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Chapter 1

Introduction and overview

The underlying motivation of the present thesis is the idea of a mathematical connection
between solitons and black holes. Connections of this sort have been considered elsewhere,
though not in the same context as the present thesis.! We will study a particular system
of nonlinear PDEs, arising from the Euler-Heisenberg field equations (EHFE), which we
conjecture has solutions uniting solitonic and black hole-like properties. The EHFE derive
from the Euler-Heisenberg effective Lagrangian for quantum electrodynamics; the solutions

that we are interested in are optical black holes.

1.1 Solitons

The theory of solitons arises from the study of wave phenomena in nonlinear PDEs. A soliton
is a solitary traveling wave that maintains its shape through time. Of particular importance
for us is the nonlinear Schrodinger equation (NSE). In 1-dimension, for a complex wave
amplitude (¢, x) with coupling constant 7, the NSE has the canonical form (e.g., Sulem

and Sulem? pp. 5, 20, Drazin and Johnson® pp. 34 - 35):

00 + 05 + [y [Py = 0. (1.1)



1.2 General relativity

A spacetime is a 4-dimensional pseudo-Riemannian manifold. The key equation in general
relativity is the Einstein field equation (EFE), which unfolds to give a system of nonlinear
PDEs. Solving these PDEs allows one to express the metric coefficients g, of spacetime in
terms of the stress-energy tensor T),,. With the cosmological constant A included, the EFE
reads (Hawking and Ellis* p. 74):

G + NGy, = 87GT,, (1.2)

where G is Newton’s gravitational constant and the speed of light is set equal to 1. The

Einstein tensor G/, can be expressed in terms of the Ricci tensor R

vy the scalar R = R/,

and the metric g,,:

= 9uv- (13)
Among the known exact solutions to (1.2) are those describing black holes.

Definition 1. A black hole is a region of spacetime where future-directed outgoing null

geodesics cannot escape.

Definition 2. A white hole is a region of spacetime where future-directed ingoing null

geodesics cannot enter.
Definition 3. The boundary of a black (or white) hole is called an event horizon.

We use these definitions even outside the context of general relativity. For us, any
pseudo-Riemannian manifold will be called a spacetime whether it satisfies the EFE or not,

and one can ask whether or not a given spacetime has black holes.

1.3 The Euler-Heisenberg field equations

Quantum electrodynamics can be approximated as an effective field theory governed by the

Euler-Heisenberg Lagrangian (cf. Euler and Heisenberg,® Schwinger,® Novello” p. 292, Boer

2



and van Holten®):
L = —-F+— <F2 + —G2) : (1.4)

where « is the fine structure constant, and F' and G are the Poincaré invariants of the
electromagnetic field. The speed of light, the reduced Planck constant, the mass of the
electron, and the permittivity of free space are here set equal to 1. Applying the principle
of least action to (1.4) leads to the Euler-Heisenberg field equation (EHFE):

V. " = Z—;V# (AFF" + TGF*™). (1.5)
Here, F'* is the electromagnetic field tensor, F** is its dual, and V, represents the covari-
ant derivative with respect to the coordinate z*, using the connection determined by the
background spacetime metric. Note that (1.5) is, in general, yet another system of nonlinear
PDEs.

According to the Euler-Heisenberg effective field theory, the vacuum behaves like a non-
linear physical medium. Light rays passing through electromagnetic fields are bent as if
they were passing through water, thus affecting the apparent geometry of objects. This
motivates the idea that the effective field theory can be interpreted geometrically. Indeed,
Novello” has shown in a seminal work that light rays (small disturbances traveling through
the field) follow null geodesics with respect to a spacetime metric g, distinct from the
background metric g,,. This is called the effective metric. The inverse (or cometric) g

can be expressed in terms of the stress-energy tensor of the electromagnetic field:
= Ag e BTV, (1.6)

where A and B are special functions of the Poincaré invariants F and G (see Equation
(3.57)). This geometrical interpretation of effective field theory demonstrates an analogy
between nonlinear optics and general relativity, with Equation (1.6) playing the role of
the Einstein field equation (1.2).” Let us note two subtleties. (1) The effective metric is

uniquely determined only up to a conformal factor. (2) Since light in the nonlinear vacuum

3



experiences birefringence, a given electromagnetic field actually carries two distinct effective

metrics; one for each polarization state.

1.4 The idea

Our main proposal is that the EHFE (1.5) has soliton solutions with a corresponding effective
geometry containing a black hole. In this sense, the EHFE would be somewhat in between

the NSE (1.1) and the EFE (1.2). We have a theorem and a conjecture:

Theorem 1. There is an exact static solution to the Euler-Heisenberg field equations where

the effective geometries of each polarization state have black holes.

Conjecture 1. There is an exact solution to the Euler-Heisenberg field equations which is

a soliton and whose effective geometries have black holes.

The theorem is proven in Section 5.3.1. The soliton of the conjecture is, we believe, an
imploding solitonic wave. Evidence for this belief is discussed in the section below. The
purist will note that the hypothetical “imploding soliton” cannot strictly be a soliton as a
soliton does not change its shape. As the soliton in the conjecture implodes, it will become
more concentrated and lose its initial shape. However, in cylindrical coordinates (t,r,0, z),
for a cylindrically symmetric wave approaching the axis r = 0, we conjecture that its radial

cross section will keep its shape if multiplied by 7.

1.5 Evidence for the conjecture

Evidence in support of the conjecture comes from nonlinear optics.” In particular, Soljaci¢
and Segev ' have examined the behavior of a beam resulting from the perpendicular collision
of two plane waves in the Euler-Heisenberg vacuum. Using approximations, they determined
that the amplitude of the resulting beam satisfies the NSE (1.1). Since an imploding wave
can be thought of as a limiting case of infinitely many colliding plane waves, it seems

reasonable to expect that the NSE should be obtained in the case of an imploding wave.
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In the work of Brodin et al.,'' which nicely complements Soljaci¢ and Segev’s paper,
a beam guided between two parallel conducting planes is studied. It was found that the
amplitude of this beam satisfies a 2-dimensional cylindrically symmetric NSE. According
to Brodin et al.,'' for a beam with a certain critical intensity I., the dispersive and self-
focusing effects exactly balance and the beam forms an optical soliton of constant width. If
the intensity I of the beam is less than I., then the beam width diffracts without bound. If
I > I, then the beam width collapses to zero in a finite time. These results from nonlinear
optics show that there is an authentic link between the EHFE and the NSE, which at least
partly supports Conjecture 1.

Another piece of evidence for the conjecture comes from the work of Section 5.2. The
Maxwellian approximation, although it is only a first-order approximation to a solution
to the EHFE, it gives information on the coordinate velocities of effective geodesics up to
second-order (see Theorem 8). When we look at the coordinate velocities of the outgoing
geodesics to second-order, we find that they are trapped within a certain radius. (There is
a black hole.)

Since Conjecture 1 concerns solutions of a nonlinear variational problem, we suspect that

its proof will use tools from Morse theory (i.e., the calculus of variations in the large).

1.6 Organization

This thesis is organized as follows.

Chapter 2 is a pedestrian introduction to the required mathematical physics. Chapter 3 is
a self-contained review of Novello’s theory of effective geometry. In Chapter 4 (which can be
omitted on a first reading), we study the effective geometry of plane waves, and calculate the
index of refraction through a plane wave confirming earlier approximations done by others
using different methods. In Chapter 5, we use well-known solutions from Maxwell’s theory
(for imploding cylindrically symmetric waves) and investigate the corresponding effective

geometries which resemble black holes. At the end of Chapter 5, we prove Theorem 1 by



explicitly finding an exact solution to the EHFE with the required properties. Although this
exact solution is static, it shares some similarities with an ingoing cylindrical wave solution

because its Poynting vector points radially inward.



Chapter 2

Preliminaries

The present chapter is meant to be a self-contained pedestrian introduction to the relevant

mathematical physics.

2.1 Nonlinearity of the vacuum

According to quantum electrodynamics, photons can scatter off of each other. This photon-
photon scattering effect, also known as the nonlinearity of the vacuum, was calculated by
Euler and Heisenberg® in the mid-1930s, but it is so subtle that no currently available
experiment is yet sensitive enough to measure it.

Photon-photon scattering arises from processes that involve virtual electron-positron
pairs (see Figure 2.1). In the classical limit, the effect of these virtual particles on real
photons can be approximated by introducing nonlinear terms to the Maxwellian Lagrangian.
In this so-called effective field theory, the photons do not necessarily follow null geodesics
in the background metric. Instead, they follow null geodesics with respect to a so-called

effective metric, as will be explained in Chapter 3.

2.2 The background spacetime

In a curved background, according to Drummond and Hathrell,'? the physical Lagrangian

for the effective field theory acquires a nontrivial dependence on the spacetime curvature.



Figure 2.1: Feynman diagram of photon-photon scattering.

In the present thesis, we restrict ourselves to a Minkowskian background, so these curvature
coupling effects can be ignored.
The background metric tensor is denoted by ¢,,. Its inverse, the so-called cometric,

is denoted g" and one has that g*gy, = ", where 0*, is the Kronecker delta (and the

v
Einstein summation convention is followed as usual). The present work uses the + — ——
signature convention.

Recall that a given metric determines a unique torsion-free connection V by requiring

that the covariant derivative of the metric be zero (e.g. Hawking and Ellis* p. 40, or

Spivak'® pp. 236 - 237):

V,\g,w =0. (2.1)



The connection coefficients F>‘W (Christoffel symbols) thus determined are given by:

1 (e
M = 59" (Ouo + Oy = Oaguw) (2.2)

where the operator 9,, denotes partial differentiation with respect to the # coordinate. IL.e.,

0, = 0/0xH.

2.3 Electromagnetic fields

The electromagnetic field F),, is a closed 2-form, and locally there exists an A-field A, such

that:
F., = 0,A,-0A, (=V,A, —V,A,). (2.3)
Note the Bianchi identity:
0=0\F+0,F\,+0,Fn= (VaFu+V,F\,+V,.F). (2.4)

The antisymmetrization of an indexed quantity is indicated by placing square brackets

around indices. For example, given the tensor 7,,,4,...a,, We can write:

1
T[amz---an] = m Z SgH(U)To(al)U(a2)...g(an), (2.5)

where the sum is taken over all permutations ¢ of the indices aq, as, - - -, a,,. The value of
sgn(o) is +1 if o is an even permutation of the sequence ajay - - - o, and is —1 if o is an odd
permutation.

Using antisymmetrization, Equation (2.4) can be written as:
0=0pFu (= VL) (2.6)
The Levi-Civita tensor €44, is defined such that:

EafBur = 4!\/ ’9’50[a51ﬂ62u63y}’ (27)



where g denotes the determinant of the metric g,,. Note that the value of e,3,, is 0
unless the indices «, 3, u, v are all distinct. Furthermore, note that .4, is +\/m if the
sequence afuv is an even permutation of the sequence 0123 and is —\/m if afpr is an odd
permutation.

The Levi-Civita tensor allows us to express the Hodge dual of F),, by writing:

Fryi= %gaﬁww. (2.8)
Unless otherwise specified (e.g., in Section 3.3), indices are always raised or lowered with
respect to the background metric. So, e.g., F* = g** ¢ F5.
Note that the Bianchi identity (2.4) can be expressed in terms of the dual tensor by
writing (cf. Landau and Lifshitz'* p. 67):

0= 9, F™ (= V,F"), (2.9)

2.4 Effective Lagrangians

The physical behavior of the electromagnetic field is governed by a Lagrangian L which is a
scalar function of the field A, its covariant derivatives V,A,, and the background metric.

The field equations are obtained from the principle of least action:

oL oL
vﬂa(vuAy) = 5L (2.10)

In the case of Maxwell’s theory, the Lagrangian in the absence of charges and currents

(a field in the vacuum) can be written out as:
1
L = =29™9" (VuAy = Vo A,) (Vads = VgAa). (2.11)

If we define F' := F,,, F* then Equation (2.11) simplifies to L = —F/4. Using (2.10), one

recovers the familiar form of Maxwell’s equation for the vacuum:
vV, F* = 0. (2.12)
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The quantity F' introduced here is a scalar invariant of the electromagnetic field tensor.
In fact, there are only two algebraically independent scalar invariants for Fj,,. These are
represented by the so-called Poincaré invariants F := F,, F* and G := F* [ (Landau
and Lifshitz'* p. 64).

We define the class of L(F,G)-theories as electromagnetic theories in which the La-
grangian L can be expressed in terms of the Poincaré scalars F' and G alone, i.e., L =
L(F,G). It is assumed that the partial derivatives of L = L(F,G), with respect to F' and G,
exist at least up to second-order, and that they are continuous. We will use the notations
Lp :=0L)OF, Lg := OL/OG, Lpp := 0°L/OF?, Log := 0°L/0G?, Lyg := 0°L/(0GOF),
etc. We observe that L(F,G)-theories are guaranteed to be Lorentz invariant since both
F and G are Lorentz invariant quantities. A particularly important L(F,G)-theory is the
Euler-Heisenberg theory (to be introduced in Section 2.5).

Chapter 3 is primarily concerned not with a particular theory but with general L(F, G)-
theories. However, in subsequent chapters, attention is restricted to the Euler-Heisenberg
theory.

Although effective field theories more elaborate than the L(F, G)-type can be constructed
by writing Lagrangians that include terms involving the covariant derivatives of the field

(e.g., terms like V\F V,F*) 1% we will not deal with such things in the present work.

2.5 Euler-Heisenberg theory

Euler-Heisenberg theory is an effective field theory which approximates the physical theory
of quantum electrodynamics in Minkowski spacetime.
Up to second order in the fine-structure constant «, the Fuler-Heisenberg Lagrangian is

given by (cf. Euler and Heisenberg,® Schwinger,® Novello” p. 292, Boer and van Holten®):

1 a? 7
L=—f—F+—F*’+-G*). 2.1
1 +90( +4G> (2.13)

Since we are presently working in natural units, the speed of light ¢, the reduced Planck

constant h, the mass of the electron m., and the permittivity of free space €y, are here set

11



equal to 1.  Conventional Lorentz-Heaviside units can be restored by replacing a? with
a?B3m_4c™. (Sometimes we use the letter a as a tensor or pseudotensor index, but no
confusion between « as the fine-structure constant and « as an index should arise because
the context will make the meaning of a clear.)

Equation (2.13) applies to fields having strength A and frequency w such that:®

1
VAaTo

w < L (2.15)

A K

(2.14)

In other words, the field strength should be much weaker than the critical field 1/v/47ra and
it should be approximately constant on scales much less than the Compton wavelength of
the electron (which is unity, in our units). In the present work however, we will not worry

about these physical restrictions (2.14) and (2.15).

2.6 Field equations

Theorem 2. For a Lagrangian of type L = L(F,G), the principle of least action (2.10)

yields the field equations:
YV, (LpF™ + LgF*™) = 0. (2.16)

Proof. For a Lagrangian of type L = L(F,G), we get that 0L/0A, = 0. So Equation (2.10)

reduces to
oL
e l—y 2.17
v“@(VNAZ,) ( )
We get that:
oL oF oG
-  =lp—— + Log——m. 2.18
VA TNV A T VAL &1
because:
oF
S Sa— /L 2.19
o(V,A) ’ ( )

12



and:

oG

————— = 4F"", 2.20
o(V,A) ( )

When an index p is free and not to be summed over by the Einstein convention, we draw a
bar over it:

OF 0
= F,pF*f
A(V 1 A4) A(VA) (Fap )
2
A(VaAp)
0 o
= M (g )‘gﬂp (VaAg — VgAa) (V)\Ap — VPA)\))

9* g FogFy,)

(v, Ay (979" (VaAs — Vi Ap) (Vad, = V,A))

+ ™" (Vo Ap — ViAy) (VaA, — V,A)
+ g% g (VoA — VA,) (Vids — Vi Ap)

+ 9% g7" (VoaAp — VA) (VoAn — Vids)
= g9 (Va4, = V,A))
—97g" (Va4, = V,Ay)
+9°"g™ (Vads = VAa)
+9*7g™ (VadAs = VsAa)
= FW — F"F' 4 FF — VR
— 4FP,
Equation (2.20) can be established similarly.
The result (2.16) follows from Equations (2.18) - (2.20). O

Specializing (2.16) to the Euler-Heisenberg Lagrangian (2.13), we get the Euler-Heisenberg

field equations:

042

VuF" = 2V, (AFF" 4+ TGF™) (2.21)

13



For an arbitrary L(F, G)-theory, Equation (2.16) implies:
0 = V,(LpF"™)+V, (LeF™)
= (LppVF + LpgV,G) F™ + LpV, Fm™

+ (LpgV, F + LaaV,uG) ™™ + Lg V, F* (2.22)
——

The last term is zero by the Bianchi identity (2.9). By computation, one notes that V,F' =
2F°PV ,F,5 and V,G = 2F**’V , F, 5. Hence, if we define the tensor: '

QP = [ppFOP R 4 [, <FO‘BF*“” + F*"‘ﬁFW> N (2.23)
then we can rewrite the field equations (2.16) as:
LpV , F™ +2Q°P" Y , F,5 = 0. (2.24)
Assuming Lp # 0, Equation (2.24) can be rearranged:
V. F" = —LiFQa/B“”VMFaB. (2.25)

(The case Lp = 0 is discarded since it is not physically interesting.)

2.7 Stress-energy tensor

Given a Lagrangian L, one can define a stress-energy tensor 7}, through the equation:

oL
TNV = QW - Lgl“" (226)

This expression for the stress-energy tensor is implicit in e.g. Novello” pp. 271, 275, Landau
and Lifshitz'* p. 77, Hawking and Ellis* p. 66, and Poisson'® p. 125. Observe that different
authors disagree on the overall sign on 7}, due to differing signature conventions for the
metric.

For a Lagrangian of the form L = L(F, ), Equation (2.26) gives:

OF oG
T#V = 2 (LFW + LGag“”) - ng,
= —ALypF,°F,, — ALGF,“F}, — Lg,,. (2.27)

14



Using the well-known identity 4F, *Fy;, = —Gg,, (cf. Novello” p. 272), we get (in agreement
with Novello” p. 275):

Ty = —4LgF,“Foy — (L — GLG) gy (2.28)
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Chapter 3

Effective geometries

The purpose of this chapter is to give a quick self-contained review of Novello’s theory
of effective geometries in nonlinear electrodynamics.” "9 Our exposition is informed by
the existing literature, most notably the work of Novello.” However, we do not follow any

specific work too closely.

3.1 Electromagnetic shock waves

The wave front of an electromagnetic shock wave is defined by a hypersurface > across
which the field derivatives are discontinuous. Given a set of local coordinates z* for the
(background) spacetime manifold, this hypersurface ¥ can be described as the set of solutions

to the equation:
z(z") = 0. (3.1)

We will need to assume that the first-order partial derivatives of z(z*) exist and are con-
tinuous on ¥, and that the gradient k, := 0,2 does not vanish on ¥. The hypersurface
¥, at least locally, splits the manifold into two regions 9™ := {a* : z(2*) > 0} and
M= {azt: z(zt) < 0}.

The jump of an arbitrary function J through X is denoted by the Hadamard bracket

[J]s.. For each point p of 3, we define:

[J]s:(p) == lim J(p") — lim J(p~), (3.2)

pt—p pT—p
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where the points p* and p~, which tend towards p, belong to the regions 9t and 9~
respectively (Papapetrou® p. 170). Note that if J is continuous across X, then [J]g = 0.
The converse is not strictly true, since it is possible to have a function with a so-called
simple discontinuity whereby lim,+_,, J(p*) = lim,-_,, J(p~) # J(p). On the other hand,
the derivative of a function can be discontinuous but the discontinuity is never of the simple
type (Rudin? p. 109). In light of this, a partial derivative d,.J is discontinuous across ¥ if
and only if [0,J]x # 0.

Since X is the front of an electromagnetic shock wave, the electromagnetic field is con-
tinuous across X but some of its derivatives are discontinuous across Y. We express this by

writing:
[Flu]s =0, (3.3)
and:
[VaAF, ]y # 0 for some A, p1, v. (3.4)

Similar conditions hold for the dual tensor F};,.

Note that since the field F),,, and the Christoffel symbols Ff‘w are continuous, we have:
[V)\F}U/]Z = [a)\F;W]E- (35)

Now consider a second coordinate system {z"} such that 20 = z(z*) (cf. Papapetrou?

p. 171). Then ¥ can be described by the equation z° = 0. Moreover, since z(z*) has

continuous first-order partial derivatives, we get that:

OnFuls <aaFW>§—jji] E
= [(95Fuw)0xz]y
[O5F s - Ozz
Juvk, (3.6)
where f,, = [05Fw]s is the so-called discontinuity or disturbance in the field, and the

1-form k) := 0,z is called the propagation vector. It is required that k) be nonzero.
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Theorem 3. The quantity f,., is a tensor. Moreover, it is a 2-form.

Proof. We verify that if we go to another coordinate system {z*}, then the quantity Juw

transforms as a tensor should.

fu’l/’ - [a(”)Fu’V’]E
[ oz* Oz
= % (FaTa—)}

[ ozt dx¥ ozt Oz
= [00R) g + ot (e )

[ ozt Oz¥ ozt Oz¥
= [00F) g |+ | s (G )

J/

continuous »
ozt dx¥
— (06Fls (5
oxt Oz
= fu——. 3.7
fN 6$“ axy ( )
Moreover, f,, is a 2-form since f,, = —f,,. (Note that the above underlined “continuous”
term is continuous since the background spacetime, which is Minkowskian, is C?2.) O
Note that for the dual F};, we write, in analogy with Equation (3.6):

[O\E s = ko, (3.8)

where f5, == [0y F};]s is the discontinuity of the dual field. Analogously to the relation
Fc’:ﬂ = %5a5uyF“", one has:

1

Fis = oo ™. (3.9)
Moreover:
[O\F" )5 = [k, (3.10)
and:
[ONF™ 5 = k. (3.11)
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3.2 Dispersion laws and polarization

In nonlinear field theory, field discontinuities (or photons, in a classical corpuscular sense) can
exhibit birefringent behavior.”!%!” This means that the way a photon propagates through
the field depends on its polarization state. Whether a theory predicts birefringence or not
depends on the Lagrangrian used. For example, in Born-Infeld electrodynamics, there is no
birefringence (see e.g. Novello” p. 276). In the Euler-Heisenberg theory however, there is.
The goal of the present section is to derive the dispersion laws for L(F, G)-theories. We

begin with the following observation:
Theorem 4. Locally, there exists a 1-form p, such that f,, = p.k, — p, k.
Proof. Applying the Hadamard bracket to both sides of Equation (2.9) gives:
"k, =0, (3.12)

which implies that det (f**) = —|g|~"/2det (f.,) = 0. Since we are in four dimensions, it
follows that f,, is simple (e.g., Penrose and Rindler* p. 166). That is, locally there exist

1-forms u,, and v, such that:
Juww = upvy) = §(uuvy — UpVy). (3.13)
Taking the Hadamard bracket of the Bianchi identity (2.4) gives:
Jwkx = 0. (3.14)

Equations (3.13) and (3.14) imply that the triple wedge product of w,, v, and k, vanishes.
Hence u,, v, and k) must be linearly dependent (e.g., Madsen and Tornehave® pp. 11 -

12) and so locally there exists a 1-form p,, for which we have the decomposition:
f,uu = puku - puku- (315)
O
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Theorem 4/Equation (3.15) says that the field discontinuity f,, (or photon, as we are
apt to call it) is the wedge product of the propagation vector k, together with p,. Without
loss of generality we can assume that p, is orthogonal to k, and thereby interpret p, as
being the (non-normalized) polarization vector (actually a 1-form) for the photon.

Let us take the Hadamard bracket of both sides of Equation (2.24). After a bit of

rearranging, one gets that:

LFg)\Vfuuk)\ = _2Quyaﬁfaﬂky- (316)

Substituting (3.15) into (3.16), and using the assumption that p, is orthogonal to k,, it

follows that:
LFk:2pp, - _4Q#ayﬁkakﬁpyy (317)
where k? := g"’k,k,. Assuming Ly # 0, we can write:
K2 = ——Q, ki 3.18
pH - _L_FQ'LL [e% ,@pu ( . )
For convenience, define the tensor (cf. De Lorenci et al.'®):
4
SH = kg - QPP k k. (3.19)
Lp
Then Equation (3.18) can be expressed as:
St p, = 0. (3.20)

If k? # 0, Equation (3.18) implies that p, can be expressed as a linear combination of
hy, = F#’\k:,\ and hy, = F;Akk. (Note that both h, and h;, are orthogonal to k,: since F*”
and F** are skew-symmetric we get that h*k, = F*kyk, = 0 and h*'k, = F**kyk, = 0.)

Writing:
pu = ahy, +bhy,. (3.21)

We get that:

4 Lpk?
Suyhu = L_ <( Z + LFFh2 + Lpghah:;) h, + (nghahz + LpghQ) h;) , (3.22)
F
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4 Lpk?
St B = ((Lppho‘h + Lpgh™h:) h, +( L

v'u LF

Lech™hr, + LFGh“hj;) h,’j) (3.23)

Equations (3.22) and (3.23) can be recast into a somewhat more useful form by exploiting

the well-known identities (cf. Novello” p. 272):
1
FY F* = 169" (3.24)
and:
av 1
FHH " — PP = SF g, (3.25)
For (3.24) and (3.25) respectively, contracting both sides with k,k, gives:
1
hh} = Z—le2, (3.26)
and:
* QUL k 2 1 2
— Wb+ b = SR (3.27)
Using (3.26) and (3.27), Equations (3.22) and (3.23) become:

4 Ly 1 1
St hy, = (((—F + ZGLFG) k* + LFFhQ) h, + <ZGLGG/€2 + LFGh2) hZ) , (3.28)

LF 4
and:
CL — 4 lGL —lFL k*+ Lpch® ) h
Wy = LF FF 9 FG FG v
LF 1 2 2 *
+ T—QFLGG—F GLFG k*+ Laagh™ ) hy, | . (3.29)

Equations (3.20), (3.21), (3.28), and (3.29) give:

L 1 1
0 = (a ((TF + - GLFG> k? + LFFh2) +b <(ZGLFF — 5FLFG) k? + LFGh2>) h,

1 L 1
+ <(l (ZGLGG'I{;2 + Lpgh2) +b ((TF — éFLGG -+ GLF0> /{32 + LGGh2>) hz
(3.30)
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First we consider the case where h, and h, are linearly independent. In this case, we

have the following linear system in the variables a and b:

a((2 + 1GLpe) K* + Lrph?®) + b ((3GLpr — 3FLpg) k* + Lpgh®) =0
(3.31)
a (%LGLGGJCQ + LFG}ZZ) + b ((% - %FLGG + iGLFG> k'z + LGG’h2> = 0.

The determinant of this system has to be zero (there is a nontrivial solution for a and b
because the polarization vector p, = ah,, + bh}, is nonzero). Thus:

L 1 L 1 1
<(TF - ZGLFG) K+ LFFhQ) ((TF — 5FLac + ZGLFG> K+ LGGh“’)

1 1 1
= ((ZGLFF - §FLFG) K+ LFGh2> (ZGLGG’kz + LFGhQ) . (3.32)

In the case where , and hy, are linearly dependent, it follows that S¥,h, = S*,h*, =0

since p, = ah, + bh*, and S* p, = 0. We thereby obtain the system:

(% + 1GLre) ¥ + Lreh®) hy + (1GLok® + Lrgh?) b, = 0
((3GLrr = 3FLrc) K + Lrh®) hy + (% = 3FLag + §GLra) K + Lagh?) b, = 0.
(3.33)

Since we require at least one component of h, or h% to be nonzero (p, = ah, + bhj, is
nonzero), Equation (3.32) holds even if h, and A, are linearly dependent.

Expanding the products and combining like terms, Equation (3.32) can be put in the

form:
A K* 4 Agh?k? + Ash* = 0, (3.34)
where we define:
A = (Lyr +GLpg)* — Lag(2FLp + G*Lpr), (3.35)
Ay = 4(Lp(Lpr+ Lee) + 2F (L — LrrLea)) , (3.36)
Az = 16(LprLac — Lg). (3.37)

We now have the following result:
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Theorem 5. Assuming that Lp # 0, k* # 0, Ay # 0 and A2 — 4A Az > 0 (in order to

ensure that Equation (3.3]) gives real solutions for k* ), we have the dispersion law(s):*
k* = ALh?, (3.38)

where:

—Ag £ /(A2)? — 4A1 A5

Ay = 2,

(3.39)

Next, we will show that Equation (3.38) continues to hold even if k% = 0. More precisely:

Theorem 6. If k* =0 and LrrLog — L%o # 0, then h? = 0.
(Note that with the Euler-Heisenberg Lagrangian (2.13), we have LrrLgg — L3¢ # 0.)

Proof. For an indirect proof, suppose that k> = 0 and h? # 0. Note that when k% = 0,
Equations (3.26) and (3.27) give h®h}, = 0 and h**h}, = h?. Note that h, cannot be timelike
because otherwise A, would also be timelike and one cannot have two orthogonal timelike
vectors in Minkowski spacetime. The only remaining possibility is that h,, (and consequently
hy) is spacelike. We show that this implies LppLaa — Lig = 0.

To this end, note that with k% = 0, Equation (3.17) becomes:

0 = Q" kokap,
= Lpph* (hp,) + Lpg (B* (W*p,) + k™ (h'p,)) + Lagh™ (h*'p,) . (3.40)

Contracting (3.40) with h, and h*, respectively, and using the relations h**h} = h? # 0
and h®h}, = 0, it follows that:

{ Lpr (h'py) + Lre (K p,)
Lre (h'py) + Laa (R*py)

0
0 (3.41)

We claim that h¥p, and h*"p, cannot simultaneously be zero. To establish this claim, note
that since k,, is null, and since p,, is orthogonal (and not parallel) to k,,, it must be that p,, is

spacelike. So if h”p, and h*"p, were both simultaneously zero, we would have an orthogonal
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basis consisting of three spacelike 1-forms %y, h},, p, and a null 1-form k,, which is not
possible.
Consequently, the system (3.41) has a nontrivial solution for h*p, and h*’p,, and so it

must have a vanishing determinant: LrpLgg — L% = 0. O

Now, according to Theorem 5, there can be two possible values of k2. This has to do
with the fact that a given photon (field disturbance) is in one of two polarization states. To
understand why this is true, note that (as explained in e.g., De Lorenci et al.'®) for each
possible value of k2 there corresponds a certain solution space for the unknowns a and b in
the system (3.31), and p,, = ah,, +bh’,. (Here we identify the solution space of a and b with

the “polarization state.”)

By defining:
4L L GLpc)A
Oy = — rr+ (Lr + GLpg) =) (3.42)
4LFG + GngAi
Equation (3.38) becomes:
L LpcQ)
K= 4 ( et bratis ) B2, (3.43)
Lp + (Lre + Lac§t)G

which matches Equation (24) in De Lorenci et al.'®

We note that with the Euler-Heisenberg Lagrangian (2.13), Equation (3.39) reads:

B 22402
495 + 12Fa? F /18225 — 18360F a2 + 4624 F2a* + 3136G2a*

Ay (3.44)

3.3 Effective null geodesics

The dispersion laws in nonlinear electrodynamics have an appealing geometric interpreta-
tion, where they are thought of as light cone conditions in a so-called effective geometry.

Using the fact that h? = —F* F*k,k,, we can write Equation (3.38) in the form:

(9" + AL F* F*) k,k, = 0. (3.45)
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Provided that the symmetric tensor g defined by:
g =g + ALFE P, (3.46)

is nonsingular, an effective metric g,, can be defined such that g*'g,, = 6*,. We get the
effective geometry by treating g,, as if it were the metric for spacetime.

We can think of k, as being null with respect to the effective metric since:
g"k,k, = 0. (3.47)

Moreover, the integral curves of k, (i.e., photon worldlines) turn out to be geodesics

with respect to the effective metric:
Theorem 7. The integral curves of k,, are null geodesics with respect to the effective metric.

Proof. The proof is given in Novello” pp. 273 - 274. We repeat it in order to be self-

contained. The first step is to take the partial derivative of Equation (3.47) to get:
2(00ky)k,g" + K, k,00g" = 0. (3.48)

Next, exploit the fact that the effective metric g"*, provided it is nonsingular, determines a
set of torsion-free connection coefficients fAMV (through the usual Christoffel formulae, i.e.,

Equation (2.2)) and thereby determines a covariant differential operator V such that:
Vag" = Ohg" +T" g™ + 17,3 = 0. (3.49)
Contracting Equation (3.49) with k,k, one gets:
ke, O = =2k, ke, T G (3.50)
By substituting (3.50) into Equation (3.48), it follows that:

7 (Vb ) b= 3 Ok = Tk ) K
= 0. (3.51)
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Since k, := 0,2, and since partial derivatives commute, one gets that:

Vak, = V, k. (3.52)
Defining k#* := g"k,, and using (3.52), Equation (3.51) can be rewritten as:

(Vak )k =0, (3.53)
which implies that we have a geodesic (e.g., Poisson' p. 61). ]

Note that a given effective metric is only defined up to conformal equivalence because
all that we have are null geodesics. More precisely, an effective geometry is an equivalence
class of conformally equivalent Lorentzian metrics. However, we will only work with one
representative at a time, choosing whichever conformal factor suits our fancy.

In the case of Euler-Heisenberg theory, the effective cometric (3.46) becomes:

22402 F"\ FN
+ :
495 + 12Fa? F /18225 — 18360 F a2 + 4624 F2a* + 3136G2a

g = g

(3.54)

3.4 The relationship between the effective metric and
the stress-energy tensor

For an electromagnetic field governed by a Lagrangian of the type L = L(F,G), we found

that the stress-energy tensor is (2.28):
Ty = —ALpF, " Fay, — (L — GL) gy (3.55)

Raising the indices of Equation (3.55), and rearranging, we get that the substress tensor

Fr F* is (assuming Lp # 0):

1
FrFY = ——(T" 4 (L — GLg)g™) . (3.56)
ALy

Using Equation (3.56), we can rewrite Equation (3.46) as:

As(GLg — L)) g As

™ 3.57
ALp ALp ( )

g = (1+
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Equation (3.57) is analogous to Einstein’s field equation from general relativity in that it
relates the effective geometry with the stress-energy tensor.

We note that since the effective metric has this direct dependence on the stress-energy
tensor, de Oliveira and Perez Bergliaffa®® have suggested that the Segre classification of the
stress-energy tensor yields a simple classification scheme for effective geometries in nonlinear

electrodynamics.
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Chapter 4

Plane waves

The main purpose of this chapter is to investigate the effective geometry of a circularly polar-
ized plane wave. Our findings independently confirm those of a 2002 paper by Denisov and
Denisova.?® The effective geometry of a plane wave is conformally equivalent to Minkowski
spacetime but it is distinguishable from the Minkowski background because the effective
null geodesics are not necessarily null in the background.

Moreover, we show that, as viewed from the background coordinates, shock disturbances
in a circularly polarized monochromatic plane wave field propagate with a directionally
dependent index of refraction which can be easily computed. Our result for the index
of refraction confirms, to lowest order, the calculations performed by Affleck?” in 1988.
Lorentz invariance is manifestly preserved throughout in our approach. This is in contrast
to Affleck’s non-invariant approximation.

We close the chapter with a discussion anticipating the possibility of optical black holes

in vacuum.

4.1 Effective geometry of null fields

Recall that a null field is one such that F? + G? = 0. In the case of a null field, the
nonlinear field equations (2.16) reduce exactly to Maxwell’s equations in the absence of
charges and currents, provided that Lg = 0 when F? 4+ G? = 0. Note that the Euler-

Heisenberg Lagrangian (2.13) indeed satisfies this latter condition. Consequently, a null
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field is an exact solution to the Euler-Heisenberg equations if and only if it is an exact
solution to Maxwell’s equations.

Let us consider the effective geometry corresponding to a general null field.

In Section 3.2, we found that field disturbances (shock waves) disperse according to:

A:I:<GLG — L) uv Ai pv _
((1 + = 9" =T ) ks =0, (4.1)

where AL is given by Equation (3.39). The choice of &+ depends on the polarization of the
disturbance. Accordingly, we will refer to the polarization modes as being either 4+ or —
modes.

Specializing to null fields, Equation (4.1) leads to an effective cometric given by:
g =g+ P, (4.2)

where:

Ay
4Lp + Ai(GLG — L) F24G2=0

P = (4.3)

For the Euler-Heisenberg Lagrangian, we get that P. = (22 4+ 6)a?/45 (cf. De Lorenci et
al.'®).
Locally, the stress-energy tensor for a null electromagnetic field satisfying the dominant

energy condition (see e.g., Hawking and Ellis* p. 91) can be expressed as:?®
T — i, (4.4)

where [* is a null vector. Thus effective cometrics corresponding to null fields can be

expressed by equations of the form:

7 = " + Pk, (4.5)
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4.2 Effective geometry of plane waves

Taking the usual ¢, z, y, z coordinates for Minkowski spacetime. The field tensor:

Ftt E$ Ey th
F . F:ct Fa:ar: Fa:y sz
" Fyt wa Fyy Fyz
th Fz:p Fzy Fzz
0 Acos (w(t — 2))
B —Acos (w(t — 2)) 0
N —Bsin (w(t — 2)) 0
0 —Acos (w(t — 2))

Bsin (w(t — 2)) 0
0 Acos (w(t — 2))
0 Bsin (w(t — 2))
—Bsin (w(t — 2)) 0

describes a monochromatic plane wave propagating along the +z direction, having frequency

w, and elliptical polarization with fixed amplitudes A and B. The stress-energy tensor

corresponding to this field is:

Ttt Tt:c Tty th
T,ul/ _ Ta:t Txx Ta:y Ta:z
Tvt TyT Yy Tyz
th T?x T2y T2z
A% cos(w(t — 2)) + B?sin?(w(t — 2))
B 0
a 0
A% cos?(w(t — 2)) + B?sin?(w(t — 2))
= ",
where:
lt
lac
"=y

o O OO

0 AZcos*(w(t — 2)) + B%sin*(w(t — 2))
0 0
0 0
0 A?cos’(w(t — 2)) + B%sin?(w(t — 2))

(4.7)

0
0

VA2 cos?(w(t — 2)) + B2sin®(w(t — 2))

(4.8)

VA2 cos?(w(t — 2)) + B2sin®(w(t — 2))

Note that in the case of circular polarization (A = B), the stress-energy tensor takes on

a particularly simple form; it becomes constant:
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A2 0 0 A2

, 0 00 O
T = 000 0 (4.9)

A2 0 0 A

Since the stress-energy tensor (4.9) is constant, the corresponding effective geometry (4.2)
must be flat. In the case of an arbitrary elliptically polarized plane wave, the stress-energy
tensor is no longer constant but one can nevertheless calculate that the Riemann curvature
of the effective geometry still vanishes identically. This confirms results first published by
Denisov and Denisova in 2002, who found that the effective geometries corresponding to
monochromatic plane waves are flat using the Euler-Heisenberg Lagrangian (2.13).%° More
generally, we note that if we have a Lagrangian of the form L = L(F,G) and if Lg = 0
when 2 + G? = 0, then the resulting field theory will have plane waves as exact solutions
and these will yield flat effective geometries.

Although the effective geometry of the plane wave is flat, the effective null geodesics
are not necessarily null with respect to the flat background metric (the precise manner in
which the effective light cones embed in the background is studied in Section 4.4). Thus
we see that effective geometries which are flat can nevertheless be distinguishable from the
flat background spacetime. This phenomenon is not limited to plane waves or even to null
fields. Just to give a concrete example, a constant uniform electric field (e.g., in a rest frame,
(A, Ay, Ay, AL) = (0,0,0, Et) with E constant), satisfies the Euler-Heisenberg equations
(2.21) and its effective geometry is a copy of Minkowksi spacetime. Indeed if the stress
energy tensor of a field is constant then its effective geometry must be flat. Considering the

symmetry of such a situation, this should be expected.

4.3 Refraction in a circularly polarized plane wave

The purpose of this section is to calculate the index of refraction for field disturbances

(low-intensity external “photons”) propagating in a circularly polarized plane wave field.
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Note that the stress-energy tensor of a null field given by two constant perpendicularly
crossed electric and magnetic fields is the same as that of the circularly polarized plane wave
(4.9). Thus, the effective geometry of crossed null fields is the same as that of the circularly
polarized plane wave.

Using the stress-energy tensor (4.9), together with Equation (4.2), we calculate that the
effective metrics corresponding to a circularly polarized plane wave (propagating in the +z

direction, with amplitude A) are:
ds® = (1 — PpA»)dt* + 2P  A%dtdz — da® — dy* — (1 + PLA?)d2". (4.10)

Since the Christoffel symbols for the effective metric (4.10) vanish identically, the null
geodesics in the effective geometry are simply rectilinear curves in the coordinates ¢, x, v, z.

Consider an effective null geodesic that passes through the origin of the coordinates
t,z,y,z. The corresponding projection (i.e., light ray) for this geodesic in the three-
dimensional x,y, z space issues from the origin and intersects the unit sphere at spherical
coordinates 6 by ¢ (see Figure 4.1). The angle ¢ measures the angle that the ray makes
with respect to the +z axis, as measured in the x,y, z system.

Using the standard conversion formulae between rectilinear and spherical coordinates
(x = rsinpcos, y = rsinpsinf, z = rcosy), Equation (4.10) implies that, along an
effective null geodesic through the origin:

2
(1+ PLA®cos® o) (O;—j) — 2P A% cos® (%) — (1 — PLA?) cos® ¢ = 0. (4.11)

Thus:

dz  PyA%cos? o+ cospy/1 — PLA?sin® o

A 4.12
dt 14+ PLA2cos? (412)

Consequently, as measured in the ¢, x, y, 2 coordinates with respect to the background metric,

discontinuities in the plane wave field propagate with a ¢-dependent velocity:
\/dac2 + dy? + dz?

dt?
PLA?cosp + /1 — P A?sin? @

1+ PrA%cos? p '

v(p) =

(4.13)

32



Figure 4.1: A light ray issuing from the origin intersects the unit sphere at 6 by .

So the plane wave has an index of refraction, n(¢) = 1/v(p):

1+ Py A?cos?

n(p) = . (4.14
(©) PLA2cosp+ /1 — PLA?sin® )

Expressing Equation (4.14) as a power series in A, one gets:
n(p) = 1+2P.A%sin? (g) + PIO(AY). (4.15)

Affleck?” approximated a formula for n(y) using methods different from ours. The formula
which he obtained (correcting for typos) is nothing but the first two nonzero terms in the
expansion (4.15). (Note that Affleck’s formula for n(y) was apparently published with a
small typo: in his Equation (14), the factor (eEy/m?) should be (eEy/m?)%.)
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4.4 Visualizing effective light cones

The purpose of this section is to describe how the light cone structure of the effective
geometry given by Equation (4.10) embeds in the background spacetime.

From Equation (4.13) we get that, as seen in the background, the plane wave induces
a drag effect for field disturbances. Low-intensity photons that probe the field along the
direction of the plane wave (the direction given by the so-called Poynting vector) will con-
tinue to travel at the usual speed of light: v(0) = 1. Along any other direction, the field
disturbances are made to travel at less than the speed of light. This drag effect is most
pronounced for ¢ = 7, the direction exactly opposite to the Poynting vector.

According to Equation (4.13), when Py A? > 1, field disturbances are confined to prop-
agate only in directions such that csc? p < Py A%

If a shock wave issues from the origin, then we can calculate the location of the wavefront
in z,y, z space after a unit ¢-time by plotting Equation (4.13) in the zz-plane using (v, )-
polar coordinates (i.e., z = vcos¢ and z = vsing). One can then rotate this graph about
the z-axis (¢ = 0) in order to visualize the wavefront as a surface of revolution (in fact,
the surfaces in this case are ellipsoids). Plots of (4.13), representing the range of qualitative
behaviors, are given in Figure 4.2. Note that disturbances propagating against the direction
of the field experience a kind of drag effect. The case A = 0 (solid red in the figure) is a
limiting case in which the plane wave has vanishing intensity. The standard propagation
law for field discontinuities (propagation at the speed of light) is recovered in this limiting
case.

It is straightforward to verify that the polar plots of Equation (4.13) are genuine ellipses

[ P

Similar observations were made by Boillat, who was however interested in the Born-Infeld

with eccentricity:

rather than the Euler-Heisenberg Lagrangian. Note Equation (2.39) in his 1970 paper.?’
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Figure 4.2: Shock wave fronts in circularly polarized plane wave fields. Four separate
cases are shown simultaneously for comparison purposes. In a monochromatic circularly
polarized plane wave of amplitude A propagating in the +z direction, a shock wave initiated
at the origin is allowed to propagate for a unit t-time. The resulting shock fronts are plotted
according to Equation (4.13) for four representative cases: (1) PLA = 0 (solid red), (2)
0 < PrA < 1 (dashed orange, plotted using PrA = 1/3), (3) P+A =1 (dot-dashed green),
and (4) PLA > 1 (dotted blue, plotted using PrA = 3).

Figure 4.3 visualizes how the effective light cones of (4.10) embed in the background
geometry. The y-dimension is suppressed. Again, four representative cases (the same cases
used in Figure 4.2) are presented simultaneously for comparison purposes. We note that de
Oliveira Costa and Perez Bergliaffa?® have classified effective light cones according to the
Segré type of the stress-energy tensor for the field.

Due to birefringence, there are actually two different effective light cones for a given field

configuration. We did not try to depict both of them in the cases shown in Figures 4.2 and
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Figure 4.3: Effective light cones in circularly polarized plane wave fields. The transparent
red, orange, green, and blue cones (outermost to innermost) correspond to the cases plotted
in Figure 4.2. In fact, Figure /.2 is just the cross section through the plane t = 1. The
transparent red cone (outermost) corresponds to a standard light cone in the background
Minkowksi spacetime. The transparent orange, green, and blue cones show how the effective
light cones embed in the background for plane waves of increasingly intense amplitude.
4.3 in order to avoid unnecessary clutter. Note however that the difference between the light
cones of the two polarization states becomes more pronounced at higher intensities.

As we see from these calculations, the effective light cones are tilted in the direction

given by the Poynting vector of the field. Based on this observation, we make the following

conjecture:

Conjecture 2. For any given carrier field, the corresponding effective light cones tilt into
the direction of the Poynting vector of the field. Moreover, the higher the field intensity, the

more pronounced the tilt.
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This conjecture suggests that an optical black hole can form if one contrives to create
a field, with an inwardly-directed Poynting vector, intense enough to tilt the effective light

cones all the way to form a trapped surface.

4.5 Distortion of clock readings

Consider an observer at rest at the origin in ¢, x,y, z coordinates. Surround the observer
with clocks, so that in the coordinates these clocks form a sphere S of unit radius. Let
these clocks be set in such a way that if light travels along null geodesics in the background
geometry, then the clocks appear to the observer as if precisely synchronized.

Now assume that the observer is immersed in a plane wave of amplitude A such that
the effective geometries given by Equation (4.10) pertain. We stipulate that the observer
sees objects only by way of small disturbances in the plane wave field; the “photons” seen
by the observer follow null geodesics in the effective geometries (4.10). The readings on
the stationary clocks at S will no longer appear to be synchronized since the effective null
geodesics propagate anisotropically with respect to the t, z,y, z coordinates. Moreover, due
to birefringence, two clock readings may be seen at once. An additional consequence of such
birefringence effects would be that moving bodies could appear to have double images.

Since the field disturbances that travel in the direction ¢ = 0 travel at the usual speed
of light, the apparent reading of a clock on S as viewed in the direction ¢ = 7 will not be
affected by the effective geometry. By contrast, the other clock readings will be affected.
One can show that the difference in readings A7 between a clock viewed at angle ¢, and

the unaffected clock at ¢ = m, is given by the formula:

At = 1—n(m— )
1+ PrA?cos? ¢

= 1+ .
PiA2cosp — /1 — P A?sin?

(4.17)

Since there are actually two distinct values of P. corresponding to birefringence, there are

double images. If one sees both polarization states, then two clock readings can be seen.
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In the critical case Py A% = 1, the clock reading viewed through ¢ = 0 is infinitely delayed
(and not visible). If PLA% > 1, then the only visible clocks are at angles ¢ such that
csc?p >P A% In a special range of cases where P_A? < 1 < P, A?, the + polarization
modes cannot be seen at all when viewed through ¢-angles such that csc? o < P A2,

Since the wave fronts of field disturbances are ellipsoidal in the t, z, y, z coordinates, one
might consider reconfiguring S into an ellipsoidal arrangement so that the clocks will appear
to be synchronized to the observer (provided that the field intensity is kept small enough
that all points on S are visible to the observer). However, due to birefringence, one would
only be able to manage the appearance of the clocks as viewed through one polarization

mode at a time.

4.6 Hints of an optical black hole?

In the present chapter, we have found that effective light cones in plane wave fields are
tilted towards the direction of the Poynting vector of the plane wave (Figure 4.3). Field
disturbances propagating in the direction of the Poynting travel at the usual speed of light,
but in other directions there is a drag effect. This drag effect is most pronounced for
disturbances that propagate in the direction exactly opposite to the Poynting vector. The
speed of these field disturbances, as measured with respect to the background coordinates,
is:

1 PA?

U(T(') = m, (418)

where A is the intensity of the plane wave.

Comparing effective light cones for plane wave fields of higher and higher intensities as
in Figure 4.3, one finds that the light cones become progressively more tilted. A similar
phenomenon occurs in the geometry of gravitational black holes, where light cones become
progressively more and more tilted as one approaches the event horizon. At the event

horizon, the light cones are so tilted that information cannot flow from the event horizon
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to the outside world. We suggest the notion that an optical black hole would form if one
could increase the intensity of an electromagnetic wave by a sufficiently large amount in a
localized region of space.

Though such a field will no longer correspond to a true plane wave, we propose the
following Gedankenexperiment. Consider an electromagnetic wave that is focusing to a
point. Let us consider a spherical point-like implosion in which the intensity of the wave
is assumed to follow the inverse square law. Assuming that the wave front is locally like a
plane wave, field disturbances that propagate radially outwards would travel at a coordinate
speed:

dr  r*— Py A?

YT w T PaAY

(4.19)

Here, spherical coordinates (t,r, 8, @) are implied. Equation (4.19) is calculated by replacing
A with A/r* in Equation (4.18) - in order to take the inverse square law into account.

Equation (4.19) suggests that a spherical event horizon will form at a critical radius
Pi/ *AY2. That is, within the critical radius, “outgoing” disturbances are not able to escape
to infinity.

However, it is not possible to have a nontrivial spherically symmetric electromagnetic
wave. The fundamental reason for this is that the polarization vectors due to such a field
configuration would introduce a continuous nowhere-vanishing vector field tangent to the
2-sphere, thereby contradicting the well-known fact that the 2-sphere is not parallelizable.

For this reason, we turn our attention to other configurations. Since the cylinder S* x R
is parallelizable, the case of cylindrical collapse can be considered. The next chapter will
look into this.

As a tentative calculation for the cylindrical case, replacing A with A/r into Equation
(4.18) - in order to take the inverse distance law for cylindrical radiation into account - we

have:

dr r?— P, A?
R T B W ER (420)
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with cylindrical coordinates (t,r,6, z) implied. Equation (4.20) suggests an effective event
horizon at r = Pi/ 2A. Slightly more refined approximations, done in Chapter 5, yield
an effective horizon at a radius that is proportional to the square of the intensity A and
inversely proportional to the frequency.

Using Equation (4.20) as an estimate for the coordinate velocity of radial null effective
geodesics which are “outgoing” in a cylindrically imploding wave field, and assuming that
the ingoing null geodesics propagate at the speed of light, we can use Mathematica to draw
a graph of the coordinate velocities (see Figure 4.4). More detailed calculations, done in
Chapter 5, will confirm that this guess is qualitatively on the right track. In Figure 4.4, we
are guessing ingoing rays will propagate at the usual speed of light. This guess is motivated
by our experience with plane waves; we have seen that field disturbances that propagate

along with the flow of a plane wave simply propagate at the usual speed of light.
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Figure 4.4: Thought experiment. In this graph, we have plotted (in red) our tentative guess
on how the coordinate velocity v of a radially outgoing light ray will vary with distance r
in a cylindrically symmetric imploding field. This plot of Equation (4.20) uses PLA% = 1.

The horizontal blue line (at v = —1) corresponds to our tentative guess that the ingoing ray
propagate at the usual speed of light.
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Chapter 5
Cylindrical fields

In Section 4.6 we suggested, by means of a crude Gedankenexperiment, that optical black
holes might arise in the effective geometry of an imploding electromagnetic wave. As we
have noted, a spherically symmetric implosion is not possible because the 2-sphere S? is not
parallelizable. On the other hand, the cylinder S* x R by contrast is parallelizable. For
this reason, in the present chapter we move our focus to cylindrically symmetric fields. The
main formulas derived in Sections 5.1 and 5.2 have been checked with Mathematica, as we
detail in Appendix A.

Naturally then, we will be working with cylindrical coordinates (¢,7,6, z) in which the

background (Minkowskian) metric g, is given by:
ds® = dt* — dr* — r?df* — dz*. (5.1)

The nonvanishing Christoffel symbols are:

1
F?”@ = - = Fzr (53)
T

We will define a cylindrically symmetric electromagnetic field as being an A-field whose
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components are functions of the coordinates ¢ and r only:

Ay = Ayt r), (5.4)
A, = Alt,r), (5.5)
Ay = Ag(t,r), (5.6)
A, = At,r). (5.7)

Although this is not a necessary condition for making the physical field F,, = 0,4, —d, A,
cylindrically symmetric, it is a sufficient one.

The Euler-Heisenberg field equation (2.21), is:

o2

V" = I AV (FF") + 7V (GF™)). (5.8)
This amounts to a system of nonlinear PDEs (as shown explicitly in Section 5.1 below).
There are no known general methods for finding exact solutions to such systems. We note
however, that to first order in «, Equation (5.8) reproduces the Maxwell vacuum equations:
V,F"* = 0. This means that the familiar exact solutions from Maxwell’s theory (whether
they are cylindrically symmetric or not) are approximations of solutions to Equation (5.8),
up to first-order in a.

In Section 5.2 we will treat ingoing cylindrical wave solutions from Maxwell’s theory
as approximate first-order solutions to the nonlinear theory. We will plug the Maxwellian
field into the equations for the effective geometry from Chapter 3 and we will study the
resulting geometry to second-order in . As expected, we find that the effective geometry
is analogous to a black hole. This is evidence for our main conjecture on the existence of
black hole soliton solutions as we explained in the Introduction.

Since the Maxwellian solution is only valid up to first-order, one might worry about
whether it is meaningful to do second-order calculations with it. However, as we show in
Section 5.2, the geometric quantities that we calculate to second-order only depend on the

first-order (Maxwellian) part of the exact solution, so the approximation is justified.
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In Section 5.3, we will derive an exact static solution to Equation (5.8). This solution
corresponds to a constant electric field running in the z-direction together with a magnetic
field circulating around the z-axis. In the linear case, such a field configuration corresponds
to that of a constant current through an infinitely long straight wire together with a constant
electric field. With the fields arranged so as to give an inwardly-directed Poynting vector,

the resulting effective geometry is analogous to that of a black hole.

5.1 Cylindrical fields of a particular type

Here we present formulas for the effective metrics and field equations for cylindrically sym-

metric fields of a particular type. These will be needed in later sections.

5.1.1 Field tensors

The particular type of cylindrical field considered here is one in which the ¢t and r-components
of the A-field vanish. This would be the case, for example, with an elliptically polarized
imploding cylindrical radiation field in the radiation gauge.

Let us write:

A = 0, (5.9)
A, = 0, (5.10)
Ay = wul(t,r), (5.11)
A, = olt,r). (5.12)

The corresponding electromagnetic field tensor F,, = 0,4, — 9, A, is:

b = For Fo. Fpo Fp.

th Fzr FZG Fzz

0 0 8{& 8t?}
0 0 ou Opv
N —Ou —0,u 0 0 ’ (5.13)

—ow —-0w 0 0
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Raising the first index, one gets that F* = gMF) is:

0 0 8{& (9,5?)
0 0 —ou —0,v

T
OV 0,v 0 0
Raising the second index, one gets that F* = g™ F", is:
0 0 —r%atu —8tv
0 0 Lo 0w
172 2Yr T
" L0 —50u 0 0 (5.15)
3t21 —aTU 0 0
Using (5.13) and (5.15), one gets that the invariant F' = F),, F* is:
2
F o= = [(0mu)® = (0u)® +r*(0,0)* — r?(0w)?] . (5.16)
r
The dual tensor F;‘V = %%WVFO‘B is:
0 0 —r0,v %&u
. 0 0 —rdw 0
Fu = ro v oW 0 0 ' (5.17)
—%&u —%&u 0 0
Using (5.15) and (5.17), one gets that G = F; F* is:
4
G = . [(Opu)(0rv) — (Oru)(Opv)] (5.18)
Raising the indices of the dual, one gets that F*" = go‘“gﬁ”ngB is:
0 0 %@v —%&nu
0 0 —19w Lo
* LV rYt Yt
F - —%&v %@v 0 0 (5.19)
10.u —1ou 0 0

5.1.2 Effective metric

As we saw in Section 3.3, for the Euler-Heisenberg theory, the effective metric g, is given

by the inverse of:
g = g™+ APV, (5.20)
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where:

22402
495 + 12Fa? F V18225 — 18360 F a? + 4624 F2a4 + 3136G2a%

Ay =

(5.21)

Henceforth let us write A := AL, keeping in mind that there is a choice of &+ involved in the

calculation of A (this A has nothing to do with the cosmological constant). As we explained

in Section 3.2, this choice of £ depends on the polarization state of the field disturbance.
Using Equations (5.14) and (5.15), we get that the only nonvanishing components of the

substress tensor F*\ FA* are:

FLRM = T—12[(atu)2+r2(atv)2} (5.22)
FLPY — prpM _ri [(éku)(&,u)—l—r2(8tv)(8rv)] (5.23)
FrFY = 12[ r*(0,v)?] (5.24)
FOFN = 14[ — (Ou)?] (5.25)
FOFY = PR PN = 12 [(0,u)(0,v) — (Ou)(Ow)] (5.26)
FAFY = Zarv)Q—(atv)Q (5.27)

Plugging our result for the substress tensor into Equation (5.20), we get the effective
cometric g"”. Taking the inverse of g"”, we find that the only nonvanishing components of

the effective metric are (up to a conformal factor k):

Kju = 1— A<i’“2“)2 — A(B0)? (5.28)

K = KGrt = —w — A(0)(0,) (5.29)
Kgrp = —1— A(ig“)z — A(O)? (5.30)

Kgog = —1°+ Ar*(9,v)* — Ar?(Ow)? (5.31)

Kio- = Ko = A(Ou)(0v) — A(O,u)(D,v) (5.32)
(5.33)

5.33

Kg.. = —1+

Y

A(O,u)? B A(Oyu)?

r r2
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Since only the null geodesics are important, we can drop the conformal factor k. Note that
the effective metric becomes conformally equivalent to the background metric in the limit

where A — 0.

5.1.3 Radial null geodesics

Since the components of the metric tensor only depend on the coordinates t and r, it
follows that radial null curves (that is, null curves with constant § and z coordinates), are

automatically geodesics. For such a curve we can write:

L LA (5.34)
= Gu Gtr dt Grr dt . .
Solving (5.34) for dr/dt gives:
ﬁ _ _gtr + gtrQ — gttgrr
dt Grr

(Opu)(Opu) + 172(0p0) (O,0)
(Dpu)? + r2(dv)? + =2
\/[(@u)(&u) + r2(0)(9,v)] + (% + r2(0w)? + (Byu)?) (% —r2(8,v)? — (0,u)?)
(D)2 + r2(Opw)? + & ’

:F
(5.35)

We define outgoing geodesics as corresponding to choosing + in (the second line of ) Equation
(5.35) and ingoing geodesics as corresponding to choosing —.

For radial geodesics of the ingoing type, one gets that to second-order in a:

dr B (11 + 3)a? ) ) ) .

dtlm -1+ 152 (((%u — Owu)® + (0w — 0pv) ) + O(a”). (5.36)
For the outgoing type:

dr B (114 3)a? ) ) , ,

E out = 1= 457,,2 <(atu + aru> + r (@U + 8,4)) ) + O(Oé ) (537)

In Equations (5.36) and (5.37), the choice of 4 has to do with the polarization state of the
disturbance (there is birefringence). With the birefringence averaged out, we have:

(@)

s 1102
in 4512

((ﬁtu —9u)? + (8 — 8Tv)2> L O(aY),  (5.38)
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and:

_ 110 2 2 2 4
= 1-— 57 <(8tu—i—8,,u) + r*(Qyv + 0pv) > + O(a”). (5.39)

(@)

5.1.4 Field equations

Our next task is to express the field equations as a system of nonlinear PDEs. To this end,
using (5.15), and introducing 4 (¢, ) := u(t,r)/r, we get that the left-hand side of the field

equation (5.8) is:

0 forv=t
0 forv=r
o _ A
VHF N %ar(rara) - %atQA — 1% fOI‘ UV = 9 (540)
10, (ro,v) — 0tv for v = z.

Using (5.15), (5.16), (5.19) and (5.18), we get that the right-hand side of the field equation
(5.8) is:

0 forv=t
Z‘—; (AV,(FF™) + TV, (GF™™)) = ;%0 ” g o (5.41)
%y forv =z
Here,
U = 2rd* (3rd2a — 30,4 — rdja) — 64° +
r*0 [6(0,4)* — 2(0,v)* — 5(9w)? — 2(0pat) (9yt + 4r0,0,4) +
3r(8,0) (,0,0) + 4r(0,0) (3020 — O2a) + () (4070 — T020)] +
13 {6(0,0)° — (0,0) [T(0hv) (st + 2rd4D,01) — 3r(Dyit) (rD,0)] +
r(0,v)? (2074 + 507 4) + (0,4)* (6ro2a — 2rofa) +
(00) [2(0,0)% — 6(h11)* — 8r(0y0) (0,0,0)+
(0yv) (50w + 3rdy0,v) + r(9,v) (407v — 707v)] +
r [(824) (5(0w)* — 2(0:)%) — 7(820)(8,0) (Byv) +
2(07a) (3(0,0)° + (Op)?) + 4(9,0) (9pw) (OFv)] } (5.42)
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and:

Vo= @ (2rd2v — 20,0+ 5rojv) +
ri [(O) (100,4 + 3rd,0,1) — 14r(9,4)(3,0,v)+

r(0yv) (4024 — T074) + 2(8,4) (20,0 + 2rd7v + 5rofv) ] +

r*{2(0,0)° = (0,v) [2(0vt)

(0,40) [3r(00)(8,0,1) — 2(84t1) (20,0 + Trd,dy) +

? — 3r(0,2)(8,0,0)+ 2(8p) (Opv + 4r9,0,v)] +

r(0,v) (4070 — 707a)] + (,v)
(8,0)* (60,0 + 2rdZv + 5rofv) +r [(92v) (5(9,0)* — 2(0w)?) +
2(07v) ((8y2)* + 3(0w)?) ] } - (5.43)

2 (6ro*v — 2rotv )

(Ort2) (D) (4070 — 7070) +

The field equations for a field of the kind specified by Equations (5.9) - (5.12) can thus

be expressed as a nonlinear system of PDEs:

19,(ro ) — Ot — & = 2%y
rr T2 g AT (5.44)
{ 20:(ropv) = Ofv = 355V

5.2 Maxwellian approximation
To first-order in «, in which Maxwell’s theory is recovered, the field equations (5.44) become:

1 - 2+ @

=0 (royu) — 0jt — -3 =0
( i 55
Seeking solutions to (5.45) for a monochromatic field of constant frequency w > 0, we express
the components of the A-field (5.9) - (5.12) in the form:

A, =Re[S, exp(iwt)], (5.46)

where S, is a function of r only. Note that the ansatz (5.46) implies that 0?4, = —w?A,,

and so (5.45) becomes:

10.(ro,0) + (W —L)a=0
{ i ( )+( 6) (5.47)



These equations are of the form:

%ar (r00) + (w2 = ) ¥ =0, (5.48)

where n is either 0 or 1. Equation (5.48) is a Bessel-type differential equation, having

solutions of the form (see e.g., Bowman® p. 116):
U = c1p(wr) + Yy, (wr), (5.49)

where ¢ and ¢, are complex constants, and J,, and Y,, denote the nth order Bessel functions
of the first and second kinds respectively. Monochromatic solutions to (5.45) are therefore

given by:

u = Rel(cari(wr) + caYi(wr)) exp(iwt)] (5.50)

v = Re[(cndo(wr) + cpYo(wr)) exp(iwt)], (5.51)

where the ¢;; are complex constants.

In order to choose the constants c;; so that one gets radially propagating solutions,
consider the fact that the graphs of J,, and Y,, look like dampened sine and cosine graphs.
In this sense, combinations such as J,, (wr)+:Y,, (wr) are like dampened versions of exp(iwr).
So, after taking the real part, the functions (J,(wr) £ 1Y, (wr)) exp(iwt) describe radially
propagating waves (which can be either ingoing or outgoing depending on the choice of +).

Accordingly, for an elliptically polarized ingoing cylindrical wave, we write:

u(t,r) = r-Re [g (J1(wr) + Y1 (wr)) exp(iwt)]
- % () cos(ewt) — Yi(wr)siner)) (5.52)

and:

v(t,r) = Re {g (Jo(wr) +iYo(wr)) exp(iwt)}
_ Y (Jo(wr) cos(wt) — Yp(wr) sin(wt)) , (5.53)

w
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where U and V' are real-valued constants (not to be confused with the functions & and V
as defined by (5.42) and (5.43)).

Our task is to study the effective metric corresponding to this wave field. More specif-
ically, we want to have a look at the effective radial null geodesics using (5.38) and (5.39)
to calculate dr/dt to second-order in «, where we use the Maxwellian solution to evaluate
the field variables. We claim that, up to second-order in «, the calculation of dr/dt only

depends on the first-order (Maxwellian) part of the exact solution to (5.44). In other words:

Theorem 8. Mazwellian approximations for dr/dt (along radial null geodesics in the effec-

tive geometry) are accurate up to second-order.

Proof. Suppose that we have an exact solution (u,v) = (sg/r,s,) for the nonlinear system
(5.44). In the limit o®* — 0, this solution becomes a solution to (5.45). So expanding the
exact solution as a power series in a would yield sg = my + O(a?) and s, = m, + O(a?),
where (4, v) = (mg/r,m,) is an exact solution to (5.45). (Note: a priori the series may only

be asymptotic.) Using Equation (5.39):

1102

dr B , ) , 4
<%> out a 1 B 457’2 <<at$9 +6T89) +r (atsz + arsz) > + O(Ol )
11a? . ) . 4
= T Ee <(atm" +0rmg +0(%))” + (9. + Opm. + O(a”)) ) +0(a”)
-1 ((@mo -+ Dmo)* + r*(@m. + 9m.))*) + O(a) (5.54)
457’2 ¢ e t!oz rilily . .
Similar calculations can be done using Equations (5.36) - (5.38). 0

Proceeding now, by specializing Equations (5.38) and (5.39) to the Maxwellian solution

(5.52) and (5.53), we find that the radial null geodesics are described by:
<@ > 11a? 2
dt

= —1+ I {U2 [(Jo(wr)JrYl(w?”))COS(Wt) + (Jl(wr)—YO(wr))Sin(Wt)} +

V2 [(YO(WT) — Ji(wr)) cos(wt) + (Yi(wr) + Jo(wr)) sin(wt)r} + O(a*),

o1

(5.55)



and:

= 1= = {U2 [(Yl(WT’) — Jo(wr)) cos(wt) + (Jy(wr) + %(WT))Sin(Wt)]z +

out 45
2

V2 [(Jl(wr) + Yo(wr)) cos(wt) + (Jo(wr) — Yi(wr)) sin(wt)] } + O(a?),

We note that the oscillatory terms involving trigonometric functions of ¢ disappear in the case
of circular polarization (where U = V). One might have expected this out of consideration
of the fact that, as we saw in Chapter 4, a similar simplification occurs in the effective
geometry of circularly polarized plane waves. In fact, the stress-energy tensor (at least, as
computed using the Maxwellian Lagrangian L = —F/4) for the field given by Equations
(5.52) and (5.53) does not have any oscillatory terms in the case where U = V.

Henceforth, let us assume that the wave is circularly polarized, with U = V =: A. In
this case, we get that the effective radial geodesics are described by:

<ﬁ> _ _1_1_110&42 4
dt/lin 45

" + Jo(wr)? 4+ Jy(wr)? + Yo(wr)? + Yl(wr)z) + O(a*),

Tw
(5.57)
and:
dT’ 11a2A2 4 , , ) , 4
<E> out 1- 45 (E + Jo(wr)? + Ji(wr)? + Yo(wr)® + Yi(wr) ) +O0(ah).

(5.58)

For simplicity, we are using the formulas in which the birefringence is averaged out. To
recover the birefringence, replace the factor 11a? with (11 4 3)a?.

We note that, for large z, one has the approximations (Arfken and Weber3! p. 718):

o) ~ \/gcos [x - (n+ %) (g)} , (5.59)
Y, (z) ~ \/%sm [a: - (n+ %) (g)} . (5.60)

and:

(5.56)



Consequently, for large x:

Jo(x)? + Ji(z)® + Yo(z)? + Yi(z)* =~ 2 cos? [l" B (1) (9]

o))
S0
tﬁ sin? [x - (1 + 5) (g)]

- = (5.61)

In fact, one could have guessed at Equation (5.61) using the following idea. Far from the
origin, the cylindrical wave should look like a plane wave and we know that field disturbances
in a plane wave, when they travel along the same direction as the plane wave (the Poynting

vector), travel at the usual speed of light. Hence one should have <%>

-~ —1in the limit
mn

where wr is large, and this implies (5.61).

So in the limit where the quantity wr is large, we have, to second-order in a:

<%> Rt (5.62)
and:
2 A2
<%> ot _igéi' (563)

Equation (5.63) suggests that within radii r < r., where:

8802 A2
TC ~ bl
457w

(5.64)

even the “outward” geodesics are compelled to fall inward. Hence the critical radius r. is
the event horizon of a black hole. (Note: we have only checked this for outward geodesics
in the radial direction.)

Since (5.64) was derived assuming that wr is large, we only expect this approximation to

hold in the limit of very large A%. (We could also mention that, due to birefringence, there
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are actually two event horizons. If we had taken this into account in the above, then we
would have estimated the critical radii as occurring at 7. ~ (88 4 24)a?A?/(457w), where
the + depends on the polarization of the disturbance.)

Plotting Equations (5.62) and (5.63) on the same graph (Figure 5.1), we can compare to
our earlier naive guess of (4.20). We note that there are substantial quantitative differences
between our initial guess and our slightly more refined calculation, but the qualitative picture

is basically the same.

dr

dt
1.0 -

05+

Figure 5.1: In this graph, the coordinate velocities of effective null geodesics are plotted
using the asymptotic approximations (5.62) and (5.63), which assume that the quantity wr
is large. The horizontal blue line at dr/dt = —1 corresponds to the ingoing geodesics, and
the red curve corresponds to the “outgoing” radial geodesics. Compare to Figure /J./.

Treating the asymptotic approximations (5.62) and (5.63) as ordinary differential equa-

tions, and solving them by integration, we obtain approximate equations for the radial null
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geodesics. Specifically:
t = —r+r, (5.65)

for the ingoing geodesics (1 := the radial coordinate of the geodesic when ¢ = 0), and:

L {7~—|—rcln(r—7“c)—To—Tcln(To—Tc) if ro > 7,

r4+r.n(re —7r) —rg —r.In(r. — o) if ro < 1o, (5.66)

for the “outgoing” geodesics. An outgoing radial null geodesic that initiates from r = r,
would just remain there. Using Mathematica, we have plotted Equations (5.65) and (5.66)
for a few values of ry. The resulting plot is shown in Figure 5.2. Note that the effective
light cones are tilted in towards the origin, just like in the situation of gravitational black
holes.

t

1.0
L event horizon atr = r,

05 | outgoing geodesic with ry > r,

~

0.5 110 1.5 20 25 30 .

-10+

"outgoing" ry < r.

~15]

ol
Figure 5.2: In this graph, effective null geodesics are plotted using Equations (5.65) and

(5.66). Equations (5.65) and (5.66) are themselves based on the asymptotic approximations
(5.62) and (5.63), which assumes that the quantity wr is large.
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In fact, using the numerical integration capabilities of Mathematica, we can make space-
time diagrams for the effective null geodesics, as described by Equations (5.57) and (5.58)
to second-order in «, without recourse to the asymptotic approximations (5.62) and (5.63).
These diagrams, shown in Figures 5.3 - 5.5, are similar to Figures 5.1 - 5.2. Again we find
that the effective geometry contains a black hole. That is, the effective light cones are tilted
towards the origin, and there is an effective event horizon. In making the plots for Figures

5.3 - 5.5, we have set w = 1 and we have chosen A? such that 88a?A?/(45mw) = 1.

dr

dt
10+

05+

-05+

-1.0+

Figure 5.3: In this graph, the coordinate velocities of effective null geodesics are plotted
using Equations (5.57) and (5.58) up to to second-order in «. In plotting this graph, we
have set w = 1 and we have chosen A? so that the quantity 88a2A?/(457w) (our crude
estimate for the effective horizon radius) is unity. The blue curve corresponds to the ingoing
geodesics, and the red curve corresponds to the “outgoing” radial geodesics. Compare to
Figure 5.1.

As we see from these plots, the radially outgoing rays are significantly slowed down near

the critical radius. This means that if we slowly move a clock radially inwards, then an
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event horizon r| = r,
/
/

inner horizon ] = r;
/

/

/

/

|

"outgoing"
ro>re

ingoing ro > r;

0.0
00

05
I "ingoing"
geodesic
ro<ry
i //
I I “’J\ I -
05 10 15 20
Figure 5.4: In this graph, effective null geodesics are plotted by numerically integrating
= 1 and we have chosen A? so that the

Equations (5.57) and (5.58). We have set w
quantity 88a2A?/(45mw) is unity. Compare to Figure 5.2.
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observer at infinity would see it ticking at a progressively slower rate. Actually, due to
birefringence, the situation is even more complicated since there will also be double images,
but we are ignoring birefringent effects for now. When the clock reaches the critical radius,
its light rays will not travel beyond the critical radius, and the clock will no longer be visible
from the outside.

We note that, according to the second-order approximations (5.57) and (5.58), there is
a small radius within the event horizon where the ingoing geodesics are brought to zero
coordinate velocity. Thereby the ingoing geodesics coming in from infinity do not penetrate
all the way to the origin, but instead are blocked by an “inner horizon” at r = r; (see
Figure (5.4)). Also, we note that null geodesics exceed the usual speed of light, as viewed
in the background coordinates. Some of the phenomena shown in Figure 5.4, especially at
the smaller radii, may be mere artifacts of the approximation. We note however that the
superluminal photons, if such exist, will not violate causality if the effective spacetime which
they propagate is a causal spacetime.

Note also that there is a radius between the inner and outer horizons where the “ingoing”
and “outgoing” geodesics cannot be locally distinguished. At this special radius, the ingoing
and outgoing radial geodesics travel in the same direction at the same velocity, so the
effective light cone is degenerate at this radius.

We remark that if one were to take w as negative, which amounts to turning our ingoing
wave into an outgoing cylindrical wave, then one would obtain an effective spacetime which

contains an optical white hole rather than a black hole.

5.3 A static exact solution

In the case of a field with z-polarization, u = 0, the field equations (5.44) reduce to a single

nonlinear PDE:

2
820 — v + 8;“ - i% [(0,0)% — (00)(B,0) (Dyv + 4rd,D,0)
+r(90)*(307v — 02v) + r(9,v)*(307v — J;v)] . (5.67)
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A particularly interesting case in which Equation (5.67) can be solved exactly is that of a

field where 0;v = E = constant. In this case (5.67) reads:

d>v  1dv 8a2 | (dv® dv d*v dv\? [ d®v
S e Y (i B 5 3 (R Y 5 (i ) (28],
dr? * rdr 45r [(dr) (dr) " (dr2> o (dr) (dﬂ)]

(5.68)
Introducing the function B(r) := dv/dr, Equation (5.68) becomes:
aB 1 8a? dB aB
—+-B = — |B*~FE*B—rE*| — B*(—||. .
dr * r 45r [ : ( dr ) ar dr (5.69)
This can be rearranged into:
dB [ 8a?B%—8a2E’B — 458 (5.70)
dr r(24a2B% — 8a2FE? — 45) ) '

Equation (5.70) is solvable by integration. The general solution is given through the relation:

8a2 k
B+ — (E?B-B?) =- 5.71
T ( ) o (5.71)

where k is an arbitrary constant. A sketch of the graph of Equation (5.71) is shown in
Figure 5.5. There are three asymptotic values of B as r — oo, namely: B = 0, and
B = +\/E® + 45/(307).

Note that dB/dr has a singularity when 7 = 0 and when B = £/FE?2/3 + 15/(8a2). Let
us define By := \/E?/3 + 15/(8a2), and let 7, denote the radius where B* = B2,

We remark that (5.71) corresponds physically to a constant electric field E directed along
the +z-direction (+ depending on where E is positive or negative, respectively), together
with a magnetic field B, which in the Maxwellian limit a? — 0, would be produced by a
constant current 2wk running along the +z-direction (£ depending on whether & is positive
or negative, respectively). The magnetic field circulates around counterclockwise around
the the z-axis if B is positive, clockwise if negative. In other words, Equation (5.71) refines
the familiar undergraduate physics formula B = k/r.

Using Equations (5.16) and (5.18), we get that the F' and G invariants are:
F = 2(B*-FE?), (5.72)
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Figure 5.5: A sketch of the graph of Equation (5.71) for k > 0.

and:

G = o0 (5.73)
So Equation (3.44) gives:
| 495 + 240?(B? — E?) F |135 — 136a%(B? — E?)
A 22402 ’
(5.74)

where the choice of + depends on the polarization state of the field disturbance. We shall
call the polarization corresponding to choosing + in Equation (5.74) the “(+) polarization
state,” and we call the other state the “(—) polarization state.” (Note that our naming
schemes for the polarization states are always ad hoc and the naming scheme in the preset
section is not meant to be consistent with e.g., Section 4.1 or Appendix A.)

Using Equations (5.28) - (5.33), we get that the only nonzero components of the effective
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metric are, up to a conformal factor:

g = 1—AB? (5.75)

g =gt = —AEB (5.76)
Gr = —1—AFE? (5.77)
goo = —r’+Ar?(B*—E?) (5.78)
9. = —L (5.79)

Using Equation (5.35), we get that the radial null geodesics are given by:
o cEnrEof
- = I +% . (5.80)

The outgoing radial geodesics correspond to choosing + in Equation (5.80), and the ingoing

geodesics correspond to choosing —.

5.3.1 Proof of the main theorem

Since Equation (5.71) gives a cubic equation in B, there are three branches giving B as a

real function of r (see the Table below).

branch | range of B*
I 0 to B2
I | B?to3B
111 B? to oo

Table 5.1: The three branches of B classified according to their ranges.

Let us consider the case where the field is prescribed by branch I, with £ > 0. This field

is defined only for r > r,. Note that Equation (5.70) can be rewritten as:

dB  B(3B2- B

= = Z7s 7/ .81
dr 3r (B? — B?) (5.81)

Thus we have that B is a strictly decreasing function of . As shown below, both effective

geometries for this field contain black holes, if 4/ 3122 < E <4/ ﬁ. This section constitutes

proof of Theorem 1 from Chapter 1.
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Theorem 9. For E? > 3222, the effective geometry corresponding to the (+) polarization

state contains a black hole (if E > 0), or a white hole (if E < 0), with the event horizon at

r="s.

Proof. For the (+) polarization state, with E? > 45/(34a?), Equation (5.74) gives:

1 45 1
1= Teaf 3 (B* - E?). (5.82)
At r=ry:
1 2
1l = B (5.83)

In fact, since 1/A > 1/A|,=,,, we have that A > 0 for all r > r,.

Equation (5.80) yields:

0 —EB+ /& - (B2 - B?)
% out, > E? + 1

A
BB+ /(5 — L (B2 - E?) - (155 -

(B2 — E2)) (B? — E?)

N[

(5.84)

For r > r, the numerator in Equation (5.84) is positive by virtue of the fact that B* < B2
in the region r > r,. Since A > 0, the denominator is also positive. So dr/dt|out, r>r, 18
positive in the region r > ry.

For ingoing radial null geodesics, we have:

i 58 (ol 4 (B )~ (s b ) (57— )
% in, r>rs o E2 + 1322 — % (32 — EQ) ’
(5.85)

and dr/dt|y, ,~r, is negative since B? < BZ in the region r > 7.
At r =r,, we get:

— = ——F 5.86
dt out, r =rg E2 —|— Bs ’ ( )
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and:

dr

dr _B:(|EI+E)
dt

=BT (5.87)

If E is positive, then dr/dt = 0; radial outgoing null geodesics at r = r, are trapped.

out, r =rg
On the other hand, if F is negative, then dr/dt| = 0; radial ingoing geodesics cannot
reach r = r, from r > r, (the outside).

It remains to be shown that the nonradial curves are trapped at r = r,. To this end,

suppose that we have an arbitrary null curve in the effective spacetime. We write:

N _dr _ [dr\® _ [dO\® _ [dz\?
O:gtt—i_zgtr%_’_grr’ (%) + oo <E> + g:. (%) , (5.88)

with g,, given by Equations (5.75) - (5.79). Then:

a9 \/ 522 = Gude = Ger (900 ()" + 322 (%))
dt = (5.89)
Grr

We claim that:

1 7.2 _ .0 ~Tir — G2 — Guedrr
Gir + ~gtr 9ttGrr < dr < Jtr ~Qtr gugrr (5.90)
gTT dt g’]"’l"

That is, an arbitrary null curve cannot climb up to larger radii faster than a radially outward
geodesic, and cannot fall down to smaller radii faster than a radially inward geodesic. In
other words, nonradial null curves are trapped if the radial null geodesics are trapped.

Note that in order to prove the claim, it suffices to show that g, < 0 and ggy < 0.

We get that g, (= —1 — AE?) is negative since A > 0.

To get gog = —1? + Ar?(B* — E?) < 0, it suffices to show that B? — E? < 1/A. To this

end, note that:

B*—FE? < B*—E?
15
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Muliplying both sides of (5.91) by 3/2, we get:

g (B> — E?) < 1222, (5.92)
SO:
B®— E° b1 (B* - E?)
1602 2
_ % (5.93)
O

Theorem 10. For 3;122 < E? < %, the effective geometry for the (—) polarization state

contains a black hole (if E > 0), or a white-hole (if E < 0), with an effective event horizon
at r = r. such that r > r,. In fact, r. = 9k\/5/ (7ozE2\/ 18 — 8a2E2).

Proof. For the (—) polarization state, with E? > 45/(34a?), Equation (5.74) gives:

1 45 5)
= = - (B*-FE?). 94
A 28a2 * 7 ( ) (5:54)
Since F? < 9/(4a?), we have that A > 0.
At r=rg:
1 495 — 80 E*?
K r=rs - 16802 ' (595)

Moreover, for outgoing radial null geodesics, Equation (5.80) gives:

dr
dt

495 + 88a2 E? (5.96)

out, r =rg

B (—168a2E + 4oy /30(99 — 16a2E2)> 5

which is negative if £ > +./45/(34a2). This means that the outgoing radial geodesics,
initiated from r = r,, are compelled to fall down to smaller radii. At the other extreme

(r = 00), note that:

dr 1
— = —>0. 5.97
dt out, r=o0 V1 + AE2 ( )
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Hence, by the intermediate-value-theorem, there is a radius r., which is greater than r, and
less than oo, where dr/dt L= 0 (black hole event horizon at r, if £ > \/45/(34a?)).

In fact, the critical ra(i();uér;:cis unique and we can calculate it. If we set the left hand
side of Equation (5.80) equal to 0, and solve for B, then we find that there is only one

real-valued positive solution, namely:

/45 — 2002 E?

k
B, + 8 (E?B, — B?)

Thereby, using (5.71), we get:

_ 95 (5.99)

TaE2\/18 — 8a2E?’

Note that dr/dt|o. changes sign at r = r. since dr/dt|outr—r, is negative and dr/dt|out r—oo

is positive. That is, any outgoing geodesic in the region r < r. is compelled to fall inward
to smaller r; any outgoing geodesic in the region r > r. will escape to larger r.

Next we consider the ingoing null geodesics. For these, Equation (5.80) gives:

d —168a2E — 4cr+/30(99 — 1602 E?2
& - < /30 B g, (5.100)
dt in, r=rg 495 + 88062E2
This is positive if F < —,/45/(34a?). At r = oo, we have:
dr 1
— = —— < 0. 5.101
dt in, r=o00 val —+ AE2 ( )
Thus, if E is negative, there is a radius 7., between ry and oo, where dr/dt 4 =0

(white hole event horizon at r.). The quantity dr/dt| changes sign at r. in such a way
that ingoing geodesics issuing from the region r < r. will be compelled to escape outward
to larger r, and ingoing geodesics issuing from r > r. will fall inward to smaller 7.

As in the proof of the previous theorem, we get that the nonradial geodesics are trapped

by the event horizon by showing that ggy < 0 and g, < 0. The fact that A > 0 gives g,, < 0.
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As before, to get ggp < 0, it suffices to show that B> — E? < 1/A. To this end, note that:

B*-E* < B?- FE?
45

—. 5.102
80{2 ( )
Multiplying both sides of (5.102) by 2/7, we get:
2 45
Z(B* - E* 5.103
7 ( ) < 350 (5.103)
so:
45 5)
B® — E? - (B> - E?
28a? * 7 ( )
1
= —. 5.104
L (5.100)
0
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Appendix A

Mathematica notebook

The purpose of this appendix is to show how Mathematica (version 8) can be used to check
or carry out the calculations in 5.1 and 5.2. Our implementation of tensor calculus in
Mathematica is modeled on applications found elsewhere, such Miiller and Grave®? and the
downloadable notebooks of Parker.??

Let us begin by clearing out the variables that will be used:
Clear[coord, t, 1,6, 2, i, j, k, 1, u, v, metric,cometric, affine, Afield, faraday, faraday1, faraday2,
Fspecialcase, maxwell, Gspecialcase,maxwelll, maxwell2, substress, ecometric, A, emetric,
simplifiedemetric, a, lambdaplus, lambdaminus, radA1,radA2, radB1, radB2, CDfaraday2,
s, 0, Ffaraday2, CDFfaraday2, Gmaxwell2, CDGmaxwell2, righthandside, U, V, w, A]

Next, we specify the coordinate system (cylindrical coordinates) and the background
metric (Minkowski spacetime):

coord:=coord = {t,r,0, z}

metric:=metric = {{1, 0,0, 0}, {0, —1, 0,0}, {0,0, —r2,0}, {0,0,0,—-1}}
The background cometric is computed by entering:
cometric:=cometric = Inverse[metric]|
The Christoffel symbols (for the background metric) are calculated by entering:
affine:=affine = FullSimplify|
Table[ $Sum((cometric[[k, I]])* (D[metric([z, I]], coord([;]]]+
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D|metric[[7,]], coord[[:]]] — D[metric[[z, 5]], coord[[!]]]),
{l1 17 4}]) {k’ 1’ 4}, {7:’ 1’ 4}a {.7) 11 4}]]

A.1 The field tensors

Our first task is to check the results given in Section 5.1.1. To this end, we input the A-field
that we wish to study (coinciding with Equations (5.9) - (5.12)):
Afield:=Afield = {0, 0, u[t, ], v[t, 7]}
Next we computer the field tensor F),,, called “faraday:”
faraday:= faraday =
Table[D[Afield|[7]], coord|[i]]]— D[Afield|[[z]], coord|[7]]], {3, 1,4}, {j,1,4}]

The components of F),, are displayed by entering:

faraday//MatrixForm
0 0 w0t ] 10 [t,7]
0 u®D[t, 7] v OVt 7]
—u 1,0 [t’ T] _U(O 1 [t, r 0 0 (Al)
—v@O[t ] —vOD[t, 7] 0 0

In Mathematica, u9[t, r] denotes dyu, and u®V[t,r] denotes 9,u, etc. This output agrees
with Equation (5.13).
Raising the first index, we get F'*,. Call this “faradayl:”
faradayl:= faradayl = FullSimplify|
Table[Sum|cometric[[i, k||faraday][k, ]],{k, 1,4}], {3, 1,4}, {4, 1,4}]]
Displaying the components of F'*, in matrix form, as in Equation (5.14):

faraday1l//MatrixForm

0 0 w0t 7] @O 7]
0 0 —uODt 7] —v OVt 7]
Ofs] WOV, ’ ’ A2
u(lii[t, ] © ;;[t, ] 0 0 (A.2)
vt 7] O]t 7 0 0
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Raising the second index, we get F'* (“faraday2”):
faraday2:= faraday2 = FullSimplify|
Table[Sum|cometric([k, j]|faraday1[[i, k]],{k, 1,4}], {1, 1,4}, {4, 1,4}]]

As in Equation (5.15), we have:

faraday2//MatrixForm
TR
u(l’:;[t,'r} . u(o’;;[t,r] 0 0
vt ] —v @D 7] 0 0
We get that the F-invariant is, in agreement with (5.16):
Fspecialcase = Simplify[Sum[faraday[[, }faraday2([, ]{i, 1, 4}, {4, 1, 4}]
uOD[t, r]? B0t r)?
2 <—T2 + 0Dt 1P e - v@*’)[t,r]Q) (A.4)
For the dual tensor F™*,, (“maxwell”:)
maxwell:=maxwell = FullSimplify[Table [3Sqrt[—Det[metric]|]
Sum(Signature[{s, j, k, 1} |faraday2([i, j]].{i, 1,4}, {5, 1, 4}], {k, 1,4}, {I,1,4}], > 0]
Displaying F™*,, as a matrix, as in Equation (5.17):
maxwell//MatrixForm
0 0 _TU(OJ)[t,T] M
0 0 —r(0fy] Mo (A5)
ro OOt 7] ro@O 7] 0 0 .
n u(0’1: [t,r] i u(l’OT) [t,r] 0 0
The G-invariant is, in agreement with Equation (5.18):
Gspecialcase = Sum[maxwell[[z, j]|faraday2|[z, 5]],{%, 1,4}, {J, 1, 4}]
4o OVt rlu Ot r] 4wt o Ot 7] (A6)

r r
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To get F*#,,, enter:

maxwelll:= maxwelll = FullSimplify|

Table[Sum|cometric[[¢, k|| maxwell[[k, j]],{k, 1,4}], {7, 1,4}, {4, 1,4}]]
For F**_enter:

maxwell2:= maxwell2 = FullSimplify|

Table[Sum|cometric[[k, j]|jmaxwelll[[i, k]],{k, 1,4}], {3, 1,4}, {4, 1,4}]]

The components of F*** asin (5.19), are:

maxwell2//MatrixForm
0 0 v(ovlz [t,r] . U(O’lr) [t,7]
1O [ ] w10 [t 7]
0 0 —
o U(O’l)[t,'r} »(1,0) [t,ﬂ Or 6 (A?)
u(O’l)Tt,r] . u(lq’do) [t,r] 0 0

A.2 The effective metric coefficients

Now let us check Section 5.1.2. To this end, we calculate the substress tensor F*,F*:
substress:= substress = FullSimplify|
Table[Sum|faraday1[[z, k]|faraday2[[k, 7]],{k, 1,4}], {7, 1,4}, {7, 1,4}]]
The nonzero components of the substress are displayed upon entering the lines:
Do[If[UnsameQ|[substress|[z, j]], 0],
CellPrint|
DisplayForm|
RowBox|
{SubscriptBox[SuperscriptBox[ “F”, coord|[i]]],
“X”], SuperscriptBox[“F”,
RowBox[{“\”, coord[[j]]}]], “=",
substress|[z, j]] }]

11:{3,1,4},{5,1,4}]
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Ft)\F)\t _ w0 [¢ r]2 + U<1’0) [t, 7,]2

2
Ft}\F)\T — _uOb [tvﬂg(l’o) [tr] _ (0:1) [t7 T]v(l,o) [t, 7“]
FroF = sl 00 ]y 0, 1]

FTAF)‘T — M + U(Ovl) [t’ r]2

r2

2] A0 u(0:1) t,r 2_q(1,0) t,r]?
FO\ N — [t.7] - [t.r]

2] >\ w(0:1) t,r v(0:1) t,r —u(10) t,r v(1,0) t,r
Oy = 1Ol r] a0 O]

N0 w01 t,r v(0,1) t,r —u(10) t,r v(1,0) t,r
o T o A A EXl L S A

Fo e = Ot ]2 — o0t 4]2
The output above agrees with Equations (5.22) - (5.27).
To calculate the effective cometric, enter:
ecometric:=ecometric = cometric + A substress
Here, A stands for Ay in Equation (3.44). The effective metric is calculated by entering:
emetric:=emetric = Inverse[ecometric]
Let us multiply the effective metric by a certain conformal factor; this choice of conformal
factor considerably simplifies the effective metric coefficients:
simplifiedemetric:= simplifiedemetric =
FullSimplify[ — (((—=1 4+ A vOV[t, 7]?) (r2 + A u®Oft, r]2) —
202uOD[t, o@D [t, rJu®O[t, r] vLO 2, r]—
r2A vOft 7|2 + A uO@V[E, 72 (1 + A v@O[t, 7]?)) /r?)emetric]
The nonzero components of the conformally rescaled effective metric are displayed upon
entering the lines:
Do[If[UnsameQ[simplifiedemetric|[z, j]], 0],
CellPrint[DisplayForm|
RowBox[{coord|[¢]], coord|[5]], “-comp”,
“=" simplifiedemetric[[i, 7]| }]]
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11:43,1,4},{5,1,4}]

tt —comp =1 — Au®Dler)? AvOD[t r]?

72
r— comp = _Au(071)[t,:]2u<1a0)[t77‘} N AU(O’I)[t, T]U(l’o) [t, 7”]
rt — comp = —Au(()’l)[t’:]gu(l’m[t’r] — AvOD [t rJoLO [t p]
rr —comp = —1 — M — A0t 7)?

00 — comp = r? (=1 + AvOV[t, r]2 — Aot r]?)
0z — comp = —AuCV[t, r]o OV [t r] + AuLO[t, 7oLt 7]

20 — comp = —AuCV[t, r]o OV [t r] + AuO[t, r]oTO[t, 7]

r2—Au(0:1) [t7r]2+Au<1’O) [t,r]?
2
=

This output agrees with Equations (5.28) - (5.33).

zz —comp = —

A.3 The radial null geodesics

Now we check Equations (5.36) and (5.37) from Section 5.1.3, which concerns radial null
geodesics in the effective geometry. To this end, we will need to let Mathematica compute
the values A+ from Equation (3.44). The value A, is designated “lambdaplus,” and A_ is
designated “lambdaminus:”

lambdaplus:= lambdaplus = (224a2)/(495 + 12Fspecialcase a®>—

Sqrt [18225 — 18360F specialcase a?+ 4624Fspecialcase’a? + 3136Gspecialcase’a?])

lambdaminus:= lambdaminus = (224a?)/(495 + 12Fspecialcase o>+
Sqrt [18225 — 18360Fspecialcase a2+ 4624Fspecialcase’a? + 3136Gspecialcase’a?])
The choice of + in the calculation of A+ depends on the polarization state of the photon.
We call these the + and — polarization states (corresponding to A, and A_, respectively).
Using Equation (5.35), we get that for outgoing geodesics in the + polarization state,
dr/dt expanded as a series in « is:
radA1 = FullSimplify[Series|
(—Dlult, ], t] D[u[t,r],r]— r2D[v[t, 7], t) D[v[t, r], 7]+

5



Sqrt[ (D[ult, ], ] Dlult, r], ]+ r2D[v[t, 7], ] D[t, 7], r])* +
(sms — Dlult, 71,712 — 1*Dlaft, 7], ?)

(s + Dlult, 71,42 + 72Dl 1, 7)) /
(it + Dlult, 71,12 + r2Dlolt, ], 1)

{,0,3}],7* > 0]

1

1—
4512

For outgoing geodesics in the — polarization state:

radA2 = FullSimplify[Series|

(—Dlult, ], t] D[u[t, ], 7]— r2D[v[t, 7], t] D[v[t, r], ]+
Sqrt[ (D[ult, r], t| Dult, r], ]+ r2D[v[t, 7], | D[o[t, ], 7])* +
(i — Dlult, ), 712 — r2Dlolt, ), )

(s + Dlult, ), 42 + 72Dlolt, 71, 112) ] ) /
(s + Dllt, 71, 82 + 2 Doft, 71, 2?)

{a,0,3}],7% > (]

1
4572

Outputs (A.8) and (A.9) imply Equation (5.37).

For the ingoing geodesics with + polarization:

radB1 = FullSimplify[Series|

(—Dlult, 7], t] D[u[t, ], r]— r2D[v|t, ], {| D[v[t, ], r]—

Sqrt[ (D[ult, 7], | Dlult, r], ]+ r2D[v[t, 7], ] Dv[t, 7], 7])* +
(m D[ult, 7], )2 — r*D[vft, ], 7] )

(reiopms + Dlult, 71,42 + 2 Dolt, o), 2) | ) /
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14 ((u(o’l)[t, r] + utO[t, r])2 + 72 (VOV[t, 7] + LR, r])Z) a® + O[a]*

8 <(u(0’1)[t, r] O )+ 2 (0O [E, ] + 0O, rD2> o? + Ola]*

(A.8)



(remtipis + Dlult, ), 2 + r2Dloft, ], 2)

lambdaplus

{,0,3}],72 > 0]

1

-1
+ 4512

14 ((u(o’l)[t, r] = a0t 1)) + 2 (0Ot 7] — v, TD2> a? + Olal*

(A.10)

For the ingoing geodesics with — polarization:
radB2 = FullSimplify[Series|
(—Dlult, ], t] D[u[t, ], 7]— r2D[v[t, 7], t]| D[v[t, 7], r]—
Sqrt[ (D[ult, r], t| D[ult, r], r]+ r2D[v[t, 7], ] D[v[t, ], r])* +
(s — Dllt, ), 712 — 12Dt 71,71
(i + Dlult, ], 42 + 72Dplt,71,412)] ) /
(s + Dlult, ], 62 + 12Dloft, 71, 42)

{,0,3}],72 > 0]

-1 8 ((u(o’l) [t,r] — uLO[t, T])2 + 7% (0Ot ) — O, r])2> o® + Ola)*

(A.11)

* 45712

Outputs (A.10) and (A.11) imply Equation (5.36).

A.4 The field equations

Our next task is to derive the nonlinear PDEs (5.44) which arise from the Euler-Heisenberg
field equation (2.21) together with the cylindrical field ansatz presently under consideration.
Since we wish to express these PDEs in terms of the functions v and 4 = u/r, we will go
back and re-enter the field tensor, so that in the present section, ult,r] should be read as
“aft,r]”. To this end, we will clear out and recompute the relevant variables:
Clear[Afield, faraday, faraday1, faraday2, Fspecialcase,

maxwell, Gspecialcase, maxwelll, maxwell2]
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We re-enter the A-field as:
Afield:=Afield = {0,0, r u[t,r|,v[t,7]}
Recalculating F,:
faraday:= faraday = Table[D[Afield[[]], coord|[z]]]—
D[Afield[[3]], coord][[5]]], {2, 1,4}, {4, 1,4}]
F* .
faradayl:= faradayl = FullSimplify[Table[Sum[cometric[[i, k]|faraday|[k, ]],
{k,1,4}],{i, 1,4}, {5, 1,4}]]
e
faraday2:= faraday2 = FullSimplify[Table[Sum[cometric[[k, j]|faradayl][[z, k]],
{k, 1,4, {6, 1,4}, 45,1, 4]
F:
Fspecialcase:= Fspecialcase = Simplify[Sum |[faraday][z, j]|faraday2|[z, j]],
{2,1,4},{5,1,4}]]
Fr:
maxwell:=maxwell = FullSimplify[Table [3Sqrt[—Det[metric|]
Sum|[Signature[{s, j, k, [}|faraday?2[[i, j]],{2, 1,4}, {7, 1,4}], {k, 1,4}, {l,1,4}], r > 0]
G:
Gspecialcase:=Gspecialcase = Sum[maxwell[[z, j]|faraday2|[z, j]],
{2,1,4},{5,1,4}]
Feb
maxwelll:= maxwelll = FullSimplify|
Table[Sum|cometric[[i, k]|maxwell[[k, 7]],{k, 1,4}], {7, 1,4}, {7,1,4}]]
F.
maxwell2:= maxwell2 = FullSimplify|
Table[Sum|cometric[[k, j]|jmaxwelll[[i, k]],{k, 1,4}], {7, 1,4}, {4, 1,4}]]

Next, we calculate and display the covariant derivative V,F'*” by entering:
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CDfaraday2:= CDfaraday2 = FullSimplify[
Table[Sum[D[faraday?2|[s, o]], coord[[s]]], {s, 1,4}]+ Sum|affine[[i, ¢, j]]faraday2([, o]],
{2,1,4},{j, 1,4}]+ Sumlaffine([o, k, /||faraday2([[k, []], {k,1,4},{l,1,4}],{0,1,4}]]

MatrixForm|[CDfaraday?2]

0

o

—u[t,T]+T( ©O.D[¢ r]+r(u (0:2)[¢,7] —u(20) [t,r})) <A12)

WODltr] | 021, 1] — @O,

This matches Equation (5.40).

Now we must calculate 2—5 4V, (FF™) 4+ 17V, (GF**")), which we shall call “righthand-
side.” To this end, we define FF'* and GF** as variables “Ffaraday2” and “Gmaxwell2”
respectively, then we take their covariant derivatives “CDFfaraday2” and “CDGmaxwell2.”
Finally, we combine these so as to calculate “righthandside.”

We define F'F* by entering:
Ffaraday2:=Ffaraday2 = Fspecialcase faraday2

Taking the covariant derivative V,(FF"):
CDFfaraday2:= CDFfaraday2 = FullSimplify|
Table[Sum[D[Ffaraday2[[s, o]], coord[[s]]], {s, 1, 4}|+ Sum/affine[[s, i, j]|Ffaraday?2[[3, o]],
{i,1,4},{j, 1,4}]+ Sum|affine[[o, k, l]|Ffaraday?2[[k, I]], {k,1,4},{l,1,4}],{0,1,4}]]

Defining GF**:
Gmaxwell2:=Gmaxwell2 = Gspecialcase maxwell2

Taking the covariant derivative V, (GF**):
CDGmaxwell2:= CDGmaxwell2 = FullSimplify[
Table[Sum[D[Gmaxwell2[[s, o]], coord|[s]]], {s, 1,4}]+ Sum|[affine|[z, 7, j]] Gmaxwell2[[7, o]],
{i,1,4},{j, 1,4}]+ Sum|affine[[o, k, I]|Gmaxwell2[[k, ]], {k,1,4},{l,1,4}],{o,1,4}]]
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We compute Z—; 4V, (FF*) 41V, (GF**)) by entering:

righthandside:= righthandside = FullSimplify [%:CDFfaradaﬂ + %CDGmaxwenz]
We note that Equation (5.41) checks out since:

righthandside[[1]]
0

and:

righthandside[[2]]
0

moreover U is given by:

righthandside[[3]] * (45r5/ (4a2))

— 6uflt, r]® + 2rult,r]* (=3u "V, r] + 3ru®2 [, r] — ru@O[t, 7)) +
r2ult, 7] (6u(0’1)[t, r)? — 20OY[t, r]? — 50O, r]2—
20Ot 7] (WOt 7] 4+ dru Dt 7]

3rp(1:0) [t r}v(l’l) [t,7r] + 4ru(0’1)[t, 7] (3u(0’2) [t,r] — u(20) [t, 7]

)
)
rv(o’l)[t,r] (411(0’2) [t,7r] — 7020 [t r]))
r? (6u OV, P+ 0OV r] (=700 r] (w0t r] + 20V 1))
3ru MOt rlo Ve, r]) + ro OVt 7)? (2u(0’2) [t 7] + 5u®O[t, r])
u®V[t, ) (6ru<0’2) [t,r] — 2ru®OLt, r])

u®V[t, 7] (21)(071)[15, r)? — 6uBO[t, r]?—

8ruMO[t, rlu™ V[t r] + v O, ) (50Ot ] + 3ro Y[t ) +
roOD[E, 7] (40Dt 7] — 70Ot 7)) +

r (—71)(0’2) [t, r]utO [t rJoO [t r]+

u®D [t 7] (—Qu(l’o) t,7])? + 5ot r)?) +

2 (3uM V[t 7] + MO, r]?) w0t r] + 4uO[t, 7O [t r]o@O ¢, r]))
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and V is given by:
righthandside[[4]] * (45r3/ (4a2))

ult, r)* (=20CVE 1] 4+ 2000 [t 1] + 5ro@Ot 7)) +
rult, 7] (U(l’o) [t, 7] (IOu @Ot 7] + 3ru V]t r 1) —
14ru® O oD 1] 4+ o@D 7] (@2 [ 1] — Tu®OT 1)) +
20OVt 7] (21)(0 DIt v+ 2r0 @[t r] + 5r0@O[t, r 1) +
(221(0 DIt rP— 0OVt r] (2u(1’0) [t,7])? — 3ruO[t, rjut V[t r]+
2019t 7] (v @Ot ] + dro Y[t 7 1)
u @Vt 7] (37“1)(1’0) [t r]uS V[t r]— 20O, 7] (2'0(1 Ot 7] + Tro® Ve, - )
ro OVt 7] (4u(O Dt r] — uO[t, r 1)
v OD[t, 7]? (67“1)(0’2)[15,7"] 2rv 20 [t
u®V[t, )2 (61)(01)[15 7]+ 2rv D[t 7] 4 5ro@O [t ¢

+
+
+
+
+

r (U(O’Z) £, 7] (5u(1 Oft, r]? — 20007t 1]2) +

+

)
)
F)
w0 oM Ot 7] (= Tu @2t 7] 4+ 4uOt, 7))

2 (u(l’o) [t,7]* + 30Ot 7] )v 2 O)[t,r]) (A.13)

A.5 The Maxwellian approximation

Our next task is to check Equations (5.55) - (5.58). Introducing constants U and V' (not to
be confused with the functions & and V given above), we have that an elliptically polarized
ingoing cylindrical wave is given by u[t,r] and v[t, r], where:

uft, r]:=2 (BesselJ[1, wr]Cos|wt] — BesselY[1, wr|Sin[wt])

v[t, r]:= ¥ (BesselJ[0, wr]Cos|wt]— Bessel Y[0, wr]Sin[wt])

Note that the function ult,r| now reverts back to denoting u (= Ay) again, instead of 1.
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In order to calculate dr/dt for ingoing radial null geodesics, the equations of Section
5.1.3 require us to calculate % ((Oyu — 0,u)? + (v — 9,v)?). Thereby we enter the lines:
FullSimplify|
3, ((Dlult, 71,4 - Dlult, 7}, )Y+ r*(Dlolt, l, 1| - Doft, 7}, )]

U?((BesselJ[0, rw] + Bessel Y[1, rw])Cos[tw] +
(BesselJ[1, 7w] — Bessel Y[0, 7w)])Sin[tw])? +
V2((—BesselJ[1, rw] + Bessel Y[0, rw])Cos[tw] +

(BesselJ[0, 7w] + Bessel Y[1, rw])Sin[tw])? (A.14)

This output (A.14) confirms Equation (5.55).
For the outgoing radial null geodesics, we need -5 ((;u + 9,u)? 4 r?(dw + 0,v)?). To

this end, we enter:
FullSimplify|
7 ((Dlult, 7], #] + Dlult, r],r])*+ r*(D[v[t, 7], ¢] + Dlvlt, r], 7])*)]

U?((—BesselJ[0, rw] + Bessel Y[1, 7w])Cos[tw] +
(BesselJ[1, rw] + Bessel Y[0, rw)])Sin[tw])* +
V?((BesselJ[1, 7w] + BesselY[0, rw])Cos[tw] +

(BesselJ[0, rw] — Bessel Y[1, 7w)])Sin[tw])? (A.15)

This confirms Equation (5.56).

Henceforth, we restrict to the case of circular polarization, whereby U = V' = A = constant.
U.=A
V.=A

We check Equations (5.57) and (5.58) by re-entering:
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FullSimplify|
= ((D[ult, 7], t] — Dlult,r],r])*+ r*(D[v[t, r], ] — Dlvlt, r],7])*)]

4
A? (—— + BesselJ[0, 7w]* + BesselJ[1, rw]*+
Trw

Bessel Y[0, rw]? + Bessel Y1, TW]Q) (A.16)

FullSimplify|
% ((Dult, r],t] + D[ult, 7], r])*+ r*(D[v[t, r], t] + D[v[t, ], 7])?)]

4
A? (— + BesselJ[0, 7w]* + BesselJ[1, rw]*+
Trw

Bessel Y[0, rw]? + Bessel Y[, rw]Q) (A.17)

The outputs (A.16) and (A.17) confirm Equations (5.57) and (5.58).
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Appendix B

Some additional remarks

In Section 5.3.1, we studied effective geometries corresponding to branch I of our exact
solution B + 8a?(E?B — B?)/45 = k/r (5.71), with certain restrictions on the constant E.
The purpose of this appendix is to take a further look at the effective geometries of our exact
solution. We do so only briefly. This appendix is intended to be read as a continuation of
Section 5.3.1; we still assume that & > 0, and the (+) and (—) polarization states have the

same meaning as in Section 5.3.1.

Theorem 11. For E = 0, in the effective geometry of branch I corresponding to the (+) po-
larization state, the outgoing radial null geodesics, issuing from any point where the effective

geometry is defined, are never trapped.

Proof. For the (+) polarization state, with £ = 0, Equation (5.74) gives:

1 495 + 240*B? + 135 — 136a? B2

A 22402 ' (B.1)

We note that there is a particular radius r; such that for r > ry, we have B% < 135/(136a?),
and for 7y < r < ry, we have 135/(136a%) < B* < B2. Since E = 0 in the present case, we
have B, = 15/(8a?).

So for r > r; Equation (B.1) gives:

1 45 1
= - -B2 B.2
A r>r1 16@2 2 ( )
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Note that 1/A|,>,, > 0.
Using Equation (5.80), we get that:

2
_ 1 _ (1
dr BE \/(A 2> <A

% out, r>r1 EQ + %

) -

r>ry

r>r1

= J1-BA

. (B.3)

r>T1

For 7 > ry, the value of B? never exceeds 135/(136a2) (< B?), and we observe that this

= ./1— B2A > 0.
out, r>r1 r>r]

In the region where 7y < r < ry, we have:

fact implies dr/dt

1 45 5
x = -B*. B.4
Alrg<rar 2802 + 7 (B.4)
So:
dr
—- = 1 — B2A B.5
dt out, rs<r<ry \/ re<r<ri ( )

For ry < r < ry, the value of B? never exceeds B2, and consequently dr/dt =

out, rs<r<ri

Theorem 12. For E? < 3322, i the effective geometry of branch I corresponding to the

> 0.

rs<r<ri

]

(—) polarization state, either dr/dt,y: r—, is zero (when E > 0) or dr/dti, ,—., is zero (if

E <0). If E=0, then both dr/dt gy, r—r, and dr/dt;, .—., are zero.

Proof. Since E? < =12, we have that for the (=) polarization state, at r = r,:

3427
1
— = B2 B.6
A r=rs 8 ( )
Using (5.80) and (B.6), we get:
— p— —_— B-
dt out, r =rg E2 —|— Bg ’ ( 7)
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and:

dr B (|[E|+ E)

N = —-—— B.
dt in, r=rg E2 —I— Bs ( 8)
If £ > 0, then dr/dt =0, and dr/dt < 0. On the other hand, if £ < 0, then
out, r =1y in,r=rs
dr/dt > 0, and dr/dt = 0. If £ =0, then dr/dt = dr/dt =
out, r =g in, r=rg out, r =17s in, r=rg

0.
[l

Now let us say something about branch II. In this branch, B is an increasing function

of r; it starts with the value of B, at r = r, and increases towards the asymptotic value

\/gBs at r = oo.

Theorem 13. For E # 0, in branch II, at infinity, the radial null geodesics propagate in

only one direction; towards the axis if E > 0, away from the axis if E < 0.

Proof. In the limit » — oo, we have B = v/3B,, and Equation (5.74) gives:

1 630 F 630
Alr=co 22402
45 i o
= 0Oor ) (depending on the polarization). (B.9)
a

Equation (5.80) gives, for the radial null geodesics (both “ingoing” and “outgoing”):

b B[P ST h
= — -
dt lr=co E? + %
/ 45
B —E\E* +
E?+ ¢
B + 5 E
= ———— or — ————— (depending on the polarization). (B.10)
E E2 4 45
8a?



Both polarization states travel inwards towards the axis if £ > 0; outwards to r = oo if
E < 0. Note that this is consistent with Conjecture 2. We also note that, at infinity,
the coordinate speeds of the two polarization states are reciprocal to one another and one

polarization state propagates superluminally.

]

In branch III, the absolute value |B| is an decreasing function of r; at » = 0 we have
|B| —o00 , and as r — oo, we have |B| — V/3B,. At r = oo, the effective geometry

corresponding to branch III is similar the effective geometry of branch II.
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Lagrangian, 3, 11 Maxwell
event horizon, 2, 39, 53 field equations (vacuum case), 10

cylindrical wave, 50
field discontinuity
- effective geometry, 52
decomposition of, 19
Lagrangian (vacuum case), 10
dispersion /propagation of, 23
metric
dual of, 18
background, 8
simplicity of, 19
‘ effective, 25
field equations
inverse (cometric), 8
derived from Lagrangian, 10, 12

Einstein, 2 natural units, 12
Euler-Heisenberg, 3, 13 nonlinear Schrodinger equation, 1, 4, 5
Maxwell (vacuum case), 10 nonlinearity of the vacuum, 7

null fields, 28
general relativity, 2

effective geometry of, 29

Hadamard bracket, 16

plane wave
Hodge dual, 10

effective geometry of, 31
index of refraction, 33 stress-energy tensor of

jump of a function, 16 circular polarization, 30

elliptical polarization, 30

Lagrangian . , . .
grang Poincaré invariants, 11

Euler-Heisenberg, 3, 11 polarization, 20

Lorentz invariance of, 11 and dispersion (birefringence), 24

Maxwell (vacuum case), 10 propagation vector, 17

type L = L(F,G), 11

e 1 ics, 2
Levi-Civita tensor, 9 quantum electrodynamics, 2, 7

light ray, 32, 33 shock wave, 16, 17

Lorentz-Heaviside units, 12 simple discontinuity, 17
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solitons, 1, 4, 5
spacetime, 2
stress-energy tensor, 26
and effective geometry, 26
of crossed fields, 32
of null field, 29
of plane waves
circular polarization, 30
elliptical polarization, 30
substress tensor, 26

superluminal photons, 58

units
Lorentz-Heaviside, 12

natural, 12
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