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Introduction

General Relativity predicted the existence of gravitational waves in 1916. However, it was not until
September 14th, 2015 that the LIGO interferometers made the first gravitational wave detection. After
several analyses, it could be concluded that the source of these gravitational waves was the merger
of a binary of black holes, named after its detection date, GW150914. To this date, roughly 100
detections have been claimed by the network of two LIGO interferometers and the Virgo interferometer.
These detections have been possible thanks to the increased sensitivity of the detectors, the result
of several upgrades the interferometers have undergone. One of the main culprits that compromises
the sensitivity is environmental noise. Properly characterizing these noises allows to either subtract
them from the analysis or find possible ways to reduce them. One of these noises is scattered light,
which can be reduced by using mechanical devices called baffles that absorb this light. The absorbed
scattered light is then lost in its majority. However, scattered light contains important information
about the scatterer. A new type of baffles instrumented with photodiodes has been designed to retrieve
the information from scattered light that was lost until now. As part of the upgrades for Advanced
Virgo, these baffles will be installed around the main test masses of the interferometer.

Gravitational waves are not just important probes of massive asymmetric astrophysical bodies, but
they can also probe models Beyond the Standard Model in the early Universe. These cosmological
models, alongside the contribution from a large number of unresolved astrophysical objects such as
binary neutron stars and black holes, are believed to source a background of gravitational waves.
The detection of this background would provide essential information about the very early Universe.
However, the amplitude of this background is much lower than that of gravitational waves coming from
mergers of binary black holes. Hence, a cross-correlation between data from different interferometers is
performed to try to estimate the amplitude of the background, though the current sensitivity of the
gravitational wave ground-based detectors is still not enough to make a detection. Nevertheless, a
rigorous formalism has been derived that allows to constrain the models describing the background.
As mentioned above, the background is modeled as the superposition of an astrophysical contribution
and a cosmological. Two of these cosmological sources are first-order phase transitions and primordial
black holes, which can be constrained according to the above-mentioned formalism.

In this thesis, all of these topics are covered. The basic properties of gravitational waves (GWs) and
the main sources are described in Chapter 1. The current ground-based gravitational wave detectors
are introduced in Chapter 2. In Chapter 3 a simulation tool used to compute fields in optical systems
is introduced, since it is used to understand the light distribution around test masses. Chapter 4 is
devoted to an explanation of scattered light and the instrumented baffles. In Chapter 5 the frequentist
and Bayesian approaches of statistics are introduced since they are essential to set constraints on the
model describing the gravitational wave background (GWB). Chapter 6 is devoted to the GWB and
its detection method. Finally, in chapter 7, the GWB is re-interpreted as being sourced by first-order
cosmological phase transition or primordial black holes, and constraints on the model parameters are set.
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Chapter 1

Gravitational waves

1.1 General Relativity

General Relativity (GR) is the theory of space, time, and gravitation formulated by Albert Einstein in
1915 [1, 2, 3, 4]. Spacetime can be thought of as a continuum composed of events, which are points
of space at a given time. All events can be uniquely characterized by three numbers indicating the
spatial position and one indicating the time, ¢# = (¢, 2!, 2%, 2%). Given an event denoted by p, the
causal structure of spacetime looks like Figure 1.1. Events that lie on the boundary of the set of points
to the future of p (represented by blue points in Figure 1.1) cannot be reached by a particle starting
from event p but they can be reached by a light signal emitted from p. These events form the light
cone future of p. Similarly, a light signal sent from the events in the boundary of the past light cone
(represented by yellow) can reach p. Events that are neither in the past nor future light cone are
spacelike related to p, i.e.: they are not causally related to p.

Future
light cone

Past

~

Figure 1.1: Causal structure of spacetime for event p. The future light cone of p is represented in blue. The past light
cone of p is represented in yellow.

After special relativity (SR) was proposed, there was still another task left, modifying and reformulating
physical laws so that they were consistent with the new notion of spacetime. Maxwell’s theory of
electromagnetism (EM) was already consistent with SR. Two key ideas motivated Einstein to develop
GR. First of all, all bodies are influenced by gravity and they fall the same way in a gravitational field.
This is known as the equivalence principle. The paths of freely falling bodies (bodies not influenced by
any external force) define a preferred set of curves in spacetime known as geodesics, independent of
the bodies’ nature. This suggests the possibility of associating properties of the gravitational field to



the structure of spacetime. The second was Mach’s principle, which states that all the matter in the
Universe should contribute to the local definition of non-accelerating and non-rotating bodies [5]. GR
states that the intrinsic, observer-independent, properties of spacetime are described by a spacetime
metric g,,, which is a function of the coordinates mentioned above, {# = (t, xt, 2%, 2%). This metric
is not necessarily flat and can have some curvature, which is defined as the deviation from flat
spacetime and it accounts for the effects related to a gravitational field [5]. Furthermore, the stress
energy-momentum tensor, 7),,, represents the mass-energy content that produces the curvature. The
components of this tensor can be understood as the energy density, Tyo, the energy flux in the i-th
direction Typ; = T (also known as the density of i-momentum), and finally the flux of the i-momentum
in the j-direction, T;;. The stress energy-momentum tensor is related to the curvature of spacetime via
Einstein’s equations. The curvature of spacetime is represented by the Riemann curvature tensor
R\, =0, — 0,17, — T3, 05 — I‘ZXI‘” (1.1)

Hrs pA pv

where 0y represents the partial derivative with respect to a coordinate z* and ng are the Christoffel
symbols, defined as

gae(a'ygﬁé + (%g»y(; - 66957)- (1.2)

The equivalence principle mentioned above has major implications. Let us consider that we are
measuring an EM field in special relativity. To start with the experiment, we have to set up an observer
not affected by an EM field. Then, a charged test body is released and by observing the difference in
path between the path it takes and the one it would have taken under no influence of an EM field, the
force exerted by the field can be calculated. For gravitation this cannot be done, since the equivalence
principle states that all bodies, even observers, are affected by the gravitational force. This is the basis
of the theory of GR. GR states that spacetime must be curved in all situations where a gravitational
field is present. The laws of Physics in GR are governed by two principles

DO | =

@ =
By —

o General covariance, which states that the metric of spacetime and quantities derived from it are
the only spacetime quantities appearing in the equations of Physics [5]. In many treatments, it
is assumed that a coordinate system has been chosen and the equations of Physics have been
written in terms of the coordinate basis. If general covariance was violated by the existence of a
preferred vector v,, it would be possible to adapt a coordinate system so that (9/0z'), = v,.
If the components of an equation of physics were written without incorporating v, but instead
substituting it by (1,0, ...0), the form of the equation would not be preserved when performing a
coordinate transformation, violating (9/9z'), = v,. This would imply that the equations are
not preserved under general coordinate transformations [5].

o Equations must reduce to the equations satisfied in special relativity when the metric is flat.

As mentioned above, GR asserts that the spacetime geometry is influenced by the matter distribution
in the Universe. The spacetime is thus a dynamical variable that responds to the matter content
of spacetime. The equations that describe the relationship between spacetime geometry and matter
distribution are the Einstein’s equations

1 8rG
Ry — igl“’R T T, (1.3)
where R,,, is the Ricci tensor and R is the Ricci scalar, which are obtained computing derivatives of
the metric g,,,. The Ricci tensor is the contraction of the Riemann tensor R, = thy and the Ricci
scalar the contraction of the Ricci tensor with the metric R = g"“ R, = Rl. Einstein’s equations are
ten equalities and not sixteen because R, g, and T}, are symmetric [6]. In what follows, these ten

equations will also be referred to as ten degrees of freedom.

When gravity is "weak", an approximation known as linearized gravity is used. In nature, this approxi-
mation is good except for phenomena dealing with gravitational collapse and black holes or with the
large-scale structure of the universe [5]. In linearized gravity, spacetime is nearly flat. The metric can
thus be expressed as the flat metric 1, = diag(—1,1,1,1), Minkowski metric, plus a small deviation
|hpuw| << 1t guw = Nuw + hyw [7]. Another useful approximation is the Newtonian limit, used when
gravity is weak, the relative motion of the sources is much slower than the speed of light, and the



material stresses are much smaller than the mass-energy density. In this limit, all GR predictions
reduce to those of Newtonian gravity. In what follows, linearized gravity is assumed unless stated
otherwise.

In field theories, different configurations of the unobservable fields can lead to the same observable
quantities. For instance, in EM the electric and magnetic fields (denoted by E and B, respectively) are
observable, while the potential V and vector potential A are not. A transformation that alters non-
observable properties of fields (such as V and A) without changing the physically-meaningful measurable
magnitudes (such as the intensity, which is proportional to |E|?) is called a gauge transformation [8].
The fact that measurable quantities are not changed is known as gauge invariance. Since any invariance
under a field transformation is a symmetry, gauge invariance is sometimes called gauge symmetry. If the
transformation is chosen wisely, the form of the field equations can be simplified. This is the case with
Einstein’s equations. Small coordinate translations can be applied to the perturbed spacetime metric,
still satisfying the condition |h,,| << 1. For instance, the transformation z# — 2'* = x# + &#(z) can
be used, where £ are four arbitrary functions and the derivatives |0,,£"| are of the same order as the
metric perturbations |k, |. With this transformation of coordinates, the metric will transform as

oxP 0x°
g//“/(w/) = ngpo’(x) - ny,l/ + h;“” (14)

where 1, (z') is the perturbation in the new coordinates and it transforms as
hMV(x) - h;“,(l‘/) = huu(x) - (%fu - &/fu. (15)

In addition to small coordinate translations, Lorentz rotations of the coordinate system are also allowed
o't = Ajz", where AY satisfies AfAJ7,, = 7., Under this transformation the metric becomes

giw(l'/) = N + AZAghpa("T)a (1.6)

which still satisfies |h,,| << 1. These gauge freedoms can be used to choose a coordinate system that
will help to express the Einstein’s equations in the weak field limit in a simplified form. One of the
two definitions that simplify Einstein’s equations is the trace reverse of h,,, defined as

- 1
hp,u = huu - §nuuh7 (17)
where h is the trace of hy,, i.e.. h = hf. Under a transformation of coordinates of the kind
oh — 2/t = gt + E#(x), hy, transforms as
i_zW — }_L’W = EW — (0u&y + 00 — Mu0,E°). (1.8)
The definition in Eq. (1.7) reduces the left hand side of Egs. (1.3) to
1 1 _ _ _ _
R, — §9WR = 5(8”8#/10,, — 070,hpy + 0,00 hpa — 1, 0%0hag). (1.9)

The other condition relies on the gauge freedom, Eq. (1.5), which allows choosing the harmonic gauge
condition or Lorentz gauge [9]

9" hyy = 0. (1.10)

This Lorentz gauge fixes four of the ten degrees of freedom that the tensor h,, could have. In this
Lorentz gauge, Einstein’s equations, Egs. (1.3), are simplified to

B 167G

C4T

Nz

Ohyy = 07 0phyy = (1.11)

where O = 7, 0"0” = 0,,0" is the flat space d’Alembertian. The weak field equations, Eq. (1.11), can
be considered far away from any source of mass or energy such that 7, = 0. In this case, it is a
4-dimensional wave equation whose simplest solutions are plane waves'. The plane wave equation is

hHv = ARV gikaz® (1.12)

I More complicated GWs of arbitrary shape and spectral structure can be expressed as a superposition of monochromatic
plane waves [10].
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where A*Y is a matrix with constant components and k, = (w, k;) is the wave vector, that satisfies
k%k, = 0 and w is the angular frequency of the wave. From k“k, = 0 it can be concluded that
w? = |k;|?. Since |k;| = w/v, for w? = |k;|? to be satisfied, the speed at which GWs travel must be
equal to the speed of light v = ¢ = 1. Furthermore, applying the Lorentz gauge condition, Eq. (1.10), to
the wave equation and assuming 7},, = 0, results in k, A*¥ = 0. This implies that GWs are transverse.

1.1.1 Schwarzschild solution

As mentioned in the previous section, in the slow-motion weak field limit, the predictions of GR
reduce to those of Newtonian theory. However, this limit cannot be used for phenomena dealing with
gravitational collapse and black holes and phenomena dealing with the large-scale structure of the
universe [5]. In cases where there are very massive bodies that cannot support themselves and thus
end up collapsing, the entire spacetime geometry is described by the Schwarzschild solution to the
Einstein’s equations. The Schwarzschild solution contains information about the strong field behavior
of general relativity, since it predicts the departure from Newtonian theory for the motion of planets,
it predicts the bending of light, the gravitational redshift of light and time delay effects [5].

The Schwarzschild solution which describes the exterior gravitational field of a static, spherically
symmetric body of mass M is expressed in terms of spherical coordinates (t,r,6, ¢) as

2M 2M
ds® = —(1 — ——)dt* + (1 — —) " tdr® + rdQ?, (1.13)
T T

where d)?> = df? + sin(0)d¢?. This solution has major implications. One of them is due to the fact
that the metric components are singular when r = 2M and r=0. It can be shown that the singularity
at r = 2M is due to a breakdown of the coordinates, i.e.: the coordinates fail to properly cover a
region of spacetime. However, we will see that 7 = 0 is a real Physical singularity. To prove this, the
Kruskal-Szekeres coordinate transformation is used, which substitutes (t, r) by (T, X), which are
related to the old coordinates by

o 2/(2M) _ 2 _ g2
(2M 1)e X2-T (1.14)

it (T+x) _ (T
2J\/[—ln<X_T>—Qtanh (X) (1.15)

From this coordinate transformation the Schwarzschild solution from Eq. (1.13) can be rewritten as

_ 32M3e /(M)
,

ds* (—dT? + dX?) +r2d9?, (1.16)
where the notion of r changes to the function derived from Eq. (1.14). From inspection of Eq. (1.16)
one can see that = 2M is no longer a singularity, as mentioned above, while r = 0 still remains. The
allowed X and T are given by r>0, which yields X2 — T2 > —1. A spacetime diagram for the Kruskal
extension is that in Figure 1.2. Each point in this diagram represents a two-dimensional sphere of
radius r. There are four well-identified regions [5]

e Region I corresponds to r > 2M, i.e.: the exterior gravitational field of a spherical body. A
radially infalling observer going from region I and reaching region II will never be able to escape.
An observer in region I cannot communicate with one in region IV.

e Region II does not allow any light signal to escape and the light will eventually fall into the
singularity r = 0. Region II is known as a Black Hole (BH).

e Region III has the time-reversed properties of region II and is commonly referred to as a white
hole.

¢ Region IV has the same properties as region I. It represents another asymptotically flat region of
spacetime that lies "inside" the "radius" r= 2M.
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Singularities at » = 0 have a spacelike character and exist in the future and past of regions II and III,
respectively.

T
Iox
—

r constant

\
1
|
1
1
[

T
1
I
1
1

i t constant

Figure 1.2: Spacetime diagram for the Kruskal-Szekeres extension. Four regions can be differentiated. They are separated

by lines of constant r and t. The yellow line corresponds to r=2M and ¢t — oo and the blue one to r=2M and t — —oo.
The singularities at » = 0 are represented by the red curves. Dashed black lines represent constant time and the pink
dashed curves constant r.

1.2 Tranverse Traceless gauge

As already mentioned, an appropriate choice of reference frame or coordinates can simplify Einstein’s
equations. In this section, we describe a convenient frame known as Tranverse Traceless(TT). In the
TT frame, particles that were initially at rest before the passage of the GW will remain at rest during
and after the passage of the wave. Note that this is not the usual frame used in real detectors. The

usual one is called the detector frame, in which free-falling particles do move due to the passage of a
GW [9]. This is the principle of GW interferometry.

In the previous section the Lorentz gauge has been used to demonstrate that gravitational radiation
propagates in vacuum as transverse plane waves at the speed of light. However, there are still more
gauge freedoms that can be used to further simplify the form of h,,. Under a transformation of
coordinates x# — 2’ =zt + £#(z), 0V hy,, transforms as

0" hyw — (0" ) = 0%y — OE,,. (1.17)
For this reason, the Lorentz gauge, Eq. (1.10), is not spoilt by a further transformation of the sort «# —
't =zt 4 £*(z) such that O, = 0. If O, = 0, then O, = 0, where £, = 0,& + 0,y — Npuv0,EP.
From Eq. (1.8) it can be concluded that the functions £, can be subtracted from the six components
B;w- This means that £° can be chosen such that & = 0. If h = 0 then BW = hy,. The three functions

& (z) are chosen so that h% = 0. From l_zw, = hy,, the Lorentz condition turns into [9]

9°hgo + 0'hg; = 0.

(1.18)
Since hg; = 0 then Eq. (1.18) turns d°hgo = 0, which implies that hgg is constant in time. All four

components are set to hg, = 0 and only the spatial components h;; are left, for which the Lorentz
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gauge condition is &’ h;; = 0 and the trace h! =0 [9]. To sum up

=0 , hi=0 , &hy;=0, (1.19)

K3

which define the transverse-traceless (TT) gauge. The TT gauge implies that the metric is purely
spatial h o = 0, the wave is excited transversely to its direction of propagation d;h;; = 0, and it is
traceless h; = 0.

The combined harmonic (87h;; = 0) and TT gauges leave only 2 degrees of freedom in h,,. For GWs
propagating in the +z direction, the expression for the metric perturbation of a plane wave is

0 0 0 o0
{0 Ay hy O
b =10 o he ool (1.20)
0 0 0 o0
where h; is the plus polarization of the GW and h, is the cross-polarization, given by
hy(t,z) = Aqcos(w(t —z/c) + ¢4) (1.21)
ha(t,z) = Ay cos(w(t — z/¢) + ¢z). (1.22)

A, and A, are the amplitudes of the plus and cross polarizations, respectively, and ¢ and ¢, the
phases of the plus and cross polarizations, respectively. Each of hy, h, by itself corresponds to a
linearly polarized wave. Given a plane wave solution h,, (x) propagating in the direction 7 and far
away from the source, the form of the wave in the TT gauge is given in terms of the spatial components
hi; of h,,, where the indices {i,j = 1,2,3} represent spatial coordinates. In the TT gauge, the plane
wave is thus expanded as
hTT _ dBk A (k ikx A* (k —ikx 1.23

5@ = [ (A0 4 A )e ), (123
where A;;(k) is the amplitude of the wave as a function of k. When GWs are produced by one single
point-like source, the direction of propagation of the wave is 7,, and A;; can be expressed as

Aij(k) = Ay (/)02 (= ), (1.24)
Eq. (1.23) can be re-written using d°k = |k|2d|k|d2 = (27 /c)? f2dfd2 and d*f = d cos(6)d¢ as
1 OO ~ AN, —2mif(t—nx/c * o mif(t—nx/c
BT (z) = 5/0 AP [ Rl (fage IO (a0, (125)

The content of the parenthesis represents a wave travelling in the direction 7. The only non-vanishing
components are those in the plane transverse to the propagation direction 7,. The indices in this plane
are denoted by {a,b = 1,2}. Then, Eq. (1.25) can be rewritten as

hab(t,x) = / df (hap (f, %)™ + iy (f, %)™, (1.26)
0
where f s
ﬁab(fﬂ X) = 673 /dQﬁAab(fa ﬁ)eQﬂ'ifﬁX/c = gAab<f)€2ﬂifﬁOX/c' (127)

The previous equations only accounted for Physical values of frequencies. However, if f € R and
hap(—f,x) = h%, (f,x) then Eq. (1.26) can be rewritten in a more compact form

hap(f, %) = /OO df hap(f,x)e ™", (1.28)

—0o0

where hap(f,x) is the Fourier transform of hgp(t,x). Another useful way of expressing the plane
wave expansion is using the polarization tensors e;}(n), where A denotes the polarization {+,x} (see
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Appendix A). Finally, defining the amplitudes ha(f,n) as f2/c3Ai;(f,7) = DAt ha(f,n)el(n), a
further simplification can be made

hap(t,%) = ) / df/dthA frn)ed (n)e=2mif(t=nx/c) (1.29)

A=+,

where ha(—f,7) = h%(f,7) [9]. The expansion of the plane wave in TT gauge, Eq. (1.29), will be
relevant in following chapters.

1.3 GW emission, quadrupole formalism

In this section we show how only bodies with non-null quadrupole moment generate GWs. Any GW
that could be observed with the current detectors is weak and linearised gravity can well describe
it. However, the source of GWs must have a strong field, and thus a different formalism is needed to
describe the GW emission [10]. To leading order, GWs are a form of quadrupole radiation. Let us
show how to derive this conclusion following Refs. [9, 6]. Given a source at the origin of the coordinate
system and a distant observer displaced by n from the origin, a solution to Eq. (1.11) can thus be
obtained [6]

. 1
huy(t’ 1’1) = 4/d3xﬂTM’/(t — |Il — Xl,X)7 (130)

where |n| is the distance to the observer (see Figure 1.3) and it will be denoted by D. The vector x
are the spatial coordinates of the mass elements generating the gravitational radiation. For a distant
observer (|n| >> |x|, see Figure 1.3), [n — x| can be expanded as

In—x| =D —x-n+0O(r*/D), (1.31)

where r is the typical size of the source. Using this expansion and keeping only dominant terms in
In — x|, Eq. (1.30) can be rewritten as

B (t,n) /dB:cTW — D, x), (1.32)

Source

D = |n|

,0,0,0)

Figure 1.3: GW source located at the origin of the coordinate system and distant observer displaced by n from the
origin. The distance to the observer is D = |n| and x are the spatial coordinates of the mass elements generating the
gravitational radiation. The observer is assumed to be very distant, i.e.: |n| >> |x|.

implying the amplitude of a GW decreases linearly with the distance between the source and the
observer. Using the TT gauge, a further approximation can be made

4
— 15,(-D) (1.33)

where S;; is the first momentum of the stress tensor 7;; and is given by

T
hi; (t,n)

S (t) = /d?’xﬂj (t,x). (1.34)
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To understand the physical meaning of S;;, it is useful to express it in terms of Tpg and Tp;. For that
purpose, the first three mass momenta are defined

M(t) = / d32xToo(t, %), (1.35)
Ml(t) :/d3$T00(t, X)Z’i, (136)
M;;(t) :/d?’xToo(t, X)Zi;. (1.37)

The mass monopole momentum is M (¢) and, in linearised gravity, it is considered as the total mass of
the source. The mass dipole momentum is M;(t) and M;;(t) is the mass quadrupole momentum. The
quadrupole moment takes the form

M;;(t) = p(t,x)(ziz; — %7‘25ij)d3a: (1.38)

in the Newtonian limit. The matrix p(¢,x) is the mass distribution of the source and r is the distance
to the centre of the source. The first momenta can also be written in terms of

P, = / d3xToi(t, %), (1.39)

which are the momenta of the momentum density, Ty;. The quantity P; is the total momentum of
the system in linearised gravity. From the Lorentz gauge, 8“]71,“, = 0, and applying it to Eq. (1.11),
the condition 0T}, = 0 is derived. This last condition is used to express S;; in terms of the mass
multipole momenta alongside with the divergence theorem [9], which leads to the following identities

M=0, M;=P, M;=P,;+Pj; Pi=0P,;=5. (1.41)

From these identities and the fact that S;; = Sj;, the following identity is obtained

Mij = QSZ'j. (142)

Eq. (1.42) shows that since S;; is the leading term in the expansion of h;;, then the gravitational wave
radiation has no monopole or dipole component and the leading order term is the quadrupole moment.
The solution for the linearised Einstein’s equations in the TT gauge is thus

W (1) = = (¢~ D), (1.3

Hence, sources whose mass have a varying quadrupolar moment will generate time and amplitude
dependent GWs. The hy and h, components can also be expressed in terms of the mass momenta as

1 . . 92 .
th = E(Mll — Mgg), hm = 5M12. (144)
Let us estimate the order of magnitude of the strain produced by a binary system of objects with
masses my and mg in a circular orbit with radius R. As shown in Ref. [9], the non-null components of
the quadrupole momentum of this system are given by

1 — cos(2wst
My = MR272( >7
1 + cos(2wst)
My = pR?—————2
22 = R 5 ;
1
My = —iuRQ sin(2wst), (1.45)
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mima

where p is the reduced mass of the system, defined by u = e and w; is the orbital frequency.

The second derivatives of Eqgs. (1.45) are

M = 2uR%w, cos(2wst),
M22 = _Mllu
My = 2uR%w, sin(2wst). (1.46)

Substituting these derivatives in Egs. (1.44) and assuming that 2wt = 2nm, where n is an integer,
Egs. (1.44) can be rewritten as

1, - 4
— — = — = . .4
h+ D2M11 D/J,R Ws, hw 0 (1 7)

For the ease of all derivations the gravitational constant and the speed of light have been set to one.
To determine an estimate of hy we need to reinstate these variables. Furthermore, from Kepler’s law
the orbital frequency is related to R as w? = G(my +my)/R3. Hence, h, is rewritten as

4G 5 5 4AG? my+ma
_ - = = - 1.4
h’+ D NR Wy DC4/’[’ R ( 8)

Let us now assume the masses are m; = my = lkg, the distance from the observer is D = 103km and
the orbital radius R = 1m. The order of magnitude of the produced GW strain is 5.9 x 1073%. In
chapter 2 it will be shown that this value of strain cannot be detected by current interferometers but
instead values of the order of 1072! or larger. As we will show later in the chapter, for massive bodies
like black holes or neutron stars the strain amplitude can be detected by the current GW detectors.

1.4 GW interactions with free-falling masses

It can be shown that a GW passing through a particle at rest in the TT gauge leaves it at rest [9].
However, the proper distance between particles does change due to the passage of GWs. In the TT
gauge, the space-time interval ds? is given by

ds® = —dt* + dz® + (14 hy(t,2))dz? + (1 — hy(t, 2))dy? + 2h.(t, z)dzdy. (1.49)

Analytically, the proper distance at time t between two particles located at (x1,y1,0) and (22, ys,0),
and assuming yo — y; = 0, is

ds = (1+ %th(t, 0))(z1 — x2). (1.50)

The long-wavelength approximation has been used, i.e. the wavelength of the GW is much larger than
the distance between particles (L = zo — z1). Eq. (1.50) shows that the distance between two free
masses changes as GWs pass by. This effect is used to detect GWs in the interferometers. The second
term in Eq. (1.50) represents the fractional change in the distance between free masses, commonly
known as strain.

Graphically, the effect that the passage of GWs have on the proper distance between particles is
represented in Figure 1.4. A ring of particles is shown and how the passage of a plus or cross-polarized
GW with different values of ¢ and ¢, can affect the proper distance between particles.
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Figure 1.4: Effect in the proper distance of a ring of particles due to the passage of a GW propagating in the 4z direction.
The upper row shows the effect a + polarized GW has. The lower row shows the effect due to an x polarized GW. From
left to right, the effect is shown for different values of ¢ and ¢,. The left-most corresponds to a phase of 0, the second
column to a phase of 7/2, the third column 7, and the last column 37 /2. The x and + components are interchangeable
under a 45° rotation.

1.5 Sources of GWs

As derived in section 1.3, any non-axisymmetric mass which accelerates, i.e.: any body with a non-null
quadrupole moment, produces GWs. As mentioned above, the values of strain that can be detected are
of the order of 102!, We will show in this section that these amplitudes are achieved by very heavy
astrophysical bodies or very violent astrophysical events. Sources can be classified into two categories
according to the type of GW signal they produce. There are signals that can be modeled, such as
compact binary coalescences, while others are hard to model. For signals that can be modeled, i.e.:
signals whose waveform is known, matched filtering can be used to extract the signal from the detector
noise [11].

1.5.1 Transient sources

Transient source, or burst, is the name given to an event that releases a large amount of gravitational
energy over a very short period (less than a few seconds). Astrophysical events that result in a
burst of GWs include gamma-ray bursts and supernovae explosions [12], as well as the final stages of
coalescing binaries [13, 14]. In the search for transient sources, no assumption is made about the form
of gravitational radiation. The only assumption is that the signal is of short duration. The results
from searches for transient sources can be found in Refs. [15, 16, 17, 18].

1.5.2 Compact Binary Coalescences

Two compact binary objects orbiting around each other constitute a time-varying mass quadrupole, and
so the system will radiate away energy in the form of GWs. This emission is compensated by a reduction
of the binding energy between the objects and thus a shrinking of the orbital separation and an increased
orbital speed [19] until the objects coalesce. The signal from these orbiting objects is known as compact
binary coalescence (CBC) signal. Examples of CBCs are Binary Black Holes (BBH), Binary Neutron
Stars (BNS), and a binary composed of one black hole (BH) and one neutron star (NS). Using Eq. (1.48)
we can compute the strain produced by a system of BBHs with masses m; = 10Mg and mgo = 20Mg,
at a distance of D = 100M pc and orbital radius of twice the Schwarzschild radius, resulting in 9.6-10721.

The inspiral phase leading up to the merger lasts for most of the binary’s lifetime, but only the last few
minutes before the merger can be detected with the current detectors. Right before the merger, the
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power and the frequency of the emitted gravitational energy will increase, producing a chirp-like signal
which is detectable. The long, low-frequency part of the inspiral phase (f < 10Hz) is undetectable due
to the high seismic noise level below 10Hz in the detectors. After the merger, there is also a ringdown
phase in which the newly formed BH can produce GWs. These stages are represented in Figure 1.5 on
top of an example of a CBC waveform. Searches for CBCs use matched filtering techniques and signal
consistency tests to detect these signals. Search techniques for CBCs are detailed in Ref. [6].
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Figure 1.5: Example of a modeled source. The image to the left shows the waveform of a BBH with components of mass
10 and 8 M, and z component of the two binaries’ dimensionless spin equal to 0.1. The distance to the observer is
100Mpc. This waveform was generated with pycbc [20] using the approximant 'IMRPhenomPv2’. The image to the right
is a zoomed image of the merger.

For a signal detection to be claimed, the signal to noise ratio (SNR) produced in a single detector must
be of at least 8. In a single detector, the SNR is defined as [9]

[h(f)[>
S(f)

SNR? = 4/ d (1.51)
0

where S(f) is the noise power spectral density and A(f) is the Fourier transform of the strain h(t),

given by Eq. (1.29).

1.5.3 Periodic sources

These sources produce quasi-monochromatic GWs. Rapidly spinning, slightly spherically asymmetric
neutron stars generate continuous waves. The GW emission of a rapidly spinning NS has a much
slower frequency evolution than a CBC event. NSs lose energy and spin over time, so they become less
efficient emitters of GWs with time. The GWs emitted by NSs are thus referred to as continuous waves
(CWs) since the signals last for a long time with small changes in frequency [10]. The minimum value
of strain detectable for periodic signals is much smaller than for bursts [9]. The searching technique is
thus very different from that of CBCs since one looks for long-lasting, narrowband signals, instead
of short, broad-band transients. This is why long observation times are needed, as the integration
over time increases the signal-to-noise ratio of the weak signal. Details on the analysis technique are
provided in Ref. [10].

1.5.4 Sources of the gravitational wave background

The GWB is the superposition of a large number of independent and unresolved GW sources of
either astrophysical or cosmological origin. Among the astrophysical sources are the compact binary
coalescences (CBCs) that cannot be resolved individually, core-collapse supernovae, rotating neutron
stars, stellar core collapses, and then among the cosmological are cosmic strings, primordial black holes,
superradiance of axion clouds around black holes, phase transitions in the early universe, and GWs
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produced during inflation [21]. The GWB is best characterized statistically (see Chapter 6 for further
information). Then GWB is said to have a primordial and contemporary parts [22]. The primordial
background is composed of gravitational radiation emitted in the early universe at very large redshifts.
This primordial GWB was produced in a tiny fraction of the first second of the universe and it is
composed of the GWs from inflation, cosmic strings, primordial black holes, and first-order phase
transitions. The other part of the GWB that is still being produced is the contemporary background. It
is composed of many different systems formed in the past and that can also be formed today. Examples
of these are coalescing binaries, rapidly-rotating compact objects, or core-collapse supernovae. In the
literature, primordial and contemporary backgrounds are often called cosmological and astrophysical,
respectively.

The astrophysical contribution to the GWB is important because it has information about the star
formation history, the mass range of neutron star or black hole progenitors, the statistical properties of
populations of compact objects (ellipticity, magnetic field, ...) or the rate of CBC mergers [23]. Also,
it can be a foreground to the cosmological GWB, so it must be well modeled to resolve it from the
cosmological GWB once a detection is claimed. Some of these sources are coalescing binary systems,
which are isolated pairs of massive objects that inspiral towards each other by emitting gravitational
radiation until they coalesce [22, 24]. The other two processes that can produce a continuous stochastic
background in the frequency band of our current interferometers are magnetars and double neutron
star coalescence, which are modeled in Ref. [23].

Core-collapse supernova (SN) explosions are among the most powerful astrophysical phenomena.
The total energy released is about 3 - 10°® erg [25] and it comes in the form of neutrino bursts that
last for a few seconds. However, they are weakly interacting, which retains information about their
origins [26]. Only about 1% of the energy released goes into the explosion and only a fraction of 10~*
is emitted in the visible spectrum. SNe are expected to be strong GW sources contributing to the
GWB. The GWB from SNe resulting in BHs has been calculated in Ref. [27], where the estimate of
the peak of the energy density spectrum is calculated to be ngh2 =107 and it lies between a few
hundred Hz to a few thousand Hz. Even though the fraction going into gravitational radiation is very
small, the improved sensitivities of our detectors and the search techniques make the detection of the
GWB from SNe plausible [26]. Similar to what happens with the background sourced by CBCs, the
background from SNe would be very informative, but it would mask the cosmological background.
Tt is thus essential to properly model it. The background sourced by SNe is described in Ref. [25, 28, 26].

Cosmic strings are line-like topological defects [29] which are formed from spontaneous symmetry-
breaking phase transitions [30, 31]. These phase transitions may have occurred at grand unification [32],
when the energy scale was of the order of 10'°GeV. Observational predictions from cosmic strings can
thus probe particle Physics beyond the Standard Model (BSM) at energies unreachable by particle
accelerators. One of the observables from cosmic strings are GWs [33, 34]. In Ref. [35] the energy
density spectrum of the GWB Qgw is derived. Constraints on Qgw are set in Ref. [31] which are then
translated into constraints on the parameters of the model. Detailed derivations on the GW generation
mechanisms from cosmic strings is provided in Refs. [36, 33, 34, 37, 35].

The superradiance of axion clouds around black holes (BHs) does also contribute to the GWB. Ultralight
bosons are relevant because they could be a significant component of dark matter [38, 39]. They interact
weakly with baryonic matter, but their gravitational interaction does exist [40]. When these bosons are
near spinning BHs and their frequency wg satisfies the superradiant condition 0 < wr < mQg (Qg is
the horizon angular velocity and m is an azimuthal quantum number), they can trigger a superradiant
instability [40]. This instability leads to the formation of a rotating “bosonic cloud” around the BH,
which can emit GWs [41]. As shown in Ref. [42], the way GWs are generated starts with the BH
spinning down, transferring energy and angular momentum to the boson condensate until wr ~ mQ .
The condensate is then dissipated through the emission of GWs with frequency u, which coincides with
the boson mass [40]. The ultralight boson condensates that could be probed by LIGO have bosons
with estimated masses of mg ~ 107 — 10712V [41]. Comprehensive works on the emission of GWs by
axion clouds and the possibility to detect them with current detectors are given in Refs. [40, 43, 44, 41].
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Gravitational waves are a probe of inflation and they would contribute to the GWB. If the GWB from
inflation was detected, the understanding of the Universe could be as early as 107325 and light would
be shed over Physics taking place at energies of order 10°GeV [45]. Gravitational waves would also
help in understanding the scalar potential driving inflation [45].

Finally, particular attention will be given in this thesis to Primordial Black Holes (PBHs) and First-order
phase transitions (FOPTs). They are described in detail in Chapter 7.
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Chapter 2

Ground based gravitational wave
detectors

In this chapter, the principles of GW detectors are introduced. The instrument used for GW detection
is an evolved version of a Michelson interferometer (IFO). It will be shown that the signal-to-noise
ratio increases with the length of the arms and the laser power. However, infinitely large arms are
financially and technologically unfeasible. For that reason, an alternative to increasing the arm’s length
is adding Fabry-Pérot (FP) cavities to the Michelson’s arms. The power in the cavity is increased by
the addition of a signal recycling mirror. Then, the effect of GWs passing through a detector will be
explained as well as how to extract the signal from the IFO. Finally, the different sources of noise that
diminish the sensitivity for the detection of GW signals will be explained.

2.1 Michelson interferometer

The simplest Michelson interferometer is composed of a source, a beam splitter, and two mirrors at
the end of orthogonal arms or cavities. The source is usually a laser that emits light that propagates
towards the beam splitter, where it splits with an equal probability towards each arm, directing towards
the end mirrors M; and Ms, schematically represented in Figure 2.1. Once the light reaches the end
mirrors it gets reflected and then propagates back towards the beam splitter, where it recombines and
interference takes place. Part of the resulting beam goes to the photodetector (see Figure 2.1). The
beam splitter has reflection and transmission coefficients denoted by r, and ts, respectively. In an
idealistic case where mirrors do not have losses, the reflection and transmission factors must satisfy
r2 4+ ¢2 = 1. In reality, there are losses represented by p, the loss coefficient, which accounts for the
absorption in the coating of the mirrors and the scattering into higher-order modes. The power balance
is thus 72 +t?> = 1 — p. In Virgo’s mirrors p has been measured and it is about 1ppm [46]. The
reflectivities of the end mirrors are given by r; and 7. Under nominal conditions, i.e.: when no sources
of noise exist, the length of each arm is L. Mirrors in GW detectors are suspended and can be treated
as free-falling masses. For that reason, in the detector frame, the passage of a GW will displace the
mirrors. Under the assumption that noise exists, the end mirrors will displace and so the length of
each arm will be denoted by a and b (see Figure 2.1). For a field entering the interferometer with
amplitude A, the outgoing field reaching the photodetector has an amplitude

B = rot A(r e Fra 4 pye?ikeby (2.1)

where kj, = 27 /\, is the wave number and Ay, is the laser wavelength. From Eq. (2.1) the power that
can be detected exiting the interferometer is given by

BB = r2t2AA(r? + 12 + 2175 cos[2k, (a — D)]). (2.2)
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Laser M,r

O Photodetector

Figure 2.1: Schematic representation of a simple Michelson interferometer. It is composed by a source (a laser in this
case), a beam splitter (pink rectangle) with reflectivity and transmissivity factors rs and ¢, respectively, and two mirrors
Mj and Ms.

The Eq. (2.2) implies that any variation in length in the interferometer (IFO) will be detected as
a variation in the power detected at the output photodetector. Let us assume a small variation
of the length of the arm is to be measured. Given the length of one arm is a = a, + z(t), where
x(t) << Ap represents a very small displacement of mirror M; (see Figure 2.1), the outgoing power of the
interferometer Pp¢ is modified by a time varying component of the power AP(t) = r1ro Pokrx(t) sin(a)
as P(t) = Ppc + AP(t), where P, is the average value of Ppo. Ppce is the power under nominal
conditions and is given by [46]

1
Ppe = 1Po(rf + 73 4 2r173 cos(@)), (2.3)

where o = 2k(a—b) is known as the static tuning of the interferometer. In the case that the displacement
is zero, x(t) = 0, the outgoing power is controlled by «. There are two scenarios. If alpha is an integer
number of 27, o = 2n7, the nominal power is given by

(r1 +72)?

P (2.4)

Ppcyp =

In such a case, the interferometer (IFO) is said to be tuned at a bright fringe. For r1 ~ ry ~ 1 then
the value of the output power is close to P,. In the case that o = (2n 4 1)7, the power is given by

(7"1 — T2

2
Ppc.a = 1 )Po- (2.5)

In this case, the IFO is said to be tuned at a dark fringe. The motivation to have the IFO tuned at
dark fringe and with Ppc,q = 0 will be explained in subsequent sections. The minimum displacement
z that can be detected is determined from the signal to noise ratio, defined as

Sap(f)
Sp(f) ’

SNR(f) = (2.6)

where Sp(f) is the spectral density of the power equivalent to shot noise, which will be described in
section 2.3.
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2.1.1 Effect of a GW in the light propagating within the IFO in the TT
frame

Let us consider a light ray propagating in the x,y directions of a Michelson IFO, i.e.: x and y arms. In
vacuum the light follows null geodesics

gudatdz” =0, (2.7)

where g,,,, is the metric (1., + hy,) and dz# is the space time elementary vector separating two events
encountered by the light ray. Using Eq. (1.20) and the null geodesic equation, Eq. (2.7), the latter can
be written as

0= c?dt* — da? — dy? — d2* + 2h,dzdy + hy (do® — dy?). (2.8)

The interaction with the GW does not modify the direction of propagation of the light ray. The
only effect is a phase change in the light that will be derived in what follows. For a light ray only
propagating in the x direction, Eq. (2.8) can be simplified

1
0= cdt? — da® + hodz® = dz = +edt {1 + §h+(t)}7 (2.9)

where the second equation is obtained with an expansion of —— on h, since h; << 1. The plus
V1—hy

sign represents forward propagation (beam splitter to mirror) and the minus sign represents the return
trip (mirror to beam splitter). Eq. (2.9) is solved for a round trip experiment in which light is emitted
from the origin of coordinates at t, and received at x = L at t;. Integrating Eq. (2.9) thus results in

t1
L=c(t; —t,)+ %c/ hy (u)du. (2.10)
t

o

Light at x = L is then reflected back and reaches the origin of coordinates at ¢5. Since it is backward
propagation according to the convention set in Eq. (2.9), the integration leads to

—L=c(—ta+1t)— ;c/T52 hy (u)du. (2.11)

ty

Deducting Eq. (2.10) from Eq. (2.11) results in

1 [
2L = tg — to —+ 56/ h+ (u)du (212)
to
If ¢5 is rewritten as t, which denotes the detection time, and ¢, = t,., where ¢, is called the retarded
time, then Eq. (2.12) can be rewritten as

t
t.=1t— 2L + 1/ hy (u)du. (2.13)
c 2 tr=t—2L/c
The time t, is that at which the light was initially emitted, which is given by the detection time t
minus the time it takes the light to do a round trips, i.e.: 2L/c. Hence, the lower limit of the integral
in Eq. (2.13) can be substituted by t —2L/c. For a monochromatic GW of frequency vy = Q/(27), i.e.:

hy(t) = hcos(Qt), the solution to Eq. (2.13) is [46]

2L L QL
t,=t——+ h—sinc(—) cos (Q(t - L/c)). (2.14)
c c c
In the case that the light’s path lies in the y direction, a similar expression is obtained
2L L QL
tr=t— - hzsinc<T) cos (Q(t - L/c)). (2.15)

This method of measuring the times of emission of light and detection could be used for detecting
GWs according to the excess delay between ¢, and t. Let us now denote ¢, by %) in Eq. (2.14) and ¢,
by tW) in Eq. (2.15). The field that reaches the beam splitter at t from arm x is given by

E@(t) = *%Eoe”m&” = *%Eoe*m“*”/ﬂmm, (2.16)
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where A¢, is the phase shift the light has acquired due to the trip along the x arm, given by

L QL
Ag,(t) = —th sinc(T) cos (Q(t — L/c)). (2.17)
c
Similarly, the field reaching from arm y will be given by
1 () 1 . .
(y) _ - —iwrty?) _ —iwr (t—2L/c)+iAg,
EW(t) 2Eoe 2E’Oe , (2.18)
where A¢, is the phase shift the light has acquired due to the trip along the y arm, given by
L QL
Ay (t) = hwz sinc(T) Ccos (Q(t - L/c)). (2.19)

Hence, A¢, = —A¢, and the total phase difference acquired by the light in the detector due to a GW
passing through is

Admich = Agy — Ady = 2A¢,. (2.20)
The total field reaching the output of the interferometer is given by
Eioi(t) = E@(t) + EW (1) = —iEye~“rt=2L/9) sin[ A, (1)]. (2.21)
The power detected at the output photodetector is
P = |Eiot|? = P, sin?[A¢,(1)], (2.22)

where P, = |E,|?>. The result in Eq. (2.22) shows that the power detected at the end of the IFO
is proportional to the laser power P,. We need to have A¢,(t) as large as possible so that we can
recover the value of h (see Eq. (2.19)). From Eq. (2.17) it can be seen that A¢,(t) is maximized for
QL/c = w/2. Hence, the optimal value of L is Loptimal = 7¢/(282). Given than Q = 27 fgw, where
fow is the frequency of the GW, the optimal length can be expressed as

~ 74948km 7 750k 00H 2

Lo imal — &, .
P Y fow few few

For a GW with a frequency of 100Hz the length of the arm required would be technologically and
financially impossible to build. Hence the need to find an alternative way of making the optical path
length very large. This is achieved with a Fabry—Pérot resonant cavity, which is introduced in the next
section.

(2.23)

2.2 Fabry—Pérot resonant cavity

A Fabry-Pérot (FP) cavity is made of two parallel mirrors (see Figure 2.2). In the ground-based
interferometers, the mirrors are referred to as input test mass (ITM) and end test mass (ETM). When
light enters the cavity through ITM, it is partially reflected E..f and partially transmitted E,. The
transmitted wave is reflected by ETM, EF5 and so it returns to I'TM, where it recombines with the
incoming wave E,. Part of the light reaching ITM will be transmitted, Eoyt.

1 E1, trans

™, t_ . r ETM, t__ . r

Y ITM? T ITM ' "ETM’ "ETM

Figure 2.2: Schematic representation of the field stored within a FP cavity with input mirror denoted by ITM and end
mirror by ETM. Their transmissivities and reflectivities are represented by tmirrorname and Tmirrorname, respectively.
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We now set the conventions needed to derive the field that can be stored in an FP cavity, denoted by
E.sv. Let us assume an ideal monochromatic source of light with frequency wy. The field is chosen
such that the field at location x is given by

E(t,z) = E(z)e”“rt, (2.24)

The propagation along a path of length L in vacuum is represented by a phase factor that modifies the
amplitude as E(x + L) = e?*tL E(z). The amplitudes of the reflected and transmitted fields are given
in terms of the amplitude of the input field Fj,

Eref = TEin; Etrans = tEirr (225)

If the phase after a round trip in the cavity is an integer number of the incoming phase, then the
interference between E3 and E, will be constructive and a strong intra-cavity field E.,, will build up.
In this scenario, the cavity is said to be in resonance. The cavity field is derived in Appendix B and is
given by

131

Eeav = 1 — ryrqe—2kL

Ein. (2.26)

A resonance will thus occur when the intracavity power in maximised, which happens for 2kL = 2mn =
e~ 2L = 1, where n is an integer. Resonance can be achieved by fixing the length of the cavity to L

and tuning the frequency of light. There are a series of resonant frequencies

vy = <n n %) i (2.27)

where n is an integer number. The resonances are plotted in Figure 2.3 as a function of 2k L.

T T T T T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5

2kL

Figure 2.3: Resonances in a FP cavity with ripyv >~ rgrv = 0.7, as a function of 2kL. The distance between maxima is
given by the free spectral range (FSR), given by Eq. (2.28).

The spacing between two successive resonances (see Figure 2.3) is called the Free Spectral Range (FSR)

and is
c

Av = —. 2.28
FSR = 57 ( )
The ratio between Egny/Fin = S is known as the surtension factor, which has as maximum value
Smax = t1/(1 — r1r3). In a realistic FP cavity with losses p; (associated to the first mirror) and ps
(associated to the second mirror), the value of 71 for which Spax is maximum is ropy = (1 — p1)re. The
value of the surtension factor in this case is thus

1—p1 1
1-(1=p1)(1—p2)  p1+p2

Sopt = (2.29)
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The width of the resonance line can be evaluated assuming the frequency v is close to a resonance:
v = v, + 0v, where v << Avpgr. Then, 2kL = (2n + 1)7 + 27 %v_ The surtension coefficient is

th Avpsgr
us
31
S — - (2.30)
1 —ryrqee”™" AvFsr
The square of Eq. (2.30) is the ratio of intensities
i1 1
g2 — 1_ =52 , 2.31
| | (1 — 7“17"2)2 + 4riry Sln(ﬂ'éu/Al/FSR) a 1+ [21\_/2117‘22 (Wéy/AVFSR) ( )

where in the last equality the simplification sin(mév/Avpsr) ~ 7dv/Avpsr has been used, given that
the width of the resonance is much smaller than the distance between resonances, dv << Avpgg.
Eq. (2.31) can be further simplified by defining the Finesse of the cavity as

Fo Vnrs (2.32)

1 —7"17‘2.

It can be shown that the average time a photon remains within a FP cavity is large for large finesse
cavities [9]. Finally, the ratio between the intensity of the cavity field and the intensity of the incoming
field is given by

1

|S|? = 52 (2.33)

ax

5-
1+ 2}—51//AVFSR

The values of dv that make the surtension factor be half its maximum are dv = +Avpgr/(2F).
With this values the full width at half maximum (FWHM) of the resonance can be calculated
ovrwnmMm = TAvpsr/(F). The expression for the resonance is thus

1
1SI?/Smax = . (2.34)
1+ |22 sin(6v/Avpsr)
The wave reflected off the cavity is derived in appendix B and is given by
Eout = rirmBin + trrmBs = rirm B — trrve” 274 gy (2.35)

The phase of the reflected wave undergoes a transition of 27 (see Figure 2.4(right)) when crossing
the resonance (see Figure 2.4(left)). A detailed derivation of the procedure carried out to achieve the
resonant condition in the IFO is provided in Appendix C.

1.0000 : : T T T T T T 628 - - . T T T T T
0.9999 | |
550 1
g 0998 - b
Q471 312 0 y
§ 09997 4 2 /
Q <
% 09996  1-A/2 g 3o
g 3
% 0.9995 |- [ RUR I— ¢
2
8 oo00s | E]
E 236 |
09993 |- g
1-A } 3
09992 B 157 - aif2
0.9991 | E 079
0.9990 A . . . . . . .
0.00 T | \ L
5 4 3 2 -1 0 1 2 3 4 5 s P 3 > I 0 1 P 3 4 5
dv/dv,
FWHM 7L\ —

Figure 2.4: Figures retrieved from Ref. [46]. Left Absorption line of a FP cavity with r1 = 0.85 and 72 = 0.99998. A is
the maximum of absorption. Right Phase reflectance of a FP cavity with ;1 = 0.85 and r2 = 0.99998.
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2.2.1 GW signal extraction from a FP cavity

We have seen that the passage of a GW through an IFO has the effect of introducing a phase shift
A¢paw(t) in the light propagating within the IFO. This phase shift is not trivial to detect. In a
Michelson IFO, we have seen the power at the output photodetector is given by Eq. (2.22). At the
output photodetector of the IFO, all that is measured is the power, which makes it hard to determine
whether a variation in the power is due to a GW passing by or a fluctuation in the laser power. For that
reason, a null instrument could be a solution, i.e.: an IFO whose output power equals zero when no
GW is passing by. Thus, the best working point would be that represented by a red dot in Figure 2.5,
in which the output power is normalized by the input power. However, at this working point, dP/J¢
is also null. Since Apgw(t) < O(h) (see Eq. (2.19)), then at the dark fringe the variations in power
will be of the order of AP = O(h). For signals with a strain of about h = 1072%, it would imply that
the detector should be capable of measuring a power variation of the order of 10742, which is very
difficult. For this reason, an alternative is needed.

-3 -2 -1 0 1 2 3

o

Figure 2.5: Output power of the Michelson IFO normalized by the input power as a function of the phase. The red spot,
where P=0, represents a working point where the IFO would be a null instrument, i.e.: detecting power only when a GW
passes by.

The alternative is phase modulating the input laser light at a frequency ,,q. This is achieved
by passing the beam through a crystal or a block of dielectric material with an index of refraction
dependent on an electric field Eapplied = |Eapplied| €08(2moat) [9]. The amplitude of the field entering
the cavity is

E(t) _ Eoefi(thJrFsin(Qmodt))’ (236)

where wy, is the frequency of the laser, i.e.: the variable to be servoed. I is the modulation depth (or
modulation index) and T' << 1 so E(t) can be expanded in Fourier modes

E(t) = E,[J,(T)e" ™t 4 Jy (D)e i @r+moa)t _ J (D)@ =Pmoa)t L (e~ wr+2%moa)] = (2.37)

where .J,, are Bessel functions. Therefore, the phase modulation creates sidebands with frequencies
wr, £ Qnog. In Eq. (2.37), E,J,(T)e~™rt is known as the carrier field and the other two terms are the
two sideband fields added by the modulator. The carrier and sidebands are reflected differently by the
FP cavity. The reflected field’s amplitude is

) r . r ;
B(t) - E, Re~twrt igR_‘refz(uJLJerod)t + igR_efl(waﬂmod)t} , (238)

where R is the reflectance of the cavity for the carrier field, and Ry, R_ the reflectances of the cavity

for the sidebands. It can be shown [9] that the output field of the carrier is proportional to sin (27‘3—1”)

and the output field of the sidebands proportional to sin (QW‘ZA—_L” + 27 /\“_Z; > For a — b = nAp, where

n is an integer, the carrier is in the dark fringe while the sidebands are not. When a GW passes
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by, the output field of the carrier is proportional to sin (2#%), while that of the sidebands

a—b+Lh(t) a—b+Lh(t)
AL :I: 27T >\7nod
total power the photodetector can measure has three terms. One of them is not relevant as it is of

order O(h?), another one is not dependent on h and the third term is linear on h and oscillates with a
frequency 04, which is the one that is extracted. The very same procedure is generalized to a FP
cavity.

to sin (27r ) As a consequence, the carrier is no longer in dark fringe. The

2.2.2 A133 algebra

Section 2.1.1 shows what the phase shift due to the passage of a GW is in a Michelson IFO. The
procedure can be generalized to a real GW detector, for which an algebra is introduced to ease the
calculations. Let us assume the same monochromatic GW as in previous sections does a round trip in
an FP cavity. B(t) is the amplitude of the field propagating within the cavity at the end of the round
trip and E(t) is the amplitude at the beginning

B(t)=E(t,) | E() = Ee ™t (2.39)

Substituting the retarded time, Eq. (2.14), in Eq. (2.39) results in two sidebands of frequencies wy, +
in the incoming field

B(t) = Eefithe2iwLL/c+ihaLLSinc(%)e2iwLL/ceiQL/cefi(wL+Q)t+
2 C c

L QLN , ,
Jr%hE —wl(; sinc (T) e2iwnl/eg—iQL/cq=i(wL =)t (2.40)

as shown in previous sections. In the case that the incoming field E(t) was already modulated and had
2 sidebands with amplitudes F; and Fs (this is the case in real GW detectors, as described in section
C), the input field would be expressed as

1 - 1 . .
E(t) = (E + ShEeT " éhEgeth)e_zth. (2.41)
The output field’s amplitude after a roundtrip will thus be
1 . 1 ) )
B(t) = E(t,) = (Bo + hBreT 4 5/11}326””)6*1%# (2.42)
The coefficients B,, By and By are given by [46]
Bo :ezigEov
By =&t g, iefsinc(n)ei<2§+7’)Eo,
By =e?EM B,y — jetsine(n)e! ¥ VE,, (2.43)

where two definitions have been used £ = wyL/c and n = QL/c. Eq. (2.42) can be written in matrix
form as

B=XE | &= (B, E1 Ey),B= (B, B, By), (2.44)
where X is given by
o2i€ 0 0
X = | —iegsine(n)e!(+n)  g2i(E+n) 0 (2.45)
—ietsinc(n)et =) 0 e2i(6=m)

The diagonal terms describe the free propagation of the carrier and sidebands. The other two off-
diagonal non-null terms describe that a round trip of the carrier produces more contributions to the
sidebands. X is an operator of the form

Oouo 0 0
O=|0w Oun 0 |, (2.46)
O 0 Oz

that satisfies the following operations
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o The sum: (A + B);; = Ajj + By;.

e The product: (zﬁB)11 = A;By; (AB)IO = A;pBoo + AiiBio-

: e (ALY 1Ay A
o The inverse: (A7 )i = 25 (A7 )io = — x4
All the operators of the form Eq. (2.46) satisfying the previous algebraic operations form an algebra
known as A133. Optical elements can be characterized by operators from the A133 algebra. For
instance, the operator corresponding to a FP cavity is the generalization of the single roundtrip
operator described above, Eq. (2.45). For many roundtrips in the FP cavity, the A133 operator is

given by

F 0 0
f == G+ + 0

0

, (2.47)

where F is the reflectance of the FP cavity to the carrier and F the reflectance of the FP to the
sidebands. F, Fy and G4 are given in terms of the reduced gravitational frequency f, = vy/0vrwmm
as

-0+ 2IAf
F =57 (248)
 1—0+2i(Af+f,)
Fe=——= 2i(Af + fg)g (2.49)
Gy =i 2L 270 (2.50)

A (I=2AN[1=2i(Af £ fy)]

2.2.3 Signal to noise ratio

The A133 algebra also allows to compute the signal-to-noise ratio of a GW signal passing through any
optical system. Let us assume a pure monochromatic wave &;,, = (F,0,0) propagating through an
optical system characterized by an operator from the A133 algebra denoted by S. The output field is
given by

h , h , .
Eout = E|:Soo + 55106_191‘/ + 55206191 e_ZWt, (2.51)
where §;; are the matrix elements of S. The power that will be detected at the output of the system is

_ h o o o .
P(t) = Eoutbout = Pin [|»5'00|2 + 5(510500 4 S20S00)e ™ M + 5(520500 + 510500)61917 (2.52)

where the signal amplitude is given by S(v,) = \5105’60 + S_QOSOO|1. The DC component of the output
is proportional to |Sgo|?, so the SNR. is given by

P
2hp

SNR(vy) = —[[S10] + [Szole (1020720000 (), (2.53)

where ¢;; are the arguments of S;; . The SNR is proportional to the input power of the laser.

2.2.4 Michelson interferometer with FP cavities

As already mentioned, the real GW interferometer is a classical Michelson IFO in which the end mirrors
have been replaced by FP cavities (see Figure 2.6) to increase the effective length of the arms.

IReminder: vy = Q/(27)
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Laser />

U Photodetector

Figure 2.6: Schematic representation of a real GW interferometer, composed by a Michelson interferometer in which
the end mirrors have been replaced by FP cavities. These cavities are represented by operators from the A133 algebra
denoted by F7 and Fs.

The FP cavities are represented by the operator from Eq. (2.47). In the case of the x arm, the operator
is exactly Eq. (2.47) and denoted by Fi, while for the y arm the sign of the terms Fjy and Fyg is
changed and the operator is denoted by F»

F 0 0 F 0 0
.Fl - G+ F+ 0 B ./—'.2 - —G+ F+ 0 . (254)
G- 0 F_ -G_ 0 F_

For this IFO, the transmittance, T, and reflectance, R, operators can be obtained from F; and F3,
leading to these operators

_ 0 00 _ iF 00
T=(1-p)e*et [ g, 0 0| , R=1—-pye*at® | 0 ik 0 |, (2.55)
—iG_ 0 0 0 0 iF_

where p, are the losses of the beam splitter. Therefore, with these operators the SNR is obtained in

Ref. [46] and given by
8FL 1—0/2 Py,
SNR(f,) = 5 / v/ on h(fy). (2.56)
\/ 1+ 4f2 pv

Eq. (2.56) shows that the SNR increases with the length of the arm, L, and the power of the laser, P,
as Eq. (2.22) already implied.

2.2.5 Improvements for the GW interferometers: recycling mirror and
signal recycling

In GW interferometers, in order to enhance the cavity power, a system composed of an FP inside

another FP is used. If it was not for this setup, given that the IFO is tuned at dark fringe, when no

GW is passing by all the power coming from the arms would be transmitted by the beam splitter
towards the laser and hence wasted. This setup is known as a power recycling cavity and is built by
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adding an extra mirror between the laser and the beam splitter called power recycling mirror (see
Figure 2.7).

Recycling mirror (M, ) M M

A

in

U Photodetector

Figure 2.7: Schematic representation of a GW interferometer with a recycling mirror, placed between the laser and the
beam splitter. The Michelson interferometer acts as a mirror on its own. The cavity composed of the recycling mirror
and the Michelson is known as the recycling cavity which can be tuned to increase the SNR.

The power recycling cavity is composed by three mirrors, M1, My and Mj. These mirrors are represented
by red blocks in Figure 2.7. In Figure 2.8 a simpler drawing of the power recycling cavity is shown,
since it will be relevant for our calculations. The distance between M; and M5 is 1 and is much smaller
than the one between My and Ms, L (see Figure 2.8). The reflectivity factors of My and My are rq
and ro, respectively, while that of M3 is assumed to be 1. Hence, the transmissivities of M; and My
are t; and to, respectively, while that of Mj is 0.

i

171771 2’72 2 373

Figure 2.8: Schematic representation of the power recycling cavity, which has the aim of enhancing the cavity power. It
is composed by the mirrors, M, M2 and M3. The distance between M; and Mz is 1 and is much smaller than the one
between M2 and M3, L. The cavity is assumed to be ideal, so the reflectivity of M3 is assumed to be 1.

The amplitude transmitted through Ms in absence of M3 defines the transmittance

t]tgeikLL
= 2.57
T 1+ ryrge2ikl (2:57)
The reflectance is given by
2ikr, L
R— J2tne (2.58)

1+ ryrge2ik L’
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The amplitude of the field in point C (see Figure 2.8) can be calculated assuming a single FP cavity
with a virtual mirror of parameters 7 and R and an end mirror [46], which results in

T tltgeikLL

T 1+ ReikL A= 1+ ryroe?kel 4 2k L (py 4 pie2ikrl) 4, (2.59)

where A is the amplitude of the input field to the compound cavity. The maximum value of C is
obtained for 2k;l = 0 and 2k, L = 7, which implies the short cavity (the one formed by M; and M,)
is in antiresonance and the large cavity (the one formed by M, and M3) is in resonance. In this case,
the power is given by

t3t3

CF = At =)

S| A% (2.60)

The result can be written as a global surtension factor [46]

_[le?] _ (A +r)(1+7)
SO - [W} resonance - (]. - T’j)(l — T'z) (2.61)

A cavity at antiresonance is more reflective than any of its mirrors, so under the assumptions that
the mirror’s reflectivity factors are given by 1y =1 —€; and ro = 1 — €9, where €1, €3 << 1, then the
reflectance of the cavity is given by

r1+ 72 €1€2
Rantiresonance = Ro = m ~1- 7 (262)

Since L >> [, the relation between the spectral ranges is Ay << A;. It can be checked that the phase
of the reflectance changes very little: 2kl = 2wdv /A, so the reflectance can be written as

R="TR,

% r1(1—r3)
1+mﬁALhﬁ+Tﬁu+Tﬂﬂ”. (2.63)

The quantity 2k, L is 2k;, L = 7 + 2wév /A and the surtension factor is derived in Ref. [46] as

|C|? 4R sin?(mév/Ap)1-1 1
S — — SO 1 = SO s 2.64
AP 1+ 1-R)? ] 1+ (2Fsuper0v/AL)? (264)
where Foyper = 7{7% is the surperfinesse. The linewidth is thus 67, = AL/ Fsyper- The optimal SNR in

this optical system is derived in Ref. [46] and is given by

_4rL 1 Vo(2 - o) PL ,
SNR(vg) = VN VT om0 AVFSR)“/ 2hpyh( ) (2.65)

Controlling the resonance of this recycling cavity allows to get a higher power to reach the beam
splitter and thus the SNR increases as well.

Another recent development is the signal recycling cavity, formed by adding one more mirror after
the output port of the IFO (see Figure 2.9) to store the sidebands generated by the GW. The dark
fringe port plus the signal recycling mirror form a resonant cavity whose reflectivity can be tuned. The
gravitational frequencies creating a sideband for which the signal cavity is antiresonant are enhanced.
This allows to modify the sensitivity curve and have a gain factor of 2F /7 at a given frequency range
of special interest [47].
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Figure 2.9: Schematic representation of a GW interferometer with a dual recycling mirror, placed between the beam
splitter and the output port.

2.3 Types of noise and noise sources in GW interferometers

As shown in Eq. (1.50), the proper distance between two free masses changes as GWs pass by an amount
AL = %thL, where L = x9 — x1. This is the length change in the arm of an interferometer when a GW
passes by (in the detector frame). Consequently, for a burst signal with strain amplitude hy ~ 1072
and an IFO with arm length of 3km, the variation in length of the arm is AL ~ 1.499 - 10~ *¥m. This
implies that for a signal whose strain is of the order of h, ~ 1072!, an IFO has to be sensitive enough to
detect a displacement of the order of 107'8m. In terms of phase shift, we aim at A@yricn = i—’;hoL ~
3.54 - 10~ 'rad. However, this value is higher in the case of a Michelson with FP cavities. In this case,
a gain of 2F /m is achieved in the phase shift. For instance, if the FP cavities have a finesse of ~ 200,
then the gain is about 130 and thus the phase shift: A¢azien =~ 4.607 - 10~ %rad. Nevertheless, there are
many sources of noise in the IFO that make this task more difficult. In what follows, a summary of
some of the noise sources is given as well as how they affect the sensitivity of the IFO, expressed in
terms of the strain sensitivity, Sh/? (f). The strain sensitivity is the square root of the noise spectral
density, S, (f),which is derived in terms of the noise in a detector, denoted by n(t). If the noise is
stationary, the Fourier components are uncorrelated and so their ensemble average is [9]

(" (FR() = 67 — 1) 5 (1). (2.66)

Given that the noise is a real function, then S, (—f) = S,(f). For f = f’, the right hand side of
Eq. (2.66) diverges. Hence, we restrict the time interval to —7'/2 < ¢ < T'/2, where T is the observation
time. The delta is then evaluated

T/2
5(f=0)— [/ dte™ I |i_g = T. (2.67)
-T2
Hence, Eq. (2.66) results in
1
(AP = 28.(PT, (2.68)

where the 1/2 factor is a convention that is added so that S, (f) is obtained integrating only over
physical frequencies, i.e.: f>0.
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Noise sources can be classified according to different criteria. The first criterion is stationarity. If a
noise’s statistical properties do not vary much over time, the noise is said to be stationary. Another
criterion is the origin of the noise. There are fundamental noises, which are those intrinsic to the
detector, such as shot noise, radiation pressure, and seismic noise. Noises introduced in the system
or amplified by control loops used to maintain the IFO in a correct working point are called control
noises. Technical noises are those coming from the implementation of the IFO, such as power noises.
There are also many environmental noises, such as magnetic fields that couple to the detector [48] or
scattered light.

In this section an explanation on fundamental noises is provided. Control noises and technical noises
will not be explained in this thesis. For a detailed description of these, the reader is referred to Ref. [49].
Two types of environmental noise, scattered light and Schumann resonances, are explained in detail in
Chapter 4 and Chapter 6, respectively.

2.3.1 Shot noise

Shot noise is due to the fact that the laser light is discrete, i.e.: it comes as photons. After each
observation time T, the number of photons reaching the photodetector, N, will be different. The
fluctuation in the number of photons is given by AN, = /N,. It thus produces a fluctuation in the

power observed given by [9]
1 [ Fw
(AP)shot = T \Y N'yh/-UL = TLP, (269)

where P is the average power measured at the photodetector and wy, the frequency of the laser. The
fluctuation of power in the laser has to be compared with the power fluctuations a GW would induce.
A periodic GW with frequency f and plus polarization produces a power fluctuation given by [9]
P, . 4L
(AP)Gw = 2| 5in(26,) | o, (2.70)

where P, is the input power to the IFO, which relates to the output power by P = P, sin?(¢,). The
signal to noise ratio (SNR) is thus given by

S  (AP)gw P, T 4xL
= = =4/ hol| cos(2¢,)|. 2.71
N (AP)shot hwr A | ( ¢ )‘ ( )
For cos(¢,) = 1/+/2, the SNR simplifies to
S  (AP)ew | P,T AL
B = ho. 2.72
N (Ap)shot th )\L ( )
Also, for a periodic GW of frequency f, the SNR can be written in terms of the strain sensitivity
Srl/2(f) as
g T 1/2
— === ho 2.73
N (snm) 27

By equating Egs. (2.72) and (2.73) the strain sensitivity due to shot noise is obtained

A | 2hw
1/2 _ L L
Sn (f)‘shot Al P, . (2'74)

In a realistic GW detector, where there exists a power recycling, the efficiency of the photodetector is
accounted for and there is dependence on the GW frequency, the strain sensitivity due to shot noise is

1/2 o L 47Th)\LC i 2
Sp 7 (f)lshot = 8]-‘L\/ P \/1+ (fp) . (2.75)

The parameter n is the efficiency of the photodetector, P,s the power on the beam splitter after
recycling and f,, is the pole frequency, defined as f, = ¢/(4FL). A way of reducing the shot noise is
achieving an increase in the power reaching the beam splitter Py, which can be achieved with a power
recycling cavity, as described in section 2.2.5.
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2.3.2 Radiation pressure

Radiation pressure is exerted by the light impinging in the mirrors and then reflecting back. Since
the number of photons fluctuates as AN, = m, the radiation pressure will also fluctuate. This
fluctuation generates a force that shakes the mirrors and grows as v/Py,. Hence, the solution provided
in the previous subsection for decreasing the shot noise would in fact increase the radiation pressure.
The fluctuations of the force exerted by a laser beam with power P during an observation time T are
given by [9]

hwr P
AF =2 . 2.76
27 (2.76)
The spectral density of the force is thus given by [9]
1/2 hwp, P
Si? =2 o (2.77)

which can also be expressed as the spectral density of the displacement of the mirror of mass M as

SY2(f) = M(;ﬂf)g \/ m;LP. (2.78)

The strain sensitivity due to radiation pressure is

4 | hwr, P
52/2 (f)|rad pressure — ML(27Tf)2 2 (279)

It can be shown that for a Michelson IFO plus FP cavities the strain sensitivity due to radiation
pressure is given by [9]

/ __16V2F \/W 1
Sr,ll 2(f)|rad pressure — ML(27Tf)2 27T>\LC T (f/fp)2 . (280)

2.3.3 Standard quantum limit

The combined effect of shot noise and radiation pressure is known as the optical read-out noise. Its
spectral density is obtained by adding linearly the independent spectral densities

S71(f)|0pt = Sn(f)|shot + Sn(f)|rad7 (281)
which can thus be expressed as
]_ ] 1/2
L+ (f/fp)?
where f, is defined as f, = 82,/ Miﬁ. The optimal value of f, is that for which the shot noise and

SY2(P o = L;f@ 1+ 182+ (/5 , (282)

21
radiation pressure contributions are equal: 1+ f2/f, = (f,/f)?. The corresponding optimal value of
S,l/2(f) defines the standard quantum limit (SQL)

1 3
Ssou() = 577 \/E (2.83)

The limiting value of Ssqr,(f) is a manifestation of the Heisenberg uncertainty principle. However, the
detector sensitivity can be improved beyond its quantum noise limit by using squeezed light technology.
This technology consists of injecting squeezed states of light into the measurement output (dark port)
of the interferometer. Even though no light enters the interferometer through the dark port, the
quantum fluctuations of the vacuum field of the light do enter the dark port and superimpose with the
output electromagnetic field of the interferometer, which contains the GW signal. If these vacuum
fluctuations are replaced by a continuous injection of squeezed vacuum states of light, the measurement
uncertainty can be controlled [50].
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The effect of the quantum noise in the sensitivity of Virgo is seen in Figure 2.10 represented by a
purple solid line. In Figure 2.10 the contributions from the different noise sources mentioned in the
following sections are plotted against the overall Virgo sensitivity (black solid line). The narrow lines
in the sensitivity are due to various sources. The lines at 50Hz and harmonics are due to the power
mains. The frequencies of resonance of the fibers used to suspend the mirrors are called violin modes
and are also visible in the sensitivity curve.

Quantum noise
Gravity Gradients
Suspension thermal noise

Coating Brownian noise
Coating Thermo-optic noise
Substrate Brownian noise
Seismic noise
= = = Excess Gas
OMC thermo-refractive
Alignment noise
Magnetic noise
= = = Sum of the plotted noises
=— Reference AdV curve

Strain [1VHz]

10°
Frequency [Hz]

Figure 2.10: Figure retrieved from Ref. [51]. Strain sensitivity of the different noises in Virgo. The black curve represents
the estimated sensitivity curve for Advanced Virgo. The worst limiting noise for frequencies below 40Hz and above
300Hz is quantum noise (solid purple line). The Brownian noise in the coating of mirrors (solid red line) is the limiting
noise in the region between 40-300Hz. Seismic noise (green solid line) has a very big impact at frequencies below 40Hz.
At 50Hz, the peak visible is due to the mains in electronics, which takes this value in Europe. Other peaks above 300Hz
are due to the suspension thermal noise.

2.3.4 Displacement noise

The laser light is not the only source of noise that moves the test masses. Other effects or sources
unrelated to the laser are known as displacement noise. Displacement noise is characterized by a
strain spectral density of the displacement which is denoted by z(f). A GW passing by an FP cavity
modifies the cavity length by AL = hL. Thus, if the length of the cavity changes by Az due to the
displacement noises, the corresponding equivalent GW amplitude is Az /L.

Seismic motion

The Earth’s ground is in constant motion. Human activity (means of transport, walking, daily
activities,... ) and weather conditions such as winds affect the sensitivity of the IFO in the region
between 1-10Hz. There is also a micro-seismic background which shakes the suspension mechanisms
and thus the mirrors. Its strain sensitivity has the form

1Hz

o(f)~ A mHY2, (2.84)
For frequencies above 1 Hz, the values of v and A are v ~ 2 and A ~ 10~7. Dividing by the arm
length of the IFO results in a noise strain at least ten orders of magnitude larger than the values to
detect GWs. The seismic noise must therefore be attenuated by a huge factor. This is achieved with
a set of pendulums in cascade. This device is commonly known as superattenuator in Virgo. One
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single pendulum with normal mode f, has its suspension point moving in the horizontal direction
with a frequency f such that f > f,. This oscillation is transmitted with an attenuation proportional
to (f,/f)? to a mass suspended from the pendulum. For a chain of pendula, the oscillation will be
transmitted with an attenuation proportional to f~2", where n is the number of pendula [52, 53]. This
is the working principle of the superattenuator, represented in Figure 2.11.

The effect of the seismic noise is seen in Figure 2.10 represented by a bright green solid line.

Inverted Pendulum
Pendulum Wire

Inner Structure

Pendulum Chain

10560

Figure 2.11: Figure retrieved from Ref. [53]. Virgo superatenuator. It is composed by a chain of n pendula that reduces
the seismic motion of the test mass as f 2", where f is the frequency with which a single pendulum’s suspension point
moves in the horizontal direction.

Newtonian noise

The Newtonian noise (NN) is also known as gravity gradient noise and is due to the Newtonian
gravitational forces of objects that are moving. For instance, the test masses in the IFO are subject to
gravity perturbations due to the propagation of seismic waves, atmospheric changes, ... [54]. In order
to properly model the NN curve, the local seismic field nearby the test masses is monitored, which is
done with seismometers and tiltmeter data. This movement of test masses results in a time-varying
gravitational force that cannot be screened out from the detectors, though the noise can be reduced.
Using seismic sensors’ data can be used as a coherent cancellation of Newtonian noise [54].

The effect of the Newtonian noise in the sensitivity of Virgo is seen in Figure 2.10 represented by a
green solid line.

Thermal noise

Thermal noise induces vibrations in the mirrors and the suspensions. The displacement spectral density
of the force responsible for thermal fluctuations in a system at temperature T is [9]
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1
2(w) = ————[4kTRe(Z(w))]*/?, (2.85)
w|Z(w)|
where Z(w) is the impedance of the system and w is the frequency of the characteristic mode of the
system. The most important thermal noises are

e Suspension thermal noise. Any vibration induced in the suspension of the test masses results in a
displacement noise. The effect of the suspension thermal noise is seen in Figure 2.10 represented
by a blue solid line.

— Pendulum thermal fluctuations induce a swinging motion in the suspensions and thus a
horizontal displacement of the mirrors. This is the dominant noise between a few Hz to
about 50Hz.

— Vertical thermal fluctuations. Thermal noise also induces a vertical motion of the suspensions.

— Violin modes are vibrations that can be described in terms of fluctuations of the normal
modes of the wires holding the mirrors. These are very narrow peaks.

o Test mass thermal noise are thermal fluctuations within the test masses themselves.

— Brownian motion. The atoms of a mirror at temperature T have Brownian motion due to
their kinetic energy, which leads to thermal noise. This is the dominant source of noise
between a few tens to a few hundreds of Hz. The effect of the Brownian motion is seen in
Figure 2.10 represented by a red solid line.

— Thermo-elastic fluctuations. In a finite volume, the temperature fluctuates, which generates
displacement noise through the expansion of the material. This takes place both in the bulk
and coating of the mirrors.

— Thermo-refractive fluctuations. The refractive index of the coatings is a function of the
temperature. The same temperature fluctuations that lead to thermo-elastic fluctuations
also induce fluctuations in the refraction index.

Scattered light

A very harmful source of noise in GW detectors is scattered light. A detailed description of scattered
light is provided in Chapter 4. Scattered light can be mitigated by different means, and one of them
consists of using devices called baffles that absorb part of the scattered light. Baffles are described in
Chapter 4.

2.3.5 Search for noise sources and methods to clean data

The search for sources of noise is a laborious on-site work called noise hunting that consists of tracking
down each noise source and understanding the conversion mechanism between the source and the
output signal of the interferometer. To achieve this task, the GW detectors are equipped with many
sensors (seismometers, magnetometers, photodiodes, ...) whose signals are used to monitor external
disturbances to determine whether a candidate GW event is such or whether it was a fake signal
produced by instrumental or environmental noise.

The noise hunting process starts by identifying transient noise events (glitches, due to sudden mal-
functioning of the IFO components affected by environmental noise that cannot be mitigated) or
spectral lines. Then, the events must be correlated with unusual detector behaviors or environmental
disturbances. If there is no correlation, a series of experiments are performed. They start by injecting
fake noise around noise source candidates. The effect of this injection in the environmental noise
detectors around the point of injection is correlated to an effect in the sensitivity curve. Each type of
noise is searched for differently. For instance, in the case that there was a feature in the sensitivity
curve looking like scattered light, the first task is injecting noise in the form of seismic motion in
sensitive areas of the IFO. The seismic motion will be transmitted due to different processes such as
backscattering to the propagating beam. The sensitivity curve will see the effect of this noise injection
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in the form of an increase of the already existing feature if the noise source candidate is indeed the
culprit. This task will be repeated until the source is found. Actions to mitigate the noise will follow
according to the type of noise source.

An example of the use of these noise-hunting activities is explained for the case of environmental
magnetic fields produced by electronic boards, pumps, motors, lights, or electrical power circuits,
which are also worrying because they can affect the coils that act on the test masses to position them.
These sources are studied with magnetic injections from a driving coil we built [48]. Placing the coil
in different locations and after several injections, we could estimate the transfer function (TF) that
converts the magnetic noise into strain sensitivity [48]. This TF is the one used in studies of the effect
of correlated magnetic noise in gravitational-wave background searches [21], introduced in Chapter 6.

Not all the noise sources can be mitigated or understood, so data analysis techniques have been
developed to "clean" the data and not bias the results of the analysis. As mentioned above, some lines
such as the power mains or the violin modes (see Figure 2.10) are very well known and narrow in
the frequency domain, so they are notched from the data, i.e.: they are removed from the data and
substituted by zeroes. Some sources of glitches are also not well understood and hence the period
when these glitches appeared is excluded, which is an action known as vetoing [55].

These mitigation actions were not enough in O3, and the search for a gravitational wave background
was affected by a large rate of very loud glitches. For this reason, a new technique was developed called
gating, which consists of substituting by zeroes the glitches. Before applying this technique, other
data quality tests were performed, such as non-stationarity cuts (see section 6.4 for further details) or
inverse noise weighting, but they were not successful in removing the effect of these glitches. Hence
the need for a new technique. The effect of analyzing data with zeros is small, as shown in Ref. [56],
and gating does not add extra lines in frequency domain to the data nor remove real GW events.
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Chapter 3

Simulations

In this chapter a simulation tool used to determine the distribution of light in optical elements of
the interferometers is introduced. To do this, the physical concepts the simulation tool uses are first
explained. These are the theory of diffraction and the paraxial approximation.

3.1 Brief summary of the theory of diffraction

All real optical systems have finite apertures, with boundaries or edges. For this reason, it is important
to have an insight into the physical diffraction effects and the analytical techniques used to describe
them. It is essential to have theoretical models for light propagation. The Scalar Diffraction Theory
(SDT) is assumed, which is based on the Kirchhoff equation, derived in what follows.

The vector E(r,t) is a component of the electric field which, in a medium with refractive index n, obeys
the wave equation

n? 02
(V2 - CQW) E(r,t) =0. (3.1)

Light from a laser can be considered as a pure monochromatic wave and is given by

E(r,t) = % [B@e = + Br)e]. (3.2)

The vector E(r) is the amplitude of the electric field and w is the angular frequency, given by w = 27,
with v the frequency. Applying the wave equation over the monochromatic wave in Eq. (3.2) leads to
the Helmholtz equation

(V+EHE(r) =0, (3.3)

where k = nw/c is the wavenumber. The Helmholtz equation can be solved resorting to the Green’s
theorem, which results in the Kirchhoff equation,

E(r) = / E()n’ - V'G(r,r")dz'dy’ . (3.4)
z=0
The Green’s function G(r,r’) is fully derived in Ref. [46] and results in
ik|r—r’| eik|r—r”|
Glr,r') = © = . 3.5
(r,x') r—r/| |r—r"| (3:5)

Given a surface with an aperture of diameter D, and a propagating field, the Kirchhoff equation relates
the incoming field with the field after passing through the aperture. This process is represented in
Figure 3.1. The field to the left of the aperture is Fy(r). Right after trespassing the aperture at z = 0,
the field for radii smaller than D/2 is equal to E;(x,y;0), while for radii larger than D/2 the field is
zero. The field at a distance r from the centre of the aperture is denoted by Fs(r), and given by the
Kirchhoff equation, Eq. (3.6).
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Figure 3.1: Field F1(r) trespassing an aperture at z=0 with diameter D. Right after trespassing the aperture at z=0, the
field for radii smaller than D/2 is equal to E1(x,y;0) /(x? +y?) < (D/2)2, while for radii larger than D/2 the field
is zero. The field at a distance r from the centre of the aperture is denoted by Fa(r). 6 is the angle under which the
aperture is seen from the observation point, placed at r from the centre of the aperture.

r) = 7% // Ei(x")n’ - V'G(r,r')dz'dy (3.6)
D

In Eq. (3.6), the factor n’ - V'G(r, ') is known as the diffraction kernel, given by
iethr (N1
+ _ ) —
X ( kp)p
The parameter p is the distance between the source and the observation point, and is given by
p=+/(z—2)2+ (y —y')2 + 22. With the explicit expression of the diffraction Kernel, the Kirchhoff

equation can be rewritten as
zkp . ,
=_—- Ei(r dx'dy’ . 3.8
/ / kp)p (38)

As the distance z between the aperture and the observation plane becomes larger, the factor 1/(kp) — 0.
Eq. (3.6) can thus be rewritten as

"V'G(r,r) = (3.7)

7 etkr
Es(r) = —fjiEl(r’) 5 cos(0)ds’, (3.9)

known as the Huygens Fresnel equation. The angle 6 is that under which the aperture is seen
(represented in Figure 3.1) [46]. If § << 1, the paraxial approximation can be applied, which
neglects terms of second order and above of \/(z —2/)2+ (y —y/)2/z. As a consequence, p =

Ve —a)2+(y—y)2+22~2+ w This leads to the paraxial diffraction integral

Bs(r) = // By, 0)e 50 gy (3.10)

Solving the integral in Eq. (3.10) is a cumbersome procedure, so an equivalent equation known as the
paraxial diffraction equation (PDE) is derived

(2ikd. + 02 + 0;)E =0, (3.11)
where the field E is given by

Ey(r) = E(r)et*=. (3.12)

To obtain Eq. (3.11), it has been assummed that E varies so slowly with z that its second derivative
0?F can be neglected [57]. As mentioned above, the paraxial diffraction equation, Eq. (3.11), and
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paraxial diffraction integral Eq. (3.10) are equivalent. It will be seen that the FFT simulation tool
introduced in this chapter uses Eq. (3.10), instead of solving the differential equation Eq. (3.11).

This derivation has been performed for an aperture with diameter D. This aperture can be thought of
as that of a test mass from an FP cavity, leading to the same PDE.

3.1.1 Fundamental TEM mode

In this section, the PDE is solved for an axially symmetric geometry. It will be shown that the solution
is a set of modes called Transverse Electromagnetic Modes.

The PDE can be solved for an axially symmetric geometry using two unknown functions dependent on
z, A(z) and ¢(z). The function A(z) represents a complex phase shift which is associated with the
propagation of the light beam. The function ¢(z) is a complex beam parameter which describes the
variation in intensity of the field with the distance r from the optical axis, as well as the curvature
of the phase front which is spherical near the axis [57]. A hypothetical solution given by a function
dependent on r and z is

U(r, 2) = eAC)ikr?/(a(2), (3.13)

which is substituted in Eq. (3.11), leading to the system of equations

dg dA 1
dg . dA_ 1 14
dz 7 dz q(2) (3.14)

The differential equation dg/dz = 1 has solution ¢(z) = g, + 2. The parameter g, must be chosen so
that at z = 0 the wave is a real Gaussian function with parameter w,, i.e.: proportional to e~/

The parameter w, is the minimum beam radius and at that abscissa, the phase front is plane [57].
kwi

Consequently, g, = —i—

, which is usually rewritten using the Rayleigh range,

b= —2, (3.15)

as ¢, = —ib. The function ¢(z) can thus be rewritten as q(z) = z—ib, which leads to dA/dz = —1/(z—ib).
This differential equation has solution A(z) = ln( L ) +C. The constant C'is chosen so that A(0) =0,

z—1ib

which leads to C' = —ln( - %) Finally, A(z) can be written as A(z) = ln(

\/ﬁ) —jarctan(z/b).
The real part of A(z) represents a phase shift difference between the Gaussian beam and an ideal plane
wave. The imaginary part of A(z) implies that the intensity of the beam on the axis decreases due to
the propagation [57]. The exponent ik/(2¢(z)) in Eq. (3.13) can be separated into real and imaginary
parts: qué) = ZH}Q/Z + b+;2/b. It can be rewritten in terms of the beam half width at the abscissa z,
defined as w(z) = wy4/1 + 22/b? and the radius of curvature of the beam at the abscissa z, defined

as R(z) = z(1+ b%/2?). The functions w(z) and R(z) contain the same information as q(z), which is
known as the complex curvature radius. The beam radius w is represented in Figure 3.2.

LGiven an optical system with input and output plane separated by z, g(z) = qo + z relates the beam parameter ¢(z)
in the output plane to the parameter g, in the input plane
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Figure 3.2: w(z) is a measure of the decrease of the field amplitude E with the distance from the axis. The beam radius
w depends on the amplitude of the beam FE,, and it is the distance at which the amplitude is 1/e times smaller than
that on the propagation axis.

Finally, 1/¢q(z) can be expressed as 2;@) = fwzl(z) + 2}?&) and the complete solution for the PDE is

given by

‘I’(T7 Z) — 1 e—rz/wz(z)eikrz/(ZR(z))e—iarctan(z/b). (316)
N

Eq. (3.16) is commonly known as the fundamental Transverse Electromagnetic Mode, or the TEM
00. The quantity arctan(z/b) is called the Gouy phase. A coherent light beam with a Gaussian
intensity profile, Eq. (3.16), is not the only solution of the PDE. The other solutions are the Transverse
Electromagnetic Modes, labeled by two indices m and n, TEM(m,n), commonly referred to as Higher
Order Modes (HOMs). They form a complete and orthogonal set of functions called the "modes of
propagation”. The most used are the Hermite Gauss (HG) and Laguerre Gauss (LG) modes, represented
by HG(m,n) and LG(m,n), respectively. The HG modes are used when the coordinates of the problem
are Cartesian, while in the case of polar coordinates LG modes are more convenient. The TEM 00
mode coincides in the two basis TEM(0, 0)(x,y;z) = HG(0,0)(x,y;2) = LG(0,0)(x,y;2z) and is given
by Eq. (3.16). More details on these two bases are provided in Appendix D. The beam widens as it
propagates and the Gaussian aperture angle is given by 6, = A/(ww,), represented in Figure 3.3.

3.1.2 Stable optical resonator

The Transverse Electromagnetic Modes have two very relevant properties. A TEM(m,n) mode has
a finite transverse extension and it has a surface with the same phase at every point (equiphase
surface). This allows to make mirrors with curvature and shape adapted to the equiphase surface
of the TEM(m,n) mode so that this mode reflects on the mirrors [46]. Let us assume a Gaussian
beam with a waist w,, or Rayleigh range zr = mw?/\, propagating in a Fabry Perot cavity with two
curved mirrors. If the beam is fitted to the mirrors, the mirrors will form an optical resonator. The
Fabry Perot cavity has an input mirror M; and an end mirror My with radii of curvature R; and Ro,
respectively. The length of the cavity is L (see Figure 3.3) and the mirrors are located at positions
z1 and zo. For the cavity mode to be matched with the mirrors, the wavefront curvature R(z) of the
beam must match R; and Ry at each mirror. This results in three equations

R(Zl) =2z + 212%/2’1 = —Rl,
R(z) = 22 + 23/72 = Ra,
L= 29 — Z1, (317)

where the sign of the wavefront is chosen such that it is positive for a diverging beam and negative for
a converging beam. It is customary to define the resonator g parameters, g; and go, given by

L L
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The Rayleigh range is then derived from the system of Egs. (3.17) and using the g parameters it can
be expressed as [58]

g192(1 — g192) 12 (3.19)

2
z =
B (g1 + 92 — 29192)?

The location of the mirrors with respect to the Gaussian beam waist is given by [58]

_ g(l-g)L . g1(1 —g2)L

1= s 2 = . 3.20
g1+ 92 — 29192 g1+ g2 — 29192 (3:20)

By inspecting Egs. (3.19) and (3.20), for the Gaussian beam parameters to have real and finite solutions,
the product of the g parameters must be confined to this stability range [58]

0 < g192 < L (3.21)

Figure 3.3: Fabry-Perot cavity of length L with an input mirror M; and an end mirror M> with radii of curvature Ry
and Ra, respectively. The waist of the beam is w, and it represents the minimum width the beam acquires during its
propagation. 64 is the Gaussian aperture angle.

If the stability condition of the cavity is fulfilled, the cavity will be able to store certain TEM(m,n)
modes for a fixed cavity length. The resonance condition is 2w L/\ + (n + m + 1)gouy00 = N7, so only
selected modes are resonant for a given length.

3.1.3 Numerical methods

In previous sections the propagation of light through real optical elements has been described. As
mentioned above, solving Eq. (3.10) is a cumbersome procedure, so numerical methods are needed. In
this section, the numerical methods used in the FFT simulation tool that will be introduced in this
chapter are explained.

There are different ways of representing a light beam numerically. A beam can be represented numer-
ically by sampling its complex amplitude in a Cartesian grid. It can also be mapped onto a polar
mesh with sampling points characterized by polar coordinates (r, ¢). The beam can also be expanded
in terms of a discrete basis, such as the HG or LG modes, see Appendix D. The latter approach is
recommended to study the field within a system with small perturbations such as displacements of the
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beam, tilts, or misalignments of the mirrors.

When a beam’s complex amplitude is sampled in a Cartesian grid with equally spaced sampling points,
a discrete two-dimensional Fourier transform (DFT) can be used to propagate the field. The DFT is
a crude approach to the numerical Fourier transform of any function ¢(t) which is zero outside the
interval [0,T]. The Fourier transform (FT) of a function ®(t) is

d(f) = /OT 2t (t)dt .

Numerically, ®(f) can be obtained by numerical integration, done by dividing the interval [0,T] in N
slices of width At =T/n,

7 N

N Z 77Tf_]T/N(I) jT/N)

j=0

The function can then be sampled in the frequency domain. The smallest frequency interval is given in
terms of the length of the interval Af = 1/T. As a consequence, the sampling frequency is f,, = m/T
and the samples of the Fourier transform are given by the DFT

m 1 N1
3 3 immjN
(I)m:q)<?>zﬁ 62 J ‘I)],
7=0
where ®; = ®(jT/N). The result of a DFT is not a sampling of the result of the continuous transfor-
mation. The integration will converge as the number of slices increases, N — oo.

In many simulations, a fast Fourier transform (FFT) is used to propagate the field defined in a grid. An
FFT is an algorithm that computes the Discrete Fourier transform (DFT) of a matrix and can reduce
the computational time from O(N?) to O(Nlog N), where N is the data size [59]. This procedure
consists of applying an FFT over the array a(i,j) of size N x N containing the complex amplitude of
the field. The result is then multiplied by a propagator that represents the optical elements or free
space the beam needs to go through. Finally, an inverse FFT is applied over the array. This procedure
is schematically represented in Figure 3.6.

Discrete space

FFT FFT

Multiplication by propagator

Fourier space

Figure 3.4: Propagation of a complex field via an FFT algorithm. The field’s complex amplitude is represented by an
NxN matrix a(i,j). An FFT is applied over this matrix. The result is then multiplied by a propagator that represents
the optical elements or free space the beam needs to go through. Finally, an inverse FFT is applied over the array.

3.2 Stationary Interferometer Simulation

The Stationary Interferometer Simulation (SIS) is an FFT-based simulation package used to calculate
fields in a stationary interferometer under various configurations. SIS was designed and is developed
by Hiro Yamamoto?. SIS was originally developed to design the optical configuration of the Advanced
LIGO Interferometer. SIS calculates fields in optical systems by taking into account realistic details of

2Hiro Yamamoto is a researcher in Caltech. His e-mail address is: hiroy@caltech.edu
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optical components, like macroscopic shapes and microscopic surface phasemaps [60, 61].

SIS also serves as an analysis tool of optical system characteristics. For instance, after stationary state
fields are calculated, mode analysis can be done to check the mode matching. Gaussian fitting can also
be done to calculate the effective beam size and curvature.

SIS was originally developed using C++, based on an object-oriented architecture. SIS then integrated
an FFT-based simulation package known as FOG (Fast Fourier Transform Optical Simulation of
Gravitation Wave Interferometer), designed and developed by Richard Day® and written using Matlab.
Richard Day analyzed the details of the FFT-based simulation framework and improved the acceleration
algorithm of the field calculations in complex optical systems [62] alongside Gabriele Vajente*. SIS was
fully rewritten in Matlab when the original SIS package and FOG were integrated into one simulation
environment.

SIS is like a toolbox for building optical systems. This toolbox consists of elements to build an IFO
simulation setup, and of algorithms to combine these parts for arbitrary configurations. By combining
tools, any optical configuration could be built and simulated. However, the user has to assemble parts
to build the setup for a specific optical configuration and various parameters have to be calculated
and set by hand. SIS consists of three parts, building optical systems, setting up fields, and analyzing
them.

The details of the optics can also be included in the simulation, as well as components such as baffles
and ring heaters. Any measured optics data in common data formats can be used in the simulation
without any prior conversion to a specific format.

The mode analysis of the entire IFO is done to set up various parameters necessary for the FFT-based
calculation. The field calculation uses actual parameters and aberrations. One of the important
parameters calculated using the mode analysis is the beam size on each optic. As explained in
subsection 3.1.3, in FFT-based calculations the fields are defined in grids with a fixed number points
(Nfft) in a finite area. The area, FFT window size (Wfft), is chosen so that it is large enough to
cover the optic of interest, and the resolution, Wfft / Nfft, needs to be small enough to recognize
the variation of the field and the aberration structure of optics. When the modal parameters for all
fields are calculated, the optimal values of Wfft and Nfft are calculated. The number of grid points,
Nfft, does not change from optic to optic, while Wfft is adjusted proportionally to the beam size
on each optic (see Figure 3.5). The field propagation is done taking this scaling into account. After
the window sizes are chosen, one value of Nfft is calculated so that the resolutions are enough at
all optics. The default resolution is 1/16 of the beam size. When the user specifies resolutions for
some optics, these are included to calculate the tightest constraint to specify Nfft. After Nfft and
all Wffts are chosen, transmission, reflection, and propagation maps are calculated alongside other
support parameters, using all information of the optical setup. These maps are matrices of dimensions
Nfft x Nfft, and incoming fields are multiplied by these matrices to calculate outgoing fields. These
maps are calculated using actual parameters specified in setHRfiles. When the surface aberration is
specified in setHRfiles, the reflection matrix has this information included, and the field is disturbed
when the incoming field is multiplied by the reflection map [61].

3Richard Day was working at the European Gravitational Observatory (EGO) at that time. His e-mail address is:
r.arthur.day@gmail.com
4The email address of Gabriele Vajente is: vajente@caltech.edu
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Optic 2

Optic 1
z = direction of prgpagation of the beam
Grid with Nfft x Nfft points Grid with Nfft x Nfft points
Size of the grid: Wift, x Wfft, Size of the grid : Wfft, x Wfft, such that Wfft, > Wft,

Figure 3.5: Fields are defined in grids of Nfft x Nfft points. The number of points per grid does not change as the beam
propagates. The size of the grid is Wift x Wt and it does change depending on the size of the optical elements.

3.2.1 Propagation of fields in SIS, interaction with optics, and round-trip
losses.

In SIS, the interaction between fields and optics is done in the spatial domain. The propagation of
fields is done via Eq. (3.10) in the frequency domain, and it is performed with the following steps

1. An FFT is applied to convert the field at r' in Eq. (3.9) to a distribution in frequency domain.
2. Then, the resulting field is multiplied by the diffraction kernel, Eq. (3.7), in the frequency domain.

3. An inverse FFT is then applied to convert the field in the frequency domain back to the spatial
domain.

—ikAz

4. Finally, the result is multiplied by the longitudinal propagation phase, e , where Az = z— 2.

If the propagation takes place within a substrate with refractive index n, the wavenumber k is replaced
by kn, which modifies Eq. (3.10). Also, the dependence on z — 2’ becomes (z — 2’)/n [63]. A graphical
representation of this procedure is in Figure 3.6. Even though ABCD matrices (see appendix E) are
not used in SIS, they have been used separately to check the results obtained with the method used in
SIS. It has been proved that both methods lead to the same results [63].

2
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‘ Interaction between fields and optics are in spatial domain ‘ 8(x,y)= + HR _ phase

[ Fin(kx,ky> [Elpy)
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conversion using FFT
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‘ Propagations of fields are in frequency domain ‘

Figure 3.6: Figure retrieved from Ref. [63]. Propagation of fields within a FP cavity. In SIS, the interaction between
fields and optics is done in spatial domain, while the propagation is in frequency domain. The FFT algorithm is used to
convert back and forth from spatial to frequency domain.
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Given a field E;, entering a FP cavity, the stationary field within the cavity Ey (see Figure 3.7 for a
graphical representation) is calculated numerically by iteration. This calculation includes the effect of
the mode coupling of the input field and the cavity mode, as well as other sources that degrade the
power in the cavity. The round trip loss (RTL) is defined as the total losses of light there are after
one trip of the beam within the Fabry Perot cavity. Mathematically, the RTL can be expressed as
E4 = Eintirm/(1 — rirmrerm v/ 1 — RTL). The stationary field can also be expanded as

_ Eintirm Eintrrm RTL
E, (1 X ) . (3.22)

- rirmrermy 1 — RTL 1 —rrrMrETM 1 —rreMrETM)

The total loss Liotar is defined by Peay (RTL) = (1 — Liotal)Peav (RTL = 0), which allows to relate it to
the RTL as Ltotal = 1/(1 — I’ITMI‘ETM)RTL.

=t E +Er

ITM ~in 3 1™

E.=r_E

2 ETM 1

IT™M, t_ 1 ETM,t_ ,r

P TM? T IT™ ’ 'ETM’ "ETM

Figure 3.7: Schematic representation of the propagation of light within a FP cavity with input mirror denoted by
ITM and end mirror by ETM. Their transmissivities and reflectivities are represented by tmirrorname and Tmirrorname,
respectively.

3.2.2 Thermal deformations of optics

The heating of mirrors occurs both by absorption in the substrate and by dissipation in the coating,
leading to temperature gradients in the optics. These temperature gradients affect the optical properties
of the mirrors, so it is essential to include these effects in the simulations. SIS includes an explicit
analytical model of the uniform coating absorption derived by Patrice Hello and Jean-Yves Vinet in
Ref. [64], and of the deformation by point absorbers calculated by Wenxuan Jia in Ref. [65]. In this sec-
tion, details of the implementation of the uniform coating absorption are discussed according to Ref. [64].

Mirrors are considered to be cylindrical blocks of pure silica with a high reflectance coating (HR) and
an anti-reflecting coating (AR). They are assumed to have radii r = a and thickness h (Figure 3.8).
The power of light is expected to dissipate by bulk absorption in the silica substrate and by the coating
losses. Mirrors are also suspended in a vacuum vessel, so heat losses are only due to thermal radiation.
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z = direction of
propagation of the beam

AR

Figure 3.8: Schematic representation of the mirror assumed for the derivations in Ref. [64]. It is a cylindrical block of
pure silica with a high reflectance coating (HR) and an antirreflecting coating (AR). It is assumed to have radii r = a
and thickness h.

The equation describing the temperature T(z,r) in the mirror after heating up by absorption of power
in the coating in the steady-state is given by [64]

— _C"b(h‘_z)/a _Cm,z/a 1
. EPma ¢ h/(2a) (Cm —T)e + ((m +T)e ( )
T = Y o\Sm ™ 2
AR o G+ 7P — (G ettt o\omg) B2
The density of silica is p, K its thermal conductivity, and C its specific heat. The parameter (,, is the
mth solution of xJy(x) — 7J,(z) = 0. The functions J,(z) and J;(z) are Bessel functions [66, 67] of
0" and 1°¢ order, respectively. They are represented in Figure 3.9.
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Figure 3.9: Bessel functions of 0t" and 15! order. Bessel functions are the solution to the differential equation

2
22 ‘jl;; + z%’ + (22 — v?)w = 0. Bessel functions are functions of z with order v, Ji,(z). They are regular throughout

the z plane cut along the negative real axis [66].

In Eq. (3.23), 7 is he reduced radiation constant, given by

ztd

K )

40'T3
20 Lextd (3.24)

-
where T, is the temperature of the environment surrounding the mirror and ¢’ is the Stefan-Boltzmann

constant corrected for emissivity. For a Gaussia2n eram with waist w and power P reaching the mirror,
the intensity is given by I(r) = 2P/(mw?)e~2""/*". In this case, the coefficients p,, in Eq. (3.23) are
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given by

_2G 1/ r
Pm = T Jo(Cm)zg/Q I(T)J0<Cmg)rdr. (3.25)

In Eq. (3.23) the coefficient € represents the efficiency of the conversion of light into heat power in the
coating. To determine the equation governing the temperature gradient in the bulk, some assumptions
need to be made. The light beam is assumed to cross a transparent disk with a weak distributed
attenuation characterized by the parameter «, instead of the coating layer. The final result for a
steady-state is

aa® ~ pm 27 cosh ((mz/a) r
K2 a- ¢ [1 (G + T)eSmR/(20) (¢, — 7)elmh/(20) Jo (Cma)} : (3.26)

m

T(r,z) =

Both of these effects combined affect the curvature of mirrors. An example produced with SIS is
shown in Figure 3.10. In this case, a FP cavity is simulated with two mirrors with an aperture of 0.3m
separated by 3km. The input test mass has a radius of curvature of 1420 m, while the end test mass
has a radius of curvature of 1683 m. Both mirrors have a coating surface with an absorbing power
of 100 mW and a substrate absorbing power of 1 mW. The blue line in Figure 3.10 (left) represents
the profile of the surface map of the input test mass in the cold state, i.e.: when a light beam is not
impinging on the mirrors. The red line represents the profile of the surface map of the input test mass
in the hot state, i.e.: when a light beam is impinging on the mirrors. Figure 3.10 (right) represents the
profiles of the cold and hot maps of the end test mass.
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Figure 3.10: Profiles of the surface maps of the test masses in a FP cavity with two mirrors with aperture 0.3m separated
3km. The input test mass has a radius of curvature of 1420 m, while the end test mass has a radius of curvature of 1683
m. Both mirrors have a coating surface with an absorbing power of 100 mW and a substrate absorbing power of 1 mW.
Red curves represent the hot state . Blue curves represent the cold state Left Profile of the hot and cold maps of the
input test mass. Right Profile of the hot and cold maps of the end test mass.

During the hot state, the curvature of the mirrors is affected by the heating of the coating and substrate.
This would lead to a mismatch between the main resonating mode and the mirrors. For this reason, a
ring heater has to be introduced. A ring heater is, as the name indicates, an annulus in front of the
edges of the mirrors that compensate for the deformation of the center of the mirror by heating up
the edges of the mirror. In SIS, the effect of the ring heater is simulated. Figure 3.11 shows the same
surface maps as in Figure 3.10, though having applied the equivalent to the ring heater in SIS.

50



%108 %108

15 0.5
1 o]
E o5 E-05
% % Thermal defermations
E 0 E -1 No thermal deformations
u ]
B @
b= ‘£
7 -05 7 -15
= b=
.g Thermal deformations .g
T -1 No thermal deformations T -2
15 -2.5
2 . L L . L 3 . L . . L
0.1 -0.05 0 0.05 0.1 0.1 -0.05 0 0.05 0.1
Aperture of input mirror (m) Aperture of end mirror (m)

Figure 3.11: Profiles of the surface maps of the test masses in an FP cavity with two mirrors with aperture 0.3m separated
3km. The input test mass has a radius of curvature of 1420 m, while the end test mass has a radius of curvature of
1683 m. Both mirrors have a coating surface with an absorbing power of 100 mW and a substrate absorbing power of 1
mW. Red curves represent the hot state when the equivalent to the TCS in SIS is applied. Blue curves represent the
cold state Left Profiles of the hot and cold surface maps of the input test mass when the ring heater is applied. Right
Profiles of the hot and cold surface maps of the end test mass when the ring heater is applied.

In this case, even though the edges of the maps do not match between the cold and hot state, the
central area does. The majority of light reaches the central area, so the ring heater applied fixes the
problem of the mismatch between the cavity mode and the mirrors due to the heating of the optics.
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Chapter 4

Instrumented baffles

In this chapter, scattered light is introduced as one of the major sources of noise in the GW detectors.
To absorb the scattered light, mechanical instruments known as baffles are used. The group at IFAE
has worked on the design and construction of baffles instrumented with photodiodes. The results from
the simulations performed to help in the design of the distribution of photodiodes are also presented in
this chapter.

4.1 Scattered light

In the framework of the interferometer experiment, scattered light, also known as stray light, is the
light coming from the laser that does not follow the designed path in the optical system. There are
many sources of scattered light. One of them is the imperfections in the surface of the coating over
mirrors, which make them not just reflect light and dissipate part of it into heat, but also scatter
light in all directions. These imperfections can be, for instance, point absorbers. Scattered light can
also be seen as secondary beams (spurious reflections) due to a non-ideal anti-reflective coating. Also,
optical components with a limited aperture can lead to diffraction, which is scattered light. The total
losses in the mirrors in the current interferometers are very low. This means the amplitude of the
scattered light is just a few parts per million. The scattered light may backscatter and recouple to
the main cavity mode, introducing a shift in the phase of the main mode. The phase modulation
introduced by the coupled back-scattered light is due to the extra path the scattered light has traveled
and the possible vibration of optical elements it may have encountered in its path. In the current
interferometers, the most usual scenario is light scattered by the main test masses that reflects in
the walls of the vacuum pipe close to the mirrors. The seismic motion of the pipe phase modulates
the scattered light. In the case that this scattered light backscatters and recouples to the main
cavity mode, the main cavity mode will be polluted. For this reason, models of scattering are highly
necessary. The first thorough analysis of noise due to scattered light in GW interferometers was
done by Kip Thorne [68]. In what follows a brief mathematical description of scattered light is provided.

The mirrors in the interferometers have a roughness of a few nanometers, which is three orders of
magnitude below the laser wavelength (1064 nm). The departure of a mirror from its ideal shape
is represented by a 2-dimensional stationary stochastic process [69], function f(x), where x are the
coordinates in the plane where the surface is projected, see Figure 4.1. This process has an associated
standard deviation of o.
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Figure 4.1: The roughness of the coating of a test mass is described by a 2-dimensional function f(x), where x are the
coordinates in the plane where the surface is projected.

As mentioned above, roughness can be thought of as a random process, so it can be assumed to be
zero on average (f) = 0. Also, the roughness is stationary, so {f2) = 02 [69]. The relevant statistics is
the auto-correlation function, defined as

Clx—x) = (f(x) - f(x)) /0. (4.1)

Given that the roughness is isotropic, the autocorrelation function depends only on the length of the
separation vector C(x — x’) = C(||x — x’|]).

Given a light beam with amplitude ¢(r) impinging normally on the high reflective surface of a mirror,
the reflected beam’s amplitude is given by

Y(x) = M), (4.2)

where k = 27 /). The Fourier transform of ¢ (x) is given by
|w(p)|2 — /eip(x—x’)e2ik[j»(x)—f(x’)]¢)O(X)¢:(X/)dxdxl ) (43)

Given that the amplitude of the random process describing the scattering f(x) is much smaller than
the laser wavelength, the exponential dependent on f(x) in Eq. (4.3) can be Taylor expanded [69]

DI = [ O {12k 7o) 1)) 2 (0 ()27 () )] 005 < b (.)
The expectation value of Eq. (4.4) is derived in Ref. [69] and the result obtained is

(FEIP) = (1= 4oD)o(p) + 1605 [ Cla)- |66 - @)Pda. (15)
Some remarks need to be made. The function |4 (p)|?
[(p)|? = 27rw§e*p2“’§/ 2 [69]. Also, the Fourier transform of the autocorrelation function (the power
spectral density) does not vary on angles of the order of the angular width of the beam. The beam
function can thus be treated as a Dirac delta and the integral simplified, leading to this expression of
the expectation value

is sharply peaked, so it can be simplified as

{[&@)*) = (1 - 4k°0?)|6(p)[* + 4k%0C(p) . (4.6)

The reflected light is thus the sum of two contributions. The term (1 — 4k%0?2)|¢(p)|? has the same
angular distribution as the incoming beam, meaning it is a specularly reflected beam. The other term
4k202C (p) has an angular distribution given by the properties of the surface. This is known as the
power spectral density of f. This contribution represents the scattered light. The incoming power is
shared between the specularly reflected light and the scattered light. The scattering losses are given
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by Picatt/Pn = 4k%0?% = €, where Py, is the light power of the stored wave. The ratio between the
specularly reflected power and the input power is Pipec/Pim = 1 — €. The distribution of scattered light
is given by
1 dPscatt (SRS

—— =—C(p). 4.7

4.1.1 Bidirectional scatter distribution function and total integrated scat-
tering

The light scattered by optical components can fill the entire sphere centered on the scatterer. The
distribution of scattered light is a function of the incident angle, wavelength, power, transmittance of
the scatterer, and its absorption, among others. The bidirectional scatter distribution function (BSDF)
is commonly used to describe scattered light patterns. The terms BRDF, BTDF, and BVDF, used for
reflective, transmissive, and volume samples, respectively, are subsets of the more-generic BSDF [70].
The BRDF was firstly derived in Ref. [71]. It is defined as the surface radiance divided by the incident
surface irradiance. The surface irradiance is the light flux (in Watts) incident on the surface per unit
illuminated surface area. The scattered surface radiance is the light flux scattered through a solid
angle  (see Figure 4.2) per unit illuminated surface area per unit projected solid angle [70]. The
projected solid angle is obtained by multiplying the solid angle 2 by cos() (see Figure 4.2).

Q

Pscatter

Figure 4.2: Figure retrieved from Ref. [72]. Graphical representation of the light scattered by a test mass (colorful
disk). The red cylinder is the main beam propagating in a FP cavity, which carries a power denoted by Pcavity. The
scattered light is represented by the cone of solid angle 2 and tilted by 6 with respect to the beam propagation direction.
The scattered light carries a power denoted by Pscatter- These variables are the ones needed to define the Bidirectional
Reflective Distribution Function (BRDF).

Resorting to the definition and Figure 4.2, the BRDF can be mathematically expressed as

differential radiance N dPscatter/d2 N Pscatter/$2

BRDF = ~ ~ .
differential irradiance  Peavity 08(8)  Peavity cos(6)

(4.8)

This definition of BRDF is valid for all incident and scattering angles. The first devices that would try
to measure scattered light could not measure the BSDF as a function of the incident angles. They
would integrate the light scattered into a hemisphere in front of the scatterer and then re-direct it
towards a single detector. The measured scatter power would then be normalized by the reflected
specular power leading to the definition of the total integrated scattering (TIS) [70]. The measurement
of the TIS is currently used as an important scatter specification and it is related to the BRDF by
Eq. (4.9). Integrating spheres have the purpose of measuring the TIS.

IS = / " BRDF(0) cos(8)2r sin(6)d0 (4.9)
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4.2 Instrumented baffles

To mitigate the effect of stray light in the interferometer, many different solutions can be taken. One
of them is controlling the displacement of a potential scatterer. Also, the coupling factor or amount of
scattered light recombining can be minimized. Another solution is resorting to baffles and diaphragms,
which obscure roughnesses and discontinuities from the line of sight of the core optics [51]. They are
designed in such a way that they can intercept and absorb as much stray light as possible. For these
reasons, their reflectivity must be very low. Also, to avoid the baffles from seismic motion that could be
transmitted to the scattered light, some of them are suspended. The distribution of baffles in LIGO is
schematically represented in Figure 4.3. The Virgo interferometer has a similar distribution of baffles.
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Figure 4.3: Figure retrieved from Ref. [73]. Distribution of baffles placed in LIGO for the control of scattered photons
(low scattering angle) with a noisy extra phase that could re-couple to the main cavity mode.

One improvement for the second phase of Advanced Virgo Plus (AdV+/Phase II) ! is the installation
of baffles instrumented with photosensors surrounding the main test masses. The signal measured by
the photosensors will help to better understand the scattered light distribution at low angles in the
interferometer. It will also help in the detection of higher-order modes (HOMs) that may arise within
the cavity. Contamination in the mirrors leads to scattered light at low angles, so this contamination
could be monitored with the aid of the signal detected by the photosensors. Finally, the photosensors
could also help in a more efficient pre-alignment and fine-tuning of the parameters of the interferometer
after shutdowns and during operations. These instrumented baffles have been designed and built by
the Virgo group at IFAE. A prototype was made for the Phase I upgrade. The reason is that the
end-mirror of the input mode cleaner (IMC) and the payload holding it were replaced. This also
motivated the replacement of the old un-instrumented baffle (Figure 4.4) with a new one instrumented
with photodiodes (PDs). This prototype serves as a demonstrator of the new technology, which is
ultra-high vacuum compatible. Also, it will help to gain experience with the technology and how to
operate the instrumented baffles to be installed in the main arms.

1 Advanced Virgo Plus (AdV+) is the next upgrade of Virgo and will occur in two phases. The first phase, or Phase I,
is currently taking place between the O3 and O4 observation runs, while Phase II will take place between the O4 and Ob5
observation runs [74].
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Figure 4.4: Figure retrieved from Ref. [75]. Old baffle installed around the end test mass of the input mode cleaner.
This baffle was not instrumented.

In what follows, a description of the instrumented baffles’ technology is provided. The instrumented
baffle that has been built has an inner radius of 7 cm, an outer radius of 17.5 cm and it is made of
mirror-polished stainless steel. It is divided into two halves, each tilted 9 degrees with respect to
the normal to the direction of propagation of the beam (see Figure 4.5(left)). This allows to avoid
back reflections in the cavity. Each half has 76 conical holes of 4mm in diameter that cover the
edges of 76 new Silicon-based photosensors developed by Hamamatsu. This conical shape avoids
that light resolves the sensor edge and minimizes the scattering of light. The photosensors have an
area of 7.37 x 7.37 mm?, though their photosensitive area is 6.97 x 6.97 mm?. The photosensors are
mounted on two large gold-plated polyamide-based printed circuit boards (PCBs). The baffle and the
photosensors’ surface include an anti-reflecting coating for the laser wavelength, 1064nm. The baffle
and all its components are ultra-high vacuum compatible [76].

Figure 4.5: Figures retrieved from Ref. [76]. Left Photo of the instrumented baffle installed around the end test mass of
the Input Mode Cleaner (IMC) cavity. The baflle is divided in two halves and has an inner radius of 7cm and an outer
radius of 17.5cm. Each halve is tilted 9 degrees with respect to the normal to the direction of propagation of the beam.
Right Distribution of photosensors in the two halves of the baffle, represented by black dots in each sextant.

The 76 photosensors are symmetrically placed with respect to the y axis as shown in Figure 4.5(right).
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The majority is located in two concentric rings at radii of 8.8 and 9.8cm. Additional sensors are placed
at larger radii and different azimuthal angles. The signals measured by the photosensors are processed
by 16 analog-to-digital converters (ADCs). Each half baffle contains 8 ADCs which average each of the
sensor signals over 500 ms, implying a baffle readout rate of 2 Hz. The calibration of the photosensors
shows good linear behavior and all the 76 sensors agree in their measurements with an error of 3%.
The absolute calibration is 4.6uW/ADC counts, with an error of 5%. Each ADC has a temperature
sensor and the whole system operates with a limited voltage of 3.3V [76].

4.3 Input mode cleaner

As mentioned above, a prototype of the instrumented baffles to be installed around the main test
masses in AdV+/Phase II has already been built and installed around the end test mass of the
Input Mode Cleaner (IMC). The IMC cavity is an in-vacuum triangular cavity used for modal and
frequency filtering of the laser beam before entering the main cavity of the interferometer. A schematic
representation of the IMC cavity is in Figure 4.6. The IMC also reduces the beam’s amplitude and the
beam- pointing fluctuations before entering the interferometer [51]. It is composed of three suspended
mirrors. Two of them are part of a dihedron and are referred to as MC1 and MC3. The so-called MC1
is the input mirror of the IMC cavity and MC3 is the output mirror. MC1 and MC3 are flat mirrors.
The third mirror is the end mirror of the cavity, referred to as MC2. The end mirror has a radius of
curvature of 187m.

Input mode cleaner
(length = 143 m)

recycling mirror

Laser
Nd:YAG
—_— —_— )
_ towards interferometer
\ = 1064 nm MC1 MC3 main arms
P, =40 W

Figure 4.6: Figure retrieved from Ref. [75]. Schematic representation of the Input Mode Cleaner (IMC) cavity. It is a
triangular cavity with a dihedron and an end mirror. The dihedron is composed of two flat mirrors, input (MC1) and
output (MC3). The end mirror is curved and is commonly named MC2. The half roundtrip length of the IMC cavity is
~ 143 m.

The half roundtrip length of the IMC cavity is ~ 143 m and its finesse of 1200 [51]. Figure 4.4 shows
the end mirror of the IMC and the old baffle surrounding it, which was not instrumented. Figure 4.7
shows the forward and backwards propagation of light within the IMC cavity. The nominal propagation
is the forward one, represented by yellow in Figure 4.7. The backscattered light (represented in green
in Figure 4.7) is also resonant inside the IMC. For this reason, the IMC is equivalent to a flat mirror,
and its effective reflectivity, Reg, can be calculated with the backscattering reflectivity of the curved
end mirror for an angle of incidence of 300 urad, R, and the recycling gain G, as Reg = G*R..
Consequently, for a gain of about 800 the effective reflectivity of the IMC cavity is Reg =~ 1078 [77].

o7



Forward Backward
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Figure 4.7: Schematic representation of the beam propagation within the IMC cavity. The nominal propagation is
the forward propagation (represented in yellow). However, the end mirror of the IMC has roughness that makes the
light propagating in one direction to backscatter in the opposite direction. This leads to the backward propagation
(represented in green). This beam is also resonant in the cavity.

4.4 Simulation results

As mentioned in the previous chapter, a simulation tool (SIS, see section 3.2) has been used to design
the distribution of photodiodes (PDs) in the instrumented baffle [78]. SIS was also used to determine
the light exposure of the PDs under different scenarios of the interferometer operations. This last
task was essential to assess whether the photodiodes would keep their integrity under all the different
scenarios. Furthermore, now that the prototype instrumented baffle is installed around the end test
mass of the IMC, SIS is being used to comprehend the data retrieved by the PDs.

4.4.1 Aiding the design of the PDs layout and assessing their integrity
under different scenarios of the IMC cavity

In this section, the results obtained from simulating the IMC cavity under different configurations
to assess the amount of light reaching the PDs are presented. Four scenarios are simulated with an
input power of 40W. Firstly, the IMC cavity is assumed to be in resonance and perfectly aligned.
Then, a small misalignment of the end mirror is applied, though still keeping the resonance in the
cavity. These two scenarios are studied with SIS. The third scenario analyzed is the cavity being out
of resonance due to a complete misalignment. The final scenario is that in which the cavity loses
resonance due to a sudden cavity misalignment because of transient noise. These last two scenarios
cannot be simulated, so they are analyzed analytically. In each analysis, the amount of power reaching
each PD is determined. This allows to assess the capability of the PDs to detect misalignments in the
system and the risk the PDs could potentially be exposed to.

Firstly, the IMC is considered in resonance (locked) and perfectly aligned. In this steady-state, the
laser beam hits the center of the end-mirror of the IMC. The power light distribution in the ensemble
mirror plus baffle can be seen in Figure 4.8 (left), obtained with SIS. The total power reaching the
mirror and the baffle is of the order of 1.35 x 10* W [75]. It is obtained by integrating the differential
distribution of the power over the mirror and baffle areas. The power reaching the baffle surface is
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only 0.21 W, 1.6 x 107° of the total power. The power distribution in the baffle area can be seen
in Figure 4.8 (right), also obtained with SIS. A PD placed in the region in the baffle exposed to the
highest power would receive a maximum dose of about 3.2 x 107 W [75]. A PD located in the outer
part of the baffle, at a radius of 17 cm from the center of the mirror, would be exposed to a power of
the order of 3.2 x 1075 W [75]. The dark current of each PD in the baffle, at the level of 50 to 5000
pA, will allow detecting light power as low as 10~° W with more than three orders of magnitude of
margin in the signal to noise ratio.
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Figure 4.8: Figures retrieved from Ref. [75]. Left Power light distribution in the ensemble mirror plus baffle, obtained
with SIS. A fine white line shows the outer edge of the end mirror. The total power reaching the mirror and the baffle is
of the order of 1.35 x 10* W. Right Power distribution in the baffle surrounding the end test mass of the IMC. The
power reaching the baffle surface only is 0.21 W, only 1.6 x 10~° of the total power.

In the case of a misalignment of 10urad of the cavity, the same analysis was performed. In SIS, the
misalignment is implemented via a tilt of the end mirror with respect to its nominal position. Figure 4.9
shows the power in the IMC cavity as a function of the misalignment. The power decreases with
increasing tilt. The analysis is done for a tilt of 10urad because it is small enough to maintain the
IMC cavity in resonance. The IMC cavity remains resonant as long as the tilt does not reduce the
cavity power by 3/4. Tilts leading to cavity powers lower than 3.5 kW are larger than ~ 30 prad.
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Figure 4.9: Figure retrieved from Ref. [75]. Power reaching the end mirror of the IMC plus the baffle as a function of the
tilt of the end mirror.

In this scenario with a small misalignment of the MC2, the power light distribution in the ensemble
mirror plus baffle is shown in Figure (4.10)(left). The total power reaching this area is 1.19 x 10* W.
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Only 0.17 W (1.4 x 10~° of the total cavity power) illuminate the baffle area, and they're distributed
as seen in Figure (4.10)(right). The power reaching a PD placed in the area of the baffle with the
highest light exposure would receive 3.0 x 1072 W.
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Figure 4.10: Figures retrieved from Ref. [75]. Left Power light distribution in the ensemble mirror plus baffle, obtained
with SIS for an IMC cavity with a misalignment of 10urad. A fine white line shows the outer edge of the end mirror.
The total power reaching the mirror and the baffle is of the order of 1.19 x 10* W. Right Power distribution in the
baffle surrounding the end test mass of the IMC for a misalignment of the cavity of 10urad. The power reaching the
baffle surface only is 0.17 W (1.4 x 1075 of the total cavity power).

For both scenarios, the aligned and misaligned case, the radial distribution of power in the vertical
axis in the mirror plus baffle ensemble is represented in Figure (4.11)(left). The radial distribution of
power in the horizontal axis is presented in Figure (4.11)(right). The blue vertical line represents the
inner radius of the baffle. Both figures show that the distribution of light close to the centre of the
mirror is nearly Gaussian. However, for larger radii the light distribution departs from a Gaussian
behaviour and it shows some "wiggles". These structures are due to diffraction effects from the finite
aperture of the test masses. The distributions at § = 0 (see Figure 4.12) and § = 7 are not equal,
though quite similar. This is due to the fact that the mirror does not have perfect circular symmetry.

—3pi/2 aligned —O0 aligned
—pi/2 aligned —pi aligned
---3pi/2 misaligned ---0 misaligned ||
---pi/2 misaligned ---pi misaligned

W/m?
W/m?

0.02 0.04 0.06 0.08 0.1 012 0.14 0.16 0.02 0.04 0.06 0.08 0.1 0.12 014 0.16
Radius(m) Radius(m)

Figure 4.11: Figures retrieved from Ref. [75]. Left Radial distribution of power over the MC2 plus baffle ensemble in the
vertical axis. The black solid (dashed) line represents the radial distribution of light intensity for § = 7/2 in the aligned
(misaligned) case. The green solid (dashed) line represents the radial distribution of light intensity for 6 = 37/2 in the
aligned (misaligned) case. Right Radial distribution of power over the MC2 plus baffle ensemble in the horizontal axis.
The blue solid (dashed) line represents the radial distribution of light intensity for @ = 0 in the aligned (misaligned) case.
The red solid (dashed) line represents the radial distribution of light intensity for § = 7 in the aligned (misaligned) case.
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Figure 4.12: Figure retrieved from Ref. [75]. Definition of theta in our analysis. The colour code of each axis is associated
with the lines in Figure 4.11.

In the previous two scenarios the IMC cavity was locked and, as mentioned before, the analysis could
be done with SIS. However, in the next two scenarios, the IMC cavity is out of resonance. Hence, the
analysis can only be done analytically.

For a completely misaligned IMC cavity, resonance is lost. In order to determine the light exposure of
a PD in such configuration, an analytical calculation is performed based on the transmissivities and
reflectivities of the mirrors of the IMC cavity [79]. For a beam size of 0.01 m at the end-mirror of the
IMC the intensity reaching the mirror, Iyice, is evaluated as

[MC2 = Pin X T}n X Rout/Abeanm . (410)

The parameter T}, ~ 2.5 x 1072 is the transmissivity of MC1 and Ry, ~ 1 is the reflectivity of MC3,
leading to Injce = 1.3 x 102 W/m?2. For a Gaussian beam illuminating a PD directly, the maximum
light exposure is 2.1 x 1072 W [75]. Laser-induced damage-threshold tests indicate that the PDs have
a light power tolerance at least two orders of magnitude larger than the light dose expected to reach
the sensors in each lock loss.

Finally, the scenario in which there is a sudden cavity misalignment due to transient noise is studied.
This transient noise would lead to a mechanical drift that could potentially result in exposing the
PDs for a short period to the energy stored in the cavity. The total energy stored in the cavity in
nominal conditions can be expressed as Eror = Py, X g X 7 [79], where Py, is the input power and
g is the gain of the cavity. The gain is defined in terms of the finesse of the cavity (F) as g = %
The parameter 7 is the decay time of the cavity, which is the average time that a photon stays within
the cavity. It is computed as 7 = %, where FSR denotes the IMC free spectral range. For
the IMC cavity, F = 1005 and FSR = 1.04 x 10 Hz, leading to values g ~ 640, 7 = 153 us, and
Eror = 3.9 J. The total power illuminating the baffle is obtained resorting to the time response of the
payload and suspension systems. The payload and suspension feedback systems will need 10 ms to
apply measures to correct the misalignment. This recovers the power illuminating the baffle in the
aligned case. However, during the 10 ms reaction time, the baffle is potentially exposed to a power not
exceeding 400 W. The power that would reach a PD during this transient by assuming a laser beam,
of Gaussian transverse profile with an amplitude of 390 W and beam size of 1 cm at the end mirror, is

estimated. Given a PD with an area of 0.49 cm?, it would be exposed to about 130 W [75] during 10 ms.

In what follows an estimation of the power that could potentially reach the PDs of the baffles installed
in the main arms of the interferometer is done. In the current long-arm Fabry-Perot cavities of AdV, the
energy stored is of the order of 170 J with a beam radius at the test masses of ~ 5¢m. In a Fabry-Perot
arm, the stored energy is calculated through the gain of the power recycling cavity (RG = 35) and
the beam splitter transmission (BS; = 0.5) as follows: Ecay = Pin X RG X BS; X g X teay, where Py, =
20 W, the decay time of the arm cavities is t.,y = 1.7 ms and the gain g = 2 x 4507 = 286.5, where
450 is the finesse of the cavity. An average power not exceeding 170 J/10 ms = 1.70 x 10> W, can
potentially hit the baffle, meaning an intensity of 2.2 x 10° W/m?, much larger than that in the IMC
cavity. Laboratory characterization has shown the laser-induced damage threshold of the payload
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baffles to be roughly 0.5 MW /m?2. Nonetheless, no damage has been noticed on the baffles attached to
the payloads, so these are hints that the above upper limit for the IMC is greatly conservative.

4.4.2 Analysis after installation

After the installation of the instrumented baffles around the end test mass of the input mode cleaner,
a campaign to analyze the data retrieved by the photodiodes started. The results are compared with
those obtained from simulations, leading to a better understanding of what sources could be generating
the patterns of scattered light detected.

The baffle shows a good performance in the absence of light inside the IMC cavity and has a noise level
of up to 0.01-0.16 counts (root mean square). The signal-to-noise ratio with light reaches values over 10.
The raw signal detected by the photosensors averaged over a period of one hour is shown if Figure 4.13
for two different datasets. Figure 4.13 shows that the highest amount of light is concentrated at low
radius and sensors detect more than 100 counts. Data show a left-right asymmetry, with more power
in the half baffle with negative x values. Data also suggest the power is concentrated in a plane tilted
about 15 degrees in the 6 direction (see Figure 4.12) with respect to the nominal x-z plane of the IMC
cavity. This effect is persistent in all the data analysed [76].
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Figure 4.13: Figures retrieved from Ref. [76]. Left Raw signal detected by the photosensors averaged over a period of
one hour (dataset 1). Data show the power is concentrated in a plane tilted about 15 degrees in the 0 direction with
respect to the nominal x-z plane of the IMC cavity. Right Raw signal detected by the photosensors averaged over a
period of one hour (dataset 2). The same behaviour is seen as for the data shown in subfigure (a).

This measured data is compared to the results obtained with simulations of the light inside the IMC
cavity, performed with SIS. For that purpose, data had to be calibrated by subtracting from the data
per photosensor the average noise pedestal from each photosensor. The simulation is similar to the
one used in Ref. [75], where a locked and perfectly aligned IMC cavity is assumed. The input power,
in this case, is 28.5 £+ 0.1 W. The results from running the simulation are in Figure 4.14, expressed in
terms of energy density, or light intensity (W/m?). Qualitatively, the results from the simulation are
very similar to the real data, since they also show the highest amount of power in a plane tilted 15
degrees in the 6 direction (see Figure 4.12).
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Figure 4.14: Figure retrieved from Ref. [76]. Energy density per photodiode obtained by running the same simulation as
in Ref. [75] for an input power of 28.5 + 0.1 W. The highest amount of power is in a plane tilted 15 degrees in the ¢
direction.

A comparison of the measured data and the results of the simulation is shown in Figure 4.15 for
the four different concentric rings of photosensors in the baffle. Figure 4.15 shows the light intensity
reaching the photosensors as a function of 6 (see definition of 6 in Figure 4.12). Data show a strong
radial dependence, with the power concentrated in the inner-most ring of photosensors. The light
intensity varies between 1.1W/m? to 53.3W/m? for small radii and between 0.4W/m? to 9.6W/m? for
larger radii. As shown in Figures 4.13 and 4.14, data in the inner and second rings show more power
for a plane tilted 15 degrees in the 6 direction. This is seen in Figure 4.15 in the peaks at 8 ~ 0 and
0 ~ m. There were two potential causes for this tilt, one was a misalignment in any of the optics in the
IMC, and another one was the surface maps of the optics. The former was discarded after repeating
the simulation assuming different combinations of misalignments of the different mirrors. It was then
proved that the cause for the excess power in the plane tilted 15 degrees are the roughness of the
mirrors. The simulation was repeated assuming a perfectly aligned cavity without real surface maps
of the dihedron. This led to the disappearance of the peaks in Figure 4.15 at 8 ~ 0 and 6 ~ 7. The
distribution of power around the end test mass of the IMC is plotted in Figure 4.16. Each subplot
represents the distribution with different combinations of maps. It can be seen that the highest amount
of power around the MC2 is achieved when the MC1 and MC3 surface maps are present. This indicates
that the distribution of power around MC2 is highly dependent on the maps of the dihedron mirrors.
When the MC3 mirror map is present, the tilt in 6 at 15° measured by the data is recovered.
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Figure 4.15: Figure retrieved from Ref. [76]. Comparison of the measured data and the results of the simulation for the
four different concentric rings of photosensors in the baffle. Light intensity is shown as a function of 6 (location of each
photosensor). Power is concentrated in the inner-most ring of photosensors. Data in the inner and second rings show
more power at  ~ 0 and 6 ~ .
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Figure 4.16: Distribution of power (in W) around the end test mass of the IMC cavity. Each subplot represents the
power with different combinations of mirror maps, i.e.: the plot labeled by 000 indicates there were no mirror maps; the
plot labeled by 001 was obtained with no surface maps over the MC1 and MC2, and only the surface map of MC3. The
subplot labeled 101 shows the distribution of power when only the surface maps of MC1 and MC3 are used.
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Chapter 5

Statistical methods

In this chapter, a description of the frequentist and Bayesian approaches to statistics is provided.
Both approaches will be introduced because in searches for the gravitational wave background, the
framework used is a hybrid of the frequentist and Bayesian approaches.

Classical inference is usually called frequentist inference. Many analyses are not purely frequentist or
Bayesian, but a combination of both. The difference between the two approaches is how they interpret
probability. In the frequentist approach, probabilities are related to the frequency of events. In the
Bayesian approach, probabilities are related to knowledge about an event. For instance, when inferring
the mass of a star, in the frequentist approach the star has a true, fixed mass, denoted by "m". The
uncertainty is intrinsic to the data, denoted by "d", and the relevant probability is that of observing the
data given the star has a mass "m". This is known as the likelihood, represented by p(d|m). However,
in the Bayesian approach data are known and the mass of the star is the variable with uncertainty. The
relevant probability is that the mass has a certain value, given the data. This probability distribution
is the posterior, p(m|d) [80]. The likelihood and the posterior distribution are related by the Bayes’
theorem, given by

p(d|m)p(m)
pd)

where p(m) is the prior probability distribution for the mass m. The prior represents the knowledge
about the range and distribution of the parameter in the model (mass in this example). The normal-
ization factor p(d) is the marginalised likelihood or evidence, obtained by integrating over the model
parameters, m in this case, p(d) = [ p(d|m)p(m)dm [80].

p(m|d) = (5.1)

5.1 Frequentist statistics

In the frequentist approach the probability is the relative number of occurrences of an event in a
set of identical experiments. The measured data are drawn from an underlying distribution known
as the likelihood. The likelihood represents the change in knowledge acquired by carrying out an
experiment. To make a statistical inference, knowledge of the probability distribution of the statistic is
required. Given a statistic and its sampling distribution (likelihood), confidence intervals for parameter
estimation or p-values for hypothesis testing can be calculated (these concepts are introduced later on
in the chapter).

An example is used to explain how to test a hypothesis with the frequentist approach. Given the
hypothesis H; that data contains a GW signal with an amplitude a > 0 and the null hypothesis H,
that data does not contain a GW signal, a statistic A is constructed. The statistical test will be based
on A. The likelihood for A can be calculated either analytically or with simulations ! assuming H, is

L As more parameters are included in the model and thus the dimensionality of the likelihood increases, techniques
such as Markov-chain Monte Carlo [81] or nested sampling [82] are needed to efficiently calculate confidence intervals on
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true and is denoted by p(A|H,) [80]. If the observed value of A, Agps, in the data lies far out in the
tails of the distribution, then the null hypothesis H, is discarded at a probability of p at the percent
level. The p-value is the significance of the test, given by [80]

oo
p = Prob(A > Aows|Ho) = / p(A|Hp) dA. (5.2)
Aobs
Graphically, the value of p is the area under the likelihood p(A|H,) for A =2 Ayps, Figure (5.1). The
p-value required to reject H, determines a threshold A, above which H, is discarded and H; accepted.
That is, for Ay = As a detection can be claimed.

~

P(A|Ho)

p =area

1 >
> A
A Aobs

Figure 5.1: Figure retrieved from Ref. [80]. Graphical representation of the p-value, given by Eq. (5.2). It is the area
under the likelihood p(A|H,) for A = Agps-

Every statistical test can have two types of errors, the false alarm error o and false dismissal error
B(a), given by

a = Prob(A > A.|Hyp),
B(a) = Prob(A < AL|H,). (5.3)

The false alarm error happens when H, is rejected while in reality, it is true. The false dismissal
error happens when H, is accepted despite being false in reality. The false dismissal error, 5(«), is
calculated with the sampling distribution of the test statistic assuming the hypothesis that there is a
signal with amplitude "a" H,. The desired result is having « as low as possible. The false dismissal
probability allows defining the frequentist detection probability, defined as 1 — 3(«). It represents the
fraction of times that the test statistic A correctly identifies the presence of a GW signal of amplitude
a in the data, for a fixed false alarm error «. It is common to use plots of the frequentist detection
probability vs the signal strength (Figure 5.2) to show how strong a signal needs to be detected with a
probability 1 — S(«) [80].

When no detection is done, bounds (or upper limits) can still be set on the strength of the signal.
The upper limit (UL) depends on Agps and a choice of confidence level (CL). For instance, the UL at
90% CL, a®°%UL represents the minimum value of a for which A = Aops at least 90% of the times.
Mathematically it can be expressed as Prob(A > Agps|a > a®%VE H,) > 0.90. If a > a7 UL the
signal would have been detected at least in 90% of the repeated observations. Figure 5.3 represents
the frequentist UL at 90% confidence level on the parameter a [80].

5.1.1 Frequentist paramater estimation

To perform parameter estimation (PE) with the frequentist approach, the first step is constructing a
statistic (estimator) a of the parameter of interest a. Then, the likelihood p(a|a, H,) must be calculated.
It must be kept in mind than in the frequentist approach, Prob(a — A < a < & + A) = 0.95 is not the

the model parameters [83].
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Figure 5.2: Figure retrieved from Ref. [80]. Frequentist detection probability vs the signal amplitude. This plot represents
how strong a signal needs to be in order to detect it with probability 1 — 3(a), where 8(a) is the false dismisal error. In
this case, «, the false alarm error, is fixed to 0.1 and the value of a that is required for the signal to be detected with a

90% probability is denoted by a20%.DPP,

p(A|a :a90%,UL, Ha)

A

area = 0.90

> A
Aobs Ax

Figure 5.3: Figure retrieved from Ref. [80]. Graphical representation of the frequentist UL at 90% confidence level, given
by Prob(A > Agpsla > a®°% UL H,) > 0.90. It is the area under the likelihood p(Ala = a?°%UL H,) when A > Agps
at least 90% of the times, which corresponds to a = a20%-UL
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probability of parameter "a" lying within the interval [@ — A, a + A]. Instead, 0.95 is the fraction of
the intervals that will contain the true value of "a" in a set of many experiments. Each interval in this
set of intervals {[a — A,a 4+ Al} is the 95% frequentist confidence interval [80].

The estimator @ could take un-physical values. To avoid them, a procedure introduced in Ref. [84] can
be followed. It consists of introducing a new "ordering" of the values of the variable "a" to include in
the acceptance intervals for an unknown parameter. The task starts by choosing the credible interval
[G1, G2] such that it satisfies

do
Prob(d; <4 < é3) = / p(dla,H,) dd = CL = confidence level (5.4)
ap
for each a. The "ordering" of the values of a is based on the ranking function
dla. H,
R(ala) = —2W@®:Ha) (5.5)
p(a|a7 Ha) |a:abest

The value apes: is the one that maximizes the likelihood p(d|a, H,). The credible interval [d1, d2] must
also satisfy R(a1|a) = R(as]a) [80].

5.2 Bayesian approach

In the Bayesian approach a parameter "a" is estimated in terms of its posterior distribution p(al|d),
which contains all the information about "a". Even though all the information is encoded in the
posterior, the posterior mean and probability intervals are concise ways of expressing the results of an
analysis. A Bayesian confidence interval (CI)? is the degree of belief about an event [80]. It is defined
in terms of the area below the posterior between two parameter values. This definition is represented
in Figure 5.4 for the case of a 95% credible interval.

plald)
4

area = (.95

Amode - A Amode Amode + A

Figure 5.4: Figure retrieved from Ref. [80]. Graphical representation of a Bayesian 95% credible interval (CI). The area
below the posterior p(a|d) comprised between a,,04e — A and apoge + A is the credible interval, which coincides with a
95% of the total area below the posterior. a4 is the peak of the posterior.

If the posterior is dependent on two parameters "a" and "b", the posterior only for "a" can be obtained
by marginalizing the joint posterior over "b"

plald) = / db p(a, bld) = / db p(alb, d)p(b), (5.6)

where the relation p(alb, d)p(b) = p(a,bld) has been used [80]. This is done when there is no interest
in parameter "b", which is an example of the so-called nuisance parameters. According to the Bayes’

theorem, the prior knowledge on "a" is updated by what is learned from the data, "d", as measured

2The confidence interval is also referred to as credible interval (CT).
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by the likelihood, which results in the posterior distribution of "a". In this process, the amount of

information gained is given by
p(ald))
I:/dapadlo ( . 5.7
(a|d) log (@) (5.7)

A Bayesian upper limit (UL) on "a" is a Bayesian credible interval for a with the lower end point of

the interval set to the smallest value that the parameter can take. For instance, the UL on "a" at 90%
CI is defined by

Prob(0 < a < a®*VE|d) = 0.90, (5.8)

where probability is the degree of belief that "a" has a real value in the credible interval. This UL is
represented graphically in Figure 5.5

plald)
T

area = 0.90

Gmode 90%.UL

Figure 5.5: Figure retrieved from Ref. [80]. Graphical representation of the Bayesian upper limit (UL) on a at 90%
credible interval, denoted by a%0%-UL 1t is a Bayesian credible interval where the lowest value of the interval coincides
with the lowest possible value a can take. In the case of a being the amplitude of the GW signal, this lower-end value is 0.

To choose between different hypotheses or models, M,,, with parameters 8, the Bayes factor is used.
We shall use the index « to denote the different hypotheses or models. To define the Bayes factor, we
shall start with the joint posterior distribution, which is given by

p(d|0,, Ma)p(8,|Ma) )

plald, Ma) = 5.9
(04 ) DM, (5.9)
The quantity p(d|M,) is the model evidence, given by

PAUMa) = [ D8, Mool M) dB, (510)

and it is obtained by marginalizing over the model parameters 6,. The posterior for model M,, is
given by the Bayes’ theorem

_ p(dMa)p(Ma)
p(MOt|d) - p(d) ’ (511)
where p(d) is given by
p(d) =Y p(d|Ma)p(Ma) . (5.12)

[e3

The posterior odds ratio between two models M, and Mg is given by

3All the upper limits in this thesis are Bayesian upper limits. Practically speaking, these ULs are obtained by
integrating the posterior on a parameter until an xx% of the area of the posterior is achieved. The value of the parameter
for which this happens will be the UL on the parameter at xx% confidence level.
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old o) p(d

Ou(d) — PMald) _ p(Ma) pld M) _—
p(Mgld) — p(Mp) p(d|Msp)

After the last equality, the first ratio is the prior odds for models M, and Mg, and the second ratio is

defined as the Bayes factor B,s(d). The Bayes factor,

p(dMa)
Buop(d) = —/——-—+, (5.14)
g p(d|Mpg)
indicates a preference for one model over the other. Usually, the value quoted in searches is log Bag(d).
A positive log-Bayes factor indicates that model M, fits the data better than model Mg, while if
negative it indicates the opposite. It is commonly assumed that for a log Bayes factor of ~ 8 there is a
statistically significant preference for one hypothesis over the other [85, 86].

5.3 Relation between frequentist and Bayesian approach

It is important to compare the hypothesis selection or testing between the two approaches. For that
purpose, an example is introduced, where M, indicates there is only noise, denoted by "n", in the
data and M indicates there is noise and a GW signal, denoted by "h", in the data. The model M,
has associated parameters §,, and M; has parameters {0,,,0,}. The frequentist detection statistic is
defined as the ratio of the maxima of the likelihoods for the two models, given by [80]

maxy maxg, p(d|f,,, 0, M)
maxg p(d|8;,, Mo)

Anr(d) = (5.15)

The Bayesian model selection uses the Bayes factor given by

B1o(d) _ f dQn f th p(d|Qn’ Qh’ Ml)p(Qna Qh"/vll) ) (516)
[ d6;, p(d|g,,, Mo)p(8.,|Mo)
Egs. (5.15) and (5.16) can be related using Laplace’s approximation. For a model M with parameters
0, the Laplace approximation is given by [80, 87]

AV
Vi
The quantity AV, is the spread of the likelihood around its peak and V is the total parameter space

volume of the model parameters. Applying Laplace’s approximation, the Bayes factor By and the
frequentist detection statistic Ay, are related by

/ d p(d|f, M)p(OI M) = p(d|frr,, M) (5.17)

(5.18)

21H610(d) ~ 2In (AML(d)) + 21n (A‘/l/‘ﬁ) .

AVy /[ Vi
The first term in Eq. (5.18) is the square of the signal-to-noise-ratio, which indicates the SN R? is an

alternative frequentist detection statistic. The second term is a penalty factor. For two models that fit
the data equally, this penalty factor will favor the simplest model.

5.4 Paramater estimation, model selection and choice of priors
in GW searches

To define the likelihood function, the interferometer response and its noise have to be well understood.
For ground-based interferometers, the data comes from the error signal in the differential arm length
control system.

Given that the signal and noise n(t) are uncorrelated, the data is d(t) = h(t) + n(t), where h(¢)
represents the GW metric perturbation hgp(¢,2) convolved with the interferometer response. The
likelihood of observing d(t) can be found demanding that the residual 7(t) = d(t) — h(t) is consistent
with a draw from the noise distribution
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p(d(®)|R(t)) = pu(r(t)) = pa(d(t) — h(1)), (5.19)

where h(t) is the model describing the GW signal. For discretely sampled data d = {dy,ds,--- ,dn},
where d; is the data at time t;, d; = d(t;), the likelihood can be generalized as p(d|h) = p,(r). The
quantities r = {ry, 7o, -+ ,rn}, where r; = r(t;), are the residuals per data sample. Noise is due to
many individual sources, so from the central limit theorem the likelihood can be approximated by [80]

p(dlR) = ——— 3 () (5.20)
Vdet(2wCy,)
where C,, is the noise correlation matrix, with components (Cy,);; = (n;n;) — (n;)(n;). The indices "i",
'j" label different data samples, taken at times, ¢; and t;. In the case of stationary noise, the noise
correlation matrix is only dependent on the time difference |t; — ¢;|, which implies the likelihood can
be rewritten for a network of interferometers [80] as

G P — ) P Cop P (5.21)

v/ det(2mCy)

The indices "i" and "j" label the discrete-time or frequency sample for each detector, denoted by I and
J. In Bayesian inference, a model M has to be chosen, which implies placing a prior on the samples h;.
If the model is well known, the prior can be expressed as

p(h|M) = 8(h — h(8. M) p(8| M) , (5.22)
where 6 are the model parameters. The isotropic SGWB has a prior given by

- 1
P(EIM) = 5

e~ (RL )+ () /28 (5.23)

where Sj, is the power spectrum of the GWB. This prior corresponds to a signal h = (hy (), hx (7))
coming from direction 7.

All of these concepts will become relevant in Chapters 6 and 7, where the Bayesian-frequentist approach
is used on the search for a GWB and to set upper limits over model parameters of the GWB.
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Chapter 6

Gravitational wave background

In this chapter the gravitational wave background is introduced, characterized statistically and the
method used for the detection of the GWB is explained, as well as the data analysis techniques used
in LIGO-Virgo. With this foundation, the analysis performed and results obtained after the third
observational run in LIGO-Virgo are presented for an unpolarized background. Finally, polarized
GWBs and GWBs with non-GR polarizations are briefly introduced.

6.1 Energy density spectrum in gravitational waves

The GWB is a superposition of a large number of weak, independent, and unresolved GW sources
[88, 89]. The GWB is a persistent and incoherent signal, meaning it is always present and the lack of
knowledge about the source forces us to treat the phase as random [90]. It is commonly referred to as
‘stochastic’ GWB because it can only be characterized statistically [88]. The sources can either be
cosmological or astrophysical (see section 1.5.4). This thesis focuses on an isotropic and unpolarized
GWB, meaning the GWB has no preference for a particular direction in the sky and it has no preference
for the cross or plus polarization.

The large number of sources composing the GWB are assumed random and hence the components of
the plane wave expansion h 4 (f, Q) are considered as random variables. Resorting to the central limit
theorem, the GWB can thus be assumed to be Gaussian distributed. This simplifies the problem of
specifying an entire probability density function to just specifying the first two moments of h 4 (f, Q),
(ha(f, ) and (B (f, Q)ha (f',€)), where Q is a particular direction in the sky and A represents the
polarization of the GWB, + or x. The first two moments are the mean and standard deviation of the
distribution. As mentioned above, the GWB will be assumed to be isotropic. This assumption is an
extrapolation of the fact that the CMB is isotropic [91]. Finally, given that the age of the Universe
is about 20 orders of magnitude larger than the typical period of the GWs, the GWB is assumed to
be stationary, meaning the 2-point correlation function' of the GW strain depends on the different
times and not the time origin [88, 91] 2. The GWB has zero mean, i.e.: the expectation value of the
amplitude over time is zero (ha(f,€)) = 0. The reason for the mean being zero is derived in Ref. [90].
Since ha(f, Q) is a complex number, it can be expressed in terms of an amplitude A(f, Q) and a
phase ®(f,Q) uniformly distributed on (0, 2] as ha(f,Q) = Aa(f,2)e’*Y . The amplitude and
phase are statistically independent, so the first moment of the component of the plane wave expansion

IThe moments of the components h 4 (f, Q) mentioned above are also known as correlation functions. A correlation
function between two random variables provides the statistical correlation between them. The correlation function
between random variables representing the same quantity at different points is called the autocorrelation function. The
correlation function between different random variables is known as the cross-correlation function. In the text, we will
use the term n-point correlation function for n = {2, 3,4}, which implies the correlation is being calculated between n
random variables. According to Isserlis’ theorem [92], given a set of Gaussian random variables, all the higher-order
moments (3-point correlation function and higher) are trivial.

2Note that the noise of the detectors is not stationary, posing a problem for the data analysis. This issue will be dealt
with in the following sections.
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vanishes [90]
(ha(f,92)) = (Aa(f, Q) (*FY) = 0. (6.1)
Even though the mean over time is zero, at each time there is a small amplitude of the background

that will make the detection possible with future detectors. The GWB, being Gaussian with zero
mean, isotropic, unpolarized, and stationary allows writing the 2-point correlation function as

(R (f, Dhar (f, Q) = 6aard(f = f)5°(Q,QVH(f), (6.2)
where H(f) is the strain power spectrum at the frequency f, related to the strain power spectral density

Sh(f) as H(f) = Sn(f)/(167). GWs composing the GWB carry energy which is characterized by the
dimensionless energy density in gravitational waves spectrum,

1 dpew
Q = . .
N e dln ) o

The function pgw is the energy density in GWs, normalized by p. o, the critical energy density of the
universe today, p.., = 3H2c?/(87G), given in terms of the Hubble parameter today®. This spectrum
fully characterizes the GWB alongside with the assumptions mentioned above. The energy density
in GWs pgw is expressed in terms of the 2-point correlation function of the time derivative of the
perturbation in the Minkowski metric, A,

2
327G
The indices a and b correspond to spatial indices (x,y, z). As derived in section 1.2, the perturbation
hab(t,x) can be expressed as a superposition of plane waves

hav(t,x) = Y / df/thA £, Q)2 if (t=x/e) A () (6.5)

A=+ 7 —>®

paw = oo (hay(t, %) A (¢, %)). (6.4)

with a frequency f and propagating in the direction Q. Each plane wave is characterized by the
amplitude ha(f, ) and the phase 2mif(t — Q- x/c)*. The tensors efb(fl) are the polarization tensors,
introduced in appendix A. The component hgp(t,x) is real, so the plane wave components satisfy
ha(—f,Q) = i (f, Q). The above mentioned assumptions can be used to express the energy density
in GWs as a function of the strain power spectrum H(f). In order to derive this relation, we start
with the energy density spectrum in GWs, given by Eq. (6.3). Using Egs. (6.4) and (6.5), Qgw can
be expressed as

;¢ d
Peo 327G df

Taking the time derivative of hqp, and the frequency derivative of the expectation value of hq,h®, Eq.
(6.6) can be rewritten as

Qaw(f) = (haph®). (6.6)

-

Qew(f) = 327Cpey

> / o' [ A0 (s )b (£.0)

AA =
Am? f e 2mif (b= Qx/0> 2rif (=0 /) o (e o (V).

(6.7)

Frequency is a positive quantity, so the integral in frequency turns into 2 fooo df’. Assuming that the
GWRB is isotropic and unpolarized, Eq. (6.7) can be re-written as

8fcim

Qaw (f) :32Gp

/ - df’ . A 54 4 6(f — f1)02 (L Y)VH(S)
0 2

AA =4z (6.8)

ff/ —27if(t— Qx/c) 2mif’ (t—Q -x /c) (Q)SA/ ab(Q)

3Measured from type IA supernovae and Cosmic Microwave Background (CMB) experiments.
4This phase is written as such from the dispersion relation, where the wavenumber k = 27 f/c. In 3-dimensions, it
s _2nf A
can be generalized to k = =+
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The polarization tensor contracted with itself is 2, and because of the 4+ and x polarizations,
et (Q)ea ap(2) = 4. Furthermore, the integral in the sky position is independent on the integrand, so

Eq. (6.8) leads to

mef? A 3273 o

Qew ()= 3, — [ AOH(D) = S FPH(P). (6.9)
Eq. (6.9) has deep implications in the GWB searches. Detectors that work at lower frequencies are
more sensitive to the energy density in GWs given the f3 dependence. Let us explain this concept
in more detail. For the same strain H(f), for smaller frequencies, the detector will be sensitive to a
smaller value of Qqw/(f). For instance, if the detector’s highest sensitivity was 2 orders of magnitude
in frequency below the current one, because of f2, we would be nearly acquiring an extra order of
magnitude in sensitivity to Qgw(f). Furthermore, given the sensitivity curve of a detector, it is
straightforward to know which is the level of Qg detectable by the detector. It is usual to rewrite
Eq. (6.9) in terms of the strain power spectral density. Hence, Eq. (6.9) is then interchangeably used
with this equation

272

3H2
In addition to Si(f) and Qew (f), the strength of the GWB is also expressed in terms of the
characteristic strain amplitude h.(f) = \/fSr(f). Now that the energy density spectrum has been
introduced, Figure 6.1 shows examples of the spectrum of the GWB from different cosmological
models in comparison with the best upper limits and future expected GW detector sensitivities. The
astrophysical background (dashed grey band) may mask the primordial background in a wide range of
frequencies ranging from 1073 to 10® Hz. The current ground based detectors do not have enough
sensitivity to probe the models in Figure 6.1, though future detectors such as LISA and the 3G
detectors could probe some sources such as cosmic string and phase transitions.

Qaw (f) £2Sn (). (6.10)
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Figure 6.1: Figure retrieved from Ref. [93]. GWB spectra for several cosmological models (solid lines) compared to
past measurements (Advanced LIGO upper limit [94], constraints based on the big bang nucleosynthesis and cosmic
microwave background (CMB) observations, low-1 CMB observations, and pulsar timing [95]), and future expected
sensitivities [96] (the final sensitivity of Advanced LIGO [97], Cosmic Explorer [98], and LISA, all assuming 1 year of
exposure [99]). The gray shaded band indicates the expected amplitude of the GWB due to the cosmic population of
CBC mergers, based on the observed coalescieng binary systems [100].

6.2 Isotropic detection method. Cross correlation technique.

In this section, the framework for the detection of a GWB is introduced in some detail. Given the
random nature of a GWB, distinguishing between a signal and local detector noise is difficult. For that
reason, searches for a GWB involve cross-correlating data from pairs of interferometers assuming that
correlated noise between interferometers is negligible. This search technique was first introduced by B.
Allen and J. Romano [88]. The Eq. (6.9) shows that if the detected Qgw (f), converted to strain units,
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was higher than ~ 10722, then one single detector should be capable of making a detection. However,
the strain amplitude of a GWB is below 10~2°, and hence the need to use an alternative detection
technique. This cross correlation method is equivalent to computing the 2-point correlation function of
the metric (see Eq. (1.29)), which is related to the energy density spectrum, Egs. (6.3) and (6.4). The
output of a detector s;(t) is the sum of the detector’s noise n;(t) and a signal h;(t),

s1(t) =na(t) + ha(?),

s2(t) =na(t) + ho(t) . (6.11)

The noise of a detector is dominated by Gaussian processes, so it can be assumed to be zero over
time (n;(t)) = 0. The noise between two detectors is uncorrelated ° (n;(t)n;(t) = §;;. The GW signal
hi(t) depends on the metric and how the signal couples to a detector at a particular time, which
may vary over time. Nevertheless, the signal is Gaussian, as stated above, so on average (h;(t)) = 0.
Consequently, s;(t) is also Gaussian (s;(t)) = 0.

The cross-correlation estimator for an observation period T is defined as

/T/2 dt /T/2 dt's1(t)s2(t)Q(t,t'). (6.12)

T/2 T/2
The function Q(¢,t') is known as filter and it maximises the SNR (see derivation below). The noise

and the GWB are assumed to be stationary during the observation time T, so the time origin is not
important but the time difference. Consequently, the filter can be written as Q(t —t') ©

In order to obtain the SNR, defined as SNR? := (Y)?/0%, in terms of Qg (f), the point estimate ¥
will be expanded in Fourier domain. Given the properties of the filter Q(¢,t’), one of the integrals in
Eq. (6.12) can be extended from —oo to oo, getting

T/2
Y:/ dt/ dt’ / dfdf df// *(f) —271-zft (f) 2mif't Q(fl/)e—erif”(t—t’)

T/2

T/2 ) . ) U
[t [ aararsiosiriane i [ e (613)

T/2 —00

T/2 ‘ /
:‘/_ dfdf/sf(f)52(fl)Q(fl) / dte—Qﬂ'z(f_f )t7

-T/2

where the last equality is obtained by integrating over t’ the delta function [~ _dt'e*™*(f =My
5(f"— f"). In Eq. (6.13), the last term is a finite time approximation to a delta function, whose
solution is

T/2 : !
oy —2mi(f—ft _ S0 (7T (f = f))
or(f—f") /_T/2 dte —w(f e . (6.14)

For f = f' = 67(0) — T, which tends to a usual Dirac delta function for T — co. The cross power
spectral density is the product of s§(f)s2(f’) and the observation time,

Cra = 351 (Psall). (6.15)

As seen in Eq. (6.13), to recover Y the optimal filtering has to be applied to C’lg, meaning the function
Q(f’") that maximizes the SNR has to be applied. The next steps are calculating the expectation
value of the cross correlation estimator (Y) and determining the optimal filter Q(f’). The former is
proportional to (s}(f)s2(f’)). Using Egs. (6.11), this expectation value can be expanded as in

5Tn reality there are sources of noise that are correlated (see section on Schumann resonances 6.4.1)

6Note that the cross-correlation will be maximum when two detectors are co-located and co-aligned, which translates
into t = ¢/ and the filter Q will peak. In the limit in which the detectors are infinitely separated, |t —t'| — oo and the
cross-correlation will be null, so Q(t — t') — 0. This implies that Q(t —t') — &(t — t/).
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(s1(N)s2(f)) = ((na(f) + ha ()" (n2(f) + ha(f))) 2= (M7 (F)h2(f)), (6.16)

where the last equality is obtained under the assumptions that the noise between interferometers is
uncorrelated (n}(f)n;(f')) = d;; and the noise is uncorrelated with the signal (n}(f)h;(f’)) = 0. The
signal at detector i can be expressed as the contraction between the metric (see Eq. (1.29)) and the
detector hi(t) = hay(t,x;)d*®(t,x;), where x; is the location of the detector. The vector d*®(t,x;)
denotes the response of the detector i located at x;. It can be expressed in terms of the unit vectors
along the x and y arms of the detector, X (t,x;) and Y(t, x;), respectively, as

4o (t, x;) = %(Xa(t,xi))%b(t,xi) - f/a(t,xi)f/b(t,xi)). (6.17)

In order to calculate the expectation value in Eq. (6.16), h;(t) is expanded in frequency domain
resorting to the plane wave expansion,

mfit) = 3 [ dfha(r Qe R @ e x) (6.18)

A=+x

where the ¢ index is kept to emphasize the fact that the analysis is done per segment of time. The last
term captures the contraction of the polarization tensor with the detector response tensor at location
x; and time t, and can be expressed as FA(Q,t) == e4 (Q)d*(t,x;), known as the detector pattern
functions. Eq. (6.16) is now expressed as

(s1(f)s2(f") = /dQ/dQ (h* (f, )hA/(f O )e QM‘Q'xl/6672”“}"‘/CF1A(Q,t)F2 /(Q’,t’)
AA =+
= X[l [t - @ e G B0
A A=
:Z/dfw(f—f’)H(f)eszQ'Ax/cFlA(Q,t)F2 @)
A
3H2 L . o
w6 — )Y [ dQermis @Al pA @, 0 B (1)
~32r f3 — / 1 2
3H?

20 2f3 GW(f) (f f)’VlQ(f)

(6.19)

where Ax = x; — X3 and y12(f) is a purely geometrical quantity known as the overlap reduction
function (ORF), given by

Yr2(f Z / dQe i v Ax/epA Q) HFA (Y ). (6.20)

The pre-factor % in Eq. (6.20) is chosen so that v13(¢) = 1 for co-aligned and co-located detectors.
Furthermore, in the fourth equality of Eq. (6.19), Eq. (6.9) has been substituted. The final result of
Eq. (6.19) is important because it shows that the expected value of cross-correlating two detectors’
time series, is related to Qgw (f). The expectation value of Y can be calculated using the result from
Eq. (6.19)

vy = / T dar (s (H)sy (NS — 1)

2
ot [ 2GS~ el DR (S~ 1) (6.21)
2
:321322 / Q?aw‘s(f—f’)”Yu(f)Q(f')-
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In the last equality of Eq. (6.21), d7(0) = T has been used. The expectation value of Y, (Y), has
an associated error or variance given by 0% = (Y2) — (Y)2. Assuming the detector noise is much
larger than the GWB, the approximation 0% =~ (Y2) can be used. The expectation value of Y2 is
proportional to terms like (n;(f)h;(f")), (n:(f)n;(f)), (ni(f)...An(f")), for N odd, that will all be
zero under the assumptions that noise between interferometers is uncorrelated and has no correlation
with the signal. For these reasons, o2 can be approximated by

o2 ~ / " dpdp k! (o (F)na (£ (B yna(K) 52 (f — 107k — K)QUMQK)
o (6.22)
- / dfdf'didk’ (w(f)na (— k) (— Yo (K))0r(f — 1070k — K)QUF)QK),

where in the last equality the reality of the noise is used n} (k) = n;(—k). The n; values are statistically
independent, so the 4-point correlation function in Eq. (6.22) can be expressed in terms of the 2-point
correlation function

o¥ 2/j° dfdf’dkdk’ (n (f)na (= k) (ns (f )na (K))or (f = f))or(k — K)Q(f)QK)

= [ drarandn 5.5 + 380+ K)QQK)
o (6.23)

=1 [ PR - 1)

T > ! 2
-7 / APPSR,

where the definition of noise power spectrum (n; (f)n;(f’)) = $6(f — f')Pi(|f|) has been used”. In the
last equality of Eq. (6.23), d7(0) = T is used. In order to express the SNR, an inner product between

functions A(f) and B(f) is defined

“n - [ T ar At (HBAP )P ) (6.24)

— 00

Making use of this inner product, the expectation value of the cross correlation estimator in Eq. (6.21)
can be written as

3T Qaw ()i (1)
) = oo (U, fg’;lvrl(lf\)Pz(lfl) )

Similarly, using the inner product defined in Eq. (6.24), the variance of Y, Eq. (6.23), can be written
as

(6.25)

T
oy = 7@, QUD)- (6.26)
The SNR can then be written as

(6.27)

2
Qaw ([f)v12(If])
SNR? = (Y _ (3H§ )2T (Q(lf\), SR )>
0¥ 1072 (QUIED, QD)
The filter Q(|f|) will be chosen such that the SNR is maximized. This happens when Q(|f]) is defined

_\Sew (f)ma(f)
fAP(f)Pa(f)’

"Frequencies are positive, leading to a factor of 1/2 in the definition of the noise power spectrum. The absolute value
over f is used to emphasize f € RT.

Q(f) (6.28)
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where A is a scaling factor. The scaling factor in Eq. (6.28) is chosen such that (Y) = TQ,, where Q,
is the amplitude of the GWB. Substituting Eq. (6.28) in Eq. (6.27) leads to

1/2
_ 3H<2>\/T )i (f)
SNR = 0 (/ df|f|P |>P2<f|>> | (6:29)

This equation has major implications in the analysis. The SNR increases with the square root of the
observing time T, so long observational periods, of the order of a year, are preferable. The power
spectra P;(|f|) in the denominator naturally suppress noisy frequencies from the analysis. Furthermore,
as the detector sensitivity increases, P;(|f]) drops, leading to an increase in the SNR. As stated above,
the presence of the f® factor in the denominator implies a higher sensitivity to the GWB at lower
frequencies. Finally, Qcw (| f]) appears in Eq.(6.29), so to do the analysis, an assumption of the shape
of the spectra needs to be taken. It is common to use a simple power law

Qw(1) = Ones (7). (6.30)

where « is the spectral index, fior the reference frequency and Q¢ is the amplitude of the GWB at
fret- Here, fier is usually chosen to be 25Hz since that is the frequency where the LIGO-Virgo network
has the highest sensitivity. Depending on the source being searched for, the spectral index a can take
values 0, 2/3, or 3. The value @ = 0 characterizes cosmic strings [29, 36] and slow-roll inflation [45] in
the LIGO-Virgo band. The value o = 2/3 represents the inspiral phase of a CBC [101]®. The CBCs
are believed to be the main source of the GWB [100], so whenever searching for other sources, CBCs
have to be simultaneously fitted using this spectrum

/
Qcpe(f) = Qz/g(fff)Q g (6.31)

Finally, & = 3 describes some astrophysical sources such as supernova [103] and it leads to a frequency-
independent or flat strain power.

6.2.1 Overlap reduction function

The ORF has been derived in Eq. (6.20). It quantifies the reduction in sensitivity of the cross correlation
between data of two interferometers to a GWB due to the response of the detectors as well as their
separation and orientation [80]. From Eq. (6.19) and using the relation in Eq. (6.10), we obtain

Sh(f)

(s1(f)s2(f)) = o(f = fm (6.32)

From Eq. (6.15), (C12) o 71254 (f), which implies the ORF is the transfer function between the GW
strain power Sp,(f) and the detector response cross-spectral density [80]. The ORF between the LIGO
interferometers and other major detectors can be seen in Figure 6.2, retrieved from Ref. [88]. There
are some features to note. The cases in which the ORF is negative as f — 0 are due to the fact that
the two interferometers considered for the calculation are rotated by 90° with respect to each other [80].
Note that the ORF with the most distant detectors have their first zero at lower frequencies than
those for nearby detectors 6.2. This implies that the further apart the detectors in a pair are from
each other, the least sensitive the pair will be to the low-frequency content of a GWB.

8The spectrum with o = 2/3 will no longer be applicable for future detectors, and the contributions from the merger
and ringdown phases will have to be included [102]. For a single population of CBCs, the spectrum behaves as f2/3
within a certain frequency range. However, beyond that frequency range, the spectrum will be governed by the equation
of state of the CBC. The current frequency region of the high sensitivity of LIGO-Virgo coincides with that in which
the spectral shape looks like f2/3. However, with future detectors, the sensitivity at higher frequencies could increase
and hence they will become sensitive to the region where the spectral shape does not behave like f2/3. Restricting the
analysis to about 100 Hz would be ok to keep the 2/3 behavior.

78



Overlap Reduction Function Overlap Reduction Function

(LIGO-LA and the other maor Interferometers) (LIGO-WA and the other major Interferometers)
10 1.0 : | .
—— GEO-600 —— TAMA-300
—-— VIRGO —-— VIRGO
TAMA-300 L GEO-600
05 o LIGOWA 1 0.5 e LIGO-LA
| - -
N
. N
—_ NARY, — L —_— /,
g 00 Ve g 00 77
05 05
-1.0 1 . . 10 . . .
1 10 100 1000 10000 1 10 100 1000 10000
f(Hz) f (Hz)

Figure 6.2: Figures retrieved from Ref. [88]. Left ORF between the LIGO-Livingstone detector and other interferometers.
In dotted blue, the ORF with LIGO-Hanford and in dashed red with Virgo. Right ORF between the LIGO-Livingstone
detector and other interferometers. In dotted blue, the ORF with GEO and in dashed red with Virgo.

6.2.2 Narrowband analysis

In practical terms, the analysis of data is not done for a continuous set of frequencies, as presented
in section 6.2 (broadband analysis). Instead, measured data is discretely sampled, so the analysis is
performed in discrete bins of frequency. This analysis is known as narrowband analysis [104, 80]. The
narrowband definition of Y can be obtained from Eq. (6.13) by reducing the bandwidth of the analysis
to just 0f. For f = f’ and reducing the bandwidth to 0 f, Eq. (6.13) can be written as

Yo(f) = 6fRels1(f)s2(/)]Qalf)T (6.33)

The function Q,(f) is the optimal filter, Eq. (6.28), which, for a spectrum given by a simple power
law, Eq. (6.30), can be written as

(03
)\a (féfTef) ’712(.]“) . (634)
PPPu(f)Pa(f)
Note that the index a indicates what spectral index has been used in the spectrum describing the

GWB. The expectation value of Y, (Y, ), is given by Eq. (6.21) which, for a power law, can be written
as

Qa(f) =

2072
Substituting Eq. (6.34) into Eq. (6.35) and then equating the result to Q, results in

(v = ST / af LI ren)” f/f“f) s (F)Qalf) (6.35)

3H2 f/fref) (f/fref)a'ym(f)
% =55 / e T PER)

— 3H2 f/fref 2a7122(f) -1 _ 3H3T (f/fref)2a7%2(f)
T / T wnnEg) N = 0 mR(R) (6.36)

where the integral in df has been substituted by § f because of reducing the bandwidth of the analysis
to just 6 f. The final definition of the cross correlation estimator for a narrowband search is given by

o o 2 Re[s7(f)s2(f)]
Yo(f) = T ys(f)Se

obtained by substituting the results in Eqgs. (6.36) and (6.34) in Eq. (6.33). The associated variance is
given by [80, 105]

(6.37)
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V)= rAr 282 (6.38)

where S, is the assumed spectral shape, which is related to the spectrum as S, = folj;? —fls <fff> .

The full broadband statistics can be expressed in terms of the narrowband statistics by combining
frequency bins as if they were independent measurements of Y, [105].

Ya = %a 639

2 vaj (0%

o, = > a2 (f)- (6.40)
f

The two most important outputs from the usual GWB search pipeline are the sensitivity integrand
Sa(f) [105] and the point estimate p(f), which are defined as

2 Q2
5a1) = Bt (6.41)
o) = LD pefsi sy (). (6.42)

Hence, Egs. (6.37) and (6.38) can be re-written in terms of the sensitivity integrand and the point
estimate as

Yalf) = —5 Relp(f)/Sa (1), (6.3
Yo
oy (f) = S(lfw (6.44)

6.2.3 Combination of different sets of measurements

The power spectra of the noise of the detectors change over time. For this reason, it is convenient to
combine the analysis of different sets of measurements taken with the same duration 7. The way in
which these measurements are combined is explained in what follows. Let us assume m different sets
of measurements °Sy,” Sa, ...tS,,, where i denotes each measurement and thus takes values from 1 to
m. BEach measurement has mean ‘u = (*S)? and variance ‘02 = (15?) — (:S)2. The sample mean, or
estimator, can be defined as [88] 1°.

. 1 o,
Y = — 'S,. 6.45
o E_j ) (6.45)
=
This estimator has mean j; == (*Y) = p and variance o2 = ('Y?) — (V)2 = %’; The combination of

all measurements is done so that the SNR is maximised. This is done with the \;veighted average, given
by

LYY
Y =Z57—— /A >0. 6.46
DTG (040
The SNR is maximized when \; o< o;" 2 as shown in Ref. [88]. Physically, this averaging is reasonable,
since the larger the variance, i.e.: the more noisy the interferometer was during data taking, the smaller
the weight associated with the data from that period is. For A\; = o 2 the variance and SNR of the

optimal estimator Yoptimal = Y| \.—o—2 are given by

9The mean can be assumed to be the same for all measurements, *u == (:S) =
101n the literature, different notations are used. It is usual to denote to the cross correlation estimator Y, Eq. (6.12),
as S. The expectation value (Y), Eq. (6.21), is sometimes denoted by p = (S) = (Y).
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T oimal = Z o Z nio™? 3 SNRZ jima = Zm: SNR? = zm: niSNR?, (6.47)
=1 i=1

where SNR; = z— = £ and ISNR = —Z = £ . Then, the squared SNR of the optimal estimator is a
sum of the squared SNR, for each measurement *S, after n; observation periods that last T each [88].

6.2.4 Combination of measurements from different detector pairs

In order to increase the sensitivity to the detection of a GWB, measurements from multiple detector
pairs are combined!!. The procedure is described in Ref [80]. We will denote by I and J each
interferometer in each pair. For multiple detector pairs 1J, ny; different measurements are represented
by the optimally filtered cross correlations, UNgy, INGy, oo (U)Sm ;- Each measurement has an
associated estimator Cry 1= nu Z"” (I7)S, and error o;. The estimators from different detector
pairs are combined as

O = 21225 0;12011 .
DI UIJ

The inverse variance for the optimal estimator, defined as Coptimal := C' |U_2, is given by
IJ

Toptinnt = D D715 (6.49)
Finally, the optimal SNR is the sum of the SNR per pair of interferometers

SN nry UDSNR? . 6.50
Optlmdl

(6.48)

Similarly to the case in which different analyzed segments are combined, the SNR of the optimal
estimator obtained from combining measurements from different baselines is a sum of the squared SNR
for each measurement (!7)S;, after ny; observation periods of duration T.

6.2.5 Likelihood in searches for the GWB

An alternative to the usual GWB cross-correlation detection method is the hybrid frequentist-Bayesian
framework described in Chapter 5. It can be more advantageous because it gives the possibility
to deal with arbitrary spectra of the GWB, Qgw. It is also used to corroborate results from the
cross-correlation technique. The ultimate goal of this hybrid framework for GWB searches is to obtain
the posterior density function (PDF).

A reduced form of the likelihood in Eq. (5.20) can be used to search for a GWB. In Ref. [106] a detailed
derivation of this reduced form of the likelihood is done. The final result is given by [83]

L(Fr018) o exp | -3 3 L= Dl (6.51)

0;

i

where the sum is run over frequency bins f;'2. The quantities Y; and o? are the estimator and variance
in the frequency bin f;, given by Eqs. (6.37) and (6.38), respectively.

In our searches we always compute the Bayes factor between the hypothesis of having a signal and
the hypothesis of only having noise in the data. To obtain this Bayes factor, the likelihood for the
noise-only case is required. As introduced in Ref. [107], this likelihood is given by

1 These measurements have the same duration T.
12The analysis of the data in the cross correlation technique (see section 6.4) implies breaking the data into n segments
of length T' << T,ps and carrying out the discrete Fourier transform of each segment. Each segment is thus labelled by

fi-
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L(¥;, 0:18) ox exp H > (6.52)

K3

The point estimate Y; and the variance o? are approximate sufficient statistics for ground-based

searches for a GWB, as shown in Ref. [106]. Sufficient statistics is defined as the combination of data
in terms of which the likelihood can be re-written without loss of information. The use of sufficient
statistics can lead to a significant increase in efficiency when sampling from posteriors. Also, using
the likelihood in Eq. (6.51) does not lead to an information loss compared to using the full Gaussian
likelihood, Eq. (5.20).

Calibration uncertainties in the search for the GWB

Data from ground based GW detectors has to be calibrated to convert the digital output of the detector
into a relative displacement of the test masses in the detectors. The calibration process has associated
statistical uncertainties and systematic errors that need to be accounted for in the data analysis [108].
The systematic errors are defined as the deviation of the estimated detector response to the dimension-
less strain h from the true detector response. The error is estimated by propagating the measured
error of each response component of the IFO through the whole response of the IFO. The reader is
referred to Ref. [109] for a detailed discussion on calibration uncertainties.

The estimation of the upper limits over the energy density in the gravitational waves spectrum has
to account for the calibration uncertainties [110], as mentioned above. An optimal combination x of
cross-correlated measurements provides a point estimate Y with an associated error o. x is an estimator
of \Y', where X is an unknown calibration factor described by an uncertainty €. The likelihood is thus
given by

1 —\Y)?
Y, \) = exp {—M} (6.53)
oV 2T 20
and the posterior is obtained by marginalizing over A,

p(alY) = [ dxp(aly p() (6.54)

In the case that the distribution of A is Gaussian, the posterior is given by

1 1 (z—Y)?

Y)= —— . 6.55
) = T aavey P [ 202 + 52Y2)} (6.55)

The calibration uncertainty varies from pair of detectors and observational runs. In O1 and O2, the
calibration uncertainties were 0.072 and 0.046, respectively. In O3a, the HL pair had an associated
calibration uncertainty of 0.094, the HV pair 0.089 and the LV pair 0.081. In O3b, the calibration
uncertainties were 0.148, 0.123 and 0.108 for HL, HV and LV pairs, respectively.

The final result in GWB searches is the combination of the results for individual pairs of interferometers
(see section 6.2.4). Each pair of interferometers has an unknown calibration factor A,, where a labels
each detector pair. The statistical errors for each pair of interferometers are independent, so the
combined likelihood is obtained by multiplying the individual likelihood for a pair of interferometers,

poivix) = [[ { L exp |12 2210, (6.56)

[e%

where Y,, and o2 are the point estimate and variance per pair of interferometers, respectively.
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6.3 Power law integrated sensitivity curves

There are different methods used to describe the sensitivity of a GW detector and the strength
of a GW source. As we have seen, it is common to summarise this information on a sensitivity
curve plot [111], since it provides a visual indicator of the sensitivity of an instrument to potential
GW sources. The simplest type of sensitivity curve is a plot of the power spectral density of the
detector noise P, (f), or its amplitude spectral density, given by the square root /P, (f). However,
these plots can be misleading, as they do not take into account the frequency dependent response
to GWs [80]. A better quantity to plot is the sky and polarization-averaged amplitude spectral
density heg = /fSert(f) = \/fPu(f)/R(f), where R(f) is the response to a GW. The most com-
mon form of sensitivity curve for a GWB compares predictions of Qaw (f) to the equivalent noise
energy density Q, = 272f3S,(f)/(3H?2). However, these plots do not fully capture the boost that
comes from integrating over frequencies. An alternative form of sensitivity curve uses the envelope of
limits that can be placed on power-law GWBs, these are the power-law integrated (PI) sensitivity curves.

The characteristic strain of a signal, h.(f) = \/fSr(f), is compared with the PI sensitivity curve, and
when it lies above the sensitivity curve, the signal is said to have an SNR>1. However, this comparison
is not enough for searches of the GWB, and hence why Bayesian searches are carried out, as explained
in chapter 5.

In order to explain the steps needed to obtain the PI sensitivity curves, the effective strain needs to be
related to the SNR. The effective strain of a signal is related to Qagw (f) via

2
Qew (f) = 3H2 he(f), (6.57)
obtained from substltutlng he(f) =/ fSkr(f) into Eq. (6.10). For a power law spectrum of the form
Qaw (f) = Qs(f/frer)?, Eq. (6.57) can be written as
hg(f) ref - A2 ( f )a (658)
fref

where A2 = %ngrff and o = (8 — 2)/2, where § is the spectral index. The SNR is given by Eq.
(6.29), and using Eq. (6.57) it can be expressed in terms of the GW power spectral density Sp,(f),

/2
T 02 (D720 )
SNR =—— (/ f|f|6P1 |)P2(|f|)>

1/2 1/2
3H2\/> 2 * it (f) £ M
T o10n2 3Hg(/_Oodf|f|6P1(|f|)P2(|f)> ~ 5 (/ dfpl(|f|)P2(|f|)> ’

where in the last equality this relation has been substituted h? = fSj. For a network of detectors, Eq.
(6.59) can be generalized to

(6.59)

1/2
JT / M M S242 (
SNR =—— df S
s (LS mimhm
T 1/2 /T 12 (6.60)
T > _ T
_5</Oodfsef2f(f)‘si21(f)> _5</ dff2 eff ) )
where the second equality is obtained substituting the effective strain, defined as
M M -2
# (6.61)
Izlg nl |f| nJ ‘f|)
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The third equality in Eq. (6.60) is obtained substituting the effective strain noise amplitude heg =
v/ [See(f). In what follows the construction method of the PI sensitivity curves is described according
to Ref. [112].

1. Counsidering Eq. (6.10) and the definition of the effective strain power spectral density, Eq. (6.61),
Qesr(f) is defined as

3 2 e 712 i
Qepr(f) = f 3H2<ZZP1 e |f|)> . (6.62)

I=1 J
2. An observation time T is chosen.

3. For a set of spectral indices § = {—8, —7,...7,8} and a chosen reference frequency, 23 must be
computed. The condition SNR=1 must be satisfied using the following equation

M M

/2 —1/2
_312VT 0t/ hep)3, (N . SNR-10% (F/ Fres)??
SNR==05 (/mdf;; e 0P ) YT smevT / L 7

~1/2
_SNR5 (f/fref)

4. For each pair {3,025}, Qaw (f) = Qs(f/ frer)? is plotted as a function of frequency. These lines
are plotted in solid black in Figure 6.3, retrieved from Ref. [112].

(6.63)

5. The envelope of the curves obtained in step 4 is the PI sensitivity curve. It can be seen in solid
blue in Figure 6.3.
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Figure 6.3: Figure retrieved from Ref. [112]. Sensitivity curves in a LIGO Hanford - LIGO Livingstone correlation search
for a GWB described by a simple power law. The red curve shows the sensitivity of the pair of detectors to a GWB,
where the spikes are due to zeros in the ORF of this pair. Said otherwise, it shows the effective energy density spectrum,
Eq. (6.62), for the detector pair. The green curve shows the improvement in sensitivity achieved by integrating over
an observation time of 1 year for a frequency bin size of 0.25Hz, i.e.: it is the red curve normalized by one year of
observation. The set of black lines is obtained by integrating over frequency for different spectral indices in the power
law describing the background, assuming an SNR = 1. The blue solid line is the PI sensitivity curve for T=1 year and
fref = 100H z, obtained as an envelope of the black solid lines. The orange dashed line represents the reference frequency.

Any spectrum tangent to the PI sensitivity curve (in log-log scale) corresponds to a GWB with

SNR=1. If the spectrum lies above the PI sensitivity curve, the GWB associated has an SNR>1. More
specifically, it will be observed with an SNR = QgrEd/QB > 1.
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6.4 Data analysis

In this section the methodology used for the analysis of LIGO/Virgo data for the search of a GWB is
detailed. The objective of a search is to obtain a point estimate, Y, (Eq. 6.39) and an associated error,
o (Eq. 6.40) from which the SNR of a signal can be determined. Raw data is firstly pre-processed,
which consists of downsampling the data and removing the low-frequency content. Then, to ease the
computational load, data is split into intervals and these into segments over time. Then, the analysis
continues in the frequency domain, where the cross-correlator is computed. Applying an optimal filter
and the appropriate ORFs, the point estimate and error can finally be obtained.

The raw data measured at detector I, i.e.: data measured by detector I that has not been processed, is
denoted by s(tx), where t are discrete times given by ¢y = kdt. The values of k are positive integers
and dt is the sampling period, which is 1/(16384 Hz). The raw data from the two interferometers are
down-sampled to 4096Hz, implying a Nyquist frequency of fxyquist = 2048 Hz. The Nyquist frequency
is the highest frequency that can be coded at a given sampling rate to be able to fully reconstruct the
signal. This means that data cannot be probed or studied above 2048Hz. This is not a limitation, since
most models of sources of the GWB predict signals peaking at lower frequencies. Furthermore, the
low-frequency content of the spectrum (below 10Hz) is louder than the frequencies of interest (between
20-1726Hz [21]) due to quantum and Newtonian noise (see section 2.3). For this reason, frequencies
below 11Hz are removed from the data. It is customary to say that data is high pass filtered. At this
point, data is said to be pre-processed (see Figure 6.4).

1072 4 ———
1073 1
1074 4 ,
[m) E = Raw timeseries
2 10-5 _ Highpas§ed and downsampled timeseries
1076 4
107 4
107" 100 10° 102 108

Figure 6.4: Comparison between the raw data (blue solid line) and the preprocessed data (orange solid line). Preprocessing
consists on downsampling the data to 4096Hz and then removing the low frequency content, below 10Hz.

The next step consists of preparing the data to compute the cross-correlation between the data from two
interferometers. Data is split into intervals and within each interval, it is split into segments over time
to deal with the detector non-stationarity (see Figure 6.5). Given that the detection method described
in previous sections assumes a stationary background, splitting the data into small segments allows
to maintain an approximate stationarity. The segment duration must be much larger than the light
travel time between interferometers but short enough to yield a sufficient number of cross-correlation
measurements within each interval. In O3 each segment’s length was 192s. The interval duration
is dependent on the detector status, i.e.: whether it is taking data or not and whether there are
glitches (noise that could mimic a GW). After these periods are removed from the analysis, the
intervals’ durations are set, which do not necessarily have to be of the same length. The combina-
tion of different segments is done with a weighted average (see Eq. (6.39)), with inverse variances
as weights, and hence the difference in length between segments does not pose a problem for the analysis.
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Figure 6.5: Figure retrieved from Ref. [113]. Example of data stream and how it is split to perform the cross correlation.
The entire observation period is represented by T,ps. The data is then divided into intervals of duration Tin¢ to ease
the computational load. Each interval is then divided into segments of duration Tgseg. In the O3 isotropic analysis, the
values of Tseg was 192s.

The analysis then proceeds in the Fourier domain. To do this, a discrete Fourier transform of each
segment is performed. However, large deviations of the data from a mean value could lead to spectral
leakage in the Fourier transform. The FF'T takes a signal and breaks it down into sine waves of different
amplitudes and frequencies. However, the FFT has limitations. The FFT assumes a continuous
spectrum that is one period of a periodic signal. In this case, the FFT turns out fine. Nevertheless,
on most occasions, the signal is not an integer number of periods. Therefore, the finiteness of the
signal results in a truncated waveform with different characteristics from the original signal and sharp
transition changes. These sharp transitions are discontinuities that appear in the FFT as high-frequency
components not present in the original signal. It appears as though energy at one frequency leaks into
other frequencies, hence why this phenomenon is known as spectral leakage. To avoid these artifacts,
each segment is Hann-windowed, which zeroes the beginning and end of the segment. The "windowing"
method consists of multiplying the signal by a function (window) whose amplitude decreases slowly
towards zero at the edges. This will effectively reduce the amplitude of the discontinuities in the signal.
There are different types of windows. The most commonly used is the Hann window since it works
when the nature of the signal is unknown. This procedure loses part of the data, so an overlap of 50%
between segments is performed, which tapers to zero for roughly half of the data in a segment. For
this reason, to avoid losing the first 25% and last 25% of the data from a segment due to windowing,
we compensate by overlapping the segments by 50%. Now that each segment from the data is Fourier
transformed, a cross-correlation estimator per segment can be computed according to Eq. (6.33). The
optimal filter, Q. (f), is calculated according to Eq. (6.34).

Then, before computing the final point estimate and associated error, some data quality cuts are
performed, both in the time and frequency domain. These cuts allow discarding segments that show
non-stationarity or extremely loud glitches. In the time domain, the power fluctuations or oy between
segments are compared. It is imposed that the difference in oy between adjacent segments is lower than
20%. If the difference is larger, the middle segment is discarded from the analysis. Effectively, the condi-
tion that segment J needs to satisfy in order to be discarded is [(o7 —oy—1)+ (05 —0s+1)]/(205) > 0.2
This is a way of detecting glitches that may impact the data and removing the corresponding segments.
This non-stationarity cut is commonly known as the delta sigma cut. With this cut, about 4-5% of the
data is lost. This non-stationarity cut is repeated for different spectral indices since each power law is
sensitive to a different frequency band. More specifically, @ = {—5,0,3,5}. The delta sigma cut checks
for noise fluctuations at high frequencies for the high positive index 5, and is therefore complementary
to the delta sigma cut that uses a smaller index, such as 0 or -5, which checks for fluctuations at lower
frequencies, see Figure 6.6. Studies have been performed that show that using only o = {0, 3} is not
enough to remove high SNR lines at low frequencies, below 30Hz!2. However, a = —5 does remove
them. A union of all the segments discarded for each « is done leading to a full list of segments to
discard from the analysis.

3Work described in the following internal reference: https://stochastic-alog.ligo.org/aLOG /index.php?callRep=339959
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Sp(f) = 250w \where Qgw = Qref(F/frer)®
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Figure 6.6: In this plot, different power laws are compared to the O3 sensitivity curve of LIGO-Livingstone. Each power
law is sensitive to a different frequency band. This makes necessary repeating the delta sigma cut for different a. The
03 sensitivity curve for LIGO-Livingstone was retrieved from Ref. [114].

In the frequency domain, peaks in the spectrum due to different sources of noise are removed from
the analysis (see section 2.3). This procedure is known as notching, and it removes about 10% of the
data. To identify these correlated instrumental lines in frequency domain, a time shifted analysis is
performed, which consists on shifting by one second the time-series output of one detector relative to
that of the other before doing the cross correlation analysis. This way, broadband GW correlations are
eliminated while preserving narrowband noise features [11]. In O3, a high rate of very loud broadband
glitches appeared in the data. Using the delta sigma cut would have removed them, but more than
50% of the data would have been lost [56]. For this reason, an alternative method was used, called
gating [56, 115]. Gating consists of substituting stretches of data with excess noise by zeroes [56].
Further information on the method is provided in Ref. [115]. In Ref. [56] we analyzed whether the
effect of analyzing data with zeros is small. Then we checked whether this method introduced arti-
facts in the data such as frequency lines. Finally, we made sure that the gating procedure does not
remove real GW events. Our stochastic analysis of non-gated data versus gated data shows that there
is only a difference within one sigma in the estimated point estimate and the error bar only shifts
about 1%. Also, we checked that none of the GW events detected in the first half of O3 [116] were gated.

The final point estimate is obtained by combining the point estimates per segment, Eq. 6.39, and the
associated error is obtained by also combining the errors per segment, Eq. 6.40. From these results,
the SNR can be obtained, which will help in the decision of whether to claim a signal.

6.4.1 Correlated noise: Schumann resonances

Correlated noise is a limitation to the detection of stochastic signals given that their detection is based
on a correlation method. If the spectral shape of either, or both, the noise and the signal were known,
it would be possible to separate them. There are some sources of correlated noise, such as correlations
between the electronics mains (60Hz in LIGO and 50Hz in Virgo) and correlations from the fact data
sampling is referenced to clocks of the GPS system [80]. The most worrying cause of correlated noise is
Schumann resonances. They are caused by lightning strikes that remain within the ionosphere of the
Earth and thus become common for all IFOs. Schumann resonances are electromagnetic excitations at
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low frequencies (<50Hz) [117]. These resonances can produce coherent oscillations in magnetometer
readings at the GW ground-based detectors. They are expected to couple via the mirror suspension
systems, electric cables, and electronics.

In order to estimate the potential presence of Schumann resonances in the LIGO-Virgo data from the
first three observing runs, the methodology from Refs. [118, 119] has been followed, where a noise
budget for the magnetic correlations was created [21]

A _ 2| T (OIS () Re[mg (f)m (f)]
Cmag,1(f) = 7 (D500 . (6.64)

The functions 7 (f) are Fourier transforms of the magnetometer channels, the functions T (f) are
the magnetic coupling functions, and vy is the ORF between interferometers I and J. The magnetic
coupling functions were estimated by injecting an oscillating magnetic field of a known frequency and
amplitude at different locations near each detector and measuring the effect in the GW strain chan-
nel [21]. Figure 6.7 shows an estimate of the correlated magnetic noise compared to the O3 sensitivity
curve. The red band shows the combined budget obtained from weekly magnetic coupling function
measurements. It is compared with the O3 power-law integrated curve (red solid line) introduced in
section 6.3. The black dotted line shows the upper range of the magnetic budget. If compared with
the black solid line, which shows the sensitivity to a GWB in every frequency bin, it is way below.
This implies that measurements show no evidence for correlated magnetic noise.
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Figure 6.7: Image retrieved from Ref. [21]. The red band is an estimate of the correlated magnetic noise compared to
the O3 sensitivity curve (black solid line). This magnetic budget is obtained from weekly magnetic coupling function
measurements. It is compared with the O3 power-law integrated curve (red solid line). The black dotted line shows the
upper range of the magnetic budget, which lies below the black solid line (sensitivity to a GWB in every frequency bin).

However, the estimated spectrum from Schumann resonances is above the design sensitivity and hence
the need to develop a robust method by which to distinguish in future runs whether a potential
correlated signal is due to Schumann resonances or is indeed a GWB signal. This method has already
been developed, gravitational wave geodesy, and is explained in what follows.

Gravitational wave geodesy

A tool for separating spurious and/or terrestrial signals from a stochastic background is the gravi-
tational wave geodesy (GW-geodesy) [120]. It is based on the same idea as radio geodesy: a true
GW detection allows to infer the position and orientation of an interferometer, so by demanding
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that a GW background detection is consistent with the well-known geometry of the interferometer,
the spurious signals can be separated from the real GW background. There are some sources of
noise that can be correlated between interferometers, such as Schumann resonances (described in the
previous subsection) and the synchronization of electronics (placed in each interferometer) to GPS time.

The expectation value of the cross-correlation spectrum is given by the energy density spectrum times
the overlap reduction function (ORF), which contains information on a detector baseline geometry.
Consequently, cross-correlation measurements between data from two detectors can give information
about the baseline’s geometry. If the estimated geometry is not the right one, this implies that the
data is polluted by correlated noise. Given a potential detection, a way of determining whether it is
polluted is by computing the Bayes factor between the hypothesis that the measured cross-correlation
is consistent with the baseline’s geometry against the hypothesis that it is not consistent. For each
hypothesis, the model used is a simple power law times the true ORF, and an ORF dependent on
parameters defining possible geometries of the baseline, respectively. This method can be used not
just to discard correlated noise but also to bolster the confidence of a gravitational wave background
detection. In Refs. [120, 121], the authors probe the validity of the method, which will prove crucial,
once the GWB is detected, to differentiate between a real signal and correlated noise.

6.5 Isotropic analysis

The LIGO-Virgo Collaboration has previously placed upper limits on the isotropic GWB using data
from the first two observing runs [122]. In the O3 isotropic analysis [21] we do the same but include
03 data and an extra interferometer, Virgo. In the past, only one baseline was used, HL, while
now three baselines enter the analysis, HL, HV, and LV. O1 and O2 are considered as two datasets,
while O3 was divided into two periods. The period from the 1st of April 2019 to the 1st of October
2019 is known as O3a. O3b is the period from the 1st of November 2019 to the 27th of March 2020.
The cross-correlation technique introduced in section 6.2 was used to compute the cross-correlation
spectrum. For cross-correlation to be applied, both detectors must be in science mode and no critical
issues must exist.

The optimal estimator for a given signal includes both, auto-correlation (the noise power spectral
densities used to compute the point estimate Y, Eq. (6.43), are computed by auto-correlating the noise
of each detector) and cross-correlation. However, in the isotropic search only the cross correlation is
used, since the noise power spectral density is not well known so as to be subtracted accurately. An
optimal estimator to search for a GWB is obtained by combining the cross correlation spectra from
different frequency bins,

ors _ Zewf)C (fe)or] (fi)

Sew(fe)?orf(fu)
oy = > w(fi) o (fu), (6.65)
k
with appropriate weights given by
_ Qew(f)
w(f) = o ) (6.66)

The values f, are a discrete set of frequencies. The reference frequency is f.ef = 25Hz because
that is approximately the beginning of the sensitive band for the isotropic search in the LIGO-Virgo
interferometers. Eq. (6.66) shows that the analysis can be done for any choice of the spectrum. In the
O3 isotropic search, the GWB is described by the simple power law in Eq. (6.30). Finally, information
from all three baselines is optimally combined in the correlator defined in Eq. (6.48) with associated
variance given by Eq. (6.49).
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The vetoes introduced in Ref [123] were applied on the data. With these vetoes, stretches of data
containing instrumental features and artifacts that could affect the estimated SNR were removed from
the analysis. It must be noted that the observed CBCs were not removed from the data, even though
they contribute to the cross-correlation. The reason is that in Ref. [21] it has been calculated that the
strength of the background is lower than 107!°, which is way below the O3 sensitivity curve. This
value was estimated by using the median values for the masses and redshifts in O3a from Ref. [116],
the livetime for O3a and the inspiral approximation in Eq.(16) from Ref. [124].

Then, the analysis described in section 6.4 was performed. Figure 6.8 shows the estimated cross
correlation as a function of frequency in the range of study mentioned in section 6.4 (20-1726Hz). This
correlation is represented by the blue line, and it has an associated error plotted by the solid black
lines. It can be seen that the point estimate (or cross correlator) fluctuates roughly symmetrically
around zero, which is consistent with what is expected from Gaussian noise, and hence indicating no
GWRB is detected. At 60Hz the correlation is very high due to the existence of the power mains in the
US, which affect LIGO-Hanford and LIGO-Livingston.
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Figure 6.8: Image retrieved from Ref. [21]. Cross correlation estimator obtained by combining the data from the three
baselines in O3 and data from the HL baseline in O1 and O2.

Given that the estimated cross correlator shows no evidence for a signal, upper limits were set on the
strength of the background. The hybrid Bayesian-frequentist framework introduced in chapter 5 was
used to compute the ULs without fitting for an extra contribution from Schumann resonances. The
ULs at 95% CL were obtained for different priors on ,.¢ and « '*. The priors on §,..5 are uniform
and log uniform. A log uniform prior gives equal weights to different orders of magnitude of Qs
and it is agnostic on a. A uniform prior leads to more conservative ULs, so that is why results using
this prior are also presented. The lower bound in the prior on €,.f is chosen to be 1013, following
Ref. [122]. The priors on « are fixed values {0,2/3,3} or Gaussian with zero mean and standard
deviation given by the width of the prior divided by 2, which results in 3.5.

The posteriors on §2;.. and « for a log uniform prior in Q,..; and a Gaussian prior on « are in Figure 6.9.

14To perform model selection and parameter estimation, in our searches we use pyMultinest [125], a Python-based
software that uses MultiNest [126], an implementation of the nested sampling algorithm [82]. MultiNest allows
introducing several model parameters and the number of live points to sample the prior volume. The optimal number of
live points we use in different searches is 2000 [107]. pyMultinest also estimates the error associated with the evidences.
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The posterior on o keeps the Gaussian shape of the prior. The posterior on €. allows to obtain the
UL at 95% CL shown in Table 6.1, 6.6 x 107°.
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Figure 6.9: Image retrieved from Ref. [21]. Posteriors distributions on Q.. and « for a log uniform prior in Q. and a
Gaussian prior on a. The posterior on « keeps the shape of the prior. The posterior on €2, allows to obtain the UL
shown in Table 6.1

Table 6.1 also contains the ULs for all the other runs. The last two columns show the improvement in
the ULs with respect to those set from the first two observing runs [122]. The overall improvement in
all runs of O3 is due to the addition of another interferometer, Virgo. The big improvement of 13 in
the UL obtained for a prior in a = 3 is due to the improved high-frequency sensitivity in O3.

Upper limits at 95% CL over the strength of the GWB for a reference frequency of 25Hz
Log uniform | Uniform prior on | UL O3/ UL O2 | UL O3/ UL 02
prior on Q. Qyey (Log uniform) (Uniform)
Delta prior on a =0 5.8 x 1077 1.7 x 1078 6.0 3.6
Delta prior on a = 2/3 | 3.4 x 1079 1.2x 1078 8.8 4.0
Delta, prior on o = 3 3.9 x 10710 1.3 x 1079 13.1 5.9
Gaussian prior on « 6.6 x 1077 2.7 x 1078 5.1 4.1

Table 6.1: Upper limit at 95% CL over ...y for different priors on €. and a. The last two columns show the
improvement in the ULs obtained with respect to the analysis done in O2 [122].

The formalism introduced in chapter 5 was again used to search for a GWB in addition to correlated
magnetic noise. The resulting Bayes factor between a model hypothesis containing magnetic noise and
a hypothesis of only Gaussian noise is log By 22 = 0.03, which shows no evidence for correlated
magnetic noise.

The ULs on the GWB amplitude have implications in the GWB due to CBCs. The three classes of
CBCs are considered, BBHs, BNSs and NSBHs and the energy density spectra from each of these
contributions is computed, Qppu(f), Qpns(f) and QOnspr(f), respectively (the reader is referred to
Ref. [21] for further details). The estimate of Qppu(f) is shown in green in Figure 6.10. It was found
that at the reference frequency of 25Hz Qppn(25Hz) = 5.0ﬂ:1 x 10719, The estimate of the BNS
GWB is shown in red in Figure 6.10 and the value at 25Hz is Qpns(25Hz2) = 2.1732 x 1071%. Finally,
no NSBH has been detected yet, so an UL on Qnspu(f) < 8.4 x 10710 is set and is shown as a dashed
black line in Figure 6.10. In the right-hand side of Figure 6.10 the estimate of the combined GWB due
to BBH and BNS mergers is presented. At 25Hz Qppu4pps(25Hz) = 7.2f§:§ x 1071°, By combining
the ULSs on Qnspr(f) with the ULs at 95% CL from BBH and BNS mergers, an overall UL over the

91



total expected GWB from CBCs is set to Qcpc(25Hz) = 1.9 x 1072, The PI curve (see section 6.3) for
03 is shown (solid black line in the plot to the right of Figure 6.10) at 20 as well as the projection
for the 2 years of Advanced LIGO-Virgo at design sensitivity (dashed grey line) and the expected
A+ design sensitivity after 2 years. The plot to the right of Figure 6.10 shows that if the detector
reached the A+ design sensitivity, part of the parameter space of the GWB from CBCs could be probed.
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Figure 6.10: Image retrieved from Ref. [21]. Fiducial model predictions for the GWB from BBHs, BNSs, and NSBHs,
compared to the current and projected sensitivity curves. Left 90% credible bands for the GWB contributions from
BNS (pink) and BBH (green) mergers. The pink band shows the statistical uncertainties in the BNS merger rate. The
green band not only shows the uncertainty in the BBH merger rate but also includes systematic uncertainties in the
binary mass distribution. Given that no detections of NSBH systems have been made, an upper limit on their possible
contribution is set (black dashed line). Right Comparison of the energy density spectra from BBHs and BNSs (shaded
blue region) with the PI sensitivity curves from O2 (dotted grey line), O3 (black solid line), and the expected design
sensitivity curves. The solid blue line shows the median estimate of QppnypNs(f) and the shaded blue region shows the
90% credible uncertainties. The dashed blue line represents the projected upper limit on the total GWB.

Another important feature of the cross-correlation analysis is that it provides indirect information
on the CBC population at large redshifts z. It is complementary to the information from population
analysis using individually detectable events. Constraints on the merger rate as a function of redshift
for binary black holes (BBHs) were obtained [21]. By combining direct detections of CBCs (from the
GWTC-2 catalog [116]) with the UL on the GWB from CBCs seen in Figure 6.10, the BBH merger
rate Rppu(z) can be measured. The result of the analysis is plotted in Figure 6.11. The constraints
at 90% CL on the BBH merger rate as a function of redshift is represented by the grey solid line.
From O1 and O2 data, the UL on the BBH merger rate was ~ 10*Gpc3yr~! beyond z ~ 2 at 90%
credibility [127], meaning that the O3 analysis has improved this limit by a factor of approximately
ten [21].

6.5.1 Polarized GWB

Some cosmological sources can create a parity violation, leading to the generation of circularly polarized
GWs. Some examples of these are the Chern-Simons gravitational term [128], axion inflation [129] and
turbulences from FOPTs [130]. The circular polarization degree describes the asymmetry between the
amplitude of the right and left-handed GWs, and measuring this degree in the GWB could lead to the
detection of parity violation [131]. The basis for the transverse traceless tensor is given by {e™,e”}
(see Appendix A), expressed in terms of the unit vectors éy and é4, perpendicular to 2, the direction
of propagation of the wave. Alternatively, another basis given in terms of the right and left-handed
polarization can be used {er = (e* +ie®)/v/2,er, = (et —ie®)/v/2}. The corresponding amplitudes
of the GW are given by

by — ik,  hy +ihg
V2 V2o

The 2-point correlation function for right and left-handed waves is given by [132]

hr i ho (6.67)
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Figure 6.11: Figure retrieved from Ref. [21]. BBH merger rate Rgpp(z) measured by combining direct detections of
CBCs (GWTC-2 catalog [116]) with the UL on the GWB from CBCs. The constraints at 90% CL is represented by the
grey solid line. Each blue line is a draw from the posterior on the BBH mass distribution and merger rate history. The

median is represented by the black solid line.

(hr(f, QRR(F N _ S = [)5(Q =) (I(£,Q)+ V(£,Q)
((hL(f, Q)hi(f’,ﬁ’))) o A <I(f, Q) _ V(f,Q)) . (6.68)

For two right polarized waves, the strain power will be higher than for two left ones [133]. The real
function V characterizes the asymmetry between the two amplitudes hr and hp, while I, positive
definite, represents their total amplitude. A similar procedure to the one followed in section 6.1 is
followed to obtain the expression for the energy density in GWs with circular polarization [133]

3
Qow(f) = - L — 2y p) (6:69)

Note that the energy density spectrum is only dependent on I(f). The expectation value of the cross
correlation estimator for a polarized background is

3HOT [ Qg (H)yi(f)QS)
107r2/0 W 75 , (6.70)

obtained following a similar procedure to the one in section 6.2 [133]. The expectation value (17) has
an associated variance given by

(V)=

=1 [ arnanramienr (671)

The optimal filter is given by Q(f;) = N T P;E;(,{})Q( Ak where i represents each frequency bin from the

analysis and A is chosen so that (¥;) = Q,. 1°

In Eq. (6.70), Q4 (f) is given by

/ _ QGW(f)
aw(f) = ) (i (F) + () ()], (6.72)

where II(f) = V(f)/I(f), and the ORFs are given by [131]

15This is assuming a constant energy density spectrum Qagw (f) = Qo.
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The spectrum Q. (f) can be thought of as the usual energy density spectrum distorted by the parity
violation corrected ORF, 1 + II(f)yy (f)/v1(f). The function II(f) has values within [—1, 1], being
II(f) = 1 for a right fully polarized background and II(f) = —1 for a left fully polarized one. The
ORF ~;(f) coincides with the ORF in the non-polarized case, Eq. (6.20). In the case that there is
no circular polarization, that is, there is no asymmetry between hg and hy, V(f) = 0. This way, the
non-polarized equations are recovered; Eq. (6.70) turns into Eq. (6.21) and Qg (f) into Qew (f).
Eqs. (6.73) are plotted for different baselines in Figure 6.12 (left), obtained from Ref. [133]. vy differs
from ~; in amplitude at low frequencies.
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Figure 6.12: Figures retrieved from [133]. Left Polarized overlap reduction function for H1-L1 (black lines) and L1-K1
(grey lines). The solid lines represent v; and dashed lines vy. Right Recovery of a polarized injected GWB in the
IT — Q, plane. The lightest-gray line shows the recovery with a confidence interval of 95% with the H1-L1 baseline, the
medium-gray line to the recovery with H1-L1-V1, and the black line to the recovery with H1-L1-V1-K1 [133]

In this polarized case, <}7> is interpreted as the energy density modified by the polarized ORF. For
this reason, when running a Bayesian search, the likelihood in Eq. (6.51) is modified to [133]

—

~ A 1 (Vi — Q) (fi:0))?
LV, ol o exp | 3 5 T SarlFi O (6.74)

where the model used is given by the energy density in GWs modified by the parity violation
corrected ORF, 1+ II(f)yv (f)/v1(f). Parameter estimation will be more accurate as the network of
interferometers increases. Figure 6.12(right) shows how the credible level at 95% reduces in size as
new detectors are added to the network.

6.5.2 GWB with non-GR polarizations

The GWB can be used as a test of GR. As explained in Chapter 1, GWs are predicted to have two
tensor polarizations, cross and plus. However, a more general metric theory of gravity could have up
to six polarizations. The extra polarizations are two vectors, x and y, and two scalar polarizations,
breathing and longitudinal [107]. Figure 6.13, retrieved from Ref. [107], shows the effect of all six
polarizations on a ring of freely-falling test particles. The existence of six polarizations would recquire
a network of at least six IFOs to uniquely determine the polarization of the GWB.

Some sources are believed to be capable of generating a GWB with extra polarizations, such as
core-collapse supernovae [134], CBCs [135], cosmic strings [136] and bubble walls from FOPTs [137].
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Figure 6.13: Figure retrieved from Ref. [107]. Effect of all six polarizations on a ring of freely-falling test particles. Each
wave propagates in the z direction. GR allows for two tensor polarizations, plus and cross, while more general theories
allow for four extra polarizations. These are two vector polarizations, x and y, and two scalar polarizations, breathing
and longitudinal.

Discovering non-tensorial modes would imply that gravity is not only explained by GR. Not detecting
the extra polarizations could help to experimentally constrain general metric theories of gravity. The
current detectors are limited to determining the polarization of transient GWs directly. However, the
GWB would allow to directly measure the polarization of the GWs. Searches for a non-tensor polarized
GWB have been performed in recent years following the methods from Ref. [107]. The tensor, vector,
and scalar polarizations are assumed to be uncorrelated and individually unpolarized. For this reason,
the average of the cross-correlation estimator (C(f)) o (5%(f)35(f)) can be expressed as a sum of
three terms due to each polarization mode

CHN =D 8f = ralHH L), (6.75)

a={T,V,S}

where H®(f) is the spectral shape of the GWB for each polarization mode and ~,(f) is the ORF
for each polarization, i.e.: the response each baseline has for each polarization mode. The cross
correlation statistic is normalized such that (C(f)) = > ,_(7v.s) % (f)Q*(f) and the variance is

2
o(f) = st (13%22) 9P (f)Py(f). Combining these results, it can be shown that the SNR is given
0

by [107]

A 2
(C | 'YaQ%/I)
(2% [7e25,)
where Q9,(f) is the chosen model for the energy density spectrum in GWs, which is usually a simple

power law (Eq. (6.30)). The inner product defined by Eq. (6.24) is used in Eq. (6.76). The SNR is
maximised when Q%,(f) coincides with the true GWB’s energy density spectrum

SNR? = : (6.76)

SNR?)PT = ('YaQa | 'Ybe)- (6.77)

Following the Bayesian search introduced in Ref. [107] and described in chapter 5, we set upper limits
over the energy density spectrum in GWBs for different polarizations. We assume different scenarios.
First of all, the GWB is assumed to be composed of one single polarization mode. It is described
by a simple power-law with a reference frequency frof = 25Hz. The parameters of each model are
the amplitude of the background at the reference frequency €% . and the spectral index o, where
a represents each of the polarizations, a = {T,V,S}. A log uniform prior over the energy density
spectrum is used, ranging from 1073 to 107°. A Gaussian prior centered in 0 over « is used. The
standard deviation is 7/2, following the choice introduced in section 6.5. The one single polarization
mode cases are:
@
o Only tensor polarized GWB: Qr(f) = QL f (ﬁ) " The resulting posterior distributions on
the parameters {QF, Iz ar} are in Figure 6.14. The posterior on the energy density spectrum

allows to obtain an upper limit at 95% CL of 7.66 x 10~°.

(03
e Only vector polarized GWB: Qv (f) = def <fff) V. The resulting posterior distributions on

the parameters {Q2Y, £ ay } are in Figure 6.15(left). The posterior on the energy density spectrum
allows to obtain an upper limit at 95% CL of QY. = 6.13 x 10~°.

ref —
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as
o Only scalar polarized GWB: Qg(f) = Q2. f (%) . The resulting posterior distributions on the

parameters {3 sras} are in Figure 6.15(right). The posterior on the energy density spectrum
allows to obtain an upper limit at 95% CL of Q5 ; = 1.68 x 1075,
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Figure 6.14: Posterior distributions of the parameters from the tensor polarized model {me, ar}. The 95% and 68%

CL contours are shown in the me — ar plane. The recovered posterior on alpha is very similar to the prior used.
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Figure 6.15: Left Posterior distributions of the parameters from the vector polarized model {Qref, av}. The 95% and

68% CL contours are shown in the Q — ary plane. The recovered posterior on alpha is very similar to the prior used.

S as}t. The 95% and 68% CL

contours are shown in the Qref ag plane. The recovered posterior on alpha is very similar to the prior used.

Right Posterior distributions of the parameters from the scalar polarized model {Q

Then, we assume the GWB is composed by a mix of two polarizations. They are uncorrelated and
individually polarized, e.g.: for the tensor polarized case, both the plus and cross polarizations have
the same power. For this reason, each contribution to the energy density spectrum can be expressed as
a simple power law:

o [0
e Vector and tensor polarized GWB: Qur(f) = me ( ) + Qref ( ) V, The resulting

posterior distributions on the parameters {Qre mor, Q}fe 1 ay } are in Flgure 6.16. The posteriors
on the energy density spectra allow to obtain an UL at 95% CL of QTf = 8.10 x 1072 and
Qy,,=731x107°

o Vector and scalar polarized GWB: Qyg(f) = Qref (ﬁ) + Qref ( ) Y The resulting
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posterior distributions on the parameters {Qfe fras, QYE Iz avy } are in Figure 6.17. The posteriors

on the energy density spectra allow to obtain an UL at 95% CL of QY. = 7.90 x 1072 and
05, =1.83x1078.

e Scalar and tensor polarized GWB: Qrg(f) = QTEf ( )a + Qref ( )aT. The resulting

posterior distributions on the parameters {Qre for, QTe Iz ag} are in Flgure 6.18. The posteriors

on the energy density spectra allow to obtain an UL at 95% CL of QL. = 6.47 x 1072 and
05, =210 x 1078,
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Figure 6.16: Posterior distributions of the parameters from the tensor and vector polarized model {QT ,ar, Qref ,ay}

The 95% and 68% CL contours are shown for combinations of different posteriors. The recovered posterior on the
spectral indices is very similar to the prior used.
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Figure 6.17: Posterior distributions of the parameters from the scalar and vector polarized model {Qfef7 ag, Q;’ef, ay}.
The 95% and 68% CL contours are shown for combinations of different posteriors. The recovered posterior on the

spectral indices is very similar to the prior used.

=
=
-

e
LE

R
1k
J
)
.
s

logyp Q2

ar
2
B
i
\u'
T

(o
|
X

A R T O
iy

W

ag

WY,

gt ./)

X
9

i 5% SN 5T Bies

T T TR

s TR ; 0 v g o
T s as ag
log o Qe logo Qg s s

Figure 6.18: Posterior distributions of the parameters from the tensor and scalar polarized model {Q;Iéf, ar, Qrsef7 as}
The 95% and 68% CL contours are shown for combinations of different posteriors. The recovered posterior on the
spectral indices is very similar to the prior used.

Finally, the GWB is assummed to be a mix of the three polarizations. Given the assumptions mentioned
above, the energy density spectrum can be expressed as a superposition of simple power laws:
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» Vector, scalar and tensor polarized GWB: Qqvs(f) = Q; (%) T—i—def (ﬁ) V—i—Qfef (fio) ° )

The posteriors over the parameters of this model are in Figure (6.19), where the posteriors on the
energy density spectra allow to obtain an UL at 95% CL of QTTef =6.45 x 1077, Q}fef =791 x 1079,

QF,; =2.06 x 1075
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Figure 6.19: Posterior distributions of the parameters from the tensor and vector polarized model {QTTG o, Q)fe £ ay}.

The 95% and 68% CL contours are shown for combinations of different posteriors. The recovered posterior on the
spectral indices is very similar to the prior used.

In the Bayesian search, each Q,(f) for a = {T,V, S} is multiplied by the corresponding ORF ~, in
order to obtain the expectation value of the cross correlation estimator (C(f)), Eq. (6.75). The
response of the H1-LL1 and H1-V1 baselines to a GWB with different polarizations can be seen in
Figure 6.20.

The upper limit at 95% CL over the energy density spectrum for each hypothesis can be seen in Table
6.2. Our search is less sensitive to the scalar polarization mode. The upper limit over QTTe ¢ is more
constraining as more polarization modes are added to the model describing the GWB. The opposite
applies to QY -
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Figure 6.20: Figures retrieved from Ref. [107]. Left ORF of the H1-L1 baseline to a GWB with tensor (solid blue),
vector (solid green) and scalar (solid red) polarization. Right ORF of the H1-V1 baseline to a GWB with tensor (solid
blue), vector (solid green) and scalar (solid red) polarization.

Upper limits at 95% CL over the model parameters
QF,;(x1077) Q. (x1077) Q2,;(x107%)
T-polarized GWB 7.66 - -
V-polarized GWB - 6.13 -
S-polarized GWB - - 1.68
TV-polarized GWB 8.10 7.31 -
TS-polarized GWB 6.47 - 2.10
VS-polarized GWB - 7.90 1.83
TVS-polarized GWB 6.45 7.91 2.06

Table 6.2: Upper limit at 95% CL over the model parameters for all the types of polarized GWBs studied.
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Chapter 7

Interpretations of the Gravitational
Wave Background

7.1 Motivation

As already discussed, the usual searches for an isotropic GWB are agnostic in terms of the model
describing the background. A simple power law, Eq.(6.30), is used as the spectrum of the background.
However, recent searches have reinterpreted the background as being sourced by cosmic strings [31].
We perform a similar search assuming the GWB is sourced by either First Order Phase Transitions or
the formation of Primordial Black Holes alongside a non-negligible contribution from Compact Binary
Coalescences (CBCs).

Many models Beyond The Standard Model (BSM) predict strong phase transitions, such as grand
unification models [138], supersymmetric models [139] and models with an extended Higgs sector [140],
among others. Such models predict new phenomena at very large energy scales that can only be
partially tested at colliders given the limited center-of-mass energy in the collisions. For this rea-
son, much attention is being put on searches for phase transitions leading to GWs and the GWB
signals at high frequency, testing very large temperatures. There may be symmetries spontaneously
broken through a FOPT, such as the Peccei-Quinn symmetry [141], the B-L symmetry [142] or the
left-right symmetry [143]. The predicted temperature of the transition in different models spans a
wide range. The peak frequency of the spectrum is related to the temperature, so the contribution
to the GWB from FOPTs spans a wide range of frequencies’. The frequency band of interest in
the LIGO-Virgo network is approximately between 1-100Hz. This band corresponds to tempera-
tures in the range 107 — 10'°GeV, which are supported by the Peccei Quinn axion model [145]. The
Peccei-Quinn model solves the strong CP problem and provides a dark matter candidate, the axion [146].

PBHs are of great interest as they could be a dark matter (DM) candidate. PBHs may not exist at all,
but if they did, they would have formed before the end of the radiation-dominated era. Furthermore,
evaporating PBHs could explain the extragalactic and galactic y-ray backgrounds, antimatter in cosmic
rays [147] and some short period y-ray bursts [148] among others (for further details see Ref. [149]).
Setting constraints on the number of PBHs of a given mass sets constraints on the cosmological models
that would generate them.

7.2 First Order Phase Transitions

In the Standard Model of Cosmology, after inflation, the Universe heats up during the reheating
period 2. It then progressively expands, cooling down until acquiring the current temperature. In this

IMore specifically, the peak frequency is determined by the typical length scale at the transition, the mean bubble
separation Rpt¢ and the amount of redshifting determined by Tp¢ and the cosmic history [144]

2During inflation the Universe is cold and lacking thermal entropy. By the end of inflation, the energy density of the
inflaton (scalar field of the inflationary period) is released leading to an increase in the temperature of the Universe.
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process, many models BSM predict first, second, or cross-over phase transitions (PTs). PTs are very
violent events that can lead to the generation of particles, defects, magnetic fields, baryonic asymmetry,
and GWs that will be part of the GWB [150]. The time scale of the entire phase transition is much
shorter than the Hubble time 2. The Physics responsible for PTs can occur at scales ranging from
0.1 to 10*®GeV. Two PTs are believed to have occurred in the history of the Universe. One is the
QCD transition between a quark-gluon plasma and a hadron gas. The other is the electroweak (EW)
transition. At this point, the EW symmetry was spontaneously broken, allowing the SM particles to
acquire Gauge invariant mass. This led to the baryon asymmetry via the EW baryogenesis mechanism.
Both PTs are believed to have left an imprint in the GWB [150].

In quantum field theory (QFT), a phase transition (PT) is the transition between one vacuum state to
another with lower energy. At the end of the reheating period, when temperatures are very high, the
thermal Higgs-like potential has only one minimum (see the potential at temperature T, in Figure 7.2).
As the Universe cools down, a new ground state generates (see the potential at temperature T, in
Figure 7.2). Both minima are separated by a potential barrier. When the temperature reaches a
critical value T, both minima are degenerate, i.e.: they have the same pressure and can thus coexist.
Eventually, T' < T, and from this point, it is thermodynamically favorable for the Higgs-like field to
occupy the new minimum. However, the Higgs-like field has to cross the potential barrier. This can
either be done by quantum tunneling [151, 152] or by thermal fluctuations [153]. The former procedure
happens in regions in space called bubbles. These bubbles are the ones containing the absolute ground
state, also known as true vacuum (see Figure 7.1(left)). These bubbles expand and eventually coalesce
in a medium that is the local minimum or false vacuum (see Figure 7.1(right)). While these bubbles
expand, they expel heat into their surrounding, heating the false vacuum (FV) until acquiring the
temperature mentioned above T,.. At this point, the pressure of the FV prevents further expansion of
the bubbles containing the true vacuum (TV). As the universe expands, the bubbles containing the
TV expand. During this process, the temperature of the Universe remains constant, T, until the full
latent heat (difference between the two phases) is eliminated. When the TV bubbles occupy 30-50%
of the total volume they collide. Once the bubbles start colliding, the motion of the fluid and the
production of gravitational waves is described with numerical simulations [154, 155].

1/H

Figure 7.1: Schematic representation of a FOPT. Left The ground state or true vacuum (TV) is contained by bubbles
embedded in a medium less energetically favourable, the false vacuum (FV). Right These bubbles expand in the medium
and eventually coalesce. Images generated by O. Pujolas.

Numerical simulations show that there are three stages in which GWs can be produced. Firstly, the
stage in which the bubbles collide and merge is of short duration and subdominant compared to the
subsequent stages of production of GWs, unless the bubbles grow up to the Hubble length. The Hubble
length is given by cH, !, where H, is the Hubble constant, which is the constant of proportionality
between recession speed v and distance d in the expanding Universe, i.e.: v = H,d. The contribution

3The inverse of the Hubble constant is known as the Hubble time. It is the time since the Big Bang origin of the
expansion, assuming that a deceleration is negligible. It does not coincide with the age of the Universe. The Hubble
time is the age the Universe would have if its expansion had been linear, which is not the case.
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from bubble collisions (BC) is denoted by Q1. Secondly, the shells of fluid kinetic energy continue
expanding, which generates compression waves that propagate into the plasma as sound waves (SW).
These waves overlap and source GWs. The power spectrum sourced by this stage is denoted by Qgy.
Finally, the intrinsic non-linearity in the fluid equations becomes important. Due to these non-linearities,
the previous stages might produce vorticity and turbulence, and the SW could develop shocks. The
spectrum of this phase is denoted by ¢y, These three sources are relevant on different length scales
and at different time scales. For this reason, the contribution from FOPTs to the GWB can be modelled
as the sum of the three contributions Qaw(f)h? = Qcon(f)h? + Qsw (£)22 + Qurn (f) 12 [156].

7.2.1 Parameters of a First Order Phase Transition

The derivation of the production of GWs by FOPTs is very involved. For a complete derivation, we
refer the reader to Ref. [156]. In this section, we describe the parameters of the FOPT that can be
inferred from the GWB. The parameters we will introduce are the temperature at which the TV
bubbles appear, the velocity at which they expand, the total number of bubbles, the fraction of TV
volume, the duration, and the speed of the transition.

For a generic scalar field ¢ and a potential V(¢), the action of the tunneling solution from a false
vacuum ¢else t0 a true vacuum @y is [157)

S = 47T/d7“7“2 (%2 +V(9)). (7.1)

To find the field profile ¢ = ¢(r) one needs to solve the equation of motion of the scalar field ¢ [150]
numerically

d’¢  2d¢o _av

dr2  rdr  do’
The boundary conditions satisfy that the field is equal to the FV at infinity ¢(00) ~ ¢aise, and equal
to the TV in the vicinity ¢(0) ~ ¢true. The transition takes place when within one Hubble time about
one bubble nucleates inside the Hubble volume 4, which defines the transition time t, and transition
temperature Ty [157]

(7.2)

; H3dt7 . T =1, (7.3)
where the lower integration limit in the second equality is the critical temperature 7T, defined above,
and T is the tunneling rate, given in terms of the action, Eq. (7.1), I'(T) = A(T)e~3™M/T where A(T)
is a factor of order T* [159]. The temperature T\ can be approximated by the nucleation temperature
Tn. After a bubble nucleates, it expands creating a larger region of the TV. This expansion leads
to more particles in the plasma acquiring mass. Near the bubble wall, the equilibrium distribution
of particles in the plasma is perturbed. This is energetically costly, which leads to resistance to the
bubble expansion. If the friction is large enough, the bubble wall may not move at ultra-relativistic
speeds. When the volume fraction of the FV is negligible, the FOPT finishes. At this point, the
temperature is denoted by T, as seen in Figure 7.2.

ty T /T* dT T

The inverse duration of the transition is denoted by 3 and is given in terms of the action S,
B = _%h:t* ~ % It usually is normalized by the Hubble parameter at the time of the transi-
tion Hy:. The ratio 5/Hp; is a very important parameter that controls the energy density of the GW
signal [160]. The smaller 3/H,,, the stronger the FOPT as well as the produced GW signal. In typical
transitions, the temperature of the thermal bath at time t,, is approximately equal to the nucleation

temperature T, ~ T. With this approximation, the ratio can be expressed as §/H,; = T*%|T* [161].

The strength of a FOPT is denoted by «a, and is given by the energy density going into the bubbles
over the thermal energy density of the surrounding plasma o = Z”‘“ where pr ., = g+2T2/30. This

* )
rad

4A Hubble volume is a spherical region of the observable universe for an observer (located in the center of the sphere)
beyond which objects should recede faster than the speed of light so as to be causally connected (due to the expansion of
the Universe [158]), which is not possible.
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Figure 7.2: Image retrieved from Ref. [150]. Evolution of the scalar potential for different temperatures. The temperature
when a new minimum appears is Tp. When the two minima are degenerate, the temperature is critical 7.. The
temperature when there is at least one critical bubble per Hubble volume is the nucleation temperature T . The
transition finishes at a temperature T.

quantity is related to the duration of a FOPT. For weak FOPTs (small «v), the lifetime of the soundwaves
Tsw is short compared to a Hubble time. However, very strong FOPTs do last longer, Hrsw 2 1 [157].

The bubble wall velocity is determined by the interaction of the bubbles with the surrounding plasma.
The plasma exerts friction that slows down the propagation of the walls of the bubbles. In strong
FOPTs, the pressure difference across the bubble walls dominates over the friction exerted by the
plasma, which makes bubble walls speed up. In this case, v,, — 1. Weaker FOPTs have bubble walls
with a speed close to the speed of sound v,, — 1/v/3 [145].

An isolated bubble does not generate GWs as it has no quadrupole moment. However, bubble collisions
do generate GWs. When a collision takes place, the latent heat is converted into a bulk flow of
the plasma which leads to the commonly known as GWs from soundwaves. Also, the latent heat
is converted into kinetic energy of the scalar field. The efficiency of converting vacuum energy into
scalar field gradient energy is denoted by k¢ and given by kg = %7 where pg is the energy density
of the scalar field and p,4. that of the vacuum. The efficiency is usually small since the contribution
from bubble collisions is subdominant [162]. The fraction of the latent heat which goes into the bulk
motion, i.e.: the fraction of vacuum energy converted into the kinetic energy of the bulk flow, is given
by Ksw = %. This efficiency is dependent on the strength of the transition o and the bubble wall
velocity v,,. The motion of the plasma will be important to determine the efficiency of the sound waves
in a FOPT, so we now review the aspects of the plasma hydrodynamics in the presence of expanding
bubbles from a FOPT [157]. The derivations are done under the assumption that there is only one
expanding bubble interacting with the plasma, which behaves as a perfect fluid. Also, the bubble is
assumed to be spherically symmetric, so that the fluid spatial dependence is given in terms of the
radial coordinate r from the center of the bubble [157]. As the bubble wall velocity increases, the
plasma profile may behave in three different ways, deflagrations, hybrid, and detonation. For a known
Uy, these three solutions to the hydrodynamic equations of the transition are schematically represented
in Fig. 7.3, retrieved from Ref. [163].

e Detonations. The PT wall moves at a supersonic speed, v,, > ¢, and the strength of the

transition is weak enough o < ad¢t = %[157} If this condition is not satisfied, the
solution is hybrid. In detonations, the plasma shell follows the expansion of the bubble wall with

speed v, [163].

¢ Deflagrations. The plasma is at rest inside the wall, so the velocity is v,, < ¢s. However, the wall
pushes the plasma shell around it [157].
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Figure 7.3: Image retrieved from Ref. [163]. Solutions to the hydrodynamic equations of a phase transition. For subsonic
vy the bubble expansion takes place through deflagrations. For supersonic v,,, the solution is either detonations, for
weak enough transitions, or hybrid, in stronger transitions.

e Hybrids. The detonation and deflagration solutions are combined to obtain a new velocity
profile. This is a Physical scenario since supersonic deflagrations are not stable but develop a
detonation-like profile. In this case, v,, > ¢s in the plasma, and there exists a strong interaction
with the plasma [157].

As a summary, for subsonic v,, the bubble expansion takes place through deflagrations. For supersonic
Uy, the solution is either detonations, for weak enough transitions or hybrid, in stronger transitions.
As mentioned above, the efficiency of the sound waves in the transition is dependent on the solution to
the plasma equations of motion, deflagrations, hybrid, and detonation. More information is provided
in appendix F.

7.3 Implications for First Order Phase Transitions from the
three LIGO-Virgo observing runs

As already mentioned, no detection of a GWB has been made, but with the current sensitivity, we
can set upper limits over the parameters of strong FOPT taking place at temperatures between
107 — 10'°GeV. In our study, we did not account for turbulences, since they are subdominant and their

spectrum is the least well understood [161].

The energy density in GWs for the contribution from SWs is given by [161, 144]

2 _ o (Hp [ Kawa)? (100" 1\ 7 7/2
st(f)h =2.65 x 10 <7p> (1 + Oé> < G ) X Uy (fs_w> <4 T 3(f/fsw)2) T(Tsw) s
(7.4)

where fy is the peak frequency, given by

1 /6 Tpt Gx %
sw — 19— | — _— Hz. )
f O (Hpt> (100GeV> (100) ptiz (7.5)

The parameter ¥ = 1 — (1 + 274 H,¢)~*/? is a suppression factor introduced in Ref. [164] and it is
due to the finite lifetime, 74y, of sound waves. The spectrum of the contribution from sound waves,
Eq. (7.4), is shown in Figure 7.4 for different combinations of parameters compared to the O3 PI
sensitivity curve (solid blue line). It is assumed that the GWB is only sourced by sound waves. From
Figure 7.4 we can make some qualitative statements. Large temperatures correspond to high peak
frequencies. Also, the change in « affects the amplitude of the spectrum. For larger «, the amplitude
of the spectrum increases. Finally, The change of 5/H,, affects both the peak frequency and amplitude
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Figure 7.4: Spectra from the contribution of SW to the GWB compared to the PI curve for O3 (blue solid line). It
is assumed that the GWB is only sourced by sound waves, and the bubble wall is equal to the speed of light v,, = 1.
Left Spectra corresponding to o = 0.1 and 3/Hpt = 1. Each dashed line corresponds to the spectrum at different
temperature. Large temperatures correspond to large peak frequencies. Centre Spectra corresponding to T = 109 GeV
and B/Hp: = 1. Each dashed line corresponds to the spectrum for different strengths. For larger «, the amplitude of
the spectrum increases. Right Spectra corresponding to @ = 0.1 and 7" = 10° GeV. Each dashed line corresponds to
the spectrum with different 8/Hyp:. Larger 3/Hp¢ correspond to higher peak frequencies and smaller amplitudes of the
spectra.

of the signal. Larger 5/Hp,; correspond to higher peak frequencies and smaller amplitudes of the spectra.

When SW are highly suppressed, BC become dominant. The contribution from BCs is described in
Refs. [165, 166] and given by

- o (Hu\? [ kea \? (1003
Qeont(f)h2 = 1.67 x 10 A(é’) <1+a> x(g*) Senv(£), (7.6)

where the amplitude A is given by A(v,,) = 0.48v3 /(1+5.3v2 +5v.). The function Seyy is the spectral
shape, given by Seny = 1/(c1f > + (1 —¢c; — ) f~ + enf), where ¢; = 0.064, ¢;, = 0.48, obtained
from numerical fits to simulated power spectra in Ref. [167], and f=7f / fenv. The quantity feny is the
present peak frequency, given by

_ fbc 5 Tt G« é
Jeny = 16.5 (g) (g) (m’éw)(me) uHz, (7.7)

where fy. is the peak frequency right after the transition fi. = 0.353/(1 + 0.069v,, + 0.69v2). Eq. (7.6)
was obtained with the envelope approximation [168], which assumes infinitely thin walls of the bubbles.
The spectrum of the contribution from bubble collisions, Eq. (7.6), is shown in Figure 7.5 for different
combinations of parameters. It is assumed that the GWB is only sourced by bubble collisions, k. = 1.
From Figure 7.5 we can make some qualitative statements. Large temperatures correspond to large peak
frequencies. For larger «, the amplitude of the spectrum increases. The change of 3/H,, affects both
the peak frequency and amplitude of the signal. Larger §/H,; correspond to higher peak frequencies
and smaller amplitudes of the spectra. It can be noticed that the amplitude of the spectra from BC is
larger than those from SW for the same set of parameters.

In reality, the contribution from CBCs to the GWB is non-negligible. Assuming a reference amplitude
of Qe (f) = 1079 and using Eq. (6.31), a spectrum for the CBC contribution is obtained. It is then
added to the spectra from Figures 7.4 and 7.5, resulting in Figures 7.6 and 7.7, respectively.

According to the definition of the PI curve in section 6.3, any spectrum above the PI curve will have
an SNR above a given threshold. In the isotropic searches, the threshold is 3. No detection of a
GWB has been made, so the combination of parameters leading to a spectrum above the PI curve is
discarded. Discarding parameters case by case in a two-dimensional plot is not accurate since this
approach does not account for systematics, so a Bayesian search was performed to set upper limits
over the parameters of the models. We ran the Bayesian search over the isotropic correlated data from
the three first observing runs®. Two sets of models were used to describe the contribution of GWs

5This data is publicly available at: https://dcc.ligo.org/LIGO-G2001287
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Figure 7.5: Spectra of the contribution from bubble collisions to the GWB. They are compared with the PI sensitivity
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from FOPTs to the GWB. Firstly, a broken power law (BPL) was used. Secondly, a phenomenological
model was used with spectra given by Eqgs. (7.4) and (7.6). In both cases, the contribution from the
CBC background was included using the spectrum from Eq. (6.31). A contribution from Schumann
resonances (see section 6.4.1) was neglected.

The BPL is given by

(na—nq1)/A
fym 2
() = () |14+ () 1 , (7.8)

e i
where f, is the peak frequency. In our search, the prior on f, is uniform and contains the region of
highest sensitivity in the LIGO-Virgo network. In Eq. (7.8), the spectral index n; is set to 3 from
causality. As discussed in Ref. [169], the power spectrum at large scales is that of white noise (flat
in frequency) and since Qg is proportional to k% times the power spectrum, then it grows as k3.
Hence, the energy density spectrum behaves like f2 and thus the choice of n; = 3. The other spectral
index nsy takes the values —4 or —1 depending on which is the main source of GWs, sound waves, or
bubble collisions, respectively. However, in our search, we chose a uniform prior from -8 to 0, which
includes both of these extreme cases. The parameter A is set to 2 for SW and 4 for BC. The prior
on the amplitude of the contribution from FOPTs to the GWB, (2., is log uniform, same as the one
for Q,cr. Consequently, the model fitted to the data is Qaw (f, 8gw ), where Ogy = (Qref, D, fi, n2).
The priors on these parameters are summarized in Table 7.1.

Broken power law model

Parameter | Prior type Prior range
Qrey LogUniform | (10710, 1077)
Q. LogUniform | (1079, 107%)
fa Uniform (0, 256 Hz)
nq - 3
N9 Uniform (-8,0)
A - 2

Table 7.1: Priors used for the parameters of the BPL+CBC model in the Bayesian search. The spectral index n1 = 3
from causality. The parameter A = 2 corresponds to SW dominating the production of GWs and it leads to more
conservative upper limits than with A = 4. The prior for f. is uniform and contains the region of highest sensitivity in
the LIGO-Virgo network. The narrow prior on .y stems from previous estimates of the CBC background [100].

This analysis led to a Bayes factor of log BS§£+BPL = —1.4, which shows no evidence for a signal

described by the BPL and CBC model. The posterior distributions obtained are in Figure 7.8. The
posterior on Q,¢r allows obtaining an upper limit at 95% CL of 6.1 x 10~?, consistent with the UL from
the O3 isotropic search [21]. Similarly, an upper limit at 95% CL is obtained for Q, = 5.6 x 10~7. From
this upper limit, assuming a reference frequency of 25Hz and choosing individual posterior samples
for f. and ng, the UL at 95% CL on Qgpr, is 4.4 x 1079, The wide posteriors on ny and f, show no
preference for any particular value.

The Bayesian search was repeated using delta priors over ny and f, to obtain upper limits at 95%
CL on €. The values chosen for f, are 1Hz (below the LIGO-Virgo sensitivity range of frequencies),
25 Hz (the region where LIGO-Virgo have the highest sensitivity), and 200Hz (above the sensitivity
region). The spectral index ny takes values corresponding to the case in which only BCs source the
GWRB or the case with only SW, -1, or -4, respectively. The results from these searches are in Table 7.2.
The most constraining upper limits on Q2% are obtained for f, = 25Hz. This is expected given that
it is the region with the highest sensitivity in the LIGO-Virgo network. For f. = 1Hz, the faster the
decay, i.e.: the smaller no, the less stringent ULs.

A similar methodology was then used using the phenomenological model instead of the BPL. Two

benchmark cases were studied, one where the only source of GWs are BCs and other in which only
SWs contribute to the GWB. In the case of only BCs, the spectrum is given by Eq. (7.6). The bubble

108



210 -9 -

8
10g 08 dret

-7

-8
log,

08

Figure 7.8: Posterior distributions over the BPL+CBC model parameters. The posterior on .. allows to obtain an
upper limit at 95% CL of 6.1 x 10~9. Also, an upper limit at 95% CL is obtained for Q. = 5.6 x 10~7. The wide
posteriors on na and f. show no preference for any particular value.

Broken power law model

f+ =1Hz f+ =25Hz | f.=200Hz
no=—1 | 33x1077 | 35x10°8 | 2.8 x 10—~
no=-2182x10"% | 6.0x1078 | 3.7x10°7
no=—-4 | 52x107% | 1.8 x10~7 3.7x 1077

Table 7.2: Upper limits for the energy density amplitude, 925%, in the broken power law model for fixed values of the
peak frequency, f., and negative power law index, na.
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wall velocity is set to v,, — 1 and so is the efficiency k4. The narrow prior on €2,..¢ stems from
previous estimates of the CBC background [100]. The prior on « is not higher than 10 because Egs.
(7.4) and (7.6) may not be applicable, and large « does not translate into an increase in the GW
amplitude. The prior on 3/Hp: could not contain values lower than 10~! because it would imply
the transitions would never complete. The inverse duration 3/H, is related to the mean bubble
separation by Ry H,: = (87)/3v,,H, /B [167], so for very small values of 3/H,, the large separation
between bubbles would not allow the transition to complete. The temperatures chosen are large
enough so as to have a signal comparable to our current sensitivity. These values are well motivated by
particle Physics (see section 7.1). Consequently, the model fitted to the data is Qgw (f, 8y ), where
Ocw = (Qpes, 0, Ty, B/Hp). A summary of the priors used are in Table 7.3.

Phenomenological model

Parameter | Prior type Prior range
Qres LogUniform (10719, 1077)
a LogUniform (1073, 10)
B/ Hp LogUniform (1071, 10%)
Tt LogUniform (105, 101° GeV)
Ve — 1
K¢ - 1
Ksw - fla,vy) € 0.1 —0.9]

Table 7.3: Priors used for the parameters of the phenomenological+CBC model in the Bayesian search. The narrow prior
on Q.5 stems from previous estimates of the CBC background [100]. The prior on « is not higher than 10 because Egs.
(7.4) and (7.6) may not be applicable, and large o does not translate into an increase in the GW amplitude. The prior
on B/Hpt could not contain values lower than 107! because it would imply the transitions would never complete. The
temperatures chosen are large enough so as to have a signal comparable to our current sensitivity.

From this search, the Bayes factor obtained is log BSECTBY = —0.74, showing again no evidence for a

signal described by this model. The posterior distributions obtained are in Figure 7.9. The posterior on
Q¢ allows to obtain an UL at 95% CL of 5.91 x 1072, in agreement with the O3 isotropic result [21].
The inverse duration /H,, shows preference for larger values, which is expected. The posteriors
on « and T}, show no preference for any particular region. However, exclusions at 95% CL are ob-
tained in parameter space. Values of v > 1, T}y > 108GeV and 3/H,; < 1 are excluded at 95% CL [100)].

The search was repeated using delta priors on 5/H,,, and T}, in order to get upper limits at 95% CL
on Qeo. The results are in Table 7.4. The ULs vary between 4.0 x 1072 to 1.0 x 10~8, with more
stringent upper limits at large §/H,; or large T),,. For very large 3/Hp, and Ty there is not enough
sensitivity to place constrains to the model parameters. In all of these runs, the UL at 95% CL on Q,.f
is between 5.30 x 1077 and 6.05 x 1079, which are consistent with the result from the O3 isotropic
analysis [21].

Phenomenological model (bubble collisions)
Q95% (25 Hz)

coll

B/Hpt \ Tt 107 GeV 10% GeV 10° GeV 1019 GeV
0.1 92x1079 [ 88x 1079 | 1.0x 1078 [ 7.2x 1079
1 1.0x 1078 | 84x107° | 5.0 x 1079 -
10 4.0x%x 1079 | 6.3 x 1079 - -

Table 7.4: The 95% CL upper limits on 9227{’ (25 Hz) for fixed values of 3/Hpt and Typt, and vy = kg = 1. The dashed

lines denote no sensitivity for exclusion.

In the case in which only SWs source the GWB, the spectrum is given by Eq. (7.4). The priors are
the same used for the BC case, Table 7.3. The only difference is that the efficiency is dependent on
the strength of the transition and the bubble wall velocity, given by Eq. (F.1). From this search, the
Bayes factor is log BSECHSW — (.66, showing no evidence for a signal. The posterior distribution on

noise

Qycr allows to obtain an UL at 95% CL of 5.86 x 10~?. The posteriors on a, Tyt and 8/Hy,: show no

110



e A
-7-3 -2 -1 1 6 8 0-1 0 1 2 3

10g0 ref log, a logyy T logy 5/Hpt

log1 B/ Hpt log,, T’

|
—

|
—
S

I
©

Figure 7.9: Posterior distributions for the phenomenological(BC)+CBC model parameters. The posterior on €.y allows
to obtain an UL at 95% CL of 5.91 x 10~9. B/Hpt shows preference for larger values. The posteriors on « and Tyt show
no preference for any particular region. However, exclusions at 95% CL are obtained in parameter space. Values of
a> 1, Tpt > 108GeV and B/Hpt < 1 are excluded at 95% CL.

preference for any particular region. As noted above, the amplitude of the spectra from BC is larger
than those from SW for the same set of parameters. For this reason, the constraints on the SW model
are less stringent.

The search was repeated though setting delta priors over 5/H,,;, and T};. The results are in Table 7.5.
The dashed lines denote no sensitivity for exclusion.

Phenomenological model (sound waves)
Q9% (25 Haz)

B/Hpt \ Tpt 107 GeV 10% GeV 107 GeV
0.1 = - =
1 6.09 x 10710 | 3.26 x 1079 | 1.41 x 10~10
10 - - —

Table 7.5: The 95% CL upper limits on Q%S(V? (25 Hz) for fixed values of 5/Hpt and Tp¢, and vy == 1. The dashed lines
denote no sensitivity for exclusion.

Finally, the search was repeated for lower v,,. The results are in Table 7.6. The Bayes factors indicate
that there is no evidence for a signal described by the phenomenological model in the data. The
predicted energy density €2, is lower than with v,, = 1. There is no difference in the UL on Q. as
Uy 18 varied.

In summary, using the data from the three observing runs from LIGO-Virgo we have been able to
place ULs at 95% CL on the normalized energy density from unresolved CBCs and a FOPT. The data
can exclude part of the parameter space at large temperatures. In a scenario where bubble collisions
dominate, with v, = 1 and k¢ = 1, part of the parameter space with T, > 108GeV, a > 1 and
B/Hp < 1is excluded at 95% CL. In the case of dominant sound waves, the exclusions are limited for
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Figure 7.10: Posterior distributions on the phenomenological(SW)+CBC model parameters. Image retrieved from Ref.
The posterior distribution on €.y allows to obtain an UL at 95% CL of 5.86 x 10=9. The posteriors on a, Tpt and
B/Hpt show no preference for any particular region.

Phenomenological model (sound waves)
vy | log BEBCHSW T U1, at 95% CL on Qs

noise
0.7 —0.607 5.93 x 1077
0.8 —0.597 5.77 x 1079
0.9 —0.668 5.84 x 10~°

Table 7.6: Upper limits on the energy density in GWs from SWs, ng’u%, for fixed values of the bubble wall velocity.
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B/Hp < 0.1 and Tp; > 108GeV. These results show the importance of using LIGO-Virgo GW data to
place constraints on new phenomena related to strong FOPTs in the early Universe.

7.4 Primordial Black Holes

Primordial Black Holes (PBHs) could have formed in the early Universe from gravitational collapse
of large inhomogeneities in the early Universe [170]. As listed in Ref. [149], there are many scenarios
how such inhomogeneities could have formed. Prototypical examples include quantum fluctuations
generated during cosmological inflation and cosmological first order phase transitions. PBHs could
have a mass M ~ c¢3t/G ~ 1015t/(10723s)g, so the mass range is very wide considering t since Planck
time until now. E.g.: PBHs formed at the Planck time (t = 10~*3s) would have a mass of 10~5g, while
those formed at t = 1s could have a mass as high as 10°Mg. Also, the PBH mass is proportional to
the horizon mass at the time the PBH forms.

Many are the possible scenarios under which these inhomogeneities may have collapsed. As provided by
Ref [149], there is a list of these scenarios, collapse from inhomogeneities during the radiation-dominated
era, critical collapse, collapse from single-field inflation, collapse from multi-field inflation [171], from
inhomogeneities during matter-dominated era [172], collapse of cosmic string loops [173], collapse from
bubble collisions, collapse of scalar field and domain walls [174]. We will focus on the collapse of
large inhomegeneities generated during inflation. In this case, overdense regions in space would stop
expanding and re-collapse [175] during radiation dominated era . To explain the collapse, we first
introduce the density contrast induced by these fluctuations at some scale, denoted by §. If the density
contrast exceeds the critical value d., the region will collapse gravitationally and form a PBH after the
fluctuation re-enters horizon. An estimate of the value of §. was first obtained by Carr in Ref. [176],
where he studied the Jeans mass of the fluctuation. This study led to . = 1/3. More recent numerical
studies have shown that the value of d. is a bit higher. In our search we assume d. € [0.4,2/3] [177].

The concept of a region entering the horizon mnetioned above is explained in what follows. During
inflation, the length of large curvature perturbations increased exponentially. Some of these length
scales became even larger than the Hubble horizon 7 (see black curves in Figure 7.11). After inflation,
the large curvature perturbations on a comoving scale 8 k re-entered the horizon when k = aH, where a
is the scale factor (the "size" of the Universe), that is when the physical length scale of the perturbation
became smaller than the Hubble horizon.

7.4.1 Parameters describing PBHs

In what follows, the Lambda Cold Dark Matter (ACDM) model applies with an age of the Universe of
t, = 13.8Gyr. From The Friedmann equation, the density p and temperature 7" are given by

8t G 43 G
~ 3 PT
As mentioned above, PBHs produced by critical collapse formed when large curvature perturbations of
scale k re-entered the horizon (see Figures 7.11 and 7.12). For that reason, it can be assumed that the
mass of the PBH is equivalent to Mj. Consequently, M follows the scaling law [178]

H? g. T*. (7.9)

M = KMy (6, — 60)” (7.10)

6The radiation-dominated era is the stage after reheating, where many of the light elements get produced [150]

"Hubble horizon is a conceptual horizon defining the boundary between particles that are moving slower than the
speed of light relative to an observer at one given time and a causally un-connected region of space time. From causality,
a particle outside the light cone of a particle P cannot "connect" in any way to the particle P, unless its speed is faster
than the speed of light, which is not possible. Hence, anything outside the Hubble volume is irrelevant for particle P as
it can never reach it.

8 A small comoving distance between two nearby objects in the Universe is the distance between them which remains
constant with time if the two objects are moving with the Hubble flow. In other words, it is the distance between them
that would be measured with rulers at the time they are being observed (the proper distance) divided by the ratio of the
scale factor of the Universe then to now, i.e.: the proper distance multiplied by (1 + z), where z is the redshift.
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Figure 7.11: Evolution of comoving length scales (associated with the Fourier wavelengths of the scalar field fluctuations)
during and after inflation. The end of inflation is represented by the vertical dotted red line. Before inflation, the length
of the scales increases exponentially. After inflation, they start decreasing. The largest scales by the end of inflation
are those that "started" first. In this schematics, the pink scale is the only one that did not grow to super-horizon
sizes during inflation, while the black ones did. IL.e.: the length scales such as that of the pink comoving scale did not
grow over Hubble scales. This can also be expressed as the pink scales did not "exit" the horizon. Super-horizon is
manifested as curvature perturbations. As super-horizon modes re-enter the horizon, they source acoustic oscillations in
the post-inflationary plasma. Those scales that enter the earliest oscillate for longer and so they damp the most by the
time the CMB is generated at recombination. So, the longest-wavelength modes are most evident in the temperature
spectrum of the CMB

where My, is given by

~1/6

-2 4 -3
k ) s, 59 (7.11)

My, ~ 1.4 x 10"
k x (Mp01 106.75

In Eq. (7.10), d,,, is the density contrast, related to the curvature perturbations d¢ by 6, = o — 3/862.
The value of & is dependent on the procedure used to smooth the primordial perturbations [179]. The
value v = 0.36 is the universal critical exponent during radiation domination [180]. In most PBH
studies, in order to ease the calculation, all PBHs are assumed to have the same mass M or at least
mass in a range [M — AM, M + AM] for AM < M.

The fraction of the Universe’s mass in PBHs at their formation time ¢; is denoted by S(M). It is given
by [149]

B(M) = w — M w ~7.99 x 10~29 7—1/2 (A)l/zl (M>3/2 (nPBH(iO)> ,
o(t;) 3T, s(t) 106.75 Mg 1Gpc™3
(7.12)
which relates it with the number density of PBHs npgp(t). In Eq. (7.12), the subscript i indicates the
values are at the epoch of PBH formation. The current density parameter for PBHs is given by [149]

M i A M\ Y2
Qppy = PPBH _ nPBH( 0) = BQcmp (1 + Z) ~ 1065 () ~ 109ﬁ () , (713)
Perit Perit S Mg

which allows to rewritte Eq. (7.12) as

h\2 / gu A Mo\ 2
~ 18 —1/2 (N xi M
B(M) =~ 7.06 x 10155 (067) (106.75) Qppu(M) <1015g) . (7.14)
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Figure 7.12: Scale k re-entering the Hubble horizon (red solid line). The vertical axis represents time and the horizontal
space. Inflation takes place from t; to tenq. During inflation, large curvature perturbations (blue solid line) enlarge
exponentially until the point where they exit the Horizon at ¢;(k). After inflation, the Horizon increases while the rate of
growth of the large curvature perturbations diminishes. This leads to the scale k reentering the Horizon.

It is convenient to define fppm, given by [181]

QppH

fPBH = ~ 3'SQPBH ~ 2.4ﬂeq, (715)

Qepm
where (., is the PBH mass fraction at matter-radiation equality. The parameter fppp is the ratio
of the current PBH mass density to the CDM density, which has the value 0.26 [182]. Constraining
Qppy places constraints on fppy. Depending on the mass of the PBH, it may have evaporated by
today. Black holes radiate thermally with a temperature given by

he M\ !
Tg= —————~107 (— ) K 7.16
P81 G M kg (M@> ’ (7.16)

, 3
so they evaporate completely in a timescale 7(M) ~ G; é‘f& ~ 1064 (Mﬂ@) yr. This implies that

only PBHs with a mass smaller than 10'°g could have evaporated by now. For a BH of mass
M = Mg - 10"g the temperature is Ty ~ 1.06 - M;;' TeV, so the BH does not have neither charge
nor angular momentum. The mass loss rate of an evaporating BH can be expressed as

dMo
dt
where f(M) is a measure of the number of emitted particle species, normalised to unity for a BH

with mass much larger than 10'7g (see extensive review in Ref. [149]). If the contribution from all
particles of the SM are added up to 1TeV, f(M) = 15.35 and the lifetime of a PBH is given by

—1
M
raa07 (H51) 0 arys.

= 534 x 107° f(M) M?s™ !, (7.17)

7.5 Implication for the formation of PBHs from the three
observing runs
The PBH formation is accompanied by a GWB generated at second order in the cosmological

perturbation theory due to scalar perturbations [183]. The spectrum of the generated GWB is given
in terms of the curvature power spectrum. In our search, we do not choose any particular model of
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inflation. We parametrize the peak in the curvature power spectrum by its position k., its width A
and the integrated power A. It must be noted that instead of indicating the position of the peak in
terms of frequencies, the wavenumber is used. The relation between the wavenumber and frequency is
k = 27 f/c, and using the definition of megaparsec: 1Mpc ~ 3.26 x 10° light-years, the final relation
we use is f/Hz = 1.6 - 10~*k/Mpc~t. We choose a log-normal shape

Pe(k) = \/%A exp [—mz(z/f*)] (7.18)

for the peak in the curvature power spectrum. A similar study was done in Ref. [184] for data
from the two first observing runs. The curvature power spectrum is represented in Figure 7.13 for
different sets of {f., A,A}. In the A — 0 limit the spectrum reduces to a Dirac delta function
lima_0Pc(k) = Ad(In(k/k,)). For A << 1 the amplitude of the induced GWB as well as the PBH
abundance become independent of A. For A > 1 these quantities are determined by the peak amplitude

Pelk) = oA
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Figure 7.13: Curvature power spectrum for different sets of {f«, A, A}. Left A =1 and f« = 100Hz. Smaller A lead to
narrower peaks. Centre A =1 and fx = 100Hz. Right A =1 and A = 1. Different f« only shift the spectrum.

From CMB observations, the amplitude of the curvature power spectrum is of the order of O(10~9),
which implies a very weak GWB that cannot be probed by any foreseeable detector. Nevertheless, for
PBHs to form, the curvature power spectrum amplitude needs to be of the order of ©(0.01) at small
scales, which leads to a GWB that can be probed by the LIGO-Virgo network. Peaks in the curvature
power spectrum with an amplitude of ©(0.01) can be generated by features in the inflaton potential,
such as an inflection point in single field inflation [185] or the change of the potential from convex to
concave in thermal inflation [186].

We ran a Bayesian search over the O3 isotropic data using as spectrum of the scalar induced GWB [187,
188]

vt =0t an(e) 5 [Lan [Car ()P (e

where Qg = 5.38 x 107° is the radiation abundance [182] and g, s and g. are the relativistic degrees of
freedom. The LIGO-Virgo network has the highest sensitivity in the frequency range between 10-500Hz,
which corresponds to wavenumbers between ~ 10'6 — 10" Mpc~'. These scales re-entered the horizon
when temperatures were above 108GeV, which corresponds to g. s = g« ~ 100. The spectrum peaks at
around the same wavenumber as the curvature power spectrum. The GWB spectrum is represented in
Figure 7.14 for different combinations of A, f., A, and is added to the non-negligible contribution from
CBCs (2 is chosen to be 6 x 107%). For fixed values of A, f., the larger the width of the peak in
the curvature power spectrum, the smaller in amplitude the GWB spectrum. For fixed A, f,, as the
integrated power of the peak in the curvature power spectrum increases, the amplitude of the GWB
spectrum increases as well. For fixed A and A, f, indicates the frequency at which the GWB peaks.
The GWB spectrum is given in terms of the function
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Figure 7.14: Spectrum of the GWB for different values of A, f., A added to the contribution from CBCs is compared
with the PI sensitivity curve (solid blue line). Left A =1 and f« = 100Hz. The larger the width of the peak in the
curvature power spectrum, the smaller in amplitude the GWB spectrum is. Centre A = 1 and f. = 100Hz. As the
integrated power of the peak in the curvature power spectrum increases, the amplitude of the GWB spectrum increases
as well. Right A =1 and A = 1. The peak frequency in the curvature power spectrum only shifts the spectrum in
frequency.
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2

x [(* - +"”2+§ L ( ‘)2+%(x2+y276)20(y*\/§)], (7.20)

represented in Figure 7.15. Alongside with F(z,y), the integrand of Eq.(7.19) is dependent on the
square of the curvature power spectrum, so for A << 1 the GWB spectrum has a peak amplitude of
Qaw = 0(10_5)142.
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Figure 7.15: F(z,y) evaluated for different values of x and y. Left F(x,y) for fixed values of x = {—1,0,1}. Extreme
values -1 and 1 lead to a flat function, while for x=0 a peak arises close to y=2. Right F(x,y) for fixed values of
y = {1,1000}. y=1 leads to a flat function. For larger y, F(x,y) resembles a Gaussian centered in 0 and its amplitude
increases as y increases.

The parameters of our search are § = (.., A4, ks, A), with priors summarised in Table 7.7. The priors
on the integrated power of the peak A and the peak wavenumber k, are chosen so that the resulting
spectrum can be probed by the current LIGO-Virgo network. The width A is chosen to cover narrow
and wide peaks. Finally, the prior on Q. stems from previous estimates of the CBC background [100].
Running the search led to a Bayes factor log BS§£+PBH —0.8 which shows again no evidence for a
signal. The posterior distributions for the parameters of the spectrum are in Figure 7.16. The posterior
on Q. allows to obtain a UL at 95% CL of 6.0 x 1079, which is consistent with the UL obtained
in the O3 isotropic search [21]. Data excludes part of the parameter space in k./Mpc~! and A. The
region where the LIGO-Virgo interferometers have the highest sensitivity, k. € [10*¢,10'7]Mpc~1, is
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Parameter Prior
Qrey LogUniform(10~10,10~7)
A LogUniform(10~3, 109-5)
k. /Mpc™?! LogUniform(1013, 1021)
A LogUniform(0.05, 5)

Table 7.7: Prior distributions used for the amplitude of the CBC background at 25 Hz, Q,..¢, the integrated power A of
the peak in the curvature power spectrum, its position k. and its width A.

where exclusions at 95% CL are obtained. The posterior on A shows no preference for any range of
values.
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Figure 7.16: Posterior distributions on the parameters of the curvature power spectrum describing the peak of the curvature
perturbations. The region were the LIGO-Virgo interferometer have the highest sensitivity, k« € [10167 1017]Mpc’1, is
where exclusions at 95% CL are obtained in the plane k./Mpc~! — A. The posterior on A shows no preference for any
range of values.

We then re-ran the Bayesian search through setting delta priors on A and k, to set upper limits on
A. The results are in Table 7.8. The most stringent ULs are obtained for k, = 10'"Mpc~!, which
corresponds to ~ 100 Hz, where the interferometers have their highest sensitivity. For large widths,
A >> 1, the UL on A is independent on the scale (see purple dashed spectra in Figure 7.17). The
most stringent UL is obtained for a narrow peak A = 0.05 and k, = 101"Mpc~!. In all these runs, the
ULs at 95% CL on Q,.s are between 5.5 x 107° to 6.6 x 109, which are in agreement with the O3
isotropic results.

The next step in our analysis consisted on comparing the direct bounds set on A by LIGO-Virgo
with the indirect bounds from BBN and CMB and the constraints from PBH formation. The indirect
bounds from the BBN come from the fact that an extra component of radiation such as the GWB
speeds up the expansion of the Universe, which can be checked by light element abundances produced
in the epoch of the BBN [188, 11]. This extra radiation can be parametrized by the effective number of
neutrino species, N, which is related to the energy density spectrum Qg,,h? ~ 5.6 - 1076(N,, — 3) [188].
For a fixed value of baryon number, N, can be constrained from the observational abundances of
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ks« = 1015 Mpc~ T kv = 1017 Mpc™ T | ki = 1019 Mpc~T
A =0.05 2.1 0.02 1.4
A =0.2 2.2 0.03 1.6
A=1 1.6 0.05 1.8
A=5 0.2 0.2 0.3

Table 7.8: Upper limits on the integrated power A of the peak in the curvature power spectrum at 95% CL for fixed
values of the peak position ks and width A.
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Figure 7.17: Spectrum of the GWB from the formation of PBHs (A = 1) added to the contribution from CBCs. The
spectrum is obtained for different values of the width of the curvature power spectrum. The same spectra are plotted for
increasing peak frequencies from left to right.

4He and D, and thus Qgwh? as well. In Ref. [188] an indirect bound on the abundance of GWs of
Qawh? < 1.8 x 1076 is obtained. Similarly, a GWB at the time of decoupling of the CMB would alter
the observed CMB and the matter power spectra [11], leading to a bound on the abundance of GWs of
Qewh? < 1.7 x 1076 [189].

To compute the bounds on A obtained from constraints in the PBH formation, we calculated the PBH
abundance from the peak in the curvature power spectrum following the procedure in Ref. [190]. It
was computed for two benchmark cases. For that purpose, Eq.(7.10) is used. As mentioned above,
d. € [0.4,2/3], so the two values chosen were 0.45 and 0.65, which were paired with x = 11.0 and
k = 3.0, respectively. The difference in the PBH abundance estimation between the two benchmark
cases reflects the uncertainties in the calculation of the PBH formation. In Figure 7.18, the BBN/CMB
bounds (shaded blue area) are compared with the LIGO-Virgo bounds for a very narrow peak A — 0
of the curvature power spectrum (shaded red area) and the bounds from PBH formation (green solid
lines). The uppermost axis shows the masses associated with a certain scale.

The bounds from LIGO-Virgo are more constraining than the indirect bounds from BBN and CMB in
the region 10'® — 10'Mpc~—!. However, the constraints from the PBH formation are the most stringent
in the whole range of scales. Nevertheless, with the LIGO-design sensitivity (dashed red line) and that
of ET (dashed orange line), the bounds will be more constraining than those from PBH formation.
The same procedure was then repeated but assuming a log-normal peak with A =1 as the curvature
power spectrum, Eq. (7.18). The results are in Figure 7.19 leading to the same conclusions [191].

In summary, the Bayesian analysis does not show evidence for a signal but indicates that the data has
the sensitivity to exclude part of the parameter space of the model. We have obtained constraints
depending on the width of the peak, its location, and the integrated power of the peak. These
constraints are stronger than the ones arising from BBN and CMB observations in the range O(10*°) <
k./Mpc™ < O(10'®). These constraints, reaching A ~ 0.02 for a narrow peak at k, ~ 10'"Mpc~!,
are still strong enough to compete with the constraints arising from the abundance of PBHs that such
peak in the curvature power spectrum corresponds to. However, we find that current ground-based
experiments at their design performance, and the future Einstein Telescope will reach the required
sensitivity, providing a very powerful probe of the standard formation mechanism of very light PBHs.
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Figure 7.18: Comparison of bounds set on A from the LIGO-Virgo network, BBN, CMB, and PBH formation. The
bounds from LIGO-Virgo (shaded red region) are obtained with a Dirac delta function peak in the curvature power
spectrum, i.e.: A — 0. The bounds from the BBN and CMB (shaded blue region) are indirect bounds on the abundance
of GWs. The bounds from PBH formation are obtained by calculating the PBH abundance from the peak in the curvature
power spectrum, Eq. (7.18). It was calculated for two benchmark cases: {x = 3.0,0. = 0.65}, upper solid green line and
{k =11.0,6. = 0.45}, lower solid green line. The dashed red line represents the bound that would be obtained with the
LIGO-Design sensitivity and in orange with ET.
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Figure 7.19: Comparison of bounds set on A from the LIGO-Virgo network, BBN, CMB, and PBH formation. The
bounds from LIGO-Virgo (shaded red region) are obtained for A =1 in the spectrum given by Eq.(7.18). The bounds
from the BBN and CMB (shaded blue region) are indirect bounds on the abundance of GWs. The bounds from PBH
formation are obtained by calculating the PBH abundance from the peak in the curvature power spectrum, Eq. (7.18).
It was calculated for two benchmark cases: {x = 3.0,. = 0.65}, upper solid green line and {x = 11.0,6. = 0.45}, lower
solid green line. The dashed red line represents the bound that would be obtained with the LIGO-Design sensitivity and
in orange with ET.
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Chapter 8

Conclusions

In this PhD document, several studies on Gravitational Waves using LIGO/Virgo data have been
presented, in which I was involved and that led to a number of publications in journals.

I made contributions to the development of novel instrumented baffles for Virgo via the development of
necessary simulations and laboratory work related to the calibration of photo sensors. The instrumented
baffle was installed in the Virgo Input Mode Cleaner end mirror in April 2021 and it is part of the
regular Virgo operations since then. In this thesis, the results from the new baffle have been presented.
The data have been used to measure the scattered light inside the cavity, which presents features
dominated by scattering processes from the mirrors facing the instrumented baffle in the triangular
cavity. The data were compared to simulations, which provides a fair description of the data. This
shows the potential of using data measured by instrumented baffles alongside with a simulation tool to
define quality criteria for mirror surfaces, detect defects in the mirrors, and in general improve the
understanding of the scattered light inside ground-based gravitational wave experiments like Virgo.

In the physics analysis side, the thesis focused on the search for an isotropic stochastic gravitational
wave background (GWB) using data from Advanced LIGO and Virgo O1-O3 observing runs. No signal
of a GWB has been found yet and 95% confidence level upper limits on the energy density spectrum
amplitude were set as a function of the frequency, significantly improving previous bounds. In addition,
by combining the information of the stochastic search with that of the compact binary coalescence
(CBC) in LIGO-Virgo, new information of the merging rate of black holes at large redshift has been
obtained. The results on the isotropic GWB have been reinterpreted in terms of several models for new
phenomena in the early universe. In any case, in the Bayesian analysis a simultaneous fit is performed
in the data to constrain the parameter of the model and the energy density in gravitational waves
from a possible unresolved CBC contribution (foreground) of astrophysical origin. The document
first explores the presence of strong first order phase transitions leading to gravitational waves and
upper limits are imposed on the parameters of the phase transition at large temperatures, inaccessible
to colliders. This demonstrates the potential of the LIGO-Virgo data to place constrains on strong
first-order phase transitions in the early universe. The data are also used to place constrains on models
describing the inflationary formation of primordial black holes accompanied by scalar fluctuations,
leading to gravitational waves. Again the LIGO-Virgo data are able to constrain part of the phase
space of the model. We have obtained constraints depending on the width of the peak in the spectrum
describing the GWB from primordial black holes, its location, and the integrated power of the peak.
The resulting constraints are stronger than those arising from big bang nucleosynthesis or cosmic
microwave background observations. In addition, we find that the constraints from LIGO and Virgo,
at their design sensitivity, and from the Einstein Telescope can compete with those related to the
abundance of the formed primordial black holes.

The signals from a gravitational wave background are the holly grail in the study of the early universe

using gravitational waves and will remain at the center of the physics program for the future experiments.
This will come together with further developments in the understanding of the noise in the experiments.
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Conventions

The conventions used in this thesis are summarized in what follows.

e Greek indices refer to spacetime coordinates.
o Latin indices refer to space coodinates.

e The Fourier transform is defined as

s(t) = \/LZTT /_0:0 5(f)e*iftqt.

o The parameter c is used to denote the speed of light and it has a value of ¢ = 2.998 x 10*%cm/sec.
It is set to 1 in most derivations.

e The parameter G is used to denote Newton’s gravitational constant and it takes the value
G =6.673 x 10~ 8cm?/gm - sec?.

o The parameter p.,, denotes the critical energy density required today to close the Universe, and
it takes the value p., = 3c2H2/(87G) ~ 1.6 x 10~%h% ergs/cm?.

e The parameter H, denotes the Hubble expansion rate today, and takes the value

K 1 1
HO = thO . 1007111 =3.2X 107181’11007 =1.1x 10728(3 . hlooi.
sec - Mpc sec cm

e The parameter higg is a dimensionless parameter used to account for the different values of H,
found in the literature. It takes values between 3 and 1 [88].

e Variables in bold or underlined represent vectors.

« Unless stated otherwise, speeds equal to 1 or 1/v/3 correspond to the speed of light or sound,
respectively.

o The parameter mp; is used to denote the Planck mass and takes the value 1.22 x 10 GeV.
« Signs in the Minkowski metric: 7, = diag(—1,1,1,1)

» In General relativity, indices are raised and lowered with the flat metric 7, .

o The symbol O = 7,,,0"0” = 0,,0” represents the flat space d’Alembertian.

o The parameter A is Planck’s constant, which takes the value 1.05-1073%J - s [9].
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Appendix A

Polarization basis

As seen in chapter 1, the Fourier coefficients h,p(f, Q) are expanded in terms of the + and x polarization
tensors ) . R R )

(£, €) = b (£, Q)i () + he(f, ), (), (A1)
where eg\b(fl) are the polarization tensors for the plus and cross polarizations, denoted by A = +, x.

They are given by

e:_b(ﬁ) = ﬁlaﬁlb - ﬁaﬁlm (A2)
&3, () = thafiy, + fatiip, (A.3)
where 2, 1 and fi are the unit vectors (see Figure A.1), defined as

N

Q) = cos ¢ sin O + sin ¢ sin 0y + cos 62, (A4)
m = sin ¢ — cos ¢, (A.5)
N = cos ¢ cos 0% + sin ¢ cos 0y — sin 67. (A.6)
Z A
direction to

~ GW source

X

Figure A.1: Figure retrieved from Ref. [80]. Convention for the unit vectors {€2, 1, n} in terms of which the polarization
tensors eﬁb(fl) are expressed. The unit vector {2 points towards the GW source. The other two unit vectors lie in the

place perpendicular to ). The unit vectors g and p would be used in the case of a rotation in the {m, i} plane of W.
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The polarization tensors satisfy eﬁb(ﬁ)eA"ab(ﬁ) = 2684, For waves propagating in the z direction, 1
and 7i can be identified as X and §, respectively, so the polarization tensors are expressed in matrix

form as
1 0 0 1
+ _ X
e, = (O _l)ab , enp = <1 O>ab. (A7)

125



Appendix B

Derivation of the cavity power in a
Fabry-Perot cavity

The field stored in an FP cavity of length L is denoted by Ecay,. The input test mass (ITM) has a
reflection factor denoted by ryry and a transmittance factor denoted by tyry. Similarly, the end test
mass (ETM) has reflection and transmittance factors denoted by rgry and tgrwm, respectively. The
incoming field is denoted by Ei,. A schematic representation of the FP and the fields involved in the
calculation of E¢,, is in Figure B.1.

E =
in -
E . =B, = tEn By
“ P E—
E, = rendEy
IT™M, t_ . r ETM, t

YTV’ ™ ETM’ rETM

Figure B.1: Schematic representation of the field stored within a FP cavity with input mirror denoted by ITM and end
mirror by ETM. Their transmissivities and reflectivities are represented by tmirrorname and I'mirrorname, respectively.

Following the schematic representation of fields in Figure B.1, E{, E5 and E3 are given by

—ikL
E1 = Ecave y
Ey = Eirgrm,

ES — Ege_ikL

)

Es = trrmBin + Estrrm = tirmEin + Ecavrermrrmae” 260, (B.1)

where k is the wavenumber, given by k = 27 /A, with A the laser wavelength. Under stationary
conditions, the field denoted by E4 in Figure B.1 represent the field stored in the cavity. The reason is
that under resonance, the field reflected by ITM has the same phase as the incoming field, so the fields
add up constructively, Ec.y = E4 = tirvmEin + Esrirvm. Consequently, the field stored in the cavity is
given by

trrM Ein

Ecav = (B.2)

1 — rppvrprve 2k
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The field reflected by the cavity is given by

Eout = rrrmEin + trrmEs = 1imvEin — trrve ™ 2 Eeay (B.3)

B.0.1 Stationary conditions

Under stationary conditions, the length of the cavity is a multiple of the wavelength of the laser
n\, where n is an integer, plus a very small deviation 6. The exponential in Eq. (B.2) can thus be

approximated by
e—2ikL _ e—2i7\'L/A _ e—2i7‘r(n)\+6)/)\ — e—217rne—217r5/>\ ~1, (B4)

where the small deviation has been taken to be § ~ 0 and the resonant condition is considered, i.e.: n is
even. The power transmittance is defined as the square of the transmittance factor T = t2. Also, from
energy conservation 12 +t2 = 1. Eq. (B.2) can be further simplified by using a series of simplifications
derived below. The denominator in Eq. (B.2) can be simplified as

1 1 4+ rrrMmrETM 14 rrrMmrETM

1 —rremrerm 1 — (tremrerm)? 1= (1= Trrem) (1 — Term)
N L + rrrMrETM (B.5)
Trrm + Term + O(TrrmTerM) ’

where in the last equality terms of order above O(TrrmTETM) have been discarded. This approximation
is reasonable since in real IFOs, the ITM and ETM have transmittances Tiry = 0.014, Tgry =
5-107% = TrrmTeTM << 1. The numerator in Eq. (B.5) can be further simplified as

Tirm + TerMm

1+rrrvrery = 14+/(1 = Trem) (1 — Term) & 1+ /1 — Tron — Term &~ 2— , (B.6)

where the last equality is obtained by Taylor expanding +/1 — Tty — Term. Finally, with the
simplifications from Egs. (B.5) and (B.6) the cavity field is

~ trovBm 4 — (Trrm + TeTMm)
Ecow = ————— = tirmEin
1 — rrTMIETM 2(Trrm + Term)

(B.7)

Considering the real values used as transmittances, Tyry = 0.014, Tgrv = 5 - 1076, the fraction in
Eq. (B.7) can be simplified to (4 — Trrm)/(2Trrm) =~ 2/Trrm. The cavity field squared is the cavity
power, which is given by

4

2 2
Ecav = tITMEini = Pcav = ‘Ecav| = TITMPinT = T
TITM TITM

P, B.8
Trr™m (B2

where Py, = |Eiy|2. The power reflected by the cavity Eqy is given by the reflected input field added
to the transmitted cavity field

Eout = Eintrrm + Ecavtiryn ~ Ein (rITM + 2) . (B.9)
2
The reflected power is then given by Pout = |Eout|? =~ Pin (rITM + 2) .

B.0.2 Off resonance

Off resonance means that § ~ A/4, in which case Eq. (B.2) becomes

tITMEin

Eeay = (B.10)

1+ rrrMmrETM

Following the same procedure as in Eq. (B.5), the denominator in Eq. (B.10) can be simplified
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1 _ 1 — rorMIETM _ 1 —ryrmreT™
L+rrmrer 1= (rrevrerm)? 1= (1= Trrm) (1 — TerM)
1 —rirMrETM

" Trrm + Term + O(TrrmTeTM)

(B.11)

The numerator 1 — ryrvreTM can also be simplified following the same procedure as in Eq. (B.6).
Discarding terms of order above O(TirmTrrMm), Eq. (B.11) can thus be rewritten as

1 Tirm+TeTM 1
~ 2 =_. (B.12)
I+rrrmrerm Trom + TeTme 2
The cavity power in off resonance is thus given by
1 9 1
Ecav ~ tITMEin§ = Pcav = |Ecav| ~ TITMPin1~ (B13)

The power reflected by the cavity Eqyt is given by the reflected input field added to the transmitted
cavity field

t2
Eout = Eintirm + Ecavtirm > Ein (FITM + %) : (B.14)

2
The reflected power is then given by Poui = [Eout|? ~ P2, (r%TM 4+ rrrmTrrm + O(Ti‘TM)) .

128



Appendix C

Pound Drever Hall method

Resonance is achieved in GW detectors by tuning the frequency of the laser to be in resonance with
the FP cavity, for which the Pound Drever Hall (PDH) [192] servo scheme is used. To correct the
frequency of the source an error signal is required. It is obtained by phase modulating the source at
frequency Qo4 as mentioned in section 2.2.1. The amplitude of the field in Eq. (2.38) is partially
directed to a photodiode that will read a current given by

_ _r - T - _ . r - .
B(6)B(t) = Eollo [RR — i (RR- — RRy)e %0t — i (RR - RR_)eIQdet] (C.1)

The next step consists on mixing the current from Eq. (C.1) with the demodulation current

D(t) — o121 moat + e—i<1>e—2i7rf2mdt7 (C_Q)

where ® is a variable that de-phases the field. For ® = 0 the demodulation is said to be in phase, while
for ® = 7/2 it is said to be in quadrature. The demodulated signal is thus given by B(t)B(t) x D(t). A
low pass filter is used to retain the demodulated current (DC) terms in the result, so the final current
is the demodulated filtered current (DFC), given by

| A _ L _
DFC = i EoE, [e@(Rm “RR_)+ e ®(RR_ — RR+)] (C.3)

The reflectance of the cavity for the carrier field is given by

1— o+ 2if
_ 4
R 1—2if ’ (C.4)

where f is the source offset with respect to resonance. For the sidebands, the modulation frequency is
assumed to be antiresonant, i.e.: shifted by half a FSR from the resonant frequency. At antiresonance,
the reflectance of the cavity and R4, R_ are close to 1, so

DFC = i%EOEO Xel® 4 Xe*iﬂ, (C.5)
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Figure C.1: Figure retrieved from Ref. [46]. Pound Drever Hall servo scheme error curve.

where X =R —R = %. The demodulation must be in quadrature. The error curve is plotted in
Figure C.1. The frequency interval between the two extremes is the FWHM of the resonance. There
exists a range of frequencies on which the error signal is proportional to the frequency excursion, and

this is the starting point of the PDH technique for serving cavities.
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Appendix D

Hermite-Gauss and Laguerre-Gauss
modes

The fundamental solution for the paraxial diffraction equation is given by Eq. (3.16). This solution
can be separated in a function dependent on z and y. Eq. (D.1) is a solution where u(z), P[u(z)x] and
Q[u(z)y] are real functions, and A(z) and q(z) complex functions.

U(x,y,2) = eA(Z)eikrz/(2‘1(Z))P[u(z)x]Q[u(z)y] (D.1)

The PDE can be rewritten as Eq. (D.2)[46], where X = u(z)x and Y = u(z)y. q(z) is required to be
the same as in the fundamental solution dq/9z — 1 = 0 and Egs. (D.3) and (D.4) must be satisfied. A’
and A’ are real arbitrary constants.

2i k(%A E)P(X)Q(Y) + k(j’j (% —1)PX)Q(Y)
IPRERCITR e
+u (g;z (Y)+%P(X)) =0 (D2)
%Jer (lelJrf)g—ijLA’P_o (D.3)
u%—i—Qk (gu+ )23+A”Q=0 (D.4)

From Eq. (D.4), since u, P and Q are real du/dz 4+ u/q has to be pure complex, so the real part
of du/0z + u/q is null. This non-reality allows to obtain u(z), Eq. (D.5), where p is chosen so that

u(0) = v2/w, = u(z) = v2/w(z).

ou u 1 0u VA 1
R{a—i_iz—lb}_():}a@__izz—&—b? %U(Z)—iﬁ2+z2 (D5)
Eq. (D.3) can then be re-written as
2
2 0P 4Xa—P+A’P—O (D.6)

w2 oX2  wioX
The solution of Eq. (D.6) exists if A’'w?/2 = 2n, where n is an integer. Eq. (D.6) thus defines the

Hermite polynomial of order n P(X) = H,(X) [46]. Similarly, Eq. (D.4) defines the Hermite polynomial
of order m Q(Y) = H,,(Y) [46]. This definitions allow to rewrite the PDE in Eq. (D.2) as

2i k(?,)A + 1) (m +n) 1 =0=A(z) = ln(Z —1ib) —i(m+n)atan<%> . (D.7)
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The PDE in Eq. (D.7) can be solved leading to the solution of the exponential in Eq. (D.1),

! 'b) —i(m + n) arctan(z/b) . (D.8)

Z—1

A(z) = ln(

The PDE then has Hermite-Gauss solutions, given by Eq. (D.9), where ¢y, , is a constant.

HG(m,n)(X,y;Z):Cm,neikZHm(\/i X )Hn(\/i y )e—i(rn-‘rn-‘rl)atan(z/b)e—rz/wz(z)eikrz/(QR(Z)) (D.Q)

w(z) w(z)

The properties of the Hermite polynomials, given by Eq. (D.10) are

n 2 n/2 n!
o) = o (= LYo 1, (0 = Z%(—l)sm(zx)“-?s (D.10)

o They obey the differential equation H](x) — 2xH/ (x) + 2nH, (x) = 0.
e Their derivatives are given by H/ (x) = 2nH,,_1(x).
e They obey the recurrent relation: Hy41(x) = 2xH, (x) — 2nH, 1 (x).

o They obey the orthogonality relation: ffooo Hm(x)Hm(x)e*"2 dx = /72™m!dy, ,, which allows to
1/2
2

compute the normalization constant for the HG modes: ¢y = S el

L H, (x)H, (x/)e=C"H)/2 — §(x — ).

« They obey a closure relation # > g

o Using the recursion formula it can be shown that there exist a translation formula Hy, (x +A/2) =
S CEH, i (x) AR,

o There is a scaling formula that HG modes satisfy: H,(8x) = Zﬁfo k!(nnfgk)!ﬂn_%(b’Q—l)an,gk (x).

o There is a reduction formula: Hy,(x)H,(x) = Z;n:ig(m’n) %Hmﬂl,%(x).

e A general expression of the Fourier transform for any mode:

2

~ W /i\m+n pPWw qw _w2(®2+a?)
U, o (Z =— (= 27—72)(mt0)/2 H,
wZpa) =T (7)) (22-2%) T ) °

o There is a useful Fourier transform involving the Hermite polynomials: # / e™H, (x)elPXdx =

(ip)“e_f’z/ 4, With this transformation the plane wave expansion can be expressed in terms of

Hermite polynomials: elPX = ¢=P"/4 030 (i;,’])!n H, (x).

A graphical representation of the Hermite-Gauss modes (n,m) for nym € [0, 2] is in Figure D.1. They
were generated with SIS (section 3.2).

When polar coordinates (r, ¢) are used instead of Cartesian (x,y), another set of solutions called the
Laguerre-Gauss modes can be found, Eq. (D.11). The Laguerre-Gauss modes are given in terms of the
Laguerre-Gauss polynomials, Eq. (D.12).

n 2
LGmn<r,¢;z>=cmneikz<\/5 r ) LE:?( g >ei(2m+n+l)atan(z/b)erz/WQ(Z)eikrz/(QR(Z))cos(nci))

w(z) w2 (z)
(D.11)
L0 (x) = mGT (Cfix)m(xﬂmeﬂ) (D.12)

The LG polynomials satisfy
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Figure D.1: Graphical representation of the Hermite-Gauss modes (n,m) for n,m € [0,2]. The shape of the mode
HG(n,m) is equal to that of HG(m,n) though rotated 90°. For larger values of n, m the mode will have more blobs.
Figure generated with SIS.
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Figure D.2: Graphical representation of the Laguerre-Gauss modes (I,m) for I,m € [0,2]. For larger values of 1, m the
mode will have more concentric rings. The mode LG(1,m) has rings of highest power where the mode LG(m,l) has rings
of lowest power. Figure generated with SIS.

o The recursion relation (m + l)LEn_)H( )=(0Cm+n+1- X)Lgf) (x) — (m+ n)L](r;l)_l(x)

« The normalization relation [58] [ Ly )Q(X)X“e_xdx = %, which allows to compute the

m!

normalization constants ¢y, = % om0 ()l
N !

A graphical representation of the Laguerre-Gauss modes (1,m) for l,m € [0, 2] is in Figure D.2. They
were generated with SIS (section 3.2).
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Appendix E

Paraxial ray analysis

The previous sections have described the propagation of light beam in vacuum. In what follows the
propagation of paraxial rays through optical systems is explained. The propagation of paraxial rays
through various optical structures can be described by ray transfer matrices. A paraxial ray in a given
cross section of an optical system is characterized by its distance from the optic’s main axis x and by
the angle or slope with respect to the axis x. Figure E.1 represents the propagation of a paraxial ray
through an optical element with input and output planes represented by the dashed lines.

h, h,
Input plane Output plane

Figure E.1: Propagation of a paraxial ray through an optical element with input and output planes represented by the
dashed lines. The principal planes are represented by dotted lines. The paraxial ray is characterized by the distance to
the optic’s main axis x and by the angle or slope with respect to the axis x’.

The ray transfer matrix for the optical element represented in Figure E.1 is given by

T2
3

€1

, E.1
o (E1)

|A B
~lc D

where the central matrix is referred to as ABCD matrix. The elements A, B, C and D are related to
the focal length of the system f and the location of the principal planes [58] as

1 D-1 A—1
f=-G » m=—F— ha=—F— (E.2)

Each optical element has a different ABCD matrix. For instance, the ray transfer matrix for propagation
through a distance d in vacuum is given by the matrix in Fig. E.2 [57, 58].
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e
> Ray transfer matrix:
Input Output
plane plane

Figure E.2: Ray transfer matrix for propagation through a distance d in vacuum. The arrow represents the propagation
direction.

The ray transfer matrix of rays passing through a thin lens of focal length f is given by the matrix in
Fig. E.3 [57, 58].

, Ray transfer matrix:

|
—h| =
)

Input : Output
plane plane

Figure E.3: Ray transfer matrix of rays passing through a thin lens of focal length f. The arrow represents the propagation
direction.

The ray transfer matrix of rays passing through a medium of length d with a reflective index that

varies quadratically with the distance r from the optical axis, n = n, — %n2r2, is given by the matrix

in Fig. E.4 [57, 58]. Laser crystals and gas lenses are represented by this matrix.

d
Ray cos(d), /22 L sin(d), /22
n v/ No n,
transfer ° on2 °
matrix: | —, /Mong sin(d) /52 cos(d), /52
(e} (e}
Input Output
plane plane

Figure E.4: Ray transfer matrix of rays passing through a medium of length d with a reflective index that varies

quadratically with the distance r from the optical axis, n = n, — %ngrQ. The arrow represents the propagation direction.

The ray transfer matrix of rays passing through a dielectric material of index n and length d is given
by the matrix in Fig. E.5 [57, 58].

d
>
n Ray transfer matrix: lj.l
Input Output
plane plane

Figure E.5: Ray transfer matrix of rays passing through a dielectric material of index n and length d. The arrow
represents the propagation direction.

Light rays that resonate within a FP cavity experience a periodic focusing action. The effect on the
rays is the same as the one due to the passage through a periodic sequence of lenses [57]. Figure E.6
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represents the periodic sequence of n lenses represented by their ABDC matrices. Once the rays pass
by all the lenses, the distance of the beam from the main propagation axis will be x,, and it will have
a slope /..

&) &)

Figure E.6: Periodic sequence of n lenses represented by their ABDC matrices. The effect on the rays passing through is
the same as on rays resonating with a FP cavity. One the rays pass by all the lenses, the distance of the beam from the
main propagation axis will be z,, and it will have a slope z/,.

The overall transfer matrix after n consecutive optical elements with the same ABDC matrix is

{A B] _ 1 [Asin(n@) —sin(n — 1)© Bsin(n®) (E.3)

C D|” sno C'sin(n®) Dsin(n®) —sin(n — 1)0| ’

where cos(©) = 2(A + D). These periodic sequences of lenses are stable when the trace A+ D obeys
-1<Oe<1.
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Appendix F

Efficiency of sound waves

The efficiency associated with sound waves ks quantifies the fraction of the latent heat which goes
into the bulk motion, i.e.: the fraction of vacuum energy converted into the kinetic energy of the bulk
flow. This efficiency is dependent on the strength of the transition a and the bubble wall velocity wv,,,,
i.e.: on whether there is a deflagration, hybrid or detonation scenario, as shown in Figure F.1.

hybrids 10

deflagrations i/’—x

T T T T
|

!

detonations

10-2 \ \ \ L \ \ \
02 03 04 05 06 07 08 09 1

&

Figure F.1: Efficiency of the sound waves as a function of the strength of the transition and the bubble wall velocity.
Image retrieved from Ref. [163].

In Ref. [163], a fit to the numerical results in Figure F.1 is done, and the efficiency can thus be
approximated by Eqgs. F.1. The fit has a precision better that 15% for the region 1072 < o < 10.

0, if vy < 1 — (3a)10/13
11/5
= if vy <c

’ > Gy

(‘3;1/5 - Uzlul/s)liz + UU)C§/5I€1 v
Fow (@, Vi) = { 72 + dk(—cs +vy) + [~k2 + Kyp — dk(—cs +v7)] X
(—cs +v7) 3 (—cs + vw)?, if cg < vy < vy
Kypkewl(—1 4 v7)30% 50,25 %
1
if vy > vy

kypVEP (=14 v)3 — (=14 vy)3] + Kpw1 (=1 4+ vy)3’

The quantities used in Eq. (F.1) are defined in Egs. (F.2).
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Acronyms

GW Gravitational Wave.

ADSP Angular density of scattered power
ADCs Analog-to-digital converter

BBH Binary Black Hole

BBN Big Bang nucleosynthesis

BC Bubble collisions

BPL Broken power law

BNS Binary neutron star

BRDF Bidirectional reflectance distribution function
BSDF Bidirectional scatter distribution function
BSM Beyond Standard model

CMB Cosmic Microwave Background

CL Credible/confidence level

CI Credible/confidence interval

CSD Cross-spectral density

DFT Discrete Fourier transform

DC Demodulated current

EW Electro-weak

ET Einstein Telescope

FFT Fast Fourier transform

FV False vacuum

FOPT First Order Phase Transitions

FT Fourier transform
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FSR Free spectral range

GR General Relativity

GWB Gravitational wave background
H1 LIGO-Hanford interferometer
IFO Interferometer

ITF Interferometer

IMC Input mode cleaner

L1 LIGO-Livingstone interferometer
NN Newtonian Noise

ORF Overlap reduction function
PCB Printed Circuit Board

PDE Paraxial Diffraction Equation

PI curve Power-law integrated sensitivity curve

PDF Posterior density function

PDH Pound Drever Hall

PT Phase transitions

QCD Quantum chromodynamics

QFT Quantum Field Theory

SM Standard Model

SNR . Signal to noise ratio

SR Special relativity

SW Sound waves

SIS Stationary Interferometer Simulation
TEM Transverse Electromagnetic Modes
TIS Total integrated scattering

TV True vacuum

TCS Thermal Compensation System

UL Upper limit
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V1 Virgo interferometer
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