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We start this paper by concisely rederiving ModMax, which is nothing but the unique nonlinear
extension of Maxwell’s equations preserving conformal and duality invariance. The merit of this new

derivation is its transparency and simplicity since it is based on an approach where the elusive duality

invariance is manifest. In the second part, we couple the ModMax electrodynamics to Einstein gravity with
a cosmological constant together with a standard conformal scalar field, and new stationary spacetimes
with dyonic charges are found. These solutions are later used as seed configurations to generate nonlinearly

charged (super-)renormalizably dressed spacetimes by means of a known generating method that we extend

to include any nonlinear conformal electrodynamics. We end by addressing the issue of how to generalize
some of these results to include the recently studied non-Noetherian conformal scalar fields, whose
equation of motion still enjoys conformal symmetry even though its action does not. It turns out that the
static non-Noetherian conformally dressed black holes also become amenable to being charged by

ModMax.

DOI: 10.1103/PhysRevD.110.064027

I. INTRODUCTION

It is certainly not an understatement to say that the
paradigm of all effective low-energy field theories is
due to the seminal works of Heisenberg, Euler, and
Weisskopf [1,2]. In more modern language, it is agreed
that by integrating out the degrees of freedom of the
electron field in quantum electrodynamics (QED), one
obtains an approximate description of the photon field
deviating from the standard linear regime [3]. This QED
vacuum behavior makes nonlinear electrodynamics a
semiphenomenological tool. As a result, several obser-
vational and experimental efforts have been deployed
over the years to probe possible nonlinear effects in
electrodynamics [4]. Well before these developments,
Born and Infeld constructed a theory in which the
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electromagnetic field of a point charge is devoid of
singularities [5]. Indeed, by going beyond the principle
of superposition, they were able to solve the problem of
infinite self-energy, and they argued that there should be a
maximum field strength similar to the upper limit provided
by the speed of light in Special Relativity. This reasoning
was found to be consistent with string theory decades later,
where Born-Infeld theory reappears in the dynamics of
strings and branes, and this maximum field strength is
precisely associated with the fact that such extended objects
cannot move faster than the speed of light [6,7]. This result
further strengthens the interpretation of nonlinear electro-
dynamics as an effective field theory.

More recently, interest in nonlinear electrodynamics was
considerably increased since it was shown that these
theories not only tolerate the existence of finite self-energy
solutions but actually allow more involved self-gravitating
solutions free from any singularity [8—11]. In particular, the
peculiar properties of these regular black hole solutions
have motivated their study in the astrophysical settings by
employing horizon-scale imaging of black holes [12]. Of
course, almost all the involved electrodynamics become
linear at the weak field limit, but all depart from the
Maxwell behavior in a strong regime by exhibiting a
characteristic length responsible for the regularization.
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The mentioned scale dependence is incompatible with
conformal symmetry, one of the key features of standard
Maxwell’s theory in four dimensions and in fact, of almost
the whole standard model. Hence, it is also desirable to have
explicit self-gravitating configurations involving other
electrodynamics that depart from the Maxwell one but still
preserve the conformal invariance. It is worth mentioning
that static black holes are known for electromagnetism
theories with conformal symmetry for dimensions D # 4,
which can be achieved by considering as Lagrangian a
power law of the single field strength invariant with a
dimension-dependent exponent [13]. These nonlinear mod-
els have also been shown to harmonize with conformally
coupled scalar fields [14], even to the point of producing
composite stealth configurations.' It is natural to consider
scalar fields at the same time since they are precisely the
simplest way to realize conformal symmetry. In this respect,
we mention that the most general second-order conformally
invariant scalar field equation in four dimensions arising
from an action principle was recently found in [20] after the
precursor results of Ref. [21].

In the context of black holes the relevance of conformally
invariant fields has been evident since the pioneering and
independent works of Refs. [22,23], where the first example
of a black hole dressed by a conformal scalar field was
provided. This solution turns out to be pathological due to
the divergence of the scalar field at the event horizon [24].
Remarkably, this pathology can be cured just by turning on a
cosmological constant together with the unique conformally
invariant potential in four dimensions [25]. This spherical
black hole allows an electrically charged extension [25] and
an analog whose event horizon is negatively curved [26]. For
completeness we also mention that they have been gener-
alized in several ways as solutions; see, e.g., [27-30]. Of
course, the dyonic extension of this so-called charged
Martinez-Troncoso-Zanelli (MTZ) black hole is straightfor-
ward thanks to the duality and conformal symmetries of the
standard Maxwell theory. Outstandingly, it turns out that
Maxwell electrodynamics is not the only one that shares
such properties. In fact, there exists a unique nonlinear
extension of the Maxwell theory that inherited both its
conformal and duality symmetry, which was recently
proposed in Ref. [31] and dubbed ModMax. The main goal
of this paper is to explore if the mere assumption of these two
ingredients, i.e., duality as well as conformal invariance, is
enough to find further generalizations of the known con-
formally dressed black holes. The results of our exploration
are positive and, in what follows we summarize the different
steps to achieve our objective.

The plan of the paper is organized as follows. In order to
be self-contained but also for usefulness, we start in Sec. 11
by providing a survey of nonlinear electrodynamics a la
Salazar, Garcia, and Plebanski [32]. This step is needed

lBy stealth we mean nontrivial field configurations with a
vanishing energy-momentum tensor; see Refs. [15-19].

since it allows a transparent definition of duality-invariant
theories that we will carefully justify in Sec. IIl A. The
conformal symmetry is then characterized in Sec. III B and
later used beside the previous results to allow a clear
rederivation of the ModMax theory in Sec. III C. In Sec. IV,
we provide the dyonic generalization, supplemented with a
nontrivial Newman-Unti-Tamburino (NUT) parameter, of
the MTZ black hole nonlinearly charged through the
ModMax theory. Since we go beyond Maxwell theory
respecting power-counting renormalizability it makes total
sense to do something similar with the scalar field.
Fortunately, in Ref. [29] it was shown by means of a
generating technique that the charged MTZ solution allows
a generalization supported by a (super-)renormalizable self-
interaction potential. Here, we first extend this generating
technique to include any conformal nonlinear electrody-
namics and then construct new (super-)renormalizably
dressed spacetimes in Sec. V. This work is finally com-
pleted by adding to the scalar field a term that breaks its
conformal invariance at the level of the action but not at the
level of its equation of motion, i.e., we also address the
study of the so-called non-Noetherian conformal scalar
fields [20,21]. In Sec. VI we succeed to charge with
ModMax the static non-Noetherian conformally dressed
black holes originally found by Fernandes in Ref. [21].
The last section, VII, is devoted to our conclusions.

II. NONLINEAR ELECTRODYNAMICS

As is defined in the Plebanski book [33], nonlinear
electrodynamics are described by the following action
principle

1 1
SE[g,A,P]_—E/d4x\/—g<§FﬂVP”U—%(:@,Q))7

(1)

which depends on the metric g,,, the gauge potential A,
and the antisymmetric tensor P**. Here the structural
function 7 describes the precise nonlinear electrodynam-
ics and depends, in general, on the two Lorentz scalars that
can be constructed with P* [5]; see the first equality of
Eq. (9b). As usual, the field strength is related to the gauge
potential as F' = dA, ensuring the Faraday equations

dF = 0. (2)

On the other hand, the variation of action (1) with respect to
the gauge potential leads to the Maxwell equations

d* P =0, (3)

where % stands for the Hodge dual, whereas varying (1)
with respect to the antisymmetric tensor P*¥ yields the
constitutive relations

Fﬂu:%,@P/w"i_%Q*wa (4)
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with the subindices of .7 indicating partial differentiation,
e.g., Hp=0¢/0%. Notice that Maxwell electrody-
namics is recovered for 5 = £, giving linear constitutive
relations. Lastly, the corresponding energy-momentum
tensor reads

1
4HTED = FuaPua - g;w <2 Faﬁpfllf - %) . (5)

The main motivation for the action principle (1) is that
now Maxwell equations (3) remain linear as the Faraday
ones (2) while the nonlinearity is encoded into the con-
stitutive relations (4). Consequently, Maxwell equations (3)
can be now understood just like the Faraday ones (2),
i.e., implying the local existence of a vector potential
* P = dA*. Therefore, from the point of view of the action
principle (1), a solution to nonlinear electrodynamics can be
understood as a pair of vector potentials A and A* compatible
with the constitutive relations (4). Additionally, since in four
dimensions both Faraday (2) and Maxwell (3) equations
define conservation laws, there are conserved quantities
related to them defined by the following integrals

1
F, g=-—[ *P, (6)
T Joz

p= 47 )3
where the integration is taken at the boundary of constant
time hypersurfaces X; obviously, these are nothing other
than the magnetic and electric charges, respectively.

After this brief and useful introduction, and in order to
prepare for what follows, we review a strategy that has
proved to be fruitful when nonlinear electrodynamics is
considered in General Relativity [33]. This strategy simply
consists of working in a null tetrad of the spacetime metric

g=2e' ® e*+2e° ®, e*, (7)

aligned along the common eigenvectors of the electromag-
netic fields, i.e.,

F+ixP=(D+iB)e' Ne?+ (E+iH)e* net.  (8)

Here, the first pair of the tetrad is composed of complex
conjugates one-forms, while the last pairis real. Additionally,
it has been implicitly assumed that the electromagnetic
configuration is algebraically general; namely, the real
invariants E, B, D, and H which are related to the eigenvalues
are not all zero at the same time. We also remark that the
scalars £ and D are associated with the intensity of the
electric field and electric induction, respectively, as perceived
in the null frame, while H and B are their magnetic
counterparts. In terms of the aligned tetrad invariants (8),
the standard invariants take the form

. 1 i 1 .
y+1gEZFMDFﬂV+ZFﬂy*FﬂU:_§(E+IB)2’ (93.)

1 i !
@JriQEZPuuPW‘FiPm*PW:_§(D+iH)2’ (9b)

resulting in a parabolic relation between them. Therefore,
the structural function is reparametrized as (%, 2) =
(D, H), which leads to a simpler version of the con-
stitutive relations (4) that now reads

This is not the only advantage of choosing an aligned tetrad, it
also results in a diagonalization of the energy-momentum
tensor allowing only two independent components. The latter
are better expressed through the trace, tr7%, of (5) together
with its traceless part, 7F = TF — % gtr TE, according to

2ntr T = DE — BH + 2.7, (11a)

4778 = (DE + BH)(e' ®, ¢ — &* ®, ¢*).  (11b)
Here E and B must be determined from the constitutive
relations (10). This approach has been employed since the
seminal work of Plebanski [33] to the formulations of
nonlinear electrodynamics pioneered in Ref. [32] which
we also review below. The power of this approach is such
that it has been instrumental in the derivation of the first
genuine example of a spinning nonlinearly charged black
hole [34-36].

The action principle (1) is concretely obtained as a
Legendre transform from a Lagrangian, —;- %(%,9),
which prompts dubbing the action structural function
H (P, 2) as the “Hamiltonian”. This total Legendre trans-

form is concretely given in terms of the new variables by
Y(E,B)=BH—-DE - (D,H). (12)

This highlights that in the more known Lagrangian for-
mulation the fundamental variables are instead E and B,
where the others must be determined from the constitutive
relations. Using (10) as d5# = —EdD + BdH in the differ-
ential of (12), the constitutive relations acquire now the
alternative simple form

Furthermore, the total Legendre transform (12) motivates
the definition of the following two partial Legendre trans-
forms

M+ (D,B) = BH — (D, H), (14a)

M~ (E,H)=DE+ 2 (D,H), (14b)
which were first introduced in Ref. [32] and led to two
alternative dual descriptions of nonlinear electrodynamics,
using purely inductions or intensities as independent
variables. As was first pointed out and exploited in [32],
these dual formulations are precisely the ideal ones to
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transparently describe theories invariant under duality
rotations, a fact that will be reviewed in Sec. II[ A.
Additionally, they are indispensable to determine the
electrodynamics supporting the spinning nonlinearly
charged black holes of [34,35] as was shown in [36].
Correspondingly, the constitutive relations in the mixed
representations are written as

E + iH = (aD -+ i()B)///+, (153.)

Regarding the energy-momentum tensor, its traceless part is
formally written again as in (11b) but considering the new
constitutive relations above, while the trace changes accord-
ing to the partial Legendre transforms (14)

2t TE = +(DE + BH — 2.40%). (16)

After clearly defining duality-invariant theories through
these formalisms in the next section, we shall apply the
above expression to determine their zero trace subclass
defining the ModMax theory.

III. A SIMPLER DERIVATION
OF THE MODMAX ELECTRODYNAMICS

In this section, we follow the formalism of the previous
section to rederive the ModMax theory [31] in a novel and
comprehensive way. Our approach will be based on the
inductions and intensities formulations with structural
functions .Z* and .# ~, respectively, which in turn provide
a direct and transparent way of deriving the theory from its
defining symmetries. A symmetry-based approach was
previously undertaken in [37] but employed a Lagrangian
description. In contrast with the .#* formulations, the
resulting condition is nonlinear as we will explain later, and
it allows no explicit general solution as recently emphasized
in [38].

A. Duality symmetry

The main challenge is how to implement the duality
symmetry. Fortunately, this problem was cleverly solved by
Salazar, Garcia, and Plebanski in [32]. We didactically
follow their approach to make evident its advantages.
Duality symmetry is related to the possibility of inter-
changing the Faraday (2) and Maxwell (3) equations, which
are preserved by the more general rotations

F+ixP=¢?F+ixP). (17)
From the conserved charges (6), these rotations are a
covariant nonlinear realization of the well-known elec-

tric-magnetic duality

p+ig = e"(p +iq). (18)

However, this is not the end of the story since the involved
fields are not independent as they are tied by the con-
stitutive relations (4). The circumstances under which the
latter also remain unchanged after the rotations above are
far from obvious, but we will show they are simpler to
analyze in the .#* formalisms. In fact, as we plan to couple
the resulting duality-invariant nonlinear electrodynamics to
General Relativity, we first demand the invariance of the
energy-momentum tensor and show later that the emerging
duality conditions are enough to also ensure preserving the
constitutive relations.

Using an aligned tetrad (8), the duality rotations (17)
becomes

D +iB = (D +iB), (19a)
E+iH = ¢(E + iH), (19b)

while their infinitesimal version
D+iB=D+iB+¢X(D+iB)+---, (20a)
E+iH =E +iH + ¢X(E +iH)+---, (20b)

defines the generator of duality rotations in this representation

As previously announced, we shall demand now the invari-
ance of the energy-momentum tensor under duality rotations,
which infinitesimally requires the generator (21) to preserve
their two independent components. The traceless part (11b) is
already duality invariant since its single component identi-
cally satisfies

X(DE + BH) = 0. (22)

Then the duality invariance of the trace (16) reduces to the
following conditions

X(a*) = 0. (23)

These last requirements are enough to also preserve the
constitutive relations (15) under duality rotations since the
corresponding infinitesimal conditions can be rewritten as

X(E+iH —[0p +idg|. ") =—(0p+idp)X(A")=0
X(D+iB— [0 +idy| .M ~) =—(0g +i0y)X (A ~) =0.

Notice that if one would have started by analyzing first the
invariance of the constitutive relations, one would have
obtained from the previous expressions the preliminary
conditions X(.#*) = const, which is exactly equivalent
by (15) to the preliminary duality condition DH — BE =
const obtained in Ref. [39]. Anyway, the later restriction on
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the energy-momentum tensor, also enforced in [39], finally
imposes the vanishing of this constant. The advantage here is
that the duality condition (23) is expressed as a constraint on
the structural functions which can be phrased as “a nonlinear
electrodynamics is duality invariant if and only if its structural
functions .#*(D,B) and .# (E,H) are preserved by
duality rotations.” This is equivalent to the following homo-
geneous linear first-order partial differential equation (PDE)

(—B()D+DOB)///+:O, (—H@E—I—EdH)///_:O, (24)

whose general solutions are, respectively, of the form
D?>+ B? E*+H?
///*z///*( ; > ///‘:///‘( J; > (25)

Hence, as was first realized in [32], a generic duality-invariant
nonlinear electrodynamics is necessarily described by the
above structural functions, each generally depending on a
single rotation-invariant variable built with the corresponding
aligned invariants.

We end this subsection by a last comment regarding
the duality condition BE = DH in the Lagrangian and
Hamiltonian formulations. Using the constitutive relations,
(13) or (10), this duality requisite can be expressed in either
of the following two ways

0p L0l =—EB, 0pH 0oy’ =—DH. (26)
These are nonlinear first-order PDE of Hamilton-Jacobi
type [39], and it is a nontrivial task to find their general
solutions. In the case of the above equations, it is possible
to find their general solutions depending on an arbitrary
function; see Ref. [19] for a recent account of the several
methods used to achieve this task. Unfortunately, as occurs
for all nonlinear first-order PDE, such general solutions are
only implicitly given (see the Appendix and the recent
Ref. [38]). This makes impossible a transparent treatment
of duality-invariant theories in the conventional formula-
tions, i.e., the occurrence or not of duality invariance needs
to be checked case by case.

B. Conformal invariance

We now turn to conformal invariance, the other defining
symmetry of the ModMax electrodynamics. It is easier to
implement since it is well-known that conformal symmetry
necessarily implies a traceless energy-momentum tensor.
Hence, we must set the trace (16) to zero, which by taking
into account the constitutive relations (15) yields the
following inhomogeneous linear first-order PDE

(DOp + Bog). M = 2.4+, (27a)

(Edg + Hoy). M~ = 2.4 (27b)

These linear PDE are easily solved and the result (which
can also be obtained in the other formulations) is that the
structural functions characterizing all the conformally
invariant nonlinear electrodynamics are necessarily homo-
geneous. For example, the degree of the previous functions
'+ must be two, and by directly taking the trace of (5) it
follows that the degree of .77°( 42, 2) must be one. In order
to exhibit that such conditions are enough to guarantee the
conformal invariance of action (1), we explicitly write
down the conformal weights of its different ingredients

(G Ay P) > (ngﬂb,A”,Q_4P””). (28)

They, together with the degree one homogeneity of the
Hamiltonian, imply the latter transforms with the appro-
priate weight, i.e.,

(P, D) > H( QPO D) =0 (2, 2), (29)

ensuring in this way the required conformal invariance of
action (1).

C. ModMax derivation

After having transparently characterized both duality and
conformal symmetries, it will turn out to easily derive the
ModMax theory [31]. The single-argument dependence of
duality-invariant theories (25) reduces the homogeneity
defining PDE (27), warranting conformal symmetry to the
simple ordinary equations

%(D2 +B) M =M, (30a)
%(E2 +H) M = M, (30b)

whose general solutions are given by
Miny(D, B) :%(DZ 4B, (31a)
Mang(EH) = %y (B2 + HP). (31b)

These structural functions define the so-called ModMax
electrodynamics, i.e., the generic family of duality-invariant
theories that enjoy conformal symmetry at the same time.
The difference between the above integration constants is
due to the fact that it is enough to integrate only one of the
structural functions, since the other is obtained from the
Legendre transforms (14) and results in the inverse inte-
gration constant of the former. In order to write the theory in
a more standard form, notice that due to the squared
dependence (31) the resulting constitutive relations (15)
become linear and trivially invertible
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E+iH = ¢7/(D +iB). (32)

That turns into a straightforward task to obtain the other
structural functions from the Legendre transforms (14)
and (12), also yielding a squared dependence in terms of
the aligned invariants

1
ZLvm(E,B) = —= (e’ E? — e7B?),

5 (33a)

H(D.H) = =3 (71D — eTHR). (33b)
We are now ready to express the Lagrangian and
Hamiltonian in terms of the conventional invariants by
inverting the parabolic relations (9) between the two
families of invariants. This finally allows us to write down
the standard structural functions for ModMax theory in their
best known form [31]

Lm(F,9) = cosh(y).F —sinh(y)V F2 + 92, (34a)
(P, 2) =cosh(y) P +sinh(y)\ 922+ 22, (34b)

This is the precise family of electrodynamics we shall use in
the rest of the paper.

IV. NONLINEARLY CHARGING
THE MTZ BLACK HOLE VIA MODMAX

We now proceed to charge the conformally dressed MTZ
black holes [25,26] beyond the linear regime but still
preserving the conformal and duality symmetries of its
involved sources. In concrete terms, this means considering
the ModMax nonlinear electrodynamics [31] instead of
Maxwell, and hence dealing with the following action
principle

R-2A
S[g,@,A,P]z/d“x,/—g( 5
K

+LCS +LMM> s (3521)
where the involved matter Lagrangian densities

1 1
Les = =5V, 0V — ERop2 — 0%, (35b)

1
_47TLMM :EFybP”y_%MM(yv g), (350)
describe a conformal scalar field and the ModMax nonlinear
electrodynamics, respectively. The structural function (34b)
of the last theory fixes the constitutive relations (4) to

B sinh(y) % sinh(y)2
e e A

and since the role of Faraday (2) and Maxwell (3) equations
is to define a pair of vector potentials F = dA and
*xP = dA*, the previous relations are the only restriction
these vector fields must satisfy. The remaining relevant
variations are those with respect to the conformal scalar field
and the metric tensor yielding

1
00 — 2 RO = 4i0", (36b)

G, +Ag,, = K(Tf,f + T%I,M), (36¢)
respectively, where both conformal contributions to the
energy-momentum tensor are given by

1
TS =V,0V,d-g, (5 vV, oVeD + ,1<1>4>

1

+ c (9.,0-V,V, + G, )% (36d)

sinh(y) 2
VP Z

4aTYM = <cosh(y) + )(PWPD“ - 29u)

(36e)

and the last expression is obtained from the generic energy-
momentum tensor for a nonlinear electrodynamics (5), after
substituting the ModMax structural function (34b).

We are interested in constructing at once stationary
solutions extended with a Taub-NUT parameter. This goal
is motivated by the fact that, on the one hand, the NUT
solution generalizing the conventionally charged confor-
mally dressed black hole is already known [28], and on the
other, we can exploit the fact that the NUT solutions were
generically obtained for all duality-invariant nonlinear
electrodynamics in the absence of the scalar field [32].
Regarding the latter, the precise case of ModMax was
recently reanalyzed in Refs. [40,41]. It is easy to incorpo-
rate a constant conformal scalar field on top of the previous
configurations [42], but the real challenge is to achieve the
goal with a nontrivial scalar field. All the previously
mentioned configurations are obviously inspired by the
vacuum spacetime solutions originally found and charac-
terized in Refs. [43—45]. Starting from this observation, we
will consider the following generic Taub-NUT ansatz for
our task

ds? = —f(r) (dr + 4%lsinz(\/§t9/2)d¢> ’

dr?

+ 0 + (2 + n*)dQz, (37a)
O = d(r), (37b)
A=A,r) <dt + %sinZ(\/Ea/z)dqs), (37¢)
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4
A* = Ai(r) (dt + Tnsinz(\/%e/Z)dq’z) . (37d)
where the two-dimensional geometry,

dQ? = dé + %sinz(\/%e)ddﬁ, (37e)
describes a base space of constant curvature k, and n
denotes the NUT parameter.

The consistent self-gravitating solution of the conformal
composite described by Egs. (36) for the above Taub-NUT
ansatz is given by

f(r)= _g(r2 +n?) + k- g;\znj—)f;;— m)z’ (38a)
()= = (2 ) (38b)
A,(r) = h(r;p.—q), (38¢)
Ai(r) = h(r;q. p), (384)

where the same family of functions,

S

r

h(r;q.p) = 21 cos {26‘7 arctan ()]
n
P . _ n
£ e~ =
+ 5y, Sin [ e arctan<r>], (38e)

determines the vector potentials with different parametri-
zations. Here, m, g, and p are integration constants that,
together with n, are tied via the coupling constants of the
theory through the following relation

2 4
e7(¢*+ p*) = g <k - 3Ar12>

x (% 4 %) (4 n2).  (386)

A careful examination of the solution reveals that, in
units where k = 8z, m is exactly the mass of the spherical
black holes resulting at k = 1 in the static limit n = 0 we
discuss later. This can be calculated using the successful
off-shell formalism proposed in [46] and discussed in detail
in [47]; see also [48]. Besides, g and p are nothing but the
electric and magnetic charges, respectively, which is
explicitly checked also in the spherical case k =1 by
integrating the right-hand sides of (6) as usual over a sphere
at infinity.

The electric-magnetic duality is explicitly manifested in
the solution since the change

(p.q) = (=4, p), (39)

maps A* into A preserving the parametric constraint (38f),
which interchanges the roles of the magnetic and electric
charges (6). On the other hand, the metric and the scalar
field are unaffected by the duality transformation since they
are independent of the electromagnetic charges. Something
similar applies to the full duality rotations (18), which now
rotates the vector potentials and the result is that the
solution (38) is mapped to itself but with magnetic charge
p and electric charge §.

As a comment regarding (anti-)self-duality, it can be
achieved as usual in the Euclidean continuation, which is
obtained by means of the following Wick rotations

(t’ n’ CIaA*) - (lt’ 1n7 lq’ IA*)’ (40)

giving for the Euclidean vector potentials A,(r) = h(r; p, q)
and Aj(r) = h(r;q,p). The (anti-)self-dual points are
defined by m = £+n and p = +gq, yielding A = £A* with
vanishing electromagnetic energy-momentum tensor and
making the scalar field trivial, thus reducing the Euclidean
metric to a vacuum configuration with (anti-)self-dual
curvature, in agreement with previous results [40,41,49,50].

Before continuing with the characterization of the sol-
utions, we want to ponder the meaning of the constraint (38f).
Indeed, it has long been known that the Weyl tensor
decomposition in terms of electric and magnetic parts in
the paradigm of Taub-NUT spacetimes provides gravito-
electric and gravitomagnetic interpretations for the mass m
and the NUT parameter n, respectively [51]. In this sense the
dyonic character of solutions like (38) is twofold, since it is
not only described by the two electromagnetic charges but
also by the two gravitoelectromagnetic peers. This provides a
remarkable interpretation of the twofold dyonic version of
restriction (38f) as a proportionality relation, mostly via the
coupling constants, between a sort of total dyonic electro-
magnetic charge ¢> + p? and its dyonic gravitational analog
m? + n?,i.e., establishing a correlation between both dyonic
counterparts.

One can also note that the coupling constants become
severely restricted in order to allow the existence of the
solution. Indeed, the reality condition on the scalar field (38b)
will impose that the sign of the cosmological constant A and
the conformal self-interaction coupling constant 4 must be
opposite, while the positiveness of the total dyonic counter-
parts in relation (38f) gives rise to the following extra

condition
4 36 A
——AR? ) [ =4+= . 41
<k3n><1<+/1>>0 (41)

In the Maxwell limit y = O the electromagnetic vector
potentials become
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r rr—n?
A (r) =~ 2 Z_ n2 212((’_2 n nz)) > (428.)
A(r) = 2 4= m) (42b)

r? +n? + 2n(r? + n?)
generalizing to the dyonic case the purely electric, p = 0,
conformal Taub-NUT solution of Ref. [28]. The correspond-
ing metric and scalar field are unaffected by those limits,
which brings up the following interesting curiosity of
solution (38). On the one hand, the metric and scalar field
behave exactly the same way as in the linearly charged case
of [28]. On the other hand, the electromagnetic fields of (38)
are exactly the same as those of ModMax without a scalar
field [40,41]. This peculiarity is a direct consequence of the
decoupling between both kinds of involved conformal
matter and, additionally, has roots in that the constitutive
relations (36a) turn out to have no information on the
particular gravitational potential of the background (37a).
In fact, only the constraint (38f) nontrivially merges all the
involved ingredients. This is in analogy with what occurs in
the linear case when the neutral topological MTZ black holes
are conventionally charged [25,26].

There are other two new nontrivial limits of solution (38),
within the list of its underlying properties. The first nontrivial
limit is to consider a vanishing cosmological constant, since
its naive application in (38) could yield a trivial scalar field. In
fact, the appropriate way to take this limit is by first solving
the constraint (38f) for the conformal coupling constant 1 and
then evaluating the result in the scalar field (38b). Taking now
A = 0 will additionally impose 4 = 0, and since the resulting
metric has only sense for spherical topology k = 1, this
procedure gives rise to the following Taub-NUT generali-
zation of the Bekenstein black hole [23] but dyonically
charged via ModMax electrodynamics

(r—m)? 41 2 p2ap?
ds? = — o dt + 4nsin? iedd) + oy dr?
4 (P 1 n?)(d6? + sin0dg?), (43a)
\/ m? +n* = e (g? + p?)
, (43b)
r—m
a1
A= h(r;p,—q) (dt + 4n sin? Eﬁdqﬁ) , (43c)
o1
A* = h(r;q,p)| dt + 4nsin Eadrﬁ . (43d)

The other new nontrivial limit of solution (38) is the
static one n — 0. This limit should be taken with care in the
nonlinear electromagnetic sector, since constant contribu-
tions of order 1/n in the gauge potentials need to be gauged
away before taking the limit. After the static limit n — 0 is

taken with caution we obtain the promised dyonic non-
linearly charged black hole solutions generalizing the MTZ
configurations [25,26]
2
— ﬂ) :| d[z
r

A
ds? = —[—grz +k<1

A 27 -1
n {—gruk(l—ﬂ)] dr? + 2dQ2,  (44a)

r

<1>:~/—%£1m (44b)

A= —ﬁrydr + —sm 2(Vk0/2)dg (44c)
. pe -7 2q

A dt+7s1n (Vk0/2)de (44d)

where the constraint now reflects the loss of dyonic
character in the gravitational sector

2nk (36 A
) :T(7+7)m2-

The original charged MTZ black holes [25,26] are recov-
ered in the Maxwell limit y = 0, and for purely electric
configurations p = 0. Let us stress a crucial difference in
the behavior of the solution beyond these further limits. It is
clear that in the linear Maxwell case, charged solutions can
be purely electric (or magnetic) or even dyonic. In the
ModMax case, the constitutive relations (36a) become
effectively linear when & or 2 vanish. For the black
hole (44) we have

e (g +p (44e)

qpe™’
9 = wa (45)

and its purely electric (or magnetic) limit would
imply 2 = 0. Thus, in order to ensure that the new black
holes (44) probe the fully nonlinear regime it is mandatory
to consider dyonic configurations, as those obtained in
Ref. [52] in the absence of the scalar field.

As a final comment, when both nontrivial limits are
taken simultaneously, i.e., A = 0, which constrains A = 0
and k = 1, together with n = 0, one gets

2 -2
ds2:—<1 —T> ar + (1 —ﬂ> ar
r r

+ r2(d6? + sin’0dg?), (46a)
m? — e (¢’ + p?)
® = \ﬁ = , (46b)
K r—m
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-r
A=-2 4y 2psin?(0/2)dp, (46¢)
r

=7
A =L a4t 1 24 5in2(6/2)dg. (464)
r
This constitutes a dyonic ModMax charged generaliza-
tion of the Bekenstein black hole [23].

V. NEW (SUPER-)RENORMALIZABLY
DRESSED SPACETIMES

In the previous section, we were successful in charging
conformally dressed spacetimes beyond the Maxwell
theory without spoiling power-counting renormalizability.
A further harmless generalization that can be performed
now in the scalar sector is to improve its conformal
self-interaction potential precisely with power-counting
super-renormalizable contributions. The first explicit self-
gravitating scalar configurations allowing such contribu-
tions were found in Ref. [27], and its appearance was
intriguing at that moment since it had no precedent at all. It
was later explained in [29] how they can be generated from
the MTZ black hole [25,26]. The strategy of Ref. [29] was
to devise a generating method for mapping any self-
gravitating conformal scalar field with nontrivial self-
interaction and cosmological constant to a one-parameter
family of a similar system but supplemented with a (super-)
renormalizable potential. The devised one-parameter map
was the following

g/w = (a\/’%q) + l)zg/un (473)
S L VK6 ta (47b)

VKk/6a\/xk/6® +1

The method was also straightforwardly extended to include
the Maxwell theory [29], allowing them to find the charged
version of the original solutions of [27], only by scaling the
vector potential according to

A=1V1-d?A.

Notice that the electromagnetic part of action (35a) is
unaffected by (47a) due to conformal invariance. Hence, as
pointed out in Ref. [29], for y = 0 when the Maxwell
theory studied there is recovered, the effect of the scaling
(47c¢) is just to scale the electromagnetic action by the
factor 1 — a>.

The aim of this section is to generalize the conformally
dressed spacetimes (38) to new (super-)renormalizably
dressed examples by exploiting the results already estab-
lished in Ref. [29]. In order to accomplish this goal, we need
to extend first the above map to other conformally charged
configurations not necessarily rigged by the linearity of

(47¢)

Maxwell theory. In particular, to those charged by the
ModMax electrodynamics where y # 0 in action (35a).
Since everything works by scaling the Maxwell action as
1 —a?, it is enough to demand that under the sought
transformation the same occurs for any conformal electro-
magnetic action. In doing so, we recall that the structural
functions of every conformally invariant nonlinear electro-
dynamics are necessarily homogeneous, as was explained in
Sec. III B. Concretely, let us remember that the degree of the
Hamiltonian as a function of the standard invariants must be
one; i.e., it satisfies %(/AL@, /AL,@) = ;1%”(32, 2). Hence, it
is clear that the appropriate transformation for the second
vector potential, generalizing the map of Ref. [29] to include
any conformal electrodynamics, must be necessarily given
by the same scaling law

A" =V1-a*A".

We are now ready to pursue the strategy of Ref. [29].
Applying the extended map (47) to ModMax charged
configurations transforms the full action (35a) to a new
action

(47d)

S[g,®,A, P] = (1 —a*)S[g, @, A, P], (48)

defined by

. R-2A . .
S[g,q),A, }:/d“x —g( 2 +LSR+LMM>7 (493_)

where R refers to the scalar curvature associated with
the metric g. Additionally, we have defined F = dA
and * P =dA*; accordingly, Lyy is the ModMax
Lagrangian (35c) for these fields. At the same time, the
conformal scalar Lagrangian changes to

_ l— o = 1 -
Lip = ==V OVFD — — RD?
SR 2 12

- ® - 1P — ;D3 — 1,04, (49b)
keeping the conformal coupling to the Ricci scalar, but the
corresponding action is no longer conformally invariant
due to the new power-counting super-renormalizable con-
tributions improving the self-interaction potential, defined
by the emerging coupling constants 4;, 4,, and 4;. In
addition, the new cosmological constant is now given by

- kA +36a*A
A=—"TT"— 49
k(1 —a?)? (49¢)
while the coupling constants of the potential read
2v6 a(kA + 36a%A
5, = 2/Balch +36a°4) (49d)

3 K321 =a?)?’
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a? (kA + 364)

= 4
% k(1 —a?)® "’ (49)
A
= — \/ga(alc —1—36/1)’ (49f)
9 «2(1-a?)?
1 a*kA + 364
(49¢)

M= 53
Y736 (1-a2)

and all are parametrized in terms of the couplings of the
starting theory together with the parameter a. In summary,
self-gravitating ModMax charged solutions of a conformal
scalar field generate by means of the transformation (47) a
one-parameter family of also self-gravitating ModMax
charged solutions of a conformally coupled scalar field
but now ruled by a (super-)renormalizable self-interaction.

Taking the solution (38) as a seed configuration for
the transformation (47), we are now able to generate a
(super-)renormalizably dressed solution that is an extreme
of action (49), and is given by

2

. r—m+ ay/—5 (m?* + n?)
5T r—m
4n . 2
x [— 1(r) (dt + s1n2(ﬁ9/2)d¢>
+ ]% +(r* + nz)dﬂi] , (50a)
_ 6a(r_m)+ 36/1< +n)
(D:\/;r—m—l-a —5A (1,2 +n)’ 50
36/
A= h(r:p,-5) (dz + %sm%\/%a/z)dqb), (50¢)
A* = h(r;3, p) (dt + 47"sin2(\/%9/2)d¢>, (50d)

where the gravitational and vector potentials are again
determined by the functions (38a) and (38e), respectively.
The latter function is now parametrized by the new

constants § = V' 1 —a’q and p = V1 —a’p, which are

subject to the constraint

(1—a2)2§<k—§/\n2)
5 (3K6 /A\)(’" ),

e (7> + p*) =

(50e)

These new constants are correspondingly the electromag-
netic charges in this context, as can be straightforwardly
checked in the spherical case k = 1 where

1 - -
= aZF g= * P, (51)
with 0X consequently taken as a sphere at infinity. It is
worth mentioning that for purely electric configurations,
p =0, of the Maxwell case, y = 0, the above solution
becomes that of Ref. [30]. Consequently, setting @ = 0 in
the (super-)renormalizably dressed solution (50) one recov-
ers the conformally dressed seed (38). The other way
around, taking as seeds all the special limits of (38)—
namely (43), (44), and (46)—new special (super-)renorma-
lizably dressed solutions are straightforwardly obtained;
since those limits commute with the map there is no need to
explicitly write them.

VI. NONLINEARLY CHARGING THE
NON-NOETHERIAN CONFORMAL SECTOR

It is certainly known now that the most general second-
order equation describing a conformally invariant scalar
field that is the extreme of an action principle is definitely
not Eq. (36b), as it has been recently proved in [20] inspired
in the previous work of [21]. In particular, it was originally
identified in Ref. [21] that a non-Noetherian conformal
contribution can be also considered in Eq. (36b). It comes
from the following additional piece to Lagrangian (35b)
that extends the action principle (35a) used in Sec. IV to

S[g. ®, A, P| + / &2/ =FLxn, (52a)

with a non-Noetherian conformal Lagrangian density
defined by

a

4
LNN = —E <1n(<l))g — EGWJV#(DVU(D
- (Y, 0v)00 | 2 = 2 (v, oVhD) ) (52b)

where & = R? — 4R sR* + R4, R* is the Gauss-
Bonnet density, G** the FEinstein tensor, and [] the
d’Alembert operator, all being defined with the standard
metric g,,. With this new contribution, Eq. (36b) is

extended as
1 3 a -~
D(I)—ng)—(D 4/1—1—5% =0, (53)

where ¢ is the Gauss-Bonnet density again, but now
corresponding to the auxiliary metric g, = (I)zgm,, which
by construction is invariant under conformal transformations
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(G- @) P> (2, Q7' D). (54)

Since the new term with the tilde in (53) behaves as a
constant under conformal transformations, the resulting
equation is again conformally invariant. However, the
action built from Lagrangian (52b) is not preserved under
the transformations (54) and consequently, the conformal
invariance of (53) is not due to the Noether theorem. This is
why Ref. [20] termed non-Noetherian conformal scalar
fields to those whose dynamic is governed by the previous
equation.2

As an Euler-Lagrange equation of a related action, the
second-order conformally invariant properties of (53) are
not spoiled by adding to Lagrangian (52b) arbitrary
nonminimal couplings to gravity build with the Weyl
tensor of the auxiliary metric g,, [20]. Nevertheless, only
the extension (52b) also gives rise to a second-order
addition to the energy-momentum tensor (36d), since the
Lagrangian (52b) remarkably belongs to the most general
family of second-order variational principles for the
scalar field and the metric which are defined by the
Horndeski action [55]. We do not write here the involved
explicit expression of the new contribution to the energy-
momentum tensor for the economy of space, but it can be
consulted in Ref. [21].

The static spherically symmetric non-Noetherian con-
formally dressed black holes, charged with the y =0
Maxwell sector of action (52), were originally derived
in Ref. [21], where Fernandes showed the existence of
two independent branches of solutions. There is no
known Taub-NUT generalization of the Fernandes static
branches. Hence, here we focus on the solutions of the
non-Noetherianly extended conformal system derived
from action (52) in the static limit, n =0, of our
study ansatz (37). When the ModMax electrodynamics
is used to nonlinearly charge the two Fernandes branches
of non-Noetherian conformal black holes beyond
the Maxwell regime, such branches are generalized as
follows

2 A2
ast=—d ket 2 1 1 ara( 2 2) | L
2ka 3 r
2 A2 B
D & SIRLA R PN s m§r) dr?
2K 3 r
+ r2dQ2, (55a)
*For the two-dimensional non-Noetherian analog see

Refs. [53,54].

—y 2
A=-2 g4 Tpsinz(\/@/Z)dqﬁ, (55b)
r
pe? 2q .,
A — dr + < sin (Vk0/2)dgp, (55¢)
r

where the metric function and the scalar field are given in
one case as

k e77(q* + p?) — 167k’

m(r) =m— 16 . , (56a)

D(r) =—— izka, (56b)
1

la = T (56¢)

while the second branch depends on the sign of the non-
Noetherian conformal coupling constant a as

K e7(q*+ p?)

m(r) = Mg, (57a)
V12ka , > 0,
ol rsinh (ﬂ[cifdﬁ]) ! o
@ O L
rcosh <\/E|:cif‘\’/;])
da = % (57¢)

Here c is a sort of non-Noetherian conformal hair and the
signs in the scalar field (57b) are independent of those of
the metric (55a).

For y = 0 and k = 1 the conventionally charged spheri-
cally symmetric Fernandes black holes [21], dressed with a
non-Noetherian conformal scalar field, are recovered. In
order to ease the comparison, we make transparent the
relation between the Fernandes notations and ours

/JF:g, F=xl, o =«ka,
1
A,]j:\/—4—ﬂAw QI:: Varg, an =Vdnp. (58)

We found it appropriate to emphasize the further
bifurcation (57b) of the second branch not reported in
Ref. [21], since the spherical a < 0 sector originally found
in that reference is not extensible to flat k = 0 or hyperbolic
k = —1 topologies, which are only covered by the new
a > 0 sector. In fact, the latter is the only non-Noetherian
conformally dressed solution at all surviving in the limit
k — 0. This is compatible with the recent results of
Refs. [56,57] for more general, non-necessarily symmetric,
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Horndeski theories allowing a similar branching structure
to the one first found by Fernandes in Ref. [21]. There,
generic planar solutions k = 0 unavoidably require the
absence of the standard Noetherian conformal sector
Lcs (35b), which is impossible here. Besides, if the limit
a =0 is assumed then the metric lower-sign solution
becomes the ModMax nonlinearly charged black holes
of [52] generalizing the dyonic Reissner-Nordstrom ones,
where the scalar field is absent.

Finally, the fact that the matter part of the new action (52)
is no longer conformally invariant makes it impossible to
straightforwardly apply the methods of Ref. [29] to explore
(super-)renormalizably dressed configurations. How such a
strategy can be extended to include the new non-Noetherian
conformal sector remains an open problem for the future.

VII. CONCLUDING REMARKS

In this work, we have considered self-gravitating con-
figurations of ModMax nonlinear electrodynamics together
with a self-interacting scalar field conformally coupled to
gravity. The distinctive feature of ModMax theory is that it
is the unique nonlinear extension of the Maxwell theory
enjoying its conformal invariance as well as its duality
symmetry [31]. We have taken advantage of this work to
present a novel and transparent derivation of this electro-
dynamics by employing the dual Legendre formulations
introduced in Ref. [32]. Of particular relevance is their
simple characterization of duality-invariant theories in
contrast with that allowed for the standard Lagrangian
formalism [38]. Our approach demands that the Legendre
duals themselves be invariant under duality and conformal
transformations. In doing so, we end up with elementary
linear first-order equations which straightforwardly yield as
unique solution the ModMax electrodynamics [31].

Correspondingly, a limitation of our work is the same as
the approach that we borrow from Ref. [32] to duality
invariance, i.e., it only applies to the most common
algebraically general electromagnetic configurations where
not all the eigenvalues vanish [33], making sense of the
alignment (8). This means that algebraically special or null
electromagnetic fields, where all the eigenvalues are
identically zero [33], are not included in our analysis.
Therefore, the use of different variables including the
particular case of null fields can still give rise to potentially
different realizations of duality invariance excluded from
those treated here. This seems to be the case of those
configurations rigged by the Biatynicki-Birula electrody-
namics that is invariant under SL(2,R) transformations
more than duality rotations and additionally also respects
conformal symmetry [58,59].

Regarding the ModMax nonlinearly charged spacetimes,
our most general result is the family of solutions (50),
which describes nonstatic configurations whose back-
ground is dyonically charged by ModMax fields and is
simultaneously dressed by a conformally coupled and

(super-)renormalizable scalar field. Algebraically, the
spacetime is classified in the Petrov scheme as of type
D. Whereas, geometrically, it is conformally related to a
complex line bundle fibered on a Kihler manifold. As such,
the solution is closely related to the classical Taub-NUT
vacuum metric [43—45]. In the static limit, the fibration is
trivialized and also black hole solutions emerge. In that
case, the resulting black holes are nonlinearly charged
generalizations of those presented in Ref. [29], which in
turn has as neutral limits the ones found in Ref. [27].

In the more general stationary setup, many special
spacetimes were shown to exist in [30] for the purely
electric Maxwell case such as wormholes, cosmological
bounces, and regular black holes. The same configurations
also appear here since our metric is formally indistinguish-
able from theirs, except that it is now supported by a more
general content composed of dyonic nonlinearly charged
matter. Since such metrics were thoroughly studied in
Ref. [30] there is no need to repeat their analysis here.

The obtained (super-)renormalizably dressed spacetimes
are possible because the four coupling constants character-
izing the scalar field self-interaction potential are not all
independent. Indeed, only a one-parameter subspace of the
emerging strictly super-renormalizable sector is available to
the configuration. This is a direct consequence of the
solution-generating method proposed in Ref. [29] and
generalized here to any conformal electrodynamics, that
maps a self-gravitating conformal seed into the larger
parameter space of the self-gravitating (super-)renormaliz-
able theories.

In order to cover the whole spectrum of conformally
dressed black holes, we have also addressed the extension
to the ModMax regime of the recently discussed non-
Noetherian conformal scalar fields [20,21]. We were able to
nonlinearly charge the non-Noetherian conformally dressed
black holes of Ref. [21]. Instead, we leave open the
problem of generating (super-)renormalizably dressed
spacetimes in this context due to the impossibility of using
the generating methods of Ref. [29] by the non-Noetherian
origin of conformal symmetry in the scalar fields.

We expect the emergence of all the presented solutions
definitely encourages further research into the fertile subject
of scalar fields conformally coupled to gravity and supple-
mented by nonlinear electrodynamics, especially in light of
the recent developments discussed in Refs. [49,50,60,61]. A
very promising path within all the potential possibilities are
new results [62—66] on the celebrated Plebanski-Demianski
solutions [67], since thanks to them the presence of accel-
eration and NUT parameter in Petrov type D spacetimes is
now better understood. This finally clarifies the puzzle of
why the accelerated NUT vacuum spacetimes originally
found in [68] are outside this special class, being in fact of
general Petrov type [69]. The connection with our work is
that on the one hand, the accelerated NUT spacetimes have
been recently extended to be sourced by free conformal
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scalar fields [70], and on the other hand, the first nonlinearly
charged accelerated spacetimes were precisely built with
ModMax [71].

ACKNOWLEDGMENTS

The authors would like to thank the NordGrav Summer
Workshop recently held at the Instituto de Ciencias Exactas
y Naturales, Universidad Arturo Prat, partially supported by
the Agencia Nacional de Investigacién y Desarrollo (ANID)
under FONDECYT Grant No. 11200742. D. F.-A. would
like to thank the Departamento de Fisica of CINVESTAV-
IPN for their kind hospitality and stimulating environment.
We thank M. Astorino, L. Avilés, J. Barrientos, A. Cisterna,
C. Corral, P. Fernandes, J. Oliva, and P. A. Sanchez for
interesting discussions and suggestions. E. A.-B. has been
partially funded by CONAHCYT Grant No. A1-S-11548.
D.F-A. is supported by ANID under FONDECYT Grant
No. 3220083. M.H. has been partially funded by
FONDECYT Grant No. 1210889.

APPENDIX: GENERAL DUALITY-INVARIANT
LAGRANGIANS ARE NECESSARILY IMPLICIT

Using the methods recently revised in Ref. [19] it is
possible to show that, for example, the general solution to
the first of the nonlinear first-order PDE (26) determining
all duality-invariant Lagrangians is

1
Z(E,B) = -5 (e"E?* — e T'B?) + J(I), (Ala)
where I'(E, B) is a function determined by the arbitrary
implicit dependence

J(T) =

e"E? + e TB?). (Alb)

5
It is straightforward to show that (A1) is a solution to the
first of PDE (26) if and only if the following conditions are
satisfied

{J’(F) - % (e"E? + e—FB2)] =0, (A2a)

{J’(F) - % (B2 + e—ng)] Ty—0, (A2b)

which are warranted by (A1b). Since this solution involves
the single-argument arbitrary function J, it is in fact the
general solution. Such implicit dependence generically
characterizes all duality-invariant nonlinear electrodynam-
ics in the Lagrangian formulation; see the recent results of
Ref. [38] for a similar representation in different variables
that we revise in a moment. It is important to emphasize

that, as conditions (A2) clearly indicate, the implicit
dependence (A1b) is strictly needed to have solutions only
when the function I is nontrivial. In the degenerate case
where such function is a constant, (A1b) is unnecessary and
solution (A1) becomes the standard sum separable solution.
This degenerate sum-separable case is precisely the one
corresponding to ModMax

I'viy = ¥ = const (A3)
where in all generality we can choose J =0 in (Al), to
avoid redefining the cosmological constant, recovering the
ModMax Lagrangian (33a). In terms of the standard
invariants the Lagrangian characterizing all duality-invari-
ant theories is written as follows

L(F,9)=cosh(I').Z —sinh(I") . #2+94>+J(T
(A4a)
0 =sinh(T").Z —cosh(I')V/ .72 + 92 +J'(T'), (Adb)

where the last relation implicitly determines the function
I'(.%,9) for each theory defined by the single argument
function J. The only exception is the ModMax theory (A3),
as has already been explained.

ModMax is characterized differently in Ref. [38], where
their implicit representation for general duality-invariant
Lagrangians is based instead on the product separable
solutions giving

Z(E,B)=B\V2r—E*- (1),

i(7) = (A5)

As was emphasized in [38], within this context ModMax is
recovered by choosing the function

vmm(7) = €'t (A6)
We give the explicit relation between the notations of Russo
and Townsend in [38] with ours to facilitate the comparison

ST—_g, PR—_g [R__g

By B

URTzi’
2 2

(A7)

Interestingly, both representations (A1) and (AS5) are related
by a Legendre transform between the arbitrary functions
J(T) =e'r— (1), el =i (A8)

Notice that it becomes degenerate precisely in the
ModMax case.
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