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Abstract

Peculiar velocity (i.e. inhomogeneity-driven deviation from idealized Hubble flow) leaves distinct
imprints on cosmological observations. Well known effects of peculiar velocity include the dipole
anisotropy in the cosmic microwave background (CMB), caused by the observer’s motion, and the
apparent flattening or elongation of structures in galaxy redshift surveys, caused by the velocities
of distant sources. Several attempts have been made to measure a dipole anisotropy in the matter
distribution and relate it to the CMB dipole, but results remain inconclusive.

In this master’s project, I build on a recently proposed technique for using Stage IV large-scale
structure (LSS) surveys, such as Euclid and the Square Kilometer Array (SKA), to infer observer’s
peculiar velocity. This technique, called the Finger-of-the-Observer (FOTO) effect, utilizes general re-
lativistic distortions arising from linear-order perturbations to Friedmann–Lemaitre–Robertson–Walker
(FLRW) cosmology. My work focuses on modelling higher-order multipoles of the FOTO signal,
assessing the feasibility of their detection, and estimating the additional constraining power they may
provide. In particular, I set-up an efficient pipeline to generate 125 mock skies using a sequence
of Einstein-Boltzmann solver, #-body initial condition generation, post-hoc application of linear
order relativistic distortions and baryon painting via survey functions. I show that, under full sky
assumption and using a wide redshift bin of a Euclid-like survey, FOTO effect can constrain observer
velocity up to �16% relative errors. Commenting on the statistical information contained within these
mock skies, I describe how the multipole structure of the FOTO effect relates to signal-to-noise ratios,
shrinkage in Bayesian inference posteriors and data compression techniques. Finally, on the basis of
the underlying symmetries and the preceding statistical results, I argue that early truncations of the 1D
power-spectrum multipole expansion recover most of the constraining power otherwise obtained by
combining higher (more computationally demanding) multipole estimates.

v





Contents

Abstract v

1 Introduction 1
1.1 Why Care about Peculiar Velocity? . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Historical Developments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Analyzing Anisotropies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.2 Simulations and Surveys . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 General Relativistic Redshift Space Distortions . . . . . . . . . . . . . . . . . . . . 6
1.3.1 A Schematic of the Derivation . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3.2 Relativistic Effects, Step by Step . . . . . . . . . . . . . . . . . . . . . . . . 9
1.3.3 Assembling Redshift Space Overdensity . . . . . . . . . . . . . . . . . . . . 20

1.4 Isolating Finger-of-the-Observer Effect . . . . . . . . . . . . . . . . . . . . . . . . . 24

2 Methods 27
2.1 Two-Point Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.1.1 Global Plane-Parallel Approximation . . . . . . . . . . . . . . . . . . . . . 29
2.1.2 Yamamoto-Bianchi Estimator . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.1.3 FOTO Multipole Moments . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.1.4 FFT Implementations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.2 Generating Relativistic Mocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.2.1 MonophonIC (MUSIC2) Newtonian Snapshots . . . . . . . . . . . . . . . . . 40
2.2.2 Light Cones in General Relativity (LIGER) . . . . . . . . . . . . . . . . . . 41
2.2.3 Buildcone Routine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3 Results 51
3.1 Comparing FOTO Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.1.1 Signal-to-Noise Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.1.2 Bayesian Inference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.3 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.3.1 Anisotropic Cosmological Models . . . . . . . . . . . . . . . . . . . . . . . 67
3.3.2 Challenges and Prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Bibliography 75

vii



List of Figures 87

List of Tables 93

viii



“I and this mystery, here we stand.”
— Leaves of Grass, Walt Whitman





CHAPTER 1

Introduction

1.1 Why Care about Peculiar Velocity?
An observer’s motion through the universe imprints itself on cosmological observations as well as
their theoretical interpretations. Therefore, this work is concerned with refining a recently proposed
technique (Elkhashab, Porciani and Bertacca, 2024) to measure the motion of an observer moving
with respect to the cosmic filaments and voids.

One of the essential insights underlying modern precision cosmology is the idea of an everywhere
isotropic universe. In such an idealized model of a universe, no spatial location is privileged and all
matter uniformly recedes from everything else, comoving along the Hubble flow of cosmic expansion.
The presence of structure implies that the universe deviates from the aforementioned ‘Cosmological
Principle’ because, on sufficiently small scales, points in space can be slightly denser or less dense
than their surroundings. The observed distortions in our redshift survey maps (discussed in §1.3)
establish that although distant galaxies and galaxy clusters primarily appear to be moving farther, there
is also another, more intricate, component of the velocity field tracing the grooves in gravitational
potential carved by the large scale structure. This deviation in motion is called the observer peculiar
velocity when referring to our solar system and, often, just peculiar velocity when the referent is
a distant galaxy. Both kinds of peculiar velocities are vitally connected to our understanding of
cosmic inhomogeneities and structure formation. The peculiar velocity of galaxies, by virtue of it
imparting a more noticeable distortion in our surveys, has received substantial attention (Hamilton,
1998). However, for reasons described in the following paragraphs, we argue that observer peculiar
velocity warrants further investigation into its nature and magnitude, especially in light of modern
observational capabilities unlocked by projects like Euclid (Euclid Collaboration et al., 2025) and
SKAO (Aharonian et al., 2013).

To more concretely understand the ‘vital connection’ between observer peculiar velocity and our
standard model of cosmology, consider the dipole anisotropy of the most important primordial relic of
the Hot Big Bang – Cosmic Microwave Background (CMB) radiation. By 1970, studies had already
shown that, in contrast to the ideal theoretical picture of a completely isotropic CMB, one half of
the sky appears to be hotter than the other half. The discovery of CMB was immediately followed
by several competing attempts to measure the dipole anisotropy and, thus, the ‘firsts’ are hard to
isolate but we suggest consulting Lineweaver (1996) for one chronological listing of early dipole
measurements.
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Chapter 1 Introduction

The allure of studying the CMB dipole was manifold. For instance, J. M. Stewart and Sciama (1967)
interpreted the dipole as a consequence of the motion within our super-cluster and studied it with an
interest in trying to validate Mach's principle (Huggett, Hoefer and Read, 2024). Arguably, however,
one of the most consequential aspects of the kinematic dipole discovery was ironically its systematic
subtraction from the CMB maps, which revealed the rich oscillatory features corresponding to Baryon
Acoustic Oscillation (BAO). These oscillations in the CMB power spectrum, which `become visible'
only after accounting for the dipole correction, have strengthened our understanding of processes
occurring even before `the �rst light'. The dipole correction (i.e. Lorentz boosting to the rest frame
de�ned by an apparently isotropic CMB to cancel our peculiar velocity) is a crucial systematic that
appears in a vast majority of our cosmological parameter estimations involving the early universe.
Considering the ubiquitous nature of this correction, it would be a naturally lucrative problem to
acquire a reliable understanding of our motion through various measurement techniques independent
of the CMB.

Now, further consider the fact that the status of compatibility between our peculiar velocity
measurements using probes of the early universe (i.e. using CMB data from Planck Collaboration
et al. (2020)) and late universe (i.e. using LSS) is currently a shaky a�air (Secrest et al., 2022). To
summarize the disagreements, we must begin with Ellis and Baldwin (1984) who proposed that if the
kinematic interpretation of the dipole is correct then there should also be a corresponding anisotropy
in the distribution of luminous sources in the sky. Although, in principle, the strength of this method
lies in its largely model independent prescription, in practice, observational subtleties have led to a
puzzling collection of claims. Based on the technique by Ellis and Baldwin (1984), some studies
(using radio continuum galaxies) indicate a good compatibility between the di�erent peculiar velocity
measurements (Darling, 2022) while other analyses (utilizing infrared galaxies in CatWISE data
(Eisenhardt et al., 2020)) claim a 5f discrepancy (Singal, 2021; Dam, G. F. Lewis and Brewer, 2023).
The situation is further aggravated when we consider that for aEobs = 370km/s, the dipole in the
number count across the sky would only be enhanced by0•5%(Dam, G. F. Lewis and Brewer, 2023).
We have summarized a small selection of claims made about the magnitude of peculiar velocity on the
basis of late universe measurements in Fig. 1.1. In the context of the potential dependence of such
results on sky cuts, estimator bias, selection e�ects, etc., Elkhashab, Porciani and Bertacca (2024)
succinctly describe the situation in the following sentence � �A dipole anisotropy consistent with the
CMB one (Blake and Wall, 2002) and a signal discrepant both in amplitude and direction (Gibelyou
and Huterer, 2012) have been extracted from the same catalog".

In this work, we study a possible extension1 of a novel independent probe (using relativistic
distortions on the power spectrum) that can serve as a potential tie-breaker over the current scienti�c
disagreements. We acknowledge that, unlike Ellis and Baldwin (1984), our suggested measurement
methodology depends on the underlying cosmological model. But the compatibility of peculiar
velocity measurements between the early and late universe can serve as another addition in the long
list of achievements for� CDM. Furthermore, an incompatibility could constrain our search for
a theoretical alternative that accommodates this tension (a brief review of such models would be
presented in Ÿ3.3.1). Besides being a pressing necessity at this juncture, in the following sections I
hope to demonstrate that the proposed tie-breaker - Finger-of-the-Observer (FOTO) E�ect (Elkhashab,

1 By `extending', I mean extending the statistical estimators to higher-order multipoles (as opposed to the current state-of-
the-art which employs only the power spectra monopole) in order to extract more information about our peculiar velocity
from the survey data. These details become clearer in Chapter 2.
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1.2 Historical Developments

Figure 1.1: Comparing a selection of claims in literature about observer peculiar velocity as inferred from a late
universe dipole. We see that while some measurements are in general agreement with the CMB measurement
(vertical dashed line), other can display a tension up to4•9f . Measurements and errors are reported from
Darling (2022), Dam, G. F. Lewis and Brewer (2023), P. d. S. Ferreira and Marra (2024), Mittal, Oayda and
G. F. Lewis (2023), Tiwari et al. (2024) and Planck Collaboration et al. (2020). Also see Fig. 1 of P. d. S. Ferreira
and Marra (2024) for a comparison between a di�erent set of late universe dipole measurements.

Porciani and Bertacca, 2024) - is also a fascinating aspect of perturbative cosmology.

1.2 Historical Developments

Constructing the theoretical sca�olding to describe the nature of the Finger-of-the-Observer (FOTO)
signal and to generate forecasts for upcoming surveys requires the careful assembly of several results
from the perturbative, general relativistic treatment of cosmological large-scale structure (Challinor
and A. Lewis, 2011; Jeong, Schmidt and Hirata, 2012). Considering the chain of mathematical
reasoning that the remainder of this chapter is dedicated to, it is appropriate to contextualize these
theoretical results with some landmark developments that have enabled much of the science contained
within this thesis.

The conceptual origins of large-scale structure cosmology can be traced back to the early devel-
opments in GR around 1920. Einstein initially rejected the idea that the universe of matter might
be a limited island in asymptotically �at space because such a cosmology con�icted with Mach's
Principle (Peebles, 2022). The con�ict arises because Einstein believed that, in such a con�guration, a
star could travel arbitrarily far from the `island universe' while retaining its inertial properties2. At

2 The question regarding the stability of `�nite matter islands' situated in in�nite space has been discussed much before
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Chapter 1 Introduction

�rst, Einstein toyed with solutions to this con�ict with line elements that become singular outside the
realm of matter but was soon drawn to the more elegant solution of a homogeneous closed universe.
Hence, strikingly, the idea of grounding cosmology in homogeneity predates even the discovery of
other galaxies. Once this insight crystallized, discussions of homogeneous solutions to the Einstein
�eld equations with varying matter contents entered the scienti�c zeitgeist.

1.2.1 Analyzing Anisotropies

One of the earliest scienti�c e�orts towards analyzing the dipole anisotropy on the celestial sphere was
made by James Bradley in 1728, when he observed and partially explained something conceptually
similar to the Finger-of-the-Observer E�ect. Bradley had observed a `wobbling' of stellar positions
and he correctly identi�ed it as our own velocity painting the sky with a dipole (Bradley, 1728).

Bradley was trying to detect the parallax inW-Draconis but did not �nd the expected helical motion
around the true position. Theoretically, the star should have been at its lowest point in December
and the highest in June but, instead, the maxima and minima were achieved in March and September
respectively. He hypothesized that the deviation from the timetable arose because, besides the expected
parallax e�ect, there was an additional contribution to the motion of the star. The phenomenon that
Bradley had discovered is calledaberration(Kovalevsky, 2003) i.e. an apparent motion displayed by
a celestial object around its true position. The modern ideas of relativistic beaming and light time
corrections are related to aberration but it is notably distinct from the e�ects of parallax.

Even in 1727, with barely a hundred years of decent astrometric observations, Bradley could
explain this aberration in terms of the �nite speed of light through a series of highly intricate (and
interesting) arguments (Bradley, 1728)3–4. Beyond providing an explanatory model, Bradley also used
his observations to measure the speed of light. However, these observations were incompatible with
the 18th century theories of light and became a motivation for aether drag ideas which were later
developed by people like Fresnel and Stokes in the 19th century (Scha�ner, 1972).

Moving ahead two centuries from the time of Bradley, through the developments in general relativity,
cosmology and non-galactic astrophysics, we arrive at the `cosmology on null cone' proposal by
Kristian and Sachs (1966). They present their work on matter inhomogeneities with a modest
introduction claiming that nothing that is not implicit in the literature is introduced in assembling their
conceptual framework and that they are only `applying these results to a speci�c problem'. According
to them, the three `results of note' from their paper (Kristian and Sachs, 1966) were that

1. All cosmological models (GR or not) satisfy a relation between in�nitesimal area elements and
solid angles, i.e.3� = A2 3
 , whereAis the corrected luminosity distance5.

2. Knowledge over only one side of the universe should be taken very cautiously and it is the
variation of e�ects on the celestial sphere which give decisive information.

Einstein and Mach. I do not intend to suggest that homogeneous cosmologies were Einstein's original invention. Consult
Chapter IX of Schlick (2007) for a more insightful summary.

3 The (probably apocryphal) story says that he got this breakthrough insight on noticing that people who are walking in the
rain need to hold their umbrellas at an angle corresponding to their pace.

4 Interestingly, this discovery by Bradley was published in the Royal Society's Philosophical Transactions, which is
considered to be the �rst and, as of now, the oldest-running scienti�c journal.

5 In a personal correspondence with Sachs, Penrose provided another independent proof of this
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3. There is a distortion e�ect which squashes distant spherical objects into ellipses on the
photographic plates and this can be measured.

In 1987, Kaiser investigated these `squashing' distortions further (arising due to coherent in�ow
velocities within large structures) and studied the presence of a quadrupole6 in the Shapley-Ames
catalog (Kaiser, 1987). Soon after this landmark paper, Hamilton (1998) gave Kaiser's results (more
speci�cally, the result in the regime of smaller virialized structures) a much more evocative name,
calling the radial stalactite-like patterns `Fingers of God'. It is as a play on (and an ode to) this iconic
`Finger of God E�ect', that Elkhashab, Porciani and Bertacca (2024) call the e�ect arising from our
peculiar velocity `Finger-of-the-Observer' e�ect. Admittedly, the FOTO signal in redshift survey
maps does not particularly resemble �ngers in appearance (see Ÿ2.1.1). Nevertheless, it remains a
�tting name as it corresponds to a metaphorical �ngerprint of our motion on the apparent matter
distribution in the sky.

1.2.2 Simulations and Surveys

These conceptual seeds along with several others, over time, led to a dramatic increase in our
observational and computational cosmology capabilities. A landmark paper by Davis et al. (1985)
introduced one of the �rst `large' n-body simulations of structure formation in our universe7. Though
groundbreaking for its time with643 grid cells and roughly 30,000 particles, it was orders of magnitude
coarser than today's �agship simulations (such as FLAMINGO (Schaye et al., 2023)), which feature
gigaparsec boxes and upwards of1011 particles.

Observationally, the improvement in our maps of galaxy distribution has been equally dramatic.
For instance, one of the �rst maps of the LSS was the iconic image by Lapparent, Geller and Huchra
(1986) that consisted of 1100 galaxies measured across 700 square degrees of the sky. In comparison,
a current generation survey like DESI (DESI Collaboration et al., 2016) can contain up to 30 million
objects and map over 15,000 square degrees8. Our mapping capabilities have grown so tremendously
that the very discipline has been reshaped. Yet, despite this progress, from one perspective, our
cosmic maps might still resemble the early paradigm-establishing cartographic e�orts of Herodotus
and Ptolemy. The current data, while revealing many answers, invariably underscores the vastness of
what remains unknown. Hence, the pursuit of re�nement, cross-validation, and theoretical deepening
continues.

The study of the large scale web-like structure of the visible universe has proven itself to be a highly
promising discipline, revealing connections to dark energy (Schimd, 2009), primordial non-Gaussianity
(Desjacques and Seljak, 2010), modi�ed gravity (Clifton, P. G. Ferreira et al., 2012) and more. One
particularly promising probe to study this large scale structure and constrain cosmological parameters,
is a collection of e�ects termedRedshift Space Distortions(Hamilton, 1998), which I shall now
discuss in some detail.

6 We will return to the power spectrum quadrupole when we discuss multipole expansions in Ÿ2.1.1.
7 Although even earlier attempts had been made to perform analog calculations of particles moving only under the in�uence

of gravity using light bulbs by Holmberg (1941), leveraging the fact that both gravity and light-�ux follow an inverse
squared distance relation

8 In a public interview titled The forest was full of cities we couldn't see, Mesoamerican archaeologist Fransisco Estrada-
Belli, describing the LIDAR mapping of ancient Tikal, said �In �ve minutes, we discovered more sites than in my entire
career.� A similar sentiment aptly captures the scale of modern redshift surveys.
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Chapter 1 Introduction

(a) (b)

(c) (d)

Figure 1.2: Wedges from early and modern surveys illustrating �laments and voids in the large scale matter
distribution: (a) Center for Astrophysics (CfA) Survey (Lapparent, Geller and Huchra, 1986); (b) 2 degree Field
Galaxy Redshift Survey (2dFGRS) (Cole et al., 1998); (c) Sloan Digital Sky Survey (SDSS)(Gott III et al.,
2005); (d) Dark Energy Spectroscopic Instrument (DESI) Survey (with inverted colors) (DESI Collaboration
et al., 2016).

1.3 General Relativistic Redshift Space Distortions

The only relevant direct measurements accessible while mapping the large scale structure are the
sky position and redshift of the tracer galaxies. The choice of cosmological model determines a
distance-redshift relationship, allowing us to convert coordinates in redshift space (acquired directly
through the survey) to real-space coordinates (and vice-versa). Since the coordinate conversion is
dependent on the choice of cosmology, we obtain di�erent redshift space maps for ideal FLRW and
perturbed FLRW, even if we apply the mappings to the same underlying real-space structures. Current
cosmological surveys can be sensitive to these di�erences caused by metric perturbations (Elkhashab,
Bertacca et al., 2024) and, hence, our conversions between real-space and redshift space quantities
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1.3 General Relativistic Redshift Space Distortions

should be based on the relations derived using the perturbed FLRW cosmology. When we derive these
relations later in this section, it would be helpful to remember the key move that is being made �we
are transforming real-space coordinates into the observed over-density �elds, by tracing how photon
trajectories and volume elements are distorted in slightly curved, expanding spacetime.

This section sets the stage by introducing the general formalism that underpins our approach and the
following section Ÿ1.4 will then focus on disentangling the speci�c imprint of the FOTO e�ect from
the broader tapestry of redshift-space distortions. In Ÿ1.3.1, I lay out a schematic which illustrates the
sequence of steps, at a glance, that we need to take in order to accomplish the `key move'. Then, Ÿ1.3.2
will present the actual mathematical steps described in the schematic map. Lastly, before isolating the
FOTO signal, we brie�y interpret the various terms appearing in our �nal result9.

1.3.1 A Schematic of the Derivation

At a conceptual level, the task of transforming from real-space positions to redshift space overdensities
can be broadly stated as a sequence of three moves. First, we establish how the redshift and sky
position of every photon is shifted due to metric perturbation; this gives us a coordinate map from
real-space to what the survey measures. Second, we describe how the map deforms volumes and solid
angles. Third, we trace the impact of the deformed volumes on the survey's selection function (via
magni�cation and evolution biases). These three central pieces give all the terms required to assemble
the FOTO signal (as we will do in Ÿ1.3.3).

For organizing the algebra, one convenient heuristic is to expand these three fundamental ideas into
the following seven concrete stages.

1. DeclaringGauge and Notation

a) Describe scalar-restricted synchronous comoving gauge and the Poisson gauge,

b) Adopt the `Cosmic Rulers Prescription', which relates real-space coordinates with redshift-
space counterparts,

c) De�ne di�erential operators along line-of-sightr k and transverser ? directions.

2. Asserting theConservation of Galaxy Number Counts, which will serve as the fundamental
link between real and redshift space.

3. Using theGeodesic Vectorto �nd the form of coordinate shifts:

a) The time component of the real-space geodesic vector yields a frequency shiftX 5,

b) The spatial component yields a shift in directionX=i ,

c) These quantities are calculated by solving the geodesic equation to �rst order in Steps 4
and 5.

4. Computing theRedshift Perturbation XI (or, equivalently, scale factor perturbationXln 0)

a) Including the classic Doppler term (i.e., the Kaiser piece),

b) Local gravitational potential terms,

9 Standard derivations from cosmological perturbation theory about structure growth, the kinds one would expect to
encounter in a graduate level advanced course on the topic, have not been recapitulated in the interest of brevity. Detailed
discussions on all such topics can be found in the textbook by Peebles (2020).
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