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1 Introduction

For a single M2-brane propagating in an eleven-dimensional spacetime with coordinates
2™ the full non-linear effective action including Fermions and x-symmetry was obtained

in [1]. The Bosonic part of the effective action is

S = —TM2/d3a\/—det(8u:cm8y:c"gmn) + % /d30 e””A(?Hﬂ:m@,,x"(%\xpCmnp . (1.1
Here Cyy,pp is the M-theory 3-form potential, g, the eleven-dimensional metric and T2 o
M;’l is the M2-brane tension.

If we go to static gauge, o = z#, p = 0,1,2 then the M2-brane has world-volume
coordinates x# and the 2!, I = 3,4,5,....,10 become 8 scalar fields. In this paper we will
be interested in the lowest order terms in an expansion in the eleven-dimensional Planck
scale M. In this case the canonically normalized scalars are X I' = ¢1\/Tyro. These have
mass-dimension 1/2 whereas g, and Cy,,, are dimensionless.

We next seek a generalization of this action to lowest order in M,; but for multiple M2-
branes. The generalization of the first term in (1.1) was first proposed in [2-5]. This has the
maximal A/ = 8 supersymmetry and describes two M2-branes in an R8/Zs orbifold [20, 21]
but cannot be extended to more M2-branes [6, 7] (although there are interesting models
with Lorentzian signature on the 3-algebra [8, 9]). It was then further generalized in [10, 11]
for arbitrary M2-branes and manifest N’ = 6 supersymmetry in an R®/Z;, orbifold.

In this paper we will obtain the generalization of the second term (i.e. the Wess-
Zumino term) which gives the coupling of the M2-branes to background gauge fields. In
the well studied case of D-branes, where the low energy effective theory is a maximally



supersymmetric Yang-Mills gauge theory with fields in the adjoint representation, the ap-
propriate generalization was given by Myers [12]. In the case of multiple M2-branes the
scalar fields X! and Fermions now take values in a 3-algebra which carries a bifundamental
representation of the gauge group. Thus we wish to adapt the Myers construction to M2-
branes. For alternative discussions of the coupling of multiple M2-branes to background
fields see [17-19].

The rest of this paper is as follows. In section 2 we will discuss the relevant couplings, to
lowest order in My, for the A" = 8 Lagrangian of [4] and demonstrate that, by an appropri-
ate choice of terms, the action is local and gauge invariant. We will also supersymmetrize
the case where the background field Gjjx is non-vanishing and demonstrate that this
leads to the mass-deformed theories first proposed in [13, 14]. In section 3 we will repeat
our analysis for the case of N' = 6 supersymmetry, which includes both the ABJM [10]
and ABJ [11] models leading to the mass deformed models of [15, 16]. In section 4 we
will discuss the physical origin of the flux-squared term that arises by supersymmetry. In
particular we will demonstrate that this term arises via back reaction of the fluxes which
leads to a curvature of spacetime. Section 5 will conclude with a discussion of our results.

2 N = 8 Theories

Let us first consider the maximally supersymmetric case. We follow the notion and con-
ventions of [25]. Although this case has only been concretely identified with the effective
action of two M2-branes in an R®/Zy orbifold [20, 21] it is simpler to handle and hence
the presentation is clearer. In the next section we will repeat our analysis for the case of

N =6.

2.1 Non-Abelian couplings to background fluxes

The scalars X/ live in a 3-algebra with totally anti-symmetric triple product [ X7, X7/, X K]
and invariant inner product Tr(X’, X”/) subject to a quadratic fundamental identity and
the condition that Tr(X!,[X7, X% X1]) is totally anti-symmetric in I,.J, K, L [4]. An
important distinction with the usual case of D-branes based on Lie algebras is that Tr is
an inner-product and not a map from the Lie algebra to the real numbers. In particular
there is no gauge invariant object such as Tr(X'). Thus the only gauge-invariant terms
that we can construct involve an even number of scalar fields.

In this paper we wish to consider the decoupling limit 7o — oo since, unlike String
Theory, there are no other parameters that we can tune to turn off the coupling to gravity.
In particular it is not clear to what extent finite T2 effects can be consistently dealt with
in the absence of the full eleven-dimensional dynamics.

Assuming that there is no metric dependence we start with the most general form for
a non-Abelian pull-back of the background gauge fields to the M2-brane world-volume:

_ 1 N 3 I J
Sc = e / d x(aTMQCWA +3bC)ry Tr(Dy X!, DyX)
+12¢C, 1y Tr(DAXT (X7, XK, XE))

+12dC1 5 Cyrery TrH(DAX T (X7, XK X)) 4. ) (2.1)



where a,b, ¢,d are dimensionless constants that we have included for generality and the
ellipsis denotes terms that are proportional to negative powers of T2 and hence vanish in
the limit Thy9 — 0.

Let us make several comments. First note that we have allowed the possibility of
higher powers of the background fields. In D-branes the Myers terms are linear in the R-R
fields however they also include non-linear couplings to the NS-NS 2-form. Since all these
fields come from the M-theory 3-form or 6-form this suggests that we allow for a non-linear
dependence in the M2-brane action.

Note that gauge invariance has ruled out any terms where the C-fields have an odd
number of indices that are transverse to the M2-branes (although the last term could have a
part of the form C,,,;C i ). This is consistent with the observation that the " = 8 theory
describes M2-branes in an R®/Zy orbifold and hence we must set to zero any components
of C3 or Cg with an odd number of I, J indices.

The first term is the ordinary coupling of an M2-brane to the background 3-form
and hence we should take a = N for NV M2’s. The second line leads to a non-Lorentz
invariant modification of the effective 3-dimensional kinetic terms. It is also present in the
case of a single M2-brane action (1.1) where we find b = 1 which we will assume to be
the case in the non-Abelian theory.! The final term proportional to d in fact vanishes as
Tr(Dy XU, (X7, XK XH]) = 1o, Tr(Xx!, [ X7, XX, X*]) which is symmetric under I,.J <
K, L. Thus we can set d = 0.

Finally note that we have allowed the M2-brane to couple to both the 3-form gauge
field and its electromagnetic 6-form dual defined by G4 = dC5, G7 = dCgs where

1
Gr = *xGy — 503 NGy . (2.2)

The equations of motion of eleven-dimensional supergravity imply that dG7 = 0. However
Gy is not gauge invariant under 0C3 = dAy. Thus S¢ is not obviously gauge invariant
or even local as a functional of the eleven-dimensional gauge fields. As such one should
integrate by parts whenever possible and seek to find an expression which is manifestly
gauge invariant.

To discuss the gauge invariance under 6C3 = dAs we first integrate by parts and discard
all boundary terms

1

3 3 N
S = o W’\/d?’x(NTMQCW)\ + §GW1J Tr(X!, DyX7) - 5Cnts (X, F\X7)

—cGuarsrr Tr(XT X7, XK XL])) :

Here we have used the fact that C},,; and C),,x77x have been projected out by the orbifold
and hence G 15 = 201,Cyyry and Guarsxr = 30, Conrikr- )

We find a coupling to the world-volume gauge field strength F),, but this term is not
invariant under the gauge transformation dC'5 = dAs. However it can be cancelled by

I This is an assumption since the overall centre of mass zero mode z* that appears in (1.1) is absent in
the non-Abelian generalizations.



adding the term

4

to S¢. Such terms involving the world-volume gauge field strength also arise in the action

1 ~
Sp = —et / d3x (X!, F X7)COrry, (2.3)

of multiple D-branes.
Next consider the terms on the third line. Although G~ is not gauge invariant G7 +
%Cg A G4 is. Thus we also add the term

Sca = _QL?)'GW/d% Te(XT, (X7, X5, X)) (C3 A Ga) yrtsrcr - (2.4)
and obtain a gauge invariant action.
To summarize we find that the total flux terms are, in the limit Th;9 — oo,

Saux = Sc + Sr+ Sca
1 3
— QEW / 3z (NTMQCWA + §GW Tr(X!, DyX7) (2.5)

1
—c<G7 +5C5 A G4> (X!, [ X7, X%, XL])> .

pATJK L

In section 4 we will argue that ¢ = 2.

2.2 Supersymmetry

In this section we wish to supersymmetrize the flux term Sg,y that we found above. There
are also similar calculations in [22-24] where the flux-induced Fermion masses on D-branes
were obtained. Here we will be interested in the final term since only it preserves 3-
dimensional Lorentz invariance (the first term is just a constant if it is Lorentz invariant).
Thus for the rest of this section we will consider backgrounds where

Lau = cGryrer Tr(XT, (X7, XK X1, (2.6)

with

~ 1 1
Grikrn = —ge‘u”)‘ <G7 + 503 N G4>

uvAIJKL

1
= $€IJKLMNPQGMNPQ (2.7)

and G ki, is assumed to be constant.
To proceed we take the ansatz for the Lagrangian in the presence of background fields
to be

L= E/\f:g + Lmass + Lﬂux s (28)

where Lpr—g is the Lagrangian detailed in [4],

1 _ .
Linass = —§m251J Tr(X’, X7) + b T (VT KL )Gk (2.9)



and m? and b are constants. We use conventions where ¥ and e are eleven-dimensional
spinors satisfying the constraints I'g1oW = —W¥ and ['g19¢ = e.
As shown in [4], Lyr—g is invariant under the supersymmetry transformations

6X!I =jerlw,
0A,b, =iel, D X1w, e, (2.10)
1
6, = D, XTrrle — éle X XK pbed PITE
We propose additional supersymmetry transformations of the following form

IxI=0
&AL =0 (2.11)

60, = WwIELPM XM G e

where w is a real dimensionless parameter.
Applying the supersymmetry transformations to the mass deformed Lagrangian gives

0L = (8" + 0)(Lar=s + Linass + Lux) (2.12)

= (iw + 2b) Te(WTHTMNOPTL e D XTYGynvop
L
2

2b - ~
_E TI‘(\I/FMNOPFIJKE, [XlaXJaXK])GMNOP

Tr(OTI/TMNOPPE e (xT X7 XE)Grvop

+4ic Tr(OT e, [ X7, XK X)) Crikr
+im251J Tr(\IIFIe, XJ)

+2bw TI‘(\I/FIJKLPMNOPFQG, XQ)GIJKLGMNOP . (213)
To eliminate the term involving the covariant derivative we must set b = —iw/2. Substi-
tuting for b, expanding out the gamma matrices and using anti-symmetry of the indices
yields
S 2iw 5T/ JKMNOP I yvJ yvENA
0L = TTT(‘I’F e, [X', X7, X )Gunop

+(4ic — 16iw) Tr(UT e, (X1, X7 XE) G 1K
+im28r; Tr(UT e, X7)
—iw? Tr(WT/EEMPNOPQTL . XIYG 11 v Gnopg - (2.14)

Defining ¢ = GrrmT?EEM and using Hodge duality of the gamma matrices leads to

5£:96iw<_1 c

+ 4— —*) GL]JK TI“(\T/FLE, [XI,XJ,XK])
w

+i Te(P (m2 - uﬂ@@) e, X7) . (2.15)
Invariance then follows if the following equations hold

(—1+i —x) Gk =0 and  (m? - w2@GE)TTe=0. (2.16)



Since we assume that ¢ # 0, the first equation implies w = ¢/8 and G is self-dual. Tt follows
from the result [3456789(10) @ — @ that the second equation is satisfied by

i = 32m?

C

<1+F3456789(10)) ' (2.17)

Expanding out the left hand side and using the self-duality of G one sees that this is
equivalent to the two conditions

2

C
m2 = 39. 4'G2 and GMN[]JGKL}MN = 0, (218)

where G2 = G]JKLGIJKL.

The superalgebra can be shown to close on-shell. We first consider the gauge field and
find that the transformations close into the same translation and gauge transformation as
in the un-deformed theory;

[61,02) A0 = [61 + 87,05 + 0h) A0,

=0"F, % + DA%, (2.19)

where vV = —2i631e; and Aba = iEQPJKengXfdeba.

FMNOPIJ

In considering the scalars we find a term, 2iwés €1X[1]GMNOP, which can be

transformed into an object with two gamma matrix indices by utilizing the self-duality of
the flux. We find that the scalars close into a translation plus a gauge transformation and
an SO(8) R-symmetry,

[01,09) X1 = [61 + &1, 60 + 65) X
=v'D, XL+ AP X! +iRT ;X (2.20)
where R ; = 48we,I'MN qé MNIJ is the R-symmetry.
Finally we examine the closure of the Fermions. We find again a term incorporating

I'®) which can be converted to I'® using self-duality of G. Continuing, we find

[51, 52]\1/@ = [(51 + 5{, 0o + 5é]q/a (2.21)
= "D, W, + APy, + i(60 e ) T EY, — %(@FJKQ)FJKE(I,

R T, (2.22)
Here EJ, is the mass deformed Fermionic equation of motion,
1 ~
El, =TD,¥, + EFUXCIXC‘{\I/bedba — WwIMNOPg Gyinvop (2.23)
Consequently, we find that on-shell

01,02]Wy = "D, ¥, + AP, Ty, + ZRMNFMN\IIQ : (2.24)



We also verify that the Fermionic equation of motion maps to the Bosonic equations
of motion under the supersymmetry transformations. From the proposed mass deformed

Lagrangian the scalar equation of motion is

ov

0X1Ia _m2X£—4CXé]XCIl{Xl)I'debaé[JKL =0. (225)

Ey = D2x! - %@crf T X T, fedb
The equation of motion for the gauge field is unchanged and is given by

- (-
Ejfl = Fﬂyba + €uuA(Xé]D>\XEl] + §\I’cr>\\l’d)f6dba =0. (2.26)

Taking the variation of the Fermionic equation of motion (2.23) gives

0 = I'I)\X{Fje + I EXe

961w c ~
e (<14 1 = %) Gk X! X X[ 1o,
+ (m2 — WQFMNOPPWXYZGW)(yzéMNop) FIEX({ . (227)

Therefore consistency of the equations of motion under supersymmetry again implies that
the conditions (2.16) must be satisfied.

Let us summarize our results. The Lagrangian
1 I wy ! i T TH i \T 1 J
L= —3 Tr(D, X", D'X") + 3 Tr(VI*, D, V) + ZTr(\IIFU, (X7, X7, 7))
1 ic _ ~
-V —Lcg — 5m?(su r(x!, x7) - o Te(OTEL 0)Grikr
—|—CTI‘([XI,XJ,XK],XL)G]JKL (228)
is invariant under the supersymmetries
ox! =iertw,
§A,L, =iel, D X v, fotb, 2.29
n ptIde
1 ~
50, = D, XTHT e — 6XngXffbcdar”Ke + gr”KLrMeX;”GUKL

provided Gryrr is self-dual and satisfies (2.18). Moreover the supersymmetry algebra

closes according to
[61, 62]121,uba = UVF;U/ba + D;/,Aba
01,0) X2 = v D, X + A X! +iR" ;X (2.30)
[61,65] W, = 0" D, W, + AL, W, + %RMNPMN\IIG .
Taking
G = p(dx3 A da* A dad A da® + da” A da® A da® A dzt©) (2.31)

readily leads to the mass-deformed Lagrangian of [13, 14].



3 AN = 6 Theories

Let us now consider the more general case of N/ = 6 supersymmetry and in particular the
ABJM [10] and ABJ [11] models which describe an arbitrary number of M2-branes in an
R®/7Z,;, orbifold. We will use the notation and conventions of [25]. Since the discussion is
similar in spirit to the A/ = 8 case we will shorten our discussion and largely just present

the results of our calculations.

3.1 Non-Abelian couplings to background fluxes

In the N = 6 theories there are 4 complex scalars Z4 and their complex conjugates Z4.
These are defined in terms of the spacetime coordinates through
3., ;.4 2 1
(x” +ix”) Z° =
2TM2 2TM 2
1 1

m(ﬂ —iz?) 74 = \/m(xs —iz'0) .

In particular we will take the formulation in [25]. The scalars and Fermions are endowed
with a triple product [Z4, ZB; Z¢] or [Za, Zy; Z€] and an inner-product Tr(Z ,, ZP) sub-
ject to a quadratic fundamental identity as well as the condition Tr(Zp, [Z4, ZB; Zc])* =
~Tr(Za,[2¢, ZP; Zp]). To obtain the ABJM/ABJ models [10, 11] one should let the fields
be m x n matrices and define

7' = (z + i)

AR

(24,725, Zc) = N24ZL 2P — 2P 71724 (3.1)

where X is an arbitrary (but quantized) coupling constant. As such the gauge invariant
terms always involve an equal number of Z and Z coordinates. Again this is consistent with
2mi

the interpretation that the M2-branes are in an C* /Zj; orbifold which acts as Z A e Z4,
Following the discussion of the previous section we start with

1 3 7
S0 = 2o / d%( NTa12Cpun + 5C 5 Tr(D, Za, DrZ")

3 _
+§CMAB Te(D,Z*, D\Zg)

3c - -
+5 Cuan ™ Te([DrZp, (2, 27 Zc)

3c o
+50WABCD Te([DrZP,[Z 4, Zp; ZC])> . (3.2)

Integrating by parts we again find a non-gauge invariant term proportional to e#**F,, )\CMA B
which is cancelled by adding

1 _ ~ ~
Sp = ge“”/d?’x C AR Tr(Za, FpZP) + Cua® Te(Z4, F o\ Z5) . (3.3)
As with the case above we also must add
Scq = —ﬁe“"}‘ / Pz (C3 A Ga)wap®P Te(Zp, (24, Z8; Z0)) (3.4)



to ensure that the last term is gauge invariant. Thus in total we have

Saux = Sc + Sr+ Sca

1 3 - 3 _
= ge‘“’/\/dgx (NTM2CMV>\ + ZGWAB Tr(Za, DAZP) + ZGWAB Tv(Z4, D\ Zp)

c 1 - _
—2(G1 + 5Cs A G)uran® T((Zp, 124, 27 Zc)) ) (3.5)

3.2 Supersymmetry

Following on as before we wish to supersymmetrize the action

L= Lx=6+ Lmass + Laux (3.6)
where Lx—g is the A/ = 6 Chern-Simons-Matter Lagrangian. We restrict to backgrounds
where

c _ L
Lanx = 5 T((Zp, (27, 27 Z2))Gan? (37)
with

~ 1 1
GABCD = ——eA Gr+ =C3 NGy b
3! 2 HWYAAB

1
= ZEABEFGCDGHGEFGH . (3.8)

Finally we take the ansatz for L5 to be
Linass = —m> Te(Z4, Z4) + b Te(p?, p)Gap”" . (3.9)
We propose the following modification to the Fermion supersymmetry variation
§'haq = weprZL G ap®P (3.10)

where w is a real parameter.

After applying the supersymmetry transformations to £ we find that taking b = —iw
climinates the covariant derivative terms. The terms that are second order in G must
vanish separately and this gives the condition

~ ~ m2
GAEEBGBFFC = F(;g . (3.11)
The remaining terms in the variation are

0L = +2iwTr(Zp, [bpePd, 29, Zg))Gap®"
+iw Tr(ZD, [&FEQD, ZA; ZQ])GAEEF
+2iw Tr(Zp, (e, 25 Zp))Gap®r (3.12)
+% Te(Zp, W™, Z8; Z6])G ap©P
W _ _ _ -
+— QD Tr(Zp, Wi el 27 Zq))Gas®"

2
—+c.c.,



where we have made use of the reality condition epp = %6[]}7‘}3 e/, To proceed we need to

restrict G to have the form
~ 1 -~ 1 = 1 5= 1.5~
Gap®P = §5§GAEED - 55§GBEED — iagaAEEC + §5APGBEEC, (3.13)

with GAEEA = (. Substituting for GABCD allows us to factor out the common term
Tr(Zp, Ve, 27, ZQ])GAEEF. This factor is separately anti-symmetric in /J and D@

AQKD [AQK D]

1 p— '
so after expanding out & EIJFP 4.5UFP we have

5L = iw (i . 2) (670K 5269 4 5K 695257)
X TI“(ZD, [TIEKEIJ, ZP; ZQ])@AEEF (3.14)
—+c.c.

Therefore the Lagrangian is invariant under supersymmetry if w = ¢/4. Taking the trace
of equation (3.11) allows us to deduce that

1
2 22
m° = 3. Tk G (3.15)

where G? = GGABCDGABCD = 12GAEEBGBFFA.

In examining the closure of the superalgebra we find

[(51, (52] Aucd =Y ~Mycd =+ DM(Aabebad) (3.16)
[01,00) Z3 = o' D, Z3 + A f*4 22 — iR ZE —iv 77 (3.17)
where

o = &Pyl (3.18)
Ay = i(PPelp — PP ) ZpaZf (3.19)

1 ~
R = w (@6 ~ 6fchy) - (e ~ b)) Gen™® (320
Y = (@ ehp — & “ebp)GenP . (3.21)

Acting with the commutator on the Fermions gives

[01,62)pa = v"Dyutppa + Aav f " s pe
)

—5(e'%eap — & e1ap) B,
Z‘ v
+Z(€f‘B%€2AB)’Y Epyg
+iR paa — Y pa (3.22)
provided the 4-form satisfies G 4”4 = 0. The new Fermionic equation of motion is
Efy = Y Dybca + ™ avcaZE Zpe — 2 s paZE Zoe
_ C ~
—ecppr ™ Zl Z] + ZGCEEB¢Bd : (3.23)

,10,



Consistency of the Bosonic and Fermionic equations of motion under supersymmetry re-
quires that GAEEBGBFFC = ZL—;&C, which is the same condition as found in demonstrating
invariance of the action.

Choosing G a5°P to have the form (3.13) with

£0 0 0

. Op 0 0

GapP¢ = , 3.24

AB 00 —u 0 (3:24)
00 0 —p

gives the mass-deformed Lagrangian of [15, 16].

4 Background curvature

Our final point is to understand the physical origin of the mass-squared term in the effective
action which is quadratic in the masses. Note that this term is a simple, SO(8)-invariant
mass term for all the scalar fields. Furthermore it does not depend on any non-Abelian
features of the theory. Therefore we can derive this term by simply considering a single
M2-brane and compute the unknown constant c.

We can understand the origin of this term as follows. We have seen that it arises as
a consequence of supersymmetry. For a single M2-brane supersymmetry arises as a conse-
quence of k-symmetry and k-symmetry is valid whenever an M2-brane is propagating in a
background that satisfies the equations of motion of eleven-dimensional supergravity [1].

The multiple M2-brane actions implicitly assume that the background is simply flat
space or an orbifold thereof. However the inclusion of a non-trivial flux implies that there
is now a source for the eleven-dimensional metric which is of order flux-squared. Thus
for there to be k-supersymmetry and hence supersymmetry it follows that the background
must be curved. This in turn will lead to a potential in the effective action of an M2-
brane. In particular given a 4-form flux G4 the Bosonic equations of eleven-dimensional
supergravity are

1 1 1
Rmn - §gmnR = ﬁGmpqunpqr - mgmncj2
1
d*G4—§G4/\G4:0. (4.1)

At lowest order in fluxes we see that gmn = Mmn and G4 is constant. However at second
order there are source terms. To start with we will assume that, at lowest order, only

G711 is non-vanishing. To solve these equations we introduce a non-trivial metric of the

e N 0
= 4.2

1 1
where w = w(az!) = w(XT/TZ,) and gr; = grs(x!) = gr (X1 /TE,).

form

— 11 —



Let us look at an M2-brane in this background. The first term in the action (1.1) is

S = —TMg/d?’x\/—det(eQWnW + Oyl 0y gry)
1
= —Tys / 3z e <1 + 5672”(9“:6[6”ng1] + .. > (4.3)
1
= —/d?’x <TM263” + 56”8MX18“XJgU 4 .. ) .

Next we note that, in the decoupling limit T — oo, we can expand

p2w(@) — 20(XT/VTar2) —_ q + inXIXJ T (4.4)
Tz
and
g15(2) = g1 (X" /\/Tar2) = 615+ .-, (4.5)
so that

1
S1 = —/d3x (TMz + 3w XIX7 + §aquaHXJ51J +.. > . (4.6)

where the ellipsis denotes terms that vanish as Th;o — o0o. Thus we see that in the
decoupling limit we obtain the mass term for the scalars. Similar mass terms for M2-
branes were also studied in [26] for pp-waves.

To compute the warp-factor w we can expand gmn = Mmn + Rmn, where hp,, is second
order in the fluxes, and linearize the Einstein equation. If we impose the gauge 0™ hy —

%anhpp = (0 then Einstein’s equation becomes

1 1 1 1
— 50,,07’ (hmn - —nmnhqq> = ﬁempqranw — —— g G? . (4.7)

2 4 - 4!
This reduces to two coupled sets of equations corresponding to choosing indices (m,n) =
(p,v) and (m,n) = (I,J). Contracting the latter with 67/ one finds that h;! = 4h,P and
hence h,? = —1h,*. With this in hand the (m,n) = (p,v) terms in Einstein’s equation

reduce to 1
81(9]62“ = WGQ, (48)

and hence, to leading order in the fluxes,

e =1+ G*6pyxla? (4.9)

1
48 - 4!

so that S7 contributes the term

1

to the potential.
Next we must look at the second, Wess-Zumino term, in (1.1);

Thro v
52 = T/d‘?xe“ ACMV)\ . (4.11)

- 12 —



Although we have assumed that C,» = 0 at leading order, the C-field equation of motion
implies that G\ = 01C,,» is second order in Gyyir. In particular if we write C,,\ =
Coeuvr we find, assuming Gk is self-dual, the equation

1

910" Co = > 4!G2, (4.12)
where G? = Gy, G!5L. The solution is
1 2 I..J
Co = 3. 4!G orjx z’ . (4.13)

Thus we find that S5 gives a second contribution to the scalar potential

1
So=—[d* G*X? . 4.14

2 / Y324l (4.14)
Note that this is equal to the scalar potential derived from S;. Therefore if we were to
break supersymmetry and consider anti-M2-branes, where the sign of the Wess-Zumino
term changes, we would not find a mass for the scalars.

In total we find the mass-squared

1
2 2
= —G". 4.15
T (4.15)
Comparing with (2.18) we see that ¢* = 4, e.g. ¢ = 2. Note that we have performed this
calculation using the notation of the N' = 8 theory, however a similar calculation also holds
in the A/ = 6 case with the same result.

5 Conclusions

In this paper we discussed the coupling of multiple M2-branes with N’ = 6,8 supersym-
metry to the background gauge fields of eleven-dimensional supergravity. In particular we
gave a local and gauge invariant form for the ‘Myers terms’ in the limit M, — oo. We
supersymmetrized these flux terms in the case where the fluxes preserve the supersymme-
try and Lorentz symmetry of M2-branes to obtain the massive models of [13-16]. We also
showed how the flux-squared term in the effective action, which arises as a mass term for the
scalar fields, is generated through a back reaction of the fluxes on the eleven-dimensional
geometry.

The results we have found using gauge invariance fit naturally with the R®/Z; orbifold
interpretation of the background. However for the AV = 6 theories with k& = 1,2 the orbifold
action is less restrictive and this allows for additional terms. In particular for £ = 2 we
expect terms where total number of Z4 and Zp fields are even (but not necessarily equal).
In addition for k = 1 there should be terms with any number of Z4 and Zp fields. Such
terms are not gauge invariant on their own but presumably can be made so by including
monopole operators which, for £k = 1,2, are local.
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