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1 Introduction

The term “nonlinear electrodynamics” (NLED) is generally taken to mean the class of
field theories defined by a Lagrangian density that is some Lorentz scalar function of the
2-form field-strength F' = dA for an abelian 1-form gauge potential on a four-dimensional
Minkowski spacetime; no derivatives of I’ are permitted since this would lead to addi-
tional (and unphysical) propagating modes. For Minkowski coordinates z# = (¢,x), all
Lorentz scalars constructed from F' can be expressed as functions of the two (pseudo)scalar
quadratic Lorentz invariants’

1
4

1 .
P = F,F" =E-B,

§ = —1FwF = 5 (B - BP)

(1.1)

where F is the Hodge dual of F and (E, B) are its electric and magnetic components. The
generic NLED Lagrangian density can therefore be written as £(S, P). Maxwell electro-
dynamics is recovered by choosing £ = S.

One solution of the field equations of any NLED is a constant uniform electromagnetic
field strength. If £ is expanded about this ‘background’ solution, the term quadratic in

LOur metric signature is “mostly-plus”.



the perturbation f of the background field strength F is
(2) — Lo
L - ['S - Zf f;w (1'2)
1 % 2 1 uv % 1 a2 2
+ §€SS(F f/w) + EZSP(F f,uu)(F f;w) + ggPP(F f/u/) s

where
log = Lss lop = Lsp (pp = Lrp (1.3)
SS ES ) SP ES ) PP »CS . .
We may assume that Lg # 0 because otherwise the linearized field equation does not
propagate two independent polarisation wave modes; this linear field equation is

v 1 Vpo
auf” - 514# r aufpa =0, (1'4)
where
AWPT = (LggFM + Lgp M )P + (Lgp P + Lpp M) FP7 (1.5)

Here we are following [1], where it was observed that a constant uniform electromagnetic
background can be interpreted as an anisotropic optical medium provided that there is a
frame in which the background Poynting vector is zero; this is the rest-frame of the medium.
A typical property of anisotropic optical media is a polarisation-dependent dispersion re-
lation for electromagnetic plane waves. This phenomenon, known as birefringence, is also
a typical property of wave solutions of the equation (1.4), but there is no birefringence in
a few exceptional cases:

e Born-Infeld electrodynamics, for which

Ler=T— /T2 —-2TS — P2, (1.6)

where T is a constant with dimensions of energy density (and an interpretation as
3-brane tension in string-theory applications). Maxwell electrodynamics is recovered
in the T'— oo limit; i.e. the weak field limit. Like Maxwell’s equations, the (source-
free) BI field equations have an SO(2) electromagnetic duality invariance. Reality of
Lp for all B requires

Ef? <T, (1.7)

which was part of the original motivation for the theory [2].

e “Plebanski” electrodynamics, for which
(1.8)

where k is another constant with dimensions of energy density (but one that does
not appear in the Lagrangian field equations). There is no weak-field limit as both
E and B must be nowhere zero (to avoid P = 0) but we show here that there is a
strong-field limit.



e “Reverse Born-Infeld” electrodynamics:

Lopr = aV/ P2+ 2TS — T2 + BP + const. (1.9)

for dimensionless constants (,3). Reality for all B now requires |E[? > T but a
more useful inequality, which is both necessary and sufficient for reality, is

T-2S < P*T. (1.10)

Despite the similarity to BI, the rBI field equations are not duality invariant (a fact
that becomes manifest in the Hamiltonian formulation). Another difference to BI is
the absence of a weak-field (T' — oo) limit; there is a strong-field (7" — 0) limit with
L o |P|, but this has no wave solutions.

For the choice of dimensionless constants a = 3 = /T, where k is another parameter
with dimensions of energy density, the rBl Lagrangian density is

Qm:%Wm+ﬂw—ﬂ—ﬂ. (1.11)

The field equations are independent of k, so T remains the only natural scale for
energy density. However, if we assume that P is everywhere positive then we can
take the T — 0 limit, for fixed k, to recover (1.8) (which provides an a posteriori
justification for the assumption of positive P). Thus, rBI electrodynamics can be
viewed as a generalisation of Plebanski electrodynamics.

The first two of these zero-birefringence cases were initially found by Boillat [3, 4] and Ple-
banski [5] from studies of shock waves, but the zero-birefringence conditions on £(S, P) also
follow from a study of wave solutions in constant uniform electromagnetic backgrounds [1].
The third (rBI) case was also found by Plebanski but in a particular Lorentz frame, which
may explain why it is rarely (if ever) mentioned in citations to his 1970 lecture notes.? Both
Boillat and Plebanski showed how the general solution to the zero-birefringence equations
may be found, and they also showed that Born-Infeld is the unique zero-birefringence
electrodynamics with a weak-field limit.3

Here we follow the method of Boillat, which involves an interchange of the dependent
and independent variables of the zero-birefringence conditions, leading to what we shall
call the “Boillat equations” [4]. The general solution to these equations, which is easily
found, depends on integration constants, and all choices that allow a weak-field limit lead
to Born-Infeld. However, there are other solutions. In particular, allowing the constant 7'
to be zero leads to the “Plebanski” case. What we call “reverse-Born-Infeld” arises as a
T # 0 subcase in which a sign choice that leads to Born-Infeld is reversed.

At the boundary between Born-Infeld and reverse-Born-Infeld, there is one other case
that was not noticed by either Boillat or Plebanski. It corresponds to a solution of the
“Boillat equations” that leads to a quadratic constraint on the Lorentz invariants (S, P),
rather than to a Lagrangian density. This ‘extremal’ case leads to what we shall call:

®Eq. (10.37a) of [5] coincides with (1.11) in a frame for which |E x B| = 0 if one sets Plebanski’s
constants (fi, ) to (k,7/(2k)). His eq. (10.37b) is the “Plebanski” case.

3This can also be established by straightforward power-series solution of the no-birefringence condition
[6]. Born-Infeld is also the unique duality invariant electrodynamics with “good propagation” properties [7].



e “Extreme Born Infeld” (eBI) electrodynamics. The Lagrangian constraint is P2 +
2T'S — T? = 0. If this constraint is imposed by a Lagrange multiplier, one finds a
Lagrangian density that can be interpreted as a non-conformal scaling limit of either
BI or rBI. Because this limit takes us outside the NLED framework initially assumed,
we discuss this case separately.

We have not yet mentioned the strong-field (7' — 0) limit of BI electrodynamics.
This is because it cannot be taken in (1.6). As we shall show later, it can be taken in
a Lagrangian reformulation that includes auxiliary fields, but it was first found in the
context of the Hamiltonian formulation of BI electrodynamics, where the strong-field limit
leads to the conformal Bialynicki-Birula (BB) electrodynamics, with an enhanced S1(2;R)
electromagnetic duality and other unusual properties [1, 8]. This example suggests that
strong-field limits of Plebanski and reverse-BI electrodynamics might similarly become
possible in their Hamiltonian formulation, and that extreme-BI electrodynamics might
have a standard Hamiltonian formulation. These suggestions are all realized!

For any NLED for which £ is a convex function of E, the Hamiltonian density is defined
by the Legendre transform

H(D,B) = sup(E - D — L(E,B)} (1.12)

where D is the (electric displacement) 3-vector field conjugate to E. By construction, this
Hamiltonian density is a convex function of D. The convexity condition on L is satisfied
by Lp1, and the corresponding Hamiltonian density is

Hpr = /T? + T(D? + B]) + Dx B> - T (1.13)

Ultimately, convexity is important because non-convexity implies the existence of a negative
birefringence index for small amplitude waves in constant magnetic backgrounds [9], which
in turn implies a violation of causality for any NLED with a weak-field limit, as we show
here by generalising a result of [1] for Born-Infeld. However, exceptions may occur for
NLEDs that do not have a weak-field limit, so we do not wish to impose convexity ab
nitio.

In principle, NLEDs could be defined in terms of a Hamiltonian density H, which then
gives us a first-order (phase-space) Lagrangian density

L=D-E-#(D,B). (1.14)

Variation of D typically yields an algebraic equation for D. If this equation has a unique
solution then the Hamiltonian field equations will be equivalent to the Euler-Lagrange
equations of the Lagrangian density that we find by back-substitution. A unique solution
is guaranteed if #H is a (strictly) convex function of D, and then L is guaranteed to be
a convex function of E. However, the D-field equation may have a unique solution for
D even if H is not a convex function of D, in which case elimination of D from (1.14)
will still yield an equivalent second-order Lagrangian density. In this way, one can find an



equivalent Hamiltonian formulation for some NLEDs whose Lagrangian density is not a
convex function of E.
An example is Plebanski electrodynamics. The Hessian matrix of Lp; has eigenvalues
K x|B|? x| B|?
B = [S /St Pﬂ , = [S —Vs2 1 P?] , (1.15)

and at least one is negative for any non-zero B. However, there is an equivalent first-order

formulation with Hamiltonian density

Hpi = \//D x B> + 2x(D - B) — 2. (1.16)

Provided that x # 0, the D-field equation of £ can be solved uniquely for D in terms
of (E,B), and the resulting (second-order) Lagrangian density is Lp;. This Hamiltonian
formulation of Plebanski electrodynamics still has no weak-field (k — oo) limit but the
strong-field limit (k — 0) is now possible:

lim le = HBB = ’D X B‘ . (1.17)
Kk—0

This is the Hamiltonian density of BB electrodynamics. Although Hp; is not a convex
function of D for k # 0 (as expected since we could otherwise obtain a convex Lagrangian
density by a Legendre transform) it s convex for k = 0.

Similarly, the Hamiltonian density for the particular reverse-Born-Infeld theory defined
by (1.11) is

Hepr = \//D x B|? + T|D|2 + 2x(D - B) — &2. (1.18)

We see directly from this result that the Plebanski case is recovered by taking the T — 0
limit for fixed k, but it is now also possible to take the x — 0 limit at fixed T". This yields
the Hamiltonian density of extreme-Born-Infeld (eBI) electrodynamics:

Hept = \/|D x B2 + T|DJ?. (1.19)

Equivalence to the Lagrangian formulation of eBI with a Lagrange multiplier field may be
established by a Legendre transform, as we shall show later.

The above-mentioned interpretation of eBI as a non-conformal scaling limit of Born-
Infeld is particularly clear in the Hamiltonian formulation. First we make the following

SL(2;R) transformation with constant scaling parameter ~y
(D,B) = (v 'D,yB). (1.20)

The BI Hamiltonian density (1.13) now depends on -, but if we rescale T — v2T we can
then take the v — 0 limit to find the eBI Hamiltonian density (1.19). We could also rescale
T — 42T and take the v — oo limit to find the following “magnetic” version of eBI with

Hmept = /ID x B[? + T/BJ2. (1.21)

This NLED does not appear as zero-birefringence case in our Lagrangian classification,
but this could be because its Lagrangian formulation (which we shall give later) is ‘non-
standard’ (i.e. not expressible purely as a function of S and P).



Our starting point for this route to eBI and meBI could equally well have been the
reverse-BI Hamiltonian density of (1.11), but the route from BI correctly suggests that
the Hamiltonian densities of both eBI and meBI are convex functions of D, and that
the small amplitude waves propagating disturbances of constant background fields are
never superluminal. These two electrodynamics theories are therefore physical, at least
theoretically, and we comment in the conclusions on a possible application.

The organisation of the remainder of this paper is as follows. We first review the
calculation in [1] of the birefringence indices associated with the two polarisations of
small-amplitude plane-wave solutions in a constant electromagnetic background, but with a
streamlined notation and a few minor improvements. For example, the rather complicated
expression for the birefringence indices presented in [1] can be simplified significantly by
noticing that its denominator factorises, and we extend to all NLEDs an argument of [1]
for BI that shows why positive birefringence indices are required to avoid superluminal
propagation. We also review the elegant method of Boillat for solving the zero birefrin-
gence conditions [4], relaxing restrictions that he imposed to obtain a classification of all
zero-birefringence NLEDs (within the assumed Lagrangian context).

We then move on to Hamiltonian formulations (and some alternative Lagrangian for-
mulations). This allows a much better understanding of the relationships between the
various zero-birefringence NLEDs, in addition to allowing their conformal strong-field lim-
its to BB-electrodynamics. The “extreme-Born-Infeld” case and its ‘magnetic’ variant are
then introduced and analysed, and their interpretation as non-conformal scaling limits of
Born-Infeld is detailed. We conclude with a brief summary and discussion of our main
results.

2 Birefringence preliminaries
If we seek plane-wave solutions of (1.4) with wave 4-vector k, we find that
{k‘yl{?# =+ [fssGyGu + Esp(éyG“ + Gyéu) + Kppéyé‘u} } et = k2%, (2.1)

where

Gl =FMk,, G =F"h,. (2.2)

Note the identities

k-G=0, k-G=0, (2.3)

and
G- -G=-Pk, G? = G? + 25K?. (2.4)

In the case that k2 # 0, equation (2.1) tells us that e € span{k,G,G} but gauge
invariance allows us to choose k - € = 0, so that

e =a(k)G + B(k)G. (2.5)

In the case that k2 = 0 we may expand ¢ on the basis {k, k, G, G’}, where & is another null
4-vector orthogonal to G and G but with k- k = —1; now (2.1) implies that the coefficient



of k in the expansion of € is zero, while the k term is irrelevant because of gauge invariance,
so we again have (2.5). Substitution of (2.5) into (2.1) yields two equations for the two
amplitudes (a, 8), and after using the identities (2.4) to eliminate the G' dependence in
these equations we find the matrix equation

(1+ Pgsp)k2 —lg5G? (Plgs — 255513)]?2 —lgpG? o
PEPpk2—€5’PG2 (1+P€SP—QS£13P)]§2—EPPG2 15}

The only solution is a = = 0 unless the matrix has zero determinant, and this happens

) =0.  (2.6)

when
J(k*)? —2(2 - ST)G** + T(GH)? =0, (2.7)
where 1
== 5 (bss + Lpp) , I'={lsslpp — @P ) (2.8)
and
J=1— P +2(Plsp — Slpp). (2.9)

This quadratic equation for k% has the solutions

k= G%\, (2.10)
where the “birefringence indices” are
)\i—%i, Qe =Z—-ST+VV¥, U=(=Z-SI)?-T1J. (2.11)
An equivalent formula for ¥ is
U= (2—{pp—ST)? + (Lsp — PT)?. (2.12)

This is the formula given in [1], which we have so far been following (in a slightly different
notation) but the formula (2.11) for the birefringence indices can be simplified, for I' # 0,
by making use of the identity

Q:Q_=Jr. (2.13)
This allows us to rewrite the birefringence indices in the form
r
A = — (' #0). (2.14)
Q0+

For I' = 0 we have Q_ = 0, and hence A_ = 0. This applies to conformal NLEDs [10],
in particular the unique duality invariant ModMax case [11], since conformal invariance
implies I' = 0 (but not vice versa).

Let us now apply these results to the zero-birefringence cases of most interest here:*

e Born Infeld. In this case 1

T 28"’
which is positive because the BI inequality |E|?> < T implies T — 25 > 0.

Ar = Agp = (2.15)

4The eBI and meBI cases must be dealt with separately as their Lagrangian formulations are non-
standard.



¢ Reverse Born-Infeld. In this case

Ax = ABI = T—IQS’ (2.16)
as for the BI case but the rBI inequality (1.10) allows A1 to have either sign.
e Plebanski. In this case )
AL = Ap; = ~55 " (2.17)

This is the T" — 0 limit of the rBI result, as might be expected from the discussion
following (1.11). Since S may be positive or negative the same is true of Apj.

Of these cases, BI is the only one for which the birefringence index is necessarily
positive. This is significant because (as mentioned in the Introduction) positive indices are
necessary for causality. This was demonstrated for the BI case in [1], but it is true more
generally, as we shall now explain.

2.1 Causality constraints on birefringence

From the definition of G in (2.2), and setting k* = (w, k), we find that
G?=—(k-E)? +w|E? + 2wk - E x B+ [k x B]%. (2.18)
Using this in the relation k? = G2\, we find the dispersion relation
(L+AEP) w? +2)0(k-S)w = (1 + AME}) k| — Ak x E[> = Ak x B|?, (2.19)

where S = E x B. The term linear in w is present because the background behaves like
an anisotropic optical medium in motion when S is non-zero, so this term is absent if we
choose a reference frame in which the medium is at rest. In this rest frame we may orient
the coordinate axes such that

E:Eeg, B:Beg, (220)

for unit 3-vector es; the dispersion relation is then

AE? + B?)
wQZkF—2+M#|kX%PEA“f+%)+%, (2.21)

1— \B?
A=|——]. 2.22
(1 + )\E2) (2.22)
We might expect A > 0 since otherwise w is real only when k3 > |A|(k? + k3); this is

certainly true in a weak-field limit since then A =~ 0, so A =~ 1. For BI electrodynamics one
finds that

where

T — E?

:m, O<ABI§17 (223)

Apr



where the upper and lower bounds are consequences of the BI bound |E|> < T. In this
case we see from (2.22) that w < |k|, so the phase-velocity is subluminal. However, it is
the group velocity dw/dk that is relevant for causality; its magnitude is

A%(k3 + k3) + k3
= 2.24
K \/ AT +k3) + k3 (2:24)

which is less than or equal to unity for all k and all background fields iff 0 < A < 1, a
condition that is satisfied for BI electrodynamics [1].

The result (2.24) applies to all NLEDs, on the assumption that there exists a small-
amplitude wave with real angular frequency w. A sufficient condition for this is that
A > 0, in which case the group velocity will never be superluminal iff A > 0, which is
therefore necessary for causality. For NLEDs with a weak-field limit the condition A > 0
places bounds on the electric and magnetic fields, which may be satisfied naturally as a
consequence of the Lagrangian, as in the BI case.

Those NLEDs without a weak-field limit, such as Plebanski and reverse-BI, must be
considered separately. Using the results obtained above for their birefringence indices, we
find the following results for A in these two cases:

o Reverse Born-Infeld. As A\pr = Apr we have A;g; = App but now |[E? > T, so
A.pr < 0. Wave propagation is still possible for k2 > |A,p1|(k? + k3), but it is always
superluminal except when k% + k3 = 0 (in which case v, = 1).

o Plebanski. As Ap; = —1/(25), we have
Ap = —E?/B*<0. (2.25)

Wave propagation is possible only for k3B% > (k% + k3)E?, and then v, > 1, with
equality holding only when k242 = 0. We conclude that wave propagation is generi-
cally superluminal, as might be expected from the connection to rBI electrodynamics,
and the fact that Lp) is not a convex function of E.

We thus conclude that Plebanski and reverse-BI electrodynamics are unphysical be-
cause (in contrast to BI electrodynamics) they allow superluminal propagation. This con-
clusion leaves open the possibility of physical strong-field limits because these are not
included in the class of NLEDs defined by a Lagrangian density expressible only in terms
of the Lorentz invariants (S, P), but this possibility is best explored via the Hamiltonian
formulation of NLEDs that we consider later.

First we conclude our Lagrangian analysis with a proof that BI, reverse-BI and Pleban-
ski are the only NLEDs with Lagrangian densities £(S, P) for which there is no birefrin-
gence. However, we shall also find one ‘extremal’ case as a Lagrangian constraint rather
than as a Lagrangian. This is the “extreme-BI” electrodynamics which, as we shall see
later, does not allow superluminal propagation.



2.2 The zero birefringence conditions

For generic NLEDs the two birefringence indices Ay differ. The difference AL — A_ is a
measure of birefringence; i.e. the polarisation dependence of plane-wave dispersion rela-
tions. Zero birefringence occurs when Ay = A_, and we see from (2.11) that this occurs
when Q4+ = Q_; equivalently, when ¥ = 0. From the expression (2.12) for ¥ we see that
NLEDs with zero birefringence are those for which the following two equations hold:

Z—{lpp=ST, lsp = PT. (2.26)
These are equivalent to the two equations

Ls(Lss — Lpp) =2S(LssLpp — L3p)

(2.27)
LsLsp = P(LssLpp — L%p).

We recall that Lg is assumed to be non-zero. We shall also assume that I' is non-zero
because zero birefringence for I' = 0 yields only the free-field Maxwell case.

To solve the equations (2.27) we shall, following Boillat [4], convert them into equations
for which the independent variables are (Lg, Lp) rather than (S, P). For presentational
purposes, it is convenient to make the replacements

(S7P) - (xvy)7 (ESaﬁP) - (u,v). (228)
The equations (2.27) now become

u(uy —vy) = 2w,

(2.29)
ULy =Y @,
where
W = UgVy — UyVy . (2.30)
Notice that symmetry of mixed partial derivatives of £ implies
Uy = Vg (2.31)

Notice too that w is the Jacobian for a change of the independent variables from (x,y) to

(u,v), so that
<£L'u J},U> :1< Uy —’Uy> . (232)
Yu Yo W\ Uz Ug

Uy — V. (7 (¥
z £ =Yv — Tu, lEi:_yua (233)
w w w

In particular,

which allows us to rewrite the zero birefringence conditions (2.29) as the following equiva-
lent “Boillat equations”

u(yy — xy) = 22, UYy = =Y. (2.34)

~10 -



2.3 General solution of the Boillat equations

The general solution of the second of the Boillat equations can be written as

/ v / v 1"
u u u
for some function f(v). As y, = x,, we also have
f'(v flv
Ty = — u(2) = z= —152) +g(u), (2.36)

for some function g. Now we have (z,y) as expressions involving the two functions f(v)
and g(u). Substituting these expressions into the first of the Boillat equations (2.34), we
find that

f(v) = ug'(u) +2g(v). (2.37)
This requires both sides to equal the same constant, which we call T'. Thus,
f'oy=1T,  ug'(u)+29(u) =T, (2.38)
and hence T T .
flv) = §v2+/<w+c, g(u) = §+%, (2.39)
where (k, ¢, ¢') are the additional integration constants. This gives us the complete solution
for (z,y):
1, 2
o= L_ 2TV er}j(c*d), y:TUJrK. (2.40)
2 U U

There are two cases (and their subcases) to consider:
o T #0. In this case the second of the equations (2.40) can be written as
Tv=uy—K. (2.41)
Using this in the first of equations (2.40) we find that
W (T? — 2Tz — y?) = 2T(c — ) — K2 (2.42)

The right hand side of this equation is an arbitrary constant, which may be positive,
negative or zero. We shall discuss these three subcases in turn.

1. u?(T? — 2Tz — y?) = (Ta)? for non-zero dimensionless constant a. In this case

al ay K
U = , v = - —=. 2.43
VT? — 2Tz — y? VT? = 2Tz —y2 T (2.43)
These are equations for Lg and Lp that are easily integrated to give
P
L=-aVT?—2TS - P?— % + const. (2.44)

The term linear in P is a total derivative that does not contribute to the field
equations. If we choose a = 1 and the constant term such that £(0,0) = 0, we
have the Born-Infeld Lagrangian density:

L =T —/T?—2TS — P2. (2.45)

We now assume 71" > 0 to ensure convexity.

- 11 -



2. u?(T? — 2Tx — y?) = —(ka')? for non-zero dimensionless constant a’. In this

case
ak K ay’
S JEraeor T [mﬂ - (240)
Integration now yields
L= % [a’\/P2 +27S —-T?% — P} + const. (2.47)

This is the reverse BI Lagrangian density, parametrized by dimensionless con-
stants @’ and /T instead («, 3). Setting a’ = 1, we recover the specific rBI case
of (1.11); it can be shown that convexity does not hold in this case for either
sign of T

3. u}(T? — 2Tz — y?) = 0. As u = Lg, which is assumed to be non-zero, we get a
Lagrangian constraint equivalent to

T? —2TS — P2 =0. (2.48)

If this constraint is imposed with a Lagrange multiplier field then we get the La-
grangian density for what we call “extreme Born-Infeld” (eBI) electrodynamics.
Because of the dependence on an additional scalar field (the Lagrange multiplier)
this lies outside the class of NLEDs defined by Lagrangian densities £(S, P), al-
though we shall see later that its Hamiltonian is a non-conformal scaling limit
of the BI Hamiltonian.

e T'=0. In this case
uwlr = —kv — (¢ — ), uy =K. (2.49)

The second of these equations is just PLg = k, which is trivially integrated to

S
L=n <P> +h(P), (2.50)
for some function h. We then have
S KX
Lp=—hmy +H(P) (@ v=-+ h’(y)) . (2.51)

Using these results in the first of equations (2.49), and assuming that x # 0 (since
otherwise we are led to conclude that £s = 0) we find that & is linear in P, and hence
a constant plus a total derivative term which we can ignore. We thus find that

L="= (2.52)

which is the Plebanski case.”

5Using the complex Riemann-Silberstein variables, a Lagrangian for Born-Infeld similar in form to the
Plebanski Lagrangian was found by Schrodinger in 1935 [12]. We thank Karapet Mkrtchyan for bringing
this to our attention.
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3 Hamiltonian and strong-field limits

The Hamiltonian density of Bl electrodynamics can be obtained by the Legendre transform,
as defined in (1.12). The result is

Hpr = /T2 + T(ID[2 + [BJ?) + |D x B - T (3.1)

Lorentz invariance is not manifest but electromagnetic duality is manifest because this acts
by a phase-rotation of the complex 3-vector field D 4 iB. In the weak-field limit (7" — o0)
we recover Maxwell electrodynamics, with Hyiax = 5(/D|?>+ [B|?). In the strong-field limit
we find Bialynicki-Birula electrodynamics, with

Hpp = |D x B|, (3.2)

which has an SI(2; R)-duality invariance.

We now aim to find the Hamiltonian formulations of the other zero-birefringence the-
ories of electrodynamics, and investigate the relations between them and their conformal
limits. A useful check on results is the condition for a Hamiltonian density to define a
Lorentz invariant theory. If we express H as a function of the three rotation invariants

1 1
s= 3 (DP+[B?), &= (DP-[B?), n=DB, (33)
then the field equations will be Lorentz invariant iff [1]
H2—H;—H, =1. (3.4)

Moreover, H will be electromagnetic duality invariant iff it can be written as a function of
the two duality invariants s and ¢2 +n? (or p? = 52 — €2 —n? = |D x BJ?).

We shall also show in this section that the inclusion of auxiliary scalar fields allows
us to find equivalent Lagrangian formulations that allow strong-field limits to be taken in
a manifestly Lorentz invariant way. In the BI case, an appropriate starting point is the
following Rocek-Tseytlin (RT) Lagrangian density in which two auxiliary scalar fields (u, v)
are introduced in order to linearize the dependence of the BI Lagrangian density on the
Lorentz scalars (.S, P) [13]:

Ly = —% {v+v_l(1+u2)}+v5'+uP. (3.5)

The equations found from varying (u,v) may be solved for (u,v) (uniquely up to an overall
sign), and back-substitution yields

Lrr — FVT? —2TS — P2, (3.6)

which is the standard BI Lagrangian density for the upper sign choice after addition of
the constant 7. However, we may now take the 7" — 0 limit to arrive at the Lagrangian
formulation of BB electrodynamics proposed in [8] in which the scalar fields (u,v) now
impose two Lagrangian constraints:

L =vS +uP. (3.7)
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Equivalence to the Hamiltonian formulation was verified at the level of the field equations
in [8]. It may also be verified by a Legendre transform of the BB Hamiltonian density [14];
although the “canonical” Lagrangian density found in this way is identically zero, its domain
is restricted by the Lagrangian constraints S = 0 and P = 0, so a solution of the variational
problem defining the Legendre transform by the method of Lagrange multipliers yields
precisely (3.7).

We shall see that similar alternative Lagrangian formulations can be found for other
NLEDs discussed here, allowing the strong-field limit to be taken; in every case this yields
the BB Lagrangian density of (3.7).

3.1 Plebanski electrodynamics

As explained in the introduction, the closest that one can get to a Hamiltonian formulation
of Plebanski electrodynamics is a first-order Lagrangian of the form

Lpi=D-E—Hpl, (3.8)

where D is an auxiliary field, and Hp) is given by (1.16); i.e.

Hp1=/ID x B2 +2x(D - B) — x2. (3.9)

There is still no weak-field (k — o) limit. However, we can take the strong-field (k — 0)
limit to arrive at the Hamiltonian density of BB electrodynamics:

Hpp = |D x BJ. (3.10)
An expression equivalent to (3.9) is
Hp) = kv —detM , (3.11)
where M is the 3 x 3 symmetric matrix with entries
M;; = 6;; — k~Y(D;B;j + D;B;) . (3.12)
This matrix has eigenvalues
M=1-x'[B-DF|B|D], AN=1, (3.13)

and we can use this to show that

Hp = /|B2D]2 — (5 — B- D)%, (3.14)

which is indeed equivalent to (3.9).

The equivalence of the first-order Lagrangian density Lp; to the original Plebanski
Lagrangian density of (1.8) may be established by elimination of D by means of its field
equation, which is

HpE=|B’D+ (x—D-B)B. (3.15)
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Contracting this equation with B we find that
K|BJ?
Hpr

As |B|? # 0, we conclude that P # 0 (for nonzero ) and that its sign is fixed to be the
sign of k. Next, we take the norm squared of both sides of (3.15) to deduce that

P= (3.16)

BJ?
Pl

which shows that E cannot be zero, again as expected because the Plebanski Lagrangian

ID x B2+ %, (3.17)

density is also singular for zero E. Using this result, we obtain an expression for S:

k(k —D-B)BJ?

S = 3.18
ey (3.18)
Combining this with (3.16) we find that
B 2
i—D.B= Bl (3.19)

pz
which we may use in (3.15) to deduce that

K S
D=1 [E _ <P> B} . (3.20)
This is the unique solution of the D field equation, so back-substitution into (3.8) yields
a classically equivalent Lagrangian density. It is straightforward to verify that this is the
Plebanski Lagrangian density xS/ P, restricted to P > 0 (given x > 0) because of (3.16).
It might appear from this result that the strong-field limit of Plebanski to BB can only
be taken in the Hamiltonian formulation. However, it is possible to introduce auxiliary
fields into the Lagrangian formulation in a way that allows the strong-field limit to be
taken in a manifestly Lorentz invariant way, as we showed above for the BI case. Consider
the following Lagrangian density involving a scalar field ¢ and a pseudoscalar y:

L=eS+ xpP —kx. (3.21)
The field-equations for (¢, x) are
S=-—xP, oP =k, (3.22)

which we can solve for (¢, x) on the assumption that P # 0 and k # 0. Back-substitution
then yields the Plebanski Lagrangian density «S/P.

Notice that parity is broken only by the last term in (3.21). As this is proportional to
Kk, we get a parity-invariant theory by setting x = 0. This yields the Lagrangian density

L =S +sP  (s=xvp), (3.23)

which is the BB Lagrangian density of (3.7) with (u,v) = (¢,¢). Thus, the new La-
grangian formulation of Plebanski electrodynamics provided by (3.21) not only linearizes
the dependence on the Lorentz scalars (.S, P) but also makes manifest the strong-field limit
to BB-electrodynamics.
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3.2 Reverse Born-Infeld

The reverse-Born-Infeld theory defined by the Lagrangian density £,pr of (1.9) has a first-
order formulation:

Ligi=D-E—H,p, (3.24)

where

Hepr = /ID x B2 + T[|D — B2 — a2T(T + |BJ2)] + const. (3.25)

Not surprisingly, the only effect of the term linear in P in L,pr is to shift D by fB. One
may see from this result that rBI electrodynamics is not invariant under SO(2) ‘duality’
rotations of (D, B), in contrast to the BI case.

By choosing the coefficients («, 8) as we did in (1.11) we find the Hamiltonian density
corresponding to the particular rBI Lagrangian density of (1.11):

Hepr = /ID x B2 + T/DJ2 + 2x(D - B) — 2. (3.26)

Notice that the 7" — 0 limit, for fixed , yields the Plebanski Hamiltonian density of (3.14),
in agreement with the Lagrangian analysis of this limit in the Introduction.

To verify equivalence of the first-order and second-order Lagrangian formulations of
rBI we must eliminate D from (3.24) using the D field equation. This is straightforward but
can be simplified by introducing an auxiliary field; we explain this here for the particular
rBI Hamiltonian density of (3.26). The first step is to notice that this Hamiltonian density
is equivalent to

- :%{e*1 (T +BR)DP - (s~ D-B)?| + e}, (3.27)

where e is an auxiliary field. Elimination of e yields H,g1, but we may now eliminate e
after elimination of D by means of its field equation:

1
D= T80 {¢eE - (k—D-B)B}. (3.28)

Contracting this with B (and subtracting x from both sides) we find that

eP  w(T + BP)

B) — k= S L 2

(D-B) —r=— 7 (3.29)
Contracting (3.28) with E yields
1

D E=_————|eJE?’—(k—D -B)P 3.30

T B B - )P, (3.30)

and taking the norm-squared on both sides of (3.28) yields

e [(T+ BR)IDP - (s~ D-B)?| =
1

m |:€|E|2 —Q(K_D'B)P—G_IT(/{—D'B)} . (3.31)
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Combining these results yields

; 1

ot = g gy 1929~ T) ¢ T(D- B} (332

where (D - B — k) is the expression given in (3.29); this reduces to

L = % (&P + 218 - 17 + &} - % : (3.33)
where .
€= WT+ B (3.34)
Elimination of € now yields
Lopt = % [VPr+ars =12 - p| (3.35)
which is the rBI Lagrangian density of (1.11).
4 Extreme Born-Infeld
If we rescale the electromagnetic fields,
(E,B) —(E,B), (4.1)
and set T = 2T, for some positive constant ~, we find that
Lot — 42 {T— VT2 —2TS—P2}, (4.2)

In other words, the BI Lagrangian density is rescaled as expected but with T — 7. The
v — 0 limit is one in which £Lg; — 0, but we may first replace Lgr by the equivalent
Lagrangian density involving an auxiliary scalar field e:
! :72{T—1 [1(T~2—2T~S—P2)i726]} . (4.3)
BI 2 ’}/26
For the upper sign, elimination of e returns us to (4.2), while the same procedure for the
lower sign yields a similar rescaling of the rBI Lagrangian density for particular parameters.
Irrespective of this sign choice, the v — 0 limit now yields the Lagrangian density of
“extreme BI” electrodynamics; after setting e = —1/¢ and renaming T as T, this is

1
Lept = 3¢ (T? — 2TS — P?). (4.4)

What was an auxiliary field is now a Lagrange multiplier for the Lagrangian constraint
of the ‘extremal’ case in our classification of solutions to the Boillat equations in subsec-
tion 2.3; this was the T" # 0 subcase ‘between’ BI and rBI, so it is not surprising that it
can be found as a limit of both BI and rBI.

As stated in subsection 2.3, the eBI case is one that takes us beyond the initial definition
of NLEDs in terms of Lagrangian densities that can be written as a function of the Lorentz
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invariants (S, P) only. However, its Hamiltonian formulation is standard. To pass to the
Hamiltonian formulation we define

a‘CeBI
D:= =/{(TE + PB) . 4.
~BL_ (T + PB) (45)
Contracting with B, we deduce that
DB
P=——— " 4.6
(T BP) 0
A contraction with E yields
1
D-E=———— |ID*(T+|B]*) - (D-B)?| . 4.
sy PP+ B - (DB (4.7)

Finally, by taking the norm-squared of both sides of (4.5) and using (4.6) we find that

1
2|2
T°E =

s Ep PP+ BR) - (DB, (45)

and hence (by subtracting 72|B|? from both sides) an expression for S in terms of (D, B).
Using these results and then defining

{:=(T(T + B|?), (4.9)
we find that
51 =D-E Loy = = {7 [[DAT + [B?) - (D - B)?] + 7} (4.10)
eBI Bl = 5 , )

where the prime reminds us that we have still to eliminate ¢ by its algebraic field equation.
This last step gives the result

Hepr = /|D x B> + TDJ? . (4.11)

Notice that this reduces to the BB Hamiltonian density when T = 0, so eBI could be
viewed as a non-conformal deformation of BB electrodynamics. As we shall see, BB and
eBI electrodynamics have significant features in common that are not shared with other
zero-birefringence NLEDs.

We pause here to consider how the rescaling of (4.1) is realized in the Hamiltonian
formulation. The definition of D in (4.7) is preserved by the rescaling (with a rescaled
T) if D — v~ !'D, so the Lagrangian rescaling of (E,B) becomes the following SI(2;R)
transformation of (D, B):

(D,B) = (v 'D,yB). (4.12)

It is obvious that this transformation reproduces Hegr with 7" replaced by T = T/’y2.

It is also obvious that Hepr is not duality-invariant, which tells us that the limit from
BI to eBI must break this symmetry. This is easily verified in the Hamiltonian formulation.
After the rescaling (4.12) the BI Hamiltonian density becomes

\/|D x B2+ T|D[2 + 44 [TBJ2 + 72| — 9T (4.13)
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For any finite non-zero +, this is duality invariant with rescaled SO(2) duality transfor-
mations. However, the limit v — 0, with T" — 0 for fixed T (which can then be renamed
as T') breaks duality invariance and yields the eBI Hamiltonian density. Further rescaling
just reproduces the eBI Hamiltonian density with a rescaled T, as we have already seen.

If we had chosen to view eBI as a limit of rBI rather than BI then the above discussion
of how and why eBI breaks duality invariance would not have arisen, and this might suggest
that the limit to eBI from rBI is more natural. However, there is an important feature of
‘Hpi, not shared with H, g1, that is preserved by the limit to Hegr, and that is convexity as
a function of D. The Hessian matrix of Hepr has eigenvalues

T + |BJ? T|D[*(T + |BJ?)
Hepr (Hep1)?3

0, (4.14)
For T' > 0, there is one zero eigenvalue but the other two are positive, implying convexity;
not “strict convexity” because the Hessian matrix has zero determinant, and this is because
Hepr is a homogeneous function of D of unit degree; i.e. D - E = H.py, where

_ OHepr

E:= 3D (4.15)

A corollary is that the ‘canonical’ Lagrangian density, defined by Legendre transform of
Hepi, is zero. Nevertheless, we can still recover the eBI Lagrangian density of (4.4) by a
Legendre transform because (4.15) restricts the domain of the zero ‘canonical’ Lagrangian
by imposing a constraint on E, which is

P212TS -T?=0. (4.16)

The variational problem inherent in the definition of the Legendre transform may then be
solved by the method of Lagrange multipliers, and this leads directly to the Lagrangian
density Lepr of (4.4), following steps spelled out for the BB case (i.e. T = 0) in [14].
Whereas the Hessian matrix has two zero eigenvalue for T" = 0, which leads to the two
Lagrangian constraints of (3.7), now we have only one zero eigenvalue and hence only one
Lagrangian constraint.

4.1 Birefringence for eBI

We have seen that the eBI theory is a non-conformal scaling limit of the BI theory. We
can use this result to deduce the birefringence index of eBI from the BI index.

From the definition of birefringence indices in (2.10) we see that the scaling (4.1),
which implies S — ~2S, requires A — 7~ 2X. Taking this into account, the BI index
equation A\g; = 1/(T — 2S) is reproduced by the scaling but with 7' — T, as one would
expect. Taking the v — 0 limit for fixed T, which we can then rename as T', we get the

eBI birefringence index:

1 T
_ _ 41
ABl =755 = 57 > 0, (4.17)

where the second equality follows from the eBI constraint 72 — 27'S = P2.
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We are now able to investigate possible violations of causality via superluminal prop-
agation in constant electromagnetic backgrounds. If (4.17) is used to compute the factor
A appearing in the dispersion relation of (2.22), we find that

E2-T

AeBr

where we have used the fact that P? = E?B? in the rest-frame of the background; recall
that this was assumed in the derivation of the dispersion relation. However, in this frame
the constraint P?+27S—T? = (0 implies E? = T, and hence A.py = 0. This implies lightlike
wave propagation, although waves can only propagate in a direction that is (anti)parallel to
the co-linear background electric and magnetic fields. Recalling the inequality 0 < Ag; < 1,
and the fact that Ag; ~ 0 when T?2—2TS—P? ~ 0 (which is E? ~ T in the background rest-
frame) we see that eBI is (as the name indicates) an extreme limit of BI. It is presumably
for this reason that we find no evidence of causality violation in eBI electrodynamics.

The strong-field (T" — 0) limit of eBI is BB, so one might wonder whether we could use
this fact to determine the birefringence index of BB electrodynamics. Naively, we would
simply take the T — 0 limit of Aeg; = T/P?, to get A = 0, but P = 0 is a Lagrangian
constraint of the BB theory, so the limit is ill-defined.

4.2 Magnetic eBI

The BI Hamiltonian density of (4.13) with rescaled fields can also be written as

\/\D x B2+ T|B| + 4~ |T|D[? + 72| — 77T, (4.19)

where

v

T =T =~'T. (4.20)

We may now take the v — oo limit, with 7 — 0 for fixed 7. This yields a ‘magnetic’
version of eBI; after renaming T as T, the Hamiltonian density is

Huent = /D x BJ2 + T[BJ2. (4.21)
This is also a convex function of D because the eigenvalues of the Hessian matrix are

B  TBJ
H H

The reason for the zero eigenvalue in this case is that the Hamiltonian depends only on

0,

two of the three components of D.
To pass to the Lagrangian formulation we first introduce the electric field:

°p
_ OHweni _ _|B’D - (DB)B (422)

E:
oD \/\D x B|? + T|B|?

The contraction with B yields the constraint P = 0. The ‘canonical’ Lagrangian density is

£I(I(1::]I§)I =D-E- HmeBI =~V _2TS7 (4.23)
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which restricts its domain to |E| < |B|. Incorporating the constraint P = 0 with a Lagrange
multiplier field ¢, we arrive at the meBI Lagrangian density:

Loment = —V—2TS +(P  (5<0). (4.24)

To verify that the Hamiltonian density is recovered by a Legendre transform, it is
convenient to rewrite (4.24) in the form

L mr=e 1S +0P— L. 4.25
meBI 9 )

where e is an auxiliary field; its elimination returns us to (4.24). We note, in passing, that
T — 0 yields the BB Lagrangian density of (3.23), as we should expect since the 7' — 0
limit of (4.21) yields the BB Hamiltonian density. As a check, we can take the Legendre
transform of £ 5, to arrive at the following Hamiltonian density:

! BI :%{6_1\B|2+e (D - B+ 7]}, (4.26)

where the prime reminds us that we must now eliminate the auxiliary fields (e,¢). This
yields the result of (4.21).
Using the same logic that allowed us to deduce A¢gy, we similarly deduce that

1

Amept = lim (747 = 28)7" = — o,

(4.27)
as for the Plebanski case. However, to apply this result to wave propagation in the back-
ground rest frame (zero Poynting vector) we must set E to zero because there is no non-zero
E in this frame that satisfies both S < 0 and P = 0. We then find that A,.gr = 0, and
hence lightlike propagation, but only in a direction (anti)parallel to the background mag-
netic field, exactly as for eBI.

5 Summary and discussion

The Born-Infeld (BI) theory of electrodynamics has many remarkable features. One is its
relevance to the dynamics of D3-branes of IIB superstring theory, in which context the con-
stant with dimensions of energy density introduced by Born and Infeld can be interpreted
as the D3-brane tension 7. The feature of most relevance to this paper is the absence of
birefringence in constant electromagnetic backgrounds. It is surprising that there is any
nonlinear electrodynamics theory (NLED) with identical dispersion relations for the two
polarizations of all small-amplitude plane-wave disturbances of such backgrounds because
the background breaks rotational symmetry. This makes it of interest to understand bet-
ter the conditions that imply zero birefringence. Potentially, they are linked to other very
special features of physical theories in which zero-birefringence NLEDs arise; e.g. super-
symmetry in the case of the D3-brane.

A natural question in this context is whether there are NLEDs other than Born-Infeld
without birefringence. For the class of NLEDs defined by a Lagrangian density that is a
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function of the two Lorentz invariants S (a scalar) and P (a pseudoscalar) constructible
from the electric and magnetic fields (E, B), this question has been investigated previously,
notably by Boillat and Plebanski. In particular, Boillat showed that the zero-birefringence
conditions on L£(S, P) are equivalent to a very simple pair of differential equations, here
called the “Boillat equations”, and that natural assumptions on integration constants,
essentially equivalent to the requirement of a weak-field limit, leads uniquely to Born-
Infeld.

All other solutions to the Boillat equations yield electrodynamics theories that, in con-
trast to BI, have no weak-field limit; they are also not duality invariant. One solution
yields a zero-birefringence NLED found by Plebanski that has generally been discarded as
unphysical; we agree with this assessment because we have shown that it permits superlumi-
nal propagation of small amplitude disturbances of constant electromagnetic backgrounds.
Another case that we have called “reverse-Born-Infeld”, is similarly unphysical.

There remains one ‘extremal’ solution to the Boillat equations that leads to a La-
grangian constraint rather than a Lagrangian. This case is best understood in the Hamil-
tonian formulation because a Legendre transformation of the Hamiltonian density yields
a “canonical” Lagrangian density that is identically zero, but simultaneously imposes a
constraint on the domain of this zero function; this constraint is the one arising from the
‘extremal’ solution of the Boillat equations. Incorporating this constraint using a Lagrange
multiplier field, we find a ‘non-standard’ Lagrangian density for what we have called “ex-
treme Born-Infeld” (eBI) electrodynamics. The name derives from the fact that eBI is a
non-conformal scaling limit of BI, as can be most easily seen in the Hamiltonian formula-
tion. As this relation to BI suggests, eBI is a physical theory with a convex Lagrangian
density and no superluminal propagation in a constant electromagnetic background. We
have also found a ‘magnetic’ analog of eBI electrodynamics, which is similarly obtainable
as non-conformal scaling limit of Born-Infeld, and has similarly good physical properties.

In general, the class of NLEDs defined by a Hamiltonian density H(D,B), where
D is conjugate to the electric field E, is larger than the class of NLEDs defined by a
Lagrangian density £(E,B), even after the conditions required for H to define a Lorentz
invariant theory have been imposed. All of the zero-birefringence NLEDs on the list just
summarised have a Hamiltonian formulation, and this greatly clarifies the relationships
between them. It also shows that all NLEDs of the list have a strong-field limit to the
conformal Bialynicki-Birula (BB) electrodynamics, which was first found as a strong-field
limit of Born-Infeld electrodynamics.

Although the strong-field limit to BB electrodynamics is most easily seen in the Hamil-
tonian formulation, one can find alternative Lagrangian densities depending on additional
auxiliary scalar fields for which this strong-field limit is manifest. We have presented such
Lagrangian densities for several of the NLEDs considered here, including BI. A common
feature is that auxiliary fields serve to linearize the dependence on (S, P) and the strong-
field limit then leaves a Lagrangian density that consists only of two Lagrange multipliers
that impose the constraints S = 0 and P = 0, but this is a Lagrangian formulation of
BB electrodynamics [8]. A Legendre transform of the BB Hamiltonian density yields a
“canonical” Lagrangian density that is identically zero, but with a domain restricted by
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the Lagrangian constraints S = 0 and P = 0 [14]. The eBI case is similar, but with only
one Lagrangian constraint; it is naturally viewed as a deformation of BB electrodynamics,
as well as a scaling limit of BI electrodynamics.

Finally, let us recall that one of the principal applications of Born-Infeld electrody-
namics is to the dynamics of Dp-branes in string theory, in particular the D3-brane of
IIB superstring theory. The physics of open strings in a constant electric background ex-
hibits interesting features as the background electric field approaches its “critical” value:
|E|? — T, for zero magnetic field. Open strings, which may be viewed as dipoles carrying
opposite electric charges at their ends, are stretched along the direction of the electric field
until, at the critical value, the ‘effective’ string tension vanishes. This effect has been ex-
ploited in the past to construct non-commutative open-string theories [15-17]. We expect
that the extreme-BI theory constructed in this paper, and perhaps its ‘magnetic’ variant
too, is relevant to the description of open strings in this “critical” regime. We hope to
explore this possibility in the future.

Acknowledgments

We thank Iwo Bialnycki-Birula for helpful correspondence, and Igor Bandos, Kurt Lechner,
Karapet Mkrtchyan, Dmitri Sorokin and Arkady Tseytlin for helpful comments. We are
grateful to Sergei Kuzenko for sending us a photocopy of Plebanski’s 1970 lecture notes on
nonlinear electrodynamics. PKT has been partially supported by STFC consolidated grant
ST/T000694/1. JGR acknowledges financial support from a MINECO grant PID2019-
105614GB-C21.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
the goals of the International Year of Basic Sciences for Sustainable Development.

References

[1] I. Bialynicki-Birula, Nonlinear Electrodynamics: Variations on a theme by Born and Infeld,
in B. Jancewicz and J. Lukierski eds/, Quantum Theory of Particles and Fields, World
Scientific (1983) pp. 31-48.

[2] M. Born and L. Infeld, Foundations of the new field theory, Proc. Roy. Soc. Lond. A 144
(1934) 425 [INSPIRE].

[3] G. Boillat, Vitesses des ondes électrodynamiques et lagrangiens exceptionnels, Ann. Inst. H.
Poincare Phys. Theor. 5 (1966) 217.

[4] G. Boillat, Nonlinear electrodynamics - Lagrangians and equations of motion, J. Math. Phys.
11 (1970) 941 [INSPIRE].

[5] J. Plebanski, Lectures on non-linear electrodynamics, The Niels Bohr Institute and
NORDITA, Copenhagen (1970).

[6] K. Mkrtchyan and M. Svazas, Solutions in Nonlinear Electrodynamics and their double copy
reqular black holes, JHEP 09 (2022) 012 [arXiv:2205.14187] [INSPIRE].

~ 93 -


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1098/rspa.1934.0059
https://doi.org/10.1098/rspa.1934.0059
https://inspirehep.net/search?p=find+J%20%22Proc.Roy.Soc.Lond.%2CA144%2C425%22
https://doi.org/10.1063/1.1665231
https://doi.org/10.1063/1.1665231
https://inspirehep.net/search?p=find+J%20%22J.Math.Phys.%2C11%2C941%22
https://doi.org/10.1007/JHEP09(2022)012
https://arxiv.org/abs/2205.14187
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2205.14187

[7] S. Deser, J.G. McCarthy and O. Sarioglu, ’Good propagation’ constraints on dual invariant
actions in electrodynamics and on massless fields, Class. Quant. Grav. 16 (1999) 841
[hep-th/9809153] [INSPIRE].

[8] I. Bialynicki-Birula, Field theory of photon dust, Acta Phys. Polon. B 23 (1992) 553.

[9] I. Bandos, K. Lechner, D. Sorokin and P.K. Townsend, ModMax meets SUSY, JHEP 10
(2021) 031 [arXiv:2106.07547] [INSPIRE].

[10] V.I. Denisov, E.E. Dolgaya, V.A. Sokolov and I.P. Denisova, Conformal invariant vacuum
nonlinear electrodynamics, Phys. Rev. D 96 (2017) 036008 nSPIRE].

[11] I. Bandos, K. Lechner, D. Sorokin and P.K. Townsend, A non-linear duality-invariant
conformal extension of Mazwell’s equations, Phys. Rev. D 102 (2020) 121703
[arXiv:2007.09092] INSPIRE].

[12] E. Schrodinger, Contributions to Born’s new theory of the electromagnetic field, Proc. Roy.
Soc. Lond. A 150 (1935) 465 [INSPIRE].

[13] M. Rocek and A.A. Tseytlin, Partial breaking of global D = 4 supersymmetry, constrained
superfields, and three-brane actions, Phys. Rev. D 59 (1999) 106001 [hep-th/9811232]
[INSPIRE].

[14] 1. Bandos, K. Lechner, D. Sorokin and P.K. Townsend, On p-form gauge theories and their
conformal limits, JHEP 03 (2021) 022 [arXiv:2012.09286] [NSPIRE].

[15] N. Seiberg, L. Susskind and N. Toumbas, Strings in background electric field, space/time
noncommulativity and a new noncritical string theory, JHEP 06 (2000) 021
[hep-th/0005040] [INSPIRE].

[16] R. Gopakumar, J.M. Maldacena, S. Minwalla and A. Strominger, S duality and
noncommutative gauge theory, JHEP 06 (2000) 036 [hep-th/0005048] [INSPIRE].

[17] J.G. Russo and M.M. Sheikh-Jabbari, On noncommutative open string theories, JHEP 07
(2000) 052 [hep-th/0006202] INSPIRE].

—94 —


https://doi.org/10.1088/0264-9381/16/3/015
https://arxiv.org/abs/hep-th/9809153
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9809153
https://doi.org/10.1007/JHEP10(2021)031
https://doi.org/10.1007/JHEP10(2021)031
https://arxiv.org/abs/2106.07547
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2106.07547
https://doi.org/10.1103/PhysRevD.96.036008
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD96%2C036008%22
https://doi.org/10.1103/PhysRevD.102.121703
https://arxiv.org/abs/2007.09092
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.09092
https://doi.org/10.1098/rspa.1935.0116
https://doi.org/10.1098/rspa.1935.0116
https://inspirehep.net/search?p=find+J%20%22Proc.Roy.Soc.Lond.%2CA150%2C465%22
https://doi.org/10.1103/PhysRevD.59.106001
https://arxiv.org/abs/hep-th/9811232
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9811232
https://doi.org/10.1007/JHEP03(2021)022
https://arxiv.org/abs/2012.09286
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.09286
https://doi.org/10.1088/1126-6708/2000/06/021
https://arxiv.org/abs/hep-th/0005040
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0005040
https://doi.org/10.1088/1126-6708/2000/06/036
https://arxiv.org/abs/hep-th/0005048
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0005048
https://doi.org/10.1088/1126-6708/2000/07/052
https://doi.org/10.1088/1126-6708/2000/07/052
https://arxiv.org/abs/hep-th/0006202
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0006202

	Introduction
	Birefringence preliminaries
	Causality constraints on birefringence
	The zero birefringence conditions
	General solution of the Boillat equations

	Hamiltonian and strong-field limits
	Plebanski electrodynamics
	Reverse Born-Infeld

	Extreme Born-Infeld
	Birefringence for eBI
	Magnetic eBI

	Summary and discussion

