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All nonlinear extensions of the source-free Maxwell equations preserving both SO(2) electromagnetic
duality invariance and conformal invariance are found, and shown to be limits of a one-parameter
generalization of Born-Infeld electrodynamics. The strong-field limit is the same as that found by
Bialynicki-Birula from Born-Infeld theory but the weak-field limit is a new one-parameter extension of
Maxwell electrodynamics, which is interacting but admits exact light-velocity plane-wave solutions of
arbitrary polarization. Small-amplitude waves on a constant uniform electromagnetic background exhibit

birefringence, but one polarization mode remains lightlike.
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Nonlinear extensions of Maxwell’s equations have a
long history. The Born-Infeld (BI) equations [1], which
preserve the electromagnetic duality invariance of
Maxwell’s equations, is perhaps the best known example,
for reasons reviewed in [2]. The Euler-Heisenberg equa-
tions [3], which incorporate vacuum polarization effects of
QED, is another. Both reduce to Maxwell’s equations in a
weak-field limit since the interactions introduce a fixed
energy scale that breaks conformal invariance.

It is to be expected that any nonlinear electrodynamics
theory in a Minkowski spacetime will have some conformal
weak-field limit, and it is easily established that this must
be Maxwell electrodynamics if it is assumed that all
conformal invariant equations arise as Euler-Lagrange
(EL) equations for a Lagrangian density that is a real
analytic function of gauge-invariant Lorentz scalars con-
structed from electric and magnetic fields only. However,
this assumption also implies that the only possible con-
formal strong-field limit is Maxwell’s theory, whereas the
strong-field limit of BI theory has long been known to be an
interacting conformal theory [4,5], which we shall call
Bialynicki-Birula (BB) electrodynamics.

Here we use Hamiltonian methods similar to those of [4] to
investigate whether there are other physically acceptable
interacting conformal electrodynamics theories. We restrict

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2020,/102(12)/121703(6)

121703-1

our analysis to theories with an electromagnetic duality
invariance, for simplicity but also because of its intrinsic
interest; one of our aims is to determine whether there are
interacting alternatives to Maxwell electrodynamics with the
same symmetries. We find that the conditions imposed by
duality and conformal invariance on the Hamiltonian density
of a generic nonlinear theory of electrodynamics have two
types of solution: one yields BB electrodynamics and the
other yields a generalization of Maxwell electrodynamics,
which we call the ModMax theory. The ModMax equations
depend on a dimensionless parameter y, and they reduce to
Maxwell’s equations for y = 0. For any other value of y the
equations are nonlinear, but for y > 0 they admit exact light-
velocity plane wave solutions of arbitrary polarization.

The Lagrangian formulation of ModMax electrodynam-
ics is found by a Legendre transform. As expected, the
Lagrangian density is not analytic everywhere; it fails to be
analytic at configurations for which the Lorentz invariants
are zero, which includes the vacuum. Linearization about a
nonvacuum background of uniform constant electromag-
netic fields is possible, however, and it leads to a polari-
zation-dependent dispersion relation for small-amplitude
waves, i.e., birefringence, as expected since BI theory is
known to be the unique nonlinear electrodynamics that
does not exhibit birefringence [6,7]. For the ModMax
theory we shall see that there is always one light-velocity
polarization mode, while the other is subluminal for y > 0
but superluminal for y < 0. This provides a physical reason
for a restriction to y > 0. It also has implications for
predictions derived from the Euler-Heisenberg theory, as
we explain in our conclusions.
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https://orcid.org/0000-0001-5143-5352
https://orcid.org/0000-0001-5446-1265
https://orcid.org/0000-0002-8375-630X
https://orcid.org/0000-0003-0311-9448
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.102.121703&domain=pdf&date_stamp=2020-12-11
https://doi.org/10.1103/PhysRevD.102.121703
https://doi.org/10.1103/PhysRevD.102.121703
https://doi.org/10.1103/PhysRevD.102.121703
https://doi.org/10.1103/PhysRevD.102.121703
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

BANDOS, LECHNER, SOROKIN, and TOWNSEND

PHYS. REV. D 102, 121703 (2020)

The Hamiltonian density H for a generic source-free
theory of electrodynamics is a function of the magnetic
induction 3-vector field B and an independent electric-
displacement 3-vector field D. The field equations are the
“macroscopic Maxwell equations”

B=-VxE,
D=V xH,

V-B =0,
V.D=0, (1)

taken together with the “constitutive relations”

E = 0H/0D, H = 0H/0B. (2)
These equations imply that
H=-V-(ExH), P, =-0T, (3)

where {P;;i =1,2,3} are the components of the field
3-momentum density P = D x B, and

T, = &/(B-H+D-E—-H) - (BH;+DE). (4)

This is the stress tensor; it is symmetric because rotational
invariance implies that Bx H4+D x E = 0.

We may conclude from (3) that the integrals over space
of H and P are conserved quantities for appropriate
boundary conditions; they are the conserved energy and
momentum associated with the time and space translational
invariance of the field equations. Together with rotational
invariance, these are the manifest symmetries of the field
equations but there may be additional symmetries that are
not manifest, such as Lorentz boost invariance. In a Lorentz
invariant theory it should be possible to write the equa-
tions (3) as the 4-vector continuity equation for a symmetric
stress-energy tensor, but this is possible only if

ExH=DxB, (5)
which is therefore the condition for the equations (1) to be
Lorentz invariant [4]. The Lorentz scalar trace of this stress-
energy 4-tensor is

T',—H=2D-E+B-H-2H]. (6)

The condition for conformal invariance is therefore (5) and

D-E+B-H=2H. (7)

Finally, the condition for invariance under the SO(2)

electromagnetic duality group, which acts by shifting the
phase of the complex 3-vector field D + iB, is [4]

E-B=D-H. (8)

There are three independent rotation scalars, but at most
two are duality invariant; for example:

(IDP+[Bf*).  p=[DxB| ©)

| =

S =

If 'H is a duality invariant rotation scalar, which we assume,
then it must be a function of s and p. Using the notation
(H,.H,) for partial derivatives of H, the Lorentz invari-
ance condition (5) implies, upon using (2), that

2s
H; + ;HSHP +Hy = 1. (10)

A convenient alternative basis for the duality-invariant
rotation scalars is

U:E(s—}—\/sz—pz), V:E(s—\/sz—pQ). (11)

These new variables are well-defined since

[a—
[

sP=pP =&+ 20, (12)

where (£,7) are the following rotation scalars (which will
be used later):

(D -[B]*). n=D-B. (13)

M| —

E=

If we look for solutions of the form H = /K + constant,
then the equation we need to solve is K K, = 4K. For
quadratic K this just restricts the coefficients, and the
general quadratic solution for which K is non-negative for
all (u,v) is found to depend on one parameter 7" with
dimensions of energy density and an additional dimension-
less parameter y such that, for zero vacuum energy,

H= \/T2 +2T(e7u+e'v) +4uv—-T. (14)

This is the Hamiltonian density of BI electrodynamics
when y = 0. The strong-field (T — 0) limit yields the
S1(2; R)-duality and conformal invariant Hamiltonian den-
sity H = p of BB electrodynamics [4], irrespective of the
value of y. Notice that

H=p=D-E=B-H=H, (15)

which implies (7) and hence conformal invariance. It also
implies that the attempt to find a Lagrangian density by
taking the Legendre transform of H (D, B) with respect to
D fails, since D-E —-H =0 [4]. Thus, the Lorentz
invariance of BB electrodynamics cannot be made manifest
in this way, although it can be made manifest in other
ways [5,8].

The weak-field (T — oo) limit of (14) yields the
Hamiltonian density
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H = (chy)s — (shy)\/s* = p*, (16)

where we use “sh” for “sinh” and ‘“ch” for “cosh.” An
equivalent expression (since s> — p> = £ + %) is

H =5 (chy)(ID* + [B]?)

N =

~ 5 (shy)y /(DR B + 4D B (17)

The Maxwell Hamiltonian density is recovered for y = 0,
so we have now found the promised one-parameter
“ModMax” extension of Maxwell electrodynamics. For
any value of y, its Hamiltonian density satisfies the
condition (7) required for conformal invariance.

There may be other nonlinear Lorentz and duality
invariant theories of electrodynamics corresponding to
other solutions of (10), but there are no other such theories
that are also conformal invariant. To prove this we observe
that when H is a function only of (s, p) the conformal
invariance condition (7) becomes

sH, + pH, = H. (18)

This implies that H can be written as a product of s with
some function of the dimensionless ratio p/s; it is

convenient to ChOOSC
y=y/1=(p/s)*. (19

The condition on f implied by (10) is found to be

H(s, p) = sf(y),

N2 _ (£1\2 ! a_f
(F=yfP=(P=1 f=5. @)
Differentiating once we deduce that
FI(=y*)f" +yf]=0. (21)

This equation has two solutions:

(i) f=ey/1-7% (22)

and substitution into (20) shows that

(i) f =a+ by,

a*-b* =1, 2=1. (23)
The first solution yields ModMax with tanhy = —b/a. The
second solution yields H = =£p, which is the BB theory if
we assume that H is non-negative. Thus, the only (positive
energy) conformal and duality invariant electrodynamics
theories are BB electrodynamics and the new family of
ModMax theories, with Maxwell electrodynamics as the
special free-field case.

For the ModMax Hamiltonian density (17), it is con-
venient to define an angular variable ® by

(&n) = \V 7> + &*(cos ©, sin ©), (24)

where (&,7) are the rotation scalars of (13); notice that
©® — O + 2a under the duality transformation (D + iB) —
¢“(D + iB). This allows us to write the ModMax con-
stitutive relations in the form

E=AD-CB, H=AB-CD, (25
where
A, = chy &+ (shy) cos ©, C = (shy)sin®. (26)

The constitutive relations linearize when ©® =6, a
constant, which suggests that we consider plane-wave
configurations for which

D + iB = R[Deikx-KI] 1 j9i[Beikx-kIn) - (27)

where (D, B) are complex 3-vector amplitudes. For such
configurations, the field equations (1) reduce to
B=nxE, D=-nxH, (28)

where n = k/|k|, and substitution for (E, H) leads to the
algebraic equations

D=-nx[A,B-CD|,
B=nx[A_D-CH], (29)

where the constants (A, C) are the coefficients (26) for
® = 0. These equations imply that both D and B are
orthogonal to n, and they determine one in terms of the
other; e.g.,

D =AZ'[CB-n x B]. (30)
Using this result, one can deduce that

p=AZ"B]>,  s=(chy)p, (31)
and that D x B = np, as expected. One can also deduce
that

(&,) = (tanhy)s(cos 0, sin ), (32)

which is consistent with (24) only if y > 0.

To summarize, for y > 0 the ModMax Hamiltonian
equations admit exact light-velocity plane wave solutions,
determined by the two nonzero independent complex
components of 1B, which comprise the two amplitudes
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and relative phase of an elliptically polarized wave, and an
irrelevant overall phase. However, the linear superposition
of two solutions is another solution only if both have the
same direction n and the same value of 0.

A feature of the Hamiltonian density (17) for y > 0 is
that it is not a convex function of D for all values of (D, B),
whereas convexity is essential for the Legendre transform
to be involutive (see e.g., [9]). Although all eigenvalues of
the 3 x 3 Hessian matrix are everywhere positive for y < 0,
the lowest eigenvalue for y > 0 is

H, = chy — (shy) — s . (33)
sT=p
which is negative unless
s 2 (chy)p. (34)

From (31) we see that this “convexity bound” is saturated
by the exact plane wave solution just discussed; the
significance of this is best understood in terms of the
Lagrangian formulation, to which we now turn.

Equations equivalent to the combined Hamiltonian field
equations (1) and constitutive relations (2) may be derived
from the phase-space action

1A Ag] :/dt/d3x{E-D—H(D,B)}, (35)

where the independent fields are D and the potentials
(Ap,A) defined, up to gauge transformations, by the
relations

E =VA;-A, B=VxA. (36)
Elimination of D effects the Legendre transform of
H(D,B) with respect to D and hence yields an action
with configuration-space Lagrangian density £(E, B).

To implement this transform for the ModMax theory, we

first use the fact that /s> — p> = Esec® to rewrite the
ModMax Hamiltonian density (16) as

H = (chy)s — (shy)(sec ®)¢&. (37)

Next, we contract the first of equations (25) with D to
obtain an expression for E - D, and hence deduce that

L=E-D-H=¢EH, (38)

We should be able to rewrite this expression in terms of the
two independent Lorentz scalars:

1
S =S (P = [BP) = = 100" F F,

Hp

o=

P=E-B= —%e"””"FWFpU, (39)
where F,, (u, v=0, 1, 2, 3) are the components of the
field-strength 2-form F = dA for the 1-form potential
A =dtAy+ dx - A, and #n* is the Minkowski metric.

Expressions for (S,P) may be obtained from the
equation for E in (25) by (i) taking the norm-squared of
both sides (and then subtracting |B|?), and (ii) contracting
both sides with B. This yields

S = [(chy) — (shy) sec ®]L, P=tan®L, (40)

with £ given by (38), and then substitution for & using (32)
yields £ = 0, so S = P = 0 for the plane-wave solution, as
one would expect. Notice too that £ = 0 is possible only if
y > 0, which is therefore necessary for the existence of the
plane-wave solution, as we have already seen.

From (40) and (38), and the definition of A_ in (26), we
find that

§% + P? = [A_(sec ®)&H,]%. (41)

As A_ and £ sec © are non-negative but H,; may be negative
when y > 0, the sign of H will appear on the right-hand
side when we take the (positive) square root. We saw earlier
that H is a convex function of D when its domain is
restricted by H, > 0, so we make this choice. Then, since
EH, = L, we have

VS2 4 p2 = (chy sec® — shy)L. (42)

Finally, by substitution for S and v/S? + P?, one may
verify that

L = (chy)S + (shy)\/S? + P2 (43)

We have now found the manifestly Lorentz invariant
ModMax Lagrangian density. For y > 0 it is a convex
function of E for all values of (E,B). Also, and as
expected, it has the form required for conformal invariance:
L = Sf(P/S) for some function f [10]. This implies the
following relation that will be used below:

LssLpp = E%P =0. (44)

The ModMax Hamiltonian density can be recovered
from its Lagrangian density by an inverse Legendre trans-
form, implemented by solving the equation D = 9L/0E
for E as a function of (D, B). This equation for D may also
be used to derive expressions for (&,7) in terms of (S, P),
and these can be shown to imply that H; > 0 when y > 0,
and hence that the convexity bound (34) is satisfied, in
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accord with the general theory of the Legendre transform.
In particular, Hamiltonian configurations that violate the
convexity bound (which include all those for which the
Hamiltonian field equations are not defined) do not
correspond to Lagrangian configurations. Hamiltonian con-
figurations saturating the convexity bound, such as the
exact plane wave solutions, correspond to Lagrangian
configurations with §? + P> = 0 for which the EL equa-
tions are not defined, because of the nonanalyticity of £ at
such points. However, the Hamiltonian field equations
remain well defined, and we think it likely that these
equations will consistently evolve incoming waves to
outgoing waves through an interaction region, within which
the EL equations provide an equivalent configuration-space
trajectory.

Because the ModMax Lagrangian density is nonanalytic
at §2 + P? =0, the EL equations cannot be linearized
about the vacuum. However, they can be linearized about
solutions for which S 4+ P? # 0, such as one for which
E and B are generic uniform constants. For the generic
Lagrangian density £(S, P) the resulting linear equation
was shown in [4] to have plane-wave solutions with a wave
4-vector k = (w, k) satisfying

= (i F)he (igF), = KF,.  (45)
where F is the background 2-form field-strength and A, are
“birefringence indices.” The formula in [4] for these indices
may be simplified for conformal theories by use of (44),
and the result is

1= Lss + Lpp
T Ls+2(PLgp = SLpp)

(40)

Thus, a consequence of conformal invariance (albeit broken
by the constant background solution of the full field
equations) is that there is always one mode with the
free-field dispersion relation w® = |k|>.

For the ModMax theory we find that

tanhy

A= .
T ST+ P — (tanhy)S

As shown in [4], the background mimics an optical medium
in constant uniform motion. In the rest-frame of this
medium, for which E and B are (anti)parallel, the
A -dispersion relation of (45) is

w? = [k|*(cos? ¢ + e~ sin? @), (48)

where ¢ is the angle between k and B; there is no
birefringence when ¢ = 0 because in this case the back-
ground preserves rotational symmetry in the plane defined
by k. Notice that @ is independent of the strengths of the
background fields; this is presumably a consequence of the
conformal and duality invariance of ModMax electrody-
namics. Notice too that the propagation is superluminal for
@ = n/2 when y < 0, as claimed earlier, whereas it is never
superluminal for y > 0.

In view of this birefringence prediction, it seems likely
that compatibility with current observations involving light
propagating through slowly-varying magnetic fields (ter-
restrial or astronomical) will put a stringent upper bound on
the ModMax coupling constant y. As the magnitude of the
birefringence is independent of the (nonzero constant)
strength of the background field, it is qualitatively different
from that predicted by effective classical nonlinear theories
of electrodynamics incorporating QED corrections, for
which the magnitude increases with increasing magnetic
field strength (see e.g., [11,12]). However this QED
prediction has yet to be confirmed experimentally [13]
and it is possible that an initial experimental confirmation
of birefringence could have a ModMax interpretation.
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