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Abstract

The dynamics of abelian vector and antisymmetric tensor gauge fields can be
described in terms of twisted self-duality equations. These first-order equations
relate the p-form fields to their dual forms by demanding that their respective
field strengths are dual to each other. It is well known that such equations can
be integrated to a local action that carries on equal footing the p-forms together
with their duals and is manifestly duality invariant. Space-time covariance is no
longer manifest but still present with a non-standard realization of space-time
diffeomorphisms on the gauge fields. In this paper, we give a non-abelian gener-
alization of this first-order action by gauging part of its global symmetries. The
resulting field equations are non-abelian versions of the twisted self-duality equa-
tions. A key element in the construction is the introduction of proper couplings
to higher-rank tensor fields. We discuss possible applications (to Yang-Mills and
supergravity theories) and comment on the relation to previous no-go theorems.

1 Introduction

The dynamics of abelian vector and antisymmetric tensor gauge fields can be described
in terms of so-called twisted self-duality equations. A prominent example are Maxwell’s
equations: Rather than expressing them in the standard form of second-order differ-
ential equations for a single gauge field, they may be written in terms of a gauge field
and its magnetic dual by demanding that their respective field strengths are dual to
each other. An analogous system of first-order equations can be formulated in general
for abelian p-forms in D-dimensionsal space-time and their dual (D — p — 2)-forms. It
takes the schematic form

*F = QMF, (1.1)



where F combines the abelian field strengths of the original p-forms and their magnetic
duals, and 2 M denotes the ‘twist matrix’ which squares to the same multiple of the

¢k

identity as the Hodge star on the associated field strengths. References [1, 2]
have coined the term of ‘twisted self-duality equations’. The system (1.1) persists
in generalized form in the presence of scalar fields, fermions, and Chern-Simons-type
couplings as they typically arise in supersymmetric theories. In particular, the twist
matrix in the general case depends on the scalar fields of the theory.

The formulation of the p-form dynamics in terms of the first-order system (1.1) plays
an important role in exposing the duality symmetries of the theory. Of particular
interest is the case of ‘self-dual’ p-forms in a (2p + 2)-dimensional space-time. In
this case, the global duality symmetries typically mix the original p-forms with their
magnetic duals. Thus they remain symmetries of the equations of motion and only a
subset thereof can be implemented in a local way as symmetries of the standard second-
order action. A prime example is the electric/magnetic duality of Maxwell’s equations.
Similarly, in maximal four-dimensional supergravity [3], the 28 electric vector fields of
the N = 8 supermultiplet combine with their magnetic duals into the fundamental 56-
dimensional representation of the duality group Ey7(7y, of which only an SL(8) subgroup
is realized as a symmetry of the action of [3]. For even p, the dynamics described by
the system (1.1) may not even be integrable to a second-order action, as it happens
for the chiral supergravities in 6 and 10 dimensions [4], [5].

It is known since the work of Henneaux-Teitelboim [6] and Schwarz-Sen [7] that
the twisted self-duality equations (1.1) can be derived from a first-order action that
carries on equal footing the p-forms together with their dual fields and is manifestly
duality invariant, see [8, 9] for earlier work. The price to pay for duality invariance
is the abandonment of manifest general coordinate invariance of the action. Although
not manifest, the latter may be restored with a non-standard realization of space-time
diffeomorphisms on the gauge fields. Alternatively, these theories have been obtained
as the gauge-fixed versions of non-polynomial Lagrangians with manifest space-time
symmetry [10, 11]. Recent applications of such actions have led to a Lagrangian for
N = 8 supergravity that possesses full Er7) invariance, allowing to examine the role
of the full Er(7) in perturbative quantization of the theory [12, 13]. Moreover, it has
been advocated recently [14, 15] that the existence of such duality symmetric actions
underlying (1.1) may suggest to grant a more prominent role to duality covariance than
to space-time covariance. This in turn may go along with the realization of the hidden
symmetries underlying maximal supergravity theories [16, 17].

In this paper, we present a non-abelian version of the twisted self-duality equations
(1.1) and a first-order action from which it can be derived. The action is constructed as
a deformation of the abelian actions of [6, 7] by gauging part of their global symmetries.
We use the embedding tensor formalism of [18, 19, 20], which describes the possible
gaugings in terms of a constant embedding tensor, subject to a number of algebraic



consistency constraints. As a result, we find that the consistent gaugings of the first-
order action are constrained by precisely the same set of algebraic constraints as the
gaugings in the standard second-order formulation. A key part in the construction is
the introduction of couplings to higher-order p-forms and a new topological term in
the gauged theory. In general, the global duality group is broken by the explicit choice
of an embedding tensor, but acts as a symmetry within the full class of gaugings. l.e.
the non-abelian Lagrangian remains formally invariant under the action of the duality
group, if the embedding tensor is treated as a spurionic object transforming under this
group.

For transparency, we restrict the discussion in this paper to the case of vector fields
in four-dimensional space-time; in the last section we comment on the (straightforward)
generalization to p-forms in D dimensions. The construction of a first-order action for
non-abelian gauge fields in particular allows to revisit the recent discussion of possible

gaugings of (subgroups of) electric/magnetic duality [21, 22].

The paper is organized as follows: in sections 2 and 3, we briefly review the general
structure of the abelian twisted self-duality equations for vector gauge fields in four
space-time dimensions, and the associated duality-invariant first-order action of [6, 7.
In section 4, we covariantize the abelian action upon gauging a subset of its global
symmetry generators. The gauge group is characterized by a constant embedding
tensor, subject to a set of algebraic constraints. A key part in the construction of the
covariant action is the introduction of antisymmetric two-form tensor fields which turn
out to be the on-shell duals of the scalar fields of the theory. The non-abelian action
furthermore comprises a topological term, introduced in section 5. In section 6, we
present the full first-order action and show that it gives rise to a non-abelian version of
the twisted self-duality equations (1.1), part of which now relate the scalar fields and
the two-form potentials. We furthermore show that although not manifest, the action is
invariant under four-dimensional coordinate transformations, if the action of space-time
diffeomorphisms on the vector and tensor gauge fields is properly modified by on-shell
vanishing contributions. In section 7 we illustrate the construction by a simple example:
pure Yang-Mills theory in absence of other matter couplings. The resulting first-order
Lagrangian describes the Yang-Mills vector fields together with their duals. It gives
rise to the Yang-Mills field equations and in the limit of vanishing gauge coupling
constant consistently reduces to the abelian action of [6, 7]. Electric/magnetic duality
is explicitly broken by the choice of the embedding tensor. We close in section 8 with
a discussion of possible applications of these theories and comment on the relation to

previous no-go theorems.



2 Twisted self-duality equations

We start from the general second-order Lagrangian for n ‘electric’ vector fields A,*

with abelian field strengths in four space-time dimensions FWA = QG[MAZ,]A

Lo = tesThs Fu"F"> + iR e Fu* Fro™ (2.1)

The (possibly scalar dependent) symmetric matrices R and Z play the role of general-
ized theta angles and coupling constants, respectively. We use a metric with signature
(=, +,+,+), es = /det g denotes the square root of its determinant, and we use the
completely antisymmetric Levi-Civita tensor density €p103 = 1. The Bianchi identities
and the equations of motion derived from (2.1) take the form

OuFon® = 0 = 0uGuga (2.2)
respectively, where
oL
guuA = —Euvpo FDA — RAFF/U/F - %645uup0' IAF FPUF : (23>
po

The equations of motion thus take the form of integrability equations that (on a topo-
logically trivial space-time that we shall assume in the following) allow for the definition
of the dual magnetic vector fields as F,, o = 20, A,ja = Gua - In order to set up an
Sp(2n, R) covariant notation we introduce 2n-dimensional symplectic indices M, N, . . .,
such that ZM = (Z*, Z,). The original equations of motion (2.2) can then be rewritten
in the form of covariant twisted self-duality equations [3, 1, 2] for the symplectically
covariant field strength FM = (FA Fy):

./T,WM = —% €4€ vpo QMNMNK(Qbi) prK ; (24)
with the positive definite symmetric matrix M,y

i ~T-RI'R RI
i = (FER A

and the Sp(2n,R) invariant skew-symmetric tensor Qp/n *

0 1
o-(41) o

By ¢! we denote the scalar fields of the theory on which the matrix M ;5 may depend.
Equation (2.4) constitutes the explicit four-dimensional form of the general twisted
self-duality equations (1.1).

I'The conjugate matrix QMY is defined by QMNQnp = —6Mp. In the following, we use the
symplectic matrix Q¥ to raise and lower fundamental indices M, N, ... using north-west south-east
conventions: XM = QMN X etc..



The form of the twisted self-duality equations (2.4) allows to exhibit the properties
of the global duality symmetries of the theory [23] : Consider the generators t, of
infinitesimal symmetries of the remaining matter couplings with linear action on the

vector fields according to
SaAM = —(t )M AN . (2.7)

The twisted self-duality equations (2.4) are invariant under the action (2.7) if the action
of t, on the scalar fields of the theory induces a linear transformation

SaMun () = 020" 0 Marn(6) = 2(ta) ™ Muyic(9) (2.8)

of the matrix M ny(¢) and moreover leaves the matrix Q5 invariant:

(ta) ™ Qrn = (ta)N™ Qxnr - (2.9)

The latter condition implies that the symmetry group must be embedded into the
symplectic group: Gguaity C Sp(2n,R). In the absence of scalar fields and thus for a
constant matrix My, it follows directly from (2.8) that the duality symmetries must
further be embedded into the compact subgroup U(n) C Sp(2n,R). For later use we
denote the algebra of generators t, of Gyuaity as

[taatﬁ] = faﬂvt’yv (2'10)

with structure constants f,g”. Only the subset of triangular generators

(ta)u™ = (; I) , (2.11)

is realized in a local way as symmetries of the second-order action (2.1). The remaining
generators can be realized in a non-local way [8, 14]. A manifest off-shell realization of
the full duality group Gauaiity is achieved by passing to an equivalent first-order action,

reviewed in the next section.

3 Action for abelian twisted self-duality

We first briefly review the first-order action for the abelian twisted self-duality equa-
tions (2.4) as originally constructed in [6, 7] and recently revisited in [14, 15]. In the
notation we closely follow reference [12]. As a first step, we split the four-dimensional

coordinates into {z*} — {2°, 2’} and the metric as

[ =N?4 hyN'N7 DN’
g,ul/ — hZJN] h” )



into the standard lapse and shift functions. The twisted self-duality equations (2.4)
take the form

Fol'M — Nj./fjiM = —%63 5ijk NQMNMNK fij s (31)
where all spatial indices are raised with the metric 2% . With the definitions

EM = FoM - Nj]:jiM )
BZ‘M = —%63 EijkNQMNMNK :ijK 5 (32)

equations (2.4) thus reduce to
These first-order equations are obtained from variation of the action

e ..
Liinab = ﬁ Wi (EM — BM) My B, (3.4)

where e; = v/det h denotes the determinant of the three-dimensional vielbein. This
action breaks the four-dimensional general coordinate covariance, but is manifestly in-
variant under abelian gauge transformations and under the action of the global duality
symmetries (2.7), (2.8). Variation of the action (3.4) gives rise to

0Lyinay = Qun " Oy (SnN - BnN) §AiM + % Qpyy ™" a[ofmn]N 5Az'M
— iQMN e 9. Fron 6 Ag™ + total derivatives . (3.5)

Upon taking into account the Bianchi identities, this shows that the Lagrangian (3.4)
depends on the components Ay™ only via a total derivative such that the manifestly
gauge invariant action (3.4) can be replaced by an equivalent Lagrangian that only
depends on the spatial components A;™ of the vector fields. The action thus gives rise
to the equations of motion

e O (EFN - B,N) = 0, (3.6)

where E#N = £,V + 0,A¢™ denotes the Ay™-independent part of £, . Integration of
(3.6) on a topologically trivial space-time then allows to define a function Ag* such
that the original equations of motion (3.3) are satisfied. Moreover, it may be shown
6, 7, 15] that although not manifest, the action (3.4) is invariant under four-dimensional
coordinate reparametrization.

4 Non-abelian gauge theory and two-form potentials

In this section, we start generalizing the above construction to the non-abelian case.

More precisely, we study the situation when a subgroup of the global symmetry group

6



Glauaiity of the above theory is gauged. We use the embedding tensor formalism [18, 19,
20], in which the gauging is parametrized by a constant embedding tensor ©,,%, such
that covariant derivatives are given by

D, = 0,—gAMXy = 0,—gAMOy"t,, (4.1)

with coupling constant g and the gauge group generators X, = 0,,“t, defined as
linear combinations of the generators of the global duality group (2.10). In four space-
time dimensions, the embedding tensor ©,,* is constrained by the linear relations [20]

Xwmngy = 0, (4.2)
where we have defined the “generalized structure constants”
XMNK = (XM)NK = @Ma (ta>NK s (43)

as the gauge group generators evaluated in the vector field representation.? Typically,
the constraint (4.2) can be solved by projecting out some of the irreducible components
of the tensor O, with respect to the global symmetry group Gquaiity. It is therefore

referred to as a ‘representation constraint’.® Furthermore, the matrix ©,,% is subject
to the bilinear constraints

fos? O ON + (ta)n" OO0 = 0, (4.4)

QMN @Ma@NB = 0 , (45)

of which the first corresponds to a generalized Jacobi identity and the second one
insures locality of the gauging (i.e. the existence of a symplectic frame in which all
magnetic charges vanish).

The proper definition of covariant field strengths requires the introduction of two-
form potentials B, [25, 26, 20] transforming in the adjoint representation of the
global duality group Gauaiity. Explicitly, these field strengths are given by

HoM = 20,4™ + g(Xn)p™M AN AT — 1g0M B, (4.6)

with a Stiickelberg-type coupling to the two-form potentials B, .. Later on, the field

equations will identify these two-form potentials as the duals of the scalar fields of

2Note that unless they identically vanish, these generalized structure constants are never anti-
symmetric in the first two indices, but satisfy X(MN)K = %QKLQNPXLMP due to the symplectic
embedding (2.9) and the linear constraint (4.2).

3In supersymmetric theories, this constraint typically also ensures supersymmetry of the La-
grangian. In the N = 1 theories, a non-vanishing component Xy is related to the anomaly
structure of the theory [24].



the theory, c.f. equation (6.3) below. Their introduction thus does not correspond to
adding new degrees of freedom. Local gauge transformations are given by

nAM = D AM 4 %g@M"‘ Ao,

oABua = 2DpMje —2(ta)un (MHLY — AM 60 ALY (4.7)

with parameters AM and A, ,, under which the field strengths (4.6) transform covari-

antly as
oA"Y = —gAN Xy H,Y (4.8)

The presence of the two-form fields in (4.6) is crucial for the covariant transforma-
tion behavior. We finally mention that the covariant field strengths (4.6) satisfy the
generalized Bianchi identities

D[NHVP]M = _%ggMaH;wpay (49)

with the covariant non-abelian field strength H,,,, of the two-form tensor fields, given
by

Hypa = 3DpBygje+ 6tapg Ay (0,459 + 1gXns? A,SA,S) + ... (410)
and satisfying in turn the Bianchi identities
D[MHVpg]a = %(ta)MN H[MVM'HPU}N +.... (4.11)

Here, the dots indicate terms that vanish after contraction with ©,,% and thus remain
invisible in this theory.

Covariantization of the action (3.4) with respect to the local gauge transformations
(4.7) is now straightforward: we redefine electric and magnetic fields by covariantizing
the previous definitions (3.2) according to

EM = HoM - Njsz‘M )
BiM = —%63 gijk NQMNMNK ijK y (412)

and define the kinetic Lagrangian by covariantizing (3.4) as

Lin = 2 b (EM = BM) Myy BN, (4.13)
2N

with the new covariant &, B;* . In this form, the kinetic term is manifestly invari-

ant under the non-abelian gauge transformations (4.7), since the fields & and B;M

transform covariantly according to (4.8) and the matrix M,y transforms according to



(2.8). A short calculation shows that the general variation of the new covariant kinetic
Lagrangian gives rise to

5£kin = QMN gimn Dm (SnN - BnN) §A1M + %gimn g@Ma 7_(0mna 5AZM

- 2_14 6imn g@Ma Himna 5A0M - %gimn g@Ma (gzM - QBZM) Aana

+ % Eimn g®Ma NjHjiMAana + % gimn g@Ma HmnMABOia ) (414)

up to total derivatives. Here, we have used the Bianchi identities (4.9), and introduced
the ‘covariant variations” AB,, o = 6B,,0 — 2(ta)un A[#MéAZ,}N, for a more compact
notation. The variation (4.14) cannot yet be the final answer. E.g., as it stands,
the field equations induced by this Lagrangian imply vanishing of the field strength
OnHmn™ in contrast to the desired dynamics. Also variation w.r.t. By, induces
first-order field equations that contradict (3.3). To cure these inconsistencies, the
theory needs to be amended by a topological term that we will give in the following.

5 The non-abelian topological term

Let us consider the following topological term in order of the gauge coupling constant

1 1
‘CtOp = ]._6 gl“’PU g@Ma Bp,l/a HpUM + E E“Vpa gXPQM auAVMApPAUQ 5 (51)

that is manifestly four-dimensional space-time covariant and does not depend on the
space-time metric nor on the scalar fields of the theory. Similar terms have appeared
in [20] for general gaugings with magnetic charges and in [27] without the two-forms
for gaugings of triangular subgroups of Gguaity. Here, the structure of this term is
considerably simpler due to the symplectic covariance of the formalism.* In particular,
this topological term is separately gauge invariant. The general variation of (5.1) is
given by

1
OLiop = —57"" 9OM" (Hyupa 04 = §H M ABura) . (5.2)

from which one readily deduces its invariance under local gauge transformations (4.7)
according to

3
5A£t0p = —g ghvre gAK X(KMN) HMVMHPJN =0 s (53)

with the Bianchi identities (4.9), (4.11) and the linear constraint (4.2).

4Note in particular the absence of the A* and the B? terms in (5.1) and (5.2), which is due to the
identities (4.2), (4.5) and their consequences such as

2Xmqp Xrs)? +3Xomp Xrs)? = 0,

etc..



Upon the 3 + 1 split of the coordinates, the variation of the topological term nicely
combines with the variation (4.14) of the kinetic term, and together they give rise to

) (ﬁkin + £top) — gimn {QMNDm (gnN - BnN) + %g@MaHomna} (5A1M

1 _imn « M
—12€ g@M Himna 5140

— Lllgimn g@Ma ((c:lM - BzM) Aana ’ (54)

up to total derivatives. The relative factor between Ly, and Ly, is chosen such that
the combined action does not depend on the components By;, while it depends on
the components B;j, and Ay™ only upon projection with the embedding tensor via
On*Bijo and O *AoM, respectively. This is the proper generalization of the Ay™-
independent action (3.4) in the abelian case. Let us also note, that in the full gauged
theory, the field equations will receive further contributions from variation of the matter
Lagrangian that is now coupled to the gauge fields:

5£matter
0A M

m

= 64gjuM ) (55>

with the covariant currents j#;;,. We will show in the next section, that the field
equations induced by the variation (5.4), (5.5) give the proper non-abelian extension
of the twisted self-duality equations.

6 Action and equations of motion

The full non-abelian Lagrangian thus is given by the sum of (4.13), (5.1) and possible
matter couplings (scalars, fermions, gravity)

Ecovariant = 26_3 hij (gzM - BzM) MMN BjN

N
1 1
+ 6 eMr? gOn” Buya HPUM + T2 eM?? g Xpoum OMAVMAPPAUQ
+ ‘Cmatter ) (61)

with the covariant electric and magnetic fields &, B;M from (4.12). The variation
of (6.1) is given in (5.4), (5.5). Formally, the Lagrangian (6.1) is invariant under the
full action of the global duality group Gquaiity, if the embedding tensor ©,,% is treated
as a spurionic object transforming under Ggyaity. A concrete choice of the embedding
tensor will specify a particular gauging and explicitly break Gguaity. The choice of
the embedding tensor is restricted by the algebraic consistency conditions (4.2), (4.5).
These coincide with the constraints imposed on the embedding tensor in the second-
order formulation of the theory [20]. We will show now that the action (6.1) implies

10



the following set of equations of motion

EM = BM, (6.2)

Om Huvpa = —2€4€p0p0 7" M with 7y = e;'g™! M . (6.3)
dAM

of which the first is the non-abelian version of the twisted self-duality equation (3.3),
and the second is the four-dimensional duality equation relating the two-form fields
to the scalar fields or, more precisely, to the Noether current of the invariances that
have been gauged. These equations parallel the equations of motion obtained from the
second-order formalism with magnetic gauge fields of [20].

In order to derive the equations of motion (6.2), (6.3) we proceed in analogy with
the abelian case of section 3 and make use of the fact that the full Lagrangian does
not depend on the components By;, and depends on the Ay™ only upon projection
with the embedding tensor as ©,,A4™. We then show that the equations of motion
for the remaining fields precisely allow for the introduction of the missing By;, and
ApM such that equations (6.2), (6.3) are satisfied. To this end, we first choose a basis
of vector fields A,M and of global symmetry generators t,, such that the embedding
tensor O,/ of the theory takes the block diagonal form

O4% O,2 4% 0
Oy* = = , 6.4
M ( 047 ©,° ) ( 0 0 (6.4)
with invertible © 4*. L.e. only the gauge fields AMA participate in the gauging and they
gauge the subgroup spanned by generators t,. The quadratic constraint (4.5) implies
that in this basis Q4% = 0. In analogy to (3.6) we denote by £*M the part of &

which is independent of By, and Ay4. We note that in the above basis &4 = SZ-# A,

Then, variation of (6.1) w.r.t. B;;, according to (5.4) gives rise to the equations
&4 = B2, (6.5)
Next, from variation w.r.t. 4;4 we obtain
0 = €™ Qup Dy (EFF - B,2) = €™ Qupdn (EFF - B.5) | (6.6)

where the second equality makes use of (4.2) and (6.5). From this equation we deduce

(in analogy to (3.6)) the existence of a function Ay2 such that
Qup (EF2 - B,2) = Qupd, A" = Qup &L = QupB.E. (6.7)

In general, the matrix Q4p is not invertible such that Ay2 is not uniquely defined
by this equation. The ambiguity precisely corresponds to the freedom of a gauge
transformation (4.7) with parameter Ag, . Finally, we may choose the component By;,
such that

QAA gnA = QAA BTLA 5 (68)



with the A¢2 chosen in (6.7). Together, equations (6.5), (6.7), and (6.8), build the
non-abelian twisted self-duality equation (6.2). The remaining parts of the §A,* and
§ A variations of (5.4), (5.5) combine into the second duality equation (6.3). We have
thus shown, that the field equations induced by the covariantized Lagrangian (6.1) give
rise to the set of non-abelian field equations (6.2), (6.3).

Let us finally discuss the symmetries of the action (6.1). Built as the sum of two
gauge invariant terms, the action is clearly invariant under the local gauge transforma-
tions (4.7). Although four-dimensional coordinate invariance is not manifest, it follows
from (5.4) after some calculation, that the action is also invariant under time-like dif-
feomorphisms £°, provided the gauge field potentials transform as

SAM = & (BM+ NHM)
5A0M - 0 5
@MQABU& = —2€3N§O<€ijkjk]\/[ . (69)

On-shell, i.e. upon using the equations of motion (6.2), (6.3), these transformation laws
reduce to

SAM ~ EOHo, Ou0Bija = @MafoHom'a+2(ta)MNA[iM5Aj]N, (6.10)

which in turn reproduce the standard transformation behavior under time-like diffeo-
morphisms up to local gauge transformations (4.7) with parameters AM = —£04,M,
Ao = —Buia — (ta) k1A Ao™ . In the abelian case, the modified form of time-like
diffeomorphisms (6.9) for the vector fields A;™ coincides with the results of [6, 7]. The
main difference in the non-abelian case (apart from standard gauge covariantization)
is the explicit appearance of the gauge fields in the matter part Lo 0of the La-
grangian. Since these couplings are manifestly four-dimensional coordinate covariant,
the off-shell modification of the transformation law (6.9) leads to extra contributions
from this sector which are proportional to the equations of motion

6£matter

6extra ‘C W

& (BM-&M) . (6.11)

With (5.4) and (5.5), these contributions are precisely cancelled by the modified trans-
formation law of B;;M in (6.9). To summarize, the Lagrangian (6.1) is invariant under
local gauge transformations (4.7) and also under four-dimensional diffeomorphisms
with the modified transformation laws (6.9).

7 Example: Yang-Mills theory

The construction of a first-order action for non-abelian gauge theories presented above
hinges on the solution of the algebraic consistency conditions (4.2), (4.5) for the em-

bedding tensor ©,,%. We stress once more that these conditions are precisely the same

12



as in the second-order formulation of the theory [20]. In particular, the solutions of
these equations encode all possible gaugings of a given abelian theory. The most in-
teresting examples of such theories arise from extended gauged supergravities [28, 29],
for which solutions to (4.2), (4.5) can be found by group-theoretical methods. E.g. the
presented construction immediately gives rise to a first-order action for the maximal
SO(8) gauged supergravity of [30], obtained as a deformation of the abelian first-order
action of [12].

In this section, as an illustration of the construction we will discuss a much simpler
(and somewhat degenerate) example: pure Yang-Mills theory in the absence of further
matter content. The starting point for the construction of this theory is the abelian
action (2.1) for n vector fields with constant Z, and R = 0, corresponding to n copies
of the standard Maxwell action. Accordingly, the matrix M,y is constant, such that
the global symmetry of the twisted self-duality equations (2.4) and the first-order ac-
tion (3.4) is the compact U(n). Its U(1) subgroup is the standard electric/magnetic
duality. Possible gaugings of this theory are described by an embedding tensor ac-
cording to (4.1) which is a 2n x n? matrix. A quick counting shows that the linear
constraints (4.2) reduce the number of independent components in © /% to n?(n — 1).
In particular, pure Maxwell theory (n = 1) does not allow a gauging of its duality
symmetry. This is in accordance with the explicit recent results of [22]. For n = 2, the
linear constraints allow for 4 independent parameters, however, it may be shown that
the bilinear constraints (4.5) in this case do not admit any real solution. Non-trivial
gaugings exist only for n > 2 Maxwell fields. For n = 3 one finds that the non-trivial
solution of the consistency constraints is unique up to conjugation and corresponds to
gauging an SO(3) subgroup of the global U(3). This is a special case of the general
construction given in the following.

Let us consider pure Yang-Mills theory with compact semi-simple gauge group GG
and n = dim G gauge fields A,* with the standard embedding G C SO(n) C U(n).
We denote by fap and n4p the structure constants and the Cartan-Killing form of
G, respectively. The duality covariant formulation of the theory will employ 2n vector
fields A,™ = (A,*,C, 1), where for clarity we denote the dual vectors by C,, 4. The
embedding tensor is chosen such that the generalized structure constants (4.3) take the

form

Xag® = —fap®
Xun® = 7.1
My { XaPc = fac® (7-1)

with all other components vanishing. It is straightforward to verify that they satisfy
the symplectic embedding (2.9), and the linear constraint (4.2), while the bilinear con-
straints (4.5), reduce to the standard Jacobi identities for the structure constants fa4p© .
Moreover, this choice of the embedding tensor explicitly breaks the electric/magnetic
duality U(1) (even though the gauge group commutes with it). The constant matrix
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M rn is parametrized by the Cartan-Killing form n4p and its inverse n?

0
Muy = <”SB nAE’) . (7.2)

The non-abelian twisted self-duality equations (6.2) in this case take the form
f,uZ/A = _%guupo nAngUB ) (73)
with the field strengths

f;wA = 2a[uAu]A - ngCA AMBAVC )
gl,LVA = QD[uCV]A + gBuVA ’ (74>

where we have lowered and raised indices A, B, ..., with n4p and its inverse, respec-
tively, and redefined the two-forms according to By, 4 = %@ A“Bya + faBc A[MB C,,]C
with respect to the previous notation. Gauge transformations (4.7) are given by

5AA = DAY, 8CA = DA —gA A,

0Buwt = 2D, Ay + gfpct (ABQWC _ ABfWC) +2gfpc?C,P6A,C . (7.5)

with independent parameters A4, A4 and A, . This illustrates explicitly how the
two-form potential B, " together with its gauge invariance cures the inconsistencies of
a gauge theory with vector fields C,,* that do not participate in the gauging but are
charged under the gauge group.® The non-abelian field strength (4.10) of the two-forms
takes the form

H;u/pA = 3D[,uBzzp}A - 3ngBC f[uUB CVp]C ) (76)

and it vanishes on-shell according to its equations of motion (6.3). It is straightforward
to verify that (7.3) together with the first-order equation H,,,4 = 0 is equivalent to
the original Yang-Mills field equations for the vector field A,*. The full Lagrangian
(6.1) takes the explicit form

1 . 1 ) 1 ..
Leovariant = ~1 i napFIRE — 1 Gir'napG’t? — G 9e* Hijp 4 Ag?
| 1 .. .
+Z gk C’iAUAijkB 1 gk Az’AUAB (gjkB + gBjkB) ) (7.7)

which gives the first-order Lagrangian for pure Yang-Mills theory, describing the Yang-
Mills vector fields 4, together with their duals C,,*. However, this Lagrangian no

>The explicit form of (7.5) shows that the construction in this example becomes somewhat degen-
erate: the gauge transformations A4 of the dual vector fields C’#A may be entirely absorbed into a
redefinition of the tensor gauge parameter AMA .
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longer exhibits an analogue of the electric/magnetic U(1) symmetry, since the choice
of the embedding tensor (7.1) explicitly breaks this U(1), although the gauge group
commutes with it. This is in accordance with the explicit no-go results of [8]. The field
equations derived from (7.7) are equivalent to the Yang-Mills equations D“]—"WA =0,
while in the limit ¢ — 0, the Lagrangian consistently reduces to the first-order duality
invariant Lagrangian (3.4) describing a set of Maxwell equations. On the other hand, it
follows directly, that by integrating out the two-form potentials B;;*, also the magnetic
vector fields C;4 disappear from (7.7), and the Lagrangian reduces to the original
second-order Yang-Mills form

1
Lyn = 7148 Fu,AFmB (7.8)

which is manifestly four-dimensional covariant.

8 Conclusions

In this paper, we have constructed the general non-abelian deformations of the first-
order actions of [6, 7], whose field equations give rise to a non-abelian version of the
twisted self-duality equations (1.1). Consistent gaugings are characterized by the choice
of a constant embedding tensor satisfying the set of algebraic constraints (4.2), (4.5).
The resulting action (6.1) is formally invariant under the global duality group Gayality
if the embedding tensor itself transforms as a spurionic object under the duality group.
The duality symmetry is broken when the embedding tensor is set to a particular
constant value. Space-time covariance of the action is no longer manifest, but can be
restored by modifying the action of diffeomorphisms on the gauge fields by additional
contributions proportional to the equations of motion. The construction relies on the
introduction of additional couplings to higher-order p-forms and a topological term.

The set of algebraic consistency constraints for the embedding tensor coincides
with the one found for gaugings in the standard second-order formalism [20]. In other
words, every gauging of the standard second-order action admits an analogous first-
order action carrying all 2n vector fields. We call to mind that in the second-order
formulation typically only a part of the global duality group Gguaity is realized as a
symmetry of the ungauged action. Nevertheless, more general subgroups of G gyaity can
be gauged upon the introduction of magnetic vector fields. In the first-order formalism
of this paper, all gaugings are directly obtained as gauging of part of the off-shell
symmetries Gauality 0of the first-order action (3.4).

Despite the equivalence of the resulting field equations, the first-order and second-
order formulations of gaugings remain complementary in several aspects: The second-
order action [20] carries as many two-form potentials as the gauging involves magnetic
vector fields. In particular, there always exists a symplectic frame in which all vec-

tor fields involved in the gauging are electric and no two-forms appear in the action.
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In contrast, the first-order action (6.1) inevitably carries a fixed number of two-form
potentials equal to the dimension of the gauge group. In the second-order formal-
ism, space-time diffeomorphisms are realized in the standard way, while the canonical
gauge transformations of the two-form potentials need to be modified by contributions
proportional to the field equations [20]. Gauge transformations in the first-order for-
malism (4.7) in contrast are of the canonical form whereas it is the action of space-time
diffeomorphisms that is modified by on-shell vanishing contributions. On the technical
side of the construction, in the second-order formalism it is only the sum of kinetic and
topological term of gauge fields that is gauge invariant. In the first-order formalism
these terms are separately gauge invariant, but only a particular combination of them
gives rise to a consistent set of field equations.

We emphasize that the construction of non-abelian gauge deformations of the first-
order action (3.4) inevitably requires the introduction of two-form potentials with
Stiickelberg-type couplings to the vector fields (4.6) and a BF-type coupling in the
topological term (5.1). It has recently been concluded in [21] that in absence of two-
form potentials the first-order action (3.4) does not admit any non-abelian deforma-
tion, see [31] for earlier no-go results. Specifically, the deformations studied in [21]
are triggered by antisymmetric structure constants % ~ X [MN]K , corresponding to
the ansatz (4.1), (4.3), with the additional assumption that Xz = 0. Indeed, in
the general construction of non-abelian deformations, it is the symmetric part of the
generalized structure constants X MN)K that governs the introduction and additional
couplings to two-form potentials [26]. Imposing the absence of two-form potentials
thus requires that Xy, N)K = 0. However, in four dimensions this additional constraint
is in direct contradiction to the constraints on the embedding tensor, cf. footnote 2,
and implies that the X,y vanish identically, in accordance with the analysis of [21].
Hence, there are no Yang-Mills-type deformations of the first-order action (3.4) in the
absence of two-form potentials. In contrast, we have shown that by proper inclusion
of such higher-order p-forms, the first-order action can be consistently generalized to
the non-abelian case.

The construction of the first-order action (6.1) for non-abelian gauge fields fur-
thermore allows to revisit the recent discussion of possible gaugings of (subgroups of)
electric/magnetic duality [21, 22]. The answer to the question which subgroups of the
global duality group Gauaity can be gauged, now turns out to be encoded in the set
of algebraic consistency constraints (4.2), (4.5) for the embedding tensor. Indeed, we
have shown in section 7 that for pure Maxwell theory (n = 1, no scalar fields), these
constraints do not admit any solution, thus reproducing the no-go result of [22]. In
contrast, for a set of n Maxwell fields, we find that any compact group of dimension n
can be gauged via the standard embedding G C SO(n) C U(n) into the global du-
ality group. The resulting Lagrangian explicitly breaks electric/magnetic duality, in

accordance with the analysis of [8]. In the presence of scalar fields, the global du-
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ality group of (3.4) is enlarged to some non-compact subgroup of Sp(2n,R) and the
possibilities for admissible gauge groups further increase, in particular due to the exis-
tence of different inequivalent symplectic frames. Many solutions to the corresponding
consistency constraints have been found in the second-order formalism for extended
gauged supergravities [28, 29]. E.g. the presented construction immediately gives rise
to a deformation of the duality-invariant first-order action of [12], that describes the
maximal SO(8) gauged supergravity of [30].

In this paper, we have restricted the discussion to vector fields in four space-time
dimensions. Further coupling to fermions and the realization of supersymmetry will
proceed straightforwardly along the lines of [12]. Moreover, the embedding tensor for-
malism employed in this paper serves as a guide as to how the presented construction
can be straightforwardly generalized to describe non-abelian deformations of arbitrary
p-forms in D space-time dimensions. The key structure underlying these constructions
is the structure of non-abelian deformations of the associated hierarchy of p-form tensor
fields [26, 32, 33]. In analogy to the theories constructed in this paper, the deforma-
tions of first-order actions of p-forms will generically involve couplings to higher-order
(p + 1)-forms and necessitate contributions from additional topological terms. While
in the example of Yang-Mills theory discussed in the previous section, the introduction
of additional two-form potentials may still occur as somewhat artificial, in higher-
dimensional supergravity theories typically the full hierarchy of anti-symmetric p-form
fields is already present in the original theory. It appears rather natural that all of them
should be involved in the new couplings of the first-order action. Such a construction
should culminate in a first-order description of the higher-dimensional theories in which
all p-forms are present, related to their duals by the proper non-abelian extension of
the actions of [6, 7, 14], and linked to their adjacent forms by Stiickelberg-type cou-
plings analogous to (4.6). This formulation may be particularly useful in the study of
dimensional reductions and the realization of the hidden symmetries Eyo, E13, [16, 17,
extending the duality symmetries.

Another obvious avenue of generalization of the presented construction is the lift of
the non-abelian deformations to the non-polynomial Lagrangians with manifest space-
time symmetry [10, 11] from which the first-order actions [6, 7] are obtained after
particular gauge fixing. Also the generalization to deformations of the first-order for-
mulations based on a more general decomposition of space-time into d + (D — d) di-
mensions [34] (generalizing the case d = 1 discussed in this paper) should be achievable
along similar lines.

Finally, a particularly interesting realm of applications of the first-order actions (3.4)
and their deformations described in this paper, are those chiral theories which do not
admit the formulation of a standard second-order action. In this context, we mention
most notably the six-dimensional chiral tensor gauge theories and recent attempts

to construct their non-abelian deformations supposed to underlie the description of
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multiple M5-brane dynamics [35, 36, 37, 38, 39]. The construction presented in this

paper may provide a well-defined framework for the general study of such interactions.
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