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1 Introduction

The solutions of the low-energy limit of M-theory, i.e. 11D supergravity, consist of two branes

— the M2-brane and the Mb5-brane. An M2-brane is electrically charged under the supergravity
field Cs while its electromagnetic dual, an M5-brane, is charged magnetically. In the absence
of compactification the only known supersymmetric excitations of M-theory are the M2-brane,
the M5-brane and three fields — a 3-form gauge field C3, a graviton and a gravitino. An
Mb5-brane carries a self-dual (or chiral) 2-form gauge field on its worldvolume.

The first description of the worldvolume theory of two coincident M2-branes was given
by the maximally supersymmetric BLG model [1-5]. Soon after, it was generalised to an
arbitrary number of M2-branes by the ABJM superconformal field theory [6]. The 3D
worldvolume theory of a stack of M2-branes is well-understood by now. However, the 6D
worldvolume theory of a stack of M5-branes, known as the (2,0) superconformal field theory, is
yet to be fully comprehended. Its non-abelian symmetry structure and nonlinear self-duality
conditions obscure its understanding. For many reasons (see for e.g. [7]) it is possible that a
classical Lagrangian for this theory simply does not exist and this theory can be described
only at the quantum level. Despite its evasiveness the (2,0) superconformal field theory is
worth pursuing as it enables the deduction of a large number of properties and dualities of
lower-dimensional effective quantum field theories.

In the context of developing and studying the action of a single M5-brane, initially the
super-embedding formulation was used to determine the field equations [8, 9] which were
later derived using the action principle [10-12]. These different formulations were shown to
be equivalent in [13, 14]. M5-brane models based on the Nambu-Poisson bracket are given
in [15, 16]. Although it is easier to approach a model of a single M5-brane than that of
multiple M5-branes, construction of the Lagrangian of a single M5-brane has had its own
share of problems — lack of manifest invariance under diffeomorphism [12, 17, 18], being
non-polynomial [10, 11, 19], having an infinite number of auxiliary fields [20-22], requiring
going to a higher dimension [23, 24], etc. These are more generally also the issues associated
with most theories invariant under electromagnetic duality. Such hurdles impede further
developments such as quantising the action and understanding its interactions.

In recent years there has been considerable interest in the study of M5-brane actions
(e.g. [17, 25-46]). In light of string field theory, Ashoke Sen put forward a new formalism
for duality-symmetric actions in [47, 48] which describes abelian self-dual 2n-form fields in
(2n+2) spacetime dimensions. The shortcomings of the prior approaches to construct duality-
symmetric and M5-brane actions are avoided by Sen’s formalism. It realises self-duality
off-shell and preserves Lorentz invariance by introducing an unphysical auxiliary field which
decouples from the dynamics. Initially this formalism was shown on a flat background in the
weak gravity limit but recently it was extended to a general background [49].

Among other developments, Sen’s formalism has been employed in the direction of
constructing M5-brane actions [7, 32, 37-39, 42, 46]. In [7] Sen’s model was supersymmetrised
to obtain a (2,0) action in Minkowski spacetime and showed its generalisation to an interacting
non-abelian theory. It was further investigated in [37] which explored different geometrical
aspects of the abelian (2,0) superconformal action. The results turned out to be consistent
with the low-energy physics of an M5-brane action. In [38] Sen’s formalism was extended to



construct a complete M5-brane action using the Green-Schwarz formalism, where the only
manifest supersymmetry exists in the target space. In one of the recent M5-brane models [32]
the mathematical origin of Sen’s action was provided by employing the language of homotopy
Maurer-Cartan theory. [46] presented a rheonomic Lagrangian describing non-interacting
tensor multiplets on coincident M5-branes in superspace. As exhibited by all of these works,
Sen’s formalism has proved to be very useful.

While Sen’s formalism realises Lorentz invariance manifestly, the same is not true of
diffeomorphism invariance, which is realised in an unconventional and involved way. In [49]
Hull put forth an action that is a generalisation of Sen’s duality-symmetric action [47, 48].
Hull’s theory can be formulated geometrically on any manifold and is invariant under
standard diffeomorphisms. The non-standard diffeomorpshim in Sen’s action turns out
to be a consequence of restricting the auxiliary sector metric in Hull’s action to be the
Minkowski metric.

The PST formulation of a duality invariant action [50-52], which is an alternative to
Sen’s formulation, has most of the characteristics required of a duality-invariant action like
manifest covariance, finite number of auxiliary fields, etc. but it is not polynomial. It has
derivatives of a scalar field present in its denominator making the Lagrangian singular when
the scalar field is constant in spacetime. In [53, 54|, a polynomial formulation of the PST
Lagrangian' was shown.

In this paper we present a class of M5-brane Lagrangians which circumvent all of the
earlier mentioned problems associated with M5-brane Lagrangians, and serve as an alternative
to the M5-brane Lagrangians based on Sen’s formulation. The Lagrangians given here are
manifestly covariant, polynomial and have a finite number of auxiliary fields. Although
these Lagrangians can be shown to reduce to the PST type non-polynomial M5-brane
Lagrangian [10, 11] by solving for and eliminating specific auxiliary fields, these polynomial
Lagrangians remain regular throughout, unlike the earlier non-polynomial Lagrangian. We
find that the only remnant of the non-polynomial structure of the earlier Lagrangian [10, 11]
occurring in our model of polynomial Lagrangians, is in the gauge symmetry linked with an
infinitesimal shift of the Stiickelberg field a. But this does not affect the dynamics or the
nonlinear self-duality condition of the polynomial Lagrangians.

The polynomial Lagrangians are analytic and devoid of issues like discontinuity and
singularity. They can be useful for the construction of the Hamiltonian formulation of an
Mb5-brane [55], quantisation [56-58] and extension to the non-abelian case [33, 42]. They
can also be more amenable in performing the dimensional reduction of M5-brane actions to
D-brane actions [39, 43, 59, 60] and in the search for the interactions of M5-branes [61].

The outline of this paper is as follows. In section 2 we introduce a polynomial M5-brane
Lagrangian in which an auxiliary 2-form field appears via its field strength denoted by G.
We discuss the dynamics, symmetries and the self-duality condition of that Lagrangian. In
section 3 we show the analysis of the polynomial M5-brane Lagrangian expressed in terms of
the gauge potentials of the auxiliary 2-form fields through a field redefinition. Section 4 shows
the non-polynomial M5-brane Lagrangian obtained on eliminating the auxiliary 2-form fields
from the Lagrangian in section 3. Then in section 5 we demonstrate the equivalence of the

!Not to be confused with the PST M5-brane Lagrangian.



Lagrangians given in sections 2-4 with the PST M5-brane Lagrangian [10, 11]. Our results
and possible future directions are discussed in section 6. In appendix A we show a few other
polynomial M5-brane Lagrangians alternative to the Lagrangians presented in sections 2
and 3. Appendix B summarises our conventions and notation. Appendices C and D contain
the proofs for certain identities used in obtaining some of the results in this paper.

2 A polynomial M5-brane Lagrangian with Field J

We begin with introducing the background spacetimes. The worldvolume of an M5-brane is six-
dimensional with the local coordinates denoted by z* (u = 0,1,...5). The coordinates of 11D
supergravity background are given by ZM = (X™, ) where X™ are the bosonic coordinates
with m = 0,1,...10 and 6% are the Majorana spinor coordinates with o = 1,2,...32. The
supervielbein we use to switch between the curved spacetime and the tangent spacetime
is EpA(Z). Here M denotes the curved spacetime indices and A the tangent spacetime
indices. The 11D metric is the Minkowski metric /v (Z). The 6D worldvolume metric
of the M5-brane is written as g, (z) = E,AE,Pnap. Both g, (x) and nyn(Z) have the
mostly-plus signature.

Now we look at the field content. The chiral gauge potential of the M5-brane is denoted
by the 2-form field A(z) and its field strength F(x) = dA(z). The M5-brane is coupled to
the 3-form field C3(Z) and the 6-form field Cs(Z), which are the background fields in 11D
supergravity. The field strength of Cg is dual to that of C5 as follows:

dCg = *dC3 — %Cg/\ng . (2.1)

Apart from the three fields A(x), C3(Z) and Cg(Z) we have five auxiliary fields — three scalar
fields a(x),b(x), c(x) and two 2-form fields B(z) and K(x). The field strength of B(x) is
G(z) = dB(zx). A manifestly covariant M5-brane Lagrangian which is polynomial, is given by

1
L2 = daAKA |xJ —2cJ + §CK/\>1<(*J/\Laa*J) + HA(J — C3) — Cg + 2%(c — cb* — b).
(2.2)

Here H = (F+Cj3) is referred to as the generalised field-strength of A. The field J = (H +a G)
is introduced for conciseness of notation. In the above Lagrangian tg,*J is the interior product
of *J with the vector field da’= 9"a 9. * denotes the Hodge dual (see appendix B.2). By
identity (B.17) tpa*.J can also be written as — *(daAJ) where da = d,adz” = da’ is a
1-form (for details see appendix B.3). The term (HAC3 + Cg) in Lagrangian (2.2) is the
Wess-Zumino term.

The two terms in Lagrangian (2.2) which contain the 2-form K as well as the scalar c,
have the field J appearing in them once and twice respectively. Therefore the Lagrangian is
labelled with the subscript ‘12°. By changing the number of the J fields in those two terms
of the Lagrangian it is possible to get a total of eight different Lagrangians: L o9, £jo1,
[:J()Q, /:,J()g, £J10, EJH, £J12, ﬁ]lg. Four of them are shown in appendix A. The SubSCI‘ipt
nomenclature is useful to distinguish between such Lagrangians.

2This notation is in accordance with the standard notation wherein a vector field X is given by X = X* 9,,.



The Mb-brane action is expressed as

Sz :/ Lz, (2.3)
Me

where Mg is the 6D worldvolume manifold of the Mb-brane.

The equations of motion of Lagrangian (2.2) are as follows:

E,=d[KN{xJ —2cJ 4+ ¢ KAx(xJAtga*J) ] + GA(J — tgex K — 2 cdanK)
— cdaNK NK N#(Lga*GNALggxJ) =0,
Ey=2bc+1=0,

1
E.= KA 2daAJ——§](A*Q&ﬁJAqM*J)—%2*@2—»D::0,

Ejx =d[topexK — H + dan2¢ K + cx{*(KANK)Atga*xJ}] +a G| =0,

Ep =dla{tgexK — H + daN2c K + cx{x(KNK)Atga*xJ}|}] =0,

Ex = daN[*J —2cJ + c KAx(xJAtgg*J)] =0,

Ec, = 19axK + F + daN2c K + c+{*(KANK)Atge*xJ}] +aG = 0. (2.4)

They describe the dynamics of Lagrangian L jio.

2.1 Gauge symmetries of L ;5

In this subsection we look at the gauge symmetries of Lagrangian L j12. As the fields A and
B appear in (2.2) only through their field strengths F' and G, the Lagrangian is invariant
under the following abelian gauge transformations which are independent of each other:

S4A = dY7 (2.5)
4B = dYs, (2.6)

with Y7 and Y3 being arbitrary 1-forms.
It can be seen that J = (H +aG) = (dA + C3 4+ adB), as well as Lagrangian L 12,
are invariant under the gauge transformation

0A = —adaNY3, 6B =daNY3, (2.7)
where Y3 is an arbitrary 1-form. Every term in L5 with the field K has an exterior
product with da. We know that daAda = 0. Therefore, shifting the field K by an exterior
product with da:

0o K = daNYy where Y} is an arbitrary 1-form, (2.8)

does not alter the Lagrangian. The auxiliary field a is a Stiickelberg field as it makes the
Lagrangian diffeomorphism invariant. When the field a shifts by an infinitesimal scalar ¢,



the other fields transform in the following manner to give a gauge symmetry:
(2bc—1) 2c?

dpa =, d,b= o (da) ou(d) Loatop* (K ALga*J),  dpc = — ra(da) Laatap* (K Atga*J)
Lda Lo *(Lan) ]
0 A=—ad,B, §,K=— L2 — o *G + dpNK
» a P ® Laa(da) Laa(da) ®* + @ )

_ o dpNtga{*J —2cJ + c KNx(xJAvga*J )}
toa(da) Ltaa(da)
+ cd(pB) — 2¢ KAx{xd(pB)Atga*xJ } — ¢ KN*(*J Atgg*J)

doB = + *(2dpAB + ¢ dB)

— ¢ (0, K)Nk(xJ Aigg*J) — 0pc{2J — K/\*(*J/\Laa*J)}} . (2.9)

Due to the presence of t9,(da) = 0*a d,a in the denominator, the above gauge symmetry does
not hold when tg,(da) = 0, which happens when the scalar field a(z) is constant in spacetime.
Transformation (2.9) is the only non-polynomial gauge transformation of Lagrangian L jio.
The general form of the solution to polynomial Lagrangian (2.2) is represented by its
nonlinear self-duality relation (2.17). As we will see in section 2.2, derivation of the nonlinear
self-duality relation of the M5-brane Lagrangian makes use of gauge transformations (2.6)
and (2.7). Hence transformation (2.9) does not have any bearing on the general solution or
the polynomial nature of Lagrangian £ ;5. This transformation simply depicts the gauge
freedom of the Stiickelberg scalar field a.

The background gauge fields C'5 and Cg can also be transformed in a way such that
Lagrangian (2.2) remains invariant:

owA=-W, dwCs=dW, owCs=dWAC3 where W is an arbitrary 2-form. (2.10)

All of these gauge transformations form a closed algebra.

2.2 Nonlinear Self-Duality Condition for £

Except the equation of motion of the Stiickelberg field a which lacks independent dynamics,
the equations of motion and the Lagrangian are invariant under the gauge transformations
given in section 2.1. So we have the freedom to apply the gauge transformations to the
Lagrangian, the equations of motion of the fields other than a, and any combination of those
equations of motion. Doing so we can arrive at the general form of the solution to Lagrangian
L j12- As the gauge potential A is a chiral field, it obeys a nonlinear self-duality condition,
which gives the general condition satisfied by the solution.

Here we show the derivation of the nonlinear self-duality condition using the equations
of motion of the fields A and B but other equations of motion barring F, can also be used if
desired. For convenience we repeat the expressions of £4 and Ep below.

Ej =d[pexK — H + daN2c K + cx{*(KAK)Atga*J}] +a G| =0,

Ep =d[a{t9axK — H + daN2c K + cx{x(KNK)AtgoxJ}}] = 0. (2.11)
We consider a particular combination of these two equations, viz. E4 — d[tge(Ep —a E4)/
tpa(da)] = 0, which gives

Loa

daNd
“ tga(da)

+2B—2cK — ex{x(KAK)Atgg*xJ}| = 0. (2.12)



The general solution to the equation daAdX = 0 where X is a p-form, is X = dY + danZ
with Y and Z being arbitrary (p — 1)-forms (see [54]). So eq. (2.12) can be written as

toad
Loq(da)

+2B —2cK — c*{x(KAK)AtggxJ } = dY + danZ, (2.13)

where Y and Z are arbitrary 1-forms. On performing gauge transformation (2.6) with
d¢B = d(Y/2) and transformation (2.7) such that dA = —adaN(Z/2), 6B = daN(Z/2), the
above equation gives us the nonlinear self-duality condition:

toad = {toa(da)}[2 (c K — B) + cx{x(KAK)Atga*J }]. (2.14)

In view of gauge symmetry (2.8), the term daAig, K present in x[daNig,(Ep —a E4)] =0,
can be gauged away, effectively giving us

Loa*xJ

K = .
L@a(da)

(2.15)

The field B appears in Lagrangian £ ;12 and its equations of motion only via the field strength
G and not simply as the gauge potential B. So solving for B is not straightforward here.
However, it can be checked that B can be expressed as:

tgad — 2 crggxd — cx[KAx(tgg*xJ Atog*J)]

B—
L@a(da)

. (2.16)

This expression for B is consistent with all the equations of motion. Absorbing the above
two expressions for K and B into eq. (2.14), the nonlinear self-duality condition for £ 12
gets written as:

CLagk I Nx(xJ ALggxJ)
Ltaq(da)

Loa) = tpaxJ < daN(xJ —J)=0| where J=2¢J—

(2.17)

This condition portrays the nonlinear chirality of the 2-form gauge potential constituting the
Mb5-brane. The anti self-duality condition tg,J = — tge*.J can be obtained by redefining b and
cin L2 as (—b) and (— c) respectively. By virtue of the self-duality condition (2.17) it can
be seen that the auxiliary field B (2.16) vanishes on-shell. This implies that in J = H +adB
we can set dB = 0 which reduces self-duality condition (2.17) to

cloa*HNx(xH A+« H )
L@a(da)

toaH = 1goxH < daN(xH — H)=0| where H=2c¢H —

(2.18)

Hence, we have seen the nonlinear duality symmetric structure of the polynomial Lagrangian
L 712 describing an M5-brane. In the next section we introduce Lagrangian L2, for which
it is relatively easier to solve the equations of motion including the equation of motion of
the field B. Consequently the simplification of the nonlinear self-duality condition is more
tractable in the framework of Ly than of £;. We elaborate on this condition in section 3.2.



3 A polynomial M5-brane Lagrangian with field H

Now we look at an alternate formalism of Lagrangian L 2, in which the auxiliary field B
appears without an exterior derivative acting on it. For deriving this formalism we perform
the field redefinition A — A — a B on Lagrangian L. It gives us
1
Lo =daNKAN |«H —2¢cH — 15,%B + B CK/\*(*H/\LQQ*H) — H/\(da/\B + Cg) —Cs
+2%(c —cb® — D). (3.1)

This Lagrangian appears with the generalised field strength H whereas the expression of
L2 (2.2) was in terms of the field J. Rewriting the above Lagrangian as below,

Lo =daNKNxH — HANC3 — Cg + dCL/\B/\(H — Laa*K)
1
+c|danKN{—2H + 5 KA(*HAtggxH) Y +2%(1 — b%) | — 25D, (3.2)
we can see that the auxiliary fields B and ¢ are Lagrange multipliers. Solving the equation
of motion of B gives us the solution for K and on solving the equation of motion ¢ we

get the solutions for b.
The dynamics of L2 is described by the following equations of motion:

E, =d[KAN(xH —2cH — 195%xB) — ¢ HAx{*(KANK)AtgoxH} + BA(H — 19,%K)] =0,
Ey=2bc+1=0,
1
Ee = danKA |2 H = 5 KN(+HNgaH) | +2 «(b>—1) =0,
Ea =d[pexK — H + daN2c K + cx{*(KAK)A\goaxH} — B]] =0,
Ep =daN(tgexK — H) =0,
Ex =daN[*H —2cH — 19o*B + c KN\*(xHN\igoxH)| = 0,
Ec, = 19K + F +dan2c K + ex{*(KANK)AtpoxH} — B] = 0. (3.3)

In comparison with the equations of motion of L2 (2.4), equations (3.3), which are in
terms of H instead of the field J, are shorter and some of them are easier to solve, such
as F, = 0 and Eg = 0.

3.1 Gauge symmetries of Ly

Here only the gauge potential A has the abelian gauge symmetry wherein for an arbitrary
1-form field Y7, Lpy19 is invariant under

544 = dY; . (3.4)

If we transform gauge potential A by daAYs, with Y5 being an arbitrary 1-form, then B can
be transformed to compensate for d A in order to keep Lx12 invariant as follows:

§A =daNYs, 6B =—dYs. (3.5)



In Lagrangian (3.2) we can see that all the terms with the fields B and K in them have an
exterior product with da. Hence, using arbitrary 1-forms Y3 and Yy, we have the following
two independent gauge symmetries:

0o B = daNYs; (3.6)
0K = danyy.

On giving an arbitrary infinitesimal shift to the Stiickelberg field a by another scalar field ¢,
we need to transform the other fields as shown below to keep the Lagrangian invariant:

(2bc—1) 2c2
dpa=¢, 0O,b= W toatap* (K AtggxH) ,  dpc = — m toatap* (K NiggxH )
Lda L(’?aH
0,L,A =B oL, K= — —F—— ——— — B} — dB doN K
pETYT e 19a(da) [L%*{Laa(da) J—o+(aB) +dy }
‘ d H—-2cH K HANvgyxH

5,8 = — Lda *[ INERE cH + c KNx(xH Aty xH) } + (2dgAB + o dB)

Ltga(da) Ltoa(da)

+ cd(pB) — 2c KAx{xd(pB)Atga*H} — c KN\*(xH Nty H)

c (0, K)N\x(xH NtggxH) — d,c {2 H — K/\*(*H/\Laa*H)}:| . (3.8)

As in the case of L9, here also this non-polynomial gauge symmetry stemming from

an infinitesimal shift in the Stiickelberg field a, does not affect the general form of the

solution of Lrr1o. If we transform every field f by an infinitesimal gauge transformation
6qf while Ey = 6L£/(6f),® then

5,5 = / 5,L = / (8,0 Ea+6,0Ey+6,¢Eot 8, ANE 416, BAEp+3, K NEx+6,C30Ec,) = 0.

Me Me
(3.9)

Considering gauge transformation (3.8) where d4a = ¢ with ¢ being infinitesimally small,
we get

5,5 = / { 5 @by + pe B+ 8,ANE, +0,BAEp + 0,KNEK)| =0. (310)

As ¢ is an arbitrary infinitesimal parameter, by the fundamental lemma of calculus of
variations the expression inside the square brackets is identically zero, i.e.,

1
Fa= = (5b By + 8,0 B+ 0,ANEA + 6,B\Ep + 6, KAF). (3.11)

Thus gauge symmetry (3.8) helps us see that the dynamics of the Stiickelberg field a is
determined by the dynamics of the other fields in the 6D worldvolume of the Mb5-brane:
a is a gauge field with no independent dynamics of its own. F, = 0 is trivially satisfied
by the solutions of the other equations of motion, and does not yield any new solution. It

3Neglecting the total derivative terms appearing in (§fAE;) as they vanish on integration and do not
contribute to 45.



effectively acts as a conditional identity, the conditions being the equations of motion of
all the fields except the Stiickelberg field a.

The gauge symmetry of L2 involving the background gauge fields C'3 and Cg, is the
same as the corresponding symmetry of £ (2.10):

owA=-W, dwCs=dW, owCs=dWAC3 where W is an arbitrary 2-form. (3.12)

3.2 Nonlinear self-duality condition for Lgi9

As in section 2.2 we again use F4 and Ep to obtain the general condition obeyed by the
solution to Lg12.

Ea=dlipexK — H + dan2c K + cx{*(KAK)AgaxH} — B]] =0,
Ep =daN(tgexK — H) =0. (3.13)
The equation E4 — d[tgo EB/toa(da)] = 0 gives us

toaH
Ltoq(da)

As discussed in section 2.2, such an equation can be re-expressed as

da Nd

—2cK — cx{*x(KAK)AtgoxH} + B| = 0. (3.14)

tooH
Ltaq(da)

where X and Y are arbitrary 1-forms. We apply gauge transformation (3.5) with A4 =
—dan(X/2) and 0B = d(X/2), getting

—2cK — cx{x(KAK)NgoxH} + B =dX +da N, (3.15)

too H
tga(da)

Now if we transform the field B in the above equation using (3.6) such that 0,8 = daA[Y +
(t8adX) /2 L5q(da)], we get the following relation:

(3.16)

odX
—2¢K — cx{x(KAK)AwgaxH} + B = da {Y + -2 } .

2 194(da)

toaH = {tpq(da)}[2c K — B + c#{x(KAK)Atga*xH }]. (3.17)

If one wishes to incorporate Fx in the above derivation, the expression for daAB in the
equation x5, Ex = 0 can be substituted into eq. (3.14). Then gauge transformations (3.5)
and (3.6) can be applied along similar lines as above. Alternatively the solution for B
(which we get on solving Ex = 0) can be plugged into relation (3.17). Using either of
these two ways, we arrive at

1 1
toaH = {to4(da)} ¢ K + 5 cx{*x(KAK)AtggxH}| + clgoxH + 5 cx{ K N*(1ggxH NtggxH ) }.
(3.18)

Now we solve Eg = 0. It can be seen that xEp = 0 gives

tga* H daNtge K

K= L@a(da) L@a(da) .

(3.19)



K = [tgoxH /154(da)] is a particular solution of the above equation. Let the general solution
be K = [tga*H /194(da)] + Z where Z is an as yet unknown 2-form. Plugging this solution
into eq. (3.19) gives Z = [daNtgaZ/t9q(da)]. So the general solution can be written as

taga*H daNtg,Z

K= toa(da) — 1oe(da)

(3.20)

Applying gauge transformation (3.7) §,/K = daAYy in the above equation, with the transfor-
mation parameter Yy gauge fixed to 19,7Z/to4(da), we get the solution for K as:

Lda*H
K= . 3.21
Loq(da) (3:21)
Similarly, Ex = 0 can be solved to get:
B toaH — 2 crogxH — ¢ x[K A% (1gg* H Atgg*H )] . (3.22)

tga(da)

Although we have shown the derivations of relation (3.17) and the solution for K (3.21)
within the self-contained framework of L2, these expressions can also be obtained by
redefining A — A —a B in the corresponding expressions of £ 12, viz. (2.14)—(2.15). Inserting
solutions (3.21)—(3.22) for K and B into (3.17) gives the same relation as the one obtained on
substituting the solution of K into condition (3.18). The relation is the nonlinear self-duality
condition in terms of the fields A,Cs,a and c:

C Log*H Nk (x H NLga*H )
toa(da)

toaH = togxH < dan(xH — f[) = 0| where H=2cH —

(3.23)

This self-duality relation is the same as that seen earlier in eq. (2.18). This condition
characterises the chiral nature of the field strength H comprising the M5-brane. Here again,
as in the case of L2 in section (2.2), the solution for the auxiliary field B (3.22) vanishes
on-shell in view of the self-duality condition. If we consider Lagrangian (3.1) with b — —b
and ¢ — —c, then we get the anti self-duality condition tg,H = — tge*H. Hence we have seen
the gauge symmetries and the (anti) self-duality of the polynomial M5-brane Lagrangians.

4 A non-polynomial M5-brane Lagrangian

In this section we introduce a non-polynomial expression of the Mb5-brane Lagrangian. We
get this Lagrangian by simply plugging solutions (3.21)—(3.22) for the fields B and K present
in the previous section, into Lagrangian L2 (3.1).

1
Lnp = toxHA [*(tyH) —2c*(1,xH) + 3 cLyx HN*(yxH Aeyx H) | — HAC5—C+2 *(c—cb2—b)

(4.1)
where v = v* 9, = (0*a/\/0"a0ya) 0, is a normalised vector-field.
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The dynamics of £, can be seen via the following equations of motion:

B =4 V Avgk HALgx H + 0" Ay HA[to H — 4 ctyxH — 2 e x{tyx HA * (tyx H AL+ H) Y 0
a = =0,
Loa(da)

Ey,=2bc+1=0,
E. = tyxHNAx(1,xH) — % Lok H ALyx H A% (1% H ALp* H) + %(b* —1) = 0,
E = d[vb/\[LvH —2cupxH — ex{iyxHA % (LoxHApxH)})] =0,
Ec,=F — Ub/\[LUH —2cuyxH — cx{tyxHN * (tu,xHALyxH)} = 0. (4.2)

For the definition of v” see appendix B.3.
Ly is invariant under the gauge transformations 44 = dY; and 0,4 = daAY>. The
gauge symmetry associated with an infinitesimal shift of the Stiickelberg field a is

(2bc—1)
6(,001 =, 5@b = W L’L)Law*(LU*H/\LU*H) 5
2¢2 0 LH
boc = ——=C ook (L HALxH), 6,4 = —2 13
- Lc’)a(da) ' L&P*([’ ’ o ) v Laa(da) ( )

where ¢ is an arbitrary scalar field and H = H —«H = H — ¢ %[2 H — {t,x HA % (+xHAvpxH)}].
By virtue of this gauge symmetry we can express the equation of motion of the Stiickelberg
field a in terms of the equations of motion of the other fields in the 6D worldvolume of
the Mb5-brane — F4, Ej and FE,:

_F2 _ g2 b
B - 2 EaNnt,H d[(2 Ey, — Ep —4c¢* «E.) v Ay HAvpx H . (4.4)
tga(da) tga(da)
The above relation can be verified by observing the following:
2FE AN, H
//ﬁa(da)
Ub
= d| ———=AL,HA 1;74
{ Laa(da) ' '
b
= d[v/\ [LvH/\LUH —dciyHApxH + 462 1yxH Ay H
Loa(da)
— 2ty HA {1y x H A (tyx H ALox H) Y + 4 ¢ 1% H A {1 x H A% (o H ALy H ) }
+ *{LU*H/\*(LU*H/\LU*H)}/\*{LU*H/\*(LU*H/\LU*H)}}:| (4.5)

and

d[(Q Ey,— Ef — 4 «E,) vb/\av*H/\Lv*H}
taa(da)
b

= d[v/\[02[*{LU*H/\LU*H/\*(LU*H/\LU*H)H(0) +(1—4c?)
Loa(da)

— 402[*{LU*H/\*(LU*H)}](O):| LU*H/\LU*H} :

— 11 —



The superscript (9 serves as a reminder indicating that the expression inside its bracket is a
scalar. Using identities (C.7) and (C.10) from appendix C the above expression becomes

toa(da)

(1—4c?)

Loa(da)

On adding egs. (4.5) and (4.6), we get

2 ,,b
dl - L/\[*{%*H/\*(LU*H/\LU*H)} + 4 vy xHIA % {epxHA * (tyxHAvpxH)}

0 Avp H ALy H | . (4.6)

b
dlv(d)/\[Lv*H/\Lv*H + twHNwH — 4dciyxH — 2cx{tyx HA % (LyxHAvyxH) ] |,
Loa(da

(4.7)

which is the expression for E, in (4.2). Hence, relation (4.4) is verified.

From relation (4.4) we can see that whenever Ey4, Ej, and E, are satisfied, E, is trivially
satisfied. So it is evident that the Stiickelberg field a does not have independent dynamics
of its own and is a gauge field.

The gauge symmetry linked with the fields C3 and Cs remains the same for £,,, as for
all the other Lagrangians in this paper:

IwA=-W, dyCs=dW, owCs=dWAC3 where W is an arbitrary 2-form. (4.8)

This transformation commutes with the rest of the gauge transformations. All of the above
gauge transformations collectively constitute a closed group.

E4 in (4.2) can be written as d(v’At,H) = 0 or equivalently daAd|(19.H)/toa(da)] = 0.
We know that the general solution of the equation da A dU = 0, with U being an arbitrary
p-form, is U = dX 4+ da A'Y where X and Y are arbitrary (p — 1)-forms. So the general
solution to daAd[(tgaH)/toa(da)] = 0 is

toaH
toa(da)

where X and Y are arbitrary 1-forms. Due to this equation we know that

— dX + dany, (4.9)

daNtgeH = Lpq(da) dandX. (4.10)

It can be noticed that in tg,xH, H always appears as tgg*xH = — *(daNH) which is invariant
under the gauge transformation §A = — daAX. So applying this gauge transformation, i.e.
dA = —danX to eq. (4.10), we get

daNtgsH = 0. (4.11)

The general solution to the above equation is 19, H = daAZ, with Z being an arbitrary 1-form.
Taking the interior product of this equation with da, we get Z = (daAtpaZ)/ta4(da) which we
plug into the relation 15, H = daAZ, finally arriving at the general form of the solution for H:

H=0 < 19.H =19,xH < daN(xH — E[) =0. (4.12)

It shows the nonlinear self duality of the chiral field H, the generalised field strength of A. The
anti self-duality condition is obtained by redefining b — —b and ¢ — —c in Lagrangian (4.1).

— 12 —



5 Equivalence with the PST Mb5-brane Lagrangian

In this section we show the equivalence of the M5-brane Lagrangians given in sections 2—4,
with the PST M5-brane Lagrangian [10, 11]. Having eliminated the auxiliary fields B and K
in the last section, we now eliminate two more auxiliary fields — b and ¢ such that finally we
are left with only the fields A, a,C3 and Cp in the Lagrangian. On solving E. = 0 in (4.2)
we get the following two solutions for b:

1 (1/2)
by =F [1 + s {tyx HAx(1yxH)} — 1 *{LU*H/\LU*H/\*(LU*H/\LW*H)}:| (5.1)
Plugging these solutions for b into E, = 0 gives us
1 1 1 (=1/2)
T + B [1 + s {tyx HAx(1yxH )} — 1 *{LU*H/\Lv*H/\*(Lv*H/\Lv*H)}] .
+
(5.2)

So we have two sets of solutions for b and ¢: (b4, c4) and (b—,c_). We can eliminate fields b
and c¢ from Lagrangian £, by inserting either of the two solution sets into (4.1). On using
the solution set (by,cy) we get the below Lagrangian:

Loy = toxHAxty H 4+ [4 + 45 {pxH A (1% H)} — s{ ey H Aty H A (1 H ALy H) Y /%) 51
— HNC5 — Cy, (5'3)

while adopting (b_,c_) gives

Lo— = vyxHAxtyH — [4 + 45 {upxH Ns(1yxH)} — s{ ey H Aty H A (v H Aty H) Y /2 51
— HNC3 — Cy. (5.4)

The term under the square-root in the above Lagrangians is the Dirac-Born-Infeld (DBI)
term which describes the dynamics of the electromagnetic fields living on the worldvolumes
of D-branes and M-branes. Lagrangian L., differs from L£._ by the sign of the DBI term.
L+ obeys the nonlinear on-shell self-duality condition ¢, H = tp*H, where

2H — {vyxHNs(xHAvpxH)}
VA + Ax{upx HAx(Lpx H) } — s {epx H Aty H A (Lyx H Avpx H ) }

He=H|eee, = (5.5)
while L._ obeys the nonlinear on-shell anti self-duality condition ¢, H = — Ly*H,. Loy is
the same as the PST Mb-brane Lagrangian presented earlier in [10, 11]. This can be seen
by noting that

1
det (9 —ivpyxH) = g |14+ #{tyxHA%(1p,xH)} — 1 s{ Lo HALyx H A% (Lox HALyxH) Y . (5.6)

For details see appendix D.

The M5-brane Lagrangians (5.3) and (5.4) can be reduced to the linear-duality symmetric
PST Lagrangians [50-52]. For this we first decouple the M5-brane from the background
supergravity fields C'5 and Cg, doing which eliminates the terms containing C3 and Cg
from L.+ and L._. Then on replacing the DBI term in L. by t,*FAx(1,%F) we get the
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self-dual PST Lagrangian whereas implementing this replacement in L._ gives the anti
self-dual PST Lagrangian.

From here onwards we discuss the dynamics and symmetries of L.;. This discussion
can be extended to L._ by changing the signs corresponding to the sign of the DBI term.
The equations of motion of L.y are as follows:

ANty HA(H — 2%H,) + tyx HALyxH} B

E,=d 0,
2y/tga(da)
Es=d(WAwH) =0,
Eo, =F — v AtyHe =0, (5.7)

where H, = H — *H,. L+ has the usual gauge symmetries §;4 = dY; and §, A = daAYs
with arbitrary 1-forms Y7 and Ys. The infinitesimal shift symmetry of the Stiickelberg field

a is now given as

' L@aHe
toa(da)

Here again, the above infinitesimal shift symmetry of the Stiickelberg field a enables us to

dpa=¢, O0,A= (5.8)
see that, as expected of a gauge field, the dynamics of a is determined by that of A:

B = EA/\LBaHe
“ T 1pe(da)

The fourth gauge transformation of L., involves the 11D supergravity fields C5 and Cg. This

(5.9)

transformation is the same as for all the other Lagrangians in this paper; see (4.8). It can be
seen from the commutators of the above transformations that they form a closed algebra.

Following a derivation similar to that shown in section 4, we arrive the general condition
obeyed by all the solutions of L.y, the nonlinear self-duality condition:

aHe =0 & 19oH = 19axH, < dan(xH — H.) = 0. (5.10)

Hence we have seen the duality and gauge symmetric structure of the M5-brane Lagrangian.

6 Discussion

In the ’90s Schwarz and Sen put forth an electromagnetic duality symmetric action [62] which
is the low-energy effective action of toroidally compactified heterotic string theory. It is not
manifestly invariant under Lorentz transformations and diffeomorphism. Shortly afterwards,
covariant versions of this action were presented by Pasti, Sorokin and Tonin [50-52] via
the introduction of an auxiliary vector field which was initially introduced as a constant
vector field in [63]. Subsequently the PST formalism was employed in [10, 11] to formulate a
covariant Mb-brane action. So the lack of manifest covariance in the earlier duality symmetric
action [62] was tackled by the insertion of an auxiliary field which is a Stiickelberg field.
However, though the PST action has most of the properties sought in a duality symmetric
Lagrangian, it is not polynomial and becomes singular when the denominator containing the
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Stiickelberg field vanishes. More than two decades after the PST action came out, it was
expressed in a polynomial form in [53, 54], again by introducing another auxiliary field into
the Lagrangian. Correspondingly now, we have shown in this paper that the non-polynomial
PST Mb5-brane Lagrangian [10, 11], which is covariant by virtue of the Stiickelberg field a in
it, can also be made polynomial by the introduction of a few more auxiliary fields. Hence in
all of these developments the desired characteristics of the duality symmetric action such
as manifest covariance and polynomiality have been achieved by including new auxiliary
fields into the action.

We have shown that the long-standing problem of the non-polynomial nature of the
PST Mb5-brane action in [10, 11] can be transcended by the presence of a few additional
auxiliary fields in the action. The Mb5-brane Lagrangian in [10, 11] is non-polynomial on
two accounts — the presence of the derivative of a scalar field in the denominator and the
presence of the DBI term which comes with a square-root. In this paper we have presented
Lagrangians in sections 2 and 3, which overcome both of these non-polynomial features of the
earlier Lagrangian. Owing to the structure of the Lagrangian, there are eight such polynomial
Lagrangians (see appendix A). We have discussed the dynamics, the gauge symmetries and
the (anti) self-duality conditions of our polynomial M5-brane Lagrangians.

While in the case of the PST Lagrangian [50-52], removing the non-polynomiality due to
the derivative of the Stiickelberg field a present in the denominator requires the introduction of
only one auxiliary field [53, 54], removing that non-polynomiality from Lagrangian L), (4.1),
as shown in this paper, necessitates including at least two auxiliary fields. On account of the
linear self-duality condition obeyed by the PST Lagrangian Lpgr = FAxF + 1, F Aty (% F),
where F = (F — «F’), the non-polynomial term, i.e. ¢, F A%, (*F), can be written as a square
term (a term of the kind T'A«T") which is — ¢, F A%, F. Consequently, when making Lpgr
polynomial as in [53, 54], the Lagrange multiplier is allowed to be identical with the auxiliary
field whose solution we get by solving the equation of motion of the Lagrange multiplier.
However, the same is not true of the non-polynomial M5-brane Lagrangian £, in eq. (4.1),
which can be written as

1
Lnp =2cHN«H + 1, HNx1y(xH —2c H) + 3 Ly HNvyx H Nk (Lyx H Ay H) — HAC3 — Cg
+ %(c — cb? —b).

Here the non-polynomial part ¢, H A, (xH —2c H) + % C Ly H Abyx H N5 (L H ALy H ) cannot
be expressed as a square term due to nonlinear self-duality. So when making £,,, polynomial,
the Lagrange multiplier cannot be the same as the auxiliary field solved for by integrating out
the Lagrange multiplier. Therefore, whereas the PST Lagrangian can be made polynomial
by the introduction of only one auxiliary field [53, 54], making L,, polynomial requires
incorporating at least two auxiliary fields — B and K.

If one tries to look at the construction of the polynomial M5-brane Lagrangians presented
in this paper from the perspective of starting from the PST M5-brane Lagrangian [10, 11],
then the following detail is worth noting. Although modifying a Lagrangian by adding a
Lagrange multiplier to it and thus making it polynomial, is generally straightforward, what
makes it non-trivial in the context of this work, is the specific manner of adding it which
ensures that the equations of motion of the polynomial Lagrangian, when subjected to its
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gauge transformations, give the self-duality condition independently, i.e. without resorting
to the earlier non-polynomial Lagrangian. To this end, the Lagrange multiplier along with
the other auxiliary fields is required to be introduced into the non-polynomial Lagrangian
in a way such that each of the following two criteria is met:

1. The equations of motion of those fields in the polynomial Lagrangian which have
independent dynamics, are gauge invariant.

2. The polynomial Lagrangian is invariant under the kind of gauge transformations which
can gauge away certain parts of the general solutions of the equations of motion and
their combinations (e.g. transformations (3.5) and (3.6) in the case of Lp12), leading
to the self-duality relation.

As the polynomial M5-brane Lagrangians presented in this paper meet both the above criteria,
they form self-sufficient systems. They have all the essential symmetries and dynamics which
characterise an M5-brane Lagrangian.

We have focused on the bosonic degrees of freedom coupled to bosonic background gauge
fields. The local symmetry of the fermionic sector, known as the kappa-symmetry [11, 64],
can be shown in the future. It might be worthwhile to look for the nonlinear self-interactions
of M5-branes using the polynomial Lagrangians presented here. Eventually one can also
venture in the direction of describing the interactions of non-abelian (2,0) superconformal
field theory using this formalism.

Now that we have analytic M5-brane Lagrangians, it could be useful to construct their
Hamiltonian formalism, e.g. [55], which allows us to identify the first-class and second-class
constraints of the theory. We can then count the number of degrees of freedom and show
explicitly their correspondence with the physical fields in the theory, thus distinguishing them
from the auxiliary gauge fields. The gauge system of the theory can be seen more distinctly
in the Hamiltonian formalism. The polynomial form of the Lagrangians also opens up new
avenues for the quantisation of the theory. Some earlier works in this direction are given
in [56, 57]. A quantum treatment of Sen’s duality invariant formulation is presented in [58]. We
will explore the quantum formulation of the polynomial M5-brane Lagrangians in the future.

So far two chiral 4-form models are known in 10 dimensions — quadratic 4-form chiral
theory along with its type 1IB supergravity generalization, and a generalisation of Bialynicki-
Birula electrodynamics [65, 66]. However, an M5-brane-like action has not been generalised
to 10 dimensions as it requires solving the condition imposed by the PST gauge invariance. It
has proven difficult to solve that condition in 10 and higher dimensions, even perturbatively.
Our new polynomial formalism seems favourable for addressing this problem.

As the origin of many D-branes in string theory is the M5-brane in M-theory, dimensionally
reducing an M5-brane action gives us D-brane actions. For e.g. performing double dimensional
reduction of an M5-brane on a circle gives the world volume dual of the D4-brane of type 1TA
string theory [67] while doing that on a torus gives the D3-brane of type IIB string theory
directly reduced on a circle [59]. A D3-brane action was also obtained in [60] by dimensionally
reducing the PST M5-brane action. Now the polynomial Lagrangians given in this paper can
also be used to implement dimensional reductions giving D-brane actions. Thus, in a variety
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of ways the polynomial structure of these M5-brane Lagrangians may prove to be relatively
more tractable for carrying out further developments with Mb5-brane actions.
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A Alternate polynomial M5-brane Lagrangians

The polynomial Lagrangians presented in sections 2 and 3 have two terms containing both ¢
and K. By changing the number of J (or H) fields in those terms, we can get 8 different La-
grangians: ,C()o, ,C()l, ,COQ, ,Cog, ,Clo, ,CH, ,612, ,613. Here we show four of them: ,Coo, LOQ, Llla ,Clg.
The remaining Lagrangians can be similarly constructed and analysed.

A.1 Lagrangian Ly

A.1.1 Lagrangian L jq

1
L 00 = daNK A |*J — 2 crgex K + 5 clog(da) K Atgex(KAK)| + HA(J — C3)
+2x(c—cb® = D). (A1)
Equations of motion:
E, = d[KN[*J — 4cigexK + {da + 1pa(da)} ¢ K Aegax(KAK)]] + GAJ =0,
Ey=2bc+1=0,
1
E = danKA (21004 K = 5 1ga(da) K oo (KNK) | +2 *(b*—1)=0,

Eys=d(pa+K — H+aG) =0,

Ep =dla(tgexK — H)| =0,

Ex = daN[xJ — 4 crgexK + 2 crge(da) K Atgex(KAK)] =0,

Ec, =19 K +F+aG=0. (A.2)

On subjecting the general solution to the equation E4 — d[tge(Ep — a E4)/taq(da)] = 0, to

the gauge transformations 64B = dY; and A = —adaNYsy,0B = daAYs with appropriate
choices for Y; and Ys, we get the nonlinear self-duality condition as follows:

toad = —2{194(da)}B. (A.3)
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A.1.2 Lagrangian Lgqg

Redefining A — (A — a B) in Ljoo we arrive at Lroo:

Lo = danK A {*H —t9a*(2¢ K + B) + %uaa(da) KAgex(KANK)| — HA(daNB + C3)
— Cs42%(c—cb® —b). (A.4)
Equations of motion:
E, = d{K/\(*H —tga*(dcdanK + B) + 2 cipq(da) KAK Avgax(KNK)
— cdaNtge(KANK)Atgax(KANK) + BA(H — L@a*K)} =0,
Ey,=2bc+1=0,
E,. = danKA {2 toa* K — %Laa(da) K/\Laa*(K/\K):| +2 *(b2 —-1)=0,

Ejp=d(tgexK — H — daAB) =0,

Ep = daN(tpexK — H) =0,

Ex = daN[*H — 19,%(4c K + B) + 2 crgq(da) KAtgax(KAK)] =0,

Ec, = tgoa*K + F —daAB = 0. (A.5)

Applying the gauge transformations 6 A = daAZy ,6B = — dZ1 and §, B = da/Zy with suitable
choices for Z1 and Zs, on the general solution to the equation E4—d[tg, Ep/toq(da)] = 0, gives

toatl = —{toa(da)} B . (A.6)

Ep = 0 is satisfied by the following solution for K:

toa*H

K = A7
oulda)” (A.7)
and Fx = 0 admits the solution:
= ool K 9 cip K Mot (KAK)] (A.8)
= oalda) c Clyg Loa . .

Drawing on solutions (A.7) and (A.8), we can see that eq. (A.6) gives the same nonlinear
self-duality condition as in eq. (3.23), i.e.

oo H = tpg*H, where H=2¢H — ¢ oo H N H Negax H) (A.9)
Lga(da)
A.2 Lagrangian Ly»
A.2.1 Lagrangian L jpo
Ljoo = darKA [xJ —2ciggx K + %CK/\*(*J/\Laa*J> + HA(J —C3) —Cs
+2%(c —cb® —b). (A.10)
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Equations of motion:

E, =d[KN{xJ —2cJ 4+ c KAx(xJAtga*J) }] + GA(J — tga*x K — 2 cdanK)
— cdaNKAK Ax(1gg*GALgaxJ) = 0,
Ey=2bc+1=0
1

E.=danKN |219,%K — 3 KA (xJ Atgax )| +2%(b? —1) =0,

Ea =d[tgexK — H — c#{1gax(KAK)Atga*J } +aG] =0,

Ep =d[atpe*K — H — ¢ {19a*(KAK)AtgaxJ }]] =0,

Ex = dan[xJ — 4 cigox K + ¢ KNAx(xJ AvgaxJ)] =0,
Ecy = tgaxK + F — ¢ x{1gox(KNK)AtgexJ} +a G =0. (A.11)

In view of two gauge symmetries of Lo viz. 04B = dY; and §A = —adaAYs alongside
dB = daNYs, the equation E4 — d[toqe(Ep — a E4)/tgq(da)] = 0 leads to the following:

taad = {toa(da)}[— 2 B + c*{x(KNK)ALgg*J }]. (A.12)

x[daNtge(Ep — a E4)] = 0 effectively gives

Laa*J

K=——
toa(da)’

(A.13)

Plugging this expression for K into eq. (A.12) gives us the nonlinear self-duality condition

as below:

c*[*#(Lga*xd Atga*d ) Atog*J]
Loa(da)

toad = —2{19a(da)}B. (A.14)

A.2.2 Lagrangian Lpgo

Loz = daNKA |xH — 19,%x(2¢ K + B) + %CK/\*(*H/\L@,I*H) — HA(daNB + C3)
—Cs+2x(c—cb*—b). (A.15)
Equations of motion:
E, =d[KN{*H — 19sx(4c K + B)} — ¢ HAx{x(KAK)AtgogxH} + BA(H — 19,%K)] =0,
Ey=2bc+1=0,
E. = danKA |2 19,5 K — %K/\*(*H/\Laa*ﬂ) +2x(b* —1) =0,

Ea =d[tgexK — H + dai[cx{x(KAK)A\gaxH} — B]] =0,

Ep = daN(tpoxK — H) =0,

Ex = daN[xH — 195%(4c K + B) + c KAx(xHA1gaxH)] = 0,

Ecy, = 19oxK + F + daN[ex{x(KANK)AtgoxH} — B] = 0. (A.16)
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The equation E4 — d[tpa EB/toq(da)] = 0 modulo the terms that can be gauged away via the
gauge transformation 0A = daAZ; with 6B = —dZy, and 6,B = daAZs, gives

toaH = {toq(da)}[—B + cx{x(KNK)Atga*H }]. (A.17)

Neglecting the terms that can be gauged away, the solutions for K and B are

Loa*H

" 1pa(da)’
toa H c

_ deK — — 5 K A (1gar H Avga H)]. A18
o (da) c o (da) k[ K A*(Lg*H Ntggx H )] ( )

On inserting these solutions for B and K into relation (A.17), we get the usual non-
linear self-duality condition (3.23), i.e. tgoH = toa*H where H = 2¢H — [cLogxHN *
(*HNAtgoxH) [L9q(da)].

A.3 Lagrangian Lq;
A.3.1 Lagrangian L j;

1
L1 = daAKA [*J— 2¢J + §CK/\Laa*(K/\Laa*J) + HA(J — C3) — Cs + 2 %(c — cb? — b).

(A.19)
Equations of motion:
E,=d|KANxJ—2cJ)+ %CK/\{K/\L@G*(K/\L&L*H) + tgaxH Atga*(KAK)}
+ %CH/\L@CL*{K/\LC‘)CL*(K/\K)} + GA(J — 1gexK — 2cdaNK)
— %cda/\K/\K/\Laa*(K/\Laa*G) =0,
Ey=2bc+1=0,
E.=KA {2 danJ — ;da/\K/\Laa*(K/\Laa*J)} +2x(b2 —1)=0,
Ea =d[1gexK — H + daA [2 cK — ;Cbaa*{K/\Laa*(K/\K)}} +aG] =0,
Ep =d[a{ipexK — H + daN |:26K — ;CLaa*{K/\Laa*(K/\K)}] =0,
Ex = dan {*J —2¢cJ + cdan{ K Ago*(K Agg*J) + % Laa*J/\Laa*(K/\K)}:| =0,
Ecy = 19ogxK + F + daN [20[( - ;CLaa*{K/\Laa*(K/\K)}} +aG=0. (A.20)
By removing the terms allowable to be gauged away, the equation E4 — d[tg.(Ep —aFE4)/
toa(da)] = 0 gives us the following relation:
voud = {100(da)} [2 (cK - B)— % aaa*{m@a*(mm}} . (A.21)
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Also, from x[daNig,(Ep —a E4)] = 0 we effectively get

L@a*J
K=—. A.22
Loa(da) ( )
So eq. (A.21) becomes
voud = 21gard 4+ Sl TNt ) N0 T] o gy (A.23)

Loq(da)

the nonlinear self-duality condition of L jq7.

A.3.2 Lagrangian Lp

1
L1 = daNKA {*H —2cH — 19,%B + 3 c KN\tgax(K AtgexH) | — HA(daAB + C3) — Cg
+2%(c—cb® = D). (A.24)

Equations of motion:
1
E,=d {K/\(*H —2cH — 194%B) + §CKA{KNaa*(KNaa*H) + tgaxH ALgax(KAK) }

1
+ QCH/\Laa*{K/\Laa*(K/\K)}] + BA(H — 190+K)] = 0,
Ey=2bc+1=0,

1
E. = daNKN {2H — QK/\Laa*(K/\Laa*H)] +2%(b> —1) =0,

1
Ea =d[tpexK — H + daA |:20K — §caaa*{K/\L3a*(K/\K)} —B|] =0,
Ep = daN(tpoxK — H) = 0,

1
Erx = dan [*H — 2¢H — 194%B + cdan {K/\Laa*(K/\Laa*H) + QLQG*H/\Laa*(K/\K)H =0,
1
Ec, = 1tga*K + F + dan[2cK — §CL3G*{K/\LBG*(K/\K)} — B]=0. (A.25)

The particular combination of E4 and Ep, Fa — d[t9.EB/t4(da)] = 0, when subjected to
two of the gauge transformations of Lg11, enables us to see that

toaH = {14(da)} |:2CK - B-— ;Cbaa*{K/\Laa*(K/\K)}:l . (A.26)

The fields K and B have the following solutions (shown without the terms which are
redundant on account of gauge symmetries):
_ toaxH
toa(da)’
togaH — 2 ctogxH + ¢ tga*{ K Atga* (K Atgg*H ) + % toa*H Aga*(KNK)}

B= e . (A27)

Again, it can be seen that substituting solutions (A.27) into eq. (A.26) gives us the usual

nonlinear self-duality condition (3.23) in terms of the fields a and H: 19, H = 1y, H.
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A.4 Lagrangian L3

A.4.1 Lagrangian L3

1
L1z = danKA [{tpe(da)}(xJ —2¢J) + B clgaxJ Nx(xJ A\egaxJ) | + HA(J — C3) — Cg

+2%(c —cb? — D).
(A.28)

Equations of motion:
1
E, = d[{baa(da)}KA {*J —2cJ+ 5 Cbaa*J/\*(*J/\L@a*J)} + tga { K Nktga(J — 2¢cxJ)}

1 1
~3 ¢ IN{ K N*(1gax I NLggxJ) — 5 CJ/\*{*J/\L@a*(K/\Laa*J)]

1
+ GN{J — {roa(da) }(tga*x K — 2cdanK)} — c KA [2 {toa*GNA*(Logx I NggxJ)

+ tgax I Nk (Lgax I ALga*G)| = 0,
Ey=2bc+1=0,

1
E. = danKA {2 {toa(da)} J — 3 Laa*J/\*(*J/\Laa*J)] +2%(b*—1)=0,
1
Eq= d{{baa(da)}(baa*K +2cdaNK) — H — 5 ¢ x| K Ax(Lgg*xJ Atoa*xJ) }

— cx{1ga*xJ Atgax (K Atga*xJ)} + aG] =0,
1
Eg=d [a {{L@a(da)}(baa*K +2cdaNK)— H — 5 ¢ x19q{ K Nx(tgg*J Atoa*xJ)}

— c*{Laa*J/\Laa*(K/\Laa*J)}H =0,

1
Ex = dan {{Laa(da)}(*b] —2cJ)+ 3 clogxJJ Nk (xJ ALgaxJ)| =0,

1
Ec, = {t9a(da)}(tge*xK 4+ 2cdanK) + F — B ¢ *1ga { K A% (Logg* I ALga*J)}
— c#{tgax I Aga* (K Atga*xJ)} + a G = 0. (A.29)

We consider the equation E4 — d[tge(Ep — a Ea)/taa(da)] = 0, which when subjected to
the gauge transformations ;B = dY; and dA = — adaAYs alongside § B = da/AY3, provides
us with the following relation:

toad ={toa(da)} 2[{Laa(da)}cK—B]+%c*{K/\*(Laa*J/\Laa*J)}+c*{Laa*J/\>k(K/\Laa*J)} .
(A.30)
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x[daNtge(Ep — a E4)] = 0 effectively gives

_ Laa*J
 {toalda)

Inserting the above expression for K into eq. (A.30), the nonlinear self-duality relation of

K (A.31)

L 13 gets expressed as

3 ctga*x I Nx(Lgg*xJ Atogg*J)
2 19q(da)

Lgad = 2crLgexd + —2{1pq(da)}B. (A.32)

A.4.2 Lagrangian L3

1
Lz = daANK A [{Laa(da)}(*H —2cH — 194*B) + 5 clga*HA«{xHAvgo+xH }
— HA(daAB + C3) — Cg + 2%(c — cb* — b). (A.33)
Equations of motion:
E, = dl3 {toa(da)} KAN(xH — 2¢c H — 194%B) — 2daNigo {KN(«xH — 2¢c H — 19,%B) }

1

~3 ¢ HAx{ K N+ (19gxH AtgoxH)} — ¢ HAx{1gaxH A (K Ny« H) }

+ BAN{H — {Laa(da)}Lga*K}‘| =0,

Ey=2bc+1=0,

1
E. = danKA [2 {toa(da) Y H — 3 Laa*H/\*(*H/\Laa*H)} +2%(b?—1)=0,

EFa=d

1
{toa(da) b oK — H + dan {2 {tga(da)} c K + 3¢ s { K\ (tga*H NtgoxH) }

+ c#{tgax H A (K A\vggxH)} — BH =0,

Ep = dan[{taq(da) b rgex K — H] =0,

1
Ex = dan [{Laa(da)}(*H —2cH — 194*B) + 5 clga*HNAx(xHNvgoxH)| =0,
1
Ec, = {tga(da)}toex K + F + dan [2 cK + B cx{ K N*(1goxHNLgaxH)}
e {iot HA* (K AggsH)} — B} ~0. (A.34)

We apply the gauge transformations 04 = daAZ1,0B = —dZ; and §,B = daAZs to the
general solution of the equation E4 — d[tgaEB/toa(da)] = 0, and get

toaH ={t9q(da)} [QC{Laa(da)}K—B]—|—%*{K/\*(Laa*H/\Laa*H)}—I—C*{Laa*H/\*(K/\Laa*H)} .
(A.35)
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On solving EFg = 0 and Ex = 0 we find,

- toa*H
{toa(da)}?”
B tga(H —2cxH) C*{Laa*H/\*(baa*Hg\Laa*H)} (A.36)
toa(da) 2{tq(da)}

Here the solutions for K and B are independent of each other. B and K can be eliminated
from eq. (A.35) using the above solutions, arriving at the nonlinear self-duality condition:

CogxH N« (xH AiggxH )
L@a(da)

toa H = Laa*ﬁ, where H = 2¢ H —

B Notation and conventions
B.1 Levi-Civita tensor and generalised Kronecker Delta function
The Levi-Civita symbol, denoted by &,,,,..4,, is defined as follows:

+1if (p1, g2, ..., pq) is an even permutation of (1,2,...,d),

gkt — & 1 4f (uq, pa, ..., pq) is an odd permutation of (1,2,...,d), (B.1)

0 otherwise,
and the Levi-Civita tensor as follows:

Mtz &gn\/|(;g|) ghip2.Ha (B.2)
g

where g is the determinant of the metric and sgn(g) is its signature.
The generalized Kronecker delta function (gKd) is defined as

oy e oLy
GHIB2-p ..ok , (B-S)

viv2...Vp .
Suf - 0T

where 0! is the Kronecker Delta function. The gKd is related to the Levi-Civita tensor
as follows:

P HpAp+1 - Ad €t vpApr1Ag = sgn(g) (d — p)! 5511#22.12}/?- (B4)

B.2 Differential forms

In the following, the expressions shown inside the big round brackets are the expressions
used in index notation.

p-form

AP — (A[muz---up]) dzM Adz2 A .. dahe. (B.5)
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Exterior Product

AP AB@A . ACT)

1 p+qg+...7)! y
gt ( Tl Al B, ‘-CM..-AT]> dztiA. .. daf? Ada" A
codave Az L da
(B.6)
Interior Product. For a vector field v = v#! %,
(p) 1 1433 w2 o I
(AW = m=1) (v A[u1u2--~up}) dx2 Ndxh® .. NdxHP . (B.7)
Hodge Dual
») (d-p) 1 (1 2.
#(AW)) = (xA) P = (@ p)l \pl Cramzeoma ARzt ) deloi) A L dghd (B.8)

«(APAB@OA . ACT)Y

1 1
== (, €t tip g A Arors o AP B C“"AT> dz?'A... dz°" . (B.9)
ntA\pqt...nr

where n =d—-p—q— ... 7.
Exterior Product of p-form with Hodge Dual of p-form

AP« (BP)) = AP A(5B)4—P)

1 d!
- d! ((p')z(d—p)' B 61/1"'VP[V(P+1)"'VdAML..,uP]) dzt' A datP NP eI AL da
(B.10)
1 /1
=7 (p‘ €101 e fipV (1 -V Avy.vp B'“"'””) dr" A ... dx*P AdxVeHOA L L dxte. (B.11)
Exterior Derivative
1
A4 = (p+1)! ((p +1) a[HIAMQ...#(erI)]) ™t NdahEN . daHerD. (B.12)

Integral. The volume element is

1
D = 1 €z ia dzf Adah2 A . Azt = /| g| de® AdatA L Ada Y = <\/|g| dd:n) .
(B.13)

On a d-dimensional manifold, the integral of a d-form is as follows:

/ @ = / D (x0)O) = / iy V191 €t g g CPIH2 M (B.14)

!
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B.3 Exterior algebra identities

We take a 0-form a, two normalised vector fields v and v, and two p-forms A and B. The
number of dimensions is d. For a vector field v = v* J,, the corresponding 1-form v, dxz*
is denoted by v°.2

wxA = sgn(g)(—1)P4P A, (B.15)

ANxB = BA%A, (B.16)

Lok A = *(AN) (B.17)

#(1pA) = (—1)P"D P A% A = (=1)1D (xA)A0 (B.18)

(U AA) 4+ 0 A A = (u'v,) A, (B.19)
b

Q) — Tgu%g 7 (B.20)

(W AxA) = (WA, A), (B.21)

VAtgx A = 51y (WAA). (B.22)

C Recasting certain 5-form expressions

Let v be a normalised vector field such that ¢,0” = v# v, = 1. Let P be a 2-form such that
1P =0.50 P = 1,(v"AP). Define v’ = *(v” APAP). Note that ,u° = 0. To show this, consider

1’ = 1yx(VAPAP) = — (0’ AV’ APAP) = 0. (C.1)
Since in six dimensions antisymmetrisation over seven indices is trivially zero, we have

TV Pt pis P pia P i) = Vo Pl pao P pra Ppis i) 6 Vg Praopis Puapss Ppuglpo = 0- (C.2)

Multiplying by %E”1“2M3“4M5M6 dxt, we get

1 1
(Uuo dﬂs“o) (8€u1M2M3#4u5#6 PMW2 PM3M4PM5H6) +3 <46#1#2#3#4#5#60u1PHQMBPM%) PMGMOd[Eg =0

= *(PAPAP) 0’ +3uM Py o dat® =0
= %(PAPAP)’+31,P=0. (C.3)

Furthermore, using (B.19) and the fact that PAPAP is a full-rank form, we have PAPAP =
v”Aty(PAPAP) = 31°A(1,P)APAP = 0. It implies that

P = 0. (C4)

4Referred to as “v-flat” adopting a musical isomorphism.
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Then it follows that

«[PA A {PAx(PAP)}] = — #[PAs{1,(PA*(PAP))}]  (using (B.18))
= — *[PAx{PAi,*(PAP)}]
= —x{PAx(PAU)}
= — x(PAt*P) (using (B.17))
= — *1y (PA*P)
= «(PA+P)u’  (using (B.18)). (C.5)

When P = 1,xH the above identity gives
[0° Ay H A { vy HA % (¥ HAvx H) Y] = [#{eox HA % (1% H) YO (0" Avpx H Ay H),  (C.6)

where the superscript () reminds us that the term is a 0-form/scalar. Taking Hodge dual
of both sides, we get

0 Ay H Ase{ 1y HA 5 (vox H ALy H) Y = [s{ 0y H A5 (1% H) YO 0° Avyx H Ay H. (C.7)
Next we have

[0° Ax{ PAx(PAP)}Ax{PAx(PAP)}]
= — x[*{PALpyx(PAP)}Ax{ PAx(PAP)}] (using (B.18))
= — «[*(PAU") Ax{PA+(PAP)}]
= — %[ty *PAx{PAx(PAP)}] (using (B.17))
— #1y [x PAX{ PN (PAP)}| 4 %[* PAtyx{ PAx(PAP)}]
= %[« PAx{PAx(PAP) '’ + #[«PAx{PA’Ax(PAP)}] (using (B.18) and (B.17))
= [« PAs{PAx(PAP)Y|Ju’ — «[x PAx{PA%(21,PAP))}] (using (B.18))
«[x PAs{ PAx(PAP)}u’
= «{PAx(PAP)Ax(xP)} v’ (using (B.16))
= —«{PAPA+(PAP)} . (C.8)

When P = 1,xH the above identity gives

s [0° Ase{ Lo H Ase (0 H ALy H ) Y AN { o H A (b2 H ALy H )
= —[#{to*HALyx HA 5 (% H ALy« H) } O s(0" Ay H ALy H). (C.9)

The superscript (9 reminds us that the expression inside its bracket is a O-form. Taking
the Hodge dual of both the sides, we get

0 AN { Lo H N (v H Aty H ) Y Ase{ 1y H A (1 H ALy H ) }
= — [#{toxH Aty HA 5 (yx HALyx H) YO 0° Avyx H ALy H. (C.10)
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D Recasting a determinant

Leibniz formula for determinants tells us that the determinant of an n x n matrix M whose
elements are denoted by M,,, is given by

det(M) = 1 gitiaein aj1ja-dn \f N

n' Hiv1 H2v2 -t MNn”n’ (D]‘>

where &;,4, 4, is the Levi-Civita symbol with &'2-" = 1.
So in 6D-spacetime where g, is the metric and 7),, is a rank-2 tensor with indices
p,v =0,1,...5, the determinant of (g,, + T,,,) can be given by

1, .
det(g#,, + T/ﬂ/) = 6! gHoH5 gH0- V5 (guol/o + Tuol/o)(gmw + Tmm) e (9#51/5 + Tu5l/5)- (D.2)

If T, is antisymmetric then the above equation can also be written as

1, N
det(guw + Tyw) = 6! g g¥0 Y5 (gove = Tuopo ) Gy — Tonpn ) -+ - (Gusvs — Tusps). (D-3)

As g, is a symmetric tensor, we can exchange its indices without getting any change in its
sign. Performing this exchange on the right hand side (r.h.s. ) of the above equation we get

1, N
det(guw + Tpw) = 6! gt 2705 (g — Toopo ) (G — Torpn) -+ (Gusps — Tosps) »

= det(guw — Tyw)- (D.4)

As det(gu + T,) is even under T),, — —1T),,, the expansion of det(g,, + T}.,) consists of
only the even powers of T),,. We continue to work with T}, as an anti-symmetric tensor.
Using binomial expansion, (D.2) can be expressed as

det (TMV + guu)

6
6! 1

= - __ AMo---p5 2V0...Vs5

- 7;) n! (6 —n)! 6! e (Tuor - - Thagu1yvin—1)) Gpnv - - usvs)

6
6! 1 .
= ‘g‘ Z TZ' (6 - n)| @ 6N0~~-N5 61}0.”1/5 (TMOVO e TM(n71)V(n71))(gll‘nVn tt gMSVS) (usmg (B2))
r (2 - 0!

6
1
=l Z0 m ghtso V0.V (n—1)hn -5 T“OVO T T#(n—ny("_l)
n=

6

SEN(g) cf0---b(n— v v :

= ‘g‘ Z o 51,(;)._.1,((71711)) THO 0. T.“(n_l) (n—1) (usnlg (B4))
n=0 )

Hop1 2 3 Yo V1 v2 v3
Tuo Oy Ty 2Ty

Vo1 E 51/0 v1vaU3

1 1
=g 1+ 5 5#0M1TM0V0TMV1 +

1
_ SHOM1 23 4 b5 Yo V1 va v3 Va Vs
+ 6' 51101/11121131/41/5 TMO TMI T,U«2 TMB TM4 TNS . (D5)
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In the last line above we have used the fact that |g| = —¢ and sgn(g) = —1 for our Minkowski
metric g, with mostly-plus signature. We simplify each term on the r.h.s. separately.

1
o guos, o, v

vov1

_ %(6“06“1 — §HogH) T, 0T, 1

12t %1
1 Lo M1
- 5 T#o,ul T

vov1 — HOM1

_ 15MOM1T TvovL
4
1 .
= Sgn(g) 96 ehOIIRHapats {Tuom (€V0V1M2M3M4M5TVOV1)} (using (B-4>)

1 21)2 41
=—— 6“0“1“2“3“4“5{( ) (T/\*T)} (using (B.10))

96 6!
1 6!(2!)24!
= (63 «(TAT) (using (B.11))
= —x(TA«T) (in differential form notation). (D.6)

From (B.3) we know that

Ot

= 00 O 00 005 — 00 00, 00,301,003 01, 01,0 00,5 01, 01 0 01,0 03 01,050 — 01, 03 01,0
=04 0 003 0y 0,7 005 033 01,5 00,000 01 015 — 010 01,5 015 Oug — 01,015 05 O 01,7015 0,301,
00,005 00, 005 — 00 O Oy 00y — 00 00, 00y 05 400,00, 0,04 401, 005 05 0 — 03,101,507 0

_ SHO SK1 SH2 SH3 | SHO SH1 SH2 SH3 | SHO SH1 SH2 SH3 _ SHO SH1 SH2 SH3 _ SHO SH1 SH2 SH3 1 SHo SH1 SH2 SH3
SLO 11 G112 513 - G110 G 512 G113 |- GHO 511 G112 513 — §H0 G111 §H2 G113 G110 511 112 S5y §H0 511 G2 1
(D.7)

Kronecker-delta ¢;; is symmetric in p, v whereas T),” is anti-symmetric in p,v. Therefore
when the above twenty-four terms are contracted with 7),,*°T), **T),,"*T,,,"?, fifteen of them
give 0. We are left with

1
— SHOM1 243 Yo V1 v2 v3
4' 61/01/1 VoV3 TMO Tlll Z—LLZ TH3
1
= 5 0O 005 00 — 01700,y 00,50 — 03, 00 01,5 00— 00,y 03 01 00+, 00,5 0,030 — 01,01, 83,70
1O SI1 SH2 SIS SHO SPH1 SH2 SPH3 | SHO SH1 SH2 SU3 Vo V1 v v3
761/3 5110 61/1 5112 - 51/3 61/2 5110 61/1 +61/3 51/2 61/1 5110 )T,UO Tﬂl T,U«Q TN«S
1
- ﬂ (3 TMOMl THoR TVO V1 T —6 TMOMl TH TV0V1 TrHe )
1
= < Thop Ty (THOP 001 9Tt ¥400)
3 (o1 provi]
= ) Lo Tvg T T
i T T SHoH1VOVL T>\0>\1 T>\2)\3

:64 HOH1 V0V P XgA1 A2 A3

1 .
= Sgn(g) @ GMOMVOVIM)\S{TMOM TVOV1 (6>\0>\1/\2/\3)\4>\5T>\0>\1T>\2>\3)} (usulg (B'4))
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_ 1 6#0#1!/0!/1)\4)\5

~ 158 (using (B.6) & (B.10))

2 2 12
(42! 2! { (51)2)!} {TANTA+(TAT)}

2 2 )2
:_%28 6! (46") 2 {(SBQ)'} {TATAx(TAT)} (using (B.11))

1
=1 «{TNTAN«(TAT)} (in differential form notation). (D.8)
Similarly it can be seen that

1
_ SHOMIM2M3 45 Vo V1 v2 v3 va Vs
6‘ 51/01/11/21/31/41/5 THO THl TH2 TMS TM4 TNS

1
= Sgn(g) T82 EIJ'O‘LLIIJ'2'U'3M4'U'5 {T,Ufolil TM2V3TM4V5 (6V0V1V2V3V4V5TVOV1 TVQVSTV4V5)}
1
=~ «{TNTNTA«(TNTAT)}  (in differential form notation). (D.9)
Incorporating expressions (D.6), (D.8) and (D.9) into eq. (D.5), we get
det(gu + Tyw)
1 1
=g {1 —x(TN«T) — Z*{T/\T/\*(T/\T)} ~ 3 *{T/\T/\T/\*(T/\T/\T)}} . (D.10)
On setting T = —i,xH, we get
1
det (g — i pyxH) =g [1 + s{tyx HAx(1yxH)} — I s{ Ly H Atyx H A% (Lyx H ALy H ) }

1
+ I *{LU*H/\LU*H/\LU*H/\*(LU*H/\LU*H/\LU*H)}] . (D.11)

Since (tyxHAtyxHALyxH) is a 6-form in the 6D worldvolume of the M5-brane, by iden-
tity (B.20) it can be written as

tox HAtpyx H Atyx H = Ub/\LU(LU*H/\LU*H/\LU*H) =0. (D.12)
Therefore, we find

1
det (9 —ivyxH) = g |1+ s{tyxHA*(1pxH)} — 1 w{ Ly H Aty H A% (Lyx HA\eyxH)}| . (D.13)
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