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Abstract

In recent history there have been several advances in cosmology, which has significantly
shaped our understanding of the Universe. The current leading theory is called ACDM,
which can successfully model the expansion of the Universe from a primordial state
and describe the dynamics of its contents, thereby resulting in the large-scale structure
present today. The model is based on general relativity, that describes gravitational
interaction as the curvature of a four-dimensional manifold called space-time. However,
despite the many successes of ACDM, there are a number of things that need further
investigation.

The Cosmic Microwave Background (CMB) is the oldest observable radiation in
the Universe, and this cosmological relic contains a detectable structure. The process
leading up to the CMB determines the initial conditions of ACDM, but is still poorly
understood. It is widely accepted that inflation was responsible for the rapid expansion
after the Big Bang, although this is yet to be verified experimentally. The distribution
of the primordial potential is imprinted on ultra-large scales of the matter distribution,
which offers an important insight into uncovering this mystery.

In addition to the primordial Universe, there are other concepts that still puzzle us in
ACDM itself. The fact that we have been unable to directly detect and explain these dark
components (that make up around 96% of the Universe) has prompted several theorists
to consider alternative cosmological models. Therefore, testing general relativity
and ACDM is still an essential part of cosmological research. A key observational
discriminant between general relativity and modified theories of gravity is the rate at
which the large-scale structure grows from small perturbations. The relativistic effects
(or light-cone effects) expected in general relativity also offer an independent test of
the gravitational model.

The present experiments are not extensive or sensitive enough to make detections
that can result in a definitive conclusion, however great advancements are expected
from the telescopes of tomorrow. The next-generation of cosmological surveys will
observe larger cosmic volumes with greater sensitivity than ever before, enabling us to

access more information on the primordial Universe, peculiar velocity fields, as well as
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viii

relativistic effects. In addition to probing deeper in redshift over a larger sky area, the
surveys will also create complementary data sets of dark matter tracers. By combining
the information from different observations via multi-tracer cross-correlations, we can

suppresses cosmic variance and more precisely measure cosmological parameters.

The distribution of galaxies are analysed using the angular power spectrum. The
Cy is observed in redshift space, therefore it includes relativistic effects without ap-
proximation and avoids the need for an Alcock-Packzynski correction. It also naturally
incorporates wide-angle effects, and cosmic evolution is included through relatively
narrow redshift bin widths. We also include the cross-correlations between bins, and
utilise a “hybrid approximation” when the total number of bins is computationally

unfeasible.

We use a Fisher Matrix analysis to forecast constraints on cosmological parameters
expected from future spectroscopic galaxy surveys. In our forecasts we only consider
linear scales. We also consider the uncertainty of several parameters, by marginalising
over the amplitude of primordial fluctuations, the dark energy equation of state
parameter, the clustering bias in each redshift bin, as well as other standard cosmological

parameters.

As opposed to an exhaustive study of future surveys, we attempt to fill the redshift
range 0 < z < 3 with the potentially best contemporaneous spectroscopic surveys.
We considered large-scale structure surveys in the optical, near-infrared and radio.
Specifically, the neutral Hydrogen (HI) surveys in radio from the Square Kilometre
Array Observatory (SKAO), the optical galaxy survey of Dark Energy Spectroscopic
Instrument’s Bright Galaxy Sample (DESI BGS), as well as the Euclid-like Ha survey
in near-infrared. We also consider the combination of these surveys, specifically two

pairs of 21cm and galaxy surveys: one pair at low redshift and one at high redshift.

An exciting prospect for future surveys is the detection of a non-Gaussian distribu-
tion in the primordial potential field, i.e. non-zero fyr,. The accurate measurement of
fnr will enable us to determine whether the early Universe originated from a single- or
multi-field inflationary model. We forecast the expected precision on fyi, and find that

the full combination of surveys could deliver o(fxr,) ~ 1.5.

The observed power spectrum includes relativistic effects, which in addition to
testing gravity can produce a signal similar to primordial non-Gaussianity. Therefore,
it is important to accurately model such influences and establish how well we can
distinguish between fyi, and light-cone effects. We consider the detectability of lensing

magnification and other relativistic effects. The result from the full survey combination
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shows we can detect the Doppler effect with a signal-to-noise ratio ~8, and measure
the lensing convergence contribution at ~2% precision.

Furthermore, we assess the bias on the best-fit values of fxr, and other cosmological
parameters, from neglecting these light-cone effects. We conclude that lensing magnifi-
cation at higher redshifts must be included in the modelling of spectroscopic surveys.
If lensing is neglected in the analysis, this produces a bias of more than 1o — not only
on fnr, but also on the standard cosmological parameters.

General relativity and its classical modifications have distinctive effects on the
clustering of galaxies and their peculiar velocities. This implies that the growth rate of
large-scale structure provides a powerful consistency test of the standard cosmological
model and a probe of possible deviations from general relativity. We extract information
on the growth index « via the observational effect of redshift space distortions. We
show that the signal-to-noise on 7 increases as the redshift bin-width is decreased.
Shot noise per bin also increases — but this is compensated by the increased number
of auto- and cross-spectra. Neglecting cross-bin correlations increases the errors by
~ 40 — 150%. We find that a DESI-like BGS survey and an HI intensity mapping
survey with the SKAO precursor MeerKAT deliver similar errors of ~ 4 — 6%, while a
Euclid-like survey and an SKAO intensity mapping survey give ~ 3% errors.

Additionally, we forecast constraints on the growth rate from a combination of
next-generation spectroscopic surveys. In the overlap survey volumes, we use a multi-
tracer analysis to significantly reduce the effect of cosmic variance. The non-overlap
individual survey volumes are included in the Fisher Matrix analysis in order to utilise
the entire observed volume. We find that combining the surveys improves the error on

~ from the best single-tracer by up to ~50%, delivering a precision of ~ 1.3%.
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Chapter 1

Introduction

Cosmology is a branch of astronomy dedicated to describing the Universe from its
origin to the large-scale structures observed today. More specifically it describes the
contents, geometry and dynamics of the cosmos, as well as how these properties evolve
over time. In recent decades the scientific community has developed a well established
theoretical model that can accurately describe the evolution of the Universe by using
only 6 cosmological parameters, called ACDM or the standard model of cosmology.
The model is named after the exotic components needed to explain the dynamics of
the Universe: dark energy A accounts for the late time accelerated expansion, and
Cold Dark Matter (CDM) is required to model the clustering of galaxies. Additionally,
the model assumes that dark energy and dark matter are uncoupled. ACDM has been
meticulously tested in different epochs on different physical scales, using a variety of

cosmological probes.

The era of so-called “precision cosmology” started in the early 90’s, when the Cosmic
Background Explorer (COBE) detected the anisotropies on the Cosmic Microwave
Background (CMB) [6]. In subsequent years, additional experiments were able to
improve measurements of the temperature fluctuations on the surface of last scattering,
which contributed a wealth of information to our understanding of the Universe. For
example Wilkinson Microwave Anisotropy Probe (WMAP), Boomerang and most
recently Planck [7-10]. Many of the best constraints on the ACDM result from the

CMB measurements, but they are not exclusive.

Numerous cosmological surveys are underway or planned that probe the large-scale
structure (LSS) of the Universe at much later times, such as Galaxy And Mass Assembly
(GAMA), Sloan Digital Sky Survey (SDSS), Dark Energy Survey (DES) and Euclid,

to mention a few [11-21]. These surveys are considering the spatial distribution of
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2 Introduction

galaxies, which are expected to be strongly correlated to the anisotropies observed in
the CMB. Therefore all the data-sets are consistent with ACDM and we should be
able to constrain this model by considering both early- and late-time probes.

The significant difference between the CMB and LSS is the number of scales one
can possibly extract. The CMB signal originates from a thin shell produced around the
epoch of recombination, whereas the LSS gives us a three-dimensional insight into the
nature of the Universe. Therefore we expect to extract more cosmological information
from the LSS as compared to the CMB, however, only recently the LSS has delivered
constraints comparable to that of the CMB. The reason is that the instrumentation to
date is not sensitive enough to utilise all the information available at late times.

We are entering a new era in the study of the large-scale structure of the Universe.
Not only will we map the sky over larger areas, but we will also go much deeper in
redshift. The increasing volumes would provide access to the ultra-large scales necessary
to measure the effects of primordial non-Gaussianity in the large-scale structure, which
is an important scientific driver of future surveys. Primordial non-Gaussianity of the
different types (local, equilateral, folded) provides an exquisite window into the physics
of the very early Universe (see e.g. [22] for a review). These types of primordial
non-Gaussianity have been constrained by the Planck survey [10], which is the current
state-of-the-art.

Einstein’s theory of gravity and its modifications (see e.g. the reviews [23-25]) leave
distinctive imprints on the clustering of matter and its peculiar velocity. Identifying
the statistical effect of peculiar velocities on the distribution of matter provides a
powerful test of the cosmological model as well as the theory of gravity. Furthermore,
relativistic contributions, like lensing magnification and Doppler effect can also be used
as independent tests of general relativity.

In addition to the growing volumes, we will also probe the sky in different frequency
ranges, creating complementary sets of dark matter tracers. The multiple tracers can
be combined by using the multi-tracer technique [26] to minimise the effect of cosmic
variance. Although the technique was initially proposed to measure local primordial
non-Gaussianity without cosmic variance, its potential to better constrain the growth
rate of LSS was shown by [27]. Also, the multi-tracers proves a compelling method to
extract information on contributions from light-cone effects, such as lensing and the

Doppler effect.
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The structure of the thesis is as follows: chapter 1 gives a brief overview of the
standard cosmological model, growth of the large-scale structure and observational
light-cone effects. The statistical methods applied to analyse the galaxy distributions
is reviewed in chapter 2, as well as the multi-tracer technique and the Fisher Matrix
analysis. The technical details of modelling cosmological surveys and which dark matter
tracers we considered is described in chapter 3. In chapter 4 and chapter 5 we give the
main results of the thesis, which are the constraints from future spectroscopic surveys
and their combinations on: growth rate of large-scale structure formation, primordial

non-Gaussianity and relativistic effects. The thesis is briefly summarised in chapter 6.

Standard model of cosmology

Afterglow Light

Dark Energy
375!0F:]a0tt:rrsn. Dark Ages Accelerated Expansion

Development of
Galaxies, Planets, etc.

Inflation
\

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

Fig. 1.1 An illustration of the expansion of the Universe assuming the standard
cosmological model ACDM. Credit: Dana Berry, NASA/WMAP Science Team

The following section serves as a short review of the standard cosmological model and
perturbation theory. We cover the primordial Universe up to large-scale structure
formation, as well as the observational light-cone effects. For further details, please
refer to the well-known textbooks of [28-30].

According to ACDM, the Universe is homogeneous and isotropic which presently

consists of:
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4 Introduction

o Baryons and photons (4%). Only a small amount of the energy density in the
Universe can be explained through ordinary atomic matter and radiation, such as

baryons, photons and neutrinos.

o Dark Matter (26%). A significant portion is attributed to a hypothetical new
particle (or set of particles), known as Dark Matter (DM). This type of matter has not

been directly detected but have been inferred by gravitational interactions.

o Dark Energy: (70%). The remaining energy content is the vacuum energy A, which
is responsible for the accelerated expansion of the Universe at late-times. This energy

density is independent of time and referred to as the cosmological constant.

1.1 General relativity

The standard model of cosmology is based on General Relativity (GR) which links
the geometry of the spacetime with the energy density contained in the Universe.
The curvature of the four-dimensional manifold determines the geodesics and hence
trajectory of free-falling particles. This information is contained within the Einstein

tensor ]
GIJV — RMV = ing,, (]_]_)

where the spacetime metric is denoted by g,,. This tensor is conserved under the
covariant derivative by construction: G}, = 0. Einstein’s tensor is expressed in terms

of the Ricci tensor

RMV — Rzau & _R;O;r/a (12)
and Ricci scalar
R=R,g", (1.3)

which are computed from the contraction of Riemann curvature tensor of the manifold:

oca— vf

The Christoffel symbol in the above equation is expressed in terms of the metric:

1 174
Tap = 59“ (9va8 + Gvp.a = Gpaw) - (1.5)

The dynamics of the contents of the Universe can be approximated by assuming

that it is described by a perfect cosmological fluid. Therefore the energy-momentum
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1.2 Friedmann equations 5

tensor depends only on the pressure p and density p of the fluid:

T,uu = pU,Uy + p (u,uuzz + g,uu) ) (16)

in the background the four-velocity u* = 6}, and the conservation of energy and
momentum is imposed by setting 7, = 0. The theory of GR is defined by the Einstein
field equations (EFE):

G =81G T, , (1.7)

where GG is Newton’s gravitational constant, and we use units where the speed of
light is ¢ = 1, unless otherwise specified. Therefore the gravitational potential of the
Newtonian limit is recovered in the weak field and slow motion approximation. The
implication of (1.7) is that not only does the curvature of spacetime determine the
motion of the cosmological fluid, but the energy density of the fluid itself influences

the geometry of spacetime.

1.2 Friedmann equations

The Cosmological Principle (CP) states that the spatial distribution of matter in the
Universe is statistically homogeneous and isotropic when viewed on large enough scales.
The implication of the CP is that the spacetime manifold is spherically symmetric, and
expands in all directions equally according to a scale factor a(t). In a flat Universe we

can express such a metric as
ds* = —dt* + a*(t) (dx2 +dy* + sz) : (1.8)

which is known as the Friedmann, Lemaitre, Robertson and Walker (FLRW) metric
[31]. The expansion of the Universe is denoted by the Hubble rate, which is defined as
the rate of change of the scale factor with respect to time, such that H = a/a in units

of kms™'Mpc~!. In a conformal coordinate system the Hubble rate is
H=—=aH, 1.9
_=a (1.9)

where the prime denotes the derivative with respect to conformal time dn = a~'dt. The

dynamics of the background expansion of a spatially flat Universe can be computed
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6 Introduction

using (1.7), which results in the set of Friedmann equations:

A
H? = 87;G,0a2 + gaQ,
A
H = —87T6Ga2(p + 3p) + gaz, (1.10)

P +3H(p+p) =0.

In ACDM, the contribution from Dark Energy (DE) is assumed constant and denoted
by A. It is often convenient to express the energy density of each component 7 in terms
of the unitless energy density: Q; = p;/p., where p. = 3H?/(87() is known as the
critical density. The total energy density of the Universe is therefore

_ 81Gp A

Qtot: 2 :Qm+QA:1 (111)

FEOETE
The surveys that we are considering in this thesis are observing a period significantly
later than the matter-radiation equality, therefore we can safely neglect the contribution
of radiation from photons and neutrinos. Note that the matter density is a combination
of visible baryonic matter and cold DM: Q. = Qcqm + 2. Let the present-time
parameter values be denoted by the subscript 0. The evolution of the expansion of the

Universe is expressed in terms of the well known form of the Hubble rate

H(a) = H (Qmoa™+ Qo) - (1.12)

1.3 Redshift, distance and volume

During the expansion of the Universe the electromagnetic radiation is stretched, which
alters the wavelength of the emission. Let us consider the wavelength of an emission
Ae, which is detected by the observer as \,, then the redshift is defined in terms of the

ratio of these quantities
Ao

Ae

The redshift is related to the scale factor via a = (1+ 2)~!, hence serves as an indicator

1+2= (1.13)

of both the distance to the source, as well as the time when the photon was emitted.

A vital part of cosmology is to accurately determine distances to the objects being
observed. The proper distance As is the magnitude the of separation between two

four-positions Az at a constant time At = 0, computed using the metric i.e. FLRW in
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1.3 Redshift, distance and volume

comoving distance (Gpc)

10 5 0 5 10
00 T ™~ ; T ; - b - —— 0
\\; : ,/; | 40
30 C i A b
7 , 12.0
201 : : : hY 7 1l14
F RN I :

ol loz .
= i Lo oy &
S 5) N YA {05 8
g Y (i E

3t / : 3 : : ] o
=2 %;, 0.3 :

1 SN {0.2
8 Tox B Dol S
04 ST TNB {01
0.1 : % : Jo.05
0 (;1 N\ A 10.02
' fooio i G ot I recombination epoch (N 0.001

20 0 20 40
comoving distance (Gly)

Fig. 1.2 The comoving distance (z-azis) as a function of scale factor (y-azxis) given in
conformal coordinates. The past light-cone (orange) indicates the current observable
Universe. The event horizon (red) and particle horizon (blue) limits possible interactions.
The Hubble radius ¢H ' is shown in green. Based on Figure 1 in [32].

ACDM (1.8). The proper distance is dependent on the scale factor and hence cosmic
time, therefore at the moment when the photons are detected this distance has likely
changed significantly. Practically, we are more interested in where the source is at
present-time. This notion leads us to the necessity to distinguish between proper and
comoving distance.

The comoving distance y enables us to factor out the expansion of the Universe by
considering infinitesimal radial displacements along the light-ray, therefore providing a

measure of distance that is independent of time

x(z) = oz If[?,:’,) ’

(1.14)

The comoving distance in conformal coordinates is illustrated in Figure 1.2. A
light-like interval is defined by the spacetime interval As? = 0, since by (1.8) the
distance covered Ax = cAt. Information cannot propagate faster than the speed of
light and therefore an observer cannot perceive anything beyond this boundary. If the
proper distance between source and observer exceeds the Hubble radius cH ! (green),
the photons will not be detected. This separation is the threshold at which spacetime
expands at the speed of light. The particle horizon (blue) is the maximum distance an

emitted photon can travel in a given time.
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8 Introduction

Fig. 1.3 Left: The angular diameter distance D4 to an object with surface area A
subtends a solid angle of AQ. Right: The observed flux is inversely proportional to r2,
which enables us to infer the luminosity distance Dy, to standard candles'.

Intuitively we all know that the further away an object is the smaller it will appear,
since the angle of incidence from the incoming light-ray is reduced. From this principle
one can infer the range to an object provided that we know the size of the target
beforehand. An object with know size is referred to as standard ruler. Let us consider
a distant object of proper area A subtend a solid angle AQ) at the observer, as in

Figure 1.3 (left), then the comoving angular diameter distance D4 is defined by

A
Di=—. 1.15
In FLRW cosmology D, is related to the comoving distance by
x(2)
D o 1.16
a0 =22, (1.16)

where the (14 2) factor takes into account the expansion of the Universe in the traversal

direction.

Alternatively, we can determine the range to a source via the luminosity distance Dy,.
This method is based on the principle that a receding emitter will appear fainter with
increasing distance. Consider a fixed number of photons homogeneously distributed
on a spherical shell of radius r, radiated by a source of luminosity L. As the photons
propagate through spacetime, the surface area of the sphere increases and hence the
number of photons per area is reduced, see Figure 1.3 (right). The surface energy

density of the photons is referred to as flux F', which is related to L by the surface

1Credit: https://commons.wikimedia.org/w/index.php?curid=3816716
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1.4 Perturbation theory 9

area of a sphere

. , ergss !
= ; in units of —
Arr cm

(1.17)

Therefore if the luminosity of the source is known, we can infer the distance to the
so-called standard candle by measuring the flux at the observer. This distance is
referred to as luminosity distance D; = r, which is related to the comoving distance
by

Dp(z) = (14 2)x(2). (1.18)

Note that flux is measured in ergss™!/cm? and the luminosity is measured in ergss™!,

therefore since Dy, has units of Mpc, one has to covert units Mpc to cm in (1.17)2.
The proper volume element d) at the source is related to the observed volume via
oty (1.19)
— = —=dzdf),. )
TN
The sky area of a survey {24 is frequently referred to in terms of the fraction of sky
observed, fuy = Quy/4m. The comoving volume of a redshift bin centered at z; with a

bin-width Az is given by

Ve(zi, Az) = 47 foey /Xb Yy, (1.20)

Xa

where the limits of integration correspond to the boundaries of the z-bin. Explicitly,

Xa=X(z: —Az/2)  and  xp, = x (2 + Az/2) .

1.4 Perturbation theory

The approximation of isotropy and homogeneity becomes increasingly ineffective as we
transition to smaller scales. However, the small deviations from the FLRW background
that make up the LSS may be modelled using linear perturbation theory.

The term perturbation hails from the Latin verb turbare, which means “to trouble”
or “to disturb”. The prefix per amplifies the action, so perturbare means to thoroughly
trouble, or to disturb severely. In fluid mechanics, any solution # of the fluid equations
that is slightly altered from some background solution 6, is said to be a perturbation

of the original solution,

0(n,x) = 0(n) + 60(n, ). (1.21)

21Mpc = 3.086 x 10%* cm
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10 Introduction

1.4.1 Perturbed Einstein field equations

The evolution of the density perturbations that describes the growth of LSS formation
is also computed using EFE (1.7). In this case we use the perturbed FLRW metric,

which in the Newtonian gauge is defined as:

ds* = a*(n) { — (1 + 2<I>)dn2 + (1 - 2\Il>52-j da'da’

(1.22)

Y

given the gravitational potential ® and curvature perturbation V. In this model there
is no matter anisotropie stress and therefore & = W. The perturbed part of the Einstein

tensor (1.1) is

1 -
6Gyu = 6By — 5 (G SR + R 89,0 (1.23)
such that
6Goo = 2V2D — 6HD',
0Goi = 20;(®' + HD), (1.24)
5Gy = [2(1)” +GHD +4(2H + HZ)q)} 0 -
The perturbed energy-momentum tensor is
OT* = (6p + 6p) wu, + (p + p) (@ du, + @, Su*) + 6p 6%, (1.25)
therefore
0§ = —op, TP = (p+ AV, 0T) =dpd;. (1.26)

In the ACDM model p = 0 = dp, and the velocity potential V' is related to the velocity

vector field v; via

The matter density contrast d,, is a convenient way to express the deviation from

the FLRW background solution. At position & and conformal time 7, we define

Sm(n, ) = ’W. (1.28)
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1.4 Perturbation theory 11

For an observer, it is more useful to compute the density contrast in a comoving

reference frame. Therefore we define the comoving matter density contrast as

=/
Ap = 6+ 22V = 6,0 — 3HV, (1.29)

Pm

By T}, = 0, the continuity and the Euler equation become

A = -VV,, (1.30)
VI 4+ HVy = -0, (1.31)

In ACDM we assume that dark energy remains unperturbed, thus DE is only
included in the background. Equating the Einstein tensor (1.23) and energy-momentum
tensor (1.26), the perturbed field equations read

0G = 8w Gy, , (1.32)
such that the evolution of the perturbations are given by:

Poisson : V2® = 47TGaQﬁmAm,
momentum constraint : @ + HP = —47rGa2,5me, (1.33)
Bardeen : ®" 4+ 3HP' + A*® =0.

The Poisson equation can be expressed in unitless matter density (1.11) such that

V20 = ngHQAm, (1.34)

therefore we can find the evolution of the density contrast by taking the time derivative
of (1.30) and substituting in (1.31):

Ay +HA — 2QmH2Am =0. (1.35)

1.4.2 The primordial universe

The Cosmic Microwave Background radiation (CMB) is the relic that bears the imprint
of the primordial inhomogeneities in the density field, which can still be detected in
the form of temperature fluctuations. The anisotropies measured in the CMB (of the

order of only 107°K) have evolved into the present-day LSS as a result of gravitational

http://etd.uwc.ac.za/



12 Introduction

Fig. 1.4 Primordial temperature fluctuations on the surface of last scattering lead to
the LSS we observe today. Credit: C. Blake and S.Moorfield

interaction, as illustrated in Figure 1.4. At later times, the signature of the primordial
anisotropies are no longer available on small scales, due to the non-linear nature of
small scale structure formation. However, the signal remains intact on ultra-large
scales where structure formation remains linear. More detailed information on the very

early Universe can be found in [33].

Due to the vast range of physical scales in the universe it is often more convenient to
perform the statistical analysis of the matter distribution in Fourier space (or frequency
space) as opposed to real space. The details of the Fourier transformation will be
discussed in subsection 2.1.1, for now note that in Fourier space different scales are

1

represented by k, which have units of Mpc™", i.e. smaller values represent larger scales.

An interesting possibility is that the primordial potentials do not follow a Gaussian
distribution. Inflation is the leading theory that describes the beginning of the universe
and the origin of primordial curvature perturbations [34—37], which requires only a
single scalar field to be consistent with current data. However, there is no theoretical
basis for this assumption, and in fact, some fundamental physics models actually
prefer multiple scalar fields (e.g. [38, 39]). The critical test required to distinguish
between the different models is measuring the distribution of primordial potential and

its deviation from Gaussianity.

http://etd.uwc.ac.za/



1.4 Perturbation theory 13

Let us consider the local-type deviation from Gaussianity in the gravitational

potential of the primordial curvature perturbation:

® =+ fu (¢ = () | (1.36)

where ¢ is the first order Gaussian perturbation and fyr, is an indicator of deviations
thereof. Primordial Non-Gaussianity (PNG) would imply that fyxr, # 0, which induces
a large-scale modulation of the small-scale formation of haloes in the cold dark matter.
The result produces a scale and redshift dependence in the halo bias (or clustering bias),
which relate the observed galaxies to the underlying dark matter distribution. The
correction to the clustering bias is given by a simple model [40-43], defined physically
in the common rest frame of galaxies and dark matter:

05k, z) = b(2) An(k, 2) + 2fxt, darte [b(2) — 1]ip(K, 2) (1.37)

The scale-independent linear clustering bias is denoted by b, and d..;; = 1.686 is the
threshold density contrast for spherical collapse. In [44-46] they show that this model

requires some improvement, but we will use the simplified model (1.37).

The primordial potential is related to the observed matter density contrast by linear

evolution (see [47, 48] for details). Following the CMB convention of fyr:

Oerit[D(2) = 1| D(20) (1 + 2a) Qo HZ

dg(k,z) = |b(2) + 3fne D(2) T (k) k2

Am(k,z),  (1.38)

where zq is a redshift deep in the matter-dominated era. Note that the growth factor
D(z) and transfer function T'(k) are normalised to unity at present-day and on ultra-
large scales respectively. The various inflationary models have different requirements
for the distribution of primordial potential and therefore measuring fyr, will play an
important role in discerning between them. The state-of-the-art constraint on the

local-type primordial non-Gaussianity parameter fyy, is provided by Planck [10]:
fxn=—-0945.1, (1.39)

at 68% CL. Many single-field models are ruled out at fxr, ~ 1. Therefore, being able
to measure PNG with a precision of o(fxr) < 1 is an exciting prospect for future

cosmological surveys [49].
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14 Introduction

Fig. 1.5 A computer simulation of the evolution of the large scale structure of the
Universe, i.e. the formation of the so-called cosmic web. Credit: [50]

1.4.3 Large-scale structure formation

The rate at which the LSS grows from small perturbations is illustrated in Figure 1.5,
which offers a key observational discriminant between different cosmological (and hence
gravitational) models [51, 52]. A variety of gravitational theories predict almost an
indistinguishable background evolution and therefore, in order to discern between
models of gravity, it is necessary to also consider the clustering of matter. The density

contrast evolves over time via the growth factor D:

An(n,x) = D(n) An(m, ) - (1.40)

This factor is used to define the linear growth rate of large-scale structure formation,

1D dnD ,
'=3D " dwa = Sw= M. 4y
Hence, by (1.35), the evolution of f is
df 1 , 3
T T (43 F 7 = 0 (1.42)
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1.5 Observed density contrast 15

The growth rate can be parameterised in terms of the matter density of the universe
using a power-law [53]

f() = Qu(n)”, (1.43)

where the exponent denotes the growth index and is assumed to be constant in ACDM.
Although this does not allow for scale-dependence of the growth rate, it still delivers a
consistency test of ACDM and standard dark energy models. A significant deviation
from v = 0.55 would indicate a breakdown of the standard model, as a result of either
non-standard dark energy or modified gravity. For a review on modified theories of

gravity see [54].

1.5 Observed density contrast

The observed number density contrast A, is given by the contrast at the source g,
modulated not only by redshift space distortions, but also by the Doppler effect, lensing
magnification and other relativistic effects. The observed number of galaxies in a

direction m within solid angle d€2,, and redshift interval dz is
dNg = N, dzd2, = nydV. (1.44)

Here N is the angular number density per redshift as measured by the observer. On
the other hand, n, is the number density and dV is the volume element, which are not

observed, since they are quantities at the emitting source.

The observed number density contrast is given by [43]

Ny(z,m, F.) — Ny(z, F.)
Ng(zaFC) ’

Ay(z,n, F) = (1.45)

where F, is the survey flux cut. The observed number density contrast in the Newtonian
gauge is related to the comoving number density contrast at the source, d; = b A, =

Nne — Ng)/Ne, via redshift-space (light-cone) effects:
g g)/ Mg g
Ag = §g + ARSD  ADorp 4 AlLens 4 Aot (1.46)

The A terms on the right are now described individually.
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16 Introduction

1.5.1 Redshift Space Distortions

The growth rate is increasingly better constrained via Redshift Space Distortions (RSD)
and other peculiar velocity measurements, and one can model RSD on large scales
using linear cosmological perturbation theory [55]. RSD is as a result of how we infer
distance to an emitter using the redshift. The Hubble redshift of a galaxy is not only
influenced by the background expansion (1.13), but is also modified by a Doppler
correction due to the peculiar velocitiy v of the source. We observe the position of
the galaxy as a combination of the two in redshift space. Consequently the observed

position is given by [40]
v-n

H )

where n is a unit vector denoting the line-of-sight. Therefore, galaxies moving towards

Tobs =t (1.47)

the observer will appear closer and conversely, receding galaxies will appear further
away. Note that velocities in the traversal direction do not influence the observed

position. The diagram in Figure 1.6 illustrates this principle for three distinct cases:

o Linear regime: At large scales, the peculiar velocity of an infalling shell is small
compared to its radius, hence induce only a slight distortion in observed space. This
scenario is easy to model using linear perturbation theory, which will be the focus of

this work.

e Turnaround: In this configuration the peculiar velocity is just cancelling the general

Hubble expansion, which appears collapsed to a single velocity in redshift space.

e Non-linear regime: Inside the shell of the turnaround point, the peculiar velocities
of galaxies are large compared to the radius of the shell. Due to the extreme distortion

the collapsing galaxies in real space appear turned “inside out” in redshift space.

The conservation of galaxy number counts enable us to relate (1.47) to the observed

matter density contrast with the RSD correction, called the Kaiser formula [57]:

1
H(z)

ARP (2 n) =~ n- V{n -v(z, n)] . (1.48)
Redshift surveys allow us to simultaneously measure the cosmic expansion history and
growth rate of structure formation, by statistically analysing the three-dimensional
clustering of galaxies [58]. To completely model the effect of RSD we also need to
consider a “dispersion model”, which includes a damping effect in addition to the
Kaiser formula [59]. The small-scale damping takes into account a non-linear effects,

which is beyond the scope of this thesis. Figure 1.7 illustrates the difference between
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Real space: Redshift space:

— C D

Squashing effect

Linear regime

Collapsed

Turnaround

Collapsing Finger-of-god

Fig. 1.6 The true position and velocity of a galaxy in real space (left), and the
corresponding position observed in redshift space (right). The line-of-sight of the
detector extends from the bottom to the top of the diagram. Credit: [56]

the observed density contrast A, in redshift space (left) and the actual baryonic matter
distribution d, after RSD have been corrected for (right).

1.5.2 Doppler effect

The Doppler term AP°PP in (1.46) is sourced by radial peculiar velocities. This not only
affects the measured redshift, but it also has a (de-)magnification effect on galaxies
[60]:

APPP(» m F,) = Ap(z, F.)n-v(z,n), (1.49)

which scales as AP°PP ~ ¢, Hy/k in Fourier space, and is only non-negligible on

ultra-large scales. The amplitude of the Doppler term is

B {53(2, F,) — 2]

dlnH(z)
AT ENE

dIn(1+ z)’

—5s(z, F,) + be(z, Fr) + (1.50)

where the s and b, in (1.50) is the magnification bias and evolution bias respectively,
which will be defined later in section 3.3. Roughly speaking, the magnification bias is the

change in the galaxy number density with respect to the luminosity cut at fixed redshift,
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18 Introduction

Fig. 1.7 The matter distribution observed in redshift space (left), as opposed to the
true matter distribution (right). Credit: Hume A. Feldman

which is survey dependent. The evolution bias is the change in comoving number
density with respect to redshift at fixed luminosity cut, which is tracer dependent.
Halo and galaxy formation and evolution lead to a non-conserved comoving number
density (e.g. due to mergers), that is reflected in nonzero b, , which then modulates
the Doppler contribution.

Note also that part of the Doppler term, i.e. (1+2)(5s—2)v-n/(xH), is a Doppler
contribution to lensing magnification, arising from the apparent radial displacements
related to redshift perturbations, éz = (1 + z)v - n [40] (see also [60-63]).

The Doppler contribution in the power spectrum [40, 43, 63-66], and even more
in the cross-power spectrum of two tracers [67-73] and in the bispectrum of a single

tracer [74-77], is a powerful and independent probe of gravity.

1.5.3 Lensing magnification

The large-scale gravitational lensing convergence contribution to the number density
contrast in (1.46) is denoted by:

A (2. m) = Ay (2, F,) k(z,n)
(1.51)

@ |x(2) — %]

_ [58(z, F,) — 2 / Ay S V2 a(Y,n)

[ } 0 x(z)x "

where @ is the Bardeen potential. Since k is a line-of-sight integral over a weighted
matter density contrast 6, the lensing term scales as A" ~ §,,. This means that

the lensing term is partially degenerate with the Gaussian clustering bias b in 4.
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1.5 Observed density contrast 19

For an idealised survey that detects all galaxies (i.e. s =0), a positive x in (1.51)
decreases the observed number density contrast by increasing the solid angle. In a real
survey, s is positive, and the effect of magnification bias when x > 0 is to increase the
observed number density contrast — since galaxies below the luminosity cut can be
brightened by lensing and thus be observed. Similarly, when s < 0, the effect of s is
to reduce the number density contrast by de-magnifying galaxies that are above the

luminosity threshold.

The lensing magnification contribution to number counts is itself another potentially
important probe of gravity and dark matter [78-84], independent of weak lensing
surveys. In order to realise the potential of these probes, it is necessary to include

careful modelling of s and b,.

1.5.4 Potential terms

Finally, the AP°® term in (1.46) collects the remaining, sub-dominant relativistic

potential effects:

9d (2, n)

AP (z,n) = [AL(z, F.) — Ap(z, F.)]®(z,n) + m

+ 3= be(z, F)|HV

x(2) dy
X(2)

N x(z) 00 (x,n
(I)(X7n)_2AD(ZaFC>/O dX(a)'(r])’

_ 241 (2, F) /0
(1.52)

The first two terms on the right of (1.52) are Sachs-Wolfe terms. The third term is
the Newtonian gauge correction that is needed for the physical definition of clustering
bias, where V' is the velocity potential. In line 2 of (1.52), the first term is Shapiro
time delay and the second is integrated Sachs-Wolfe. The potential term scales in
Fourier space as AP ~ ® ~ §,, H2/k?, which is only non-negligible on even larger

scales than the Doppler term.

In auto-correlations of a single tracer the leading Doppler contribution scales as
Doppler? ~ (6,)% HZ/k?, like the leading potential contribution, &, x ®. But in
cross-correlations between tracers, the leading Doppler contribution is d,, x Doppler
(67, 75], which scales as (6,)% Hy/k and dominates over the potential contribution.
The ultra-large scale relativistic effects are partially degenerate with the contribution

of scale-dependent clustering bias from fyp, [41-43, 85-88|.
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However, lensing and other relativistic effects are not simply a theoretical ‘nuisance’
that needs to be included in the modelling — they can also be important cosmological

probes of gravity (see e.g. [89-98])
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Chapter 2

Correlation functions, multi-tracers

and Fisher forecasts

The following chapter gives a brief overview of how to analyse the matter distribution
in the Universe and estimate the precision on cosmological parameters from future
experiments.

The structure of the chapter is as follows: The matter density contrast in cosmo-
logical surveys are traditionally investigated via the two-point correlation function.
These correlations are then analysed in either Fourier or harmonic space, which is
recapped in section 2.1. Information from distinctly different dark matter tracers can
be combined through cross-correlations using the multi-tracer technique, explained
in section 2.2. Lastly, we review how to forecast the precision on parameters from
future surveys using a Fisher Matrix analysis in section 2.3, as well as how we calculate
the expected bias on these parameters from theoretical systematics, i.e. assuming an

incorrect cosmological model.

2.1 Two-point correlation function

The main features of the galaxy distribution are described by the two-point correlation
function (2PCF):

Ee(r) = (Ag(x) Ag(w,)>7 (2.1)

where ' = x + r refers to a point separated by r from the reference position .
Statistical homogeneity implies &, is independent of «, and in the absence of redshift-

space effects, isotropy depends only on the magnitude of separation r = |r|. The 2PCF
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22 Correlation functions, multi-tracers and Fisher forecasts

describes the excess probability of finding two galaxies separated by this distance, and

in a truly random distribution of galaxies {; = 0 for any r.

2.1.1 Fourier power spectrum

It is often convenient to perform the analysis in the Fourier domain, since the transform
decomposes space-dependent functions into functions depending on spatial frequency.

The convention for the Fourier and inverse Fourier transform used in the thesis is

Ay (k) = / dz Ag(z)e ®® and Ay(z) = / (20”")3 A (k)ee (2.2)
s
Under an assumption of statistical isotropy, the Fourier transform of the 2PCF defines

the observed Fourier power spectrum as
P, (k') = /dr Q(r)e““"’" or (27)°6° (K’ — k)P, (k') = (Ag(k)AL(E)) . (2.3)

The Fourier power spectrum requires a choice of fiducial model to convert observed
angles and redshifts to distances. This then requires an Alcock-Paczynski correction
[99] to compensate for the error in the choice of fiducial. By assuming an incorrect

fiducial model, the true comoving volume V, will be distorted by a factor
V.. (2.4)

P,(K") encodes a flat-sky approximation that neglects wide-angle correlations and
doesn’t include cross-bin correlations. In addition, it does not take into account the
lensing effect expected in GR. There are prescriptions to deal with these issues (e.g.
[100]). However, it is useful to explore an alternative analysis that avoids these problems

from the start.

2.1.2 Angular power spectrum

The alternative to the 3D power spectrum is to use the angular power spectrum Cy(z, z’),
which is the harmonic transform of the correlation function that is observed in redshift
space — i.e., on the backward light-cone of the observer [40, 41, 101-103]. The C,
has the advantage that it is an observable, hence we can ignore the uncertainty in the
fiducial model and avoid the AP correction. In addition, it also naturally incorporates

Doppler and lensing magnification effects on the auto- and cross-bin correlations, as
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Fig. 2.1 A spherical harmonic decomposition of data into multipoles ¢. The horizontal
axis indicates the different possible configurations of m, ranging between —¢ < m < /.
Credit [104].

well as other smaller relativistic observational effects. The number density contrast
observed on the backward light-cone can be given directly in terms of the fundamental

observables z and n by expanding in spherical harmonics:
Ag(z,m) = Z apm(2)Yem(n) (2.5)
Im

where the multipole ¢ corresponds to the angular size considered. As illustrated in

Figure 2.1, this decomposition includes wide-angle effects as well.

The spherical harmonic coefficients ay,, are expressed in terms of the spherical

Bessel function j,(ky):

i) , .
von(2) = 0 [k Az, K) ) Vi (). (2.6
We assume that the ay,, are Gaussian distributed with covariance
(agm(zi) aZ/ml(zj)> = Cg(zi, Zj) 5%’6mm’ . (27)

Following the notation and approach of [40] we relate the g, coefficients to the power

spectrum of the primordial curvature perturbations P(k):

Culz, 25) = 47r/ dlnk AV (2, K)AY (2, k) P (k). (2.8)
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24 Correlation functions, multi-tracers and Fisher forecasts

The dimensionless primordial curvature power spectrum P(k) = A,(k/ko)" ! generates
the initial over- and under-densities from which present day large scale structures grew.
It is expressed in terms of the amplitude A,, the spectral index ng and pivot scale
ko = 0.05 Mpc™!. The A}” in (2.8) represents the windowed transfer functions that
relate A, to P. We refer to it as the “windowed” transfer function since it describes
the observable transfer function in each z-bin located at z; via the window function W
[1]:

AY (2, k /dzp Wz, 2) Ag(2, k), (2.9)

where p is a selection function which in practice is the redshift distribution function of
the observed sources: p o< Ny = dN,/(dzdS2,). Hence, p and W work as a weighting
function for A,. The product of the selection funetion and the window function inside
the bin is normalised such that [dzp(z)W(z;,2z) =1 for all z;.

In (2.9) the A, represents the theoretical transfer function (1.46) in harmonic space

Ag(k) = 8g Go(Rx) + AFSP + AP 4 A 4 AT (2.10)

The first term represents the matter density contrast with the scale dependent clus-
tering bias (1.38), whereas the last term of (2.10) is simply the sum of the potential
contributions, i.e. the Sachs-Wolfe, integrated Sachs-Wolfe and Shapiro time delay:
APt = ABW 1 ABBW o+ ATD " The terms are written explicitly as [93, 94, 102, 105]:

ARSD — H (k )

APerr — ( e :;) vrgo(kx)

Alens — 0L+ 2 L)) / dN i { x(%) + \I’k(fc)]jz(kfc) :

ASW = [(b —3)7;vk+ <1+2_ 5+5s—be+;[;> \Pk+[53_2](pk+(f1;_% Je(kx) +

2 —5s H' X ol e " i (v
AiSW:< T +5s—be+7_[2>/0 dX{q)k(X)'f"\I}k(X)]ﬂ(kX)’

2 —95s .
AP = (X)/O dx {(I)k:( )+ Wr(X )]]e(k‘x)-
In order to simplify the notation we suppress the redshift and k£ dependence, except

in the spherical Bessel function. The peculiar velocity field in k-space is denoted by

vk = |v|g. In our model there is no matter anisotropic stress, and therefore ®;, = U.
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13.8 « Lookback time [Gyrs]

BOSS Lyman-a (20

SDSS I-Il Quasars (1

SDSS |-l Nearby Galaxies

Fig. 2.2 A diagram of several different tracers observed by SDSS. Credit: eBOSS
collaboration.

Note that the split in (2.10) changes if a different gauge is chosen - but the sum of all
terms, Ay, is gauge invariant.

An immediate issue with the angular power spectrum is that, unlike P(k, z), we
cannot cleanly separate out the RSD effect. In addition, computational complexity
arises from the oscillating spherical Bessel functions in Cy(z;, z;), from cross-bin corre-
lations when z; # 2;. Also, to maximally exploit the potential of spectroscopic surveys
we need to utilise very thin redshift bins, which could potentially introduce non-linear
effects into large scale modes (see subsection 2.3.1). Nevertheless, advances in using the

angular power spectrum to analyse galaxy survey data are ongoing (e.g. [17, 106-113]).

2.2 Multi-tracer technique

In the future there will be many surveys that cover large fractions of the sky with
high completeness, therefore the variance due to the surveys finite volume (i.e. cos-
mic variance) is perhaps the most formidable obstacle to better extract information
on cosmological parameters [114]. A natural extension to analysing cosmological
experiments independently, is to combine different surveys and take advantage of
the cross-correlations between tracers to improve the statistical power - called the
multi-tracer (MT) technique. Using two distinctly different dark matter tracers that

sample the same underlying density field (see Figure 2.2) enables us to significantly
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reduce the effect of experimental systematics and cosmic variance [26, 27]. The au-
thors have pointed out that for certain parameters the effect of cosmic variance can
be circumvented, as is the case for: clustering bias, linear matter growth rate and
primordial non-Gaussianity. The reason for this is that the bias-sensitive parameters
are not subject to the same stochastic processes that lead to different realisations of the
density field for some matter power spectrum. By comparing the clustering of different
types of tracers that sample the same underlying matter distribution, we should be
able to measure such parameters without cosmic variance. Therefore the precision will
be limited only by the shot-noise of the experiment, or by the instrumental noise in
the case of intensity mapping. The MT was applied using the angular power spectra
n [91, 92], to constrain local-type primordial non-Gaussianity. The suppression of
cosmic variance lead to significant improvements over single-tracer constraints. As
a consequence, a smaller overlap volume still produces better results than a simple

combination of the full larger volume of each individual tracer.

Let’s consider multiple tracers A = 1,2, -, and define the generic angular power

spectrum:

2f—|— 1)
<AA(zl,nZ)AB 2, M > Z
¢

(ZZ‘, Zj) ,Cg (’I'LZ ¥ nj) 5 (211)

where A, corresponds to A, of tracer A and £, denotes the Legendre polynomial.

Therefore we can compute the multi-tracer by generalising from (2.8), such that
CfB(Zi, Zj) =A4r / dlnk AA[(Z,L', k) ABZ(Zjv k) P(l{?) L (212)

Note that A 4, is also the windowed transfer function, but for simplified notation we
drop the superscript W. The multi-tracer is a matrix that contains both auto- and
cross-power spectra. The former refers to correlations between the observed density
contrast in the same survey (A = B), whereas the latter refers to the correlations
between surveys (A # B). Explicitly, for N number of tracers the MT looks like

[ CH (21, %)) C*(zi, %) CHN (21, 2)) |

C, = : (2.13)

CM M (zi,2)  CP*(2, 7)) CN (24, 2j) |
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where each entry in (2.13) is a matrix of all the auto- and cross-bin correlations in the

power spectrum Cy(z;, 2;).

2.3 Fisher Matrix analysis

In order to estimate the precision expected from a future measurement (or experiment),
we assume that the given observable is based on a theoretical model, which corresponds
to a function dependent on a set of known parameters. We can forecast the precision
on these parameters by turning to a Bayesian statistical method called the Fisher
Matrix analysis. This method is used to quantify the amount of information that an
observable random variable X carries about an unknown parameter value v,. Let £
be the log-likelihood function and 19 the parameter vector under consideration. The
Fisher matrix is simply evaluated at the parameter maximume-liklihood of the best-fit

values 9, namely

D*L

(2.14)

9=">

The multi-tracer Fisher matrix for angular power spectra is defined as follows [2, 91, 92]:

(20 + 1
Foutg =Y. <_2)fsky Tr[(aﬁacg) ;' (0,C0) 1“,;1] , (2.15)

min

where 9, represents the parameters considered in the analysis. Furthermore,
Iy=C,+ Ny, (2.16)

where N, is the expected noise of the surveys under consideration.

The Fisher matrix F' is the inverse of the covariance of the parameters, therefore

the conditional and marginal errors of the parameters are given by

0*(Va) = [Fo,0.)"" and o(0a) = [F7'] (2.17)

Yoo

respectively. The marginal error includes the uncertainty of all the parameters under
consideration in the estimate, whereas the conditional error assumes all other parameters

are known.
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0
Fig. 2.3 Scales associated with a multipole /.

2.3.1 Scales included

The largest scales that we can include in the Fisher Matrix analysis is dependent on the
size of the sky area (g, of the survey under consideration, where Qg = 47 fa,. We can
compute the largest observable scale in harmonic space using £y, = int(7/ \/fky) +1,
and introduce it into the computation via the lower limit of the summation in (2.15).
For the MT, we consider only the overlapping sky area of the surveys in the Fisher

Matrix analysis.

In reality, we cannot perfectly extract all the observable scales from the data —
there will be a loss of ultra-large-scale modes due to systematics, e.g. extinction due to
Galactic dust or stellar contamination in galaxy surveys, or foreground contamination
of intensity mapping. The cosmological signal from 21cm emission is several orders of
magnitude lower than the galactic and extra-galactic foreground contamination. In
order to extract the cosmological information, it is therefore necessary to first remove
or model the systematics in galaxy and intensity mapping surveys. In order to take
account of the loss of some ultra-large scale signal due to systematics, we need to
impose a minimum angular multipole /,,;,. For a multi-tracer analysis, the same (,,;,
is used for each survey. In the case of very large sky area, ¢,,;, ~ 5 may be feasible for

intensity mapping [115], and we take this as our ‘optimistic’ minimum.

We only consider linear perturbations in our Fisher forecasts. The inclusion of
nonlinear effects is beyond the scope of this thesis and we therefore need to choose

liax 10 (2.15) to exclude these effects from the Fisher matrix.
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In Fourier space, the scale marking the breakdown of a perturbative analysis of

matter clustering is given in [116] as
kot (2) = Earo(1 4 2)7 ) with ko =~ 0.2h Mpe ™. (2.18)

On the scales of interest, the multipole ¢ corresponds to a transverse comoving length
scale \| = 27/k, which subtends an angle # = A, /x at the observer (see Figure 2.3).
Using 0 = 27/¢, this gives ¢ = xk. It follows that the maximum multipole for

auto-correlations is
Emax(zm Zz) - X(zz)knl(zz) . (219)

The case of cross-bin correlations is more complicated (see the discussion in [102]). In
principle, one can allow for ¢ > 1 in the case of near-radial correlations, for which 0 < 1
and A < 2m/ky — provided that Ay > 27/ky, to ensure that A > 27/k,. However,
in order to fully exclude nonlinearities from the Fisher matrix, we need to exclude
them also from the covariance of Cy(z;, z;), which contains the term Cy(z;, 2;)Cy(2;, 2;).
If A, is nonlinear then Cy(z;, 2;) includes nonlinear effects, and hence the covariance

contains nonlinearities. Therefore we impose the cut
Unax (%, 25) = min{ﬁmax(zi, %), L, zj)} . (2.20)

Note that our modelling of the linear cut is simplistic and optimistic. An improved
model has recently been presented in [117], which recognises the subtle relationship
between scales in Fourier and harmonic space, but which does not include redshift
space effects. Stage IV surveys probably require a more robust scale cut, which can be
made using the BNT method [118]. Advances in analysis of this relationship in redshift
space are presented in [119] and references cited therein. In their work they have
found that by decreasing the redshift bin-width below Az < 0.01, non-linear effects
are introduced into the large scale modes. The uncontrolled nonlinearities can lead to
a biased growth rate estimate. We use Az > 0.01, while recognising that further work

is needed to improve the removal of non-linear contamination.

2.3.2 Best-fit bias

The best-fit values will be influenced by unaccounted systematics or incomplete theo-
retical modelling. In order to estimate this bias one can use the ‘correct’ mock data
and do inference on this data using the ‘wrong’ model, as done in [120]. This approach

provides a precise evaluation of the biasing introduced, however it is a time-consuming
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and computationally expensive process. We rather follow the alternative approach,

which uses the Fisher information in the case of nested model selection [121].

In the Fisher formalism we assume that the posterior distribution of a set of m

parameters 1, given some n dimensional data vector X, is Gaussian:

PO X) = [2m)" det (F)] " exp [ ®—9)F®—-9) . (2.21)

1

2
The best-fit values ¥ maximise the posterior. Using Bayes theorem, we relate the
posterior with the likelihood of the data £ via

P X) o L(X]9)IL(9), (2.22)

where II is the prior. For simplicity we do not consider any priors on the parameters.

Assuming the likelihood to be Gaussian,
1 e 1
L(X]9) = [(27)" det T exp —5(X — X)X - X)|, (2.23)

where T is the covariance of the data and X is the value that maximises the likelihood.

Making incorrect model assumptions will therefore lead to a shift in the best-fit
value of the parameters considered. In the example of nested models, there is a sub-
model with parameters 1;, so that ¥, = {¢;, p;}. Suppose that we make an incorrect
assumption, and fix the values of ¢; to incorrect values ¢;, instead of the true values

@r. This shifts ¢ by the amount
Opr = Pr—¢r- (2.24)

As a consequence, we will estimate the remaining parameter values to be v;, instead of

their true values 1;. The bias on the best-fit values is:

oy = Uy — ;. (2.25)

We relate (2.25) to (2.24) through the covariance of the parameters, determined by the

amount of information we expect to extract from the survey [122, 123]:

0t = =3 81 Fop, [H ™| (2.26)

)
- b
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where F' is the Fisher matrix of the total set 9J,, and H is the Fisher matrix of the
sub-model with the parameters v; that we wish to fit.
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Chapter 3

Next-generation cosmological

SUrveys

In this work we forecast the constraints on cosmological parameters expected from
future spectroscopic surveys. To accomplish this we are required to model the observed
matter distribution, based on the survey specifications and instrumental sensitivity.

Measurements of galaxy clustering in upcoming surveys will not only be sensitive
to the standard redshift-space distortions, but the observed galaxy number counts will
also be distorted by lensing magnification and Doppler effects. The amplitude of these
contributions depends sensitively on magnification bias and evolution bias in the galaxy
number density. Magnification bias quantifies the change in the observed number of
galaxies gained or lost by lensing magnification, while evolution bias quantifies the
physical change in the galaxy number density relative to the conserved case.

In our forecasts we consider several different dark matter tracers that are observed
over a large redshift range, namely: neutral Hydrogen observed by the Square Kilometre
Array Observatory (SKAO); in the optical band we model the Dark Energy Spectro-
scopic Instrument (DESI)-like bright galaxy survey (BGS); as well as the Euclid-like
Ha surveys in near-infrared (NIR). The following chapter serves as an overview of the
more technical aspects of simulating such surveys, and is largely based on [3] - of which
[ am co-author.

This chapter is structured as follows. We give a brief review of the luminosity
function and how it is used to calculate the comoving number density in section 3.2. We
then carefully define and explain how the astrophysical parameters of magnification bias
and evolution bias are computed in section 3.3, explicitly highlighting subtleties in their

definition. The details on the luminosity functions and corresponding astrophysical
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parameters of the near-infrared and optical galaxy surveys are given in section 3.4.
Similarly, we explain such details on the neutral Hydrogen surveys in section 3.5.
The noise specifications for the surveys under consideration (and their combinations)
are explained in section 3.6. Finally, we summarise the survey specifications, noise

properties and fitting functions used in our simulations in section 3.7.

3.1 Preamble

The result of an experiment is not only dependent on the instrumental specifications
(for example the physical dimensions and sensitivity of the detector), but also on
the survey specifications like sky area and redshift range observed. An increased
cosmological volume will contain a greater number of sources, improve the statistical
capability of the survey and render higher precision measurements. Furthermore, we
also have to take into account relativistic effects that alter the observed galaxy number
counts via redshift space distortions, lensing magnification and other light-cone effects.
The last point proves to be the most challenging and therefore we carefully address
this issue in the following sections.

In section 3.2 we show how to compute the comoving number density (1.44)
using the luminosity function, which is unique to each survey. There are important
astrophysical parameters that are dependent on the comoving number density and
hence the luminosity function. The magnification bias is defined as the rate at which
the comoving number density changes with respect to the luminosity threshold, and
is related to the sensitivity of the detector. The evolution bias compensates for how
the number density evolves over time, which is tracer dependent. In section 1.5 we
explicitly state the contribution of each light-cone effect to the observed density contrast
(1.45). The amplitude of the Doppler effect (subsection 1.5.2), lensing magnification
(subsection 1.5.3) and potential terms (subsection 1.5.4) are highly sensitive to the
magnification bias s and evolution bias b.. In addition, the lensing and Doppler
contributions are powerful and independent tests of gravity. Therefore, in order to
properly model the density contrast and take advantage of these tests, we need to
accurately model s and b, contributions. We estimate that errors on s and b, need to
be < 10% in order to preserve detectability of the lensing and Doppler effects [91].

We clarify some subtleties involved in the meaning and calculation of the magnifi-
cation and evolution biases, and to derive these important astrophysical parameters for
a broad variety of different future galaxy surveys. These biases are given by derivatives

of the number density, and consequently are very sensitive to the form of the luminosity
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function. We give a careful derivation of the magnification and evolution biases in
section 3.3, clarifying a number of results in the literature.

We then relate the general theory of s and b, to specific luminosity functions
for Ha-like surveys like Euclid in subsection 3.4.1 — illustrating how different survey
sensitivities affect the luminosity curves and corresponding astrophysical parameters.
We expand the analysis to surveys with K-correction, like Dark Energy Spectroscopic
Instrument (DESI)-like bright galaxy survey (see subsection 3.4.2). Finally in section 3.5
we consider both the galaxy and intensity mapping surveys of SKAO 21cm neutral
Hydrogen (HI). The intensity mapping surveys do not resolve individual galaxies, rather
they infer the matter distribution from temperature fluctuations by measuring the
integrated line emissions. Therefore, the intensity mapping surveys are not dependent
on the detector sensitivity, which means that the evolution bias is only dependent on
the background brightness temperature, i.e. survey independent. The magnification
bias is a constant, since surface brightness is conserved.

Instead of computing the luminosity functions, comoving number densities and
resulting astrophysical parameters, we simplify the process by determining fitting
functions for: the number density (comoving and observed), as well as the magnification
and evolution biases for all the surveys considered.

Following this, we model the uncertainties in the measurement of the various surveys
by determining their specific noise properties in section 3.6. The main uncertainty
in galaxy surveys are as a result of the discrete nature of the galaxy number count
approach, and therefore is dominated by shot-noise. Conversely, the intensity mapping
surveys observe integrated emission and hence are more affected by instrumental noise.
We also model noise for the combination of surveys, which is necessary when computing
the multi-tracer correlation of different surveys, and we show in subsection 3.6.3 that
the cross-shot noise in our survey configurations may be neglected.

The results of the chapter is summarised in section 3.7 for the convenience of the

reader.

3.2 Luminosity function

Cosmological experiments traditionally analyse the observed number density contrast
(1.45) via galaxy number count surveys. The amount of galaxies an experiment is
able to observe depends on the sensitivity of the detector, i.e. the flux cut F, of
the survey (which is constant). The faintest galaxies detectable by the instrument is

dependent on the brightness of the galaxy and the distance to the source. Therefore,
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the corresponding luminosity cut L. is related to the flux cut through the luminosity

distance (1.17). Written in terms of co-moving distance:

Le(2) = 47 Fo(1 + 2)*X%(2). (3.1)

In this chapter we will only work with the background quantities so the over-bars
are omitted. The number of galaxies N, that are observed above the flux cut is the same

as the number at the source that are above the corresponding luminosity threshold:
dN, = Ny(z, Fe) dzdQ, = ng(a, L) dV, (3.2)

where n, is the comoving number density and dV is the comoving volume element.
The above equation explicitly states the dependence of (1.44) on the sensitivity of the
survey and corresponding luminosity threshold. The number density measured at the

observer IV, are related to the comoving number density at the source ng by

Ng - (3.3)

The survey will detect all the galaxies that are brighter than the luminosity threshold,
and so we compute ng by integrating the (comoving) luminosity function ® over

luminosity:
o0 ®(a, L)

Do) =l dL ,
nela, Le) (@ w Egtd)

where L, is a characteristic luminosity in the luminosity function. We can express the

(3.4)

luminosity function analytically in the simple form:

B(z,y) = () gly) and y=T, (3.5)

where ¢,(z) is a characteristic number density. Note than an alternative definition of

the luminosity function is also used:

= ) . L
ng(a,LC):/ dlnL (a,L) where &= . (3.6)

Le(a) *

In the case of galaxy surveys, accurate knowledge of the luminosity function is
needed, since small changes in the luminosity function can lead to large changes in its
partial derivatives at fixed redshift and fixed luminosity cut. For example, a Schechter

type function and a broken power-law model have both been considered as models for
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a Stage IV Ha spectroscopic survey. While both give very similar number densities,

they produce significantly different evolution biases.

3.3 Magnification and evolution bias

Observations of galaxy number counts trace not only the underlying matter density,
but are distorted by effects of observing them on our past lightcone. The dominant part
of this is the linear redshift-space distortions (RSD). There is also an effect on number
counts from lensing magnification — and other relativistic effects become potentially
important on ultra-large scales. These are the same scales where local primordial
non-Gaussianity are strongest, and could possibly influence the measurement on fyr..

There are three important astrophysical parameters in A, (1.45): the clustering bias
b relating number and matter density contrasts (0, = bA,,); the evolution bias b, and
the magnification bias s. Here we focus on the last two. Note that the magnification
bias has two different but equivalent forms, denoted by s = 2Q/5. The relation between
the notations are expressed later in (3.12).

The magnification bias and evolution bias are astrophysical parameters that depend
on the intrinsic galaxy properties at the source, and on the survey-dependent flux cut.
They are defined by partial derivatives that respectively hold a fixed and hold L. fixed
[40, 43]:

_0lnng(a, L)

04 1) = ~nen L), 57)
_Olnn.(a, L)
be(a, LC) = —W ' (38)

In general, these parameters are very sensitive to the galaxy sample and the type of
survey, thus modelling them accurately is important when taking into account the
lensing magnification and Doppler contributions. Light beams from sources reach the
observer via the intervening large-scale structure: Q determines the number of galaxies
gained at the observer due to magnification (k > 0), or lost due to de-magnification
(k < 0). Magnification bias is positive, except in the idealised case of all possible
galaxies are detected, @ = 0. The background comoving number density evolves
according to the properties of the haloes that host galaxies in the survey, as well as
the properties of the halo environment. Halo and galaxy formation and evolution lead
to a non-conserved comoving number density (e.g. due to mergers), that is reflected

in nonzero b,, which then modulates the Doppler contribution. The idealised case is
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the conservation of the comoving number density, corresponding to b, = 0. In a real
scenario, processes such as mergers will produce a nonzero b.. It can be positive (more
galaxies in a comoving volume) or negative (less galaxies), and it can change sign.
Both parameters affect the observed fluctuations in number density.

The relations (3.4), (3.7) and (3.8) are expressed in terms of quantities at the source.
It is often more convenient to rewrite them in terms of the corresponding observer

quantities Ny, z and F:

Ny(z, F.) = ’;{((;) / Oo dF q);j(’? , (3.9)
ey - BT 50
T A  O0InNg(2, k) dnH(z) 2(1+ 2) (3.11)

oln(1+z) dln(l+2z2)  x(R)H()"

Here F, = L, /(47 D}) and we used dL/L, = dF/F, and 9/0In L. = 0/01n F,, since
the integral and derivative are at fixed z.

Note that it is common to use a different (but equivalent) definition of magnification
bias, as in section 1.5 and (2.10):
20lnng;  20WmN; dlogygn,  OlogoNg

2
" 50lmL. 50WmE  OM.  Ome ZSQ‘ (3.12)

S =

Here M = m—>5log,y(Dy,/10 pe) is the absolute magnitude and m = —2.5log,,F'+const
is the apparent magnitude.
From the expressions (3.4), (3.7) and (3.8) we find:

Le(a) @(a, Lc)

Q(a, Le) = L.(a) ngl(a, L) | (3.13)
be(a, L) = ng(;’ o /L ja) dL mi - FL(&( aﬂ . (3.14)

The alternative definition (3.6) of the luminosity function leads to the equivalent

expressions
®(a, L)
L)=—""7%, 1
Q<a7 ) ng(a’ LC) (3 5)
1 o0 d®(a, L)
be(a, L. :7/ dln L ———, 1
(a, L) ng(a, Lc) Jic(a) o (3.16)
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and similarly in terms of z and F'.

3.3.1 Caveat regarding evolution bias

There is a subtle and important point associated with (3.14): these expressions follow
strictly from the use of partial derivatives in the definition (3.8). The use of the
total derivative gives a very different result (see also [124]). Implementing the Leibniz

integral rule to compute the total derivative leads to:

dlnng  dlnng  Jlnng dlnLC_b 2(

1
dlna  9lma OlnL, dlna 1+> Q, (3.17)

XH

where we used (3.1) in the second equality. The same result follows if we use variables
z and F.. Therefore, (3.17) makes it clear that for a realistic sky survey (Q # 0) the
total log-derivative of number density is not the correct expression for the evolution

bias.

To illustrate this point, let us consider a simple toy model with luminosity function
D = o1+ 2) e /I (3.18)

where ¢,y is constant and L, = L,; =const. From here onwards we adopt the
background redshift (z = a™* — 1) instead of the scale factor. Then by (3.4) and (3.13),

L
g = Gup(L 4 2)e o0 = g = =~ (3.19)
*0
The derivative of n, in (3.19) gives
dInng L. dlnL,
—_ =14 — — . 3.20
dIn(1 + 2) - L.o dIn(1 + 2) (3:20)
Using the definition (3.14) of the evolution bias, we find
1 1 e dL o
b, — _Olng _ L. 0% _ ;| (3.21)

COln(1+ 2) _n7g Le Ly Oln(l + 2)

Therefore, the general result of (3.17) is verified by illustrating the difference between
the total and partial derivatives using the toy model (equations (3.19)-(3.21)). An
example for a more realistic Stage IV Ha cosmological survey like Euclid is shown in

Figure 3.1. Details of this model can be found in subsection 3.4.1.
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Fig. 3.1 The difference between the logarithmic total derivative of number density
(left) and the partial derivative, i.e. the evolution bias (right), for a Ha Model 3
luminosity function.

When dealing with survey data or simulated data, the luminosity function is in
principle known as a function of luminosity in each redshift bin. Then the tracer

properties can be extracted as follows.

o The number density in each redshift bin is a simple luminosity integral (a sum

over luminosity bins) of the luminosity function [see (3.4)].

e Then the magnification bias is given by a simple ratio at the luminosity threshold

of the luminosity function and the number density [see (3.13)].

o By contrast, the direct expression for b, in (3.14) is a luminosity integral in each

redshift bin of the redshift partial derivative of the luminosity function.

e For b, it is simpler to numerically determine the total redshift derivative of the
computed number density and then algebraically compute the evolution bias via
(3.17):

dlnn 142
bo=———2—_ 211 . 3.22
dIn(1+ z) ( N xH )Q (3:22)

Practically speaking, it is more convenient to express (3.22) in terms of the observed

number density contrast, thus from (3.3) we find

dIn N, dln H 2(1+ 2) 1+2
o= — - 9 . 2
dln(1+42) dIn(1+ 2) * xH ( ) < (3:23)
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Comparing with [43], we agree with their equation (33), except for a typo: their
dlog Ny /d1og(1 + z) should be replaced by the total derivative dlog N,/dlog(1+ 2)'.

3.4 Spectroscopic galaxy surveys

In the following section we build upon the theoretical background established in
section 3.2 and section 3.3. The principles explained in these sections will now be
applied to the specific surveys we employed in our analysis. First, we consider the
more traditional cosmological surveys that observe in the optical and near-infrared
bands. We define the luminosity function models for Euclid-like Ha and DESI’s BGS
surveys, and compute them for a range of different detection sensitivities. We then
determine the expression for the comoving number density and plot n, corresponding
to different flux cuts. Consequently, we compute the astrophysical parameters b, and
Q, and how they evolve with redshift for different F. or m.. As mentioned previously,
these astrophysical parameters are survey dependent, and play an important role in

the observed number density contrast via the light-cone effects.

3.4.1 Euclid-like Ha survey

Euclid? space telescope is planned to launch in 2022, with a Near Infrared Spectrometer
and Photometer (NISP) instrument which is designed to detect galaxies in the near-
infrared (NIR) band. In our forecasts we only consider the spectroscopic observations
since we require high redshift accuracy for our analysis. The spectroscopic channel will
be equipped with 4 different low resolution near-infrared grisms, 3 “red” (1250 —1850nm)
and 1 “blue” (920 — 1250 nm), but no slit (“slitless spectroscopy”). The survey will
measure the redshifts of up to 30 million Ha galaxies over 15000 deg? in the redshift
range 0.9 < z < 1.8 [125].

Based on several datasets, [126] have presented fits for Ha luminosity functions as a
function of redshift. We consider a Stage IV Ha spectroscopic survey similar to Euclid.
The updated luminosity function given by [125] corresponds to Model 3 in [126].

The best-fit to the Model 3 luminosity function of the form (3.5) is the broken

power law case:
«

Y

e (3.24)

9(y)

'Without this replacement, our (3.11) shows that their equation (33) leads to Q@ = 0.
2www.euclid-ec.org
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Fig. 3.2 Stage IV Ha survey (Model 3) luminosity function. Left: ®(z, L.), at the
threshold luminosity L., for 3 flux cuts, using (3.1). Right: ®(zo, L), at 3 fixed redshifts.
The threshold luminosity L.(z), with F, = 2 x 10" ergcm™=2s~!, is shown by the
dashed line.

where o — v is the bright-end slope. The factor e — 1 is chosen so that L, is the
luminosity at which @ falls to 1/e of the faint-end power law, as in the Schechter case.

The expressions for ¢.(z) and L,(z) from [126] are given by:

1.5 rlog [L*(O.E))

log L, = log Lo
o [ +[(Hz) AL

] SOy = 0y, (3.25)

where

L.(0.5) = 103 erg s, L,oo = 1029 erg 57| ¢hg = 107292 Mpc~?,

a=—1587, v=2288, f=1615. (3.26)

In Figure 3.2, we show the luminosity function at the luminosity cut against redshift
for 3 different flux cuts (left), and against luminosity at 3 redshifts (right), showing

also the threshold luminosity.

Therefore, we can compute the number density and magnification bias using (3.4)

and (3.13) respectively:

ng(2,Ye) = 0x(2) G(ye) (3.27)
(2, Ye) = Ye g(é)) , (3.28)
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Fig. 3.3 Stage IV Ha survey (Model 3): number density (top), magnitude bias (bottom
left) and evolution bias (bottom right), for 3 different flux cuts (in units ergem=2 s71).

where

Gye) = /OO dy g(y)

needs to be evaluated numerically. Using the total derivative to compute b., we need

dInG(y.) —dInG(y) dlnye — yog(ye) [ dln L, dln L, 3.20)

dln(1+2z)  dlnye dln(l4+2)  G(y) |dln(1+2) dln(1+2z)|’ (
then (3.22) and (3.28) give

dIn ¢.(2) dln L.(2)
CdIn(1+2) dn(l+2)

be(2,yc) = (2, Ye) - (330)

Note how the derivative of the luminosity threshold L. in (3.29) has been cancelled
out and replaced by a derivative of L, in (3.30).
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Alternatively, we can determine b, via the definition (3.14) to check the result. We
start with
Oln (®/L.) d1n ¢, dIn L, dlng Jlny

which leads to

ho— 1 /Ood s dIn ¢, B dln L, _g@ dln L,
© T T Gy e AT+ 2) T din(1+2)  gdy dIn(L + 2)
dIn ¢, dln L, dln L, 1 o0 dg
S dyy 2. 3.32
dln(L+2)  dl(l+2)  dln(l+2) Gy) /y YY1y (3:32)

Integrating by parts, we recover (3.30). Figure 3.3 shows the associated number density,
magnitude bias and evolution bias, for 3 different flux cuts.

The physical properties of the Euclid sample determine the true luminosity function —
this can be estimated via simulations and will be measured when the survey is operating.
In order to forecast the precision of the measurements expected from a Euclid-like Ha
survey, we assume that the sensitivity of Euclid is F, = 2 x 107%ergem=2s7!. The
corresponding number density, magnitude bias and evolution bias was computed, and

for convenience we also determined the fitting functions:

ng(z) = 0.00363 2102492 _ 0.00414 h*Mpc=?, (3.33)
Q(z) = 0.583 4 2.02z — 0.5682% 4-0.04112° (3.34)
bs(2) = —7.29'+ 04702 +"1.172* =0.2902%" (3.35)

3.4.2 DESI-like bright galaxy survey

The Dark Energy Spectroscopic Instrument (DESI)? is a ground-based experiment
whose spectrometer will determine the redshift of millions of galaxies with a redshift
resolution of around 1%. The survey will target, among others, Luminous Red Galaxies
(LRG), Emission Line Galaxies (ELG), Quasars and a Bright Galaxy Sample (BGS)
[127]. The BGS sample is at low redshifts in the range 0.05 < z < 0.58, while the
others are at higher redshifts. Here we consider a DESI-like BGS survey only, as a
low-redshift complement to a Euclid-like Ha survey. DESI will conduct an optical

survey covering 15000 deg® and expecting to detect 1.2 million bright galaxies [127].

3www.desi.lbl.gov
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0.1 0.2 0.3 0.4 0.5 0.6 —24 —22 —20 —18
z M —5logh

Fig. 3.4 DESI-like BGS luminosity function. Left: ®(z, M.), at the absolute magnitude
threshold for 3 different apparent magnitude cuts, where M = m — 5 log,,(dr,/10 pc).
Right: ®(zy, M), at 3 fixed redshifts, showing also the threshold absolute magnitude
(dashed) with apparent magnitude cut m. = 20.

If a survey measures galaxy fluxes in fixed wavelength bands, this leads to a K-
correction for the redshifting effect on the bands. In that case, it is standard to work in
terms of dimensionless magnitudes. The correction to the threshold absolute magnitude

is

M.(2) = me —5log ﬁg;‘?] — K(2), (3.36)

where the apparent magnitude cut is m..

For the DESI Bright Galaxy Sample (BGS), we follow [66, 84, 127], making small

adjustments. We use a Schechter luminosity function of the form (3.5), with

g(y) = (0.41n10) 104DV exp (—=10704)  where y =M = M.(z).  (3.37)

The number density of the DESI BGS will closely follow the Galaxy and Mass
Assembly (GAMA) survey [127, 128]. Therefore we can use the r-band parameters in
Table 5 of [129], with fiducial redshift zp = 0.1 (which is where the magnitudes are
K-corrected) in the luminosity function (3.37):

a=—123, ¢.(z)=10"202+092= p3\[pec™ | M,(2) = 5log,y h — 20.65 — 0.6 2.

The K-correction is modelled as K = 0.87 z, following [84], and we take m, = 20,
following [128]. In Figure 3.4, we show the luminosity function at the absolute

magnitude cut against redshift for 3 different apparent magnitude cuts (left), and
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Fig. 3.5 DESI-like BGS number density (top), magnitude bias (bottom left) and
evolution bias (bottom right), at 3 different limiting apparent magnitudes.

against absolute magnitude at 3 redshifts (right), showing also the threshold absolute

magnitude (dashed).
As before, the luminosity function is employed to compute the galaxy number

density, magnification bias and evolution bias via:

Mc(z)
ng(z, M) = /m dM ®(z, M), (3.38)
_ ? alOglong(Z» MC) _ o q)<Z7 MC)
Q= M) = 5 oM, T 210 ng(z, M)’ (3:39)
- 1 M) 9P (2, M)
belz, Me) = " ng(z, M) /—oo Oln(l+2) (3.40)

In Figure 3.5 we show the the associated number density, magnitude bias and
evolution bias, for 3 different magnitude cuts. Comparing Figure 3.3 with Figure 3.5,
we find that the Q has a similar trend with redshift, but db./dz has an opposite sign.
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This could be due to the types of galaxies and/or to a different evolution at low and
high redshifts.

We can avoid the need to compute the integral in (3.40) as follows. We compute
the total derivative:

dng Me o® dM, Me 0® 2In10 dM,
dz /—oo d 0z + dz ¢ —0 d 0z + 5 dz

Qn,, (3.41)

where we used (3.39). This leads to a modification of (3.22) for the photometric case,
using (3.36):

dInng ., 1+1+z+21n10 dK 0 (3.42)
) ) )

be =~ B
dIn(1 +2 xYH 5. dIn(1+ 2)

For the BGS sensitivity, we assumed m, = 20, in order to include the faint sample
[130]. The parameters have been slightly adjusted from [129] (within 1o uncertainty)
to better represent the number densities given in Table 2 of [66]. The true luminosity
functions will be estimated when the surveys take data, and the data will determine
how accurate the simple models of luminosity function are.

The fitting functions of DESI’s BGS survey for the number density, magnitude bias
and evolution bias, with m. = 20, are given by:

ng(z) = 0.031 27037 ¢=5%= _ 0002 h*Mpc=?, (3.43)
0 =0.282.4 23624 22722 411,127, (3.44)
bo(2) = —2.25—4.022 + 0.3182% — 14.62° . (3.45)

3.5 21cm HI surveys (SKAO-like)

We now turn our attention to a relatively new observational technique, to measuring
neutral Hydrogen (HI) in the radio band via the 21cm line emission. The abundance of
Hydrogen in the Universe have been known for a long time, and the idea of using it to
trace the matter distribution of the Universe is not a novel one. A simple explanation
why this technique has not been considered until recently, is that only now modern
radio receivers are sensitive enough to detect HI and extract a cosmological signal.
Following the end of the epoch of reionisation, the vast majority of neutral Hydrogen
are contained within galaxies [131]. Therefore, the emission of HI is a good tracer of
the underlying dark matter distribution. We are able to detect the neutral Hydrogen

atom via the 21cm emission line originating from the hyperfine spin-flip transition of
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Fig. 3.6 The spin-flip transition of a neutral Hydrogen atom emitting a photon of
wavelength \y; = 21em (left). The hyperfine structure associated with the transition
(right). Credit: R. Nave?

HI. The HI atom has only two distinct configuration states: the electron and proton
either has the same or the opposite direction of spin (see Figure 3.6). The former
configuration is associated to the higher energy state, which naturally transitions to the
latter. The change in energy releases a photon of wavelength Ay; =21cm, corresponding

to a frequency of 1420MHz.

There are two types of HI cosmological survey:

o HI galaxy survey
Detecting individual galaxies via the 21cm emission line, much in the same way
as Ha and other emission-line galaxies, using the interferometer mode of the
radio telescope.

o HI intensity mapping
Measuring the integrated 21cm intensity of the sky at a given frequency, without

resolving individual galaxies, using either interferometer or single-dish mode.

3.5.1 HI galaxy surveys

The Square Kilometre Array Observatory (SKAQO)® is planned to become the largest
radio telescope array on the planet, which intends to conduct a HI galaxy survey over
the redshift range 0 < z < 0.5 and covering 5000 deg?. The 10000 hr long observation
is expected to detect ~ 3 million galaxies [95]. This survey will use the next-generation
197-dish mid-frequency array, which will absorb the existing 64-dish MeerKAT array.
A more futuristic ‘Phase 2’ survey, which we denote ‘SKAQO2’, could cover 30 000 deg?
over the range 0.1 < z < 2 and detect 1 billion galaxies [132].

4http:/ /hyperphysics.phy-astr.gsu.edu/hbase/quantum /h21.html
Shttps://www.skatelescope.org/
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As in the case of optical/NIR surveys, the number density of HI galaxies is de-
pendent on the sensitivity threshold of the instrument. Radio surveys use the flux
density S,, usually abbreviated as S. This is the flux per frequency, in units of
Jy =107 Wm2Hz L.

The root-mean-square (rms) noise associated with a flux density measurement by
an interferometer can be approximated by [132, 133]
2]6]3 T‘sys<y)

Srms(V) = , (3.46)
Aeﬁ‘Nd QtP(V) ov

where v = 151 /(1 + z) is the observed frequency, in terms of the rest-frame frequency
vy = 1420 MHz. The system temperature, that combines instrumental and sky
temperature, is denoted by Tiy. The Boltzmann constant is indicated by kg, the
number of dishes is Ngq and dv is the frequency channel width. The time per pointing
o
=it 3.47
p tot sty ( )
depends on the total integration time %, the total survey area (y, and the effective

primary beam (field of view) from a mosaicked sky [134]:

2
2 z )\21(1 = Z)
=3 [1.3 5| (3.48)

where Dy is the dish diameter and Ao is the rest-frame wavelength. The effective

collecting area is
T

4
where € ~ 0.6 — 0.9 is the aperture efficiency.

Acg = €= D3, (3.49)

The detection limit of HI galaxies depends not only on flux threshold, but also
on the observed line profile. In order to take this into account, we include an Ny o
detection threshold so that the detection is done with sufficient spectral resolution.
This leads to a detection limit [132, 133]

Ncut
10

Se(2) = Sims(2) (3.50)

Models of a HI luminosity function would require a relation between the HI
luminosity of a galaxy and its host dark matter halo, which depends on other factors

in addition to the halo mass. This would need to be calibrated against full simulations.
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Table 3.1 Fitting coefficients for SKA HI galaxy surveys (3.51), details in [133].

C1 Co C3 Cy Cs Stms
SKAO 545 1.41 1549 0.6052 1.0859 100uJy
SKAO2 6.55 1.93 6.22 0.5504 0.8015 5uly

An alternative approach, bypassing the need for a luminosity function, is followed by
[133], which uses the S>-SAX simulation. Each galaxy in the simulation has a redshift,
an HI luminosity and a line profile. This is used to determine the number of galaxies
that are expected to be detected in a survey. The result is a fitting formula for the
observed angular number density Ng(z,S;) [133], given in terms of S,.,s. We adopt
this fitting formula, adjusting it to the detection threshold:

dNg(z,.5:)
dz dQ

Z, g = ¢ 272 exp |—c3(5¢ )] deg “. .
N,(z, S T e ia) Se)z] deg™? 3.51

The parameters ¢; for a range of flux sensitivities S. are given in Table 3 of [133] and
summarized in Table 3.1 (see also [47, 132]). In Figure 3.7, we provide similar plots to

[133] for Ng(z,S.), against z for various S, and against S for various z.

For both SKAO and SKAO2 surveys, we assume frequency resolution év = 50 kHz
and observation time ., = 10000 hr. For SKAO we follow the SKA Cosmology Science
Working Group Red Book [95]:

Ng =197, Dq = 15m, Qquy = 5000 deg?, € =0.66, Ny, =5, (3.52)

where Tys(v) is given in [95] and the Ng = 5 choice follows [133]. The system

temperature is modelled by

» —2.5
Tsys - Trec + 60 (3001\/{1’12) K . (353)
For the futuristic SKAO2, we follow [132] and use the survey details:

Tree = 15K, Ng = 70000, Dgq =3.1m,
Quy = 30000 deg?, € =0.81, Ny = 10. (3.54)

The Neyt = 10 choice follows [133]. The results for S.(z) are shown in Figure 3.7.
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Fig. 3.7 Top: Flux sensitivity of SKAO HI galaxy survey (upper panel) and its
futuristic upgrade SKAO2 (lower panel). Bottom: Observed number density of HI
galaxies: against redshift at different flux cuts, showing SKAO (dotted) and SKAO2
(dashed) (left); against flux cut for different redshifts (right).

The magnification bias is computed from (3.51) as

_8lnNg
oln S, "’

Q= (3.55)
which follows from (3.10), using the fact that 9/0In F' = 0/01n S for a fixed frequency
channel width. At each fixed redshift z;, we define the flux densities S; = S; + j h,
where j = 0,£1,£2 and h is a small increment. We compute In N,(z;, S;) from (3.51)
for each In S; (using suitable interpolation of Table 3 in [133]). Then we use the
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Fig. 3.8 Comoving number density (top), magnification bias (bottom left) and evolution
bias (bottom right) for HI galaxy surveys with SKAO (dot-dashed) and a futuristic
SKAO2 (solid).

five-point stencil method to compute the derivative (3.55). We tested the stability
of the derivative and concluded that h = 0.001 was a stable interval to use in this
context. This approach is related to that of [47] for an SKAO2 HI galaxy survey,
which parametrises In Ny(z;, Sc) as a function of In S, for different redshifts (see also
[80, 120, 135]).

For the evolution bias, we take the total redshift derivative of N, and then use

(3.3):

be = (3.56)

dIn N, dln H (1+Z)—2<1+1+Z>Q

- . 2
dln(l1+4z) dln(1+ 2) * xH xH

where Q has already been computed as described above. The resulting comoving

number density, magnification bias and evolution bias are shown in Figure 3.8.
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Fitting functions for the number density, magnitude bias and evolution bias for
SKAO are:

ng(z) =127 2% — 241 2 + 172 2* — 55 2 + 6.66

—exp (—90.92" + 272 —17.12> = 7.32 4+ 1.8) h*Mpe ™, (3.57)
Q(z) = —51.372* +58.922° —27.132% + 13.36 2 + 0.17, (3.58)
bo(2) =2867 z* — 4910 2* + 3146 2% — 892 z + 86.3

— exp (—8622" +406.82° — 1002> — 1.32 +4.3) , (3.59)

while for SKAO2:

ng(z) =1.472% —11.7 2> 1351247471242

—exp (—0.16 2%+ 0.082° — 0.652* ~ 1.872 +3.2) h*Mpc™®,  (3.60)
Q(z) =0.28 2* —1.18 2% +1.76 2* +1.36 2, (3.61)
be(2) =0.072° — 5.472* + 16.42° — 19.6 2% + 7.35 2 + 0.22

— exp (89.2 24 4169.22% — 102522 + 15.5 2 + 0.24) . (3.62)

3.5.2 HI intensity mapping surveys

In addition to the HI galaxy surveys, the SKAO will also be conducting another type of
survey called Intensity Mapping (IM) survey. As opposed to galaxy surveys, IM does
not require the resolution of individual galaxies. Rather, it measures the integrated line
emission from the sources and infer the distribution of matter from the temperature
fluctuations - as in the CMB analysis. The advantage of IM is that one can scan larger
sky areas in the same amount of time, hence extract information on the large scale
structure more efficiently. In this work we are interested in the HI IM survey observed
by the future SKAO radio telescope array, because of the unprecedented cosmological
volumes oberved by this experiment. The SKAO IM survey will cover 20 000deg?. In
addition, the observation does not only include the bright galaxies, but the fainter
emissions as well - like filaments in the large-scale structure.

The integrated 21cm emission is measured in a three-dimensional pixel, which is
assembled by the frequency channel width and the telescope beam, called a voxel. The
frequency resolution of the instrument is ~ 50kHz, which translates into a redshift

accuracy of z ~ 107*. We are considering the single-dish configuration of the telescope
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Fig. 3.9 The temperature fluctuations of a HI intensity map located at z = 1.

array, thus the beam is defined by

— o
Be(z;) = exp _meb(zi) : (3.63)
where 6, = 1.22)91 (1 + 2)/ Dy is the effective field of view and Dy is the dish diameter.
The intensity mapping angular power spectrum is modulated by the telescope beam,

which leads to a loss of small-scale transverse power:
CM™M(zi25) = Bu(=) Balz) C* ™ (2, 2) - (3.64)

The resulting IM tomography is a three dimensional map of the temperature fluctuations
at different 2z, with an extremely high redshift precision. In Figure 3.9 we show a
temperature map of SKAO-like HI IM, centered around z = 1 and redshift bin width
Az = 0.1. The image was generated using software called HEALPIX.

The HI brightness temperature measured at redshift z in direction n is related to

the observed number of 21cm emitters per redshift per solid angle, Ny, as follows:

NHI(Z, n)

—DA(z, n)? (3.65)

Tui(z,n) = const
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Fig. 3.10 Background temperature (left) and evolution bias (right) for post-reionisation
21cm intensity mapping.

for further details see [43, 136]. This relation implies that the surface brightness is
conserved, therefore it follows that the effective magnification bias is [43, 76, 136, 137]

Q=1. (3.66)

Considering the background quantities, (3.65) implies that

2 77-1 2
n H 142
Tyr = const HIXT = const ( )
a“x

Ny , (367)

where nyy is the comoving number density of HI emitters in the source rest-frame.
Intensity mapping integrates over the entire luminosity function in each voxel [138].
Therefore the brightness temperature does not depend on a luminosity threshold, but
depends only on redshift. By (3.67), this is also the case for the number density, so
that [76, 136]

0lnnyg dIn Typ din H

= — - 2. .
b = (i + 2 dln(l12) din(l+2) (3.68)

Equation (3.67) also leads to [131]

Hy
H(z)

Tii(2) = 189h (1 + 2)? Qmi(2) mK, (3.69)
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where Qyi(z) is the comoving HI density in units of the critical density today. This is

poorly constrained by current observations and we use the fit [139]:
T (z) = 0.056 + 0.23 2 — 0.024 2> mK. (3.70)

Using the background temperature (3.70), we can find the evolution bias (3.68), which
is shown in Figure 3.10. For convenience, we have also determined a fitting formula for

be, suitable for any post-reionisation HI IM survey:
be = —0.32 = 0.112 4 0.06 2” — exp (—0.92° +3.122> = 4612+ 0.78) . (3.71)

Note that Q and b, are survey-dependent for galaxy surveys, since they depend on
the survey flux cut. By contrast, for 21cm intensity mapping there is no flux limit and
the evolution bias therefore depends only on the background brightness temperature
and the Hubble rate, while the effective magnification bias is 1.

The evolution bias for intensity mapping has the same physical meaning as for
galaxy surveys, since it is given in (3.68) by the comoving number density of 21cm
emitters. However, since the IM surveys do not resolve the individual galaxies, the
change of the galaxy number counts are not as easily observed, as compared to the

galaxy surveys that detect individual galaxies.

3.6 Survey noise

Another important aspect necessary to include when modeling future cosmological
observations is: how well will the survey be able to extract the desired signal from the
measurement? The precision of the measurement is dependent on the uncertainty in
the detection, which we call the survey noise. We take this uncertainty into account in

our analysis by adding the noise to Cy, which enters the Fisher forecast in (2.16).

3.6.1 Galaxy surveys

The main contribution of noise in the galaxy surveys is called Poisson noise, commonly
known as shot-noise. The shot-noise originates from the discrete nature of galaxy
observations, and an increased sample size reduces this uncertainty. The angular
shot-noise power is inversely proportional to the number of galaxies observed per solid
angle:

Mg(zi, Zj) = —— (51'3' s (372)
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where Ng is the windowed observed number density
No(z) = / dz W (2, 2)Ny(2) . (3.73)

The above equation determines the expected number of galaxies observed in the redshift
bin centered about z;. Given the precise redshift resolution of spectroscopic galaxy

surveys, we have opted to use a top-hat like window function W that is smoothed at
the edges [1]:

W(z, 2) = ! ) [wm(z_zﬁw) —tanh(z_zi_wﬂ, (3.74)

~ 2tanh(Az; /202 o Ozi

where Az; is the redshift bin size, o, is the redshift resolution and o,; = o, (1 + z;).

3.6.2 HI Intensity mapping surveys

For HI IM experiments the main source of noise is instrumental and we can neglect
shot noise on the scales of interest (see Figure 3.12, right). For single-dish surveys, the
noise is [140, 141]

3 4T foky Tszys(zi)

./V-ZHI(ZI', Zj) - 2Nd tt tAy 5ij . (375)

The system temperature Ty is frequency dependent (3.53), Ng represents the number

of dishes, the frequency band of observation is Av, the total integration time is ¢y
and the sky fraction is fugy, = Quy/4m.

The full SKAO observation will be conducted by a combination of two different
radio antennas that measure signals using four separate receivers, each with distinct
noise properties. The new phase of SKAO have a 133 dishes of 15m diameter, and
will observe the high- and low-z using Band1l and Band2 receivers respectively. The
precursor to SKAO is called MeerKAT, which consists of 64 radio dishes of diameter
13.5m, which will be incorporated into the total array. The dishes are equipped with
Lband and UHF receivers, that detect the high and low frequencies respectfully. We
need to weight the noise and beam properties from the MeerKAT dishes and the new
SKAO dishes, with different diameters and receiver bands (see Table 3.2).

The contributions of the different antennas are weighted using the individual
root-mean-square (RMS) error. For the UHF /L-bands and Band 1/2 we have:

1 Naun 1 Nayye
wy L, = wtoi 7 / ;Wi = wtot 7 / , (3.76)
sys,U/L sys,1/2
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Table 3.2 SKAO and MeerKAT: dish and receiver properties.

Receiver Frequency range Redshift range Dy  # dishes

[MHz] [m]
Band 1 350 — 1050 0.35-3.06 15 133
Band 2 950 — 1760 0.1-0.49 15 133
UHF-band 580 — 1015 0.4-1.45 13.5 64
L-band 900 — 1670 0.1-0.58 13.5 64

where
N, N,
Wrot, = Tzd’U/L = T2d71/2 : (3.77)
sys,U/L sys,1/2
The weighted instrumental noise for SKAO surveys is given by
2 S TS2Se
TSKAODMI2 _ wU/L,UU/L A w1/2721/2 27 Ky 1345 (3.78)

. 9
AV Lot Nd,tot

where 7}U/ " is the noise for 64 MeerKKAT dishes in UHF/L-bands, and 721/ ? is the
noises for 133 new SKA dishes in Bands 1/2 — each given by (3.75). In (3.78) Tiysefr
corresponds to the effective system temperature, which is the weighted average of the

system temperatures from the individual receivers in the full telescope array.

The system temperatures, in the form TS%VS /Nq, are shown in Figure 3.11, for the
individual receivers (left) and for SKAO using the weighted noise (3.78) (right). For
the MeerKAT bands the system temperature and the effective one are the same. Note
that the jumps in the effective system temperature for SKAO IM1/2 arise from the
fact that the frequency range of the SKAO bands and the MeerKAT bands do not
perfectly overlap.

Additionally, we also have to weight the impact of the beam because the diameter
of the dishes differ. The total weighted beam is simply given by

poKaomM2 _ wl/ng}/Q i wU/LBeU/L _ (3.79)

From here on out we refer to SKAO IM1/2 simply as IM1 and IM2 respectively.
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Fig. 3.11 System temperature (in the form TS2ys /Nq) for the 4 receiver bands of HI IM
(left) and the weighted effective system temperature for SKAO and MeerKAT (right).

3.6.3 Multi-tracers

In addition to looking at the noise properties of individual surveys, we also have to take
into account what happens when we combine surveys via the multi-tracer technique.
In the case of a MT analysis we use only the overlapping sky area, hence we fix the
scanning ratio of the HI IM surveys, i.e the sky area over time. This implies that the

observational time ¢,y needs to be adjusted proportionally to the reduction in sky area.

Given the overlap between the BGS and IM2 surveys, and between the Ha and IM1
surveys, we need to consider the cross-shot noise. For correlations between tracers one
expects an overlap in the dark matter halos seen by both surveys. An exception is for
example the red and blue galaxies in photometric galaxy surveys, which by selection
are disjoint tracers of the dark matter. When we consider HI IM, all halos in a voxel
containing HI will contribute to the integrated temperature observed in the voxel.
Some of these halos, especially the most massive ones, will host emission line galaxies
which appear in spectroscopic galaxy surveys such as the DESI-like BGS survey. These

overlap halos will induce a shot-noise term contribution in the cross-correlation.

The comoving HI density is given by

Mmax
pu1 = / " AM np (M) Mig(M) (3.80)

min
Mgy
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60 Next-generation cosmological surveys

where ny, is the halo mass function, My is the mass of HI in a halo of mass M, and
we take My(M) oc M°° [142]. The HI shot noise power spectrum is [131, 143]

2 M max
HI __ E T HI

sn,d — 9 2 .
X" Pu1 Y Mgr"

dM ny,(M) My (M)?, (3.81)

and the galaxy shot noise power spectrum 1/N, can be determined by (3.3). The

cross-shot noise power spectrum can be estimated as [92]

x 1THI/MW AM ny, (M) Mg (M) ©(M) (3.82)

£ .
sn Ng pHI M min

where © is a weighting function accounting for the fraction of halos that are present
in both samples. For simplicity, we dropped the redshift dependence, and in what
follows we neglect the width of the bins and just take their central values. In the
absence of an exact model, one can approximate that all halos within a mass range
M™in < M < M™> overlap and set ©(M) = 1 in this interval and zero elsewhere.
This implicitly assumes that all halos within this mass range have HI and host a bright
galaxy, which is incorrect. However, assuming O(M) = 1 leads to an over-estimation

of the noise contribution within the mass range.

In order to find M™™ and M™** in (3.82), we need to estimate the halo mass ranges
of each survey. The BGS survey will cover a range of higher mass halos, while the HI
IM surveys cover lower mass halos which are small enough to contain neutral Hydrogen.
For the BGS survey, we use abundance matching between the number of galaxies in a

bin and the expected number from the halo mass function, i.e.,

Y

N, = =
& H Mpin

dM np(M). (3.83)
In this approximation we assume that all massive halos will host a bright galaxy, which
is not necessarily true. In fact the minimum halo mass that host an observed bright
galaxy depends on the completeness of the sample. A lower completeness results in a
lower minimum halo mass. This does not trivially translate into a higher cross-shot
noise, but it would extend the overlap into higher redshifts. For demonstration purposes
we assume the sample is complete. In a given redshift bin we perform abundance
matching to find M}, using the Sheth-Tormen halo mass function [144] and the
number density for the BGS survey, (3.86). The minimum mass is shown in Figure 3.12

(left panel), and it compares well with Figure 3.4 of [127].

http://etd.uwc.ac.za/



3.6 Survey noise 61

—— min 172
Mggs 7 N NUTR, i
1034 ’,
1401 = Mfin e -— NBS R
EEE Overla i4 X s
P / - Nsn,l/THl ’//
10744 | T2 -
©NELITR -~

13.54

-
105 T m—m—————T

(o]
13.01 ~
g ol —
v 1 6 )
s 0 <
S 2 N\
& 12.51 L
o 10-7 4 \
12.01 we] e |
11.5 1079 4 | .............
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
z z

Fig. 3.12 Left: Mass overlap between HI IM and BGS halos. Right: Shot-noise power
spectra for HI IM and BGS, together with the over-estimate of their cross-shot noise.
The instrumental-noise power spectrum for HI IM is also shown.

In order to estimate the maximum HI halo mass, we need to determine the mass
range of halos that contribute to HI IM. To this end, we assume that only halos with
circular velocities between 30 and 200 km/s host HI, where [142]

W 1/3
Vcirc — 30 V 142 (1010]\4®> km/s (384)
The maximum HI halo mass is shown in Figure 3.12 (left panel), together with the
overlap region. The overlap for BGS is only at low redshift. We do not find any mass

range overlap between HI IM and the Ha survey.

The right panel of Figure 3.12 displays the shot-noise power spectra for BGS, HI
IM and their cross noise. Our over-estimate of cross-shot noise is well below the galaxy
shot noise and rapidly vanishes. Hence we neglect this term in our forecasts, see for
example [131, 143, 145, 146]. We include the instrumental noise for HI IM, which is
clearly much larger than the HI IM shot noise. The step in the instrumental noise
arises from the fact that the frequency ranges of the SKAO bands and the MeerKAT

bands do not perfectly match, as shown in Figure 3.11.
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Since the cross-shot noise in the multi-tracer can safely be neglected in the surveys

under consideration, the MT noise for N number of tracers is the diagonal matrix:

PR

N, = , (3.85)

1 0%y

3.7 Synopsis

The observed (linear) number density contrast A, depends on three astrophysical biases,
which in turn depend on the sample of galaxies considered. The linear clustering bias
b has been the subject of extensive studies, therefore in this chapter we have focused
on determining the magnification and evolution biases. These two biases modulate the
amplitude of light-cone effects which, for forthcoming surveys, need to be included in
the modeling of the two- and three-point statistics.

Forecasts for future galaxy surveys require physically self-consistent models of
Q and b,, especially when lensing and other relativistic effects are important. Key

examples when this is the case are:
o constraints on primordial non-Gaussianity [4, 43, 47, 91, 92];

¢ detection of the lensing potential and Doppler effect in the number counts, via
the two-point statistics [40, 43, 63-73, 78, 82, 83, 91] and three-point statistics
[48, T4-T6];

o investigation of the possible biases on best-fit parameter values that may be
induced by neglecting relativistic effects [5, 48, 79, 80, 84, 86, 147, 148].

When lensing and other relativistic effects are detectable, they can themselves
provide novel probes of gravity and matter. However, such probes are only possible if
magnification and evolution biases are accurately modelled [5, 43, 84, 87, 91].

For simulated or observed galaxy data, the luminosity function is in principle known
as a function of luminosity in each redshift bin. Then Q and b, may be extracted as

follows.

« Number density n, in each redshift bin is found from a simple luminosity integral

of the luminosity function, (3.4).
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Table 3.3 Basic details of the surveys.

Experiment Tracer Sky area tiot  Redshift Spectral

[10° deg®]  [10%hr] range resolution
MeerKAT IM-L  HI IM 4 4 0.1-0.58 1074
MeerKAT IM-U HI IM 4 4 0.4-1.45 1074
SKAO IM2 HI IM 20 10 0.1-0.58 1074
SKAO IM1 HI IM 20 10 0.35-3.06 1074
SKAO1 Gal HI galaxies 5 — 0.1-0.58 1074
SKAO2 Gal HI galaxies 30 — 0.1-2.0 1074
Euclid-like Ha galaxies 15 — 0.90-1.80 1073
DESI-like Bright galaxies 15 — 0.1-0.58 1073

o Then Q is determined by a ratio at the luminosity threshold of the luminosity
function and the number density, (3.13).

« For b, instead of using its definition, it is simpler to take a total redshift derivative

of the computed n, and then use Q to compute b, via (3.22).

The survey specification of the experiments under consideration are collected and
displayed in Table 3.3. The instrumental and shot-noise for HI intensity mapping and

galaxy surveys are compared in Figure 3.13.
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Fig. 3.13 Shot noise for galaxy surveys and instrumental noise (normalised by T5)
for intensity mapping surveys.
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3.7.1 Cosmological survey fits
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Fig. 3.14 Top: Number density and HI temperature in mK (left), and Gaussian
clustering bias (right), for the surveys. Bottom: Magnification bias (left) and evolution
bias (right), for the surveys.

For the reader’s convenience, the fits for the observed number density and resulting
astrophysical parameters used in the forecasts, including the linear clustering bias b,

are given below:
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o DESI-like BGS survey:
1161 z 2.060

Ny = 2" exp l10.75 — (027> ] : (3.86)

b=0.99+0.73z — 1.29 2% +10.21 2, (3.87)

5 =0.113 + 0.945 2 + 0.908 2% 4 4.442 2* | (3.88)

be = —2.25 —4.02 2 + 0.318 22 — 14.6 2° . (3.89)
o Fuclid-like Ha survey:

N, = 29 exp (0.019 e O 10 el 2. 405 2 + 11.471) . (3.90

b="07(1+7%2),
s = 0.2~ R0 T =022 % 2= 01523
be = —T7.29+ 04702+ 1.172° — 0.290 2°.

« HI intensity mapping (any survey):

Tur = 0.0559 4 0.2324 z — 0.0241 2> mK,
b=0.667+0.178 z + 0.050 22,
E X 0r4y
be = 2-0:32,=" 0417 +0:06 2
—exp (—0.92% +3.122° — 4.61z +0.78).

(3.94)
(3.95)
(3.96)

(3.97)

The fits are illustrated in Figure 3.14. The evolution bias can be positive (more

galaxies in a comoving volume than the conserved case) or negative (less galaxies) and

it can change sign. Note that the evolution of sources in intensity mapping is less

susceptible to galaxy mergers as compared to the number counts in galaxy surveys,

since intensity mapping does not resolve individual galaxies. The magnification bias is

always positive; it is most easily computed not via a derivative, but from the ratio of

the luminosity function and number density, as in (3.13).
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Chapter 4

Constraining the growth rate of

large-scale structure

The growth rate of large-scale structure provides a powerful consistency test of the
standard cosmological model and a probe of possible deviations from general relativity.
We use a Fisher Matrix analysis to anticipate the constraints on the growth index
~ from future spectroscopic surveys, using the power spectrum that is observed in
redshift space, i.e., the angular power spectrum. We include the cross-correlations
between redshift bins, using a hybrid approximation when the total number of bins
is computationally unfeasible. We forecast the constraints on the growth rate from
independent next-generation spectroscopic galaxy surveys, after which we determine
the improvement in precision expected by combining these surveys via the multi-tracer

technique.

The following chapter is based on [1, 2], of which I am co-author and first author
respectively. This chapter is structured as follows. In section 4.1 we give a brief
overview about the background and utility of the work. We explain the specifics of the
Fisher Matrix analysis in section 4.2, as it pertains to this chapter. We analyse the
effect of redshift binning on RSD precision in section 4.3, and explain the details of the
tomographic analysis. The details of combining surveys in the analysis is explained
in section 4.5. Our results are presented in section 4.4 and we draw conclusions in
section 4.6. The fiducial model selected for the forecasts is a concordance ACDM model
with the Planck 2018 best-fit parameters.
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68 Constraining the growth rate of large-scale structure

4.1 Preamble

We are entering a new era in the study of the large-scale structure (LSS) of the Universe.
Not only will we map the sky over larger areas, but we will also go deeper in redshift. In
addition to the increasing volumes, we will probe the sky at higher precision in different
frequency ranges, creating exquisite sets of complementary dark matter tracers. The
cross-correlation between these tracers reduces cosmic variance, which can improve
constraints [93, 149-151]. Additionally, correlations between datasets suppresses some

systematics.

General relativity and its classical modifications (see e.g. the reviews [23-25, 54])
have distinctive effects on the clustering of galaxies and their peculiar velocities.
Identifying the statistical effect of peculiar velocities on the distribution of matter
provides a powerful test of the cosmological model and the theory of gravity. This test
is based on using redshift-space distortions (RSD) to measure the LSS growth rate
f (1.41) or growth index v = In f/In ,, (1.43). To implement this test one requires
the redshift accuracy of the spectroscopic surveys. Upcoming spectroscopic surveys,
in optical, near infra-red and in radio bands [95, 152-159], will have greater redshift
accuracy and observe larger volumes than ever before, allowing for higher precision

tests.

The standard analysis of RSD data for tests of gravity uses the spatial power
spectrum P,(k, z) in Fourier space, which allows one to cleanly separate the RSD
effect via a Legendre multipole expansion. The state-of-the-art measurement is from
the extended Baryon Oscillation Spectroscopic Survey (eBOSS) Data Release 14
quasar (DR14Q) survey [160], giving v = 0.580 £ 0.082, which is consistent with the
standard ACDM walue v = 0.55. Similarly, most forecasts for future surveys rely
on the same analysis (e.g. [132, 149, 161]). However, the Fourier power spectrum is
not without its disadvantages (see subsection 2.1.1), therefore opt to rather use the
angular power spectrum. Unlike P, (k, z), the Cy is analysed in redshift space and thus
we need not consider uncertainties in the fiducial model. Furthermore, it naturally
includes wide-angle and relativistic effects, as well as cross-bin correlations (details in
subsection 2.1.2).

It is intuitively clear that averaging over peculiar velocities in thick redshift bins
in Cy will wash out the RSD signal, therefore thin bins are needed for precision
measurements on RSD. As redshift bins are decreased in size, the reduced number of
galaxies translates into higher shot-noise, so one might expect to reach a ‘sweet spot’

in bin width where the precision is optimal. This expectation is however not correct,
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since it ignores the additional information that arises from the growing number of auto-
and cross-correlations. We confirm that information on the growth index 7 continues
to increase with decreasing bin width, reaching a theoretical maximum for infinitely
thin bins. In practice we need to choose a bin width that is feasible for numerical

computation.

We use Fisher forecasting and marginalise over the standard cosmological param-
eters, in particular including the amplitude of primordial fluctuations and the dark
energy equation of state parameter, as well as over the clustering bias in each bin.
Modelling nonlinear RSD is beyond the scope of this work and therefore we use in-
formation only from the linear scales (see subsection 2.3.1). For our forecasts we use
the growth index v, which we assume to be constant. Although this does not allow
for scale-dependence of the v (in common with most work on the growth rate), it still
delivers a consistency test of ACDM and standard dark energy models. A significant
deviation of v = 0.55 would indicate a breakdown of the standard model, due either to

non-standard dark energy or modified gravity.

We use survey specifications that are similar to those planned for the DESI BGS,
the Euclid-like Ha survey, and for the SKAO HI surveys, summarised in section 3.7.
For now we use a simplified model for the DESI survey. Since the BGS is a low-redshift
sample, the lensing contribution is very small and we can safely neglect x in (2.10).
Also, in BGS the magnification effect is negligible, therefore we set s = 0 in the Doppler
term (1.50). We find that the errors on 7 for a Euclid-like survey and an SKAO
HI intensity mapping survey are ~ 3%. We also find that an HI intensity mapping
survey with the SKAO precursor MeerKAT and a DESI-like BGS survey have a similar
accuracy of ~ 5%. Percent-level errors from independent observations seem to be only
within reach for the futuristic SKAO2 HI galaxy survey. We also show that if only
auto-correlations Cy(z, z) are used and cross-bin correlations Cy(z, 2’') are neglected,
then the constraints degrade by a factor of ~ 40 — 150%.

Using two distinctly different dark matter tracers that sample the same underlying
density field enables us to significantly reduce the effect of systematics and cosmic
variance (details in section 2.2). In addition, we include the information from the
remaining observed volume by adding the Fisher matrices from non-overlap regions to
Fisher information from the multi-tracer. In order to do this, we must assume that
one can break the sky area into independent patches- which implies that one neglects
modes above the size of the patches. Due to the large tomographic matrices we break

down the redshift range into independent subsurveys. All cross-bin correlations within
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each subsurvey are computed, but cross-correlations between subsurveys are neglected,

as explained in more detail below.

We find that the errors on « (including Planck priors on standard cosmological
parameters) from combining a high-z SKA-like HI IM and a Euclid-like Ha survey
are ~2.3%. The combination of DESI-like BGS and low-z SKA HI IM surveys deliver
~1.6% precision. Combining all the information from high- and low-redshift surveys
further improves the error on growth index to ~1.3%, which is an improvement of

~55% on constraints from the best independent survey.

4.2 Fisher matrix analysis

The expected precision of measurement on y from future spectroscopic surveys was
estimated using the Fisher forecast, as explained in section 2.3. In the analysis we

consider the following set of parameters:
Yo = {7, A, e, Qe oy w, Ho, b(2) }. (4.1)

For the cosmological parameters we use the fiducial values: A, = 2.142 x 1072,
ns = 0.967, Qeam = 0.26, Qy, = 0.05, w = —1, Hy = 67.74 km/s/Mpe. For the growth
index, we take v = 0.55, as discussed above. In addition, the clustering bias in each
bin, b(z;), is a free parameter, with fiducial value set by the bias models for each survey
(see section 3.7). We assumed Gaussian priors from Planck 2018 [162] for all standard
cosmological parameters. The priors are on the parameters, not their logarithms;
we use the log of the parameters in the Fisher matrix purely because this gives a
numerically more stable inversion of the matrix (see [110] for more detail).

We marginalise over the uncertainty of linear clustering bias b(z;) as a nuisance
parameter, in each redshift bin z;. The number of bias parameters is therefore survey-
and binning-dependent and is further discussed in section 4.3. As will become clear, in
some experiments the number of bins introduces computational limitations, and we
develop a means to deal with this, following the idea proposed in [110].

The angular power spectra and their derivatives are computed using CAMB__SOURCES .
The derivatives with respect to Qcqm, 2y, w, Hy are taken numerically using the five-point
stencil method. For the remaining parameters, we use a modified CAMB__SOURCES to

accept analytical derivatives!. The analytical derivative with respect to 7 uses the

thttps://github.com/ZeFon/CAMB__sources. MT _ZF .git
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parametrisation (1.43), so that df/0v = f Iny,. Then

0

8—762(2@»,2]-) = /dlnklAgv(zj)/dz’ p(z") W(2', z;) In QA7 (4.2)

AV (2) / d2" p(2") W (2", ) InQu A?| P(k), (4.3)

where A} denotes the RSD and Doppler terms in (2.10). The analytical derivatives
with respect to A, ns and the biases are given in Appendix A of [94].

4.3 Redshift binning and the precision on RSD

In a Fisher Matrix analysis of the Fourier power spectrum Py (k), the redshift bin width
does not affect the analysis, provided that Az is not too large (typically Az < 0.1
is chosen). The important binning in the Fourier case happens in k-space. On the
contrary, the bin width plays an important role in the Fisher Matrix analysis using CY,
especially for spectroscopic surveys. In this case, we need to apply redshift binning
in a way that corresponds to the observable of interest. For example, if we choose
broad redshift bins, this will suppress the RSD signal, since the stochastic nature of
peculiar motions tend to average out. We can confirm this expectation by looking
at the relative strength of RSD in the angular power spectrum as the bin width is
decreased. A typical example is shown in Figure 4.1 (top left), where we plot Cy(z;, ;)
without RSD (dashed) and with RSD (solid), for different bin widths Az; the fractional
RSD contribution is shown in the bottom left panel. The Fisher information on the
growth rate index ~ also increases with decreasing bin width, as shown via 0Cy/0v in
the top right plot.

It is clear from these plots that one can in principle extract more information
from RSD by decreasing the width of the redshift bin. On the other hand, this also
increases the shot-noise (3.72), since No ~ NAz (and similarly for the instrumental
noise (3.75)). The increase in shot-noise with decreasing bin width is illustrated in
Figure 4.1 (bottom right).

One might expect that the battle between increasing signal and growing shot-noise
produces an idealised binning configuration where information is maximised. The left
panel of Figure 4.2 appears to show this, for a bin centred at redshift z; = 1 in a
Euclid-like Ha survey (red) and SKAO IM1 survey (blue). We vary the width of a
single redshift bin and find an optimal bin size that minimises the conditional error

from auto-correlations. However, the problem with this apparent optimisation is that
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Fig. 4.1 Top left: Cy(z;,2;) without RSD (dashed) and with RSD (solid). Bottom
left: fractional RSD contribution to total angular power spectrum, where AC, =
Cy(total) — Cy(density only). Top right: Fisher derivative 0C;/0vy. Bottom right:
shot-noise (3.72). For a Euclid-like survey, with different bin widths at z; = 1.

we have neglected cross-correlations. Decreasing the bin width means an increase in
the number of bins, and consequently an even greater increase in the number of auto-
and cross-spectra amongst the redshift bins. The additional information from these
correlations compensates for the increased shot-noise per bin, as illustrated in the right
panel of Figure 4.2. We fix the total redshift range to 0.1, subdivide it into 50 bins of
Az = 0.002, 20 bins of Az = 0.005, 10 bins with Az = 0.01, 5 bins with Az = 0.02, 2
bins with Az = 0.05 and a single bin with Az = 0.1. Then we compute the conditional
constraints on ~ including cross-correlations between redshift bins. The ‘sweet spot’
for Euclid (and SKAO IM1) at Az ~ 0.005 (0.01) in the left panel is not present once
the cross-correlations are included. Therefore we can in principle reduce the bin size

down to the size of the receiver bands, which is ~ 2 x 1073 (2 x 107*) at z; = 1°.

2[119] shows that bin widths Az < 1073 introduce non-linear systematics into the large scale
modes.
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Fig. 4.2 Dependence of the conditional v error on the redshift bin width: for a single
bin of varying width (left); for a growing number of sub-divisions with fixed total size
of 0.1, including all auto- and cross-correlations (right).

The implication is that we should choose a redshift bin width that is as small as
possible, given the practical constraints imposed by redshift resolution and especially
by numerical computation. In order to extract all the information, we need to include
cross-correlations between bins — and this becomes numerically prohibitive for very
large numbers of bins. To tackle this problem, we follow the ‘hybrid’ method proposed
in [110] - i.e., we divide the full redshift range of a survey into subsurveys and perform
all cross-bin correlations in each subsurvey, but not between subsurvey bins. There is a
small loss of information from neglecting some cross-correlations between redshift bins.
However, if the subsurveys are wide enough, i.e., bigger than the correlation length
(which is typically ~ 0.1 in redshift), this loss is only non-negligible for adjacent bins
of subsurveys [110]. We use a redshift bin-width of Az = 0.01, which is numerically
feasible with the hybrid method and also reduces the effect on non-linearities on low-¢
modes [119] (see subsection 2.3.1).

In the hybrid approach, the constraints from a survey are just the summed con-
straints from each subsurvey. We modify this slightly in order to deal with the
survey-dependence of the clustering bias. We marginalise over the bias parameters
b(z;) in the Fisher matrices for each subsurvey, before adding these matrices to obtain
'F, Papp
subsurvey I marginalised over the clustering bias, so that ¢, are all the parameters in

the Fisher matrix of the full survey. In more detail: let be the Fisher matrix of
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(4.1) except for b!(z;). Then

B = [(F) ] »

F@Oaws - Zlﬁwawﬁ : (4.5)

In the case of the low-redshift surveys BGS, SKAO IM2, SKAO Gal, and Lband
of MeerKAT IM, the number of bins is low enough compute the full tomographic
result. We compared this with the result from the subsurvey approximation with 2
subsurveys, and found that the subsurvey approximation is only slightly worse, at the

second significant figure.

4.4 Forecast results

The best forecasts (including Planck 2018 priors) are in the range ~ 3 — 5% for the
near-future surveys. This is only improved to percent level in the more futuristic HI
galaxy survey with SKAO2. The constraints on v are degenerate with the total matter
density today by (1.43), as illustrated in the contour plots for v and Q,, in Figure 4.3.
Note that since Q0 = Qeamo + 2po, Wwe had to transform our Fisher matrix adding
the constrains from both parameters (see [163]). We summarise the errors on « in
Table 4.1.

Including cross-bin correlations

Performing all cross-bin correlations is a computational challenge, which becomes
increasingly difficult considering the very thin bins in our analysis. However, including
cross-bin contributions is very important to maximally extract the information from the
Cy, as illustrated in Figure 4.2. In Table 4.2 we show the constraints computed when
neglecting all cross-bin correlations and using only auto-correlations. By comparing
with Table 4.1, we find that the marginal constraints with priors are degraded by a
factor of ~ 40 — 150%, and those without priors are degraded by much more.
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Fig. 4.3 Marginal 1o contour plots of v and €2,,¢ for the surveys considered. Plus sign
indicates the fiducial values. No priors included.

Table 4.1 Errors on v in spectroscopic surveys, with and without Planck 2018 priors.
Note that the last subsurvey may have a different number of bins as it is just the
remainder.

Redshift Survey Subsurveys aﬁ‘l’f;d Oln~
# # bins no prior with prior
each % % %
Low redshift ~ BGS 1 50 2.6 6.7 4.5
SKAO Gal 1 48 3.6 14.0 6.4
MK IM-L 1 48 2.9 10.8 5.7
SKAO IM2 1 48 1.2 4.6 2.8
High redshift Ha Spectr 3 45 1.4 3.9 2.9
MK IM-U 2 52 2.9 17.8 8.0
SKAO IM1 5 45 1.2 5.3 3.7
Low and high SKAO2 Gal 4 47 0.6 1.7 1.4

4.5 Combining multiple surveys

A natural extension to improve the constraints in section 4.4 is to combine different

surveys and take advantage of the cross-correlations between tracers to improve the
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Table 4.2 As in Table 4.1, but neglecting all cross-bin correlations.

Redshift Survey aﬁfgd Oln~
no prior with prior
% % %
Low redshift  BGS 3.6 26.1 8.4
SKAO Gal 4.4 62.0 9.8
MK IM-L 3.3 65.2 9.1
SKAO IM2 1.4 27.4 5.1
High redshift Ha Spectr 1.7 14.6 7.2
MK IM-U 3.2 124.2 11.0
SKAO IM1 o 26.7 6.4
Low and high SKAO2 Gal 0.7 4.9 3.4

statistical power. Each survey scans a particular sky area and redshift range, which do
not necessarily overlap with another survey. A first approach is to combine surveys
via a joint analysis. This is a good approach when we consider different cosmological
probes, for example, joining the information from SNIa supernovae and from the CMB.
When we consider different galaxy surveys, we can no longer do joint analysis at the
posterior level.

A possible approach is the multi-tracer technique [26], which we apply to the
overlapping volume of the surveys, i.e., the same redshift range and sky area. This
method was applied in [91, 92|, using the angular power spectra, to constrain local-
type primordial non-Gaussianity, leading to significant improvements over single-tracer
constraints as a result of the suppression of cosmic variance. Primordial non-Gaussianity
in the power spectrum is an ultra-large scale effect and is therefore heavily impacted
by cosmic variance. As a consequence, a smaller overlap volume still produces better
results than a simple combination (neglecting the cross-tracer correlations) of the full
larger volume of each individual tracer. Since RSD measurements do not rely on
ultra-large scales, the gain from the multi-tracer is lower and we benefit from combining
information from non-overlap volumes with the multi-tracer information.

By following the hybrid method, we apply two techniques in order to achieve
manageable numerical computations when redshift bin widths are ~0.01, giving O(100)
bins and the same number of bias nuisance parameters.

The MT is generalised for N number of surveys in (2.13) to find the internal
covariance of experiments with multiple probes, for example [4, 5, 97, 164]. However,
here we are only considering a combination of two dark matter tracers A and B, with

the same sky area {2,p, the same redshift range and the same redshift binning, by
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using the combined matrix [91, 92]:

Ci'z,2)  CPP(z, %)
o , (4.6)
CPz2z)  CPB(z, %)

in (2.15). Similarly to the single-tracer case, we apply the subsurvey division of the
common redshift range, marginalise out the bias parameters b(z;) and b2 (z;) (4.4), and
add the subsurvey matrices (4.5) to produce a multi-tracer Fisher matrix FJ(overlap)
on the overlap volume, computed using (4.6) in (2.15).

In general, surveys A and B will not have the same sky area and the same redshift
ranges. In this case, there is additional information in the non-overlap volumes of the

two surveys A and B. These non-overlap volumes in general include two contributions:

« the non-overlap parts of each sky area, 24 — Qa5 and Qg — Q4p, across the full

- RO P - — i

redshift range for each survey, 2/ .. — zmn IR

« the overlap sky area 245, across the non-overlap parts of the redshift ranges.

The non-overlap volumes are processed in the same way as above: divide into subsurveys,
marginalise out the bias parameters, and add the subsurvey Fisher matrices. This
produces two non-overlap Fisher matrices, Ffﬁ(non—overlap) and Fcﬁg(non—overlap),
which are then added to the overlap multi-tracer Fisher matrix to produce the total

Fisher matrix:
F,s(total) = F, &453 (overlap) + F, fﬁ(non—overlap) + FJ(non-overlap) . (4.7)

The volumes of the next-generation spectroscopic surveys are given in Table 3.3,
which indicates that there are significant overlaps in the low- and high-redshift ranges.
This suggests a multi-tracer combination of IM2 with BGS and another of IM1 with
Ha would be feasible. We assume the overlapping sky area between surveys is 245 =
10* deg? for both low- and high-z combinations, which then gives the non-overlap areas,
Q4 — Qap and Qg — Q4p. These regions are summarised in Table 4.3.

For the low redshift combination there is a good overlap in the redshift range, but
for the high redshift case IM1 extends well beyond the Ha range. In practice above
z = 1.8 and below z = 0.9 we only obtain constraints from HI IM, although we still
add this information to the overall constraints as in (4.7). We fix the subsurveys to
have 20 redshift bins of width 0.01. Note that subsurveys at the edges of the redshift

range may have less than 20 redshift bins.
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Table 4.3 Overlap and non-overlap sky areas for the low- and high-z combinations.

Tracer A Tracer B Q4 — Qup Qp — Qup Qan

[10°deg®]  [10%deg®] [10° deg?]
Low-z SKAO IM2 BGS 10 5 10
High-z SKAO IM1 Hao 10 5 10

The noise matrix is given by the shot-noise for galaxy counts (3.72) and instrumental
noise for IM (3.75). We fix the HI IM instrumental noise by fixing the scanning ratio,
i.e, the sky area over time. This implies that the observational time ¢, has to be
adjusted proportionally to the reduction in sky area. The shot noise for IM is much
smaller than the instrumental noise and the cross shot-noise is negligible [92], as shown
in subsection 3.6.3. Therefore, the noise matrix in (2.15) is simply the diagonal matrix
(3.85).

The new results are for the combined totals of surveys, i.e., using multi-tracer in
the overlap volume and adding single-tracer in the non-overlap volumes. As expected,
the combination at low redshift has more constraining power than the one at high
redshift, given that f and 2, are tending to 1 at higher redshifts.

Table 4.4 summarises our results. The single-tracer errors compare well with our
previous results Table 4.1, except for the Ha sample, whose specifications we have
updated following the Euclid collaboration paper [125], which appeared after the
publication of our paper [1] on the ST case. There is a minor difference for the other
surveys, since in order to compensate for the increased number of bias parameters in
the MT we used narrower subsurveys than before. Therefore the reduced cross-bin
correlations simplified the computation but slightly degraded the constraints. We
excluded constraints from the SKAO Gal, since the larger observed volume of intensity
mapping delivers much higher precision (see Table 4.1). We also did not consider the

SKAO2 Gal configuration, because it will not be taking measurements for decades.

In Figure 4.4 we plot the 1o contours for the low-z (left) and high-z (right) surveys
as well as their combinations. By combining surveys and utilising the full observed
volume, we find better results than the best single-tracer survey result. It is therefore
natural to extend the combination by a further step — adding the combined totals from
low and high redshift, assuming that they too are independent. There is a caveat: in
order to avoid double-counting of the IM signal, we remove from the high-z combination
the contribution with z < 0.6. We choose to exclude the information from SKAO IM1

since the instrumental noise is larger in this band and extracts less information on ~.
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Table 4.4 Normalised errors on . The combination of surveys (®) includes the MT
applied to overlapping volumes and ST from non-overlapping volumes added via (4.7).
We also consider adding the low- and high-z surveys by adding their Fisher information
matrices (D).

Survey O~y (%)
Low redshift BGS 4.7
SKAO IM2 2.9
IM2®BGS 1.6
High redshift Ha survey 4.0
SKAO IM1 3.8
IMI®Ha 2.3

Low + High redshift IM2®BGS®IM1QHo 1.3

—-= M2 --=- BGS — IM2®BGS IM1 --= Ha — IM1® Ha
0.58
0.55
>
0.52
0.3095 0.3100 0.3105 0.3095 0.3100 0.3105

Qm() QmO

Fig. 4.4 Marginal 1o contours for matter density and growth index: low-z surveys
(left); high-z surveys (right). Solid black contours denote the combined total, as in
(4.7), and + indicates fiducial values.

The result is given in the last row of Table 4.4 (0., /vy = 1.3%) and Figure 4.5 displays
the 1o contours. Despite the higher instrumental noise of SKAO IM1, it observes larger
volumes and constrains the density parameter the best, thereby selecting SKAO IM2

for the z < 0.6 interval in the total combination slightly degrades the constraints on

3
Qmo”.

3Note that the solid black contour in Figure 4.5 is not exactly the combination of the red dot-dashed
and blue dashed contours, since we removed some IM1 bins to avoid double-counting.
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—-= IM1® Ha === IM2®BGS — IM2®BGS @ IM1 ® Ha

0.56

0.55

0.54

0.53

0.3095 0.3100 0.3105

Fig. 4.5 Marginal lo contour plots for the low- and high-z combined totals (solid
black).

Without information in non-overlap volumes

At higher redshift we find that there is still substantial information outside the overlap
volume of IM1 and Ha surveys. We repeat our forecasts in the traditional multi-tracer
analysis where one only considers the overlap volume. For the low-z combination the
degradation in precision is not strong, but for the high-z case the overlap volume alone
is not even competitive with the single tracer constraints. We reproduce Table 4.4
by only considering the overlap volume, see Table 4.5. In both cases, the overlap
area is the same, 10* deg?. The overlap redshift range is 0.1 < z < 0.58 for the low-z
combination and 0.9 < z < 1.8 for the high-z combination. At low redshifts, one could
in principle use only the overlap area and still obtain a good constraint on ~. At higher
redshifts, this is not the case, as most of the information to constrain v comes from

the large non-overlap volume.

4.6 Discussion and conclusions

In this chapter, we focused on constraints on the growth index + using the observed
power spectrum, i.e. the angular power spectrum CY, of spectroscopic cosmological
surveys. Instead of an exhaustive study of surveys, we tried to fill the redshift range

0 < z < 3 with the potentially best contemporaneous spectroscopic surveys. We first

http://etd.uwc.ac.za/



4.6 Discussion and conclusions 81

Table 4.5 As in Table 4.4, but considering only the overlap volumes of low- and high-z
combinations.

Survey O~ (%)
Low redshift BGS 5.5
SKAO IM2 3.8
IM2&BGS 1.9
High redshift Ha survey 4.6
SKAO IM1 12.9
IMI®Ha 4.2

investigated the effect of redshift bin width on the amount of information on ~ that can
be extracted. Unlike the case of the Fourier power spectrum F,, the choice of redshift
bin width has a significant impact in the angular power spectrum. We showed that
cross-correlations between bins compensates for the growth in noise, and we concluded
that in theory, the thinnest possible width will deliver the highest signal-to-noise. In
practice, computing all cross-bin correlations becomes increasingly difficult for the
very thin bins. We used a variant of a ‘hybrid” method to capture the dominant
cross-correlation contribution, where the full range of auto- and cross-bin correlations
are computed only within each subsurvey.

We used the growth index ~ rather than the growth rate f, since it is redshift-
independent and therefore better suited to surveys with very high numbers of redshift
bins. Although the 7 parametrisation is not valid for scale-dependent modifications
of gravity, it still provides a test of the standard cosmological model and a probe of
possible deviations from general relativity.

Key advantages of () include: it incorporates the redshift evolution of all cosmo-
logical, astrophysical and noise variables; it does not impose a flat-sky approximation
but naturally incorporates wide-angle correlations; Doppler and lensing corrections to
the two-point correlations are also naturally included. Furthermore, since the angular
power spectrum is directly observable, constructing the C of the data requires no
assumptions of a fiducial model and therefore no Alcock-Paczynski correction is needed.
These advantages over the Fourier power spectrum P, (which is not an observable)
come with a price. Unlike Py, C; does not allow a clean separation of the RSD effect.

In our Fisher forecasts, we marginalised over the standard cosmological parameters,
as well as the dark energy equation of state and the clustering bias in each redshift

bin for each survey. Our constraints are based only on the information from linear
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scales. Our main results for independent surveys are shown in Table 4.1 and in the
error contour plots of Figure 4.3. The best marginal constraints (including priors) on
~v are ~ 3 — 5% for the near-future surveys, with SKAO intensity mapping providing
the best near-future constraints, while the SKAO precursor MeerKAT is predicted to
be competitive. The more futuristic SKAO2 HI galaxy survey would be necessary to
reach sub-percent errors from a single cosmological survey.

In addition, we included all possible information from these surveys, using multi-
tracer cross-correlations on overlap volumes and single-tracer correlations on non-overlap
volumes. To do this we assumed that different patches of the sky are independent and
we only included modes that are contained within each patch.

Our main MT results are shown in Table 4.4 and in the contour plots of Figure 4.4
and Figure 4.5. The best marginal constraints on « are ~1.6 and ~2.3% for combina-
tions of low- and high-z surveys respectively. Therefore, we find ~45% improvement
on the best independent survey. If we take the further step of combining the low-
and high-z combinations, we find a precision of 1.3%, which is ~55% better than the
best single-tracer. The combination of the low- and high-z surveys renders a similar
precision to that of the futuristic SKAO2 galaxy survey.

In conclusion, combining the information from appropriate near-future spectroscopic
surveys — via the multi-tracer technique in the overlap volumes and the single-tracer in
non-overlap volumes — will significantly improve constraints of the growth rate of the
large-scale structure, without using more observational resources. In addition, joining
the information from low and high redshifts can break the degeneracy between .,

and 7.
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Chapter 5

Future prospects for fy;, and

relativistic effects

Measuring the effects of primordial non-Gaussianity in the large-scale structure is an
important scientific driver of future surveys as their volume increases. Primordial
non-Gaussianity of the different types (local, equilateral, folded) are only observable
on ultra-large scales, and provides an exquisite window into the physics of the very
early universe (see e.g. [22] for a review). We study combinations of future large-scale
structure surveys in optical/NIR and radio bands, in order to forecast how well we will
be able to constrain fyr, (1.36). We also estimate the amount of information we will
be able to extract on light-cone effects (i.e. relativistic effects) from future surveys,
which can serve as a novel test for gravitational models. In addition, the relativistic
effects can mimic a signal similar to fyr, and potentially bias its measurement. We
also consider the influence that neglecting the light-cone effects has on parameter
measurements.

The chapter is based on [4, 5], of which I am first author. It is organised as follows:
in section 5.2 we focus on local primordial non-Gaussianity, Doppler effects and lensing
magnification effects in a multi-tracer analysis of the observed angular power spectra.

We present our results in section 5.4 and conclude in section 5.5.

5.1 Preamble

Non-gaussianities give rise to non-zero odd-point clustering functions, and local-type
primordial non-Gaussianity also affects the two-point statistics of tracers of the dark
matter [165, 166]. It induces a scale-dependent correction to the bias, oc fxp,H?/k?

http://etd.uwc.ac.za/



84 Future prospects for fy, and relativistic effects

in Fourier space, thereby affecting the power spectrum on very large scales (see
subsection 1.4.2). The state-of-the-art constraint on the local-type primordial non-
Gaussianity parameter fyy, is provided by Planck [10]: fnp, = —0.9 £ 5.1 (at 68% CL).
Several constraints have also been provided by quasar surveys [18, 167], the most recent
being fxr, = —12 £ 21 [19].

Future galaxy surveys will improve on current constraints because they will access a
greater number of long modes than available in current surveys [43, 47, 123, 168-172].
Measuring the scale-dependent bias (1.38) using the power spectrum on very large
scales requires extremely large cosmological volumes to reduce error bars; in most cases
this is not enough due to the growth of cosmic variance with scale. In fact, forecasts
that are based only on the power spectrum for realistic future cosmological surveys,
using the scale-dependent bias of a single tracer on its own, cannot provide a precision
of o(fxr) < 1. This is an important threshold to distinguish between single-field and
many multi-field inflationary scenarios (see e.g. [49]). In order to beat cosmic variance
and approach or break through the o(fxr,) ~ 1 target, one needs to take advantage of
the multi-tracer technique [26, 27, 114, 173, 174], as shown in [89-98]. In section 2.2
we give an overview of the technicalities regarding the multi-tracer technique.

It is important to note that the observed power spectrum includes light-cone effects
[40, 43, 101, 175] (see section 1.5), which can produce a signal similar to that of
/~L, potentially leading to a bias in the measurement of fxp, [41-43, 85-88]'. Other
theoretical and systematic effects may also be degenerate with fyi, in spectroscopic
surveys (see e.g. [119, 178, 179]). We include large-scale lensing magnification and
all other light-cone effects, and we show that neglecting these relativistic effects in
a multi-tracer analysis can bias estimates of fy;, and of the standard cosmological
parameters (see also [88]). However, lensing and other relativistic effects are not simply
a theoretical ‘nuisance’ that needs to be included in the modelling — they can also be
important cosmological probes of gravity (see e.g. [60, 66, 69, 71-78, 180-182]).

One of our goals is to determine how well we could detect the Doppler term, both
in single and multiple tracer cases, which requires accurate redshifts. We therefore use
‘spectroscopic’ to mean cosmological surveys with high redshift accuracy, irrespective of
how such redshifts are effectively measured. While photometric surveys provide lower
shot-noise, which is an important advantage in the multi-tracer technique, they also
lose velocity information via averaging over thick redshift bins. We consider surveys
with specifications similar to the following planned surveys: the DESI-like Bright
Galaxy Sample [183]; the Euclid-like Ha survey [125]; the 21lem intensity mapping

!This is also the case for the bispectrum [48, 148, 176, 177].
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surveys in Bands 1 and 2 with the MID telescope of the SKAO [95]. The details of
modelling these surveys are found in chapter 3, the fits used in the forecasts are given
in subsection 3.7.1, and the survey specifications can be found in Table 3.3. In the
multi-tracer we only consider the overlapping sky area of the surveys, which in this
case is Qg = 104 deg? for both low- and high-z combinations. As before, we fix the
scanning ratio of the SKAO IM surveys to compensate for the reduction in sky area.
In this analysis we include all cross-bin correlations by performing the full tomographic
analysis.

The multi-wavelength choice of the four surveys is motivated by: a good coverage of
redshifts in the range 0 < z < 2; high redshift resolution in order to detect the Doppler
effect; a negligible cross-shot noise between optical and 21cm intensity samples; and
the very different systematics affecting optical and radio surveys, which are suppressed
in cross-correlations.

We show that combining these surveys can provide a detection of the Doppler term
with a signal-to-noise of ~8. In the case of the lensing magnification contribution, the
Ha survey on its own can deliver a 4% error, while the full combination improves this
to 2%. For fyi, the forecast multi-tracer constraint significantly improves on Planck,
at o(fxn) ~ 1.5, but falls short of the o(fxr) ~ 1 threshold. This is not unexpected,
since our choice of surveys is based on the combination of relativistic and primordial
non-Gaussian signals and is not optimised for fyi, alone. As an example, photometric
surveys or radio continuum surveys in a multi-tracer combination [91] are more likely
to achieve o(fxr) < 1, as they will have lower shot noise. Similarly, combining the
bispectrum and power spectrum of a single tracer [46, 184-186] can achieve o(fyr.) < 1,
especially when using spectroscopic surveys [157, 184, 187]. Adding information from
higher-order point statistics, such as the trispectra of spectroscopic surveys [188], will
help reduce error bars on fyr,.

We also find that the multi-tracer method approaches the maximum information

that can be extracted, since the marginal errors approach the conditional errors.

5.2 Primordial non-Gaussianity and relativistic

effects in the multi-tracer

The scale-dependent clustering bias in Fourier space, given by (1.38), grows on large
scales as fn, Hg/k?, producing a power spectrum monopole P,(k, z) that blows up on
ultra-large scales. This behaviour in Fourier space is misleading, since the directly

measurable signal of fyr, is very small. The point here is that the Fourier power
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Fig. 5.1 Percentage contribution of the scale-dependent bias to the Fourier power
spectrum monopole (left) and angular power spectrum (right) for an Ha survey at
z = 1.8 with Az = 0.03.

spectrum is not directly observable. One has to de-project measured angular positions
and redshifts into a Cartesian three-dimensional volume — which requires assuming a
fiducial cosmology. The Fourier power spectrum is a derived quantity, which is also
not gauge invariant. By contrast, the angular power spectrum (see subsection 2.1.2) is

observable, thus circumvents the requirement of an Alcock-Paczynski correction.

We illustrate this point in Figure 5.1, showing an example of the percentage
contribution of fy, to the Fourier (left) and angular power spectra (right). The
blow-up in the unobservable P, is not mirrored by the behaviour of Cy, in which the
fx1, contribution is only a few percent on the largest scales, where cosmic variance is
typically much larger. This is why we require a multi-tracer approach to detect the

signal of fyr..

The dominant relativistic effects are from the Doppler and lensing magnification
terms. The Doppler term depends on both the magnification and evolution biases via
(1.50), while the lensing term (1.51) depends only on the magnification bias. Using
the fits in subsection 3.7.1, we show in Figure 5.2 the amplitude of the Doppler and

lensing contributions to the observed number density and temperature contrasts.

It is apparent that the Doppler coefficient for intensity mapping is significantly
smaller than for the galaxy samples. The magnification bias of HI IM surveys is
sl = 2/5 therefore by (1.50) we see the 1/Hy term is cancelled, contributing to
the reduced Ap. Therefore we expect HI surveys to under-perform in extracting

information on the Doppler effect, compared to galaxy surveys. We also note that the
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Fig. 5.2 Coefficient of the Doppler (left) and lensing (right) contributions for the
surveys.

Doppler amplitude is strongest at low redshift, so that the BGS survey is best placed
to detect it.

The lensing coefficient vanishes for intensity mapping and is largest for the BGS
survey. This does not mean that the lensing contribution for BGS is greater than for
Ha, since the lensing amplitude is |Ap x| and x will be larger at higher z.

For our Fisher Matrix analysis, we separate the relativistic contributions in (1.46) by

introducing fudge factors e = 1 in order to gauge the detectability of each contribution:

AR = 5 ARSD e APPP £ g AT | gp AP (5.1)

We determine which correlations add the most information to the analysis, both in

single- and multi-tracer cases. We compute the signal-to-noise of a parameter 1,

constrained by two surveys, from each correlation C#*P (2, 2F), as
1/2
8 C ( A B) 2
SAB(, 24 2P) = Rk : 5.2
( Zl Z]) Z AO ( ZA’ JB) ( )
where A, B = 1,2 and
FAA( A A)FBB( B B) {FAB< A B)}2 1/2
2, %5 Zi, 20 )+ Z5, 2
ACHP (' o) = § NG
(20 + 1) fory
with
DAB = A% 4 NAB, (5.4)
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Fig. 5.3 Signal-to-noise S4Z(0, 2%, 2P) for the Doppler contribution (§ = ep) (left) and

%i &7

the lensing magnification contribution (6 = e1,) (right). Top panels: 1®2 = IM2®BGS
for 0.35 < z < 0.56. Bottom panels: 1 ®2 = IM1 ® Ha for 0.90 < z < 1.11. The colour
bar shows the signal-to-noise ratio.

where the noise is given by (3.72) for galaxy surveys and (3.75) for IM.

As we confirm below, the potential terms are very poorly constrained, and we set
ep = 0 in this discussion. In Figure 5.3 we show examples of S4Z for ¥ = e (left) and
¥ = e, (right) using both low-redshift (top) and high-redshift (bottom) survey pairs.
The axes indicate which z-bins are correlated, where 2} is the i-bin of SKAO IM2 (top
panels) and IM1 (bottom panels), while z? corresponds to BGS (top panels) and Ha
(bottom panels). For the multi-tracer combination 1 ® 2 = IM2 ® BGS (top panels) we
use the redshift range 0.35 < z < 0.56, while for 1 ® 2 = IM1 ® Ha (bottom panels)
we use 0.9 < z < 1.11. In both cases a bin-width Az = 0.03 is used. The colour bar
SAB A B)'

of the parameter for each pair (27, z

shows the signal-to-noise %
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The plots show that the bulk of the information on ep comes from the cross-spectra,
which contribute 3-5 times more than the individual surveys. This contribution is
mainly from the cross-tracer spectra, although at low redshift it is also marginally
from cross-correlations between consecutive redshift bins of the same tracer. The latter
feature is the basis of the estimator constructed in [189], which is the angular power
spectrum counterpart of the Doppler dipole in the two-point correlation function [180].
Although there is some residual information in the low-redshift BGS-BGS correlations,
the bulk clearly comes from the off-diagonal, i.e. the cross-tracer correlations. BGS
contains the most information on the Doppler term, given the 1/y term in (1.50) (see
Figure 5.2).

In the case of lensing magnification, the analysis is slightly different. Firstly, IM
has no lensing magnification contribution (A;, = 0). However, IM can act as a lens of
background galaxies in BGS and Ha. In both cases, we see that the furthest off-diagonal
cross-bin correlations are providing the most information on ;. As expected, this
comes from the lower redshift field lensing the higher redshift field. For this reason,
when the higher redshift field is traced by IM, no information is obtained — as seen in
the right column of Figure 5.3. We also see that most information on £, is obtained by
galaxy surveys on their own, especially at high redshift. In fact, for the Ha survey,
cross-correlations with an IM survey seem to be irrelevant for lensing. Most information

lives in the furthest off-diagonal cross-bin correlations of Ha-Ha..

5.3 Fisher forecast

Having gained qualitative insights into the multi-tracer precision on fyi, and relativistic
effects, we turn now to the quantitative estimate of constraints via Fisher forecasting.
Later, we also consider constraints on the standard cosmological parameters. The
multi-tracer Fisher matrix for the angular power spectra is defined in section 2.3, while
the noise is the diagonal matrix (3.85) where we use (3.72) for galaxy surveys and
(3.75) for intensity mapping.

In our forecasts we consider the set of parameters
Vo = {fNL, €D, €L, €P; ledm, b, W, N, Ho, As; bA(Z;A)}~ (5.5)

As before, we assume the fiducial cosmology: A, = 2.142 x 1072, n, = 0.967, Qeqm =
0.26, Q, = 0.05, w = —1, Hy = 67.74 km/s/Mpc. Note that the ; do not have

physical meaning; instead they are used to model the detectability of the relativistic
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contributions. We also consider the uncertainty in the Gaussian clustering biases by
marginalising over the bias in each redshift bin, b4(27'). In the single-tracer case, the
forecasts are degraded by this marginalisation, but the multi-tracer analysis is only
weakly affected by marginalisation over the clustering bias, consistent with [92]. We
do not marginalise over the magnification and evolution biases. Instead, we consider

e, and ep as rough proxies of the uncertainties in these astrophysical parameters.

We are also interested in the effect that neglecting the light-cone contributions
has on parameter estimation, and follow the method set out in subsection 2.3.2. By

considering the Doppler, lensing and potential effects, the fixed subset in (5.5) is:

p1 = {€D7 €L, 613}- (5.6)

Neglecting the relativistic effects means setting £&; = 0, which implies a shift from the
true values of

58]3 = 55L - 58p =—1. (57)

We then determine the bias on the best-fit values of the remaining parameters:

Py = {fNL; o, w, ng, Ho, As}. (5.8)

This bias is best expressed as normalised by the errors o(1;). We define the normalised

biases from neglecting individual relativistic effect as

~0iler)
51 g )
Vi )

where 01;(p;) denotes the case of (2.26) when I is fixed at one value and only j is

(5.9)

summed over. It follows that the normalised bias from all relativistic effects combined

§relyy; = U(Zi:) where dv; = ;5?/%(901) . (5.10)

is

In general, if |§7¢;| < 1, then any induced bias is smaller than the error bars and
can be safely neglected. On the other hand, if |§71);| > 1 the effect I should not be
neglected in the model. Note however that the approximation made in deriving (2.26)
breaks down when |67¢;] > 1. For biases above 1o, the value of §71); is not reliable — it
does not quantify the bias, but qualitatively it confirms that the bias is larger than the

error bars. This is sufficient for our purposes.
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Table 5.1 Marginal uncertainties on fyr, and relativistic effects €;, computed by
marginalising over the standard cosmological parameters and b4(z;) only. Results are
for individual surveys and their combination using the multi-tracer technique (®).
When combining low- and high-redshift information, we also consider adding their
Fisher information matrices (®). HI intensity mapping surveys are unaffected by
lensing and cannot constrain e,. Results exclude priors.

Redshift  Survey o(fx) ol(ep) olen) olep)
0.1 -—0.58 BGS 26.38 757 039 333
IM2 35.74  18.07 — 228.3

IM2&BGS 2.12 0.14 0.13 6.86

09—-18 Ha 9.34 9.08 0.04 10.0
0.35 —3.06 IM1 4.72 6.29 — 10.89
0.60 — 3.05 IMI1®Hao 3.06 037 003 4.71
0.1-3.05 (IM2®BGS)®(IM1®Ha) 1.70 0.13  0.03 3.79
IM2@BGS®IM1®Ho 1.55 0.13  0.02 347

5.4 Results

5.4.1 Precision on fy;, and light-cone effects

The forecast precision on fyi, and relativistic effects from future surveys is computed
for individual surveys, as well as for the multi-tracer case that includes all correlations
between different surveys. In Table 5.1 we show the marginal error on fyi, and &y,
marginalised over the uncertainty of the standard cosmological parameters and the
biases ba(z;). This approach is in some sense closer to reality, since including the
light-cone corrections in the transfer function is the correct model to use. The caveat
is that this assumes the magnification and evolution biases are known. Later we will
partly incorporate this uncertainty in the biases by including marginalisation over the
er, which can be seen as a ‘marginalisation’ over the amplitude uncertainties of the
relativistic terms.

The highest precision on fyr, from an individual survey is o(fx1,) = 4.72 from
SKAO IM1. This is not surprising since IM1 boasts the largest observed volume among
the surveys. The bigger the volume, the larger the scales we observe and the more
frequently we can sample correlations at scales that carry an fy, signal (see Figure 5.1).
The IM1 precision on fyi, can be improved by a factor of 3 by combining all low- and
high-z surveys (IM2@BGS®IM1®Ha), resulting in o(fy,) = 1.55. This is significantly

better than current constraints.
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It is interesting to note that individually the high-z surveys constrain fyr, remarkably
better than the low-z, since the volumes observed are considerably larger. Individually
the low-z surveys cannot access as many correlations on large scales, and therefore being
dominated by cosmic variance, cannot constrain fyr, well. However, the multi-tracer
eliminates cosmic variance, which enables the low-z combination to gain access to the
fx1 signal on ultra-large scales. This is a clear example of how the multi-tracer works.
By cancelling cosmic variance, dark matter tracer combinations in smaller overlapping
volumes can perform as well as, or better than, single tracers covering large volumes.
In fact, the low-z combination IM2®BGS does better than its IM1®Ha counterpart,

because of the reduced noise at lower redshift, as shown in Figure 3.13.

The best single-survey constraint on the Doppler contribution is again from the
SKAO IM1 survey, with o(ep) = 6.29. This survey has the largest volume, which
compensates for the small amplitude of its Doppler term (1.50). The BGS survey has
the highest amplitude: its Doppler coefficient is largest (see Figure 5.2) and the radial
peculiar velocity m - v is largest at low z. Nevertheless, the volume beats the amplitude
for a term that has signal on ultra-large scales. As soon as we multi-trace the surveys,
again the domination of survey volume fades away due to the cancellation of cosmic
variance. Similar to fyr, the low-z combination outperforms the high-z combination
by a factor of nearly 3 — since moving to lower z both increases AP°PP (1.49) and
reduces survey noise. This effect can also be seen in Figure 5.3. The full combination
of four surveys offers a precision of o(ep) = 0.13, only slightly better than the low-z
combination. The multi-tracer improvement in precision over the best single tracer
is a factor of nearly 50. This precision on the Doppler amplitude corresponds to a
signal-to-noise of ~8, sufficient for a detection of the Doppler term. It also suggests that
we can make some constraint on the evolution bias, assuming that the magnification

bias is constrained by the lensing term (see below).

HI intensity mapping is unaffected by lensing magnification and so cannot constrain
the lensing term. The best single-survey constraint comes from the high-redshift Ha
survey, as expected, delivering o(er,) = 0.04. This precision is about double that found
in [79]. The reason is that we use updated survey specifications with a reduced redshift
range. Even though IM does not constrain lensing by itself, its correlation with a
galaxy survey does improve the error — since galaxies at z; behind HI at z; < z; are
lensed by the IM, as confirmed by Figure 5.3. As a result, IM2®BGS improves the
BGS-only lensing constraint by a factor of ~ 3, while IM1®Ha improves on Ha-only
by ~25%. The correlation of all four surveys improves on the Ha-only constraint by

a factor of 2, with o(e,) = 0.02. This is a high enough precision to place reasonable
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Table 5.2 Fully marginal uncertainties on fyr, and relativistic effects ;. The same as
Table 5.1, except that o(fx1,) and each o(e;) are computed by marginalising over all
other parameters, not just the standard cosmological parameters.

Redshift  Survey o(fnr) olep) olen) olep)
0.1 —0.58 BGS 45.15 870  0.40  60.07
IM2 44.64  26.18 — 303.32
IM2@BGS 2.71 0.14  0.13 8.87
0.9—-18 Ha 30.73 269 0.05 15.51
0.35 —3.06 IM1 6.77 9.52 — 21.24
0.6 —3.00 IMI®H« 4.37 0.37  0.03 6.78
0.1-305 (IM2®BGS)GIMI®Ha) 171 0.13 003 3.84
IM2@BGS®IM1@Ha 1.55 0.13  0.03 3.51

constraints on the magnification bias s. According to [87], we need to know s(z) within

5 — 10% accuracy to avoid systematic parameter biases.

Finally, we computed the combined uncertainty o(ep) on the relativistic potential
effects (1.52). Even the full multi-tracer combination is unable to achieve o(ep) < 1.
In other words, the potential contribution to the power spectrum is not detectable
(signal-to-noise < 1).

Table 5.2 presents a variation of Table 5.1 in which we include marginalisation over
fnr, and the relativistic parameters ;. As mentioned earlier, this incorporates the
uncertainties on the astrophysical parameters s and b,, in addition to the cosmological
parameters. Comparing Table 5.1 with Table 5.2, we see that for individual surveys the
constraints can be substantially degraded, especially for higher redshift surveys. One
exception is lensing which is only slightly affected in single tracer. When we combine

all four surveys, the constraints become insensitive to the additional marginalisation.

Figure 5.4 displays the contour plots for the relativistic parameters fni, and ;. The
covariances include marginalisation over all parameters in (5.5), as in Table 5.2. The
contours show the total correlated information (black), with its low-z (blue) and high-z
(red) components. In green we show constraints from the simple addition of the low-z
and high-z Fisher information. This is computationally far less expensive, although
some information is lost on fy;, and lensing magnification. In fact, for relativistic

effects, it suffices to consider cross-tracer correlations only in the overlapping footprints.

We also find that combining low-z and high-z samples breaks degeneracies between
ep and er,, as well as between ep and ep. As an example, the degeneracy between fyr,

and ¢y, (or ep) at low-z is orthogonal to the degeneracy at high-z. This explains the
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Fig. 5.4 Contour plots of fy;, and relativistic parameters. The correlation of all
surveys is shown in black, with dotted lines giving the fiducial values. The low-z
combination is shown in blue, high-z in red, and the sum of their Fisher information in
green. Constraints exclude priors.

great improvement seen in Table 5.2 from multi-tracer pairs at low and high redshift,
to the full multi-tracer combination.

In Table 5.3 we give the conditional uncertainties on fyi, and the relativistic param-
eters to illustrate the robustness of the multi-tracer to uncertainty in the cosmological
model. Comparing Table 5.2 and Table 5.3, it is apparent that the error for single

surveys is catastrophically increased by marginalising over the cosmological model,
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Table 5.3 Similar to Table 5.1, except that here we display the conditional uncertainties
on fxr, and relativistic effects ;.

Redshift  Survey o(fnL) olep) o(en) olep)
0.1—-0.6 BGS 10.56  7.41  0.39  29.79
M2 14.17 1717 — 173.93
IM22BGS 2.0 0.14  0.12 6.8
09-18 Ha 4.49 8.3 0.04 7.59
0.35—3.05 IM1 4.42 5.52 — 9.25
0.6 —3.05 IMI®Ha 2.72 0.37  0.03 4.43
0.1-305 (IM2®BGS)&(IMi®Ha) 1.60 013  0.03 371
IM2®BGS®IM1®Ha 1.47 0.13  0.02 3.40

especially at low z. The least affected is IM1, due to the high amount of cross-bin
correlations included in the analysis. By contrast, the multi-tracer constraints are only
slightly improved by not marginalising over cosmological parameters and clustering

bias nuisance parameters.

Systematics

In reality, we cannot perfectly extract all the observable scales from the data — there
will be a loss of ultra-large-scale modes due to systematics, e.g., extinction due to
Galactic dust or stellar contamination in galaxy surveys, or foreground contamination
of intensity mapping. The cosmological signal from 21cm emission is several orders of
magnitude lower than the galactic and extra-galactic foreground contamination. In
order to extract the cosmological information, it is therefore necessary to first remove
or model the systematics in galaxy and intensity mapping surveys. Recent treatments
of ultra-large scale systematics are given in [190] (galaxy survey data) and [191] (21cm
intensity mapping simulations). In both cases, information is lost on the largest scales,
but the loss is more severe in intensity mapping.

In [19, 190] it was found that one of the biggest complications regarding the
improvement of precision on fyr, are as a result of large-scale systematics. In order
to take account of the loss of some ultra-large scale signal due to systematics, we
need to impose a minimum angular multipole ¢,,;,. For a multi-tracer analysis, the
same { i, is used for each survey. In the case of very large sky area, £,,;, ~ 5 may be
feasible for intensity mapping [115], thus we take this as our ‘optimistic’ minimum.
Then we investigate how the constraints on ultra-large-scale parameters are affected

by increasing £pin.
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Fig. 5.5 Uncertainty on fxi, (top), ep (middle), and ey, (bottom) as a function of the
minimum angular multipole f,;,, in the single-tracer (left panels) and multi-tracer
(right panels) cases.

The results for the non-Gaussianity and Doppler parameters are shown in Figure 5.5.

It is clear that reducing the maximum scale (lowest ¢) does significantly affect the
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uncertainty in single surveys (left panels), for both fxi, (top) and ep (middle), as
expected. By contrast, since cosmic variance is cancelled in the multi-tracer (right
panels), the ultra-large scales have a smaller influence on the constraints, as previously
highlighted. The constraints are much more robust to the loss of the largest scales.
We conclude that our constraints should not be much affected by ultra-large scale
systematics when using the multi-tracer technique.

It is worth noting that the constraints from the IM1 survey are less susceptible to
increasing /i, because it includes extremely large-scale correlations along the line of
sight, up to (z;, z;) = (0.35,3.05). In addition, we find that the uncertainty on ep from
the BGS survey closely follows IM1, because of the effect mentioned earlier: despite
the reduction in observed volume at low z, the Doppler amplitude Ap is much bigger
for BGS, and the magnitude of n - v is notably larger. The improved noise properties
at low z also contributes to the fact that IM2®BGS constrains ep much better than
IM1®Ha.

In the case of lensing magnification, the signal does not depend significantly on
ultra-large scales and we expect little effect from increasing /,,;,. This expectation is

confirmed by Figure 5.5 (bottom panels).

5.4.2 Constraints on standard cosmological parameters

Before estimating the biases on best-fit values, we first determine at which precision
the standard cosmological parameters can be constrained. The marginal errors on the
cosmological parameters as a fraction of the fiducial values are presented in Table 5.4,
expressed in percentages. Generally the high-redshift surveys give better constraints —
since they observe a larger volume and hence sample more correlations between points.
However, in the multi-tracer combination, the low-z surveys provide better constraints
than the high-z surveys. The reason is that cosmic variance is effectively cancelled
in the MT analysis, thereby negating the advantage of the bigger volume at high z.
Furthermore, the low z surveys have the advantage of lower noise. The exception
is the dark energy equation of state w, which benefits from measurements before
and after dark energy domination, that are available only in SKAO IM1. The best
constraints are achieved when all surveys are combined. In particular, the error on 2,9
is sub-percent, while all others are a few percent. The full multi-tracer combination
produces a significant improvement in precision.

Figure 5.6 displays the contour plots for the standard cosmological parameters,
together with fyr,. Fiducial values are indicated by the dotted lines, and black contours

indicate the multi-tracer correlation of all the surveys. The low- and high-z multi-tracer
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Table 5.4 Marginal errors (in percentage) on standard cosmological parameters, for
individual surveys and in multi-tracer (®) combination, including all relativistic effects.
@ denotes the sum of independent multi-tracer pairs (excluding the IM2 band overlap
in band IM1). Results exclude priors.

Redshift  Survey Qo Ns H, w A
0.10 — 0.58 BGS 234 595 1243 5.25 1941
IM2 3.57 8.89 18.57 4.85 28.03
IM2®BGS 1.14 204 3.78 3.30 5.96
0.90 — 1.80 Ha 1.18 3.57 6.79 3.19 10.37
0.35 —3.05 IM1 2.27 564 11.23 2.53 16.57
0.60 — 3.05 IMI®Ha« 1.13 2.85 5.60 229 8.32
0.10 — 3.05 (IM2®BGS)®(IM1®H« ) 0.69 1.58 3.08 1.35 4.61
IM2@BGS®IM1@Ha 0.68 155 3.02 134 4.51

pairs are in blue and red respectively. The sum of their Fisher information is in green.
A strong degeneracy is apparent between ng, Hy, and Ag, which is reduced as more
data sets are added. By contrast, w and €2,y are differently degenerate with the other
parameters at low and high redshifts. Except for w, all cosmological parameters appear
to be uncorrelated with fxi,, which is not unexpected.

Another feature of Figure 5.6 and Table 5.4 is that the constraints and contours do
not improve significantly when the sum of multi-tracer pairs is replaced by the full multi-
tracer. This indicates that taking them as uncorrelated is a good approximation, since
little information is added from low-z ® high-z cross-correlations. The approximation

considerably decreases the computation time needed.

5.4.3 Bias from neglecting relativistic effects

We now consider the bias on the best-fit value from neglecting all relativistic effects,
beginning with the standard cosmological parameters. Table 5.5 shows the biases on
the best-fit of ;, normalised to o(1);), that follows from neglecting all relativistic effects
in the modeling — i.e., §"4);, defined in (5.10). At low z, neglecting the relativistic
effects is justified, even for the multi-tracer pair IM2®BGS. The same is true for the
high-z IM1 on its own. By contrast, neglecting the relativistic effects in the Ha survey
on its own leads to a significant bias for all parameters. This bias is then passed on to
any multi-tracer that includes the Ha survey.

Figure 5.7 shows the contours corresponding to Table 5.5. The low-z multi-tracer

pair and the high-z multi-tracer pair disagree on the best-fit value for all parameters
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Fig. 5.6 Contour plots of the standard cosmological parameters and fyr: full multi-
tracer combination of all 4 surveys (black); low-z multi-tracer pair (blue); high-z
multi-tracer pair (red); sum of low-z and high-z Fisher information (green). Fiducial
values are indicated by dotted lines. Constraints exclude priors.

when relativistic effects are neglected. In other words, there is a tension between low-z
and high-z results, which is not eased by combining them. This clearly exemplifies the
problem of theoretical systematics.

In Table 5.6, we present the marginal error on fyx;, and the bias on its best-fit
value, arising from neglecting the Doppler, lensing and potential effects, (5.9), and
their combination, (5.10). The first column reproduces the results already presented
in Table 5.1, and serves to normalise the biases on the true value f Nt = 0. The last

column is the equivalent of Table 5.5 for fyr,. The columns in between break down the
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Table 5.5 Bias on the best-fit value of each standard cosmological parameter (nor-
malised by the standard deviation) that follows from neglecting relativistic effects.

Redshift ~ Survey 000 0ng 0 H, w A
0.10 — 0.58 BGS 0.17 -0.17  0.18 -0.1  -0.18
M2 0.01 -0.01  0.01 0.0 -0.02

IM2BGS 0.25 -0.30 0.44 -0.67 -0.51

0.90 — 1.80 Ha« 5.46 -7.23 698 -7.81 -7.14
0.35 —3.05 IM1 0.01 -0.01 0.01 -0.02 -0.01
0.60 — 3.05 IM1®Ha« 6.12 -8.71 8.04 -9.14 -8.14
0.10—3.05 (IM22BGS)&(IMi®Ha) 342 466 428 481 -4.17
IM22BGS®IM1@Ha 6.07 -7.53  T7.25 -7.34 -7.05

Table 5.6 Marginal error and normalised best-fit biases ¢! fxr, on fxt,, from neglecting
the Doppler, lensing and potential effects, and their combination, 6™ fxr..

Redshift Survey O'(fNL) 5DfNL 5LfNL 5PfNL 5relfNL
0.10 — 0.58 BGS 26.38 -0.05 0.17  0.02 0.14
IM2 35.74  -0.03 — 0.0 -0.03
IM2&BGS 2.12 0.04 0.49 0.09 0.62
0.90 —1.80 Ha 9.34 0.10 6.03  -0.08 6.06
0.35 —3.06 IM1 4.72 0.04 — -0.06  -0.02
0.60 —3.06 IMlI®Hao 3.06 0.08 3.11  -0.15 3.04
0.10 —3.05 (IM2®BGS)&(IM1®Ha)  1.70 0.06 1.84 -0.01 1.89
IM2@BGS®@IM1®Ho 1.55 0.10 2.60  -0.01 2.69

bias into the three components of the relativistic effects. Note that intensity mapping
is unaffected by lensing magnification.

As in the case of the standard cosmological parameters, neglecting the relativistic
effects at low redshift does not significantly bias the best-fit value of fyr. Similarly,
the high redshift IM1 survey does not show significant bias in fyr,, and it is again only
the Ha survey that suffers a significant bias on the best-fit. This > 1o bias propagates
into all multi-tracer combinations with Ha. It is apparent that the > 1o bias is mainly
due to the neglect of lensing magnification, and it follows that lensing must be included
in the analysis.

The Doppler and potential effects can lead to a bias up to 13% of the error bars, in
the case of IM2®BGS. This is a significant fraction of the total 62% bias, with lensing

contributing 49%. If we are only interested in biases above 1o, we can neglect the
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Fig. 5.7 Same as Figure 5.6, but now neglecting relativistic effects, i.e. lensing, Doppler
and potential effects. The best-fit values from the full multi-tracer combination (black)
are given above the distributions, showing the consequent bias on the true values
(marked by dotted lines).

Doppler and potential contribution. However, there may be other survey combinations
for which the Doppler and potential effects, when added to the lensing effect, push the
bias above 1o (or pull it below 10).

Figure 5.7 presents the contours in the case where all relativistic effects are neglected.
This incorrect model will introduce theoretical systematics in the form of a bias on
the best-fit values of the parameters. For the low-z multi-tracer pair, the bias is small

enough that the fiducials are still contained within the 1o contours. On the other hand,
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Fig. 5.8 As in Figure 5.7, but now neglecting the Doppler and potential effects, while
including the lensing effect.

the high-z multi-tracer pair shows strong biases in all best-fit values, in tension with
the low-z pair. In particular, the wrong theoretical model in the high 2 case leads us
to detect a spurious fyr, ~ 10 at 30, whereas the true value implies Gaussian initial
conditions. It is also apparent that when combining the low- and high-z data sets, the

spurious fyy, detection remains (~ 4 at ~ 20).

Table 5.5, Table 5.6 and Figure 5.7 show that the biases in the best-fit parameters
come overwhelmingly from the Euclid-like Ha survey. It is clear that relativistic effects
must be included in the modeling for theoretical accuracy. Table 5.6 confirms that we

can safely omit the Doppler and potential effects for the surveys considered.
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To confirm this, we compute the bias on the best-fit value from neglecting the
Doppler and potential but keeping the lensing effect. Figure 5.8 shows that including
lensing in the modelling is sufficient to de-bias all parameters. Although some residual
bias remains, it is within the 1o contours. Therefore we conclude that for these surveys,
and their combinations, it is safe to neglect Doppler and potential effects, if the goal is
to measure fy;, and the standard cosmological parameters.

We emphasise that the Doppler contribution itself is detectable, with signal-to-noise
of ~ 8, and for the purpose of detection, it should be included in the modeling. We do
not expect any significant bias on the standard cosmological parameters from neglecting
the Doppler term, since this term is only non-negligible on ultra-large scales, which
contribute little to the standard constraints. This is confirmed in Table 5.7 to Table 5.11
below. The fni, constraints do rely critically on ultra-large scales, and neglecting the
Doppler effect biases the fyr, best-fit by 10% for the full multi-tracer combination of
the surveys considered here (Table 5.6). There may be other combinations of surveys
for which the neglect of the Doppler term produces a more significant bias on the fyr,
best-fit.

5.4.4 Gaussian universe

Let us also consider the impact of relativistic effects in a Gaussian universe, i.e. where
fxu = 0. Is it necessary to include the light-cone effects to avoid any bias in the
measurements of the standard cosmological parameters? As before, we use (2.26) to
compute the relative bias on the best-fit value from neglecting the Doppler effect 57,
lensing &%, and potential terms 6%, as well as the combination of them ¢'. However,

here we also include primordial non-Gaussianity in the subset
o1 = {fNL,€D, €L, 5P}; (5.11)

and fix it to the fiducial value, such that ¢ fy;, = fNL - fNL = 0. We summarise the
results for single- and multi-tracer cases in Table 5.7 to Table 5.11 for the parameters
Qmo, Ns, Hy, w and Ag.

As expected, neglecting the Doppler and potential effects does not bias any best-fit
values significantly. The largest bias is ~ 25% on w in the low-z multi-tracer IM2QBGS,
which is less than 1o. For the lensing effect, the same applies at low redshifts. Once
again, it is only a Euclid-like Ha survey and its combinations with the other surveys,
that leads to significant biases in all parameters when lensing is neglected. Although

the trend is the same as found previously, the relative biases are generally smaller.
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Table 5.7 Normalised best-fit bias in the matter density §7€),, from neglecting
Doppler, lensing and potential effects, and their combination §™'(.

Redshift  Survey P00 "o o 9o
0.10 — 0.58 BGS 0.01 0.17 0.0 0.18
IM2 0.02 — 0.0 0.02
IM2@BGS -0.15 0.4 0.01 0.26
0.90 —-1.80 Ha 0.01 5.59 0.0 5.6
0.35 —3.06 IM1 -0.01 — 0.01 0.01
0.60 — 3.00 IM1®Ha -0.09 6.24 0.01 6.15
0.10 —3.05 (IM2®BGS)&(IM1®Ha) -0.01 3.46 0.0 3.45
IM22BGS®IM1®Ho 0.0 6.13 0.0 6.13

Table 5.8 As in Table 5.7, for the spectral index n,.

Redshift  Survey Pns 6'ng 6Tng  In,
0.10 — 0.58 BGS 0.0 -0.18 0.0 -0.19
IM2 -0.01 — 0.0 -0.01

IM2®BGS 0.03 -0.32 -0.01 -0.30

0.90 —-1.80 Hao -0.02 -7.57 -0.01 -7.60
0.35 —3.05 IM1 -0.01 — 0.01 0.01
0.60 — 3.05 IMl®Ha 0.10 -8.96 -0.01 -8.87

0.10 — 3.05 (IM2®BGS)®(IM1gHa) 0.02 -476 0.0 -4.74
IM2@BGS®IM1@HA 0.02 -7.65 -0.01 -7.63

Table 5.9 As in Table 5.7, for the Hubble parameter Hj.

Redshift  Survey o°H, o0“H, O6YH, &°H,
0.10 — 0.58 BGS 0.0 019 0.0 0.20
IM2 0.02 - 0.0 0.02

IM2®BGS 0.05 0.39 0.01 0.44

0.90 —1.80 Ha 0.02 7.42 0.0 7.44
0.35 —3.05 IM1 0.0 — 0.01 0.01
0.60 — 3.05 IM1®Ha« -0.10 826 0.01 8.17
0.10 —3.05 (IM2®BGS)®(IM1®H«a) 0.0 435 0.01  4.36
IM22BGS®IM1®Ho 0.0 734 001 7.36

This may be caused by the reduction in the parameter space volume when fyr, is

fixed to zero. In any case, such marginal reduction should be interpreted qualitatively,
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Table 5.10 As in Table 5.7, for the dark energy equation of state w.

Redshift  Survey Pw  w  Pw  w

0.10 — 0.58 BGS 0.03 -0.14 -0.01 -0.12
IM2 0.0 — 0.0 0.0

IM2®BGS -0.25 -0.43 -0.01 -0.69

0.90 — 1.80 Ha -0.03 -859 -0.0 -8.63

0.35 —3.05 1M1 -0.03 — 0.01 -0.02

0.60 — 3.05 IM1®Hao 0.05 -9.63 0.0 -9.58

0.10 —3.05 (IM2®BGS)®(IM1®H«) 0.07 -4.97 -0.02 -4.93

IM20BGS®IMI®Ho 0.06 -7.52 -0.03 -7.48

Table 5.11 As in Table 5.7, for the primordial power spectrum amplitude As.

Redshift  Survey OPA, OFA, P A, A,
0.10 — 0.58 BGS 0.01 -0.21 -0.01 -0.21
IM2 -0.02 — 0.0 -0.02

IM2@BGS -0.18 -0.33 0.0 -0.52

0.90—-1.80 Ha«a -0.03 -7v.71 0.0 -7.74
0.35 —3.05 IM1 0.0 — -0.01 -0.01
0.60 — 3.05 IM1®Ha 0.10 -8.39 -0.01 -8.30
0.10 —3.05 (IM2@BGS)G(IMIHa) 0.0 423 -0.01 -4.24
IM22BGS®IM1®Ho -0.01 -7.13 -0.01 -7.15

given the approximation used to compute the bias. The take-home message is that
for high-z spectroscopic galaxy surveys, lensing magnification must be included for

unbiased measurements of the standard cosmological parameters.

5.5 Discussion and conclusion

In this chapter, we investigated how combinations of next-generation large-scale struc-
ture surveys in the optical and radio can constrain primordial non-Gaussianity and
relativistic effects. Primordial non-Gaussianity is a powerful probe of the very early
Universe and its signal in the power spectrum is preserved on ultra-large scales. The
relativistic effects include the contribution of lensing magnification to the number
density contrast, which provides a probe of gravity and matter that is independent

of the probes delivered by weak lensing shear surveys. Of the remaining relativistic
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effects, the Doppler effect is the most important, and provides another new probe of

gravity and matter.

We chose a pair of spectroscopic surveys at low redshift and another at high redshift,
which have the lowest noise in the respective parts of the electromagnetic spectrum,
and which cover large areas of the sky. At low z we chose a DESI-like Bright Galaxy
Sample [183] in the optical and an HI intensity mapping survey with Band 2 of the
SKAO MID telescope [95]. The high redshift pair is a Euclid-like Ha spectroscopic
survey [125] and HI IM with Band 1 of SKAO MID [95].

We identified which pairs of correlations are most sensitive to the lensing and Doppler
effects, using a signal-to-noise estimator S4% in (5.2) for angular power spectra (similar
to the estimator used in the two-point correlation function by [84]). The observable
angular power spectra CiB(z;, z;) are used in the analysis, since they naturally include
relativistic light-cone effects, wide-angle effects and correlations between all redshift
bins, and do not require an Alcock-Paczynski correction. The results are summarised
in Figure 5.3. This shows clearly that pairs (27, zﬁl) are optimal for the Doppler effect
and are central to the results in [180, 189]. The Doppler effect (1.50) is also more
prominent at low redshifts which is broadly explained by the 1/x in its amplitude, as
well as by the greater magnification bias and growth of the radial peculiar velocity at

low z.

On the other hand, the lensing contribution is stronger at higher redshift and

is most relevant in pair correlations (2, z7}

), where n is the total number of bins.
Although this is expected, since lensing is a line-of-sight integrated effect, Figure 5.3

shows it in a visually intuitive manner.

Figure 5.3 also revealed a counter-intuitive feature — that the cross-correlation
between a galaxy survey and an intensity mapping survey enhances the lensing signal,
even though the intensity mapping on its own has no lensing signal. The point is that

background galaxies are lensed by foreground intensity.

We then computed Fisher forecasts of the constraints on fyi, and the relativistic
effects, for all single-tracer cases, for multi-tracer pairs at low and high z, and for the full
multi-tracer combination of all four surveys. As expected, the full combination provides
the most stringent constraints on fyr,, improving on the state-of-the-art constraint
from Planck [10] by a factor of more than 3. The lensing contribution can be detected
at ~2% accuracy, while the Doppler contribution can be detected with a signal-to-noise
of ~8.

We presented our forecasts in two scenarios. First, we assumed that the light-cone

effects are perfectly modelled, i.e., the magnification and evolution biases are perfectly
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known. In the second case, we incorporated the model uncertainties in the amplitude
of the relativistic contribution to the angular power, by marginalising over ep, er, and
ep parameters. Predictably, the first scenario provides the best possible constraints.
However, the second scenario constraints approach those of the first when we consider
multi-tracer pairs — and even more when we combine all surveys. The multi-tracer

shows one of its strengths: robustness against marginalisation.

It is notable that for the lensing contribution most information comes from the Ha
survey alone. For the Doppler term, most of the constraints come from the low-redshift
multi-tracer. For Doppler and lensing, there is sufficient sensitivity to detect their
effects in the Cy. On the other hand, the relativistic potential terms are too small to

be detected, even when combining all surveys.

In the case of fyr,, the multi-tracer results with spectroscopic galaxy surveys delivers
o(fnn) ~ 1.5. This is not as good as some forecasts with photometric galaxy surveys
(see e.g. [91, 95, 97]). Photometric surveys utilise wider redshift bins which contain
more galaxies, and hence lower noise. The survey noise is the limiting factor in the
multi-tracer, since cosmic variance has been cancelled. Therefore, spectroscopic multi-
tracer (with relativley thin z-bins) is not optimised for fxr,, and this was not our focus
here. On the other hand, the spectroscopic combination delivers a ~10% detection of

the Doppler effect, which is not possible with photometric surveys.

We stress that it is important to join the low and high redshift surveys to break
degeneracies between fyi, and the relativistic effects, as seen in Figure 5.4. In addition,
the multi-tracer technique provides critical robustness against the loss of information

due to systematics on ultra-large scales, as shown in Figure 5.5.

Next we focused on the potential theoretical systematic bias on measurements of
fnr and standard cosmological parameters, which can arise if the relativistic effects

are neglected in the modeling.

First we estimate the expected precision on the standard cosmological parameters
via a Fisher forecast — using the correct theoretical model, which includes lensing
magnification, Doppler and potential effects, in addition to the standard redshift-space
distortion effect. Table 5.4 shows that the multi-tracer significantly improves on single-
tracer precision, due to the combination of information, inclusion of cross-spectra and
the elimination of cosmic variance. The contour plots in Figure 5.6 visually demonstrate
the improvement in precision from combining low- and high-z survey combinations, as
well as showing the breaking of degeneracies between several parameters. The same

qualitative features apply to the precision on fyi,.
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Then we investigated what happens when we use the incorrect theoretical model,
i.e. when we neglect one or more of the relativistic effects in the model. This leads
to a theoretical systematic that threatens accurate measurement — by biasing the
best-fit (or measured) values of the parameters, as given by (2.26), (5.9) and (5.10).
The important question is: exactly how large is this bias for fy;, and the cosmological
parameters? If the bias is < 1o, the relativistic effect can be neglected if necessary;
otherwise it must be included. Each parameter in the model that is not fixed will be
biased by disregarding a relativistic effect. The more free parameters there are, the

greater the parameter space volume and hence the larger the potential bias.

The results on best-fit bias are summarised in Table 5.5-Table 5.11 and Figure 5.7.
When we separate the relativistic effects, we see that only the neglect of lensing leads
to a bias above 1o on fy1, and cosmological parameters, while neglecting the Doppler
leads to at most a 25% bias. If we are pressed to save computation time, we can

therefore neglect the Doppler and potential effects, as confirmed in Figure 5.8.

It is clear that lensing effects cannot be neglected for the Ha-like survey, or for
any multi-tracer combination involving the Ha survey, — including the full multi-tracer
combination considered here. The special role of lensing in the Ha survey is due to:
(a) its high redshift reach which boosts the lensing effects, as shown in Figure 5.9;
(b) the fact that the 21cm intensity surveys are unaffected by lensing magnification,
although they can contribute to the lensing of galaxies in cross-correlations. The BGS
galaxy survey can also detect the lensing effect, but only at low significance, given its

low redshift reach.

We confirmed that the same qualitative statements apply in the case of the bias on
the cosmological parameters in a Gaussian universe, where fyp, is fixed at zero. The

results are summarised in Table 5.7 to Table 5.11.

One might ask how lensing drives the bias on fyr,, given that its signal does not
require ultra-large scales in order to be significant. The point is that the lensing
magnification contribution (5s — 2) k is a weighted average along the line of sight of
the matter density contrast — and therefore it can mimic a change in the Gaussian
clustering bias, which in turn can bias the amplitude of the fyi, contribution [85, 87].

Our results are broadly consistent with previous work on galaxy surveys, in particular
[79, 80, 85-88, 192], but we consider a different combination of surveys and we use the
full multi-tracer combination of four surveys.

In [84], the bias on cosmological parameters is negligible for spectroscopic surveys
but significant for photometric surveys. However, [84] uses the two-point correlation

function, without cross-bin correlations, for spectroscopic surveys. A similar result
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Fig. 5.9 Signal-to-noise S(z;,z;) of the lensing magnification contribution in the
Euclid-like Ha survey over its redshift range 0.9 < z < 1.8.

was found in [110] for spectroscopic surveys using the angular power spectrum in a
hybrid approach which, like [84], does not consider correlations from large redshift
differences. By contrast, we include all cross-bin correlations amongst many thin bins.
In Figure 5.9, we show the lensing magnification contribution from each individual
auto- and cross-bin correlation of a Euclid-like Ha survey. The signal-to-noise ratio
S is given by (5.2). It is clear that widely separated cross-bin correlations have the
highest signal-to-noise. This accounts for our different conclusion — and also explains
why we agree with the result of [84] on photometric surveys, for which they do include

cross-bin correlations via a tomographic analysis.

The key point is that, in order to avoid serious bias on the best-fit values of
fnL and cosmological parameters, the effect of lensing magnification on the galaxy
power spectrum must be included in upcoming surveys which cover high redshifts.

The inclusion of lensing in the theoretical modeling highlights the importance of
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Table 5.12 Survey volumes and uncertainties on fyr, and relativistic terms in (2.10),
marginalising over the standard cosmological parameters (excluding priors). o(ep) is
always > 1 and is not shown. Uncertainties when marginalising also over the Gaussian

clustering biases in each bin, ba(z;), are in brackets.

Redshift  Survey Quiy/deg” o(fnr) o(ep) o(en)
0.1 — 058 BGS (DESLlike) 15,000  26.36 (26.38)  7.57 (7.57) _ 0.32 (0.39)
IM2 (SKAO-like) 20,000  35.33 (35.74) 18.04 (18.07) -
IM2®BGS 10,000 2.10 (2.12)  0.14 (0.14)  0.12 (0.13)
00— 18 Ha (Buclid-like) 15000 9.32 (9.34)  9.08 (9.08) 0.04 (0.04)
0.35—3.05 IM1 (SKAO-like) 20,000  4.65 (4.72)  6.28 (6.29) -
0.60 — 3.05 IM1®Ha 10,000 3.05 (3.06)  0.37 (0.37)  0.03 (0.03)
0.1—3.05 (IM22BGS)®(IMi®Ha) 10,000  1.70 (1.70)  0.13 (0.13) _ 0.03 (0.0
IM2@BGS@IM1&Ha 10,000 155 (1.55)  0.13(0.13)  0.02 (0.0

good-precision estimates of the lensing magnification bias parameter (see also [3, 43, 78—
80, 84, 87, 88, 91, 92, 171]). The lensing magnification and associated parameter s are
given in section 3.3

The precision on the lensing and Doppler contributions would be washed away if s
and b, are poorly measured. We have partially allowed for uncertainties in s and b,
by marginalising over the lensing and Doppler parameters ¢, and ep. Based on the
analysis in [91], we can estimate that errors on s and b, need to be < 10% in order to
preserve detectability of the lensing and Doppler effects.

Finally, we note that our simplified analysis based on Fisher forecasts means that
our estimates of the impact of lightcone effects should be regarded as optimistic. We
have fully included uncertainties from cosmological parameters and from the modelling
of Gaussian clustering biases b(z;). These are important, but they have little impact
on the multi-tracer, as shown in Table 5.12. Observational systematics have not
been incorporated into our analysis. Systematics on ultra-large scales include stellar
contamination and dust extinction for galaxy surveys (see e.g. [190]), and foreground
contamination for intensity surveys (see e.g. [123, 193, 194]). We have made some
allowance for these systematics by excluding the largest scales via the cut ¢ > £;, = 5.
In Figure 5.5 we showed that the full multi-tracer constraints on fnr,, €1, and ep are

robust to an increase of £,;,, up to ~ 10 — 20.
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Chapter 6

Summary

In chapter 1 we gave a brief overview of the standard model of cosmology and perturba-
tion theory, as well as light-cone effects in general relativity. We recall how the matter
distribution is analysed in cosmological surveys in chapter 2, and how to combine
information using the multi-tracer technique. Specifically, we used the angular power
spectrum CY in our analysis, which is observed in redshift space. Key advantages of Cj
include: it incorporates the redshift evolution of all cosmological, astrophysical and
noise variables; it does not impose a flat-sky approximation but naturally incorporates
wide-angle correlations; critically, the Doppler and lensing corrections to the two-point
correlations are naturally included. Furthermore, since the angular power spectrum
of the data is directly observable, its construction makes no assumptions regarding a

fiducial model and circumvents the need of the Alcock-Paczynski correction.

In order to assess the precision on several cosmological and astrophysical parameters
from future spectroscopic galaxy surveys, we employed a Fisher Matrix analysis. The
details of the statistical technique is reviewed in chapter 2. In all our Fisher forecasts,
we marginalised over the standard cosmological parameters, as well as the dark energy
equation of state and the clustering bias in each redshift bin, for each survey. Our

constraints are based only on the information from linear scales.

The technicalities of theoretically modelling galaxy surveys and intensity mapping
surveys are explained in chapter 3. We focus on how to compute the magnification
bias and evolution bias for several different surveys, as well as their associated noise
properties. Instead of an exhaustive study of surveys, we tried to fill the redshift
range 0 < z < 3 with the potentially best contemporaneous spectroscopic surveys.
Specifically, we considered large-scale structure surveys in the optical and radio bands:
DESI-like BGS and Euclid-like Ha galaxy surveys, together with SKAO-like 21cm
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intensity mapping surveys in lower- and higher-frequency bands. Our choice was
motivated by: high redshift resolution (to detect RSD and the Doppler effect); a
negligible cross-shot noise between optical and 21cm intensity samples; and with very

different systematics affecting optical and 21cm radio surveys.

6.1 Constraints on growth rate

In chapter 4, we focused on constraints on the growth index -, which offers a powerful
consistency test for ACDM. We showed that cross-correlations between z-bins compen-
sates for the growth in noise, and we concluded that in theory the thinnest possible
width will deliver the highest signal-to-noise.

The main results for independent surveys are shown in Table 4.1 and in 1o contour
plots of Figure 4.3. The best marginal constraints (including priors) on vy are ~ 3 — 5%
for the near-future surveys, with SKAO intensity mapping providing the best near-
future constraints.

In addition, we included all possible information from these surveys, using multi-
tracer cross-correlations on overlap volumes and single-tracer correlations on non-overlap
volumes. The results from the MT are shown in Table 4.4 and in the contour plots of
Figure 4.4 and Figure 4.5. The best marginal constraints on 7 are ~1.6 and ~2.3%
for combinations of low- and high-z surveys, respectively. By utilising the MT, the
constraints from independent surveys are improved by up to ~45%. If we take the
further step of combining the low- and high-z combinations, we find a precision of
1.3%, which is ~55% better than the best single-tracer. Therefore, combining the
information from future spectroscopic surveys will significantly improve constraints of
the growth rate of large-scale structure, without using more observational resources.
In addition, another advantage of joining the information from low and high redshifts

can break the degeneracy between (2,9 and 7.

6.2 Constraints on fy;, and light-cone effects

In chapter 5 we investigated how combinations of next-generation large-scale structure
surveys in the optical and radio bands can constrain primordial non-Gaussianity and
relativistic effects. Primordial non-Gaussianity is a powerful probe of the very early
Universe and its signal in the power spectrum is preserved on ultra-large scales. The
relativistic effects include the contribution of lensing magnification to the number

density contrast, which provides a probe of gravity and matter that is independent
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of the probes delivered by weak lensing shear surveys. Of the remaining relativistic
effects, the Doppler effect is the most important, and provides another new probe of

gravity and matter.

We identified which pairs of correlations are most sensitive to the lensing and
Doppler effects, using a signal-to-noise estimator S4Z in (5.2) for angular power
spectra. The results are summarised in Figure 5.3. This shows clearly that pairs
(2{, 2B ) are optimal for the Doppler effect. The 1/x relation in the Doppler amplitude
and growth of the radial peculiar velocity broadly explains why this effect is more
prominent at low z. On the contrary, the lensing contribution is stronger at higher

A A

redshift and is most relevant in pair correlations (z{', z;'), where n is the total number

of bins.

Figure 5.3 also revealed a counter-intuitive feature — that the cross-correlation
between a galaxy survey and an intensity mapping survey enhances the lensing signal,
even though the intensity mapping on its own has no lensing signal. The reason is that

background galaxies are lensed by foreground intensity.

Quantitatively we determined the constraints on fyr, and the relativistic effects,
for all single-tracer cases, for multi-tracer pairs at low and high z, and for the full
multi-tracer combination of all four surveys. As expected, the full combination provides
the most stringent constraints on fyr, improving on the state-of-the-art constraint
from Planck [10] by a factor of more than 3. The lensing contribution can be detected
at ~2% accuracy, while the Doppler contribution can be detected with a signal-to-noise
of ~8. Therefore, there is sufficient sensitivity to detect the Doppler and lensing
effects in the Cy. For the Doppler term, most of the constraints power comes from
the low-redshift multi-tracer, and Ha provides most information on lensing. We also

illustrate the robustness of the MT against marginalisation.

We stress that it is important to join the low and high redshift surveys to break
degeneracies between fyi, and the relativistic effects, as seen in Figure 5.4. Also, it was
found that the cancellation of cosmic variance in the multi-tracer has greatly improved
the constraints on large-scale parameters such as fy;, and Doppler effect. In addition,
the multi-tracer technique provides critical robustness against the loss of information
due to systematics on ultra-large scales, as shown in Figure 5.5. In the case of fyr, the
multi-tracer results with spectroscopic galaxy surveys delivers o(fxr,) ~ 1.5.

Also, we investigated what happens when one uses a simplified theoretical model,
i.e. when we neglect one or more of the relativistic effects. We found that this will
lead to a theoretical systematic that threatens accurate measurements — by biasing

the best-fit (or measured) values of the parameters, as given by (2.26), (5.9) and
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(5.10). The results on the best-fit bias are summarised in Figure 5.7, with detailed
information in Table 5.5-Table 5.11. By separately considering the relativistic effects,
we see that only neglecting lensing leads to a bias above 1o on fyr, and cosmological
parameters, while the neglect of Doppler leads to at most a 25% bias. If we are pressed
to save computation time, we can therefore neglect the Doppler and potential effects,
as illustrated in Figure 5.8. We confirmed that the same qualitative statements apply
in the case of the bias on the cosmological parameters in a Gaussian universe, where
fnr is fixed at zero. The results are summarised in Table 5.7 to Table 5.11.

Our results are broadly consistent with previous work on galaxy surveys, in particular
[79, 80, 85-88, 192], although we consider a different combination of surveys and we
use the full multi-tracer combination of four surveys.

The key point is that, in order to avoid serious bias on the best-fit values of fi,
and cosmological parameters, the effect of lensing magnification on the galaxy power

spectrum must be included in upcoming surveys which cover high redshifts.

6.3 Future work

In order to improve the accuracy of the forecast constraints, we should properly include
the uncertainty of the astrophysical parameters, like magnification bias and evolution
bias. We have partly included the uncertainty in these parameters by marginalising over
the amplitude of the light-cone effects, i.e. magnification lensing, Doppler effect, as well
as the potential terms. However, in future work we plan to include such uncertainties
in the model by marginalising over the b, and Q parameters explicitly. As shown, it
is essential to properly model the uncertainty in these parameters in order to avoid
biases on the measurements. Furthermore, we are interested to know how neglecting
light-cone effects can influence the best-fit bias on the growth rate, assuming the full
model of lensing effects and magnification bias at low-z.

The precision on RSD can be improved by including the vast amount of information
available in the smaller scales of the non-linear regime. There have been great progress
in modelling the non-linear scales and the “finger-of-god” effect in Fourier space.
However, in order to accomplish this in harmonic space, more work should be done
regarding the theoretical modelling of non-linear scales in the angular power spectrum.
In [119] they found that very narrow bin widths can introduce non-linear effects into
the large scale effects, which can significantly influence the ultra-large scale parameters
like fyr,. This means that in future work we will have to consider these effects modelling

the precision using very thin bins in Cj.
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Fig. 6.1 Signal-to-noise S4Z(0, 2, 28) computed in (5.2) for the lensing magnification

et AR R

contribution (6 = e,) for the total survey combination 1 ® 2® 3 ® 4 = IM2 ® BGS ®
IM1 ® Ha. The low-z overlap 1 ® 2 = IM2 ® BGS for 0.35 < z < 0.56, is correlated
with the high-2z overlap 3 ® 4 = IM1 ® Ha for 0.90 < z < 1.11. Colour bar shows the
signal-to-noise.

Lastly, we should be able to further improve constraints by considering the correla-
tion between multiple photometric and spectroscopic surveys. By including several
different tracers from various different types of cosmological surveys and redshift bin-
ning configurations, we should be able to optimise the constraints on ultra-large scale
parameters, without the loss of precision on parameters dependent on peculiar velocity
field. In other words, the wide redshift bins of a photometric survey will reduce the
shot-noise, such that the large scale observables like fyi, and Ap can better benefit
from the cancellation of cosmic variance. Simultaneously, we can include spectroscopic
surveys with a much thinner z-bins to provide information on the peculiar velocity

fields via RSD.
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116 Summary

Additionally, we can include a CMB survey in the cross-correlation, which will
naturally add the priors from Planck 2018, as well as include extra information on
lensing magnification. Figure 6.1 makes it apparent that most of the information comes
from the correlation between the optical galaxy survey 2® 4 = BGS ® Ha, which is not
unexpected. A significant amount of information is coming from the high-z galaxies
lensed by the low-z IM, i.e. 1 ® 4 = IM2 ® Ha, which is perhaps not so intuitive. As
explained before, it is the Ha galaxies at z; being lensed by HI distribution at z; < z;.
By adding the CMB lensing, we will receive a lensing signal from all surveys over
the entire redshift range in the multi-tracer - since the CMB photons transverse from
deeper in redshift, they will be lensed by all the matter along the way. Therefore, we

can extract information on x from the entire volume of the massive HI IM surveys.
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