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Abstract

It is known that different proposals which try to study a quantum theory of
gravity suggest the presence of a minimal spacetime length, of the order of the
Planck scale Lp ~ 1073% m. One of the possible and effective ways to introduce
such a bound is through the gmetric, a bitensor that substitutes the classical
metric, which can account for the property cited above. The introduction of
this kind of metric actually enriches the spacetime with different features; for
example, the concept of an irreducible area around a point, which turns out
to give, as a consequence, a minimal step in area increment for a black hole
horizon.

In this thesis we explore the impact of this feature on the dynamics of an astro-
physical system of great interest, namely the coalescence of a black hole binary.
After introducing the gmetric, we examine some of its properties, explaining
how the limit length leads to the existence of a quantum of area of black hole
horizon. Some effects derived by the qmetric are then explored; in particular,
as a training step, a possible modification of a well known quantum effect in
curved spacetime is shown: the emission of the Hawking radiation.

In the core of the work, the system of a coalescing binary is then presented,
starting from the approximate Newtonian point of view and going to the rela-
tivistic picture. We describe how to implement the presence of a quantum of
the horizon area and its consequences on the evolution of the system, more pre-
cisely on the phenomenon of tidal heating. As well known, this is essentially the
absorption, by the horizons of the two black holes, of a part of the gravitational
waves generated by the system in coalescence.

We show that the introduction of a step in area for a black hole horizon can
suppress, partially or even completely, tidal heating. We find under what kind
of conditions this can happen, computing the consequent phase shift in the
emitted gravitational waves.

All this is studied for the (simplistic) case of two Schwarzschild black holes, and
then we study the situation of two Kerr black holes, which is more realistic for
astrophysical scenarios.
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Notation and conventions

We often work in natural units, with G = ¢ = 1, but in several parts, we will
restore the physical value of the constants, in order to have numerical values for
our computations. We use mostly-plus signature.



Chapter 1

Introduction

Nowadays, different quantum theories suggest that, at a very small scale, space-
time has a non-trivial structure, due to quantum effects. One possible way to
have a description of spacetime in such case is based on the implementation of a
minimal length, called Lg, of quantum origins. The order of magnitude of this
length is supposed to be the Planck scale Lp ~ 1073% m, but the correct value
is unknown, being probably derivable from a complete quantum theory of grav-
ity. In the absence of such a quantum theory, or in other words, of a complete
quantum description of the spacetime geometry, one can try to introduce via
an effective approach this minimal length. Conceptually, there are many issues
related to the introduction of such a bound, first of all the possible breaking
of Lorentz invariance at small scales. However, a possible way of taking into
account the presence of this bound in spacetime is given by the so called gmet-
ric. As suggested by the name, this is essentially a modification of the standard
metric: its fundamental property is that it allows to have a distance constant
and different from zero between two points even if they are taken to coincide.
This paradoxical feature is possible because, instead of a standard tensor, the
qmetric is a bitensor, meaning that it depends not only on a point, but on two.
Thanks to this structure, it could be possible to study, at least from an effective
point of view, some initial effects of quantum spacetime, or possible quantum
gravity properties which emerge precisely from the presence of this minimal
length. In our work, we follow this approach, focusing on a phenomenon which
is of great interest in the recent years: the coalescence of a binary. Essentially,
we have a system made by two bodies, or companions, that physically can be
stars or black holes, which are orbiting around each other; in this work we will
study the case of two black holes. Classically, we could expect that this system
is stable; however, from General Relativity we discover that gravitational waves
are emitted during the combined motion of the two, resulting in a energy loss,
and in a reduction of the distance of the companions (inspiral phase), until they
arrive at a limit value of reciprocal distance and start to fuse together (plunge
phase); after the fusion, a new black hole is formed, which, to reach stability,
starts to emit other gravitational waves based on its characteristic modes, called



quasi-normal modes (ringdown phase). The ringdown phase has attracted much
interest concerning the study of possible quantum features of spacetime. A very
recent example we want to highlight here is in [1], where black holes are re-
garded as coherent quantum objects whose geometries give possibly detectable
quantum features in the ringdown phase. Our interest in this thesis will be,
however, in the inspiral phase, specifically in the gravitational waves emitted
during it. After being emitted, they go out to the system and arrive at infinity,
or they are absorbed by one or both of the black holes of the binary, with the
part absorbed being actually very small compared to the one that goes out of
the system. This phenomenon of absorption is called tidal heating. With the
addition of a minimal length Lg, it was proved that we have also a minimal step
for the horizon area variation in a black hole, and, due to the thermodynamical
laws of black holes, this impacts strongly on its classical absorption of energy,
included the one carried by a gravitational wave. In particular, a black hole
is not able anymore to absorb each gravitational wave frequency, but only the
ones with a frequency higher than a particular threshold. To study this kind of
quantum effect in the particular case of a coalescing binary is the main subject
of this work. In doing this, we specify that our interest, when some quantity is
computed, will be mainly in the order of magnitude of it, instead of the precise
numerical value. We follow this line:

In Chapter one, we introduce the concept of qmetric, explaining what are the
fundamental requirements and how to find its form. In particular, being its
form dependent on the distance between the two points considered, it turns out
that three different physical cases should be considered: spacelike, timelike and
lightlike distances. It is explained also one of the main results of the qmetric
description, regarding a modification of the standard Ricci scalar R. From the
presence of a minimal length, indeed, we obtain an effective Ricci biscalar R,
that in the limit for Ly — 0 does not tend to the classical Ricci scalar R. This
suggests important connection with different lines of research, especially the
one of the emergent gravity paradigm. It is then shown the fundamental aspect
for our work: the presence of a minimal area around a point, which has an
important consequence for black holes. Indeed, its horizon area cannot change
continuously, by infinitesimal increments, but has a finite step of variation. This
point leads to the effect cited above, regarding the limits of absorption of a quan-
tum black hole, that will be explained in the following sections.

In Chapter two, we have a collection of different aspects related to the gqmet-
ric: we describe initially an approximated version of it, which holds for small
distances, and so could be useful to study dynamics which happen at very short
scales. Indeed, from the point of view of spacetime distances, qmetric has to be
considered precisely when we are at scales of the order of the Planck one, and
in this case should emerge its completely non-classical behaviour, that we tried
to capture and study. After this, we propose another possible interpretation
of the minimal length Ly, namely as a limit radius of curvature; we will show
that this way of thinking allows us to classify spacetime regions using standard
tensors, and so local objects, despite we are considering a minimal distance
which is treated with the language of non-local quantities. We will then link



this discussion to our case of study, explaining what kind of limits, in principle,
we could have. The last part of the chapter is about an important quantum
effect regarding black holes, the emission of Hawking radiation. As an example
of what we will do, and also of what kind of effects can derive from the presence
of a minimal step in horizon area, we try to explore the modification of this ef-
fect due to our quantum corrections. Remarkably, we find that the greater part
of the emitted energy, which is already small, can be suppressed, dependently
on the value of the ratio between Ly and Lp, which is encoded indirectly in a
parameter called . The order of magnitude of the emitted power, or energy, for
the standard Hawking emission process will be important for a comparison that
we will do in the last chapter, between the radiated power by a black hole via
thermal radiation and the power related to a (quantum modification of) tidal
heating. This will be important, because both are quantum effects: the first
regarding quantum fields in a classical curved spacetime, the second regarding
an effective, quantum modification of the spacetime itself. However, we will
see that the difference in order of magnitude, and also in the analytical depen-
dence, is very huge, suggesting that to observe some quantum effect combined
with a possibly curved spacetime does not mandatory mean that we have to deal
with undetectable energies scales, or that a quantum property cannot impact
on macroscopical gravitational systems.

In Chapter three, we enter the core of the thesis, and we begin by talking
about the most simple version of a coalescing binary: the Newtonian one. Here
we list some features of the system, from a very classical point of view; nev-
ertheless, it is introduced a first, approximated form of the power emitted by
gravitational wave, which signals the difference between the Newtonian and the
relativistic case. It is also explained when the first phase of a coalescence, the
inspiral one, is expected to end, due to the combined effect of gravitational
wave emission and the presence of an horizon for the companions. After this
test bench, we briefly cite how the Post-Newtonian (PN) approximation works,
which is the one we follow here. In practice, starting from the quantities that
derive from the Newtonian version of the problem, an expansion in a small pa-
rameter (v/c) is implemented, from which we obtain, at a fixed order in v/c,
the analytical forms (templates) of the various functions (like energy, emitted
power) we need to study the problem of a quantum-corrected tidal heating.
In order to simplify conceptually the discussion, we decided to deal with the
problem considering, initially, a binary made of two Schwarzschild black holes,
which is the simplest type of black hole. We explain precisely what happens for
each Schwarzschild black hole if we add the presence of a minimal step in area,
discussing the various cases for « present in the literature, and we explain what
is the consequence of that on tidal heating, giving also an explicit computation
of some important quantities.

However, in real astrophysical situations, black hole binaries are made by
Kerr black holes, which have more complicated geometry and properties. After
the Schwarzschild case, so, we proceed with the Kerr one, explaining what are
the complications due to the presence of an additional parameter for the black
holes, the spin. In doing that, we follow the same line as in the Schwarzschild



case, in order to compare also what is, conceptually and numerically, the differ-
ence between the two types of binary. We try in any case to consider a simplified
version of the systems; for example, we will consider often equal masses and (for
Kerr) equal and aligned spins, each aligned with the orbital angular momentum.
We explain what happens in the general case just at a qualitative level, giving
numerical results just for the cases cited above. The last part of the chapter
involves the comparison, at the level of the emitted power, between Hawking
radiation and our g-version of tidal heating. We will see, as anticipated, that
the difference is really non-trivial.

In Chapter four, we recollect the main results we found, focusing on the ones
about the quantum-corrected tidal heating, briefly commenting on the signifi-
cance of them. We underline also possible continuation of this work, suggesting
what lines could be followed.

In the Appendices, we find some passages or properties that, for convenience,
are not listed of the main text: the interested reader can look at them to un-
derstand some details of the principal discussion.
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Chapter 2

The gqmetric

In this section, we present the gmetric, the effective metric which, at small
scales, encodes the presence of a minimal length Ly. We first show what are the
requirements for such an object and how to find the general form of the qmetric,
then we proceed with some important results which derive from it, and we list
some properties. The main result we are interested in, for our discussion, will be
the presence of an irreducible area around a point, which will be fundamental
for the implications regarding the change of area for black holes horizons.

2.1 Form of the gmetric

In order to find the form of the gmetric, we begin by mentioning two important
objects: the Synge world function Q(p,po) and the van Vleck determinant
A(p,po). As explicitly indicated in the brackets, each of these two objects de-
pends on two different points: they are indeed non-local objects. Being scalar
quantities and functions of two coordinate points, we call them biscalars.

2.1.1 The Synge world function and the van Vleck deter-
minant

The definition of Q(p, po) is simply [2, 3]:
A(p)

2.) = 500) - A0) [ gua'dsNir= potm 1

where:
® g.p is the standard metric of the spacetime;

e o(p,po)? is the square of geodesic distance between the two points;
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e ¢° is the tangent to the geodesic, with ¢*q, = +1 = €. The explicit form
is:

V02
Ga = .
T 9eo?

We will often consider A\ = d(p,po) = /eo(p,po)?. In practice, Synge world
function is simply half the geodesic distance between two points.

The definition of A(p,po) is [2, 3]:

(2.2)

1 1
A(p,po) = —det{—Vgp)Vgpo)20(p,p0)2}. (2.3)
9(p)g(po

From the geometric point of view, this biscalar controls the properties of geodesic
congruences which are emanating from the point pg, as a function of another
arbitrary point p.

In flat spacetimes, A(p,pg) = 1 exactly, while in arbitrary curved spacetimes
A(p,po) — 1 in the coincidence limit p — pg.

2.1.2 Requirements and complete form

Now, let us introduce the concept of qmetric [2, 4, 5, 6]. Our starting point
is the classical metric, gq5, which gives the information on how to compute
the distance between two points in a general spacetime, and that in General
Relativity is the solution of the well known equation:

Ray, — %Rgab = %Tab; (24)
c

with R, the Ricci tensor, R the Ricci scalar, and T, the energy-momentum
tensor. As we know, if we compute the distance between two different points pg
and p with any classical metric, and then take the coincidence limit p — pg, the
computation gives zero. We want to work, instead, with an object that gives, in
such a limit, a result different from zero, namely the minimal distance L. Since
our discussion is not based on a complete theory of the spacetime geometry,
the idea is to start from the classical metric g,, to construct a new object,
called here §,5, which satisfies the property above. However, there are other
important requirements: the modification which leads to a minimal distance
should conserve Lorentz invariance, and of course the new metric should tend
to the classical metric for big distances compared to the minimal one Ly, which
is expected to be of the order of the Planck length.

It turns out that this new object, instead of a simple tensor, should be a bitensor,
depending on two points: a base point py, and a so called field point p. The
correct ansatz for searching the qmetric turns out to be [7]:

Gab = Agab — €Bqap; (2.5)

12



or, in a contravariant form:
gab _ A*lgab + quaqb; (26)
where A, B and @ are related via:

QA

B= o

(2.7)

The two metrics gqp and gqp, related by such a formula, are said to be dis formally
coupled. Some properties of this kind of metrics are in the Appendix, based on

[7].

Looking at the previous relations, and remembering that we will find some quan-

tity which depends on two different points, we understand that the non-local

behaviour of g, is probably encoded also in the two functions A and B. Since

we demand that, for great distances, the two metrics have to coincide (meaning

also that the bitensorial behaviour should tend to a standard tensorial one), we

can immediately guess that, for such distances:

A—1, B—0. (2.8)

Having the form of the ansatz for the gmetric, now we have to decide how to
specify the unknown functions. We follow the procedure of [2], and we demand
the two properties:

e The geodesic distance is bounded from below by a Lorentz invariant length
Lg. This is, of course, the starting point of our work.

e The modified d’Alembertian [J,,, ,, associated to the qmetric, is such that
the two point function G(pg,p) in all mazimally symmetric spacetimes

satisfies: G[o?] = Glo?] = G[SL, (0?)].

In maximally symmetric spacetimes, the leading singular structure of the two
point function is just a function of 02, and has an expansion in the Hadamard

form:
VA
G(po,p) = —5— X (1 +smooth terms) = G(o?); (2.9)

(02) =
moreover, S, is introduced as the corrected squared distance associated to gap,
which can be seen, in our effective discussion, as a function of the classical
squared distance o2. Its specific form derives from a complete quantum theory,
and we leave it for now completely free. We require only these properties:

1. SLO(O) = L%,
2. So(0?) = 0? identically;

3. 1S5l /SE,](0) < o0.

13



Prime indices denote derivation with respect to o2.

Before proceeding, we underline an important point about our discussion. If we
look at the first requirement, the one of the minimal length, we should remember
that we work in spacetime, that means we have a Lorentzian signature of the
metric, and we know this gives three cases for the squared geodesic distance:
positive, negative, null, which correspond to spacelike, timelike and lightlike
intervals. In finding the qmetric, we implicitly suppose that the nature of the
geodesics structure is not changed: spacelike/timelike/lightlike intervals remain
spacelike/timelike/lightlike. In the study of the first two cases, the strategy
is in practice the same, and intuitively we can understand why: when we are
dealing with a spacelike geodesic distance between two points p and pg, and we
take the coincidence limit p — pgy, we have 02 — 07; in this case we have to
require that, instead of zero, we reach a positive constant L3 for the modified
squared distance, in order to have still a spacelike interval but bounded from
below. For the case of a timelike geodesic distance between p and pgy, we have
0% — 07, so we have to demand that we reach a negative constant value, but
of the same magnitude: —L32. In practice, in this two cases the only difference
will be a minus sign, which is encoded in €. The case of lightlike intervals is very
different: suppose that we take now p and pg to be lightlike separated. In this
case, o is exactly 0, because p is on the lightcone of py, no matter where. It
is not easy to understand how to require that, in the coincidence limit p — py,
we reach a constant value. The discussion relative to this case will be given in
the following; now we start from the spacelike/timelike cases.

2 and

Inspired by the Hamilton-Jacobi equation [2], which is satisfied by o
which yields:
gabaaazabUQ =402 (2.10)
we demand, to impose the first requirement on the gmetric, that the same
equation is still valid also for g,; and Sf,,, namely:

§°°0,81,0,S1, = 4S1,. (2.11)
This fixes the combination of functions A~ + Q:
1 Spy(o?
a=A"+Q= Lo(o) (2.12)

o2 S’L20 (02)°
Now we work on the second requirement, and to do so, we start with the form

of the d’Alembertian operator associated to gup in arbitrary backgrounds, and
not necessarily maximally symmetric. We have [2]:

0= Al{Dg + %(D —3)g"09;(In A)9; + ea(lnA)a}

+6Q{ P+ @2}

+Veo2a' @9, (2.13)

Vig' + (D~ 1) §(in 4)

14



where @ = ¢°0;.
In maximally symmetric spacetimes, the functions A and @ depend just on o
and the form of the d’Alembertian operator simplifies a lot, giving:

0

2

)

O=a0 + 2a0? [ln(aADfl)]'a(UQ). (2.14)
The standard d’Alembertian operator, instead, has the form:
0? 0 4, D-1\20

In maximally symmetric spacetimes, the van Vleck determinant (VVD) has a
relative simple form:

“1y(p-1) _ Jsin(lo|/a)  sinh(|o|/a)
A { ol/a 1, ol/a } (2.16)

Here, in order, we have the case of positive, zero, negative curvature, with a
radius of curvature. For the second requirement, now, we have a differential

equation:
d AO’2 AS 2/(D-1)
—In|—(— =0. 2.1
da2n<sL0(A) > 0 (2.17)

The quantity Ag is simply the VVD with o2 replaced by Sf, .
Solving this equation, and fixing the constant of integration requiring that A = 1
when Sp,, = o2, gives:

Ag

Having found A, at this point we have all the unknown functions at hand, and
we write them explicitly:

A= ko ( A )MD*D. (2.18)

o2

 Spy A N2/(D-1)
A= ?<Ts) , (2.19)
_ Spy( ANYD-D  o?SE
== <Ts> - (2.20)
o 1 SLO 0'2 AS 2/(D-1)
Q_Ps'go ~ Si, (X) ' (2:21)

At this point, of course, we write the form of the gmetric, both in covariant and
contravariant version:

- SLD A\ 2/(D-1) 02550 SLD A\ 2/(D-1)
= . _ = wQe; (2.22
Gab = ~5 (As) Jab + € 51 o2 (As) qav; ( )

15



2 ~2/(D-1) S 2 A \-2/(D-1)
—ab O° (A Ly O a b
9 =5 (As) Gab + 6{02530 S1, (AS) }q ¢’ (223)

We can make two observations: the form of the qmetric is fixed but depends on
the specific formula of the squared distance St,, which derives from a complete
quantum theory. Despite this, we see that actually only S, itself and its first
derivative with respect to o2 appears. However, the important point is the fol-
lowing: requiring some conditions about maximally symmetric spacetimes only,
we actually found a completely fixed form for the functions A, B, @, which holds
also for general spacetimes. This is a remarkable result, since it means that it
is enough to require some very basic properties for the qmetric in the simplest
case to find the behaviour in the very general cases.

~ 2
We can compare, also, the line elements ds? and ds , corresponding respec-
tively to the metric g4, and gq.p. In doing so, we assume maximally symmetric
spaces, 02 > 0 and a constant positive curvature. We have:

ds? = gapdzda® = do® + o2 A2/ P02 || (2.24)
52 b 2 —2/(D=1) ;2
ds” = Gapdada’ = (dv/S1,) " + S1,Ag a2 (2.25)

another time, we obtain the corrected line element from the standard one with
the replacements: o — /Sr,, 02 = Sr,, A — Ag.

2.2 The Ricci biscalar and the emergent gravity
paradigm

In this section, we want to present one of the main and important result of the
qmetric approach, namely a highly non trivial limit of one of the objects we
can compute from this new metric, the Ricci biscalar R(p7 po). Classically, once
we have the metric of the spacetime g,5, we can compute different quantities,
in particular the Riemann tensor R,,qns, the Ricci tensor Ry, = R, and the
Ricci scalar, R = ¢°°R,;. The last of them is of great importance for Physics,
because is the simplest scalar associated to the curvature of the spacetime and
also the one that enters in the Lagrangian of GR. Of course, having the qmetric,
there will be new quantities associated to it, and these will be, in general, biten-
sors: the Riemann bitensor, the Ricci bitensor and the Ricci biscalar. However,
given the complicated form of the qmetric, to compute such objects is not an
easy task. It turns out, by the way, that due to some useful identities, it is pos-
sible to find the form of the Ricci biscalar. Before starting, we need to introduce
some other important geometrical quantities: the extrinsic curvature Ky, the
intrinsic Ricci scalar R and the tidal tensor Eu.

16



2.2.1 The tensors K., R,Ew

A central role in working with our kind of bitensors is played by the concept
of geodesic, and in particular by the congruence of geodesics emanating from
a fixed spacetime point. Take some point pg, and consider some fixed value of
geodesic distance, say, G. From all the geodesics emanated from pg, we take the
ones which have a value of the geodesic distance equal to G. Each of these will
then connect the point py to another point p, which is at a geodesic distance G
from pg. Now consider the surface made by all these point for a fixed G: this is
called the equi — geodesic surface of the point pg of distance G, and is denoted
by Ya po-

Consider now one of the points on ¢ p,, which we call another time p, and con-
sider the geodesic connecting py with p. Recalling that the affinely parametrized
tangent vector g% to this geodesic is given by (2.2), and noting that it is normal
to X py, the extrinsic curvature of the surface Yg 5, is defined as:

VaVi(0?/2) — €quqp

Kay =Vaqy = 5

(2.26)

€0

If we introduce the acceleration vector associated to ¢, defined by a; = ¢*V,q;,
we can also write the extrinsic curvature in another form:

Ko = Vaqy — €apqq. (2.27)

The equi-geodesic foliation of a spacetime characterizes its local geodesic struc-
ture, and has interesting properties related to the way we can expand geomet-
rical objects such that, for example, the bitensor V,V;(c?/2) (this object is
truly a bitensor, since depends on 2. Even if it is not explicit at a first sight,
all the quantities which depend on the squared distance are bitensor, so their
role is really fundamental in computing physical observables).
Now let us talk about the intrinsic Ricci scalar R. Given a metric g, in an
arbitrary spacetime Up, where D is the dimension, we identify with {z?, ..., 2P}
some set of coordinates, which holds in a certain sufficiently extended region.
Take now some subspace up_j, where D—k underlines that it is a low-dimensional
subspace, with coordinates now given by {y',...,y”~*}. We can restrict the
metric of the complete spacetime to the subspace, meaning that if we move just
in that subspace, we feel a restricted metric which derives from the complete
metric gqp. Intuitively, the line element on that subspace will depend on (D — k)
variables and will involve (D — k) differential forms, instead of D. The metric
on this subspace is called induced metric, and is indicated by hg,. We have
then:

ds? = gapda®da®, ds2|u = hapdz®da®. (2.28)

We can then compute the induced geometrical quantity in the subspace u, start-
ing from the induced metric hgp.

Of all the subspaces we can define out of a spacetime, an important role is
played by ¥¢ p,. The induced metric on this surface is simply:

hab = Gab — €qaqp, (2.29)

17



and from it, we can compute the so called intrinsic Ricci scalar Ry, where now
we underline the dependence from the surface X ,, with the subscript. In the
following we will usually call hqp precisely the metric induced on X¢ 5, , if not
differently specified.

We can now give the definition of the tidal tensor &, which is simply the con-
traction of the Riemann tensor with two affinely parametrized tangent vectors
to the geodesic, explicitly: €. = Rambnq™ q".

As we said, there are important properties related to the equi-geodesic foliation.
We start from the cited above expansion of the tensor V,V,(0?/2) around the
point po, which is taken as the base point. Recall that A = v/eo? represents the
distance, here infinitesimal, from the point pg, and so is the parameter of our
expansion. We have:

2 2 3 4

o A A A
vavb( ) :gab_igab"'_ﬁvqgab_

4 .
= : = (vﬁgab + ggwgz,) FOO), (2.30)

where V4 = ¢'V;. We note an important fact: this expansion is completely
characterized by the tidal tensor. This holds also for the expansion of the
extrinsic and intrinsic curvature (the intrinsic Ricci scalar) and, so, for the one
of the trace of the extrinsic curvature, K = g**K,;,. They read:

_ 1 1 _ 1y 4
Ko = )\hab 3/\€ab+ 12/\ VoEab 60/\ Fa, + 0\, (2.31)
D-1 1 1 1
K="—" )X+ =\ — —\3F A 2.32
X 3 5+12 V& 50 + 0\, (2.32)
D—1)(D -2 2¢(D + 1
Ry = 6(;# +R-— %6 +0(\); (2.33)

with & = ¢%&,, = Rapq®q®, Fap = Vié‘ab + (4/3)5(“-5’}), F = F,¢g%. Of course,
as we can see also from these expansions, being in a flat spacetime does not mean
that K, and R are null, because they are related to a (hyper)surface embedded
in that flat spacetime. For example, for a Minkowskian D-dimensional space,
for an equi-geodesic surface ¥ ,, we have:

1

@hab, K9t — (D —1)/Veo?. (2.34)

RE™ =(D-1)(D~2)/o% K[" =

Having defined the objects we need, now we go through the study of the relations
between geometrical quantities associated to, respectively, a standard metric gqp
and the corresponding gqmetric gqp.

2.2.2 Geometrical quantities for disformally coupled met-
rics

As we said above, two metric related by the formula (2.5) are said to be dis-
formally coupled, and there are different properties connected to this particular
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type of transformation, regarding also the quantities listed in the previous for-
mulas. A complete discussion on that can be found in [7], here we simply recall
the results which are fundamental for our task.

We start from the operator V,, which becomes V, and where we have to cor-
rect simply the part of the Christoffel symbol, since the partial derivative is the
same:

VaVo = 0,V — T, V. (2.35)
We have: )
1—‘Cab = Zb + §§0m<_vmgab + QV(agb)m) (236)

Remarkably, even if the relation between spacetime metrics gqp, and gqyp is not
conformal (which is a special case of disformal transformations), as in our case,
it turns out that the induced metrics h,p, and iLab are related to a conformal
transformation via the function A only. We can se explicitly this property.
When we have defined the vector g,, it was related to the metric g, via the
condition of normalization g4,q%¢° = ¢®¢q = €. We can define an analogous of
this vector also for the gmetric, which we call §, and that satisfies §.5G*G° = €.
It turns out that g, and ¢, are related very simply:

da = VA — Bqa; (2.37)

and:

1
~a ~ab ~ a

= = ————q%. 2.38
" =9"b =754 (2.38)

After this definition, we can write that the induced qmetric on 3¢ 5, is:

hab = Gab — €GaGp = (Agap — €Baqy) — €(A — B)qaqy = Ahap. (2.39)

This is a great simplification and has a strong impact on the geometries of
equi-geodesic surfaces related by a disformal transformation: it means that the
intrinsic geometries of such surfaces are conformal to each other. From this,
and from the fact that on X¢ p, the function A is constant (because it depends
just on o which on X, is fixed), we have:

Ry = A™'Ry, (2.40)

so also the intrinsic Ricci biscalar is simply rescaled by a conformal factor,
dependent just on A, and in which of course is encoded the bitensorial nature
of this object. We write now the relation between the extrinsic curvature tensor
Kup and the corresponding bitensor I~(ab, which are not so simple as in the
previous cases:

_ 1 1
Kab = \/ﬁ AKab + §(VqA)hab y (241)
and also the relation between the traces, which derives immediately:
~ ~ -1 D-1
K=§"Ky=——=|AK + ——V4A|. 2.42
ab 1-B + D) a ( )
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At this point, we have a set of relations which connects standard objects of
the spacetime, associated to g,p, to the new biscalar objects, associated to gqp-
The next part of the discussion is about the explicit computation of the Ricci
biscalar R, as a function of these quantities.

2.2.3 The Ricci biscalar R(p,po)

We recall the Gauss-Codazzi equation, which allows us to compute the Ricci
scalar directly in terms of geometrical quantities like the ones we have defined
above, and we apply that equation to the case of the Ricci biscalar, getting:

R=TRys —e(K? + K%) — 2eV4K + 2eV;a'; (2.43)

where @q = qu@i, K’gb = giagjbf(abf(ij and of course @' is the acceleration
associated to the vector ¢* (remarkably, we have a; = a;). Substituting all the
pieces we need, we obtain that the Ricci biscalar R reads [7]:

R=A"'R+ela— ATy - eald,, (2.44)
where: 1
a=—— (2.45)
OvA -1 2
jc:e[Q(D—l)ﬁ+(D—1)(D—4)A (VVA) }

+ (K + (D= 1)VqInVA) Vqln(ad), (2.46)

Ja=2Ri;q'¢ + Ki; — K* —2V;a' = ¢(R — Ry — 2V;a’). (2.47)

Now we have simply to substitute the explicit form of all the functions involved,
and this requires a bit long computation. The result is:

A +4(D+1)(InAg)®

i [02 (A )—2/<D—1>RE (D-1)D-2)
S,

+ 4SL0{ — % [(InAg)®)? + 2(In AS)“}

=Qo+Qx +Qnr;
(2.48)

here the dot (*) means derivation with respect to S, and we have called the
pieces in the complete expression with three different names, for future utility.
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This object is of extreme importance, and as we can see, is an exact expression:
no Taylor expansion has been used, so it could account also for possible non-
perturbative effects due to a zero point length. Since we are not considering
covariant Taylor expansion, we have no requirement about the smoothness of
the region of spacetime considered: this expression assumes so a strong meaning
also for studying regions/point in which the curvature goes to infinity, and so
singularities. However, in our discussion we consider just the case of smooth
regions of spacetime, so quantities can be expanded via the known methods.
Another important point to note is that this object is completely determined
by the geodesic structure of the spacetime; in fact, we see that it contains all
the functions we studied previously connected to the concept of geodesic.
Now we want to underline another important point. The object computed
depends, of course, on two different points, p and pg, and on the zero point
length Ly. We will study in the next the limit of coincidence of this object,
p — po, which for a generic bitensorial quantity is indicated by square brackets
[.], so: } )

lim R(p, po) = [R](po)- (2.49)

P—po

It is also of central importance to study the limit Ly — 0, that means that
the zero point length is absent but that, physically, can be associated to the
condition 02 >> Ly. However, if we look at the previous expression, we see
that performing initially the limit Ly — 0, we get S, = o2 because of the
condition we imposed on Sr,, and so R(p,po) reduces to R(po). If we the
perform the coincidence limit, of course the object is still the standard Ricci
scalar, because the non-local behaviour is given up by the first limit. Let us
try to think about applying this two limits in the opposite order. First we
perform the coincidence limit, getting a local quantity, the scalar [R](po), which
is defined at a general point pgy in the spacetime but still depends, in principle,
on Ly. For Ly approaching 0, we could expect a behaviour like:

[R](po) ~ R(po) + C(Lo), (2.50)

where the term C/(Lg) is supposed to go to 0 in the limit Ly — 0. Actually, this
is not case, because if we follow this order in taking the limits, the leading term
is not simply R(po). This last computation will be the one of our interest, which
means that first we extract a scalar from the complete biscalar object, and then
we study what happens in the limit in which Lg is a negligible contribution from
the point of view of generic distances.

Consider, so, the scalar [R] (po) obtained from the coincidence limit of the Ricci
biscalar, and in particular each of the pieces Qy, Qg and Qa. Start from Q.
Having the condition [|Sz,|/S7](0) < oo, it turns out that this term is conver-
gent in the coincidence limit. This derives from the particular combination:

1

K Kab_i
ab D_1

K2, (2.51)

Indeed, we can see from the covariant expansion given above that this com-
bination, precisely for the factor 1/(D — 1) in front of K?, gives a behaviour
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like A% in the coincidence limit, that vanishes. Any other prefactor would give
divergent contribution, because of the terms O(1/A?) which do not cancel each
other. So this term does not give any residue.

Take the case of Qa. This piece is even simpler, because it is smooth and yields
other O(LZ) contributions, coupled to the background curvature. Also this piece
does not give residue. Any possible non-trivial L contributions, so, comes from
the term Qq: let us focus on that term.

We now use the expansions listed in (2.31), and we also write down the following
expansion for the VVD:

1
A2 (p,po) =1+ 75N Ravg"q” + O(X°). (2.52)

Making the substitution o2 — S;,, we know that we obtain Ag, where now

A =Veo? — \/eSL,, so we have, for our two limits:

. . [ ] 1 a
lim lim (InAg)® = ée[Rabq ¢"](po)- (2.53)

Lo—002—-0
Then, using the expansion for Ry and the fact that A(0) = 1, we have:
2 —2/(D-1) _ _
lim 12 (A) Ry (D —-1)(D-2) _
20 SLO AS SLO

DO (300 1) @)

with A1L/02 =1+ 5eL3[Rapq°q"](po) + O(LY). Then, performing the limit
Ly — 0 of the RHS, with a bit of algebra we get:

tim, PP =2 (6200 3) 2 (D g)elRug ). (25

Lo—0 L2 Lo

Collecting all pieces, we have now for Qq:

[Rabq“q")(po) = €D[Rapq”q")(po) =

lim lim Qg =¢
Lo—002—0

(D-2) 4D +1)
l 3 T 6

=eDE(py). (2.56)
In other words, we obtained:

lim [R](po) = €D[Rapq"q"](po)- (2.57)
Lo—0
This result is of great importance, and we should comment briefly its meaning.
We obtained an object which is independent on Ly and has a local behaviour, but
derives from a strongly non-local structure, which means that it is, in practice,
the signature of zero point length, still present at a macroscopic level. This
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can be comparable to the various quantum anomalies one encounters in QFT in
curved spacetimes. We remark that we obtained this feature without studying a
precise quantum theory of gravity, and also without specific assumptions about
the form of the corrected distance Sr,: we made just very few assumptions for
our structures, apart the condition on zero point length.

In the case of qmetric for for lightlike intervals, which we are going to consider
in the next section, the expression of limz,_,[R](po) is even more suggestive,
since we have [8]: limLoﬁo[R] (po) = (D — 1)Rapl®1%; with 1% the null tangent
vector to the connecting geodesic, i.e., the heat flow of the horizon having I* as
generator.

2.3 qmetric for lightlike intervals

As we said, in the case of lightlike intervals to find the form of the gmetric
is not so trivial. Indeed, our strategy, based on [9, 10], will be different with
respect to the previous case. First, we focus on the concept of affine parameter
which parametrize a geodesic. For a timelike/spacelike geodesic, we can always
find a certain parameter A which for that geodesic plays the role of proper
time/proper distance, respectively. This is not the case for lightlike geodesics.
What we can do is, in this case, to take a null affine parameter that has a physical
meaning. We decide to take the parameter A such that it gives a measure of the
distance along the geodesic measured by an observer at a certain point x on the
geodesic, and parallel transported along it. Suppose we have two points z and
z’ on a null geodesic, in a classical spacetime with metric g,5, parametrized by
A. Introducing the metric g,p, we expect that the parameter A\ is mapped into
A(\), and that, when = — 2/, is satisfied the condition:

AMz) — Az') =0 = Az) — AMa') = L. (2.58)

In practice, having a constant null measure of the squared distance o2, we decide
to shift our requirements on the parameter taken to parametrize the geodesic.
We require, so, (2.58), and also that in the case of Ly = 0 we get back the
classical case: R R

Az) —Az") = 0. (2.59)

Moreover, following the physical line of the previous cases, we want to require
also the same condition on the d’Alembertian operator, so that G(¢2) = G(Sz,)
in all maximally symmetric spaces. Here, however, we have an obstacle: the
form of the Green function G(o?) on the lightcone is singular. We will see how
to fix this problem, but essentially, the strategy will be to take one of the two
points close but out of the null geodesic, and then to take the limit in which
it goes on the geodesic. There is another important modification in the case of
lightlike geodesic: the ansatz to construct the metric is not precisely the one we
have seen in (2.5). Now we show the new ansatz.

Consider a null geodesic, parametrized by A, and a point 2’ on it, and define
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the null tangent vector to the geodesic:

dz®

1= .
X

(2.60)
We consider a canonical observer in ' with a four velocity V¢ normalized such
that V%, = —1. In this way, A selects a particular frame in which A itself plays
the role of distance on the null geodesic. We have actually the relations:

1 1
5aaaz =g, A= —§V“6a02. (2.61)

Taking {* and V¢, we define another null vector m® such that:

1 1
m*=V*—-1% m'V,=—--, mly=-1 (2.62)
2 2
on the geodesic. Our ansatz is:
Jab = Agab + (A - ail)(lamb + malb)v (263)
G = A7g% (AT — ) (1%mb + ma1b). (2.64)

We expressed the metric already with A and « instead of A, B and ). The
quantities we introduced depend on the observer we are taking, since they de-
pend on m® and so on V*. The precise form of the metric will be therefore
observer-dependent. Let us now show how to derive the functions A and a.

2.3.1 Finding A and «

In the case of spacelike/timelike geodesics, we found the funtion « from a dif-
ferential equation which follows from the Hamilton-Jacobi identity. In the case
of lightlike geodesic, we still find « from a differential equation, but now from
another structure, namely the modified geodesic equation.
Let us define:

jo — dz® _ dX

dh dh

as the null tangent vector of the geodesic associated to gup. Since this is the
tangent vector to the g-geodesic, it makes sense that it satisfies a geodesic
equation with the same structure of the classical one, but of course with g,
instead of gqp:

1° (2.65)

19V o1, = 0. (2.66)

Here [, = gabia is obtained, like the other g-corrected quantities, acting on the
indices with §q, and §*°, and in this case we have:

Iy = —a~ ', (2.67)

We already saw some relations between the classical quantities and the g-
corrected ones. Recalling these relations, in particular the one regarding V

24



and the connection T, after some algebraic steps we arrive at the following form
for the g-geodesic equation:

(%)zaﬂzavam(%)l“@a (%0‘71) - (%)QZ“ld(vagdcwcgad—vdgaa =0.
(2.68)

The first term vanishes because [“V [, = 0, since the classical geodesic equation
holds for the classical tangent vector [ with affine parameter A. We can also
substitute [*0, = d/d\ because is the directional derivative. We can also note
that, by symmetry:

1YV 4Gde — Vagae) = 0. (2.69)

Now if we compute explicitly the only piece which is left proportional to [¢1,
we get:

1V oGag = —2(A — a7 1)1V A, (2.70)
Inserting all:
d\\ d rdh d\\2 Cva B
(ﬁ>a(ﬁa )+(5) (A—a HI°V,1, = 0. (2.71)

But the term [V .l, gives 0, because [® is the normalized tangent vector to the
geodesic, and we arrive at:

(%)%(%oﬁl) =0. (2.72)

We can suppose that the rate d)\/dj\ is non vanishing, so:

- c(%)f (2.73)

In the limit Ly — 0, we have A\ — oo but also A — A, and in this situation we
should recover, as usual, the classical metric g,5. This happens if A — 1 and
(A—a1') = 0, and we see that we need o — 1, so C' = 1.

Now, we study the case of A. We remember that in the case of spacelike/timelike
geodesics we fixed the function A directly via the d’Alembertian equation, in-
troducing the modified Green function G(0?) = G(SL,(0?)) and requiring that,
having 00G(Sr,) = 0, we get also G = 0. As we said, when ¢ = 0 we have a
singular behaviour of the Green function, which can be seen from the expansion
(2.9). We proceed as follow: having two points 2’ and = on a null geodesic,
we compute OG keeping z’ but taking as the second point y, which is close to
the geodesic but not on it, so such that o?(z’,y) # 0. Then we will consider
the limit y — x. Let us start computing the form of [JG(0?) in maximally
symmetric spacetimes. We have:

dG dG d*G

2 a a a 2 a 2 2

0G(0?) = Vo(VeG) = V, (3 UZdai) =V, (0% )—da2 + 0% 0,0 (o2
(2.74)
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For null geodesic, the second piece gives 0. The piece V,0%?2, for null separa-
tions, gives:
V0% (2, x) = 2(A\V 1" + 2). (2.75)

Our form of the d’Alembertian of G for lightlike geodesics, in maximally sym-
metric spaces, is then:

dG
2y
DG(U ) = (4 + QAVGZG)W (276)
We know the modifications of the various geometrical objects passing to the
qmetric description; in particular, we recall the fact that a null geodesic is
mapped to a null geodesic, so we can write, for gqp:

dG
dsSg,’

OG(0%) = (4 + 2AV,41%) (2.77)

in which, recalling the relations between I' and T', we have:

-~ d\ 1 /d\
Val = Vo (5207) + 5 (55) 31 b 2.78
Py 2\ax g b9 ( )
Now we can insert the ansatz (2.63),(2.64) for the qmetric, obtaining:

dln A 9 dlna
dA dx
We already fixed the form of «; substituting and rewriting the d’Alembertian

equation we have:

7*I’VyGae = (D —2) (2.79)

. ~d\ - d\d(In A)
OG(0?) = |4+ 22—=V, 1% + \(D — 2)—=
(0%) o ( )dA Y

dG(o?)
()
0‘2:SL0

Now, we explain the practical meaning we can give to the mapping A — .
In the classical case, we have three points: the base point z’, the field point
x, both on the null geodesic, and the auxiliary point y, which is at a finite
squared distance from x’. The points z and 2’ are separated by a null squared
distance, but by an affine distance A. After the mapping A — ), we can make
the following interpretation: the point x in mapped to a new point #, which
is at an affine distance A from 2z’ and the auxiliary point y is mapped to 7,
which is at a finite modified squared distance S(o?(y,z’)) from the base point
x'. We require that, when the classical Green function G(0?) satisfies OG = 0
at the modi fied point Z, the modi fied Green function G(0?) = G(Sy, ) satisfies
0OG = 0 at the point . We have now to evaluate JG in z’. Since null geodesic
are mapped to null geodesic, we are still dealing with a null distance, and OG
is singular on . We proceed as in the classical case, starting from g and taking
the limit y — 2. We have:

dG(O’z)j

O0G(0%)z = [4+ 2(AV,l*)z] do?

— [4+ 2A(V,l")s]

dG(UQ)j
— (2.81)
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G(0?) is solution of G = 0 in Z, so:
4+ 2M(V4l%); = 0. (2.82)

On the other hand, G solution of G in the point 2 means:

~dA < dX\d(ln A)
44 22—=V "+ XD —-2)— =0. 2.83
0 ( )d)\ N (2.83)
Substituting (2.82), we get:
~d\ ~ ~ dA d(In A)
A=V, 1% =2A(Vol)z: + A(D - 2)— =0. 2.84
= (Val)s + XD =2 =5 (2:84)
We can write V,I% in terms of the VVD:
o« D—2 d(lnA‘l).
Vol = \ + i (2.85)
and in the point z:
D—-2 dln(A™!
(Valo)y = 222 4 027 (2.86)
A dA

Where here we are calling A = A(z,2’) and A = A(Z,z'). We obtain, substi-
tuting:

2 2 d(nA~')  dx2 2 din(A)  d(lnA)

- -~ = /= =0; 2.
NTD-2 ax Dr D2 ax o % (287
which can be written as:
d | N[A L
— __ T A = . 2-
| 32 (A) ] 0 (2.88)
The solution is: )
(A 77
A=C—=| — ; .
C3s <A> ; (2.89)

requiring that A — 1 when Ly — 0, we see that C' has to be 1.
To summarize, we have that the qmetric for null separation is:

TN S N Y
Yab = 2 (A) Yab — [d/\ SV (A) 1 (lamp + maly). (2.90)

In order to compare the forms of the qmetric in the various cases, we recall
the form of the functions found for the spacelike/timelike geodesics. We know
that the affine parameter for classical geodesics of this type is s = Veo?; we

)
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can define an analogous affine parameter for the case of modified geodesics,
§ = /€SL,. With this definition, o can be written as:

a= (g)? (2.91)

We can also write the function A as:

2(A\7T

So, we can write the qmetric for spacelike/timelike geodesics as:

2 2 2
(A" ds 2(A\"
q = = - — - 5 - . 2
Gab 52 <A> Gad +e€ (dS) 52 <A> ‘|QaQb ( 93)

Comparing the forms (2.90) and (2.93), we can see the main differences: the
different dependence on the dimension of the spacetime (of course, in the case of
lightlike geodesics, we are dealing with a lower dimensional space), the different
power of the function «, and the presence, in the case of null separations, of
an additional arbitrary vector m,, which depends on the choice of an observer
in the base point z’. Since in the lightlike case we have a dependence on an
observer, we could ask in what sense the Lorentz invariance is preserved. The
interpretation is that, once we have specified an observer, so a local frame, the
structure of the gmetric will be the same, with a Lorentz invariant minimal
length Ly of the affine parameter, which can have the role of time or distance
for the local observer.

2.4 Minimal area

Now we introduce one of the most important concept for our work, which is the
one of a minimal area. Indeed, having a minimal length in a space or spacetime
gives some non-trivial consequences, one of these regarding the concepts of area
and volume around a point [9, 10, 11]. This is actually the effect which leads
to the presence of a quantum of area for black holes horizons, and so is a key
property for the discussion of dynamics which involves variation of area. In
order to explain the basic concept, we start from the simplest case, namely an
Euclidean space modified with the qmetric. We strictly follow the discussion of

[9]-
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2.4.1 qEuclidean space
In a D-dimensional Euclidean space, RP, we know that in Cartesian coordinates
{x!,...,2P} the metric is simply g., = ¢, so the line elements is:

D

ds® = (da')?. (2.94)

i=1

Taking as our base point the origin, ' = {0,...,0}, we have that, selected a
field point z, there is one and only one geodesic connecting x’ with z, and the
geodesic distance is simply:

D

o?(2,0) =) (') (2.95)

i=1

Since we deal with radial geodesics, it is common to change coordinates from
Cartesian to polar:

{zt, ., 2PY = {p,v*, ., yP ), (2.96)
where p is the radial coordinate and {y',...,y”~'} are angular coordinates in

the (D — 1)-dimensional space orthogonal to p. Taking the explicit laws of
transformation, we have that for the line element we can write:

ds* = dp* + p?d3,_,, (2.97)

where 02d)2, | is the line element on the surface of an hypersphere of radius
p, centered in the origin of RP. We can see that in this system of coordinate
the metric is still diagonal, and for the determinant holds:

V6 = pP~1 x [Angular terms]; (2.98)

here [Angular terms] encodes all contributions from angular variables.

The equigeodesic surface ¥g(I?) is simply the set of points x which have a fixed
squared distance {2 from the origin, o%(x) = [2. On this (hyper)surface, we have
the induced metric hy, which gives a line element:

ds*|s, = 12d903,_,. (2.99)
For the square root of the determinant of h,; holds:

Vh = 1”71 x [Angular terms]. (2.100)

Now we can introduce two main concepts: the area around a point and the
volume around a point. We start from the area. Take a point  on ¥y(I?). This
point is at a fixed distance from the origin, and its position is identified by the
set of angular coordinates. Without loss of generality, we can take y* = 0 for
each i = 1,...,D — 1. The infinitesimal area element around x is:

dA(z) = VhdP~ty = 1P~ YdQp ;. (2.101)
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If we integrate over all the angular variables, we can compute actually the total
area around the base point associated to a given equigeodesic surface. We would
have simply:

Ao(l) =1P71Qp 4, (2.102)

where Qp_; is the geometric factor arising from the integration over all the
angular range. We note that, if we take the coincidence limit z — 0, so in this
case 02 — 0, both dA(z) and Ay goes to 0. We can define also the volume
around a point x on the equigeodesic surface, via:

dV =V6dPx = 1P~ 1dldQp_ ;. (2.103)

We are moving also the radial coordinate in this definition, but we still write I,
because we underline that we are referring to a point  on the surface ¥o(I?).
To identify the notion of infinitesimal volume around x we can integrate [ in a
small arbitrary range, for example [l — €,1 + €].

Also for this case, we can define the volume around the base point, integrating
over all the angular variables and from 0 to [ the radial coordinate, which for
clarity now we call p. We have:

l
V) = | Aol)dp = 55 (2.104)

Here also, both the infinitesimal volume around x and the total volume around
the base point go to zero in the coincidence limit. Indeed, for [ — 0, we have
Vo(l) — 0, and if « tends to the origin, the same happens to all the points on
the geodesic connecting the origin to z, and so [ — € and [ + € both tend to 0.
These considerations hold for the classical flat space RP. Now let us explore the
case of the same space with the introduction of the gmetric.

Recall that, in the case of flat spaces, we have A = A = 1, moreover since we
are considering just space coordinates, we have ¢ = 1. We have then:

S o? S
JL; Sap + <SLS’L20 - ;;) Qal, (2.105)
0

6ab =

and the associated line element squared, after some computations, is:
d5* = Gapdaz®da® = (d\/Sr,)?* + Sp,dQ%_,. (2.106)

As we have seen before, d52 has the same structure of ds? in the classical case,
with the substitution o — /Sr,. The main difference is that now we are
dealing with a strange topology: all the points at a distance less than Ly from
the origin are removed, leaving a hole of radius Ly. Now we focus on the
modified area and volume around a point. The definitions we gave in the case
of a standard Euclidean space are still valid; the difference now is that, instead of

the quantities v/h and V8, we have \/Z and \/g . On the hypersurface made by
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all the points at a fixed modified squared distance from the origin Sz, = S, (1?),
we define the infinitesimal g-area and the infinitesimal g-volume via:

dS = VhdPly, dV = V3dPu; (2.107)

Changing the name of the infinitesimal area to avoid confusion with the function
A. We already saw some relations between the determinant of the classical
metrics and the qmetrics, and they yield:

\/“:A

(2.108)

From these, we obtain:

s = (\/STO)DAdQD_l, (2.109)

~ D—-2
v = %(\/SLO) dSp,dQp_ 1. (2.110)

Now, we examine the coincidence limit. For the case of the volume of the entire
equigeodesic ball centered on the origin, we have:

) 1 (S D> Qp_1 2\D/2 D/2
Tolh) = 5 (1) "2y [ dp—y = =5 {8k (%)% = Ly7:
S

L£o(0)

(2.111)
which goes to zero in the coincidence limit. About the volume around a point
on the equigeodesic surface, we can for example integrate the radial coordinate
Sr, between two arbitrary values S, (I%) and Sr,(12) and the angular variables
over all the range, obtaining:

- Qp_1

Vo(l) = =58k, (13)P72 = 81,,(12)""2). (2.112)

In the coincidence limit, another time we have (2,12 — 0, so we have that
also this volume goes to zero. Now we study the case of the area. Taking the
infinitesimal g-area, in the limit I2 — 0 we see clearly that:

lim d = LY~ 'dQp 4, (2.113)

12—0
which is non vanishing. Integrating over all the angles, we have:
Yo =LY 'Qp . (2.114)

This is a remarkable result: introducing a minimal length in our space leads
to a minimal area around the base point, but still with a null volume, in the
coincidence limit. This non-trivial behaviour can be interpreted as the fact
that, having a minimal length, we have also a minimal value for defining a g-
equigeodesic surface around a point, and this gives a minimal value for the area,
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which can be interpreted as the area of a point. We studied this concept in the
case of an Euclidean space, so with zero curvature and without time coordinate,
but the same feature appears also in a Minkowskian spacetime, and, in general,
in a spacetime with non zero components of the Riemann tensor (and actually
with a curvature which is not too high).

We conclude this paragraph briefly talking about the case of a four-dimensional
spacetime of Lorentzian signature, which is the physical case we are interested
in. In particular, we want to focus on the case of area of a null surface. Suppose
we have a base point z’, and consider the lightcone of x’. The qmetric induced
on the lightcone gives a squared line element that can be written as:

ds? = \2dQ2. (2.115)
Taking now a point x on the lightcone, the area element around z reads:
d¥(z) = \2dS, (2.116)

where we specified that the parameter A is considered in the point x. Integrat-
ing over the solid angle, we get:

S(x) = 42, (2.117)

Now, we know that in the coincidence limit we have S\x — 5\0 — Lg; setting
Ao = 0 we obtain A\, — Lo and so:
lim (z) = 4w L2. (2.118)
x—0
We have then a two dimensional surface around a point, which makes sense, since
considering the lightcone of a point we are actually restricting the dimension of

the spacetime, and then also the dimension of the area and volume around a
point.

2.4.2 Quantization of black hole horizon’s area

Having discussed the presence of a minimal area around a point given by the
qmetric description, now we show the consequence of this property on black
holes; in particular, we show that qmetric implements a minimal step in the
increment of the horizon’s area of a black hole. The discussion we follow is
essentially from an operational point of view.

Suppose to have a Schwarzschild black hole with a classical metric in the usual
coordinates {t,r, 6, ¢}:

-1
2 2
ds? = — (1 - Cj”)d# + (1 — ij”) dr? + r?dQ?; (2.119)

where 2Gm = R, is the radius at which is located the horizon. First, let us
explain the approximations we are going to consider. Of course, we could from
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the very beginning go to the gmetric description, computing the squared line
element d3? associated to this kind of spacetime, and study the modification
of the area and other characteristics of the black hole with the new metric gqp.
However, we already saw that, from the computational point of view, qmetric is
a very difficult structure to deal with, due also to its non-local behaviour. For
this reason, we decide to do not simply a modification of the metric, but instead
to focus on the effects generated by the qmetric itself.

Another fact is that, as we know, despite the high symmetry of the Schwarzschild
solution, to study the complete geometry of the spacetime around a black hole is
not a trivial task, especially near the horizon, which is the region of our interest.
For this reason, we make a reasonable approximation: considering a small piece
of the horizon, we actually work in a flat null surface of spacetime, making easier
calculations and underlining the central point of the effect. We then consider
no curvature effects, so using simply the Minkowski metric for a small region of
spacetime around the horizon.

Consider now a photon, or a quanta of radiation, which is arriving at the horizon,
ingoing to the center of the black hole at the speed of light. If we go to the rest
frame of the photon, now the photon itself is at rest, and the horizon is moving
towards it at the speed of light. We can imagine, from a practical point of view,
that the horizon is made by radially outgoing photons, which are moving on null
geodesics. To study the system corrected with effective features deriving from
the qmetric description, we need to fix a base point in the spacetime. This base
point, called 2, is taken to be the spacetime point at which the horizon reaches
the ingoing photon. Now, without loss of generality, it is possible to take this
point as the origin of our coordinate system, setting ' = (0,0,0,0). We also
rotate our frame so that the radial coordinate is completely along one of the
Cartesian axes, say z, with increasing value. It means that we arrive at the
point (0,0,0,0) increasing the value of z, so we start from negative value of it.
Having motion on a null geodesic, this holds also for the time coordinate, which
starts then from a negative value and arrives at 0 when the horizon meets the
photon. Since we consider flat geometry, we have, at a generic point = before
2’, one geodesic which links x and z’. We can parametrize this geodesic via the
affine parameter \,. In our frame, the photon frame, this parameter has the
meaning of space or time distance from the point z’. The generic point z is
then:

2= (Ag, Ag, 0,0), (2.120)
with A\, < 0; and the tangent vector to the geodesic is:
jo = 47 _ (1,1,0,0). (2.121)
d\

Going to the point z’, the parameter )\, tends to A,., which is 0. We have, in
the coincidence limit:

lim [Ay — Ap| = lim [A,] = 0. (2.122)
z—x’ r—ax’

Considering the area of the surface made of all the points at an affine geodesic
distance from the base point z’, which is \,, we have a spherical surface such
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that:
A(N,) = 4mA2. (2.123)

Classically, approaching the base point, we have that A, approaches A, = 0, so
the area goes to 0. Introducing the qmetric, we know that in practice we map
the parameter A\, to )\NI and A\, to S\Z/. In this case, in the coincidence limit,
we have:
lim [\, — Ap| = lim |\,| = Lo. (2.124)
z—x’ r—a’

This means that, around the base point z’, we have a non-vanishing value of
the area given by: A, = 4wL2. In the radial motion of the photon into the
center of the black hole, when the horizon and the photon meet, we have so
two kinds of area: the area of the horizon, or of a region of the horizon around
the base point, and the area arising from the coincidence limit. Both of them
are irreducible: the first from thermodynamical properties of the black hole,
the second from the properties of the qmetric. When the photon crosses the
horizon, or in other words, when the radiation is absorbed, this two areas should
be added together, leading to the concept of minimal area variation, dependent
on the minimal length in the spacetime:

AA,i, = 4TL3. (2.125)

After the absorption event, the black hole can be seen in a situation of perturbed
geometry, with a point on the horizon which is gaining an amount of area
AA,in. For the no-hair theorem, the black hole should reach stability keeping
spherical geometry of the horizon, but increasing its value to A’, where:

A > A+ Adin. (2.126)

Now we know that, from the thermodynamics of black holes, when matter or
energy crosses an horizon and is absorbed by the black hole, the area of the
horizon increases of an amount which is proportional to the amount of energy
which is absorbed. If the amount of energy which would be absorbed is not
enough in order to satisfy (2.126), so to give an area increment at least of
AAnin, the matter or energy can not be absorbed, according to our gmetric
description.
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Chapter 3

Effects of qmetric:
properties and examples

In this chapter, we present some examples of applications of the qmetric, prin-
cipally from an effective point of view, explaining some features and properties
of this structure. First, we want to present a form of the qmetric which is based
on an expansion in small lengths. This is motivated by the fact that, since the
qmetric differs significantly from the standard metric only when we reach scales
of the order of the Planck length, we could think that when we want to study
some physical system (dynamics of a particle, trajectories, etc.) at such scales
through the implementation of the qmetric, it can be useful to have a simplified
form which captures the essential difference from the classical case.

In the second section, we present a method to characterize a spacetime based on
its curvature invariants, and in particular the Kretschmann scalar Rgp.qR*°?.
We will show what kind of role plays the minimal length in such a characteri-
zation, and how it is interpreted.

The third part is dedicated to one of the most famous phenomenon which com-
bine quantum effects with a curved spacetime, which is the emission of Hawking
radiation. After a discussion about the changing in this phenomenon due to the
presence of a quantum of horizon area for a black hole, we propose a simple
modification to the law which gives the density of emitted particles in function
of the particle frequency w, still from an effective point of view.

3.1 qmetric for small distances
As said before, we begin the chapter proposing a form of the gmetric which holds
for small distances. Our strategy will be simple, based on suitable expansions

of quantities. For simplicity, we focus on the case of spacelike geodesics. Start
from the complete form of the gmetric, in a maximally symmetric space, which
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we recall here:

_ Sre [ A \2/(D-1) 2872 Sp, A \2/(D-1)
= St () +{ E Sw (AL )

o2 Ag SLO o? Ag

Now, we know the qualitative behaviour of the gmetric, which is reflected also
by the qualitative behaviour of the modified distance Sy, (0?): for great values
of the squared distance o2, compared to the squared minimal length L3, Ga.p
tends to gap, and Sr, tends to 2. When we go to the limit 02 — 0, however,
we get a real modified squared distance which tends to LZ. At the same time,
Jap tends to a form which diverges for vanishing squared distances o2, precisely
to balance the 0 coming out from it, giving a finite result. In approaching this
limit, in which emerges strongly the behaviour of the non classical part of the
gmetric, we could think that are predominant some of the properties of the
quantum nature of the spacetime, and that they can be underlined specializing
the general form §,;, for 02 — 0. In doing this, we simply apply basic notions
of Taylor expansions, starting precisely from the unknown function Sr,. As
usual, to simplify the discussion, we study the simplest case of spacetime: we
take a completely flat spacetime in four dimensions, so our classical metric gqp
is simply 7qp, and (2.1) becomes:

~ SLO 0'28220 SLD
= Loy — 2Lo b e 3.2
Tlab 2 Nab e{ 5. 5 (dalb (3.2)

because A/Ag = 1 in this case. Writing explicitly the form of ¢, and g, we
get:

UQS’LQO B Sro }8,1026';,02. (3.3)

2 — % +
Nab ) Nab SLO o2 402

Now we start to work in the case of small distances, which is analogous to the
limit o2 — 0. Of course, the function Sr,, which represents the corrected dis-
tance, is unknown. In our treatment, we only know that it is a function of
o?. Supposing that Sz, is sufficiently regular, meaning that, being a physi-
cal function, it has not exotic features, at least around o2 = 0, we can make
the hypothesis that for squared distances which tend to 0 it admits such an
expansion:

Sp, =~ L2 + ko?, for o — 0, (3.4)

where k is an unknown parameter, that is the first coefficient in its expansion
for small value of the squared distance. We can see that, in going through this
limit, since we are considering just the first order of St, we deal with only one
unknown real parameter instead of an entire function. This can be useful for the
study of different systems, in which we analyze dynamics around the minimal
length scale: in such cases, we have just one free parameter in the description,
that maybe can also be fixed imposing some physical requirement. An important
fact to underline is that k& should be positive: it must be different from zero to
satisfy the third fundamental requirement of the qmetric ([|SL,|/S7](0) < 00),
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and, having k < 0, for 02 — 0 we obtain Sr, < L2, so k > 0. Now, plugging
the condition (3.4) in the form of 7., we get:

(3.5)

N Lo + ko? o2k? L3 + ko? | 0,020y0>
TNab = 2 Tab + 5 2 = 2 2 )
o L+ ko o 4o

having clearly S”Lo = k. In what follows, we will perform some calculation,
keeping just the relevant terms in o2, and to do that could be important to
underline this: while o2 is tending ezactly to 0, the value L2, despite is expected
to be very small, is fixed. So, for example, in ratios between o and L3 the higher
term is L3:

0.2

— —0, foro®—0. (3.6)

Lg
The construction is of course independent on the precise numerical value (and
order) of L3; we know that physically it should be Lo ~ 1073° but in any case,
in our treatment this is a constant value, so we have the condition indicated in
the last equation. We get:

- L? L3(L2 + 2ko?
Nab = (k + Ug) Nab — <4§‘(L(£g—|-kcﬂi>8a028b02' (3.7)

We note that, in doing the explicit computation, a piece quadratic in k already
simplifies. Now, let us collect all terms at the numerator:

7 402 (L(Q) + ko?)nap — (Lal + 2kL302)8a028b02
ab — .

40*(LE + ko?)

(3.8)

Until now, we did not approximate anything in the form, up to the function St
for which we wrote a hypothetical expansion. Now, we look at the denominator.
Factorizing out L3, we have the term in brackets which becomes (1 + ko?/L3).
We apply the expansion:

1 1 ko2
~ 1— —) 3.9
404 LE(1 + ng) 404 L2 ( L2 (3.9)

Inserting this expansion in the form above, and doing computations, after col-
lecting terms in front of 14, and 0,020,02, we can arrive at:

. L2 k202 KkSot L2 ko k2
~ | 22k —— -0 o 0,000 (3.10
Tlab <U2+ 72 7 v+ | = -3 402+2L3 0" Opo. (3.10)

This is the approximated form we found, in which we ordered the terms in
growing powers of 2. As we see, there are three terms, one in front of 7., and
two in front of 8,020,02, that are divergent in 02 — 0. This makes sense, be-
cause without diverging terms we cannot balance the behaviour of the standard
squared distance in the studied limit, as anticipated. Now, we want to contract
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with dz®dzx?, to find the approximated form of the line element in this limit. Be-
fore doing that, however, we underline an important point: the quantity we find
has the meaning of infinitesimal distance around L3, in the sense that we are
considering increments of square distance that start already from the minimal
one L2. One possible way to formalize this feature is to consider the difference
between the metric we are considering and another formal one, which has k = 0
and so gives only the constant contribution equal to L3 in the limit 02 — 0 (as
we said, the case k = 0 is actually forbidden). Let us denote it with dx+/SL,,
not to be confused with d/Sr,, which denotes instead the differential of the
effective geodesic distance, that diverges in the o — 0 limit.
We have, from the relations of the standard metric:

Napdz®da® = (do)?,

3.11
aaa2ab02d$ad$b = 40‘2<d0-)2, ( )

from these we then see what terms cancel out in taking the contraction. Re-
markably, terms linear in k£ cancel out, giving a contribution which is quadratic

and cubic in k: ) 1242 131
o
(5,6\/5%) ~ I (do)? — I (do)?. (3.12)

This result is consistent with the same line element computed starting only from
our hypothesis about the modified squared distance Sy, namely S, ~ L3+ko?.
Let us see this:

SL kdo? k ko
) do* = ——n ~» — [ 1~ do? 1
VS = NI ( 2L2> 7 BB

So (recalling that do? = 20do):

(52’ -

2
ko k%02 k3ot
1— 2 ~ 2 2, 14
2L0< QL%) Udal 2 (do) 7 (do) (3.14)

In the last, we considered the term in % negligible, but it would give:

k3ot ktoS
(5\/5%) - da)2 T (do)? 4 e (do)?. (3.15)
0 0

So, from these we have an hint about the presence of an alternative sign; this
could have a deep meaning, suggesting that, in the field of all the possible forms
of S, (c?), we have to look for some function which, if admitting an expansion
around o2 = 0, it occurs with alternative signs.

There are more considerations that we can say about this discussion; however,
since we have to focus on another point, we just wanted to show some basic
features. This topic could be explored further in the future.
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3.2 A spacetime characterization based on L

Here we want to explore a possible way of interpreting the minimal length Ly,
namely, the identification of this scale as a radius of curvature for a given
classical spacetime. In particular, Ly will give a limit about the maximal value
of curvature we can have in a classical spacetime, or in other words, that the
spacetime support. There are different references in which, to study such a
limit, are taken generic components of the curvature tensor in the theory, or
some general combination of them [12]; in what follows, we propose another
method, which instead of general components works with scalars, and more
precisely, the Kretschmann one. The advantage of doing this is that we work
with coordinates independent objects; moreover, even if we are dealing with
non-local concepts, like Ly and the gqmetric, in this discussion we look just at
classical scalars, so associated only to a point in the spacetime, being computed
from standard tensors.

3.2.1 Maximal Kretschmann scalar for Schwarzschild space-
time

Our interpretation is very simple, and to start with, we take the important
case of a Schwarzschild spacetime. It is precisely in this case that, due to
the particular form of the metric and the properties of Einstein equation, it
particularly makes sense to consider the Kretschmann invariant.

We know the Schwarzschild metric, which we recall in dimensional units:

1
ds? = — (1 _ 2TGm>dt2 + (1 _ 2fm> dr? +r2d0%  (3.16)

c? c?

where m is the mass of the star, or the black hole, concentrated in a point
which is the origin of coordinates, and r is the distance from it. Now, we know
that such a spacetime is surely not flat, being characterized by a non-vanishing
value of the Riemann tensor R,pcq. It is usual to define different types of scalar
quantities, computed contracting the various tensors we have in the theory.
This scalars can give a summary of the spacetime curvature, depending on the
spacetime point itself. For example, is well known that for a two-dimensional
sphere of radius r, embedded in a three-dimensional space, we have a constant
curvature, which can be found by the Ricci scalar R, that gives R = 2/r%. We
see that this quantity is inversely proportional to the square of the radius of the
sphere, which is consistent with an intuitive picture one can have: the more a
sphere is big, the less you feel you are curving if you move along the surface. In
analogy, it is common to talk about the concept of radius of curvature also in
a general manifold, and this also makes sense from a dimensional analysis, since
from the definition in terms of the derivative of the metric tensor, we have:

R~172 (3.17)
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where for [ we mean length. As we said, the are many scalars we can write down
with different combinations of tensors; for Physics, of course the simplest and
most important is the Ricci one, because it enters in the gravitational action
giving the usual Einstein equation. Nevertheless, to study some properties of
the spacetime itself, it could be relevant also to look at other quantities.

Take now the previous situation: a Schwarzschild spacetime. Suppose that we
want to consider the spacetime property of a minimal length, knowing that we
can associate a length also to the curvature scalars. Specifically, we want to
ask ourselves: having a minimal length, does it happen that we have a limit
about the magnitude of curvature in the spacetime considered? In our simple
example of a Schwarzschild spacetime, to answer this question we start to list
the main tensors we have: the metric tensor g.p, the Ricci tensor R, and the
Riemann tensor Rgpcq. Combining them, we can define the principal scalars in
the theory; the simplest are: the Ricci scalar R = g* Ry, the scalar R,y R*? and
the Kretschmann scalar RgpcqR*°?. However, if we are in vacuum, it is easy
to take Einstein equation and, contracting with the metric and substituting, to
obtain the following results:

R=0, Ry =0; (3.18)

which means that, of the three scalars above, two are identically zero in vacuum:
R = Ry, R® = 0. The only scalar which for sure is different from zero, being in
practice the square of the most general tensor that encodes information about
curvature, is the Kretschmann scalar, which we call now K, and which for
Schwarzschild gives (in dimensional units):

B 48G?m?

K = (3.19)

ctr6
We see immediately two consistent facts: the scalar is radially symmetric, since
it depends just on the distance r from the center of the black hole, which is
defined from the area of the surface around the center via r = \/A/4m; then,
we see that the only divergence we have is for r = 0, meaning that the only
singular point in this spacetime is the center of the black hole. Looking at this
scalar, how can we effectively implement a minimal length Ly to study some
possible bounds of the curvature? One of the possibilities is to plug directly
r = Lo, interpreting the minimal length as a minimal distance from the point in
which the mass is located, and this would give a value of the Kretschmann scalar
which can be interpreted as the limiting value of curvature for Schwarzschild
spacetime. This method, however, could have some issues: of course we cannot
go closer than Ly to the center, for the limits imposed by the gmetric, but
this could give a value of the Kretshmann invariant which depends a lot on the
particular spacetime we are in. We could think, instead, that each spacetime
we have should be compared with the same value of the curvature, in other
words, with the same radius of curvature. Our choice, so, is to interpret L as
a curvature radius, and since K has dimensions of /=%, with [ being a length,
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we take the following condition for the limit curvature:

1
K|~ —. 3.20
K1~ 7o (320)
The absolute value is taken because we consider the magnitude of the scalar K.
So, for a Schwarzschild spacetime in four dimensions, we can define the region
of spacetime of allowed curvature by:

p (3.21)

1/6
48G?m? 1 48G?m?2 L}
—15 < i > | —F2 .

This has of course the same radial symmetry as the Kretschmann scalar, mean-
ing that we are defining a three-dimensional sphere centered in the point mass:
in this sphere, the curvature is too high for the limits imposed by the presence
of a minimal length Ly. The radius of this sphere can be called ry. We see an
interesting dependence in the mass m:

ro ~m/3, (3.22)

so, the more massive is our point-particle located at the origin, the bigger is
the distance from this point at which curvature starts to be too high. We are
actually removing a sphere from our spacetime, with radius r(, and if we think
at the volume Vj of this sphere, we see that is linear in the mass:

Vo ~m. (3.23)

Now, let us see some numerical values of this radius, to have an idea of the
physical order of magnitude that r¢ can have.

For Ly, we take the Planck length Lp = +/(hG/c3). Of course, as we know, Ly
could be not precisely this values, but the order of magnitude is expected to be
the same. For astrophysical objects like black holes, we have different orders
for the mass: from a few times the solar mass Mg for standard black holes to
incredibly large values like 106 M, for supermassive black holes. Take the solar
mass as an example. We have:

4

(48L‘}3G2M§>
To = .
C

1/6
) ~14x107* m. (3.24)
While for a mass of 106M,, since the mass enters with a power of 1/3, we get:
ro ~ 1072 m. (3.25)

These orders could have an unexpected meaning: introducing a minimal scale
of the order of the Planck one, so 1073% m, actually for Schwarzschild we get
a limit distance from the center of the body of order of 1072° m, which is very
big compared to the Planck length. It means that we lose the concept of usual
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spacetime at a distance which is more and more large with respect to Lp, at
least for a Schwarzschild spacetime. Now we try to deal with the relation for rg
from a different point of view: requiring that the limiting distance rg is truly
the same as Ly, we ask: what kind of mass can give such a result?

Setting as before Ly = Lp, we obtain:

L062 1 he -9
= = —/— ~31x107" Kg. 3.26
mo 3G 4\/ 3G g ( )

This makes sense, since the order found is precisely comparable to the one of
the Planck mass, and so we have consistency about the procedure applied, even
if it is a naive method to study bounds on the spacetime curvature.

3.2.2 Limit curvature and gravitational waves

In this part, we treat the concept introduced above in the case of a spacetime
with nearly constant metric; more precisely, one through which are passing grav-
itational waves. We want to study a possible limit on curvature in the case of
spacetime perturbations given by gravitational wave, eventually emitted by a
coalescing binary. Take the case of a flat spacetime. We can understand from
the very beginning that, probably, to reach this value of limiting curvature we
need a GW frequency which is incredibly high, and so the study of this problem
could seem to have no sense; however, different constants enter in the compu-
tation, giving an interesting contribution. Moreover, it could be conceptually
interesting to see what kind of curvature can give a gravitational wave, even
if it is very weak. We start recalling that, in the approximation of nearly flat
spacetime, we have for the metric:

Gab = Mab + hab; (327)

where 1, is the Minkowski metric and hgp, is the dynamical metric, for which we
suppose |hqp| << 1. We know from the standard theory of General Relativity
that, in vacuum, setting a suitable gauge condition we obtain that h,, has
to satisfy a wave equation, which is precisely the Einstein equation for small
deviation from the Minkowski metric [13]. It turns out that the general solution
hab, which can be seen as a 4 x4 matrix in function of the spacetime coordinates,
can be written in a very useful form, in which only two components, called h
and h,, are independent and different from zero. In this case, we have:

0 O 0 0
0 hy hy O
0 O 0 0

in which all the spacetime dependence is in the functions hy and h,, which
are called cross and plus polarizations. Of course the specific form of these
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functions depends on the characteristics of the waves, and in particular on the
source. A binary system of black holes in coalescence, that is the main subject of
our work, actually produces gravitational waves, a point that will be explained
in the next chapter in more details; for now, we cite just the form of hy and Ay
in this case, describing the various factor that enter:

4 rGMN\5/3 /7 fou\2/31 4 cos? 0
hy(t) = - ( - ) ( fo ) cos (27 fguwt + 2¢),
LM 2l (329)
c T Jgw .
hy (t) = ;( = ) (Tg) cos 0sin (27 fgut + 26).

In the last formulas, M, is the chirp mass, a function of the two masses of the
black holes m; and ms:
(ml Mo )3/5

(m1 —|—T712)1/5;

= (3.30)
fqw is the frequency of the gravitational wave; ¢ is actually the retarded time,
which takes into account the fact that gravitational waves travel at a finite speed
(the speed of light) through the space; r is the distance from the center of the
coalescing binary; 6 is geometrical quantity which depends on the orientation
of the point of detection with respect to the position of the binary, ¢ is a
constant shift. As explicitly indicated, the dependence in which we focus for
physical application (like the real detection of gravitational waves on Earth or
in the space) is the time dependence, an important point for what follows. It is
clear that the particular kind of gravitational waves we are considering depends
strongly on the characteristic of the source; this can be seen easily for M., and
it holds also for fg., since it turns out to be proportional to the frequency at
which the two components of the binary are orbiting around each other, called
orbital frequency or source frequency fs.

Now, return to the concept of curvature, and specifically to the one of scalars
quantities. As we said, we consider a situation in which the spacetime is almost
flat, and is crossed by gravitational waves produced in some region, probably
far. It means that we are in vacuum, and the simplest scalars we can define
from the tensors we have at hand are again identically zero. Another time, we
look at the Kretschmann scalar K = R,p.qR**°?. Luckily, in the case of nearly
flat spacetime, due to the particular form of the metric and the fact that in the
computations hgp is treated as a small parameter, the Riemann tensor assumes
a very simplified form, that can be written as [13]:

1
Rabcd - i(abachad + aa,adhbc - 6aachbd - abadhac)- (331)

We can now compute the Kretschmann scalar K; after some passages, relabelling
some dummy variables, we have:

K = RapeaR™ = (0p0chaa) (0°0°h*®) + (9p0chaa) (0 0ThPe)

3.32
+ (0p0chad) (0°0°h"?) + (0p0chaa) (9" 0h). 332
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Now, consider the gravitational waves indicated above. Since we have just two
spatial components different from zero, keeping only time derivatives terms, we
have:

K ~ (hy)? + (hy)? (3.33)

This is a very simple result, symmetric in the two polarizations: a property
which makes sense, looking at the form of h,,. Plugging the explicit form of
hx(t) and h4(t), we obtain:

“ g “ g 16 GM. 1078 7ngw e 202 \2
(h)? + (hy)? = 54 vl IS %)

‘ (3.34)

)

0082 ’
(HW)> cos? (¥ (t)) + cos™ (¢) sin” (¥ (#))

where we added the correct power of ¢ to have a dimension of m=*, and W(¢) is
the total phase dependent on ¢. The double derivative had the effect to bring
in front of the function another term ~ ggw, then the square produced a total
additional factor ~ jw. Now, we have a scalar dependent on time, in particular
a periodic function: it is common in these situations to take a mean value of
the quantity considered on several periods, indicated by (). In our case, since
we have (cos?(27 fyut + 20)) = (sin? (27 fyut + 26)) = 1/2, we get an additional
factor of 1/2 in front of all. Then, we can look at the factor in square brackets,
which depends just on 6. One can integrate over the complete solid angle and

divide by 47, obtaining the average value of the term which is 4/5. So we obtain:

2 oM 10/3 4/3
(5) ~ ((h)? + (h)?) () (”fw> (472 12,)%. (3.35)

5r2ct c?

The quantity in the last equation represents the mean curvature of spacetime,
in the angle, and in time, due to gravitational waves generated by a coalescing
binary. Here we suppose to be at a fixed, great distance r from the source, in a
region of almost null curvature, as happens in the real cases. Suppose that we
are at a generic point in space, fixing the angle #. While time is passing, that
space point feels a value of curvature (in our discussion identified with K') which
is periodically varying in time, of which we took the mean value. We underline
that the forms of hy and h considered here hold in the case of great distances
compared to the size of the source, so, for example, the case of gravitational
waves emitted by a coalescing binary and detected on Earth. Of course, seeing
the constants that appear in (3.35), we can understand that we need a huge
frequency value fg, to have a mean value of curvature comparable with the
maximal one, if we have Ly ~ Lp. As anticipated, from gravitational waves
moving in a flat spacetime endowed with a minimal length of the order of the
Planck one, the issue of reaching a critical value of K is for now irrelevant.

The discussion above, however, is based on the assumption of nearly flat space-
time: we are expanding the metric around the Minkowskian one, and so the
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predominant part of the metric is flat, giving intuitively that the curvature is
very weak. We know, in any case, that gravitational waves propagate also in a
curved background, for example, a region close to a black hole. In this case, we
have for the metric:

Gab = Gab,0 + hab; (336)

where gqp,0 is the constant, leading part of the metric, but different from a flat
one, and hgp is, as usual, the dynamical part. We explain briefly what happens
for such a metric. In this case, we still have a wave equation for h.;, but the
differential operator associated with its evolution takes into account the pres-
ence of non-vanishing Christoffel symbols [13]. In particular, we will have that
the form of the Riemann tensor is different with respect to (3.31), having part
related to the covariant derivative V. This, in principle, gives a different scalar
K, which depends of course on the particular geometry connected to ggs0. In
practice, now the curvature value associated with K is not near to zero, but
instead is near to the one given by gqp,0, and it oscillates periodically around
its mean value, as before. Computing this mean value, now we can truly find a
value higher than the maximal one, since we start from a background curvature
different from zero, which could be also high. The gravitational waves add a
small amount of curvature, depending on their frequency, but this amount can
be enough to reach the maximal curvature.

Instead of searching particular numerical values, we want to finish this part
talking more about the case of a Kretschmann scalar dependent on time. We
take the particular example of a scalar periodic in time, but the central point
of the discussion holds also for a general dependence in time. Let us call this
scalar K(t), which in the case seen above is the Kretschmann scalar without
considering a mean value over time. Now we consider cases of positive values
for K (t) at each instant of time, otherwise we have to consider absolute values.
Suppose for a moment that we have a value of the frequency so high that we
reach a mean value of the curvature which is less than the maximal one, but
close, in the sense that it is almost of the same order, just a little smaller:
(K) < Kpaz- For the case of gravitational waves propagating in flat spacetime,
we see that it is not easy to have a sufficiently high frequency; however, working
in an already curved spacetime, as explained before, it could happen. Evolving
in time, K (t) will oscillate around its mean value, between its minimum K_
and its maximum value K. So, at a generic instant of time, we have:

K_<K(@t)<K,. (3.37)

Now, suppose that Ky > K;,4,; in other words, suppose that, while having
anyway a mean value less than the limiting one, our K (¢) reaches values which
are greater than this limiting one, periodically in time. So, while time is passing,
restricting to a period of the wave we actually have that the spacetime curvature
is in an allowed range of values for a certain interval of time, and here we can
still apply the description via the concept of metric, which at most should be
the gmetric, because we are at an order of the radius of curvature which is in
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any case comparable with Lg. In the other interval, we are above the limit, and
spacetime has not the standard meaning of a coherent structure describable
by a metric tensor. After an interval of time passed above the limiting level
of curvature, the scalar K(t) will return to values which are less then K.,
then it will go to K_, and restart to grow, and this continues periodically in
time. Of course, is not easy to understand completely what it means such
a behaviour; for example, when K(t) is above K., we should think that
the concept of spacetime actually loses its meaning, and consequently also the
concept of time ¢t we are considering for the evolution of K(t). If something
like this phenomenon can happen, even if for now it is probably not common
to deal with such situations, should we think that spacetime returns to its
previous structure after having passed a limit value of curvature, or that it goes
to another configuration, different with respect to the standard one? According
to the effective qmetric description, such circumstances in which K, ... is passed
should not occur.

In any case, in this section we wanted to give a simple method with which
one can characterize a spacetime under study, looking at a limit imposed by a
minimal length. In regions with a curvature much smaller than the maximal, one
can describe spacetime curvature locally with usual tensors, like R,peq- When
we are in a region with an allowed curvature, but close to the maximal one,
spacetime is describable, but we should look at bitensors instead of tensors,
corrected with the effective qmetric, giving Rabcd. Over the maximal value,
actually we cannot say anything, since we lose consistency with the quantities
associated with the standard spacetime properties. The gqmetric, in any case,
suggests that the curvature, after reached the maximal value, cannot increase
further, giving a sort of frozen behaviour for the spacetime. Schematically, we
can summarize with the following classification:

K << Kmaa:v K 5 Kmaa:a K > Kmaa:
> (3.38)
Rabcda Rabcda ?

with, according to the qmetric description, the case of K > K4, being collapsed
to K = Kpq,- In this way, instead of bitensors, we consider standard tensors
to classify spacetime regions of allowed curvature, indicating how we actually
need to look at a bitensorial description.

3.3 Hawking radiation with quantum of area

To proceed in our discussion of effective properties given by the introduction of a
minimal length, and consequently, a step in area in a black hole horizon, we now
study the case of a well known phenomenon: the emission of Hawking radiation
[14],[15]. This works as follow: combining a QFT with a curved spacetime
background, we discover the presence of a non-trivial value of temperature for
the black hole, connected with the value of its surface gravity on the horizon.
Due to the presence of this temperature, we observe the emission of particles,
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here considered as scalar fields, with a spectral distribution which is a function
of the particle frequency w. We recall some basic concepts.

Taking the case of a Schwarzschild black hole of mass m, area A = 167m?G?/c?,
we have, on the horizon, a temperature Ty;:

ke

TH= ——+—
B SamGhg’

(3.39)
inversely proportional to the mass of the black hole. The spectral distribution,
in function of the frequency w of the field, is found to be:
1
Nw)=—. (3.40)

hw
eFim — 1

This form is found considering, in a first approximation, the effective potential
of the black hole V,¢f(r) completely negligible. However, this function gives
problems for w — 0; indeed, we get a divergence. To solve this issue, and obtain
a more physical distribution, one can consider that actually the function above
is obtained considering that all the radiation emitted arrives at infinity; in other
words, we are ignoring possible reflections given by the potential. If we define,
as usual, the two coefficients R(w) and T'(w) related respectively to the reflection
and transmission of signals of frequency w, we have of course:

|IR(W)|> + |TWw)|*> =1. (3.41)

In (3.40), since we have not the reflection term, we have |T'(w)|? = 1, which is
actually at the numerator of the function. In the general case, we would have:

T (w)[”

hw
eFBTu — 1

N(w) = , (3.42)

where the term |T'(w)|? is also called grey body factor. Through the technique of

the asymptotic match, it is possible to fix the coefficient, obtaining (G = ¢ = 1):
16m2w?

Ngp(w) = ——, (3.43)

hw
eFBTn — 1

where now with Ng, we indicate the distribution corrected with the grey body
factor. Now we see that in the limit for w — 0, the function is well defined,
giving a behaviour linear in w and then convergent to 0. Now, let us study what
can happen if we add the presence of a quantum in horizon area.

In the standard case, having the emission of radiation by a black body, we
actually have a changing in the mass, and, consequently, of the horizon area.
But since we have a finite step in area, it is not possible to increase continuously
m and A, because we need an amount of energy high enough to produce the
minimal step in area AA. Suppose that we consider each particle singularly,
and so having an amount of energy proportional to its own frequency w. If the
frequency is not high enough, the energy of that particle cannot give a sufficient

47



variation of mass, or area, to the black hole. It means that we have, actually,
the effective emission of radiation only starting from a specific frequency which
we call weri¢. Since our step in area is AA = 47L3, in units G = ¢ = 1 we can
factorize out the coefficient which relates the Planck length Lp and the minimal
one Lg. We have:

AA =4nL3 = aLl% = ah. (3.44)

Take now the mass-area relation for Schwarzschild black hole: A = 167m?. In
a variational form, we can say that a small variation of mass dm and a small
variation of area A are related by:

0A

= 32m

om (3.45)
It means that we also have a step in mass connected to the one in the area,
leading:
_ah
- 32mm’
Suppose we have a quantum particle with a specific frequency w, that gives
an amount of energy E = hw. This particle can be emitted only if, in absolute
value, it gives a variation of mass dm equal or greater than the one in the last
equation. We obtain:

om (3.46)

(&%

hwcrit =om — Werit = (347)

32mm’
This is the form of the critical frequency, at which the black hole is able to emit
or absorb energy. Return now to the spectral distribution N(w), in its simple
form (3.40).

We can write in a more useful form the exponent at the denominator of (3.40),
defining:

ksTi
wy = 21 (3.48)
h
In this way, we get:
1
Nw)=——— (3.49)
evo —1

Tt is interesting to note that the ratio weri/wo is independent on the mass of
the black hole, depending only on the parameter «a:
Werit (e

=T (3.50)

Consequently, we have that, changing the mass of the black hole, we can change
the value of Ty and also the value of the frequency at which we start to have
emission, but the value of the density of particles emitted at that frequency
remains the same:

N(@erit) = —a— (3.51)
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Figure 3.1: Graph of the function Ng(z).

If we consider the addition of the transmission coefficient, we have another time
that N(werit) depends just on «. Indeed:

2

«o
|T(wmt)|2 = 16m2wgrit = 64n2’ (3.52)
and we arrive at:
a? 1
Nop(@erit) = s —a—7 (3.53)

It could be useful to have a graph of Ng(w). Setting v = mw, we can see the
behaviour in Figure 3.1.

Consider the addition of the critical frequency we;;. We can understand
that, for the discussion above, the emission of radiation for frequencies in the
range [0; werit) is suppressed, and the function should be modified in the form.
We call the corrected distribution function, including the grey body factor,
Ngp,o(w). Following a naive modification, we can initially think that the effective
distribution now takes the form:

0 if w < werit

Ngb,a(w) = { (3.54)

Ngp(w)  if w > wepit.

Here, we have explicitly wrote the label o to remember that the effective mod-
ification is controlled by the value of this parameter. Since we are cutting an
entire piece of the function, setting it to zero, also an entire piece of the graph
and of the subtended area in the figure is now forced to be identically zero. It
is clear, now, that depending on the value of w..;+, we can have a large range
of frequencies in which the emission is suppressed. Since we see clearly that we
deal with only a maximum point, to understand more quantitatively when it
happens that we have the bigger part of the emission suppressed, we can take
as a reference point the position of the maximum value, which we call wy,q,. In
practice, we want to know when is satisfied the condition:

Werit > Winag- (3.55)
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The first point is to understand what is the value wy,q;. Let us compute the
derivative of Ng,(w):

32m3w 16m2w?
;b(w) = — . (3.56)

hw K 2
e*BTu — ] (e RETh — 1)

We should impose N ;b (w) = 0, and solve for w. However, we see easily that this
is not an equation solvable analytically. To find at least an approximated value,
we should proceed numerically. Before that, nevertheless, we try to understand
by hand what is the value of w4, then we can compare with the more precise
value found numerically. Our procedure is simple: recall that we can write the
exponent with the help of wy, as in (3.49). From a certain point of view, wy is
a sort of characteristic frequency of the distribution. Try to consider values of
w which are multiples of wg. Start with wq itself, and plug into the derivative
Njy(w). Easily we can see:

/y(wo) > 0, (3.57)

so the value wy,q; is after wy. Now we try with 2wgy. Plugging in the derivative,
we see:
Néb(Zwo) <0, (3.58)

meaning that wy,.. is before 2wy. Naively, we can suppose that the position of
Wmaz 18 almost in the middle of this range, and we take the indicative value:

,_ 3hkpTh
2

w = 1.5wq. (3.59)

This is obtained from a very naive procedure, looking just at the form of the
graph and the sign of N!;b(w). Now, if we solve numerically the equation
;b(w) = 0, we actually find for the value of wy,qz:

Winae = 1.5833wy ~ 1.6wy. (3.60)

We see, then, that this value is not so far from the one found before. Now we
can solve the inequality werit > Wmae; substituting the form of Ty, we have:

«o - 1.5833
32mm 8mm

— a2 6.3. (3.61)
For such a value of «, then, we have a big suppression of Hawking radiation.
In literature, there are different proposals for the constant « [9]; in this work,
we will focus essentially on four possibilities: a = 4In2, a = 4In3, a =
47, o = 8w. The last two values are bigger a lot compared to the one in the
last inequality; in these cases, the position of the value of w..;; is probably far
from wy,qz, and the great part of the Hawking radiation is cut. Consequently, if
we deal with such values for a, to detect Hawking radiation will be even more
difficult than the standard case, because, in addition to the probably small value
of the horizon temperature (for macroscopic black holes), we are left, due to
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Figure 3.2: The graph of Ny () in a first approximation.

effective quantum corrections, just with a small part of the complete radiation.
Now, we can think that the form of Ng o(w) we are considering takes into
account drastically the effects of quantization: our function now has two pieces,
one identically equal to zero, the other following the standard distribution. We
can see this in the graph of Figure 3.2.

We could want to define a function which, taking into account quantum ef-
fects, is modified also in the shape and in the behaviour, giving in any case a
distribution equal to zero before the frequency w..;+. However, such a distribu-
tion derives probably from a complete quantum theory of spacetime applied to
the case of Hawking radiation. Nevertheless we can try to write down at hand
some modified version of the function, and see if could make sense to study a
modified spectral distribution. In practice, still considering (3.54), we change
the function Ngy(w) in the second line, looking for a less drastic alternative.
One possibility is to do the replacement w — (w — werit), keeping in any case
the complete function equal to zero until we arrive at we,s+. In this way, we con-
serve precisely the original behaviour, but shifted in w by an amount of we,..
However, in this case the integral of the function from zero to infinity would
be unchanged, meaning that the total power emitted remains the same. This
seems to be unphysical, since we are actually cutting a part of the emission, and
not redistributing it.

Before considering reflection effects, the transmission coefficients was equal to 1,
with all the radiation going to infinity. After the introduction of not negligible
reflections, we got a value |T(w)*> = 16m2w?. It is clear that our consider-
ations impacts precisely on this coefficient, and in a first approximation the
modification was:

IT(w)|* = 0(w — werit)| T (w) 2. (3.62)

So, to have a lighter changing, instead of a Heaviside theta we can define a
general function f(w), which modifies the transmission coefficients with some
suitable conditions:

IT(W)|? = fW)|TW))? f(w)=0forw € [0;werit)- (3.63)
Now, in finding the form of |T'(w)|, being interested in a correction that avoids

divergencies around w = 0, an expansion for small frequencies was applied.
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Since we are in any case considering a |T(w)| derived for small w, we can follow
the same strategy, considering the function f(w) expandable for small values of
w, getting:

f(w) ~a+ bw; (3.64)

with the parameters a and b to be determined imposing some conditions.

We can, for example, require that in approaching wc,; both the function Ny o
and its derivative go to zero. This would give as a consequence a very smooth
behaviour; in addition, we also get probably another maximum value different
from the one found before. Since in this case we are forcing the distribution
function to be zero in the critical frequency, we are also losing the feature seen in
the discussion above, for which we got that Ngy(werit) is dependent on « only.
In order to keep this characteristic information, we want to propose another
kind of modification, based on different conditions. We demand that at we,i;
we still have the value computed above, namely:

Ngb,oc (wcrit) = Ngb(wcrit)- (365)

Then, demanding that the emission starts with the same density of particles at
that frequency, we also try to demand that the emission starts smoothly, and
we require:

Nlb,a (werit) = 0. (3.66)

g

These two conditions are enough to fix the values of @ and b. The first condition
translates into:
((l + bw)‘wcrit =l—=a=1- bwcrifn (367)

So we have:
(a+bw) =14 blw— werit)- (3.68)

For the second condition, having found a in function of b, we substitute and
compute the derivative. Imposing it equal to zero for w = we,it, we get b:

1 Yorit 9 o
b= — o :87Tm< o —8>. (3.69)

Werit

Woe wo —1 Werit

Consequently, for a:
a=1—bwerit =3 — — (3.70)

completing the first order form of f(w).
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Chapter 4

Minimal length and
quantum of area: tidal
heating

In this section we present the main subject of our work, the coalescence of two
black holes, and we discuss the effects which take place in this dynamics due
to the presence of a quantum of area for a black hole: in particular, we will
focus on an important phenomenon, the tidal heating. Despite the fact that the
quantization of the area, derived from a minimal length Lo ~ Lp, scales as L,
and so is expected to have an incredibly small magnitude, it turns out that in
some physical processes it can leave a signature also at a macroscopical level,
which, connected to basic parameters of the system, can also be observed. The
coalescence of a binary of black holes is one of these cases.

Classically, the dynamics of a coalescing binary is divided in three parts: the
first, called the inspiral part, is the one in which the two compact bodies or-
bit around each other, at a distance which is big compared to a characteristic
size of both the two objects (for example, this characteristic size can be the
Schwarzschild radius in the case of non rotating black holes); the second, called
merging (plunge), is the one in which, naively speaking, starts the fusion be-
tween the two black holes, and it takes place when the separation between the
two bodies approaches the characteristic size of them and strong field effects
can not be neglected; the third is called ringdown and is the last part of the
dynamics, in which a final Kerr black hole is formed by the initial two, and emits
a specific spectrum of gravitational waves before reaching stability. A complete
study of the coalescence of a binary is an extremely hard task, which requires to
take into account the full (non-linear) structure of General Relativity and the
application of the right formalism for each part of the dynamics. However, our
interest is specifically in one of the effect that takes place during the inspiral
phase: the tidal heating, which is the absorption of gravitational waves, emitted
by the binary, by the companions of the binary itself ([16], [17], [18]). For this
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reason, we will focus just on this part, eventually mentioning some properties
of the other phases.

In order to have, at least, a classical and simplified picture of the problem, we
begin by describing the dynamics of the two black holes from a completely New-
tonian point of view, meaning that we consider simply two pointlike particles
orbiting around each other. This extremely simplified study will actually be the
basis for all the corrections. We give then a brief explanation about the formal-
ism we need, which is the Post-Newtonian formalism, in which corrections to
the zero-order Newtonian dynamics arises as v/c series in the analytical expres-
sions of the quantities which characterize the system, like the orbital energy and
the emitted power. Then, we look at the laws of black hole mechanics, briefly
mentioning the change on the parameters of each of the black holes during the
inspiral phase. We proceed by explaining how the presence of a step in area
changes strongly the classical picture, and we underline the signature of this
modification present in the gravitational waves signal. We will give particular
emphasis to the modification in observable quantities, for example the gravita-
tional wave phase. Subsequently, we compare the magnitude of these effects to
the one of another well known physical effect, the Hawking radiation, finding
an interesting result regarding the comparison of two quantum effects in curved
spacetime. Also some numerical values of the quantities involved are given, tak-
ing specific cases of the parameters involved, for example, suitable initial masses
ratio.

4.1 Newtonian inspiral of compact binaries

We follow essentially the discussion of Chapter four of [13]. For now, we also
restore the constants G and c.

Consider the case of two pointlike bodies in the empty space, with masses m;
and my and positions r; and re. Going to the center-of-mass frame (CM), the
dynamics reduces to a one-body problem:

. GM
where: S
p=——"2" M=m+my r=ry—ry, r=]r| (4.2)
mi -+ mo

are, respectively, the reduced mass, the total mass, the relative coordinate and
the distance between the two bodies. For simplicity, we consider the case of
circular orbits; also in the Post-Newtonian treatment, actually, is considered
often the case of quasi-circular orbit, due to the fact that in the typical dynamics
of the system, effects of circularization of the orbit are present.

Considering the orbital frequency ws and the orbital radius R, we can write the
relation v2/R = GM/R?, with v = wsR, and via the Kepler law:

, GM

Wy =

(4.3)
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This system has been studied from the point of view of the production of grav-
itational waves, as it is one of the simplest physical system from which we have
such a production. We simply recall the main results. First, we recall the
chirp mass:

(m1m2)3/5

M. = 3/5M2/5 _ N
c =M (ml+m2)1/57

(4.4)
which is useful to write compactly some results. Recalling the basic features
about gravitational waves present in Chapter two, we know that the gravita-
tional wave signal is encoded in hgp. The form of hyy is largely simplified in the
DeDonder gauge, and in the form of plus and cross polarizations, as we have
seen. We have, in time dependence:

4 1 GMN\5/3 w\2/31 26
h+@):;< = ) (Wf ) +§” c08 (27 fyut + 20), (4.5)
hy(t) = % (Gi\jc > i (Wf%) o cos @sin (27 fgt + 2¢). (4.6)

As before, t is the retarded time, and the gravitational wave frequency is fqu,.
We recall that, in the quadrupole approximation, for the relevant mode holds
fow = 2fs, with fs = (ws/27) the orbital frequency. In the following we will
work essentially in that approximation.

We recall also the power radiated in gravitational waves, per unit solid angle:

dP 2¢® 1 GMywgy \ 10/3

o as) o) (4.7)
where ) 2.2

g(0) = (H%) + cos® 6. (4.8)

Another time, we want to look at quantities like (4.5) and (4.6) after taking the
mean value over a long time scale compared to the characteristic period of the
wave. We know that (cos?(2wt 4 2¢)) = (sin®(2wt + 2¢)) = 1/2, independent
of ¢. The angular distribution of the radiated power, which is proportional to

<h1 + h? >, is then independent of ¢. Recalling also the angular average of the

g(0) . 4
/Z;m—g’ (4.9)

we have, for the total radiated power:

factor g(#), which gives:

2c° M. 10/3
p= 3% (M) . (4.10)

- 5@ 2¢3
This is, actually, the Newtonian picture with the additional emitted power due
to the presence of gravitational waves: indeed, without explicitly mentioning

this, we have already corrected the complete Newtonian version of the problem,
simply introducing P.
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If we have an energy emitted to infinity, however, we have a loss of energy by the

binary system. The source of the radiated energy should be the total energy of

the system, which is the sum of the kinetic and potential energies of the orbit,

namely:

Gm1m2
2R

Looking at the previous, since we must have the conservation of the total energy,
it is clear that emitting (positive) energy via gravitational waves, the orbital
energy must decrease, in the sense that it becomes more and more negative, but
this means that R has to decrease in time, since we are considering fixed the
two masses. Looking at (4.3), if R decreases, ws increases. If wg increases, from
(4.10) we see that it increases the radiated power. We have, so, a sort of ripple
effect, in which the emitted energy continuously increases, and R continuously
decreases. This, on a sufficiently large scale of time, will lead the system to the
plunge, a sort of a fusion between the two black holes, and in general to the
phenomenon of coalescence. It is remarkable that we can see this behaviour just
considering the Newtonian version with the addition of an emitted power due
to gravitational waves.

Let us now look at (4.3). We see that the radial velocity R can be written also:

Eorbit = Ekzn + Epot = - (411)

. 2 W, 2 s

(4.12)
As long as the condition W, << w? is satisfied, |R| is much smaller than the
tangential velocity wsR, and so we can treat the orbit as a circular one with a
slowly varying radius. Working in this condition, we study a first approxima-
tion of the back-reaction of GWs, searching explicit laws of the quantities that
characterize the system, for example the frequency. We can write the orbital
energy introducing wy,, instead of R, obtaining:

GPMPw2, \1/3
Eorpit = f(T) . (4.13)
Now, balancing the energy, we write:
dEorpi
P=- dt“; (4.14)
and we have: 1 M5/
Dgw = 321/?)(76) Wil (4.15)

Substituting fg. = wgw/27m and integrating, we get a function fg,,(¢) which
diverges at a certain finite value of ¢, which is identified as the time of coalescence
and which we call t.,q;. We introduce, then, a new time coordinate 7 = t.q; —t,
called time to coalescence; in terms of this, we have:

1( 5 )3/8(GMC)*5/8.

Tow(™) = 2\ 2567 3 (4.16)

™
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It is useful to work with 7 because we can read easily the divergence of the
frequency value at 7 = 0. We can also insert numerical values and a mass of
reference, which is often the solar mass My =~ 1.98 x 103° kg, to have an idea
of the order of magnitude. We have then:

Foulr) =151 Hz(]\]éf)ws(l—:)?’/g. (4.17)

Inverting this equation for 7, we can see at which instant of time before the
coalescence corresponds a certain frequency. Taking the case of M, = 1.21 Mg
(which corresponds for example to a binary of two stars each one of 1.4Mg),
we have: a radiation of about 10 Hz, which is the order of the lowest frequen-
cies accessible to ground-based interferometers, is emitted at 7 = 17 min to
coalescence; radiation of about 100 Hz is emitted at 2 seconds to coalescence;
a 1000Hz radiation is emitted around the last few milliseconds. Looking also
at (4.3), we can see that the separation between the two bodies in the case of
my = mg = 1.4Mg when the emitted frequency is 1kHz is R ~ 33 km. This
order of distances can be reached, for example, by neutron stars or black holes,
but at such distances we are actually close to the phase at which the two bodies,
in our case black holes, start to feel the reciprocal strong field; in other words,
at these scales they are approaching the plunge phase.

We can compute also the evolution of the orbital radius. From (4.15),(4.12)
and (4.3), we have (the dot means derivation with respect to t):

R 244, 1
e Ly 4.18
R 3 Wy 4t (4.18)
and integrating in 7:
1/4 teoal —t \ 1/4
R(r) = Ro( =) " = Ro(7 =) " (4.19)
70 teoal — to

where R is the value of R at the initial time t¢g, and 79 = teoar — to. This
function decreases very smoothly for a long time range, which is consistent with
our approximation of quasi-circular orbits. Then, it starts to decrease rapidly,
close to the value t..q;, which signals the beginning of the plunge phase. Looking
at (4.3) and (4.16), we can also find the relation between the initial value of the
radius Ry and the time to coalescence 1y, which leads:

5 R}

=2 -7 4.2
256 G3M24 (4.20)

70

An important parameter to take trace of the gravitational wave signal is the
number of cycles spent by the gravitational wave in the detector bandwidth.
Usually, we can take trace of the signal between two frequencies f,;n, and frqz:
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fmin 1s the lowest accessible frequency, which in our cases is around 20 Hz;
fmaz 1s the frequency at which we stop to count cycles, that it could be taken
as the frequency at which the phase under study ends and the next is starting.
Supposing that the period T'(t) of the wave is a slowly varying function of time,
we can write that the number of cycles in a small time interval dt is:

dt
= —— = t 4.21
and for the total number we have so:
tmazx fmam f
N= Fou(t)dt = / o g (4.22)
tmin min fgu)

where t,,;n, and t;,.. are the instants of time corresponding to the two fre-
quencies we are considering. For practical measurements, this is a very useful
quantity, and to have a precise theoretical predictions we need an accurate
study of the gravitational waveform, in particular of the accumulated phase ®.
In fact, this will be one of the principal tasks of our work. Let us give a first
description of the waveform. Consider a particle moving in the plane (z,y) on
a quasi-circular orbit, with radius R(t) and angular velocity ws(t); this particle
has Cartesian coordinates given by:

(t) = R(t) cos (?) (4.23)

),

3

y(t) = R(t)sin ( (4.24)

where ®(t), since the frequency is varying, is given by an integral:

b(t) :2/t we(t)dt = /twgw(t’)dt'. (4.25)

to to

In principle, in computing GW production from the relations deriving from the
quadrupole approximation, we should consider that: wg,, is not constant but is
a function of time; R also is not constant and so there are contributions from
its derivatives, and, in the arguments of the trigonometric functions, instead
of wgyt we have to put ®(¢). However, we work in the condition w, << w?,
and in practice, in a considerable range of frequencies, we can neglect terms
proportional to R(t) or wy(t). Moreover, the frequencies at which we should
start to consider such contributions turn out to be of the order of 10 kHz, which
are after the order of frequencies at which plunge phase begins. So, in practice,
we just substitute wg,,t with ®(¢) in the trigonometric functions and wg,, with
wgw(t) in the prefactor. All these quantities will be actually evaluated at the
retarded time. Having the frequency as a function of 7, we can find that (1)
ls' 5G M,
3

o(r) = —2( )75/875/8 + @ (4.26)
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Here &y = ®(7 = 0) is the value of ® at coalescence. Since we are interested in
the radiation emitted in the direction from the bodies toward us, we introduce
the angle v as the angle between the normal to the orbit and the line-of-sight.
Expressing the two polarizations of the wave in terms of v and 7, we get:

h.,.(T) _ %(GC]\Q40>5/4(%)1/4<1 + ‘320327) COS((I)(T)), (4_27)
hy (1) = %(%)5/4(%)1/4 cos 7y sin(®(7)). (4.28)

We already said the the frequency of the wave tends to a divergence approach-
ing the time of coalescence; now we can see that this feature holds also for the
amplitude. This behaviour is called chirping.

To compare experimental data with the theoretical waveform, however, requires
the Fourier transform of the wave amplitude. To compute such a Fourier trans-
form could be not so easy, because our functions hy, hy are defined only in the
region —00 < t < tepqr- The result turns out to be (here with a tilde we indicate
the transform):

. 5N1/2 1 Ly pne/GMN3/6 1 /14 cos?y
= (= = LNz c
hi (£) (24) w2/3 € T ( c3 ) fT/6 ( 2 )’ (4.29)
~ . 5\1/2 1 N,X(f)c GMC 5/6 1
hx(f) = (ﬂ) 27 ;( =3 ) 7l cos 1. (4.30)
The two phases in the exponents are related by ¥y = ¥, + 7/2 and:
r T 3 /GM, —-5/3
U, (f) =2 ( 7)—<I> I 7( ¢ ) . 431
+(f) 7Tft+c R G 8 f (4.31)

The phase of the wave is one of the most important objects of our study, because
the effect due to quantization of the area of a black hole imprints the form of
this phase, leaving an observable effect of this quantum correction. We will give,
in the following sections, the Post-Newtonian correction to this phase function,
with the other PN-corrected quantities related to the binary inspiral.

As we said, our discussion makes sense until we approach a specific orbital fre-
quency, corresponding to a value of the distance between the two bodies at
which our strong field effects are no longer negligible. Indeed, in our treatment
we did not consider any modification of the dynamics due to a modified back-
ground geometry in which the bodies are moving. For our discussion, is crucial
to understand how can be identified this characteristic scale. In order to give
just an idea, we now consider the case of two Schwarzschild black holes orbiting
in a quasi-circular orbit, with a decreasing separation R(t). In the Schwarzschild
geometry, in the limit of a test mass (so one of the two bodies is much lighter
than the other), there is a minimum value of the radial distance beyond which
stable circular orbits are not allowed; this limit orbit is called Innermost Stable
Circular Orbit (ISCO). Taking usual coordinates (¢,, 0, ¢), the location of this

r1sco is:
6GM

2 9

TISCO = (4.32)

C
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with as usual M the total mass. So, our discussion takes place in a regime in
which 7 > rsco. From the Kepler law (4.3), we see that the corresponding
source frequency fs is:

1 c3
s = =" 4.33
Jaxsco = 1o s Gl (4.33)
We can insert numerical values and get:
M
fsasco =~ 2.2 kHZ(ﬁ). (4.34)

This means that, if we take for example the case of a BH binary with total mass
M = 20Mg, we obtain f, 1sco =~ 110 Hz. Actually, we are precisely interested in
the case of two black holes with similar mass, with almost m; ~ mq ~ 10Mg, so
this order of magnitude could be relevant, even if this is the case of Schwarzschild
black holes, and in a real coalescence, each of the two black holes is spinning,
so we need to consider Kerr geometries. We present also the energy spectrum
in the inspiral phase, in frequency domain:

dE  72/3 o
T @(GMC)E’/&f /3 (4.35)
which, after integration up to a maximum value f,,q;, gives the total energy

radiated:
w2/3 5/3 £2/3
AFE, g = 5 (GM.)'°f, (4.36)

max*

In numerical value, setting fmax = 2fs,15c0o for the quadrupole approximation,
we have that the total radiated energy during inspiral depends just on the
reduced mass of the system:

AEyaq ~ 8 x 1072 uc?, (4.37)

that is a huge amount of energy. Actually we can also make the computation
from another point of view: in the Schwarzschild metric, the binding energy of
the ISCO is given by:

2v/2

Ehinding,1scO = (1 - —;{)ucz ~ 5.7 x 10 %uc?, (4.38)
and this is the energy emitted by the inspiraling binary from a large distance
of separation to the ISCO one. The PN correction to this binding energy are of
the order of a few per cent. So, this first computation gives in any case correct
orders of magnitude.

4.2 PN expansion and templates for inspiral bi-
naries

We now present a brief explanation about the concept of Post-Newtonian ex-
pansion (PN expansion), which is the mathematical structure implemented to
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study systems like coalescing binaries of black holes or neutron stars. In such
systems, the dynamics is governed by gravitational force, and for this reason
they are called self-gravitating. In our work, we will refer just to the analytical
results which derive from this approach applied to the case of a coalescing black
holes binary; for a complete treatment of the PN expansion we remand to [13],
[16].

For a self-gravitating system with total mass M, we have:

(“)ZNm—Mzﬁ (4.39)

c c2d d’

with v the orbital velocity and d a typical size of the system; in the case of a
binary, is the orbital distance. Actually, Rg/d gives a measure of the strength of
the gravitational field near the source, so an expansion in powers of v/¢ should
be associated to an expansion in Rg/d, and so a deviation from the case of
non-relativistic speeds should be associated to a deviation from the case of flat
spacetime background. This means that we deal with cases in which (v/c)?
and Rg/d are comparable; in this approach, are considered slowly-moving and
weakly self-gravitating sources of gravitational waves, where the two previous
parameters are small, comparable but not negligible. We will also consider that
the matter energy-momentum tensor of the source, 7%, has a compact sup-
port. As in the case of electromagnetism, it is usual to distinguish between two
regions: the near zone and the far zone. They are defined as follow. The
reduced wavelength of the radiation emitted X is larger than d by a factor of
(¢/v), so supposing that (v/c) is small we have d << A. The near region is defined
as the region in which r < X, and it is possible to identify also a subregion,
called exterior near zone, in which d < 7 < A. In the near region retardation
effects are negligible, and almost we have static potential. Here, a PN expansion
in powers of (v/c) is consistent. The far zone is the defined by the condition
r > \. Here, retardation effects are important, and this is the region in which
the observed waves take place. A modified approach is required, basically im-
plemented via considering Minkowski spacetime. The near and far regions meet
in an intermediate region of superposition, in which  ~ X. From an initial anal-
ysis of the problem, we could think that we can correct the equation of motion
of the sources at the decided order of (v/c), and then compute the corrected
GW production by these sources. However, due to the complex structure of
the theory (in particular its non-linearity), it is not consistent to split in two
steps this procedure: the emission of gravitational waves costs energy, and at
a certain order the back-reaction of GWs on the sources is not negligible and
affects their equation of motion. Moreover, the gravitational field can be itself
a source of gravitational waves, and the GWs computed at a certain order in
(v/c) will be the source of other GWs at higher orders (this is a typical effect
in a non-linear theory).

The Post-Newtonian approximation starts with the following expansion of
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the metric:
2 4 6
goo = 1+ g8 + g8 + 950 + -
90i = a8 + 9% + - (4.40)
2 4
gij = 6ij + gl(j) +g§j) + ..
where ggg) means that the term is of order (v/c)™ = €” in the expansion. Simi-
larly, the energy-momentum tensor is expanded as:

700 _ 00,(0) | 00,(2) |
TOi _ T0i7(1) + TOiv(?’) + ... (441)
T = i@ i@ |

These expansions are motivated by symmetries considerations. Now, in the
previous section we saw what is, from a Newtonian point of view, the binary
evolution. We can say that this is the case of the Newtonian limit of the complete
metric, which can be identified with the first order of the expansion above. We
can think that, if we try to expand at higher orders the metric and the energy
momentum tensor, we get corrections to the evolution of the main parameters
of the binary in power of (v/c), dependent on the order at which we stop our
expansions. This is the main concept of the PN expansion, and in our work
we will look at forms of the various parameters of the binary at a certain order
in (v/c) (or, adimensionally, v), which are called templates. In particular, our
focus will be on the flux of energy in function of the dimensionless velocity v,
indicated with F'(v). Now, there is an important point to underline. In the
evolution of the motion, we saw that are emitted gravitational waves, which
carry energy from the binary to infinity. This is precisely the flux mentioned
above, which can be called Fi,(v). However, going through higher orders in the
expansions, so, to higher powers of v, we have another contribution to the energy
flux, which does not go to infinity but instead it is directed to the horizons and
absorbed by the two black holes. This is called Fy(v). This is connected to the
presence of a back-reaction in the system: the emission of gravitational waves
impacts on the horizons, modifying the parameters of the black holes and also
the evolution of the system. This is called tidal heating. Being an effect which
appears at a (relative) high order in v, it is completely absent in the first terms
of the expansion. The total flux of energy out of the orbital energy is therefore
F(v) = Foo(v) + Fua(v). In the following, we give the templates of both these
fluxes of energy, which are taken from [19] (here, we set G = ¢ = 1):

2 124
Foo(v) = 3—7721)10 [1 - (7 + 357)) v? 4 (4w + Fso)v?’] ,

5 336 12
(4.42)
32 v L4
Fu(v) = 3772”10 - f“s + ?8718 )
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where:
mims

M2
In 1, m; and ms are as usual the masses of the black holes, and M = my + msy;
in the definition of v, f is the instantaneous frequency of the gravitational
waves emitted. U5 and Wy are factors related to the changing in the masses of
the black holes, with their complete form given in the appendix, and Fggo is a
spin-orbit term which is taken from [20]. They are dependent, in general, on a
dimensionless ratios for each black hole, x; = J;/m?. Near to these expansions
we have, of course, the one of the orbital energy, which for consistency is another
time in function of the (dimensionless) relative velocity [19]:

E(v) = 2 [1 - 9—’_7771)2

v=(mMf)/3 (4.43)

. 4.44
2 12 ( )

An interesting fact is that, having the expansions above at a certain order in v,
we can compute the accumulated phase 1(v) of the gravitational waves emitted
[21]. It works as follow. Take the definition of v given above, and consider the
relation between the instantaneous frequency f and the variation of the orbital

phase:
d¢ _

=xf. 4.45
- = (4.45)
Consider also the energy balance equation:
dE(v)
= —F(v). 4.46
- (v) (4.46)
Combining these, we can write:
v B )
= ¢ — 00> 4.4
6(v) = be / s (4.47)

where ¢. and v; are constants. Recalling that the only multipole mode of the
gravitational waves considered is the one with m = 2, we know that:

h(t) = A(t) cos (¢guw(t)), (4.48)

with A(t) is a slowly varying in time amplitude. The Fourier transform of the
waveform is then: 5 4
R(f) = B(HeU). (4.49)
Here B(f) is a prefactor dependent by the frequency, and ¢ (f) is the phase, for
which, in the stationary phase approximation, holds:
7r
U(f) = 2mft(v) — 2¢(v) — 7.

4

We can also find an useful parametrization for the time #(v) in function of v,
another time using (4.45),(4.47):

(4.50)

Hv) = to — / " ? ((f)). (4.51)



Combining the last equations, we get the form of the phase in the frequency
domain, in which we write explicitly the dependence on v:

E'(v)
F(v)’

2t 03 T v _
P(v) = ]T/[ — 2¢, — i Q/Ui dv(v® — %) (4.52)
This is an important object in our discussion: the first three terms are constant,
so we will focus on the term dependent on the integral. This term can be called
d1(v) and for which we can write:

6Y(v) = -2 / ' do(v® — %) d]fh(j) F(v) iFH(@)'

(4.53)

Now, we can see, looking at the templates given above, that the two fluxes Fi
and Fy have very different orders in v:
Fo(v) -5

Fir(v) ~ v (4.54)

so we could expect that the contribution to the phase from tidal heating is
small compared to the one from the flux at infinity. However, in general is not
negligible. We can identify the various contribution inside d¢)(v). We write:

(51/)(11) = 5¢pp (U) + (s’l/)TH(U)7 (4.55)

where we distinguish the point particle contribution, so without effects of ab-
sorption by the presence of an horizon, and the tidal heating contribution.
There are different references which give the form of both of these phase contri-
butions [16, 22]; in our discussion, we compute d9pp(v) neglecting completely
the flux to the horizon in the denominator in (4.53), so our form could differ
a bit with respect to some other found in references. In any case, this is done
just to give an example of the orders of magnitude, since our focus is, instead,
0tru(v), which is computed expanding the denominator in the integral of ¢ (v)
and considering just first order contributions coming from Fy(v). This is done
because, since we are working with expansion in v, could be not consistent to
neglect completely a term with lower powers of v keeping terms which are of
higher order. In doing this we follow essentially [19]. The details of the compu-
tation will be shown in the appendix.

We now want to specify that, in the entire work, if it is not specified differently,
we look at the case in which m; = ms, and so M = 2m; = 2ms. Changing
a bit the notation, we will call the single mass of each black hole simply M/2.
Moreover, when we study the case of Kerr black holes, which actually is the case
closer to the physical system in the known universe, we will always assume, if
not specified differently, that the two spins of the black holes are aligned each
other, and aligned with the orbital angular momentum; moreover, for the ratios
Xi, we assume that x; = y2. Combined with the condition of equal masses,
we get that J; = Jo. For simplicity, however, let us begin from the case of
Schwarzschild black holes, and compute both d¢pp(v) and 6t (v).
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4.2.1 Templates of §¢)(v) for Schwarzschild black holes with
equal masses

Let us start computing the term dypp(v).
Starting from (4.53), in the term containing the fluxes functions we set:

momso 1
Since this is the case of two black holes with spins equal to zero, we have also,
as we can see in the appendix:

1
Fso =0, W5=0, Ws= . (4.57)

‘We obtain:
1 5 5

Fo(0) = 5510
2910 [1 - | BT+ 5 |0+ 4o’

84

373
1+ =0 — 47r1)31 ,

(4.58)
in which we have approximated the fraction, considering the term dependent in
v small compared to 1. On the other hand, we have for the orbital energy:

dE(w) 37 ,
o =1 <1 — —7 > (4.59)

Now we plug in this expansions in the definition of d¢)pp (v) given above, getting:

Sppp(v) = —2 /v dv(v® — ) < - Z (1 — ZU2>> (21_)510 1+ 31352 _ 4771)3] ) :

84
Making the integration for a generic v, we obtain the general form of the shift
of the phase dypp(v):

1857 1857 690051 371 24351 31

5 _ _18m 1857 6900561 3w 1 24351 3 1
ver(v) nV) - T oses 2 o2 T 403207 T 3200

Beside this contribution, we have the one coming from the total flux, and to
compute that, as we said, we consider the horizon flux term Fy(v) small com-
pared to F(v). Then, we isolate the contribution of the tidal heating alone,
identified in the expansion. Starting from the general form (4.53), we have, for
the fraction in the integral, the substitution:

1 5 1

. (4.61)

- 4.62
Foo (D) + Fu(0) T 1602 (4.62)
then for ¢y (v) we have:
5v3 37
~ - (31 —1) 4+ ——5. 4.
Sra(v) ~ — (3 n(v) )+ 5 (4.63)
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Of course, since the quantities computed derive from expansions stopped at a
certain PN order, they have still the meaning of expansions of a precise order in
v, but we kept all the orders deriving from the integration, without neglecting
pieces in the middle steps. Often in our discussion, instead of the precise form
of the functions we work with, we are interested in order of magnitude of the
parameters of the binary, and in comparing them.

We recall that, since our study is focused on the inspiral phase, we know
that the discussions we make are consistent only up to a certain frequency of
the source (binary), which in the previous section, for Schwarzschild black holes,
was identified with the ISCO frequency (setting now G = ¢ = 1):

f 11
5,ISCO = oo M

Since the only relevant multipole mode for the emitted gravitational waves is
m = 2, we set always, otherwise specified differently, fg., = 2fs, with fg., the
frequency of the emitted gravitational waves and f, the source frequency. The
ISCO frequency is then associated to a limit gravitational wave frequency, which
we call fgu 15c0- In the case of Schwarzschild, is simply:

(4.64)

1

1
w - 4.65
fgw,1sC0O 66 M (4.65)

Since the parameter v is related to the instantaneous gravitational wave fre-
quency by (4.43), we can compute immediately the critical value of v at which
our study, and concretely our templates, stop to be consistent. That is:

1/3

VISCO = (WMfgw,Isco)l/B = (%) / ~ (0.41. (466)

We also have to consider the frequency at which a typical detector is able to

follow the evolution of a gravitational wave, and the corresponding value of v,

that we call vgy,0. We can take for the minimum gravitational wave frequency

fow,0 =20 Hz (fs0 = 10 Hz), that is realistic for modern GW interferometers,
that gives:

Vguw,0 ™ (ﬂMfgw,o)l/g ~ 0.054; (4.67)

where here the frequency is constant, depending just on the characteristics of
the detector; consequently, vgw,0 depends on the total mass of the binary, for
which we took an indicative real value of 20Mg. We see that the order of
magnitude is clearly small compared to visco, so it is surely possible to follow
the evolution of the inspiral phase via the emitted gravitational waves, through
a typical GW detector.

Plugging these values in the form of §1pp(v) and dipry(v), we can compute
the total shift in the phase during the inspiral, due to the presence of both
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F(v) and Fry(v). We have:

5Ypp (Vgw,0) = 2.0 x 10°,
5Yr (Vgw,0) =~ 8.0 x 1077,
dpp(visco) >~ —13;

S (visco) ~ 0.014.

We see immediately that the quantities have a very different order of magnitude.
Moreover, we see that the two contributions at visco have different sign; this
is related to the fact that, during the inspiral, tidal heating acts as a sort of
friction in the dynamics of the two black holes, retarding the standard evolution
made up by the emission of energy to infinity via gravitational waves.

After this example regarding the case of two Schwarzschild black holes, we want
to follow the same steps for the case of two Kerr black holes. As we said, in
order to simplify the discussion, we study the case of equal masses and equal
spins of the bodies.

(4.68)

4.2.2 Templates of §i(v) for Kerr black holes with equal
spins and masses

As before, we start from the term d¢pp(v) (to avoid heavy notation, we keep the
same symbols used before, despite the fact that now we refer to another type of
black holes). Of course, since now we are considering the case of a non-null value
for the spins, it turns out that our templates depend on an additional parameter,
which should be fixed to an initial value in order to get some numerical results.
In order to have, at least qualitatively, an idea of the order of magnitude in this
case, we decide to fix x1 = x2 = 0.5. We have again n = 1/4, but now we get:

59 7 7 V3
Fso=—, Us5=—, Ug=_—|[1+—|. 4.69
0= ¥s= o5, W= o5 + 5 (4.69)
Starting from the case without the term Fy, we have:
1 51 373
=-— |14+ =% — (47 + F50)?°|. 4.70
Foo(@) 9 510 [ + ]4 v ( T+ SO)U ] ( )

For the orbital energy, we still have (4.44).
Plugging these terms into the definition of d¢pp(v) and integrating, we obtain:

5[ 37 59 37 59
~ 2 22 g £ 22 ) — 2 4 4 22
0ype(v) 4{ 24(7”“6)“(“) 72<7T+6>
4031 3 ( - s0\ 1 (4871 31
8064 v 10\ " "6 vz "\ 1008 ) v T 20w |

To calculate the contribution from tidal heating alone, we follow again the steps
in [19], expanding as usual the denominator containing both the terms F,, and

(4.71)
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Fy and keeping only the terms which contain the first order contributions from
Fy. We get, for the fraction:

1 51| 7 5 373, 7 V3 7 59\ \ s
S I ULV R (B (ST R .
Fo + Fu 2@10[128U+768U (64<+2)+64<”+6>>“

(4.72)

Inserted in the definition of i (v), this gives a contribution which is identified
with the one of tidal heating alone, which is:

5[ 7 1233
S (v) = 1 [ 384(1 + 31n(v)) 50487

7 V3 7 59\ \ o3

We can also write this phase underlining the various PN terms and their order,
indeed we have:

(4.73)

6¢ru(v) = 3% [%.5 + 1350 + wvﬂ , (4.74)

where ¥ 5, 3.5 and 14 are respectively the terms of 2.5, 3.5, 4 PN order; and
it holds:

1[)2_5 = —%(3 ln(v) + 1),

2055
P35 = 256 (4.75)

20 7 59 7 V3
w4 = —6(3111(1]) — 1) ng <47T+ 6) + 32<1 + 2>1

We also list 0¢ri(v) corresponding to the extreme ratio y = 1. In this case, for
the coeflicients we have:

1 99
\:[15 = 1, \:[18 = 5, FSO = ? (476)

From these, we obtain:

T3 9 56 © 9

0¢rrn (v) 3{—10(3111(@)“)_20552 20<121

— + 47T> (31n(v) — 1)1)3] .
(4.77)

These are the structures we need to make our discussion. In the next section,

we begin the explanation of the effect of a minimal increment of area on the
dynamics of a black holes binary, specifically on tidal heating and on the phase
shift due to the energy flux related to it. We begin by explaining what the
critical frequency is, a value of the orbital frequency (or, equivalently, of the
parameter v) which plays an important role in our analysis and should be com-
pared to the ISCO frequency (equivalently, visco). In order to have a simplified
picture of the situation, we will start another time from the Schwarzschild case.
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4.3 Tidal heating with qmetric effects

Here starts the core of our discussion, namely the modification of the phe-
nomenon of tidal heating due to quantization of area effects. Firstly, we will
explain in details what is the consequence of a quantum of area in the black
hole horizon, with particular emphasis on the orders of magnitude which en-
ter. Indeed, we will see remarkably that, despite the fact that quantization of
area is (probably) of the order of L%, so really hard to detect, its effect on the
behaviour of a black hole impacts in an accessible range of frequencies. In our
discussion, we initially explore the case of Schwarzschild black holes, and then
we describe the more physical situation of Kerr black holes.

We will explain in detail what is expected in the tidal heating of each com-
panion of the binary, underlining what happens in observable parameters like
the phase of the emitted gravitational waves, ¥. In this we focus on specific
configurations, and we describe also, at a qualitative level, what is expected for
a more general situation.

In the last part, we compare the order of magnitude obtained for different
physical parameters in the case of binaries under study with the one from an-
other interesting phenomenon studied in the section above, the emission of the
Hawking radiation. We do that principally to make a comparison between two
quantum effects in a curved spacetime, and to make clear that quantum correc-
tions can take place at very different orders of magnitude. The important fact
to underline, in this case, is also another: the two effects taken into account
are both of quantum nature, but the emission of Hawking radiation is related
to the presence of quantum fields in a classical curved spacetime, while the
modification of tidal heating regards the modification of the spacetime itself by
quantum effects, being related so to the behaviour of quantum curved space-
time. It is interesting to compare, at least from the point of view of the order
of magnitude, this two kinds of effects, which both involve quantum effects in a
curved spacetime.

4.3.1 Quantum of area and tidal heating: Schwarzschild
black holes

Let us start from the case of a Schwarzschild black hole, in which we have just
one parameter: the mass. For completeness, in what follows we take up again
what said in chapter two, in the discussion about the critical frequency for a
Schwarzschild black hole. From the area-mass relation and from thermodynam-
ics of black holes, we have, in units with G = ¢ =1 [23]:

A =16mm?, §A = 32mrmém; (4.78)

where A is the horizon area of the black hole and m is its mass. If the black
hole gains a small amount of mass dm, the area must change consequently of a
small amount d A given by the formula above. Since the horizon of a black hole
is a null surface, implementing the structure of the qmetric we can apply what
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we have discussed in the first chapter, finding that there is a minimal step in
area AA = 4nL%. In other words, the mass and the horizon area of the black
hole can’t change continuously by infinitesimal increments, because the area A
is forced to be incremented, at least initially, by a finite amount AA. From the
formula above, we have immediately that also the mass m must initially change
by a finite amount Am given by:

_ 1§
8m’

Am (4.79)

We can understand that, since the mechanism which allows the black hole to
gain mass is principally the absorption of energy, adding minimal length effects
has as a result that black holes are not able to absorb all the energy which
impacts the horizon: if an amount of energy arrives at the surface, it can be
absorbed only if it would cause an increment in the area equal or greater than
AA.
Suppose that this amount of energy is carried by a physical wave, with specific
values of frequency f and wavelength \. Going to the quantum description, we
can say that such a wave carries an energy E = fw, where w is the pulsation.
We have so that the condition for the absorption becomes:

Am L3
Ww=——= ;

h 8mh

giving a condition on the frequency that can be absorbed. This is precisely what
we called critical frequency. With a little redundancy in the terminology, we
will call critical frequency equivalently w, f or the templates parameter v, and
they will be indicated respectively with werit, ferit and verie. Now, we know that
it is usual to suppose that the minimal length squared L3 is, if not precisely
equal to, of the order of the Planck length L%, with the constant between them
which is an unknown parameter of the theory. We define this ratio parameter
from the point of view of quantum of area, writing;:

AA =4nL2 = aLl% = ah. (4.81)

(4.80)

From the last, it follows that if the minimal length is exactly equal to the Planck
length, o = 47w. With this definition, we can write we,;; as:

[e%

Werit =

. 4.82
32m™m ( )

It is expected that only a complete theory of quantum gravity can give a precise
value of this constant. In the literature, however, there are different proposals
which come from trials of giving a complete theory of quantum gravity or simply
by heuristic arguments [24]. Here we cite four of them; in growing order, their
numerical values are:

a1 = 41In 2,
as =41n 3,
? (4.83)
Q3 = 47T,
oy = 8.
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The first two values derive from a proposal by Bekenstein and Mukhanov, based
on statistical considerations, for which:

AA=4In(k)L%:, k> 1. (4.84)

They also proposed the value k = 2, while Hod proposed & = 3 [9]. About the
other two values, which have a more trigonometric form, we can say: the value
of 4m is simply from the gmetric description, identifying Ly = Lp, while 87
derives still from Bekenstein, in an earlier analysis. Let us see what happens by
substituting into the formula of w..;; these values of a. We have:

In2
Werit,1 = %7
In3
Werit,2 = 877
fm (4.85)
Werit,3 = 87m’
1
Werit,d = %

In order to have an idea of the numerical value of the pulsations (in Hertz)
associated to these values of «, let us restore the constants G and ¢. We have
to add simply the factor ¢3/G. Plugging the values in all the four frequencies,
and considering an indicative value for the mass, for example m = 10M, we see
that we move almost in a range weri+ € [564Hz; 5112Hz]. This is surprisingly,
because it means that, for a macroscopic object like a black hole with a mass of
ten solar masses, with an horizon area which is also macroscopic, the implemen-
tation of a minimal length of the order of the Planck length has implications at
frequencies of the order of kHz, which is, in principle, an observable range.

Now, return to our discussion about tidal heating. As we said above, in
the classical description, in the evolution of the binary motion a part of the
gravitational waves generated are captured by the horizons of the two black
holes involved, causing a changing of their parameters. This is controlled by the
function Fy(v). Take still the case of Schwarzschild black holes. The gravita-
tional waves generated by the binary have a frequency which, in our quadrupole
approximation, is two times the frequency of the source: fg,, = 2fs. So, at the
horizons of both the black holes arrive gravitational waves which, instant per
instant, have a frequency directly proportional to the one of the source. The
orbital frequency evolves in this way: it starts from an initial value f; ¢, which
is the minimum value at which a detector is sensitive; grows up continuously,
and it would diverge analytically, but we have seen that it is consistent to stop
the study of the inspiral phase at the value of the ISCO frequency f,sco. We
already saw the values of visco and vgw,o. Let us now introduce the critical
frequency in the system. Adding the presence of a quantum in the horizon area,
each of the two black holes has now an associated critical frequency fet i, which
depends on its mass m;. Since we are considering the case of equal masses, we

71



see that this critical frequency is the same for both the black holes, and so we
drop the label 4, writing:

f o Werit _ « o @
T 9r T 64nm 327PM
where M = my + mo = 2m. Before the gravitational wave emitted reaches this
value, both the black holes cannot absorb the flux going through the horizon,
because the energy carried is not enough to give a gain of area at least of
the minimal amount. So, it is crucial to understand where this frequency is
in the range of interest. Looking at the numerical value computed above, we
can consistently assume that f..;; is above 2f; o, so, each of the black holes
starts to absorb after the frequency at which a detector is able to detect the
emitted gravitational wave, and this is important for the observations. Let us
now compare f.r;; with the limit value fisco. Leaving a as a free parameter,
we set the following inequality:

(4.86)

@« b 10T s
322 M T 6n6M 3v6

This means that, for « greater than 6.8, the frequency at which each of the two
black holes starts to absorb is higher than the maximum frequency reached by
the emitted gravitational waves in the inspiral phase, and this result does not
depend on the masses involved. Suppose that we have such a value of a. It
means that, during the entire phase under study, we have that the phenomenon
of tidal heating is completely neglected by quantum effects. This is remarkable,
because quantum corrections of the spacetime are supposed to take place at
very short scales, but, in this case, their consequences impact on a macroscopic
phenomenon like tidal heating.

A graph of the situation is indicated in Figure 4.1, where on the z-axis we have
o, and on the y-axis we have the values of vgy.0, Visco, Verit-

ferit > 2fisco = (4.87)

Computing the numerical values of the four cases of a we have, we easily see
that two of them, a7 and as, are lesser than 6.8, while the other two, oz and
ay, are greater. So we arrive at this result: for Schwarzschild black holes with
equal masses, if the value « is equal to 47 or 8, tidal heating is completely
suppressed.

What happens for the other two cases? The binary starts to evolve, and the
gravitational wave frequency grows up with the source frequency. In the first
part of the inspiral phase, when the frequency is lesser than the critical value,
tidal heating is absent. When the GW frequency reaches the critical value,
classical tidal heating is turned on, and the evolution starts to follow the classical
picture, until we arrive at the ISCO point and the inspiral phase stops. Now it
is interesting to see quantitatively the difference between the complete classical
description of the system and the one corrected with these quantum effects.

We know that, for a specific value of f,.,, we have associated a value of v, which
plugged in the templates listed in the section above gives us the accumulated
phase of the gravitational wave 1 (v). We have identified also a piece of 0 (v),
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Figure 4.1: The comparison between the relevant values of v in the case of
Schwarzschild black holes, as a function of «. In blue, vg4uw,0; in green, visco; in
yellow, vepi¢, which is the only one dependent on a. We took for vy, 0 a total
mass of 20M.

called v (v), which is associated precisely to the presence of the tidal heating.
In the classical description of the system, this piece gives contribution to the
shift in the phase at all frequencies, but in our description, we have to change
this feature, knowing that for a range of frequencies (which can also correspond
to the entire inspiral phase) this term is absent, being absent tidal heating itself.
More concretely, we can in practice substitute d¢ry(v) with an effective version:

Sru(v) = (v = verit)6YTH(V), (4.88)

where a Heaviside theta is added to formally take into account the presence or
absence of tidal heating, controlled by the parameter v.

Now, it is clear that, with respect to the classical description, we have actually
a lack of the term 0¢ry(v) in the phase of the observed gravitational wave:
this phase shift can be calculated via the templates of the previous section. In
order to explore what are the orders of magnitude of this effect, we want to
explicitly compute this difference between classical and quantum case, for the
four values of « listed in (4.83). After that, we will show the general behaviour
of d¢ru (Verit), leaving « free. We go in numerical order, and we divide the cases:
tidal heating starts ininspiral phase and tidal heating is absent in inspiral
phase. So we start from aq and as.

Let’s compute the values of v associated to werir,1 and werie,2. We have:

1/3
In2
Verit,1 = (WMfcrit,l)l/S = <87r> ~ (.30

(4.89)

1/3
In3
Verit,2 = (WMfcrit,Q)l/g = (87’1’) ~ 0.35.

In order to take into account the fact that the detector starts to follow the
evolution of the gravitational waves, and so of their phase, from a vg,,0, We
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should compute 6¢r (verit) and then subtract the contribution of 91 (vgw,0)-
Plugging the values in Tt (v), we have:

67/]TH(Ugw,O) ~ 7.9 X 1075,
6wTH<Ucrit,1) ~ 6.8 X 10_3, (490)
S (Verit,2) ~ 9.8 x 1072,

From these, we obtain:

A = 6UrH (Verit,1) — 0UTH(Vgw,0) = 6.7 x 1072,
AP = 6Pri (Verit2) — 6%TH (Vgw,0) =~ 9.7 x 1073,

The last two quantities represent the phase shift observed in the gravitational
wave signals via a typical detector, in the cases of a1 and a3, due to the absence
of tidal heating derived from the addition of a finite step in area for black
hole horizons. It is clear that the orders of magnitude computed are small; as
said, tidal heating gives a contribution to the phase which is not easy to detect
directly.

Now we can proceed with the other two case, namely, g and 4. In these cases,
we have seen that the numerical value of « is such that we do not have tidal
heating at all in inspiral. This means, in practice, that the phase shift with
respect to the classical case is computed during the total inspiral phase, and so
stopped at the value of vigco ~ 0.41. We have already computed ¢y (visco)
in (4.68), we have just to subtract 6¢ru(vgw,0) and we obtain:

Atpras = AYras = 6¢ru(visco) — 0 (vgwo) = 1.4 x 1072, (4.92)

This is another time of small order of magnitude. From this we understand
that, at least for the case of two Schwarzschild black holes, the maximum value
of the phase shift considered has order comparable to (4.92).

(4.91)

Since, in principle, we are also interested in study what happens varying
o, it is interesting to see what is the behaviour of d9ru(verit,a), Where now
we underline that « is taken as free parameter. For each value of a we have
a different v.-;; and we obtain actually a function of «, d¢ru(a). Taking the
analytical form (4.63) and plugging ve,.;; = (ﬂMfcm)l/S, we obtain:

bYe! @ 37 1 a \3/3

m(a) = —g5mr (ln (3271') 1) 50 (3%) ' (4.93)

This represents the phase shift, due to the suppression of tidal heating, because

of the introduction of a quantum step in horizon area. We recall that we are

in the case of two Schwarzschild black holes, with equal masses. We can take a

plot of that function, considering, of course, positive values for o (Figure 4.2).

We see from the graph that the function grows for growing values of «, but

we know that, after a = 6.8, our phase shift is stopped at the value visco. A

more practical graph, for our purpose, should be given by Figure 4.3, in which
the function is constant after o = 6.8, equal to a value d¢ry(visco)-
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Figure 4.2: The function d¢ry(a). Since ve.; is actually a function of «, we
obtain a dependence in that parameter for the phase shift due to reduction of

tidal heating.
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Figure 4.3: A different version of the previous graph, in which is taken into
account that after o = 6.8 the phase shift we measure is equal to d9ri(visco).
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In the next subsection, we want to study the more physical case of two Kerr
black holes, and see the orders of magnitude in that system. For that situation, it
is clear we have to deal with a more complicated structure, since the parameters
of each black hole are two: the mass and the angular momentum. Instead of
work directly with the angular momentum, we take the ratio x = J/m?, and we
will see that now the relevant values of the parameter v we have to deal with
are not constant, but dependent on this y. After having shown what are the
analytical changes, we go through a numerical evaluation of the phase shift, to
see what kind of orders of magnitude comes into play.

4.3.2 Quantum of area and tidal heating: Kerr black holes

Here we follow the methods presented in [23].

For Kerr black holes, since we have the addition of a non vanishing angular
momentum, we have to modify the thermodynamical relation seen above. In
particular, take the case of a Kerr black hole of mass m, angular momentum .J
and horizon area A. We have the new mass condition (G = ¢ =1):

A 4m J?
m=4/—+ —— 4.94
167 * A ( )
If we follow Bekenstein’s heuristic method of quantization, for the minimal step
in area we have as usual AA = aL%. Supposing that the step in area is not
just initial, but is actually constant and finite for each value of A, we get that
the total value of the horizon area can be written as:

A =aL%N = ahN, (4.95)

where N plays the role of a quantum number. The same we do with the spin,
since from standard quantum mechanics we know that is quantized: J = hj,
where j is a semi-integer number bounded by 0 < j < aN/8w. We have conse-
quently that the total mass m of the black hole depends on the two quantum
numbers N and j:

ohN  4rwhj?
167 Na °

This relation gives the mass (or energy) spectrum of the Kerr black hole under
consideration. Since we see that it is not uniform, we could ask ourselves if
this kind of spectrum can give similar results to the case of Schwarzschild. We
start to study this problem focusing on the mass, and we take my ; as a set of
eigenvalues for some set of quantum states of the black hole. When the black
hole undergoes a transition, we can think that for the mass eigenvalue we have
simply my,; = my1aN,j+a;. We are interested mainly in the transition of the
mass given by the interaction between the black hole and a gravitational wave
of a given frequency, for which we can write the carried energy, as usual, as
FE = hw. For the mass holds then:

mNﬁj = (496)

ImNtaN+a5 — TN = hw. (4.97)
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Since we want to study the case of the minimal jump in the energy level, we
can set AN = 1. On the other hand, the interaction of our interest is the one
between a gravitational wave emitted by a binary and one of the two components
of the binary itself, so we know that for such gravitational waves the relevant
mode is the quadrupolar one with { = 2,m = 2 [13]. From angular momentum
conservation, we have then the selection rule Aj = 2, giving for (4.97):

MN+1,j+2 — MN,; = hw. (4.98)

Now, remember that we are interested in physical system like astrophysical black
holes: to get a macroscopic value for the mass my ;, knowing also the bounds
for the semi-integer number j, we should assume a large value of N. Take the
difference in (4.98) with the specific form of my ; given by (4.96), and perform
the limit for N — oco. Calling now explicitly the frequency of the absorption

Werit, We obtain:
khao
hwcrit = + ZhQH, (499)
8T
where with x and Qp we indicate, respectively, the surface gravity and the
angular velocity of the horizon of the black hole. Their explicit expression are

both function of the ratio x = J/m?, with 0 < y < 1, and they lead:

1—x? X
= 3 Q = .
2m(1+ /1 —x3?) " 2m(1+ /1 —x?)

The equation (4.99) is of great importance for us; this is the equivalent version
of (4.82) but for Kerr black holes. Indeed, if we set x = 0, we recover precisely
(4.82).

Suppose now we have our binary system, made of two Kerr black holes, of the
same mass mj; = mo = m and with the same angular momentum, aligned each
other and aligned with the orbital angular momentum. We indicate as usual
the total mass with M = 2m. For the parameter v..;; holds:

R

(4.100)

Weri 1/3
Verit = (TM fg0)Y/? = (WMT?:) =

1/3
ay/1 — x2 X
X?) '

(4.101)
(167r(1+ T—y2) (14+/1-

It is obvious that now we have a more involved structure for the critical fre-
quency, and also for v..;; in order to have a picture of its behaviour, it could
be useful to see the graph Figure 4.4. In this, we took the value as.

Seeing that the function is monotonous, we can take an intermediate value
of x, for example xy = 1/2, and compute numerically the values of ve.;; for the
various values of a proposed, to compare with the ones from the Schwarzschild
case. We get:

(4.102)

a3 " 1 e
16r(2+v3)  (2+Vv3))

Verit(x = 0.5) = (
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Figure 4.4: Graph of v..;; in function of the ratio y, with o = ag.

Plugging the four values of « in literature, we obtain:

VUerit, 1( = 0. 5) ~ (.67,
Verit, 2 =0. 5) >~ 0.68, (4 103)
Verit 3( =0. 5) ~ 073, ’

Ucrit,4( = 05) ~ 0.79.

Beside, we have the values for the Schwarzschild case, which can be obtained
from (4.101) setting x = 0. We have:

Ucrit,l(x = 0) ~ 0.307
vcrit,Q(X = 0) ~ 035, (4 104)
Verit, S(X = O) = 0.50, .

Verit,a(x = 0) ~ 0.63.

We see that the spin increases the value of v..;, but for higher values of «, the
difference between the values for x = 0.5 and x = 0 tends to decrease.

Now, we know that in our analysis we are considering the coalescence of two Kerr
black holes, and another important value of v is the one corresponding to the
ISCO frequency. Another time, in the case of Kerr black holes in coalescence,
the form that gives this value of frequency is more involved with respect to the
Schwarzschild case, and is dependent on . From [16], we have the following
dependence:

7TZ\4fgw,ISCO - {(3 + ZQ — [(3 — Zl)(3 + Z1 + 222)]1/2)3/2 + X}_l, (4105)

where we have already written the gravitational wave frequency corresponding
to ISCO, fgwisco, and where Z; and Z; are defined as:

Zy =141 =)+ 0"+ (1 -0,

(4.106)
Zy = (332 + Z3)V/2.

So we have consequently:

visco = {(3+ Zo — [(3 — Z1)(3+ Z1 + 225)]Y/2)3/% + x}~1/3. (4.107)
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Figure 4.5: A graph of vigco for the Kerr case, as a function of x.

As before we would like to have a picture of this behaviour. The graph of visco
in function of x in the range [0; 1] is shown in Figure 4.5.
This relation is again monotonous. The extreme values are:

visco(x = 0) = (%)1/2,

1\1/3
visco(x = 1) = (5)

(4.108)

Of course, for y = 0 we get the Schwarzschild value, while for the extreme ratio
x = 1 we get visco(x = 1) =~ 1.9vsco(x = 0). Following the same strategy
as before, we should understand at which value of v starts tidal heating in the
system, due to the presence of a step in area. In principle, we have to solve the
following inequality, where we leave free both o and x:

Verit > VISCO —
1/3
R ay/1— x? n X -
16m(1++/1—%x2) (Q++/1-x3)

{B4 Z2—[(3—Z1) (34 Z1 +22)]1/?)3/2 4 x}71/3,

(4.109)

To solve analytically for x is, of course, a mess, but we can manage the inequal-
ity in a different way: we solve for «, meaning that we get a condition for «
dependent on the ratio x. For each of the four values of o under consideration,
we will have a specific value of x at which the condition v.,.;; > visco is satisfied.
We define, for simplicity, the following two functions:

VIR

X
Wy = L Wy=—— % (4.110)
167m(1+ /1 —x?) (1++/1—x?)
In this way, after having reorganized, we have:
1
W (4.111)

CCWA{B+ Z— B-7)B+ 7 +22) 2P 1) Wi
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Figure 4.6: Here the graphs of vy, o (blue line), visco (green line), vepi (vellow
line) as functions of a. Having fixed x1 = x2 = 0.5, the only one function that
depends on « is v.p¢. The important point of the graph is that veri: > visco
always, for a positive.

Let us see the case x = 0.5. For the ISCO value we have visco =~ 0.48, and for
the inequality we have:
a>—17,3. (4.112)

This means that, for initial value of x = 0.5 for each black hole, we have
Verit > Uisco for each of the four values of o considered. This is an interesting
result, and we show the graph in Figure 4.6.

As we see, the value of ve.;¢ (yellow line), at which classical tidal heating can
start, is always above the value of visco (green line). So, in this case, the phase
shift due to the presence of a step in area is computed considering the integral
in the definition of J¢(v) from vy to visco. In analogy with the Schwarzschild
case, we could call this phase shift Aty (i 2 3.4), underlying that it holds for
each value of a considered. However, we have a stronger result: this shift holds
for all values of a > 0, so we call it simply Avrg. We indicate also that we
are in the Kerr case, with an explicit dependence on the ratio x. Recalling the
template for Kerr black holes (4.73), we have:

AwTH(X = 05) =
51/}TH(X = 05, UISCO) - 51/}TH(X = 05, vngo) ~ 0066 - 0176 ~ 70.11.
(4.113)

This is a small order of magnitude, but in any case is of great conceptual im-
portance.

We want to see what we obtain in the case of extreme ratio y = 1. We have
visco =~ 0.79, and since the term containing a goes away, the inequality (4.111)

leads:
1\ 1/3
1> (5) : (4.114)
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Figure 4.7: A summary of the various relevant values of v, now functions of
X. The constant blue line is as usual vy, 0; then, we can distinguish the five
functions of v.,.;; for different values of «; the other blue line is visco.

which is always satisfied, and so we get that also in this case the phase shift due
to the absence of tidal heating is during the entire inspiral phase. The graph in
this case is not necessary, since we deal with three constant functions. Looking
at the template for J¢ry in the case x =1 (4.77), we get numerically:

AYra(x =1) =

4.115
&bTH(X = 1,1}1500) — 5¢TH(X = 1,’Ugw’0) ~ 3.6 —0.81 = 2.8. ( )

Compared to the last cases, this is some orders of magnitude bigger; in any case,
having two Kerr black holes in a binary with initial values of ratio x equal to or
close to 1 is not a common situation in astrophysical observations for now. It is
interesting, another time, to see that also for this value of x for each black hole
we have the complete suppression of tidal heating during the inspiral phase. In
order to have a graphical picture of the relation between the relevant values
of v in function of y, it should be interesting to plot them in the same graph,
taking now fixed values for «, that are the four considered in this work and also
a = 0, to see what happens if the quantum of area is actually reduced to an
infinitesimal one. This is shown in Figure 4.7.

We see clearly that, after a certain value of x, almost each function verit o
is above the one of visco, suggesting that, actually, the real astrophysical case
of two Kerr black holes, despite being the most difficult analytically, is also the
most interesting from the point of view of quantum-of-area impact. In the case
of equal masses and equal spins, it is sufficient to have a certain amount of
ratio x for each black hole to have a suppression of tidal heating at all, for each
relevant value of « in literature. Moreover, seeing that, in the region of small
values of x, for higher o the graph of ve,it,« seems to rise, we should expect that
this feature is enforced if « is greater than the values in the literature. Another
important fact should be underlined: we see that, even in the graph of veyit o—o,
we get a non-trivial dependence in y. We should ask why, since we are setting
a = 0, and we are then neglecting the quantum of area. The point is that,
in finding the condition of absorption for Kerr black holes, the quantization of
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the area was not the only quantum correction we made: we treated the entire
black hole as a quantum object, quantizing by hand also its angular momentum,
imposing J = jh and introducing another quantum number, independent on
the one related to the quantization of the area. Searching the minimal step in
energy, we then set 7 = 2 for angular momentum, and so it is consistent that
we still have a non-constant behaviour for verit,a=o-

4.3.3 General case of different masses: qualitative descrip-
tion

It is important to underline a property of the cases examined in the previous ex-
amples: since we considered equal masses, and in the Kerr case also equal spins,
in the evolution of the binary the two black holes follow the same changing in
their parameters, and the system is really symmetric in the formal transforma-
tion BH1 — BH2, and viceversa. One of the consequences of this symmetry is
that, in the quantum description, when tidal heating is turned on for one of the
two black holes, the same happens for the other. Intuitively, this allows us to
divide the inspiral phase in two effective subphases: the first completely without
tidal heating, the second with the presence of tidal heating felt by each of the
two black holes. Of course, this happens in the case of v..;+ < visco, otherwise
the entire inspiral phase takes place without tidal heating. What happens in
the case of different masses? Take, for example, the case of two Schwarzschild
black holes, with m; < msy. Now, for the value of w..;:, we have not just one
value which holds for both black holes, but each of the two has its own critical
frequency:

«
Werit, BH1 = 55>
’ 32mma

o (4.116)
Werit, BH2 = %a
2

With werie, BH1 > Werit, BH2- Since we deal with macroscopic values of the masses,
and the minimal frequency of the detector is around fy ~ 20Hz, we suppose that
both the two frequency are higher than the minimum one for detection, so in any
case, tidal heating is supposed to start in the observable range. We distinguish
three cases:

1. Both critical frequencies are less than the ISCO frequency.

2. One of the two frequencies is less than the ISCO one, the other is greater.
Since we have werit, BH1 > Werit,BH2, the frequency inside the inspiral
frequency range is Werit, BH2-

3. Both the critical frequencies are greater than the ISCO one.

Start from the first case. When the system starts to evolve (or, if we want,
the system starts to be observed), each black hole does not feel tidal heating.
Increasing the value of the orbital frequency, we arrive at a point in which we
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reached the value of gravitational wave frequency sufficient to turn on tidal
heating for one of the two black holes, BH2. At this point, we start to have a
partial tidal heating, which, from the point of view of the gravitational wave
phase, corresponds to a partial phase shift. The system continues to evolve with
this partial tidal heating until we reach the value of the other critical frequency
werit,BH1, &t which also BH1 starts to absorb gravitational waves emitted by
the system. In this last part of the inspiral phase, we have the complete clas-
sical tidal heating, and so the complete accumulated phase associated. We can
say that, colloquially, the inspiral phase is made by three subphases: the first
without tidal heating, the second with a partial tidal heating, the third with
the complete classical tidal heating.

In the second case, one of the two values of the frequency is higher than the
ISCO one, namely werit, 1. For the first black hole, we have the complete
absence of tidal heating during the inspiral phase. The system starts to evolve,
and in the initial subphase there is no tidal heating, until we arrive at the fre-
quency werit, 2. At this point, it starts the tidal heating for BH2. The system
evolves with this partial tidal heating until we arrive at ISCO frequency, and
the inspiral phase stops. In this case we can then identify two subphases, the
first without tidal heating as before, the second with only partial.

The third case is the simplest one: the two critical frequencies are both higher
than the ISCO one, meaning that during the entire inspiral phase tidal heating
is completely neglected.

At this point, it is important to understand one point: what does it mean
precisely partial? Let us explain that. When we computed the templates for
0ru(v), we had n = 1/4, and we inserted the coefficients U5, Ug already. In
the general case, we have clearly another value for 7, since the masses are no
longer equal. For the coefficients U5 and ¥y, we have to pay attention: they
depend again on the mass ratio, but, as explained in the appendix, they are the
sum of contributions of tidal heating of both the black holes. More precisely:

U5 =AW + AP wy = AP + 4P, (4.117)

where Aél) and Ag) are terms which derive from the capacity of absorption of
BH1 and BH2. In the case of equal masses, they were initially set to zero,
and when tidal heating starts, each A®) becomes, in principle, different from
zero at the same time, and in (4.117) we get the complete sum. In the general
case, while they start from zero as in the equal-masses case, when we reach
the first of the two critical frequencies, only the terms A®) corresponding to
the black hole that started to absorb gravitational waves become different from
zero, and so each of the sums in (4.117) has actually just one term; in other
words, these sums become partial. If also the other critical frequency is less than
ISCO frequency, after having reached this, we start to have the complete sum
for both W5 and Wg, as is considered in the previous sections. More formally,
remembering the way in which we wrote the effective term of tidal heating
modified by the introduction of a quantum in the horizon area, in equation
(4.88), we can write some similar form also for the general case. We define
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the new template 0¢%.;(v), which corresponds to the phase shift given by the
partial tidal heating: the one in which enter just the partial sums derived from
(4.117). Recalling that to weri, a1 and werie, a2 correspond, respectively, two
values of v that we call verie, g1 and verie, 2, We write:

Sthrr(v) = 0(v — Verit, BH2) 0V (V) + 0(V — Verit, BH2)O(V — Verie, BE1 ) 0%TH(V),
(4.118)

where as usual 0 means the Heaviside function.

4.4 Quantum effects in curved spacetime: a com-
parison

In this section, we want to make a simple comparison between two quantum
effects, which both take place in a curved spacetime and so contain non trivial
gravitational effect: the first is the Hawking radiation and the second is the g-
version of tidal heating. Our comparison will be from the energy point of view;
more specifically, we want to show what kind of order of magnitude enter in
both the effects, and to see if there is a consistent difference between them. To
compare these two effects makes sense because of the following fact: the Hawking
radiation is a quantum effect in a classical curved spacetime, meaning that we
have quantum fields which are evolving in a classical gravitational background;
on the other hand, (classical) tidal heating is a complete gravitational effect,
but after the effective correction given by the presence of the step in area, we
deal actually with a quantum version of tidal heating, but quantum here means
that we include effective quantum corrections of the spacetime itself. In what
follows, we assume that the total mass of the two system is the same, in order to
have the same order of magnitude of the mass. This means that, if we assume
a binary system with total with total mass m = mj + mg, the black hole which
emits thermal radiation is taken with mass m.

Start from the case of a Schwarzschild black hole of mass m, and consider its
thermal emission. The law which gives the total power emitted by a black body
of temperature 7" and with surface A is well known, and leads:

P =ocAT?, (4.119)

where o is the Stefan-Boltzmann constant, which is dependent on several phys-
ical constant:

270 kf‘g
= =5.670373 x 107® .
15 c2h3 m2K*
Here, kp is the Boltzmann constant and h the Planck constant. We can consider
the black hole as a black body with surface equal to the horizon area, and with
temperature given by the Hawking temperature Ty, for which we have:

(4.120)

hed

Ty= —
B 16m2mGEkg

(4.121)
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We see the characteristic behaviour of Ty: being inversely proportional to the
mass m, the more massive the black hole is, the more difficult becomes the
observation of the temperature. This is one of the reason for which Hawking
radiation is so hard to detect. For the horizon area A, we have as usual A =
16mm?2. Inserting constant to get dimension of squared meters, we have:

B 16mm2G?

A=—r7 " (4.122)
C

Plugging the values in (4.119), we obtain:

4
2 5k4 1 22 h 3
py = 2k 16mm7G ( c ) ~m2, (4.123)

= 15¢2h3 ct 167m2mGkp

where the label to the subscript stays for thermal, to identify that we are talk-
ing about the power emitted due to the presence of a temperature Ty. We are
interested specifically in the mass dependence of the power emitted: is inversely
proportional to the square of the black hole mass, or, in other words, propor-
tional to the squared black hole temperature.

Now, let us consider a binary system with total mass m, and let’s focus on the
flux term related to tidal heating, Fy. We recall the form used in the text,
already in dimensional form:

, (4.124)

32 ¢ R \J
Fu(v) = Ean%)lo [ — f?ﬁ + 78118

The factor ¢®/G is to have a term with dimensions of J/s. Now, we know that
v is a small parameter, such that 0 < v < 1. In order to study the order of
magnitude, we can consider just the leading term of (4.124):

5
Fu(v) ~ 2% 52y (— %v5> L ) (4.125)
5G
We recall that the parameter 7 is such that 0 < n < 1/4, so, even if we
consider generic mass ratios, this factor enters with an order which is almost 1.
For the coefficients U5 and g, then, we have a dependence in mass ratios and
spins of the black holes (if we consider spinning bodies); in any case, they also
enter with an order which is almost 1. For the frequency, having in mind what
is the order of magnitude of the ISCO frequency, we can consider a range which
is almost between 1Hz and 100Hz. Now, we recall also that v = (7mf)'/3;
inserted in (4.125), gives us a dependence in m to the fifth power:

5
Fu(v) = —— —=1* W5 f5m5; (4.126)

so Fz ~ m®. We have also a dependence on the gravitational wave frequency,
or equivalently, a dependence in the source frequency, to the fifth power again.
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This is the template associated with tidal heating flux, at the leading order in m:
since it is a classical effect, why we are considering it for a comparison between
quantum effect? As we explained in the section above, due to the presence of
a step in area, tidal heating could be largely suppressed, giving a phase shift
with respect to the classical case but also a lack in the power absorbed by the
horizons; from this point of view, this lack of energy is a complete quantum ef-
fect, despite the fact that the analytical form of the function is the same. Since
we have a dependence on a positive power of m, and we consider macroscopic
values of the mass, as for real astrophysical systems, we can have a huge amount
of energy which is missing in the effective quantum case.

Now we can see clearly that for the ratio |Fy/Pr| holds:

| P 7
— ~m'. 4.127
| Pr ( )

This is a remarkable result: comparing two quantum systems, both with a
curved spacetime, we discovered that the dependence on the mass is very dif-
ferent. While the Hawking radiation, from the emitted-power point of view, is
for now almost undetectable, the lack of absorbed power by the black holes of a
binary is incredibly large, and is still a quantum effect on macroscopic objects,
connected this time to quantum properties of the spacetime itself. However,
since as we said this flux of energy regards the horizons of the black holes, and
S0, is confined in an inaccessible region of the spacetime, it is not, in any case,
detectable in a direct way. We wanted to show that, even if one is considering
a quantum effect in a macroscopic system, with a non-negligible gravitational
field, this does not mean that all the physical consequences are almost unde-
tectable: quantum gravitational effects are supposed to be significant when we
are at the Planck length, but the consequences of them can be considerable at
a much higher scale.

We can also make the discussion more quantitative, introducing the numerical
values of all the constants, to control also the order of magnitude of the coef-
ficient in front of the ratio. For the power radiated via Hawking radiation, we
get, keeping the mass free:

Pr ~ 3.6 x 103 m~2. (4.128)
For the tidal heating flux, we can write:
|Fi| ~ 1.8 x 10%° f>m?. (4.129)

Now, recalling what we said about the coefficients in the form of Fy, we have
just to consider the frequency in a range [1; 100]Hz. The ratio leads:

|Ful

ol = [5.0;500] x 10%° m”. (4.130)

Even if we look at the numerical coefficient, we discover a great difference be-
tween the two effects. This underlines another time the important point: despite
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the fact that we have two quantum effects, which both depend, directly or indi-
rectly, on the Planck scale or A, the orders in play are very different. This gives
a remarkable result: while the energy, or power, emitted by thermal radiation
by a black hole is truly hard to detect (at least, for now and for macroscopic
black holes), the one suppressed in tidal heating due to the presence of a min-
imal length of the order of the Planck scale, being in any case an energy not
accessible at infinity but present in the black holes region, is incredibly large.
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Chapter 5

Conclusions and outlooks

We have finished our discussion about minimal length and correlated effects,
specifically in the case of a coalescing binary. Now we want to collect the main
results we found, briefly recalling the path followed.

To introduce the gmetric was necessary to understand the important conse-
quence of a minimal area around a point, given by a minimal length in space-
time, which leads to the presence of a minimal step in the horizon area for a
black hole AA,,;, = 4rL3 = aL?%. We saw some features derived from the
implementation of such properties in the spacetime; for example, the way we
proposed to interpret a Lorentz invariant minimal length as a limit radius of cur-
vature. The case of Schwarzschild spacetime suggests that is the Kretschmann
scalar that we should consider, like in (3.20) and (3.21), to study possible limits
on local curvature. It would be interesting to generalize the method and to
study also more involved geometries, like the Kerr one.

As a preamble of the main work of the thesis, we decided to consider an effec-
tive modification of the emission of Hawking radiation, due to the presence of
a step in area for the black hole horizon, studying the dependence in a. It is
remarkable that the great part of the emitted radiation seems to be actually
strongly suppressed, if we have oo > 6.3 (see (3.61), (3.55)).

Now, we talk about the results of the main subject of the work: the effect
of area quantization for a coalescing binary. We start from the case of two
Schwarzschild black holes with equal masses. In this simple case, the first im-
portant function we have to consider is the template d¢ry(v), that gives the
GW phase shift due to the presence of tidal heating, which is the absorption, by
the two black hole horizons, of the gravitational waves produced by the binary.
It is in function of the dimensionless orbital velocity v.

We obtained that the frequency at which each of the two black holes is
able to absorb the energy hw carried by a gravitational wave (called critical
frequency) is linear in « and inversely proportional to the mass m of the black
hole (4.82). This frequency has to be compared with the ISCO one, at which the
inspiral phase goes into the merge, that is again inversely proportional to the
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mass. A graphical situation is represented in Figure 4.1, where the dimensionless
parameter v = (7rZ\4fgw)1/3 is considered. It is clear that, after a value o ~ 6.8,
the critical frequency is higher than the ISCO one, meaning that each of the
black holes is not able to absorb gravitational waves during the entire inspiral
phase. This is a strong result: for certain values of «, tidal heating is completely
suppressed. This, in particular, holds for a3 = 47 and ay = 8w, two of four
relevant values present in the literature. For these, the total phase shift due to
the absence of tidal heating is computed (4.92).

For the other two values, we have different phase shifts, in these cases ex-

plicitly dependent on « (see (4.91)). The phase shifts are computed starting
from the minimum frequency at which a detector is able to follow the gravita-
tional wave evolution. Since we are, in general, interested to the case of free
a, an important function is the template (4.93), which gives the phase shift in
function of a, with graph in Figure 4.2. Of course, for o > 6.8, we have actually
a condensation of the phase shift to the value d¢ry(visco), because at visco
stops in any case the inspiral phase. A more practical graph is then given in
Figure 4.3.
For the more realistic situation of two Kerr black holes in a binary, the dynam-
ics of the system is more involved, because of the addition of the spins, which
are taken to be equal and aligned for the two black holes, and aligned to the
orbital angular momentum. As usual, the masses are taken to be equal. This
choice allows us to work in a completely symmetric system, as in the case of
Schwarzschild. First, it is explained what is the relation between the critical
frequency of each black hole and a;, which turns out to depend, in addition to «
and the mass m, also on the dimensionless ratio x; = J;/m?, for which of course
holds x1 = x2. The behaviour of v..;; is shown in Figure 4.4 for a = a3. The
function of the ISCO frequency is also given, as a function of x, that has to be
compared with the critical one. The graph of vigco is plotted in Figure 4.5. In
order to explore what happens, at least indicatively, for x € [0;1], we decided
to fix x and to follow the same procedure as the case of Schwarzschild. Having
already studied the case x = 0 (spin equal to zero), we decided to set a middle
value x = 0.5, and then explore the case of extreme ratio y = 1. The results
are really remarkable: both for x = 0.5 and for x = 1, it turns out that tidal
heating is suppressed for the entire inspiral phase, giving the maximum values
for the phase shift, namely dyrg(x = 0.5, visco) and d¢ru(x = 1,visco). The
graphical situation for y = 0.5 is shown in Figure 4.6, while for x = 1 a graph-
ical representation is not necessary, since the dependence on « disappears in
Verit, leaving just constant functions . The numerical values for the respective
cases are given in (4.113), (4.115); as before, these are computed starting from
the minimum frequency for the GWs detection. A graph which summarize the
qualitative comparison between all the relevant frequencies in function of y, fix-
ing different values of «, is then shown in Figure 4.7. It is easy to see what is the
effect of the spin: it is sufficient to have a reasonably large value of x to obtain
that v is always above the value of vigco, giving a complete suppression of
tidal heating. We think that, conceptually, this is one of the most important
results.
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It is then explained qualitatively what is expected for the case of generic

values of masses. For the case of m; = mo, we have that in the inspiral phase
tidal heating is turned on at the same time for each black hole, because of the
symmetry of the system: the critical frequency is the same for both the black
holes. This allows us to identify, naively speaking, two subphases: one without
tidal heating at all, and the other with a complete, classical tidal heating. In
the case of different masses, we have no longer one critical frequency, but two,
one for each black hole. We can say that, if both these two frequencies are less
than the ISCO one, we have to divide the inspiral phase in three subphases,
with an effective correction of d¢ry given by (4.118).
Before we conclude, just a final remark. Prototypical of quantum effects in
curved spacetime is the Hawking radiation, which is tied to Planck scale physics
as it is evident from the fact that the entropy it foresees corresponds to ~ 1
degree of freedom per L% unit of area of the horizon; this radiation turns out to
be really feeble for solar mass black holes. The quantum effect we have studied in
this thesis also comes from Planck scale physics (recall that the quantum of area
is O(1)L%), then how can we have hope to detect it? To answer this question the
emitted power by Hawking radiation has been compared with the (lack of) power
associated to a quantum-corrected version of tidal heating. In doing this, the
two systems are considered to have the same total mass. We underline again
the important conceptual difference between the two: the Hawking radiation
involves the presence of quantum fields evolving in a classical curved spacetime
near a black hole horizon, while our correction of tidal heating implements
quantum properties of the horizon spacetime which impact on dynamics of
classical gravitational fields. It is surprising to discover that, despite both
are quantum effects in curved spacetime, the lack of power we can have for
suppression of tidal heating is incredibly big compared to the radiated power
for Hawking radiation: we see from (4.130) that for the ratio | Fry|/|Pr| we have
an order of 10%° and a dependence in the mass which is m”. This could happen,
essentially, because in the quantum correction of tidal heating we have a classical
amount of energy which is neglected due to quantum effects (the presence of
a critical frequency for the exchange of that energy), but the neglected flux of
energy Fi, even if relatively small compared to Fi,, derives in any case from one
of the most powerful phenomenon of the universe, that is the coalescence of two
black holes. What actually happens is that a Planck scale effect is able to inhibit
or turn on a classical one, giving a strong impact on macroscopical systems like
a coalescing binary. These arguments should be studied more concretely in
the future, implementing a more suitable form also for the modified template
associated to the phase shift, and focusing also on the dependence on «, which,
via the observations, can help in discriminating between the possible proposals
for a quantum theory of spacetime.
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Appendix A

Properties of disformally
coupled metrics

Here we list some properties of disformally coupled metrics. A more complete
discussion can be found in [7]. Take a spacetime described by the metric gqp,
and take a certain scalar field ¢(z), dependent on the spacetime point z. We
can define another metric g,; such that:

Gab = Vgap — eMtoty, (A.1)
where Q = Q[g], A = Afy] are functions of the scalar field p(z) and:

B Da'p
\/ egijVigonga ’

Two metric related by the last equation are said to be disformally coupled.
Note that here, instead of A and B, we are using the symbols Q22 and A; this
is done also to underline that the case we studied in the text is actually a bit
different: instead of a scalar ¢, we have a biscalar o2 in our functions Q and
A. Although the terminology seems to suggest it, the law relating the two
metrics gq.p and gqp is not a sort of contrary of the conformal one. Indeed, in
the given form, this relation is a more general case which allows, as a subcase,
the one of conformal relation between two metrics. To be precise, we have two
important special cases: the case with A = 0 and the one with A = Q2 — Q2.
The first is precisely a con formal relation, while the second, with an improper
convention, is said to be disformal again. In the case studied in the text, we
have ¢(z) — o%(z, ), and for the function Q2

g% taty = €. (A.2)

Lg

0? N=14 —=—.
(@0) =1+ 3o

(A.3)

Now we just list some important results for the two special cases cited. Starting
from the conformal one, we have in D dimensions:
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gab = ngalh
iLab = Q2hal77

Kab = Q-K'ab + (th>hab7

o K=Q7'K +(D—1)Q2VQ;

where the quantities written were introduced in the main text. In particular, hqp
is the induced metric on a level surface X of ¢, called also first fundamental
form; Kgp is the second fundamental form and K = g“bf(a,, its trace; Vi =
t%V,, with t* = g%t,. In the other case, we have:

® Gab = Q2gap — €(Q2 — Q )taty,
o hap = D%hap,

o Koy = D Kup + (2VqQ)has,
o K=QK+ (D —1)VgQ.

We see that the relation between the induced metrics is the same, while for the
second forms, we obtain in practice an additional factor Q2. It is interesting
to see also the composition of two disformal coupling. Actually, the rule turns
out to be very simple, after having introduced the function «, already defined

in the text, which read:
a= (0% -A)"1 (A.4)

Take now a metric gqp, and apply a disformal coupling defined by the function
2 and . Here we call the new metric ¢, obtaining:

Gy = V% gap — €(? — o' Vtaty. (A.5)

Now, apply a second disformal transformation, characterized by the functions
Q"2 and o, obtaining g/;:

gty = Vgl — (@ = " Vet (A.6)

It is easy to see, by explicit calculation, that we can go directly from g4 to g7,
simply multiplying the functions Q2 and a:

gl = (QQ")2ga — € (VL) — (@'a") 7 tals. (A.T)
In other words, if we work with Q2 and «, the composition is a simple mul-

tiplication at the level of this functions, giving the coefficients of the direct

transformation:
Q/// — (2/(2//7 a/// — a/all. (AS)
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Appendix B

Coefficients V5, Ug

Here we show how to obtain the form of the coefficients U5 and ¥g written in
the main text, and is explained from where they come from. We follow [19].
Consider a binary made up by two black holes, with masses m; and ms and
total mass M = mi +ms. As we said, during the inspiral each of the black hole
absorbs a part of the emitted gravitational wave, changing its parameters (mass,
angular momentum...) due to the exchange of energy and angular momentum
carried by the gravitational waves. This is what is called tidal heating. For now,
we identify the flux of absorbed energy formally with Fy, while the flux related
to the energy carried to infinity is called F,,. Now we give an explanation on
how to find the form of such flux Fy, precisely in terms of the rate of change of
the masses mq and ms. This turns out to be, compared to the main flux F., a
very small effect. Being both the fluxes expansions for small value of parameter
v, the smallness of Fyy means actually that its first order contribution in v has a
power very bigger compared to the one of the first order of Fi,. Start from the
rate of change, for example, of the mass m; with respect to time, which can be
computed via the resolution of the Teukolsky equation in the Weyl formalism
[19]. We have:

3
dm; (dE my\ v° A a v3r+1
dt_<dt>N<m> | Tl

where (dE/dt)x = (32/5)n?v'0 is the energy loss due to emission of gravitational
waves in the quadrupole approximation, y; is the dimensionless ratio J; /m? of
BH1, L is the orbital angular momentum, Jq is the spin of BH1. The form of
r4 is given for rotating black holes by:

riizmii,/m%f% (BQ)

Of course, for BH2 we have the same structure but with the replacement
1 — 2. Now, two functions are defined, which are called AE5) and A§8), where

1+3x%

. (BY
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1 = 1,2 label stays for BH1 or BH2. They read:
3
AEE)) = <W> Xi(I: : jz)
m

4
m; /

As we can see, they depend just on ratios, like m;/m or x;. With these defini-
tions, the rate of change of the mass m; can be written then:

dt  \ dt
N

Now, since to absorption of energy corresponds surely to a change in the mass
of the black hole, and since the above function has the correct dimensions, we
identify precisely the power absorbed by each black hole with:

1+ 3x?

)

(B.3)

1+ 3x7

1)5

4

_A®

8
+ A§8>”2] . (B.4)

- dmi

Fu,; = . B.5
Hi = (B.5)
In this way, we can define the total absorbed flux absorbed by the two black
holes, as:
dE vd v8
Fy = Fu, = | — —Ws— + Ug— B.
H 21: H,: (dt )N 5 4 + Vg 2 ) ( 6)

where V5 and Vg are precisely the coefficients of interest.
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Appendix C

Approximation for
templates of oYy

In this appendix, we show better how to identify the term related to tidal heating
in the expansion of the fraction containing the two fluxes contributions, namely:

1
_— C.1
Foo + Fu ( )
Recall that we have:
32 1247 35
Foo(v) = 37721110 [1 — (336 + 1277) v? + (47 + Fso)v?|,
. . (C.2)
32 v v
Fu(v) = =00 — U5— + Ug—|;
H(U) 5 nv 5 4 + 8 2 )

where we are considering a generic ratio 1 and a non-vanishing value of the spin.
For the sum, we have:

32
Fao(0) + Fia(v) = o'

14 Cov? + C30° + Csv® + 0808] , (C.3)

without ambiguity about the values of C;, since each one is connected to the
correspondent order in v. We underline that the coeflicients coming from tidal
heating are C5 and Cs. Let us define & = Cov? + Cyv3 + Cyv® + Cgv®, and
consider now the fraction:
1 5 1 1 5 1
Foo(v) + Fa(v) 32020101+ = 322 010

(1—z+2*+..), (C.4)

where we expand the denominator at the second order in x. In doing so, since
the maximum order of the denominator is 8, we will neglect all the terms which
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are at an order higher than 8. After having to that, we keep just terms which
contain C5 or Cg at least one time. We have:
1—z+a2%2~1-—Cy?— Cq0® — Csv® — Cgo®

C.5
+ C3v* 4+ C50° 4 205,C30° + 2050507 + 2C05C50° + .., (C:5)

where we stopped at order 8. Now, let’s keep just the terms containing some-
thing coming from Fy(v). They are:

—C50°, —Cgv®, +2C,C507, +2C3C50°. (C.6)
This gives:
1 5 1 v° v8 1247 35 v’ v8
| Uy — —Ug—+ Vs | —+=n | — U541+ Fs0)—
FOO+FH%32772U10[ sy Vgt 5(336+12">2 sr+Fso) 5|,

(C.7)
this expression is precisely the one considered to find the various templates
connected to tidal heating in the text.
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