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Abstract

We construct a gauge-fixed action for topological membranes on
Go-manifolds such that its bosonic part is the standard membrane theory
in a particular gauge. We prove that the path integral in this gauge
localizes on associative submanifolds. Moreover on M x S*, the theory
naturally reduces to the standard A-model on Calabi—Yau manifold and
to a membrane theory localized on special Lagrangian submanifolds. We
discuss some properties of topological membrane theory on Go-manifolds.
We also generalize our construction to topological p-branes on special
manifolds by exploring a relation between vector cross product struc-
tures and TFTs.
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1 Introduction

The notion of topological M-theory has been introduced in [16] (also for
earlier proposal see [18]) as unifying description of the topological A- and
B-models. This is very much in analogy with the connection between the
physical superstring and the physical M-theory. In [16], the analysis has
been done at the classical level of the “effective” actions. Different arguments
in favor of topological M-theory have been proposed in [9, 19, 28].

In this note, we propose a microscopic description of topological
M-theory on seven-dimensional Gg-manifold as a topological membrane
theory. Namely, we construct the gauge-fixed action Sgr for the topolog-
ical membrane

Stop:/ X*(®), (1.1)

where ® is a closed 3-form associated with a Ga-structure. The bosonic
part of Sgr turns out to be the standard membrane theory in a particular
gauge. Moreover on CYg x S', the action Sgp naturally reduces to A-model.
The proposed membrane theory is localized on associative cycles. It is well
known that membrane instantons on Ge-manifold are given by associative
three submanifolds [11]. The contribution of membrane instantons on Ga-
manifold to the superpotential of N' = 1 compactifications of M-theory have
been studied in [10, 21].

Actually, in the present work, we do not couple the topological membrane
model to three-dimensional gravity on the world-volume and therefore a full
comparison with the topological string can not be performed yet. We plan
to discuss this problem in a separate work.

Recently, using the Mathai-Quillen formalism, the authors [5] proposed a
gauge-fixed action for the topological membrane. However the bosonic part
of this model is unusually highly polynomial, and this obscures the relation
to the usual membrane theory, since in [5], agreement is found only up to
quadratic order. Moreover, the relation with A-model is shown at the level
of zero section and not for the gauge-fixed action. Further we will comment
more on the relation between our construction and the one proposed in [5].
In [7], the authors discuss topological membranes using the Green—Schwarz
formalism.

The structure of the paper is as follows. In Section 2, we recall the
description of membrane instantons on manifolds with Gs-structure. On
a (Go-manifold, the instantons correspond to three-dimensional associative
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submanifolds. In Section 3, we construct the gauge-fixed action for the topo-
logical membrane (1.1). In our treatment, we follow closely the Lagrangean
approach advocated by Baulieu and Singer [8] for the topological sigma
model. Its extension to our membrane theory proves that the path-integral
evaluation in our gauge is localized on membrane instantons, that is on asso-
ciative submanifolds. We discuss also further properties of the gauge-fixed
action. In the next section, we go through the Hamiltonian treatment and
make a few comments regarding the previous work [14]. Section 5 is devoted
to the discussion of observables and moduli spaces. In Section 6, we collect
some observations about the general relations between vector product struc-
tures and TFTs generalizing our construction. The Appendices collect some
relevant properties of Go-manifolds and vector cross product structures.

2 Membrane instantons on G ,-manifolds

In this section, we present a natural and elementary approach to the classical
aspects of membrane instantons.

Let us consider the Euclidean membrane theory defined by the following
Nambu—-Goto action

S:/J%¢@u%xww%xn, (2.1)

where o =0,1,2. In (2.1) we have chosen units such that the membrane
tension is one. Introducing the auxiliary world-volume metric hq,g, the
action (2.1) can be obtained as the stationary value of

szé/fm@wW%X@W%X%J) (2.2)

under arbitrary variations of h,g. Let us now fix the gauge symmetry.
Unlike the string case, there is not enough gauge symmetry to fix the whole
auxiliary metric hog which has six independent components. However, using
reparameterization symmetry, we can fix the components hgg to be

hoa =0,  hoo = det (hgp), (2.3)

where hgp, with a,b = 1,2, are the remaining spatial components of the
auxiliary metric. Once we have chosen this gauge, no further components of
hap can be fixed. Globally this gauge can be only chosen when the membrane
world-volume is of the form Y5 x S! (also S' can be replaced by either an
interval or a real line) with 32 being a Riemann surface. Therefore, this
Lagrangean approach to gauge fixing is equivalent to the usual Hamiltonian
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one. After fixing the stationary condition for the remaining hg in this gauge,
the membrane action becomes
1 . .
S=3 / & (X“gWX” n det(&aX“gw,abXV)), (2.4)

where X* = 9y X*, which is the well-known gauge-fixed Euclidean mem-
brane action on the Riemannian manifold (M, g).

Now consider the following bound
/ B (XH + q),ﬁ‘palX”asz) g (XA + <1>§T61X062XT) >0, (2.5)

where ®,,,,, is a 3-form and g,,, a Riemannian metric on M. If M is a seven-
dimensional manifold with Gs-structure given by ® and g via the vector cross
product relation (see Appendix B), then the bound (2.5) can be rewritten
as follows

1 . . 1

5 /d% <X“’gw,X” + det(@aX“gW@bX”)> > Fo /X*(<I>). (2.6)
If ® is a closed form, then the term on the right-hand side of (2.6) is topolog-

ical. Thus for the manifold with Ga-structure (M, g, ®) such that d® = 0,
we obtain the following membrane instantons

XM+ Ol 01XV 0,XP =0, (2.7)

which minimize the Euclidean action (2.4). We call a map X from 33 to M
which satisfies (2.7) an associative map.

Actually, we can show that the condition (2.7) is equivalent to the cali-
bration condition
1 *
dvol(z3) = :Fg X ((I))a (28)
where dyo is the volume element induced by g and the pull-back is along
the associative map. In fact by multiplying (2.7) by g.,0.X", we get ho, =
90 X" XY =0 and (X)? £ 2X*(®) = 0. On the other hand, by squaring
(2.7) and eliminating X*(®) by the previous equations we get for the induced
metric hog = det(hgp). Hence

duo(%5) = VI = hop = F £ X°(2) 29)

If we require the manifold M to be of Go-holonomy! (i.e., either V,,®,,,, =
0 or d® =0 and d * ® = 0), then the instantons (2.7) are interpreted as asso-
ciative submanifolds of M, namely submanifolds calibrated by ® [22].

'From now on, we refer to the manifolds of Gz-holonomy as Ga-manifolds.
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Next consider Mg to be a Calabi—Yau 3-fold with Kéhler form w and holo-
morphic 3-form . Then there is a natural Ga-structure ® on the product
My = Mg x S! given by

®=ReQ+dX Aw, (2.10)

where we choose the coordinates p = (N,7) with the uppercase Latin
letters denoting the coordinates along Mg and X' a coordinate along S*.
This induces the product metric on Mg x S', with the flat metric on S*

0
G = (gf‘gN 1). (2.11)

With the appropriate orientation on Mg x S, we have
1
#® = —dX"ANImQ + §w2. (2.12)

Thus Mg x S' is a Go-manifold. On Mg x S!, the associative 3-cycles wrap-
ping S! are of the form Y3 = ¥y x S!, where 5 is an (anti)holomorphic
curve in Mg, while the associative 3-cycles localized along S' correspond
to special Lagrangian submanifolds with phase zero. Correspondingly the
Euclidean action (2.4) reduces on Mg either to string theory in conformal
gauge

k

5=t / Po (XN gua XM + 0 XV gnpdn x™M) ), (2.13)

where k is the S winding or to membrane theory in the same type of gauge
as before
1 ) .

S = 2/d30' (XNgNMXM+det(c’)aXNgNM8bXM)>. (2.14)
These reductions can also be done at the level of membrane instantons (2.7).
Thus the holomorphic curves (calibrated by w) are the instantons for (2.13)
and the special Lagrangian submanifolds with phase zero (calibrated by
Re ) are instantons for (2.14). However the special Lagrangian subman-
ifolds with phase zero are not the most general instantons for the action
(2.14) — see Section 6 for further discussion.

Indeed, there is a family of Ga-structures on Mg x S* [25]
Dy = Re (Q) + dX A w, (2.15)

where now the Calabi-Yau structure on Mg is given by €Q and w. It is well
known that one can change the holomorphic form €2 by a multiplicative phase
while preserving the Ricci-flat metric. With this new Ga-structure, one
can repeat the same considerations as above. However now the associative
manifolds localized in S* correspond to special Lagrangian submanifolds of
My with the phase 6, i.e., calibrated by Re (¢*Q).
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3 The gauged-fixed action

In this section, we consider the gauge fixing for the following topological
membrane theory

s—-1 [ xv@), (3.1)
6 s

where ® is the 3-form associated to a (GGa-structure on a seven-dimensional
manifold M7. We assume that ® is closed. In our treatment, we closely
follow Baulieu and Singer [8] generalizing their method to membranes.

The gauge symmetry of the action is
IXH = ek, (3.2)
The corresponding BRST operator s is defined as follows
sXH =yt syt =0, syt =0>b" sb'=0, (3.3)

where 9" is the ghost associated to €. The ghost numbers are respectively
0,1, —1,0 for X# H ¢ b*. We will now fix the symmetry (3.2) and obtain
a gauged-fixed action which is quadratic in the velocities. We choose the
following gauge function

Fh = XM+ O 01X 0 X + rﬂpwwﬂ (3.4)

where 'y = 1/2(9uvp + Gupw — Gvpu) With guwp = 0p9,. The quadratic
term in the ghosts in (3.4) is necessary for manifest general covariance. The
BRST-invariant gauge fixed action is obtained by adding to the classical
action (3.1) an s-exact gauge fixing term and reads

Sor =5 [ X°(@)

/d305 (w“ (gWX + @01 X" 0 X7 + prwadJ — fng” >
3.5)

Using the definition (3.3) and eliminating b* by its algebraic equation of
motion

b= XF + Ol 1 XV 0, XP + Th 7y, (3.6)
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we arrive to the following gauged-fixed action
1. . 1 -
Sep — / Po <2 X0, XY 4 1 et(0, X" g0 04 X") — gy, Vs

_ 1 _
— D DV P Oy X P — §eabaaX”abXPw¢Av A®p

1 " 1.0
R 00500, .7
where
Vot = Oatp" + T, 0o X P9 (3.8)
and
Rgp)\ = Fl)fa,p - Fga,)\ + ]'_‘57']'_‘3—\0' - FKTFZU' (39)

For sake of simplicity, from now on we assume that ® is also co-closed, i.e.,
Vi@, =0 and thus the manifold is of G2-holonomy. Assuming
Go-holonomy, the gauge-fixed action (3.7) becomes

1. . 1 n
SGF = /dSU <2XMQW,XV + 5 det(aaXuguuabXV) - wug#l’v()wu

_ 1 o
_(I),uupwuvau}yabXpeab =+ 4Rua>\pwu’¢)pwa¢)\> . (310)
The action (3.10) is invariant under the following BRST symmetry
sXM =l sl =0, st =X"+ Ok 0 XY0,XP +TH 7P, (3.11)

which is nilpotent on-shell only unlike (3.3). The action (3.10) can be rewrit-
ten as follows

1 1 o
Sar = —¢ / XH(®@)+ 5 / B (w(gWXV + cbwpalx%XP)) . (3.12)

Thus, due to standard arguments (e.g., see [30]), the model is localized
on the solutions of (2.7) which correspond to associative 3-manifolds. In
(3.12), the topological term depends only on the cohomology class of ® and
the homotopy class of the map X.

If we assume that H3(M7,Z) = Z, we can normalize ® such that the
periods of %@ are integer multiples of 27, that is

! X*(®)=2mn, nelZ (3.13)

6 Jx,
where n is the instanton number for the associative map (2.7). Therefore,
the path integral is reduced to a sum of the integrals over the moduli space
M,, of associative maps of degree n. Actually (3.13) is not well defined at
the quantum mechanical level due to a parity anomaly [6] (see Section 5
for further discussions). The amplitudes of our topological theory do not
depend on the way we describe the associative maps. Namely, in (2.7), we



246 GIULIO BONELLI ET AL.

choose a specific coordinate with distinguished direction v = 0. However,
any variation with respect to this choice appears in the path integral as a
BRST-exact term. Thus indeed our specific parameterization of associative
maps is irrelevant for the theory.

The action (3.10) has another set of BRST transformations
SXH =l s =0, sPt=XN—k 01X 0, X —TH PP, (3.14)

which are nilpotent only on-shell. The two BRST transformations above
form the following on-shell algebra

55+ 55 = 20p. (3.15)
We will comment more on the transformations (3.11) and (3.14) in Section 4.

Furthermore, we can consider the theory (3.10) with its BRST symmetry
(3.11) on M7 = Mg x S' on which we assume the structure (2.10)-(2.12).
There are two interesting sectors: the configurations which wrap S' and the
configurations which are localized on S'. First let us consider the configu-
rations which wrap S'. Assuming that X7 = ko with /7 = ¥7 = 0 and the
other fields independent on o9, the action (3.10) reduces to

1. . 1 -
Sar = k?/dza <2XN9NMXM + 531XN9NM31XM — PN g Vo
_ 1 _ _

—wnn MV + 4RMNPL"¢M¢L¢N¢P), (3.16)
where we have used (2.10) and (2.11). In its turn, the BRST transformations
(3.11) reduce to

sXM=yM M =0, spM=xM - Jfo XN +TN Vvl (3.17)

where J]]Q,/[ is the complex structure on Mg SllCh that wyy = —gNLJ]@. Let
us introduce the complex coordinates I = (i,4) with respect to J and redefine
our fields as follows

. . = = _. 1 . — 1 -
1/}2 - iaXZ7 1/}2 - idXZ7 W = _E 227 W - _a ;7 (318)

where o and & are some non-zero constants. In the complex coordinates
and new fields, the action (3.16) becomes

1 i :
Sar =k / d20<282XNgNM85XM +itpLgi; VX

it Ve — Riklgw;z/}’;xlxg), (3.19)
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where we introduced 0, = dy + 101, V, =V +iV: and their complex
conjugates. In the new notation, the BRST transformations become

i

sX' =iy, sXt = iaxt, sy’ = sXE =0,
sl = —a@d; X" —iall "L, syl = —ad, X' —iall "yl (3.20)

T

Indeed the action (3.19) and the transformations (3.20) are exactly the same
as the topological A-model in [30].

Next consider the membranes which are localized on S 1 ie., X7 = const.,
¥" =0 and ¥" = 0. In this case, the action (3.10) is reduced to

1. . 1 N
Sap = /d3g <2XNgNMXM + 3 det (0, XY gnardp X M) — DN s Vo™
_ 1 _ _
—(Re Q) ynp0MVopN O X Le®® + 4RMNLS¢M¢S¢N¢L>a (3.21)
where we have used (2.10) and (2.11). The BRST transformation becomes
sXM =M M =,
sypM = XM 4+ (Re Q)M 9, XN XL + T, N L. (3.22)

The action (3.21) is s-exact modulo a topological term, i.e.,
1 *
1 - )
+3 / d3os (1/)M(gMNXN n (ReQ)MNLalXNagXL)). (3.23)

This membrane theory is localized on the configurations
XM 4 (Re)N, 01 XN0, X =0, (3.24)

which are special Lagrangian submanifolds with phase zero (i.e., calibrated
by Re().

If on Mg x S* we choose the different Go-structure (2.15), then the mem-
brane theory on Mg would be a bit different: in all equations (3.21)—(3.24),
Re Q should be replaced by Re (¢?/Q). Now the membrane theory is localized
on special Lagrangian manifolds with phase 6.

To conclude this section, we would like to make a comment on Mathai—
Quillen formalism. Indeed the action (3.10) could be constructed within
this formalism if we would choose the condition (2.7) as the appropriate
zero section.
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4 Hamiltonian treatment

In this section, we sketch the Hamiltonian treatment of the model (3.10).
Indeed the Hamiltonian formalism is useful for the geometrical interpretation
of BRST transformations (3.11) and (3.14).

Starting from the gauge-fixed action (3.10), we define the momenta

Pu = g;wXV - PA;W";)\wua Py = guﬂ;ua (4.1)

where we defined the odd momenta py, using the right derivative of Sqr with
respect to dgpy*. The canonical commutation relations are

{X*(0).pu(0)} = 856% (0 — '), {"(0), (o) }4 = 8L6°(0 — ') (4.2)

with other being trivial and { , }; denotes the odd Poisson bracket. The
Hamiltonian Hgp corresponding to Sgg is obtained by Legendre transform
and can be written as follows

1 _ _
Hgr = /d20' (2(10# + Fkuprd}p)g'wj(pu + Fazn'wng)

1
- 5 det(aaX#guyabe)
_ 1 o
_'_(puypwuvawuabxpeab - 473#0,\p1/1“¢0¢’\¢p> . (43)
In the phase space, the generator of BRST transformations (3.11) is

Q= / ot (py + ©,,,00 X7 0. X7), (4.4)

where one should be careful in working with the contravariant and covariant
versions of ¥. The anti-BRST transformations (3.14) are generated by

Q= / 2o g™ (py — ©,1p01 XY 2 XP + Ty pth9P). (4.5)

Indeed @ is minus adjoint operator of Q). This can be shown directly if Q is
understood as an operator on the states K,...,, " ---¢#"|0), where K is
an r-form on M and 1*|0) = 0. The inner product of 2-forms is defined as
usual, [ K'AxK, with *K = (+K) ., 0" -0 e 527" where d = 7
is the space—time dimension. The operator () acts on the differential forms
as a de Rham differential and @ as minus its adjoint. This explains the
choice of the bilinear fermionic term in the gauge function (3.4). In fact,
analogously to the discussion in [8], one can check that this the only choice
for which Q = —Q.
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The Hamiltonian (4.3) Hgr, the BRST generator @ and the anti-BRST
generator @) satisfy the following on-shell relations

Hor = 3{Q. @}, @2 =0, @ =0. (1.6)

As result of this Hgr is BRST and anti-BRST invariant, i.e., { Hgr, Q} =
{Hgr, Q} = 0.

In principle, we could proceed with the construction of Sgr via Hamilton-
ian formalism. The model is described by the following first class constraints

JH = Py + <I>Wp@1X”62X", (47)

which has been discussed in [14]. Since these constraints satisfy the following
Poisson brackets

{Ju(0), Ju(o")} =0, (4.8)

introducing the ghosts ¥ one can construct the BRST charge in the min-
imal sector [23] (4.4). There should exist a non-minimal extension and a
suitable gauge fixing such that after integrating out the non-minimal sector,
one recovers the gauge-fixed BRST structure described above. Some of the
aspects of the Hamiltonian analysis of this and related systems have been
discussed in [14]. Indeed the correct reduction of this model on Mg x S*
works at the level constraints (4.7) as well.

Moreover, the Hamiltonian point of view suggests that if one wishes to
include the flux 4-form H into consideration, then the topological model is
defined as

Stop = X*(®) — X*(H), (4.9)
33 X4
such that ® is a 3-form associated with a Go-structure, d® = H and 0324 =
¥3.2 The dimensional reduction on M7 = Mg x S' of this model should give
a topological sigma model for generalized complex geometries. We hope to
discuss this extension of our model elsewhere.

5 Observables and moduli spaces

In this section, we collect some generalities on the topological membrane
theory constructed in Section 3. We start by discussing the observables in

2The action (4.9) is invariant due to the identity

1) X*(q)): X*(i5Xq>)+ X*(igxd(l)).

Sn )M S
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the theory. For a non-trivial element [K] € HY(M), we can formally define
the following cocycles

_ 1
C 7 = Sy dXM A AXP2 N Xl
_ 1
Cg = QKM“'quX“l A dXMQ;Z)HBwM e wuq’
Ciz_l _ Kul...uqu“lw“%’“W‘* - Qpﬂq’
Cg _ Kmmqumw,uzw,uswlm oeqpPa (5.1)

where in C?_i, the upper index stands for the ghost number and the lower
index for the degree of the differential form on 3. Using the transformations
(3.3), we can derive the decent equations for C] ™"

_ _ _ 1 _ o1
sCI3 = dci™?, sCI7% = ———dcf Loscih = 2dcd, scl=o.
q— q

(5.2)
Thus CJ are BRST-invariant local observables labeled by the elements of
the de Rham complex H®*(M). From C! *, with i > 0, we can construct
BRST-invariant non-local observables as integrals

/ ci, (5.3)

where ¢; is i-cycle on 3. However, not all observables have non-vanishing
correlators in the theory. To study this, we need to address the ghost number
anomaly. The action (3.10) has at the classical level a ghost number conser-
vation law, with 1 having ghost number 1, ¥ having ghost number —1 and
X having ghost number 0. The BRST transformation s (3.11) changes the
ghost number by 1. Notice that all the observables, but CZO with ¢ =1, 2, 3,
defined in (5.1) have a non-vanishing ghost number. Thus, in order to have
non-vanishing correlators, there should be a compensating ghost number
anomaly. The linearized equations for the fermionic fluctuations around the
instanton background are

Dy# = Vo + D4 eV, 9, X* = 0, (5.4)
DIt = Vot — @ eV )" 0, X" = 0. (5.5)

1
q—2

The equation (5.4) is the first order variation of the associative map (2.7).
As such, ¥ can be interpreted as a section of the tangent bundle to the
moduli space M of associative maps. Indeed the operator DT is the adjoint
of D, and thus the ghost number anomaly is given by the index ind(D).
Since our theory lives in three dimensions, ind(D) vanishes by index theo-
rem. Thus the correlators of the operators in (5.1) are vanishing, except C?
with ¢ = 1,2, 3, where Cg corresponds to our classical action (3.1) and its
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variations in H3(M). The non-trivial topological observable is the partition
function, which computes the Euler characteristic of the moduli space of
associative maps. In fact, the zero modes of (5.4) and (5.5) can be soaked
up by the R?¢? term of the action (3.10). The situation is very similar to
supersymmetric quantum mechanics (for a review, see [13]).

The above discussion was rather formal and we did not analyze the mod-
uli space of associative maps. Not so much is known about these moduli
spaces, see, for example, the work by McLean [27] and the recent works [1, 2].
Actually our Dirac operator D can be mapped to McLean operator since
both deal with the deformations of associative manifolds. Indeed, instead of
(2.7), we could have chosen a different parameterization for the associative
maps corresponding to the static gauge

XY =0, (5.6)
X'+ @0 X7 =0, (5.7)

where a =0,1,2 and ¢ = 3,...,6. The BRST variation of (5.7) gives the
McLean twisted Dirac operator. In the gauge (5.7), our model reproduces
the results of the supermembrane theory in [10] and also [5].

Although the membrane theory does not display a ghost number anom-
aly, it suffers a global anomaly under parity transformations [6]. This has
a counterpart in the A-model upon S' compactification. For membranes,
wrapping the S with a given winding number k, the spectral flow of the
operator (5.4) should match the index of the V, operator in (3.19) by argu-
ments similar to those in [3]. This should allow us to recover the ghost
number anomaly of the A-model and the corresponding non-trivial correla-
tors coming from (5.1).

6 Vector cross products and TFTs

In Sections 2 and 3, we discussed the membrane instantons on Go-manifolds
and constructed topological membrane theory which localizes on these instan-
tons. The whole construction is very similar to A-model (topological sigma
model) [8,29]. Indeed, there is a whole set of topological p-brane models
which follows the same pattern. These models are based on the geometrical
notion of vector cross product structure. In what follows, we sketch the
main steps of the construction of topological theories based both on real
and complex vector cross products.
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We start with the case of a real cross vector product (see Appendix for
the definition and properties). Consider the Nambu—Goto p-brane theory
on the manifold M with Riemannian metric g

S = / 0\ [Aet(D0 X1 g 05 X7), (6.1)

where a = 0,1, ...,p. In analogy with the membrane case, there is a gauge
in which the p-brane action has the following form

1 ) )
S=3 / P (X“gw,X” + det(@aX“gWabX”)>, (6.2)

with X# = 9o X" and a,b=1,...,p. Assuming that there is a (p + 1)-form
on M, we can write down the bound

X G (XA £ N X 'apXUp) > 0. (6.3)
If ¢ and g correspond to a vector cross product structure on M, then the
bound (6.3) can be rewritten as follows

1

. . 1
_ p+1 1% v 1 v - *
- /d o (X 9w XY + det (0a X" g, 0p X )) > For / X*(¢). (6.4)

Moreover, if d¢ = 0, the right-hand side is a topological term. The bound
(6.4) is saturated if

Xt gh L, X" 0,X =0, (6.5)
which we call p-brane instanton. Geometrically, it corresponds to a subman-
ifold of M calibrated by ¢ [26].

Following the considerations from Section 2, we consider the topological
p-brane theory

1 *
S =~ / X*(9). (6.6)

where ¢ is a closed (p + 1)-form corresponding to a cross vector product on
M. The action (6.6) is invariant under the gauge symmetry 6 X* = . The
corresponding BRST transformations are defined as in (3.3). Choosing the



ON TOPOLOGICAL M-THEORY 253
gauge function as

V...V

) 1 _
Ft = XF 4, X" 0,X" 4 STU 07, (6.7)

we define the gauge-fixed action as follows

1
- * pt1
Sar (p+1)!/X (¢)+/d os
X <Q;M <g,th. v + ¢,u1/1~--1/palx ... 8px v

1 - 1
+ ifugpwc’w" — 2gu,,b”>> . (6.8)

Eliminating b by its algebraic equation, we arrive to the following gauge-fixed
action

1. . 1 _
Sar = /dp+10 <2XMQ;WXV + 5 det(aaXug,ul/abe) - ¢ngyv0wV

1 - - 1 -
+ ZRWAW“W@VW\ - W¢uuluz-~-up¢'uva1 @Z)Vl 8a2XV2 e aaprp
1 _
% @102 ap Mv)\gbuull/z-"l/pd)uwAaalel L. aapXVp€a1a2~..ap>’
(6.9)

where V,1 is defined in (3.8). The action (6.9) is invariant under the
following BRST transformations

sXP =, st =0, st =XF4gh ., X" -0, X" + T D7yP,

(6.10)
which are nilpotent on-shell. The action (6.9) can be rewritten as
1
S = - X *
T ) / ()

1 - - v v
+2/dp+1as (w(g,wx + Gy X+ DX p)) (6.11)

and therefore the model is localized on the p-brane instantons (6.5). Due
to standard arguments, the theory does not depend on the way we describe
p-brane instantons. Namely, any change in the distinguished direction o = 0
in the path integral will contribute a BRST-exact term and thus is irrelevant.

An interesting question is: how generic is our construction? Actually, all
real vector cross products have been classified by Brown and Gray [15] (see
the list in the Appendix B). There are four different cases for which the cross
product exists. The first case corresponds to ¢ being the volume form on M.
In this case, the TFT we constructed corresponds to p-branes embedded into
a p + l-dimensional space M. Some of the aspects of this TF'T has been
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discussed in [12]. The second case corresponds to a symplectic manifold
with ¢ being a closed non-degenerate 2-form. The corresponding TFT is
just topological sigma model (A-model) [29]. The remaining two vector
cross product structures are the exceptional cases. The first corresponds
to seven-dimensional manifolds with Ga-structure and ¢ is the 3-form .
This is the theory we constructed in Section 3. The second exceptional case
corresponds to eight-dimensional manifolds with Spin(7)-structure, where
¢ is the associated 4-form ¥ (the Cayley form). In this case, our model
describes 3-branes in a Spin(7)-manifold. This is presumably the microscopic
description of the recently proposed topological F-theory [4]. Therefore we
refer to this theory as topological F-theory on Spin(7)-manifolds. This TFT
is localized on Cayley 4-manifolds (i.e., those calibrated by ¥). It is not hard
to repeat for the topological F-theory the analysis which we have done in
Sections 3-5 for topological M-theory. In particular, one can consider the
reduction of F-theory on

CYs x T? = CY3 x S' = CY3,

where CY3 x T? is a Spin(7)-manifold. This reduction will produce the
whole Zoo of TFTs on CY3 which were discussed briefly at the Hamiltonian
level in [14]. One can perform the reduction also at the level of the gauge-
fixed action in a similar way as in Section 3.

So far we have considered the real cross vector product structures. On
Hermitian manifolds (g, J, M), one can introduce the complex version [26] of
cross vector products (see Appendix B for the definition). In this case, the
complex vector product® is given by a holomorphic p-form which is either a
holomorphic volume form or a holomorphic symplectic form on M. Indeed,
it is straightforward to generalize our construction to the topological action

_ 1 *(Re ei@
Stop = T /X (Re(eQ2)), (6.12)

where ) is a closed form corresponding to a complex vector cross product
on (g,J,M). The construction of the gauge-fixed action goes along the
lines we have presented above and thus we give only the final result of the

3If M is a Kahler manifold with complex vector cross product, then M is either Calabi—
Yau with a holomorphic volume form or hyperkahler with holomorphic symplectic form.
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construction. The gauge-fixed action is
1. . 1 _
Sar = /derlO' (2X‘“g,wa + B det(c‘)aX“ch‘)bX”) - l/J‘ug,WVolﬁy

1 _ _ . _
+ Rurg 67079 — (Re(Q) v, P Vo v

b

(p—1)

1 ‘ B

X Oy X2 - By X V0¥ MV,\(Re(er))WIVQ...,,pz/J“w)‘

X Ogy X" 0y X2 -+ - O, X P12 (6.13)
which is invariant under the following BRST transformation
sXH =t syt =0,
st = XH + (Re(eQ))l ., 01X+ 0, X" + TH 7P (6.14)

v1-Up

In this construction, it is essential that the metric g is Hermitian and 2 is
either a holomorphic symplectic form or a holomorphic volume form. The
present model is localized on submanifolds calibrated by Re(e?Q).

7 Conclusions

In this work, we have constructed the gauge-fixed action for the topological
membrane on Ge-manifolds. The bosonic part of the action is the standard
membrane action in a particular gauge. This TFT is localized on associative
maps and its partition function computes the Euler characteristic of the
corresponding moduli space.

Indeed our model plays the analogous role for topological M-theory as
the topological sigma model for the topological string. Therefore in order
to complete the program of giving a microscopic description of topological
M theory in terms of membranes, a crucial issue is the coupling with three-
dimensional topological gravity. In analogy with the topological A string,
the contribution of the constant maps to the partition function of this com-
plete membrane model should give the volume of the target Ga-manifold,
and hence the Hitchin functional considered in [16].

The coupling of our model to three-dimensional gravity requires a covari-
ant, world-volume, gauge-fixed description. The relevant three-dimensional

4For example, the contribution of the constant maps to the free energy of both our
model and the one presented in [5] does not give the volume of the Gz-manifold due to
the presence of fermionic zero modes.
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gauge theory should be a BF theory with SU(2) gauge group.” This cou-
pling will contribute to the three-dimensional parity anomaly in such a way
that the complete model on S! at fixed winding will match the ghost anom-
aly of the topological string and hopefully reproduce the non-trivial corre-
lators of the latter theory.

We also generalized our approach to topological p-brane theories corre-
sponding to real and complex vector cross product structures on M. In
particular, there is a well-defined topological 3-brane theory on Spin(7)-
manifolds, which is possibly relevant for topological F-theory and whose
quantum mechanical properties deserve further study. Notice that we expect
this theory to display a non-vanishing ghost anomaly, thus completing the
analogous of the dimensional ladder of [3,17].
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Appendix A Gz-manifolds

In Appendix A, we collect the relevant information about seven-dimensional
manifolds with Go-structure. For further details, the reader may consult
[24].

Let eq,ea,...,er denote the standard basis of R” and let el,e?,...,¢€"
denote the corresponding dual basis. Define an element in A3((R7)*)

By = 123 4 15 4 167 4 246 _ 257 _ 34T _ 356
where ek = %ei A el AeF. The group Gy is defined as follows
G2 = {g € GL<77R)7Q*((I)0) = (I)O}7

i.e., G is the stabilizer subgroup of ®( in GL(7,R).

5The possible relevance of BF theory in the context of topological M-theory was put
forward in [9, 16].
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A smooth seven-dimensional manifold M has Ga-structure if its tangent
frame bundle reduces to a G bundle. Equivalently, M has a Go-structure
if there is a 3-form ® € Q3(M) such that at each point z € M, the pair
(T.M, ®,) is isomorphic to (TyR”, ®y).

A manifold with Ga-structure (M, ®) is called Ga-manifold if the holo-
nomy group of the Levi—Civita connection of the metric g lies inside of G.
Equivalently (M, ®) is a Ga-manifold if d® = d * & = 0.

The crucial property of ® and g on manifolds with Ga-structure we use
in the calculation is the following one

w v m v
B, u 0P M = det [ It W Gl )
e Ao U'ug,uuuy U'ug,uz/UV

This corresponds to the property that there is a vector cross product struc-
ture on M, see Appendix B.

Appendix B Vector cross product structure

In Appendix B, we review the real and complex vector cross product struc-
tures on smooth manifolds.

We start from the real version of vector cross product. We all are familiar
with the usual vector cross product x of two vectors in R3, which satisfies

e u X v is bilinear and skew symmetric,
e uxvluwvyso(uxv)-v=0and (uxv) u=0,

. (uxv)-(uxv)-det(u'u “’“).

v-uU VU

The generalization of vector cross product to a Riemannian manifold leads
to the following definition by Brown and Gray [15]

Definition B.1. On d-dimensional Riemannian manifold M with a metric
g, an p-fold vector cross product is a smooth bundle map

X :ANPTM —TM
satisfying
g(x(vi,...,vp),v;) =0, 1<i<p
g(x(v15 - vp), X (V1 s vp)) = [lUr Ao A Up”2

where || --- || is the induced metric on NPT M.
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Equivalently, the last property can be rewritten in the following form

9(x(v1, .oy Up), X (V15 oy vp)) = det(g(vi,v)) = |lur A=+ A vaQ.

The first condition in the above definition is equivalent to the following
tensor ¢

(V1,0 Up, Vp11) = g(X(V1, oy Up), Upt1)

being a skew symmetric tensor of degree p + 1, i.e., ¢ € QPTL(M). Thus, in
what follows, we consider a (p + 1)-form ¢ which defines the p-fold vector
cross product. Alternatively, a vector cross product form can be defined via
a form ¢ € QP (M) satisfying the following property

Hiel/\@/\-"/\epd)” =1
for any orthonormal set ey, ea,...,e, € T, M and any x € M.

Cross products on real spaces were classified by Brown and Gray [15].
The global vector cross products on manifolds were first studied by Gray
[20]. They fall into four categories:

(1) p=d—1 and ¢ is the volume form of the manifold.

(2) d is even and p = 1. In this case, we have a 1-fold cross product J :
TM — TM. Such a map satisfies J> = —1 and is an almost complex
structure. The associated 2-form is the Kahler form.

(3) The first of two exceptional cases is a 2-fold cross product (p = 2)
on a 7-manifold. Such a structure is called a Gs-structure and the
associated 3-form is called a Go-form (that is ¢ in the notation of
Appendix A and in the main text).

(4) The second exceptional case is 3-fold cross product (p =3) on an 8-
manifold. This is called a Spin(7)-structure and the associated 4-form
is called Spin(7)-form.

The complex version of vector cross product has been introduced in [26].
Consider a Hermitian manifold (g, J, M) and define the complex vector cross
product as a holomorphic (p + 1)-form satisfying

liey neanne, @l = 2FTH/2

for any orthonormal tangent vectors ej,es,..., e, € Tgc1 Onr , for any x € M.
One can show from this definition that ¢ can be either a holomorphic sym-
plectic form or a holomorphic volume form [26]. Thus the examples of
manifolds equipped with the complex vector cross product structure are
hyperkéhler and Calabi—Yau manifolds.
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