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Abstract

The first detection of gravitational waves in 2015 opened the door to gravitational wave physics, which has allowed
us to test gravity, astrophysics and cosmology with unprecedented precision. When emitted by a merging binary of
compact objects, such as black holes, gravitational waves propagate mostly unaltered through the cosmos. However,
if they encounter objects in their path that are massive/compact enough, those will act as cosmic lenses, affecting
their properties. Gravitational lensing offers a unique probe of both the large-scale structure of the Universe and the
fundamental properties of gravitational wave propagation. Depending on the properties of the wave, the lens, and the
overall physical setup, different lensing regimes arise, each leading to distinct phenomenology which require different
formalisms and techniques to describe.

This master’s thesis gives an overview of different lensing regimes and explores some of the least familiar ones. To
start, we go over the weak gravity approximation, where all the information regarding how the wave is amplified, as
well as time and phase shifted, is encapsulated in a diffraction integral. This integral can be solved in full, analytically,
giving us frequency dependent amplification functions. We test these amplification factors for real waveforms and
obtain heavy distortions and modulations in the waveform that lead to mismatches of order ~ 0.3 and amplifications
up to order ~ 14 in favorable setups. There is, in parallel, the option of solving this integral for short waves, which
yields the creation of discrete images with time delays and relative magnifications, which is rather familiar since it is
how electromagnetic radiation is lensed. In strong gravity, we focus on the case of a non-rotating black hole acting as a
lens, and start by going over the geometric optics regime which, similarly to light, consists of tracing the trajectory of a
massless particle in Schwarzschild metric. We find that, for simplistic active galactic nuclei disk models, gravitational
waves emitted by a stellar mass binary source located on the disk can loop around the black hole or get deflected by
angles of order ~ 27. On the other hand, in the wave optics regime, we solve, through the Regge-Wheeler equation,
the scattering of the wave off a black hole and are able to obtain frequency dependent amplification factors. These
amplification factors have an overall different behavior from the ones obtained under the weak gravity approximation
due to the structure of a black hole when compared to, for example, a point mass. We find that, although the physical
system yields small orders of magnitude in the amplification functions, the black hole causes visible and measurable
distortions in the wavefront, qualitatively different from the ones in weak gravity, such as polarization mixing and
absorption.

There is yet a lot of progress to be done in, for example, studying the effects of the spin of a black hole in the
amplification functions and geodesic deviations, and preforming more accurate population studies of binaries in the
vicinity of black holes acting as lenses (triple systems, active galactic nuclei disks). There is also much to be done within
the setup we analyze in strong gravity, such as considering different physical setups in order to find more prominent
lensing signatures, and, for example, applying them to extend current gravitational wave template banks in order to
identify these signals in current and future detections.
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Abbreviations and notation

GW
BH
BBH
GR
SMBH
PML
SPA
LIGO
LISA
HST
AGN
SNR
RWZ

Gravitational Wave
Black Hole
Binary Black Hole
General Relativity
Super Massive Black Hole
Point Mass Lens
Stationary Phase Approximation
Laser Interferometer Gravitational-wave Observatory
Laser Interferometer Space Antenna
Hubble Space Telescope
Active Galactic Nuclei
Signal to Noise Ratio
Regge-Wheeler-Zerilli



1 Introduction

The first detection of gravitational waves (GWs) in 2015 opened a new window into the cosmos and has allowed us to
test Gravity with unprecedented precision - [1]. They were, however, predicted by Einstein's General Relativity (GR) -
which is the current theory of gravity - long before they were first detected - [29].

When emitted by a source, usually a merging binary, they can be altered by objects in their path as they propagate
through the cosmos. These objects have to be large/massive enough to affect the properties of the wave. They are what
we call lenses, and they deflect the GW's trajectories, delay their arrival and occasionally produce multiple images' ,
not unlike what has been observed for light waves. This means that a different "version" of the original GW reaches the

observer (detector) here on Earth.
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Figure 1: Schematic representation of the lensing of GWs: the source (merging binary) emits a GW whose properties are
altered by the lens at the time they reach the observer (here represented by an interferometer).

Gravitational lensing has been thoroughly studied and even detected on several occasions for light waves [38]. The
theory, observations, and applications of gravitational lensing constitute one of the most rapidly growing branches of
extragalactic astrophysics . However, the prospect of detecting GW lensed signals with next generation ground based
(Advanced LIGO, VIRGO and KAGRA, Cosmic Explorer, Einstein Telescope) and space based detectors (LISA) has
recently garnered increasing interest in the field. It is predicted that these will routinely detected GW lensed signals [48],
allowing us to probe not only lens mass distribution across the universe, but also BBH population in general and properties
of the GWs themselves.

Furthermore, due to the nature of GWs as spin-2 fields as opposed to light (spin-1 fields), as well as their character-
istically lower wavelengths, very interesting phenomena is expected to happen, such as mixing of the two polarization
states [20, 3, 33] when in the presence of a strong gravitational field; interference and diffraction (wave optics) effects
[22]. Nevertheless, not unlike light, it can lead to the production of multiple images with different relative magnifications
and arrival times - see figures 2 and 3.

Depending on the scales of the problem, we find ourselves in different lensing regimes and the phenomena we expect
to observe differs. It is sometimes challenging to know where to draw the lines between all the different regimes; to know
which phenomena will be more prominent, and when or if it is valid to make certain approximations.

The goal of this thesis is to go over some of the already very established regimes in lensing and attempt to probe some

more unfamiliar scenarios, and hopefully, try to draw a bridge between them.

'By images we simply mean discrete peaks in flux intensity, both for light and GWs.



Figure 2: Multiple imaging of HE0435-1223 quasar observed with the HST (Hubble Space Telescope) - we observe the
same source 4 times in the shape of cross due to lensing from intervening objects aligned with the line of sight source-
observer (Einstein cross).

Figure 3: Observation of the Einstein ring phenomena by the HST.



https://science.nasa.gov/mission/hubble/
https://science.nasa.gov/mission/hubble/

1.1 The lensing landscape

Depending on the particular physical setup of our system (source-lens-observer), lensing leads to different phenomenol-

ogy. The three main variables/scales of the problem are:
* the wavelength of our GW compared to the size of the lens;

* the compactness of the lens - i.e., if we treat it as a classic Newtonial potential or if we use a strong gravity framework

(this will also be dependent on how close the source is to the lens);
* the impact parameter - the perpendicular distance between the path of the wave and the center of the potential.

If the wavelength, when compared to the lens, is small enough such that we can treat the wave as a ray, we are in the
geometric optics regime. This means that we can track the trajectory of the wave as if a massless particle was propagating
along a null geodesic which, as with light, is deflected. In this regime, it is possible to observe the production of multiple
images, the ray "looping" around a BH acting as a lens, and other interesting phenomena - top panel of figure 4.

In geometric optics, it is also important to distinguish between strong and weak lensing - sub-panel of figure 4. The
separation of these two regimes is dictated by the impact parameter. In weak lensing (at large impact parameters), our
ray is simply deflected at an angle such that the actual source position and the apparent source position don't coincide. In
strong lensing, which is what happens when the impact parameter is small, we observe multiple images of the source, all
arriving at different times.

If the wavelength has a comparable size to that of the lens, we enter the wave optics regime. In this regime, we can't
treat the wave as a simple geodesic since the multiple geodesic paths are expected to cross - i.e., different sections of the
wavefront interfere - bottom panel of figure 4. Even though the terminology of weak and strong lensing is not used in
wave optics, since it is associated with image multiplicity, the impact parameter plays a very important role on how
prominent lensing effects will be in this regime as well.

Lastly, the compactness of the lens will also deeply affect the problem at hands: being lensed by a galaxy or galaxy
cluster as opposed to being lensed by a BH are two very different phenomena. If we work under the strong gravity
framework, we observe features such as polarization mixing and absorption which we cannot when assuming a Newtonian
potential - left versus right panel of figure 4.

Essentially, each corner or region of figure 4 represents how a GW is lensed, or which regime of lensing we are
in. Each corner requires different mathematical techniques and physical approximations to approach the problem at
hands. For example, geometric optics results are obtained by using the WKB (Wentzel-Kramers-Brillouin) approximation
[21], which yields a geodesic equation that can be solved for a strong gravitational field - [7, 6, 18]. The weak field
approximation stems simply from the statement R,/ R < 1, which turns the mathematical problem into an integral that
encapsulates the information on the overall amplification and time delay of the wave (which is indifferent to polarization)
- [40, 42, 31, 26]. This turns the lensing problem into a much easier one. When solving for strong gravity, on the other
hand, for longer wavelengths, lensing turns into a scattering problem - where we have an incoming wave hitting a BH.
The problem is solved using Black Hole Perturbation Theory - [49, 34, 10] and it is not as trivial. We will go over some
of these mathematical techniques and study the outcome, as well as what it can mean for observational prospects.

To understand the roots for the techniques used in solving the problem of lensing for different regimes, as well as how
they are derived, we will start by studying what exactly are GWs and how they propagate. In the following section, we
will show how to derive an equation that describes how GWs propagate in an arbitrarily curved background metric from

linearized gravity.
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Figure 4: A schematic representation of the different regimes in lensing and how important scales in the problem set the
regime we are in.

1.2 How gravitational waves propagate

Gravitational waves are features of Einstein's GR theory which can be described as a small perturbation around some
specific metric g,,,,. Even though, for most cases, we can consider that metric to be either Minkowski for simplicity
or FRLW (Friedmann—Lemaitre—Robertson—Walker) if we want to describe cosmological propagation, at this point we
will only make one assumption about the background metric: it is curved. Furthermore, we will assume that our metric
perturbation (which encodes the information of our gravitational waves) has a small enough amplitude leading to the
consideration of only linear order terms. This means that we can decompose our metric (background + perturbation) as

seen in equation (1) ’:
Juv = g,(qu) + h,uua (1)

and only consider linear orders of that perturbation (O(h?) ~ 0) - this framework of GR is called linearized gravity.
Essentially, g,,,, is our perturbed metric, g,(f,f) is the background and A, is the perturbation.
The Ricci tensor for such a metric can be expanded around the background in orders of the amplitude of the perturbation(|

hyw |<] g,(f) | A), as such:

Each of the terms in this sum encodes a different kind of information regarding how our perturbation affects the

background and vice-versa. For example, the background Ricci tensor, denoted by R,(g) tells us how our perturbations

induce curvature (on top of the already curved background metric) in a non-linear way, meaning it is non-linear in .A. Our

2one can also follow this derivation from chapter 35.13 - 35.14 of [29]), or even the lecture notes for the Black Holes and Gravitational Waves
course - [14], [27]



focus, however, will be in the part of the Ricci tensor that tells us how our perturbation propagates in an arbitrary
background metric, which is RE}V) Furthermore, we are going to assume that, despite being in a curved background,
which is induced by the presence of mass, our perturbation is propagating in the vacuum outside that mass distribution
- i.e., we wish to solve RE}V) = 0. It is shown in appendix A how to exactly derive an expression for R,(},,) that gives us

equation (3):
1
§(thW — D,Dyh+ 2D D, k) =0, (3)

where [1is the D'Alembertian operator of the background metric, and £ is the trace of our perturbation i = go“\(B ) ha-
The d'Alembertian operator is the contraction of two covariant derivatives (] = D D* matching the background metric.
From now on that all the mentioned operators will refer to the background metric.
Furthermore, we introduce the trace reversed metric perturbation as
i 1 B)
h;u/ = hul/ - ig‘u,z/ hv (4)
simply because it allows us to write a more compact propagation equation. It is called trace reversed because its
trace is symmetric to that of the original perturbation, i.e. - h = —h. This property can easily be tested out simply by

contracting the trace reserved perturbation EW with the metric to get h = g 71“,, =h-— %4h = —h. Plugging the trace
reversed metric perturbation into Eq.(3) gives:

_ 1 _ _ _
Ohpw = 590k + Dy Dyl — 2D D, b5 + DD, g,)zh = 0. (5)

In order to further simplify this expression, one can write h = g l_LW explicitly and contract the two background
metrics on the second term (this can be done because the metric g"” is constant with respect to the d'Alembertian operator
since they both refer to the background metric). This way, the first and second term simplify to —(Jh v~ A similar strategy
can be applied to the last term - we pull the metric out to lower the index of the first derivative to give us DVDHB, which

cancels out with the third term. These two simplifications render the previous equation substantially more straightforward:
Ok + 2D D, by, = 0. (6)
As a final step, we will use the general commutation property of the covariant derivative

DyuDyhas = DyDyhag + B\ hay + Rlyahys, (7

in order to rewrite the second term in Eq.(6) in terms of Riemann and Ricci tensors:

D D,h 2 h

)hll)>\ —}—g)\aQRW(B)

_ AT (
x = 2D, D s + 2R o

©) E;M' ®)

The first term vanishes due to the gauge freedom of our metric perturbation °. This gauge allows us to choose a

coordinate transformation that follows D“ﬁu,, = 0 (see Eq.s (35.65)-(35.66) of [29]).
Because we have turned our attention to vacuum, even though we have a curvature, the only source of energy-
momentum 7}, (in the region of space-time where the GW is propagating) comes form the perturbation itself. However,

since our perturbation curves space-time in a non-linear way, in fact, GWs contribute to 7},,, at second order, this indicates

3To cite Regge and Wheeler [37], “different waves can represent the same physical phenomena viewed in different coordinates”. Therefore, it
is useful to use gauge vectors to alternate between coordinate systems, but imposing that the same physical phenomena is being described.



that the Ricci tensor R, will be O(h2). Therefore, when contracted with EW, it becomes negligible, which allows us
(B)

Mwﬁﬁ“ﬁ, turning our

to dispose of the second term. The third term, using Riemann curvature symmetries, reduces to R
Eq.(6) into:

Oy + 2Rpaugh®? = 0. 9)

This equation is of vital importance since it describes the propagation of a small perturbation through any curved
background metric. In the context of lensing, our lens structure is embedded in the information about the curvature of
the space-time, since, as we know from GR, Mass = Curvature. For a lot of the scenarios, the space-time is approximated
to be flat everywhere except for a slight curvature next to the lens (weak field gravity), which is a (somewhat limited)
realistic and yet extremely simplifying assumption.

In its full generality, Eq.(9) sets the framework for all of the phenomena related to GW propagation in the cosmos, and
we will go through some of the different scenarios that arise from solving this equation through various methods. Some
of these methods include, as mentioned, using a weak gravitational potential; or even assuming high frequency so that we
can observe phenomena such as gravitational deflection of the propagation direction, similarly to light. At low enough
frequencies, we can scatter the GWs off the background curvature and observe "tails", which are non linear effects in the
GW, but this will be left for future work.

So, essentially, to solve the problem of lensing, what we need to do is to propagate our gravitational perturbation
h,,, through some background metric. This background metric will be dictated by the local distribution of mass, which
is our lens. We will focus exclusively on two different background metrics in this work: a nearly flat metric in section
2 for the weak gravity approximation , and the Schwarzschild metric in section 3 for strong gravitational fields.

In strong gravity, this project tackles the lensing problem from two different fronts. In geometric optics, we trace
geodesics, which is quite well established for Schwarzschild metric. In wave optics, we resort to Black Hole Perturbation

Theory. Therefore, it is useful to take a short crash course on this topic to become familiarized with it - subsection 1.3.

1.3 Crash course in Black Hole Perturbation Theory

Long after Karl Schwarzschild found the solution to Einstein's field equations for a spherically symmetric distribution
of matter in vacuum in 1916, physicists started worrying about the stability of this solution, mostly since it featured a
singularity. The question of how a Schwarzschild singularity would respond to a small initial perturbation was first posed
by Tulio Regge and John Wheeler in 1957 [37]. To answer this question, the authors propose the methodology introduced
in section 1.2 of considering some certain background metric gff), which, in our case, is Schwarzschild, with a small
perturbation %, for which they account only for first orders. When solving for the condition 0 R, (= RSV)) = 0, the
authors, recurring to Riemannian geometry experts - [13], arrive at a number of second order differential equations for the
components of h,,,, which is the information encoded in the propagation equation (9) if one were to use the Schwarzschild
metric instead of a generalized curved metric.

Similarly to how we solve any second order differential equation, it is useful to preform a separation of variables,
such that each solution can be written as a product of functions, each dependent on a single coordinate (¢, 7,6, ¢). The
symmetry of the metric allows for the definition of angular momentum with respect to the 2-D manifold (¢,r) = cte.
Under these rotations, each component of the metric perturbation transforms differently , namely, as scalar, vector and
tensor quantities. In particular, the ten components of the metric perturbation (instead of sixteen because it's symmetric)
transform like three scalars - h;; for i, j = (¢, r); two vectors - represented by (hy;  hy,pn) where for both components,

one of the indices € (¢,7) and the other one € (6, ¢); and one second order tensor which are the components of the
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perturbation on the unit sphere denoted by H,,, for p,q = (6, ¢):

hie  her (hao hag)
het  her (hrg hrg)
(hot hor) Hpo Hpy
(ht hgr) Heyp  Hpg

hyydatdx” =

(10)

Therefore, one is forced to extend the known definition of scalar spherical harmonics into vector and tensor har-
monics spherical harmonics . Initially, Regge and Wheeler used the harmonics present in Eq. (6) to (11) of [37], but,
many years later, Martel and Poisson [25] proposed a different set of harmonics. However, all of them share the property
of being orthogonal and being defined with respect to the indices (¢,m), with —¢ < m < ¢, which are the angular
momentum and its projection on the z-axis. In both cases, when generalizing spherical harmonics to vector and tensor
ones, one is forced to divide the solutions into even parity , (—1)*, and odd parity , (—1)“+'.

Having written the perturbation in terms of these spherical harmonics - see Eq.(12) and (13) of [37], one can focus on
solving the differential equations for the ¢ and » dependent functions. Initially, we start by having three unknown radial
functions for odd perturbations and seven unknown functions for even perturbations.

The first step in simplifying them is to assume our perturbation has a defined frequency and, therefore, the time depen-
dence can be described by exp[—iwt]. Following this, the authors introduce a canonical gauge/coordinate transformation

which reduces the number of independent radial functions. We are then left with:
» Two radial functions - h;(r) and ha(r) - for odd perturbations;
* Four radial functions - Hy(r), Hi(r), H2(r) and K (r) - for even perturbations.

The explicit differential equations for each of these functions, that arise from solving each component of 6 R, = 0,
written in the Regge-Wheeler gauge, were first derived in the odd parity sector by the authors of [37]. Afterwards,
Vishveshwara completed the analysis by exploring the even perturbations - [45, 12], and analyzing these equations under
a different set of coordinates *. Using the Einstein's field equations and algebraic manipulations, one is able to encode the

information of all of the radial functions into the functions ¢7"*" and 1/’2)%» both of them obeying an equation of the kind:

fo, <f3r¢2m) + (w2 - W%)@bzm =0, wheree = {odd,even}and f=1-— ¥ (11)

The potentials V},,, are called the effective potentials and, even though they are different for the even and odd parity
sectors, they are both potential barriers that approach zero at infinity (r, — +/ — oo, or r — +00/2M). The odd parity
potential is called Regge-Wheeler and was first derived in [37] and the even parity one is called Zerilli and was explicitly
derived in 1970 by Frank J.Zerilli - [50]. They are given by:

2f N (14 N)r® + 3N Mr? + 9M*(Ar + M)

Le+1) 6M

odd __ _ even __

Vi = f(Ca ) VT = (3M + Ar)? ! (12)
-1

with \ = MQ(K) (13)

Since we aim to construct the gravitational waves at infinity, which is where the observer lies, we are interested in
seeing the behavior of the perturbations at the boundary. Particularly, given the shape of the potentials, we can set the

boundary conditions such that the waves are purely ingoing at the horizon since all the radiation is being generated by

“In Kruskal coordinates, it is shown that the singularity at r = 2M that spherical coordinates display is simply a mathematical artifact, so the
author decided to extend the analysis to these sets of coordinates.

11



sources outside of the black hole and both ingoing and outgoing at infinity (the time and angular dependencies are

suppressed here) :

I .
Vo - A e T 4 A (14)

Ppy M i (15)

Keep in mind that, unlike what is done in the study black hole quasi-normal modes, our frequency is purely real- in
[37, 45], the authors find that perturbations with purely imaginary frequencies diverge at the boundaries. If one defines
the reflectivity of the black hole as the ratio:

out

A ,
Rem(w) = i = [Ramle', (16)
Im

then the quasi-normal mode frequencies w = w" — iI" are those for which the reflectivities diverge. However, with
real frequencies, we are restricted to the case in which this reflectivity is finite. Consider an incoming gravitational wave
from infinity e~“(t+7+) hitting the black hole. This wave will be partially reflected off the potential barrier and sent back
to infinity according to the black hole reflectivities R, (w); and partially transmitted through the barrier according to
the transmission coefficients 7, (w). These coefficients are known as the grey-body factors of the black hole and can
be obtained via integration of the RW (Regge-Wheeler) and Zerilli equations -[16, 36]. The reflectivities are function of

the dimensionless frequency wM as such:

Rim| = 1+ O[(wM)?+Y)] (17)
(0 —1)(¢+3)

O =71l +1)+2Mw|2log(4Mw) — W+

} —2Muw [Hg FHp - 29| + O(Mw)? (18)

The authors of [ 10] employ two different methods to compute these reflectivities. Using the Black Hole Perturbation
Toolkit implementation of the Mano-Suzuki-Takasugi (MST) method [30, 5], they are able to accurately compute these
reflectivities for dimensionless frequencies wM € [0.1, 14] up to mode ¢ = 70, for which some are in figure 5.

Now we have described how a non-rotating black hole responds to an incoming gravitational perturbation. In partic-
ular, we quantify this response at the boundary - infinity - which is, in lensing terminology, where the observer is located
with respect to the lens. Although the language is different, black hole perturbation theory ultimately describes lensing in
strong gravity. Therefore, these reflectivities will be vital to construct an actual scattered waveform that we can observe,

which is done in section 3.2.

12



Black Hole Reflectivities R§9 = |R994| /0%’
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Figure 5: Reflectivity of the BH for three different ¢ modes - odd parity sector. Obtained using the Black Hole
Perturbation Toolkit by the authors of [10].

2 Weak gravity lensing

One of the most common simplifications to Eq.(9) is to assume our metric is only slightly curved by a Newtonian potential,

such that it is a small perturbation around Minkowski metric, given by °:
ds® = —(1 +2®)dt? + (1 — 2®)di”, (19)

which we can see right away resembles the Schwarzschild metric for a small enough ® = —M /r . A good physical
understand of this is to think of it as an approximation of Schwarzschild metric if we are standing far away from the source
of the potential so that the ratio % < 1. Alternatively, we can assume the source of our deviation from flat metric to be
a not very compact object, and its radial extent being a lot larger than the Schwarzschild radius - this means we can get
arbitrarily close to the object but the weak gravity approximation is still valid. If so, we can expand the term (1 — %) -
as (1 + %), such that our metric simplifies to Eq.(19). The source of our potential is both spherically symmetric and
static, which means that any partial derivatives of ® with respect to ¢, 6, ¢ can be neglected.

It is understood that the source of the weak gravitational potential is the lens itself. If so, this approximation only
applies to certain physical systems (for example, a galaxy or galaxy cluster acting as a lens, since they are not very
compact objects; or a black hole if the observer is located sufficiently far from it). In reality, this is valid for the majority
of lensing systems throughout the cosmos. However, there are some cases in which it breaks down, which are the object

of interest of section 3.

SFor this section, we will work in natural units, where G = ¢ = 1.

13



2.1 Wave optics

Knowing what our background metric looks like, one is able to solve how a gravitational perturbation propagates in such
a space-time through Eq.(9). Given that our metric is only slightly curved, the second term is subdominant compared to
the first one, which means we can, to a good approximation, ignore it. This statement can be justified considering this

back of the envelope derivation:

I ~0O0gP) ~R1, (20)
with R the scale of the curvature and I" the Christoffel symbol.

= Ohyu ~ (0 +T)%h ~ O(9%h) + O(R?h); 1)
Rpuowsh®® ~ (A0 + T2)h ~ (0%9'8) + (82¢P))h ~ O(R™2h) + O(R™*h). (22)

Doing some rough scale comparisons, we can see that for a small curvature scale, the coupling of the curvature to the
gravitational perturbation (encoded in the second term of Eq.(9)) has little influence on the propagation.® Therefore, we

will focus on solving
Ohy =0, (23)

for the metric given in Eq.(19) (although we dropped the notation, h,,, refers to the trace reversed metric perturbation
introduced in section 1.2).

The other important approximation that is made is that the changes in the polarization content of the wave can be
neglected in weak gravity to a very good approximation. If we divide our perturbation into a scalar amplitude h 4 and

some tensor with polarization content €, then:

Ohyy = (Oha)eu +2DohaD%p + haley, (24)
(the cross term is ~ O(I'?), so it's negligible)
=0hs=0 (25)

The advantage of this assumption is that our tensorial gravitational perturbation is now a scalar, which makes the

problem considerably more tractable, since we are now solving a scalar wave equation.

Oha = V=99""0ha) =0 (26)

1
—0
=i
(see appendix B for the intermediate steps)

& V2hgy— (1 —49)92hy =0 (27)

Now that we have a slightly modified version of the scalar wave equation for a flat space-time, we can move it to
Fourier space using the inverse Fourier transform of h4 given by [ dwh ae~™". This will turn our time-domain Eq.(27)

into

(V2 + w)ha(w, 7) = 40w ha(w, 7). (28)

SNotice how this is valid for any wavelength. It is common to use the short wave approximation, in which \/R < 1 (the scale over which the
scale of our perturbation varies is approximately the wavelength: Oh ~ \). We will explore this in detail later on, but for now, no statement is made
about the size of our wave, only the background metric.
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Since we are analyzing what happens to a GW due to the presence of a lens, it is useful to introduce the amplification
factor F'(w, ™) which describes how our original wave is amplified. This factor is given as the ratio of the amplified wave
hoa (w, ) and an unlensed spherical wave, with an ansatz h a0(w, ) = e“r Ir (h A,0 is simply the solution of our wave
equation in the absence of a potential ®). After a long but rather trivial computation in which all that is done is plug into

1w
e

the previous equation /4 (w, 7) = F(w, )

-— and compute the derivatives in order to cancel out all the exponentials, one

arrives at a partial differencial equation for the amplification factor:
ORF + Vi 4F + 2iwd, F = 40w°F, (29)

where Va » 1s the angular part of the Laplacian operator in spherical coordinates (the Laplacian operator of the 2D sphere).

The weak gravity approximation is valid as long as the source, lens and observer are at large enough distances that the
potential that deforms our metric is rather weak. In astrophysics, this essentially means that the distances source-lens and
lens-observer are cosmological. Under this framework, if we place the source at the origin of the spherical coordinates and
the observer at 7y = (79, 0o, ¢o), it is safe to assume that the waves reaching the observer will be confined to the region
where 6y < 1 - see figure 6 for a better visualization. This allows us to approximate use the small angle approximation on
0. Furthermore, one can also employ the approximation that the typical scale over which the amplification factor changes
is a lot smaller than the typical scale over which the amplitude of the wave changes. This translates to |02 F| < |wd, F| =
w/|0r In F'| > 1, which allows us to obtain a Schrédinger-like equation for the amplification factor:

. 1 5 2 1 2, % 835
10, F = —%8517 + 2w®F, where 07 = 2 0y + rl + a2 |- (30)

The reason we can write the angular component of the Laplacian operator as such is because, when assuming small ¢
as well as prescribing a hierarchy between the length scale associated to the GW (w) and the lens (0, In F'), we introduce
the paraxial approximation which allows us to separate the radial and angular component of our system, and consider
the vector § = (0, ¢) as a two dimensional vector on a flat plane.

This equation resembles Schrodinger's wave equation in the sense that the time coordinate is the radial coordinate r
in this case; the mass of the particle is the frequency of the wave; and the "time" dependent potential of Schrodinger's
equation is actually ® (consistent with the fact that our "time" coordinate is 7). The same way it is done when solving
Schrédinger's equation, we can employ the path integral formulation- [17, 8] 7 to obtain an integral expression for the

amplification factor:

—

5 1 5 5 do
L(r,0,0) =w [27“2\0\2 - 2@} , where 0 = o leading to 31

- o - e
F(rp) = /DG(r)e:Ep {2/ drﬁ(r,@(r),@(r))}. (32)
0
The way this is equivalent to the path integral formulation is: if we start by choosing a particular path 5(1“) that
connects the source to the observer and then integrate over the Lagrangian corresponding to that path, we get the phase
accumulated by the wave on that path. The second integral encapsulating this essentially just means that we will sum
over all the possible paths to get the phase contribution from each of the paths to the total amplitude - € , where S is the

action. The same way quantum mechanics approaches the classical limit of extremizing the action along one path when

"Short explanation of the path integral formulation: In classical mechanics, a particle will follow the path that extremizes the action S = JdtL.
Once one employs this coniditon given the lagrangian of the system, one obtains the classical Euler-Lagrange equations of motion for that particular
path. However, in quantum mechanics, it is argued that all the paths contribute to the motion of the particle going from A to B.

15



h — 0, we reach the geometric optics limit when 1/w — 0. This means that the wave will travel along one path - ray
and not display interference and diffraction effects as it does at lower frequencies. Essentially, in the wave optics regime,
we sum over all possible paths - bottom right corner of figure 4 - , while in geometric optics we only consider the ones
that extremize the action.

One can further simplify this integral expression by means of the thin lens approximation , namely that the lens'
extension in the direction of propagation () is small compared to the one on the plane orthogonal to it. This translates to
approximating the potential , [ dr®(r, 5) = %5 (r—r L)w(é 1) - essentially, we have been able to separate the radial and
angular § = (6, ¢) evolution of our system, which turns the integral along the path DH(}) into an integral evaluated at r,

over the plane ] L, as such:

F(rp) = w TLTo /d2§L exp {iw <gizo

2mi L0

L — 6o]* — wwb)] (33)

By interchanging the roles observer-source (i.e., the observer is now in the origin of the coordinate system), as well
as redefining the integral in terms of angular diameter distances and impact parameters instead of angles, one can rewrite

the previous integral as (see figure 6 to visualize the quantities and distances introduced):

+o0 e = .
Fliw) = 28 W(l—l—.ZL)/ d2§exp{ w(1+ 2p) 12);3?5 (i—&)—@b(@]} (34)

D;Dyg 21 oo

source
observer lens plane
plane
Dy, Dys
Dy

Figure 6: Setup of the physical system we are considering. Angular quantities are marked in red, radial distances are
marked in blue, impact parameters are marked in green, and the angular diameter distances between planes are marked
in purple. bo = (0o, ¢p) and 0, = (0 L9 1) are the real and apparent angular positions of the source with respect to the
observer. The impact parameters 77 and f are the distances of the source (in the source plane) and the paths of the wave (in
the lens plane) from the line of sight. They are obtained by taking the angles 0o and 6, divided by the angular diameter
distances Dg and Dy, respectively, and serve as the vector coordinates in the source and lens plane.D; g is the angular
diameter distance between the source and lens plane. The distances 7, 71, and 71 are radial/physical distances between
source-observer, source-lens and observer-lens, respectively. Keep in mind that, initially, when the radial coordinates are
defined, the source is at the origin.

Essentially, we define the lens/image plane with coordinates 5 = {&1,&}. We replace 0 1, with the impact parameter

E - this is just the apparent position of the source in the lens plane, which is, as will be introduced later on, "the image".
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In the absence of a potential, the waves would just take the most direct path connecting the source and the observer but,
since there is, they cross the lens plane at the position 5 The line of sight is defined as the line from the observer crossing
the lens plane at the origin, and the source plane is defined perpendicular to this line, with the source being placed at the
coordinates 77 in the source plane. The distances Dy, Dg and Dy g are simply angular diameter distances connecting the
planes observer-lens, observer-source and lens-source, respectively. Furthermore, since these distances are cosmological,
it is important to account for the influence of cosmological propagation from the lens plane until they reach the observer,
which is why we multiply w by the factor (1 + zz,). One can even take the simplification one step further and rewrite our

integral using the dimensionless quantities:
7 D, A DrDrs

?0 D P(T) = T&)zp(fgo) and w=w(l+2zg)

&Ds

. € B
xr= — , = —_—
o Y DrDrs

(35)
for which & is just an arbitrary normalization constant. This allows us to write the previous integral in the more

simplified form:

—» w — . — -
F(w,y) = i d*z exp [iwTy(Z, §)] (36)

- 1 -

where Ty(Z, 7)) = 5(2 — 7)? — 1&(:1?) is the dimensionless time delay surface (also known as Fermat potential).

The first term of the time delay surface is the geometrical time delay, which is just the time delay the wave acquires
from taking the longer path instead of the most direct one connecting the observer and the source. The second term
- Shapiro time delay - is the influence of the potential in the propagation of the wave. The Shapiro time delay ) is
the gravitational potential of the lens projected onto the 2-D lens plane (we see that it only depends on the coordinates
Z = {x1,z2}) and arises from the deflection potential - [38]. The choice of the normalization constant is arbitrary,

however, for practical reasons, it is usually defined in terms of the Einstein angle

4GM Dys

0 p—
E 2 D;Dg

as &) = DLQE. (37)

Equation (36) is, perhaps, the most important analytical expression for lensing in weak gravity since it encapsulates
the behavior of the amplification factor as a function of the dimensionless frequency and impact parameter - i.e. position
of the source with respect to the observer line of sight. In theory, knowing what the lens projected potential looks like,
one can solve this integral and obtain the amplification and phase shift of the wave at each frequency value. However, the
problem is not that trivial and there are few lens models that allow us to obtain a clean analytical solution to this integral
- sec.2.3. Nonetheless, if one reaches high enough frequency values, since we're integrating over a complex exponential,
Eq.(36) becomes too oscillatory and we can no longer evaluate the integral analytically, which is where the stationary

phase approximation comes in.

2.2  Geometric optics

If the dimensionless frequency w in the diffraction integral is large enough when compared to the time delay surface 7y,
the integrand of Eq.(36) becomes a highly oscillating function (o > T, ! = @T; — o). Under these conditions, the
stationary phase approximation (SPA) can be employed to solve this integral - placing us in the top right corner of
figure 4. We are, then, in the regime of lensing that always applies to light, and can be applied to gravitational waves in
certain systems. This technique allows us to approximate the integrand as a sum of its stationary points which, in fact, are

the dominant contributions to the integral. We can interpret this using Fermat's principle: this principle states that, when
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light travels from a source to an observer, from all of the paths connecting them, the ones that extremize the arrival time

will be the ones corresponding to the actual rays - these are our images. Let us put this into practice:

1 .
9:T4(Z,9) = 0 = O | 5(7 ~ 7)? —(Z)| =0 (38)

—

Dqc -
(Z), or, adding dimensions back to the problem, = D—Sﬁ - D Lg@gzb( ) (39)
L

<

j=i-—0;

Finding the stationary points of the time delay surface leads us to the lens equation . For a given source position in
the source plane § = (1, y2) and a given deflection caused by the lens potential &(Z) = dzt)(Z), this equations tells us
the image positions & = (z1, z2) in the image/lens plane. In practical terms, an image is a discrete peak in the intensity
of the wave, and the position of the images in the lens plane are simply the "apparent" positions of the source (the fact
that we can have multiple images means that, in some cases, we see the same source multiple times in the ski, which is
exactly what we see in figure 3). The deflection angle &, that arises from the derivatives of the projected potential v, can
be directly traced back to the surface density of the lens E({) - intuitively, one can think that if 1) is the projection of a

volume density integrated on the lens plane; the derivative of ¢/ is just the integral of a surface density over the lens plane:

&
>

24y (€ .
§aN) =——=—= a2

DpDps S -
_ ZLYLs S 40
§oDs Jr 1€ — 40

This means that for a given surface density of a lens, we can get a projected lens potential ¢(§) quite easily, and
then predict the image positions by use of the lens equation Eq.(39). However, very often happens that, for a single
source position a single potential can, at small impact parameters, create multiple images. This is called strong lensing,
as opposed to when we have a ray propagating that gets deflected at a relatively small angle, which is weak lensing - a
schematic representation can be seen in figure 4 ®. Ultimately, the more massive the potential is, the higher the image
multiplicity. This means that, theoretically, knowing all the image positions and the lens potential, one can trivially map
the source plane and infer the source position. However, the opposite is not necessarily true: if, for a given potential and
source position, multiple images can be created, further constraints are needed in order to infer the positions of all of the
solutions to the lens equation (- the image positions).

It is established that lensing is not only the deflection of the propagation of the wave but also its amplification. To get
the image magnifications, we preform a Taylor expansion fo the time delay surface around each of its stationary points

- the images will have coordinates £ = (x1,j, Z2,;).

o 1 1
To(Z, ) =T; + ) 3960a(Ta)j (w0 = xag)(wp — w0,5) + > 319060a(Ta)j(2a = 2a,j)(2p — 2p) (2 — )  (41)

a,b a,b,c

+ > 110a0:0000(T) (0 = Ta ) (@ — 23) (e = Cej)(2a = 2aj) + o()... (42)

Ty is a 2-D surface, which means the indices {a, b, ¢, d} can only take the values {1, 2} (we can only be deriving with
respect to 1 or x3). Itis a good enough approximation to neglect third and higher order terms such that the only remaining
terms of our expansion are the arrival time of the image 7’; and the sum of the second order derivatives evaluated at the

image positions ;. We can always perform a rotation on the coordinates (1, z2) such that the Hessian matrix (2 x 2

8Strong lensing # strong field lensing!! Strong lensing refers to the image multiplicity; strong field lensing happens for a strong gravitational
field.
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matrix with the second order derivatives of the Fermat potential) is diagonal and the diffraction integral - Eq.(36) becomes:

F(w’g) =

o [ PrewlimTi(z. ) - 27 3 i) [ e i (@102 + @, 1)57)] . @)

where the second order derivatives computed at the image positions A1 2 = (8 Td) are the diagonal components
of the Hessian matrix and {2, 24} are the coordinates in which the matrix is dlagonal As such, each of the integrals

becomes a gaussian integral:

F(w,y) = — Z exp(iwTy) // <ZW/\ (:1:'1)2> exp (iw;\g (:E’2)2> dr'ydzl, < (44)

F(w,y) = 27rz exp(iwT} \/_Zw)\l \/—Zw)\g - emp(sz )\ﬁ\ﬁ (45)

However, to ensure that this integral is physical (Re{a} < 0), we need to keep in mind that the eigenvalues of the
Hessian matrix can be positive or negative, depending on the kind of stationary point the image is. If both the eigenvalues
of the Hessian matrix computed at the stationary point j are positive, we are in the presence of a minimum,; if they are
both negative, it's a maximum and if one of them is positive and the other is negative we are in the presence of a saddle
point. We have reduced our complex exponential integral to a discrete sum of complex exponentials, each representing an
image, scaled by a v/ A1y Ay = uj_l/ ? factor. This factor is the magnification of that particular image and, depending
on the type of stationary point (or, in other words, parity of the image), it can be:

. |Mj|1/2 if it's a minimum , or type I image;

o —|pj I'/2if it's a maximum, or type II image;

* i|uj|7Y?  ifit's a saddle point, or type ITI image.

An alternative method to account for the parity of the image is to introduce the Morse phase, which is an index n; that
can take values 0, 1/2, 1 depending on whether the image is a type I, type II or type III image, respectively. Altogether,
this yields the following expression for the amplification function under the geometric optics approximation:

F(w,9) =Y Il PexpliwT(§) — imny]. (46)
J

The physical interpretation behind the parity of the images is exactly what the morse phase shift entails: either the
images are multiplied by a —1 factor, meaning they are inverted; or they are multiplied by a 41 factor and they are
"normal" (or the magnification just amplified them); or they are multiplied by a —: factor and they are both inverted and

have a 7 phase shift - see figure 7 for a simplifying visual representation of this.
We have successfully simplified a not so trivial integral expression into a discrete sum of image magnifications and
image positions via use of the SPA. Both of these quantities can be obtained simply by knowing the source position and
the lens projected potential by use of the lens equation - Eq.(39). To see what this translates to, this approximation is

employed to well-known lens models and compared with the full analytical solution obtained from Eq.(36)- section 2.3.
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Figure 7: Simplifying visual representation of the classification of gravitational lensing images. Image is adapted from
a talk by Professor Jose Maria Ezquiaga, ’Gravitational Wave Lensing: Current Searches and Future Prospects” at the
workshop ”Lensing and Wave Optics in Strong Gravity” hosted at the Erwin Schrodinger Institute, 2024.

2.2.1 Beyond geometric optics

Even though the SPA allows us to significantly simplify the problem, it has some limitations. There are two possible

scenarios in which the geometric optics approximation breaks down:
« if the integrand of Eq.(36) is not oscillatory enough, i.e. @ > T ! no longer holds;

« ifthe determinant of the Hessian matrix of the time delay surface is zero, causing formally "infinite magnifications":
-1 _

1 A1A2 = 0. This happens for regions in the lens plane which are called caustics.

If the first is true, which would place us in the wave optics regime, one would assume that the only viable solution
would be to solve the diffraction integral numerically or analytically - section 2.3. However, for very small frequencies,
we find ourselves in the deep wave optics regime, in which the scale of the wave is significantly longer than the size of
the lens. In this case, the wave travels unaffected by the lens potential, and |F'| ~ 1. On the other hand, for the regime
where the wave is much shorter than the scale of the lens, the SPA is expected to perfectly converge with the analytical
solution to the diffraction integral. However, if the frequency is somewhere between these two regimes, it is relevant to
evaluate wether there is an alternative to solving the diffraction integral in full, which becomes rather complicated
for complex lens models.

When Taylor expanding the time delay surface around its image positions, as done in Eq.(42), we previously neglected
any term of order higher than the second order derivatives. However, if we truncate our series at a slightly higher order
terms, we can better evaluate the integrand of Eq.(36) as a polynomial in w. If we include third and fourth orders in the

expansion, the amplification factor written as a sum of the discrete images, turns into:
F(w, ) 1 }:/szex i (@7 + 20,0u(T0)i205 ) | %
w,Y) = wl; + - iZa
Y o - p ity bOa\Ld)jZa?b

) 1 o 1 .
exp [z (W(?C@baa(Td)jzazsz + madacﬁbﬁa(Td)jzazszzdﬂ , (47)

where 7 is simply the result of a coordinate change z = \/wZ, and we introduce Z, = z, — z4,; for notation reasons
(remember that {a,b,c,d} = {1,2}). We are left with the product of two exponentials, the first one being the very

familiar one that yields a gaussian integral, leaving us with Eq.(46); and the second one will be how the corrections
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to the magnifications arise, specifically, by expanding this second exponential in its power series. It is important to
remember that, even though we are computing "beyond geometric optics" corrections, we are still within the validity
of the stationary phase approximation, meaning that the frequency is still rather large, allowing for discrete images to
form. Therefore, within this expansion, we only account for terms up to order 1/zo. This will lead to only three terms of

the expansion actually contributing:

« aterm of order o=/ 2 which is from third order derivatives of the time delay surface;

1

* aterm of order ww™ " - one proportional to the fourth order derivatives of the time delay surface;

« another term of order o, proportional to the third order derivatives squared.

All the other terms are of order @ %/2 or lower, rendering them basically negligible. However, the term proportional
to 1/y/w leads to an odd integrand, which vanishes (remember we are integrating along the whole lens plane, which,
for an odd function f(z) = —f(—x), gives zero [ 22n+le=7" gz = 0). This leaves us with only two terms, both
proportional to 1/w. Explicitly, our diffraction integral now becomes:

1 ) . 1 - -
F(w,y) = 5 Zexp[szj] /d2zexp [28b8a(Td)jzazb] X
J

1 (1 . 1 -
[1 + 5 <248d868b8a(Td)jzazbzczd + 5 (acabaa(Td)jZaZbZC)2>:| . (48)

Each integrand is no longer a gaussian one but simply a variation, of the form [*°_ a2neow® = | /r(=1)" a2,
In theory, this will allow us to approach lower frequencies where we would need to, otherwise, compute the amplifi-
cation factor analytically. We will see later on, for some simple lens models, how well these corrections work. The tricky
and uncharted part is to see how well it works for complicated lens models, which is left for future work. So far, we have
not assumed anything about the projected potential of the lens, which means that, although we have a somewhat "trivial"
analytical expression for the diffraction integral, this quickly translates to very complicated expressions if ¢/(Z) has no

kind of symmetry.

2.3 Common lens models

As introduced earlier, one standard way to solve the diffraction integral introduced in Eq.(36) is by the use of the SPA,
which becomes valid once the major contributions to the integrand are the stationary points of the time delay surface
Ty. However, there are some simple lens models that provide us with an analytical solution, which is quite useful in the
cases in which the geometric optics approximation breaks down. As mentioned earlier, this could be either if the source
is located in the vicinity of a caustic or if, on the the other hand, the integrand of Eq.(36) is not highly oscillatory, i.e., if
the major contributions are not solely from the stationary points of T;;, which puts us in the wave optics regime - bottom

right corner of the plot 4.

2.3.1 Axially symmetric lenses

If the our lens has a circularly symmetric mass density, or projected potential, then ¢)(Z) = ¢ (x); which means that the
mass distribution on the lens plane has only a radial dependence (we assume that the origin of the coordinates 7 is also

the center of the lens) . This will allow both our diffraction integral to take a much simpler form, and our (previously

*Important to note that axially symmetric around Z does not mean we have a spherically symmetric lens. For example, a cylinder-like lens will
be axially symmetric but not spherically symmetric - see section 8.1 of [38].
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vectorial) lens equation to turn into a scalar one. To see exactly how, we can start from differentiating the Fermat potential

T, with respect to &, which is how the lens equation is obtained:
- 1, s . L
0zTa(Z,1)) = 0z (2<x2 — 21 — i) — wm) =0 = Ty =0 (49)

If ¥ = zx] for example, then the whole lens equation is along the &y direction. It is also quite intuitive if one thinks
of the deflection angle itself: if the lens has a circularly symmetric distribution on the lens plane, which is what causes

the rays to be deflected, than they should only be deflected along one direction. See figure 8 for a visual representation.

Lens/image plane

@ - Images
& - Source
. - Lens

Figure 8: Schematic representation of an axially symmetric lens - one can see that the image and source positions are all
along one axis, defined as the one connecting the center of the lens with the source position %.

) (50)
j
) : (51)
j
1

For simplicity, 1 — ‘C% iz = 2a; and 1 — % ;= 2b;. Finally, the corrections from higher orders of the Fermat

potential, introduced in section 2.2.1 turn the amplification factor into the compact form:

This also means that the image positions are Z; = x;2'1, causing the magnifications to be:

V(Y
1T dx?

j d
(or, in terms of the deflection angle o) = (1 _ alay) )> (1 _ o
z; dz

= det[(0:0,Ty);] = det](Dy/0x);) = (1 -
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JAN
w,y) = Z MRS <1 + lw‘]> expliwTj —imny], where (52)
j

A = () @) 4+ 53
77 16 [ 2% 1243 (% ) w ajb 22|’ (53)
and introducing w(a) = Ty for notation reasons,

T

where we can single out the frequency independent image magnifications and the frequency dependent corrections
introduced from considering higher orders -[41, 43].

As previously stated, the fact that we have an axially symmetric lens potential also greatly simplifies the expression
for the diffraction integral, and allows us to solve it analytically for this class of lens models. For ¢ (%) = ¢(x), Eq.(36)

takes the form:

2

F(w,y) = —iwexp [zw;/ ] /Ooo dzxxJy(wxy) exp [z’w <;x2 —(z) + (]ﬁm)] , (54)

where we introduced the constant ¢, in the Fermat potential 7,;(x, y) simply so that the time delay of the first image

T is zero, and J is the 0-th order Bessel function.

2.3.2 Point Mass Lens

The simplest and perhaps most used lens model is the point mass lens (PML) also known as Schwarzschild lens. It
essentially describes a lens with a mass M located in the center of the lens plane - see section 8.1.2 of [38]. The surface
mass density of such a lens is 2(5) = M62(€) concentrated on a single point. Using the length scale &y given in terms of
the Einstein angle introduced in section 2 as the normalizing constant to convert from normal coordinates to dimensionless
coordinates (x) one can directly obtain the deflection angle « = 0,1 = 1/x. Knowing this we can plug the deflection
angle directly into the lens equation - Eq.(39), which will take the form y = = — 1/z - and solve for the image positions
and their magnifications (the amplification matrix can be obtained by differentiating the time delay surface twice or the

lens equation once).

1
T2 = §(y ++v/y?+4), -thetwo image positions, and (55)
1 + yo 2 the magnification of each image (56)
pio=-+ ——m - i i .
2 2y\/y?+4

To write the full amplification factor within the geometric optics approximation, we still need the time delay between
the two images (we have the normalizing constant ¢,,,, which means the firstimage arrives att = 0). We know that¢)(z) =
log(x), either through the integration of the deflection angle with respect to z, or by use of the thin lens approximation
on a gravitational potential of the kind ®(r) oc —M /7. Now all we need to do is compute AT} o, which will be given as
the difference between the time delay surface for the PML model Ty(z,y) = 1(z — y)? — ¥(x) — ¢y, computed at the
two image positions x1 2. This will allow us to write the amplification factor, as introduced in Eq.(46):
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1/2 4 ‘M2‘1/2ei(wATl,rg 1/2

— i|ug|/2e®AT12; (GO = Geometric Optics) (57)

Foo(w,y) = |u1] ) = |

1 VY +4
where the time delay between imagesis AT o = iy\/ y>+4+1In (y—k—i—y) (58)

VP +4—y
or, including the corrections introduced in section 2.2.1, we can get Eq.(52) for the PML model
i 1 .
Fgoya,)(m,y) = <1 + wAl) |2 + (1 + wA2) | |'/ 2@ AT12 (59)

43:%’2 -1

by computing A o = .
3(93%,2 + 1)3(37%,2 - 1)

(60)

As mentioned earlier, these approximations for the amplification factor stem from using the SPA, which is only valid
at high enough frequencies, or when the period of the wave is a lot smaller than the time delay between the two images
- if this is not the case, then the two images don't arrive at discrete times and will interfere. It is also not valid when the
source is located near a caustic, creating infinite magnifications for the images in the lens plane. For the current lens
model, we can notice that, if y = 0, both p; and ps diverge. Essentially, if the source is located right behind the lens
with respect to the observer line of sight, both of the images are located at the radial curve z = 1 according to the
lens equation and they will have "infinite" magnifications. To get a physical intuition on the phenomena, we can write
the image positions with dimensions by use of £y and see that the radial curve 6=0 £ will be, itself, an image, called
the Einstein ring. This image, despite having a finite magnification, is expected to be very bright, which we can confirm
by looking at figure 3. The phenomena observed in figure 2 is of very similar nature, but with 4 discrete images instead
of a continuous one. Realistically, these two phenomena are very similar to what the Einstein ring would look like for a
perfect point mass lens in the cosmos. However, very little lenses have mass distributions which can be described by
a model as the simple as the PML or by a perfect singular isothermal sphere (SIS - introduced in the following section
2.3.3). Therefore, the resulting image positions and magnifications are slightly deviated from the ones predicted by the
lens equation. There is work being done in trying to solve the lens equation and diffraction integral for more complicated
lens models, such as elliptic ones, or even lenses with complex substructures, such as galaxies or galaxy clusters, in order
to find lensed transients - [46, 44, 28].

Nevertheless, as stated previously, it is possible to get the analytical solution for the diffraction integral for simpler

lens models, of which the PML is an example. Knowing the projected lens potential, it is possible to solve Eq.(54):

F(w,y) = exp [T + z?;{ In (Z) — 2¢m(y)}]F<1 — ;w>1F1 (;w, 1; ;wy2> (61)

where I is just the Gamma function, ; F is the hyper-geometric function and

b = 1(\/y2+4—y>2—1n<y+7 V2y2+4) (62)

8

Analyzing this expression further shows that even the analytical solution to the diffraction integral also presents very
high amplifications as y — 0, which agrees with the fact that the point y = 0 is, indeed, a caustic, and the images of the
source in this setup will blend and form a highly magnified one. This is a very powerful result in the sense that it allows
us to observe objects/sources that are much more distant than what it appears from detections, offering a window into the
high-redshift universe - [15, 24].

As stated in section 2.2.1, it is worth to compare the full analytical solution to the amplification factor obtained through

the SPA, with and without the next order corrections - the results are in figure 9.
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Figure 9: Comparison of the amplification factors for the point mass lens as a function of frequency obtained via equations
(61) - black line; (57) - pink line; and (60) - blue line; fixed at a source position of y = 0.1. On the left hand side, we show

the actual values of the amplification factors. On the right hand side, the error between both approximations - Eq.(57),
Eq.(60) - and the analytical solution - Eq.(61).

From the first panel of 9, one can see that, at (dimensionless) frequencies starting at 20, the geometric optics (pink
line) perfectly matches the analytical solution to the diffraction integral (black line), even without the higher order terms
included (blue line), meaning that the stationary phase approximation is perfectly valid at these frequencies. However, at
lower frequencies, there is a large discrepancy between the black and pink line of the plot, proof that at lower frequencies
one can no longer focus only on the stationary points of the time delay surface and the amplification is better described by
the full analytical solution to the diffraction integral. Furthermore, the solution represented in the blue line has a divergent
behavior as w — 0, which is simply due to the 1/w dependence of Eq.(60).

From the second panel, we draw one key conclusion: there is a range of frequencies, after the blue line has a divergent
behavior (starting at w = 1) and before the SPA describes the full solution to the diffraction integral (until w = 20)
where the inclusion of higher order terms has a much better performance in matching the analytical solution. This can be
confirmed by the fact that the blue line takes a large dip bellow the pink line precisely in this frequency range. Although
this may not seem like much, it proves that these extra terms play a vital role in describing the amplification for a range
of frequencies which is not too low such that the wave just ignores the lens altogether and propagates unaffected - deep
wave optics - but also not high enough for the SPA to become properly valid; and this is exactly the frequency range

which cannot be covered unless there is a full analytical solution to the diffraction integral. Furthermore, the differences
between the approximates and the analytical solution have a decreasing behavior with tw. However, the decline of the blue
line is faster (overall) than the pink line. This means that, even at higher frequencies, including higher order terms from
the Taylor expansion of the Fermat potential expansion yields an even more accurate representation of the full solution
(the blue line is o< @2 and the pink line is oc ™ 1).

To continue our analysis, we show in figure 10 the analytical amplification function for the point mass lens at different
impact parameters (image positions).

Once again, we can see in figure 10 that in the deep wave optics regime, the amplification is almost negligible because
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Point Mass Lens for different impact parameters
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Figure 10: Amplification factor for the point mass lens model obtained through the full solution to the diffraction integral
- Eq.(61), computed for different source positions y.

the wavelength is large enough such that the wave does not feel the presence of the lens. We can also see that all the
amplification factors asymptotically converge to the geometric optics regime - which is identified by the oscillations in
the amplification factor. These oscillations arise from the interference of both of the images that are formed. However, as
we approach caustics, the position of the images becomes progressively closer, meaning they essentially merge into one
very bright image, which is exactly why the lines for lower impact parameters start oscillating later on in frequency, and

they reach much higher values.

2.3.3 Singular Isothermal Sphere

Another very common mass distribution used when modeling lenses in the Singular Isothermal Sphere (SIS), which
has a surface density of the kind Z(E) = %35 —1. It is used to describe galaxies, stellar clusters and dark matter halos, for
which o, represents the line of sight velocity dispersion. It formally has an infinite mass at £ = 0, but is a very accurate
representation of these kinds of matter distribution as & increases. There are some modifications one can do to avoid the
existence of the singularity, such as considering a particular cut-off radius, but the qualitative behavior of the lens is not
deeply affected by this [43].

Adopting &y = 402 DLT]?QLS as the normalizing constant, and knowing that the projected potential is ¢/ (Z) = = (it is
also a symmetric lens), one can follow the same methodology as done for the PML in section 2.3.2 and obtain the images
positions, magnifications, time delay, and even an analytical solution to the diffraction integral. Solving the lens equation

for this kind of potential, we find that there is a maximum of two images forming, with magnifications
pi2==+1+1/y andtimedelay AT;o = 2y. (63)

It is immediately apparent that we only have two positive magnifications for y < 1, meaning that for an impact
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parameter y > 1, only one image forms. Therefore, the amplification factor in the geometric optics approximation has a
similar shape to Eq.(57) - except for y > 1, in which case the second term disappears. Therefore, in geometric optics,
Eq.(57) also describes the amplification function for the SIS, except we have to replace magnifications and time delays
by the ones introduced in Eq.(63). Likewise, one can also compute the corrections to the amplification factor introduced
in section 2.2.1. However, for a SIS model, there is one extra correction one can take into account, which stems from
expanding the deflection potential around the core of the sphere - the singularity - where the density is infinite [41]. This

means that the amplification factor for the SIS beyond the geometric optics limit will take the form:

_ i 1/2 . i 1/2 iwwATy 2 i; iw(y?/2+y+1/2)
Faoya,(@,y) = (1 + wA1> =+ (1 wA2> 2|/ 7e MR . (64)
1

where Ay g = ————
BT 8yl +y)

, (1 =+;2="-) for clarification (65)
Naturally, in the case where we don't have double images forming, the second term of Eq.(64) also vanishes. However,
the third term arises from the density profile of the lens around its center, which is why the PML model does not include
this correction - it has no density profile outside of the origin.
Similarly to the PML, one can obtain an analytical solution to the diffraction integral for the SIS lens model by solving
Eq.(54) for a potential ¢)(x) = x - see [26]:
; =T (1 + ﬂ) 3 n 1
_ L tiwy? 2 1=\n/2 AT 2
F(w,y) = ez ;n! (2we2 )2 Fy <1+ 5 b 2wy>. (66)

It is, once again, worthwhile to compare all of these solutions, which is done in figure 11.
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Figure 11: Comparison of the frequency dependent amplification factors of the singular isothermal sphere obtained via
equations (66) - black line; (57) with the magnifications and time delays of Eq.(63) - pink line; and (64) - blue line; for a
fixed source impact parameter of y = 0.3.

The results obtained in figure 11 are very similar to those for the PML on the first panel , with the single exception
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that the analytical solution itself diverges at high frequencies. This is caused by numerical obstacles in computing the
analytical solution, due to the fact that it features an infinite sum of hyper geometric and gamma functions with a term
w2, Although there is an analytical solution for the singular isothermal sphere, itis nota "clean" , ""well behaved"
one. This means that getting a concrete result would require more precise computational tools and efficient integration
methods, since this solution very quickly diverges at high frequencies, and even faster for larger values of y. However,
we can see that the geometric optics approximation very quickly matches the analytical solution, meaning that it is
enough to describe the amplification factor in geometric optics.

For the second panel both of the errors diverge because of the divergence of Eq.(66), but we see that there is a very
small frequency range over which the inclusion of the beyond geometric optics corrections makes a positive difference in
matching with the analytical solution. However, since the validity of the computed analytical solution is, itself, dependent
on more accurate computational methods, further research is needed to draw a concrete conclusion.

Similarly to the point mass lens model, figure 12 shows the existence of caustics (blue line), and interference between
the two images that are forming (oscillations in the green line). However, these oscillations are visible only because we

are at y < 1, since otherwise only one image would form.

Singular Isothermal Sphere for different impact parameters
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Figure 12: Amplification factor for the singular isothermal sphere lens model obtained through the full solution to the
diffraction integral - Eq.(66), computed for different source positions y.

As we approach larger y values, the computational methods used to obtain F'(w, y) fall short in the sense that they
very quickly make the amplification factor diverge, even for not so large frequencies. This means that we are very limited
when employing this model in this work, simply because of this fact. However, there is a lot of active work in improving

the computational methods used to solve the diffraction integral - [44] and others.
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3 Strong gravity lensing

To a good extent, weak gravity is a valid approximation to several lensing systems throughout the universe. However,
for some exceptions, such as triple black hole systems, or even binaries in AGN (Active Galactic Nuclei) disks, which
would be found in the vicinity of a supermassive black hole, strong gravity effects are important. Given the scales of
the problem, it is expect that, for triple black hole systems, if one of the objects is slightly further away that it acts mostly
as a lens, rather than affecting GW emission, we would be mostly in the wave optics regime . On the other hand, a
stellar or intermediate mass (~ 102 M) binary merging in the vicinity of a supermassive black hole (~ 106M) would
nearly always be in the geometric optics regime. However, it is important to note that, for next generation detectors,
with higher sensitivities that potentially allow us to look at a longer portion of the signal, this might no longer be truth -
the very early inspiral stages of even a stellar mass binary could place us in the wave optics regime in a system like this;

but it is, however, outside of the range of current detector sensitivities.

3.1 Geometric optics

In the previous section, Eq.(9) was solved for a simplified background metric. In this section we will, instead, simplify
the perturbation, stating that it can be written used the WKB approximation. This means that we will employ an anstaz to
describe our wave in which the phase oscillates a lot faster than its amplitude. It is a valid approximation when A < R

where R is the scale of the background curvature (short wave expansion).
huw = Re[(Auy + AR + 2AQ) + ..)e? /7] (67)

Equation (67) shows the analytical expression employed, where ¢ is a small expansion parameter. It is also worth
defining:

* k,, = 0,0 as the wavevector,

L]

A, A,(},,), ... which are the complex valued amplitude tensors,

Af, AP as the scalar amplitude and
* €, as the polarization tensor such that €,,e#” = 1 and Ay = A€y,

Recovering the original propagation equation (9), we can use similar dimensional arguments to the ones used in the
beginning of section 2 to simplify it. In particular, the first term (Ch,,, ) represents the scale over which the amplitude
of our perturbation changes, which can be approximated to O(h/\?); whereas the second is comparable to the scale of
the background metric curvature, as such - O(h/R?). Since the geometric optics approximation relies on the fact that the
wavelength is a lot smaller than the scale of the background space-time curvature, we can neglect the second term of the

propagation equation, which leaves us with solving simply
Uhyw = 0. (68)

However, it is worth mentioning that the sub-dominance of the curvature corrections, arising from the second term of
the propagation equation (2R,o.8 h#), becomes irrelevant if we focus on only solving for the leading order term (~ £~2),

since the corrections arising from this term start only at order £°.
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Plugging the ansatz introduced previously - Eq.(67) into Eq.(68), we can group the terms with different orders in the
expansion parameter together to get:

Re[0A,, +e0ALR) + 042 + ... ] + g (Re[AW + AW 4 24@) 41D, 0%, (69)

+ Re[Do Ay + Do AR + > Dy AZ) + .. 100 + Re[D* Ay, + DAL + 2DAQ) + .. ]aa9> (70)

(
1124 v

1
+ g Re[Auw + eAD) +2APD) +...19,00%0 = 0. (71)

Because ¢ is a small expansion parameter, we want to solve for each order iteratively, starting with the leading order -

£72. We can allow our perturbation to have a gauge freedom such that D#h,,, = 0, similarly to section 1.2, which gives:
i
(D" Ay +eD"AG) + 2DFAR) + ) + ~(Aw + eAD) +2AP + k" =0. (72)
Using this, we can solve the linear order of our expansion to find:

0.00°0 =0 = ¢{29%09°9 =0 = DKk =0, (73)

which means that our propagation travels along null geodesics, similarly to light! In order to study lensing for null
geodesics, the goal is to compute the deflection angle of the geodesics, and attempt try to translate that into quantities
previously derived for the geometric optics approximation in section 2.2 (image positions and magnifications). Solving
for the sub-leading orders of the expansion parameter € allows us to derive other interesting results about our perturbation,
in particular, the equivalent to the electromagnetic conservation of current (in our case, of gravitons) - left as an exercise
to the reader.

Tracing geodesics is very well established in GR, particularly for the Schwarschild metric. Essentially, we want to
answer the question of what happens to a geodesic when propagation in the vicinity of a non-rotating black hole. The

geodesic equation for the Schwarzschild metric is the following:

) (1 - 2M> (k)2 + <1_12M><k7">2 2 ((K)? +sin® 0(K?)?) = 0, where (74)

dt dr do do

KR KR = [ ==, —, =, —
(K", K7, K7, k%) <dT’dT’dT’dT

) are the components of the wave-vector, (75)

and 7 is the affine parameter used to parametrize the null geodesic (if it was time-like, 7 would be the proper time)
- see section 6.3 of [47]. For Schwarzschild, the metric is invariant for a § — 7 — 6 transformation (parity reflection
symmetry). Meaning that if our geodesic lies in the equatorial plane of the sphere (6 = 7/2) initially, it will remain in
that plane. So, without loss of generality, we can fix = 7/2, leading to k& = 0 and sin# = 1. To find the components
of the wave vector for Schwrzschild metric (which is the evolution of the coordinates along the affine parameter 7), we

write the action between two point along one curve as:

1 dz® dzb
S = A\l —gag—— ——. 76
/TO g Yo dr dr (76)

According to the principle of least action, a geodesic is precisely the path that extremizes the action, which means
that the integrand is the Lagrangian. Solving the Euler-Lagrange equations we find that we have two constants of motion

along the geodesic, given by:
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2M\ dt
E = (1 — > e when we solve for the ¢ coordinate, and 77)

r T
d
L= r2—¢ when we solve for the ¢ coordinate. (78)
T

Plugging these constants in the original geodesic equation - Eq.(74) leads to the following relation:

1 (dr\* L2 oM\ 1
= —(1-=—)==F% 79
2 <d7’> o ( r > 2 (79)
One can interpret this equation as the motion of a unit mass particle with total energy %EQ subject to a potential
V= % ( — %) , which we can be seen in figure 13.
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Figure 13: Representation of the Schwarzschild potential barrier for a random value of the constant of motion L. The
value of these parameters has no physical importance since we simply want to understand the qualitative behavior of this
potential barrier.

As we can see, this potential is zero at the Schwarzschild radius, has a single maximum for » = 3M and decreases
from there on. This means that a particle traveling along a geodesic (at this point, we will focus on the ones coming from
infinity, since the Schwarzschild metric is asympototically flat) needs to have an energy greater than this barrier in order
to not get absorbed into the BH. The minimum required energy is given by the condition:

1 L’M L
SEr= e b, =332 , whereb= [ —= is the apparent impact parameter. (80)
2 2(3M)? r>M

Assuming that the geodesic does not plunge into the BH, the closest approach distance of the ray to the center of the

black hole depends on the apparent impact parameter at co and is given by the condition:
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"o

V(T‘O) = E2/2 < b2 = m

81
In the absence of mass - flat metric - the impact parameter is, indeed, the same as the closest approach distance r,
which, in section 2, we call £&. However, in the presence of mass, this point is where the geodesic "turns" and deflects.
Naturally, if the closest approach distance 7 is the radius at which the potential has its maximum value (r = 3M), the
impact parameter is the critical one.
The same way we used the constants of motion to rewrite the geodesic equation Eq.(74) as an equation for the evolution

dr dz. — 4¢ and the equation for 4 to eliminate

drdp — d
the affine parameter dependency altogether. This allows us to get the evolution of the azimuthal angle ¢ along the radial

of r along the parameter 7, we can do the same for the coordinate ¢ and use

coordinate 7:

dé |
— =4+ .
dr \/r4b*2 —r(r—2M)

(82)

Integrating this equation from the point of the closes approach distance rg until » = oo gives us how much the trajectory

of the geodesic is bent due to the presence of the gravitational potential or, in other words, the deflection angle.

dx

L () (- 4) -0

-
=2 — h = — 83
Ao m, where x i (83)
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Figure 14: On the left hand side: Deflection angle in terms of the closest approach distance scaled by the Schwarzschild
radius. On the right hand side: Impact parameter in terms of closest approach distance, both scaled by R;.

In the first panel of figure 14 we show the value of the deflection angle by changing the lower bounds of the integral,

which is the closest approach distance scaled by the Schwarzschild radius of the black hole. We can see that, as the closest
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approach distance reaches 19 = 3M, which is the maximum of the potential barrier, this deflection angle diverges. In
particular, it becomes higher than 27, which represents one full loop around the BH - see schematic representation on top
left corner of the plot 4. From the second panel of figure 14, we also confirm that the critical impact parameter corresponds
exactly to the smallest possible approach distance, as expected.

In [18], the authors show the exact results displayed in figure 14, with the addition of the branch for zy smaller than
1.5, and they do this by using a numerical approximation to compute the deflection angle given by

b 33 5433
A¢ = —log < - f) —log (M) o (84)

Albeit the two lines in figure 14 seem to differ a lot for impact parameters close to the critical one, this numerical
approximation, at least, gives us the freedom to explore the branch of zy < 1.5, unlike the analytical solution. Both of the
solutions, for larger impact parameters, are expected to blend rendering little error in using the logarithmic approximation.
This gives them the freedom to study the behavior of geodesics as they approach the closest approach distance g both
for o — 1.57 and 2y — 1.57. Essentially, they find, not unlike this work, that if we approach this ry = 3M ™, the
geodesic is expected to loop around the black hole and create a photon ring - which in our case, would be a graviton
ring. However, if we approach it from the other branch (rg = 3M ™), the geodesic very quickly plunges into the black
hole and the photon gets absorbed - see figure 2 of [18]. The intermediate case is when the trajectory of the geodesic
gets heavily deflected the particles traveling along it eventually reaches us, observers, creating images. Recovering the
nomenclature used for geometric optics in weak gravity from section 2.2 , we can once again distinguish between weak
and strong lensing. At a large approach distance x, the deflection angle A¢ becomes smaller and smaller, placing us in
the weak lensing regime, where the trajectory of the geodesic becomes slightly deviated - see the scheme on the right of
4. Otherwise, when x( approaches its critical value and the geodesic loops around the BH, we expect to observe multiple
images coming from the same source, placing us in the strong lensing regime.

A realistic scenario in which this relation between the impact parameter and the expected deflection angle is very
useful is, for example, AGN disks. Essentially, there are several "channels" predicted by scientists through which BBHs
are expected to meet and merge, creating GWs which we can detect on Earth. One of these channels is the AGN channel,
and it describes how, in the center of every active galaxy, where there is a SMBH surrounded by a dense and bright
gaseous disk, BBHs are expected to form. In these dense and dynamical environments, where we have a gaseous disk
surrounded by a NSC (Nuclear Stellar Cluster), a lot of star formation and death occurs. As a result, a lot of stars in binary
systems can die and form BHs that subsequently merge. Furthermore, this disk surrounding the SMBH can create what
is called a "migration trap'due to the change in its density gradient. These traps are exactly what the name entails: a
region (located at a certain radial distance from the SMBH horizon) where compact objects migrating through the disk
get trapped and accumulate. If we estimate this as a likely region for GW emission to occur, using a very simple AGN
disk model, we can use the height of this disk as a measure for the impact parameter (where sources could be located)
and predict whether or not this height is enough to allow the rays to escape from the SMBH and reach us, or if
they simply get absorbed. Naturally, the inclination of the disk with respect to us will have a large influence on this.
However, let us consider the worst case scenario, in which the disk is edge-on with respect to the observer. We find that,
if the migration trap is located between 20 and 200 Ry, then emission from this region is likely all captured by the central
SMBH. However, in more outer regions of the disk, the height exceeds the critical impact parameter at which ro = 3M,
which means the rays could, potentially, reach us. It is important to note that these results are not the absolute truth about
emission from the AGN channel since this disk model is purely theoretical and not confirmed by observations - figure 16.

We can now reevaluate and realize that, if we can compute the deflection angle given the impact parameter (position
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Figure 15: Number of loops a geodesic does around a Schwarzschild black hole when the impact parameter is close to
its critical value. Computed using the expression derived when tracing the geodesic - Eq.(83) -and with the logarithmic
approximation - Eq.(84).

of the source) we can, in theory, predict the location of the images produced by the source, according to the lens
equation. Since Eq.(39) is taylored for small deflection angles (remember the small angle approximation made early in
section 2) it is necessary to make some adjustments, since our deflection angles can become larger than 27. However, if
one defines our deflection angle as a small deviation from multiples of 27, this small deviation can very well be used in
the lens equation, allowing us to predict positions of the images generated by these small deflection, as such '°:

B=0-— %5%7 where A¢ = 27tn + §¢y, (83)
s

So, essentially, if we look at the range of values for x in figure 14, we are interested in getting as close as possible
to zo = 1.5 so that we have deflection angles above 27 without actually reaching it (otherwise the geodesic will plunge).
For that purpose, we can define g = 1.5 4 € (remember that xg gives us the deflection angle). In [7, 6], the author
uses the logarithmic approximation of the deflection angle as a function of impact parameter to get the image positions,
since b ~ 0D, - see figure 1 of [7]. The author defines the % image positions, which are caused by deflection angles
multiples of 27, so they will be perfectly aligned with the initial trajectory of the ray. The actual image positions, created
from deflection angles which are small deviations from deflections of 27n, are themselves, small deviations from the 02

images. Expanding in linear orders of 66,, = 6§ — 6°:

A3 ) Dy
DysDy,

where Dy, Dg and Dy g are the same as in figure 6, and 3 is the real angular position of the source, labeled 6 in figure 6.

0, = 0% + (86)

0For the full derivation, one should follow [7, 6].
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Figure 16: Plot of the approximate height of the disk of an AGN with a SMBH in the center predicted by theoretical
models - [19], all scaled by the Schwarzschild radius of the central SMBH. We can also see the prediction for the location
of these migration traps - [4] where binaries are likely to form, and in the y axis the critical impact parameter below which
every ray plunges into the central SMBH.

The image magnifications are found, as done in section 2.2, through the lens equation, as such:

_ O a0 (3V3+2¢07") Dog
5% oo 28D3,DLs

87

fin

As we can see, this magnification decreases exponentially with n, which seems to show that the magnification of the
first image dominates with respect to the subsequent ones. Furthermore, there is a divergence as we approach 5 — 0,
which is how we recover the concept of caustics - when the source and lens are aligned, magnifications are formally

infinite.

3.2 Wave optics

Albeit the geodesic deviation is enough of a description for how a strong gravitational field deflects light, this formalism
breaks down often for GWs because of their larger wavelengths. It is established that the important scale when distin-
guishing between geometric and wave optics is the size of the wave relative to the lens. However, more often than for
light, GWs have wavelengths comparable to the size of astrophysical objects that can act as lenses. Furthermore,
these objects, sometimes, cannot be described by a Newtonial potential due to their structure, which is the case for a black
hole. Naturally, if the GW travels far enough from a BH acting as a lens, the weak gravity approximation becomes valid
again, but it is not particularly trivial to draw the line between when one or the other is more valid. To fully study this
phenomena, one has to resort to Black Hole Perturbation Theory , i.c., instead of considering an incoming gravitational
wave that is changed by a lens, this theory aims to solve how a black hole responds (via GW emission) to a certain per-

turbation - in this case, created by an incoming GW. In section 1.3, we introduced the concept of black hole reflectivities
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and how they affect each spherical mode of the waveform at the observer (infinity). However, it is useful to translate this
into an actual scattered waveform that can be observed.

Similarly to lensing in weak gravity, the black hole reflectivities introduced in section 1.3 - see figure 5 - have a
large dependence on the comparable scales of the wave and the black hole being perturbed. At high values of wM, the
geometric optics limit dominates, and at small wM, we are in the wave optics regime. These reflectivities are the key
variables in describing how the black hole responds to the incoming radiation- if it transmits it or it absorbs it. At
high frequencies, the reflectivities vanish and the wave gets almost fully absorbed, since the frequencies correspond to
the real part of the fundamental quasinormal mode of each harmonic. Thus, for wM >> 1, only very large £ modes
contribute, corresponding to null geodesics, which makes us recover the geometric optics regime studied in section 3.1 -
[9]. In particular, we can clearly see the reflectivities going to zero for smaller £ modes much earlier in frequency.

Having the tools to solve the scattering problem in the BH frame, there is still the need to construct the full gravitational

perturbation before it reaches the black hole and when it reaches infinity, which represent the unlensed and scattered GWs.

3.2.1 Scattered Gravitational Waves

From section 1.3, we acquired a strong understanding of how each spherical mode of the incoming gravitational wave
propagates through a Schwarzschild black hole. Therefore, in practical terms, all that is needed is to sum over all of these
to obtain the initial and final wave.

Similarly to how the authors of [37] write the gravitational perturbation in a coordinate system that suits their goal,
one can also write a gravitational perturbation in the Transverse Traceless (TT) gauge such that it can be described in

terms of its' two propagating degrees of freedom:

0 0 0 0
0 h hx O

huydl’udl‘y = + % (88)
0 0 0 0

The contents of A and hx can be easily described in terms of properties of the source. In current detectors, one is able
to resolve them, with some limited precision. Therefore, these two degrees of freedom are, effectively, what we detect.
However, unlike what was done in section 2, where the polarization contents of the wave are irrelevant,we will handle
h; and hy separately since they are lensed differently. This does not come to say that, in weak gravity, the lensing
of both polarizations is the same. It is simply treated as being the same, proving that the weak gravity approximation
does not accurately account for the spin-2 nature of GWs.

To a good extent, we can assume that the wave hitting on the lens is a plane wave. In particular, the distances at
which this approximation becomes valid are r > % . For a wave of size A ~ M (wave optics regime), it is enough to
say that the radial distance has to be larger than the size of the black hole, » > 2M . Therefore, for a source at about 50\
(or 100R;) the exact "piece" that hits the lens (BH) will be plane, but strong gravity effects still need to be accounted for.
Under this assumption, if we take our initially spherical wave, with an amplitude A and a time and radial dependence of

the form

é ei(kriwt)
r

; (89)

and rewrite the radial coordinate as r;,g + Z, such that the plane wave hitting the black hole is:
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Having defined the time and radial dependencies of our perturbation, we now want to decompose them into spherical
harmonics centered around the lens and solve the scattering problem ''. However, the two modes (4, x) don't have well

defined spin weights. The helicity eigenstates hio = hy £ ihy are given by:

h(iZ) — H(i?)eiwz + FI(JZQ)efin’ (92)

e—iw(t—TLs)

where H(*?) = <A+ F AX> , (93)

2rLs

and H is the complex conjugate. Having a well defined spin, it is possible to decompose our perturbation into spin

weighted spherical harmonics [39], (since our gravitational perturbation is a spin-2 field), - [25, 34], centered around the

lens. The radiative field at infinity (h4 and hy) can be related to the Regge-Wheeler-Zerilli (RWZ) master variables

(7,,,), as done in Eq. (6.14) and (6.15) of [25]. Applying this to our spin eigenstates, we are able to extract the weight of
each spherical harmonic with spin s = £2 as such:

1 g + 2 ! even - 1,0
hsa) = 3 by Yi? where rhi? =2 E — 2;! (s + igad). (94)

Im

Now that we have been able to relate the spin eigenstates of our incoming plane wave to the RWZ master variables, we
can solve the scattering problem on ¢} . However, we want to have a clear relation between the master variables and the
amplitudes of our plane wave (we currently have the opposite). To do so, we can remind ourselves of the decomposition

of a scalar plane wave into spherical harmonics

ere0st — /01 Tji(wr) Pi(cos 6), (95)
l

where jy(x) is the Bessel function of the first kind of order ¢ and Py(cos 6) are the Legendre polynomials. We know
that our spin eigen states, which we decomposed into spherical harmonics, are a (spin-2) plane wave which we can also
decompose using a generalization of Eq.(95) for spin-2 waves - [34, 35]. It leads to the following expression relating the

amplitudes of the plane wave H to the RWZ master variables:

jH T2 0 —2)! : «
iite, = T VAT (o (-1t - e e %6)

w

where c.m stands for the conjugate mode: for a given v, , the conjugate mode is given as (¢ _, )*. The only
azimuthal numbers that contribute are those equal to the possible spin weights, such that |m| = s = 2. However, the
reflectivities do not depend on m due to spherical symmetry.

In order to account for the strong-field effects, we rescale the outgoing component of our RWZ solution (¢*“™*) by

"One can also follow [10] for the next steps of this derivation.
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the reflectivities of the BH , and subtract the incoming component, in order to isolate the strong field effects:

Teven iH:F2 ([ — 2)' {peven | iwr
Uil = = VAR [y [1 + (~1)PRES ] +em, 97)

where the same relation between even and odd y,,, holds. The incoming component will be summed back, unaffected,
as a part of the wave that propagates without hitting the black hole. The following step is to re-sum over ¢ the spherical
harmonic spin weights as introduced in Eq.(94), but with the lensed variables Yo instead of the original ones. That way,
after some algebraic manipulation, the amplitudes of the helicity eigen states of the lensed waveform H &2 are related

to the original ones via a frequency dependent factor !>
2 _ 3z [(F2) ), (98)

with §*(Qo1) = “f DONRVETE) P (QOL><[1+( DRG] F 1+ )R"dd]), (99)

£,|m|=2

where Qo1 = {0or, o1} is the angular position of the observer with respect to the lens (remember that the spherical
harmonics are centered around the lens).

As stated earlier, for each £ mode, there are two contributions, one for m = 2 and one for m = —2. As we can see, in
the case of m = 2, the sum depends explicitly on Ry " — Rggf. As we go to higher ¢ modes, this difference converges
to zero, which causes no obstacle in achieving very high values of ¢ and getting an accurate computation of these factors.
However, for m = 2, the exact opposite happens, which is why in [10], the authors resort to a Cesaro sum (see appendix
A of the paper), for which this sum converges. However, there is still a numerical complication in summing up to large ¢
values when the angle between the lens and the observer 6y, is small - which, in weak gravity, corresponds to small impact
parameters. This will heavily constrain the kind of physical system we can analyze.

Finally, similarly to how we took the propagation modes h and hy and rewrote them as spin eigenmodes, we can
now do the opposite to get the lensed version of the two polarization modes. The lensed i and h ., will be given as the

sum of the scattered outgoing wave and the unaffected wave, as such:

hlf/lied h“’}lensedqt hy/x where, explicitly, the lensed component is given by (100)
—’Lw(t—T‘Ls—TOL)

- e

hy = ————|{FT+5 )44 (Q T )A(Q .C. 101

b= e | (37 48 ) A (@) + (87 -5 Ax(us) | +een (101)
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- e

hy = ————— | (FT -5 )44+ (Q T )A(Q .C. 102

= e [(& ) A (Gus) + (FF+5 ) Ax(Sus) | + 0 (102)

In turn, the unlensed contributions are simply the plane waves measured at the observer, which are given by Eq.(91)
for the coordinates of the observer with respect to the source 205, r05. As one can tell, the amplitudes of the plane waves
A, and Ay that we need to sum in order to write the final lensed waves are measured in different sky locations - one is at
the observer, and the other one at the lens (with respect to the source). However, we are interested in sources and lenses
both located at cosmological distances from us (observers), but within the same system. Therefore, the solid angles at the
lens and source are comparable to us, observers - {25 ~ {0, such that we can approximate A/, (Q0s) ~ Ay /1 (QLs).
Adding both of the contributions h and hntensed e arrive at a final expression for the lensed polarizations . and

hy in terms of the original ones:

Zthis is done by expanding the conjugate mode explicitly, which yields a contribution that goes as e’*"* and one as e~ "™,
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¥/ x where the amplification functions F and G are: (103)
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The first takeaway from this expression is the evident polarization mixing that no amplification function in this
project so far has been able to capture. In particular, there is a polarization conserving contribution from F and then there
is contributions from the other polarization mode, scaled by the factor G.

The second takeaway is that, after restoring the azimuthal angle dependence explicitly, both the amplification functions
can be defined in terms of a single function [F with different ¢ dependencies, which can be confirmed by isolating the

Y,"2(0or, por) £ Y, 2 (0oL, ¢or) terms of the amplification functions:
F =1+Fcos(2¢0L) , G = iFsin(2¢or) (105)

This means that, for a certain choice of ¢, one can have full conservation of the initial polarization, and no mixing
is observed. Therefore, it is natural to conclude that the mixing of both of the polarizations is an effect that arises
exclusively due to the tensorial treatment of the gravitational wave, and not due to the scattering off the black
hole. If one thinks about the fact that our black hole is non-rotating, it follows that polarization mixing is not necessarily
an effect caused by it. If, ideally, the source, the lens and the observer were to be aligned in the equatorial plane, the
polarizations would be fully preserved and, in fact, no mixing would be observed.

Nevertheless, the authors of [10], have been able to construct these frequency dependent amplification functions,
similarly to the ones found in section 2 given in Eq. (61), (66), for example, which places us in the bottom left corner of
figure 4. Therefore, it is worth to see what it looks like and make a hands on comparison to the ones for weak gravity. To
do this, we must, first, establish a physical configuration of source-lens-observer, which is, in weak gravity, the same as

choosing an impact parameter y.This physical configuration consists of:

* adistance between source and lens of r;,g = 100M e, = 50R, which renders strong field effects non-negligible,

but retains the validity of the plane wave approximation;

* a lens and source at a cosmological distance from the observer (z = 0.1) but not from each other. Because both
the lens and the source are in the same local universe, the distances source-observer and lens-observer are far more

comparable than lens-source, r;.5 < ros ~ ror, , which greatly simplifies the exponentials in Eq.(104);

» we fix ¢ at /6 in order to be able to observe some polarization mixing, and ;s = /6 to be able to get a
convergence on the sum in Eq.(99) - it becomes more computationally expensive for smaller angles, which would

yield far more visible strong field effects.

We also wish to make an equivalence between strong gravity and weak gravity, therefore we set this same physical
setup for weak gravity, but for a point mass lens model instead of a black hole - Eq.(61), in particular. The only parameter
on which each of the amplification factor depends on (other than frequency) is the impact parameter. Due to the geometry
of the system, the dimensionless impact parameter y can be rescaled by the Einstein angle 6 to regain dimensions and

then written in terms of the angle 6, ¢ and the distance r7 g , and, for our chosen physical setup, it gives:

tan(@LS) Dis

~ 2.69 106
0r Dor (106)

Y=
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The distances Dy g and Doy, are the distances between the plane of the lens and source and lens and observer, re-
spectively. Keep in mind that, by construction, the dimensionless frequency introduced in section 2 differs from the

dimensionless frequency wM from this section by a factor of 4. Explicitly:
w =4wM. (107)

Finally, for this physical setup, we plot in figure 17 the absolute values of the amplification factors F and G against
the Point Mass Lens (PML) amplification factors as a function of the dimensionless frequencies wM .

Amplification functions - BH vs PML
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Figure 17: Amplification functions of the Schwarzschild black hole - both the polarization conserving and polarization
mixing ones - Eq. (104); against the PML model - Eq.(61) in terms of the dimensionless frequency wM .

As we can see in figure 17, the PML and BH amplification factors behave very differently at higher frequencies. When
we approach the geometric optics limit - at high wM - the polarization conserving factor / — 1 and the polarization
mixing G — 0, whereas Fpyr, simply becomes highly oscillatory, as predicted. This is because, in strong gravity, the
BH absorbs the radiation, which agrees with the behavior of the reflectivities at high wM, causing the outgoing part of
the wave, scaled by R, not to reach infinity. Therefore, we see that the lensed strain becomes closer and closer to the
unlensed one - which propagates unaffected by the gravitational potential of the BH.

Furthermore, we observe what seems to be a beating pattern in the early frequency range of the 7 and G amplifi-
cation factors, which could be associated with intrinsic properties of the BH. Therefore, even in a setup where the
source alignment with the lens is not ideal for lensing, we can see clear qualitative differences between treating the
lens as a black hole as opposed to a point mass. This proves the need to account for the complex structure of extremely
compact objects when handling lensing in strong gravity.
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4 Lensed waveforms

4.1 Methods and detectability

To study exactly how these amplification functions act on a real GW event, we use the python package pyCBC - [32],
github - for GW astronomy that allows us to generate templates for waveforms given the properties of the source. In this
work, we will study the effect of different lenses on waveforms varying not only the total mass of the binary but also
its mass ratio, and the placement of the source with respect to the line of sight (otherwise known as impact parameter).
After generating a certain waveform, all one has to do is compute its Fourier transform and apply the frequency dependent
amplification factors found in sections 2 and 3. However, it is important to note that these amplification factors depend
on two free parameters - the dimensionless frequency and the impact parameter . To convert from dimensionless
frequency to Hz, we need to fix a particular lens mass. The impact parameters is set by the relative position of the source
with respect to the lens.

In this work we focus on binary sources that are within the LIGO band, with total masses no greater than m; +mg =
200M), and the minimum frequency we allow the waveform to have for analysis purposes is fiin = 20 Hz. This means
that our waves will span over a certain range of frequency values, which, depending on the lens masses, can put us in
the geometric optics or wave optics regime. We also fix the source at redshift z = 0.1 and include the cosmological
propagation when converting between the dimensionless frequency at the lens and the frequency in Hz at the observer.

After lensing our waveforms we also compute the mismatch between the lensed and the original waveforms. The
mismatch is a statistical measurement used in GW astronomy to match the waveform measured by detectors to the tem-
plates obtained from simulations, such as the ones used by pyCBC. The better the match between the two waveforms
(measured and template), the more likely our event is to be from a source with the parameters set to run the simulations.
This is, in broad terms, how scientists infer the properties of GW events. The mismatch is given as the internal product

of the two waveforms, weighted by the noise of the detector. Specifically:

Mismatch = 1 — M (hy|hz), where M (hy|hs) = (h(ﬁ;‘?z . (108)
171 2112
and the inner product is (hq|hs) = 4R {/ df it (g)(f)( ) } . (109)

This is computed in the frequency domain and A (f) is the complex conjugate of the original strain h;(f) at that
frequency value. This computation is also minimized over time delay. What this means is that, after the waveform is
lensed, when we compare to the original one, we shift one of them in time domain so that they are as aligned as possible
when computing the inner product. Ideally, the amplitude peaks are aligned with each other leading the mismatch to be
minimized. S, (f) is simply the detector noise, which, for this work, is set to be the one from LIGO observing run 1,
which is available the public - LIGO-O1-noise. Despite the fact that this is the true noise at the detector at the time of the
first event - GW150914 [1] - it is a rather large noise. For the more recent observing runs, as well as for future ones, it is
expected that this noise will be lower and the signals will have be louder (they will have a higher Signal to Noise Ratio).

The optimal SNR (Signal to Noise Ratio) is given as the internal product of the signal with itself:
SNR? = (h|h). (110)

To better visualize exactly what these measurements can tell us, we will focus on one particular example. The first
step of the analysis will be to quantify exactly how to minimize the mismatch over time delay, for a random set of time

delay values applied to one particular waveform. That waveform is chosen to be first detected GW event - GW150914,
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[1, 2]. We start by generating the waveform using pyCBC - which uses the original LVK collaboration waveform library
LALsimulations [23] - for a binary with component masses M; = My = 30M, and with spins aligned'?, which resem-
ble the properties of GW150914. Afterwards, we move them into frequency domain via a Fourier transform, and then
apply several values of time delay, Ty € [—0.08,0.08]s. Considering that the first detected event lasted for about 200

miliseconds in the detector, these are rather large time delays .
h(f) = h(f)e /. (111)

It is important to note that these time delays have no physical meaning in the sense that they are not caused by a
specific lens, they are just values that were chosen with respect to the duration of the signal to test the effects of a time
delay in computing mismatches. In real lensing systems, when galaxies act as lenses, time delays are expect to be in the
order of hours, or even days, much larger than the duration of the signal. In that case, the images don't interfere and we
just receive the same event several times, with different magnifications.

After applying the time delays to the generated waveform, we find that the mismatch behaves as seen in figure 18:

Mismatch as a function of time delay
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Figure 18: Mismatch of the delayed waveforms with respect to the original event GW150914 as a function of the time
delay applied.

Because we are computing the match of a waveform with itself, this measurement is very sensitive to even the
smallest of time delays. As logic dictates, the mismatch vanishes if the time delay applied is zero (the match is maximum).
However, one would think that the mismatch would simply by = 1 for the whole remainder of the time delays, and that is
not the case. When applying an overall time delay # 0Os to a waveform and then measuring the match of that waveform
against the non-delayed one, two different things occur. Either that time delay is infinitely close to zero and the waveform
almost doesn't get affected, in which case the mismatch is infinitely close to zero, which is why we see a big dip of
the mismatch around 7 ~ 0; or the time delay actually "makes a difference", which makes the mismatch very quickly
approach 1 (the waveforms match very little), which is also visible. The reason why the mismatch oscillates around

3The approximant used to generate these waveforms was ’IMRPhenomX’, one of the many available through pyCBC.
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1 — M = 1 is because of the following: in the points where the mismatch peaks, both of the waveforms are completely
out of phase, and the local minimums (excluding zero) are the points where the waves are not perfectly out of phase but
match very little. This has to do with resonances between the period of the wave and the time delays applied. It makes
sense that the largest peaks are right around zero, at very small time delays, since the points of highest intensity of the
waveforms (the ones that contribute the most to the mismatch) are around the merger, where the frequency is highest and
the period is the smallest. This means that it it is not necessarily the largest time delays overall that lead to the highest

mismatches. It is also very important how that time delay compares to the period of the signal.

4.2 Astrophysical scenarios
4.2.1 Weak gravity lenses

For this section, we use the same waveform as earlier, with properties similar to GW150914 but, instead of applying time
delays with no physical characteristics, we apply the amplification functions caused by the presence of a Point Mass Lens
- section 2.3.2. We choose the mass of the lens to vary between 30 and 6000 and simulate three different physical
setups, with the source being progressively more aligned with the lens (in the vicinity of a caustic).

To do so, we first must convert the frequency values into dimensionless frequencies. Remembering Eq.(35) where

the dimensionless quantities were introduced, and adopting the Einstein angle as a normalizing constant, then:

4GM Dirg
c2 DLDS

GMj,
c2

¢o=Drbgp =Dy <~ w=8nf(l+zp) , (112)

where z;, = 0.1 is the redshift of the lens and M, is the mass of the lens. As we can see explicitly, varying the
mass of the lens changes where we are in dimensionless frequencies range. Having done so, we simply choose one
impact parameter in order to get the amplification factor that should be applied to the waveform. For this work, we
chose y = {0.01,0.1,1}. '* Following this, we compute the mismatch between the GW150914-like waveform generated
initially and the lensed one. Similarly to what is done in the previous section, we minimize the mismatch over time delay,
and find the following - figure 19:

We can see that the largest impact parameter (y = 1: solid line) displays a relatively constant behavior in the mismatch.
This can be explained simply due to the fact that, for such a setup, where the lens and the source are quite misaligned,
lensing does not play a vital role - i.e., changes to the waveform are almost negligible. As we can see, the mismatch is
never greater than 0.08, which is quite low for observational purposes.

Aty = 0.1 (dashed line), the mismatch oscillates and takes substantially larger values than both of the other two cases.
This behavior is not intuitively simple to explain, but looking at individual cases of the lensed waveforms can, perhaps,
shed some light on the situation. For example, one would assume that in the case where the source and lens are the most
aligned (y = 0.01: dotted line) lensing would be more prominent and, therefore, the mismatch would be the highest.

One very possible way to account for this behavior is by looking at figure 10. We can see that smaller impact param-
eters have, indeed, much larger amplifications. However, the signal being intrinsically brighter does not necessarily
lead to higher mismatches, and this simply stems from the definition of the inner product and how the mismatch is
defined - see Eq.(109). The major source of measurable changes in waveforms is the oscillations in the amplification
functions, which causes several images to form and interfere. Figure 10 shows that the smaller the impact parameter,

the later the oscillatory behavior of the function starts. This means that, for the same range of dimensionless frequencies,

1Tt is important to keep in mind that the impact parameter is dimensionless, and is normalized by the Einstein angle of the lens; explicitly,
y = 60o/05. As such, y takes into account both the angular position of the source (fy) and the angular extent of the lens (§). Therefore, the same
source position for two different lenses leads to different impact parameters y.
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Mismatch as a function of lens mass
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Figure 19: Plot of the mismatch between the waveform lensed using the PML model and the unlensed one as a function
of the lens mass. Each line style and color represents a different impact parameter.

depending on the impact parameter, we can find ourselves in the wave optics and geometric optics regime. In other words,
there are more variables that play a part in setting which regime of lensing applies other than the dimensionless
frequency.

To better understand the tendencies in the mismatch, we look at three individual cases/waveforms: the maximum
mismatch at y = 0.01, which happens for a lens mass of M, = 270M, (green line of figure 20) and both the maximum
and minimum mismatch for y = 0.1 (M, = 600M, - blue line and M}, = 111Mg, - red line, respectively).

In this case, the red and blue line are subject to the same amplification function - in figure 10. However,
the lower lens mass places us in a lower (dimensionless) frequency range w, and M, = 600M, places us at high . We
can clearly see that the green waveform in the top left plot is simply higher in overall amplitude |h |, whereas the blue
line has a totally different shape. The blue line corresponds to a waveform in the geometric optics regime that shows the
interference between the images that are being created, and this can be confirmed by looking at the bottom left panel of
figure 20. The final waveform is not only amplified but completely distorted, which is why the mismatch in this
case is much higher.'’

The red line is subject to a different amplification function since it has a different impact parameter, which corresponds
to the light blue line of figure 10. Since it is being lensed by a mass slightly higher than the green line, but much lower
than the blue line, we can infer that its range of w is somewhere in between the other two. Therefore, in this case, the
waveform suffers from a large amplification but not heavy distortions arising from the interference of multiple images.

Overall, the brightest signals (highest SNR) are indeed those that are lensed in the wave optics regime, when
the source is located near caustics. However, the most conspicuous signatures of lensing that dramatically increase
the mismatch to the waveforms are found in the geometric optics regime- blue line of figure 20.

Lastly, all of the waveforms are brighter than the original one, which proves the power of lensing in looking at distant

15Tt might be challenging to resolve all of the lines on the bottom left panel. However, the blue time domain is exactly the same as the one used
on the right hand side of figure 1, so one can look at that for a better visualization.
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sources. We can, furthermore, confirm that the SNR of the GW150914-like (unlensed) waveform, closely resembles the
one at the first detection of LIGO O1 - authors of [1] find that SNR ~ 25.1 for a 36.2M on 29.1 M, binary.

Lensed GW150914

Lo Frequency domain SNR
unlensed h«, SNR =28.8
20091 —— M, =111M,, y=0.1, SNR = 106.0
10-22 —— M, = 600Mo, y=0.1, SNR = 89.2
—— M, =270M,, y=0.01, SNR =213.1
£ 150
]
107234 E
< 3
X X
< < 100
10724 4 x
=
50 4
10725 4
0 B
10726 T T T T T T T T
100 200 300 400 500 100 200 300 400 500
f(Hz) f(Hz)
1e—20 Time domain Mismatch
0.35
1.0 A
0.30
051 0 025
2
kS .
= 004 § 0.20 — 1 —M(fjlh)= 0.067
> L —— 1-M(hlh)= 0.273
< ? 0.15 —— 1—M(hlh) = 0.098
-0.51 —
=~ 0.10
—1.01 0.05
-1.51 0.00
-0.150 —OA'125 —0.'100 —0;075 —OA'OSO —OA'O25 OAOVOO 0.625 0.050 160 260 360 460 500
t(s) f(Hz)

Figure 20: Same waveform lensed for three different setups. The red and blue lines are both at y = 0.1, one for a lens

mass of My = 111Mg, - red; and the other for My = 600M, - blue. The line for a smaller impact parameter y = 0.01

(in the vicinity of a caustic) lensed for a lens mass of M, = 270M, is green. The grey line is the original waveform. The
top left panel shows the absolute value of the A, polarization in frequency domain (the minimum frequency is set to
20H z). The top right panel shows the evolution of the SNR in frequency - the integral of the internal product of the
signal against itself in Eq.(109) is computed cumulatively. The bottom left panel shows the time domain waveform,

original and lensed ones, as we would see them on a detector. The bottom right panel shows the evolution of the
mismatch with frequency. Similarly to the SNR, the integral in Eq.(109) is computed cumulatively, but in this case its of
the original signal against the lensed one.

4.2.2 Strong gravity lenses

Having tested out how a PML acts on one specific waveform, we focus on employing a similar methodology, but for a
Schwarzschild BH acting as a lens. Due to numerical obstacles, as mentioned in section 3.2, this study is limited to one
specific physical setup and a range of dimensionless frequencies. However, despite being bound by these circumstances,
we can apply the amplification functions represented in figure 17 to several different waveforms, as long as their

frequencies and lens masses place us in the range of wM for which we can compute 7 and G (which are the BH
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amplification functions). This means we need to fine-tune both the mass of the binary and of the lens. The lens masses
are chosen to be between 70 and 700 M.

Similarly to before, we set the minimum frequency to be that of LIGO sensitivity, which is f = 20H z. We tackle this
problem from two different fronts: at first, we set our binaries to have equal component masses. Different component
masses will cause the waveforms to range over different frequency values, with the higher masses having shorter signals,
with lower frequencies (it's little over one peak/oscillation); and the lower masses having longer signals that reach higher
frequency values. The chosen component masses which place us within the correct range of dimensionless frequencies,
for the previously introduced lens masses, is m1 € {4Mg, 100M}. This means that our binary masses range from 8
to 200M. This range was chosen considering both how low in mass a BH can be (needs to have M > M, where
Mo = 1.4Mg is the Chandrasekhar mass), and how high in mass the detected events by LIGO are (so far, no binary
heavier than 120M, has been detected). After that, we look at binaries with different component masses but the total
mass fixed at 100M. We vary the mass ratio ¢ from 1 to 15.

Having generated all of the waveforms, similarly to what is done before, we Fourier transform them and lens them
using the amplification functions displayed in figure 17 for the different lens masses. The dimensionless frequency wM
on figure 17 differs from w (Eq.(112)) by a factor of 1/4 . After lensing all of the waveforms, both for the PML and BH
models, we compute the mismatch between the lensed (or scattered, respectively) and the unlensed one. To facilitate
the analysis, we consider only the cross polarization hy, despite the fact that both h and h, undergo distinct lensing
effects. In particular, the choice of physical setup from [10] and section 3.2 favors lensing effects on hy. This, naturally,

only becomes consequential when analyzing the BH lens, since the PML affects both equally. Explicitly:

Lensed waveform: h(f)lJr/X = Fpur(f)R(f)} )« (113)
Scattered waveform:  h(f)% = Fpu(f)R(f)} )« +Geu (M5 /4 (114)

In figure 21 we show the mismatch between the scattered and unlensed waveforms, for all 10 of the lens masses in
terms of binary mass. It is visible that all of these values are small, compared to the previous section 4.2.1, which is to
be expected at such a large impact parameter - y = 2.69. Furthermore, one should bear in mind that all of these values
have been minimized over time delay. However, all of the lines show different qualitative behaviors, and still show that
the changes to the waveforms are measurable and visible. As a reference, we show in figure 22 a couple of these lines
plotted against the mismatch between lensed and unlensed waveforms, to compare a BH versus a PML model. Finally,
we will look at some individual cases to better understand the tendencies in the mismatch.

We can see that, despite being at such a large impact parameter, the PML model still shows a relatively large mismatch,
more so than the BH scattered waveforms for most of the cases - see figure 22. However, the black hole scattering
mismatches show qualitative features different from the point mass lens, rendering them more "interesting".

The first noticeable feature is that for M = 700 we can see that the mismatch has much smaller values overall.
This can be explained due to the fact that this particular mass is, in many cases, smaller than the mass of the binary (from
m1 = 35Mg onward). This will lead the lens to become "invisible" to the waveform, which has a size larger than it,
placing us in the deep wave optics regime. Therefore, as we move along the z axis of the Mj = 70M line of both
figures 21 and 22, the mismatch very quickly decreases, reaching almost zero for the BH case.

For the PML model, the mismatches change very little, which, to some extent, can also be observed in the BH lens
case. In particular, for the BH case, it seems that for M, = 300M onward, all of the lines seem to blend into very similar
mismatch values, even for lower binary mass values. In other words, when we enter the geometric optics regime for the
black hole lens, the mismatches all merge and acquire very small values due to absorption . For the PML, because
we are at too high of an impact parameter to form distinct images, the mismatch also remains approximately constant.
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Mismatch in terms of binary mass
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Figure 21: Mismatch between the original and scattered waveforms for equal mass binaries. Each one of the 10 colors is
a different lens mass. The scattered waveforms are the ones to which F and G from Eq.(104) are applied.

Mismatch in terms of binary mass - lensed VS scattered
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Figure 22: Mismatch between for equal mass binaries, for 3 lens mass values. The dashed lines with stars are the scattered
waveforms (BH lens - Eq.(104)) and the dots are the lensed waveforms (PML - Eq.(61)).

The lens masses that cover the wave optics regime, which should be higher than 70M;, but lower than 3000,

seem to peak at lower binary mass values before decreasing, and the peak seems to be shifting along the x axis as we

increase lens mass values. This could be caused by the beating pattern observed in the F and G amplification factors right
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before wM ~ 1 - see figure 17. This is a plausible explanation due to the fact that for those particular lens and binary
masses, we are close enough to having wM ~ 1 (the size of the wave is majorly set by the size of the binary, off by some

factors, therefore it is still possible to be in this regime despite the binary and lens masses not being exactly equal).
To further understand the different behaviors in the mismatch, we look at some cases individually: in figure 23, we
show the waveforms with the maximum mismatch for the BH lens, which is achieved for a binary mass of 381/ and

lens mass of 196 M ; and in figure 24, we show the smallest mismatch for a fixed lens mass of 700, - which , however,

is not the minimum overall - achieved for a binary mass of 2000 .
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Figure 23: Looking at the individual case where the mismatch of the scattered waveform is maximum, which happens for
a binary mass of 38 M, and a lens mass of M}, = 196 M. The green line is the scattered waveform, and the red line is

the lensed one. The layout is the same as figure 20 for the 4 panels.

In figure 23, we notice that the mismatch very quickly accumulates at low frequency values of the waveform, and
then takes a "dip". This is caused because the early stages of the waveform are placed in the wave optics regime, which
can be confirmed by looking at the time domain waveform. In the early stages of the merger, the green line shows a
slight amplification and a visible time shift, and the latter causes the mismatch to maximize for low frequencies.
The observed minimum is achieved when the dimensionless frequency starts approaching the geometric optics regime,

but before absorption by the black hole begins to play a role. We can still see some slight amplification but no overall

distortion on the waveforms, which is why the mismatch decreases.
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On the other hand, figure 24 shows a different behavior. The waveform in frequency domain spans over much less
frequency values than figure 23 - as one can see, it doesn't necessarily reach smaller frequencies than the one in figure
23, it simply fails to reach higher ones. This means that, even in dimensionless frequency, the wave spans over a much
shorter frequency range. This will lead the mismatch to accumulate for a limited range of frequencies, making it smaller
overall. However if, perhaps, this small range was in an earlier region of the x axis of figure 17, the mismatch would be
able to reach higher values because it would be deeper in the optics regime. However, that behavior is hard to observe in

figure 21 since all of the different lines are relatively concentrated around the same values.
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Figure 24: Looking at the individual case where the mismatch of the scattered waveform is minimum for a lens mass of
700 M, which happens for a binary mass of 200M . The green dashed line is the scattered waveform, and the red dotted
one is the lensed one. The layout is exactly the same as figure 23, except for a different waveform.

Essentially, there are more factors at play in the mismatch between scattered and lensed waveforms than one expects.
First and foremost, more proeminent lensing signatures for the scattered waveforms are expected in the wave
optics regime (early wM ), since in geometric optics there is absorption. This is already a behavior exclusive to a black
hole lens, since in the point mass lens approximation we found that highest mismatches are in the geometric optics regime,

when different images interfere. However, if the lens mass is set to be too small, placing us in the deep wave optics regime,

the wave travels virtually unaffected.
Secondly, for the same binary mass, except for the single case of M = 70M, we notice that the mismatch seems
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to be smaller for higher lens masses. This is understood since changing the lens mass alone will define where in wM
the waveform is spanning over, and for higher lens masses, we start approaching geometric optics, which means, for a
BH lens, absorption.

Lastly, as we move along the x axis in figures 21 and 22, the waveforms are much shorter bursts, unable to reach as
high values of frequency. This means that the lens mass plays a very important role: if the range of wM is very short, then
the placement of that range will define if the wave will be distorted or absorbed. At high binary masses, all of the lines in
figure 21 seem to blend, making it hard to distinguish this kind of behavior. In this case, the fact that the signal is short
"dominates' over whether we are in wave optics or geometric optics. As we can see from figure 24, the mismatch
peaks at a value as high as the one from 23. However, the mismatch stops accumulating at frequency values where we no
longer have a strain, which causes it to acquire a much smaller value.

Having looked at equal mass binaries, we now turn our attention to binaries with a mass ratio ¢ # 1. Fixing
the total binary mass at 100M will lead to the waveform always having the same range of frequency values. The only
change that we can actually enforce is how the strain is distributed within that same frequency range.

Essentially, a waveform is a superposition of several spherical modes. The same way that, in section 3.2, we de-
compose the incoming waveform into spherical modes centered around the lens, a GW can be decomposed into different
modes centered around the source - binary. The properties of the binary will set how much each of these spherical modes
will weigh into the final waveform. For more symmetric binaries, the (¢,m) = (2,2) mode has a crushing contribution
when compared to all the others. However, for more asymmetric binaries, other modes become more relevant. In short,
as we increase the mass ratio of the binary the waveforms become more "irregular".

Similarly to what was done for equal mass binaries, we show in figure 25 the mismatch between the scattered and
unlensed waveforms, for all 10 lens masses, as a function of mass ratio. In figure 26, we show a comparison with the

PML model for three different lens masses.

Mismatch in terms of mass ratio
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Figure 25: Mismatch between the original and scattered waveforms for different component mass binaries. Each one of
the 10 colors is a different lens mass. These are the waveforms to which F and G from Eq.(104) are applied.
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Mismatch in terms of mass ratio - lensed VS scattered
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Figure 26: Mismatch between for different component masses binaries, for 3 lens mass values. The
dashed lines with stars are the scattered waveforms (BH lens - Eq.(104)) and the dots are the lensed waveforms
(PML - Eq.(61)). Each color is a different lens mass.

When compared to how much the mismatch changes with binary mass, the mismatch as a function of mass ratio
remains almost constant for the scattered waveforms. For the PML model, it remains perfectly constant, fixedat 1 —M =
0.006, as can be seen from figure 26. Once again, the mismatch for a lens mass of M, = 7T0My, is significantly smaller
than all the other ones, simply because we find ourselves in the deep wave optics regime - see figures 25 and 26. To
understand whether there is a tendency in the mismatch that is specifically caused by the mass ratio, we will look at the
individual case in which the mismatch is maximum, which is for ¢ = 15.0 for a lens mass of My = 322M,.

As we can see, the frequency domain strain of the original signal looks different from the ones we have observed for
equal mass binaries. However, since the intensity of the strain and the frequency range is the same as it would be for
equal mass binaries, one can only conclude that the mass ratio of the binary source plays very little role on how the
waveform will be lensed and/or scattered. The reason that the maximum value of mismatch for this particular analysis
is obtained for the configuration showed in figure 27 could be a spurious event. One possible explanation is, however,
that the early frequency stages of the waveform could coincide with the beating patterns on the amplification functions of
the black hole. It is still not enough to explain the increase of the line for M, = 322M, altogether.

To properly evaluate the validity of this statement, further research would be needed. In particular, the study of a
physical setup were lensing effects are more prominent would, perhaps, shed some light on these and other lingering
questions regarding lensing in strong gravity. However, as far as this project goes, we are bound by a system that doesn't

allow to probe very small impact parameters and very large lens masses.
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Figure 27: Looking at the individual case where the mismatch of the scattered waveform is maximum, which happens for
a binary mass ratio of 15 and a lens mass of M}, = 322 M. The green dashed line is the scattered waveform, and the red
dotted one is the lensed one. The layout is the same as figures 20, 23, 24 for the 4 panels.

5 Discussion

This project investigates how gravitational waves propagate in the presence of different lenses/mass distributions. We

start by introducing all of the different lensing regimes, which are set by three main parameters - recall figure 4:

* the dimensionless frequency wM - size of the wave compared to the lens - defines wether we are in geometric or
wave optics;
* the nature of the lens - wether we consider it to be have a strong gravitational potential that deeply curves the

space-time around it, or if we use the weak gravity approximation - strong versus weak gravity;

* the impact parameter of the source position with respect to the line of sight that connects the observer (us) to the lens
- strong VS weak lensing (this particular terminology is only used to describe the geometric optics regime based on

how many images are produced, but the impact parameter also affects how the wave is lensed in wave optics).

Before dwelling into all of the regimes, we show how gravitational wave propagation is analytically described from

Einstein's General Relativity - section 1.2. Supposing a particular background metric, gravitational waves are described
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as a small perturbation for which one only consider linear orders in amplitude. To study their propagation, we solve
Einstein's field equations for the first order perturbed Ricci tensor in vacuum and arrive at a form of a wave equation -
Eq.(9). This equation fully describes how a perturbation of the first order propagates in an arbitrarily curved background
metric. Knowing that curvature in the metric is induced by the presence of mass, then the nature/compactness of the lens

will set how curved the background metric is.

5.1 Weak gravity lensing

Starting off, in the weak gravity approximation , the propagation equation is solved for a nearly flat metric except for
the presence of a Newtonian potential, which slightly curves it very locally - Eq.(19). This kind of potential is a very
good approximation for a number of systems: galaxies, which are very massive but very disperse in radii - section 2.3.3;
stars, which are compact but still well enough described by a point mass; or, even for black holes, which are very compact
objects, if the wave propagates far enough from it - section 2.3.2. Under this formalism, the gravitational wave is treated
as a scalar. We arrive at an integral expression - diffraction integral - Eq.(36) - that encapsulates the information of how
the gravitational wave is lensed according to different lens models. Solving this integral yields amplification functions
that are applied to a Fourier transformed waveform to get a lensed gravitational wave.

For high enough dimensionless frequencies, this integral becomes too oscillatory and it is solved using the stationary
phase approximation, which places us in the geometric optics regime. It is very familiar since it's how we describe the

lensing of light waves - section 2.2. In this regime:

* we can obtain the lens equation - Eq.(39) - which tells us the position of the images given a certain source position

and deflection angle created by the gravitational potential, which is controlled by the choice of lens model;

* the amplification function is given as a sum of discrete images that arrive at different times, each with a different

magnification - Eq.(46);

« if the time delay between the images is not large enough, they interfere and heavily distort the final waveform - see

blue line in figure 20.

However, for lower frequencies, geometric optics breaks down. For a certain range of frequencies, it is possible to
rectify this without solving the diffraction integral in full, which becomes quite challening for more complex lens models
- section 2.2.1. This is done simply by accounting for higher orders in the Taylor expansion of the Time delay surface.
These beyond geometric optics corrections successfully make the geometric optics approximation better converge with
the analytical solution for a range of dimensionless frequency values that is in between deep wave optics and full geometric
optics - figure 9.

Lastly, when the dimensionless frequency is lower, we are in the wave optics regime and are forced to solve the
diffraction integral in full, analytically. We find that for lens models which have an axially symmetric 2-D projected
potential - section 2.3.1, the diffraction integral greatly simplifies, and the lens equation turns into a scalar one, meaning
the source and images are all along one axis (instead of a plane, which is the usual case) - figure 8. Furthermore, by
looking at two very familiar lens model - point mass (section 2.3.2) and singular isothermal sphere (section 2.3.3) - we
predict amplifications up to order 14 - figure 10 - in the vicinity of caustics (low impact parameters).

After laying out the theoretical foundations of the weak gravity approximation, the amplification functions from a
point mass lens model are applied to a waveform, for lens masses between 30 and 300 solar masses, and three impact
parameters between 1 and 0.01. For smaller impact parameters, the waveforms are, in the wave optics regime, largely

amplified, which results in a very high signal-to-noise ratio- top right sub-panel of figure 20. In the geometric optics
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regime, the oscillations in the amplification functions cause the multiple images to interfere and distort the waveform-
top and bottom left sub-panels of figure 20.

To quantify the changes in the waveform caused by the point mass lens model, we compute the mismatch between
lensed and unlensed waveforms - Eq.(108). By definition, a mere amplification to the waveform (causing higher signal-
to-noise) is not discernible in the mismatch. Furthermore, the mismatch is minimized over time delay, meaning that we
shift the lensed waveform in time domain in order to coincide with the unlensed one as much as possible - figure 18.
Nevertheless, we can get mismatches as high as 0.25 (it is usually between 0 and 1), meaning that, in some cases, lensed
waveforms can go by undetected due to the incompleteness of the current gravitational waveform model template
banks, if their signal-to-noise is not high enough - see figure 19.

There is a lot of future work to be done in weak gravity lensing, particularly in solving the diffraction integral for

complicated lens models - [44, 46] and extending current templates to account for heavy distortions - [15, 11].

5.2 Strong gravity lensing

When studying lensing in strong gravity, the formalism is drastically different and the techniques used to describe the
geometric optics and wave optics regime are also very distinct.

In geometric optics, a short wave expansionis performed. Essentially, we use the WKB technique of expanding the
wave in amplitude with an exponential (phase), and solve for orders of that expansion. The amplitude of the wave is taken
to change slowly with respect to the phase, valid when the wave has a small wavelength when compared to the scale of
the background curvature. When solving Eq.(9) for the leading order of the expansion, we arrive at the condition for a
null geodesic propagating in a background metric. Tracing geodesics is very well known in Schwarzschild metric, which

1s the case we focus on.

» We find that solving the geodesic equation in spherical coordinates leads to two constants of motion (through Euler-

Lagrange equations), whose ratio is defined as the impact parameter at infinity.

* We also find that the equation of motion for the radial coordinate - Eq.(79) - resembles that of a particle subject to a
potential barrier(figure 13). To overcome it, the trajectory of the geodesic needs to have a close approach distance
(xg) from the center of mass of the black hole larger than 1.5 Schwarzschild radii, which is where the maximum of
the potential lies. This means that the impact parameter at infinity - Eq.(81) - must acquire a certain value larger
than its critical one in order for the geodesic to not plunge directly into the black hole - see right hand side plot of

figure 14.

* We also find that by tracking the motion of the angular coordinate ¢, the deflection angle of the trajectory of the

geodesic is obtained. We can, then, relate it to the impact parameter- recall the first panel of figure 14 and Eq.(83).

* We show how the relation between deflection angle and impact parameter can be used to trace the trajectory of
gravitational waves emitted in Active Galactic Nuclei disks. In these disks, it is predicted that certain mechanisms
("migration traps") should lead binaries to migrate close to the central supermassive black hole, where they are
expected to merge. For the rather theoretical disk model this is applied to, we find that sources located in the trap
will mostly emit waves that directly plunge into the black hole - figure 16. However, in more outer regions, they
could be lensed and deflected. It is worth to explore this for more evolved disk and population models as future

work.

* Since the deflection angles are very often larger than 27, the geodesic is expected to loop around the black hole which

is, for light, what is known as the photon ring. In this case, it is useful to employ the logarithmic approximation -
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Eq.(84) - in computing the deflection integral, to better resolve when exactly we have a direct plunge into the black

hole, a "graviton" ring, or an extremely large deflection angle.

* It is also possible to define the deflection angles as deviations from 27 which should be small enough to follow
the lens equation. We are therefore, able to predict the magnifications of the image for a given source position (or
impact parameter), as well as their magnifications. Essentially, every time the wave loops around the black hole, it

creates an image and they are progressively fainter.

In wave optics, due to lower wavelengths, it is no longer possible to resort to the short wave expansion. Therefore,
we use black hole perturbation theory to solve the scattering of the gravitational wave off a Schwarzschild black hole
- recall sections 1.3 and 3.2.

The scattering phenomena is described by the Regge - Wheeler equation, which arises from considering a background
Scharzschild metric in the initially derived propagation equation Eq.(9). By preforming a separation of variables, we can
describe the angular dependence in spin-2 tensor spherical harmonics 2Yy,,, and then the radial dependence of each of
these spherical modes will be the solution to the Regge-Wheeler equation - Eq.(11). In order to solve our lensing problem,
we take the solution to this equation at infinity, which is where the observer would be placed. This resulting radial function
is taken to be as an outgoing wave scaled by the black hole reflectivities - see figure 5. These reflectivities are a function
of the dimensionless frequency wM between 0 and 1, for each (¢, m) mode. For higher ¢/ modes, they go to 0 at much
higher frequencies than for lower ¢ (for low frequencies, these reflectivities are always 1, meaning the wave is fully
transmitted). Therefore, for shorter wavelengths, which account for higher £ modes, the wave gets absorbed, and we
recover the geometric optics limit.

After having an understanding on how the black hole will affect the radial contributions of each spherical harmonic
mode (¢, m), we still need to deconstruct the incoming gravitational wave and reconstruct the outgoing one according to

these modes - section 3.2. To do so, we take the following steps, based off the methodology we developed in [10]:

* We write the incoming gravitational wave in the transverse traceless gauge and approximate it to a plane wave -

Eq.(91) - which, for the distance source-lens we are considering, is a good enough approximation.

* We expand the spin eigen states /149y into spherical harmonics centered around the lens, where the weight of each

mode can be related to the Regge-Wheeler variables (of the lens) at infinity.

* We then apply the reflectivities to the outgoing piece of the wave, and rewrite the plane wave with the outgoing
amplitude already being "lensed". This requires summing over all of the (¢, m) modes, which we found to be

numerically challenging.

* We then add back the incoming piece of the wave to be able to write the final waveform analytically as the initial

one times a scaling factor.

The first thing we are able to notice is that the final expression for each of the polarizations after being lensed has
a contribution from the initial polarization by a factor F, but also a contribution from the opposite one by a factor of G
- Eq.(104). This means that, in strong gravity, we are able to capture polarization mixing. We also quickly found that
for a particular choice of azimuthal angle ¢ = 0, the polarization mixing term G vanishes, meaning that polarization
mixing is a phenomena fully caused by the tensorial treatment of the wave, not the black hole itself. This follows
logically from the fact that we are considering a spherically symmetric, non-rotating black hole. Applying this kind of
methodology to, for example, Kerr metric, might yield very different results, but this will be left for future work.

Another clear feature of the amplification functions - see figure 17 - that is exclusive to the black hole lens, is the fact

that the amplification factors go to zero at high frequencies, making the lensed and unlensed waveforms converge. This
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means that the part of the wave that hits the black hole (incoming) is absorbed at higher dimensionless frequencies.
This is to be expected given the behavior of the black hole reflectivities at high wM, and it's how we recover the results
of section 3.1.

Having derived the frequency dependent amplification factors as done in lensing in weak gravity, we apply them
to several waveforms, varying several parameters. For equal mass binaries, we change the total mass between 8 and
200M . For higher mass binaries, the waves are expected to be very short in time (one, maybe two oscillations before
the merger) and very small in frequency - at least for the frequencies LIGO is sensitive to; for lower mass binaries, the
opposite is true. For different component masses binaries, we fix the total mass at 100M, and change the mass ratio
q from 1 to 15. For both of these analysis, we apply these waveforms to lens masses ranging from 70 to 7000, - which
will convert the frequency of the wave into dimensionless frequencies, placing us either in the geometric or wave optics
(or deep wave optics) regime.

After applying the amplification factors, we measure the mismatch between the scattered and unlensed waveforms,

and we find several interesting tendencies.

* For a lens mass of 70M, we are in the deep wave optics regime, which causes the lens to be unnoticeable to the

waveform, causing the mismatches to be much lower overall - figures 21, 25, 22 and 26.

* We notice that for higher binary masses, the mismatches are lower due to the fact that the waves are short in

frequency space, causing the mismatch to accumulate over less frequency values - figure 23 versus 24.

* For higher lens masses, which place us in the geometric optics regime, the mismatches seem to all blend together
and become very similar, meaning that absorption is playing an important role - both visible in figures 21 and 25.

» For lens masses that place us in the wave optics regime - between deep wave optics and geometric optics, the
mismatches seem to peak at lower binary masses (the higher the lens mass, the later it peaks), which could be

caused by the structure in the BH amplification factors at wM ~ 1 - figure 21.

* Lastly, we find that the mass ratio of the binary doesn't seem to affect the mismatch in an obvious way, meaning

that, at least for the system we are considering, lensing seems to be independent on the mass ratio.

All of these findings are still rather limited by our choice of physical system, which yields the amplification factors for
a black hole rather small. To further explore these effects, it is useful to try and overcome the numerical issues encountered
in order to be able to probe smaller impact parameters (y in weak gravity, or 6 in strong gravity). Furthermore, to make it
more applicable to real, physical systems, it would be relevant future work to expand this methodology to rotating black
holes, to see more intense effects on the final waveform caused by the polarization mixing. However, for lensing systems
where accounting for strong gravity effects is important, we can clearly see phenomenological differences between a
black hole and, for example, a point mass lens model (which would be applicable to, for example, a large star or a very
distant black hole). The complex structure of black holes creates effects that weak gravity cannot account for, namely,

the polarization mixing and absorption of the gravitational wave .
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A Computing the first order perturbed Ricci tensor RE}V)
For this derivation, one can follow chapter 3.2 of the lecture notes [27], section 7.5 of the book [47] or even the original
derivation, first done by the mathematician Eisenhart - [13].

In order to compute the first order perturbation of the Ricci tensor, we first have to trace back to the Riemann curvature
tensor, the Christoffel symbol and covariant derivatives.

Essentially, we have two different covariant derivatives compatible with two different metrics: D), is the covariant
(B)

derivative acting on the perturbed metric, and D, is the covariant derivative of the background metric. The difference

between these two is given by a rank-3 tensor C¥ , as such:

pors
(D, — DYV = (17, —Tv By =, Ve (115)
< D, V" =DPVv"+ Y, Ve (116)

One can make the association between Eq.(116) and the usual expression for a covariant derivative D, V" = 0,V" +
I",aVe: the DELB)V” term corresponds to to the partial derivative 9,V (which is just a covariant derivative in a flat
background); and the difference between the two Christoffel symbols of the two metrics (C*,, V) corresponds to the
Christoffel symbol in the expression for a covariant derivative (I, V%) (which is just the "difference” between a flat and
a curved background). Following chapter 3 of [47], one can write the higher-rank tensor generalization of Eq.(116) as

such:

c1Cl c1Cy c1Cl ac; c1---d---cy

Vbl -by _D(B Vb1 b _I_Zcb be--d-"bk ch Vbl -bg; (117)
J

so that we can apply it to our metric.

(B)

Due to the compatibility of D, vA(B) (DLB)QV)‘(B)

with the background metric g = 0) we arrive at an expression for

the 3-rank tensor:

D( )gl(Jg) = Dugva — Cing\a - Ci\mg)\z/ =0 (118)

(the intermediate steps are done in Eq.s (3.1.24)-(3.1.27) of [47]) (119)
« 1 a B

— C/u/ = 59 )\(DLB)gl/)\ + Dz(/B)gp)\ - DE\ )guu)- (120)

It is also important to note that, due to the fact that we only consider up to linear orders in our perturbation /,,,, the
inverse metric can easily be obtained as g#* = g"*(B) — pv  O(h?).

We can simply plug in Eq.(120) our expression for the metric, as in Eq.(3), as well as the inverse one, and due to
the compatibility of the background metric with the background covariant derivative, as well as the insignificance of the
terms quadratic in h, we can rewrite our C,, tensor:

(o] 1 o3 B
5 = 59 EDP b + DP by = D h) + O, (121)

o

The next step in computing the Ricci tensor is, then, obtaining an expression for the Riemann curvature tensor and

then contracting the first and third indices. Starting by the definition of the Riemann curvature tensor:

Rt ,, = d,I%, —d,I" +T# T%, —TH T4 (122)

vpo vp?
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one can separate the Christoffel symbol into the background one + the one arising from the pertubation: I, =
F‘f,(f ) + 0T, and recover the expression for the background Reimann and then extra terms linear in JI',, (once again,

we ignore the quadratic ones) and get the following expression for the Riemann curvature tensor:

RH,,, = 0,0%P) 1 9,014, — 9,1B) — g 61w, 4+ THIITB) 4 TrBsTe 4 g7k ToB) 1 O(6T)?  (123)

vpo
— BB _puBlsre, — sTr 1B — O(T)? (124)
which, after grouping some terms together and manipulating a couple indices, gives us (125)
R, =RB) + (DB, — DPICH ) + O(h?). (126)

The second term in this equation gives us, then, the first order perturbation of the Riemann curvature tensor in terms
of the 3-rank tensor C. All there is left to do, is to insert Eq.(120) into Eq.(126), contract the first and third indices (1 and
p) of the Riemann curvature tensor and equate it to zero. This will lead us to:

1

R = i(D*Dth + D*Dyhy, — D*Dyhyy — Dy D hyy — DyDy(g**han) + Do Dhey) = 0. (127)
(from now on, all of the covariant derivatives and go"\ are referring to the background metric) (128)

The first thing we notice, is that in the fourth and sixth terms, A and « are mute indices and they are actually the
same thing, so we can cancel these two out (%, is, of course, a symmetric tensor). Secondly, the first and second terms
are just permutations of the indices 1 and v of each other. Thirdly, we can also see that g®*h,, is actually the trace of
the perturbation (k), and D* D), is the background d'Alembertian operator [J, so we can rewrite the equation as (we also
substitute the indices v and o with p and v so that the notation aligns with the one from sec.1.2):

1
Rl(llV) - 5(_Dh’/l‘ - DVD#h + 2D)\D(th))\) =0. (129)

B Scalar wave equation in weak gravity

Here we will simply show the intermediate steps of solving the scalar wave equation (Eq.(26)) for the metric introduced

in Eq.(19). To do so, let us first compute the components of our equation:

V=g = (1+28)"2(1 — 28)3%%sin 0 (130)
gt =—(1+20)"' ~ —(1 -2®) (because P is small) (131)
g7 =(1-28)"1 ~ (1+29) (132)
¢ = (1 +20)r2, ¢ = (1+20)r %(sing) > (133)

Also important to note that, in weak gravity, the source of our potential is, to a good approximation, static, which

means 0;® ~ 0. This leads to the first term (time derivatives) of our equation to become:
1
v—g

Remembering the Laplacian operator in spherical coordinates:

O (vV/=99"Oha) = g"0tha = —(1 — 28)97ha. (134)

! 0p(sin0y) + L

1
V2 = 72&(#@) + 93, (135)

r2sin 6 r2sin® 0
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one can also notice that the rest of the terms of our scalar wave equation ((r, 8, ¢) derivatives) give the Laplacian of
h4 with an extra (1 + 2®) term. Starting with the 0 derivatives:

1 . )
(1+2®)1/2(1 — 29)3/272 sin&ae [((1 +29)"%(1 - 22)2r sin 9) (1+2®)r 259hA] - (136)
(remember 0y ,® = 0 because of spherical symmetry) = (1+ 2@)@ By (sin 09ph 4); (137)

And similarly for ¢:
(15 20)172(1 — 28)2 25§ * [((1+20)/2(1 = 20)"2026in6) (1 +20)r2(sin6) *0sha] = (138)

1

For the radial derivatives, however, we get two terms: one which is, similarly as for 6 and ¢, simply the radial

derivatives term of the Laplacian operator on h4 wiht a factor of (1 4 2®); the other one is the cross term, given by

1
(1+20)1/2(1 — 29

1
720 ((1+20)/2(1 - 22)/2) 120,k (140)

Fortunately for us, after applying the product rule, this term becomes negligible since it's of the order ¢0,® ~
O(®2/r), which means it's highly subleading compared to derivatives of h4. This means that the contributions to the

equation from the radial derivatives are as such:
1 2
(1 +2<I>)T—28T(r Orhy). (141)
This allows us to write the scalar wave equation
— (1 = 290)07ha + (1 +28)V?hy =0 (142)

in the form of Eq.(27) simply by multiplying everything by (1+2®)~!, simplifying into (1 — 2®) for a small potential
and neglecting O(®?) terms.
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