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We reveal nonmanifest gauge and SO(1, 5) Lorentz symmetries in the Lagrangian description of a six-
dimensional free chiral field derived from the Bagger-Lambert-Gustavsson model in [P.-M. Ho and
Y. Matsuo, J. High Energy Phys. 06 (2008) 105.] and make this formulation covariant with the use of a
triplet of auxiliary scalar fields. We consider the coupling of this self-dual construction to gravity and its
supersymmetrization. In the case of the nonlinear model of [P.-M. Ho, Y. Imamura, Y. Matsuo, and
S. Shiba, J. High Energy Phys. 08 (2008) 014.] we solve the equations of motion of the gauge field, prove
that its nonlinear field strength is self-dual and find a gauge-covariant form of the nonlinear action. Issues
of the relation of this model to the known formulations of the MS5-brane worldvolume theory are

discussed.
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I. INTRODUCTION

The problem of the Lagrangian formulation of the the-
ory of self-dual or in general duality-symmetric fields, i.e.
fields whose strengths are subject to a duality condition,
has attracted a great deal of attention for decades. A
classical physical example, the duality symmetry between
electric and magnetic fields of free Maxwell equations,
inspired Dirac to promote it to the gauge theory of electri-
cally and magnetically charged particles by introducing the
magnetic monopoles [1]. Since then duality-symmetric
fields appeared and have played an important role in
many field theories, in particular, in String Theory and M
theory. The gauge fields whose field strength is self-dual
are often called chiral (p-form) fields. In space-times of
Lorentz signature such fields existif p =2k (k =0,1,...)
and the space-time dimension is D = 2(p + 1).

Main problems of the Lagrangian formulation of the
duality-symmetric and, in particular, the chiral fields are
1) to construct an action whose variation would produce the
first-order duality condition on the field strengths as a
consequence of dynamical equations of motion; ii) to
find a manifestly Lorentz-covariant form of such an action,
which is of a great help for studying a (nonlinear) coupling
of duality-symmetric fields to gravity and other fields in the
theory; iii) to quantize such a theory.

The first two (classical) problems have been solved in a
number of papers using different (classically equivalent)
approaches. It has been realized that it is not possible to
construct manifestly duality-symmetric and Lorentz-
covariant actions without using auxiliary fields. In various
space-time dimensions nonmanifestly Lorentz-covariant
duality-symmetric actions were constructed and studied
in [2-7], see also [8] for more recent developments based
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on a holographic formulation of self-dual theory. It is
known that in these models the Lorentz-invariance gets
restored at the level of the equations of motion (i.e. when
the duality relation holds) and is actually a somewhat
modified nonmanifest symmetry of the action (see e.g. [7]).

To make the Lorentz invariance of the duality-
symmetric action manifest, in particular, that of the
chiral-field action, one should introduce auxiliary fields.
In different formulations their amount vary from infinity
[9-12] to a few [13,14] or even one [15,16]. The relation
between different noncovariant and covariant formulations
was studied e.g. in [16—18]. The quantization of duality-
symmetric and chiral gauge fields (which is a subtle and
highly nontrivial problem, especially in topologically non-
trivial backgrounds) has also been intensively studied, see
e.g. [2,8-12,19-27] and references therein.

One more, noncovariant, Lagrangian formulation of a
chiral 2-form gauge field in six space-time dimensions was
derived in [28,29] from a Bagger-Lambert-Gustavsson
(BLG) model of interacting Chern-Simons and matter
fields in D = 3 [30,31]. This has been achieved by promot-
ing the non-Abelian gauge symmetry of the BLG model to
the infinite-dimensional local symmetry of volume pre-
serving diffeomorphisms in an internal three-dimensional
space, see also [32,33]. It was argued in [28,29] that when
the initial D = 3 space-time and the three-dimensional
internal space are treated as six-dimensional space-time,
such a model describes a nonlinear effective field theory on
the worldvolume of a 5-brane of M theory in a strong Cj
gauge field background. Other aspects of the relation of the
M5-brane to the BLG model based on the 3-algebra asso-
ciated with volume preserving diffeomorphisms were con-
sidered e.g. in [33-35]. In particular, the authors of [33]
found a relation of the M5-brane action [36-38], in the
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limit of infinite M5-brane tension, to a Carrollian limit of
the BLG model in which the speed of light is zero (which
amounts to suppressing all spacial derivatives along the
M2-brane).

The aim of this paper is to discuss and clarify some
issues of the D = 6 chiral-field model of [28,29] regarding
its space-time and gauge symmetries, and self-duality
properties. We shall first consider the free chiral-field for-
mulation of [28] and then its nonlinear generalization
constructed in [29]. We shall also compare this model
with the original actions for the D = 6 chiral 2-form gauge
field [5,7,16], as well as with the M5-brane action [36,37]
and equations of motion [39-43].

In the free-field case, we show that, like the actions of
[5,7], the quadratic chiral-field action of [28] possesses a
nonmanifest six-dimensional (modified) Lorentz symme-
try and can be covariantized, coupled to gravity and super-
symmetrized in a way similar to the approach of [15,16].
However it differs from the original PST formulation in the
number of auxiliary fields required for making the D = 6
chiral-field action of [28] manifestly covariant. We show
that the latter requires three scalar fields, taking values in
the three-dimensional representation of a GL(3) group,
while the formulation of [15,16] makes use of a single
auxiliary scalar field. This is expected, since in the model
of [28,29] the six space-time directions are subjectto 3 + 3
splitting, instead of the 1 + 5 splitting of [5,7,15,16,36,37].

We then consider the nonlinear chiral-field model of
[28,29] neglecting its couplings to scalar and spinor matter
fields. By solving the nonlinear field equations derived in
[29] we find an explicit form of gauge field strength
components that were missing in the formulation of [29]
and show that the complete D = 6 field strength trans-
forms as a scalar field under volume preserving diffeo-
morphisms and satisfies the complete set of Bianchi
relations. We prove that the general solution of the non-
linear field equations results in the Hodge self-duality of
the D = 6 nonlinear gauge field strength, thus confirming
the assumption of [29]. We also find that the action of
the nonlinear model can be rewritten in a form that in-
volves solely the components of the chiral-field strength
and hence is covariant under the volume preserving
diffeomorphisms.

The paper is organized as follows. In Sec. II we recall the
basic properties of a free 2-form chiral field in six-
dimensional space-time (Sec. Il A), consider the structure
of a noncovariant action for the D = 6 chiral-gauge field a
la [5,7] (Sec. II B) and overview the covariant Lagrangian
description of the chiral fields proposed and developed in
[15,16] (Sec. ITC). In Secs. III A and III B we consider the
alternative noncovariant formulation of [28,29] at the free-
field level and reveal its hidden gauge and Lorentz
symmetries. In Secs. I[II C, IIID, and IITE we propose its
covariantization, coupling to gravity and supersymmetri-
zation along the lines of the approach of [15,16]. In Sec. IV
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we consider the nonlinear generalization of the alternative
chiral-field formulation and study its symmetry and self-
duality properties. In Sec. V we briefly discuss issues of the
relation of the model of [28,29] to the worldvolume theory
of the M5-brane.

II. ACTIONS FOR THE D = 6 CHIRAL FIELD
A. The antisymmetric 2-rank gauge field in D = 6

Let RS be a six-dimensional Minkowski space having
the metric 7, = diag(—1,1,1, 1,1, 1) and parametrized
by coordinates x* (u =0, 1,...,5). Let AW be a two-rank
antisymmetric tensor field with the field strength

Fop=0,A,, t0,A,, +3d,A 2.1)

pApv:

The field strength (2.1) is invariant under the gauge trans-

formations'
SAM,, = ZB[M)\V](x) = d,A, — 9,4, (2.2)

These gauge transformations are reducible because of the
residual gauge invariance of the gauge parameter,

6)\# = aM)\(x). (2.3)
The classical action for this field is
1
S=- ng / doxF,,,F*", (2.4)

where g is a coupling constant of mass dimensionality,

which we shall put equal to one in what follows. The
corresponding equation of motion is

oS

0A,,

=9,Frre =0, 2.5)

By definition, the field (2.1) satisfies the Bianchi identity

g¥BYOPoy Fo = 0. (2.6)

On the mass shell, such an antisymmetric tensor field A v
describes 6 degrees of freedom. This number can be re-
duced to three if one imposes an additional, self-duality,
condition

Fuvp=Fuup (2.7
where
- 1
F,,i= ESMVPQMF“BV. (2.8)
The field A, satisfying Eq. (2.7) is called the chiral
field.

A natural question is whether one can derive the first-
order self-duality condition (2.7) from an action principle
as an equation of motion of A,,. The answer is positive,

"We use the symmetrization and antisymmetrization of indices
with “‘strength one”, i.e. with the normalization factor ;.
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though the construction is nontrivial, and the resulting
action possess peculiar properties to be reviewed in the
next section.

B. Noncovariant action

Usually the actions for free bosonic fields are of a
quadratic order in their field strengths, like Eq. (2.4). So
if, in order to get a chiral-field action, one tries to modify
the action (2.4) with some other terms depending solely on
components of F,,,,, one gets the equations of motion that
are of the second order in derivatives. Thus, the chiral-field
action should have a structure and symmetries which
would allow one to reduce the second order differential
equations to the first-order self-duality condition. Such
actions have been found for various types of chiral fields
[2-7] but they turn out to be nonmanifestly space-time
invariant. In the D = 6 case the self-dual action can be
written in the following form

: 3 o
S=-4 _[d6X[FAyVFAMV +3(F = Foyj(F = F)g"],

G,j=1...5)

It contains the ordinary kinetic term for A,,, and the
second term which breaks manifest Lorentz-invariance
down to its spatial subgroup SO(5), since only the time
components of (F — F) enter the action.” However, it turns
out that Eq. (2.9) is (nonmanifestly) invariant under modi-
fied space-time transformations [4,7] which [in the gauge
Ap; = 0 for the local symmetry (2.2)] look as follows

(2.9)

5Aij = xovkakAij + xkvkaoAij - xkvk(F - F')()ij'
(2.10)

The first two terms in (2.10) are standard Lorentz boosts
with a velocity v; which extend SO(5) to SO(1, 5). The last
term is a nonconventional one, it vanishes when (2.7) is
satisfied, so that the transformations (2.10) reduce to the
conventional Lorentz boosts on the mass shell.

From (2.9) one gets the A, field equations, which have
the form of Bianchi identities

gliklmg (F — F) ;o = 0. (2.11)
Their general (topologically trivial) solution is
(F — F)ijo = 23[i¢j](x)- (2.12)
If the right hand side of (2.12) were zero, then
- 1
Fijo = Fijo = gsijklkalm (2.13)

2 Alternatively, but equivalently, one might separate one spa-
cial component from other five and construct an SO(1, 4) invari-
ant action similar to (2.9) but in which the sign of the second
term is changed and the time index O is replaced with a space
index, e.g. 5. This choice is convenient when performing the
dimensional reduction of the D = 6 theory to D = 5.
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and, hence, as one can easily check, the full covariant self-
duality condition is satisfied. And this is what we would
like to get. One could put the right-hand side (rhs) of (2.12)
to zero if there is an additional local symmetry of (2.9) for
which dj;¢b ;) = 0 is a gauge fixing condition. And there is
indeed such a symmetry [7] which acts on the components
of A,, as follows

BAOi == (I)i(x), 5Alj = O)

- (2.14)
O(F — F);jo = 20;;® .

The existence of this symmetry is the reason why the
quadratic action describes the dynamics of the self-dual
field A, with twice less physical degrees of freedom than
that of a non-self-dual one. It also implies that the compo-
nents Ag; are pure gauge and enter the action only under a
total derivative. Ay; can be thus put to zero directly in the
action, which fixes the gauge symmetry (2.14). The action
(2.9) then reduces to

S= =gy [ dREFE + oEy, 004,]

Gj=1...,5).

Equation (2.15) does not contain the A(; component of the
six-dimensional chiral field. Thus, on the mass shell, the
role of this component is taken by the “integration’ func-
tion ¢ ;(x) of (2.12), which appears upon solving the sec-
ond order field Eq. (2.11). We shall encounter the same
feature in the alternative formulation of [28], but before
describing the construction of [28] let us first review a
covariant Lagrangian description of the chiral field pro-
posed in [15,16].

(2.15)

C. Lorentz-covariant formulation

The covariant formulation of [15,16] is constructed with
the use of a single auxiliary scalar field a(x). The covariant
generalization of the action (2.9) for the D = 6 self-dual
field looks as follows

1
S = _E j.dGXI:FA;LVFAMV
_ W&#a()&')(}? - F)M/\G'(F — F))‘mja,,a(x)],
(2.16)

In addition to standard gauge symmetry (2.3) of A ,,(x) the
covariant action (2.16) is invariant under two different
local transformations:

8A,, = 20r,a®d,(x), da = 0; (2.17)
_ _ o) =
da = ¢(x), 0A,, = (9a)? (F = F)yyp0fa. (2.18)
a

The transformations (2.17) are a covariant counterpart of
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(2.14) and play the same role as the latter in deriving the
self-duality condition (2.7).

Local symmetry (2.18) ensures the auxiliary nature of
the field a(x) required for keeping the space-time covari-
ance of the action manifest [15]. An admissible gauge
fixing condition for this symmetry is

dgalx)
i ara 04 (2.19)
In this gauge the action (2.16) reduces to (2.9). The modi-
fied space-time transformations (2.10), which preserve the
gauge (2.19) arise as a combination of the Lorentz boost
and the transformation (2.18) with ¢ = —vix’, (i = 1,2, 3,
4,5).

One may wonder whether by using the gauge trans-
formation (2.18) one can put the field a(x) to zero. This
is indeed possible if one takes into account the subtlety that
by imposing such a gauge fixing one should handle a
singularity in the action (2.16) in such a way that the ratio
aﬂaa”a/épaapa remains finite. This can be achieved by
first imposing the gauge fixing condition a(x) = ex*n,,
where n,, is a constant timelike vector n* = —1 and then
sending the constant parameter € to zero. As one can see,
such a limit is compatible with the gauge choice (2.19) with
n, = 8%.

For further analysis it is useful to note that the auxiliary
field a(x) enters the action (2.16) only through the combi-
nation which forms a projector matrix of rank one

V= d,ad"a, p,,P,)y=P,". (2.20)
I apaapa M I P M
Then the action (2.16) takes the form
1
S=-4 fdﬁx[FM,,FM
= 3(F = F)*"P,M(F = )0} (221)

It produces the following Lorentz-covariant counterpart of
the self-duality condition (2.13)

1 1
— A
mFMypapa = 6_—(861)26p(18py,w\07—F T

=F,,. (2.22)

As one can easily see, Eq. (2.22) is equivalent to the self-
duality condition (2.7).

III. FREE D = 6 CHIRAL-GAUGE FIELD FROM
THE BLG MODEL

A. Noncovariant formulation

A different noncovariant Lagrangian description of the
D = 6 chiral field was obtained in [28,29] from a Bagger-
Lambert-Gustavsson (BLG) model [30,31] of interacting
Chern-Simons and matter fields in D = 3 by promoting the
gauge symmetry of the BLG model to the infinite-
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dimensional local symmetry of volume preserving diffeo-
morphisms of an internal three-dimensional space. The
original three-dimensional space-time (supposed to be a
worldvolume of coincident M2-branes) was assumed in
[28,29] to combine with the three-dimensional internal
space and to form the six-dimensional worldvolume of a
5-brane carrying a 2-form chiral field. So in the formula-
tion of [28,29] the D = 6 Lorentz symmetry SO(1,5) is
(naturally) broken by the presence of membranes to
SO(1,2) X SO(3). In particular, the action for the free
chiral field is constructed with the use of components of
A, which are split into SO(1, 2) X SO(3) tensors and is
thus an SO(1,2) X SO(3) invariant counterpart of the
SO(5) (or SO(1,4)) covariant chiral-field Lagrangian of
Sec. II B.

We shall now briefly review this formulation for the case
of the free gauge field. The nonlinear chiral-field model of
[28,29] will be discussed in Sec. I'V.

With respect to the subgroup SO(1,2) X SO(3), the
SO(1, 5) components of A,,, split as follows

Ay = (A Ay Ayp), (3.1)
where the indices a = (0, 1,2) and a = (1,2, 3), corre-
spond, respectively, to the SO(1,2) and SO(3) subgroup
of the full D = 6 Lorentz group. Each of the antisymmetric
fields A,, and A,; has three components, while A_; has
nine components. The D = 6 coordinates x* split into x¢
and x?.

Only the components A,;, and A,; were used in the
construction of the chiral-field Lagrangian of [28], which
has the form

1 . i 1 i
L=—-F  .(F— abc__F_,:Fabc’ 32
4 ahc( f) 12 abeé ( )
where
Fa}}é = aaAbL - a}}Aaé‘ + aé‘Aztl}’ (33)
Fape = 0aApe = 03A4: T 0:A,5 (3.4
7 1 bca
fabe = Esabcsbéaf (3.5)
and
fabc' = aaAbc" - abAac" (36)

Here &, and g,;. are the antisymmetric unit tensors
invariant under SO(1, 2) and SO(3), respectively.

Note that the tensor (3.6) as well as the Lagrangian (3.2)
do not contain the components A, of the gauge potential.
Because of this the Lagrangian (3.2) is invariant under the

gauge transformations
OA,; = 0, A, — dpA, (3.7)

only modulo a total derivative.

086008-4



BAGGER-LAMBERT-GUSTAVSSON-MOTIVATED ...

As in the case of the formulation of Sec. II B, Egs. (2.12)
and (2.15), the A,;, component of the chiral field appears on
the mass shell upon integrating out one of the derivatives of
the second order field equations which follow from the
Lagrangian (3.2) and have (upon the use of the Bianchi
identities) the form [28]

oS Ny ~
O 0= 0P = ) = 0= (F = Pl
1 .
= iswasahcauAb”, (3.8)
0 : o
5A§5 =0=9,F"¢ + 9,Fib¢ =, (3.9)

where A,;,(x*) is an SO(1, 2) antisymmetric tensor field.
Then Eq. (3.8) takes the form of the duality relation
(F-F)bt¢=0=F,, =F (3.10)

ab ¢
where

- 1 .
F e = _sabcsbc‘[zFbca (311)

ab ¢ 2

and
Fahé‘ = fabé' + aC'Aab = aaAbé' - abAaC + ac"Aab (3.12)

is a complete gauge invariant F ;. component of the field
strength F, ).

Substituting F ab ¢ with its dual (3.10) and (3.12) into the
Eq. (3.9) we get

. 1 na abe
0'Fape + 5 8apcabcd A" =0, a3

1
= Fype T Esa}}csabc‘?aAbc = &45: (%),

where f(x%) is a function of only three coordinates x* =
(x, x', x?), that can always be written as the divergence of
a vector f(x) = d,f%(x). It can thus be absorbed by a
redefinition A, — A, + % & 4pef€ (x) without any effect on
(3.10). As a result, Eq. (3.13) takes the form of the duality
relation

Fabc = ggabcschFlle: (314)

where

Fabc = aaAbc + abAca + acAab (315)

are components of the field strength of the D = 6 chiral
field which do not enter the Lagrangian (3.2).

Equations (3.8) and (3.14) combine into the SO(1, 5)
covariant self-duality condition (2.7) in which the compo-
nents of the D = 6 antisymmetric tensor &,,,,,5 are
defined as follows

Eabcabe = “E€abeabe = Eabebea — Cabc€ape  (3.10)

PHYSICAL REVIEW D 80, 086008 (2009)

B. Symmetries of the noncovariant formulation

We have already mentioned that the Lagrangian (3.2) is
invariant under the gauge transformations (3.7) only up to a
total derivative, because the A,;, component of the gauge
field does not enter the Lagrangian. We can restore the
complete gauge invariance of the Lagrangian by adding to
it certain terms depending on A, in such a way that they
enter the Lagrangian as total derivatives and hence do not
modify corresponding equations of motion. With these
terms the action takes the form

1 . Lo
S = _Z [d6x[Fabé(Fabc _Fabc)

1 e
+§Fa156(Fabc_Fabc)i|

1 - Lo . 1. -
= Z j-d6x[Fabé(FabC _ Fabc) + gFubc(Fabc _ Fabc)].
(3.17)

Since the component A, enters this action under a total
derivative, in addition to the conventional gauge symmetry
(2.2), the action (3.17) is also invariant under the following
local transformations

8Au = Dyp(xh), (3.18)

which are analogous to the transformations (2.14) in
Sec. II B.

We shall now show that, similar to the formulation of
Sec. II B, the action (3.17) has a nonmanifest D = 6 space-
time symmetry.

By construction, Eq. (3.17) is manifestly invariant under
the SO(1,2) X §O(3) subgroup of the full Lorentz group
SO(1,5). So we should check its invariance under the
transformations of the components of the gauge field A,
corresponding to the coset SO(1,5)/[SO(1,2) X SO(3)]
which are parametrized by the 3 X 3 constant matrix A%,

81A% = NIABE + \b(x,0¢ — x°,)A%, (3.19)

§1AYD = —AIA + ADAPY 4+ Al(x, 0 — x00,)AP.
[For simplicity, we work in the gauge A® = 0, which can
always be imposed by fixing one of the local symmetries
(2.2) and (3.18)]. The action is not invariant under the
transformations (3.19), but changes as follows
1 . . L
1S =—3 [ dSXA(F gy o = F oy ) (FOPP — Fabb),
(3.20)

This variation of the action can be compensated if the
Lorentz transformations of the gauge field are accompa-
nied by the following transformation

52Aal§ = Azxd(FcaB - FcaB)’
52Aa'b = O» (Aab = 0)

(3.21)
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Indeed,

— F ) (Fabb — Fabb)  (322)

1 4
52S = E [d6X)li(Fa};é
As a result, we conclude that the action (3.17) is invari-
ant under the following modified SO(1,5)/[SO(1,2) X

SO(3)] transformations
SAU = NIAPE + NB(x,0¢ — x°,)A%

+ Adxy(Fead — fread) (3.23)

SAYl = —Q4A% + AP ALY 4+ A2(x,0¢ — x€9,)A%Y,

which together with the SO(1, 2) X SO(3) transformations
form a modified nonmanifest D = 6 Lorentz symmetry of
the action (3.17). The space-time transformations become
the conventional SO(1, 6) Lorentz transformations on the
mass shell, when the gauge field strength satisfies the self-
duality condition.

C. Alternative covariant formulation

Let us now generalize the action (3.17) in such a way
that it becomes Lorentz-covariant. To this end, by analogy
with the covariant formulation of Sec. II C, we introduce
auxiliary fields which appear in the action in the form of
projector matrices P,*(x) and II,#(x)

PVpPp# = PVIL(-X)’ vanp# = HVIL(-X);

(3.24)
=46+ —r,~

In contrast to the projector (2.20), we now require that
P,*(x) and II,#(x) have the rank three and look for an
action that has a local symmetry, analogous to (2.18),
which allows one to gauge fix the projectors to become
the constant matrices

8,° 0 0 0
P# = ( b ) Im,» = ( p ) (3.25)
0 0 0 s,

To construct the SO(1, 5) covariant generalization of the
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:F;,wp:F,qu_F,uvp» fabc:Fabc_Fabcr
Fave = Fape = Faper  ete. (3.27)
Note that the field F,,, is anti-self-dual,
~ 1
j:,uvp = gs,uvpaﬁyj:aﬁy = _:F,uyp- (3.28)

Now, using the projectors (3.24), we construct the Lorentz-
covariant generalization of (3.26)

1
- u fd%[—FWFM p

+ Fuup FBY (PP Py + 3PEPRITY)]  (3.29)

or, equivalently,
1
$= 1y [, PG + 1A

1 N
= 05 / d’xF,,, j’“BV(PZP};P’; + 3Pa PRI1Y).
(3.30)

We shall now show that the action (3.29) or (3.30) has
indeed the required local symmetry, provided the projec-
tors are constructed in an appropriate way from a triplet of
scalar fields a”(x) (r = 1, 2, 3) being a vector with respect
to the GL(3) group. These scalar fields play the same role
as the auxiliary field a(x) of Sec. IIC.

D. Symmetries of the covariant action

Recall that the action (3.17) is invariant under the local
transformations (3.18). The generalization of this symme-
try to the case of the Lorentz-covariant action (3.29) is

8A,, = PEPED4(x), 6P, =811,” =0. (3.31)

To check this and other symmetries let us perform a
general variation of the action (3.29) with respect to A,
Using the identities

action (3.17) we first rewrite it in the form uvpa,é’«/P,uP P h = —& i o 114 Iy 1%,
ST a fdGX[ FoupF?7P + Foupe FC + 3F pe FP4), MVpaBVP[M Py 1LY Pl Suvpu’v’p’H 117 Pp (3.32)
(3.26) PP, 03Py, =0,
where we find that
0Ssn = — jdéxéFWp[ Frvp + (P“PBP” + 3P“P”HP H“H I — 314114 P’;,)[]’“BV]
T fd6x5FWp[—Ff“’p + (—4P§PEP§ + 6P§Pg8§ - 656;5’;)3’“37]
1
= [d6x5AM [ pJHIP — —P“P” a,F*rr — (appﬁ)P,gfaBP - ap(PﬁPZHl;j]:“ﬁy):l. (3.33)
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For the variation of A, in the form (3.31) we get
0pS = — [dﬁxq)aﬂf”‘”‘PﬁPgHﬁHK(a[pPﬁ]). (3.34)

We see that 648 = 0 if

HUPHA’/B[pPy]"PMV = 0. (3.35)
Equation (3.35) is the main differential constraint which
must be satisfied by the projector. It is solved by expressing
the projector in terms of derivatives of a triplet of auxiliary
scalar fields a”(x) with the index r = 1, 2, 3 corresponding
to a three-dimensional representation of GL(3). Namely,

P, =d,a'Y ' 0%a,  1,"=8,"— P, (336)

1 . . . 3
where Y;,! is the inverse matrix for
Y™ =9d,a"0Pa’.

Thus, to satisfy the requirement of the local symmetry
(3.31), the projector in the action (3.29) is taken to be in the
form (3.36).

In view of the similarity of the structure of the projectors
(2.20) and (3.36), one may expect that there is a local
symmetry acting on a"(x) and A,,,, analogous to (2.18),
which allows one to get the gauge condition (3.25) by
putting

a" =956, x" (3.37)
and to recover the modified Lorentz transformation (3.21)
and (3.23) of the noncovariant formulation as a compensat-
ing transformation of the local symmetry, preserving the
gauge (3.25) and (3.37).

There is indeed such a local symmetry, i.e.
ByAuy = 20"Y107a Fop, P TIE,

(3.38)

d,a" = ¢"(x), aBy

where ¢"(x) are local parameters. To check the invariance
of the action under (3.38) it is also instructive to present the
variation of the projector

8Py = 211,(,0° 1Y, 0 a". (3.39)

Note that the variation (3.39) preserves the constraint
(3.35), which reflects the fact that the latter is solved by
the projector P, ” having the form (3.36). A direct compu-

tation shows that the action is invariant under the variations
(3.38) and (3.39). Indeed,

0,8 = [dﬁxTﬁ“’aﬂa,,a’ =0, (3.40)

where T!” is the antisymmetric tensor of the form

3Compare with Eq. (2.20) of Sec. IIC.
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W = —1/*
= Y'Y, *07a 02! (MG TIRITS FFY F s

+ 280411 FA F 1S PE). (3.41)
The gauge condition (3.37) is preserved under the com-
bined Lorentz transformations and the ¢-transformation

(3.38) with parameters A7 and ¢ = —)\Zx” , respectively,

oa" = épa" + d,a" = 0. (3.42)

When acting on the components of the gauge field A,,,,
such a combined transformation generates the modified
Lorentz transformations (3.23) of the noncovariant
formulation.

E. Coupling to gravity and supersymmetric
generalization

Because of the manifest Lorentz covariance of the for-
mulation under consideration, like in the case of the for-
mulation of [15,16], the coupling of the chiral gauge field
to gravity is straightforward. One should only replace in
the action (3.29) and in all the symmetry transformations
the Minkowski metric 7,, with a curved D = 6 metric
guv(x). As aresult the D = 6 chiral-field action coupled to
gravity has the following form

1

S=5; fdf’xJ—_g[—FWFW
+ F oy FEEY(PEPLPY + 3PEPLTIS)]
+ fdf’x«/—gR,

where now the projectors include the D = 6 metric

(3.43)

PMV — aﬂar(apargpa'aa_as)—lgv)ta/\as’

s ” (3.44)
I,”=2ao,"—P,"

1. N = (1,0), D = 6 tensor supermultiplet

The simplest N = (1, 0) supersymmetric generaliza-
tion of the chiral-field action is also straightforward. It
involves the N" = (1, 0) superpartners of A,, which are
a scalar field ¢(x) and an SU(2) symplectic Majorana-
Weyl fermion ¢/ (x) (A =1,2,3,4;1 = 1, 2) [44,45]

()" = i = e BS s, (3.45)

where the matrix B is unitary and satisfies B*B = —1. The
SU(2) indices are raised and lowered according to the
following rule

W:S”‘//J, l/’lzslﬂ/’J

The existence of the matrix B implies that we do not need
spinors with dotted indices for the fermionic action to be
real. To construct the N = (1, 0) supersymmetric action

E1p = _8]2 = 1.
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one should just add to the action (3.29) or (3.30) the kinetic
terms for i 4;(x) and ¢(x). The resulting free action is

1
=0 ]dﬁx[—FwFW
+ Frunp FPY (P PPy + 3P PRITY)]
1
—5 fd6x(¢lrf‘6#¢1 +9,00"p). (3.46)

It is invariant under the following supersymmetry trans-
formations with a constant fermionic parameter €/

6E¢ = Ell//b

1
551//] = (F"‘&#(f) + EF,U,V,DKMVP)EI’

SEA,U,V = Elry,vlr//l!
S.a"(x) =0,

(3.47)

where

1 -
Kure = S[Fwre + Free 4 (METIGITS + 611 TT Py

— PEPLPY — 6P PITS) Fb7]

= Fre + (2P4PLPY — 6P PL5) FeP7  (3.48)

is the self-dual tensor K,,, = %swpaﬁyK“'B’/. The con-
ventions for the D = 6 gamma-matrices are given in the
Appendix.

Note that the supersymmetry transformation (3.47) of
the fermionic field is unusual. In addition to the field
strength F#”P it contains terms with the anti-self-dual
tensor F*AY. On the mass shell, due to the self-duality
condition F*fY = 0, the supersymmetry variation of the
fermions take the conventional form. Our supersymmetry
transformations differ from those given in [29] (in the
linear approximation of their model) by this additional

contribution to the variation of the fermions, which is
required for the supersymmetry of the action.

2. N = (2,0), D = 6 tensor supermultiplet

One can combine the supersymmetric action (3.46) with
actions for other matter supermultiplets, e.g. by including
into the model four more scalars and one more Majorana-
Weyl spinor and thus getting the action for an N = (2, 0),
D = 6 chiral tensor supermultiplet (associated with the
physical fields on the M5-brane worldvolume).

The fields of the N = (2,0) tensor supermultiplet
transform under the SO(5) R-symmetry of the N =
(2, 0) superalgebra as follows. The tensor field is a singlet
of SO(5), the set of the five scalars 2, m = 1, ..., 5 form
an SO(5) vector while the fermions ¢, carry the index
I=1, 2,3, 4 of a spinor representation of SO(5) ~
USp(4) and the index A = 1, 2, 3, 4 of a spinor represen-
tation of SO(1,5) ~ Sp(4). The fermions satisfy the
USp(4)-symplectic Majorana-Weyl condition analogous
to (3.45)

PHYSICAL REVIEW D 80, 086008 (2009)
(Wh)* = g5 = CyBE Y,

where C;; is a skew-symmetric US p(4)-invariant tensor

(3.49)

CIJCJK = 65(, CIJCI_] = _4, (350)

which is used to rise and lower the USp(4) indices
lﬂﬁ\ = C”L”IA, bia= Cu%”,{x-

The antisymmetric matrices y;; = —v75; associated with
the spinor representation of SO(5) ~ USp(4) satisfy the
conventional anticommutation relations

(3.51)

Vi v K+ gy K = 2615, (3.52)
and the orthogonality and completeness relations
Vi Y = —4m,
yrykl = —2(8K 5k — 5L8K) — C;,CKL, (3.53)
Clyt =
The action

1
=51 fd6x[—FwF# ’

+ F o FPY(PL PP + 3P PRITY)]
1
- E [dﬁx(w]AFMABaMlﬂé + GM(Z)ma“d)m) (354)

is invariant under the following N = (2, 0) supersymme-
try variations of the fields

S.pm = ey, (3.55)

8EA,U,V = GIF,U,V(pIB’ (356)

m 1
Octhia = (FQLBYTJ‘?;L(ﬁmeB + E(F;Lz/p)ABKMVpE?)

(3.57)

S.a"(x) =0. (3.58)
As a further generalization, one can straightforwardly
couple the matter supermultiplets discussed above to su-
pergravity and construct D = 6 chiral supergravity actions
in a form alternative to that considered in [46-49].

F. Comparison of the two actions for the chiral field

Let us now compare the chiral field actions of Secs. 11
and III. For simplicity, let us consider their noncovariant
versions (2.9) and (3.26). We split the SO(5) indices , J, . ..
of the second term of (2.9) into the SO(3) indices a, b, ...
and SO(2) indices I, J = 1, 2 and try to rewrite the terms of
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the action (2.9) in a form in which the indices /, J combine
with the timelike index O into the SO(1, 2) indices a, b, c.
As aresult, upon the use of the anti-self-duality of F
(F—F)

wrp =

wvp» the action (2.9) can be rewritten in the form

1 .
§= _Z fdéx[FMVpFMVP - :Fabc:}:abc - 3:Fabc'j:abc
+ 6-T0al}j:85]'

We see that (3.59) differs from the action (3.26) in the last
term which is quadratic in the components F,,; of the
anti-self-dual part of the field strength. Since on the mass
shell F wp vanishes, the two formulations are classically
equivalent, as we have seen in the previous sections. It
would be of interest to understand whether the difference
of the two chiral-field actions off the mass shell may lead to
different results upon quantization. For instance, the two
formulations may complement each other when the chiral
field is considered in topologically nontrivial backgrounds.

(3.59)

IV. NONLINEAR MODEL FORTHE D = 6
CHIRAL-GAUGE FIELD FROM THE BLG ACTION
REVISITED

Let us now consider the nonlinear chiral-field model of
[28,29]. We shall study this model in a simplified case, in
which all the scalar and spinor matter fields are put to zero,
and will show that the general solution of the field equa-
tions of this model results in the D = 6 Hodge self-duality
of a nonlinear field strength of the chiral field. We shall
thus prove the assumption of the authors of [29] that the
field strength is self-dual. The solution of the equations of
motion will allow us to get the dual field strength compo-
nents which were missing in [29], to show that they trans-
form as scalar fields under the volume preserving
diffeomorphisms and to find a form of the nonlinear action
of [29] which only involves components of the field
strength and, hence, is gauge-covariant.

Let us begin with a short overview of the model. It was
obtained from the Bagger-Lambert-Gustavsson model by
promoting its non-Abelian gauge symmetry based on a 3-
algebra to an infinite-dimensional local symmetry of vol-
ume preserving diffeomorphisms in an internal three-
dimensional space JN'; whose algebra is defined by the
Nambu bracket

{f, g h}=e"¢0,fd,89.h,

where f(x%), g(x*) and h(x“) are functions on N3, x¢ are
local coordinates of N5 and %%¢ is the SO(3)-invariant
antisymmetric unit tensor. The six-dimensional space-
time, which is assumed to be associated with the worldvo-
lume of an M5-brane, is a fiber bundle with the fiber N5
over the three-dimensional space-time of the BLG model.
The six-dimensional coordinates are x* = (x%, x%) as de-
fined in the previous sections.

PHYSICAL REVIEW D 80, 086008 (2009)

According to [28,29], the field content of the six-
dimensional model with the local symmetry of the
N 5-volume preserving diffeomorphisms comprises gauge
fields A,;(x*) and A% =1g97¢A; (x#), the five scalar
fields X2(x*), m = 1, ..., 5, interpreted as five bulk direc-
tions transversal to the 5-brane worldvolume, and 16 fer-
mionic superpartners W(x#) thereof. In what follows we
shall neglect the matter fields X and W. The fields A ,; and
A, ; are assumed to be part of the components of the D = 6
chiral gauge field A,, whose components A,, do not
appear in the nonlinear model of [28,29].

The field A% can be combined with the coordinates x¢ to
form the quantities

X4 = lx‘j + A%(x#), 4.1)
8
where g is a coupling constant. X¢ are interpreted in
[28,29] as coordinates parametrizing three bulk directions
orthogonal to the M2-branes and parallel to the 5-brane.

A scalar field @ and the gauge fields A,; and A, ;
transform under local gauge transformations with parame-
ters A, (x*) and A,(x*) as follows

oA D = 85636‘13,
SaAyp = 0ay — 0pN4 + g€°9:A

4.2)

OaALy = daNy — O\, + 8E°0:A; + 8(9;E) Ay,
4.3)

where

&= —éSAx"‘ = €tb¢ A, 4.4
so that 9,£% = 9,€*%¢9,A. = 0, which is the volume
preserving condition.

Here it is worth to mention a subtle point of the con-
struction of [29]. Namely, the quantities X¢ defined in (4.1)
transform as scalars under the volume preserving diffeo-
morphisms (4.2) and (4.4), though they carry the vector
index a. As we shall see below, this property allows one to
construct gauge field strengths which transform as scalars
under (4.2) and, hence, can be used to construct a gauge
invariant action of the model within the line of [29].

If ®; (i =1, 2, 3) are scalar fields with respect to the
volume preserving diffeomorphisms, their Nambu bracket
{®,, ®,, O3} is also a scalar field. This allows one to define
a covariant derivative along the fiber N5 [29]

2 .
Do = %sab-c-{q), Xb, x¢}
= [aa + 80,40, — 9,4 9;)
g2 b : .
+?8bcsdef8dAh86A‘8f:|(D (45)

a
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Note that

. 1 . S .
D X" = §5ab detM = gX{X!, X2, X3}5,°,

where

M,b =g, X0 = 82 + ga,A’. (4.6)
One also defines a covariant derivative along the x“ direc-
tions of the D = 6 space-time which acts on a scalar field
@ as follows

DD =0,d— g{A x>, ®} = (9, — gB,%9,)P.
4.7

where

B,% = P¢49,A,,. (4.8)
The definition of the covariant derivative D, can be ex-

tended to any tensor field 7 on N5 [32]

DaT = (8a - g'[:Ba)Ty (49)

where L is the Lie derivative along the N5 vector field
(B,)".
It follows from (4.8) that B,“ is a divergenceless field

9,B,% =0, (4.10)

which plays the role of the deformation of the Nambu-
Poisson structure when the parameters of the volume pre-
serving diffeomorphisms depend on x“. Under the gauge
transformations (4.2), (4.3), and (4.4), B, transforms as
follows

8Baa = aafa + ggbabBad - gBababfa- (4.11)
Therefore, the covariant derivative D,, Eq. (4.9), trans-
forms as a scalar.

Note that, since X¢ is a scalar under the gauge trans-
formations (4.2), (4.3), and (4.4), and £4%¢ is the invariant
tensor, also the covariant derivative D,, is scalar under the
gauge transformations and the matrix M " transforms as a
covariant vector (with respect to the lower index &), i.e.

M, = E9:.M;" + g(0,EIM,P.
Because of this property the matrix M,P, as well as its
inverse M} !”, acts as a “bridge” which converts scalar
quantities, like D, into vector ones, like d,, and vice
versa. They can also be regarded as dreibeins which relate
global SO(3) vector indices with N3 worldvolume indi-
ces. For example, the following useful identity holds for

the covariant derivative (4.5) acting on a field ®
D, D = detMM; 29, ®. (4.12)

Thus, when @ is a scalar ﬁeld, the above formula demon-
strates how the matrix M !” transforms the vector 9,

PHYSICAL REVIEW D 80, 086008 (2009)

into the scalar D, P (with respect to the volume preserving
diffeomorphisms).

Note that, as defined in Eq. (4.5), the derivative D,, acts
covariantly only on the JN';-scalar fields, but using the
matrix M,;” one can generalize it to act covariantly also on
the N 5-tensor fields. For instance, the covariant derivative
of a vector field V; is

DV, =DV, — (DMOM; 'V, (4.13)

One can use the covariant derivatives (4.5) and (4.7) to
construct covariant field strengths of the gauge fields A¢
and A ; as follows

1 1 ;
H o+ Eeabc = gsf[akpé']xf “.14)
and
H i = SabeaXf- (4.15)

Explicitly, the field strengths (4.14) and (4.15) have the
following form

Hiss = 0,A% + %(aaA‘*abAB — 9,A%,AP)

2 . .
+ %Sdgc»sdféadAaaf-AbaéAé,
1
= —(det — s .
(detM — 1) (4.16)
8
H oo = 04Ape = 04Ae + DA,y — 8897 0,A,50,A,,

= g,5. DX 4.17)

The field strengths H , ;. and H , ;., which by construc-
tion transform as scalars under the gauge transformations
(4.2), can also be derived from the commutator of the

covariant derivatives, since as was shown in [29]

[Dy, D10 = —gH{H ;55 X/, @}, (4.18)
[D,, D10 = —gH{H 35, X/, P} (4.19)
and
_ 8 7 rded vy
[D,, D,]® = il e Dy H D, D, (4.20)

Equation (4.19), in which @ is taken to be Xbis nothing but
the Bianchi identity

D, H" + D, H™ =0, 4.21)
where 3:[ abe and j—[ abé are Hodge dual of (4.16), similar to
Egs. (3.11) and (3.14) of the linear case.

In the absence of the scalar and fermion matter fields, the
nonlinear chiral-field action of [29] has the following form
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1 . 1 i
§—- /d%(—&’-[akc.}[“’” + Lar,, aibe
4 12
1

+ Ea”bCBa"‘abAm +g detBa"l) (4.22)
or equivalently (up to a total derivative)
§=- [ d%(l(DaXB)z + g—4{X1, XL X0P +
2 2 2g%
+ %s“"“Ba"‘abAca + gdetBa“). (4.23)

One can compare the form (4.23) of the action (and also the
complete action of [29] including the scalar and the spinor
fields) with the action of the BLG model based on the
volume preserving diffeomorphisms constructed in [32].
One can see that the two actions differ only by the fact that
in the model of [29] the eight BLG scalars transforming as
vectors of an SO(8) R-symmetry are split into 3 + 5 sca-
lars X% and X2 (m = 1, - - -, 5), so that SO(8) is broken to
SO(3) X SO(5). The scalar fields X¢ are identified, via
Eq. (4.1), with three directions along N3 and with com-
ponents A, ; of the chiral gauge field. Note that both of the
models are invariant under the volume preserving diffeo-
morphisms, because the above identification does not
change the variation properties of X¢, which remain the
scalar fields, as discussed above.

The action (4.22) is invariant under the volume preserv-
ing diffeomorphisms but does not have a covariant form
due to the fact that its last two (Chern-Simons) terms are
not expressed in terms of the field strengths. We shall
present a gauge-covariant form of the action of this model
in Sec. IV B.

Varying the action (4.22) with respect to the gauge
potentials A,; and A,; one gets the covariant equations
of motion [29]

D, H™ + D, b =, (4.24)

D, H® + D, FH* =0, (4.25)

In [29] the field strength components H ;. and H .,
which do not show up in the action (4.22) and equations of
motion (4.24) and (4.25), were not defined, but it was
assumed that they are dual, respectively, to (4.16) and
(4.17), so that the whole nonlinear field strength JH pwvp

is Hodge self-dual

~ 1 “
g-[/,wp = }[p,vp = Habf = Egabcgbéag{hL ’
1 :
Haive=~g8ases™ Hape (4.26)

In the next subsection we shall prove this assumption and
find the explicit expressions for H . and H ;. in the
following form

PHYSICAL REVIEW D 80, 086008 (2009)
g-[abc" = Mglb(Fabb + gsaeksdfgakgbaaAaeadAbf)
= M;"(F 5 + 88445B."B,"), (4.27)

1 1 1 -
gsabcg-[abc = (_ SabCFabc - %j{ahé‘g{abc

1 + detM \3

— gs“chathCb —4g? detBaﬁ)
1

- 2+ %8’7%}[&56

1 . g Y
X (_8achabc _Eg{abég{abc

3

- ge“h”BubeCB —4g? detBab>, (4.28)
where F,,; and F,,. are the linear field strengths (3.12)
and (3.15), respectively.

By a straightforward calculation one can show that
the field strengths (4.27) and (4.28) are covariant and trans-
form as scalars under the local gauge transformations (4.2),
(4.3), and (4.4), as their dual counterparts (4.16) and (4.17)
do. This is achieved by requiring the following gauge
transformations of the potential A,

6AAab = aaAb - abAa + gghabAab

+ 8(Aue0p€¢ — Aped 19 (4.29)
Note that Eq. (4.27) is the covariant generalization of a
“pre-field-strength”™

Gape = 04Ape — 0pAue + 884 ,5Ba"B," (4.30)
introduced in [32]. The addition to (4.30) of the term 9,4,
makes it to transform as a covariant vector under the gauge
transformations (4.2), (4.3), (4.4), and (4.29), while multi-
plication by M ! converts this vector into the gauge scalar

H ope.

A. Solution of the equations of motion and the Bianchi
identities
Let us now explain how one gets the field strengths
(4.27) and (4.28) and the duality relations (4.26) by solving
the field Egs. (4.24) and (4.25). The derivation is similar to
that in the linear case of Sec. IV, but requires more inter-
mediate steps.

We start with Eq. (4.24) and multiply it by M;ld to get

M;ND, H + MDD, Habve = 4.31)
In view of the definition (4.17) of the field strength
Hbé = —g{bi¢ and the identity (4.12), the second

term of this equation can be written as a total partial
derivative
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M;'D, H ¢ = detMe® T MM Mo, DV X
dbcah(Mchbe)

(4.32)

N = m

sdliéab'(MC-foakg'[bak).

The first term of (4.31) can also be presented as a total
partial derivative

M;MD,H = ghaeyg 14D, D X

= —sbacsa5d6a<8aA + gsbchgBCf),

ch 2
(4.33)

where B¢ is defined in (4.8).

Substituting (4.32) and (4.33) into Eq. (4.31) we get the
Bianchi-like equation which, upon taking off the total
derivative (in topologically trivial spaces), produces the
duality relation

g baé — %sbcdsdc'bj_[cdh = 3_[ba ¢ (4.34)
where H _; are, by definition, the ‘cdbh’-components of
the nonlinear gauge field strength given in Eq. (4.27). The
components A,, of the gauge potential have appeared in
F ,,;, as aresult of the integration of Eq. (4.31). Substituting
the above duality relation back into Eq. (4.24) we get the
Bianchi identity

D, H + D, H™ =o.

It is important to observe that the expression (4.27) for
H e follows directly from the Bianchi identity (4.35),
without any need of the equation of motion (4.24). Indeed,
using the identity (4.12) and the explicit form (4.17) of
H the Bianchi identity (4.35) can be rewritten as

(4.35)

ab ¢

PHYSICAL REVIEW D 80, 086008 (2009)

[D,, D,IX¢ = —g{H 5 X%, X}, (4.36)

This expression brings the commutation relation (4.20) to
the form similar to that of (4.18) and (4.19). The explicit
form of Eq. (4.36) is

£P¢0,(dp, Ay + SBdf(BaaBbB))aéXg

=g42¢y,(H ,,,0;X9)0 X8, (4.37)
which yields (4.27) after integration. Therefore, Eq. (4.27)
holds off the mass shell. The equation of motion (4.24)
together with the Bianchi (4.35) yields
D, (FHC = Fabey = (4.38)

that implies the self-duality condition (4.34), which was
explicitly shown above.

We can now proceed and solve the second field
Eq. (4.25). Multiplying it by M,%e ;. we get

Madsd,;i.Da:]‘[aBé + ZMQJDdg'[izg =0. (4.39)

Using the definition (4.16) of H,;, and the
identity (4.12), one finds that the second term of this

equation is a total derivative

M ADyH 55 = éaa((detM)z - 1), (4.40)
where in the rhs we have introduced the unit constant to
ensure that the integral of (4.40) does not diverge when
g — 0 and detM — 1.

It now remains to show that also the first term in (4.39) is
a total derivative modulo the duality relation (4.34). To this
end using Eqgs. (4.15) and (4.27) of H peg WE rewrite this
term in the following form

4 . 4 . 1
MadsdbéfDa.’]'[“h" = S”bcMadDag'[bcd + 2MddDa<fD”Xd — Egubcg{bcd)

1

= D (Fyeq + ge;44B, B — 28(D,3,X) DX + 2Da<Mdd<@”Xd — —gabe 3f ,m-,)).

2
(4.41)
Upon some algebra we finally get
M85, Dy H ¢ = 8a<8“b06aAbc - gﬁ"[mg‘[a“ — ge B F,; — 4¢? detBaé)
» 1
+ 2D0<Mad(D“Xd - Es“bc.’]—[ M)). (4.42)
I
Notice that the first term is a total derivative and the last  the duality relation
term is proportional to the duality relation (4.34). 1
Therefore, when the duality relation (4.34) is satisfied, H e = ~ g 8ab 8P H (4.43)

Eq. (4.39) can be integrated to produce, as in the linear

case of Sec. I A, the field strength H ;. given in (4.28), and the Bianchi identity
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DH" + DH =0,

One may ask if it is possible to get the expression (4.28)
for H . starting from the Bianchi identity (4.44) without
the use of equations of motion and, in particular, the duality
relation (4.34). Unfortunately, for H abe defined in (4.28)

this seems not to be possible. Indeed, if one starts from the
|

(4.44)

1

which is satisfied only if one uses the duality relations
(4.34) and (4.43). Thus we have encountered a peculiar
feature of the model under consideration that if the non-
linear H ;,, has the form (4.28), the Bianchi relation (4.44)
is only satisfied on the mass shell.

B. Gauge-covariant action

The knowledge of the explicit form (4.28) of H .
allows us to rewrite the action (4.22) in the equivalent
(modulo total derivatives) but gauge-covariant form

1 ;. 1 iy
5= - ld%(—f]‘[abé}[“bc +Lar,, 0
8 12
1 . abe abc
_msahcg{abcg{abés b _@8 b g-[abc)'
(4.46)

Note that, as one can check directly, the potential A,
enters the action (4.46) only under a total derivative and
hence can be dropped out modulo boundary terms. This
means that, as in the case of its free-field limit considered
in Sec. III, the action (4.46) is invariant under the local
symmetry (3.18).

Note also that the last term in (4.46) is of a Chern-
Simons type and can be interpreted as a coupling of the
5-brane to the constant background field C5 which has the

nonzero  components C,;. = és abe along  the
x%-directions of the 5-brane. It can thus be rewritten in
the Chern-Simons form similar to that of the MS5-brane

action (see Eq. (5.3) below)
1 1
fd6X@8abc}[abc = 5 [j'[3 A C3,

where the field strength FH 5 and C; are regarded as D = 6
three-forms. The presence of the constant background field
C; explicitly breaks the D = 6 Lorentz invariance. It is not
obvious that the action (4.46) can be invariant under a
modified Lorentz symmetry similar to (3.23) of the free-
field case. This issue requires additional study.

In the next section we shall briefly discuss a possibility
of the construction of an alternative nonlinear generaliza-
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Bianchi relation (4.44), adds to it the null term
1
2detMaa-5-[123 - —aa-((detM)z —-1)=0,
8

and repeats the previous calculation without taking into
account the duality condition (4.34) one gets

. . 1 2 . 1
8a<§ gF e — gj-[ a9 — ge"*B,PF, ., — 4g* detB,” + g(detM - 1)) + 2’Da(Mad(D"Xd - 5,s“’”}[ M))

1 o
—3 detMd (e H . + &P H ,;,) =0, (4.45)

|

tion of the chiral-field action (3.29) which may possess
(nonmanifest) Lorentz invariance and describe an MS5-
brane in a generic D = 11 background.

This completes our consideration of the nonlinear chiral-
field model. We have proved that the general solution of the
nonlinear Eqgs. (4.24) and (4.25) is amount to the Hodge
self-duality of the nonlinear field strength uva- Thus the
number of independent gauge field degrees of freedom of
the nonlinear model is the same as in the linear case, i.e.
equals to three, as was assumed in [29]. The knowledge of
the explicit form of the field strengths H ;. and H ,;,; has
also allowed us to fined the form (4.46) of the nonlinear
action (4.22) whose Lagrangian is covariant under the
volume preserving diffeomorphisms. We leave for a future
the analysis of the nonlinear model in the presence of the
scalar and spinor matter fields.

V. ON THE RELATION TO THE M5-BRANE

Let us now briefly discuss the relation of the model of
[28,29] to the known formulations of the M5-brane. In [29]
it was shown that by performing a double dimensional
reduction, the BLG model with the gauge group of 3d
volume preserving diffeomorphisms reduces to a five-
dimensional noncommutative U(1) gauge theory with a
small noncommutativity parameter which can be inter-
preted as an effective worldvolume theory of a D4-brane
in a background with a strong NS-NS gauge field B,. The
symmetries and the fields of these two theories are known
to be related to each other by the Seiberg-Witten map [50].
Thus, the authors of [29] assumed that the BLG model with
the Nambu-Poisson algebra structure and a week coupling
constant can be related to an M5-brane theory ina D = 11
background with a constant gauge field C; (in a strong C;
value limit) and proposed a Seiberg-Witten map relating
the two theories.

M5-branes in a constant C; field with M2-branes ending
on M5 and corresponding noncommutative (quantum)
structures have been considered, e.g. in [51-53] using the
formulation of [39,41] and extending the results of [54] on
a self-dual string soliton on MS. From the perspective of
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multiple M2-branes the M5-brane in a constant Cy field
was studied in [35] making use of a C-field modified Basu-
Harvey equation [55]. Recently, in [56] these M2-M5
brane systems and corresponding BPS string solutions on
the M5-brane worldvolume have been studied in the frame-
work of the model of [28,29] in the linear order of the
coupling constant g and an agreement with previous results
have been found via the Sieberg-Witten map.

As we have seen in Sec. III F, at the quadratic order the
alternative actions for the chiral field differ in a term
quadratic in anti-self-dual components of the gauge field
strength, so to study the relation between [28,29] and the
conventional formulations of the M5-branes in more detail
it should be useful to have a Lagrangian formulation of the
MS5-brane dynamics in which the components of the field
strength of the chiral gauge field are naturally split into the
SO(1,2) X SO(3) way, as has been considered in the pre-
vious sections. Let us briefly discuss how one might con-
struct such a formulation.

In the known Lagrangian formulation of the M5-brane,
the six-dimensional indices of the chiral-field strength are
subject to the 1 + 5 splitting (as has been explained in
Sec. III). Then the self-duality condition (2.13) or its
Lorentz-covariant counterpart (2.22) gets generalized to a
nonlinear relation between the components of the chiral-
field strength F,,, and its dual FWP [36,37]. In the
covariant formalism [36] the nonlinear self-duality condi-
tion has the following Born-Infeld-like form

1 1
H,, 6 d°a=

5\/det(gpg + iI:Ip(,)
+/— detg 5FIW,

S

where g, is an induced metric on the worldvolume of the
M5-brane, H,,, = (F + C),,,, is the field strength of the
M5-brane worldvolume chiral gauge field A, extended
with the worldvolume pullback of the antisymmetric gauge
field C; of D = 11 supergravity and

5 1
— A
A, = ————0Pas,, .. H"".

- 6y —(0a)?

Equation (5.1) follows from the Dirac-Born-Infeld-like
MS5-brane action

5.2)

S, = [m d6x[—\/— det(g,, + ifl,,)
6

v 8 TALY
_4(6a)2 dyaH"""H,,,0°a

1
——f [Ce + H3 A Cs5],
2 Jm,

(5.3)

where Cg is the dual of the gauge potential C3. It is
important to notice that the dual field strength H,, (5.2)
which enters the Born-Infeld part of the action (5.3) and the
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rhs of the self-duality condition (5.1) is invariant under the
gauge transformations (2.17).

An alternative Lorentz-covariant nonlinear self-duality
condition [which does not involve the auxiliary scalar field
a(x)] was obtained from the superembedding description
of the MS5-brane [39,40] which was the first to produce the
complete set of the M5-brane equations of motion [39].*
The superembedding self-duality condition is formulated
in terms of a conventional Hodge self-dual rank-3 field
hyvp = ﬁw,p which is related to the field strength H,,,,, =
(F + C),,, by the following nonlinear algebraic equation

(F+ Cupp = (™), e By =

uvp uvp

Fop=0,A,, T 0,A,, +0,A,,

(5.4)

where

m,* = 6,4 = 2h,,,h"" (5.5)
In [41] it was shown that the nonlinear self-duality condi-
tion that follows from the superembedding is equivalent to
the self-duality condition (5.1) resulting from the MS5-
brane action [more precisely, to its noncovariant counter-
part when the field a(x) is gauge fixed as in (2.19)]. The
relation and the equivalence of the whole systems of the
M5-brane equations of motion which follow from the two
alternative formulations was established in [42].

Yet another derivation of the nonlinear self-duality con-
dition based on its consistency with the M5-brane kappa-
symmetry was given in [43]. This derivation is in a sense
close to the one which follows from the superembedding
formulation since from the point of view of the super-
embedding the kappa-symmetry is just a peculiar realiza-
tion of a conventional local supersymmetry on the
worldvolume of the branes (see [60] for a review).

The evidence that the two a priori different approaches,
the on-shell superembedding formulation [39] (or its
kappa-symmetric counterpart [43]) and the action principle
of [36,37], give the equivalent interrelated descriptions of
the classical dynamics of the M5-brane, points to its
uniqueness and, hence, allows one to assume that any
alternative formulation of the M5-brane dynamics should
be related to those described above.

In particular, an appropriate nonlinear generalization of
the self-duality conditions (3.10) and (3.14) [which would
be alternative to (5.1)] should be related to the Lorentz-
covariant superembedding self-duality condition (5.4).
One can try to derive a nonlinear self-duality relation
generalizing Egs. (3.10) and (3.14) from Eq. (5.4) by
performing the (3 + 3) splitting of the six-dimensional
indices of H,,, and h,,, and following the lines of

“Other cases in which the superembedding condition results in
the dynamical equations of motion include the Type II D = 10
superstrings and the D = 11 M2-brane [57], and D-branes
[58,59].
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Ref. [41]. The goal is to get these conditions in the follow-
ing generic form [whose rhs is invariant under the gauge
transformations (3.18) or (3.31)]

Habc = fubc(l:l’ I:Id]j):

where f,,.(H, H,;) and g,,.(H, H,;) are tensorial func-
tions of

Hahc" = gabé(l:l’ I:Idl;)s (56)

~ 1
HZ = ESBéd(F + C)%d,

abe

H= és"‘“(F +C)
4.7

Once the explicit form of (5.6) is known, one can use it to
construct an M5-brane action in a form alternative to (5.3).
Such an action should be invariant under local symmetries
generalizing (3.18) and (3.23) [or (3.31) and (3.38)] and
should produce the nonlinear self-duality conditions (5.6).
Having at hand this alternative formulation of the MS5-
brane dynamics one can analyze its relation to the model
of [29] in a limit of a strong constant C; field. Note that one
cannot directly relate the nonlinear self-dual field strength
h,., to the self-dual field strength H uva Of the previous
section, since the former is invariant under the conven-
tional gauge transformations (2.2), while the latter is in-
variant under the gauge transformations (4.2), (4.3), (4.4),
and (4.29) which include the volume preserving diffeo-
morphisms. Therefore, the gauge field potentials and the
field strengths in the two formulations may only coincide at
the free-field level when the coupling constant g is set to
zero. In the generic case the relation is not straightforward
and can probably be established via a kind of the Seiberg-
Witten map proposed in [29] or by generalizing results of
[33]. We leave the study of these problems for a future
research.
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APPENDIX

Letw, v =0,...,5be SO(1, 5) Lorentz indices while A,
B =1, 2, 3, 4 be the corresponding spinor indices. The
matrices (I, )45 and (I',)*# satisfy the Weyl algebra

(F'U.)AB(FV)BC + (FI/)AB(F,U,)BC = _277#1/55 (Al)
and are related to each other as follows
1 cD a8 _ 1 _apcp
(FM)AB = ESABCD(F;L) ’ (F,u,) = 58 (FM)CD’
(A2)

where €1234 = 81234 = 1.

The I'-matrices satisfy the following identities
(FM)AB(F,U.)CD = 2(5553 - 5,?53?),

(F;L)AB(FV)AB = 477,m (F;L)AB(F'M)CD = 2&apcp-
(A3)

We define the antisymmetrized products of gamma-
matrices as

(C)a = ST = ()4,
= (F[M)Ac(ry])CB,
(rp,vp)AB = (F[M)AC(FV)CD(F/)])DB;

(FMVPU)AB = (F[,u)AC(FV)CD(Fp)DE(Fa-])EB: etc. (A4)

There is the following duality relation for these matrices,

_ 1
Fm.--m = _(_1)k(k 1)/2m8#]‘_#6rm+1“-ﬂ6' (A5)
In particular,
I',;= ! ['wveo
aB Isaﬁ,uvprr ’
1 o A6
F,U.Vp(T == Es,u,vpaaﬁr B’ ( )
1
Lpvp = gsﬂvmﬁvr pr.
One can prove the following identity
F,U.Vpra' = _(nap,rvp + naurp,u, + na'prp,u)
1
— 5s,wpmﬁl“aﬂ. (A7)

086008-15



PASTI et al.

(1]

(2]
(3]
(4]

P. A. Dirac, Proc. R. Soc. A 133, 60 (1931); Phys. Rev. 74,
817 (1948).

D. Zwanziger, Phys. Rev. D 3, 880 (1971).

S. Deser and C. Teitelboim, Phys. Rev. D 13, 1592 (1976).
R. Floreanini and R. Jackiw, Phys. Rev. Lett. 59, 1873
(1987).

M. Henneaux and C. Teitelboim, Phys. Lett. B 206, 650
(1988).

A. A. Tseytlin, Phys. Lett. B 242, 163 (1990); Nucl. Phys.
B350, 395 (1991).

J.H. Schwarz and A. Sen, Nucl. Phys. B411, 35 (1994).
D. Belov and G. W. Moore, arXiv:hep-th/0605038; D. M.
Belov and G. W. Moore, arXiv:hep-th/0611020.

B. McClain, F. Yu, and Y.S. Wu, Nucl. Phys. B343, 689
(1990).

C. Wotzasek, Phys. Rev. Lett. 66, 129 (1991).

I. Martin and A. Restuccia, Phys. Lett. B 323, 311 (1994);
I. Bengtsson and A. Kleppe, Int. J. Mod. Phys. A 12, 3397
(1997).

N. Berkovits, Phys. Lett. B 388, 743 (1996); 395, 28
(1997); 398, 79 (1997).

W. Siegel, Nucl. Phys. B238, 307 (1984).

A.R. Kavalov and R. L. Mkrtchian, Sov. J. Nucl. Phys. 46,
728 (1987).

P. Pasti, D. Sorokin, and M. Tonin, Phys. Lett. B 352, 59
(1995); Phys. Rev. D 52, R4277 (1995); arXiv:hep-th/
9509052.

P. Pasti, D.P. Sorokin, and M. Tonin, Phys. Rev. D 55,
6292 (1997).

A. Maznytsia, C.R. Preitschopf, and D.P. Sorokin, Nucl.
Phys. B539, 438 (1999).

Y. G. Miao, R. Manvelyan, and H.J. W. Mueller-Kirsten,
Phys. Lett. B 482, 264 (2000); Y. G. Miao, H. J. W. Muller-
Kirsten, and D. K. Park, Nucl. Phys. B612, 215 (2001).
C. Imbimbo and A. Schwimmer, Phys. Lett. B 193, 455
(1987); C.M. Hull, Phys. Lett. B 206, 234 (1988); J. M.
Labastida and M. Pernici, Nucl. Phys. B297, 557 (1988);
L. Mezincescu and R.I. Nepomechie, Phys. Rev. D 37,
3067 (1988).

E. Witten, J. Geom. Phys. 22, 103 (1997); J. High Energy
Phys. 05 (2000) 031.

L. Dolan and C.R. Nappi, Nucl. Phys. B530, 683 (1998).
C. Van Den Broeck and K. Van Hoof, Classical Quantum
Gravity 16, 4011 (1999).

K. Lechner, Nucl. Phys. B537, 361 (1999); K. Lechner,
P. A. Marchetti, and M. Tonin, Phys. Lett. B 524, 199
(2002); K. Lechner and P. Marchetti, Nucl. Phys. B, Proc.
Suppl. 102, 94 (2001).

X. Bekaert and S. Cucu, J. High Energy Phys. 01 (2001)
015.

0. M. Del Cima, O. Piguet, and M. S. Sarandy, Nucl. Phys.
B600, 387 (2001).

F. Bastianelli, S. Frolov, and A.A. Tseytlin, J. High
Energy Phys. 02 (2000) 013.

D.S. Berman, Phys. Rep. 456, 89 (2008).

P.-M. Ho and Y. Matsuo, J. High Energy Phys. 06 (2008)
105.

P.-M. Ho, Y. Imamura, Y. Matsuo, and S. Shiba, J. High
Energy Phys. 08 (2008) 014.

J. Bagger and N. Lambert, Phys. Rev. D 75, 045020

(31]
(32]

(33]
[34]
[35]

(36]

(37]

(38]

[39]
[40]

[41]

[42]

(48]
[49]

(50]
[51]
[52]
[53]
[54]

[55]
[56]

[57]

[58]
[59]

[60]

086008-16

PHYSICAL REVIEW D 80, 086008 (2009)

(2007); 77, 065008 (2008); J. High Energy Phys. 02
(2008) 105.

A. Gustavsson, Nucl. Phys. B811, 66 (2009).

I. A. Bandos and P. K. Townsend, J. High Energy Phys. 02
(2009) 013.

I.A. Bandos and P.K. Townsend, Classical Quantum
Gravity 25, 245003 (2008).

G. Bonelli, A. Tanzini, and M. Zabzine, Phys. Lett. B 672,
390 (2009).

C.S. Chu and D.J. Smith, J. High Energy Phys. 04 (2009)
097.

P. Pasti, D. P. Sorokin, and M. Tonin, Phys. Lett. B 398, 41
(1997); 1. A. Bandos, K. Lechner, A. Nurmagambetov, P.
Pasti, D.P. Sorokin, and M. Tonin, Phys. Rev. Lett. 78,
4332 (1997).

M. Perry and J. H. Schwarz, Nucl. Phys. B489, 47 (1997);
J.H. Schwarz, Phys. Lett. B 395, 191 (1997); M.
Aganagic, J. Park, C. Popescu, and J. H. Schwarz, Nucl.
Phys. B496, 191 (1997).

E. Bergshoeff, D.P. Sorokin, and P. K. Townsend, Nucl.
Phys. B533, 303 (1998).

P.S. Howe and E. Sezgin, Phys. Lett. B 394, 62 (1997).
P.S. Howe, E. Sezgin, and P. C. West, Phys. Lett. B 399,
49 (1997).

P.S. Howe, E. Sezgin, and P. C. West, Phys. Lett. B 400,
255 (1997).

I. A. Bandos, K. Lechner, A. Nurmagambetov, P. Pasti,
D.P. Sorokin, and M. Tonin, Phys. Lett. B 408, 135
(1997).

M. Cederwall, B.E. W. Nilsson, and P. Sundell, J. High
Energy Phys. 04 (1998) 007.

T. Kugo and P.K. Townsend, Nucl. Phys. b221, 357
(1983).

P.S. Howe, G. Sierra, and P.K. Townsend, Nucl. Phys.
B221, 331 (1983).

G. Dall’Agata, K. Lechner, and M. Tonin, Nucl. Phys.
B512, 179 (1998).

F. Riccioni and A. Sagnotti, arXiv:hep-th/9812042; F.
Riccioni, Phys. Lett. B 474, 79 (2000); Nucl. Phys.
B605, 245 (2001).

K. Van Hoof, Classical Quantum Gravity 17, 2093 (2000).
G. De Pol, H. Singh, and M. Tonin, Int. J. Mod. Phys. A
15, 4447 (2000).

N. Seiberg and E. Witten, J. High Energy Phys. 09 (1999)
032.

E. Bergshoeff, D.S. Berman, J. P. van der Schaar, and P.
Sundell, Nucl. Phys. B590, 173 (2000).

Y. Michishita, J. High Energy Phys. 09 (2000) 036.

D. Youm, Phys. Rev. D 63, 045004 (2001).

P.S. Howe, N.D. Lambert, and P.C. West, Nucl. Phys.
B515, 203 (1998).

A. Basu and J. A. Harvey, Nucl. Phys. B713, 136 (2005).
K. Furuuchi and T. Takimi, J. High Energy Phys. 08
(2009) 050.

I. A. Bandos, D.P. Sorokin, M. Tonin, P. Pasti, and D. V.
Volkov, Nucl. Phys. B446, 79 (1995).

P.S. Howe and E. Sezgin, Phys. Lett. B 390, 133 (1997).
I. A. Bandos, D.P. Sorokin, and M. Tonin, Nucl. Phys.
B497, 275 (1997).

D. P. Sorokin, Phys. Rep. 329, 1 (2000).



