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One may write the Maxwell equations in terms of two gauge potentials, one electric and one
magnetic, by demanding that their field strengths should be dual to each other. This requirement is the
condition of twisted self-duality. It can be extended to p-forms in spacetime of D dimensions, and it
survives the introduction of a variety of couplings among forms of different rank, and also to spinor and
scalar fields, which emerge naturally from supergravity. In this paper we provide a systematic derivation
of the action principle, whose equations of motion are the condition of twisted self-duality. The
derivation starts from the standard Maxwell action, extended to include the aforementioned couplings,
and proceeds via the Hamiltonian formalism through the resolution of Gauss’s law. In the pure Maxwell
case we recover in this way an action that had been postulated by other authors, through an ansatz based
on an action given earlier by us for untwisted self-duality. When Chern-Simons couplings are included,
our action is, however, new. The derivation from the standard extended Maxwell action implies of course
that the theory is Lorentz invariant and can be locally coupled to gravity. Nevertheless we include a
direct compact Hamiltonian proof of these properties, which is based on the surface-deformation
algebra. The symmetry in the dependence of the action on the electric and magnetic variables is
manifest, since they appear as canonical conjugates. Spacetime covariance, although present, is not

manifest.

DOI: 10.1103/PhysRevD.83.125015

I. INTRODUCTION

The symmetry between electricity and magnetism is a
fascinating subject. It originated in the Maxwell equations,
but it has shown a remarkable resilience in front of further
developments. It survived when spacetime was liberated
from the requirement of being four dimensional and also
when the door was opened for p-forms of an arbitrary rank
to come in, as generalizations of the one-form of the
Maxwell theory. Today this electric-magnetic ‘‘duality
principle”” permeates our thinking in supergravity and
string theory.

The duality principle leads naturally to a reformulation
of the Maxwell equations, and also of its generalizations
mentioned above. One regards the Maxwell equations as
the conditions for the existence of the usual ‘“‘electric
potential” one-form A and a second ‘‘magnetic potential”
one-form B. If one demands that the corresponding field
strengths (curvature two-forms) be the dual of each other,
one obtains the Maxwell equations. This requirement is
called “twisted self-duality” [1]. The term ‘“‘twisted” is
introduced because the forms are not self-dual, but are
rather, as it was just said, dual to each other. If both
curvature forms are grouped into a two-component col-
umn, then that column is related to its dual by an
off-diagonal “‘twist matrix.”

When the topology of spacetime is trivial, Maxwell
equations imply in turn the twisted self-duality condition,
because every closed two-form is then exact. For nontrivial
topologies additional considerations are needed, which

1550-7998/2011/83(12)/125015(11)

125015-1

PACS numbers: 11.15.—q, 04.65.+e, 11.30.Ly

will be addressed in Ref. [2] (see also [3]). This paper
will be concerned only with the case of trivial topology.

An important motivation for undertaking the present
work was the necessity to dispel the widespread miscon-
ception that twisted (and untwisted) self-duality can only
be discussed at the level of the equations of motion.

This misconception, which would impede the quantum
implementation of duality, has been quite resilient in spite
of the fact that the duality invariance of the Maxwell action
in four dimensions was already proven in Ref. [4] and that
the action for untwisted self-duality was given in Ref. [5]
for chiral p-forms in 2p + 2 dimensions. The action of
Ref. [5] was then used in [6] as the starting point to arrive at
an action for twisted self-duality.

The theme of this paper is a systematic derivation of the
action for twisted self-duality from the Maxwell action
with Chern-Simons and other p-form couplings. For the
pure Maxwell case, the action that we find coincides with
that of [6]. When Chern- Simons couplings are included,
our action is, however, new.

The action that we deal with is local in space and time
and it is quadratic in the fields for the free theories. It is
Lorentz invariant and it can also be locally coupled to the
gravitational field. The symmetry in the dependence of the
action on the electric and magnetic variables is manifest,
since they appear as canonical conjugates. Spacetime
covariance, although present, is not manifest.

The nonmanifest character of spacetime covariance is in
sharp contrast with the manifest validity of the duality
principle. It would appear, therefore, that in order to spell
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out the consequences of the duality principle, one has to
necessarily relegate spacetime covariance to a lesser role.
This feature was already encountered in the past in the
demonstration of off-shell duality invariance in a variety of
contexts [4,7,8], including linearized gravity [9,10], in
spite of the intimate connection of the latter with spacetime
covariance. It is also present in the action for chiral bosons
[11] and self-dual p-forms [5] and was particularly empha-
sized in [6]. One cannot help but feel that this is an
important lesson for the investigations of more general
“hidden symmetries” [12]. Although nonmanifest, the
spacetime covariance of the action may be proven directly
in the present formulation, and in a compact manner, by
verifying that the energy and momentum densities satisfy
the algebra of surface deformations [13—15].

Other actions have been proposed [16—18] that are man-
ifestly duality and Lorentz invariant. These actions contain
additional fields and additional gauge symmetries. They
are nonpolynomial even when the interactions are switched
off. To get a tractable action, one must fix the new gauge
symmetry in a way that breaks Lorentz invariance. In
particular, for the case of a three-form with Chern-
Simons couplings in 11 dimensions, our action coincides
with the one given earlier in [17] when the additional gauge
freedom is fixed in a very simple form.

The situation here is strongly reminiscent of that encoun-
tered by ourselves quite a way back, when we developed a
Lorentz-invariant formulation of the Hamiltonian dynamics
of the superparticle [19]. We introduced then extra gauge
variables and concluded that the result was ‘rather
involved.” Again in that case, the nonmanifest Lorentz-
invariant formulation remained by far the simplest one.

The paper is organized so as to go through a number of
cases of increasing complexity, treating in detail the sim-
plest of them, and then just indicating the results for the
more complicated ones. This we do for the sake of focusing
on the central point without being distracted by unessential
technical burdens. Thus, Sec. II is devoted to the imple-
mentation of twisted self-duality for a single Maxwell
p-form, in D spacetime dimensions. We focus on the
case of a one-form and then indicate the results for a
general p. It is explained how the marginal cases p = 0
and p = D — 2 fit into the scheme.

The starting point is the Hamiltonian formulation of the
standard Maxwell action in terms of a p-form potential A,
which we call the “purely electric formulation.” The key
step, first devised in [4], is solving its Gauss law without
going to the reduced phase space, i.e., without fixing the
gauge. Since the Gauss law is the vanishing of the diver-
gence of a local vector density, its solution automatically
brings in a (D — p — 2)-form B, which is the magnetic
potential. The desired ‘“‘electric-magnetic action’ is then
obtained by introducing the solution of the Gauss con-
straint of the original purely electric action back into it.
Thus, the fact that the Gauss constraint is a local
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divergence is far from being a technicality. It is, rather, a
profound manifestation of the duality principle.

Section Il is devoted to the inclusion of a Chern-Simons
term. There again we analyze in detail the simplest case,
that is, p = 1, D = 3, and then indicate explicitly the
results for the generalization to p = 3, D = 11, which is
of special interest because it arises in supergravity. The
procedure applies, however, quite generally, since the
Gauss constraint is a divergence for all cases when a
Chern-Simons form can be written.

The next step in increasing complexity is taken in
Sec. IV, where we show that our procedure can be applied
to the coupling among a one-form and a two-form that
arises in Einstein-Maxwell supergravity in ten dimensions
and indicate its generalization to couplings between sev-
eral p-forms of different degrees. We also remark that the
procedure can be applied straightforwardly to Pauli
couplings to spinors and to couplings to uncharged scalars.

Finally, Sec. V is devoted to concluding remarks.

II. TWISTED SELF-DUALITY FOR A MAXWELL
p-FORM IN D SPACETIME DIMENSIONS

A. Twisted self-duality

For a p-form in D spacetime dimensions, there exists a
straightforward generalization of the Maxwell action,

1
_ D[ _ A Apa
S[A“'"Aﬂ]_[d x( 2p+ D1 dea ) @b

with,

FAI"')\pH = (p + I)G[A]A,\z.../\p“]. (22)

The square bracket indicates complete antisymmetrization
in the enclosed indices, normalized by dividing by the
appropriate factorial so that it is idempotent. In terms of
forms,

F = dA, 2.3)
with
1 A A
=mFAIWA de PA s Adx™r, 2.4)
p : !
and
1 A A
A=Ay dxM A A dih 2.5)
p:

The equations of motion obtained by demanding that the
action (2.1) be stationary with respect to variations of the
potential A are

d'F = 0. (2.6)
On the other hand, it follows from the definition (2.3) that
dF = 0. 2.7)
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For a spacetime with the topology of R”", the general
solution to the equation of motion (2.6) is

*F = dB, (2.8)

for some (D — p — 2)-form B. We will call the original
form A the electric potential and the form B just introduced
the magnetic potential.

The electric and magnetic potentials are related through
the fact that their curvatures are the duals of each other.
One may then rewrite Maxwell’s equations in the form

*F=H,  (=D)rtho-b-lrg=F (2.9)

where

H=dB (2.10)

is the curvature of B. Here, we have used the identity
e = (—1)MP=D=ly where ® is a k-form in a
D-dimensional Minkowski spacetime. In matrix form,

F =8F 2.11)

where

T=<Z>,

One refers to (2.11) as the twisted self-dual formulation
of Maxwell’s equations [1].

All the steps and concepts are already contained in the
case p = 1, which we will treat in detail to avoid unnec-
essary cluttering with indices. We will give at the end of the
section the results for the general case.

0 (=1)ethod-D-1
S=<1 (=1 0 ) (2.12)

B. The case p =1
When p = 1, the action (2.1) reduces to

S[A, ] = —% /deFWF“”, (2.13)
with
Fo,=0,A, —0,A, (2.14)
The corresponding Hamiltonian form is
S[A;, 7', Ap] = f dPx(m'A; — H — AG),  (2.15)
with
H= 1(Skgk + LBkl"'kHBkl.HkDi ) (2.16)
2 (D —3)! }
and
G =-7, (2.17)

Here, the electric field £ is just the conjugate momentum

ak,
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Ek = 7k (2.18)
while the magnetic field B* " #0-3 is given by
Bhikoos = Jekiko-amnp, (2.19)

When the Hamiltonian equations of motion hold, one finds
gk — — FOk.
The gauge transformations read

SpA; = 0iA, (2.20)
Sy = 0. (2.21)
1. Magnetic potential
The solution of the constraint G = 0 is
1 R
e TR T SN k)

and it brings in a (D — 3)-form B which is the
magnetic dual of A;.

Since the electric field is gauge invariant, the (D —
3)-form B; ...; . may be assumed not to transform under
the gauge transformations (2.20) and (2.21). However,
since only the field strength,

H 2 = (D - 2)8[.lejz"‘jD—z]’

Jij2ip-

Jiip-3°

(2.23)

of B ...;, ., appears, the expression (2.22) is invariant if one

transforms B; ...; . as

5[\le"'11>—3 = (D~ 3)8[11 Ajz"'jn—3]’ (2.24)

where A j1-jy_, is an arbitrary (D — 4)-form. The gauge-
invariant field strength (2.23) coincides, up to the sign
factor (—1)P~2, with the spatial dual of the electric field
EF of the original one-potential (electric) formulation,

H']]'z"'jD—z = (_I)Dizf é‘m’ (225)

J Jij2 " jp—am

gk = (D —2)! NIy (2.26)
and fulfills
o Hjyjy 1= 0. (2.27)

2. Two-potential action

We now show how our systematic procedure leads to the
two-potential action first postulated in [6] as an extension
of the untwisted self-duality action of [5].

In terms of the electric and magnetic potentials
(Ay, Bj,...;, ), the action (2.15) takes the form

S[Ak’ le "‘jn—3:|

= dex<(D i ekiri jDiijljz"'j[)—zAk — 5‘[), (2.28)
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with

[a—

H =

Jij2 " ip—2
11]2 Jp- 2H

((D 1 2)!
1

BklmkD_3 Bkl"‘ku—3>’
One may give a manifestly gauge-invariant form to (2.28),

S[Ak’ Bj]"'ij3:|
1
=/de<(D_2' ekirijp- 7H]1]7 . ZFOk—g‘[), (2.30)

where

F()k = 80Ak - 8kA0. (231)

Expressions (2.28) and (2.30) coincide because the tempo-
ral component A appears only through a total derivative.

3. Two-potential equations of motion

The equations of motion that follow from demanding
that the action be stationary are

dp(HKip=s 4 ghmivivs 4 ) = ), (2.32)
1 T
8m<F’”k + me’"’”l ’D*SB,-I...,»Dﬂ) =0. (2.33)
Equation (2.32) implies
H¥vwips  ghmivips A = ekmiinsg Ao (2.34)

for some function A, in terms of which, recalling (2.31),
one can write

HFkivips 4 gkmivips o — (), (2.35)
Similarly, Eq. (2.33) implies
ka + 1 6mki,~-‘iD_3B_ .
(D - 3)!
1 o
— mkiy-+ip_
= mé’ B 381-1301»2...,-[)73, (236)
for some functions By, ...;, ,. Defining
HOiliz"'iD—3 = Bil"'iD—3 - (D - 3)6[i130i2...iD_3], (237)
one can rewrite (2.36) as
1 o
ka + mfmkll...lD73H0il...iD73 =0. (238)

To derive (2.35) and (2.36) from (2.32) and (2.33), one must
use the fact that the Betti numbers b, and b,,_5 of RP!
vanish.

Equations (2.35) and (2.36) are the twisted self-duality
Egs. (2.11). More precisely, they are the purely spatial
components of (2.11), but these are equivalent to the full
set (2.11). Indeed, this set is redundant since half of the
equations in (2.11)—which may be thought of as being the
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equations with one index equal to zero—are consequences
of the other half—which may be thought of as the purely
spatial equations. Therefore, we have found an action for
the twisted self-duality equations, which may be written in
the equivalent forms (2.28) or (2.30).

4. Symplectic structure

The Poisson brackets of the magnetic and electric field
strengths that follow from the kinetic term in the action
(2.28) are

[Biriv=2(x), B/ ir=3(y)] = 0, (2.39)
(B0 (3), Hj,y ()]

= (=DP2D = 2180 ks (x ), (2.40)

[(Hjy iy, (), Hjyjy, (0] = (2.41)

where 5 "ok i< the Kronecker delta in the space of fully

“jp-2
antlsymmetrlc tensors of rank (D — 2),
511 “ip—2 5['1'1 S ... 51'_1)72]

“Jp-2 J1 72 Jp-2"

(2.42)

One sees that the electric and magnetic field strengths are
canonically conjugate.

There is a way to rewrite the kinetic term in the action
(2.30) that makes the twist matrix S appear explicitly and
exhibits thereby its connection with the symplectic struc-
ture. We start with the observation that H A F is a total
derivative,

HAF=dBAF). (2.43)

Now, the spacetime exterior derivative d can be split as
d = dg + d,, where dg is the spatial exterior derivative and
d, = dt - is the exterior derivative in the time direction.
Slmllarly, any form can be splitas A = Ag + A,, where Ag
is the purely spatial part of A, while A, is the piece linear in
dt. Therefore,

HAF=HgAF,+H AFy (2.44)

:HSAFI+FS/\Ht’ (245)

since Fy is a two-form, and therefore commutes with H,.
Here, Hg = d¢Bg, H, = d,Bgs + d¢B,, and similar formu-
las hold for Fg and F in terms of A, and Ag.

The kinetic term in the action (2.30) can be rewritten,
after integration by parts, as

1
dD
e
_1 dPxekitizip—2 1 F
) X€ (D 2)! Jllz Jp-2" Ok

1
o 21(D — 3)! ijlHojz"'/D—z)‘

ekivizip2 [ .

Jij2ip- 7F0k

(2.46)
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In terms of forms, the integrand in (2.46) is

=1MHgAF,— FsAH,), 2.47)

and it is similar in form to the topological invariant H A F,
but differs from it in the relative sign of the second term.
This sign difference makes (2.47) not to be a total deriva-
tive. Note, however, that in spite of the sign change, A, and
B, still enter the kinetic term through a total derivative and
drop out from the action because, e.g., Fg AdgB, =
dS(FS A Bt) since dSFS = d%AS = 0.

Collecting the curvatures as (F¢) = (F, H), one finds
that,

K =18, F} A F?, (2.48)

and therefore, the kinetic term of the action—and hence the
symplectic form—are intimately connected with the twist
matrix.

We conclude this subsection by pointing out that it
follows from the previous discussion that adding an arbi-
trary symmetric matrix M, to the antisymmetric twist
matrix Sy,

=4Sy + My,)F§ A F?, (2.49)

changes the action by a total derivative. As we shall see
below, it turns out that in the presence of couplings, non-
vanishing choices of M, might be convenient to exhibit
explicitly the gauge symmetries.

5. Lorentz invariance and coupling to gravity

The Gauss constraint is not changed by the coupling to
gravity because the gauge transformation of a form does
not depend on the metric. One can therefore introduce the
magnetic potential in exactly the same way.

The linear momentum (generator of spatial Lie deriva-
tives) obtained from the action of the two-potential theory
is

H ;= Fy& = —BivivsH, (2.50)

ijijp-3°

The coupling to gravity is achieved by changing the
Hamiltonian density { in the action (2.28) by

NLtH | + NFH,

where N+ and N* are the lapse and the shift appearing in
the Hamiltonian formulation in curved space, and where
H | is given by

H, =

(2.51)

1/2 S Jij2tip—2
HJIJZ"‘JD—ZH

2=z
1

+ mg_(l/z)Bk"“kD’-*Bk]wkn—s)’ (2.52)

where the indices are raised or lowered with g or 8ij»
respectively. The generators J{ | and FH,; obey the
algebra,
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[H (), HW] = (H(x) + H()Si(xy),  (2.53)

[H (x), H ()] = H(y)8(x, ), (2.54)

[}[i(x)’ 5'[1'()’)] = 5'[1'(}’)3,]‘()5, y)+ j-[j(x)‘s,i(x’ y), (2.55)

which shows that the coupling to gravity is generally
covariant and, in particular, that in flat space the theory is
Lorentz invariant. Note that in comparison with the stan-
dard Hamiltonian formulation in the electric representa-
tion, there is no Gauss constraint in the right-hand side of
the algebra since here Gauss’s law is identically satisfied.

C.Thecase0<p<D —2

We now show how, also in this case, our systematic
procedure leads to the two-potential action first postulated
in [6] as an extension of the untwisted self-duality action
of [5].

By following the same steps as in the case p = 1, one
obtains the two-potential action

S[Akl“‘k,,’Bj]“‘jnfl,fz]

D kl kp]l .]D p—1 .
:[d x(—'(D S o Ay .kp—j{), (2.56)
with

1 1
H = 7(7111- i Hjy

2\(D—p—1) Jiip-p-1 'ijpfl

1
+ 7(D — 2)' B/l Jp-p- 2le oy 2) (257)
Here, H;,..;, . 18 the gauge-invariant field strength of the
magnetic potentlal,

Hjl/z"'/p—p—l = (D - P~ l)a[lejz'“jD—p—l] (2.58)
(equeq on-shell to = the spatial dual of Fy, ..., ), while
B/rip-p=2 ig the magnetic field,

. 1 -

e — Sk k +
B ip-p-2 7(1) n 1)! /17 Ip-p-2Kk1"7k) 1Fk1 ki (2 59)

Again, one may give a manifestly gauge-invariant form
to (2.56),

S[Aklk ’le'“jD p— 7]
D “Jp- p—1
[d <,(D FY Hj,. ..jDﬂHFOk]...kp—g{), (2.60)
since in this expression, the temporal component

Ao, --kp—1 appears only through a total derivative.

All the comments and conclusions of the previous sub-
section go through unchanged. In particular, the fact that
the integrand of the kinetic term can be written as

K =18, F{F? (2.61)
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(up to a total derivative), where S, is the (antisymmetric
or symmetric) “twisting”” matrix appearing in the twisted
self-duality equations, remains true.

D. Thecase p=0o0or p=D — 2

In the case 0 < p < D — 2, one could have started from
the electric formulation and introduced the magnetic po-
tential by solving the Gauss electric constraint, or con-
versely, one could have started from the magnetic
formulation, solved the magnetic Gauss constraint, and
introduced the electric potential. However, when p = 0,
there is no constraint to be solved in the electric formula-
tion, and when p = D — 2, there is no constraint to be
solved in the magnetic formulation.

Nevertheless, one can fit these ‘““marginal cases’ in the
present treatment by slightly stretching the argument. One
cannot take over the form of the constraint equations from
the generic dimensions because, as we just said, those
equations are not present. However, one can take over
the form of their solutions. That is, if we start from the
electric formulation, we set, when p = 0,

Ty = aj(Ejiliz”'iD—zBi (2.62)

1i2"'i1)—2)’

in order to introduce the magnetic potential, which can
always be done since it does not restrict 7. The resulting
key formulas of the previous subsection hold then un-
changed. Conversely, if one had started from the magnetic
formulation for p = D — 2, the magnetic momentum
would be a scalar density and one would write

Ty = aj(ejiliz“'iD—zAi (2.63)

1i2"'iu—2)

to introduce the electric potential A;

12" lp-2"*

E. Thecasesp=D —1and p =D

The cases p = D — 1 and p = D do not fit in the present
treatment. When p = D — 1, the constraints imply that
there are no local degrees of freedom. When p = D, the
curvature is identically zero and so is the action. There are
again no local degrees of freedom. Both cases belong with
the topological considerations of [2]. When p > D, the
problem is empty because A = 0.

III1. INTRODUCTION OF A CHERN-SIMONS TERM

This section is devoted to the inclusion of a Chern-
Simons term. We will again analyze in detail the simplest
case, thatis, p = 1, D = 3, and then indicate explicitly the
results for the generalization to p = 3, D = 11, which is of
special interest because it arises in supergravity. The pro-
cedure applies however to all the other cases.

For the case of a three-form with Chern-Simons cou-
plings in 11 dimensions, our action coincides with the one
given earlier in [17] when the additional gauge freedom is
fixed in a very simple form.

PHYSICAL REVIEW D 83, 125015 (2011)

A. The simplest setting: Maxwell-Chern-Simons
action in three dimensions

It turns out that, as it is often the case, many of the key
aspects are present in the simplest low-dimensional model.
This subsection is devoted to analyze the problem in three-
dimensional spacetime.

The twisted self-duality equations take the form (2.11)

with the definition (2.10) modified to read [1]
H = dB — 4caA. 3.1

1. One-potential action

The Lagrangian form of the Maxwell-Chern-Simons
action is [20]

1
S[A,]= fd3x(—ZFM,,Ff“’ - ae"‘“’F,wA,,) (3.2)

and the corresponding Hamiltonian form is

S[A;, 7, Ag] = f Px(mA; — H — A,G), (3.3)
with
.7—[ = 2 (C/‘kgk + Bz), (34)
and
G = -7k — ae"Fy, = — (7" + 2a€"A,,) . (3.5)

Here, the electric field & is related to the conjugate
momentum 7% through

£k =k — 2aekmA, (3.6)

while the magnetic field B is given by
B =LlemF,,. 3.7)
We use the convention €y, = 1 = —€!2. One has & =

— F% when the Hamiltonian equations of motion hold.
We see from (3.5) that the gauge generator G remains the

divergence of a local vector density, as required by the

duality principle when implemented according to our

procedure.
The gauge transformations read
SpAA; = 0k, (3.8)
Sam = 2aed,, A. (3.9)

Contrary to what happens in the case with no Chern-
Simons term, the conjugate momentum 7' is no longer
gauge invariant. But the electric field £ remains so.

2. Magnetic potential
The solution of the constraint G = 0 is

7t + 2a€A,, = €9,,B, (3.10)
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and it brings in a scalar field B, which is the magnetic dual
of A;.

The gauge transformation for B will be taken to be

S\B = 4aA, (3.11)

which solves the variation of (3.10) given (3.8) and (3.9).
For an open space, this equation incorporates the require-
ment that the gauge transformation should be “‘proper” in
the sense of [21,22]. For a compact space, other additional
considerations are needed, which will be addressed in [2].
The gauge-invariant field strength of the magnetic potential
Bis

Hk = BkB - 4CYAk, (312)

and coincides, through (3.6) and (3.10), with the negative
of the spatial dual of the electric field E; of the original

one-potential (electric) formulation,
Hk = _Ekmgm, gk = Ekam. (313)

It follows from its definition (3.12) that the gauge-invariant
field strength H, fulfills

3. Two-potential action

In terms of the electric and magnetic potentials (A, B),
the action (3.3) takes the form

S[A, B]= f d*x(e"9,,BA; —2a €A, A, — H), (3.15)
with

H =iH'H, + B). (3.16)
Through integration by parts, one may rewrite (3.15) as

1 o1 .
S[A, 1= j d3x<§e"’”HmAk — Zek’"kaB -H ) (3.17)

an expression in which only the gauge-invariant field
strengths and the time derivatives of A; and B appear.
One may give a manifestly gauge-invariant form to (3.17),

1 1
S[A,u,! ¢] = deX(E ekamFOk - kakamHO - g'[),

(3.18)

where
HO = aoB - 4aA0, (319)
F()k = aoAk - akAo. (320)

Expressions (3.17) and (3.18) coincide because the tempo-
ral component A, appears only through a total derivative.
Note again the emergence of the structure 3S,,FéF?,
where the curvatures are now the full gauge-invariant
curvatures.

PHYSICAL REVIEW D 83, 125015 (2011)

4. Two-potential equations of motion

The equations of motion that follow from demanding
that the action be stationary are

A (HF + €mA,) =0, (3.21)

— €9, (B+ B) + 4a(H* + €A,) =0. (3.22)
Equation (3.21) implies

H* + €A, = €"9,.A,, (3.23)

for some function A, in terms of which, recalling (3.19)
and (3.20), one can therefore write

H* + €mFy,, = 0. (3.24)
Taking (3.24) into account, Eq. (3.22) becomes
d,,(Hy + B) =0, (3.25)
which implies
Hy+ B =0. (3.26)

Again, just as when we established (3.11), one must impose
boundary conditions at infinity or make additional special
considerations for compact spaces [2].

Equations (3.24) and (3.26) are the twisted self-duality
Egs. (2.11) with H given by (3.1). Therefore, we have
found an action for them, which may be written in the
equivalent forms (3.15), (3.17), and (3.18).

5. Lorentz invariance and coupling to gravity

The Poisson brackets of the electric and magnetic field
strengths that follow from the action (3.15) are

[B(x), B(y)] =0, (3.27)
[B(X)J Hk()’)] = _6,k(x» Y); (328)
[H(x), H,,(y)] = —4a€,5(x, y). (3.29)

Comparing (3.29) with (2.41), we see that when a # 0, the
magnetic strengths have nonzero bracket among them-
selves. Therefore, a purely magnetic representation of the
Maxwell-Chern-Simons theory does not exist.

The linear momentum (generator of spatial Lie deriva-
tives) obtained from the action of the two-potential theory
is

H,=éemF,H, = —BH,. (3.30)

The coupling to gravity is achieved by changing the
Hamiltonian density 2 in the action (3.15) by

N+H | + NH,

where N1 and N* are the lapse and the shift appearing in
the Hamiltonian formulation in curved space, and where
I | is given by

(3.31)
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H | =g ?gHH; + g V/IB). (3.32)
The generators JH | and JH; obey the algebra (2.53),
(2.54), and (2.55), which shows that the coupling to gravity
is generally covariant and, in particular, that in flat space
the theory is Lorentz invariant.

6. External p-form field

The authors of [6] considered an extension of the free
theory in which the field strengths are modfied by the
addition of a “Chern-Simons”-like form. If one were to
take this form as a prescribed external field, then the
corresponding equation of motion would be Eq. (2.38) of
[6], which is indeed a twisted self-duality condition.
However, this external field setting (which the present
method could also handle) is quite different from the
Maxwell-Chern-Simons theory considered here, which is
a closed system. One might nevertheless wonder whether a
blind application of the formulas of [6] to the standard
Maxwell-Chern-Simons theory leads to the correct action.
It turns out that this is not the case.

This can be seen as follows. The action of [6] is written
in terms of the (p + 1)-form ) appearing in the modied
field strengths, which, for the simplest case treated in this
subsection, is a two-form that one obtains from (3.1) to be

QO = —4a*A. (3.33)

Inserting the expression (3.33) into the integral (2.39) of
[6], one finds,

2 [d3x(e‘7F,-jA0 — 24Ky, B). (3.34)
The integral (3.34) is to be compared with the difference
between (3.15) and the free action. There are several key
differences that prevent one from reconciling both expres-
sions, namely: (i) The integral (3.34) depends on A, and
therefore it is not gauge invariant. In contradistinction, the
counterpart to (3.34) in our action does not depend on A,
and it is gauge invariant. (ii) Even in the Ay = 0 gauge, the
functional forms are essentially different. For example,
(3.34) is only linear in «, whereas our action contains as
well a piece proportional to a?.

We see, therefore, no escape to the conclusion that (3.34)
does not lead to the two-potential version of the standard
Chern-Simons action. On the other hand, the action derived
in the previous subsections by our systematic procedure
does. This analysis goes through unchanged in the more
general cases discussed below.

B. Maxwell-Chern-Simons action
for a three-form in 11 dimensions

1. One-potential action

The standard single-potential Maxwell-Chern-Simons
action is given by
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1
— 11 — A
S[A/\’u,,] = [d x( mF)‘/“’PF Mmvp
- CYE/\]AZ.“/\”F/\].../\4F/\5.../\8A/\9)HOA“), (335)

with

Frpvp =40\A (3.36)

urvpl

The square bracket indicates complete antisymmetrization
in the enclosed indices normalized by dividing by the
appropriate factorial so that it is idempotent. We set
€ — ] = — 01910

01-+910 .
The twisted self-duality equations take again the form

(2.11) with the definition (2.10) modified to read [1]
H =dB — 3(3!(4!)*)aA A F. (3.37)

The Hamiltonian action is

S[Aijk’ ik, AOij] = ]d“X(W”kAijk - H - EAOUGU)J

(3.38)
with
H = %(% EVRE iy + %Biv"iaBil...,-ﬁ), (3.39)
and
Gi = —67T,kk"j —6aef L L Fyogy
= —6(7" + daekiimmE, Ao ke (3.40)

Here, the electric field £7% is related to the conjugate
momentum 7/¥ through

igijk — ik — §aelikiv i,

3l i)y Asigins (3.41)
while the magnetic field B’/ is given by
o 1 .
Bu e = m el "'161112]314Fj1j2j3j4' (3_42)
One has £7F = — FYik on Hamiltonian shell.
The gauge transformations read
5AAijk = 38[1Ajk]’ (343)
Samik = 24a€t i mE, O Ay (3.44)
2. Magnetic potential
The solution of the constraint G/ = 0 is
7K+ 4o, A,
1.
— ijkmy--m
—mé‘] ! 78m]Bm2~~m7’ (345)
and it brings in a six-form B; ..., , which is the magnetic
dual of A;j.
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The gauge transformation for B;, ..., will be taken to be
BA,ABil"'i() = 6(8[i1/~\i2.,.i6] + 3!6!6CYF[Z'1,..1'4A1'51'6]). (346)

The gauge-invariant field strength of the magnetic
potential B; ...; is

Hil---i7 = 7(6[11B - 12a3!6!F[i1"'i4Ai5ibi7]) (347)

iy +iq]
and coincides through (3.41) and (3.45) with the negative
of the spatial dual of the electric field £7% of the original

one-potential (electric) formulation. One gets from the
definition (3.47)

a[ioH,-l...l-7] = —3a3!7!F[,-1,»2,»3l-4F (348)

igisigiz]*

3. Two-potential action
In terms of the electric and magnetic potentials
(Ag,kyky» B, i, ) the action (3.38) takes the form,
1

ijkmy---m
si6EomB

my=**my

—_ ijkmy---m
4o €M 7Fm1"'m4Am5me7)Aijk

—fd”xﬂ-[, (3.49)

with

3t =5

1
—Hi.
71

As in the three-dimensional case, one may give a man-
ifestly gauge-invariant form to (3.49). Using form nota-
tions to avoid lengthy formulas, one finds,

1
S[AM1M2M3’ BM1M2M3IL4M5,U«6] = E [(HS ANF, —FgANH,

AT
i EfB,]...lﬁgilmi()), (3.50)

1
+§(HS/\F, + FS/\H,)>

- [d“x}[ (3.51)

where the temporal components of the curvatures are
Hopyooomg = 0B,
— 120361 (4F o, myms Amymsme]

+ 3F 0, m, Amgm o)

g+ 600m, Binyeeomglo

(3.52)

Foiiyiy, = 90Ai i, — 300, A4is0- (3.53)
The two expressions (3.49) and (3.51) coincide because the
temporal components of the electric and magnetic poten-
tials drop out (they appear only through a total derivative).

The Poisson brackets of the electric and magnetic field

strengths that follow from the action (3.49) are

[Bi]"'ia(x)’ Blljﬁ(y)] = 0, (354)
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[B' 6 (x), Hy, o, )] = 718578, (6 ), (3.59)
[Hk]...k7(x), Hm]m7(y)]
= — 16 €L, ki iyiy €myoomo o jojy B 8(x, y). (3.56)

One easily verifies as in the previous subsection that the
variational equations are the twisted self-duality equations.
Therefore, we have found an action for them, which may
be written in the equivalent forms (3.49) or (3.51).
Similarly, coupling to gravity and demonstration of
Lorentz invariance proceed along the same lines.

The two-potential action discussed in this section is
different from that of [6] in which one would replace the
external form that appears there by the function of the
dynamical fields relevant to the case considered here (see
Sec. IIT A 6). On the other hand, as it was anticipated in the
Introduction, the present two-potential action coincides
with that of [17], when the auxiliary vector v, appearing
therein is gauge fixed to have only a nonzero constant time
component, i.e., v, = (1,0, ...,0).

IV. COUPLED FORMS OF DIFFERENT RANK

In this section we show that our procedure can be applied
to the coupling among a one-form and a two-form, which
arises in ten-dimensional Einstein-Maxwell supergravity
[23] (N =1, D =10 supergravity coupled to one
Maxwell multiplet), and indicate its generalization to cou-
plings of the same type between several p-forms of different
rank. The dimensional reduction of this case to four dimen-
sions was considered in [6]. We also explain how the
procedure can be applied straightforwardly to Pauli
couplings to spinors and to couplings to uncharged scalars.

In ten-dimensional Einstein-Maxwell supergravity, one
has a one-form A!) and a two-form A® and the part of the
action relevant to our problem is

1 1 1
S=-3 f d%(5 Fuy,FOmr 4 yFﬁf,),pF(z)“”P), (4.1)

where the curvatures are

F = gA®, 4.2)

F@ = dA® — oF) A AW, 4.3)

The gauge transformations, which leave the curvatures
invariant, are

8 ym g0 A = dAWD,

S A0A? = dA® + aAV A dAWY, (4.4)

where AW and A® are a zero-form and a one-form,
respectively.
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If one passes to the Hamiltonian form, one obtains the
Gauss constraints

Gy = —9(ml, +2am]Al),

W A (4.5)

sz) = —28]47'2/2), (4.6)

where 77-(’ 0 and wfé) are the canonical conjugates to Af-l) and

AE?)’ respectively. The constraints generate the gauge
transformations (4.4).
Both G(;) and ggz) are local divergences and therefore

our procedure can be applied. The magnetic potentials are
introduced by solving the Gauss constraints in the form

Wizlwmw&gm
m 7 172 o+ js]

[ 2
— il glimym; a[m]BE'%z'“m7A§]l)’ 4.7
ij 1 ijmy-my g B(2) 4.8
T2 T 161 € U1 g oma ) (4.8)

Here B! and B? are the dual magnetic seven-form and
six-form, respectively.

The electric-magnetic action that incorporates the dual-
ity principle is again simply the Hamiltonian action written
down explicitly in [24], in which one has expressed the
conjugate momenta in terms of the magnetic potentials.
The equations of motion obtained from the action are the
twisted self-duality equations in Hamiltonian form.

The complete Lagrangian of ten-dimensional Einstein-
Maxwell supergravity differs from the integrand of (4.1) by
terms in which the curvatures of A and A® are coupled
to spinor and scalar fields. These fields are invariant under
the gauge transformations of the one-form and the two-
form. Therefore, the gauge constraints for the complete
theory are just those written above and thus the electric-
magnetic action can be completed to the full theory—a
step that will not be taken explicitly in the present work.

Although it will not be discussed here, the procedure
goes through for more complicated supergravities, where
interactions of the same type among a collection of
p-forms appear. In that case, for the procedure to
work, it must be possible to define the gauge trans-
formations for the p-forms so that the gauge parameters
appear always differentiated. This requirement is equiva-
lent to demanding that the constraints can be chosen to
be local divergences. It can be shown, following the
lines of [1], that this can indeed always be arranged.
For the case of type IIB supergravity, the two-potential
action has been discussed in the manifestly Lorentz-
invariant formalism in [18], where it has been shown
explicitly that the equations of motion are the desired
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ones. Since, by construction, the same holds true if one
applies our method, we conclude that the two actions
should coincide when the auxiliary gauge freedom of the
manifestly Lorentz-invariant formalism is appropriately
fixed.

Finally, we would like to emphasize that for Yang-Mills
couplings, the procedure does not go through because, in
the gauge transformations, the gauge parameter appears
undifferentiated.

V. CONCLUSION

This paper has been devoted to providing a systematic
derivation from the Maxwell action of the action principle
that yields the condition of electric-magnetic self-duality
as its equation of motion. It is hoped that our results will
help dispel the widespread misconception that twisted (and
untwisted) self-duality can only be discussed at the level of
the equations of motion.

In the pure Maxwell case we recover in this way an
action that had been postulated by other authors [6] by
boldly extending the one given earlier by us [5] for un-
twisted self-duality. However, when standard Chern-
Simons couplings are brought in—a case that [6] does
not claim to describe—the action we derive is new.

We would like to emphasize that our systematic deriva-
tion relegates spacetime covariance to a lesser role than
that of electric-magnetic symmetry. This feature, previ-
ously encountered in several other instances, might convey
an important lesson for the investigations of more general
hidden symmetries that extend electric-magnetic duality,
such as E g or E [12].

Although our discussion has covered an ample realm of
cases of physical interest, they were all concerned with
p-forms, which are totally antisymmetric tensors. There
are important cases, which were not covered herein and
which will be addressed in a forthcoming publication [25].
They are linearized gravity [9] and higher spin fields [26].
In those cases, the electric and magnetic ‘‘superpotentials™
have mixed symmetries.
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