefore achieve an error as low as o floc ™ 58, depending on the value of floC response, if
systematics can be kept under control.

6 eBOSS DR14 constraints on primordial non Gaussianities

We now move to the analysis of the DR14Q) catalog. Given the different targeting efficiency
in the two patches we treat NGC and SGC separately, with two different values of bias,
velocity dispersion and shot noise. This implies that the constraints on floC will not be as
tight as in the idealised Fisher calculation.
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Figure 7. Measurements, points with error bars, and best fit theoretical models, continuous lines, of
the monopole power spectrum of the eBOSS DR14 QSOs. The top row shows the power spectra in
NGC and the lower ones in SGC.

Another minor difference with the Fisher calculation is that we do not include the
quadrupole in our analysis. As further discussed in appendix A, see figure 12, the measured
quadrupole, especially in NGC, shows an excess of power on large scales not compatible
with a cosmological signal. In this paper we therefore focus on the monopole only, which
does not show sign of contamination at low-k that could cause a biased estimate of PNG.
As long as there is no detection, an upper limit on fﬁ}f should in fact be reliable given the
Planck constraints. It is also worth reminding that since we work at fixed shape of the
power spectrum, the quadrupole is almost irrelevant for the final constraint on fll\?f, but
could become important if the growth factor, or equivalently §2,,, is allowed to vary. A brief

description of the inconsistency of the quadrupole data can be found in appendix A.

In figure 7 we show the measurements, points with error bars, of the monopole of the
power spectrum of eBOSS DR14Q in the two regions of the sky, NGC in the upper plots
and SGC in the lower ones. The three columns correspond to the standard FKP weighting
of the data, and the optimal redshift weighting for p = 1.0 and p = 1.6. The best fit models,
including fll\?LC as a free parameter, are displayed as the continuous lines and provide an

excellent fit to the data, Xc21.0.f. ~ 1 in all cases.

Figure 8 shows the one dimensional posterior of ff\?f for the different measurements.

The first thing worth pointing out is the non-Gaussian posteriors. One expects this because
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Figure 8. The 1-dimensional posterior of fi&¢ from separate fits to the NGC (upper panels) and
SGC (lower panels). The red histograms show the optimal weighting while the blue ones the FKP
weighting. Dot-dashed lines indicate 95% confidence intervals.

the response to the negative fll\?ﬁ is very different to the positive fll\?f, as seen in the right
panel of figure 4. It could be explained by the fact that negative fll\?f is a worse fit for FKP
weights, and for NGC in particular, see figure 7, unless | f11\§’f| is very large and the bias is much
larger than the fiducial value of [65]. Non-Gaussian posteriors make the comparison between
the FKP and the optimal analysis more difficult, in general there is no unique procedure to
compare the two. In all the panels, the dot-dashed lines correspond to the narrowest region
encompassing 95% of the area under the posterior, the highest posterior density interval. The

actual numbers at 95% confidence level for both patches of the sky can be found in table 1.

The optimal analysis, in red, always returns smaller 95% c.l. intervals, as it can be most
easily noticed in the lower right panel. For p = 1.0 we find that in NGC the 95% confidence
interval for the optimal analysis is very close to the FKP one (but 10% smaller at 99.7%),
and it is 5% smaller in SGC (15% smaller at 99.7%). Compared to the Fisher analysis we
therefore find smaller gains for the optimal weighting. For p = 1.6, the optimal analysis
improves considerably over FKP, with the 95% c.l. now 35-40% smaller for both NGC
and SGC. Despite NGC being larger than SGC we do not find any appreciable difference
between the two in constraining power on PNG, which could be a statistical fluctuation, or
an indication of some systematic differences. Even though it is not significant enough to bias
our results, it should be further investigated in new data releases of eBOSS, which will have
better statistics.
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Figure 9. Posterior distribution from jointly fitting the NGC and SGC sky regions, assuming p = 1.0
for the fi¢ response. Left: 1-dimensional posteriors of fi¢ (blue). Right: the 1-dimensional posteriors
for the QSO bias in NGC (red) and SGC (green). The upper panels show the FKP weighting, while
the lower ones show the optimal weighting.

The best possible constraints on fll\?f correspond to the joint analysis of NGC and SGC,
for which the results are shown in figure 9. The left panels show the fll\?f posterior, while the
right shows QSOs bias parameters for the two areas of the sky. At 68 (95)% confidence level
we find (41) — 11 < fi¢ < 29 (39) for NGC+SGC, p = 1.0 and FKP weights. In the optimal
case the constraint reads (51) — 26 < fi%¢ < 14(21). In the combined NGC+SGC case the
FKP analysis is therefore 10% worse than the optimal one. As expected the QSO bias has
increased in the optimal case, in accordance with the higher effective redshift of the survey.
For p = 1.6 the joint constraints on PNG are shown in 10. The improvement of the optimal
analysis is more than 35%. It is also important to notice that the optimal weights make the
difference between the constraints on fll\?LC for the two values of p much smaller compared
to ones in the FKP case, where p = 1.6 is almost a factor of 2 worse than p = 1.0. Since
the true response of any discrete tracer will never be exactly known, our results shows the
importance of optimal signal to noise weighting in making this extra source of uncertainties
less important.

The numbers given above are among the tightest constraints on PNG using LSS data,
and the most stringent one using spectroscopy data of a single tracer. Given the much smaller
area of the sky and number of objects compared to [18, 34], our analysis strongly indicates
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Figure 10. Posterior distribution from jointly fitting the NGC and SGC sky regions, assuming p = 1.6
for the fi¢ response. Left: 1-dimensional posteriors of fi¢ (blue). Right: the 1-dimensional posteriors
for the QSO bias in NGC (red) and SGC (green). The upper panels show the FKP weighting, while
the lower ones show the optimal weighting.

the 3D information is crucial to achieve tight constraints on PNG. At the same time our
work makes clear that much more effort should be devoted to studying systematic effects at
large angular separation, and remove those modes altogether if a proper foreground cleaning
procedure cannot be found [27, 31, 35, 63].

Optimal weights also help in reducing degeneracies between 11\%5 and other parameters.
Figure 11 shows the 2-dimensional posterior of fll\‘ff and the QSOs bias in NGC (similar
results hold in SGC). The FKP case is shown in the left panels, and for p = 1.0 and p = 1.6
in the upper and lower plots, respectively. Comparison with the optimal analysis on the right
hand panels shows that the optimal weights help shrinking the 2-dimensional contours and
the correlation between fll\?f and the QSOs bias. A summary of the constraints on fll\?f can
be found in table 1. We repeated the analysis removing the first k-bin, and found an increase
of 20-30% in errors as compared to the analysis including all the bins presented above.

Previous constraints on PNG using QSO usually relied on the use of the photometric
catalogs [18, 27], which therefore had many more objects and a much larger sky coverage than
the spectroscopic sample used in this work. Nonetheless we are able to obtain comparable
or better constraints than previous work, due to the larger number of modes available in a
spectroscopic measurement and to the use of optimal redshift weights.
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Figure 11. 2-dimensional posterior of fi%¢ and QSOs bias in NGC (similar results hold in SGC).
The upper panels assume p = 1.0, on the right including only FKP weights, on the left with the
addition of fll\?f optimal weights. Notice how the 2-dimensional contours shrinks in the optimal case,
and the fi2° and the QSOs bias become less correlated. The lower set of plots show the same results
for p = 1.6, with exactly the same conclusions.

Finally, we would like to comment on the use of mocks to validate the constraints we
get from the data. The EZ mocks have not been tuned to reproduce the fll\?f response by of
the eBOSS data, as the latter is unknown. One would need full physics simulations of the
specific eBOSS QSOs sample in order to at least have a theoretical prior on the value of p,
and consistently compare the constraints on the mocks with the ones obtained in the data.
This implies that, if the PNG response of the sample is poorly determined, mocks can only be
used to estimate the covariance matrix of the measurements at the fiducial value of fiof = 0.
We also found that the way the mocks have been generated, with BAO and RSD as their
primary goals, does not guarantee that the power spectrum on the largest scales correctly
reproduce linear theory. We indeed find a small discrepancy on large scales between the
mocks power spectrum and the linear theory power spectrum the mocks should reproduce,
which is however much smaller than the expected cosmic variance of the measurements. To
the best of our knowledge this finding cannot be attribute to modeling systematics. We were
nevertheless able to check that even in the mocks the optimal analysis improves over the

standard FKP one, but the actual mock constraints cannot be compared with the data.
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fise Constraint

p=10 | "KF —34 < f¥ <61

NGC Optimal | —56 < floc < 38
p—16| FKP | —67<f§ <112

Optimal | —87 < floc <42

p—10| FKP | —64< /¥ <3l

SGC Optimal | —61 < flo¢ < 26
b1 | FKP | —122< [ <63

Optimal | —92 < flo¢ < 42

p—10| FKP | 30 AE <4l

NGC+SGC Optimal | —51 < floc < 21

p—16 | FKP | - ¥ <8l

Optimal | —81 < floc <26

Table 1. Summary of the fi%° constraints of this work for NGC and SGC separately, as well as their
joint analysis.

7 Conclusions

Primordial non Gaussianities of the local form, parametrized by fll\?f, leave a unique finger-
print in the clustering of LSS tracers through the presence of scale-dependent bias on large
scales. In this work we presented new constraints on floC using the measurements in Fourier
space of the clustering of QSOs in DR14 of the eBOSS survey. In order to access the largest
available volume we took all the data in the redshift range 0.8 < z < 2.2 without applying
any redshift binning. This allowed us to probe modes up to k& = 3.7 x 1073 A Mpc~!. In such
a wide redshift range the evolution of the Gaussian part of the signal is quite significant, and
differs from the one of the non-Gaussian piece.

We derive a set of weights that maximizes the information content on PNG in the form
of a cross correlation between two differently weighted fields, a statistically optimal way to
exploit the different evolution of the two signals. Our approach extends the standard FKP
weighting, in which all the galaxies are treated the same way from the point of view of their
signal content. The optimal weights for PNG up-weight higher redshift objects for two main
reasons. First they are more highly biased, thus have a higher f10C response, and second is
that the relative size of the dominant Gaussian term to the non-Gaussian piece is smaller at
high redshift since the Gaussian term had less time to grow.

In a spectroscopic survey, one in principle has to integrate the expected signal over the
redshift distribution of the galaxies for a proper comparison to the data. However, it is quite
often a good approximation to introduce an effective redshfit, defined by the n(z) and the
desired set of weights w(z). This is the standard assumption in all galaxy survey analyses,
and it has been extensively tested for FKP weights. We checked that the effective redshift
approximation is quite accurate even for floC optimal weights, and defined two effective
redshifts, one for the monopole and one for the quadrupole.
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We then quantified, using a Fisher matrix approach, the expected improvement on o floc
of the optimal treatment compared to a standard one, finding 15-40% gain depending on

the exact value of the fll\?f response. We also forecasted the possible improvement yielded by
including QSOs at z > 2.2. Our calculation indicates that o floe = 5-8 could be obtained by
final eBOSS QSOs in the redshift range 0.8 < z < 3.5, if the low k systematics can be kept
under control. We find no significant contamination at low k for the z < 2.2 QSO sample
used in this work.

The exact value of the QSOs response is not known, and can be parametrized by a single
number p (higher p means smaller fi¢ signal), which the optimal weights depend on. In this
work we considered p = 1.0 and 1.6, with the former value valid if QSOs halo occupation is
random, and the latter if QSOs occupy recent merger halos [18]. Our current constraints can
be summarized as —51 < fll\?f < 21 at 95% confidence level for p = 1.0, and they degrade to
—81 < fllff < 26 for p = 1.6. It is also worth stressing that the optimal analysis makes the dif-
ference between the p = 1.0 and p = 1.6 case much smaller than in a standard approach. The
constraints on PNG presented here are some of the tightest ever obtained using tracers of LSS.

To conclude, in this work we demonstrated the importance of optimal signal weighting
in order to extract the maximum information from the data. This required prior analytic
knowledge of the signal one is trying to measure, and it reinforces the need for stronger
connection between the theory and data analysis for primordial non Gaussianity. We focused
on Primordial Non Gaussianities in the power spectrum, but our approach can be straight-
forwardly extended to any other cosmological parameter and summary statistics. We will
return to these interesting questions in future work.
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A The power spectrum quadrupole

In the main text we included only the monopole of the power spectrum in the data analysis.
This was motivated by the anomalous excess power we observe in the quadrupole of the data.
In figure 12 we show the power spectrum quadrupole in NGC, point with errorbars (dotted for
negative values), compared to the theoretical prediction for fll\?f =0 and fll\}’f = —51, 21, which
correspond to the £95% values of fll\?f in the analysis on the monopole data. Clearly even
for such high value of PNG the quadrupole data are inconsistent with the theoretical model,

and should therefore be neglected due to their covariance with the monopole measurements.
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