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“How wonderful that we have met this parador. Now we have some hope of making progress.”
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Abstract

The thermal nature of black-hole radiation led Hawking to argue that black holes destroy
quantum information, leading to the formulation of the so-called ‘black-hole information
paradox’. Dissatisfied with such conclusion, 't Hooft emphasized the importance of grav-
itational interactions, ignored in the derivation of the Hawking spectrum. In this thesis,
while shortly reviewing and partly revisiting 't Hooft’s gravitational S-matrix, we generalize
his approach to the case of degrees of freedom carrying electric charge. In particular, we
investigate how to expand the effect of the change of gauge of the electromagnetic field
in partial waves. We proceed with computing the same effect via elastic 2 — 2 scatter-
ing diagrams by constructing the photon propagator near the event horizon in an angular
momentum basis. More precisely, we calculate the S-matrix by summing over an infinite
number of photon exchange diagrams in the high-energy limit. The S-matrix so-obtained
agrees with the one derived within 't Hooft’s approach, thus providing a generalized result.
The techniques used in this work allow for straightforward generalizations to capture par-
ticle production, study higher-derivative corrections and include non-Abelian gauge fields,

among many others. They open up possibilities for new research on black-hole scattering.
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Introduction

In 1965, it was proved that black holes results from the death of supermassive stars which, after
exhausting all their fuel, collapse under the enormity of their own gravity, leaving a black hole
as their final state [1|. At the center of a black hole, the curvature of space and time is so
strong that even general relativity itself breaks down. From the outside, the only properties of
a black hole that we can discern are mass, charge and state of rotation. Two static chargless
black holes with the same mass are indistinguishable to us. This is the statement that black
holes have no hair, or perhaps we should say black holes have only three hairs, one for each of
the three properties. Therefore, a natural question arises: where does the information carried by
objects thrown into a black hole go? From a general relativistic point of view, such information
is not lost, but simply hidden behind the event horizon of the black hole. However, the situation
completely changed after Hawking discovered, by combining general relativity with quantum

field theory, that black holes emit radiation at a temperature! [2]

where M is the mass of the black hole. This discovery led to more puzzles and questions. In
particular, it seems to have a catastrophic consequence. Indeed, the radiation emitted carries
away mass from the black hole. Now, the radius of the black hole is proportional to its mass,
so if the black hole radiates, it shrinks. Moreover, the temperature is inversely proportional to
the black-hole mass. Thus, as the black hole shrinks, it gets hotter, and it shrinks even faster,
eventually entirely evaporating. When this happens, all that is left is the thermal radiation it
emitted, which in the case we are considering only depends on the initial mass of the black hole.
This indicates that, besides this quantity, it does not matter what formed the black hole originally
or what fell in later, the result is the same thermal radiation. Black hole evaporation is therefore
irreversible: we cannot tell from the final state, namely the outcome of the evaporation, what
the initial state was that formed the black hole. This contradicts the fundamentals of quantum
mechanics, where processes in quantum theory are indeed always time-reversible. Thus, we set
out to combine quantum mechanics with gravity, but we produce an outcome that contradicts
what we started with. This contradiction, which was first pointed out by Hawking himself [3]
and is now known as the “black hole information paradox”, had troubled scientists for the last
forty years and remains one of the biggest problems in theoretical physics [4-9]. For a review
about the current status, the reader may refer to Ref. [10].

In this thesis we focus on 't Hooft’s proposed resolution to the paradox. Such proposal have
been presented long ago, in the nineties [11-13], but in the last few years significant progress has
been made [14-18]. The idea is to consider gravitational interactions, ignored in the derivation
of the Hawking spectrum, between the particles that fall into an already formed black hole
and the ones that come out due to Hawking radiation. More precisely, 't Hooft studied how
ingoing particles affect the outgoing ones, leading to a construction of a scattering matrix that

maps in- to out-states. It is easy to check that this S-matrix is unitary, which therefore implies

!This result is valid for a Schwarzschild black hole. However, it can be extended to black holes carrying charge
and angular momentum.



that all information falling into the black hole is entirely transferred to the outgoing Hawking
particles. This remarkable result has been obtained in the context of quantum mechanics.
However, in the last few years, a second-quantized approach has also been proposed, showing
that the same S-matrix can be derived by taking into account gravitational interactions mediated
by graviton exchange in 2 — 2 scattering processes near the horizon [19,20]. Very recently,
further progress has been made by considering the possibility for particle production |21] and by
rewriting the theory as a scalar theory with a specific four-vertex to compute Feynman diagrams
more efficiently [22].

In this work we generalize 't Hooft’s approach, as well as its second-quantized extension,
to the case of electromagnetic interactions. The thesis is organized as follows. In section 1 we
will discuss the framework in which Hawking radiation has been derived, namely quantum field
theory in curved spacetime. In section 2 we will carefully reproduce the original calculation
performed by Hawking in the seventies, deriving the formula for the temperature introduced
above. In section 3, while shortly reviewing and partly revisiting 't Hooft’s gravitational S-
matrix, we generalize his approach to the case of degrees of freedom carrying electric charge. In
particular, we obtain an expression for the electromagnetic S-matrix in a partial-wave basis?.
We proceed, in section 4, by constructing a scalar quantum electrodynamics near the black-hole
horizon, thus defining the Feynman rules of the theory. Section 5 is devoted to the computation
of all the scattering amplitudes of interest, leading to an expression for the scattering matrix
which is in agreement with the one found in section 3. We end this section by considering a
one-loop diagram with four vertices; the entire one-loop calculation is presented, showing that
such diagram is sub-leading with respect to the corresponding one containing three-vertices
only. Finally, we conclude by briefly summarizing all the results obtained in this work, as well

as discussing some possible future directions.

2This section has been written in collaboration with N. Gaddam and N. Groenenboom. The author of this
thesis primarily carried out all the field-theory calculations.



1 Preliminaries

Our discussion starts by introducing the concept of vacuum states in quantum field theory. We
proceed by presenting the basic idea on how to quantize scalar fields on curved backgrounds,
a necessary ingredient for the derivation of the Hawking spectrum. This first section primarily
relies on the book written by Birrell and Davies [23], the book written by Wald [24], as well as
the one by Mukhanov and Winitski [25]. In addition to that, the lecture notes on black-hole
physics by Dowker [26] and Lambert [27] have been consulted. The reader is assumed to be

familiar with the basics of quantum field theory and general relativity.

1.1 A subtle concept: the vacuum state

At the basis of the original formulation of general relativity there is the identification, from a
physical point of view, between uniformly accelerated systems and uniform gravitational fields.
That is, an observer in a free-falling reference system is in no way able to locally distinguish the
effects of gravity from those produced by the acceleration of the system itself; in other words, a
non-inertial reference system is locally equivalent to a uniform gravitational field. In Newtonian
mechanics, in order to study accelerated (non-inertial) reference systems, it is necessary to add
apparent forces to the treatment. This is no longer true in general relativity; in fact, here the
principle of general covariance holds, according to which there is no distinction that favours
inertial systems over non-inertial ones. These premises are indispensable to understand how the
framework in which a theory is developed may influence its treatment. This point will be clear
when we will discuss the Unruh effect, an analog of Hawking effect in special relativity.

Let us now suppose that we have a certain coordinate system and then we perform a trans-
formation and change coordinates. With such an operation, the way of describing the physical
system has been changed, but its “nature” has not. The purpose, therefore, is to be able to
transform all the quantities that characterized the system in the initial coordinates into new
quantities obtained using the new coordinates. Of course there are many types of transforma-
tion, depending on the mathematical objects involved. For example, we can consider a scalar
quantity; its value at one point, say p, does not change if we evaluate it at the same point
expressed in different coordinates. Differently, a vector or a tensor change under coordinate
transformation since all its components may be altered. In summary, when a transformation is
performed, the functions that describe the physical properties of a system change, and change
differently depending on whether they are scalars, vectors or tensors.

Let us now consider the quantization of a scalar field in Minkowski spacetime. Moreover, let
us suppose we apply a Lorentz boost and quantize again once the transformation is done. We
certainly do not expect the operators and the other quantities thus obtained to be the same as
the initial ones. For example, we may consider a plane-wave with wave vector k, four-momentum
p and a certain energy F. Since after the transformation the components of the four-momentum
change, then both k and the energy will change too; we would eventually get some momentum
p’ and some energy E’. Therefore, in correspondence with the starting mode characterized by k,
p and E, we would obtain, according to the Lorentz transformation, a mode characterized by p’,

k’ and E’. Now we would have particles with a different momentum, so it is not unreasonable to



suspect that the annihilation and creation operators, usually denoted by a and af, respectively,
may have been changed too. In fact, it is really the case and there are transformations that
allow us to describe how such operators change; these are called Bogoliubov transformations and
they tell us how the creation and annihilation operators change between reference systems (not
necessarily inertial ones). After these transformations have been performed, we are able to write
a and a' in the final reference system as a linear combination of the creation and annihilation
operators in the initial system with appropriate coefficients (and vice versa). Moreover, we
expect that the number operator N := a'a, which counts particles with momentum IZ, might
change too. But if the number operator changes, its eigenvalues will change, and that means
that we might count particles differently depending on the reference system we are working in.

At this point, a natural question arises: how can quantum field theory in Minkowski space-
time be consistent? Indeed, based on our previous discussion, it seems that the definition of
vacuum state depends on a particular choice of frame. Fortunately, it turns out that in this
case some of the Bogoliubov coefficients are vanishing, and this happens in such a way that
the concept of particle and, consequently, the one of vacuum state are invariant under Lorentz
transformations; for this reason quantum field theory in flat spacetime is consistent in all inertial
systems, and so the concept of particle.

Let us now come back to the Unruh effect, already mentioned before. The basic idea is
fairly simple: this effect is a manifestation of the fact that observers with different notions of
positive- and negative-frequency modes will disagree on the particle content of a given state. In
other words, we start by considering an inertial reference frame in Minkowski spacetime. Then,
by applying a certain transformation, we introduce a second reference frame which is uniformly
accelerated; the initial vacuum state is classified by the observer in the new reference system
as a state containing particles. Moreover, if we studied the distribution of these particles and
plotted, e.g., the spectrum, we would obtain a black-body spectrum at a certain temperature
which depends on the acceleration of the system. Therefore, in the accelerated system, the
creation operators must have acted on the accelerated vacuum state, which is no longer empty
(unlike what happened in the case of Lorentz transformations, in which the vacuum state was
Lorentz invariant). To sum up, if we consider a massless scalar field, where an inertial observer
sees a vacuum state, a non-inertial one will detect a thermal spectrum of field excitations. This
paradox can be solved in a simple way, namely by considering that, according to special relativity,
inertial systems are privileged; and it is precisely this adjective, “privileged”, that eliminates
the contradiction. Since quantum field theory has been formulated in order to work in inertial
systems, if one gets into a situation where there is a discrepancy between two predictions obtained
in two different reference systems, one of which is non-inertial, then the prediction made in the
inertial one can be certainly favoured. This is analogous to how we describe accelerated systems
in Newtonian mechanics. In that case, we are forced to introduce the so-called “fictitious” or
“apparent” forces. The adjectives we choose clearly denote that “real” forces are the ones that
we perceive as real in an inertial reference system (which is privileged according to Newtonian
theory). Even though it occurs in flat spacetime, the Unruh effect teaches us a very important
lesson, namely the idea that “vacuum" and “particle" are observer-dependent notions rather

than fundamental concepts. However, when we deal with black holes and curved spacetimes in



general, the physics is much more subtle.

Hawking radiation is treated within the framework of general relativity (a field theory on
curved spacetime). As we know, in this framework no system is privileged; therefore, if two
observers draw different conclusions on the number of particles contained in a certain state, there
is no way to establish which one of them is right; we will see that the root of this problem lies
in the choice of the concept of particle we use to describe the physical system. In fact, choosing
the concept of particle and, consequently, the number operator with the aim of characterizing
the system of interest is in general inconsistent in quantum field theory on curved backgrounds.
Then, how does Hawking compare an initial vacuum state with a final state in which the number
of particles is different from zero? In order to answer this question, we need to define what a
particle is. We can basically give two definitions. The first one is more operative: a particle is
something we measure by means of a detector. The second one is more mathematical: a particle
is something we obtain if we apply a creation operator. An identification between these two
definitions should hold, or quantum field theory would not work as we know.

According to the equivalence principle, as already anticipated before, an accelerated system
can be related to a uniform gravitational field. Although in reality gravitational fields are
not globally uniform, we can consider a very small portion of spacetime where they may be
considered as such. For example, the gravitational field produced by a black hole is globally
non-uniform. Nevertheless, if we consider a very small time interval (say of the order of 10712 s)
and a very small spatial region (with linear dimension, say of the order of 107!% m), in this
portion of spacetime the gradient of the field could be small and so it will not be unreasonable
to consider the field uniform there. Of course the time interval and the spatial dimensions should
be chosen depending on the curvature and magnitude of the gravitational field. For instance, the
larger is the curvature the smaller should be the region that we consider. Starting from these
considerations, one expects to reduce Hawking radiation to Unruh radiation, at least from a
theoretical point of view. At this point, however, an objection could be made. Precisely because
of the “operative” definition of particle that we have given above, one could make a further step,
which consists in placing a detector near the event horizon. Naively, one would detect both a
number of particle and an energy which diverge. Thus, how is it possible to reduce conceptually
this situation to the Unruh effect?” The answer lies in the fact that in reality it is not correct to
speak of a particle near the event horizon since this concept, as seen before, is consistent only in
Minkowski space. Thus, what would be the meaning of placing a detector in a curved region if
we are unable to count particles in such a region? Consider now the Schwarzschild solution in its
maximal extension. As it is well-known, we can identify two asymptotically flat regions where
we will be able to count particles, while we cannot do it near the event horizon; usual definition
of a detector as we know it does not apply close to the event horizon, nor where the gravitational
field is not negligible. In order to get a better understanding, let us just think about the way we
study scattering processes: we prepare the incoming particle at infinite distance from the target
before the collision and then we measure what happens at an infinite distance after the collision,
but we do not specifically consider the region of interaction between the two particles. Similarly,
Hawking counts particles in the two flat regions, away from the black hole, in the past and in
the future. This allows him to start with a vacuum state and to obtain a final state in which

particles are distributed according to a thermal spectrum, at a certain temperature Ty. To sum



up, it is not possible to count particles near the horizon because the concept of particle does
not make sense there. In fact, a particle is what makes the detector emit a signal, but we do
not know what is really going on for our standard definitions near the horizon. Therefore, it is
fundamental to clarify the origin of the apparent paradox. As often happens, it is nothing but an
imprecise use of a language or a concept that in the considered context is somehow meaningless.
In this case, the concept of particle and so that of particle number are not adequate near the
black-hole event horizon, nor where there is a non-negligible gravitational field. For this reason,
Hawking’s argument is built as much as possible on the knowledge of quantum field theory and
its application in Minkowski spacetime, so his purpose was to use as much of this theory as

possible in an asymptotically flat region of the curved spacetime considered.

1.2 How to quantize in curved spacetime

General relativity treats the spacetime metric as a smooth changing field, which is therefore a
dynamical quantity. Conversely, in quantum field theory the metric is a background. Therefore,
in any physical situation in which gravity and another interaction appear, the role of the metric
must be certainly clarified. The first approach one can think of is to quantize spacetime and all
the other fields independent of the metric; unfortunately, no theory has yet proven successful
in doing this using standard quantization methods. Technically speaking, we say that quantum
gravity is a non-renormalizable theory (the reader may refer to Ref. |28| for further details).
Therefore, as a first step, it seems reasonable to consider the so-called semiclassical approxi-
mation, which is a simplified scheme in which we treat fields quantum-mechanically on a classical
curved spacetime background. This is exactly the framework in which Hawking analyzed the
problem of particle creation caused by the gravitational collapse of a body to form a black hole; a
natural question arises: how accurate is this approximation? Of course, this question cannot be
answered with certainty until we have a satisfactory quantum theory of the gravitational field (it
is generally believed that an approximation of this kind is valid when the spacetime curvature is
much less than Planckian). However, it is not unreasonable to suppose such an analysis to give
a good indication of the kind of phenomena which will occur in an exact quantum treatment.
Let us start by introducing a fixed background, say (M, g, ). Furthemore, we assume this
spacetime to have a Cauchy surface (definition of globally-hyperbolicity): once a set of initial
data is defined, the solution to the field equations results entirely determined everywhere. So,
in a global hyperbolic spacetime, it is possible to determine the entire past and future history of
the universe from the conditions imposed at the instant of time defined implicitly by the Cauchy
surface. In the present context, our background is represented by the Schwarzschild spacetime.
To be more precise, two important results have to be mentioned; the first is a theorem due to
Dieckmann and Geroch (see Ref. [29] for further details), while the second one is due to Hawking

and Ellis (one may consult the book written by the same authors, Ref. [30]):

e Theorem 1: If (M, g,,) is globally hyperbolic with Cauchy surface ¥, then M has topol-
ogy R x . Furthermore, M can be foliated by a one-parameter family of smooth Cauchy
surfaces X, where t acts as a type of time coordinate. All hypersurfaces of coordinate

t = const. form Cauchy surfaces.



e Theorem 2: For any globally hyperbolic spacetime (M, g,,) with Cauchy surface X,
there exists a global solution ¢ to the Klein-Gordon equation valid on all of M for which
@ = o and n*V ¢ = @g on X, where n# is the future unit normal to ¥. In this sense the

function g is the classical evolution of the pair of functions (g, @) on X.

The above two theorems basically say that the presence of a Cauchy surface provides the frame-
work to built a quantum field theory. By singling out a single timelike coordinate ¢, one can con-
sistently define the momentum density conjugate to the field and so proceed with a phase-space
formulation of the evolution of the scalar field ¢. This is how we usually proceed in quantum
field theory in flat spacetime, where we write the solution to the Klein-Gordon equation in terms
of a complete, orthonormal set of modes. In order to make sense of “orthonormal”, a precise
binary operation (i.e., an inner product) is defined, expressed as an integral over a constant-time
hypersurface ¥;3. As it is well-known, if we restrict to the subspace of positive-frequency solu-
tions, then the Klein-Gordon inner product is positive-definite, and so we can safely define an
Hilbert space H. Instead, the negative-frequency solutions can be put into linear correspondence
with vectors of the complex conjugate Hilbert space H* that is dual to H. Thus, as elements
of H*, the negative-frequency solutions adhere to the positive-definiteness condition necessary
to build up a Hilbert space. Now, in order to define a vacuum state, we introduce a physically
meaningful Hamiltonian by recalling Noether’s theorem. Indeed, the Hamiltonian is nothing
more than the conserved charge associated with time translations between Cauchy surfaces.
Having said that, we have all the necessary tools to quantize our theory; applying the standard
procedure, the field ¢, which is now treated as an operator-valued distribution, can be written
in terms of creation and annihilation operators. These operators define a bosonic Fock space of
particles as excitations of a unique vacuum state |0), the ground state of the Hamiltonian, and
satisfy the usual commutation relations. The main point of this discussion is that, in order for
a globally valid quantum field theory (with a unique vacuum) to be defined, the spacetime in
which we are working in must be “uniform”.

Now, the question is: can we more or less easily generalize this scheme when the spacetime is
curved? Or, equivalently, can we build a quantum field theory in globally hyperbolic spacetimes
following the same procedure? Unfortunately, for general globally hyperbolic spacetimes, this is
not as straightforward. The reason is that, even if Cauchy surfaces are present, it is impossible
to define a universal concept of time on them. As a consequence, no conserved charge associated
with time translation between Cauchy surfaces can be defined and, in turn, no single quantum
field theory that is valid everywhere. Luckily, there is a way out if one more assumption is made.
In fact, if we restrict to stationary spacetimes, then the situation completely changes. Let us
now try to be more concrete. The metric signature we use is (—, +, +, +).

Consider a free scalar field ¢ propagating on a given globally hyperbolic spacetime. The

action is given by the following expression:
4 1 o 1 2 2
S= [ dxzv—g —§VM<,0V p—gmiet ), (1)

where V,, denotes the covariant derivative. The equation of motion of the scalar field can be

31t is possible to prove that such an inner product is independent of the hypersurface ;.



easily obtained in the usual way, namely by varying the action. We have:

S=0 = (V=99""0y) ¢ — m2p = Op —m2p =0, (2)

1
—0
where we defined the d’Alembertian operator. The above equation is the Klein-Gordon equation
in curved spacetime, with no coupling to the curvature scalar R (however, the results we will
obtain would be the same since in the case of Schwarzschild we have that R = 0). Let us now
try to quantize the theory following the procedure outlined before. For a spacelike hypersurface

¥ with induced metric 7;; and unit normal vector n#, we define the scalar product as

(¢1,p2) = —2‘/2 (P1V s — 05V 1) n\/yd* . (3)

Working in four dimensions, namely setting n = 4 in the above expression, we can easily show

that the above definition of the inner product is independent of the choice of X:

(on, 02, — (o1, 92)lg, = —i / (01,05 — 93V 1) VAFd®,
Q=31-2
=—i /69 VH (1Y 0 — 03V wp1) V—gdz,

= —i/{m (p1mPps — psm®p1) v—gd'z
= 07 (4>

where Gauss’ theorem has been used to get to the second equality and the equation of motion
to get to the last one. So far, so good. Now, since the spacetime in question admits a Cauchy
surface, it is well-known that a non-unique orthonormal basis of solutions can be found:

(wiy ug) = bij,  (ui, uf) = =045, (us, uj) =0, (5)
where, for simplicity, the indices 4,5 have been chosen to be discrete. So, the good news is
that we were able to define a consistent binary operation that in turn allowed us to find an
orthonormal basis. The “bad news" is that, since such a basis is non-unique, if we did standard
field quantization we would obtain a vacuum state without a basis-independent physical meaning.
However, what bothers us most is not the fact that we have more than one basis (we already
expected that after the discussion about the Unruh effect!), but that we cannot introduce a
physically meaningful Hamiltonian due to the absence of a preferred time coordinate. Or,
putting it differently, in curved spacetime we are not in general be able to find solutions to the
Klein-Gordon equation that separate into time-dependent and space-dependent factors, and so
we cannot classify modes as positive- or negative-frequency as in flat spacetime. To sum up,
having at hand many sets of solutions, on what grounds we choose one of them over the others?
It seems that the standard way of proceeding breaks down at this point.

Now, the assumption we were talking about before, namely the stationarity of the metric,
comes into play. By definition, a spacetime (M, g,,) is stationary if there exists a timelike

Killing vector field K = 0; for the metric; why does this assumption is helpful? This can be



understood by considering a couple of properties of the Killing vector field. The first one is that

K commutes with the Klein-Gordon operator. Indeed, on one hand we have that
KOp = 8:0¢ = 0, (V9" 0,0) = g (810,000 — T7,0:05¢) - (6)
On the other hand, we can also write
OKp = 00w = V9" 0,010 = g™ (040,010 — 7,050 , (7)

from which the result immediately follows. The second property of K is antihermiticity. The

proof is immediate; given two complex-valued functions f, g, we have:

(/. Kg) = —i /E £V, (0" — (B1g") Vo f) b da
B _i/z (=0uf) Vug® = g"Vu (—0uf)] yantd*s = (K f,9), (8)

where we integrated by parts to get to the second equality. Now, the first property allows us
to find simultaneous eigenmodes of these two operators, while the second property we have
introduced, antihermiticity, tells us that the eigenvalues of K are purely imaginary, namely
we can write Kf; = —iwf;, with w € Ryp; we also recall that eigenfunctions corresponding
to distinct eigenvalues must be orthogonal. We now basically have all the necessary tools to

second-quantize our theory. The set of modes f; are defined to be positive-frequency if

O fj = —iwf;, w>0. (9)
If, instead, we have a set of modes fj« satisfying

of; =iwfj, w>0, (10)

then these are defined to be negative-frequency modes?. Having said that, we can now easily
find a (unique) basis {u;} of positive-frequency eigenmodes (see the first of the two equations
above) that are solutions of the wave equation with a purely positive-definite scalar product,
(ui,uj) = 0i5. Therefore, in exactly the same way as in Minkowski flat spacetime, a legitimate
Hilbert space can be defined; concerning the negative-frequency solutions, they can be put into
linear correspondence with vectors of the complex conjugate Hilbert space. By applying the now

familiar quantization procedure, we write the field operator ¢ in terms a and a':
= ZZ (aifi + ij?) : (11)

These operators, a and a', define a bosonic Fock space of particles as excitations of a unique vac-
uum state which is the ground state of an Hamiltonian that can now be consistently introduced
thanks to the presence of the time Killing vector field K.

What we want to do now is to consider a particular spacetime (M, g,,,) divided into three
regions, denoted as B, C' and T, respectively, such that M = BUC UT (this is usually called

“Note that these modes are called negative-frequency modes even if w > 0.
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sandwich spacetime). If we consider a scalar field ¢ propagating on M, then we know that
the wave equation holds in the entire spacetime (Theorem 2). Unlike regions B and T', where
the metric is stationary (but timelike Killing vectors are different), region C' is not stationary
provided that the manifold remains globally hyperbolic. In regions B and T, the scalar field
is quantized by choosing two sets of positive-frequency modes, say {f;} and {g;}, respectively.

Therefore, it can be expressed in terms of these modes as

o= ZZ (aifi + ajfi*) = ZZ (bigi + bIQf) : (12)
Moreover, thanks to the completeness property, we can express one set in terms of the other:
9 = Zj (i fi + Bijf7) (13)

where o;; and f3;; are called Bogoliubov coefficients. First of all, we need to find a way to
compute these coefficients; concerning «;j;, this can be easily done by calculating the scalar

product between g; and f;. Indeed, we have:

(95 f5) = (irfu + Bin iy [5) = can(fus £7) + Bi(fis £5) = i (14)

Similarly we find 8;; = —(g;, ;). Moreover, the coefficients a;; and f;; must satisfy their own
normalization conditions. This can be see in the following way. We first compute the inner

product between g; and g;, obtaining

(9i95) = (curfe + B fr o fi + B fi)
= iy, + Bu B (1)
= OéikOéLj - Bikﬁ]ij = 0ij- (15)

In matrix notation we can write this last expression as
aof — BT =1, (16)
where 1 is the identity matrix. We now compute the inner product between g; and g;:

(9i,97) = (cunfr + Bir S, Bjrfi + 5 f7)
= Bk + Buoji(—1)

= apa; — Bk =0, (17)
where we used Eq. (16) to get to the last equality. In matrix notation we have
af” = ga’ =0. (18)
Now, we can also express f; in terms of g; and g; as follows:

fi=2_ (a0 + Bii05) (19)
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/.

where we denoted the new coefficients with a;j and j3;;; by making use of the above expression,

we can write (again using matrix notation)

g=a(dg+pg")+p (g +8"g) = (ad/ + BB™) g + (af' + Ba™) g". (20)
This last expression is equal to ¢ if and only if o/ = af and ' = —87. Therefore,
fi= Zj (595 — Bjig;) - (21)

Also, a;; and 8;; must satisfy the following conditions:
ala—pTg* =1, ofp—pra*=0. (22)
From these results we can easily find
ai = (p, fi) = Zj <ajibj + J*zb;r) . bi=(p,9i) = Zj <04fjaj - :}aD : (23)

We have thus expressed a; in terms of b; and b;r-, and vice versa.

The procedure outlined above allows us to define the in-vacuum as a; |0;,) = 0 Vi; we will
call this state in-vacuum. If we consider an observer together with a stationary reference frame
in B, the vacuum will appear empty to such an observer. Now, a very natural questions arises:
what happens in T'7 In order to answer this question, we should be able to compute the number
of particles in the initial vacuum state as seen from T'. If this number is different from zero, then
some particles must have been created; consequently, the vacuum state, which we should call the
out-vacuum, defined as b; |0pyt) = 0 Vi, would be different from the in-vacuum. In conclusion,
there must have been a particle production due to a change of the spacetime geometry, i.e., due

to the presence of region C. We therefore now compute N?“! in the in-vacuum as follows:

bli] Oin )

Zj (ajia;r' - 5jiaj> Zk (Oéfkak - /B;ka2> ‘ 0m>

= ij (—=Bji) (=Bix) <0m 0m>

=", BBk (0 | (aha; + 3 )| 00n)

= PiiBids (Oin | Oin)

= Zj 181 (24)

<Ozn ’Nzout’ 01n> = <0m

= <0in

.

ajak

where we made use of the fact that 3;; = 3;; and also used the commutation relation between a
and a'. What we learn from the above relation is that the number of particles as seen from T

is in general different from the number of particles measured from B.
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2 Derivation of the Hawking spectrum

In the present section we will reproduce Hawking’s calculation on black-hole radiance. Then, the
same phenomenon will be derived by considering the so-called eternal black hole. This section
is developed on the original paper written by Hawking in the seventies [2], as well as on the
subsequent work written by Wald [31]. We will closely follow the lecture notes on black holes
by Dowker [26] and Traschen [32], and also Refs. [33-35]. The reader is assumed to be familiar

with the construction of Penrose diagrams.

2.1 Field quantization

Let us consider, in Fig. 1, the Penrose diagram corresponding to the spacetime of a spherically-
symmetric collapsing star that is about to form a black hole. As is well-known, Schwarzschild
spacetime is curved and globally hyperbolic; it is not dissimilar to the sandwich spacetime we
have talked in the previous section. What we called region C' corresponds to the star that is
about the form a black hole, while regions B and T corresponds to the far asymptotic past (i.e.,

near I7) and the far asymptotic future (i.e., near I), respectively.

singularity

Figure 1: Penrose diagram of a collapsing star. Figure adapted from [26].

We can therefore proceed in the same way as before. A positive-frequency set of modes can
be certainly defined on I-. However, the same cannot be done for I'*, which is not a Cauchy
surface. Indeed, at late times, some of the in-falling particles may cross the horizon H* and
so never reach the far asymptotic future. Thus, the Cauchy surface needed for quantization is

I UHT. To sum up, we can write the set of modes as follows:
e {f;}: positive-frequency modes on I~;
e {p;}: positive-frequency modes on I and zero on H™;
e {q}: “positive-frequency modes" on H* and zero on I7.

As we see, quotation marks have been used when introducing positive-frequency modes on the
horizon. The reason is simple: no timelike Killing vector exists on H+. Putting it differently, we

can also say that in absence of a timelike Killing vector, a physically meaningful Hamiltonian
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cannot be defined, as well as a consistent quantum field theory; Wald discussed this issue in his
1975 paper, proving that all predictions of the theory with regard to measurements at infinity
are actually independent of the definition of positive-frequency modes on the horizon. Therefore,
in order to perform the calculation, we can safely assume that the modes on the horizon are

positive-frequency modes. We are now ready to expand our field ¢ in terms of the two different
sets of modes {f;, '} and {p;, p;} U{q, ¢ }:

= ZZ (aifi + a;rfi*)

(25)
= Zl [(bﬂ%’ + bjpf) + (CiQi + chf)] :
The number of particles at I™ will be given by
(Oin |N?™) 0in) = (86", (26)

where the in-vacuum is defined as a; |0;,) = 0 Vi. Now, on the basis of our previous discussion,
the modes {f;, f/} are related to the modes {p;,p}} U {q, ¢} as

Pi = Zj (i fj + Bisf7) (27)

4 = Zj (vig i+ 0ii f7) - (28)
As we have seen before, the Bogoliubov coefficient 3;; in the p; expression is needed if we want
to obtain an expression for the particle number. To this end, as we will see, Hawking “traced the
solution back in time", from the far future to the far past. We will soon understand what does
it mean exactly. In the next paragraph we will analyze the form of the Klein-Gordon equation
in Schwarzchild spacetime. In the following we will use geometric units (¢ = G = 1).

2.2 Equation of motion in a Schwarzchild background

In Schwarzschild coordinates, (t,7,0, ¢), the Schwarzschild metric reads

-1
ds* = — (1 — 2M) dt* + (1 - 2M> dr® 4 r2dQ?, (29)
T T

where dQ? = d#? + sin? 0d¢?. The massless Klein-Gordon equation,

1

V=9

can be specialized to the spacetime in question, obtaining

-1
8t [— (1 — W) (9tcp
T

where Aq is the Laplacian operator on the unit two-sphere:

8u (\/jgg'uyau) v =0, (30)

+ %5; [(1 — 2M> 7“287@} + %AW =0, (31)
T T T

_ 1 : 2
Ag = mag (sin0#0y) + 0. (32)

sin29 ¢
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In order to solve the above equation we can use the method of separation of variables. Also, the
spherical-symmetry of the background allows us to make the following ansatz®:

¢(r,t)

QD(t,T',H,QZ)) = lem(ev(b)v (33)

where an expansion in spherical harmonics has been considered®. Thus, Eq. (31) reduces to

-1
- <1 - 2M> oo+ 2 (8@— 1¢> + (1— 2M> o~ "0 )
T T T T

r

Above, we used one of the main properties of the spherical harmonics, namely that

Now, by introducing the so-called tortoise coordinate,

r
L= r42M1 ‘— —1, 36
Te =T+ oYY (36)
from which the following expressions can be easily derived:
Ors
Oy = _Tw’ (37)
T
2M 0 o2
02 = 7 TQ*M 5 + TQ*M 5- (38)
=297 (-=9)
Eq. (34) can then be written as (note that now ¢ is a function of r, and t)
(07 = 02, + Vi) ¢ =0, (39)
where the potential Vj(r,) in the above equation is given by’
2MN [I(l+1) 2M
Vilry) = (1 — — — . 40
1= (-2 [t 2 o
Now, the method of separation of variables can be used once again:
(7, t) = e “ap(ry), (41)
where Rj,, is the solution of the radial equation
2 2\
(2 +w?) o = Vi, (42)

All that remains is solving Eq. (42), which is an ordinary differential equation of second order.
One can cast the above equation into the so-called confluent Heun equation; however, the solu-

tions of such equation are rather complicated. Luckily, we can avoid considering the complete

SFor simplicity, we will omit sums over the indices I and m.
SWe will dedicate an entire paragraph to the spherical harmonics in the next section.
"The potential depends on 7. through r.
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solutions if we look a bit more closely at Vj(r); in fact, we can notice that the potential goes
to zero both near the event horizon HT, where r — 2M <= r* — —oc0, and near IT, where
r — 00 <= r* — oco. Starting from these considerations, Eq. (42) can be easily solved; the
solution can then be plugged in Eq. (41) which, in turn, leads to the solutions of the Klein-
Gordon equation in the limit » — oco. Since we are only interested in ingoing early modes and

outgoing late modes, we can define

for ~ 5 /e_i“’/”, (ingoing early modes) (43)
rv2rw
1 .
Po~ —— e " (outgoing late modes) (44)
rv2rw

where we also introduced the so-called light-cone coordinates v and v, defined as v := ¢t — 74
and v =t 4+ r,. Note that in the previous subsection we used the index i to denote the state,
while here we are using w (in principle we should have introduced also the “quantum numbers"
[ and m, but we are working in a spherically-symmetric setup, so we may safely drop them).
Of course, the solutions should also contain the spherical harmonics, but since it is not relevant
for the following discussion we decided not to write them. Concerning the frequencies w’ and w,

they are eigenvalues of the following eigenequations (see the discussion in subsection 1.2):

iatfw’ = w/fw’u (45>
10¢Pwy = WP . (46)

Moreover, again referring to subsection 1.2, we know that each solution p,, can be written as a

linear combinations of the f,/’s and their complex conjugates (continuous version):

Pw = / du’ (aww/fw’ + Buwr f:;/) s (47)
0

As already anticipated, in order to compute the coefficients «,, and S,., we will trace the
solution back in time; more specifically, we are going to consider a solution p,, which propagates
inwards from I'" (towards decreasing values of r*), with zero Cauchy data on the event horizon,
until it reaches the potential barrier. Part of the wave, say p‘(ul), will be reflected by the barrier
and will end up on I preserving its frequency w. This will give a coefficient «,, proportional
to a delta function, namely d(w — w’). The remaining part of the wave, say pg), will enter the
collapsing matter, i.e., it will be transmitted through the potential barrier with the result of
being distorted before eventually coming out towards past null infinity. Therefore, pg) is the
part of the wave we are interested in.

A couple of comments are in order here. We have said that we are interested in the part
of the wave which enters the collapsing matter, but we did not specify any spacetime geometry
there. Is this a serious problem? How can we trace back in time the solution if we have no idea
about the internal geometry of the star? Fortunately, there is a way out; we will soon explain
how we can perform the analysis without specifying the geometry inside the star. Before doing
that, let us also notice that positive-frequency plane waves like p,, are completely delocalized.

This problem can be easily overcome if we consider a superposition of these waves, namely
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constructing a localized wave packet on I (for example a Gaussian packet). In particular,
we can construct it so that it is peaked in the neighborhood of some finite frequency wy and
some coordinate ug; we will comment more on this later on. Now, concerning the problem of
the internal geometry of the star, we know that u diverges at the horizon and so the effective
frequency of the solution becomes arbitrarily large; the fact that near H™ the frequency is
so high will lead to a fundamental approximation, i.e., the geometrical optics approximation,
which can be explained as follows. Consider a wave which propagates with a certain wavelength
X towards an obstacle. If the wavelength is of the order of the obstacle’s characteristic dimension
(or higher), we have to study interference and diffraction phenomena; on the contrary, if the
wavelength is smaller with respect to the obstacle’s dimension, these phenomena are negligible
and we can safely consider the wave as if it is propagating along straight trajectories (rays).

This logic applies to pl(f) as well, which will be able to cross the body and escape towards I'.

2.3 Tracing back in time

Let us now analyze the form of the solution at I”. In order to do so, we refer to Fig. 2, where we
indicated with y a point on the event horizon. Then, as we can notice, two null vectors have been
introduced: I*, tangent to the horizon, and n*, a future-directed null vector pointing towards
the singularity; we choose these two vectors to be normalized so that [#n, = —1. Looking at
the figure, we notice that no path with an affine parameter v larger than vy would be able to
arrive at I because it would end into the newly-formed black hole. Furthermore, we introduce

another vector, —en*, with € small and positive.

singularity U=-Ccku

Figure 2: Penrose diagram useful to understand Hawking’s analysis. Figure adapted from [33].

We can now parallel transport the two vectors n* and [* along ~p, the null geodesic which
travels backwards from I*. Also, we notice that the vector —en* generates another null geodesic,
~, which starts at some u at I"™ and ends on I™ at v. If we now transport the vectors I* and
n* back to the point of intersection between the past and future horizons, then the vector —en*
introduced before will lie along the past event horizon. Let U be an affine parameter on the

past event horizon. At the point where the two horizons intersect, we have that

_ dxt

U=0, nt=2"
T

(48)
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Moreover, U and the retarded time u are related by the following relation:
U=-Ce "™, (49)

where C' is a constant and x = 1/4M is the surface gravity of the black hole. On the null
geodesic 7y, near the event horizon, the affine parameter is given by U = —e. Therefore, by

inverting the above relation we get the expression for u on ~:

u:—l(lne—lnC). (50)

K

(2)

So far, so good. Let us recall that our goal is to obtain the form of pr on I7. We first notice
that on I™ the vector n* is parallel to the Killing vector, say K*, which is tangent to the null

geodesics generators of I7. Therefore, we write
n' = D¢, (51)

where D is some constant. Moreover, from the figure it is evident that € = vg —v on I”. Putting

it all together, we finally obtain the phase of the solution:
w
—(In(vo—v) —InD —1InC). (52)
K

At this point we need to distinguish two cases. For v > vy, pg) gives no contribution since

particles would be trapped beyond the event horizon. However, if v < vg, then we can write

down the final expression for pg) by using the result we just derived:

p2) ~ exp [z: In <”O — “>] . v <. (53)

Let us now simplify a little bit our pff). We may safely set vg = 0 since the spacetime in question

is invariant under translations v — v + A, where A is some constant. Moreover, we can define

n:= (CD)~!. In this way, the solution can be written as
PP ~ exp [in twin(—m)], v <0, |jv] < 1. (54)

We now also recall that p,, can be expressed as
(o]
Puw = / dw/ (aww’fw’ + /wa’f:;’) ’ (55)
0

where we omitted the superscript (2) for simplicity. Our aim is find 5, and, in turn, the particle
number. In order to do so, we first substitute f,, in the above equation and then consider a

Fourier transformation, resulting in

o0 i o0 i o0 5! L~
/ dve'™ Up,,(v) ~ / dve™ ”/ dw’ (ozww/e_““ U+ Bowre™ ”)
0

—0o0 — 00

= 277/ dw’ [aww/(s (oJ' — w”) + Bowd (w’ + w”)] )
0
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Since w’ + w” # 0, from the above expression we get

Qo N/ dve™ U p,(v) = Po(w'). (57)

—00

In a very similar way we can write

oo o oo o oo -, o,
/ dve™ Vpy,(v) ~ / dve™ ”/ dw’ (aww/e_w Y+ Buwe™ ”)
0

- T (58)
= 27r/ duw’ [aww/5 (w’ + w") + Buww 0 (w' — w")] ,
0
from which we can deduce that
Buw’ N/ dve ™" py(v) = po(—w). (59)

Now, if we are able to relate p,(w’) to p,(—w’), then we are done. Indeed, in this case the
coefficient of interest can be easily found by using the orthonormality condition proved before
(its continuous version to be precise), aal — BT = I. So, let try to find the relation between

such quantities. First of all, we notice that

Pw(w) = /OO dveiwl”pw(v) = /0 dvei@'vein” win(=nv), (60)
—o0 —o0
The above approximation is valid since |w’| > 1; in fact, in this case ¢™'? vary so rapidly that its
oscillations cancel out any contribution to the integral when v is large. Concerning the integral
over the positive range of v, it is zero since the solution p, vanishes in this case. Now, the
reader may wonder why such approximation (|w’'| > 1) is valid. Heuristically, only if the initial
frequency is very high the photon can “come out from the horizon” and be seen by an observer at
infinity as travelling with a “normal” frequency. The idea is that the photon loses a huge amount
of energy while trying to escape the black hole and so, in order to succeed, it needs to have a lot
of energy, i.e., a high frequency. Before proceeding, we first notice that the integral in Eq. (60)
is not convergent; this is due to the fact we should have considered wave packets. Instead of
doing so and making the procedure rigorous, we manipulate the solution as if it converged; the
calculation will be much easier and the physics clear anyway. Above, we obtained an expression

for p,(w'). Similarly, find

Pw(—w') = /OO dve “"Vp,(v) ~ /O dve™ 0 ein ™ win(=nv), (61)
) —o0
In order to get the relation between p,(w’) and p,(—w’), let us extend the above integrand into
the complex v-plane; now, as we know, the complex logarithmic function that appears in the
above integral is multiple-valued: if a complex number, say z, is written in polar form, namely
as z = re'?, then its logarithm In z = Inr +i(6 + 27n) has multiple possible values corresponding
to different values of n. For this reason, let us take a brunch cut as in Fig. 3 (of course, this is
not the only possible choice!). Consequently, the contour we choose to perform the integration

must avoid the brunch cut; in order to do that, we simply deform the contour by considering a
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half circle of radius € whose center is the origin of the complex plane, as shown below, and then
send € to zero. Moreover, we notice that the function we are integrating is holomorphic inside

the closed contour since it contains no poles. Therefore, we can safely apply Cauchy’s theorem:

fdveiw/yein—lwln(nv) — {/ +/ +/} dvefiw’uein—lwln(fav) =0. (62)
" 72 r

Notice that we did not write down the contribution coming from the semicircle of radius €, which
indeed vanishes when setting € to zero. Now, by assuming w’ > 0 (without losing generality),
we see that the integrand in p,(—w’) exponentially decays for Im(v) < 0, implying that the

integration over I' gives no contribution as R — oo. Hence, we have:
/ dve—iw/vem_lwln(—nv) _ _/ dve—iw/vem_lwln(—nv) (63)
71 Y2
where v1 and 75 extend to infinity now. So, in light of this, we can rewrite Eq. (61) as

0
ﬁw(_w,) ~ / dve—iw’vem’lwln(—nv)

—00

00
_ / dve—iw’vemflwln(—nv)
0

0
_ / dveiw’veinflwln(m})

—0o0

0
_ / dveiw’vein_lw[ln(fm;)%»iﬂ

—0o0

= el ().

In the above expression, to get to the first equality, we used the result derived above, namely the
fact that the integral along the curve v, is equal to the one along 2 up to a minus sign. Moreover,

in the next step we simply changed variable, v — —v. Now, by recalling how the coefficients

Qe and B are related to p,(w') and p,(—w’), respectively, we obtain |B./| = e—wrr! | |-
Im(2)
r
Y, Y2
< > > > Re(z)

Figure 3: Contour chosen to perform the integration in Eq. (61). Figure adapted from [26].

By using the orthonormality condition (continuous version),

/ du’ (‘aww”2 - ’/wa"z) = 17 (64)
0
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we finally find the spectrum of particles:

1
e2rTlw _ 17

N, :/ dw'|Buw |* = (65)
0

Eq. (65) shows that a black hole behaves like a black body, emitting radiation at the temperature

K
Ty =—. 66
= 2 ( )

Black holes are therefore not as black as they are painted, they are not the eternal prisons they

were once thought. Below, we will derive Eq. (66) by considering a slightly different perspective.

2.4 The eternal black hole

From our previous discussion, we deduce that the features of the Hawking effect are actually
independent of the nature of gravitational collapse, i.e., the effect is more a consequence of the
causal and topological structure of spacetime rather than the specific geometry. Thus, one is
tempted to ask: can we derive Hawking’s result by considering an already formed black hole, a
so-called eternal black hole? In other words, our goal is to examine quantum field theory on the

maximally-extended manifold. The Penrose diagram of an eternal black hole is shown is Fig. 4.

Future horizon

Past horizon

Figure 4: Penrose diagram of an eternal black hole. Figure adapted from [3].

How can we prove that eternal black holes emit radiation? The idea is the following. We
consider two different observers: an inertial observer falling into a black hole in a finite proper
time, say 7', and an asymptotic observer. The relation between these two different points of
view is exactly what is needed to derive Hawking’s result. To be more precise, what we want
to do it so quantize the massless scalar field ¢ in these two different coordinate frames and then
compare the corresponding vacuum states. In the following, we will use Schwarzschild-tortoise
coordinates for the asymptotic observer, while Kruskal coordinates for the freely-falling one.

Let us now write down the mode expansion in both these coordinates. For the asymptotic
observer the procedure has already been outlined in subsection 2.2. Starting from the same

ansatz, and introducing the tortoise coordinates r,, we end up with the following ingoing and
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outgoing solutions to the Klein-Gordon equation®:

lm
Pin ~ Nwlm€ e r
67)
Vi (
Pout NNwlme ’quTmu

where with N, we denoted the normalization. The outside observer can thus expand the fields

in modes of given t-frequency w as follows:
o0 . .
VR /0 dw (bweflwu + blelwu) ’ (68)

where, for convenience, we omitted the angular part (spherical harmonics), the factor of 1/r and
the normalization. Above, the subscript “R" stands for “right-moving", indicating that we are
considering only outgoing solutions (this will turn out to be sufficient for our purposes). We also
recall that the annihilation and creation operators, denoted as b, and bI,, respectively, satisfy

the following commutation relation :
[0, b1 ] o 8(w — &) - (69)
The corresponding vacuum state, usually called Boulware vacuum, is defined as
by |0) 5 = 0. (70)

Let us now consider the freely-falling observer in region I of the Kruskal diagram; we would
like to proceed in exactly the same way as before. Our aim is to write down the massless
Klein-Gordon equation in Kruskal coordinates, solve it and expand the field in modes of given
T-frequency v. Outside the event horizon, namely when r > 2M, Kruskal-Szekeres coordinates

are defined in terms of Schwarzschild coordinates as follows:

1
r 2 r . t
7= (557~ 1) e sind <4M> (71)
1
T 2 _r_ t
R = (m — ) e4M COSh <4]\4> (72)

In (T, R) coordinates, it is not hard to see that the Klein-Gordon equation reduces to

where, this time, the potential is given by

Vi(r) = 220 {l(l 1)+ 2M] . (74)

r3 r

At this point, we immediately notice that the potential V; does not vanishes near the black-hole

event horizon; however, it may be neglected anyway by assuming that we are dealing with a very

8For simplicity, we chose a slightly different notation with respect to the previous subsection.
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large black hole (this assumption seems reasonable otherwise the semiclassical approximation
would break down) and that the orbital angular momentum [ of the Klein-Gordon particle is
sufficiently small. Under these assumptions, in the proximity of the event horizon, the differential

equation (73) takes the following form:
(07 — 0%) ¢(T, R) = 0. (75)

The ingoing and outgoing positive-energy solutions can then be written as

Pin ~ NylmeiiV(TJrR)@ = Nl/lmeiwvﬁ7 (76)
T T
i Vi oY

Pout ~ Nulme w(T R)% - Nl/lme ’ U%? (77>

respectively. Above, we introduced light-cone coordinates U = T — R and V =T + R. Also,
note that in this case we used v to denote the frequency. Having found the ingoing and outgoing
solutions, the freely-falling observer can now expand the fields in modes of given T-frequency v

in the usual way (again, we are considering only outgoing solutions):

o
YR X / dv (al,e_’”U + af,eWU) . (78)
0
The creation operator al and the annihilation operator a, satisfy the commutation relation
[ay,al,] oc 8(v — V)81 G- (79)

The corresponding vacuum state, the Kruskal vacuum, is defined as
ay [0) =0. (80)

Now we can proceed as follows. To start, we can write down the relationship between the two
outgoing solutions we have found, namely the Bogoliubov transformation. Then, we can express
the Bogoliubov coefficients as Fourier integrals and find the relation between their absolute
values, from which the result immediately follows. To be more explicit, we first recall the

relation between the coordinates U and u:

U=—" = wy=—x 'ln(-U)

= e iwu eio.)f-flln(—U)7 (81)
where we recall that  is the surface gravity. Now, the Bogoliubov transformation is given by
d%lﬂwz/ dv (awe ™Y + Bue™V) (82)
0

where for simplicity we use the equality sign instead of the proportionality one; including all the
proportionality factors would not alter our conclusions. The Bogoliubov coefficients a,, and

Buy can be written as Fourier integrals, in the same way as we did before. Starting from the
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above expression, we can write

/ AUV Uein™lwin(=U) / dUei’/U/ dv (OlwyeiiyU + &JVGWU)
0

o % e (83)
—or / 0 [0 (v — V') + B (v + /)] -
0
Since v + 1/ # 0, we immediately get
O .
Quy ~ / derUeiw/f’l ln(—U). (84)
—o
In a very similar way, we also obtain an expression for S,,:
0
By ~ / dUefiuUeio.m’l ln(fU). (85)
—0o0

It is important to notice that the above integration is performed from —oo to 0 since the light-
cone coordinate U is strictly negative in region I of the Kruskal diagram. Following a similar
procedure as before, the above integrals can be manipulated by extending the integrand into the

complex U-plane, finally obtaining the relation between the absolute values of 5., and ay,,:
‘5:‘)1/’ = e_%lawu‘- (86)

By proceeding as before, namely by using the orthonormality condition of the Bogoliubov coef-
ficients, we obtain the spectrum of a blackbody at the temperature given by Eq. (66).

In these two last subsections we derived Hawking’s famous result following two distinct pro-
cedures. As already explained in the introduction, such result poses a threat to the concept
of unitarity in quantum mechanics. Dissatisfied with such conclusion, 't Hooft emphasized the
importance of gravitational interactions which, as we have seen, have been ignored in the deriva-
tion of the Hawking spectrum. In the next section we will discuss how to treat such interactions
(i.e., how information is transferred) in a curved background, constructing a scattering matrix

which turns out to be unitary.
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3 Shock wave of a charged particle in curved spacetime

In this section, we review 't Hooft’s shock wave analysis in the case of a charged particle propa-
gating in the background of a Schwarzschild black hole [13]. In four dimensions, the metric for

the background is given by the following expression:
ds®* = —2A(U,V)dUdV +r* (U, V) dQ?, (87)
where U,V are light-cone coordinates. The functions A (U, V') and r (U, V) are defined as

R
A(U,V)z;exp(l—%), UV:2R2<1—%>exp<%—1>. (88)
The line element d? = df? + sin® 8d¢?, already introduced at the beginning of subsection 2.2,
defines the round metric on the unit two-sphere and R = 2G M is the Schwarzschild radius. In
this section, as well as in all the remaining ones in this thesis, we will work in natural units (we
will set c=h =1).

3.1 Gravitational backreaction and electromagnetic gauge rotation

Here we consider the backreaction of a highly boosted charged shock wave on a probe test particle
[36]. The gravitational backreaction of the shock wave leaves an imprint on the gravitational
field experienced by the probe. The probe then experiences geodesics that are shifted across the

null surface traced out by the shock wave.

3.1.1 Backreaction on the gravitational field

The stress-energy tensor associated with a source carrying momentum p;, at a location U = 0

and a point on the sphere g = (6p, ¢p) can be parametrised as
TH = 4pind (U) 6 (2 — Qo) 61,6¢. (89)

An ansatz for the backreacted geometry that solves the Einstein equations with the above source
can be taken to be (see Appendix B in Ref. [36] for details)

ds? = —2A(U,V)dU (dv ~ S (U) A (9, %) dU) 2 (U, V) dO2, (90)

where 5\1(9,90) is a function of the angular separation between the points (2 and Qq: it es-
sentially parametrizes the “kick". Outside of the location of the source shock, a probe particle
experiences the background Schwarzschild solution with a vanishing A (©,9Q0). At the location

of the source, however, the Einstein equations reduce to” [15,17]

(Aq — 1) A1 (2, Q) = —87Gpind (2 — Q) (91)

°In this derivation, terms that are quadratic in § (u) have been neglected. This implies that the calculation is
only valid when the impact parameter between the probe and the shock, measured by the transverse distance on
the sphere, is larger than Planck length. This is the regime of validity of this effective description. Beyond this
regime, it is of course well-known that a point-particle description in gravity is problematic.
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where Aq is the Laplacian on the unit two-sphere, namely Eq. (32). Now, by expanding (91)

in spherical harmonics, we end up with the following expression for the coefficients:

Jlm G

A = T = A, 2

3.1.2 Backreaction on the electromagnetic field

In analogy to the gravitational backreaction discussed above, an electromagnetically charged
shock wave leaves an imprint on the electromagnetic field of the probe. The probe then experi-
ences a discontinuity in its electromagnetic field across the null surface traced out by the shock
wave. By definition, since it is a probe, we will assume its electromagnetic field to be negligible
in comparison to its response to the backreacting shock wave. Thus, before approaching a back-
reacting shockwave, the gauge field of a boosted probe particle near the horizon can be gauge
fixed to zero. At the location of the shock wave, however, its field is affected by the source.

To see this, let us consider a localised source of charge ¢;, moving on the horizon, that is

= qz-wl_fga (U) 5 (9 Q) 5. (93)

The ansatz for the electromagnetic field of the probe upon the introduction of the above source

can be parametrised in the following way:
AP =5 (U) X2 (Q, Q) L. (94)
Therefore, in analogy with the gravitational case, we now must solve the Maxwell equations in

curved spacetime at the location of the horizon U = 0:

CA# — VAV, A = qin\/1_7g(5 ()5 (2 — Q) o, (95)

The left-hand side can be simplified in the Schwarzschild background, obtaining

OAY — 0V (V- A) = ¢V (opUy)AY 4+ 20Y0y AV +2vUo, AV
~ v~ -V 1
+ 2V 0y AY —2vV I AY + 7TZAQAV — 9V [0y log(Ar*)A], (96)
where we defined V, := 8, logr and U, := 8, log A(r). Notice that the Latin index a runs over

the coordinates U and V. Now, upon integration over U, Eq. (95) reduces to an equation for
the undetermined bilocal function g (2, Q):

AoXa (2, 90) = ¢ind (2 — Q) (97)

which when expanded in partial waves results in the following solution:

yim 1 m
AIQ = _12 n l‘]in = )‘l2 Qin- (98)

In conclusion, while the electromagnetic field of the probe could be gauge-fixed to vanish in
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the absence of sources, the backreaction of a source shock results in a gauge rotation of the

electromagnetic field of the probe.

3.2 An S-matrix for the wavefunction of a probe charged particle

The aim of this subsection is to calculate the S-matrix for the wavefunction of a charged particle
in the presence of a gravitationally backreacting charged shock wave. To this end, let us first
begin by writing the wavefunction of a charged particle as ¥ (pin, ¢in) = (¥|Pin, gin). In order to
label states as such, we may demand the existence of a charge operator which when acted on its
eigenstate yields the charge of the state. Just as a superposition of momentum eigenstates yields
a state of definite position, a superposition of charge eigenstates will yield a state with definite
electric field. As we argued in the previous subsection, for boosted particles backreacting near
the horizon of a black hole, this electric field approaches a pure gauge configuration and may be
parameterised by a gauge parameter, say, A. Therefore, we may label states in the momentum-
charge basis by |p,q) or by |y, A) in the position-gauge field basis. In terms of the momentum

and charge eigenstates, the S-matrix can formally be written as

S (pin: Qin; Pout, CIout) = <pout7 QOut’piny Qin>- (99)

This allows us to write the wavefunction as follows:

(0 (pin) Qin) = <¢|pin7 Qin>

d
= / dQOut / Z;Ut <¢’pouta QOut> <pout7 Qout ’pinv Qin>
d
= /dQOut / Z:rut <¢’p0uta QOut>S (pin7 Gin; Pout, QOut)
_ dpout
- dAout d?/ dQOut o 1/} (y, Aout) (y, Aout ‘poutu QOut>
x S (pin7 qin; Pout QOut) s (100)
where we used the completeness relations
d
/dQOut / %’pouta QOut><pout7QOut‘ =1 (101)
/dAout/dy’yvAout> (y, Aout‘ = 17 (102)

and the definition of the scattering matrix, Eq. (99). As we argued in the previous subsection,
the gravitational backreaction implies that the position of the outgoing particle is determined
by the momentum of the incoming particle. Similarly, the gauge parameter of the out-particle is
determined by the charge of the in-particle. These relations (position <> momentum and gauge

parameter <+ charge) can be obtained from Eqs. (90) and (94), respectively!:

Y = MDin, Aout = A2Gin.- (103)

10Here, the “constants” A; are only constants along the longitudinal coordinates U, V', They indeed depend on
the transverse distance on the horizon, between the backreacting shock and the probe outgoing particle.
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We now insert in the previous expression for the wavefunction to find

dpou
ﬂ} (pm,%'n) = /)\qu;n//hdp;n/dqout/ 271—1511) (Alpgn, /\qun) <y, Aout‘pouta QOut>
xS (pin7 qins Pout QOut)
o / / dpaut / /
- dqin dpin quUt o ¢ (pina Qin) <y7 Aout ‘pouta QOut>

xS (pina qins Pout QOut) . (104)

The rescaling of integration variables to arrive at the second equality does not change the ranges
of integration (which remain from —oo to oo for both the integrals.) This relation must hold for

any wavefunction as (103) contains invertible basis transformations. Therefore, we find that

/dQ;n / dp;n<y7 Aout‘poutv QOut>S* (pin; Qin; Pout QOut) =0 (P;n - pin) 0 (q;n - qm) . (105)

To invert this equation for the S-matrix, we now need an expression for (y, Aout|Pouts Gout)-
Writing the positions y in a momentum basis gives us a plane wave. Similarly, we know that

the electric field and charge density are conjugate; therefore, we may write

<y7 Aout‘pouta QOut> = exp (_iypout + iAOuth’lLt) = exXp (_iklpinpout + i)\2q1nQOut) . (106>

Plugging this into the previous expression, we see that it is a Fourier transform equation for the

scattering matrix, which can easily be inverted to find
S (pina qin; Pout QOut) = exp (i)‘lpinpout - i)\QQian)ut) . (107)

3.3 Generalization to many particles and the continuum

We would now like to generalise the previous results to the case of many particles in order to then
take a continuum limit to describe a distribution of particles on the horizon. Since quantum
mechanics does not allow for particle production, we may safely assume that the number of
incoming and outgoing particles is equal; we call the number of incoming and outgoing particles
as N;, and N,y respectively. We will label the ¢-th incoming particles by its longitudinal position
x;, angular position on the horizon €2; and momentum pgn such that ¢ € Ny,. Similarly, outgoing
particles are labelled by y;, Qj,pﬁut, with j € Ngy. Assuming that there is no more than one
particle at each angular position on the horizon, in the continuum limit N;, = Ny, — 00, the
positions of particles may be described by distributions z (£2) and y (€2). Let us start by writing

the basis of states in the following way:
’pin,toty qm,wt) = ® ’p;:nv q’?n>’ (108)
i

|Pout ot Qout tot) = ® Phuts Gout tot) (109)
J

where we assumed a factorised Hilbert space because all parallel moving particles are independent

of each other. The completeness relations are now integrals defined with measures dpoyt tor =
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[1; dpf;ut and dyror = [ dy’. The S-matrix may formally be written as

Stot = S (Pin,tot> Qin,tot; Pout,tot> Qout,tot) = (Pout,tots dout,tot |Pin,tot > Qin,tot) - (110)

This S-matrix is dictated by the backreaction relations which are now given in terms of invertible

matrices that are in turn functions of the transverse distance between the in- and out-particles:

o

such that the out-state can be written as

[Yeots Aout,tor) = @ IAT (R, Q) Phas A5 (R4, 2) ). (112)

J
Since the scattering matrix is a basis transformation, it is necessarily bijective between the in-
and out-Hilbert spaces. This implies that the matrices A; (€;, ;) and A2 (€2;,2;) are invertible,
which in turn implies that there is no more than one particle entering (leaving) the horizon at
any given angle. Moreover, we have the condition that N, = N,y,:. Consequently, we may now
adapt the procedure outlined above for the single particle case to the multiparticle case. We

begin by writing the wavefunction as

w (pin,tota Qin,tot) = <w‘pin,tot7 Qin,t0t>

_ dpout,tot
= quut,tot — (1/1 ’pout,toty Qout,tot> <pout,tot7 Qout,tot | Dintot, Qm,tot>
2

dpout tot
= / dQout tot / $<w|pout,totaQOut,tot>Stot

dp
= / dAout,tot / dytot / quut,tot / %ﬁ’ (ytotaAout,tot)

X <ytot, Aout,t0t|pout,tota qOut,tot>Stot. (113)

where we used the completeness relations

dp t,tot
/dQOut,tot / %‘pout,toh QOut,t0t><p0ut,tota QOut,tot‘ =1 (114)
/dAout,tot/dytot|ytotaAout,tot><ytotaAout,tot =1. (115)

Defining Allj 5 = A1,2 (€4, 8;), we now insert the relations in (111), resulting in the measures
[Ty’ = det (A7) [T dphs T a0 = det (A7) T] dais. (116)
j i j i
to write the wavefunction as
¢ (pin,toty qm,tot) = det (Allj) det (Azgj> /H dq;édpg; / dQOut,tot
i

dPout tot ij i \ij i
X /021;01? ()\lepﬁm)\lz]q;n) <yt0taAout,tot‘pout,totvQOut,tot>Stot- (117)
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For every j in the product, we have a sum over all incoming particles labelled by ¢. In each
term of the sum, we rescale the integration variables p;, and ¢;, to neutralise the corresponding

factors of A1 and Ag, just as we did in the single particle case:

dp ttot
l/)(pm,tohqm,tot) = /dqgn,tot/dp;n,tot/d(but,tot/021;0¢ (p;n,tot?q;n,tot)

X (Ytots Nout tot |Pout tot, Gout tot) Stot-  (118)

In analogy to (106), we now write

(ytot, Aoumot |pout,t0t7 qOut,tot> = H<yj7 A]out ’Péuta qiut>

J

= exp —1 Z yjpz)ut + i Z Aéutqiut . (119)
J J

Therefore, we may invert the previous relation for the scattering matrix to find

Stot = exp (i)‘ijpz:npfmt - i)‘ZZJ qfn‘ﬁmt) : (12())
In the above equation, a sum over all in- and out-particles is implicit. The continuum limit can
be easily achieved. We first promote the momenta and charges to be distributions as smooth

functions of the sphere coordinates and then replace the sum over in- and out-particles with

integrals over the same coordinates, obtaining

Stot = exp [z/dQ sy ()\1 (Q, Q/) Pin () Pout (Q’) — A9 (Q, Q/) Gin () Qout (Q/)) . (121)

Now, by expanding the above expression in spherical harmonics, and substituting for Ay and Ao
using Eqs. (92) and (98), we finally get

» SWGplmplm qlmqlm
S — wn Pout  1in dout . 122
tot exp |:Z ( l2 + l + 1 l2 +l ( )

As one can easily check, the above S-matrix is manifestly unitary. We conclude this subsection

by defining the electromagnetic part of the above scattering matrix as

q{mqlm
SEwm = exp (‘%ﬁ) . (123)

This will turn out to be useful for the comparison with the scattering matrix we will obtain the

context of quantum field theory in the next sections.
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4 From quantum mechanics to quantum field theory

Our goal here is to show that a similar expression for the electromagnetic S-matrix computed by
't Hooft can be obtained in the context of quantum field theory. To this end, we build a scalar

quantum electrodynamics near the horizon using the tools recently developed in Refs. [19,20].

4.1 Scalar quantum electrodynamics in curved spacetime

Let us start by considering the following path integral:
Z = / DA, DetSéAugur], (124)

where ¢ is a complex scalar field, A, is the electromagnetic vector potential and g, is the
spacetime metric; moreover, S[¢, A, g,.] represents the action functional for a complex scalar

field coupled to the electromagnetic field in an arbitrary background:

S[qb,A“,gW}:/d‘*xF[ (Dug)* (D'¢) + (§R—m2) qbqﬁ*—iFWFW ) (125)

In the above expression, m is the mass of the complex scalar field, £ is the scalar curvature

coupling, R is the scalar curvature and D,, is the gauge covariant derivative defined by
Dy =V, —igAy, (126)

where ¢ represents the coupling between the complex scalar field and the electromagnetic field.

Moreover, we recall that the electromagnetic field tensor is given by
F, =V,A, -V,A,. (127)

For simplicity, we consider a minimally coupled complex scalar field setting £ = 0 in Eq. (125):

S[6, Ay ] = 5 = /d%\ﬁ[ (D.d)* (DM6) — 2|¢|2—2FWFW . (2s)

The Lagrangian implicitly defined before can be easily manipulated by considering that

(Duo)" (D) = (Vup — iqAud)*(VHe — iqA )
=V, 0" VHp — iqgA ¢V 0" +iqA,d* Vo + ¢* A, AP ¢
= V" VFé +igA" (¢*V o — oV ,u6%) + A% 6], (129)

Therefore, Eq. (128) can now be written as
S = / d'zy/=g [—VW —iq A" (§"V o — 0V,87) — (€ Af + m?) |9]” — fFZ . (130)
We can split the action S into two terms:

S =5y + Su = Sy[Au] + SulAy, ¢, (131)
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where S, is the action for the photon field, the last term in Eq. (128), while Sy is the matter

action, given by the following expression:
Su = [ /=g [-[9,67 ~ igA" (6"V,0 — 0V,0) — (4% + m?) of
— [dtaov=g0 O -m*)o-q [ dov=gari,— ¢ [aevmgaile?. ()
where j, is the scalar field current, defined as
Ju =1 (9"Vup — V7). (133)

Notice that in Eq. (132) an integration by parts has been performed to get to the last line. Let
us now focus on the action for the photon field, S,. The first step is to rewrite it in terms of
the vector potential; in particular, we want to write the Lagrangian in the form A,0* A, (to

find the photon propagator in curved spacetime), where O*” is a some operator. We have:

Ly = —%FWF’“’ - _% [(ViAy = VA, (VFAY — V7 AF)]
_ —i [V, A VFAY =V, A VY AP — Y, A VHAY + Y, A, V" AM]
_ —% [V A VY AR =V, A NVFAY =V, A VHAY + Y, A, V" AY]
= _% 2V, A, VY A* — 2V, A, VH A"
1

= 3 ANV VA + A9, VA
1
= SAu[9" VoV — VIV A,

1
= §AH [gMVD — V“V'/ - R,u,y} AV' (134)

Above, to get to the fifth line, we integrated by parts (omitting all the boundary terms). In
analogy with the flat case, we managed to write down the Lagrangian in the form A,0" A, (we

will not take into account R, since the background we are considering is a vacuum solution):
L, = —EFWF“” = %A“ (g0 - VIV A, = %AHO“”AZ,, (135)
where the operator in the middle has been defined as
Ot = g"Od — VIV, (136)
The action can then be easily written down as follows:
S, = % / dry/—gA, [¢"0 — VIV"] A,. (137)

It is important to notice that we still need to fix a gauge. Indeed, when the path integral is
written for the U(1) invariant action .S, one can notice that the measure over the field is not

well-defined (over-counting of gauge orbits). We will deal with this in the following section.



32

4.2 Intermezzo - analysis into spherical harmonics

The goal of this subsection is to introduce vector spherical harmonics, which have been widely
used in different branches of physics; they have been defined in different ways, depending on
the context. Here we will introduce a set of vector spherical harmonics which turned out to be
extremely useful in classical electrodynamics. Here, we will closely follow Ref. [37]. In order to
set notation, we will start by briefly reminding the reader how scalar spherical harmonics are

defined. According to the expansion theorem, any scalar function f(6, ¢) may be written as

) l
f(ea Qb) = Z Z O‘levlm(ev ¢) = Z alm}/lm(ea @b)a (138)
Im

=0 m=-1

In the above expression, Y}, represents the set of scalar spherical harmonics:

Vi (6, 6) = \/ (zl;r(ll)jf;L)’!”N (=)™ Py (c08) = Come ™ Pyn(cos ), (139)

where Py, (x) are the associated Legendre polynomials of degree | and order m, defined as

_1\m l+m
Pnlo) = G- a2 () @ =) (140)

One of the crucial properties of the scalar spherical harmonics is the orthonormality condition:
/ QY5 (0, )Yy (0, ¢) = 0w O (141)

where dQ) := sin 0dfd¢. The coefficients in Eq. (138) can be found by using Eq. (141):

/ dOY; (6, 6)£(6, 6) / AQY;(0,0) 3 e Vi (6,6) (142)
.m!
= Z QU O Ommm? = Q- (143)
U'm/

In general, the coefficients can be evaluated quite easily by exploiting the following symmetries:
Yim(ﬂ- - 07 ¢ + ﬂ-) = (_1)l}ﬁm(07 ¢)7

Vim0, + 1) = (—1)"Yinn(6,6), (144)
1/lm(ﬂ' — 0, ¢) = (_1)l+mYlm(07 (25)

As anticipated in the previous section, the analysis into scalar spherical harmonics can be ex-

tremely useful if one considers also another property, namely

where Ag is the Laplacian operator. There are other useful properties that should be mentioned,
but we choose to write only the ones that will be of interest for us as we proceed. As already

stated, the spherical harmonic expansion shown above greatly simplifies many problems. For
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example, let us consider the Poisson equation, A® = —4mwp, where ® is the electric potential

and p the charge density. Now, by expanding ® and p in spherical harmonics,
= am(r)Yim(0:0), p="> bim(r)Yim(0, ), (146)
l,m l,m

the Poisson equation can then be written as

AP = Z A (aleim) = Z (Aalm) Yim + Z Aim (Ayim)
lym

I,m Im
1 d o d I(l+1)
= ZZ: [TQdT <7' dralm) - ﬂalm] Yim (147)
= —dmp = _47TZ bimYim,
l,m

finally resulting in the following simple equation:

1d(,d +1
ﬂQOwa_ﬂ“m—4mw (148)

The effect of the spherical harmonic expansion is essentially to “cancel out" the angular depen-
dence. Now, the question we would like to answer is: can we construct vector functions having
the same useful properties as the scalar spherical harmonics? As explained in Ref. [37], it is
tempting to try to consider the components of a vector (as an example we consider a vector in

three dimensions) as a scalar field and then expand:

F(r,0,¢) = & F" +&F’ + &,F?
=8, > F(r)Yim + 8 Y Ff (1) Yim +85 > Flyy (1) Yin. (149)
ly;m lym Im

Because of the completeness property of the scalar spherical harmonics, the above expansion is
certainly allowed. Our main concern, however, is whether it is useful. Let us consider the partial
differential equation V-V = g, where g is some scalar function. Expanding the operator on the

left-hand side of the equation, in spherical coordinates, we get

1 0 1 9 /.
V-V=—— (PF)+ rsineajm o (smoF?). (150)
It is immediate to see that the second term in the above expression causes problems. Indeed, by
expanding as in Eq. (149), we would get a term proportional to Yy, /sin . Therefore, we would
not be able to “cancel out" the angular dependence, and so we must conclude that Eq. (149) is
not very useful for our purposes. Another strategy is therefore needed. A clever way to construct
vector spherical harmonics, as already anticipated, has been presented in Ref. [37]. Here, the
authors considered a scalar function, say f = f(r,0, ¢), expanded it in spherical harmonics, and

took its gradient, obtaining

Vf = Z (lemvflm + flmv}/lm) = Z <(Zﬂflmyvlmér + flmvyim) y (151)

Il,m l,m
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where f,,, = fim(r) are the expansion coefficients. Then, for the sake of simplicity, they assumed

that (151) is itself a spherical harmonic expansion; this motivates the following definitions:

10Yy,, . 1 Y.

Yim 1= V¥in = r 00 Co+ rsinf 0¢ ¢ (152)
Y = Y,6.. (153)
Finally, they took into account another vector equation, namely!!
E=N xé,. (154)
If we now let N = ¥,,,,, then we can write
E=v,, xé,. (155)

From the above equation one can easily notice that the vector E cannot be expanded neither
in terms of ¥y, nor in terms of &, (it is orthogonal to both of these vectors). Therefore, the

authors concluded that E is a new type of vector that has to be included in the expansion:

E_ 1 8}/2mA _lalemA
r rsinf O¢ ©0 T o o

(I)lm = ‘Illm X ér = VY}m X (156)

We now have a set of three objects, namely { Y, ¥y, ®pn b, which can be shown to be orthog-

onal and complete, implying that any vector field can be expanded as follows:

V(’I”, 0, QZ)) = Zl m (Wm,rYlm + ‘/lm,l‘I’lm + Vlm,2q)lm) . (157>

)

Above, VI Vl}n and Vlil are the expansion coefficients; as for the scalar case, the vector spherical
harmonics have many interesting properties that should be definitely mentioned. However,
for clarity reasons, in the following we shall write down only the ones we use. In order to
check whether the above expansion is indeed useful, we want to consider again an equation like

V -V = g. By using the above expansion, namely Eq. (157), we obtain

1 d (l+1
V-V:v-ZKerr(r?Vzm,r)— & >wm,1)}nm=gzzgzm<rmm, (158)
Im

lym

where we also made use of the following properties:

1d
V- (F(r)Yim) = [ (r2F<r>)] Vi,
redr
I(1+1) (159)
Vo (FE)) =~ DRy,
Therefore, Eq. (158) reduces to the following ordinary differential equation:
1d I(1+1)
2dr (7 Vim,r) — Vim,1 = gim(r). (160)

" Actually, they considered E = &, x N. However, we defined it as in (154) for later convenience.
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As hoped, the angular dependence has been “cancelled out". To perform computations, it is
convenient to work with the covariant components of the vector harmonics (152) and (156). The
component representation can be easily obtained by considering the scalar products (¥y,,); - €;
and (®y,,); - €;, where {e;} is the natural basis (to be distinguished from the physical basis &;).

From Eqgs. (152) and (156) we then obtain the following components:

(Dpn)i = €703 Yim, (162)

where the labels 7 and j run over the coordinates 6 and ¢. In the above expressions, we defined

the fully antisymmetric symbol on the sphere with non-vanishing components

1
‘ ‘ r2sinf’ (163)

From Egs. (161) and (162) we get the following four expressions:

(Yim)o = 06Yim, (164)

(Yim)g = 0pYim, (165)
1

(Pim)o = ——506Yim, (166)

((I)lm>¢ = —sin 969Ylm (167)

Another important remark we should make is the following. Under parity transformation,

r—r,
0 —m—0, (168)
¢—o+m,

the behaviour of the spherical harmonics comes into two different types: even-parity spherical
harmonics, for which the transformation gives a factor (—1)!, and odd-parity spherical harmon-
ics, for which the transformation gives a factor (—1)*!. From the group of spherical harmonics
introduced until now, Y}, and 0;Y},, are multiplied by (—l)l under the above transformation,
while eij 0;Yym is multiplied by (—1)"*1. Our discussion so far can be quite easily extended to
four-vectors. Indeed, our primary interest is to expand the electromagnetic vector potential A
in Eq. (137) in spherical harmonics. In the previous section we did not specify the background
geometry; however, here we are considering expansions in spherical harmonics, so we are implic-
itly assuming that the background is spherically symmetric. In particular, we want to consider
a Schwarzschild black hole, described by Eq. (29); in these coordinates, the electromagnetic
potential will be given by A = A(t,r,0,¢). Eq. (157) can be easily generalized as follows:

A<t7 r, 07 (b) = Zl (Alm,tYfm + Alm,rYlm + Alm,l‘Illm + Alm,Z(ﬁlm) . (169)

, M

In the above expression, it should be noted that the expansions coefficients depend both on ¢

and r. Moreover, we defined Yfm = Ym& = Yiner. Let us now work a bit on Eq. (169); based
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on our previous discussion, we have

A= Z [Alm,t(t, T)}/lmet + Alm,r(ta T)}/lme’r + Alm,l(tv T) (89Ylmee + a(i)}/lmeqb)

Ilym

+ A 2(t,7) (csc 004 Yimeg — sin00pYimeq)], (170)

which can also be rewritten in terms of its components in the following way:

Alm,t(tar)
Amr t’
AH = E : o ( T) lem (171)
— | Apna(t,r)esc00y + A (t, )00

— A 2(t,r)sin00g + Ap 1 (t,7)0p

Now that we have an expression for the electromagnetic vector potential in terms of Y}, and its

derivatives, we can also split it into odd- and even-parity modes [38]:
A=A, + AL (172)
where the first term on the right-hand side (odd-parity mode) has been defined as

0

0
A, =3 Yi, 173
" Apm 2(t,r) csc 00, : (173)

— A 2(t, r) sin 00y

while the second term (even-parity mode) as

Alm,t(ta T)
A2 (2,
A= S tr) (174)
Im Alm,l (ta T)(?H
A1 (t,7)0y

We can also work in Kruskal-Szekeres coordinates and so consider the line element [19]
ds* = —2A(U,V)dUdV + r*(U,V)dQ?, (175)
where A and r are defined by the two equations

Azgexp(%—l), UV:2R2<1—%>exp<%—1>, (176)

respectively. Above, R = 2GM. In this case, Egs. (173) and (174) become

0 Ao (U, V)
4= 0 Vi, AF =3 | A CVI g
i Alm’Q(U, V) CSC 98¢ " Lm Alm’l(U, V)ag

_Alm,2(U’ V) sin 989 Alm,l (U7 V)0¢
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We notice that the last two components in A:[ can be gauged away by the transformation'?

Ay — A+ 0, (178)

where A = A(U,V, 0, ¢) is some function that has to be appropriately chosen; indeed, if we now
choose A(U,V,0,¢) = — Zlm Aim 1(U, V) Y1 (0, ¢), we have that!3

—0uAim 1 (U, V)
—OvAm (U, V)

AU, V,0,6) = Yim. (181)
g % ~ A1 (U, V)09
_Alm,l (Ua V)a¢
Therefore, by redefining Ay, (U, V') and Ay, v (U, V) as
Alm,U(U7 V) — Alm,U(Ua V) + aUAAlm,l(Ua V)7 (182)
Alm,V(U’ V) — Alm,V(Ua V) + aVAAlm,l(Uva V)7 (183)
we can write the even-parity mode in the following way:
Alm,U(U7 V)
Am,y (U, V)
A;:ZEZ . Yim. (184)
I,m
0

Let us now set a new notation for later convenience; in particular, we introduce lower-case
Latin indices a, b, ¢, etc., which run over U and V' (light-cone coordinates), and upper-case Latin
indices A, B, C, etc., which span the two-sphere. The odd- and even-parity modes can now be

written in index notation. The odd mode is written as4

Ap == A2epocYim (185)

lym

2The field strength is invariant under the gauge symmetry: F,, — 9, (A, + 0, A) — 0, (A, + OuA) = Fyu.
13Here we are assuming that the gauge degree of freedom is in Aztn, .- This can be proved in the following way.
We first treat 0,A as a vector and expand it in spherical harmonics:

O\ = Zl . (Azm,UYzmeU + Aim,vYimev + Aim,10:Yime; + Alm,QEijaj}/lmei) (179)

Alternatively, we can first expand the function A in scalar spherical harmonics and then act with 0,. We have:

O Aim (U, V)
v A (U, V)
lm Alm(U, V)ae
A (U, V)3,

AUV0,6) =D AU, V)Yin(0:6) = AU, V,0,0) = 3 Virn. (180)

By comparing the above two equations we understand that the most general gauge transformation is of the
even-parity form, i.e., the gauge degree of freedom is indeed in A;n, . by choosing At = —Aim,1, we can indeed
kill the desired degree of freedom.

1 Note that for any diffeomorphism that acts on the light-cone and angular coordinates separately (this decom-
position is always possible), we may transform e 5%0cYim — eBcla'CYlm accordingly. Thus, in the new coordi-
nates, Ay is still given by (185), meaning that the spherical harmonics decomposition is coordinate-independent.
Of course, the same is also true for the even mode.
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where we recall that the antisymmetric Levi-Civita tensor on the two-sphere is given by

0 1
=7r’sind ) 186
€AB 1o (186)

Of course, we can raise and lower indices using the metric tensor. Therefore, for the more

¢ we obtain the following expression:

0 sin 0
C
€ = . 187
B (— cscl 0 > (187)

In a similar way, for the even mode we can write

common form e

AT =" A aYim. (188)
Im

4.3 0Odd- and even-parity decoupling

Here, following Ref. [19], we investigate the coupling between odd- and even-parity modes; in

order to do that, let us recall the decomposition obtained in the previous subsection:

Ap=— Z Azm,2GBCQCYlm, Ay = Z Aim.aYim- (189)
lm

Im

We also recall the Lagrangian for the photon extracted from the action (137):
1 v
;C»y == §AMO Ay, (190)
where the operator in the middle has been defined as
oW = g0 — VIV”, (191)

In the following we want to show the power of the covariant formalism introduced before; we
will distinguish between operators on the light-cone and on the sphere. To see how it works, let

us begin by explicitly writing down the operator (191):

OM A, = [¢"'V, V7 — VIV] A,
=1[9"9""V eV, — 9" " VoV | Ay. (192)

In the above expression we have the action of a double covariant derivative on the vector potential

A,. In terms of Christoffel symbols, we can write

vaval/ = 8U(VPAV) - ngv“/AV - Fg'ljva(;
= 0,(0,A, — FiVA(;) —T7,(0,A, =TS, Aq) — r°,(9,As — I'%Aq)
o 1) o
= 050,4, — (051%,) Aq — T9,0,A5 — T ,0,A, + T, T, A,

—T9,0,45 +T5,T%Aq. (193)
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By considering the fact that we can distinguish between upper- and lower-case Latin indices,

and recalling the decomposition of the vector potential, we have

VoV, Ay = 0,0,4, — (0519,) Ag — (0,T5) Ap —T9,0,Ag — 0,0, Ap — T'},0, Ay
+ 1,19, Ay +T3,T0 Ap —T9,0,Ag — T5,0,Ap + 5,19 A, + 15, TS Ap
= 0500(AS + A)) = (0:T9,)(Ay + AJ) = (8:T4,) (A + Ap)
—T9,0,(Af + Ay) — T80, (A + Ap) —T7,0,(AF + 4,)
+T,09, (Af + AY) + 17,05 (AL + Ap) —T9,0,(Af + A7)
—T0,00(Af + Ap) + To,T5(AS + AJ) + To, T is(Af + Ag)
= 0,0,(A) + A)) — (0,T9,) AF — (0,T},) Ay —T9,0,A) —T5 0,Ap
—T7,04(A} + A)) + T, 19, A +T7 T8 AL —T19,0,AT —T5,0,A5

+ T, T9 AL +T0, T AL, (194)

The above expression should be inserted in (192). However, to avoid confusion, let us consider
the two pieces separately; the first one is given by g""¢””V,V,A,. Focusing on this term and
considering first the case p = a,v = b, then Eq. (194) becomes

97977V oV p Ay = 979" | 050, A — (05T) Ay — (96T ) Ap — T 00 A5
~ Tp0s A = T,0, A + T2, 19, AT + T2, T Ap
—T9,0pAF —T20,A5 + T, T9 AT + 10, T A | . (195)

Above, p and o can be either upper- or lower-case Latin indices. For the sake of clarity, let us

consider these two cases separately. We first set p = ¢ (and so o = d since g*8 = 0):

9" g“IV 4V Ay = g* g [8(186,4;“ - (adrgb)A; - (8dF§,) Ap — szadAz?r N Pg’adAl_g
268614; — FdEcaEA; + FicfﬁbAJ + FdEchjiﬁbA;r
+ TP A, + TET R AL — 19,045 —THo.Ap

+ 19T

LAT + TG AF + TG TR AL + THT AL | (196)

For the sake of completeness, let us list the non-vanishing Christoffel symbols of the Schwarzschild

metric in Kruskal-Szekeres coordinates [19]:

TV, = dylog A,

TV = Oy log A,

Doy =Ty =T, =T, = dylogr,
Iy =T, = Piv = F% = Oy logr, (197)
I‘g’d) = Fie = —gin~? GI‘ZM = cot d,

1
Fgg = sin_2 Hfg(z) = ﬂ8\/7"2,

1
Lo = sin ™ 0 = —0ur®.
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Therefore, from the above expressions we deduce that
T =Tha =0, (198)
which implies that Eq. (196) reduces to
99 IV aV Ay = g7 [04 (8:A) — THAY) — T (9eA) —THAT)
1%, (9:47 ~TLA7)]. (199)

By defining differential operators with a tilde to represent those on the light-cone, the above

expression can be compactly written as
gabgcdvdchb — gabng |:8d60142_ - 3666142_ — FflbﬁcA;r
= g"g“V V. A} . (200)

Let us come back to Eq. (195). We now set p and o to be upper-case Latin indices, say p = B

and o0 = C. Proceeding in a similar way as before, we have:

9PV VA, = g gPC [0c0B A} — (0cT%,)AF — (0cThy) AL — Th,0cAf — TE,0c AL
—T3c0pA) — The04Af + TcT%, A + ThoTY, Al
+ Bl AL + Thel AL — T8, 08AF —TE,0BAL
+ TG Al + TG TS AL + TET B AR + T BgAR| . (201)

By using again (198) and the fact that I’éb, when evaluated, depends only on the light-cone

coordinates, the above equation reduces to

9PV VA, = g 9P |0cOp A — TH0c Ay — ThoOsAl — The04Af + TheT AL

+T 5T AL —Té0BAL +TET AT + T T EpAR] . (202)

As we can notice, we have four coupling terms. Let us show that they are zero; the first two

coupling terms can be paired. Explicitely, the first term is given by'®

g7 Th0c Ay = ¢ TideAp + 9*°T 105 A
= g"T,00 Ay + 97T 5,05 A, (203)

while the second coupling term is
BCHE pL 4— 00E L 4— E L p— 0 10 4—
—gP TR AL = —g"THT AL — g* TR, AL = —g%°T5,T5,A, . (204)
We now realize that the sum of the above two terms gives the following quantity:

gPeTE VA7, (205)

15We are ignoring the metric ¢*° for a moment.
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where the hat denotes operators on the sphere. Indeed, by explicitly evaluating it, we have

gBTE VAL = ¢B°TE, (0c Ay — TEpAL)
= gPTE0c A, — gP°THTERAL
— T h oAy + 97T 505 A5 — g™ TET AL — g TETEL AL
= g"T500 Ay + 97T5,05A, — g**T o, TE AT
= 9" To00 Ay + 9" T3,004, — g*TGT, A,
= ¢"T9,00A; + g‘f"z’l“ib&z,A; — g¢¢rng§¢Ag_. (206)

Now, from Eqgs. (166) and (167) it can be explicitly checked that V¢ (®;,,), = 0, where we recall

that ¢ runs over # and ¢, from which we deduce that the above term is zero:
9P TE VAL =TEVEAL x VB (5900 Vi) =0, (207)
The last two coupling terms in Eq. (202) can also be paired. By renaming indices, we can write

—gPTL, 0B AL + gPTE T Ep AL = ¢P°TEVEAL,

=15 VCA, =0, (208)
for the same reason as before. Therefore, we are left with the following expression:
gabgBCvaCAb = gabgBC acaBA;r — FgcéEA;r — F%C@dz‘l; + ngF%EA; . (209)

Let us focus on the first two terms for a moment. It is easy to see that they give the two-sphere

Laplacian. Indeed, we have

97 (0c0p — The0E) = g% 05 + g°°03 — 9T 408 — ¢*°T 540k
1, 1 1,

=—0 9% — 19,0
r29 + 2sin20 ®  r2gin2g ¢¢7°
1 1 1

=97+ 2 —sin? ) cot 69
20T p2gin29 % g2 sin29( ! ) o
1., 1, 1 N

Now, we want to express the Christoffel symbols of the form I'Y, 5 and Fg‘o in terms of the vector

potential V, := 29, logr. By noting that!'®
0“gpp = 0" (r*Qpp) = g™0, (r*QUpp) = 2rg™Uppdar = r’¢"*QppVy = gepV*®,  (211)

we can easily deduce the following two relations:

1 1 1 1

I'ip = 59“17 (0agBy + OBYgvA — ObgaB) = *§gab3bgAB = *QaagAB = *§QABV“, (212)
1 1 1 1

I = 59AB (8ugeB + OcgBa — OBGac) = §9AB Ougon = igABQCBVa = §5éV“' (213)

In Eq. (211), Q7€ is the metric of the unit two-sphere.
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Therefore, the last two terms appearing in (209) can be written in terms of the vector potential

defined above in the following way:

1
—g"The = —¢"¢ (2chVd) =V, (214)
1 1 1
9" TE G = "¢ (25g%> <_29BEVg> = —§VbV9, (215)

respectively. Eq. (209) finally becomes
1 ~ 1
9PV VA, = [ﬂg“bAQ + ¢®Viv, — 2g“chVb} Al (216)

We now focus on the second piece in Eq. (192), namely —g"?¢”*V,V,A,. Since we are consid-
ering the case u = a,v = b, then ¢ and p must be lower-case Latin indices, say ¢ = c and p = b.

We can then write

9% "V V4 Ay = g°g" [0.0445 — (0.T9)AY — (0.Th) Ap — T9,0.AF — T0.A5
PO T AT TR AG 10,47 ThouA

+TGTY A + Ty TR AL (217)

Above, when summing over ~, we already took into account of the identities (198). Furthermore,
for exactly the same reason, we can immediately notice that all the coupling terms vanish. What
is left is the following expression:

9°°g"V Vg Ay = g°g" [0:04 A4 — (0T9) A — T9,0.Af — T 0 A

+F§drgbA; - rgbadA; + ngrgeA;} , (218)

which can be written more compactly as
g7gPIV Vg Ay = 976" [0,V AF — TS,V A — rgﬁdAﬂ
= g*°g"IV Ve AS. (219)

Putting it all together, namely by considering Egs. (200), (216) and (219), we obtain a compact

expression for the case u = a,v = b:
. . 1 ~ 1
A, 0% A, = AF [gabngVch — g"g""VeVa+ 9" Aq + g* VIV, — 2gacvcvb] Af. o (220)
r

Let us now consider the case 1 = a,v = B; the first term in (192) vanishes since g = ¢g*B = 0.

Therefore, we only need to consider the second term:

979"V Ny Ap = "7 9" |0,0,A5 — (0,19 5) Ay — (05 T}) A — T4 50, A

E — — E _
—Typ0sAp — 13,0, A + T3, T, A +T7 T AL

~T90,Af — TEp0, A + T8 gT% AT 417 Brf&Ag] . (221)

g
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From the above expression we immediately see that ¢ must be a lower-case Latin index, while

p an upper-case Latin index. Let us set 0 =b,p = C"
99V VeAp = g gP% [00cAp — (OTLE)AS — (0T Ep) Ay — TL0,AS —TERD AR
— [0, Ap + Tl Ay + T Tl Ay — T 00 A — Tip0c Ay
+ThaT AT + TopT A7)
= g*°g"¢ [8b80A]_3 - (abF%B)A;_ - F%BabA; - FgBabAE
—Ti0pAg + Th T g AL + T T hpAy — Tip0cAg

+ TR AY + TipTEp AL - (222)

As we can notice, in the above expression we have six coupling terms. Let us show that they

are zero. Considering the first two, we have:

9°g"C [0,0c Ay — TEpOAy] = g™ 9% 0, (0c Ay — TERAR)
A
= r2g?QBOV, Ve Ay = 0. (223)

The same holds for the other coupling terms. Therefore, we are left with the following expression:
9PNV Ap = g 9P <0, (TLpAl) + TheTh s AF + TipTL AL (224)
As before, we want to express our results in terms of V. The first term is given by

1
9 (T 47) = — 29 (s0n VAT

1
= =5 0080, (r*VIAY)

1
= —5903 [2r(Byr)VIAT + r28b(VgA;)]
1 1
— —§TQQCBV}7V9A;F - 57"290385 (V9AT)
1 -
= —5908 [WVIAS + V4 (VIAT)] (225)

where we made use of Eq. (212) and the fact that 9yr = (r/2)V4. Therefore, by also considering

the minus sign and the metric ¢Z¢ in front of the first term, we get
—gPC0, (TLpAS) = Vi (VIAF) + VVIAT. (226)
Regarding the last two terms, we have
9P T pAY = gPOT T L AL = —%vagA;. (227)
We can now write down the final expression:

A 0P Ap = —g® ALV, (VIAS) = —AfV* (VIAT). (228)
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We still need to consider two cases: u = B,v =a and u = A,v = B. If we consider the first

case, we just need to deal with the second piece in (192) since g% = 0. We have:

959"V oV A = g7 g% [050,AF — (05T9,) AT — (0,T5) Ay — T9,0,AF —T5.0,A%
—T7,0,AF + T 19,AF +T7, T8 Ap —T9,0,A; —T2.0,A;
T80 A + T, T 5 A7
= g"gP% [0c0, AT — (0cTY,) A — (0cT,) Ay — T9.0c A} — TH,0c Ay
—T&OLAS + TG AT + TG T LA — TL,0,A7 —TE,00AR
+T¢alh Ay + D6 T AR
= g"gPC [0c0, A —T],0c A} —TE0LAT + TG T L AR

—TE,00Ay + TE. I AL - (229)

To get to the last line, we made use of (198) and the fact that Fg ., only depends on the light-cone

coordinates. Therefore, the above expression gives rise to the following three coupling terms:
Apg®gPCoc0,Atl,  Apg™gPOTy ocAS, AP TE0LAL. (230)

In the following we will show that they vanish by explicitly plugging in both equations in (189).

Concerning the first of these terms, we can write

AégabgBCaCabA;_ = (_ Zl,m Alm,ZeBDaDYzm> gabchacab (Zl”,m” Al’m’/,aYz/’m”)

- Zl m Zlu m! gab (8bAl”m”’a) Alm72gBC€BDaD)/lmaCY”m”' (231)

As we can notice, there is a clear splitting between the light-cone part (depending on U and V'
only), and the spherical part, depending on ¢ and 6. Focusing on the angular part, the above

term, when inserted in the action, gives the following integral:
St = / 06d6+/G5395C €3P OpYim Do Vi / 066, /G53¢ P OpYinOc Y, (232)

where we recall that |/gs, = r2sin? 6, i.e., the volume element on the 2-sphere. Moreover, we
expressed the integral in terms of Y* and defined m’ :== —m/’ for the sake of simplicity. The
last remark we want to make is that the quantity Spp,.p/p is coordinate-independent. This can
be understood from the fact that the integrand above contains contractions over C, D and is

integrated over the sphere. Let us explicitly write down (232):
St = / 60 (D YimOoYih,s — 09YimDs Vi) (233)

where we recalled the definition of the Levi-Civita antisymmetric tensor, i.e., (186). The above
integral can be written in terms of the associated Legendre polynomials by making use of (139),

i.e., the definition of Y},,. Furthermore, from the same relation, we can easily deduce that

O Yim = —imYim, (234)
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since the only dependence on ¢ comes from the exponential. Therefore, we can write
Simitim! = / ddf [(—im) Yy 00Yyi — 0pYim (im!) Y, |
s 2¢ ) ,
o / d9/ d¢ez(m_m )% [mle(cos 0)0 Pyt (cos 0) + m/ Py O Pryy (cos 0)] . (235)
0 0

Now, by solving the integral in ¢, namely

27 ) ,
/ dpe =) = ons, . (236)
0

we arrive at the following expression:
Slm;l’m’ X m(smm’ / [Bm(COS 9)89.Pl/m(COS 9) + Pl/mag.le(COS 0)]
0

= Mbpmm/ / d00y [Py (cos 0) Py (cos 6)]
0

= MO/ [Pl/m(l)le(l) - Pl’m(_l)le(_l)] . (237)

If m = 0, then Sy = 0. However, it is zero also for m # 0, as one can understand from the
definition of the associated Legendre polynomials, (140). Thus, we have shown that Sy,.7m = 0.
The same reasoning applies for the other two terms in (230) since T’ Zb and Féb depend only on
the light-cone coordinates. Moreover, it is important to notice that Féb is non-vanishing if and

only if L = C. Now, starting from these considerations, we can write
ApOBA, = —Agg™gBC [PE,TE, AL —TE,0,AL + TETE AL (238)

We can now express the various Christoffel symbols in terms of the vector potential V¢:

1
99" TG L, = 9" 9" T i, = 197 VaV, (239)

1
97 Té, = 59" Va. (240)

Therefore, we can finally write down our result:

1 — a f— a A—
ApOP* Ay = —2gPP AL | -VoV"Ap + VoV Ap | =

1 — —a a —
5gBEAB VoV —V,Ve Ap.  (241)

The case that still needs to be considered is u = A, v = B. Considering the first piece in (192),

and setting p = E,0 = F', we can write

g B gV Y pAp = g2 B gFT [0r0pAp — (0rTG5) AL — (0rThp) Af — T 50rAY
—TipOr AL —ThpOLAy —Thp0.Ap + Tppl't g AL
+Thplip AL + TEpTBp AL + TpplipAL — Thpdp AL
—Tip0pAL + Tiplhp AL + Thplhp AL

+TRpTEp AL + T T AL | (242)
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Instead, by setting p = e, 0 = f, we get

g*Pg IV Ve Ap = g*P g [050.Ap — (0Tep) AL — (0;T L) Ap —Tep0r AL
—Tlg0s AL —TLO A — T80, A + TL TG g AF
+ T8 Ty AY + TETEg AL + T Tip AL — Tp0 AL
— D0 AL + T pTep Al + T pTep AL
+ThTh, Ay + T BFeLbAZ] . (243)

If we now consider the second piece in (192), then o and p can only be upper-case Latin indices.

We obtain the same expression as in (242) but with indices contracted in a different way:

g gBEV eV pAp = ¢ gPF [0p0p Ay — (0rT S ) Ad — (0rThp) Ap — T p0r AL
~ThpOrAL —ThpOLAp —ThpdaAp + Thplp AL
+ DhplipAd + TRplppAL + Tiplig AL — Thpop AL
—TEpOpAL + Thplhp Al + Ty T AL

+TEplpAL + Thpl R AL |- (244)

We explicitly wrote down all these expressions in order to show that all the coupling terms
cancel. Indeed, this case is a bit different with respect to the other ones in the sense that some
of the coupling terms do not vanish separately. In other words, we need to consider the sum of

Eqgs. (242) and (244) to show complete decoupling, namely
Ay (g*Pg"F — g gPF) VpVpAp. (245)

Most of the terms vanish because of (198) or because of the fact that the Christoffel symbol

under consideration does not depend on the coordinate with respect we are differentiating; thus,

let us focus only on those terms that deserve greater attention. In (242), one of them is!”

logy == —Ag" P g" TG p0p AT = — Ay g% 9" T4000 AL — AL g%g%T5,0, AL (246)
The corresponding term in (244) gives

logg = Ayg ™ g Thp0r AT = Ay 9" 9" Te00 AT + Ay g™ 92T 05 AL
+ A5 979" Te0s AT + A5 g% g% T4, 0, AT (247)

By summing over these last two expressions, we obtain
Tooy + logz = A9—999g¢¢pg¢39A;r + A;g¢¢999F398¢AZ- (248)

It is easy to see that the angular part of above sum, when inserted in the action, exactly gives
the integral (233), which we proved to be zero. Always referring to (242), we can now consider

another term, namely A;‘gABgEFFgFFaLBA(J{. By writing it explicitly, and by recalling (198)

1"We also consider the A, in front of the expression, which is of course necessary to show decoupling.
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and the expressions for the non-vanishing Christoffel symbols, we can write

AZQABQEFFﬁFF%BA:{ = AQ_QGGQMFZQJ‘%AZF
= Ay 9" 9”5, (Tgg AL + TipAT)
= _Alm,269 ¢ (8¢Ylm) gegg¢¢Fg¢ (FeUeAl’m’,U + FXOAl’m’,V) )/l/m/, (249)

where we ignored for a moment the sum over [,1’,m and m/. By inserting the above expression

in the action, and by considering the spherical part only, we obtain the following integral:
/ dodf cot 8 (0pYim) Yii- (250)

A couple of comments are in order here. First of all, the minus sign in Eq. (249) is canceled by
the minus sign coming from the Christoffel symbol Fg o~ Moreover, we also notice that FHUG and
I“gg depend on the light-cone coordinates only and so they do not contribute to the angular part.
If we tried to explicitly compute this term, we would obtain an expression which is in general
non-vanishing; we did not explicitly write down the light-cone piece, but it can be easily verified
that it is in general non-vanishing too. Therefore, the first thing one can think of is to look at
the corresponding term in Eq. (244) and check if they cancel each other. The term we want to

look at can be massaged to give
—Aag™ PP AT = — A7 g" 7T TG, A
= —Ae_geeg‘w (- sin? 9) Fgﬁb (sin2 ) T AL
= Ay " g? T Lo A, (251)

which is equal to (249). Thus, these two terms add up instead of canceling each other. However,

if we look at (244) more carefully, we will notice that there is a term of the form
Aug?t PP (0pThp) AL = Ay g 9% (00T4,) AL (252)

Now, by recalling that I‘g 6= sin? 01'g,, we have (%Fg 6= Op (sin2 GI‘ZQ) = 2sin 6 cos O1'g, since
I'4y =T'gy(U, V). Therefore, we obtain

Ay g% g% (09T%,) AF = —2A, g g?T8 TG, AT . (253)

Therefore, (249), (251) and (252), when added up, cancel each other. Now, one can wonder
what happens at the term corresponding to (252) in Eq. (242). We can easily show that this

term is zero by simply writing down the full expression:

— Ay P (0rThp) AL = — Ay g% 9T (0rThg) A — A7 977" (05T%,) AL
= — A, 9"9" (99T 9) AT — AZg%°%? (051%,) Ad =0,  (254)
where we made use of the fact that I'%, is non-vanishing if and only if ' = 6. Lastly, we can

immediately check that the term —A4g48¢gPFT% 05 A} appearing in (242) is canceled by the
corresponding term in (244). All the other coupling terms vanish because of the identities (198),
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as already mentioned. Now that we have proved decoupling, we can write down the expression
for AjOABAp in terms of covariant derivatives and the vector potential defined before; in
particular, by summing all of the terms, making use of the fact that the Christoffel symbols can
be written in terms of V¢, and lastly considering that F‘;f, when contracted with ¢¢f, vanishes,

we end up with the following expression:
_ E 1 - 1 _ = _
ANOAB AR = A7 |g*PgPF VYV — ZgABV”Va + ¢80 A5 — 54 29 BV (V,Ap) . (255)

Above, based on (192), we would have expected to obtain a term of the form gAFgBEﬁpﬁEAE;.
However, it can be easily shown that this term vanishes by again making use of one of the

properties of the vector spherical harmonics, namely V* (@), = 0:
gAFgBE@F@EAg = gAFgBE@F@BAg x VE (63080}67”) =0. (256)
We are now ready to write down the full photon Lagrangian:

1 1
L, =FA0"A, =3 (Aa(’)“bAb + A,0BAp + AgOP A, + A A(’)ABAB) : (257)

where the four terms above are given by Eqgs. (220, (228), (241) and (255), respectively.

4.4 A two-dimensional field theory for the photon

In the previous section we split the spacetime into two components, the light-cone g,; and the
two-sphere gap, and showed that we have decoupling between even- and odd-parity modes.
Finally, we ended up with the Lagrangian (257). Now, the question is: can we integrate the
sphere out and obtain a two-dimensional field theory for the photon? This would clearly be an
enormous simplification. We would obtain a two-dimensional description of the problem with
the metric g4, only. Last but not least, by doing so we will explicitly see that the different I, m
modes decouple, i.e., we will obtain an infinite tower of decoupled actions, one for each partial
wave; this is to be expected due to the spherical symmetry of the background. In order to see
if what we have said so far can be achieved, let us analyze each term in (257); in particular,
let us insert the decomposition (189) in the Lagrangian. For clarity, we will consider each term
separately. The first one can be written as

- -~ N ~ 1
4,04, = > ApaYim [g“”m = VOV = g+ g VIV = SVOVE Ay Y, (258)

m’>
Ll ,m/
where we have defined \' := [(I+1). Moreover, we introduced the box operator on the light-cone,
namely [J = V®V,. At this point we can immediately see that the sphere can be integrated
out. Indeed, the operators in the middle of the above expression are light-cone quantities and
so the indices never sum over the coordinates 6 and ¢. We can therefore safely move around the

spherical li’:m, to the left, obtaining the following expression:

AaoabAb = Z lemY;km/Alm,aplabAl’m’,b’ (259)

<7 /
IL,m;l’m
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where the operator in the middle has been defined as
ab abr= —ax7b ab)‘, abysd 1 ay/b
P =g¢®0-VV’ —g T—Q—i-g VVd—§VV. (260)
The same can be done for the second term in (257):

A0 A = = 37 AaYin [ VOV + VIV | Ay Vi

L7 ’
Lmsl'ym

== > YinYi AP A, (261)

L,m;l’,m’
with P2ab = VoV 4+ VPV The above two terms can be combined, giving

AaOabAb + AaOaBAB = Z }/lm}/lfm/Alm,aPabAl’m’,b; (262)

g7 /
I,m;l! m

where the operator P is defined as

- ~ -~ pV - 1 - -
Pab — Plab _ P2ab — gabD _ vavb _ gabﬁ + gadeVd _ 5Vva‘/—b _ VaVb _ vaa‘ (263)

Let us now focus on the last two terms in (257). The first one gives
Ba AB 4— 1 —a 1 a —
ABO Aa =g AA §Vav - §VaV AB

= Z 98 (1) 4 (P1) g A2 P3 Ay 2, (264)

L,m;l’m/’
where P := %Va@“ — %VaVa. Note that above we used the same notation as in (162) for the

vector spherical harmonics. Finally, for the last one we have

A OB AR = Z 9P (1) 4 (PFr) 5 At 2 PaAim 2, (265)
Lymgl’ ,m/

where the operator P, has been defined as

- 1=X
Py =0+ 2

1 1- 1 -
- “ a - 5 “ a- SJYa . 2
TV Vo= gV Ve = SVaV (266)

The (1 — X)r—2 factor above comes from the action of the operator VXV on (®p,) 5. As we

did for the first two terms, let us combine these two last contributions:

ApOP A, + Ap0 P Ap = N g (D) 4 (Rf) g Atm2 P Arm 2, (267)

7 !
Ll m

where the operator P is defined as

1-N 1
r2 2

3

P=P+P =0+ VeV, — JVaV (268)
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The full Lagrangian can thus be written as

1 * D, 1 * D,
‘C’Y = 5 Z }/lm}/}’m’Alm,aPabAl’m’,b + 5 Z gAB ((I)lm)A ((I)l’m’)B Alm72PAl/m/72’ (269>

g7 / g7 /
Lymsl’,m Lym;l’,m

where the two terms represent the even- and odd-parity contributions, respectively. The corre-

sponding action for the even part is given by

1 -
S’Y,even = 5 Z /dQYszle//d2$A(7“)?"2Alm,aPabAl/m/,b

L7 /
Lymsl’,m

1 .
= 5 Z/dzl'A(T')TQAlm,aPabAl/m/,b, (270)
Ilm
where we simply used the orthogonality relation for the scalar spherical harmonics:

/dQYleﬁm/ = 01 Opmm’ - (271)

The odd-parity contribution is instead given by

1 ~
S’y,odd = 5 Z /ngAB ((I)lm)A ((I);(’m’)B/dQ'xA(T)T2Alm,2PAZ’m’,2

-7
Ll m

1 -
= 5 Z / dQLEA(T‘)TZ)\,AlmVQPAl/m/Q
l,m

1 -
3 > / BrA(T)r? Ao P Ay 2, (272)
Im
where this time we used the orthogonality relation for the vector spherical harmonics:
AB * o/

Notice that in last step A’ has been absorbed in the operator P. To avoid clutter of notation,

we did not give it a new name. Therefore, the sum of these two contributions, S, is
1 . 1 ~
Sy=15 > / B2 A(r)r® Ao P A + 3 > / B2 A(P)r? Ao P Ay . (274)
Im Im

The above expression represents an infinite tower of decoupled actions, one for each [ and m, as
anticipated before. We have been able to integrate the sphere out and obtain a two-dimensional
field theory for the photon. It is important to notice that the only residual curvature components
arising from the two-sphere are embedded in the potential V, present both in P and P. At
this point we recall that our aim is to find the photon propagator, which can be obtained
directly from the action by finding the inverse of the kinetic term operator. Starting from these
considerations, we can immediately notice that there is a problem in the above action, namely
the presence of the factor 2, which comes from the two-sphere Jacobian; the best thing we can
do in order to read off the propagator from the Lagrangian would be to absorb r? into the fields.

This is not immediate since the operators P and P do not commute with 72, so a little more
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work is needed. Looking at (274), the idea is to remove one r to the left of A, o (or Ajp, 2) and
introduce an 7 on the right of Ay, p, (or Appy o). If we are able to do this, then we can redefine
the fields appropriately and obtain the form of the action that we want. In order to achieve this,
we can first recall how the vector potential V, has been defined: V, = 29, logr. This leads to

the definition of a new operator:

Da) = Val) + gVal) = +

Val(r ), (275)

where with the symbol - we indicate the fact that we are not specifying the type of mathematical
object we are acting on. The strategy is to now replace every covariant derivative in Egs. (262)
and (268) with this new operator that has been introduced, D,. Let us start from the operator

P2 which can rewritten as follows:

!/

. - - A caen = |
pab — gab [D +Vve - 72] N VA VAR v A i v 5Vavb. (276)

The box operator, in terms of D,, becomes!®

ljf = @a@af =V <Daf - ;Vaf)
= (Duf = 3t ) - 5V (Puf - Vi)
= DDuf — DO (Vaf) = GVDuf + 3V Vaf

Loy r—vpeg 4 %vava f. (277)

—D2f_
! 2

where we defined D? := DD, and used the following identity!:
Du(V ) = (DaV)f +V"Daf = SVaVS. (273)
The second term in (276), V3V, immediately gives
VyVeif =V,Vef =V, Df — %VGV“ f. (279)
Therefore, by summing these two contributions, we get
OF + ViVl = D2 — L(D"Va)f = Df — i, (280)
where, for later convenience, a new quantity has been introduced?’:

1 1~ = 1= 1

18Note that, for the sake of simplicity, we are applying the operator to some generic function f. Indeed, it is
not important to distinguish the object we are acting on here since we never work out the Christoffel symbols in
this computation.

9The Leibniz rule does not hold for the operator D,.

20Here we are using the standard notation for symmetric tensors: T(qp) = % (Tat + Tha). The fact that Fup is
a symmetric tensor follows from the commutativity of covariant derivatives when acting on a scalar [19].
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Let us now focus on the other terms in (276). The first term in parentheses is
S agyb Sa (b Lo
VNV f =V (D 2Vf>
1 1 1
_ ma bep  ~y/b . v bep  ~y/b
=D <Df 2Vf> 2V <Df 2Vf>
ayb 1 aysb 1 ba 1 aysb 1 amyb 1 aysb
:DDf—i(DV)f—§VDf+1VVf—§VDf+ZVVf, (282)
while the second and third terms are given by
- 1
(vavb) f= (D“Vb> f=5Vevts. (283)
~ 1
VIVEf = VIDf - SVIVES, (284)
respectively. Thus, by considering (282), (283), (284) and the last term in (276) we get
S - - 1
—VIVE = VOV - VIV - VeVt = =DV f — et f - VEDULS. (285)

Finally, putting it all together, we can write down P in terms of the operator (275):

!/

pb — gab [92 — F¢— 7«2] —ppb — Feb — ylbpal, (286)

We can do the same with P. Following the same steps, we can write
= 1 /e a 3 a 2 a a
Df—i(vVa)f—ZVan:Df—QFaf—Van. (287)

The operator P can then be written as

N (1—N)

P=)\ND?+ e INFE — NV, D% (288)

Now we recall that D,(-) = -V, (r +); starting from this, we want to write all the operators

1
T
appearing in (286) and (288) in the same form. The following identities can be easily proven:

DD, () = 10 ), (289)
Dopb(.) = %@a@b(r ), (290)
ylpal(.) = %V[b@al(r ) (201)

Therefore, by making use of the above relations, and ignoring the subscripts Im, I'm’ for a

moment, we can rewrite the two integrands in (274) as follows:

/

2 A, P A, ZOZCD g [gab (E - A2> _ v — pab _ VW“}] rAy, (292)
T
. _ - 11— N .
r2 AP Ay BNy, [)\’D + LQM _ONFO A’Vava] rAs. (203)
T
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We can now safely make the following field redefinitions:

Ay =rA,, A=rA,. (294)

The photon action can then be written in the following form?! [39]:
1 cox g w1 S
Sy = Sy.even + Sy0d0 = 5 / dxy/—gA A A + 3 / d*x\/—gAATIA, (295)

where /—g = A(r) and the operators A;bl and A~! are defined as follows:

y 5 N _ o N

ALl = ga (D - F7 — r2> = VoV — Fop — ViV, (296)
3 N (1= 5

Al = NO 4 MTQA) ST i3 (297)

In principle we can now insert the metric in our expressions and invert (296) and (297) in order
to find the photon propagator. However, an important remark concerning the metric can be
made at this point. Indeed, even if in section (4.2) we explicitly mentioned that we would have
worked in Kruskal-Szekeres coordinates, we have not yet used a particular form of the function
A(r), which is in principle still arbitrary. In particular, the metric we are working with (i.e., the

light-cone metric) is now given by

o = A(r) ( N ) = AW (298)
where 744 is the two-dimensional Minkowski metric in light-cone coordinates. From the form of
the metric we immediately deduce that our theory is conformally flat; at this point, one can ask:
can we appropriately redefine the fields such that one obtains a flat theory? This would of course
be extremely advantageous since, as we have seen in section (1.2), working with a quantum field
theory in curved spacetime can be very challenging. The next section will be devoted to such

redefinition.

4.5 From curved to flat spacetime

As already anticipated, the goal of this section is to exploit the fact that the metric is written
as Gap = A(r)nap, and appropriately redefine all the fields present in order to work with a flat
theory. In particular, we will rescale the fields in such a way to make sure that the kinetic term
in the action contains no more r—dependent terms. Let us first work on the odd part, which is

much easier as we will see. Explicitly, we have:
1 o S =ix-1;5_ 1 2 AiA-17
S%odd = 5 d°z —gAA A= 5 d a;A(r)AA A

!/ I 1— !/
- ;/deA(r)A [D+ A

r

—2F% —V,V°| A. (299)

21'We are again ignoring the subscripts Im, I'm’ as well as the sum. Moreover, for later convenience, we raised
the indices of the vector potentials and lowered those of the operator in the middle in the even-parity action.
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We now redefine the scalar as A := A, i.e, we just give it a new name for later convenience. By

also lowering all indices with the metric, we get

!/

-\ -
57— — 20" Fap — g“bvavb} A

% g
S, it = / P A(r)A [gabvavb+

= X/dQ:cA(T)A ! VoV + —5— 1_X R A (300)
2 A(r)" b AT T T AT e
By simply considering the fact that
NPV, VA = n%9,0,A — %T¢,0.A = n%9,0,A, (301)
we are left with the following expression:
N 2 2 1-X a b
S’y,odd = 5 d“x A |0° + A(r) 2 — 2Fa — V79| A, (302)
where we defined 92 = n®9,0,. It is important to notice that all index manipulations are

performed with the flat metric; in particular, above we used that F = n®F,, and V0 = 2V,
Actually, a further comment about the symmetric tensor Fy; must be made at this point. Indeed,
we need to consistently redefine it in terms of partial derivatives and curvature potentials since
the light-cone derivative in terms of which it has been originally defined does not hold anymore

after the rescaling. By recalling how we defined Fy;, namely Eq. (281), we can write
1= 1= 1 1 .
= (VaVo ot ViVat (Ve = § @V~ TVe) + 5 (Ve —T5 Vo) + 1 VaVh  (309)

Now, in order to write F in terms of residual curvature components only, we first express the

Christoffel symbols of the form I'¢; in the following way??
I8, = 20, Uy) — GaU° = 267,Uy) — Gabd*“Ua = 265,Up) — nap*“Ua = 267,Up) — napU°,  (304)

where the new potential U, has been defined as

1
Uy, = maaA(r). (305)

Therefore, from Eq. (303) we obtain

1 1 1
F,, = fﬁ(aVb) 3 (0cUp 4+ 65Uq — mapU°) Ve + ZVG%
1 1 11
= 8((1‘/1)) 2U bVa — an‘/b + EnabU Ve + zva%
11
= 53((1%) = UV + 31U Ve + 7 VoV (306)

The last equality in the above expression is our new definition of F, after the rescaling (we

continue to call it Fy;, to avoid clutter of notation). As we can notice from this discussion, the

22Here we use the same logic as before. We first find an expression for the Christoffel symbols in terms of the
curvature potential; then we exploit the fact that Guy = A(7)74s and finally we define U°® = n®°U,.
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fact that our theory is conformally flat allowed us to reduce it to a flat theory by appropriate
redefinitions. Of course, this does not affect the physics, i.e, the action we have obtained is

equivalent to the one we started from. Let us now consider the even part of the action:

/

1 . - A - - -
Syeven = 5 / d*z A(r) A {gab (D —F¢— 7»2) VoV — Fp— va]] Ab. (307)

By redefining A, := \/A(r).A, and by exploting the fact ju is conformally invariant, we get

1 S by
Sv,even = 5 dQCU V A(T)Aa |:77ab (ncalvcvd - nCchd - A(T)T‘2>

. 1 - 1. = 1,
~VaVy = Fap = 5ViVa + QVQVI,} mA . (308)

Therefore, we need to consider the action of the operator in the middle on AY/\/A(r); let us

first work on the action of the double covariant derivative on such quantity?®. We have:

w4 <5 (o) ]

=V, Kadl) A”} + V. [IVdAb}

VA VA
1 1
=-V.|—=U, Ab] + Ve [v Ab] : 309
v Vi (309)
By simply applying the product rule, we get
V.V <1Ab> ——<81>UAb—1(V U)Ab—iUVAb
cVd \/Z - C\/Z d \/Z cVd \/Z dVe

1 1
Oe—— | VgAb + — V. VA" (310
+<\a>d Ty veVad (310)

By explicitly writing down the action of the covariant derivative on A%, and recalling that
VoV A = 8, (VdAb> 4+ Tb VgAe — T2,V A, (311)

we obtain the following expression:

1 1
V.V Ab> = — |UUA" — (0,U) Ab + T U A" — U40.A° — U, T A°

— UuDa A" = L5 A° + 0,044 + (015, ) A+ T5,0.A°

+T8,00A° + T, TG AT —T,0. A" — T T AT (312)

Looking at the above equation, we can now express every term that contains a Christoffel

symbol in terms of curvature potentials. This can be easily done by using the identity (304). By

23For the sake of simplicity, we will denote the covariant derivative on the light-cone without the tilde. There
is no need to distinguish between light-cone coordinates and angular coordinates from the moment that these
latter have been integrated out. Moreover, we will omit the r—dependence in A.
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excluding those terms with I'¢; (they do not contribute since the first piece in the even action
(308) is contracted with 7°?), we find

DUl A% = 0y U TS, A = —napn“UUL A, (313)
M (0Tl ) A° = (0aU2) A° + ™ (9:U) A = (9:U,) A, (314)
Nap 8 00 A¢ = 00y T, 0, A° = Uody A + 1y U409, A" — U,0,.A°. (315)

e

Furthermore, we have that 7% T ar = 0. Therefore, putting it all together, namely by inserting
Egs. (313), (314) and (315) in (312) and contracting with the two metrics, we end up with

1 1
cd b 2 c b
a V.V —A ) = — |nw (0 = UU®) + 20,0, — 2U,0| A°. 316
Nab? d < — > /T [77 b( ) b b] ( )

Now, from Eq. (312) we can immediately deduce that

1 1

\VAV Ab> = — U UAY — (8,U,) A? + T¢, U A® — Upd, A — UT0_A°

b <\/Z \/Z [ b ( b) ab b bl ge
U9 AP — U, T8, A + 0,05 A + (aarge) A° 4+ T 9,4

+ 1% 0,A° + T8, I, AT — T80, AP — T T AT| - (317)

The third and fifth term, as well as the last four terms of the above expression cancel each other.

The ones that contain Fge can be written as

U, Th, A = 2U, U, A, (318)
(aarge> AC = 2(0,U4) A, (319)
1%,0,A° = 2U,0,A°. (320)
Therefore, Eq. (317) becomes
1 1
V.V Ab> = —— [~UaUp + 0,Up + UpQy — UsOp + 0,0p) A°. 321
b <\/Z \/Z[ b b+ Ub b b (321)

The last two terms in (308) can be easily written in terms of the two vector potentials we have

defined. By following the same logic as before, for the first of these two we have

1 1 1 1 1
ViVo [ —=A") =V, |Va [ —= | A+ —=V, b}
2% () = 94 7 () 20+ 74

_ L o b b b brr b\ 4b
_ 2\/2%[ U Ab + 9, A" + <5aUe+5eUa nan)A]
1
= —— (=VyUs + ViBa + VoUpy + VU, — nap VoUC) AP, 322
WAL b b+ VoUa — NapVeU°) (322)

Similarly, we find that the second term is given by

1 1 1
Vo,V [ —=A" ) = —— (V,0, + V,Uy) . 323
9 b (\/Z ) 2\/Z( b b) ( )
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Now, considering that the two terms above are opposite to each other in (308), we finally obtain

1 1 1 1 1 1
—VpVa [ —=A" ) + VoV, [ —=A" ) = —= [ —Vi0u + VU ) A 324
The last term we need to analyze before putting it all together is n°¢F.q, where we recall that

F,4 has been defined in Eq. (306). By simply contracting with the metric, we obtain
C 1 (& 1 (&

The even part of the action can thus be written as

1 2 a 2 c 1 c 1 c 1 c N
Sfy’eryen = 5 d .%'A Nab 8 — UcU + 5‘/CU — iﬁcV — Z‘/CV — A(T)ﬁ

+ 2U[b8a] + UUp — 0,Up — 9,0 — V[b@a] — Fab] Ab. (326)

To sum up, the total photon action S, is now given by
S, =S S ot = + [ @eara a4+ 2 [ 2ean—a 327
v = O~,even T Ov,0dd = 5 Z ab + 5 X , ( )

where the operators after the rescaling have been defined as

r2

1 1 1 N
ALl =g <82 — U+ VU = S0V = VeV — Ar) >
2 2 4 (328)

+ 2Up04) + UaUp — 0aUp — 000y — Vip0a) — Fab,

N(1—N)

AL = N + A(r) 5 2E] - NVPo,. (329)

The attentive reader will not fail to notice that in the previous two sections all factors of (—1)™
have been neglected; they arise when one uses the well-known relation Y;,, = (—l)mYl*(:m),
which in turn is needed in order to make use of the orthogonality relation for complex spherical
harmonics. These factors can easily be reintroduced once we will obtain the final expression for
the propagators. However, keeping track of these m-dependent factors will become trickier when
starting to compute scattering amplitudes; the way out is to consider a real basis of spherical
harmonics Xj,, : S2 — R, which can be defined in terms of the ¥},,’s in the following way (for

further details the reader can refer to Ref. [40]):

V2(=1)™Im [V}, ] if m <0,
Xim =13 Yo if m =0, (330)
V2(=1)"Re[Vi,,]  if m >0,

where Im and Re denote the real and imaginary parts, respectively. Most of the properties of
the real spherical harmonics can be quite easily deduced from the properties of the complex

spherical harmonics. In particular, here the one of interest is the orthogonality relation

/dQle(H, D) Xy (0, 0) = S0y - (331)
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Moreover, from (330) it is not difficult to see that the real spherical harmonics also satisfy (145).
Starting from the Xp,,’s, it is possible to define a set of three vector spherical harmonics in a

similar way as before. We denote this set as {Xj,,,, ¥

s @7}, where the superscript “r" stands

for “real". In this case, the orthogonality relation we want to use is

/ dQg B (D7) 4 (®h) 5 = NS G (332)

The next step would be to expand the vector potential into real vector spherical harmonics,

obtaining two expressions (odd- and parity-modes) analogous to (185) and (188):

Ap==>_,  Aima2ep00Xim, (333)

A;_ = Zl Alm,ale- (334)

Now, by repeating the same computations of the previous sections, we would end up with the
same results as above, but with no m-dependent factors. Therefore, from now on we can simply
consider Egs. (328) and (329) as the exact results. As we can see, we have successfully reduced
the four-dimensional Schwarschild spacetime to a flat two-dimensional Minkowski spacetime; this
has been possible thanks to the high degree of symmetry of the background and the spherical-
harmonics expansion. Moreover, it is important to stress that, up to now, the procedure we
have followed is exact: we have not lost any piece of information; we can in principle find the
photon propagator on the Schwarzschild background starting from the action (327). However,
even if we are working in flat spacetime now, it is still challenging to invert the operators
given by (328) and (329). Luckily, in this work we are only interested in a particular region
of the Schwarzschild spacetime, namely the event horizon. Indeed, this is exactly the region
where high-energy scattering processes take place. We can thus build our quantum field theory
by restricting our attention to this region; in particular, our aim is to approximate the above
operators in order to be able to invert them. The next subsection will be devoted to what we

call the “near-horizon approximation".

4.6 Physics near the horizon

As already anticipated in the previous subsection, it is difficult to find the photon propagator
on the entire spacetime; thus, we will restrict to the near-horizon region. To do this, we first
rewrite the quantities defining (328) and (329) in terms of the coordinates U and V' [19]

V, = éxa, (335)
Vo= 1= (1 + %) Ta, (336)
0V = :Jl%nab — 2;%4227,2 (2 + %) TqTp, (337)
0.Up = —ﬁ% (1+ %) Tab + 8;34; <2 +27+ ;;) Fallhy (338)
Fop = %%b, (339)
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where we recall that the Schwarzschild background is specified by

Ay = Bk, pv = 2R (1 - %) e, (340)

r

The approximation of interest, keeping the spherical nature of the horizon intact, is such that
the light-cone coordinates are much smaller than the Schwarzschild radius: U, V < R?*. Indeed,
we expect interactions to occur where the rays naturally accumulate®® and not near an arbitrary
point on the future horizon where the density of modes is sparse. From the second of (340), one

can deduce that the radial coordinate can be written as [19]

uv
T—R+RO<R2> (341)

Thus, to linear order, we can simply write r = R, A(r) = 1. Consequently, Eqs. (335)—(339)

can be approximated in the following way:

Vi, ~ 12, (342)
2

Ua ~ =50, (343)

0a Vi ~ 1 Nap, (344)
,U«2

8an ~ _Enaba (345)

M2
Fab ~ ?nalr (346)

We can now finally insert these approximated quantities into the quadratic operators defined by
(328) and (329). The first one, (328), gives

Al 82—1‘3“{2 _ 2N 71& 0, p? 5
ab,hor — Tlab N KW Ted — K + 2 Tp + :L'a b

2 2 2
1 1 2
+ 2 8 8{; (2 2(I,'b8 — 5/,0 .’Eaab> IL; Nab
2 2 24/ 2 Ng 2 2
=1ap [0% = p* (N + 1)] + 24°2( 0y — 0aDb, (347)
where we implicitly defined Aab hor = A;bl ‘UV<< R Concerning the second one, (329), we get

Ahor

= NO? + 12N (1= N) = 20N — (2N 2P0y = NO? — 12N (N + 1) — N9y, (348)

1 . 1
where Ahor = A" }U,V<<R'

When inserted into the action (327), it can be rewritten in the following way:

Let us focus for a moment on the last term in the above expression.

/deA:UbabA = /dzwaabAQ (349)

24Recall that, in terms of the light-cone coordinates, the horizon is defined by the equation UV = 0.
*In Fig. 9 of Ref. [19], all wave fronts received on future null infinity appear to emanate from the central
causal diamond in a collapsing scenario.
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Now, integration by parts with vanishing boundary conditions yields
%,ﬁx / d?xa6,A% = —%MW / P A0y’ = — 2N / d?x A% (350)
We have thus obtained another mass term. Putting it all together, Eq. (348) becomes
AL

hor —

=\ (9% — ®X). (351)
We finally write down the total photon action within the near-horizon approximation:

Sy hor = S5 + Shor = / PrA Do A+ / e AN, A, (352)

where the quadratic operators are given by

Ac?bllwr = TNab [82 - Mg ()‘/ + 1)} + 2M2x[aab] - 6a8b7 (353)
AL =N (0% — 2N (354)

As we can easily notice, Eqs. (328) and (329) have been simplified significantly. In the next
subsection we will try to invert (353) and (354) in order to find the photon propagator.

4.7 The photon propagator

This subsection is dedicated to the computation of the photon propagator. We will consider the

even-harmonics and odd-harmonics cases separately.

4.7.1 Propagator for the even-harmonics

As a first step, we write the operator (353) in Fourier space:

A thor = =nab [K° 4 17 (N 4+ 1)] + kaky + 207 ko 0. (355)

To obtain such expression, we used that

/ A" (1721,0,) A / & / / TR A A (1) 2 (21i201,0)
L
/d2 / d2k; dzk;A( ) A (k) zkm(2ﬂ2kfba])
/d2 / / d2k‘/26i(k+k’)-x/la(k) <—2M28{Z/k{,]> A (k)
o) e =

Above, in the second equality we simply acted with the partial derivative on the exponential.

Moreover, to get to the third line, we simply rewrote x as a partial derivative with respect to

k. Finally, integration by parts and antisymmetry have been used in the last two passages,
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respectively. In momentum space, the equation we want to solve is

AL Abe =g (357)

ab,hor —hor

Now, Lorentz invariance suggests the following form for AI,’LCOT:
Al = A (k) (' + B (k) Kk, (358)

where A and B have to be determined. Acting with A;blh op O A;’L‘ZT gives

Ao BN, = —AK?65 — ABokk* — i A (N + 1) 65 — 2 AB(X + 1)kqk®
+ Akok® + ABkakk? + 202k, 0 A + 2412k, 0f (ABk:bk:C>
= —A[R*+ > (N +1)] 65— A[Bp® (N +1) — 1] kok®
+ou? [k,-[aa,j]A + ka0 (ABkbkc>] . (359)
Let us now have a closer look at the two terms in the last square brackets. We can easily show

that the first one vanishes. Indeed, we have
kad0A = Lhaopa — Tropa=1i (24'k°) — L (24'k") = A’ (kok® — kck®) = 0. (360)
[aYk o ta k o 've k o va o 've a c .
Concerning the second one, we get
k) (ABkbk:c> = ABku0pk® + ABki, 55 + Kk°k,0f (AB)
1
= G (kakcag — T8t + kgkbog — k:25§>
1

= ABkgk¢ — 5ABk:?(sg. (361)

Given the above, Eq. (357) turns out to be

A-1

ab,hor

Afor = A K + 1 (N +1) + @ BR?] 6 — Akak® [Bp® (N —1) = 1] =45, (362)

hor

which can be immediately solved for A and B:

1 1
B=—— . (363)

A=— ,
B2 (1+ i) + 2V + 1) uE (N 1)

We finally obtained the photon propagator for the even-harmonics:

. N—1 1 kK
AL ey 2L — ; ab 4+ . 364
hor( ) even N k24 ,U2 (/\/ + 1) A)\—,l — e n N2 (X — 1) ( )

As we can notice, the shape of the above propagator is the one of a massive spin-1 particle. A
final remark concerns the case [ = 0. For this value of [, the odd-mode A, contains no degrees
of freedom, signalling an additional gauge redundancy in the even sector. Thus, Eq. (364) is

only valid for [ > 1. In the next paragraph we will focus on the monopole-mode case.
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4.7.2 A special case: the monopole mode

Before fixing any gauge, let us specialize the even-parity mode, namely the second expression in
(177), to the case [ = 0. We have®S:

Alm,U(U7 V) AOO,U(U, V)
A v (U, V) 10 Ao (U, V)
A+ — ) ) X m A+ — ) ) Xon — A aX ‘ 365
i ; Alm,l(U, V)a@ l 1 ’l=0 0 00 00, 00 ( )
Alm,l(U, V)8¢ 0

Since we are dealing with a spin one field, a convenient choice of gauge to fix the redundant

degree of freedom is a Lorenz gauge. In its covariant form, it reads
VvV, AR = 0. (366)

However, this does not fully specify the gauge condition because one may still transform the

vector potential. We therefore impose the following condition:
VA" =V, (A" + VFA) = 0. (367)

Above, A is an arbitrary function of the coordinates U and V?27. In order to start, we compute

the action of the covariant derivative on the vector potential A* obtaining

VA = 0, AF +TH AP
= 0,A% + 00 At + TH, A" + T, A4
= 9, A% + T, AY + T8, AV + T4, AY + 14,4V
= 0, A" + Ty AV + TV AV + T AV + 19,4V + T, AV + 15,4V
= 0,A% + (O log A(r) 4 20y log ) AV + (0y log A(r) + 20y logr) AV (368)

Moreover, from the expressions in (340), we deduce that

1 Tq
8a 10g7’ = ;aar X E, (369)
Dalog A(r) = g, A(r) o 22 (14 L (370)
@ OB = Yy @ X R\ TR

where we introduced the two-vector 2%, with the two components given by 2V = U and 2V =V,
respectively. Now, within the near-horizon approximation, i.e., x, < R, we immediately notice

that (369) and (370) give a negligible contribution. Thus, the near-horizon version of Eq. (366)

reduces to the following simple expression:?®:

VA = 8,4 =0. (371)

a<R

26We recall that, when writing down (177), we were still working with the complex spherical harmonics. Here
we consider the real basis, as explained at the end of section 5.5.

2"In the following we will determine which equation A needs to satisfy.

28 Notice that we implicitly rescaled the field as we did in section 5.5.
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Next, we explicitly compute the second term in Eq. (367), giving

V. VFA = VH9,A
=g"'V,0,A
= g (0,0,M — T4,0,)
= 0a0"A + 040N — g"' T4, 0, — g" T, 04N
= 0,0%N + 000N — g"T8 DA — gNTY, 00\ — g™ T AN — gPYT 4, 04N, (372)

Moreover, by recalling that Fab =17, =0, we end up with
V. VEA = 9,0°A + 940%A — g*PTY 50, A — gBOTR04N = 0,0 — g PTY50.A,  (373)

where the last equality follows from the fact that A = A(U, V'), as already specified before. Now,
by making use of Eq. (212), we get

1
V, VA = 0,0°N — g*"PT% 50, A = 0,0°A — gP¢ <—2gABva> O\ = *A+ V9, A, (374)
which, when inserted in (367), finally give
O?A + VO = —9, A% (375)

The function A can thus be found by solving the above equation. The action for the monopole

mode can be quickly obtained from (352) by setting | = 0:

E’UETL

1
S| = / A2 A" (1ap0* — 0a0p + P00y — P2wp04 — 11°10p) A. (376)

From (371) we can immediately conclude the second and third terms vanish identically. The

fourth term can be integrated by parts, resulting in
/ P A,y A = / LA, (1A) - / P A" (D) AL. (377)

Now, by noticing that 0,2 = 9y (Mpex®) = Mpe0a® = MedS = Nap, and integrating by parts again,

we finally obtain
/ 22 A0, A° = — / A2z (0,A%) 2pA° — / d*z A% A" = — / Az A%7gp AL (378)

In the last step, we again made use of the Lorenz-gauge condition. Eq. (376) reduces to

even

hor|[ 0o /dzx-AanabaZ-Ab- (379)

In momentum space, the propagator is then found to be

nab

Peven 0— _m' (380)
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4.7.3 Propagator for the odd-harmonics

In this case, the equation we want to solve is
N ((’92 — ,uQ)\') Apor (:E, :L") =@ (m - x’) , (381)

where we directly inserted the operator (354). The strategy we adopt is exactly the same as

before; we perform a Fourier transformation, namely we write

/ 4’k tka(z—2")* A
Apor (z,2") = (271_)26 Apor(K), (382)
d*k ikg(x—2')?
5 (2 —a') = / e (383)

ending up with the following expression:

1 1

Apor (k) = Poga = —ym

(384)
It is worth noting that the operator (354) vanishes identically for I = 0.

4.8 The scalar propagator

In this subsection our goal is to find the propagator for the scalar field by proceeding in exactly
the same way as we did for the photon propagator. The procedure will be of course much simpler

due to the scalar nature of the object in question. The kinetic term in (132) is given by

Shin .— / d*a/—go* 0o, (385)

where, for the sake of simplicity, we temporarily neglected the mass of the scalar field. The

action of the box operator on ¢ is simply given by
O¢ = ¢"'V,.V,0 = g""V 0,0 = " (Qﬁy - Ffw@p) o. (386)
Setting u = a,v = b, we get
ab _ _ab c C _ _ab c -
g vaVb¢ =g (aaab - Fabac - Fabac) ¢ =g (aaab - Pabac) - D¢ (387)
Then, setting u = A,v = B gives
9BV aVEd = M8 (0405 — TG00 — T%504) ¢
1 1
= = Ao — g"B (—gABvaaa) ¢
r 2
1 -
= ﬁAmb + ViV, . (388)

Therefore, the box operator can be compactly written as

~ ~ 1
0 =0+V"V, + —Aq. (389)
T
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Expanding ¢ in spherical harmonics, using that Aq X, (60,¢) = —I(l + 1) X (0, ¢) as well as

the orthogonality relation, leads to the following action:

Shin — Zl7m/d2xA(r)r2¢7m <D + VeV _X > G- (390)

Now, it is possible to follow the same procedure explained in subsections 5.4 and 5.5. We have:

in  (280),(289), 0im=rdim in * - a N
ki (280),(289), @1 tm, ghin Zlm/dszA(T)Solm <D —F - 7“2> Ol (391)

The action of the box operator on ¢y, is given by

1 e ¢
MU VaVpim
1

_ ab _TC
- A(’I“)T/ (80«ab Fabac) Pim

_ 1 ab
- A(T)U 8aab§0lm

_ 1
= A(r)a Pim, (392)

‘j(plm = gabﬁaﬁbsolm =

while from the definition of the tensor F;, we get

11
A(r) rn

Loz, (393)

1~ =~
a _ ~ab _ ~ab™ —
Fa _g Fab—g Tvavbr A(’I")’]”

W (0a0pr — T50cr) =
Putting it all together, and taking into account the near-horizon approximation, results in

Sithor =D, / i, [0 — 1 (N +1)] Qum, (394)
where the following relation has been used?:

Pr|,,, =5 = (395)

Performing a Fourier transformation finally leads to

1
p? 4+ p2 (N + 1) +m? — i€’

P, =— (396)

where we reinserted the mass of the scalar field.

4.9 Feynman vertices

In the previous two subsections we computed all the propagators we need, namely the photon
propagator (both for even- and odd-harmonics) and the one for the complex scalar field. In this
subsection we will deal with the interaction vertices. As we can notice from the action (132),
the scattering process of interest are mediated by both three- and four-vertices. We will treat

the two cases separately in the next two paragraphs. Once again, we follow the same procedure;

29Such relation can be easily deduced from the second expressions in (340)
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we first expand the fields in spherical harmonics and integrate the sphere out, reducing our four-
dimensional theory to a two-dimensional one. Then, we rescale the fields and take into account
the horizon approximation introduced before. However, as we will see, integrating the sphere
out is not trivial in this case. We will therefore rely on what we call the “spherical-symmetry

approximation". Let us start with the three-vertex.

4.9.1 Three-point vertex

More explicitly, the three-vertex in (132) can be written as

S8} .— q/d4x\/gg‘“’Aujl,
/ iy ( P Augy + g P Aujp + g"PAujp + g “ABJa> - (397)

By recalling that ¢*® = ¢gB% = 0 and how the current has been previously defined, we get

503} — / d%f( ab A ]b—i-gABAA]B)

= —iq [ dtoy=g [¢" A0 (0000 — 60,6") + 9P A (000 — 00m0")| . (399

Now, as already discussed before, in this work we are neglecting transverse-momentum effects3°
meaning that we can safely set p4 = 0 (in Fourier space). This, in turn, implies that the second

term in (398) is negligible. Moreover, expanding in spherical harmonics gives

E— / 042/ =59 A ("0 — 05"
— _ig / a0 / PrA(r)rg® A, (606 — 9046")
=—igy > > IBX/d2$A(T)T29abAa,Zm (971 OoPryms — Ploms OsBfymy ) (399)

Im l1,m1 l2,ma

where the following integral has been defined:

IgX Z:/dQleXllm1X12m2. (400)

It is certainly possible to compute the integral above and integrate the sphere out, resulting
in a coupling between the various partial waves. However, it is reasonable to assume that this
mixing of partial waves is a sub-leading effect when one considers a large spherically symmetric
background, as in our case. Essentially, we are assuming that the effects of spherical-symmetry
breaking are mild. The minimal assumption we need in order to make the action diagonal in
the partial-waves indices is to consider one of the two scalar fields at [ = 0 (we will refer to this

as the “spherical-symmetry approximation"). One possible choice is to set lo = my = 0, giving

1

7ﬂ51115mm17 (401)

1
Isx = /dQleXl1m1XOO = \/E/dQleXllml =

39Transverse-momentum transfer is a Planckian effect.
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which, in turn, leads to
iq ~a * * . o3
5{3} - _E Zl’m/deA(r)TQQ bAa,lm (¢lmab¢0 - ¢08b¢lm) = Sf } (402)

Now, as already explained in the introduction to subsection 5.9, we rescale the fields and consider

the near-horizon approximation. We have:

3} rescaling, o <R Z,Uq 3
s Zlm / d*x AL, (01,0600 — P00bP) = Si{,h}ow (403)

where y = 1/R. The second option is to set [; = m; = 0; in this case, we get

1 1
Ly = /dQszXoonzmQ = m/dQszngmQ = \/T—Wcszzzcsmmg- (404)
By inserting the above expression into (399) finally gives
3 g
S; h}or = Zl m / dzm‘Alm ((Poab@lm @lmabwo) (4O5>

We have thus obtained two three-vertices for our two-dimensional effective field theory. However,
one can wonder why we did not consider also the possibility of setting the partial-waves indices
associated to A, to zero. The reason is that we want to make contact with the result coming
from the first-quantized picture (section 3), where all information about the ingoing particle is
transferred to the outgoing particle. The only way this can happen is if the carrier (the photon
in our case) carries angular momentum. In a future work it would be interesting to include this

type of three-vertex in our theory.

4.9.2 Four-point vertex

We again start by looking at the action (132). We have:
sl = —q2/d4x\/—ggWAuA,,|¢]2
——¢? [ e (5440 + 9 AaAnlof)
= —q /dQ/d%A 129 Ay Ay 9| —q2/dQ/d%A(r)r?gABAAABy¢y2. (406)

Expanding in spherical harmonics, the first term in the above expression gives
S;[ﬁn = —q2/dQ/deA(r)T2gabAaAb¢|2

==¢*>_ > D> > I / A2z A(r)1? g Ag i Ab 1, Dloma Gl g (407)

Im l1,mq la,ma l3,m3

where this time the integral over df2 has been defined as

I4X = /dQleXlllelgmgXlgmg- (408)
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We now want to consider again the spherical-symmetry approximation.The choice we make is

to set the two complex scalar fields at [ = 03!, getting

1 1
Iix = /dQszleleooXoo = /dQszleml = Eélllémmp (409)

which, in turn, leads to the following expression:

2
(43 _ _ T Z 2 2 _ab 2
Seven = A l,m/d :EA(’I“)’I” g Aa,lmAb,lm|¢0| . (410)

As is now customary, we rescale the fields and consider the horizon approximation. We have:

even a,lm even,hor"

. 2.2
{4} rescaling, o< R _M q 2 2 2 _. {4}
S p E L d“z AL o dol” = S (411)
The second term in (406) instead gives

S;{;% = —q2/dﬂ/deA(r)r2gABAAAB|¢|2

==> > )Y I4X<1>/deA(T)TQAlm,QAllmI,2¢l2m2¢73m37 (412)

I,m l1,mq la,ma l3,m3

where the integral over angular coordinates has been defined as
Lixe = / AP (®7,) 4 (BF ) g Xiamo Xigms- (413)

Now, setting lo = mo = I3 = m3 = 0 leads to>?

)\/
Iixe = /dQQAB( im) 4 (®himy ) 5 Xoo Xoo = 57 0102 Omma (414)
Inserting the above expression in (412), we get
{4} 7 2 2 42 2
/
Sodd = ~A le’m/d wA(r)re Ajpp 2| ol (415)

Finally, by rescaling A;,, » and considering the near-horizon limit, we end up with

. 2.2
{4} rescaling, T, <R n=q 2 2 2 _. of4}
st NEES [ Rodlal = 8 (416

Putting it all together, we write

2.2
S0 = LS (A g+ XA o (417)

31In principle, other choices are possible. Differently from before, in this case there is no physical reason to
not consider the possibility to set the partial-waves indices associated to Ag im to zero. It would be certainly
interesting to include the corresponding four-vertex in the theory. However, towards the end of the thesis, we will
show that the one-loop diagram containing only four-vertices of the type obtained in this paragraph is sub-leading
with respect to the one containing only three-vertices. Our expectation is that also the one-loop diagram in which
the gauge field is at [ = 0 is sub-leading. We hope to verify such expectation in a future work.

32In the odd-case there is no confusion about possible different choices. Indeed, we have that (®00) 4 = 0.
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4.10 Near-horizon Feynman rules for scalar quantum electrodynamics

We are now ready to write down the full near-horizon action for our two-dimensional effective

field theory. In momentum space, we have33
Shor = S + 5204 4 ghin % 4 61 4 slah 4+ st (418)

where the single terms are given by

2
Seven % / AT (2m)26) (k + k) A (k)P AV () = % (Z ’;2 A(k)PoL, AY(—k), (419)
T
A ~ 2 ~ A
Sgdd _ ;/df(27r)25(2)(k + k/)A(k)P;iLA(k') - ;/ (;Z I;QA(k:)P;ibA( k), (420)
s
3 X3 —1 - d2 A% —1 A
iy = [ dwn @0 -3 P, 0) = [ B P o) (421)
5{3} _ dVa(2 25(2) _ 1b A~k nq 1 2
1= 3(2m)°0" (k 4 p1 — p2) A’ (K)o (p1)@ (pg)TW(pb + i), (422)
SP = [ ava(en26® 4 pa - p) R0 01)002) L (04 57). (423)
. . 2 2
Si, =- / dVi(2m)?6® (k + K + ps —pl)A“(k)Ab(k/)sﬁE’i(pl)tﬁo(pz)%nab, (424)
(4} / 25(2) / Ny 1’
Sogg = —A /dVZ;(27T) O (k4 k' + p2 —p1)A(k)A(k )‘Po(m)ﬁpo(m)? (425)

Notice that we also defined the following quantities:

&2k a2
T = 42
= Gr amye (426)
d2p d2p/
b = 42
9= Gy a2 (427)
dzk‘ d2p1 d2p2
dVa = 42
V3= 52 m? (a2 (428)
&2k d?k d? d?
AV, = p1 4 p2 (429)

(27)? (2m)? (2m)* (2m)%

Furthermore, in order to facilitate the reading, we also summarize below the results that have

been obtained concerning the propagators:

N —1 1 kekb
Peven = — ; wyp 7| 430
NoR2 42 (N + 1) A —de TTEN T 10
b nab
’ngenio == L2 _ e’ (431)
1 1
Potd = =N W N —ie’ (432)
1
=_ . 433
Pe p? 4+ p2 (N +1)+m? —ie (433)

33Note that, for simplicity, we suppressed the partial-waves indices (and so all the sums). Moreover, we also
suppressed the labels “hor” in the single terms since all the results we obtain are only valid in this limit.
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Now, as is usually done in quantum field theory, we can read off the Feynman rules from the

action written in momentum space. Concerning the photon propagators, we have

k

Aa(_k) Ab(k) :ipab,even(k);
k

A(=k) A(k) = iPoda(k).

where we used different colors to distinguish between even- and odd-contributions, respectively.

As for the complex scalar field, we may write

N SN
- )

¢*(p)

Moreover, we recall that we distinguished between fields at { = 0 and at [ = 0 (this is due to
the spherical-symmetry approximation). Graphically, we again use different colors to make this
distinction. The scalar propagator at [ = 0 will be denoted with a solid blue line:

___r
=

Po(p) = iPy(p)],_y-

Notice that the arrows that are outside the scalar lines indicate the direction that momentum is
flowing, while the arrows superimposed on the lines corresponds to the flow of electric charge.

Let us now consider the vertices. The Feynman rules for the three-point vertices are

Po(p1)

b\171
k

A’ (k)

i (py +73)

- Ab(k) =i

L (py +p3) -

ﬂ



Concerning the two four-vertices, we have34:

A% (k) Ab(K')
‘k\ Y"
2,2
= —22%%1)7
@6(p1) > > Po(p2)
D1 D2
A(k) A(K')
‘k\ Y"
2,2
= 28,
@6 (p1) £ = ®o(p2)
P1 P2
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34 Notice that, due to the fact that the two gauge fields can be interchanged, a factor of 2 is present in the
two four-point vertices below. Actually, we already implicitly included all symmetry factors in the above rules.
The photon propagators have been multiplied by a factor of 2 since we can always interchange the gauge fields;
this cancels the factor of 1/2 coming from the photon action. As for the scalar propagator, we do not need to
multiply by any factor in this case since it connects two different fields. The same is true for the three-point

vertices (they consist of three different fields).
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5 Scattering amplitudes on the horizon

In this section we will compute all the scattering amplitudes of interest.

5.1 Tree-level diagrams

At tree level, the diagrams we want consider are essentially three. The first one is the following:

¢*(—p1) o . Po(ps3)
k = th,l-
P A
5(—p2) @ (pa)

By using the Feynman rules introduced in the previous section, we can write

. N e —i kake . nq
/LM =1 + 7 ac + (3
t1 o PP RN ) e ¥ E 1) | an

(ps + %), (434)

where the following two-vector has been defined:
ko = Dy — Dy (435)

We also notice that external particles are on-shell, which implies that

pi=-m’—p? (N +1), pi=-m"—p? (436)
2 _ 2 _ 2 2 _ 2 2 (Va1
py = —m” — %, pi=—m"—p (N +1).
Calculating the product between (p§ + p§) and k, immediately gives
(P} +1§) ko = (PF +15) (Pa — 1) = m® — > (N +1) +m® + p = 2N, (437)

which, in turn, allows us to write (434) as

N—1 iﬂ2q2/4ﬂ- a a 2 4 N

iMyy = (s — pa) (05 +p%)| . (438)

It is convenient to express amplitudes in terms of the so-called Mandelstam variables [41]:

si=—(p1+p2)° =—(p3 +ps)°, (439)
ti=—(p1—ps)’=—(p2—ps)’, (440)
wi=—(p1—ps)’ =—(p2—p3)°. (441)



By definition, the Mandelstam variable s can be written as

§=—p; —ps — 2p1- P2
=m?+p? (N +1) +m® + p* — 2p1 - po
:2m2—|—,u2 ()\'—|—2) — 2p1 - p2,

and so for the scalar product we have

s 1
p1-p2 = pipy = ~5 +m? + §M2 (N +2) =ps-pa.
The same can be done for ¢ and u, obtaining

t:2m2+u2()\'—|—2)—|—2p1-p3,
u = 2m? + 2> ()\’+1)+2p1-p4.

From (445) we immediately get
_ U 2 2 / _
propu=g—m —p (N +1)=ps-pa
We now want to express u in terms of s and ¢. First we notice that
s+t+u=06m?+6u>+4u*N —2p; - (p2 — p3 —p4) -
Furthermore, momentum conservation gives
PL+pe=p3s+ps = —p1=p2—p3—p1 = s+t+u=4m’+24* (N +2),
finally leading to the following expression for w:
u=4m? + 2> ()\'—|—2) —s—t.
By inserting the above expression in (446) we obtain
1 1
pLpi=g [4m2+2u2 (N +2)—s—t —m? — 2 (N +1) :m2+u2—§(s—i—t).
From the definition of u we can also compute the scalar product between ps and ps:
2 2 (y/ 1
pa-pz=m"+pu° (N +1) —5(s+1).
Therefore, the first term in square brackets in (438) gives
(P +18) (P2 +Pa) =P1-P2+D1-Pa+p3-pa+ps-pa=—2s—t+4m*+2u* (N +2),

while the second term simply reduces to

(Pi—l’clz) (P +p4) =p3-p2+p3-ps—p1-p2—p1-pa = p2N.
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(442)

(443)

(444)
(445)

(446)

(447)

(448)

(449)

(450)

(451)

(452)

(453)
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Putting it all together, Eq. (438) can be written as follows:

N—1 gt /an 2 4 92 s
o —2s — ¢+ 4m® + 2 (N + 2) + p°
N1 —ipPe’s/2m 14 m? p? (N +2) - N (454)
Nt 2 (V4 1) A 25 s s s AN —1]"

As already explained before, in our theory we are looking at the situation in which the center-
of-mass-energy of collision is extremely high and where the momentum transfer is negligible. To

be more precise, we are considering the following limits:
s>t s> p?,m? t—0. (455)

In the above approximations, Eq. (454) becomes

. ig%s
iMig = = el (456)

+1+1)

The second diagram we want to consider is the following:

¢*(—p1) - . ®o(ps3)
k = th,Qa
P A
Go(—p2) ©*(pa)

The computation is very similar to the previous one, so we will proceed more rapidly. We have:

. e a a N-1 —1 kakc :| . Mg c c
IMyo =i—— + ; + i —p5 —
t,2 \/E (pl pS) 2\ kQ + HZ (}\/ + 1) /\)\71 Nac ,LL2 ()\, — 1) \/ZE ( P2 p4)
N -1 7Z.M2q2/47r [ a a 2 4 3 1 a a
= =1 | W1+ p5) (pa +pa) + 7 (P —pa) (05 + p4)}
No—t+p2 (M 4+1) 257 | A =1
N —1 —ip2q® /A [ 9 9 N2
= —25 —t+4 2u® (N +2) + p?
N iR v )R | A e () 1)
N—1 iplq?s/2m [t 2m? P 22
= 4 s/ e P IR } (457)
Noo—t+p2(N4+1)8574 [ 2s 5 5 s N—1
By taking into account the same approximations as before, we finally get
M iq”s (458)
i =
T o (PH1+1)

As we can notice, the only difference with respect to the previous result is the sign in front.
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Finally, the last tree-level diagram of interest is

=M.
Proceeding in exactly the same way as before, we have

. . Mg a a N -1 —1 kakc . Mg C ¢
iMs =1 - ; + i —

s m(pl p2) = EaErTETe = Ll ys yy m(l?:s 1)

K X
N —1 iutq? /Am N
= A,S+wa+1)x}[@?—ﬁ)@i—ﬁ)+A_4(%+m90ﬁ—p@y (459)

where this time k, = p! + p2. Proceeding as before, we easily find

‘ in2a?

iM, = —%. (460)
Let us now compare the results we have obtained so far. The amplitudes (456) and (458) are pro-
portional to the center-of-mass energy of collision s, while the one above, (460), is proportional
to the effective mass pu. Thus, within the regime we are working in, the contribution coming
from the s-channel diagram is certainly negligible. This concludes the computation of all the
scattering amplitudes of interest at tree-level. Once again, we remark that tree-level diagrams
as the one shown in Fig. 5 below, although certainly allowed by the the theory, have not been
considered for physical reasons (in the quantum-mechanics picture, all information about the
in-particle is transferred to the out-particle). It would be interesting to understand what is the

role they play in a future work. In what follows we will consider loop diagrams.

¢*(=p1) ¢(p3)

$o(—p2) @5(p4)

Figure 5: Example of a possible tree-level diagram obtained by setting the partial-waves indices
associated to the gauge field to zero in the three-vertex calculation.
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5.2 Loop diagrams with three-vertices

In 1969, Lévy and Sucher studied the Feynman amplitude describing the scattering of two
particles with no spin, interacting by the exchange of mesons (with no spin) [42]. In particular,
they showed that the contribution to the amplitude at arbitrary loop order can be evaluated
in closed form within the eikonal approximation. Their computation can be readily adapted
to our case, with only a few differences to be considered. The first one is that we are working
in two dimensions, and not four. However, their analysis is dimension-independent, so all the
results can be immediately adjusted. The second difference concerns the external legs; here we
are dealing with a complex scalar field, allowing for more diagrams with respect to their case.

In order to have an idea of the types of diagrams we consider at one loop, see Fig. 6.

pr(—p) Py Ptk P gy pr(—p) Py Ptk P o)
kq ko k1 ko

Po(=p2)  p p, ke pa Polpa) Po(=p2)  Tp p,_ky Dpi Polpa)

Pr(—p) Py PLERL Ps ) Pr(-p) Py PLERL P g
k1 ko ky ko

Po(=p2) P py—ky o Po(pa) Po(=p2) D2 py—ky pi P0(Pa)

Figure 6: All leading one-loop diagrams in the z, < R, s > p? limits.

5.2.1 Eikonal amplitude: particle-particle case

Let us consider the case where the charge and momentum arrows point in the same direction (see
upper diagrams in Fig. 6). From now on, we will refer to this as “particle-particle case"3>. As
already anticipated, we can readily adapt the calculation in Ref. [42] to our scenario, obtaining

the following expression for the n-order amplitude (n counts the number of photons exchanged):

Mg = (F2L) " [TT [ ailaipet ()] 1 < 2075 (0, 1)
2n sznl n
~() ) 1]

35Tt is important to notice that here we are talking about particles even if we did not specify a Fock-space basis
yet. However, this will turn out to be a good choice, see subsection 5.3.

4PV, (kj)] x I (2m28® (30 k), (a61)

&k
(2m)
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where “p — p" stands for “particle-particle". The above equation is the two-dimensional analog
of Eq. (3.1) in Ref. [42], with different vertices and with ¢ = p; — p3 = p2 — ps = 0. Above, the
second equality follows from the fact that we are considering one particle going into the black
hole and the other one going out, in orthogonal orbits. Due to the approximations made, the

two momenta can be considered to be light-like: p; = (pllj, 0), po = (0, p%/) Thus, s reduces to
s = —(p1 +p2)? = 2pypi-. (462)

Therefore, the quantity in square brackets in the first step of (461) can be written as

1, 2pab 1,2 pUU 1,2 pVV 1,2 pUV 1,2 pVU S UV
papbpgven = pUpUPeven + prVPeven + pUpVPeven + prUPeven = ipeven' (463)
¢ F fo ¢ L 2o @ F %o
2 = o @ = 6 @ = ¢
@ - G0 @ - fo @ - %o
a5 = & @ = ¢ @ = ¢

Figure 7: All leading two-loop diagrams (p — p case) in the z, < R, 5 > p? limits.

Let us now make a couple of comments more in regard to Eq. (461). The first one concerns an
approximation that has been implicitly made. To understand this, let us set n =1 in (461) and
look again at the upper diagrams in Fig. 6; it is clear that, when writing down the amplitude, we
should have included contributions coming from the additional &’s (internal photon momenta).
However, within the near-horizon approximation that we have already made, we are interested
in effects from impact parameters of the order of the Schwarzschild radius or less, but much
larger than the Planck scale. Thus, it is reasonable to neglect these k-terms in Eq. (461). The
second comment concerns the quantity I that appears in the same equation®®, which contains
the information regarding the matter propagators; for a fixed n, say n = 3, one needs to consider
all possible permutations of k;, with j € [1,3] (see Fig. 7). Within the eikonal approximation,

a simple expression for I has been derived, resulting in the general loop amplitude [42]

2 2 2
, H4qs °k_, . suv 2, —ikx ;. \n—1
Mgy =1L / PR [ iz, (464)

36 All other ingredients are the usual ones: vertex-factors, integration over all internal photon propagators and
insertion of Dirac-delta functions to ensure conservation of internal momentum.
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where the quantity x has been defined as

P22 2
peqes °k v ik 1 1
= — 4 k X
X 81 / (2m)? PPeven(k)e —2p1 -k —i€2py - k —ie
n 1 1 n 1 1
—2p1 -k —ie —2ps -k —ie 2p1-k—ie2py-k —ic

n 1 1
2p1 -k —ie —2po - k — i€

} . (465)

The above expression in square brackets can be rewritten in a more convenient form, giving

202 2
U qes d°k oy ikw 1 1
X 8w / (27)2 PP epen (ke 2p1 -k +ie  2py -k —ie

1 1
_ . (466
X(ng.kﬂ'e 2p2-k—ie) (466)

Now, by using the identity (we recall that e is an infinitesimal regulator)

1 1

ez —2mid(x), (467)

we arrive at a very simple expression for y:

92 2 .
_ s / TE 4PUY (ke (—2mi) 5(2p1 - k)3(2ps - k)
8 (2m)?
2.2
_ T puv
47T Pe’uen(o)
2
q
___ T 4
4T (N +1) (468)

We can clearly see that x is not dependent on spacetime coordinates. Thus, we can write

2.2 2
) q°s . o d°k
My = — 05 /

4iPYV (k) / d2xe ke

~ 87n! (271-)2
2 28 o ko '
_ _l; an! (ix)" ! / (%)24z7>§{,Zn(k)(2w)25<2>(k)

-2 2
WAGPs
5 ()" P, (0)
o, (x)"
=252, (469)

We can now find the total amplitude by summing over all odd and even n, resulting in

iMp_p = iModdpp + iMeven,pp

_ oo (ix)" o (ix)"
=25 [Zodd n n! T Zeven n n!
)Qm-‘rl

_ oo (ix o (=1)mxPm
=% [Zm=o G T 2t o) }
= 2s [exp(ix) — 1]. (470)
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By inserting (468) in (470) and recalling that A" = (I + 1), we finally obtain

- 2
. ? q
ZMp—p = 4pinpout [exp <_47'['l2—|—l—|—1> — 1:| . (471)

For the sake of clarity, we also relabelled the external momenta as p;;, and Poy:.

5.2.2 Eikonal amplitude: particle-antiparticle case

Let us now consider slightly different types of loop diagrams with respect to the ones presented in
the previous paragraph. In the present case3”, the charge and momentum arrows of the bottom
vertices point in opposite directions, resulting in a factor of (—1)" in the amplitude. Again, as

an example, we show the case n = 3 (Fig. 8). The general loop amplitude is given by
d’k; 2.ab 2¢(2 "
) / H [ L Pet, ()| x 1x (2n (07 )

- ( \Zi) / H [d % 4iplv. (kj)} x T x (21)26 (Z:ZI kj> . (472)

iMpp—a = (z

By repeating the same procedure as before, the quantity x turns out to be
2

q
Xy (473)

which, in turn, leads to the following result for the amplitude:

. 2
. ? q
Z-/\/lpfa = 4pinPout [GXP <47T 241+ 1> - 1:| . (474>

As we can notice, the only difference with respect to Eq. (471) is a minus sign in the exponent.
* P ~ ~ sk P ~ A~ P A

% Yo P Yo P Do
@0 j=% 927* 950 P ()5* ‘;50 j=% 95*
p* — £ b0 p* — L $o  PF S . ©0
©0 P o* 0 P o* ©o P o

Figure 8: All leading two-loop diagrams (p — a case) in the z, < R, s > p? limits.

3"From now on, even if we did not specify a Fock-space basis yet, we will refer to this case as “particle-
antiparticle" case or, in abbreviated form, “p-a case".
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5.3 From fields to physical particles

Let us now specify a Fock-space basis, i.e., let us define what a particle/antiparticle is. This can
be done by expanding the field operator ¢ (and its conjugate of course) in terms of creation and

annihilation operators. For a specific [, m, the on-shell expansions are given by® [41]

O (z) = / 27:3% (alm(p)e_””C + b;m(p)e"p“”) , (475)
O () = / QW% (a}m(p)eipx + blm(p)e*ipx) 7 (476)

eo(o) = [ 50 (aolw)e™™ + Bipe). (477)

(o) = [ 5 ()™ + bo(p)e ). (479)

A ¢, in the interaction implies the annihilation of an antiparticle or the creation of a particle

at position x. A ¢j ~implies the creation of an antiparticle or the annihilation of a particle.
The same is true for g and ¢, except for the fact that the particles and antiparticles that are
created or annihilated are at [ = 0. Therefore, we can now safely talk about “particle-particle"
and “particle-antiparticle" cases referring to subsections 5.2.1 and 5.2.2, respectively. Let us now

combine the two results we have obtained, Eqs. (471) and (474), into a single formula:

iM = 4ApinDout |:eXp <_471’l2qilqlo—qf 1) — 1:| . (479)

In the above expression, ¢;, and ¢, are the asymptotic charges of the in-particle and out-
particle, respectively, where g;,, /s = —¢ for particles and g;;,/o,s = ¢ for antiparticles. The ex-
ponent in Eq. (479) naturally displays the emergence of repulsion/attraction for equal /opposite
charged particles, respectively.

5.4 From the scattering amplitude to the S-matrix

In the previous section the final result for the amplitude has been found, namely Eq. (479).

Compactly, the amplitude can be written as follows:
iM=2s (e —1), (480)

with x given by (468). Here, to compare the results obtained in the two formalisms analyzed
in this thesis, we aim at finding the scattering matrix that relates the in- and out-states. The

relation between the S-matrix and the scattering amplitude is in our case given by |[41]
(out|S — 1]in) = (2m)26®) (p1 + pa — p3 — pa) i (out| M|in) (481)
where the in- and out-states have been defined as (we consider only a;,,, and azrm for simplicity)

lin) = at(p1)ad (p2)|0),  |out) := (0]a(ps)ao(pa). (482)

38Note that we are using the convention where we have a factor of v/2p in the field expansion but not in the
commutation relation between a and a': [am (p), a;f,m, "] =278(p — p')ou S -
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Notice that in Eq. (480) we used a shorthand notation: with i M we usually mean i (out| M |in).
T

The operators q;,,

(p) and ay, (p) create and annihilate on-shell quantum perturbations, respec-

tively. Moreover, we recall that they obey the commutation relation [41]

[atm (D), aby,s ()] = 20(27)3(D — ') 8110 Sy (483)

Now, in order to find the S-matrix we also need to look at the free theory, for which we have

(out|S|in) = (out|in) = (0layn(ps)ao(pa)al,, (p1)af(p2)|0)- (484)

By making use of the commutation relation (483), it is straightforward to get

(out|in) = (0laim (ps)ao(pa)aj,,, (p1)ad (p2)|0) = 25(27)%5(p1 — p3)d(p2 — pa), (485)

which is indeed the expected result. The two delta functions tell us that the four-momenta of
the two outgoing particles are equal to the four-momenta of the two incoming particles. On the

other hand, by making use of Eq. (480), we can write the interacting piece as
(2m)263) (p1 + pa — p3 — pa)i (out| Mlin) = 25(27)°6(p1 — p3)d(pa — pa) (€™ — 1) (486)
Putting it all together, Eq. (481) gives
(out|S — 1lin) = <0ut\]l(eix —1)]in). (487)
In the operator notation, we can then finally write the S-matrix as

; ; i Ginqout
S=1+1(eX-1)=1eX=1 —_ . 488
FAer - 1) =Te eXp( 47rl2+l+1> (488)

5.5 A careful comparison

In the previous subsection we considered a 2 — 2 scattering process, computed the corresponding
amplitude, and finally obtained an expression for the S-matrix, Eq. (488). On the other hand,
in subsection 3.3 we computed its quantum mechanics analog, Eq. (123). A couple of comments
are in order here. The first one has to do with the presence of the identity operator in (488),
which ensures that the S-matrix is indeed an operator and not a function. The second comment
concerns the factor of 1/4w appearing in the same equation, showing a mismatch with respect
to Eq. (123), excluding the slightly different I-dependence®®. The purpose of this subsection is
to shed light on this matter.

The idea is the following®®. Two S-matrices that are very similar to each other have been
obtained. It is thus reasonable to suspect that the only difference between the two resides in the
sources. Therefore, we can quite safely conclude that the two scattering matrices are identical
provided that the sources are the same. To be more precise, we will demand the charge current

densities in the two frameworks to be the same, expecting to obtain the correct rescaling.

39 A similar discrepancy was noticed in Ref. [19] and it deserves further attention.
40The author is greatly indebted to Nico Groenenboom for sharing his ideas about this topic.
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In the quantum-mechanics case the V-component of the current, at a specific [, m, reads
T = —pPgs(U). (489)

The above equation has been obtained from (93) by expanding in spherical harmonics; it contains
information about the charges going into the black hole. On the other hand, in the field-theory

side, the V-component of the current density is given by

Jv = —iqin (9" 0y ¢ — pOy ¢*), (490)

where, to make contact with the canonical current density that functions as source for the
equations of motion, in the definition we also included the minus sign and the charge coming
from the second term in (132). Moreover, the charge ¢ has been renamed ¢, for obvious reasons.
Now, expanding in spherical harmonics, inserting the rescaling ¢ = up as we did in section 4.8,

as well as taking into account the spherical-symmetry approximation, results in

= —igint* Yoo (9500v Pim — PimOv bt + CimOvPoo — Po0dy dn) (491)

where, again, we considered the current density at a specific I, m. The main difference between
Egs. (490) and (491) is that the current density in quantum field theory is an operator. There-
fore, in order to properly compare these two quantities, we need to consider the expectation value
of j{}" in an appropriately defined initial state. In order to start, we recall that the complex
scalar field is expanded in terms of creation and annihilation operators as in (475). Moreover,

we also recall that the only non-vanishing commutation relations are [41]

|t (P), @}y )] = [ (B), B (9] = 2080 = B')3 G (492)

As already anticipated, we now need to specify the initial state in order to compute the expec-

tation value of the operator j%}”. Such state is written as follows:

in) = [ §20(0)  —= (ol 0) + aly(o)) 0. (193)
where ®(p) is a normalized test function localized around a specific momentum, say, p = p;. The
expression above, Eq. (493), represents a one-particle state where we have a superposition of two
spherical shells at equal momentum. Indeed, in computing the eikonal amplitude, we assumed
one ingoing particle to be at a specific [, m first, and later at [ = m = 0. From the moment that
this choice is symmetric, this results in a superposition of both cases, i.e., a superposition of I, m
and [ = m = 0. We are now ready to compute the expectation value of the current density. For
clarity, we will consider each term in Eq. (491) separately. Concerning the first term, already

including all prefactors, we get

o (k)2 (k)

. o . 2 dpdp’ dkdk’'
— iqint* Yoo (in] 0l 0v oum |in) = _E Yoo/( pep !

2 27r)2\/4pp’p (2m)?
x (0lago(k)ady(p)aj,, ()al,, (K)]0)e!®P)e (494)
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where we made use of the commutation relations, as well as of the definition of the vacuum
state, i.e., a;,|0) = by,|0) = 0. By using once again the commutation relation between a and

at, the above expression can be written as

/ dpdp’ p dkdk'
(2m)? Vpp' ) (2m)?
x (27)%6(k — p)d (k' — p/)e®=P)* (495)

2
— o Yoo (in| gDy umlin) = —= Yoo O* (k) (k')

4

Let us now consider the expectation value of the second term in (491). In this case, we have

2 dpdp’ dkdk’

. 2 . K |\
iqinpt”Yoo(in|pim Oy g lin) = —— Yoo (27)? iy’ | (2n)2

2
X <0|a00(k)azm(17)a$0(p/)a;m(k/)\@fi(p*pl)m, (496)

finally resulting in

2
iGin 2 Yoo (in] @Oy ¢iolin) = —E Yoo o* (k) D(k)

/ dpdp’ p dkdk'
4

(2m)2 ' J (27)?
x (2m)26(k — p)o(p — k' )e PP (497)

By following the exact same logic, it is easy to realize that the expectation value of third term
in Eq. (491) gives the same contribution as the expectation value of the first one, and the same

is true concerning the second and fourth terms. Putting it all together, we can write

2 / / /
I - W dpdp’ p dkdk’ _, ,
= —"gnY O*(k)P(k

x@ﬂQpw—pw@hqﬂﬂwﬁﬂ+ak—ﬁw@—5p%mﬁﬂ. (498)

By taking into account that the particle falling into the black hole is localized around a specific

momentum pq, we obtain®!

-lm 2 dpdp/ * i(p—p')x * —ilp—pz
GV = —'L;q@'nyoo/ (22 (<I> (p)®(p)) !PT 4 &*(p)) D (p)e PP )

— 2 * N _i(p—p')z
= —U mY P P e

= — 1 qinYoo|® (), (499)
where, to get to the last equality, the following Fourier transform has been defined:
o) = [ o) (500)
27 ’

as a probability distribution, we assume the particle with momentum

Now, interpreting |®(z)|?

“I'Here we are implicitly defining a region, a small interval around p;, in which the test function is non-zero.
Therefore, the entire integrand will be non-zero only in this interval, allowing us to approximate all functions

obeying [f(p1)/f'(p1)| < 1 around p;.
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p1 to be localized at U = 0, finally resulting in

(I = —2q; Yood(U) = —ﬁj%aw). (501)

By comparing Egs. (490) and (501), we immediately get ¢! = ¢;,/v/4m. Therefore, by inserting
such rescaling in Eq. (123), we finally obtain

1 mYou
- - 387).

in agreement with the result obtained in the field-theory calculation.

Up to now, we only considered loop diagrams with three-vertices. Indeed, the scattering
matrix (488) is the result of a resummation of an infinite number of diagrams of the type shown
in Fig. 6. However, we remind the reader that we have two types of four-vertex in our theory.
In the next subsection we will consider two one-loop cases with four-vertices, showing that these

are sub-leading with respect to the one-loop diagrams with three vertices only.

5.6 One-loop diagrams with “seagull" vertices

As anticipated, here we consider one-loop diagrams of the following type:

@5(=p1) &‘ bs, Go(ps)

k —ps+p2

~ / \ A
¢5(—p2) b2 b Po(pa)
Figure 9: One-loop diagram containing the so-called “seagull" vertices.
We want to show that the above diagram is sub-leading with respect to the one-loop diagram

containing three-vertices. Using the Feynman rules derived in subsection 4.10, we write the

amplitude as follows*?:

even d?k [N -1 —i e 1 KPKC 12q?
WM seagull = 2 7 2 ~5 - \T7 + RV —20——Nap
(27) N K2+ m? — e WA =1 47

N =1 —1 d 1 kdke ngg
a | = _g "
x N ]{7/2 + ﬁzZ — 7€ <77 + ,LL2 N — 1> < ? A 770d>:| 5 (503)

with m? and k' given by

N2 -1
7712 2

=L S K :=k—p, pP:=ps—po. (504)

42Note that momentum conservation implies k — ps + p2 — k + p3 — p1 = 0.
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It is easy to see that Eq. (503) can be split into four contributions, namely

IME =1 + Iy + I3 + Iy, (505)

seagull

where the following quantities have been defined:

I ::“4‘14<X_1)2/ k L (506)
2m2 N (2m)? (k% +m? —ie) (K” +m? —ie)’

5 12t N —1 / A2k L2 (507)
42 N | (20)? (K2 + W2 —ie) (K° + m? —ie)’

I — 'u2q4 N =1 / d2k k2 (508)
472 N2 (2m)? (k2 +m? —ie) (k" + m? — ie)’

I q4 / d2k nabncdkbkck/dk/a ‘ (509)
42 N2 | (2r)? (k2 + m? — ie) (k2 4+ m? — ide)

Before computing such quantities, let us recall that we are working in light-cone coordinates:
ds* = —2dUdV. (510)

In the following we will perform a Wick rotation; in order to do that we change coordinates from

light-cone to Cartesian: (U, V) — (aco, xl). The two sets of coordinates are related by

U= ;5 (4 2), V= \}5 (@2 = ds?=—(da®)’+ (V). (511)

A quick inspection of the expressions above shows that i M.qg, contains integrals that diverge.
If there is some physics in the expressions we have written down, then we need a prescription to
handle these infinities. As is well-known, such a procedure exists and it is called renormalization.
In order to carry out this procedure in an explicit fashion, it is of course necessary to deal with the
infinities in some well-defined mathematical way. To ensure that this is done without introducing
spurious inconsistencies one usually employs a so-called regularization method, which renders
the potentially divergent integrals finite. Such a regularization procedure is defined in terms
of a parameter which, at the end of the computation, is taken to a certain limit in which the
divergences will again become manifest. This limiting procedure enables us to unambiguously
calculate the various Feynman diagrams. There exist many different regularization procedures;
the one we will use here in this thesis is called dimensional regularization and it is due to
't Hooft and Veltman [43]. It is based on the observation that the degree of divergence of
Feynman integrals depends on the number of spacetime dimensions; one analytically continues
these integrals to arbitrary complex dimensions, where poles in the complex plane will emerge
at certain integer values of the dimension, indicating that at those dimensions the integral will
diverge. We assume the reader to be familiar with both the regularization and renormalization.
Let us start by considering (506), temporarily suppressing the ie’s for notational convenience.

Even if it is convergent, in order to be consistent, we shift to n dimensions anyway:

dk 1 dk 1
/ 2n)? (2 + ) (k" +m2) / (2m)? (k2 +m?2) (K” +m?)’ d=2+e. (512)
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In general, in order to bring the denominators into a form that allows us to perform the momen-

tum integrals, we can make use of a class of identities introduced by Feynman. In the particular

case we are considering what we need is the following expression [41]:

1 1 1
= /O b (513)

Looking at (512), we see that the role of A is played by k2 +7m? while the role of B by k"2 +m? =
(k — p)?* + 1m?2; therefore, we have

d’k ddk ]
/ ( ) (k2 + m2) le + m2 / dx/ — xq)2 +ﬁ2$(1 _ :IT) + m2]2 : (514>

Shifting k — k + xp and performing a Wick rotation (we substitute k* = ik%) lead to [41]

ok B d"k:E 1
/( ) (k‘2+m2) (k'2+m2 Z/ dl’/ k2 _|-A) (515)

where A = p?x(1 — ) +m>2. As is well-known, the momentum integral above can be expressed

in terms of gamma functions; the more general result is given by [41]

k1 1 T(a-3) .
/( ey e P (A LS (516)

In our case, a = 2, we then obtain

dk 1 i n 1 n
= T (2-= dxAz27¢. 517
/ (2m)? (k2 + m2) (K" +m?)  (4m)2 ( 2) /0 v (517)
In terms of €, the above expression becomes
d%k 1 € 1 c
= —(4m)"a0 (1—= dzA2™t, 518
/ (27T)d (k.Z + m2) (k/2 + m2) 471'( 7T) 2 ( 2) /0 raz ( )

Now we want to expand in powers of &, considering terms up to zeroth-order. However, since
we can only expand dimensionless quantities and A clearly has dimensions, we introduce an

auxiliary mass parameter, say M, writing

. -1
/ (;ijrl;d 21 m2)1(k’2 ) L (1) MH/O dx (@) . (519)

By considering the expansions

In(47) + ..., (520)

(_;):_;<_j_w+...>, (521)
<A>;:MQ+5MQID(A/MQ)+_” (522)



87

where yg ~ 0.5772 is the Euler-Mascheroni constant, we end up with the following expression®3:
dk 1 i 1 1 iMe 1 1

= dro = dr— —. 523

/ (2m)® (k2 +m?) (K* +m?)  4r /0 A 4x /0 P2zl — z) + m? (523)

In principle, we should consider various cases, depending on the values of p?; however, we are
interested in the limit p — 0, so the most convenient approach is to directly expand the integrand
and consider the first term of the expansion, which is p-independent**. We have:

1 _ 1 N p2(r— 1)z N pr —1)%22 + 0. (524)

pPr(l—x)+m?  m? m? mo

Therefore, in this specific limit the result of the above integral is

/ A L M o). (525)

@m)? (12 +m?) (F +m2)  dmim?

Before proceeding, let us make another observation about dimensions. For this discussion, as
well as for the subsequent one, we will closely follow Ref. [44]. When calculating Feynman
diagrams in 2 4 ¢ spacetime dimensions, the coupling constants will carry the dimension that is
appropriate for the theory in 2 4+ ¢ dimensions. For the scalar quantum electrodynamics built
here, the dimension of the effective coupling constant turns out to be equal to 1 — ¢/2 in mass
units. On the other hand, in the 2-dimensional case we have that [ug] = 1 (integrating the
sphere out does not change the dimensions of the quantity ¢). Therefore, in order to ensure
that dimensional counting remains consistent throughout the calculations, we make again use
of the auxiliary parameter M and write the effective coupling constant as M ~¢/2pq. Putting it
all together (taking into account the various prefactors), we now write down the final expression

for I7 in 2 + € spacetime dimensions, in the limit p — 0:

SAf—€,,2,4 /
d Mgt N -1
lsm0 = S NV D) + O(e). (526)
Let us now consider the second contribution, namely Is. Ignoring the prefactors for a moment,

shifting to n dimensions, and writing k' = k’ + m? — m?, leads to

ddk k2 ddk 1 . ddk‘ 1
/ (2m)® (k2 +m?) (K +m?) /(27r)de+’mz B m2/ (2m)d (&2 ) (2 1 )’ (527)

The first term can be quite easily computed by performing a Wick rotation to use (516) with
a = 1, where the role of A is now played by m?2. We have:

% 1 i Ny g\ B
/(%)dkum? N (4W)§F<1_2> () (528)

We now substitute d = 2+ ¢ and expand in powers of ¢, keeping track of possible poles at € = 0.

43Expanding before performing the integral is allowed in this case since each term in the expansion, when
integrated, converges.

4 Concerning the expansion, the same reasoning explained in the previous footnote is applied here: each term
in the expansion, when integrated, converges.
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In terms of €, Eq. (528) becomes

k1 i e E\ /- o\E

[ o = g 007 (5) 0 o2

Introducing M as before and rearranging, we get

k1 iME e oey (w22
/(27T)d 2+m2 Ar (4m)"2 T (‘5) <J\42) . (530)
We can now safely expand, obtaining
/ dh o1 ML I (LY o (531)
enik2+m?  2r e 27T 2 \dr a2 9

which is now dimensionally consistent. Concerning the second term in (527), it has already been
computed. Putting it all together, we obtain the final result for Is:
d iM gt N — 1 1

Bl = 1+f( +1)—|—11n Al +O(¢) (532)
20507 " g a2 e 2VE 2 '\ Tamn M2 ‘

Now, looking at the third contribution to the amplitude, (508), we immediately notice that it is
equal to (507) upon shifting the momentum k, k¥ — k + p. Therefore, we can directly focus on
the fourth contribution, I;. The strategy is to reduce this apparently complicated expression to
well-known integrals. Let us first consider the numerator of the integrand. By recalling how &’

is defined, it can be split as

NapNeak kKT = kok'k k' = (k- k')?

Thus, shifting to 2 + € spacetime dimensions, we obtain

/ A’ nanedkkKET / A K2 K2 k) + K- K) ~ (0-H)@-K) g

(2m)? (k2 +m2) (k2 +m?) ) (27)? (k2 +m?) (k2 + m?)

As we can see, I4 has been split into four contributions. The first gives

/ dk k2K B / kK2 / dk % (535)
@m)d (12 +m2) (K2 +m?) ) @m)dk? +m? 2m)d (k2 + m2) (2 + m?)’

The second piece has already been calculated before. The first one can be easily computed by

Wick rotating and making use of the following result [41]:

/d i . b _n 1, (@=5 -1 pg-ait (536)
(2m)" (k;E + A) 2 (47)2 INGY!

In terms of ¢, by setting a = 1 and shifting k — k + p, we can write

ik K? im? . o
R e G TS LU L
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Moreover, inserting M and expanding in powers of €, we end up with

ik K? iMem? 11 1 1 m?
= e 1)+ -1
/(Qﬂ)dk/2+m2 o [ +2(7E+ )+2 H<4WM2>+(9( )} (538)
Therefore, Eq. (535) gives
d?k k2K iMem? [1 1 1 1 m?
/(27)(1 k2 +m2) (k2 +m?)  « [5+2(7E+1)+21n <4 M2> +0O(e )] . (539)

Let us now consider the second piece coming from (534). By writing k' = k' + m? — m?, we get

d%k k"Q(ﬁ'k‘) B Aok bk i dok 5ok
/(27T)d (k%2 +m?2) (k"2 +m?2) N /(QTF)dM —m2/ (27-‘-)d (k2 4+ m2) (k" —|—ﬁL2)' (540)

The first integral vanishes since the integrand is antisymmetric under £ — —k. Concerning the

second one, upon shifting £ — k£ + zp and combining the denominator by using Feynman’s trick

once again, we have (we ignore for a moment the factor in front, m?)

/ dk Pk / / ddk: Pk (541)
(2m)d (k2 +m?) (k2 + — 29)? + p2a(1 — z) + m2]?
/ / ddk p- (k+xp) (542)
k2+p w(1 —z) +m2*
The first term, the one proportional to p - k, vanishes. The remaining one leads to
/ dk Pk / / ddk zp? (543)
(2m)® (k% + m?) (k" + m?) k2 + p2a(1l — 2) + m?)*

We can now proceed in the same way as before, see below Eq. (514). However, we immediately
notice that the first term of the expansion (524) would be multiplied by 52, and so we can safely
conclude that, in this specific limit, the above integral vanishes. The next contribution in (534)

can be also shown to be vanishing. We have:
/ dk k2(p- k) :/ A%k -k _mQ/ dk Pk
(2m)? (k2 4+ m?) (k"2 4+ m?) (2m)d k"2 + m? (2m)? (k2 4 m?) (k"2 4+ m?)

_ [ dk Pk 3 d?k b (k—p)
_/(27T)dk2+?7~12_m2/(277)d (k2+m2) (k/2+m2)‘ (544>

The first piece in the above equation vanishes, again because the integrand is antisymmetric

under k¥ — —k. In the second term we can easily recognize two expressions we already proved

to be zero in the limit we are considering. Indeed, from the previous discussion we have that

'k 5ok
/ e T T = (545)

dk 52
/ (2m)? (k> + m?f W) (540)

where we made use of Eq. (525). We can now finally consider the last contribution in Eq. (534),
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which can be written as follows:

/ %  (p-K)E-K) / 'k Pak®pok’
( (2m)4 (k2 + m?) (k2 + m2)

Ak Rk —p)
Pl b/ (2 (2 + m(2) (kg)Jr 2) (547)

2m)% (k2 + m?2) (k2 + m?2)

The second term in the numerator of the above expression vanishes since, neglecting the factor

of p?, it is exactly the same integral as in Eq. (543). Concerning the first piece, we have

[ d% kokb ! dk (k+ xp)*(k + xp)°
v | (2m)? (k2 -+ ) (k2 + ) ‘p“pb/o o et Ay W

where the definition of A is the same as the one below Eq. (515). Splitting the numerator we
immediately notice that the above expression gives rise to integrals that vanish as long as p — 0.
Thus, the only non-vanishing contribution in Eq. (534) is the first one. Putting it all together®3,

we now write down the final result for Iy:

i M N -1 11 1 N2 —1 p?
o= 4w [ TalEt DG ) T 0O (549)

even

seagull by summing each of these terms.

We are now ready to write down the final result for ¢
To be more precise, the expression below does not yet represent the final result since it is e-
dependent. However, as we will see, it is possible to conclude that it is indeed sub-leading even

without the need of renormalizing. Up to zeroth-order in €, we have:

M

cvend ’iM_E,LL2q4 N =1 iM_Eu2q4 )\/2 -1 |:1 1

seagull — {73 \ ()\/ + 1) A3 V3 g + 5 (’VE + 1)

1 )\/2 -1 MZ
-1 — .
ik ( AN MQ)} (550)

We now want to argue that the above contribution is sub-leading with respect to the one-loop

amplitudes arising from the type of diagrams shown in subsection 5.2, which are given by

q's

iMopp=iMopq=—— L5
2pp PP T 6n2 (W 1)2

(551)
This last expression has been obtained by setting n = 2 in our previous eikonal calculation,
where we recall that n counts the number of virtual photon exchanged. In principle we still
cannot compare the above results since the amplitude (550) is e-dependent while (551) is not
(we cannot set € = 0 in (550) because of the presence of the term 1/¢). However, we know that
this term will cancel upon renormalizing?®, and so we only have to worry about the finite pieces.
One last comment concerns the presence of the parameter M in Eq. (550), which appears in the

form of a logarithm?”; this parameter has been introduced for dimensional reasons. However,

45Essentially we are considering the prefactors in (509) as well as the fact that the effective coupling constant
has to be written as M ~%/%pq.

46One-loop renormalizability of quantum electrodynamics in a general curved spacetime has been extensively
discussed in Ref. [45].

“"The M~ term in front of Eq. (550) will vanish in the limit € — 0.
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physical quantities should not depend on an auxiliary parameter in the end. This proves to be
the case indeed, noticing that the renormalized parameters will implicitly depend on M as well.
Of course, it is impossible to know the functional form of the amplitude without following the
entire procedure, but we can argue that renormalization will not introduce any power of s in the
calculation®. Thus, we can safely conclude that the amplitude (550) is sub-leading with respect
to (551). This is not the end of the story since, as we previously deduced by Fourier transforming
Eq. (417), the odd-parity photon led to another type of four-vertex, the last one shown on page

71. There is, therefore, another one-loop diagram that we can consider®®: Mathematically, the

vl .

¢5(—p1) _n s, Polps)
k—ps+p2 k

P4 (—p2) p2 pa ©o(pa)

Figure 10: One-loop diagram containing the so-called “seagull" vertices (odd case).

above diagram corresponds to the following expression:

) i 5 9 . 2.2
,L-Modd — d°k i IL~ _21//,1/ q l ! — —QIM g
seagull (27’(‘)2 N k2 + m?2 47 N K2 +m? 47

B pwhqt d’k 1 1
4w / (2m)2 k2 +m? k2 +m?
_ iu2q4 1

C16m N (W2 - 1)

(552)

where we made use of the result obtained in (525), in the limit € — 0. By applying the same
argument as above, we can conclude that the amplitude (552) is sub-leading with respect to the

one-loop amplitude with three-vertices only.

48 This represents the key point since the sub-leading argument comes from the limit s > p?.
““Note that, as before, momentum conservation at the top vertex implies k — pa4 + p2 — k + p3 — p1 = 0.
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Conclusions and future work

In Refs. [12-22], gravitational interactions on the black-hole horizon have been considered, both
in the context of quantum mechanics and quantum field theory. One of the possible routes
towards improvement is to include other fields in the picture, in principle everything known
from the Standard Model of particle physics. In particular, we aim to understand how Standard-
Model information falling into a black hole can be retrieved from scattering. The simplest field-
theoretical interaction we can consider is the electromagnetic one, which is exactly what has
been done in the present work.

Within 't Hooft’s approach, in analogy to the gravitational backreaction discussed in the
references above, we see that an electromagnetically charged shock wave leaves an imprint on the
electromagnetic field of the probe, which indeed experiences a discontinuity in its electromagnetic
field across the null surface traced out by the shock wave; we investigated how to expand the
effect of the change of gauge of the electromagnetic field in partial waves and obtained an
expression for the scattering matrix.

In the field-theory side, within a path-integral approach, the strategy that has been used
is the following: starting from the action functional for a complex scalar field coupled to the
electromagnetic field in a Schwarzschild background, we first considered the kinetic terms and
inverted the quadratic operators in order to find the propagators; then, we looked at the inter-
action terms and finally defined the Feynman rules of the theory to compute all the scattering
amplitudes of interest. However, being in curved space significantly complicates the procedure
just outlined. Indeed, computing the propagator of even a scalar field is not analytically possible
in the presence of a black hole. Luckily, by taking into account the high degree of symmetry of
the Schwarzschild background, expanding in spherical harmonics, and restricting our attention
to the near-horizon region, we have been able to reduce our four-dimensional theory to an infinite
number of flat two-dimensional theories with potentials that capture the curvature effects, finally
allowing us to invert the quadratic operators to find all the propagators of interest. Therefore,
we proceeded with computing the effect of the change of gauge of the electromagnetic field via
elastic 2 — 2 photon exchange diagrams. More precisely, we obtained an expression for the
S-matrix by summing over an infinite number of such diagrams in the high-energy limit. The
S-matrix so-obtained is in agreement with the one found within 't Hooft’s approach. In this the-
sis, the theory presented in Refs. [19,20] has been successfully extended to the electromagnetic
case. Further, our model contains a four-vertex, leading to more types of loop-diagrams. In the
last section we showed that the one-loop diagram with four-vertices is sub-leading with respect
to the one with three-vertices only.

The black-hole scattering program developed in these last few years appears to be very rich.

We conclude by listing some of the possible ideas that can be explored:

e Up to now, tree-level scattering amplitudes and one entire class of loop corrections have
been computed. It would be certainly interesting to study higher-order derivative correc-

tions, as well as include non-Abelian gauge fields in the picture;

e It would be of interest to understand and revisit the issue of antipodal identification [46,47]

and quantum clones [18];
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e So far, scattering matrix elements that arise from gravitational/electromagnetic interac-
tions have been explicitly obtained, pretending the asymptotic states to be well-defined.
However, it is not clear how to properly define the S-matrix in the presence of a black
hole. Trying to understand this could allow us to combine Hawking’s leading answer (free

scalar fields in curved spacetime) and our corrections into one formula;

e Weinberg’s soft graviton/photon theorem relates the matrix elements of a Feynman dia-
gram with an external soft graviton/photon insertion to that of the same diagram without
an external soft graviton/photon [48,49|. An intriguing possibility is to try to under-
stand if new soft theorems emerge near the black-hole horizon because of these gravita-

tional /electromagnetic interactions;

e Analyzing the observational consequences of our research, especially in relation to gravi-
tational waves, would be certainly of interest. A first step in this direction has been done
in Ref. [50].
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