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1 Introduction

The 10th edition of the Amaldi Conference hosted for the second time a session of
questions and answers on gravitational wave (GW) related topics. This session is
intended to answer questions about aspects of astrophysics, instruments, and searches
in the field of GWs, and is aimed primarily at graduate students and other researchers
new to the field. Seven topics were selected based on questions submitted by the
GW/GR communities. Cornish discussed the observational evidence and the theoret-
ical self consistency arguments supporting the existence of GWs. The detectability of
GW radiation produced by a supernova explosion was the topic of Reisswig’s talk.
Stuver put the accent on the spin-offs of GW research, such as technology devel-
oped for LIGO/Virgo that is now being used elsewhere. Van Den Broeck presented an
overview of the possible sources for the first direct detection of GWs. Sturani discussed
the interaction of the gravitational radiation with a laser interferometric detector and
if the detector itself absorbs some of the energy carried by the wave. Barsotti talked
about the technique that makes it possible to achieve a higher signal-to-noise ratio by
holding a GW interferometer’s signal port at the dark fringe as opposed to halfway
up a fringe. Finally, Sutton attempted to predict the date of the first detection by the
next-generation ground-based GW detectors.

The reaction of the audience was very positive, and the informality and relaxed
nature of the session encouraged lively debate between the speakers and the audience.

In the rest of this paper most of the talks contributed to the C6 session are sketched in
more detail, in the order in which they were presented at the conference. For the others,
the reader can refer to the GR/Amaldi website, http://www.fuw.edu.pl/~ktwig/c6.zip.

2 Invited talks
2.1 Why do we believe that GWs exist? (Presenter: N. Cornish)

The physical reality of GWs was a major topic at the last major international GR
meeting held in Warsaw. At the time, Feynman wrote to his wife that he was “surprised
to find a whole day at the conference devoted to this question” and that the discussions
“were not good for my blood pressure”. He asked her to to remind him to avoid future
gravity conferences. Fifty-one years later, the questions of the existence of GWs is
no longer in doubt thanks to the exquisite observational data showing overwhelming
evidence for the orbital decay of compact binary systems in full accord with the
predictions of General Relativity. The classic example of the Hulse-Taylor binary
pulsar system PSR1913+16 [1] has now been augmented by the double pulsar system
PSR J0737-3039A/B [2], the Pulsar—White Dwarf system PSR J0348+0432 [3] and
the double White Dwarf system SDSS J0651+2844 [4].

But do we have any other astrophysical evidence for the existence of GWs? One
possibility is the period distribution for binary systems. At long periods, the timescale
for GW driven evolution is very long, and it is processes such as stellar scattering or
gas dynamics that drive the systems towards merger. But as the binary hardens these
processes become less effective, and GW emission takes over, leading to a number
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density as a function of period that scales as N(P) ~ P'/3_ If GWs did not exist,
we would expect to see a pile-up of ultra-short-period binaries. Unfortunately the
observational evidence is scant in the case of stellar remnants, and non-existent in
the case of supermassive black holes. Nelemans [5] followed up on this possibility
and compared the output of a white dwarf binary population synthesis code with and
without GW emission included, and found small differences in the relative number of
short to long period systems—factors of 2 or 3 between the models. Future wide field
surveys may be able to distinguish between these possibilities, but for now the data is
inconclusive. Less direct evidence for the existence of GWs comes from interacting
white-dwarf binaries (so called AM CVn systems). GW driven inspiral is the most
plausible explanation for the existence of these systems, and GW emission has long
been held as the “sina qua non for stable mass transfer” [6], where the change in
the radius of the donor star exactly matches the change in size of its Roche lobe.
There is strong observational evidence [7] that the luminosity of AM CVn systems
follow the mass transfer rate predicted by GW driven evolution. A similar mechanism
has also been proposed to explain the tight clustering in the observed periods of low
mass X-ray binaries [8]. While GWs provide the most natural explanation for the
observed properties of interacting white dwarf binaries and low mass X-ray binaries,
other possibilities exist, and for now these provide less compelling evidence for the
existence of GWs than the binary pulsar systems.

On the theoretical front, there has been considerable progress on the questions that
exasperated Feynman in Warsaw. The physical reality of GWs in GR has been put
on sound footing by the work of Isaacson [9] and others (for a historical review see
Ref. [10]), but what if GR is not the correct theory of gravity, would GWs still be
a theoretical necessity? While it is difficult to produce a general proof that causal
theories of gravity necessarily predict GWs, it is probably safe to conjecture that the
vast majority of well posed theories of gravity predict GWs. Indeed, alternative metric
theories of gravity generically have a greater number of GW degrees of freedom than
the two polarization states of GR [11]. As noted by Laplace in 1805 [12], a causal
theory of gravity where the force between two bodies is not aligned with the instanta-
neous separation vector necessarily implies non-conservation of angular momentum.
In GR this aberration effect is partially cancelled by velocity dependent terms in the
interaction [13]—the v/c through (v/c)* terms all cancel—but the (v/c)’ term does
not cancel, yielding the Burke-Thorne quadrupole formula for GWs [14]. Laplace’s
argument makes it hard to conceive of theories where GWs do not exist. Hopefully
the physical reality of GWs will be confirmed decisively in the next few years with
the first direct detections by ground based interferometers and Pulsar Timing Arrays.

2.2 What kinds of supernovae could produce a detectable GW signal?
(Presenter: C. Reisswig)

2.2.1 Introduction
Gravitational waves offer a direct way of observing the inner dynamics of a supernova

explosion. Much like neutrinos, they are largely unaffected by regions that are opaque
to photons, and they carry first hand information about the dynamics of the explosion.
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The strength of a GW signal generally depends at lowest order on time changes in the
mass-energy quadrupole moment of the matter in the system. In a supernova explosion,
matter is typically accelerated in an asymmetric manner that may trigger changes in
the quadrupole moment. Therefore, one can generally expect a non-zero GW signal
from an observed supernova explosion. The key question, however, is whether the
emitted GW signal is actually strong enough to be detected by any of the upcoming
next generation ground-based GW detectors. To address this question, we need to look
at the various types of supernovae, what their progenitors are, and how an explosion
is possibly triggered.

Supernovae are classified according to their observed light spectra into two main
types: those which show presence of hydrogen (Type II) and those which do not (Type
I). Each of these two main types can be further refined into several subtypes according
to the presence of various elements. For instance, type Ia supernovae show presence
of ionized silicon, while type Ib and Ic only show weak or no presence of it (see [15]
for a review on observed supernova spectra). Despite the variety in their classification,
however, there are only three distinct known kinds of explosions. Type la supernovae
are caused by the thermonuclear disruption of a white dwarf (e.g. [16,17]; see [18]
for an estimate of the expected GW signal from a type Ia supernova within the single-
degenerate channel), while supernovae of types Ib/c, II (and all subtypes) are the
result of the collapse of a massive star’s core (e.g. [19,20]), or, alternatively, if the
star had a mass between ~ 130 Mo < M < 260 Mg, could be the result of a pair-
instability supernova (e.g. [21,22]). Here, we focus on the expected GW signals from
core-collapse supernovae (see [23,24] for reviews).

2.2.2 Stellar core collapse

By the end of the life of a massive star (8 Mg < M < 130 Mg), its core is composed
of an onion-skin structure of progressively heavier elements towards the center. At the
center, the core is composed of iron-group nuclei which can no longer be converted into
energy by means of nuclear fusion, and is supported against gravity by pressure from
relativistically degenerate electrons. Iron is the end product of silicon burning, and as
the star continues to burn silicon in the next surrounding shell, the iron core grows
and is eventually pushed towards its effective Chandrasekhar mass. Radial instability
sets in and the core starts to collapse, further accelerated by the loss of pressure
support from the degenerate electrons which are captured by protons, which in turn
leads to neutronization of the surrounding matter. The collapsing core separates into
a subsonically infalling homologous (v o r) inner core and a supersonically infalling
outer core. Once nuclear densities are reached, a new stable equilibrium emerges due
to the sudden stiffening of the equation of state. The infalling inner core initially
overshoots this new equilibrium and bounces back into the still infalling outer core.
This leads to the formation of a very strong shock front which travels outwards into the
infalling outer core. Shortly after its formation, however, the shock loses energy due
to the dissociation of iron-group nuclei into free neutrons and protons and decelerates.
Additionally, electron captures behind the shock result in neutrino losses, and thus lead
to further loss of pressure behind the shock. Eventually, the shock succumbs to the
ram pressure of the infalling outer material and turns into an accretion shock. To lead
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to a supernova explosion, the stalled shock must be re-energized by some mechanism
within the first ~0.5-3s after core bounce. Otherwise, the accreting material from
the infalling outer core will push the nascent protoneutron star at the center above its
maximum mass, leading to black hole formation [25,26]. Detailed reviews of core-
collapse physics are given in e.g. [19,20].

2.2.3 Explosion mechanisms

Currently, there are two favoured mechanisms for shock revival (see [20] for alterna-
tives). The two mechanisms lead to distinct features in the emitted GW signal which
we will very briefly discuss below.

The neutrino mechanism  The neutrino mechanism [27-29] is the favoured mech-
anism for shock revival for the majority of core-collapse supernova explosions with
energies 0.1 — 1 B (1 Bethe = 107'ergs). The collapse of the iron core leaves behind
a hot protoneutron star. Over a timescale of a few seconds, the hot protoneutron star
cools down due to the emission of copious amounts of neutrinos of all flavors [19]. This
releases energy on the order of 100B which corresponds to about ~99 % of the total
gravitational energy released in the collapse. Some of that energy can be absorbed in
a gain region behind the shock via charged-current neutrino captures, thus leading to
net heating and potential shock revival [27]. Unfortunately, 1D simulations show that
all but the lightest stars fail to explode, and those that do, result in rather low explosion
energies (e.g. [30-32]). A number of studies suggest that hydrodynamic instabilities
operating in multi-D are necessary to increase the dwell time of matter in the gain
region, thus increasing the neutrino heating efficiency (see [33—40] for recent multi-D
simulations). Two important hydrodynamic instabilities include convection and the
standing accretion shock instability (SASI). The latter instability causes the shock
front to strongly oscillate (e.g. [41,42]). Both hydrodynamic instabilities give rise to
GW emission that can be seen by next generation ground-based GW interferometers,
provided the explosion occurs within the Milky Way (e.g. [33]).

The magnetorotational mechanism A small fraction (~1-2 %) of observed core-
collapse supernova explosions are very energetic and reach explosion energies of
~ 10 B [43]. It has been suggested that another mechanism, the magnetorotational
mechanism, may be responsible for such powerful explosions (e.g. [44]). Due to the
conservation of angular momentum, a rotating core may be spun up by a factor of
~1,000 during the collapse [45]. A rapidly rotating core with period of ~1 s may thus
result in a ms-period rotating protoneutron star. Thus the available rotational energy
is greater than the energy necessary for launching a powerful explosion. Magnetoro-
tational processes can efficiently extract this spin energy and drive a powerful bipolar
explosion along the axis of rotation (e.g. [44,46]). Since in this scenario, the collapsing
core is required to be rapidly rotating, the GW signal will be dominated by a strong
peak signal at core bounce (e.g. [47]). This is caused by the rotationally flattened
collapsing core which, at bounce, generates a large accelerated quadrupole moment.
Furthermore, this triggers strong fundamental mode excitations in the nascent pro-
toneutron star that give rise to an oscillatory GW signal after bounce (e.g. [51]). In
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addition, non-axisymmetric instabilities can lead to powerful quasi-periodic GW emis-
sion tens of milliseconds after bounce, provided the protoneutron star is sufficiently
rapidly rotating or further spun up during deleptonization (e.g. [48,49]).

The entire signal will be visible throughout the Milky Way (e.g. [47,49-52]).

2.2.4 Conclusions

Core-collapse supernovae (supernova types Ib/c, IT) produce GWs that are detectable
by the upcoming advanced GW detectors (aLIGO, aVirgo) within our own Milky
Way. The morphology of the emitted GW signal of a core-collapse supernova greatly
depends on the parameters of the progenitor and the explosion mechanism. If the
progenitor star is rapidly rotating, the signal will be dominated by a pronounced peak
at core bounce followed by an oscillatory signal generated by fundamental mode
excitation in the nascent protoneutron star. Without rotation, the signal will be largely
due to prompt convection, standing accretion shock instability (SASI) activity, and
generally due to any aspherical motion in the region behind the shock. Interestingly,
the types of explosion mechanisms lead to distinct features that can be isolated and
detected based on Bayesian model selection and principle component analysis [53].
Thus, the GW signal from the next galactic supernova can inform us about the nature
of the explosion mechanism.

2.3 How does searching for gravitational waves help us here on Earth?
(Presenter: A.L. Stuver)

The value of gravitational-wave research is well established in the scientific commu-
nity: to observe the Universe in a way humans have never before been able to do
and to obtain new knowledge about our Universe that may have been forever out of
our reach otherwise. This is indeed a noble cause. However, many people outside of
academic circles value work differently, often favoring work that has more utilitarian
ends. When engaging the public, through outreach or casually, it is useful to be able
to answer the question, “What does looking for gravitational waves do for me?”

Gravitational waves will most likely never be able to be commercialized or
weaponized. However, there are many byproducts of the search for GWs that can
be applied in new ways. This is called spin-off technology, and many in the public
will associate this term with developments from the space program. There have been
several notable spin-off technologies from the interferometric search for GWs. The
LIGO Scientific Collaboration has been cataloging these innovations (available on the
web [54]) but it should also be noted that the potential of any new work is hard to
predict soon after its development. Below are a selection of five examples.

2.3.1 Adaptive laser shaping: correcting the wavefront error caused by absorption
Whenever light is absorbed in optics, it heats the medium causing its shape and index

of refraction to change. These perturbations in the optic cause wavefront errors to
which interferometric gravitational-wave detectors are susceptible.
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Corrections to this distortion can be made by using a second transparent element
and placing heating elements along the edge to create a lensed shape in the heater
material that counterbalances the wavefront errors caused by the mirrors absorption
heating.

This technique of adaptive laser shaping has practical applications outside of the
search for GWs as the development and use of other high-powered laser systems are
challenged with controlling the beam wavefront.

2.3.2 Measuring optic absorption to higher precision

As described in Sect. 2.3.1, the absorption of optics in gravitational-wave interferom-
eters needs to be minimized. As materials have improved, so has the need to be able
to measure increasingly small absorptions, into the sub-ppm region. A new method to
perform this task, called Photo-Thermal Common Path Interferometry (PTCPI), has
been developed. Two laser beams are used: one high-power beam from which light
will be absorbed and another low-power probe beam that will measure the thermal
distortions in the optic caused by the high-power beam.

This technique has resulted in the creation of the Stanford Photo-Thermal Solutions
(SPTS) and serves the optics and homeland security (US) communities.

2.3.3 High precision location sensing of optics

Once a suitable optic has been installed inside of a gravitational-wave interferometer,
knowledge of its location and any motion it may be exhibiting is needed for basic
instrument control. The standard way this has been done is with shadow detectors. A
magnet is attached to the optic and separated from the optic in a cylinder containing
withinitalight source on one side and a photodiode on the opposite side. The cylinder is
secured so that the magnet is within the cylinder without making contact. By detecting
the shadow cast by the magnet, the location of the mirror can be sensed and then
controlled by loops of current carrying wire wrapped around the outside of the cylinder.
A series of these sensors placed strategically around the optic can then distinguish
modes of motion and control it.

A potential replacement for this sensing method is the use of EUCLID (Easy to
Use Compact Laser Interferometric Device), which would not require any mounting of
parts onto the optic in order to sense its location. EUCLID uses homodyne interferom-
etry to sense the location of the optic itself little interferometers measuring the location
of the optics inside the larger interferometer. This new design is two-orders of magni-
tude better at detecting changes in location than the shadow sensing method. Due to
this works possible applications, including anything where the very precise knowledge
of where an object is needed, it has been awarded a patent (US2010/0238456 Al).

2.3.4 Development of oxide-bonding techniques
In first generation gravitational-wave interferometers, test mass mirrors were sus-

pended by treated metal wires. These wires introduced thermal noise within the detec-
tors sensitive bandwidth. In order to reduce this noise, the suspension was made to
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be quasi-monolithic, meaning that the fused silica mirrors are suspended from wires
made of the same material. Similar work had been done for Gravity Probe B [55]
and this work has been expanded upon by scientists at the University of Glasgow and
Stanford University. Specifically, the bonding of the wires to the mirror needed to be
thin, strong, and have low mechanical loss [56]. This method is being used for the
Advanced LIGO detector, has been patented (US2007/0221326 A1), and is being used
by multiple optics vendors for applications outside of gravitational waves.

2.3.5 A new blind search method for pulsars in gamma-ray and radio data

Besides physical technology, analytical techniques that have been developed for the
search of GWs and are being used for other analyses. Of the many different analysis
methods used to search for GWs, the search for continuous GWs (that is, long dura-
tion and consistent frequency signals like those produced by a spherically imperfect
rotating neutron star) has found new application to the search for gamma-ray and radio
pulsars. The LIGO Scientific Collaboration and the Virgo Collaboration have made
use of the BOINC distributed computing platform [57] in order to harness household
computers’ unused CPU cycles to undertake Einstein@Home [58]: a very computa-
tionally expensive search for continuous GWs. Einstein@Home has also used archive
data from the Arecibo radio telescope and the Parkes Multi-beam Pulsar Survey to
search for radio pulsars and the Fermi gamma-ray satellite to search for gamma-ray
pulsars to great effect. Since the beginning of 2012 to the time of this writing (late
2013), 48 new radio pulsars and 4 new gamma-ray pulsars have been discovered.

2.4 Do laser interferometer gravitational wave detectors absorb energy
from gravitational waves? (Presenter: R. Sturani)

The arrival of a GW onto a detector will in general alter the state of motion of an
observer and the goal of this section is to study the energy exchange of a GW with the
laser interferometer components: beam splitter, end mirrors and the laser itself. Let us
place them in the z = 0 plane at coordinates respectively (0, 0), (L, 0) and (0, L)
and consider for simplicity a GW traveling along the z direction. In the Transverse—
Traceless (TT) gauge the gravitational perturbation 4, has components g, = O,
hyx = —hyy = hy, hyy = hyx = hy, and the the metric element restricted to the x—y
plane can be written as

d? .= dr> — (1 4+ hy)dx? — (1 — hy)dy? — 2(1 + hy)dxdy . 1)
7=

Interaction between the GW and matter Given two nearby geodesic parametrized
by coordinates xi), x" (¢, _describing the motion of two test masses initially at
rest (dx'/dt|,—g = 0 = dx”/dr|r:Q, dt/dt|;,— = 1 = dt'/dt|,=0), the (space)
coordinate geodesic deviation Ei = x’' —x! atinitial time satisfies (see sec. 1.3 of [59])

d*¢
dr?

dg?
- e

@)

=0 =0
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as in the TT gauge at linear order 9, F60 = 0 and Ff) ;= doh;j/2, showing that the
coordinate distance of two particle initially at rest remain constants in the TT gauge
under the influence of a GW. However the proper distance s between the x-mirror and
the beam splitter changes:

1
s=L,(1+h)?~L, (1 + Eh+) , (3)

whose second derivative gives a Newtonian-like equation of motion

. 1. 1..
s:§+Lx:§+s (4)

as to lowest order in &, s >~ L. As the physical distance between two test masses
(like the mirror and the beam splitter) is time dependent in the presence of a GW, it
is expected that an energy transfer may take place between the GW and the interfer-
ometer, as first suggested in [60], by “putting in a spring” between objects in mutual
motion.

The mirror and the beam splitter are hung to the ceiling of the laboratory, in a
pendulum-like arrangement. The pendulum has a typical restoring period T ~ /I/g ~
few x10~!s (being [ the length of the suspension and g the gravity acceleration),
implying that the mirror is approximately in free fall for GW signals whose fre-
quency few > Hz.Onlonger time scales energy transfer, and eventually dissipation,
between the mirror and its suspension will take place.

In a real laboratory, positions are marked by rigid rulers and not by freely falling
particles. It is thus instructive to consider the mirror-GW interaction in the proper
detector frame (PDF). A standard results within General Relativity is that it always
possible to set to zero the Christoffel symbols I‘ﬁv along an entire geodesic by using
Fermi normal coordinates in the freely falling frame, see sec. 8.4 of [61]. Considering
the relative coordinate distance x’ between an arbitrary space-time point and to the
geodesic used to define Fermi normal coordinates, to linear order in x the metric
is flat and at second order in x/A (being A the curvature scale of the space-time,
A~ |Rojo; |_1/ 2) one has in the proper detector frame

i 2 .
dtppp =~ dt* (1 + ROinX’XJ) + 2dtdx' (EROjikx‘/xk)
Tdxt 1 ko1
—dx'dx! | 8 — 3 Rikjix™x" ) (5)

The laboratory may not be in free fall with respect to earth gravity field, but if we restrict
to motion in the z = 0 plane and to signals with fgw = 10Hz all “environmental”
effects can be safely neglected and the coordinate distance between neighboring geo-
desic results in

éliDDF = _R(i)jO%_l{’DF' (6)
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Observing that at O (x/A) the metric is flat and that the Riemann tensor components
are not only covariant (as common in General Relativity) but actually invariant in
the linearized theory, so that Rf) jo = —hj /2, being h the TT metric perturbation,
we recover Eq. (4), which is frame-independent. Since in the proper detector frame
coordinates track distances, from Eq. (4) we infer that a test particle of mass x under
the influence of a GW is experiencing a time-dependent, Newtonian force F! =
—%iiiij , allowing to derive the energy-transfer rate d E/dt due to the force via
dE/dt = Fidx'/dt.

In the presence of the GW only, Fidx' /dt is a total derivative and for an oscillating
h it averages to 0: after a short transient during which the massive object is set in
motion by the GW there is no more energy transfer on average over an oscillation
cycle. However the interferometer mirrors are not exactly freely-falling, because of the
suspensions hanging them causes dissipation, leading to the actual equation (dropping
the proper detector frame subscript)

Eoy %é’ +ofs’ = —hyE %)

with wg = 27/ T the pendulum proper angular frequency and the wg/Q term para-
metrizing the friction term, for which we assume Q >> 1. Assuming for simplicity a
GW of the type hy = hgcos(wgwt), hx = 0, we have the solution

— w}) cos(wgwt) — wgwwo/ Q sin(wgwt)

2 22 2 2712
(@w — @5)” + wgwap/Q

2
E(f)— L = (2Lh0wéw /712) @5 :
(8)

showing that the massive object motion is in phase with the GW, apart for a term
proportional to the friction which is responsible for the dissipation

(0% — 0w/ 0

2 2
[(‘“%;W - “’(2>) + w%;ww(z)/Qz]

C))

dE
dt

> o~ (/LLzh%ngW/n4)
In the limit wgw > wo one obtains

dE K122 2 12,2
o= wL hywgwwo = 2 x 10" “hgerg/sec

() Goie) (o) () Gi)
x|\ — — ) - (10)
108 2wkHz 2rHz ) \lkg ) \3km

showing that the energy absorbed by the system from the GW is proportional to the
friction term!. This is the energy absorbed by the massive object in order to keep its
motion with a constant kinetic energy Ey;, (averaged over a GW cycle)

U'n principle one could consider the re-emission by the system made by the beam-splitter and the mirror,
which has a time-varying quadrupole Qxx () =~ ,uf;‘z(t). From the standard Einstein quadrupole formula
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(Erin) =~ pogy L*h/m? . (11)

Interaction between the GW and and a Michelson-type interferometer. The laser in
an interferometer monitors the distance between mirrors, and its electric field is also
affected by the GW. The electric field in the two orthogonal beams in the interfer-
ometers “travel” from the beam splitter to the mirrors and back to recombine at the
photo-detector at some time ¢. The phase of the electric field is conserved during free
propagation, so at time 7 the electric fields recombine with the phase they inherit from
the times t(gx) * téy ) when they left the beam splitter. Denoting by E®) and E®) the
electric field coming respectively from the x and y arms, once they are recombining
at the photo-detector after the beam splitter, we have

E® — _lEOe—iwﬂéﬂ’
2
ED) = %Eoe—iwlfé”, (12)

with w; being the laser angular frequency and the relative minus sign is due to the fact
that reflection from opposite sides of the beam splitter brings a m shift in the phase
[62]. Using the null geodesic in the metric given by Eq. (1) to relate the time ¢ to t(gx’y ) ,

we have (see sec. 9.1 of [59]) at O (h)

1§ =t — 2Ly — hy(t — Ly) sin(wgw L) /ogw.

1" =t = 2Ly + hy(t — Ly)sin(wgwLy)/ocw. (13)

Substituting the above expression for téx‘y )

in the GW amplitude one obtains

in Eq. (12) and expanding at linear order

E(x)([) — _lEOei(2w1L+phi0) e—iwlt + ihowlLSiIl(a)GWL)
2 2 ocwL
x (e*i(wI*wGWﬁe*inWL + e*i(lerwGW)feinWL)] (14)

where we have introduced L = (L, + Ly)/2 and ¢ = oy AL, with AL = L, — Ly,
and where in O(hg) terms we have identified Ly ~ L, =~ L. This shows that in
each arm sidebands appear beside the career laser frequency at angular frequencies
w; = wgw. The relative amplitude of the sidebands with respect to the career laser
signal, for wgw < 1/L, is given approximately by hoL/X; >> hg, being A; the laser
wavelength.

Footnote 1 continued )
dE/dtemisea = GnQij /5 ~ Gyu?L*%, h3. which can be compared to the
absorption given from Eq. (10) to obtain dE/dt|emittea ~ dE/dt|gpsorbed = 6 X

-1 4 2
10722 (2;')1912) (%) (%) (ﬁ) (ﬁ) , hence completely negligible.
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Combining Eq. (14) with the analogous formula for the y-arm one can determine
the total electric field at the photo-detector E;(1) = E ) EO

sin(wgw L)

Epq = —iE()e_iwl(t_ZL) sin |:¢0 + how; L cos(wgw (t — L)):| . (15

Detecting a GW from the laser light associated with this electric field is still impractical:
in order for the output power be linear in ho one would be sensitive also to the
fluctuations in the laser power at a frequency ~ wgw/(27), that would completely
hide the GW signal. The solution adopted in actual observatories is to inject sidebands
into the laser light so that the input electric field is given by

Ei, = Ege /@17 sin(@moa))

~ EO |:e—iw1t + ge_i(wl“‘gzmod)t _ ge_i(wL_Qmod)ti| , (16)

Working with ¢g = 0, so that E 4 o hg as per Eq. (15), and combining the effects of
the GW with the injected modulating sidebands, one has the output electric field

. i i L
E,u >~ —iEge i(ay1+2L) |:w1L—SIDCf)a(;(;/VE )hO cos(wgwt)

+2I sin(2/,0d AL) coS(20a (t — 2L)):| , (17

and the GW signal can be read in the output power from the interference term between
the career field and the sidebands oscillating at +€2,,,,4, giving a light power at the
photo-detector Py (for wgw L < 1)

Ppi = |Eout|* = 2EZT @ Lhg cos(wgwt) sin(Qmea AL) $in(Qoa (t — 2L)) + . ..
(18)

where only the term oscillating at ££2,,,¢4 £ wgw has been explicitly shown, as it is
the only one linear in the GW amplitude.

The output is still sensitive to the power fluctuation (of the sidebands), but now the
GW signal has to compete with laser power fluctuation not at wgw < 10 kHz, but
at Q0a ~ 10MHz > wgw and this is a great advantage as laser power fluctuations
generally decrease with frequency [63].

The interferometers actually used as GW observatories contain Fabry-Perot cav-
ities in which the laser beam goes back and forth several times in each arm before
recombining. At an effective level, the Fabry-Perot cavity allow to “fold” the light
path enhancing its length without changing the region of the laboratory space traveled
by the laser. This results in a phase-shift enhanced, in the case wgw L > 1, by a factor
N =4F/m (seee.g. sec. 9.2 of [59]) where F is the finesse of the cavity related to the
storage time (i.e. the average time spent by a photon in the cavity) ty by F ~ w1 /L:
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the effect of the Fabry-Perot cavity boils down to replace the term /g L in the amplitude
of the GW sidebands in Eq. (14) with
1

hoNL
[1 + (Nngw/Z)z]

7z foregwLl < 1. (19)

For initial LIGO (Virgo) N =~ 60(20).

The laser electric fields recombines at the beam splitter to form an output beam
directed to the photo-detector and a beam heading back to the laser. We have described
how the electric field at the photo-detector depend on the GW in Eq. (15). The electric
field going back to the laser is E; = EY) — EO) (apart from an irrelevant overall
phase), thus we can compute the total laser power

|E(x) + E(y)|2 + |E(X) _ E(y)|2 = E(% ; (20)

which is unaffected by the GW, at least at O (h). The appearance of the GW sidebands
does not change the total power in the laser beam, but allows to identify a signal at
a well-determined frequency and with amplitude highly enhanced with respect to Ay,
see the w; L factor in Eq. (18).

In order to complete the energy balance of the interferometer interacting with a GW
however we still need to consider the radiation pressure exerting a force F,, on the
masses set in motion by the GW [64]. The laser power in each arm is approximately
Porm = Plaser/2 = Eé /2 and the radiation-pressure induces a force on each end
mirror Frp, = 2Py:m = Plaser. As the masses are set in motion by the GW with
velocity v, the radiation pressure force change because of the Doppler effect to F,, ~
2P, (1 — 2v), where v can be obtained by deriving Eq. (8). The radiation pressure
force has thus the effect of a friction term of the kind appearing in Eq. (7), with an
effective “quality factor” Q,, approximately given by

Plaser \ !
Orp = 20 310" (e ) (L) (22 1)
4Parm 100W 1kg lHZ
Summing over the repeated bounces of each photon in the Fabry-Perot cavity, one can
derive the dissipation due to radiation pressure [64]

212
~4p N-L B 2
= arm — 5 MoWgw (22)
rp T

dE
dt

which can be obtained by substituting Q) in Eq. (10) and replacing L with NL.
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2.5 When do we finally get to make the first detection? (Presenter: P. J. Sutton)

It’s hard to make predictions—especially about the future.
attributed to Robert Storm Petersen

The last question addressed in the Q&A session was the rather tongue-in-cheek
When do we finally get to make the first detection? Answers must be accurate to within
the mass of the Galaxy (expressed in units of time), and supported by an excellent
bottle of whiskey in case the respondent turns out to be in error. We can attempt an
answer in the same spirit?, given three pieces of information:

The mass of the Galaxy (in units of time) A time-honoured amusement for lecturers
of general relativity is to require students to convert physical quantities between
time, length, and mass (preferably at a blackboard in front of the entire class).
Rather than fumbling about with factors of G, we canrecall that 1 M, is equivalent
to 1.5km, and divide by c to obtain a time. A Wikipedia search (the time-honoured
student’s revenge) quickly reveals that the virial mass of the Milky Way is (1.26 +
0.24) x 10'2M¢, [66]. Using the respondent’s prerogative, we may adopt the 1-o
upper limit, 1.5 x 1012 M, for our calculation. Applying our 1.5 km/c prescription,
we get an equivalent time of 0.74 x 107 s, which is pretty close to the convenient
round number of 3 months?.

The rate density of GW sources The gravitational-wave source generally considered
to be the most likely to be detected first by interferometers such as advanced
LIGO and advanced Virgo is the coalescence of a binary neutron star (BNS)
system. The rate of these systems is thought to lie in the range 10~8 Mpc—3 y~!
to 1073 Mpc ™3 y~!, with a “most likely” value of around 10~® Mpc =3 y~! [67].

The sensitivity of GW detectors Meanwhile, the LIGO and Virgo collaborations have
released a projected schedule for the operation of their advanced detectors [68].
They foresee a series of few-month to year-long data-taking runs at progressively
higher sensitivities starting in 2015, with final design sensitivity (up to 200 Mpc)
reached c. 20194-.

So how kind is Nature? If the BN rate density is as high as 107> Mpc =3 y~! then a
little algebra quickly reveals that an average sensitive range of order 50 Mpc is enough
to expect to see one BNS event in a few months of observations. This sort of range is
expected for the very first observing run. In that case we may get something special
for Christmas 2015!

On the other hand, Nature may be a Grinch. For the lowest rate density,
108 Mpc—3 y~!, even the final LIGO-Virgo design ranges only give one detection
every few years. In that case Christmas is cancelled—at least until ~2020.

We see that uncertainty in the actual BNS rate density stymies our effort to respond
with the required 3-month accuracy. 2015? 20207 This will not do! Emboldened by the
spirit of the occasion, we will wager that Nature follows the “realistic” rate. Assuming
the 1076 Mpc—3 y~! value for the BNS rate density, we find that to detect one BNS

2 Actually, we use the respondent’s prerogative to answer in a different spirit: in honour of our host nation,
the respondent offers in wager a bottle of his favourite vodka [65].

3 Respondent’s prerogative again: we round up to 3 months.
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event in a few months of observations, the detectors must have an average sensitive
range of order 100 Mpc. This range is foreseen for the 2016-17 run. This run is sched-
uled to last for 6 months—which is very convenient when the required accuracy is
43 months! We therefore assert that the first detection will occur at the approximate
mid-point of the run, 1 Jan 2017, satisfied that a detection at any point during the run
(from Oct 2016 to Mar 2017) will satisfy our questioner —and our thirst for knowledge.
Na zdrowie!
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