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1 Introduction

Over the years there have been many approaches to construct a lagrangian that captures
the low-energy dynamics of M5-branes in M-theory. In that course, a number of arguments
have emerged strongly suggesting that the interacting theory is inherently non-lagrangian;
for an executive summary see [1]. Indeed, even the construction of a lagrangian describing
the low-energy dynamics of a single M5-brane is non-trivial, although Lorentz invariant
supersymmetric equations of motion have been constructed to all orders in [2]. This is
due to the physical spectrum being encoded in a free (2,0) tensor multiplet, containing a
chiral 2-form.

There are well-known difficulties in writing down lagrangians for theories involving
chiral 2k-forms in 4k + 2 dimensions [3]. An initial work-around involved imposing the
self-duality condition by hand at the level of the equations of motion, after deriving the
latter from an action. Subsequently, various alternative formulations emerged where the
self-duality condition arises on-shell, but at the cost of either breaking manifest Lorentz
invariance [3-5], introducing an infinite number of auxiliary fields [6-13], or requiring an
extra dimension and considering a 4k + 3-dimensional Chern-Simons theory [14-16]. Last
but not least, one can write a manifestly Lorentz-invariant action for chiral forms where
the auxiliary fields are finite in number but enter in a non-polynomial way; this is the
so-called Pasti-Sorokin-Tonin (PST) formalism [17-24]. For other interesting recent work
regarding chiral forms see [25-32].



Recently, Sen put forward a new string-field-theory inspired proposal for a lagrangian
description of chiral 2k-forms in 4k + 2 dimensions [33] (see also [34]), where the self-
duality condition holds off-shell. This deploys auxiliary degrees of freedom in a polynomial
way, while preserving manifest Lorentz invariance. The invariance of the action under
general diffeomorphisms is not manifest, because the coupling to gravity is realised in a
non-standard fashion. Moreover, the action does not couple the fields to the metric in the
usual covariant way and, therefore, there is room to evade the no-go theorems regarding
the compactifications of chiral 2k-forms actions [35]. These attractive properties make this
proposal worthy of further study.

In this paper, we will focus on the action for chiral 2-form given by [34]

SH:/<;dB/\*ndB—2H/\dB+H/\M(H)> . (1.1)

Here B is a generic “2-form”, while H is a chiral “3-form” subject to the self-duality
condition H = %, H. This expression has some unconventional features. For instance, the
coupling to the background is achieved via the interaction term involving M, which is a
function of the metric g only. We stress that, although the background is generically curved
(g9 # n), the Hodge star entering the kinetic term of B is defined with respect to the flat
Minkowski metric. As a result, B and H are not standard differential forms, a fact that
is also reflected in their non-standard transformation properties under diffeomorphisms. It
turns out that Sy encodes on-shell the degrees of freedom carried by — not one but —
two free 2-forms with self-dual field strength: in the hamiltonian formulation, it can be
shown that the theory contains an unphysical sector (with a wrong-sign kinetic term) that
explicitly decouples from the physical one [34]. Thus one expects the physical sector to
correctly describe the physics of free chiral 2-forms on generic manifolds.

The supersymmetric completion of this model to a (2,0) theory for Minkowski space
was constructed in [1]. In this paper we further investigate and extend several aspects
of this (2,0) lagrangian. In section 2 we first elucidate the nature of the coupling of the
dynamical degrees of freedom to arbitrary backgrounds, providing an alternative to the
perturbative construction of M given in [34]; we also discuss the introduction of sources.
We then revisit the (non-manifest) diffeomorphism invariance of the theory and show that
the action reproduces standard results following from diffeomorphism-invariant theories,
by e.g. evaluating the energy-momentum tensor. This information allows us to identify
two particular combinations of the lagrangian fields B and H

1+
H(S) =H+< 2 n)dB

H =H-M(H), (1.2)

which respectively correspond (on shell) to a singlet “3-form” and a standard chiral 3-form
under diffeomorphisms. We then re-examine the hamiltonian formulation of the theory and
make apparent the fact that H(,) and H(,) are, respectively, the unphysical and physical
chiral degrees of freedom of the theory. We also determine the hamiltonian in terms of H )
and familiar geometric quantities such as the energy-momentum tensor of Hy. At the end



of section 2, we provide an extension to the supersymmetric completion of the action for
arbitrary backgrounds, that is for arbitrary M.}

Then, in section 3, we proceed to consider some applications and consistency checks
of the action by dimensionally reducing it on a circle, K3 and a non-compact Riemann
surface. The reductions are non-trivial and we use either the lagrangian or hamiltonian
formulation on a case-by-case basis. The first example leads to the expected spectra of
a five-dimensional Maxwell theory, whose lagrangian scales inversely with the radius R,
whereas the second example leads to the heterotic string transverse to R®> x T3, plus some
unphysical, decoupled degrees of freedom. The case of the Riemann surface is more inter-
esting as the reduction depends on the scalars and hence is itself dynamical. We follow
the approach of [36, 37] with the aim to reproduce the four-dimensional N' = 2 Seiberg-
Witten effective action [38]. We arrive at an action for two — instead of one — sets of real,
abelian gauge fields subject to a constraint that relates them via electric-magnetic duality.
Furthermore, in this case the unphysical sector does not entirely decouple but rather acts
as a background. We conclude with a summary and some open questions in section 4.

2 Abelian (2,0) action on a generic manifold

We begin our discussion with a recap of the relevant background. In flat six-dimensional
Minkowski spacetime one can write down the following action for the fields of the free (2,0)
tensor multiplet [1]

1 1 -
S = / <2dB AxdB —2H NdB — 5(w(faﬂ)(f - ;\prua#\p> : (2.1)
where H = x, H. This is invariant under the superconformal transformations
oXT = ier’w

0By, = —iel,, ¥

3i _ 3i _ (A
(SHMV)\ = Eel—‘[m,@\]\lf + ﬁew,\pwef‘oU@T\If — iﬁpefpl—‘,w)\\lf
1 2

00 =THT79, X e + aFWHWG — gFI XT70,e, (2.2)

with 1
Ou€e = gfufpﬁpe . (2.3)

A key point of this system is that
1

H = §(dB +xdB) + H , (2.4)

is a supersymmetry singlet and on-shell decouples from the rest of the fields. Of course,
the latter statement is rather trivial as all fields are free and decoupled. But one can come
up with interacting lagrangians for which H(y) is still decoupled.

1One of the key inputs of [1] was that the field H, is a singlet with respect to supersymmetry trans-
formations.



It is desirable to extend this action to a general curved spacetime with metric g. In
principle, one could easily try to couple it in the usual way:

1 1 - 1
S = / <2dB AxgdB —2H N dB — 5de Axgd X'+ %\I/F#dx“ AxVT — 5RX1XI> :

(2.5)
where R is the Ricci scalar, H = x,H with x, the Hodge dual evaluated with respect to
the metric g, and V is the corresponding covariant derivative on spinors. Indeed this will
still be supersymmetric if all expressions in (2.2) are replaced with covariant ones and by
assuming that there exists a spinor satisfying Ve = %FMF/’ V€. However, this would imply
that the spurious degrees of freedom associated with Hy) also couple to the metric.

Rather, to make B truly decoupled Sen [33, 34] considers the following

S =S+ Snmat (2.6)

where Sy, is the usual action for the matter fields and Sp is given by
1 -
SHz/<2dB/\*ndB—2H/\dB+H/\M(H)> , (2.7)

while still imposing the self-duality condition H = %,H. Here we have introduced a
subscript on %, to emphasise that, although the spacetime metric is nontrivial, the Hodge
dual is evaluated with the flat Minkowski metric. This is not the expected behaviour for
3-forms on a nontrivial metric; we will in fact see in due course that this is reflected in their
unusual transformation properties under diffeomorphisms. In the last term above, M is a
linear map:

1”01
MH) o = 5 My Hasy - (2:8)

Since only the anti-self-dual part of M(H ) appears in the action, and hence equations of
motion, it can be assumed that

M(H) = — 4, M(H). (2.9)
Similarly, it can be assumed that M is also symmetric the sense that
Hi A M(Hj) = Hy A M(Hy), (2.10)

holds for any two self-dual three-forms Hip, Ho. We note that in [33, 34] the following
notation is employed

4

MUY = 2 AT NASEL = oM (2.11)

where in the last step we used (2.9).
The role of the last term in S is to change the equations of motion to

1
d<2*ndB+H> =0

dB — M(H) = %, (dB . M(H)) : (2.12)



which can be recast into

dH) =0
d(H—M(H)) ~0 (2.13)
2.1 A construction for M
We would next like to find M such that
*g (H—M(H)) = H — M(H), (2.14)
for arbitrary H, self-dual with respect to ;. One can then define
Hgy :=H— M(H), (2.15)

which satisfies H ) = *,H 4y by construction and dH,) = 0 by the equations of motion.

To achieve (2.14), observe that M is a linear map from self-dual three-forms to anti-
self-dual three forms (with respect to x,). However, it is helpful to extend its action to
arbitrary 3-forms. Requiring that the symmetry property (2.10) holds for arbitrary 3-
forms implies that M should vanish on anti-self-dual three-forms (with respect to ;).
This property can be made explicit by re-writing

M = %(1 — ey )M (1 +5y) (2.16)

Given that H = (1 4 %,)H, the condition (2.14) becomes

T =)= %) M1+ 0) = 51— %) (1 + 5. (217)

and can be viewed as a linear-operator equation acting on arbitrary 3-forms.
To solve this, we consider a basis of 3-forms given by

wi woa  for  A=1,...,10, (2.18)

where the subscript & indicates their eigenvalue under x;,. The number of self-dual and
anti-self-dual forms are equal so we have used the same index to label them (but one

upstairs and one downstairs). When acting on this basis we can write M in terms of a
matrix MAB:

M(w-_a)=0,  M(wi)=MPBu_p. (2.19)
Note that if we choose a basis where

wjﬁ Awp_ = 208dz" A ... ANda?®, (2.20)

then the symmetry condition (2.10) reduces to MAF = MBA,

Equation (2.17) is trivially satisfied when acting on w_ 4. However, acting on wi‘ gives

MAB(1 —x)w_p = (1 — x5, (2.21)



which can be re-arranged to
(1— %) (wﬁ - MABw_B) =0, (2.22)

implying that wi‘ — MABy_p is self-dual with respect to *g.
Next, we can also construct a basis ¢4 of self-dual three-form solutions with respect
to x4. In particular, at any given point we can write:

ot = NpwP + K480 _p . (2.23)

The condition that wf — MABy_ g is self-dual with respect to *g implies that we can find
a ©45 such that

wf — MABy_p = @ABQDB
=0 NBcwl +04pK8% ¢ . (2.24)
Since the wf and w4 form a basis of three-forms, this implies that
045 = W H4p, (2.25)
and also results into an expression for M:
MAB = _(NTHALKYE | (2.26)

It is important to note that these are all local considerations which are valid at a generic
point in spacetime. There could be global issues as both N4z and K48 are only defined
locally and N4 may not be invertible everywhere. However if at any point N is not
invertible then there exists a self-dual 3-form with respect to %4, which is anti-self-dual
with respect to x,. However, this is not possible if the spacetime is orientable.

Lastly, let us check that (2.26) is compatible with the symmetry condition MAF =
MPBA_ To this end we can construct, for any choice of A and B,

) op” =t = 4.

N HBppP =wh — MPPw_p . (2.27)

These are both self-dual forms with respect to %, and therefore their wedge product
vanishes:

0= (Nfl)AC(pC A (Nfl)BDSOD
= —/\;lBDwf Aw_p— M 4 A w2, (2.28)

where we have used the fact that the wedge product of two self-dual or two anti-self-dual
forms with respect to %, also vanishes. Using the condition (2.20) we see that

0=2(MAZ — MBYAZON . A da®, (2.29)

which ensures that indeed MAB = MBA,



It is interesting to observe that, although H, = H — M(H) is self-dual with respect
to %4, it is not typically equal to %(H + x4H). Rather we find

1 1
H) = §<H +xgH) - 5(1 +xg) M(H) . (2.30)
In particular if H = Haw? then (see (2.27))
H = W) pHap" . (2.31)

We can introduce a more compact notation as follows: for any (not necessarily self-dual)
three-form w we have M(M(w)) = 0 so that if we define the map

m:we—w— Mw), (2.32)
then its inverse is

mtwe w A+ Mw) . (2.33)

The map m takes x,-self-dual 3-forms to x4-self-dual 3-forms but acts as the identity on
*p-anti-self-dual 3-forms. It does not make all 3-forms *g-self-dual.
If Hy) is *g-self-dual then the map m can be used to write

1
H(g) =m (2(1 + *W)H(g)> . (2.34)

This is due to M being anti-self-dual with respect to %,; see (2.9). Indeed, if H is
*g-self-dual, there is always an %,-self-dual H such that H ) = m(H). We get

5 (1 wg) gy = 3 (1 4w) (H — M(H)) = H, (2.35)
and hence (2.34).

2.2 Introducing sources

To consider sources J, the action we would like to consider is [34]
1 - -
Si = / <2dB N*pdB —2H NdB+ HANM(H) +2H NM(J)+2H A J) . (2.36)

As before, H(,) = %dB + % *p dB + H is still a free x,-self-dual form: H,) = %, H ) and,
on-shell, dH ) = 0. However, if we now define

Hiy:i=wm(H+Jy)=H+Jp — M(H+Jy), (2.37)
where J4 = %(1 + %,).J, then the equation of motion becomes

dH{},y = dJ, (2.38)

while H (‘; )= *qgH (Jg ) holds by construction.



With the identification H (‘; )= dA+J, (2.38) is the same equation of motion one would

find from the usual action
1
SA:—Q/MA+JMMAWLhU+/ﬁAAJ, (2.39)

where the self-duality condition dA+ J = %4(dA+ J) must be imposed by hand. One could
also add to Sy a term

SJ—/J/\/\;l(J)—;J/\*nJ, (2.40)

which does not affect the equations of motion but makes the actions Sy + Sy and Syx

identical on-shell if we identify H ({q ) = dA 4+ J. In this case the complete action can be

written as
1 -
S}g:/<2dB/\*,7dB—2H/\dB+(H+J+)/\M(H+J+)+2H/\J—J/\J+> .
(2.41)

In addition to the trivial gauge redundancy given by the shift of B by a closed 2-form, this
action is also invariant under the following gauge transformation [34]:

SAB = A (2.42)
onJ =dA (2.43)
OnH = —(1 J;*”>dA, (2.44)
where A has to satisfy
/A/\dJ:O . (2.45)

Because of this constraint, in general it is not possible to completely gauge away B. Notice

also that H,) and H(]
g

H ) from the physical degrees of freedom does not depend on the gauge choice. One also

) are gauge invariant quantities. In particular, the decoupling of

observes that the above gauge transformations do not commute with diffeomorphisms, even
when 6¢J = 0.

2.3 Diffeomorphisms

We now turn to the issue of diffeomorphisms, which are already known to enter the discus-
sion in a novel way from [33, 34]. Here we will expand on the latter discussion by utilising
the construction of M from the previous sections.

Let us begin by examining how diffeomorphisms act on the original fields B and H. In
particular, consider an infinitesimal coordinate transformation z# — z# + £#(z). We will
denote the transformation on B by 6¢B and assume that

1+ %,

SeH = — 8¢ B, (2.46)
(=)



so that H(,) is invariant: d¢H(y) = 0, as one expects from a field that does not gravitate
(as we will see later, H(,) completely decouples from the physical degrees of freedom). By
neglecting the boundary term [ d(d¢B A dB) we find

6¢SH = / —2(H — M(H)) ANdé¢B + H A 6 M(H) . (2.47)

Note that, since M(H) and §¢M(H) are both anti-self-dual with respect to x, the second
term can be written as (H — M(H)) A ¢ M(H) and therefore we can also write this as

558}1 = /—QH(Q) A dng + H(g) A 6§M(H) ) (2.48)

where Hiy = H — M(H).
We now need to ensure that H,) remains self-dual with respect to x4 after the diffeo-

morphism:
0= (55 [(1 — *g)H(g)] = —(55 *g H(g) + (1 — *g)(s&H(g) . (249)

Note that
(5§H(g) = m(5§H) — (55./\;(([‘[) s (2.50)

with d¢ H = *,0¢H, so m(0¢H) is xg-self-dual and on the one hand (2.49) simply gives

8¢ xg Higy = (1 — xg)0cH(gy = —(1 — %g)5e M(H) . (2.51)
On the other hand, a direct computation results in
1
d¢ *g Higy = VP H ( WP+ VP H dx“ Adx? A da?

where we used that d¢g, = —2V(,&,). Therefore we obtain
SeM(H) = fv WETH) dat A da A da? + 2 — M(E) . (2.52)

Here = is any 3-form which is self-dual with respect to x; so that the combination =-M(E)
is self-dual with respect to x4 and hence does not contribute to (2.51). We will fix = shortly.
To proceed, we observe that

-2 / Hgy Ad(icH(y) = — = / H, ug”HﬁQrdx# Adz” A d:ﬂ)

_ / Hiyy N6 M(H) (2.53)

using H,) = *gH(,) and up to a total derivative, with i¢ the standard inner derivative.
Note that once again the = — M(Z) term in d¢ M (H) does not contribute here as both it
and H ) are self-dual with respect to x, and hence their wedge product vanishes. Therefore
we can define

(5£B = Z'gH(g) , (2.54)

so that 6¢S = 0, up to a total derivative.



Lastly, we need to fix = to ensure that 55./\;I(H ) is anti-self-dual with respect to %,:
0= (1 +5y)0¢ (M(H))

1
=S+ s V€ HO dh A da? A da + 22, (2.55)

where we have used the facts (1 + *,)M(Z) = 0 and (1 + %)= = 2Z. Therefore we let
e 1 7 17(9) o v A
E= —1(1 + %)V ETH Y dat A dx A dz” (2.56)

and hence, if we introduce the notation

1
Ew) = Vil oy oy At A dat AL At (2.57)

(p—1)

for any p-form w, then

S M(H) = (1~ %) [€(H(p) + M (€(Hp)|

= (1= x) [€0H) — €0 + MA(E(H) — MEMED)] . (259)
Note that we also can write this as
sem(t) = (157 )m el (2.59)

where the map m(w) = w — M(w) was defined in (2.32). This transformation law for M
is analogous to that of a connection. In particular, if M vanishes in one frame it need not
vanish in another and it is not consistent to set it to zero by fiat in (2.7) if one wants to
maintain diffeomorphism invariance.

We can use the above result to finally determine the transformation properties of H ).
From its definition, we find that

S¢H gy = 0¢H — M(6c¢H) — 6 M(H)
= () +m (5L (dlicH) +6(Hp) ) . (200
but since
—d(i¢H g)) + £(H,y)) = ie(dHy)) — €V Hy, (2.61)

we have, on-shell i.e. using dH (4 = 0, that

1 ™
O¢H(g) = —§(H(g)) —m <2(1 + )€ VwH<g>>

= —§(Hg)) — §"VaH )

= —£cHy,, (2.62)

~10 -



where we have used the fact that x,{"ViH,) = {"ViH, along with (2.34), and we
denoted the standard Lie derivative with £¢. Thus we recover on shell the usual tensor
transformation law for H ) under a diffeomorphism.

In the presence of a source J we simply modify (2.54) by considering

0¢B = igHjy —icJ (2.63)
where H ({] )= H+J; — M(H + J,). Using the usual expression for the variation of .J
0eJ = —=£(J) = &"Vad = —£eJ (2.64)
we recover the standard tensorial variation d¢H d} )= —LeH (‘2 ) on-shell.

It is worth emphasising that, although B and H have many properties associated with
familiar differential forms, they have non-standard transformations under diffeomorphisms.
Therefore, it might be more appropriate to refer to them as “pseudo-forms”.

2.4 Energy-momentum tensor

To further exhibit how the action (2.7) reproduces standard results following from diffeo-
morphism-invariant theories, we can use the M term to compute the energy-momentum
tensor as the response to the action from a variation of the spacetime metric.?

As usual we define

;o2 o
=g agr
2 4 OM 5
= \/ngAHBw+ VAN D (w+) R (2.65)

where we have expanded H = H Awﬁ. To compute this we note that
(1= %) (Wi = M(wF)) =0, (2.66)
which, when varied with respect to the metric g, yields
(1 — %) dM(wB) = =6 %, (WP — M(WD)) . (2.67)
Therefore, for any p4 = *ggoA,
204 A 5/\;l(wf) =~ NG xy (WP — M(wf)) , (2.68)
and hence from (2.31) we find
26 K50 Ao = —(N)Pop A 65y € (2.69)
On the other hand from (2.20) we have

et Nweo = N4pw? ANwe_ (2.70)

2Here we will set the matter fields to zero as their contribution can be computed by regular means.

- 11 -



and hence

SMPBELD Nwe_ = —%(Nfl)DA(Nfl)BcgoA A xg ¢
1 D v D B > B
- (W = M@D)) noxy (wF = M) (2.71)

Lastly, we contract this with Hp, Hp to find
Ty = — (H M(H)) A
" Vg

This has a simple interpretation. We first consider the familiar lagrangian

O*yg
dghv

(H - M(H)) . (2.72)

. 1 - -
L=—3HNxH, (2.73)

where H is an arbitrary 3-form and compute its energy-momentum tensor:

~ 1 - Oxg

TNV - ﬁH/\ 89/»“’H
1~ ~ 1 ~ ~
=3 i H N — ﬁgWH,\mHAPT : (2.74)

Then to find our energy-momentum tensor 7}, we set H = H — M(H) = H, (g) and so

g
1
T = 5H 09" 9" H, . (2.75)

As usual, we can recover the conservation of the energy-momentum tensor from the trans-
lational invariance of the theory. Indeed, consider a constant infinitesimal vector &* and
re-write (2.48) as

B OM(H) .,
1
= / —2dH ) A 6¢B — iTW(sfg‘“’\/—gdﬁx, (2.76)

where we used (2.65). Thus, by using d¢g"” = 2V (1Y) and the equation of motion dH
0, we recover V*T,,, = 0.

9 =

The above discussion can be straightforwardly extended to include sources by perform-

ing the replacement Hyy = H — M(H) = HJ\ = H + J — M(H + J).

2.5 Hamiltonian formulation

It will be useful to also express the theory in the hamiltonian formulation; this is the
language that was first employed in [33, 34]. To this end we introduce 4,5 = 1,2,...,5.
Using self-duality the only independent fields are H;j;,, B;; and A; := By;. However, only
B;; has a conjugate momentum:

B 1 1

Hz’j = —5 (8()Bij — 28[1Aﬂ) + ggijklmHklmv (2.77)

- 12 —



where ;11 = —€0ijkim- The associated Poisson bracket is

{ B (&, 6), I (5, 1)} = 8igedy;0(F — 5 (2.78)
and as a result we find that A; and H;;; impose the constraints

o117 =0
1 5 - 3
§5z‘jklmﬂlm = Hyjp, — My (H) + 53@3]'14 . (2.79)

Following [33, 34] we introduce
+ 1l 1
Hij = 5 Hij + Z&'i]’klmakBlm y (280)

so that the constraints (2.79) become

Ol =0
1

L = 5gpCisktm (Hyam — M (H)) - (2.81)

In particular, we use the second constraint to determine H;j; as a function of H;j, H =

H(IT7). The dynamical variables are then simply Hiij with Poisson brackets:3

1 9

{52, 1), Iy (7, 4)} = 0 . (2.82)

Explicit calculation reveals that the hamiltonian density can be written as
H =11;;00B;; —L=H4 +H_, (2.83)
with
Hy = — 20LTL — A0 AT

Ho =211, + éeijklmﬂfj/\;lklm(ﬂ(ﬂ*)) + A0 AT (2.84)

Note that we have introduced two independent constraints to impose 8iH;;- = 0 and
81-112-_]- = 0, rather than the single combined constraint 811_[5 = EMH;; + Hz_]) = 0 that is
obtained directly from the Legendre transform of the lagrangian. The reason is that in the
lagrangian formulation the constraint &Hg = 0 implies both &TI;; =0 and 8Z-HZ-_]- =0, as
the difference vanishes due a Bianchi identity. However, in the hamiltonian formulation
there is no Bianchi identity and we need to impose independent constraints to ensure we do
not just impose the less-restrictive constraint 82-(1'[; + H;J) = 0. In other words, A; + A;

imposes the constraint (9@-1'[5 and A; — A

. . .. . + -
; imposes the Bianchi identity on 0;(IL; — I1;.).

3In principle, these should be Dirac brackets but in this particular case they reduce to standard Poisson
brackets [33, 34].
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Thus we see that H+ degrees of freedom are unphysical, with the wrong sign for their
energy, but are decoupled from the physical II ; degrees of freedom.
It is interesting to note that in terms of the original lagrangian variables we have

I, = —%Héj)
IL; = 2 13|€l]klmng?m
= 5\/?91{&; (2.85)
where indices are raised using g*”. We also observe that
201,11, + ;%an.—j/\hkm(ﬂ) =11 <2H;j + ;eijklkalm(H)>

1 1
:H (3‘52]klmHklm+ 52jklkalm( ))

31
= H;J( — Hoij + MOij(H))

e

1 i
—5V9 gH (I HY?) (2.86)

where we first used (2.81), then the (anti)self-duality properties of H and M with respect
to %, and finally (2.85). Thus in terms of the lagrangian variables we see that, after
imposing the constraints 8¢Hiij = 0, the hamiltonian can be written as

H_< 2H01,8y)HOfJ) V= T0> . (2.87)

Here 79 = ¢°T),o where T}, the energy-momentum tensor found in (2.75). Therefore, we
can construct the hamiltonian by first using familiar geometric techniques to compute 7Y,
and then re-writing it in terms of II;; = §./—g H, 0” (i.e. one is required to solve for Hé )
in terms of H ?gif and hence II;).

As a specific example, let us consider the case of a static-like spacetime with gg; = 0.
In that case we simply find

2 _
H(()z]) gOngkg]lH( ) — HQOOQikglekl y (288)

and hence

H = —2IFIL — 4T10;AT — 9oogik g1 g + AT AT (2.89)

2
V=g
External sources can be included by leaving the definitions of Hfj unchanged but
modifying the constraint for II;; to
_ 1
I = >3
\/ (HOU JOy (2.90)

Szjklm(H]g,)n - Jklm)
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In this case we find, imposing the constraints @-HZ:-'; = 0 and focussing once again on the
case of static spacetimes for which gg; = 0,

1 o(ooe 1 G o
H = = SHG G — 5V =g(Hi™ = ) (Hy; = Jo)
1
+ g(*nj)ijk(c] = *gJ)ijk (2.91)

where the indices are raised using ¢g"”. In terms of the hamiltonian variables Hiij (2.89)
remains unchanged but now includes terms quadratic in the sources arising from the last
line in (2.91).

2.6 Supersymmetry

Here we will write the (on-shell) supersymmetric completion of the action (2.7), generalising
the results of [1] to arbitrary backgrounds. We will not introduce sources although some
cases along these lines were considered in [1]. We assume that the six-manifold admits a
conformal Killing spinor that satisfies

Ve =T,u¢, (2.92)

for some ( = %FPV,,E.‘l The matter fields X and ¥ can be covariantly coupled to the
non-trivial metric as usual

Sinat = / <—;de AxgdXT + %@Fudx“ AxgV ¥ — %RXI x! ) : (2.93)
with the action remaining invariant under the extended supersymmetry variations
oX" = ier' v
60 =T"T19, X e - %erIPPvpe +3pV, (2.94)

where dg V¥ is yet to be determined. Here all geometric quantities are those associated with
a curved spacetime and hence {I',,I",} = 2¢,,,. A short calculation shows that the terms
in §.5,,q¢ involving X' cancel out, leaving

550 = — / i/ =gV, ITHS T . (2.95)
Let us now look at Sy and take

0By, = —iel,, ¥

SHpun = S ONT )W) + 5ot 10, (T ) (2.96)

A key observation at this point is that
SH — —(1 i V5B (2.97)
“From this one can derive that V?¢ = —15Re with R the Ricci curvature. Throughout this section we

use the conventions of [39].
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and hence 6H,) = 0, i.e. we have a reducible representation of (2,0) supersymmetry where
Heisa singlet.® On the other hand, from 657 we have a non-vanishing contribution from
H A déB and an additional term® from §(H A M(H)) = —2d6B A M(H) which combine
to give

i VAPOT T ~
5Sy = / " 7T 0T ) (H - M(H))

poT
_ / iV gV W (BT ne) (H — NM(H))™, (2.98)

where we have used the fact that H — M(H) is self-dual with respect to %4 and that the
Christoffel terms drop out of a covariant derivative involving anti-symmetrised indices.
Everything is now in purely geometric terms.

To continue, we note that if Ve = I',,¢ then Igi2345¢ = —/—det g ¢, hence UI'),,1( is
self-dual. As a result the Ve term drops out of Sy and we find

555 = / iV=gV T e(H — M(H))". (2.99)
It is then easy to check that

1 -
0¥ = oD (H — M(H))H e, (2.100)
will lead to a supersymmetric action.

In summary, we have that the action S = Sy + Syt is invariant under the on-shell

supersymmetry, realised by the transformations
SXT =jertw
0By, = —i€el',, ¥
3 _ 31 pa 0B Ty~
5H;w)\ = EEF[W,V)\]\I/ + ﬁeuu)\parn non Eraﬁv'y\l’

7 )
- vagrpru,,)\\l/ - 4.73'Euy)\po'TnpanaﬁWTVVWEFUJFQBWW
2 1 -
oV =T"T19, X e — gerfrﬂvpe + g (H = M(H))H e, (2.101)

for any spinor that satisfies Ve = %Fufpvpe and Tgio345€ = /—g €.

3 Reductions of the Abelian (2,0) theory

Having developed this geometric formulation we now turn to its compactification. We will
focus on three examples: that of a circle, K3 and a Riemann surface. The first reproduces
five-dimensional Maxwell theory, while the second gives a heterotic string transverse to
R® x T3. The Riemann-surface reduction leads to the Seiberg-Witten effective action for a
four-dimensional N = 2 Yang-Mills gauge theory. The first two cases are consistent with
expectations whereas the third gives rise to some new features. In this section we set the
fermions to zero for simplicity as we do not expect them to provide any novel physics.

®One expects the fact that H (s) is a supersymmetry singlet. It is also a singlet under all diffeomorphisms
and supersymmetry acts, roughly speaking, as the square root of a translation.
5Clearly, M = 0, since M = 0 is a function of the background metric only.
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3.1 Reduction on a circle

The simplest case to consider is a six-dimensional manifold with a product metric of

g::<?};>, (3.1)

where 75 is the flat five-dimensional Minkowski metric. From the M-theory point of view,

the form

reducing a single M5-brane on a circle produces a D4-brane in type ITA string theory, which
in turn is described by five-dimensional supersymmetric Maxwell theory.”

On the one hand we can express the wf and w_ 4 basis of six-dimensional (anti)self-dual
three-forms with respect to ng as

wi = QA da® + 04
wopg =0 N da® — x4, (3.2)

where Q4 are a basis of two-forms in five dimensions and *5 is the Hodge dual constructed
from 75. On the other hand, a basis of self-dual three-forms with respect to g is

1
ot = QN da® + x5
_R+1 o4 R
2R T 2R

W_4 - (3.3)

Then, using the definition (2.23) and the result (2.26), one can extract that for this case

R—1.4p

AB _
M= R+1 ’

(3.4)

which is indeed symmetric because the forms wf, w_4 defined in (3.2) satisfy the condi-
tion (2.20). By expanding the self-dual field H in the above basis, H = HAwf, we have

H,=H— M(H)

R —
= Hw? H jw_
Aw++R+1 AW—A
:—jgiaHAQAAdx5+ x5 H Q4 (3.5)
R+1 R+1

From egs. (3.3)—(3.5) it is clear that R is dimensionless. This is due to the fact that in
this theory we are dealing with the %g-self-duality condition of H(,) which, for the metric
chosen in (3.1), reads as

L ikl
@ik =~ §€J Hg)ois
(3.6)
_ R ijmnH
@ijs — ~ € (9)omn

"We will explicitly perform the reduction of Sy only; the matter part can be reduced as usual.
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Thus, to keep the dimensions of H ,(jL)p independent of p, v, p, we work with a convention
where R is dimensionless and z° is compact with 2° = 25 + [ for some parameter [ with
dimensions of length. The resulting physical size of the fifth dimension is [R.
By implementing the above in eq. (2.89), we immediately find
2
"R
where a,b =1,2,3,4. If we truncate to the zero-mode sector along the circle then we can

H I, I, 4 4RILGTL o + 411,00 A, + 411 5 (0, A5 — O5A,) , (3.7)

solve the A, constraint by writing

Hab = _ggabcdacAd7 (38)

for some A, with 8 a unitless normalisation factor that can be fixed ad libitum. The
hamiltonian density reduces to
52

H_ = %(%Ab — OpAg)? + ARITL T + 41,0, A7 (3.9)

while the Poisson bracket (2.82) becomes®

{Aa(Z,t), My (5,8)} = 2155ab64<f— 7) . (3.10)

Thus A, is canonically conjugate to II ; provided that we fix § = 1/2. We can use this
last expression to compute Hamilton’s equations

80Aq = BRI, + 410, A5
1

80Ha5 = _@ab(aaAb - abAa) ) (3'11)

which, once combined, yield Maxwell’s equations for a gauge potential given by {414, A,}.

A standard five-dimensional Maxwell lagrangian is then obtained through an inverse Leg-
endre transform; by using (3.11), we get

Lo = (AT —H-) |

( 0/allys ) ;5=ﬁ(8()‘4a*4l8a14g)

1
~ 32RI

which scales with 1/R.
Alternatively, we can also perform the reduction within the lagrangian formalism; this

2(00,4@ — 410, A; ) — (Dady — DAL ) (3.12)

is an instructive exercise which makes even more transparent how this 1/R dependence in
front of the 5D theory is due to the non-standard coupling of the 6D theory to the metric.
By dimensionally reducing the action (2.7) on a circle, we get

1

22 dsBs N x5d5Bs

1
S[):l/ |:—d5B/\*5d5B—
R1.4 2

2R-1

——=—Hs ANxsH 3.13
2Ro1 5 Ax5l5 |, ( )

2 2
+ 7H5 ANdsB — ﬁH5 A x5d5 By —

8Note that upon reduction over «° the five-dimensional delta function §(Z — %) changes to I™" times the
four-dimensional delta-function 64(Z — 7).
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where all the fields are to be understood as zero-modes and Bs, Hs stand for By := [B,5dx*,
Hy := éH wsdrt A dz¥. The equations of motion yield

4 F9) — %% s F9) = 0
dsF®) = d5 5 F©) =0, (3.14)

where F®) and F9 are defined by

2R
FO —-g9 — 4 g
15 R+1 5
1
F®) .=H; + 5555 — é x5 ds B . (3.15)

Thus we recover two five-dimensional free Maxwell fields.

If one computes the hamiltonian density arising from the compactified lagrangian (3.13)
one finds the same result as compactifying the six-dimensional hamiltonian we considered
above (including both H+ and IL; sectors) Therefore F(®) is unphysical.

On the other hand, one Would like to identify the physical degrees of freedom already at
the level of the compactified lagrangian. This is better done in the “dual frame”, where the
2-form B is dualised to a vector AZ. That is, in (3.13) we introduce a Lagrange multiplier
AB | which imposes the Bianchi identity on Q := dsB as follows:

1 2
S()—l/ [—QA*5Q+H5AQ
R1,4 2

2[2 d5B5 A x5ds Bs — 5 H5 N *5d5Bs
2 R-—

2R+1

l
H5 N x5Hg + Q VAN d5AB (316)

so that AP has mass dimension one. By integrating out Q we get

1 1
So == / |:— fd5AB N *5d5AB —2H5 A *5d5AB
R1,4 2

1
— *d5B5 N *5dsBs — 2H5 N x5d5Bs
4R
———Hs A *5H5:|

P (3.17)

It is then natural to also integrate out Hjy, the equations of motion for which impose

2R 1
" Hy=—=ds (AP + B:) . 1
riilh 2d5( + Bs) (3.18)
The action then becomes
S 11_R/ dA/\*dA—/ ds AB A x5d5 AP (3.19)
TR 4 Jpua OB TUTCR Ja T ‘
where the vector A is defined as
1+R p
A=Bs+—-A . 2
5+1—R (3.20)

~19 —



Here we see two free Maxwell fields with opposite signs for their kinetic terms. When we
take R — 0, A has the correct sign and its kinetic term scales with 1/R. In this limit
A = Bs + AP and (3.18) then states that dsA is nothing but FO) e dgA=—2F),

In summary, by performing a circle reduction we have found a five-dimensional la-
grangian that scales like 1/R rather than R; the latter scaling had been previously noted
as a challenge for the construction of an action for the Mb5-brane [35]. Of course, the
discussion here might be somewhat unconvincing as we have a free theory and hence we
can rescale the fields by any function of R that we like (recall that R is dimensionless),
for example by taking a different choice of 5 in egs. (3.9)—(3.10). However the Poisson
bracket we used arose from six-dimensions and its normalisation is fixed. Furthermore the
dependence on [ is determined by dimensional analysis and only the combination Rl has
a physical meaning as the size of the fifth dimension. So there is some hope that this
calculation is meaningful.

A more stringent test would be to recover the same R scaling in five-dimensional
Super-Yang-Mills by considering the non-abelian action constructed in [1], so we close this
subsection by sketching some aspects of the corresponding calculation. The lagrangian of [1]
employs a covariantly-constant vector field Y# with dimensions of length, first introduced
in [39]. For a circle reduction it is natural to fix Y = y,'% and hence independent of x°.
However, in the cases where Y is not null, it is straightforward to see by looking at the
matter terms in the action that the five-dimensional coupling constant will be

9* = RI <|<y’y>|> . (3.21)

R2[?

Thus g% can be thought of as proportional to Rl but with an arbitrary coefficient given by
the dimensionless combination (y,y)/R%I2. Comparing with string theory requires us to
identify |(y,y)| = (2w RI)%.

3.2 Reduction on K3

According to U-duality M-theory on K3 is dual to heterotic string theory on T3 [40, 41].
In particular, an M5-brane wrapped on K3 should give the same dynamics as a heterotic
string transverse to R? x T3. At the worldvolume level this reduction was performed in [42].
We now investigate whether the action (2.7) is also consistent with this expectation.

The reduction on K3 can be performed in the hamiltonian formulation. We take the

1 ..., 2% Since the H, component in (2.83) is independent

K3 to span the dimensions z
of any geometric information, it is not clear how to reduce it on K3. However this does
not pose a problem since, as we did for the circle reduction, one can simply think of H
as a six-dimensional hamiltonian that decouples from the physical degrees of freedom, and

focus on reducing H_. To this end, we recall from (2.85) that (a,b € {1,2,3,4})

-1 0ab _ 1 _abed 77(9)
Hab: §V9K3H(;) = -e¥° H5cd

4
_ 1 1
M5, = SVoRsHiy = 7" ) (3.22)

In that construction, Y takes values in a three-algebra.
1OWith y some element of the three-algebra.
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Next, we make the following ansatz for the Kaluza-Klein reduction of the 3-form fields
HY) = (—Pagt + QYo Jay
Héaﬁ, = (Pag?t + QY ou)ap

HY) =0, (3.23)
where *Kgcpﬁ = gpf and xg3par— = —pa_, with gpjﬁ, @A/~ harmonic 2-forms on K3. In
particular, here A = 1,2,...,19and A’ = 1,2, 3. Note that for such an ansatz the constraint
Oll; = 01is automatlcally satisfied (II;, = 0 and OpII,, = 0 because cpﬁ and @4/ are

harmonic on K3, hence closed). Note that we have assumed that the usual Kaluza-Klein
ansatz can be applied even though, strictly speaking, H(, is not a differential form. In
particular, we assume that the non-standard transformations arising from diffeomorphisms
that we discussed in section 2.3 can be absorbed by suitably-modified diffeomorphism
transformations of P4 and Q4.

Using this input, one finds

- | svatyH,
L abed 17(9) ¢1(9)
= _/ 4 g? HE)CdHOab
K3
= RABPAPB + EA/B/QAIQB/ , (3.24)
where we defined
AP = / CiNeR, kap=— / pa—Nopr—, (3.25)
K3 K3

which clearly are invertible matrices.

We also need to reduce the Poisson bracket (here Z and ¢ denote local coordinates on
K3 and 0,0’ are coordinates in the remaining z® direction):

1 0

— SCaabi(F — §) 5 5(0 — o) = (I (0,7, 1), T (o', 5,1)} (3.26)
L abef e - ! =
= T6€ b fe dgh{PA(07t)so—l?-ef(x) =+ QA (Ua t)QOA’—Ef('I)v
Pp(o’, )% () + QY (o', ) p ar—gn(#)}
and hence

Catea (T — ) 560 — o) = ~2detls) {Palo, 04 (@) — @V (o, ) _(@)
Pa(e’ O25(5) — Q' (', )% ()} . (321)

Multiplying by (pgab(f)gofcd(g’), @Eab( ?)ep—ca(y) and @cr_ap () pr—cq(y) and integrating
over K3xK3 we respectively find

1,0

{PA(O',t),PB(O'/,t)}— 5 ABa (o —U’)
{Pa(0,1),Q% (o', 1)} =0
{QY(0,1),Q% (o', 1)} = ;(Rl)A'B/aié(a —d'). (3.28)
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This returns the same hamiltonian and Poisson-bracket structure as in [34] for (anti)-
chiral bosons, albeit without having compactified the z° direction. Moreover, Hamilton’s
equations give

OPy 0Pa _
ot do
QY oY
— 2
e 0, (3.29)

and we have recovered 19 chiral bosons from P4 and 3 anti-chiral bosons from Q4.
The above must be supplemented with the six-dimensional scalar hamiltonian and
Poisson bracket

Hon = 7Vg2K3 (HI I + 28, X 9, X1 + 95 X195 X" )

1
Xo,2,t), 117 (o, 7, 1)} = ——08"76(0 — 0")ou(Z — 7)) , 3.30
{X (o, 7,1), IT°( )} o ( )04(Z — 9) (3.30)
derived from the scalar part of the action (2.93) (the Ricci curvature vanishes in R x K3
and this still holds if we compactify the x° direction). Reducing Hgea merely requires
taking the scalars and their momenta to be independent of K3, and as a result simply
introduces a factor, vol(K3),

1
Hecal = §V01(K3) (HIH[ + &TXIOC,X[)

{X1(o,t), 17 (0", 1)} = (vol(K3)) 6! 6(0 — o) . (3.31)
If we define
Pl = VOI(QK?’) @ -o,x"), Q= VOI(ZK?’) (I + 9, X7) . (3.32)
we then find
Heeal = %PIPI + %QIQI, (3.33)
and
(P(0,0), P(o', 1)} = 3" L 5(0 — o)
{P(0,1),Q7 (', 1)} =0
{Q%(0,1),Q7 (', 1)} = (5”%5(0 —d'). (3.34)

This leads to 5 chiral bosons P! and 5 anti-chiral bosons Q'. Similarly, the reduction of the
fermionic hamiltonian clearly leads to 8 chiral and 8 anti-chiral fermions in two dimensions.
Finally, let us impose a flux-quantisation condition of the form

1
(271’)3 /;3 H(g) ez, (3.35)

—99 _



over three-cycles Cs in the full six-dimensional theory. For the purposes of this section, it
is enough to consider three-cycles of the form C3 = S x Oy, where S is the compactified
® direction with radius R = 1 (so that M = 0) and Cj is a two-cycle in K3. The harmonic
forms satisfy the quantisation condition

1 / A 1 /
5 piL e, — pa_ €7, 3.36
@r? ), 7* @ J,, (3.36)

which implies a quantisation condition

% | PacZ, % SlQA’eZ. (3.37)
This in turn implies an integral constraint on the zero-modes for P4 and Q4. Thus, if we
view P4 and Q4 as arising from chiral bosons Py = 0,64, Q4 = 8,0, then ¢4 and ¢*’
must be compact with period 27.
All in all, we find 19 + 5 = 24 chiral bosons (19 of which are compact) 3+ 5 = 8
anti-chiral bosons (3 of which are compact), 8 chiral fermions and 8 anti-chiral fermions
i.e. the physical degrees of freedom of a heterotic string transverse to R® x T3.

3.3 Reduction on a Riemann surface

It has been known for some time that the dynamics of a single M5-brane on a non-compact
Riemann surface leads at low energies to the Seiberg-Witten effective action [38] of a four-
dimensional N' = 2 gauge theory [43]. The idea is to wrap the M5-brane worldvolume
on a complex curve X, whose embedding into spacetime is specified by some holomorphic
function s(z). Such a curve is subjected to boundary conditions whose interpretation at
infinity is that of intersecting M5-branes. Reducing to type ITA string theory leads to a
picture of parallel D4-branes suspended between NS5-branes whose dynamics is given by
an N’ = 2 Yang-Mills gauge theory. One then finds that s(z) depends on various moduli
of the Riemann surface uy, a = 1,..., N — 1. To compute the four-dimensional effective
action from the Mb5-brane one is not interested in all of its dynamics, rather just those of
its zero-modes: the moduli u, and their superpartners.

This framework was used to reproduce the scalar sector of the resultant four-
dimensional effective action in [36], where a simple kinetic term for the single M5-brane
theory can be easily written down. To find the dynamics of the vector fields without an
action is more involved. Without scalars, and for a flat torus, the calculation appeared
in [44]. For the case of a single M5-brane on a generic Riemann surface the calculation
was done in [37] using the equations of motion. This led to interesting integrals over
non-holomorphic functions whose evaluation is nevertheless a holomorphic function of the
moduli.

But now that we have a proposed action for the self-dual tensors in six-dimensions, this
setup provides a natural and non-trivial testing ground for its interpretation as capturing
the low-energy dynamics of single M5-brane. The reduction of the action (2.7) over a rigid
compact torus was already performed in [34] and shows the correct SL(2,Z) invariance
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expected from large diffeomorphisms. Here we will concern ourselves with the case of
generic, non-compact Riemann surfaces.

We therefore want to consider an M5-brane where two of its directions (z* and z°
combined into the complex coordinate z = z* + iz®), are embedded into spacetime by
means of the function s = X% + ;X0 Here X'° denotes the M-theory direction and is
compact. We label the remaining worldvolume coordinates by =™, m = 0,1,2,3. The
embedding of the M5-brane is defined by X™ = 2, X7 = X® = X? = 0 and in particular
is such that s(2) is a holomorphic function [36].!! The induced metric on the M5 is given by

N4 0 0
g=1|o 0 (14 0,50:5)/2 | . (3.38)
0 (1+0.50:5)/2 0

Here the coordinates are 0,1, 2, 3, z, Z so that

m 0 0
n=10 0 1/2] . (3.39)
01/2 0

In the usual fashion, the zero-mode dynamics can be determined by working in the
Manton approximation [45]: the moduli — and consequently s — are promoted to functions
of the remaining four coordinates =™, m = 0,1, 2,3 that are slowly varying so that [36]

Oms = > 05 At (3.40)

'mUa
Oug

From this one defines the Seiberg-Witten differential Agy = s(z)dz [46] and the holomor-
phic 1-forms

0s
o= —dz. 41
A D dz (3.41)

Following [38] one identifies the low-energy scalar fields as

Qo :j{ sdz , (3.42)
Aa
where A, B are a basis of cycles of ¥ with intersection matrix
A,NB?=—-B°nA,=4". (3.43)

One also defines the dual variables a? as

al :j{ sdz . (3.44)

1At this stage we neglect terms with ,,s # 0 as these will result into higher-order derivative terms in
the Seiberg-Witten effective action.
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The periods of the holomorphic 1-forms are then

aD
o= 20 ?{ U (3.45)
B

A, Y Jug * T Juy,

while the period matrix can be expressed as

dal
Taf = F

= . 4
das TBa (3.46)

It is useful to note that

[rors=(f nf v g 0, )

_ Z day oa’) _ 8“5 da
N Ouy 3@5 Oug 6&5

8@7 8(15
_ . 3.47
au 8u 3 T‘fé 7—75) ( )
We can also consider the holomorphic 1-forms
PR §  Qus (3.48)
Do, dag "

which are normalised to have unit period over the A-cycles:
/q{ Vo =6 (3.49)
Ay
and hence
f 7904 = Tay / 290& N ﬁﬂ = 77_&5 — Taf - (350)
B b

This machinery can be applied to the scalar part of the action (2.93). One straight-
forwardly finds [36]:

Sscal = —;/d4xd228m58m5
0s 05
_ = 4., 92 m
— Z/d zd?z e D15 ——Omua Mg
= Z/d4m8mua8mu5/ )\a/\j\ﬂ
4 " >
= _12/d4x(7‘a5 — TaB)Omaa0™ag

= —Z/d4x1m (TapOmaad™ag) (3.51)
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which is precisely the scalar part of the Seiberg-Witten effective action.

However, our main goal is to use the action (2.7) to reproduce the gauge-field part
of the four-dimensional effective action. To proceed, note that if H is of the special form
H = FAdz or H= F A dz then one finds *pH = H provided that x4/ = —iF. The
remaining (anti)self-dual forms with respect to 1 can be expressed in terms of the basis

w+:h+%*4h/\dz/\d2

w_:h—%mh/\dz/\dz, (3.52)
where h = %hmnldxm A dxz™ A dxt. Therefore in general we have

H:}"/\dz+}_"/\d2+h+%*4h/\dz/\d2, (3.53)

with F =i %4 F, for which H is real and satisfies x, H = H.

For completeness, let us also determine H,. When H = F Adz or H = F A dZ one
has that x,H = H and thus M(Hpp.dz™ A dz™ A dz) = M(Hppzdx™ A dz™ A dZ) = 0,
whereas the remaining x4-self-dual forms can be expressed in terms of the basis

1+ 8,50:5
¢=h+i¥mmdmd2

. 24 623855 . 623855

5 Wy 5 W (3.54)
from which using (2.19), (2.23) and (2.26) we obtain
M (h + 1(*4h) Adz A dz) __0:5055 (h - z(mh) Adz A dz) : (3.55)
2 24 90,5055 2
Finally, from (2.31)
Hyy=F Ndz+F Ndz + 2+822$85§ +i;igig§*4h/\dz/\dz . (3.56)

To arrive at the desired four-dimensional effective action including gauge fields, one
needs to consider a suitable ansatz for H and B by truncating to the lowest Kaluza-Klein
modes; this corresponds to restricting to harmonic 1-forms on ..'> We pick the following
normalisation:

H=) Fohbat+ )Y FolVa, (3.57)

where F, = i x4 F, while for B we initially set

B=Y AaAto+ Y AqAla, (3.58)

12Gince ¥ is non-compact the zero-form and two-form harmonic forms have divergent integrals and hence
do not lead to low-energy modes. Thus M does not play a role here.
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where A, = Aomdz™ are four-dimensional 1-forms.

At this stage recall that the action (2.7) has a gauge symmetry B — B + dA, where
A is an arbitrary 1-form. This is expected to descend to a O-form gauge symmetry for A,:
Ay — An + dyAy. However, since the 9, are dynamical, under such a transformation

- 8, s, 00
B—B+d (Z AaVa + Z)\aﬁa> — Y Aadaag A By > Aadadig A Py (3.59)
a « a,f3 a,B

To compensate for this we introduce four-dimensional Stueckelberg-like scalar fields cq, ¢o
and expand

B=)_ <Aa Ay — codaag A gz;“) +> (Aa Ao — Cadadg N gg;) : (3.60)

so that under the combined gauge transformation A, — As + d4da, Ca — Ca — Aa WE
recover a one-form gauge transformation

B— B+d (Z Aalla + ) ma> : (3.61)
(67 (e

With this in hand, we compute

dB =Y diAa Ao+ Y dsAa N Dq (3.62)

0V,
oa 8

0V, - _ _
_ %:(Aa + daca) Adgag N Fay ;;(Aa + daca) A dadg A

*ndB = Z’i*4 dyAg N9y — Zi*4 d4lea /\1§a
0Vq

09, . -
— g ixs ((Ag + dace) Adaag) A —= + E i %4 ((Aa + daCa) A daag) N a.
B
o7 a,B

dag

where d4 denotes the exterior derivative along x"*. To continue, observe that

/ﬁa/\aﬁﬁ_a/ﬁa/\ﬂﬁzaﬁxﬁ
b b)) 0

da,  Oa, a,
09, - 0 = 87—045
TNy = — | 9y ADg = — , .
sy 0a, N Ja, /E N Ja (3.63)
and
00, 005 & [ e - 0 (Oap
9, " Bas  day Ju 00, NPT " oa (aa7 > 0 (3:64)
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Substituting (3.57) and (3.62) into (2.7) we find!?

Sy = / ( — (7’ — f)aﬁ (—d4Aa N1 x4 dfiﬁ —2Fa N d4A5 + Qﬁa A d4A5) (365)

O0Tap
Oa~
0T,

da,
= / <(T - 77-)046 (d4Aa N Ty dz‘_lg 4+ 2F, A d4A5 - Qﬁa VAN d4A5)

(—i *4 d4Aa A (AB + d465) A d4a7 + Qﬁa A (Ag + d465) A d4a7)

+

(i *q dg Ao N (./Zlg + d45@) A\ d467 + 2Fa N (Ag + d455) A d4a7)>

+ (—i *4 d4/_1a A\ (Ag + d4clg) VAN d47'a5 + Qﬁa VAN (Ag + d465) VAN d4Ta,3)
+ (i %4 dgAa A (Ag + das) A daTap + 2F o A (Ag + dsCg) A dﬁag)) .

It is helpful to introduce the two-form
F® = Fo + %d4Aa + % >4 dyAe (3.66)
and combine the pieces (3.51) and (3.65) to rewrite the action as
S = Sscal + SH
_ / < _ i(f — Fagdada A ik daag — (7 — Flagdida Aixs daAg
+ (T + T)apdida A daAg + 2FE) N (T — Fapdadp — daTag A (Ag + dag))
— 2F) A (7 = 7)apdaAp + datap A (Ap + dw))) . (3.67)
The first line agrees with the Seiberg-Witten effective action [38] but for two sets of U(1)

gauge fields, corresponding to the real and imaginary parts of A,. However, the ]-_"és)
equation imposes the constraint

(7’ — f)a6d4A5 -+ d47’a5 A (Aﬁ + d405) = 1% ((T — f)a5d4Ag + d47’a5 A (Ag + d465)) .
(3.68)

This implies that the real and imaginary parts of A, are related by electric-magnetic
duality, e.g. if d47,s = 0 then this reduces to

Im(d4Aa) = *4Re(d4Aa) . (369)

More generally the constraint (3.68) is harder to disentangle. It is worth observing that
Ay + dyc, are gauge invariant 1-forms which could provide a restriction on the types of
fields that can arise.

Next, we observe that the Stueckelberg fields impose the equation of motion

Ay F) N daTag =0, (3.70)

13We remind the reader that due to our Kaluza-Klein ansatz M does not enter this calculation.
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which generically implies that d4]§§s) = 0. Thus the ]-"O(f) decouple in the sense that their
equations of motion do not depend on the other fields.

One also finds extra contributions to the scalar and vector equations of motion arising
from F(5), Assuming d4.7-"és) =0 we find

074
0 = (7 — T)apdai *4 dyag + ™ ﬂd4a7 N i x4 dyag
Oa
37_'57 . n . T
+2 Da, (d4A5 + 1%y d4A5) A (d4A7 + 1 %4 d4A7)
OTBy =(s ,
+4 a;:fg VA (dgAy — iwy dA)
0=dy (Z *4 (T — f‘)aﬁdAﬂ — (T + ?)aﬂdAg) - 2d4Ta5 A fés) . (3.71)

One recovers the standard Seiberg-Witten equations [38] in the special case of fc(f) =0.

)
can also be implemented by replacing the last two lines of (3.67) by

More generally, fo(f acts as an non-dynamical background electromagnetic field. Its effects

Ebackground = 27—(1,8;@(»15) A d4AB + Q%aﬂﬁg(ys) A d4AB s (372)

and imposing the self-duality constraint (3.68) by hand.

Lastly, let us comment on the fact that the equations of motion also admit a sector
where ds7,3 = 0. On the one hand, for generic 7,3 the dynamical constraint on F (5)
from (3.70) freezes out the scalars, and hence also the vectors. On the other, if 7,4 is
constant then we recover a free Seiberg-Witten theory for two gauge fields related by (3.69).
Mixed solutions where both d}"c(f) and d47,p are non-zero do not seem very likely unless
Tap has some reduced dependence on the moduli.

4 Conclusions

In this paper we studied the six-dimensional action put forward in [34]—and its (2,0) super-
symmetric completion [1]—clarifying many of its unconventional features. This formulation
aims to encode the dynamics of a chiral 2-form in 6D into a “2-form” B and an x,-self-dual
“3-form” H. Although all of our analysis is performed for chiral 2-forms in six-dimensions
we hope that the techniques we developed can be readily applied to other dimensions.
We elucidated on the coupling of these fields to arbitrary geometries, and in the course
of doing so provided a construction of the interaction term M that goes beyond the per-
turbative approach of [34]. Moreover, we wrote down how the original fields B, H — which
are not conventional differential forms and we dubbed “pseudo-forms” — can be combined
g) fields; the H(y) is a singlet while H,) has
(on-shell) standard transformation properties under diffeomorphisms. We also clarified

into the unphysical H,) and the physical H

some aspects of the hamiltonian analysis. First, we showed that H(,) and H, correspond

9)
precisely to the II* variables introduced in [34]. The fact that IT* describes a non-unitary
decoupled sector of the theory is consistent with the fact that H,) is self-dual with respect

to n. Indeed, H() inherits the non-unitarity of B so it must completely decouple from
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the physics including gravity. Instead, H(g) carries the physical degrees of freedom and is
self-dual with respect to the actual physical metric. Second, we gave a formulation of the
hamiltonian in terms of H(,) and the energy-momentum tensor 7' 09 of H, (g)- We therefore
showed that it is possible to construct the physical hamiltonian by first using familiar ge-
ometric techniques to compute 7% and then re-expressing H, (¢) in terms of II™; this leads
to particularly simple expressions for static backgrounds (i.e. go; = 0).

We then dimensionally reduced the proposed (2,0) action on three backgrounds: a
circle, K3 and a Riemann surface. We performed these reductions by implementing the
usual Kaluza-Klein ansatz, that is assuming that the only surviving modes at low energies
are the zero-modes. While this is standard for theories with physical degrees of freedom, it
is not entirely clear that there are no subtleties for the case at hand, where we are dealing
with “pseudo-forms” — one of which (B) has the wrong-sign kinetic term. With that
disclaimer, we proceeded and found results that are aligned with expectations. For the
circle reduction we arrived at a Maxwell theory that scales like 1/R. Although in a free
theory one can always rescale the fields to change the overall coefficient, this 1/R scaling is
also consistent with the Legendre transform of the 6D hamiltonian reduced on the circle,
if one works with canonically-conjugate pairs. A logically straightforward next step in this
direction would be to explicitly extend the analysis to the nonabelian, 3-algebra version
of the theory constructed in [1]. For the reduction on the Riemann surface, we recovered
the expected 4D N = 2 Seiberg-Witten effective action for two sets of abelian gauge
fields, subject to a constraint. Perhaps surprisingly, in the special case where the period
matrix of the Seiberg-Witten curve 7,3 was independent of the Riemann-surface moduli,
this constraint related the gauge fields via standard electric-magnetic duality, reminiscent of
the work of [47]. Therefore another interesting direction would be to better understand the
nature of the constraint and to what extent it encodes information about electric-magnetic
duality in general.

Other directions could involve understanding how to couple H (Jg ) to a self-dual string,
or exploiting the ideas introduced here to write down a four dimensional Maxwell theory
that is manifestly invariant under both Lorentz transformations and duality symmetry,
along the lines of what happens for the PST formalism; cf. [48]. From a more speculative
perspective, it would be very interesting if there existed a nice geometric construction that
accommodates “pseudo-forms” and explains the properties of M. This could shed some
light on how to couple this theory to gravity.'* Moreover, the fact that H and B mix
under diffeomorphisms could be due to both originating from the same object in a higher-
dimensional theory, after compactification. For example, the idea that the abelian 6D (2,0)
theory can be formulated as a 7D Chern-Simons theory has been put forward in [15] and
further utilised in [14].

To summarise, the action discussed here is a novel, relatively simple formulation that
is consistent with the abelian, low-energy physics of a single M5-brane in M-theory. It has
several attractive features: it is Lorentz and diffeomorphism covariant without introducing

1 Naively, one would only promote the curved metric g to a dynamical field. Making both curved and
flat metrics dynamical would result in something akin to a bimetric theory of gravity [49].
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a scalar field that ultimately requires some non-vanishing preferred direction — as e.g. is
the case in the PST formalism. Although we require additional modes with the wrong-sign
kinetic terms these can be discarded — effectively set to zero — when one examines the
physical degrees of freedom. In addition, it gives a canonical Poisson-bracket structure to
the theory on a generic manifold. We hope to continue its investigation in the near future.
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