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Abstract

My thesis consists of the two following projects:

Testing Large-Scale Structure Measurements against Fisher Matrix Analysis
[2] (Chapter 2): We compare Baryonic Acoustic Oscillation (BAO) and Redshift Space
Distortion (RSD) measurements from recent galaxy surveys with their Fisher matrix based
predictions. Measurements of the position of the BAO signal lead to constraints on the
comoving angular diameter distance DM and the Hubble distance DH that agree well with
their Fisher matrix based expectations. However, RSD-based measurements of the growth
rate fσ8 do not agree with the predictions made before the surveys were undertaken, even
when repeating those predictions using the actual survey parameters. We show that this
is due to a combination of effects including degeneracies with the geometric parameters
DM and DH , and optimistic assumptions about the scale to which the linear signal can
be extracted. We show that measurements using current data and large-scale modelling
techniques extract an equivalent amount of signal to that in the linear regime for k =
0.08hMpc−1, remarkably independent of the sample properties and redshifts covered.

Correcting for small-displacement interlopers in BAO analyses [1] (Chap-
ter 3): Due to the low resolution of slitless spectroscopy, future surveys including those
made possible by the Roman and Euclid space telescopes will be prone to line mis-
identification, leading to interloper galaxies at the wrong redshifts in the large-scale struc-
ture catalogues. The most pernicious of these have a small displacement between true
and false redshift such that the interloper positions are correlated with the target galaxies.
We consider how to correct for such contaminants, focusing on Hβ interlopers in [O ii]
catalogues as will be observed by Roman, which are misplaced by ∆d = 97hMpc−1 at
redshift z = 1. Because this displacement is close to the BAO scale, the peak in the
interloper-target galaxy cross-correlation function at the displacement scale can change
the shape of the BAO peak in the auto-correlation of the contaminated catalog, and lead
to incorrect cosmological measurements if not accounted for properly. We consider how to
build a model for the monopole and quadrupole moments of the contaminated correlation
function, including an additional free parameter for the fraction of interlopers. The key
input to this model is the cross-correlation between the population of galaxies forming
the interlopers and the main target sample. It will be important to either estimate this
using calibration data or to use the contaminated small-scale auto-correlation function to
model it, which may be possible if a number of requirements about the galaxy populations
are met. We find that this method is successful in measuring the BAO dilation parame-
ters without significant degradation in accuracy provided the cross-correlation function is
accurately known.
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Chapter 1

Introduction to large-scale structure
and galaxy clustering

It was not long ago when Edwin Hubble first discovered that Andromeda did not belong to
Milky Way; instead, it was a galaxy on its own – or, as he would call it, an “extragalactic
nebula” – residing outside our galaxy. Soon after, he discovered that many other “nebulae”
were also galaxies of their own and, even more surprisingly, by detailing the redshift-
distance relation he confirmed Vesto Slipher’s discovery that nearly all of them appeared
to be moving away from us. This discovery led to astronomers believing that the Universe
as a whole is expanding. This phenomenon is now known as the Hubble expansion of the
Universe.

Subsequently, astronomers started using Doppler shifts to measure the rotational ve-
locity of nearby galaxies. To their surprise, they found that the rotation curves of the
spiral galaxies are flat, implying that the matter enclosed within them was an order of
magnitude higher than the estimated total mass of the stars. Initially, Dark Matter (DM)
was introduced to address the flat rotation curve problem. However, eventually, it turned
out to address many other problems if it was assigned the right properties. Later on, there
was found an increasing number of evidence supporting that the expanding universe is
accelerating (i.e., [8, 9, 10]). This was a remarkable discovery since it is not in accordance
with what General Relativity (GR) expects. To solve this discrepancy, a number of possi-
bilities have been studied. One of the solutions is to add another substance to the known
constituents of the universe, which is named Dark Energy.

While with the growing precision of observations, we have been able to constrain some
properties of dark matter and energy, to this day, their nature remains a secret. For
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instance, there is strong evidence that the observed structures in the Universe can not
be explained by hot dark matter, which rules out the hot dark matter theory ([11, 12]).
Therefore, it is now commonly assumed that dark matter is cold (CDM). Moreover, a
dark energy model with a constant density, known as cosmological constant, or Λ as first
introduced by Einstein to allow a stationary model of the Universe ([13]), would justify
several independent measurements, such as supernovae type-Ia observations ([14]) and
BAO signal in early and late Universe (will be further described in Section 1.4).

A Universe made of cosmological constant, cold dark matter, baryonic matter, radia-
tion, neutrinos, and curvature is known as a ΛCDM universe. In fact, many well cross-
checked observations make ΛCDM a convincing empirical model of our Universe. Based on
this, throughout this work, I assume ΛCDM cosmologies with slightly different properties,
depending on the observation being referred to. Additionally, our Universe as a whole can
be assumed to be homogeneous and isotropic on large scales. Indeed, on smaller scales,
solely the existence of galaxies contradicts the validity of this approximation. However,
when averaged over large scales, homogeneity and isotropy are valid assumptions and are
compatible with the observations.

In the following sections, we study the fundamentals of Large-Scale Structure (LSS)
that will be used frequently in Chapter 2 and 3.
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1.1 Past and future galaxy surveys

The quest to understand Dark Energy, the physical mechanism behind observations of
the accelerating expansion of the Universe, has led to a plethora of ongoing and future
experiments, including the Dark Energy Spectroscopic Instrument (DESI, [15]), the Rubin
Observatory and LSST survey [16], and the Euclid [17] and WFIRST (now known as Nancy
Grace Roman Space Telescope) [18] satellite missions. Many of these are designed to use the
Baryon Acoustic Oscillation (BAO), and Redshift-Space Distortion (RSD) signals within
the clustering of galaxies to constrain the geometry of the Universe and growth of structure
within it.

Over the past two decades, since the early signs of the baryon acoustic oscillations were
seen in the 2-degree Field Galaxy Redshift Survey (2dFGRS, [19]) and the BAO signal was
refined using the Sloan Digital Sky Survey-II (SDSS, [20]) Luminous Red Galaxy (LRG)
sample [21] and the final release of data from the 2dFGRS [22], ground based surveys
have been undertaken to make BAO and RSD measurements to ever higher precision. The
combination of 2dFGRS and the final SDSS-II LRG data reached a detection threshold of
3.6σ [23], which was rapidly overtaken by early data from the Baryon Oscillation Spec-
troscopic Survey (BOSS, [24]), which breached the 5σ detection threshold. Since then,
the BAO technique has become one of the pillars of modern cosmology, with particularly
important surveys undertaken within the SDSS. At low redshift, we have the Main Galaxy
Sample (MGS, [25]) using data from SDSS-I&II ([26]), while at higher redshift we have the
SDSS-III ([27]) BOSS, [28] and the SDSS-IV ([29]) extended Baryon Oscillation Spectro-
scopic Survey (eBOSS, [30]). In addition, complementary measurements were made by the
6-degree Field Galaxy Survey (6dFGS, [31]) at low redshift, and the WiggleZ Dark Energy
Survey (WiggleZ, [32]) at high redshift. All have released measurements at various stages
of survey progress.

The observed BAO and RSD signals from these surveys have been analyzed by different
groups with slightly different techniques in both configuration and Fourier space. These
measurements constrain the anisotropic distance scales, DM and DH , the isotropic distance
scale, DV , and the logarithmic growth rate of structure, f . The Fisher matrix formalism
has allowed cosmologists to predict the constraining power of surveys on these parameters
and therefore plan for the future [33, 34, 35, 36]. This formalism was first introduced
to estimate the error on model parameters in any given dataset [37], by assuming that
the inverse of the Fisher matrix can be interpreted as an estimation of the covariance
matrix for a Gaussian likelihood. Moreover, the Cramér-Rao inequality states that the
diagonal elements of the inverse of the Fisher matrix give a lower bound on the variance of
any unbiased estimator of the model parameters, in other words, the best possible errors.
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Thus, validating the Fisher matrix predictions made for past surveys is important to test
whether survey goals were met and particularly to test the optimality of the analysis
techniques used to evaluate the cosmological parameters. For instance, in a recent study
by Ruggeri et al. [38], the errors in BAO survey measurements, mocks, and Fisher matrix
were compared without applying reconstruction to the density field for six galaxy surveys,
finding good agreement. We find similar results in Chapter 2 for the same surveys and
datasets analysed in the same way, but extend this analysis to consider further data: BAO
with reconstruction and RSD measurements.

Observational instruments make use of different spectroscopy techniques based on their
target. For instance, one type of spectroscopy is called long-slit spectroscopy, in which
a slit is located at the telescope’s focal plane to focus solely on one target and prevent
any background light from entering the spectrograph. While this method gives very high
S/N, it is not efficient for galaxy redshift surveys, as they aim to observe millions of
objects. There is a solution to this issue: removing the slit. By doing so and adding
a grism (grating and prism), slitless spectroscopy enables us to measure the spectra of
multiple objects simultaneously, at the cost of decreased S/N, and sometimes, overlapped
spectra of some objects. Nonetheless, grism slitless spectroscopy will be used for future,
and ongoing space-based telescopes, such as James Webb Space Telescope [39], Euclid, and
Roman Space Telescope. An example of the output of slitless spectroscopy is illustrated
in Figure 1.1. This figure is not from actual observations but is simulated by [40] and
shown here to compare a photometry image (on the left) and its corresponding slitless
spectroscopy image (on the right). You can see how all objects are dispersed into their
spectra, with some of them overlapping.

Another example of a multi-object spectrograph is a fiber-fed spectrograph, in which
fibers are directed towards the position of each target. The light from each target enters
its assigned fiber at the focal plane, and the spectrograph collects light emitted from the
other end of the fibers. For illustration, one petal of the DESI instrument with 502 robotic
fibers is shown in Figure 1.2. Fiber-fed systems are able to cover large fields and provide
uniform wavelength coverage. Moreover, higher resolution and non-overlapping individual
spectroscopy make them less prone to line misidentifications. On the downside, fibers can
not move far since they are physically limited between other fibers, limiting the angular
separation range they can observe. These systems are typically harder to set up on space-
based telescopes compared to a slitless spectrograph. Some examples of the ground-based
LSS surveys that make use of fiber-fed instruments are: past SDSS survey with ≈ 600
fibers [41], and future DESI [42].
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Figure 1.1: This figure is adopted from Fig. 8 of [40]. It displays a simulated example of a
direct image on the left and a 2D slitless dispersed image on the right.

Figure 1.2: Adopted from Figure 1 of [42]. The left panel shows a petal with 502 robotic
fibers as viewed from the front, and the right panel shows it as viewed from the side.

5



1.2 Measuring redshifts and distances

The Hubble expansion of the universe causes galaxies outside our local cluster to move
away from us. Hubble empirically discovered that there is a linear relationship between
the distance of the galaxies, r, and the radial velocity at which they are receding:

vH,r = czH = H0r , (1.1)

where vH,r is the Hubble radial velocity, zH is redshift due to Hubble expansion, and
H0 is the Hubble constant. We have used the small-speed approximation (v/c ≪ 1) of
the redshift-velocity relation for the first equality. Nowadays, all the early and late time
observations have proven that the Hubble constant is around ≈ 70 km s−1 Mpc−1, despite
the relatively small Hubble tension discrepancy, which is not the topic of this work. (see
[43, 44, 45, 46]). One can find the theoretical relation between the distance and redshift of
galaxies by manipulating the Friedmann-Robertson-Walker (FRW) metric,

r =

∫ z

0

cdz′

H(z′)
, (1.2)

which simplifies to Eq. 1.1 for small separations and redshifts.

We can build a 3d map of the galaxies by directly measuring their two transverse
angular coordinates across the LOS by photometry and indirectly measuring their radial
coordinate by translating the measured redshift from spectroscopy to distance using Eq. 1.2.
In practice, this translation is not as simple as it looks due to the peculiar velocities of
galaxies caused by the gravitational field of DM and other galaxies in their vicinity. The
observed redshift of a galaxy measures the super-position of the cosmic Hubble expansion
velocity and the LOS peculiar velocity of the galaxy: vr = vH,r + vpec,r. Therefore, the
final observed redshift can be written as

cz = H0r + vpec,r . (1.3)

For most galaxies, unless there is a different way of measuring distance, only the redshift
is measurable, not the true distance r. Thus, cosmologists usually describe the position
of an object in the redshift space using the following coordinates: s1 and s2, the angular
positions across the LOS, which are not affected by peculiar velocities, and s3 the redshift
distance along the LOS:

s3 =
cz

H0

= r +
vr
H0

. (1.4)
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Measuring the LSS coordinates in redshift-space rather than configuration-space causes
an anisotropic observational effect called Redshift-Space-Distortion (RSD), which will fre-
quently appear in the text. In Figure 1.3, we demonstrate how configuration space trans-
lates into redshift space and how peculiar velocities cause redshift space distortions:

• Top panel: Galaxies G1 and G2 are on the opposite sides but at the same (large-
scale) distance from the center of an overdense region. The center of the over-dense
region and galaxies are aligned with the LOS. Due to the gravitational attraction,
both galaxies move towards the center of the overdensity. This means that G2 will
have a redshift distance s3 that is larger than its true distance r, and G1 has a s3
smaller than its r. Now consider galaxies that are located to the right and left of
the center of overdensity. Since their peculiar velocity is mainly across the LOS,
their s3 would be equal to their r, so unaffected by the redshift space translation.
By extending this logic, a sphere in configuration space centered at the center of an
overdensity would appear as an oblate ellipsoid, squashed along the LOS in redshift
space.

• Middle panel: Galaxies closer to the center have larger peculiar velocities than ones
farther away. At the turnaround scale, the peculiar velocity redshift is equal to the
Hubble redshift, canceling out so that a sphere in configuration space would appear
as a line.

• Bottom panel: Now consider the same scenario, but at such small scales so that the
peculiar velocities are large enough to make the galaxies appear on the opposite side
of the overdense region. This will, in effect, appear as an elongated ellipsoidal along
the LOS.

The large-scale RSD is called the Kaiser effect [48] and is relatively easy to model using
the Kaiser equation. The small-scale RSD effect will cause the isotropic sphere shells in
configuration space to look like fingerprints in redshift space, therefore known as Finger-
of-God (hereafter, FoG) effect, illustrated in Figure 1.4. Unfortunately, FoG is harder to
model due to its nonlinear nature, but we will touch on that later when we introduce the
two-point statistics in the next section.
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Figure 1.3: Illustrating redshift-space-distortions. On the left, we show imaginary spherical
shells with different radii, centered at the overdensity peak. Arrows show the peculiar ve-
locities of the galaxies that would be placed on these spheres. On the right, the interpreted
redshift space positions are shown. The distortion is dependent on the scale. Source: Fig. 2
of [47] with some changes.
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Figure 1.4: This figure depicts the positions of galaxies in redshift space with black points.
This effect is called Finger-of-God. In configuration space, galaxies that are connected by
ellipsoidal curves have the same distance to the center of the overdensity. Source: Fig. 1
of [47] with minor changes.
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1.3 Correlation function and power spectrum

The Universe is isotropic and homogeneous on large scales, and it can be well described by
the ΛCDM model. However, it behaves differently on small scales: it becomes anisotropic
and inhomogeneous, and the deviations from homogeneity tend to grow over time, or
else there would not be any galaxies or stars. The important question is, how did these
fluctuations form in the first place? “Inflation” is proven to be a plausible theory that can
answer this question. There are several inflationary models that differ in detail, but they
all describe possible scenarios in which the random Gaussian fluctuations were seeded in
the density field during the very early epochs of the Universe. These fluctuations later
grew and today are seen as galaxy structures.

We can quantify these fluctuations from perfect homogeneity by defining over-density

δm(x⃗) =
ρ̄− ρ(x⃗)

ρ̄
, (1.5)

where ρ̄ is the mean density, and ρ(x⃗) is the local density of matter at comoving distance
x⃗. The two-point correlation function of the over-density field is used to describe the
correlation between the over-density at co-moving distance x⃗ and y⃗

ξm(x⃗, y⃗) = ⟨δm(x⃗)δm(y⃗)⟩ . (1.6)

In general, knowing the two-point statistics is not sufficient to characterize a random field.
However, a Gaussian random field can be described entirely by its two-point statistics, i.e.,
correlation function and power spectrum. Fortunately, in cosmology (it is believed that)
the density field at early epochs obeyed a Gaussian distribution, which means that two-
point statistics do suffice to exploit all the available information. Higher n-point statistics
may be used in the late-time universe, but they are more challenging to measure, and in the
scope of this thesis and the corresponding measurements, 2-point is adequate to describe
the clustering.

Under the assumption of isotropy, ξ is simply a function of the separation between
these two points, r = |x⃗ − y⃗|: thus ξ = ξ(r). Now the question is, how can we measure
this correlation function when most of the matter is dark? Even with the baryonic matter,
calculating the correlation function with Eq. 1.6 can be extremely time-consuming. The
answer is that we can still have an estimation of it by using different “tracers” of the matter
field and by using “estimators” of the correlation functions. Unfortunately, galaxies (as
well as dark matter halos) are biased tracers of the matter field. But on the bright side,
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we can model the bias on linear scales, where a linear bias factor relates the over-density
of the matter field and the galaxy over-density, δg = bgδm. Thus,

ξg = b2gξm . (1.7)

There are nonlinear bias analyses based on perturbation theory, but those are outside the
scope of this thesis. For more detail see Refs. [49, 50, 51].

Estimating this correlation function from a galaxy survey is a non-trivial task that had
been studied for decades (refs [52, 53, 54]). One way to do this is to see the correlation
function as the excess probability of finding two galaxies at a given separation compared
to a random catalogue in which galaxies are uniformly distributed. There is a number
of estimators that use this method to estimate the correlation function. In the following
studies in Chapter 2, and 3, we use the Landy-Szalay estimator [54] given by

ξ̂(r) =
DD − 2DR + RR

RR
, (1.8)

where DD, DR, and RR are the data-data data-random and random-random pair counts.

The correlation function and power spectrum are two sides of the same coin, only the
power spectrum describes the clustering in Fourier space rather than the configuration
space. The two are related through a Fourier transform:

P (k) =
1

2π2

∫ ∞

0

x2 sin kx

kx
ξ(x)dx (1.9)

Even though these two usually have the same statistical properties and are convertible,
sometimes it is easier to work with one rather than the other. In chapter 2, we will consider
various BAO measurements. Some of these analyses constrained the cosmological parame-
ters using configuration space analysis, whereas others preferred Fourier space. Regardless,
we were able to compare the observational precision of these surveys to our Fisher analysis
which was performed in the Fourier space. In chapter 3, performing the BAO analysis in
real space was preferable since it made it easier to measure the correlation function of the
objects directly from the Landy-Szalay estimator and model the measurements with the
Fourier transform of the analytical CAMB power spectrum. We will come back to BAO
in the next section.

In cosmology, one can project the power spectrum (or correlation function) onto the
Legendre polynomials basis – the rest of this section is written for the power spectrum in
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Fourier space, but P (k) can be replaced by ξ(r) to yield the same results in real space.
Legendre polynomials are a system of complete and orthogonal basis defined as

Ll(x) =
1

2ll!

dl

dxl
(x2 − 1)l . (1.10)

The Legendre moments of the power spectrum are given by the following integral

Pl(r) =
(2l + 1)

2

∫ 1

−1

dµ P (r, µ)Ll(µ) , (1.11)

where r is the separation between two objects, µ is the cosine of the angle between k⃗ (or r⃗
in real space) and the LOS, and l is the order of the polynomial. Given that the Legendre
polynomials are a set of complete and orthogonal axes, the two-point statistics can be
reconstructed by summing over its moments:

P (r, µ) =
∞∑
l=0

Pl(r)Ll(µ) (1.12)

The zeroth moment is called the monopole, demonstrating an average over µ. The
two-point statistic’s odd moments vanish since their corresponding polynomials are odd
functions. Higher even moments bring out the anisotropies and in-homogeneities of the
two-point statistic caused by observational effects, i.e., typically Kaiser and FoG effects
in redshift space, as well as the potential interloper effect, which we will study more in
Chapter 3. The second and fourth moments are called quadrupole and hexadecapole, to
which we will refer later in both works. The quadrupole and hexadecapole measurements
are specifically essential in redshift-space since the correlation function in redshift-space is
anisotropic, as mentioned in Section 1.2. In Figure 1.5, an example of the monopole and
the quadrupole of the correlation function for the mean of 1000 Quijote mocks is shown.
As seen at the bottom of this figure, quadrupole vanishes in configuration space but not
in redshift space due to the anisotropy caused by RSD.

On linear scales, the configuration space power spectrum can be converted to redshift
space using the Kaiser formula [48]:

P s
gg(r⃗) = (1 +

f(z)

bg
µ2)2P r

gg(r⃗) , (1.13)

where superscript “r” and “s” indicate configuration and redshift space, respectively. Also,
f(z) = Ω0.55

m is the logarithmic derivative of the linear growth rate with respect to the
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scale factor, and bg is the galaxy bias. In this formula, we have neglected the non-linear
motion of galaxies at small scales. As far as the Kaiser effect is the main contributor to
the anisotropy (large scales, kΣs ≪ 1), the highest moment that needs to be taken into
account in Eq. 1.12 is l = 4 since the Kaiser formula involves only terms up to µ4, and the
higher poles would vanish. This is why in the following chapters, we have not considered
higher moments.

In the non-linear regime, however, the non-linear motions give rise to FoG. There have
been many studies to model the non-linear RSD motions. Briefly, one can multiply the
two-point statistics by a streaming factor for the FoG, some examples of which are

F (k, µ,Σs) =


1

(1+k2µ2Σ2)2
Fiducial [55]

exp [−(k2µ2Σ2
s)/2] Gaussian [56]

... Other streaming models

(1.14)

where Σs is the streaming scale. Other streaming models are commonly used too, which
we will come back to in Chapter 2.
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Figure 1.5: Measured monopole (top panel) and quadrupole (bottom panel) of the corre-
lation function from the mean of 1000 Quijote simulations [57]. The configuration-space
results are shown in blue and redshift-space are shown in orange. As can be seen, unlike
redshift-space, the quadrupole vanished in configuration space, since the correlation func-
tion is isotropic in configuration space.
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1.4 Measuring galaxy clustering and evolution using

BAO and RSD techniques

Galaxy clustering and evolution can be understood by measuring the signal from Baryonic
Acoustic Oscillations (BAO) and Redshift Space Distortions (RSD). In the following, we
discuss the physics behind BAO and how, in practice, it is possible to extract information
from the BAO signal.

The early universe had a density field with random Gaussian density fluctuations.
Before the recombination of electrons and protons, baryons and photons had very strong
interactions due to photons scattering off the electrons. Thus, they were coupled and made
up a single fluid. The presence of photons added this strong pressure to the fluid, preventing
it from falling into small potential perturbations caused by the post-inflation distribution
of dark matter density. The pressure gradient in the photon-baryon fluid created waves
that traveled with the speed of sound at the time, prior to recombination, when photons
were still trapped and could not escape the fluid.

Electrons and protons eventually had to combine about 370, 000 years after the Big
Bang (z ≈ 1100) because the universe was expanding rapidly and cooling down to the
temperature where forming neutral hydrogen atoms was energetically optimal. Soon after
recombination, photons were free from Thompson scattering and could finally escape the
baryonic matter fluid and left the baryons pressureless to fall into the gravitational potential
wells of the combined gravity of dark matter and baryons. At this moment, the sound waves
were frozen since they could no longer propagate. Thus, there was a maximum distance
that the sound waves of the baryon-photon fluid could travel in a sphere centered at the
initial density peak before they got frozen in, also known as the comoving sound horizon
at recombination given by

rs =

∫ zrec

∞

csdz

H(z)
, (1.15)

where cs is the sound speed – this can be driven from Eq. 1.2 by changing the integral
limits and replacing the speed of light with the speed of sound. This phenomenon is known
as Baryonic Acoustic Oscillations (BAOs) and it has a characteristic length scale of rs. By
plugging in the baryon-to-photon and matter-to-radiation density ratios from observations
into Eq. 1.15, one can find that rs = 100h−1 Mpc. Indeed, as we would expect, this
scale has been measured in the CMB temperature map by Planck [58], and WMAP [59]
collaborations.

Since baryons left an imprint of the BAO on the overall matter correlation function,
we should be able to see this characteristic length scale at late times in the distribution of
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the galaxies as well. Remarkably, the BAO signal in the distribution of galaxies was first
observed by 2dFGRS ([60, 22, 19]) and the SDSS ([61], [21]) collaborations. If galaxies were
randomly distributed, we would not expect these measurements to detect the BAO signal.
Instead, we would expect them to reveal a monotonically decreasing (power-law) trend in
their correlation function – if galaxies were not clustered, the farther they were, the less
they would be correlated. Indeed, as shown in the top panel of Figure 1.6, the general
shape of the correlation function does roughly follow a power-law function. Nevertheless,
due to this general decaying shape, the BAO feature is not visible in this picture. A better
way to bring out and display the BAO scale is by multiplying ξ(r) by r2. As shown in
the bottom panel of Figure 1.6, the BAO signal is evident in this picture. This is why in
the following chapters, whenever we want to illustrate the correlation function, we plotted
r2ξ(r) rather than ξ(r) alone.

We talked about measuring the two-point statistics in the redshift space and decom-
posing it into multipoles. In the rest of this section, we will learn why correctly modeling
RSD is not only useful for accurately modeling BAO, but also within RSD itself lies valu-
able information about the growth rate of structure. As we explained in the previous
sections, in redshift space, due to the peculiar velocities of galaxies, the clustering signal is
anisotropic and distorted along the LOS. We called this effect “redshift-space distortions”.
Since these distortions are related to the growth rate of structure, f in Eq. 1.13, the signal
from RSD enables us to constrain f , and moreover, provides an important test for the
ongoing debate on dark energy vs. modified gravity models. A number of LSS surveys
have measured fσ8 (σ8 is the normalization of power spectrum) by measuring the RSD
signal in the two point statistics of the galaxy clustering, i.e., 6dFGS [62], SDSS MGS
[63], BOSS [64], eBOSS [65, 66], WiggleZ [67]. Each of these studies has made use of a
different RSD model, trying to model non-linearities better than before. Regardless, the
largest wavenumber from which each model is able to extract information is at best around
0.2hMpc−1 (see Table 2.2 of Chapter 2).

We will frequently make use of the BAO and RSD techniques in the following chapters:

• In Chapter 2, we use RSD analysis to constrain the growth rate of structure (see Sec-
tion 2.1.2) and BAO analysis to constrain the dilation parameters (see Section 2.1.1).

• In Chapter 3, we study the effect of interlopers in the shape of the redshift-space
correlation function around the BAO peak while also accounting for redshift space
distortions in the model (see Section 3.4.3).
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Figure 1.6: Measured correlation function (real space) from the mean of 1000 Quijote sim-
ulations shown in blue. Top: correlation function roughly follows a power-law distribution.
For the BAO signal to be seen, the correlation function is multiplied by separation squared.
Bottom: When the correlation function is multiplied by r2, the BAO signal can be seen
around 100h−1 Mpc.
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Chapter 2

Fisher analysis of BAO and RSD

This work was published as [2], co-authored with Alex Krolewski and Will Percival. I
undertook the Fisher analysis, wrote the code, and led the writing of the paper with input
from them.

The goal of this chapter is to compare the constraints recovered from the BAO and
RSD measurements of various surveys with the Fisher matrix predictions for the expected
error bars. The inputs to the Fisher calculations match as closely as possible that of each
analysis. The outline of this chapter is as follows. In Section 2.1, we briefly describe
the Fisher matrix formalism and how it is applied in this chapter. We continue with
descriptions of the surveys considered here in Section 2.2 and the numbers used throughout
this chapter. In Section 2.3, we present our Fisher code results, and then compare them
to the observations. In particular, we evaluate these surveys’ performance, comparing the
Fisher-predicted errors with the precision recovered from the BAO and RSD measurements.
Finally, we discuss the results in Section 2.4.
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2.1 Methodology

We now briefly describe how we perform the Fisher-based predictions for a given survey.
In order to match the experiments, we separately predict errors for BAO and RSD mea-
surements. Before describing the specifics of these calculations, we introduce the general
Fisher matrix methodology that is not exclusive to cosmology, but rather can be used for
estimating the errors of any given dataset.

Supposing that x⃗ is a random variable with the probability distribution f(x⃗; p⃗), where
p⃗ is a vector of known parameters, the Fisher information matrix ([68, 33]) corresponding
to this set of variables is defined as

Fi,j ≡ −
〈
∂2 ln f

∂pi∂pj

〉
. (2.1)

Applying this to galaxy surveys, we wish to estimate a set of cosmological parameters
{p1, p2, ...} using the redshift space galaxy power spectrum, P (k, µ), and the galaxy number
density, n, in the survey’s volume, Vsur. Following Tegmark (1997) [33], if we let the data
vector x⃗ be the galaxy power spectrum for a Gaussian random field, Eq. 2.1 will yield the
following expression for the Fisher matrix:

Fij =
Vsur

4π2

∫ 1

−1

dµ

∫ kmax

kmin

k2dkFij(k, µ) , (2.2)

where,

Fij(k, µ) =
1

2

(
Veff

Vsur

)
∂ lnP

∂pi

∂ lnP

∂pj
,

Veff =

[
nP (k, µ)

nP (k, µ) + 1

]2
Vsur ,

(2.3)

and Veff and µ are the effective volume and the cosine of the angle between k⃗ and the line
of sight. In the linear regime, the power spectrum can be written

P = P (k, µ) = (b + fµ2)2Plin(k) , (2.4)

where b, f , Plin denote the galaxy bias, logarithmic growth rate and linear power spectrum.

We split each survey in Nz slices, and numerically integrate Eq. 2.2 in each redshift
slice and eventually add the Fisher matrices to yield the inverse of the total covariance
matrix. Moreover, for each survey, we assume the same fiducial cosmology as quoted in
their corresponding BAO and RSD measurement chapter. For completeness, we list these
in Table 2.1. In Section 2.1.1 and 2.1.2 we describe the constraints recovered from BAO
and RSD analyses respectively.
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2.1.1 The Fisher matrix for the BAO measurements

To predict the constraints on the parameters recovered from BAO measurements, we adapt
the approach described in Seo & Eisenstein [69]. Following their method, we construct the
Fisher matrix constraints on angular diameter distance DM , and the Hubble distance
DH , meaning that the free parameters in Eq. 2.2 are {p1, p2} = {lnDM , lnDH}. These
parameters can be related to the BAO dilation parameters as follows

α⊥ =
DM(zeff)/rdrag
Dfid

M (zeff)/rfiddrag
,

α∥ =
DH(zeff)/rdrag
Dfid

H (zeff)/rfiddrag
,

(2.5)

where rdrag is the comoving sound horizon at the end of the baryon drag epoch. From
these parameters we can further obtain the isotropic volume-averaged distance, DV =

[zDH(z)DM(z)2]
1/3

. The final expression for the Fisher matrix of the anisotropic distances,
as described in Seo & Eisenstein, is

Fi,j = VsurA
2
0

∫ 1

0

dµfi(µ)fj(µ)

∫ ∞

0

dk
k2 exp [−2(kΣs)

1.4](
P (k)
P0.2

+ 1
nP0.2R(µ)

)2 exp
[
−k2(1 − µ2)Σ2

⊥ − k2µ2Σ2
∥
]
,

(2.6)
where P0.2 is the galaxy power at k = 0.2hMpc−1, Σ⊥ and Σ∥ are the rms radial displace-
ment across and along the line of sight, Σs is the inverse of the Silk-damping scale, and
A0 is the normalization of the baryonic term in the Eisenstein & Hu power spectrum [70].
Depending on which element of the Fisher matrix is being calculated, f1(µ) = µ2 − 1 and
f2(µ) = µ2. They assumed redshift distortions of the form

R(µ) = (1 + fµ2/b)2 exp (−k2µ2Σ2
z) , (2.7)

where f is the logarithmic derivative of the linear growth rate with respect to scale factor,
dD(a)/d ln (a), and b is the galaxy bias. The exponential term corresponds to a Gaussian
uncertainty in redshift characterized by Σz, which will be discussed more in Section 2.2.

Since the normalisation and baryon damping terms in the power spectrum P (k) in
Eq. 2.6 are functions of Ωb, Ωm, and h, it is important to recalculate these for the cosmology
assumed if it is different from the default in the version of the code publicly released by
Seo & Eisenstein. As we adjust our Fisher calculations to match the cosmology assumed
by different authors in their analyses, we have extended the code to allow the relevant
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Table 2.1: A list of fiducial cosmologies used for each survey in the Fisher analysis.

Survey Ωm Ωb h σ8 ns Ων

6dFGS 0.3 0.0478 0.70 0.82 0.96 0
MGS 0.31 0.048 0.67 0.83 0.96 0

BOSS (DR12) 0.31 0.04814 0.676 0.8 0.97 0
BOSS (DR9-11) 0.274 0.0457 0.70 0.8 0.95 0

eBOSS 0.31 0.04814 0.676 0.8 0.97 0.0014
WiggleZ 0.27 0.04483 0.71 0.8 0.963 0

parameters to change, using the Eisenstein & Hu (1998) fitting function for the power
spectrum. Additionally, since the experimental results that we compare against include
reconstruction of the density field to better recover the linear power spectrum (dating back
to Peebles [71] and Eisenstein et al. [72]), throughout this chapter we need to include it
in our Fisher-based analyses as well. Therefore, as an estimation of the reconstruction, we
decrease Σ∥ and Σ⊥ by 50% following ref. [69] and [72].

2.1.2 The Fisher matrix for the RSD measurements

In redshift space, the clustering of galaxies is distorted along the line of sight due to peculiar
velocities. Measuring these redshift-space distortions (RSD) can provide a estimate of the
growth rate of structure. In this Section, we describe how we predict such constraints using
the Fisher formalism, following the method described in White et al. [34]. To start with,
we consider {p1, p2} = {ln bσ8, ln fσ8} as the set of our free parameters. The parameter of
interest constraining the structure growth is fσ8, where f is the logarithmic growth rate,
and σ8 is the amplitude of fluctuations in an 8h−1 Mpc radius. For the purpose of this
chapter the galaxy bias, b, is a nuisance parameter over which we marginalize.

We can rewrite Eq. 2.4 as

P =
(
bσ8(z) + fσ8(z)µ2

)2Pm(k, z)

σ8(z)2
. (2.8)
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Then after taking the partial derivatives we obtain

∂ lnP

∂ ln p1
=

2bσ8(z)

bσ8(z) + fσ8(z)µ2
,

∂ lnP

∂ ln p2
=

2µ2fσ8(z)

bσ8(z) + fσ8(z)µ2
.

(2.9)

By inserting Eq. 2.9 into Eq. 2.3, we can derive the constraints on fσ8. In order to provide
consistent predictions for all surveys for our baseline RSD-based Fisher predictions we
assume that the dilation parameters α∥ and α⊥ are held fixed, rather than marginalizing
over them. This limits the dependence on the BAO detection, which in turn controls how
well the dilation parameters are constrained. Therefore, our results should not be directly
compared to those from measurements where they marginalize over these parameters after
performing a joint fit to data.

For many of the surveys, the authors provide errors for both fixed BAO dilation pa-
rameters (“αs”) and results after marginalizing over them, which we refer to as fσfx. αs

8 ,
and fσmg. αs

8 , respectively. Other analyses provided the covariance matrices for the four
parameters, from which we can calculate both. When marginalizing over dilation parame-
ters, we simply take the square root of the fσ8 diagonal element in the covariance matrix,
fσmg. αs

8 =
√
Cfσ8,fσ8 . To find fσfx. αs

8 , we calculate the fσ8 error from the fσ8 diagonal el-

ement of the inverse covariance matrix (the survey’s Fisher matrix), fσfx. αs
8 = [C−1]

−1/2
fσ8,fσ8

.
In Section 2.2, we briefly describe which method is used to set the correct values in Table 2.2
and Table 2.3.

2.1.3 Integration Limits (kmin and kmax)

To forecast the Fisher-based analysis parameters, we need to make assumptions about
the upper and lower limits of the integral in Eq. 2.2. Each survey is able to extract
information up to scales comparable to its size. Formally, the integral constraint affects
the power spectrum such that a copy of the window function centred at k = 0 is subtracted
from the convolved power, leaving zero power at k = 0 (e.g. [73]). Thus, information on
scales the size of the survey window is not present. To match this behaviour, we choose
the lower limit of our integral over scales to be kmin = 2πV

−1/3
sur ([33, 36]) mimicking the

effect of the window with a sharp cut in scales included. The choice of kmax, on the other
hand, depends on the scales to which we can extract linear information. The non-linear
evolution primarily affects the BAO through well controlled damping terms Σ⊥ and Σ∥ ,
and thus Seo & Eisenstein [69] suggested that when extracting the BAO parameters, we
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can set kmax = 0.5hMpc−1. Indeed, we find that σlnDV
is not sensitive to the choice of

kmax for k ≳ 0.3hMpc−1; the BAO provide a large-scale signal localized in configuration
space, such that in k-space the signal rapidly diminishes to small scales (See the left panel
of Fig. 2.1). This finding agrees very well with results from N-body simulations [69], which
also found that the error is stable for kmax = 0.3, 0.4, and 0.5hMpc−1.

For the RSD measurements, we found that σln fσ8 is highly dependent on the choice of
kmax. On small scales, the density field becomes highly non-Gaussian and hence the inverse
of the linear Fisher matrix gives a more optimistic estimation of the error bars than the
measurements. The reduction in linear information available is gradual: in models, this
results in an increased dependence on non-linear parameters, often allowed to be free given
unknown non-linear effects including beyond-linear galaxy bias. The exact scale at which
we stop being able to recover linear information is expected to depend on the details of
the galaxy population, and on the accuracy and number of free parameters included in
the model used. This problem leads us to test the Fisher error bars’ sensitivity to the
change of kmax. Our default prediction is to calculate the expected error on fσ8 up to a
fiducial kmax = 0.1/D(z = zi)hMpc−1 at each redshift slice. This is based on arguments
made by Okumura et al. [74], where they showed that after this scale the power spectrum
turns strongly non-linear to the extent that a Taylor series cannot adequately describe the
redshift-space density field anymore [35].

We also consider inverting the problem and using the data measurements to determine
what kmax we should use. To do so, we vary kmax from 0.01/D(zi) up to 0.5/D(zi) and we
plot fσ8 error against kmax(zeff) in Figure 2.1. This allows us to translate the constrain-
ing power of RSD measurements to an effective kmax at which an equivalent amount of
information can be extracted from the linear power spectrum.
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2.2 Data and modelling

In this section, we introduce the surveys on which we perform our Fisher analysis: SDSS-
I&II Main Galaxy Sample (MGS), SDSS-III Baryon Oscillation Spectroscopic Survey
(BOSS), SDSS-IV extended Baryon Oscillation Spectroscopic Survey (eBOSS), and Wig-
gleZ Dark Energy Survey (WiggleZ). To test our code, we compare to the predictions in
Zhao et al. [36] for eBOSS, and find that both codes match in giving very similar results
for the same input parameters. In our paper, we are only interested in understanding and
matching to the statistical errors and so, where appropriate, we have removed the quoted
systematic errors from any combined constraints by subtracting them in quadrature.

Uncertainty in redshift estimation can increase uncertainty in the BAO and RSD fea-
tures by damping the radial component of the power spectrum (as explained in Section 2.1).
The observations require that σv ≡ cσz/(1 + z) ≤ 10−3c for galaxies at all redshifts. How-
ever, the quasar clustering measurements suggest that while this requirement holds true
for low redshifts, higher redshifts are prone to higher velocity errors. Therefore, when
performing our Fisher analysis on the surveys described in Section 2.2, we assume that the
velocity error for quasars has the following form (Zarrouk et al. [75]):

σv

c
=

{
10−3, if z ≤ 1.5
4
3
× 10−3(z − 1.5) + 10−3, if z > 1.5

}
. (2.10)

We use σv = 10−3c for all other tracers, and we include the redshift error in both the RSD
and BAO Fisher predictions.

Many of the papers introduced in the following sections use mock catalogues for the
following reasons: to estimate systematic errors, to test the model of power spectrum or
the correlation function, and to better estimate the covariance matrices from the measure-
ments. Noise in the data may lead to error bars that are larger or smaller than the true
constraining power of the survey just by chance. To examine this possibility, we also com-
pare the fσ8 constraints on mocks to our Fisher-based errors, where available. In general,
the results from the fits to mocks provide error bars similar to those obtained from the
data (results are shown in left panel of Figure 2.4).

2.2.1 Reconstruction Technique

As already described, the BAO feature can be estimated either by measuring the peak in
the correlation function or by the harmonic sequence of oscillations in the power spectrum.
As gravitational forces make structure grow through time, this signature blurs, meaning

24



that the precision at which we can measure the BAO signal decreases. In order to sharpen
the broadened BAO signal, various reconstruction methods have been proposed based on
the idea of rewinding the motion of galaxies to move them into their original positions.
The strong impact of using even simple methods to do this on BAO measurements was
first described by Eisenstein et al. ([72, 76]), who proposed a method to shift the galaxies’
position by the linear-theory estimated Lagrangian displacement field and showed that
this process can increase the precision of the BAO signal. In this section, we discuss
some reconstruction methods that have been applied to the data papers that we consider
throughout this chapter.

A significant difficulty in implementing reconstruction arises because of the RSD, and
particularly that the RSD direction changes across a survey. This problem has been solved
in recent analyses using two different methods. Padmanabhan et al. [77] implemented
a finite-difference routine based solving for the potential on a grid covering the survey’s
volume. The direction of the RSD signal is allowed to vary for different grid points. Burden
et al. [78, 79] instead showed how the simple linear theory based reconstruction method
can be undertaken in the Fourier space. To allow for RSD without forcing a global plane-
parallel approximation, the code is iterative, removing the estimated RSD signal based
on the potential field found in a previous step where no RSD was assumed to be present.
The authors also tested their method on CMASS DR11 mocks and found that it converges
rapidly, requiring only two iterations.

The way in which reconstruction works is described in more detail in Padmanabhan et
al. [80] and one important aspect is that the field be smoothed, with a smoothing scale of
between 10 and 15 h−1 Mpc [79]. Note that while many techniques also leave a field in
which the RSD have approximately been removed, this is not a necessary part of the code
and the BAO positions and signal strength do not depend on this. The power spectrum
(or correlation function) after reconstruction has a complicated form: ref. [80] suggested
that the power spectrum be modeled using three nonlinear damping terms and over three
wavelength ranges. Thus, while modelling the full post-reconstruction clustering signal is
difficult and may change the shape of the clustering in a hard-to-model way, what is clear is
that these reconstruction techniques can decrease Σ∥ and Σ⊥ by 50% for the BAO. Thus if
one is only concerned with the BAO signal, allowing for smooth changes in the shape of the
power to isolate only this signal removes the pernicious effects of reconstruction. Applying
this method to the SDSS DR7 sample showed that it reduces the BAO distance error by
a factor of 1.8 [80]. The improvement is not universal, with samples reacting differently to
reconstruction [24], but it clearly works to improve the average recovered signal for a set
of volumes of the Universe.

The methods described above are relatively simple, relying only on linear physics. More
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sophisticated techniques offer the promise of increased improvements in the future (e.g.
[81, 82, 83, 84]). All of the analyses we consider in this chapter, except for quasars, used
simple methods for reconstruction, and we assume a 50% improvement on Σ∥ and Σ⊥ from
this.

2.2.2 RSD modelling

The amount of information that RSD surveys can extract is limited by modelling the power
spectrum or correlation function: the data, at least in 2-point form, does not itself provide
information about which scales are linear. Even if the data match a linear model, this
does not mean that all of the linear information is present, as cancellation of multiple
effects is possible (e.g. Fingers-of-God and non-linear growth in the monopole). Therefore,
the fidelity of the RSD modelling will limit the amount of information extracted. In this
section we briefly describe the models used in the data papers that we consider.

Fourier space: The simplest RSD model for the power spectrum was first introduced
by Kaiser in 1987 [48]. As it does not include nonlinearities in the halo power spectrum, it
is therefore only applicable on large scales. Scoccimarro later constructed a fitting model
for RSD in 2004 (Sc.; [85]), as a nonlinear extension to the linear Kaiser model (1987)
[48] with two free parameters. Scoccimarro’s extension can include Gaussian and non-
Gaussian contributions to the velocity dispersion of large-scale flows. Later in 2010, the
matter power spectrum in redshift space was developed by Taruya, Nishimichi, and Saito
(TNS; [86]). They added various coefficients to the Scoccimarro’s model to account for
nonlinearities between the density field and the velocity field and presented a new power
spectrum in redshift space for modeling BAO, including nonlinear gravitational clustering
and RSD. The TNS model is amongst the most popular RSD models in Fourier space, of
which many of the most recent surveys described in this section make use. Since all of
these fitting formulae break down on small scales, they limit their analyses to a maximum
k, which is reported as kmax(O.) in Table 2.2 and 2.3.

Configuration space: One model that includes nonlinearities in the correlation function
in redshift space at quasi-linear scales is the streaming model by Reid & White [56]. They
modelled the nonlinear mapping between the real and redshift space with the Gaussian
streaming model, in which they included the dependence of halo pairwise velocities on
their separation and angle with respect to the line-of-sight. We refer to this RSD model
as R+11.

A more realistic way to model RSD in configuration space is to model the intrinsic
galaxy clustering and the velocity field with Convolved Lagrangian Perturbation Theory
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(CLPT; [87]) and then model the convolution of the velocity field along the line-of-sight
with the Gaussian Streaming model (GS; [56]). Throughout, we refer to this method as
CLPT+GS RSD model. On the other hand, Jennings et al. (J+11; [88]) proposed a
cosmology-independent relationship between the velocity field and the density field, from
which they found an RSD fitting model based on the nonlinear velocity divergence matter
power spectrum. In addition, Sanchez et al. [89] described a simple recipe for modelling
the full shape of the clustering wedges that we refer to as S+13. The nonlinear power
spectrum in this model is motivated by RPT [90]. A variation of this method, gRPT
[91, 92] has also been used by ref. [93].

The maximum wavenumber used in Fourier analyses, as stated before, is given by the so-
called kmax. The analogous scale in real space is the smallest scale in the correlation function
from which authors can extract information, and is usually referred to as smin. In our paper,
we are interested in comparing the Fisher-based kmax with that of the measurements. For
the purposes of Table 2.2 and Table 2.3, whenever the analysis is done in configuration
space, we approximate kmax with ∼ 1.15π/smin, based on arguments made by [56]. This
allows us to compare the smallest scales used in both real and Fourier space RSD analyses
with the effective kmax corresponding to the total amount of linear information available.

2.2.3 6-degree Field Galaxy Survey

The 6dFGS survey was undertaken from 2001 to 2006 using the Six-Degree Field multi-
fibre instrument of the UK Schmidt Telescope (UKST) [94]. This survey covered more
than 125, 000 galaxies over ∼ 17, 000 deg2 of the southern sky in the redshift range z < 0.3
with a median redshift of zmed = 0.053.

For the BAO analysis, we use the same catalogue as Carter et al. [95], which contains
75, 117 galaxies after applying cuts to the magnitude and the completeness. This catalogue
has an effective redshift of zeff = 0.097 and an effective bias of beff = 1.65. The early analysis
of Beutler et al. [62] was recently supplanted by an analysis that used more modern
techniques, including reconstruction from Burden et al. (2014, 2015) with a smoothing
scale of 15h−1 Mpc and a covariance matrix based on more sophisticated simulations (i.e.
[95]). They found that the 6dFGS likelihood is bimodal, with a 4.6% error on DV for
the best fit model. The authors combined the post-reconstruction 6dFGS with the SDSS
MGS sample and reported the lowest fractional error to date on DV , 3.2%, at low redshift.
This favoured the second most likely peak seen when fitting the post-reconstruction BAO
signal in the 6dFGS. The 6dFGS sample only adds enough information to provide an
improvement of ∼ 16% on the MGS BAO measurements at low redshift. For our analysis
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we include results from the 6dFGS separately from the MGS as we are interested in the
surveys independently.

Beutler et al. in 2012 [96], used a slightly different catalogue containing 81, 971 galax-
ies to make RSD-based measurements. They made use of two RSD models for the 2D
correlation function in configuration space, namely, the Simple Streaming model down to
r = 10h−1 Mpc and the Scoccimarro model down to r = 16h−1 Mpc or kmax ∼ 0.23hMpc−1

(Sc. in Table 2.2). We only report the results with the Scoccimarro model as it only fits
for the two parameters of interest, fσ8 and bσ8, and it gives a fractional error on their
measurement of fσfx. αs

8 of 13.0%. Since they do not fit the dilation parameters in their
model, we consider their result as if dilation parameters were fixed, i.e, the error on fσfx. αs

8

is 13.0%, and in Table 2.2 we do not report the fσmg. αs
8 for this survey. They also varied

their fiducial cosmology without their results changing. This is because the degeneracy
between RSD parameters and dilation parameters is very small at low redshift.

2.2.4 Main Galaxy Sample SDSS-I&II

The Main Galaxy Sample (MGS) is a part of the seventh data release (DR7; [26]) of SDSS
I&II ([20]), using observations from the 2.5-meter Sloan telescope located at Apache Point
Observatory (APO; Gunn et al. [97]). In this chapter, we consider the subsample of 63, 163
galaxies covering 6, 318 deg2 of the sky, with a redshift range of 0.07 < z < 0.2 and an
effective bias of 1.5 created by Ross et al. [98]. The MGS sample contains significantly
more galaxies than this but, because it was volume limited, a high bias subsample was
selected for analysis in order to facilitate the creation of mock catalogues from simulations
(which then only required halos to a higher halo mass limit). Ross et al. followed the
standard linear reconstruction prescription using the Fourier based method, and found
that reconstruction improved the BAO signal by a factor of 2. The post-reconstruction
DV was measured to an accuracy of 3.8%, and there was no evidence of systematic errors.
In addition, based on the post-reconstruction BAO measurements and using the CLPT
RSD model in range 25 < s < 160h−1 Mpc (kmax = 0.14hMpc−1), Howlett et al. [63]
measured fσfx. αs

8 and fσmg. αs
8 to an accuracy of 31.8% and 40.5% respectively (Table 2,

eighth and second case).1 Moreover, in order to estimate the covariance matrix precisely,
1000 mock catalogues from PICOLA code have been analysed for the MGS sample by
Howlett et al. [63]. They found that the best fit value from the average of these mocks
gives fσfx. αs

8 = 0.5+0.13
−0.12. (Table 1, 8th case).

1Since the error bars in this analysis are asymmetric, we average the upper and lower error bars.
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2.2.5 Baryon Oscillation Spectroscopic Survey SDSS-III

The Baryon Oscillation Spectroscopic Survey (BOSS) [28] is a part of the SDSS-III [27]
that was undertaken by the 2.5-meter Sloan Telescope from 2008 to 2014. Covering an
area of 10,000 deg2, BOSS contains more than 1.5 million galaxies with redshifts up to
z = 0.7. Two target selection algorithms were used to create the BOSS galaxy sample:
LOWZ (at lower redshift) is a selection of luminous red galaxies to z ≈ 0.4, and CMASS
(for constant stellar Mass) covers LRGs up to a higher redshift range z ≲ 0.7 [99]. We
review the catalogue selection and the BAO and RSD measurements in three early data
releases of BOSS, DR9, DR10, and DR11 in Section 2.2.5, and the final data release DR12,
in Section 2.2.5.

Intermediate Data Releases DR9-11

The BOSS DR9 CMASS sample contains 264, 283 galaxies in a region of 3, 275deg2 of the
sky. Galaxies used in this catalogue cover a redshift range of 0.43 < z < 0.7 with an effective
redshift of zeff = 0.57. BAO measurements of were presented by Anderson et al. [24] and
showed that σ lnDV = 1.6%. Anderson et al. used the finite difference reconstruction
method with a smoothing scale of 15h−1 Mpc, and found that applying reconstruction to
this particular data does not improve the precision of the BAO feature. They suggested that
this is because the pre-reconstruction errors of this sample were already at the lower end
of the expected range (from mocks)—hence there was little for reconstruction to improve.
RSD measurements for this survey were presented in Reid et al. [100] providing fractional
error bars on the growth rate fσmg. αs

8 = 14.6% and fσfx. αs
8 = 8.1%. For both of these

analyses, the systematic errors were negligible compared to the statistical errors. Their
findings show that bσ8(zeff) = 1.2, where σ8(zeff) = 0.61, which gives an effective bias of
2.0. They fit the monopole and quadrupole moments of the correlation function down to
scales of smin = 25h−1 Mpc (or kmax ∼ 0.14hMpc−1) with Reid & White’s RSD model
[56].

BOSS Data Release 10 (DR10) contains 218, 905 galaxies in LOWZ (0.15 < z < 0.43)
and 501, 844 galaxies in CMASS (0.43 < z < 0.7). Using these catalogues, DV was
constrained to 2.8% and 1.4% for LOWZ and CMASS, respectively, by Anderson et al.
[101]. They also measured the anisotropy distances for CMASS in this catalogue and found
a consensus (P (k) + ξ(s)) error of 1.9% and 5.0% on DM and DH , respectively. Anderson
et al. [101] also analyzed the 11th data release of BOSS, which consists of 313, 780 galaxies
in LOWZ and 690, 826 galaxies in CMASS. This gave a statistical consensus (P (k) + ξ(s))
error of of 2.0% and 0.9% on DV for LOWZ and CMASS, respectively (after subtracting
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0.3% systematic error in quadrature). They also found errors of 1.4% and 3.5% for the
anisotropic distances, DM and DH , respectively. For both DR10 and DR11 data, the
reconstruction method by Padmanabhan et al. was applied to NGC and SGC separately.

Sanchez et al. [102] constrained the logarithmic growth of structure using the 10th
and 11th BOSS data releases, using the S+13 model described earlier, within the range
of 40h−1 Mpc < s < 160h−1 Mpc or a kmax of 0.09hMpc−1. They found fractional errors
of 23.3%, 12.8%, 20.8%, and 10.8% on fσmg. αs

8 , for LOWZ DR10, CMASS DR10, LOWZ
DR11, and CMASS DR11, respectively.

Since Sanchez et al. did not publish either the fσfx. αs
8 , nor the covariance matrix in-

cluding growth rate and dilation constraints for BOSS DR10 and DR11 samples, we are
limited in how well we can replicate these results. Therefore, we use the CMASS DR11 RSD
measurements from Samushia et al. [103] instead. These used the RSD streaming model
described in Reid & White (R+11, [56]) with smin = 25h−1 Mpc or kmax ∼ 0.14hMpc−1,
finding errors of 9.9% and 6.0% on fσmg. αs

8 and fσfx. αs
8 respectively, which we include

in Table 2.3. Systematic errors have been ignored in this analysis since they have been
checked with mocks and they had less than a 1% effect. When fitted to growth of structure
separate from the dilation parameters, they found bσ8 = 1.26, which gives an effective bias
of b(zeff) = 2.05 given that σ8(z = 0.57) = 0.615.

Final Data Release DR12

To determine the Fisher-based predictions for the final data release of BOSS, DR12, we
follow the data selection method of two studies. First, Alam et al. [64] who split this
sample by redshift range (Near and Mid in Table 2.2) and second, Gil-Maŕın et al. [104],
who studied the LOWZ and CMASS catalogues separately (LZ and CM in Table 2.3). In
the following, we discuss the recovered errors for BAO and RSD measurements for both
selection methods.

Alam et al. combined LOWZ with CMASS, and after applying redshift cuts to the
combined sample, they created three partially overlapping redshift samples that cover 9329
deg2 area of the sky. In this chapter, we refer to the first redshift bin, at 0.2 < z < 0.5,
which mainly consists of the LOWZ galaxy sample, as the near redshift bin, and the second
redshift bin at 0.4 < z < 0.6, mainly consisting of the CMASS sample, as the mid redshift
bin, with effective redshifts zeff,1 = 0.38 and zeff,2 = 0.51 respectively. In our work, we
do not consider the higher redshift bin at 0.5 < z < 0.75 of the BOSS survey, as it is
combined with the eBOSS LRG samples (refer to Section 2.2.6). According to Table 3
in Beutler et al., BOSS has an effective bias of 2.03, and 2.13 in the LOWZ and CMASS
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samples. Note that the Luminous Red Galaxy (LRG) samples in this chapter are assumed
to have a galaxy bias of bLRG(z) = 1.7/D(z), where D(z) is the linear growth factor. This
assumption is consistent with the fiducial bias assumed in Zhao et al. [105] and Prakash
et al. [106], as well as the effective biases measured for the LOWZ and CMASS samples.

The post-reconstruction BAO-only analysis by Alam et al. yields a 1.5%, 2.7%, and
1.0% statistical uncertainty in DM , DH , DV for the BOSS Near sample. For the BOSS
Mid sample, these uncertainties are lower: 1.4%, 2.3% and 0.9% for DM , DH , and DV

respectively. They used the reconstruction method described in Padmanabhan et al. For
the constraint on the growth rate, Alam et al. incorporated results from 4 different papers,
using different methods: real-space multipoles (Satpathy et al. [107]; CLPT+GS, smin =
25h−1 Mpc), real-space wedges (Sanchez et al. [91]; similar to TNS, smin = 20h−1 Mpc),
Fourier-space multpoles (Beutler et al. [73]; TNS, kmax = 0.15hMpc−1), and Fourier-space
wedges (Grieb et al. [93]; gRPT+RSD, kmax = 0.2hMpc−1). The BAO+FS consensus
measurements from all of these works yield a 7.8% statistical error on fσmg. αs

8 for the near
redshift bin, and 7.6% for the mid redshift bin. We utilized the covariance matrix to obtain
the constraint on fσfx. αs

8 , which is 7.0% for the near redshift slice and 6.4% for the mid
redshift slice.

In addition, BOSS DR12 measured BAO ([108]) and RSD ([104]) using LOWZ and
CMASS samples, consisting of 361, 762, and 777, 202 galaxies within the redshift ranges
0.15 < z < 0.43, and 0.43 < z < 0.70, and with effective redshifts of 0.32, and 0.57. They
found that bσ8 for these two samples are 1.29 and 1.24, resulting in an effective bias of 1.9
and 2.1, respectively. Throughout their study, they have made use of the finite-difference
reconstruction method by Padmanabhan et al.

The BAO-only consensus analysis in real space and Fourier space have shown errors
of 2.2%, 5.9%, and 1.7% on DM , DH , and DV in the LOWZ sample, and 1.3%, 2.9%,
and 0.9% on DM , DH , and DV in the CMASS sample (Table 4 in [108]). Moreover, after
modelling the RSD with the TNS model with a kmax of 0.24hMpc−1, Gil-Maŕın et al.
[104] measured fσmg. αs

8 with an error of 15.7% and 8.6%, and when assuming no AP effect,
they measured fσfx. αs

8 with an error of 9.1% and 5.0% in LOWZ and CMASS samples
respectively (Table 3 in [104]).

2.2.6 Extended Baryon Oscillation Spectroscopic Survey SDSS-
IV

The extended Baryon Oscillation Spectroscopic Survey (eBOSS; Dawson et al.) [30] is
a part of SDSS-IV (Blanton et al. [29]), and used the Sloan Telescope at Apache Point
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Observatory (APO; Gunn et al. [97]) to conduct a redshift survey at higher redshifts than
BOSS from 2014 to 2019. From this survey’s 16th data release, we use the DR16 Luminous
Red Galaxy (LRG [109]; Section 2.2.6), Emission Line Galaxy (ELG [110]; Section 2.2.6),
and Quasar samples ([111]; Section 2.2.6), which are reported in Table 2.2. We have also
used the LRG and Quasar samples from an earlier data release, DR14 (Pâris et al. [112]),
which are reported in Table 2.3. Since for eBOSS the systematic errors are estimated using
mock catalogues, in this section we only quote the statistical error bars.

LRGs

There are 174, 816 LRGs in eBOSS DR16 sample that cover 9, 493 deg2 of the night sky,
with an effective redshift of zeff = 0.698. For LRGs in the redshift range 0.6 < z < 1.0,
we combine the eBOSS LRG sample with 202, 642 CMASS BOSS DR12 galaxies, to be
consistent with the Bautista et al. [65] contraints. We want the Fisher forecast to have the
same effective bias as the full MCMC fit to the TNS model, which is b1 = 2.2. Therefore,
we assume that the linear bias has the form of 1.5/D(z).

The estimated covariance matrix reported by Bautista et al. [65], for the BAO-only
analysis, after applying the reconstruction technique of Burden et al. [78, 79], showed that
the fractional statistical errors on DM , DH , and DV , are 1.6%, 2.5%, and 1.6% respectively.

For obtaining the growth rate, they used CLPT+GS RSD to model correlation function
in real space and combined their results with the Fourier-space analysis of Gil-Maŕın et al.
[113], which used the TNS model. In this chapter we use their consensus results. They
tested for different fitting ranges of scales, and found that the optimal minimum scales that
should be covered in the CLPT+GS and TNS model are 25h−1 Mpc (kmax ∼ 0.14hMpc−1)
and 20h−1 Mpc (kmax ∼ 0.18hMpc−1), respectively.

The consensus BAO + Full Shape RSD fit indicated that the error on fσmg. αs
8 and

fσfx. αs
8 are 9.4% and 9.1% (from eq. 56 in ref. [65]). In Table 10 of Bautista et al. they

evaluated the systematic errors using mocks, and showed that the systematic error of fσ8

for CLPT and TNS is 0.024 and 0.023 respectively. If we subtract ∼ 0.0235 from the
total error obtained from Eq. 56, in quadrature, then we obtain an error of 7.9% and 7.6%
on fσmg. αs

8 and fσfx. αs
8 . Furthermore, for this catalogue, they constructed 1000 EZmock

realisations for the LRG eBOSS+CMASS survey geometry and obtained 9.9% error on
fσfx. αs

8 in the mocks, which is shown in Figure 2.4.

An earlier data release of the eBOSS LRG sample, DR14, when combined with CMASS,
is comprised of 126, 557 galaxies in redshift range 0.6 < z < 1.0, with an effective redshift
zeff = 0.720. Bautista et al. [114] followed the reconstruction technique presented by
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Burden et al. [78, 79], and the post-reconstruction BAO measurement analysed by them
showed a 2.5% fractional error on DV . The anisotropic fits on this data shows very different
upper and lower error bars: DM = 2689+158

−79 , and DH = 2593+177
−589. Hence we do not

report these errors in Table 2.3. But the isotropic fit shows that DV = 2377+61
−59 which

translates into 2.5% fractional error. The RSD measurement for this sample has been
modeled with CLPT+GS model by Icaza-Lizaola et al. [115] on scales 28 < s < 124
hMpc−1 (kmax = 0.13hMpc−1) and they found a fractional error of 29.2% on fσmg. αs

8 .
Using the covariance matrix of their analysis, we found a fractional error of 10.4% for
fσfx. αs

8 . Their fit showed that bσ8 = 1.11 (Table B1 in ref. [115]), which means assuming
D(zeff = 0.72) = 0.691, the effective bias would be beff = 2.0. We therefore use the
functional form of 1.4/D(z) for bias evolution in our Fisher analysis.

ELGs

The 16th data release of SDSS-IV contains 173, 736 Emission Line Galaxies (ELGs) covering
an effective area of 727 deg2 at effective redshift zeff = 0.845 in the redshift range 0.6 <
z < 1.1 (de Mattia et al. [116] & Tamone et al. [117]). Tamone et al. fitted for galaxy
bias and found that b = 1.52. Therefore, for this sample, we assume a galaxy bias function
of bELG(z) = 0.99/D(z), as D(zeff = 0.85) = 0.651.

De Mattia et al. applied the iterative FFT reconstruction method introduced by Bur-
den et al. and assumed a Gaussian smoothing scale of 15 h−1 Mpc. The isotropic BAO
measurements in Fourier space for this sample gave statistical upper error of 2.5% and
lower error of 2.8% for DV , which is a factor of 1.2 smaller than the total errors. We
averaged the upper and lower error bars for reporting in Table 2.2 (refer to Table 9 of ref.
[116] for statistical-only errors).

They also performed the Fourier space BAO+RSD measurements using the TNS model
in the fitting range 0.03 < k < 0.2 hMpc−1 for the monopole. However, at the end
they combined their results with the configuration space result from Tamone et al. [117],
which used the CLPT+GS RSD model with smin = 32h−1 Mpc or equivalently, kmax ∼
0.11hMpc−1. Statistical only errors on fσmg. αs

8 , DH , and DM as calculated by de Mattia
et al., are 23.4%, 9.0%, and 3.9% , whereas Tamone et al. obtained 23.9%, 9.1%, and
4.6%, respectively. Combining these two measurements we find statistical fractional errors
of 23.6%, 9.0% and 4.3% on fσmg. αs

8 , DH , and DM . Since the ELG likelihood in the BOSS
DR16 sample cannot be adequately approximated with a Gaussian, instead of using the
covariance matrix to fix the dilation parameters, we use the supplied probability grid in
DM and DH , measuring the error on fσ8 when DM and DH are constrained within a
small range around their best-fit values. By doing so, we find a 15.2% error on fσfx. αs

8 .

33



De Mattia et al. tested their analysis using different mock catalogues and found that the
baseline Global Integral Constraint model (baseline, GIC) gives an 11.5% error on fσfx. αs

8 ,
which is shown in Figure 2.1.

Quasars

Quasar samples are of significant interest when it comes to constraining parameters at high
redshift. In this study, we include the eBOSS DR16 sample containing 343, 708 Quasars
covering 4, 699 deg2 in the redshift range 0.8 < z < 2.2, with an effective redshift of
zeff = 1.48 (Neveux et al. [66]). According to Croom et al. [118], the quasar bias can
be approximated as b(z)QSO = 0.53 + 0.29(1 + z)2, which gives an effective bias of 2.31.
Taking the average of best fits on b1,NGCσ8 and b1,SGCσ8 from their Table 10, and dividing
by σ8(zeff = 1.48) = 0.41, implies that the best fit effective bias is 2.33, which is very
similar to the Croom formula. Note that BAO reconstruction is not applied to quasars,
as their density is too low to provide us with an adequate estimate of the matter density
field.

BAO-only measurements by Neveux et al. [66] in Fourier space, combined with those
from configuration space by Hou et al. [119], gives the consensus errors of 2.6%, 4.1%,
and 1.6% for DM , DH , and DV (Table 6 in [66]). By subtracting the systematic errors in
quadrature, according to their Table 5, we find that these numbers change only slightly,
and become 2.5%, 4.0%, and 1.5% for DM , DH , and DV .

Neveux et al. [66] used the TNS model for RSD measurements within the range 0.02 <
k < 0.3 hMpc−1, and obtained a 9.9% error on fσmg. αs

8 . Whereas Hou et al. [119]
introduced a new method similar to TNS in order to model the correlation function within
the scale range of 20 < smin < 160h−1 Mpc) (kmax ∼ 0.18), and found a 10.9% error
on fσmg. αs

8 . When combining the two to find a consensus result, this reduced to 9.7%.
Considering that both of these papers estimated that the systematic error is about 30%
of the statistical error, that gives a final only-statistical error of 9.3% on fσmg. αs

8 . After
fixing the dilation parameters using the covariance matrix for the full shape analysis, and
subtracting the 30% systematic error in quadrature, we found that fσfx. αs

8 should have
an error of 6.3%. Neveux et al. made use of 1000 EZmocks to estimate the covariance
matrix and the observational systematic errors that we reported above. From these mocks
catalogues, they recovered fσ8 = 0.467, with an average fractional error of 0.059, which is
shown with a brown cross in Figure 2.4.

In addition, we also run our Fisher-code for the eBOSS DR14 Quasar sample, consisting
of 148, 659 galaxies with redshifts 0.8 < z < 2.2 and an effective redshift of zeff = 1.52, and
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a footprint of 2, 113deg2. The BAO measurement for this sample showed a 3.8% fractional
error on DV , considering that the systematic errors are negligible for this sample (Ata
et al. [120]). The RSD measurement fitting the CLPT+GS model for scales larger than
smin = 20h−1 Mpc (kmax ∼ 0.18hMpc−1) showed a 16.4% fractional statistical error on
fσmg. αs

8 . After taking systematic effects into account, the combined error rose to 18.5%.
From the covariance matrix provided, this translates to a 15.4% error on fσfx. αs

8 (Table 9
of Zarrouk et al. [75], stat. error). Zarrouk et al. also fitted for the galaxy bias and found
that bσ8 = 1.038, or b(zeff = 1.52) = 2.6. In our Fisher code, we re-scaled the Croom
formula by a factor of 1.1 to match this bias.

2.2.7 WiggleZ Dark Energy Survey

The WiggleZ Dark Energy Survey was undertaken using the 3.9-meter Anglo-Australian
Telescope (AAT; Drinkwater et al. [121]). This survey observed approximately 240, 000
ELGs over the redshift range 0.2 < z < 1.0 from 2006 to 2011. We consider the final data
release that covers 816 deg2 in the sky in six regions, and contains 158, 741 ELGs. Following
the analyses of Blake et al. [67] and Kazin et al. [122], we first combine these six regions
together and divide the galaxies into three partially overlapping redshift bins 0.2 < znear <
0.6, 0.4 < zmid < 0.8, and 0.6 < zfar < 1.0, and then analyze each catalogue separately.
Throughout our Fisher analysis, we assume that the galaxy bias is bELG = 0.8/D(z), to
match the effective biases as assumed when performing reconstruction as in Kazin et al.,
in each redshift bin (beff = 1.0, 1.1, and 1.2 in Near, Mid, and Far, respectively)

Kazin et al. [122], found that after applying the reconstruction method by Padmanab-
han et al., DV has an uncertainty of 4.8%, 4.5% and 3.4% at effective redshifts zNear

eff = 0.44,
zMid
eff = 0.60, and zFareff = 0.730, respectively. Additionally, Blake et al. [67], fitted with the

RSD model introduced by Jennings et al. [88] (J+11), and for k < 0.2hMpc−1 found
a fractional error on fσmg. αs

8 of 19.4%, 16.1%, and 16.4% for the near, middle, and far
redshift slices, respectively. When fixing the dilation parameters, the fractional error bars
reduce to fσfx. αs

8 = 13.2%, 10.9%, and 8.7%.
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Figure 2.1: The Fisher-based predicted fractional error on DV (left) and fσ8 (right) plotted
against kmax(z = zeff) for different surveys. Note that in contrast to the fσ8 error, the DV

error converges to a constant at k ≳ 0.3hMpc−1. The stars on the right panel indicate
the kmax at which the Fisher prediction and the experiment are equal.
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2.3 Results

We have performed a Fisher matrix analysis to predict BAO and RSD errors for the surveys
introduced in Section 2.2, matching the parameters assumed for the Fisher calculations as
closely as we can to the parameters of the surveys. The final results of our calculations on
the fractional error of the cosmological parameters, DM , DH , DV , and fσ8, for each survey’s
final data release and for BOSS and eBOSS intermediate data releases, are presented in
Table 2.2 and Table 2.3, respectively (abbreviated as F.). For comparison, we also present
the errors of DM , DH , DV from the BAO measurements published in the most recent
analyses of the data, with errors calculated using sets of mock catalogues (abbreviated as
O. for observed). In addition, we present the fractional errors of fσ8 from the most recent
RSD analysis of the data, when dilation parameters are marginalized over (abbreviated as
Mg. αs), and when they were held fixed (abbreviated as Fx. αs). The RSD predictions
depend strongly on the value of kmax adopted, which is the upper limit of the integration
in Eq. 2.2. In the penultimate rows in Table 2.2 and 2.3, we present kfid

max = 0.1/D(zeff),
matching the assumptions previously made for many surveys (e.g. [36]), and kmatch

max , that
we will describe in detail later in this section.

In these tables, the effective redshift, zeff , is the weighted mean redshift, using weights
wFKP = (1 + n̄P0)

−1 from Feldman et al. [123]. The effective area, Aeff , is the survey’s
area as reported from its corresponding clustering catalogue documentation. The effective
volume is calculated from the equation below,

Veff = Vsurvey

NZ∑
i=1

(
n(zi)P0

1 + n(zi)P0

)2

, (2.11)

where P0 is the amplitude of the power spectrum at k ∼ 0.15hMpc−1. Its value for
6dFGS, MGS, BOSS DR12 and eBOSS LRGs is 10, 000, for eBOSS ELGs is 4, 000, for
eBOSS Quasars is 6, 000, for BOSS DR9-12 is 20, 000 and for WiggleZ is 5, 000, all in units
of h−3 Mpc3.

For the combined 6dFGS and MGS samples, we obtain a 3.1% accuracy on DV , very
similar to the 3.2% error reported by Carter et al. [95] for the combined samples. In
Table 2.2, only the constraints recovered from the 6dFGS sample are reported, since we
are interested in the surveys separately. Note that 6dFGS and MGS do not geometrically
overlap more than 3%, allowing their Fisher matrices to be added directly to obtain the final
constraint at low redshift. Additionally, Alam et al. used the combined CMASS+LOWZ
BOSS catalogue over the redshift range 0.2 < z < 0.75, split into three partially overlapping
catalogues in redshift covering 0.2 < z < 0.5, 0.4 < z < 0.6, and 0.5 < z < 0.75 and
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measured the BAO and RSD parameters in each of these bins separately. In this chapter
we did not analyze the high redshift bin separately since we combined the high redshift
BOSS LRGs with the eBOSS LRGs to match the catalogue used by Bautista et al. These
two samples geometrically overlap in the eBOSS footprint, and that is why we needed to
calculate the overlapping area and the non-overlapping area separately and add the Fisher
matrices to obtain the errors reported in Table 2.2.

In the following, we briefly describe the key results that our analysis implies.

• From the left panel in Figure 2.2, we are able to confirm that there is a linear
relationship between the fractional error on DV and V

−1/2
eff , as expected from Eq. 2.6,

both for observations and predictions. The Fisher-based DV errors were calculated
under the assumption of k ≳ 0.5hMpc−1. From the left panel in Figure 2.1, we found
that σlnDV

is not sensitive to the choice of kmax for k ≳ 0.3hMpc−1 (Section 2.1.3
for more detail on the kmax choice). Furthermore, we obtained similar slopes for
the Fisher analysis and observations, showing that the Fisher method works well,
and that observational methods are able to extract information reaching close to the
maximum possible. In addition, Figure 2.3 supports this claim by revealing a linear
relationship, with a slope very close to unity, between the measured DV error and
the Fisher-predicted DV error.

• Table 2.2 and 2.3 show that our Fisher prediction of fractional error on the volume
averaged distance from the BAO measurements, σDV

/DV , deviates less than 35%
from analyses that use similar techniques, including reconstruction and covariance
matrices calculated using mock catalogues. We consider this to be an exceptionally
positive result for the field of BAO analyses, showing that current methods are ex-
tracting all of the available signal (i.e. reconstruction is working as well as expected
in Seo & Eisenstein, with a 50% drop in Σs). Better reconstruction methods (e.g.
[81, 82, 83]) would be able to improve the BAO constraints by reducing the non-linear
damping.

• The picture is worse for RSD-based measurements: If we assume that kmax = kfid
max,

the fσ8 fractional error is not very well estimated by the Fisher matrix analysis, and
it shows a lower correlation with the effective volume than DV (Figure 2.2; right
panel). In our baseline Fisher calculation, we assume that the dilation parameters
are fixed. Therefore, we choose the fσ8 errors taken from observations to be those
for which the dilation parameters DM and DH were fixed. We have been able to
adjust most of the measurements we have considered to match the baseline assumed
for the Fisher predictions. Whether or not we marginalise has a big effect on the
results, and so it is important to match Fisher with observations.
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• The fσ8 error is highly dependent on the choice of maximum k to which we integrate
to make Fisher predictions and hence from which we can recover information. De-
creasing kmax weakens the predicted constraints on fσ8 (Figure 2.1; right panel). For
most of the catalogues used in this work, we calculated the kmatch

max that, when used
in the Fisher analysis, gives an fσ8 error that matches with that of the experiments.
The average of kmatch

max over these catalogues is about 0.08 ± 0.01hMpc−1, with re-
markably little scatter around this value. This should be interpreted as the amount
of linear information that can be recovered from these data.

If the theoretical arguments that led to expecting kfid
max to increase at higher redshifts

hold true, then the data analyses are missing significant information, particularly at
high redshift. Alternatively, the theoretical arguments are wrong, possibly because
the high bias of the samples analysed at high redshift shifts the non-linear scale to
lower k. Either way, this is clearly an area where improved modeling is required (e.g.
[124, 125, 126, 127, 128, 129, 130]).

• The right and left panels of Figure 2.4 show a consistent story. The left panel shows
that the ratio of Fisher-predicted to observed fσ8 error generally decreases to higher
redshift (note that the samples are arranged from low to high redshift). The right
hand panel shows that to match the observed information, we need kmatch

max to stay
fixed, while kfid

max increases with redshift. The quasars are least consistent with this
trend, with a relatively better agreement between Fisher and observations, but a
strong change in kmax. Figure 2.1 explains why this is: it shows that, for the low
galaxy density of the quasar sample, there is increasingly little information on small
scales due to the high shot noise. A large value of kfid

max brings in less expected
information (the green and brown curves are flatter, showing that for eBOSS DR14
and DR16 QSO information saturates quickly). This makes it even more interesting
that, for all samples, the information recovered on fσ8 is that predicted by the
Fisher analysis to a consistent kmatch

max , despite large differences in shot noise, bias,
and redshift.

• Our baseline results are presented assuming that the dilation parameters are fixed.
We have also considered the alternative of marginalizing over unknown dilation pa-
rameters, using the sample itself, predominantly through the BAO signal to constrain
these. We compare this alternative procedure for both the data and the Fisher ma-
trix. In general, we find a better agreement between the Fisher and data for this
procedure: comparing with the case of fixed dilation parameters shows that fixing the
αs does not constrain fσ8 as much in the data as in the Fisher. We suggest that the
reason for this is that when modeling the data we have other parameters fitted (e.g.
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shot noise, nonlinear bias parameters), and so our fσ8 errors assuming fixed dilation
do not reach their theoretical minima. That is, for the Fisher calculation, we reach
a precision when we fix the dilation parameters that goes beyond that achievable in
the data for other reasons.

Marginalising over the dilation parameters leads to more scatter in the ratio of the
Fisher-based error on fσmg. αs

8 to the data error. We also find a small shift in the
value of kmatch

max required to match Fisher and data: marginalising over the dilation
parameters, we find kmatch

max = 0.09 ± 0.02hMpc−1. The increased scatter leads to an
error on kmatch

max of 0.02hMpc−1 which is twice as large for fixed dilation parameters.
This can be seen by eye comparing Figure A.1 to Figure 2.4. This is likely because in
the data, imperfect measurement of the BAO peak adds an extra source of scatter in
the marginalized fσ8 errors. Hence our fiducial comparison uses fσ8 errors with fixed
dilation parameters, which are thus less noisy. In summary, our conclusion remains
unchanged when considering fσmg. αs

8 ; we still do not see the error decrease to high
redshift, as one would naively expect. The exact prescription we use for marginalising
over the dilation parameters is presented in Appendix A.

• By considering the average measurement recovered from mock catalogues, we are able
to remove the statistical error from the measurements: i.e. the actual observation is
only one realization of what could have happened in that particular region of the
universe, and therefore its constraints can depend on how lucky the experiment was.
For the MGS, eBOSS LRG, eBOSS ELG, and eBOSS Quasar experiments, the teams
created 1000 mock catalogues and released the results of fitting the models to them,
finding an fσ8 error of 25.0%, 8.8%, 11.5%, and 5.9%, respectively. We plotted the
ratio of Fisher forecast to the fσ8 error recovered from both observations and mocks,
if available, in the left panel of Figure 2.4. We see that the trends seen between
Fisher predictions and measurements are well matched between data and mocks.
This suggests that the trends are due to the methodology (particularly the model
used to fit to the data) rather than statistical fluctuations.
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Figure 2.2: DV fractional error as measured from the BAO position plotted against the
effective volume V

−1/2
eff for different surveys (left panel). A clear trend is seen, with the

slopes of the linear fit to the Fisher and observational errors being 0.022 and 0.020, respec-
tively. The measured RSD constraints show a weaker correlation with V

−1/2
eff .
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Figure 2.3: The Fisher-based predicted fractional error on DV plotted against the fractional
error recovered from BAO-only analysis. The slope of the fitted line is 1.1, which implies
that the Fisher prediction and the BAO measurements are in good agreement.
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Figure 2.4: Left : The difference between Fisher-based prediction fσ8 error and observa-
tional fσfx. αs

8 error is plotted for each survey. The x markers indicate mock errors instead
of the errors obtained from observations. Right : We have adjusted the kmax in order to
make Fisher predictions match with the experiments. The dashed line represents the fidu-
cial value of kmax = 0.1/D(z)hMpc−1. Note that the fiducial cosmology used to draw this
line is the same as the BOSS cosmology. (WiggleZ Near, Mid, and Far redshift slices are
shortened as 1, 2, and 3)
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2.4 Discussion

We have performed a Fisher analysis for 19 different survey catalogues to obtain the con-
straints on the co-moving angular diameter distance, DM , the Hubble distance, DH , and
the growth rate of structure fσ8, from BAO and RSD analyses. Furthermore, the statis-
tical errors derived were compared for each catalogue to that recovered in recent analyses
modelling the correlation function (or the power spectrum). We only selected studies that
adopted similar methodologies, using covariance matrices for the 2-point measurements
created using mock catalogues, and for BAO measurements using a basic reconstruction
method (except for the quasar samples where reconstruction does not improve the BAO
signal).

Our Fisher-based BAO and RSD predictions are well matched to those from Zhao
et al. [36] for the eBOSS survey if we correct for the difference between predicted and
actual survey parameters (area, galaxy redshift distribution, galaxy bias). The differences
between predicted and actual survey details make less than a 60% change on the measured
errors. By comparing the final measurements with Fisher predictions using the actual
eBOSS details, we find that the Fisher predictions and observational results are within
30% of each other for all samples for errors on DV . In contrast, for RSD we find that
in general, the errors predicted from our Fisher analysis are about 50% of those of the
observations.

Using Fisher-based predictions for the BAO constraints on the BOSS Near sample
(0.2 < z < 0.5), Dawson et al. [28] predicted a 1% error on DM and a 1.8% error on DH ,
and from their results it can be inferred that the error on DV is about 1.0%, which is in a
good agreement with our Fisher-prediction for BOSS DR12 Near sample. After the BOSS
DR9 was released, Font-Ribera et al. [35] performed a Fisher matrix analysis and found
7.0% fractional error on fσ8 and 1.15% fractional error on DV for DR9 CMASS.

More accurate RSD techniques allow for extracting RSD information to smaller scales.
For instance, Reid et al. [131] were able to extend the RSD analysis to scales of 0.8h−1 Mpc
in configuration space, using an HOD to model the small-scale RSD, and found 2.4%
accuracy on fσ8 in the BOSS CMASS DR10 sample. This is a factor of 1.4 smaller than
our Fisher matrix prediction using kfid

max = 0.132. For the Fisher-based analysis to be as
small as this error, we would need to include linear information to kmatch

max = 0.19hMpc−1.
Additionally, using small scale RSD modelling, Lange et al. [132] extracted the RSD
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information down to scales of about 0.4h−1 Mpc for two volume-limited catalogues created
from the BOSS LOWZ sample in the North Galactic Cap. They found a precision of 5.1%
and 5.8% on fσ8 at effective redshifts of 0.25 and 0.4, respectively. Our Fisher code, when
run on their catalogue with the fiducial kmax = 0.114 and 0.123 hMpc−1, yields an error of
11.8% and 9.8% on fσ8. This implies that kmatch

max should be 0.23hMpc−1 and 0.14hMpc−1,
respectively. This shows that improved small-scale modelling can extract information to
smaller scales than the apparently-universal kmax = 0.08hMpc−1 we found for the large-
scale analyses. However, ensuring that the RSD modelling remains unbiased on very small
scales remains a challenge.
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Table 2.2: The Fisher forecast (shortened as F.) errors for DM , DH , DV , and fσ8 compared
to the errors from the BAO and RSD measurements (shortened as O.). The RSD rows show
fσ8 errors from observations with and without marginalisation over the dilation parameters
(Mg. for marginalized and Fx. for fixed). For 6dFGS, the sample used for RSD has slightly
different beff and zeff from the sample used for BAO; in the Fisher forecast we use beff and
zeff from ref. [95], for consistency. The BOSS analysis have used 4 different RSD models
that were briefly described in the text. The eBOSS LRG sample reported in this table is
the combined eBOSS LRG sample covering 4242 deg2 with the BOSS DR12 sample at high
redshift (0.6 < z < 1.0), covering 9494 deg2. We also display the kobs.

max of the observations,
the fiducial Fisher kmax, and kmatch

max ; the RSD model used; whether the fit was performed
in configuration (s) or Fourier (k) space; and the references.

6dFGS MGS BOSS eBOSS WiggleZ
Near Mid LRG ELG QSO Near Mid Far

zeff 0.097 0.15 0.38 0.51 0.698 0.845 1.48 0.44 0.600 0.73
Aeff(deg2) 17000 6813 9329 9329 4242 727 9494 816 816 816
Veff (Gpc3) 0.13 0.28 3.40 4.08 2.65 0.52 0.52 0.29 0.36 0.22

beff 1.65 1.5 2.03 2.13 2.2 1.52 2.33 1.0 1.1 1.2

Fractional errors from the BAO analysis (in percent)

DM (O.) 1.5 1.4 1.6 4.3 2.5
DM (F.) 8.0 6.4 1.5 1.3 1.7 3.6 3.4 6.9 6.0 7.5
DH (O.) 2.7 2.3 2.5 9.0 4.0
DH (F.) 16.1 13.8 3.1 2.8 3.2 6.3 5.0 11.3 9.5 11.4
DV (O.) 4.6 3.8 1.0 0.9 1.6 2.7 1.5 4.8 4.5 3.4
DV (F.) 5.8 4.9 1.1 1.0 1.2 2.5 3.0 4.6 3.9 4.9

BAO ref. [95] [98] [64] [64] [65] [116] [66] [122] [122] [122]

Fractional errors from the RSD analysis (in percent)

fσ8(O.Mg.) 40.5 7.8 7.6 7.9 23.6 9.3 19.4 16.1 16.4
fσ8(O.Fx.) 13.0 31.8 7.0 6.4 7.6 15.2 6.3 13.2 10.9 8.7
fσ8(F.Fx.) 19.5 15.0 3.7 3.2 3.1 4.4 4.0 7.0 5.6 6.6

kmax for the RSD modeling

kobs.
max 0.23 0.14 0.17 0.17 0.16 0.16 0.24 0.2 0.2 0.2

kfid.
max 0.11 0.11 0.12 0.13 0.14 0.15 0.20 0.12 0.13 0.14

kmatch
max 0.16 0.06 0.08 0.08 0.07 0.06 0.08 0.07 0.07 0.11

RSD Model Sc. CLPT 4 Models TNS&CLPT+GS J+11
RSD space s s k/s k/s s k/s k/s k k k
RSD ref. [96] [63] [64] [64] [65] [116] [66] [67] [67] [67]
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Table 2.3: Same as Table 2.2, but including intermediate data releases of BOSS and
eBOSS. LOWZ and CMASS are shortened as LZ and CM.

BOSS BOSS BOSS BOSS eBOSS eBOSS
BOSS DR10 DR11 DR12 DR14 DR16
DR9 LZ CM LZ CM LZ CM LRG QSO LRG QSO

zeff 0.57 0.32 0.57 0.32 0.57 0.32 0.57 0.72 1.52 0.698 1.48
Aeff(deg2) 3275 5156 6161 7341 8377 8337 9376 1845 2113 9494 4699
Veff (Gpc3) 2.47 1.77 4.67 2.53 6.38 2.18 5.03 0.91 0.22 2.65 0.52

beff 2.0 1.8 2.11 1.85 2.05 1.9 2.1 2.0 2.63 2.2 2.33

Fractional errors from the BAO analysis (in percent)

DM(O.) 2.0 1.9 1.4 2.2 1.3 1.6 2.5
DM(F.) 2.2 2.7 1.6 2.2 1.4 2.0 1.3 3.2 5.2 1.7 3.4
DH(O.) 3.8 5.0 3.5 5.9 2.9 2.5 4.0
DH(F.) 4.4 5.4 3.1 4.5 2.7 4.2 2.5 5.9 7.8 3.2 5.0
DV (O.) 1.6 2.8 1.4 2.0 0.9 1.7 0.9 2.5 3.8 1.6 1.5
DV (F.) 1.6 2.0 1.1 1.6 1.0 1.5 0.9 2.2 3.9 1.2 3.0

BAO ref. [24] [101] [101] [101] [101] [108] [108] [114] [120] [65] [66]

Fractional errors from the RSD analysis (in percent)

fσ8(O.Mg.) 14.6 23.3 12.8 20.8 9.9 15.7 8.6 29.2 16.4 7.9 9.3
fσ8(O.Fx.) 8.1 6.0 9.1 5.0 10.4 15.4 7.6 6.3
fσ8(F.Fx.) 4.5 6.2 3.3 5.3 2.8 5.0 2.7 5.2 5.9 3.1 4.0

kmax for the RSD modeling

kobs.
max 0.14 0.09 0.09 0.09 0.14 0.17 0.17 0.13 0.18 0.16 0.24

kfid.
max 0.13 0.12 0.13 0.12 0.13 0.12 0.13 0.15 0.20 0.14 0.20

kmatch
max 0.08 0.07 0.08 0.08 0.08 0.07 0.07 0.08
RSD R11 R11 TNS CLPT TNS

Model +GS & CLPT
RSD space s s s s s k k s s s k/s
RSD ref. [100] [102] [102] [102] [103] [104] [104] [115] [75] [65] [66]
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Chapter 3

Potential contaminants in surveys
from the Roman space telescope

This work was published as [1] co-authored with Elena Massara and Will Percival. I
undertook the BAO analysis, built the theoretical model, wrote the code, and led the
writing of the paper with input from them.
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3.1 Introduction

Space-based Large Scale Structure (LSS) spectroscopic surveys made possible by the Ro-
man Space Telescope [133] and Euclid [134] missions will soon be available. These surveys
will make use of slitless spectroscopy to measure galaxy redshifts meaning that, while they
have the potential to constrain the cosmological parameters with sub percent levels of
accuracy, this requires a thorough understanding of potential sources of systematic error
arising from the slitless method. One possible systematic effect, that we study in this
chapter, is the contamination of the sample by interlopers resulting from line confusion.

To estimate the redshifts of a set of galaxies using slitless spectroscopy, we measure
the wavelengths of one or more emission lines for each. In this chapter we will primarily
be concerned with samples where only one emission line is used to estimate the redshift.
Generally, emission lines with different rest-frame wavelengths λ1 and λ2, from two dif-
ferent galaxies with true redshifts z1 = λobs/λ1 − 1 and z2 = λobs/λ2 − 1, can appear at
the same observed wavelength, λobs.. The measured redshift for a galaxy given only the
observed position of this single line will depend on the rest-frame wavelength assumed. In
the presence of a secondary emission line, one can distinguish between different options.
However, if we are measuring redshifts from a single emission line, we are prone to line
misidentification, if we assume, for a sample of galaxies, that the observed line has the
same rest-frame wavelength for all galaxies. The galaxies in the sample for which the lines
are misidentified resulting in them being assigned the wrong redshift, are called interlop-
ers. We refer to the galaxies whose observed emission line matches the assumed rest-frame
wavelength when measuring redshifts as the target galaxies.

For Roman, for example, it is likely that many redshifts will be measured using 2 or
more emission lines [40]. At 2 < z < 3, [O iii] is the primary line for Roman observations,
which is actually a doublet. Resolving this doublet as two separate lines, which is possible
at given the resolution of Roman, or observing a secondary line from [O ii] emission would
allow a secure redshift to be measured. However, to provide a bonus sample to higher
number densities, it will be useful to analyse galaxies where only one unresolved line is
observed, assumed to be [O iii], but where this identification is less secure. For this, we
will have interlopers, where the Hβ line is mistaken for [O iii]. The increased size of this
bonus sample will help reduce the statistical errors on measured cosmological parameters,
at the cost of increasing the systematic errors. It is these systematic errors, and methods
to mitigate them, that we consider in this chapter.

In general, there are three different ways that a catalogue can be contaminated:

1. First, due to noise spikes being misidentified as emission lines. The noise is uncor-
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related with all the other galaxies, and has a distribution different from that of the
true observed lines. Thus, this population of contaminants Poisson samples a volume
that has a window different from that of the target galaxy population. It can trivially
be corrected in a clustering measurement as it is absorbed into (and is cancelled by)
part of the expected density (often quantified by a random catalog) and simply adds
to the shot noise and changes the amplitude of the signal measured.

2. Second, misidentified emission lines can arise from interloper galaxies displaced by a
large radial distance. In this case, correlations with the target galaxy population are
small and we only need to model the auto-correlation of the interloper sample (e.g.
[135], [136], and [137]). Because the displacement is large, there is a significant change
in H(z) between the true redshift of the interlopers and the incorrect redshift inferred,
such that the Baryon Acoustic Oscillation (BAO) signal in the auto-correlation of
the interlopers is shifted with respect to its true value. This needs to be included
in any analysis but, as the shift is known from the line emission wavelengths, this
contribution to the clustering of the contaminated sample can be easily modeled
provided the fraction of interlopers is known.

3. The third class of contaminant is a more pernicious type of interloper, which is one
only shifted by a small radial displacement by the incorrect rest-frame wavelength
assignment. Such interlopers will be correlated with other such objects and with the
target galaxy sample. This type of interloper can occur for samples obtained using
the Roman Space Telescope at high redshifts, where the target is the primary [O iii]
line, and Hβ line is the source of interlopers. The impact of these interlopers on the
BAO peak position was studied by [138]. They showed that misidentifying Hβ line
as [O iii] line in an Emission Line galaxy will lead to underestimating its distance
by ∼ 90h−1 Mpc. This would distort the shape of the galaxy correlation function
and therefore introduce a shift in the BAO peak position. We call this class of
interlopers, which are displaced by ≲ 150h−1 Mpc, “small-displacement” interlopers
(see Section 3.5).

We focus on the third class of contaminant. Following [138], we present a model for
the monopole and the quadrupole moments of the correlation function of a Roman-like
catalogue, with an [O iii] target line sample contaminated by Hβ interlopers. With this
model, we investigate how to find an unbiased estimation of the isotropic and anisotropic
dilation parameters α and ϵ from the BAO signal, as well as the fraction of interlopers fi.
Our method is based on standard BAO modeling, additionally allowing for the interlopers.
The model correlation function has two terms: The galaxy auto-correlation that we esti-
mate using CAMB [139], and a non-negligible cross-correlation between the galaxies and
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Figure 3.1: Displacement of interlopers as a function of their true redshift as shown in Eq.
3.2.

the interlopers that we consider a number of ways of estimating. If we can measure this
from the contaminated auto-correlation, or use another way of accurately calibrating this
statistic, our pipeline gives an unbiased estimation of all the three parameters. If we do
not take into account the interlopers, the measurements would be highly biased.

The plan of our chapter is as follows: In section 3.2, we derive the interloper shift value.
In section 3.3, we describe simulations that were used for our analysis. In section 3.4, we
present our model for the correlation function of a catalogue contaminated by a same
redshift fraction of interlopers. We show the outcomes of our pipeline in section 3.5. We
finally conclude in section 3.6.
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3.2 Displacement

Let us assume that in a survey, potential interlopers are at redshift ztrue, and they emit
a primary emission line with rest-frame wavelength λtrue

emit, that is observed at wavelength
λobs. The observed wavelength can be misidentified for another photon as if it was emitted
with rest-frame wavelength λfalse

emit at redshift zfalse. This redshift misidentification would
effectively lead us to a wrong estimation of the comoving proper distance to the galaxies
by ∆d:

∆d = dtrue − dfalse =

∫ ztrue

zfalse

cdz

H(z)
(3.1a)

≈ c

H(ztrue)
(ztrue − zfalse) . (3.1b)

≈ c

H(ztrue)

[
1 − λtrue

emit

λfalse
emit

]
(1 + ztrue) . (3.1c)

In this chapter we consider Hβ interlopers misidentified as [O iii] emitters. While [O iii]
is a doublet, here we assume that Hβ is misidentified as the primary line in the doublet
at λOIII

false = 500.7 nm, rather than the secondary line at λOIII
false = 495.9 nm. The rest-frame

wavelength of Hβ is λHβ
true = 486.1 nm, leading to an offset between the true and wrongly

inferred interloper comoving position equal to

∆d ≈ 87.41
1 + ztrue√

ΩΛ + Ωm(1 + ztrue)3
h−1 Mpc. (3.2)

Figure 3.1 displays the distance ∆d as a function of the true galaxy redshift and with
the parameters ΩΛ and Ωm evaluated at the cosmology of the simulations used in this
chapter and described in Section 3.3. In that cosmology, the displacement ∆d is equal
to 97h−1 Mpc at z = 1 (the redshift of the N-body snapshots considered in this work),
and 90, 85h−1 Mpc at z = 1.7, 2.1, which are the redshifts of interest for the Roman Space
Telescope.

Note that measurements stemming from rest-frame wavelength differences cannot be
used as standard rulers in the same way as BAO - what is fixed is the difference in redshift,
not the distance. The displacement in physical units depends on the assumed fiducial
cosmology used to convert redshifts to distances not the true cosmology, and we do not
have to vary the displacement when fitting different cosmological models to the data.
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3.3 Simulations

In this study, our focus is on building and testing a model framework that describes the
effect of interloper galaxies rather than predicting the actual expected fraction of interlop-
ers. While some progress have been made in modelling the population of [O iii] emitters
(e.g., [140]), we need a thorough comparison with observations to know if we have the
accuracy required. The population of Hβ emitters is less well understood. Therefore, we
will use halos in place of galaxy catalogs to test our model, for simplicity. We employ the
halo catalogs from 1, 000 N-body simulations of the Quijote suite [57]. These simulations
have been run in a box with size 1h−1Gpc and follow the evolution of 5123 cold dark mat-
ter particles in the fiducial cosmology of the suite, which is a flat ΛCDM cosmology with
parameters Ωm = 0.3175, Ωb = 0.049, ns = 0.9624, h = 0.6711, σ8 = 0.834, Mν = 0.0
eV. Halos have been identified using the Friends-of-Friends algorithm with linking length
parameter equal to 0.2, and only those with 20 or more cold dark matter particles have
been stored in the catalog. This means that considered halos have minimum mass equal
to 1.31 · 1013h−1M⊙.

Even though [O iii] emission galaxies are the primary target at redshifts beyond z = 1.8
in the High-Latitude Survey of the Roman telescope, we use halo catalogs at redshift z = 1
to have a larger number density of objects, n̄h = 2 · 10−4h3Mpc−3, consistent with the ex-
pected [O iii] mean number density in Roman between redshifts 1.8−2.8 [140, 138]. At the
redshift of the simulation, interlopers appear to be displaced by 97h−1 Mpc along the line
of sight. To simulate interlopers at higher redshift, we also consider displacements equal
90 or 85h−1 Mpc that correspond to catalogs at redshifts z = 1.7 and z = 2.1, respectively.
We build the contaminated halo catalogs by randomly selecting objects that will be inter-
lopers and displacing them at the wrongly inferred distance along the z direction, that we
assume to be the line-of-sight (hereafter, LOS). We implement four different percentages
of interlopers (2, 5, 10, 15 %) and three different values for the displacement, obtaining 12
different contaminated halo catalogs for each of the initial uncontaminated ones.

We measure the correlation function from all these mocks, by making use of Nbodykit
[141] adopting the Landy-Szalay estimator [54]. To build a better understanding of the
problem, the monopole and quadrupole of this measured correlation function are shown
in figure 3.2 and figure 3.3, respectively. In these plots, we show catalogues contaminated
by different fractions of interlopers in different colours, and with different displacements in
different panels: ∆d = 85 (top), 90 (middle), and 97h−1 Mpc (bottom). The effects of the
interlopers are clear to see in both moments. The amplitude of the small-scale monopole is
suppressed by the presence of interlopers, and the suppression increases with the fraction
of interlopers. The missing small-scales correlation is converted into larger scales, and in
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particular it enhances the amplitude of the correlation around the displacement scale, which
is close to the BAO peak position. As a result, the BAO peak appears to be enhanced,
broadened and shifted towards smaller separations. The quadupole is also modified by
the interlopers: Its amplitude is enhanced on all scales with increasing interloper fraction.
Moreover, it also exhibits a peak around the scales corresponding to the displacement of
the interlopers, as a consequence of the increased number of interloper-target galaxy pairs
along the LOS.
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Figure 3.2: Monopole of the correlation function as calculated from the mean of 1000
mocks that are contaminated by different fractions of interlopers (different colours), and
different interloper displacements: 85 (top row), 90 (middle row), and 97h−1 Mpc (bottom
row). As can be seen, the BAO peak is skewed towards ∆d, and amplified more as the
number of interlopers increase.
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Figure 3.3: Quadrupole of the correlation function as calculated from the mean of 1000
mocks that are contaminated by different fractions of interlopers (different colours), and
different interloper displacements: 85 (top row), 90 (middle row), and 97h−1 Mpc (bottom
row). As can be seen, the quadrupole peaks at ∆d, which demonstrates the anisotropy
caused by the shift of interlopers along the LOS.
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3.4 Modelling the Contaminated Correlation Func-

tion

In this section, we show how to model the monopole and quadrupole moments of the corre-
lation function for a catalogue that is contaminated by interlopers misplaced by relatively
small displacements such that the interloper-galaxy cross-correlation term is not negligible.
We build a model for the auto-correlation function of a contaminated catalogue in Sec-
tion 3.4.1, and in Section 3.4.2 we introduce our method to estimate the interloper-target
cross-correlation function. Finally, in Section 3.4.3, we discuss our completed model.

3.4.1 Correlation Function with Interlopers

We consider a catalogue contaminated by a given fraction of interlopers, fi, and define ξgg
the auto-correlation function of the target galaxies, ξgi the cross-correlation between these
galaxies and interlopers and ξii the auto-correlation function of the interlopers. Throughout
this chapter, indices “i”, and “g”, stand for interlopers, and galaxies respectively.

We denote the observed comoving distance of an object with x⃗: for target galaxies, this
is the same as their true position, whereas for interlopers it is the wrong measured position.
We denote the true position of an interloper with y⃗. Following [142], the contaminated
galaxy overdensity is given by

δt(x⃗) =
nt(x⃗) − n̄t

n̄t

=
ng(x⃗) − n̄g

n̄t

+
ni(x⃗) − n̄i

n̄t

,

which can be simplified to

δ(x⃗) = (1 − fi)δg(x⃗) + fiδi(x⃗) . (3.3)

We can use this equation to calculate the contaminated correlation function at any observed
separation r⃗ = x⃗1 − x⃗2,

ξ(x⃗1 − x⃗2; fi) = ⟨δ(x⃗1)δ
∗(x⃗2)⟩

= ⟨[(1 − fi)δg(x⃗1) + fiδi(x⃗1)]
[
(1 − fi)δ

∗
g(x⃗2) + fiδ

∗
i (x⃗2)

]
⟩

= (1 − fi)
2ξgg(r⃗) + f 2

i ξii(r⃗) + 2fi(1 − fi)ξgi(r⃗) .

(3.4)

This equation can be significantly simplified if we can make two key assumptions.
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First, we assume that the displacement ∆d in Eq. 3.2 between the true position of
interlopers and the wrongly inferred one is a constant within a redshift bin when calculating
the correlation function at a fixed cosmology. Indeed, we only consider correlation functions
at separations r smaller than 150h−1 Mpc in the following analysis and in this range the
displacement only varies by at most 0.8% (see Figure 3.1). Therefore, we can assume
that each object in the pair is displaced by the same amount. Moreover, it is commonly
assumed that within a redshift bin H(z) is a constant, therefore, we can assume that the
displacement is fixed across the redshift bin considered for all the pairs. Thus, the wrongly
inferred position of each interloper can be written in terms of a constant displacement
along the LOS ẑ: x⃗i = y⃗i − ∆d ẑ, where y⃗i is the true position.

The interloper auto-correlation function can then be written as ξii(x⃗1− x⃗2) = ξii(y⃗1− y⃗2)
(where we have assumed that the LOS is the same for both galaxies in a pair), because
two point correlators are invariant under translations – they depend only on the relative
distance between two objects. This means that the correlation function of the interlopers
at the wrong redshifts is equal to the correlation function of the interlopers at their true
position.

Interlopers and targets belong to two different populations of galaxies and have in
principle different bias schemes. Consequently, we either need calibration data to measure
ξgi(r⃗) and ξii(r⃗) (we discuss this particular case in section 3.6), or we need a way to model
this function. On the other hand, we note that since displacements are small, interlopers
and targets both trace a matter field with similar amplitude of clustering. It is also
likely that interlopers have similar properties and intrinsic clustering as the target galaxies,
meaning that they share the same galaxy bias. We thus make a second assumption: targets
and interlopers share the same galaxy bias. In this case, together with the assumption of
constant displacement for the interlopers, we have: ξii(r⃗) = ξgg(r⃗). We assume that this
is true in the rest of the chapter. Our results and conclusions will be similar if this is
not true, but instead we are able to accurately estimate or model the bias scheme of the
interlopers. Substituting into Eq. 3.4 yields

ξ(r⃗; fi) = (1 + 2f 2
i − 2fi)ξgg(r⃗) + 2fi(1 − fi)ξgi(r⃗) . (3.5)

In the next section, we will further consider methods to estimate the cross-correlation
between interlopers and galaxies, ξgi(r).

3.4.2 Interloper-Target Cross-correlation

As mentioned before, the cross-correlation between galaxies and interlopers plays a key
role in determining the shape of the contaminated correlation function. While the galaxy-
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galaxy and interloper-interloper terms remain unchanged after misplacing interlopers along
the LOS, the galaxy-interloper cross-correlation changes greatly. This change can easily
be understood considering that ξgi at r⃗ = x⃗1− x⃗2, which is the separation between the two
objects after misplacing interlopers by ∆d, should be equal to ξgi at the true separation
r⃗ ′ = x⃗1 − y⃗2 (see Appendix B). Thus,

ξgi(r⃗) = ξgi(r⃗
′) . (3.6)

There is a simple trigonometry transformation between r⃗ and r⃗ ′

r′(r, µ) =
√
r2 + ∆d2 − 2 ∆d r µ ,

µ′(r, µ) =
rµ− ∆d√

r2 + ∆d2 − 2 ∆d r µ
.

(3.7)

where we have defined r = |r⃗| being the modulus of the separation vector and µ = r⃗ · ẑ/r
being the cosine of the angle between the separation vector and the LOS.

The auto-correlation to cross-correlation mapping effectively pushes pair separations to
larger scales. Nearby objects are more correlated than more distant objects – the galaxy
correlation function roughly decays by r2, so the displacement of interlopers effectively
moves the strong correlation between nearby objects around < 20h−1 Mpc to larger scales
in the galaxy-interloper cross-correlation, leaving a peak. The location of the center of
this peak is at the interloper displacement. We show this in Figure 3.4 with blue points
obtained by measuring the cross-correlation between galaxies and interlopers in a Quijote
simulation box at z = 1, after misplacing interlopers by 97h−1 Mpc.

In practice, if we have a small survey with higher signal-to-noise ratio (calibration
data), it will be possible to estimate which galaxies would appear as interlopers in a survey
with lower signal-to-noise ratio. Using calibration data we can directly measure the cross-
correlation between galaxies and interlopers at their true distance, and then infer the
cross-correlation component at the wrong distance via Eq. 3.7. If the calibration data is
not available, there are two other possible approaches that we discuss in the following to
estimate the cross-correlation assuming that the bias scheme of interlopers is the same as
main target galaxies: analytical and observational approaches.

Analytical approach: We considered taking the Fourier transform of the analytical
power spectrum from CAMB linear and non-linear (from HALOFIT [143, 144]) to estimate
the auto-correlation function. The results from the linear CAMB model are shown in
red in Figure 3.4. The top and bottom panels of this plot show that the linear CAMB
model roughly describes the shape of the measured monople and quadrupole of the cross-
correlation, but it underestimates the peak height by ∼ 30%. This is because the prediction
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of CAMB for the monopole at small scales is significantly lower than the non-linear reality,
and, as we discussed earlier, this directly impacts the height of the peak at 97h−1 Mpc.
We have also used HALOFIT to create a non-linear model. The corresponding results are
shown in green in the same figure. The outcome remains the same with a slightly better
prediction of the height. In this case, while the displacement depends on the fiducial
cosmology and it determines the position of the peak in the target-interloper correlation
function, the shape of the cross-correlation depends on the true cosmology since it is a
remapping of the auto-correlation of target galaxies via Eq. 3.13. This can be easily
implemented in the model for the correlation function. The inability of this model to
accurately fit the cross-correlation function led us to consider our second approach, or the
observational approach.

Observational approach: If we assume that interlopers and targets are drawn from the
same population of galaxies, we can estimate their cross-correlation directly from the mea-
sured auto-correlation of the contaminated catalog. As shown in figure 3.4, the monopole
of cross-term vanishes on small scales r < 40h−1 Mpc. Therefore, one can rewrite Eq. 3.5
as

ξ(r⃗; fi) ≈ (1 + 2f 2
i − 2fi) ξgg(r⃗) for small r, (3.8)

indicating that the contaminated and uncontaminated catalogs have small-scale correlation
functions that differ by an overall amplitude only, and this amplitude depends on the frac-
tion of interlopers in the contaminated catalog. We can therefore infer the galaxy-galaxy
small-scale correlation function directly from the measured contaminated correlation func-
tion, modulo an overall normalization. The large-scale feature in the cross-correlation seen
in Figure 3.4 is mainly determined by the small-scale correlation of galaxies and interlop-
ers at the true position, or equivalently the galaxy auto-correlation since we assumed that
galaxies and interlopers have the same bias (see Eq. 3.6). Therefore, using Eqs. 3.8 and 3.6
we can estimate the cross-correlation term on the scales of interest (r < 150h−1 Mpc)
directly from the measured small-scale contaminated correlation function as

ξgi(r⃗) =
ξ(r⃗ ′; fi)

(1 + 2f 2
i − 2fi)

, (3.9)

where the mapping between r⃗ and r⃗ ′ is described in Eq. 3.7. Using this observational
method, the model for the cross-correlation is already built from a correlation function in
the true cosmology but measured in the fiducial one, and we will not need to account for
differences between the two cosmologies when performing the fit.

Using this method to determine the cross-correlation, one can immediately see the
improvement in the peak height estimation of the monopole and quadrupole moments of
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the cross-correlation function in Figure 3.4 (orange line). Note that this method assumes
that interlopers and targets have the same bias scheme, and this assumption is satisfied
exactly in our mocks. On the other hand, the general shape of the monopole of the cross-
correlation, especially at larger scales, deviates from that of the measurement. We believe
that this is due to the approximation that we made to derive Eq. 3.8; that of a vanishing
cross-correlation on small scales. The quadrupole is less affected by this approximation.
These effects do not alter the measured parameters (see Section 3.4.3). Finally, using this
approximation, we can use Eq.3.9 for the galaxy-interloper cross-correlation and rewrite
Eq. 3.5

ξ(r⃗; fi) = (1 + 2f 2
i − 2fi)ξgg(r⃗) +

2fi(1 − fi)

(1 + 2f 2
i − 2fi)

×M[ξ(fi)](r⃗) , (3.10)

where for simplicity, we use M to denote the mapping of scales in Eq. 3.7 that describes
the deformation due to interlopers.

3.4.3 Building a Cosmological Model

Thus far, we have introduced a model for the contaminated correlation function that con-
sists of the galaxy-galaxy correlation function term, ξgg(r⃗), and the cross-correlation term,
ξgi(r⃗; fi). There is still one part missing: How does our model depend on the assumptions
about the fiducial cosmology? In this section, we will address this question based on the
methodology and notation of Ref. [145] and [146].

To measure the correlation function from data, we need to calculate the separation
between pairs by assuming a fiducial cosmology to translate from redshifts to distances.
The BAO peak in the correlation function can be distorted if the assumed cosmology is not
the same as the true cosmology. This distortion can be parameterized by Alcock–Paczynski
parameters (hereafter AP; [147]): α, the isotropic dilation parameter, and ϵ, the anisotropic
warping parameter:

α =

[
D2

A,true(z)Hfid(z)

D2
A,fid(z)Htrue(z)

]1/3
rs,fid
rs,true

,

1 + ϵ =

[
DA,fid(z)Hfid(z)

DA,true(z)Htrue(z)

]1/3
.

(3.11)

And we can relate the fiducial and true distances using α and ϵ using the following equa-
tions:

r∥,true = α(1 + ϵ)2r∥ ,

r⊥,true = α(1 + ϵ)−1r⊥ ,
(3.12)
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where we have dropped subscript “fid” for simplicity. The separation between two objects
can be described in Cartesian (r⊥, r∥) or polar coordinates (r, µ), which are related by

r2 = r2⊥ + r2∥ ,

µ = cos(θ) =
r∥
r
.

(3.13)

Therefore Eq. 3.13 for the true separations would be

rtrue = α
√

(1 + ϵ)4r2⊥ + (1 + ϵ)−2r2∥

µtrue =
(1 + ϵ)2r∥√

(1 + ϵ)4r2⊥ + (1 + ϵ)−2r2∥

(3.14)

The true correlation function can be decomposed into its Legendre multipoles. In the
following, we assume that monopole, quadrupole, and hexadecapole would suffice in the
summation below, as the higher order moments can be ignored.

ξ(rtrue, µtrue) =
∑

l=0,2,4

ξl(rtrue)Ll(µtrue) (3.15)

What we measure in reality, assuming a wrong fiducial cosmology, is shifted multipole
moments of the correlation function ,

ξl(r;α, ϵ) =
2l + 1

2

∫ 1

−1

dµLl(µ) ξ(rtrue(α, ϵ), µtrue(α, ϵ)) . (3.16)

For a BAO-only measurement, we are not interested in any feature of the correlation
function other than where the BAO is. Typically, one adds an additive polynomial term
A(r) to account for the scale-dependent bias and redshift space distortions, and a multi-
plicative B(r) factor to adjust the amplitude,

ξmodel
l (r;α, ϵ) = B(r)ξl(r;α, ϵ) + A(r)) (3.17)

Using the right form of polynomials is important, because even though A(r) and B(r) are
nuisance parameters not containing any BAO information, they may bias our estimation
of the BAO peak if not properly fitted for. We use three orders of polynomials: A(r) =
a1/r

2 + a2/r + a3, and a constant for the amplitude B(r) = B0. Substituting Eq. 3.17 into
Eq. 3.10 gives our final model for the monopole and quadrupole of a catalogue contaminated
by some fraction of interlopers fi
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ξmodel
0 (r; {a1, a2, a3, B0, α, ϵ, fi})

= (1 + 2f 2
i − 2fi) ×

[
(
a1
r2

+
a2
r

+ a3) + B0 ξ0(r;α, ϵ))
]

+
2fi(1 − fi)

(1 + 2f 2
i − 2fi)

×M0[ξ
measured](r) ,

(3.18)

ξmodel
2 (r; {w1, w2, w3, B0, α, ϵ, fi})

= (1 + 2f 2
i − 2fi) ×

[
(
w1

r2
+

w2

r
+ w3) + B0 ξ2(r;α, ϵ))

]
+

2fi(1 − fi)

(1 + 2f 2
i − 2fi)

×M2[ξ
measured](r) .

(3.19)

Throughout this chapter, when we refer to a monopole only fit, we use Eq. 3.18 assuming
ϵ = 0, which simplifies ξ0(r;α, ϵ) to just ξ0(αr). In that case, there are six free parameters
that we fit for. When we refer to simultaneous monopole and quadrupole fit, we use
Eq. 3.18 and 3.19 together. In that case, there are four additional free parameters (ten in
total) that should be fitted for.

In the following, we describe the method used to obtain the templates of the monopole
and quadrupole, ξ0(r) and ξ2(r). We model the matter power spectrum in real space as

P (k, µ) = [Plin(k) − Psmooth(k)] e−
1
2
k2(µ2Σ2

∥+(1−µ2)Σ2
⊥) + Psmooth(k) . (3.20)

where Plin(k) is the linear matter power spectrum obtained from CAMB and Psmooth(k)
is the no-wiggle counterpart computed as in [148], where the BAO oscillations have been
removed. The Gaussian term accounts for the damping of the BAO wiggles due to non-
linear evolution, with Σ⊥ = 4.8h−1 Mpc and Σ∥ = 7.3h−1 Mpc at z = 1 and the considered
cosmology. In redshift space, the power spectrum is distorted by the Kaiser [48] and the
Finger-of-God (FoG) [149] effects, which lead us to the following equation for the redshift
space power spectrum [150]

Ps(k, µ) = b2(1 + βµ2)2F (k, µ)P (k, µ) . (3.21)

In our analysis, we use the streaming model for FoG, F (k, µ) = (1 + k2µ2Σ2
s)

−2, with
Σs = 3h−1 Mpc. Subsequently, we calculate the correlation function by taking the Fourier
transform of the redshift-space power spectrum.
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Figure 3.4: The importance of accurately modelling the small-scale cross-correlation in
order to match the large-scale clustering around the BAO feature. Monopole (top) and
quadrupole (bottom) of the galaxy-interloper cross-correlation function correlation in real-
space, calculated from mapping of auto-correlation described in Eq. 3.6. We considered four
different auto-correlations described in more detail in text. The interloper displacement,
∆d, used in mapping equals 97 for z = 1.

64



3.5 Results

In this section, we present the results obtained by fitting the mean of the multipole mo-
ments of the correlation functions from 1, 000 mocks in redshift space (Same results for
configuration space are shown in Appendix C). To find the best fit parameters, we carried
out a Markov-chain Monte Carlo (MCMC) analysis (emcee package [151]) to minimize the
posterior function introduced by Percival et al. [152]:

f(ξmodel|ξdata, C) ∝
[
1 +

χ2

ns − 1

]−m
2

, (3.22)

where m is given by Eq. 54 of [152]. We also assumed the following uniform priors on our
parameters:

f(α, ϵ, fi) =


1 if 0.6 < α < 1.4 ,

& −1 < ϵ < 1 ,

& 0 < fi < 0.5

0 otherwise

(3.23)

Additionally, to calculate χ2, we estimated the covariance matrix of ns = 1000 independent
contaminated mocks using

Cij[ξ(ri)ξ(rj)] =
1

ns − 1

ns∑
n=1

[ξn(ri) − ξ̄(ri)][ξn(rj) − ξ̄(rj)] . (3.24)

To fit the model to the mean of ns mocks, Eq. 3.24, which gives the covariance matrix used
for an individual mock, is divided by ns. For the purpose of this chapter, we only need to
fit the data around the BAO peak. Therefore, in our analyses, we fit our model to data on
scales between rmin = 50h−1 Mpc and rmax = 150h−1 Mpc. For a comparison between the
data and the fits refer to Appendix D.

Let us begin with highlighting the necessity of correcting for the small-displacement
interloper effect, and also roughly quantifying what we mean by “small” displacements.
For this purpose, we repeated the process of making contaminated catalogues described
in Section 3.3, but for a wider range of displacements, from 45 to 200h−1 Mpc. Without
correcting for the interloper effect, we found the best fit estimations on α and ϵ. In
Figure 3.6, the difference between the estimation and true is plotted against displacement,
and from this figure we find that:
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• Monopole only with no correction (green triangles): At a fixed value for the dis-
placement ∆d, the estimated isotropic dilation parameter αest increasingly deviates
from 1 when considering larger interloper fractions. This means that the bias in α
introduced by the interlopers increases with the amount of contamination, as pre-
viously noted in [138]. How much the bias increases with fi depends on the value
of the displacement: the smaller the displacement, the faster the bias increases with
the amount of contamination. Indeed, when the displacement is close to the BAO
position, e.g. ∆d = 97h−1 Mpc, the peak in the galaxy-interloper cross-correlation
is very close to the BAO location and it causes a mild distortion and shift of the
BAO peak. On the other hand, smaller displacements present a peak in the cross-
correlation that is further away from the BAO peak location, causing a much larger
distortion of the BAO feature (see also Figure 3.2).

• Monopole+Quadrupole with no correction (green rectangles): Compared to the pre-
vious case (monopole only with no correction) and for each combination of ∆d and
f true
i , αest is closer to 1 when including the quadrupole in the fit. This happens be-

cause the contamination is anisotropic: By including the quadrupole, the parameter
ϵ can mimic and absorb the anisotropy, leaving α less biased. However, the ϵ mea-
surements are strongly biased, with deviations from the fiducial value increasing with
the amount of contamination and decreasing with increasing ∆d.

• Monopole only with interloper correction (orange triangles): Compared to the no cor-
rection case, the values of αest are now much closer to the true value and they exhibit
a systematic bias smaller than 3.9 × 10−3 for all considered level of contamination
and displacements. This model allows us to obtain an estimation for the fraction of
interlopers f est

i with a bias that is below 8 × 10−3 for all levels of contamination and
displacements. (More details in Table 3.2)

• Monopole+Quadrupole with interloper correction (orange rectangles): The values of
αest and ϵest are much closer to the truth than in the no correction case. The residual
systematic biases are smaller than 5 × 10−3 for α and 0.01 for ϵ. The percentage of
contaminants can be estimated with better precision in this case than when fitting
for the monopole alone: the statistical errors decrease by a factor of two on average.
The accuracy on fi is also generally improved when the displacement is small, while
no significant amelioration appears if ∆d = 97h−1 Mpc.

We should emphasize that large-displacements can still bias the BAO measurement, even
though the cross-correlation would be negligible, as mentioned in Section 3.1.
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Now, we take into account the effect of interlopers in the fitting model by using the
formalism described in Section 3.4. Figure 3.5 demonstrates how much the estimation
of our pipeline for α (top row), ϵ (middle row), and fi (lower row) deviates from the
corresponding true values when considering catalogs contaminated by different fractions
of interlopers (x-axis), and three different values for the displacements ∆d: 85h−1 Mpc
(left column), 90h−1 Mpc (middle column), and 97h−1 Mpc (right column). The orange
symbols corresponds to the case where we account for the presence of interlopers in our
analysis using Eq. 3.10, whereas green symbols show the results when ignoring interlopers
(as if fi was set to zero in Eq. 3.10). We considered fits to the monopole alone (shown in
triangle) and to the monopole and quadrupole simultaneous (rectangles). From figure 3.5,
we deduce that:

• Monopole only with no correction (green triangles): At a fixed value for the dis-
placement ∆d, the estimated isotropic dilation parameter αest increasingly deviates
from 1 when considering larger interloper fractions. This means that the bias in α
introduced by the interlopers increases with the amount of contamination, as pre-
viously noted in [138]. How much the bias increases with fi depends on the value
of the displacement: the smaller the displacement, the faster the bias increases with
the amount of contamination. Indeed, when the displacement is close to the BAO
position, e.g. ∆d = 97h−1 Mpc, the peak in the galaxy-interloper cross-correlation
is very close to the BAO location and it causes a mild distortion and shift of the
BAO peak. On the other hand, smaller displacements present a peak in the cross-
correlation that is further away from the BAO peak location, causing a much larger
distortion of the BAO feature (see also Figure 3.2).

• Monopole+Quadrupole with no correction (green rectangles): Compared to the pre-
vious case (monopole only with no correction) and for each combination of ∆d and
f true
i , αest is closer to 1 when including the quadrupole in the fit. This happens be-

cause the contamination is anisotropic: By including the quadrupole, the parameter
ϵ can mimic and absorb the anisotropy, leaving α less biased. However, the ϵ mea-
surements are strongly biased, with deviations from the fiducial value increasing with
the amount of contamination and decreasing with increasing ∆d.

• Monopole only with interloper correction (orange triangles): Compared to the no cor-
rection case, the values of αest are now much closer to the true value and they exhibit
a systematic bias smaller than 3.9 × 10−3 for all considered level of contamination
and displacements. This model allows us to obtain an estimation for the fraction of
interlopers f est

i with a bias that is below 8 × 10−3 for all levels of contamination and
displacements. (More details in table 3.2)
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• Monopole+Quadrupole with interloper correction (orange rectangles): The values of
αest and ϵest are much closer to the truth than in the no correction case. The residual
systematic biases are smaller than 5 × 10−3 for α and 0.01 for ϵ. The percentage of
contaminants can be estimated with better precision in this case than when fitting
for the monopole alone: the statistical errors decrease by a factor of two on average.
The accuracy on fi is also generally improved when the displacement is small, while
no significant amelioration appears if ∆d = 97h−1 Mpc.

A more detailed description of our results of the monopole+quadrupole and monopole
only analyses are given in table 3.1 and table 3.2 respectively, where the systematic and sta-
tistical errors on α, ϵ and fi are reported for all the displacements and fractions considered.
We find that the systematic error on α with interlopers using our model is 4.4×10−3 which
is consistent with pre-reconstruction BAO analyses on SDSS data without interlopers ([65],
[153], [64]). This shows that slitless spectroscopy does not degrade BAO measurements.

3.6 Discussions

We have investigated how to extract the BAO scale from a contaminated galaxy catalogue
containing a sub-sample of interlopers that are correlated with the main target galaxies.
This case is particularly important for the future Roman Space Telescope, where a pop-
ulation of [O iii] emitting galaxies extracted thanks to the observation of a single line is
likely to be contaminated by Hβ interlopers. In this study, we assumed that the Hβ line is
misidentified as the primary line at 500.7 nm of the [O iii] doublet. Depending on how the
doublet is fitted, one might need to take into account the weighted average of the primary
and the secondary lines of [O iii]. Nonetheless, this will only impact the value of ∆d as
a function of redshift in Eq. 3.2, and will not affect our conclusions. In the following, we
highlight some of the main outcomes of our analysis.

Generally, the contaminated correlation function has three terms (Eq.3.4): The galaxy-
galaxy term, the interloper-interloper term, and the galaxy-interloper term. We have split
interlopers into three categories: random, large-displacement and small-displacement in-
terlopers. We have argued that random contaminants, uncorrelated with either themselves
or the target galaxies are trivial to account for.
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Table 3.1: Systematic and statistical errors on α, ϵ, and fi using monopole and quadrupole.
Analysis is performed on the mean of 1000 mocks in redshift space, and different displace-
ments.

f true
i (×10−2) Error on α (×10−3) Error on ϵ (×10−3) Error on fi (×10−3)

systematic statistical systematic statistical systematic statistical

∆d = 85h−1Mpc

0 4.1 0.7 -0.5 0.9 0.7 0.4
2 3.9 0.8 -1.5 1.1 1.4 0.4
5 3.5 0.8 -3.1 1.1 1.4 0.4
10 2.5 0.8 -5.4 1.0 -0.5 0.4
15 1.6 0.9 -7.3 1.1 -4.7 0.4

∆d = 90h−1Mpc

0 4.1 0.7 -0.5 1.0 0.4 0.3
2 3.6 0.9 -1.5 1.4 1.1 0.5
5 3.0 0.8 -4.1 1.3 2.1 0.5
10 0.3 0.8 -7.9 1.3 1.2 0.5
15 0.3 0.9 -10.8 1.5 -2.9 0.6

∆d = 97h−1Mpc

0 4.3 0.7 0.1 0.8 0.1 0.1
2 4.4 0.7 1.1 0.9 -1.0 0.4
5 3.5 0.8 -0.7 1.1 -0.5 0.5
10 3.9 1.1 -2.5 1.5 -2.4 0.5
15 3.4 1.2 -4.3 1.7 -6.5 0.6

For both small-displacement and large-displacement interlopers, we need to model their
auto-correlation, but this is generally easy to do. In addition, the effect of the interloper-
interloper auto-correlation on the contaminated signal is a simple linear super-position
of two correlation functions: in the extremes, either the change in H(z) between true
redshifts of the targets and interlopers is small and so the BAO position is unaffected,
or it is large and the superimposed BAO peak is far from that of the targets. In either
case and in between, to measure the BAO position, we only need a model on large scales
where linear theory is sufficient to describe the BAO feature and we know the position
through the relative line positions. If interlopers and galaxies have different bias, an extra
(bias) parameter can be added to the second term of Eq. 3.4 and can be fitted for along
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other parameters introduced in our analysis. It also may be possible to measure this
using calibration data, by comparing the interloper-interloper and target-target correlation
functions. In contrast, for small-displacement interlopers, it is critical to have a good
estimate of the interloper-target cross-correlation.

For our simulations, the interlopers are drawn from the same underlying distribution as
the target galaxies. This allowed us to simplify the equations, merging the galaxy-galaxy
and interloper-interloper terms together. In practice, the populations of [O iii] and Hβ
emission line galaxies are different, and this can change our equations requiring us to keep
these terms separate. We do not expect this to significantly alter our conclusions, or to
present a difficulty for modeling.

For small-displacement interlopers, the interloper shift can be considered as being con-
stant, and is dependent on the fiducial cosmology used to convert redshifts to distances.
Thus its position does not provide cosmological information. We made the assumption of
a constant shift because the displacement only changes by less than one percent across
the bin considered, similar to the case for the BAO scale being fixed within an bin of
observational data. Hence, the BAO signal in ξii(r⃗) will not be shifted as a correlation
function is not modified by a translation, while it is modified in ξgi(r⃗). Thus, the key to
understanding and modelling the contaminated correlation function is through accurately
modelling the cross-correlation between the main galaxy targets and the interlopers that
are misidentified as main targets, which is described in Eq. 3.6 and required a mapping
between true and wrongly inferred positions for the interlopers. Again, with calibration
data, it is possible to apply this mapping (refer to 3.7) to the measured cross-correlation
at the true distance. We leave it to future work to determine the size of calibration data
required to determine this function with sufficient accuracy that it does not impact on
BAO measurements. The good news is that we need to know this function on small scales,
where small volumes of the Universe will be sufficient.

For our study, we used the same assumptions used to create the simulations (the [O iii]
and Hβ emitting galaxies are drawn from the same population) to estimate the cross-
correlation with the auto-correlation function of the main galaxy targets. We considered
models based on CAMB and HALOFIT to derive an estimation of the cross-correlation. We
found that they both fail in precisely modelling the peak of the monopole and quadrupole
of the cross-correlation. These models also need to account for the difference between
fiducial and true cosmologies via the AP parameters, that would need to be added in the
cross-correlation function of Eq. 3.18, and Eq. 3.19 as well. Therefore, we tested another
possibility that is more powerful on smaller scales: using the measured contaminated
correlation functions to estimate cross-correlation. We argued that using the latter is the
most precise for the Quijote mocks used in this chapter, since it matches the way that
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the mocks were constructed (interlopers and target galaxies have the same galaxy bias).
Indeed, the resulting cross-correlation is able to better model the peak of the monopole
of the cross-correlation, and both peak and the shape of the quadrupole of the cross-
correlation (refer to Figure 3.4).

With all of the mentioned assumptions made, we finally presented a model for monopole
and quadrupole of the contaminated correlation function. We tested our model by fitting
it to the mean of 1,000 mocks for five different interloper fractions and three different
displacements. We found that for all these cases, our method is successful at making
an unbiased prediction of the dilation parameters (recovering the BAO peak), with a
systematic error of less than 4.4×10−3, which is consistent with previous pre-reconstruction
analyses. It also enables us to have a good estimation of the fraction of interlopers. Whereas
if we did not take interlopers into account in the model, for 15% interlopers we would have
an order of magnitude higher systematic errors – as high as −0.020 and 0.044 for α and ϵ.
Moreover, the signal in the correlation function from interlopers is sufficiently clear that
it allows us to measure the fraction of interlopers with a systematic error of at most few
percent. This will be useful for cosmological analysis other than measuring BAO where the
fraction of interlopers can change the amplitude of the signal, and knowing the fraction is
important.

Since our analysis is specifically useful for future Roman [O iii] targets that are contam-
inated by Hβ interlopers, we predict the statistical error that our method would have for
Roman telescope data. To do so, we scaled the statistical errors on the mean calculations
from 1,000 mocks at redshift 1 (∆d = 85h−1 Mpc). These 1,000 mocks have a cumulative
volume of 1, 000(h−1Gpc)3. The approximate volume of Roman survey between redshift
1.8 and 2.8 (where [O iii] galaxies live) is V ≈ 10(h−1Gpc)3. Thus, the statistical error is
scaled by

√
1000/10 = 100. For the range of 0−15% interlopers, we find that the statistical

error on α and ϵ is 0.01 which is larger than their corresponding systematic errors.

Small-displacement interlopers give rise to a strong signal in the correlation function
on similar scales to the cosmological signal. Even so, this signal has key differences from
the cosmological signal such that a joint model fitting both the cosmological signal and
the effect of interlopers can be constructed and we do not see a degradation in the cosmo-
logical measurements in the tests we have performed. Furthermore, the interloper signal
itself allows excellent diagnostics on the contamination, allowing a simultaneous fit to the
contaminant fraction. For random interlopers however, it is more difficult to measure the
contaminant fraction, which has to be done before the amplitude of clustering can be mea-
sured. Thus, while small-displacement interlopers are definitely the most pernicious in
terms of the correlation function, for fits to the data this is not the case.
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Table 3.2: Systematic and statistical errors on α, and fi using the monopole only analysis
performed on the mean of 1000 mocks in redshift space, and different displacements.

f true
i (×10−2) Error on α (×10−3) Error on fi (×10−3)

systematic statistical systematic statistical

∆d = 85h−1Mpc

0 2.2 0.7 3.4 0.8
2 2.1 0.7 4.1 0.8
5 1.9 0.7 3.5 0.7
10 0.8 0.7 1.4 0.7
15 -0.1 0.8 -3.4 0.7

∆d = 90h−1Mpc

0 -0.6 0.8 6.9 0.9
2 -1.4 0.8 7.8 0.9
5 -1.5 0.9 7.7 0.9
10 -3.0 0.9 5.9 0.9
15 -3.9 0.9 1.0 0.8

∆d = 97h−1Mpc

0 2.7 0.7 0.6 0.5
2 3.2 0.9 -0.4 1.5
5 2.4 0.9 0.4 1.5
10 1.3 1.0 0.1 1.4
15 -0.9 1.2 -2.4 1.5
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Figure 3.5: The difference between estimation and true for α (top row), ϵ (middle row),
and fi (bottom row), as plotted against the true fraction of interlopers. For comparison,
the green lines show the fit without taking into account interlopers and the orange shows
the fit with interlopers (our analysis).
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Figure 3.6: The effect of small-displacement interlopers on estimating the dilation param-
eters.
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Chapter 4

Conclusions and future work

In Chapter 2, I presented my work on the Fisher analysis forecast on the uncertainties of
the cosmological parameters measured by BAO and RSD analyses. We performed a Fisher
analysis on 19 different survey catalogues to obtain the constraints on the BAO dilation
parameters, DM and DH , and the growth rate of structure times the normalization factor,
fσ8, from BAO and RSD analyses. In the following, we consider the meaning of our results
and their impact on future galaxy surveys.

We compared the prediction from our BAO Fisher analysis to the post-reconstruction
BAO measurements and found that Fisher matrix calculations are very good at predicting
BAO constraints and that measurements and the way in which they are analyzed are
delivering the expected level of precision. This is clearly great news for future projects – one
can trust the BAO Fisher analysis to forecast the constraints on the dilation parameters
for future surveys. Moreover, it means that the current BAO analyses are exploiting a
high level of precision. That being said, there is room for improvement, particularly with
reconstruction.

On the other hand, for RSD measurements, we found a discrepancy between constraints
obtained from the Fisher prediction and the measurements if kmax in the Fisher analysis is
chosen to match the scale at which the power spectrum turns strongly non-linear, 0.1/D(z).
The two constraints would match if kmax is chosen correctly – our work suggests that current
methods extract RSD information to a fixed kmax for all samples and redshifts, and that is
equal to 0.08hMpc−1. This can be interpreted in two ways: Either some RSD information
is missing from the observations, or the information is there, but the current RSD analyses
can not extract all the existing information and need to be improved.

Recent analyses have used emulators to extract information from smaller scales. By
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doing so, they have been able to provide substantial improvements on the precision ob-
tained from RSD [130, 132, 154, 155]. Thus, we ruled out the former possibility (missing
information) by testing the precision recovered from our Fisher analysis against that of
small-scale RSD analysis and found that small-scale analyses do allow for extracting RSD
information to smaller scales, i.e., kmax > 0.08hMpc−1. The improvement from small-scale
analyses means that the RSD information is available, and improved modeling with fully
extracting the linear signal may be able to extract it.

In Chapter 3, I presented our article on the effects of small-displacement contaminants
on the BAO analysis. Small-displacement interlopers are galaxies whose observed distance
is misplaced by ∆d ≲ 150h−1 Mpc along the line-of-sight due to line misidentification in
low-resolution slitless spectroscopy. We focused on Roman-like catalogues, with an [O iii]
target line sample contaminated by Hβ interlopers, but our analysis can be generalized to
other catalogues that are contaminated by small-displacement interlopers. We found that
for 15% interlopers that are misplaced by 97 Mpch−1, the systematic error can be as high
as 2% on α and 4% on ϵ, if the model used to describe the correlation function does not
account for the presence of interlopers (following [156]). Therefore, it is important that we
use a model that takes into account that the catalogue might be contaminated.

Given the high interloper bias, we considered building a model for the monopole and
quadrupole moments of the contaminated correlation function, including an additional
free parameter for the level of contamination. The key ingredient of our model is the
cross-correlation between the interloper galaxies at the wrong distance and the main tar-
get galaxies. We estimated this term using a distance convolution on the measured con-
taminated small-scale auto-correlation function. This method enabled us to measure the
dilation parameters without significant degradation in accuracy. Furthermore, this model
allows for estimating the fraction of interlopers with a systematic error of at most a few
percent. Having an estimation of the fraction is important since it can be used in other
future cosmological analyses, where the fraction of interlopers can change the amplitude
of the signal.

Finally, let us briefly conclude the future impacts of these two projects:

• The bottom line from my first work is that considering recent improvements achieved
from the RSD small-scale analyses, we can be optimistic that in the near future, mea-
surements will be able to extract information from smaller scales (larger wavenum-
bers), hence reach the maximum theoretical precision possible. Until then, in order
to realistically forecast the achievable precision of the upcoming galaxy surveys from
linear RSD analyses, a correction to the maximum wavenumber should be made in
the Fisher analysis: kmax = 0.08h−1 Mpc.
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• The most critical impact of my second work for cosmology would be on the BAO anal-
ysis of the future Roman Space Telescope [O iii] targets that are contaminated by Hβ
interlopers. We provided a theoretical model for the contaminated auto-correlation,
with which the recovered accuracy and precision of the dilation parameters are un-
changed compared to uncontaminated catalogues, which is clearly good news for
future slitless spectroscopy surveys prone to contamination. Indeed, improvements
can be made to our analysis by, for instance: Using light-cone simulations, varying the
interloper displacement with redshift instead of making the constant-displacement ap-
proximation, using better priors on fi, including other (multiple) sources of contam-
inants, allowing the RSD parameters (Σ, β) and biases to vary in MCMC. Another
possible future work is to use better simulations to know if the 22 deg2 deep-field
calibration data for Roman GRS would suffice for measuring the cross-correlation
between [O iii] and Hβ at 2 < z < 3.

• Based on [157], Lyman α forest analysis is also prone to a small fraction of contami-
nants from silicon emission lines (metal contamination) with small-displacements at
20, 60 and 100h−1 Mpc. It is possible to constrain the effective biases of the con-
taminants (bg × fi) mostly with the correlations near the LOS. Since, in this case,
the impact of interlopers is asymmetric in the target-interloper cross-correlation, it
is helpful to cross-check the constrained effective bias using the Lyα × QSO cross-
correlation too. Another proposal for a future work is to use the method mentioned
above in order to get an adequate measurement of the effective bias of our interlop-
ers, i.e., make use of the cross-correlation of Roman with other surveys around the
same redshift of interest: DESI ELGs at z > 1, quasars at z > 1.5 and Lyα forest at
z > 1.9.
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Secroun, Uros Seljak, Hee-Jong Seo, Santiago Serrano, Arman Shafieloo, Huanyuan
Shan, Ray Sharples, Michael J. Sholl, William V. Shourt, Joseph H. Silber, David R.
Silva, Martin M. Sirk, Anze Slosar, Alex Smith, George F. Smoot, Debopam Som,
Yong-Seon Song, David Sprayberry, Ryan Staten, Andy Stefanik, Gregory Tarle,
Suk Sien Tie, Jeremy L. Tinker, Rita Tojeiro, Francisco Valdes, Octavio Valenzuela,
Monica Valluri, Mariana Vargas-Magana, Licia Verde, Alistair R. Walker, Jiali Wang,
Yuting Wang, Benjamin A. Weaver, Curtis Weaverdyck, Risa H. Wechsler, David H.
Weinberg, Martin White, Qian Yang, Christophe Yeche, Tianmeng Zhang, Gong-Bo
Zhao, Yi Zheng, Xu Zhou, Zhimin Zhou, Yaling Zhu, Hu Zou, and Ying Zu. The
DESI Experiment Part I: Science,Targeting, and Survey Design. arXiv:1611.00036
[astro-ph], December 2016. arXiv: 1611.00036.

[16] LSST Dark Energy Science Collaboration. Large Synoptic Survey Telescope: Dark
Energy Science Collaboration. arXiv:1211.0310 [astro-ph, physics:hep-ex], November
2012. arXiv: 1211.0310.

[17] Euclid Collaboration, A. Blanchard, S. Camera, C. Carbone, V. F. Cardone, S. Casas,
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uardo Balbinot, Robert Barkhouser, Timothy C. Beers, Andreas A. Berlind, Steven J.
Bickerton, Dmitry Bizyaev, Michael R. Blanton, John J. Bochanski, Adam S. Bolton,
Casey T. Bosman, Jo Bovy, W. N. Brandt, Ben Breslauer, Howard J. Brewing-
ton, J. Brinkmann, Peter J. Brown, Joel R. Brownstein, Dan Burger, Nicolas G.
Busca, Heather Campbell, Phillip A. Cargile, William C. Carithers, Joleen K. Carl-
berg, Michael A. Carr, Liang Chang, Yanmei Chen, Cristina Chiappini, Johan
Comparat, Natalia Connolly, Marina Cortes, Rupert A. C. Croft, Katia Cunha,

84



Luiz N. da Costa, James R. A. Davenport, Kyle Dawson, Nathan De Lee, Gus-
tavo F. Porto de Mello, Fernando de Simoni, Janice Dean, Saurav Dhital, Anne Ealet,
Garrett L. Ebelke, Edward M. Edmondson, Jacob M. Eiting, Stephanie Escoffier,
Massimiliano Esposito, Michael L. Evans, Xiaohui Fan, Bruno Femeńıa Castellá,
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Jonay I. González Hernández, Shirley Ho, David W. Hogg, Jon A. Holtzman, Klaus
Honscheid, Naohisa Inada, Inese I. Ivans, Linhua Jiang, Peng Jiang, Jennifer A.
Johnson, Cathy Jordan, Wendell P. Jordan, Guinevere Kauffmann, Eyal Kazin,
David Kirkby, Mark A. Klaene, G. R. Knapp, Jean-Paul Kneib, C. S. Kochanek,
Lars Koesterke, Juna A. Kollmeier, Richard G. Kron, Hubert Lampeitl, Dustin
Lang, James E. Lawler, Jean-Marc Le Goff, Brian L. Lee, Young Sun Lee, Jar-
ron M. Leisenring, Yen-Ting Lin, Jian Liu, Daniel C. Long, Craig P. Loomis, Sara
Lucatello, Britt Lundgren, Robert H. Lupton, Bo Ma, Zhibo Ma, Nicholas MacDon-
ald, Claude Mack, Suvrath Mahadevan, Marcio A. G. Maia, Steven R. Majewski,
Martin Makler, Elena Malanushenko, Viktor Malanushenko, Rachel Mandelbaum,
Claudia Maraston, Daniel Margala, Paul Maseman, Karen L. Masters, Cameron K.
McBride, Patrick McDonald, Ian D. McGreer, Richard G. McMahon, Olga Mena Re-
quejo, Brice Ménard, Jordi Miralda-Escudé, Heather L. Morrison, Fergal Mullally,
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Dan Scolnic, Anjan A. Sen, Neelima Sehgal, Arman Shafieloo, M.M. Sheikh-Jabbari,
Joseph Silk, Alessandra Silvestri, Foteini Skara, Martin S. Sloth, Marcelle Soares-
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Percival, Graziano Rossi, Amélie Tamone, Jeremy L. Tinker, Gong-Bo Zhao, Shadab
Alam, and Eva-Maria Mueller. The Completed SDSS-IV extended Baryon Oscil-
lation Spectroscopic Survey: one thousand multi-tracer mock catalogues with red-
shift evolution and systematics for galaxies and quasars of the final data release.
arXiv:2007.08997 [astro-ph], July 2020. arXiv: 2007.08997.

[106] Abhishek Prakash, Timothy C. Licquia, Jeffrey A. Newman, Ashley J. Ross, Adam D.
Myers, Kyle S. Dawson, Jean-Paul Kneib, Will J. Percival, Julian E. Bautista,
Johan Comparat, Jeremy L. Tinker, David J. Schlegel, Rita Tojeiro, Shirley Ho,
Dustin Lang, Sandhya M. Rao, Cameron K. McBride, Guangtun Ben Zhu, Joel R.
Brownstein, Stephen Bailey, Adam S. Bolton, Timothee Delubac, Vivek Mariappan,
Michael R. Blanton, Beth Reid, Donald P. Schneider, Hee-Jong Seo, Aurelio Carnero
Rosell, and Francisco Prada. The SDSS-IV extended Baryonic Oscillation Spectro-
scopic Survey: Luminous Red Galaxy Target Selection. ApJS, 224(2):34, June 2016.
arXiv: 1508.04478.

[107] Siddharth Satpathy, Shadab Alam, Shirley Ho, Martin White, Neta A. Bahcall, Flo-
rian Beutler, Joel R. Brownstein, Chia-Hsun Chuang, Daniel J. Eisenstein, Jan Niklas
Grieb, Francisco Kitaura, Matthew D. Olmstead, Will J. Percival, Salvador Salazar-
Albornoz, Ariel G. Sánchez, Hee-Jong Seo, Daniel Thomas, Jeremy L. Tinker, and
Rita Tojeiro. The clustering of galaxies in the completed SDSS-III Baryon Oscillation
Spectroscopic Survey: On the measurement of growth rate using galaxy correlation
functions. Monthly Notices of the Royal Astronomical Society, 469(2):1369–1382,
August 2017. arXiv: 1607.03148.
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Appendix A

Marginalizing over dilation
parameters

Our baseline, throughout this paper, when analyzing the fσ8 constraint with RSD, is to fix
the dilation parameters. In this section, we show that our conclusions remain unchanged
if we instead marginalize over the dilation parameters. Considering the free parameters
in the Fisher matrix in Eq. 2.1 to be {α⊥, α∥, ln fσ8, ln bσ8}, we can build a 4 by 4 Fisher
matrix using the following derivatives ([158]):

∂ lnP

∂α⊥
= −2 + 4fσ8(z)µ2(1 − µ2)/(bσ8(z) + fσ8(z)µ2) − (1 − µ2)

∂ lnP

∂ ln(k)
,

∂ lnP

∂α∥
= −1 − 4fσ8(z)µ2(1 − µ2)/(bσ8(z) + fσ8(z)µ2) − µ2 ∂ lnP

∂ ln(k)
,

∂ lnP

∂ ln fσ8

=
2µ2fσ8(z)

bσ8(z) + fσ8(z)µ2
,

∂ lnP

∂ ln bσ8

=
2bσ8(z)

bσ8(z) + fσ8(z)µ2
.

(A.1)

Although we are fitting to the αs, and relying on the BAO signal to constrain these,
we follow the standard approach and assume that reconstruction cannot be used, because
we also wish to model the form of the clustering signal - something that is hard to do
post-reconstruction. Thus, our errors on α will be larger than those in Table 2.2 and 2.3,
where a standard reconstruction technique was applied to both Fisher prediction and the
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data. Assuming kfid
max = 0.1/D(z)hMpc−1, we predict errors for these free parameters. The

fractional error for fσmg. αs
8 is reported in Table A.1 and Table A.2. Figure A.1 is analogous

to Figure 2.4, except that it is calculated for fσmg. αs
8 . As can be seen from this plot, the

scatter around the Fisher to data ratio is larger compared to Figure 2.4, and therefore, so
is the scatter around kmatch

max .

We show contour plots for the data and Fisher matrices (with kmax = 0.09hMpc−1)
for few representative samples, spanning a range in redshift and omitting some samples
for clarity. We show BOSS DR12 Near (Figure A.2), eBOSS+CMASS LRG DR16 (Fig-
ure A.3), eBOSS Quasar DR16 (Figure A.4), WiggleZ Mid (right panel Figure A.5), and,
eBOSS Quasar DR14 (Figure A.6), and eBOSS ELG (Figure A.7). The centres of these
contours are set to the fiducial value for each parameter. If bσ8 was not provided in the
data covariance matrix, we omitted the bσ8 contour for that survey.
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Figure A.1: Left : The difference between Fisher-based predicted fσ8 error and observa-
tional fσmg. αs

8 error is plotted for each survey. Right : We have adjusted the kmax in order
to make Fisher predictions match with the experiments. The dashed line represents the
fiducial value of kmax = 0.1/D(z)hMpc−1. (Near, Mid, and Far redshift slices are short-
ened as 1, 2 and 3, respectively.)
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Figure A.2: Constraints on α⊥, α∥, and fσ8. Red contours show 68 and 95 percent
confidence regions for the Fisher analysis with kmax = 0.09hMpc−1 (this work). The full-
shape consensus analysis of the BOSS Near DR12 sample is shown in blue (Alam et al.
[64]).
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Figure A.3: Constraints on α⊥, α∥, and fσ8. Red contours show 68 and 95 percent
confidence regions for the Fisher analysis with kmax = 0.09hMpc−1 (this work). The full-
shape RSD analysis for eBOSS LRG DR16 in configuration space analysis is shown in blue
(Bautistia et al. [65]).
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Table A.1: The fractional error of fσmg.αs
8 in percent and the kmax at which observed (O.)

and Fisher (F.) errors match. In contrast to Table 2.2, the Fisher prediction errors are
calculated after marginalizing over the dilation parameters (Mg.).

6dFGS MGS BOSS eBOSS WiggleZ
Near Mid LRG+ ELG QSO Near Mid Far

fσ8(O.Mg.) - 40.5 7.8 7.6 7.9 23.6 9.3 19.4 16.1 16.4
fσ8(F.Mg.) - 30.1 7.8 6.7 6.5 7.9 7.3 11.5 9.5 11.4
kmax(Match) - 0.084 0.122 0.117 0.113 0.060 0.104 0.083 0.086 0.094

Table A.2: Same as Table A.1 but including intermediate data releases.

BOSS BOSS DR10 BOSS DR11 BOSS DR12 eBOSS DR14 eBOSS DR16
DR9 LZ CM LZ CM LZ CM LRG+ QSO LRG+ QSO

fσ8(O.Mg.) 14.6 23.3 12.8 20.8 9.9 15.7 8.6 29.2 16.4 7.9 9.3
fσ8(F.Mg.) 9.2 12.9 7.0 11.1 5.9 10.6 5.7 10.5 10.9 6.5 7.3
kmax(Match) 0.087 0.073 0.081 0.072 0.085 0.082 0.090 0.054 0.093 0.113 0.104
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Figure A.4: Constraints on α⊥, α∥, and fσ8. Red contours show 68 and 95 percent
confidence regions for the Fisher analysis with kmax = 0.09hMpc−1 (this work). The full-
shape RSD analysis of the eBOSS Quasar DR16 sample is shown in blue (Neveux et al.
[66]).
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Figure A.5: Constraints on α⊥, α∥, and fσ8. Red contours show 68 and 95 percent
confidence regions for the Fisher analysis with kmax = 0.09hMpc−1 (this work). The joint
fit to expansion and growth for WiggleZ Mid redshift slice is shown in blue. The covariance
matrix was originally in {A,F, fσ8} but then we converted to α∥, α⊥ and fσ8 (Blake et
al. [67]).
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Figure A.6: Constraints on α⊥, α∥, fσ8, and bσ8. Red contours show 68 and 95 percent
confidence regions for the Fisher analysis with kmax = 0.09hMpc−1 (this work), and the
blue contours show confidence regions for eBOSS Quasar DR14 sample analysis from 5-
parameter RSD modeling by Zarrouk et al. [75].
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Figure A.7: Constraints on DM , DH , fσ8. Red contours show 68 and 95 percent confidence
regions for the Fisher analysis with kmax = 0.09hMpc−1 (this work), and the blue contours
show confidence regions for eBOSS ELG sample [116]. Unlike other surveys, data and
Fisher do not match very well in eBOSS ELG contour, as for this survey, we found that
kmatch
max = 0.06hMpc−1, which is far from the average value: kmax = 0.09hMpc−1. For data,

the grid of the relative probability has been used instead of the covariance matrix, as the
ELG likelihood is not well-approximated as a Gaussian distribution.

125



Appendix B

Deriving the interloper-target
cross-correlation from target-target
auto-correlation

Assume that x⃗ is the observed comoving distance: for galaxies, this is the same as their true
position, whereas, for interlopers, it is the wrong measured position. If the true position
of interlopers is y⃗, then,

x⃗ = y⃗ − ∆⃗d (B.1)

We can write the correlation function between galaxies and interlopers at their observed
distances in the Fourier space to further support Eq. 3.6

ξgi(x⃗1 − x⃗2) = ⟨δg(x⃗1)δi(x⃗2)⟩ =∫
d⃗k

3

1

(2π)3
d⃗k

3

2

(2π)3
e−ik⃗1.x⃗1e−ik⃗2.x⃗2⟨δg(k⃗1)δi(q⃗2(k⃗2))⟩ =

1

γ2
⊥γ∥

∫
d⃗k

3

1

(2π)3
d⃗q

3

2

(2π)3
e−ik⃗1.x⃗1e−iq⃗2.y⃗2⟨δg(k⃗1)δi(q⃗2)⟩ =

1

γ2
⊥γ∥

∫
d⃗k

3

1

(2π)3
d⃗q

3

2

(2π)3
e−ik⃗1.x⃗1e−iq⃗2.y⃗2γ2

⊥γ∥P (k1)δD(q⃗2 − k⃗1) =∫
d⃗k

3

1

(2π)3
e−ik⃗1.(x⃗1−y⃗2)P (k1)

ξgi(x⃗1 − y⃗2) .

(B.2)
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Appendix C

Repeating the contaminated
correlation function fitting in real
space

In Fig. C.1 we show the results of our analysis of Chapter 3 in configuration space. The only
difference between the redshift space and configuration space analysis is that the correlation
function template does not include Kaiser and FOG. We find that our conclusions remain
unchanged.
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Figure C.1: Same as Figure 3.5, but in real space instead of redshift space.
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Appendix D

Comparing the contaminated
correlation function model with
measurements

We have quantitatively presented the best-fit parameters in the text and interpreted the
results (i.e., figure 3.5, section 3.6). In this appendix, I will present how the estimated
moments of the correlation function compare with the data when we plug in the best-fit
parameters from our MCMC code into our model. I selected the three following cases that
are representative of all the cases we have considered in figure 3.5:

• Figure D.1: Uncontaminated, or fi = 0.

• Figure D.2: Catalogue contaminated by 15% interlopers, displaced by ∆d = 85h−1 Mpc.

• Figure D.3: Catalogue contaminated by 15% interlopers, displaced by ∆d = 97.5h−1 Mpc.

These figures illustrate how our model for the monopole and quadrupole is consistent with
the data, regardless of the displacement or the fraction of interlopers.
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Figure D.1: The mean of 1000 uncontaminated mocks is shown with blue circles. The
best-fit is shown in orange, and the template from CAMB linear is shown with dashed
green line.
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Figure D.2: The mean of 1000 mocks contaminated by 15% interlopers with a displacement
of 85h−1 Mpc is shown with blue circles. The best fit is shown in orange, and the template
from CAMB linear is shown with a dashed green line.
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Figure D.3: Same as D.2, but the displacement is 97.4h−1 Mpc.
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