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1. Introduction

It is known that at low energy the world volume modes of N M2-branes decouple from
the eleven-dimensional gravity in the bulk leading to an N = 8 superconformal field
theory in three dimensions. This superconformal theory has an SO(8) R-symmetry
which can be identified with the geometric SO(8) symmetry acting on the eight
transverse directions of the M2-branes. Although we have understood this theory
through its symmetries, it was not clear for over a decade how to write a model
describing three dimensional N/ = 8 superconformal field theory.

In a series of paper Bagger and Lambert [fl, B, B] and also Gustavsson [H] have
constructed an action which is consistent with all the symmetries of a 3D N = 8
superconformal field theory; namely it is conformal invariant with 16 supercharges
and has an SO(8) R-symmetry acting on eight scalar fields. Therefore this model
has the potential to describe the world-volume theory of multiple M2-branes.

This construction relies on the introduction of an algebraic structure called a “Lie
3-algebra” characterized by 4-index structure constants, f42¢, and a bi-linear metric

hAB. The structure constants satisfy a fundamental identity which is essentially a



generalization of the Jacobi identity of the Lie 2-algebra. Depending on whether
the metric is positive definite or indefinite we distinguish two cases: Fuclidean and
Lorentzian theories'. Although the Euclidean theory, originally proposed by Bagger
and Lambert, can only describe a theory with SO(4) gauge symmetry where A0 =
eABCD " the Lorentzian theory may be written for any classical Lie algebra [B, [, B

Even though in the original Lorentzian theories there were potential ghost-like
degrees of freedom, a variant has been proposed that has been argued to be unitary
and describe multiple M2-branes [, []. The argument is as follows. One modifies
the theory by gauging a shift symmetry for one of the “null” coordinates X! by
introducing a gauge field. The other null coordinate X! is frozen as a result of the
equation of motion of the gauge field. Therefore the resultant theory is manifestly
ghost-free. Indeed, using the Higgs mechanism of Ref.[]]] it was shown [§, [J] that
the theory reduces to maximally supersymmetric Yang-Mills in three dimensions
whose gauge coupling is the vev of the scalar field. This result indicates that the
ghost free Lorentzian theory is closely related to SYM theory. However in [[3] it
was shown that starting from maximally supersymmetric 3D Yang-Mills theory and
using a duality transformation due to de Wit, Nicolai and Samtleben [[7, [g, [7],
one can directly obtain the ghost-free Lorentzian 3-algebra theory?. Since it can be
derived from SYM, the final theory is manifestly equivalent to it on-shell. Though
it does have enhanced R-symmetry as well as superconformal symmetry off-shell, it
is the D2-brane theory on-shell for any finite vev of the gauge-singlet scalar field.

On the other hand at higher orders in o the world-volume theory of multiple
D2-branes is believed to be described by some non-Abelian generalization of the
DBI action. Therefore, one would expect that the 3-algebra theories just represent
the lowest order of the full effective action describing the world-volume of multiple
M2-branes. Therefore it should be interesting to study non-linear corrections to 3-
algebra theories. One straightforward approach is to consider these corrections in the
context of Lorentzian 3-algebras, where as indicated above they should be derivable
from the SYM theory.

Accordingly, in this article we extend the considerations of [[3] when higher-
derivative corrections are taken into account. More precisely starting with the A' = 8

supersymmetric Yang-Mills theory on D2-branes and incorporating higher-derivative

1See [f]] for an alternative treatment.

2The same mechanism was subsequently used to derive globally N = 8 supersymmetric actions

from supergravity@] .



corrections to lowest nontrivial order, we perform a duality to derive the Lorentzian
3-algebra theory along with a set of derivative corrections given by non-Abelian
terms [[§]. We will show that these corrections assemble themselves neatly into the
basic objects of a 3-algebra, namely the 3-bracket and covariant derivatives. This
holds for both bosonic and fermionic terms and we provide explicit forms for the
leading correction in both cases.

Finally we conjecture that the derivative corrections we have obtained here, being
independent of the details of the 3-algebra, should be relevant for Euclidean 3-algebra
theories as well. This conjecture in principle enlarges the potential applicability of the
results in this paper to a wider class of 3-algebras beyond the Lorentzian-signature
ones. However, because the 3-bracket for us is totally antisymmetric, our results can
be immediately generalized at this stage only to maximally supersymmetric (N = 8)
Euclidean 3-algebras, of which the sole example is the Bagger-Lambert A, theory[H].
It may be possible in the future to extend these considerations to 3-algebra theories
with lower supersymmetry such as those discussed in Refs.[I9, BJ] (see also [BT]).

The rest of the paper is organized as follows. In section two we will set our no-
tation by reviewing the construction of Ref.[[J. In section three we will extend the
results to incorporate bosonic non-Abelian F* terms and the corresponding scalar
terms. In section four we discuss some general features of these higher order cor-
rections. In section five we obtain the SO(8) covariant fermionic terms to the same

order in . Finally we present a conjecture and our conclusions.

2. Review

We would like to consider the maximally supersymmetric interacting super Yang-
Mills Lagrangian in 241 dimensions based on an arbitrary Lie algebra G whose

bosonic action in leading order is given by:

1 1R
L=Tr(—-——F,F"— -D,XDr'x' — DM [xi xi[x7 X7}, (21)
1%, 2 4

Here A, is a gauge connection on G. The field strength and the covariant derivatives

are defined as:
F.=0,A,-0A,—[A, A and D,=0,—[Au"]. (2.2)

The X's are seven matrix valued scalar fields transforming as vectors under the SO(7)

R-symmetry group.



In [[3] it was shown that this Lagrangian can be brought to the form of the
Lorentzian Bagger-Lambert or 3-algebra field theory proposed in [{, [1, §, or more
precisely to the “gauged” version of the above theory described in [P}, [0]. Here we
first review the results of [[J].

We proceed by introducing two new fields B, and ¢ that are adjoints of G. In
terms of these new fields the dNS duality transformation [[3, [[@, [[7] is the replace-

ment:

1 1 1

Tr(——5—F"F, | — Tt (" B,F) — = (Dud — gymB)? ) - (2.3)
4g5 2 2

We see that in addition to the gauge symmetry G, the new action has a noncompact

Abelian gauge symmetry that we can call G, which has the same dimension as the

original gauge group G. This symmetry consists of the transformations:
(5¢ = gYMM s 5BH = D“M s (24)

where M (x) is an arbitrary matrix, valued in the adjoint of G. Clearly B, is the
gauge field for the shift symmetries G. Note that both in Eq. (Z3) and Eq. (£4),
the covariant derivative D), is the one defined in Eq. (B7).

If one chooses the gauge D*B, = 0 to fix the shift symmetry, the degree of
freedom of the original Yang-Mills gauge field A, can be considered to reside in
the scalar ¢. In this sense one can think of ¢ as morally the dual of the original
A, [13, [@, [7. Alternatively we can choose the gauge ¢ = 0, in which case the same
degree of freedom resides in B,,. The equivalence of the RHS to the LHS of Eq. (2.3)
can be conveniently seen by going to the latter gauge. Once ¢ = 0 then B, is just

an auxiliary field and one can integrate it out to find the usual YM kinetic term for
F

-
We can now proceed to study the dNS-duality transformed of the bosonic sector

of N'= 8 Yang-Mills theory. Its Lagrangian is:

1 1 I

L =T (§EMV)\BMFI/)\ 3 (Do — gymBy)* — §DMXZD”XZ

P (2.5)

—2MIX XX X )
4

The gauge-invariant kinetic terms for the eight scalar fields have a potential

SO(8) invariance, which can be exhibited as follows. First rename ¢(z) — X%(x).



Then the scalar kinetic terms become —%f?HX IprXT where:

D, X' =D, X" =0,X' —[A, X", i=1,2,...,7

D,X® = D, X® — gyn B, = 9,X® — [A,, X¥] — gyuB, . (2.6)
Defining the constant 8-vector:

G =(0,...,0,9vn), I=1,2,...8, (2.7)
the covariant derivatives can together be written:
D, X" =D, X" — gl.\/B, . (2.8)
One can now uniquely write the SYM action in a form that is SO(8)-invariant
under transformations that rotate both the fields X’ and the coupling-constant vector
I .
Iy M-
£=Te(2e B Ry — 1D, X DEXT
(ke - 10,
1

12
The final step is to replace gi-,, by a scalar field X! that is constrained to

2 (2.9)
(98X, X5] + g0y X5, X7 + gl (X7, X)) )

be a constant®. This proceeds as described in [[J] and we will describe it again
in the following section where we address higher-derivative terms. The fermionic

contributions also must be added, and these too will be described in what follows.

3. I'* terms

The aim of this section is to redo the procedure of the previous section for subleading
terms of the three dimensional theory. The subleading terms consist of F* with four
derivative interactions of the scalar fields. To find the explicit terms we note that the
leading order terms in the action can be found from reduction of the ten dimensional
pure gauge Yang-Mills theory. Therefore to get the higher derivative terms for the

three dimensional theory we will start from ten dimensional F* terms given by [[§]*

1 1 1
L9 = ETI FynFrgFMERNS 4 iFMNFNRFRSFSM - EFMNFMNFRSFRS

1
- éFMNFRSFMNFRS ,

(3.1)

3Flux quantization in the original theory implies the matrix-valued scalars have a periodicity

X'~ X4 XJIr]I. We thank Juan Maldacena for emphasizing this to us.

*We are using units in which o/ = 5-.




where M, N, R,S = 0,---,9. The aim is now to reduce this action to three di-
mensions. To do that we decompose the indices to u,v,p,0 = 0,1,2 and i, 5, k, | =

1,---,7. Then the Yang-Mills plus F'* terms lead to the following Lagrangian:

6
LW =1 +3Y T L, (3.2)
1=1
where
-1 p pw
Aggn
4 1 vo 1 v, o 1 v o
Ll = T2y [FWFMFWF G B Fpp P — L Fy Y F P (3.3)
]‘ v log
_ g qupaF“ FP }
1 . ; . ; . .
LYY = o {F,W D'X' F™ D,X'+ F,, D,X' F"" D'X' — 2F,, F" D"X' D, X’
Y M
v % A v A % 1
~2F,, P DX D'X" = Fyy F*" D*X' DpX' = S Fy DpXi Fu D,JXZ}
L (L, pwoxi xu g e, xi e x
12\2°" 4
(3.4)
LY = -5 (D"X’ D'X'F,, + DX’ F,, D"X' + F,,, D"X' D”Xﬂ) XY (3.5)
LY = 3 {DNX’ D, X’ D'X' DX’ + D,X"' D,X? D*X7 D" X'
+D,X" D, X' D"X’ D"X’ — D, X' D"X" D, X7 D" X’ (3.6)
1 ) : . ;
= 5 DuX' D,X7 D'XT DV X
2
LY = gi/_éw [ij D, X" X% DFX' + X D,X* X** DrXI
—2X% X* D, X7 DX —2X" X% D, X7 DrX! (3.7)
— X4 X% p,XxX* prxF — 5 X" D, X* X% prx*
4
' (3.8)
. _XZijlXZijl
8



Following the previous section the aim is to rewrite the above Lagrangian in
terms of the new fields, B,,, X® such that the obtained Lagrangian will be manifestly
SO(8) invariant. It is useful to proceed in two steps. First we simply rewrite the

Lagrangian in terms of the Poincare dual field strength defined by:

F

" EuuAJTVA (3.9)

N —

Note that in our conventions (with a (— + +) metric), the inverse transformation
is I, = —EW,\F’ A, Later we will replace F by an independent field B, that will be
subjected to constraints via the equations of motion, leading back to the original

action.

Replacing F},, in terms of Fu everywhere in the preceding Lagrangian, we end

up with:
@ 7@ @ @ I~ = 1 A S
LYW+ Ly" + Ly’ + Ly’ =Tr | -—5—F,F" + | FuF*FF” + - F F, F'F
29y m 124y 5, 2

1 ~ o~ . . ~ o~ . . ~ o~ . .

+———|2F'F, D"X" D, X' —-2F'F, D, X' D" X"+ 2F'F” D, X" D, X"

1292 H © w©
YM

+F* D'X'F, D, X' — F* D"X' F, D, X' + F* D, X' F” D,,Xi)

1/~ ~ e
+13 (F“ F X9 XY 4 SF" XY F, X”)

1 . . ) . . . . g
5 Conw <F” D'X' D'X 4 D'XJ FP DX’ + D*X* D X7 F”) XW]

(3.10)

Here we have written only the terms involving F', as the remaining ones Lf), Lé4), Lgl)

are obviously unaffected by our substitution.

Let us now perform a dNS duality, as in the previous section, but in the presence
of the above higher-derivative corrections. Introducing again an independent 1-form

(matrix-valued) field B, it is easy to see that the above action can be replaced with



one where F appears only in the Chern-Simons interaction F“B”:

_ 2
L4 1+ 1 + 1§ = v [FHB“ - 2B, B

4 1
+g’1fé” <BHB“B,,B” + §BuB,,B“B”) (3.11)

2
+g’1fé” <2B“B,, D'X'D,X'—2B"B, D,X' D"X'+2B*B" D, X' D, X"
+B*D'X' B, D, X' -~ B" D"X' B, D, X'+ B* D,X' B D,,Xi)

4 O | . .
+2u <B” B, XV XV +-B" X" B, X”)

2
+—92M Eppu (BP D'X' DYX? + D"X? B* D"X' + D'X' D¥ X7 B”) X”}

To show that this substitution is correct, simply integrate out the field B order by
order (truncating at quartic order, since that is all the input we had to start with)
using its equation of motion. It is easy to check that this brings the above Lagrangian

to the form:

L 4+ et + LY + L) + o(F"). (3.12)

We now use this form, depending on the new field B, to rewrite the Lagrangian in
an SO(8) invariant way. For this, introduce the field X® and replace B,,, everywhere

it occurs, by — D, X® — gymB,). There is now a shift symmetry as in Eq. (29)

1
g (
using which one can set X® = 0 and we get back to the above action. The utility of
this transformation will be that in more general gauges, X® can carry the dynamical

degree of freedom.

As explained in Egs.(2.9),(B.7),(B.9), it is useful to write the coupling constant
formally as an 8-vector, since this allows us to express all the covariant derivatives

in a unified manner as ﬁMX I'] =1,2,---,8. Then under the above replacement,



Eq. (B-10) becomes®:
1 uvp I - 8 yu yv8
Te| S BuFyy — 5 D XPD1X

L (o osrnosr ogn La st wgiyuvss
+33 (DquD“XSDVXgD”Xs - §DMX8D,,X8D“X8D”X8)

+5 (215#)(8 D,X* D"X' D, X' —2D*X® D, X® D, X' D" X'

+2D"X® D"X® D, X' D, X' + D*X® D"X* D, X® D, X'

~D"X® D'X' D,X® D, X'+ D"X® D, X' D"X® f),,Xi) (3.13)
+g§—2M ([)“X8 D,X® X" XY + %D”X8 X" D,X* XU)
+ 5 e (D’X8 DX DYXT + DYXT DPX® DMXT 4 DMX DV X f)”X8) Xif]
It is now straightforward, though a little messy, to see that the leading order

terms given in equation (E-T]) plus >0, Tr L§4) can be written in the SO(8) invariant
terms as follows:

1 1. -
Tr {56’””BMFVP — §DMXID“XI

+o5 <f)MXI D, X’ D'X! D*X’ + D, X! D, X7 D"X’ D" X!
+D, X' D, X! DX’ D*x’ — D, X! D*X' D, X’ DX’
1~ . . A
—§DHXI D, X7 Drx! D”XJ)

+11—2<%XLKJ ﬁ“XK XLIJ ﬁ'uXI—i-%XLIJ DuXK XLIK ﬁ,u,XJ
_XLKJ XLIK DHXJ ﬁ,u,XI_XLKI XLJK DHXJ ﬁ,u,XI
1

. A 1 . A

3XLIJ XLIJ DMXK DMXK _ EXLIJ DMXK XLIJ DMXK)
1 - - AY

—EEPMVDPXI DrXT DV XEXTTE v (X) (3.14)

where

XIJK = gXI/M[XJvXK] +g}J/M[XK7XI] +g}[/(M[X17XJ]

(3.15)

5Using integration by parts and cyclicity of the trace one can show that the F "D, X 8 term
vanishes.



Here V(X) is the potential:

1 1
V(X) — EXIJKXIJK 4 13 {XNIJXNKLXMIKXMJL (316)
+ %XNIJXMJKXNKLXMLI o iXNIJXNIJXMKLXMKL
o %XNIJXMKLXNIJXMKL]

Once we have SO(8) covariance, we are free to replace the fixed vector of coupling
constants gi.,, by any arbitrary vector with the same modulus. The last step is to
replace these constants by a set of scalar fields X! and introduce another scalar X’

as well as a gauge field C*! with the kinetic term:
(orf —orxhyorx!t (3.17)

As explained in Refs.[[[0, [3], this has the effect of constraining the vector X! to be
an arbitrary constant which we can then identify with gi,,.
Thus the final form of our derivative-corrected action is as in Eqgs.(B.I4) and

(B-16)), with the covariant derivatives replaced by:
D, X"=0,—[A,, X - B,X! (3.18)

and the commutator terms Eq. (B:I79) replaced by the Lorentzian 3-algebra triple
product:
XE = XX X5+ XX X+ XEXT X)) (3.19)

This must be supplemented, of course, with fermionic terms as well as gauge-fixing
terms for the various local symmetries. We will discuss the fermions in detail in a
subsequent section.

To summarize, in this section we have used dNS duality to re-write the three
dimensional N = 8 supersymmetric Yang-Mills theory, including the first nontrivial
derivative corrections, in a form which is manifestly SO(8) invariant. We now turn

to a discussion of the generality of this result.

4. Generality of the result and higher order terms

Encouraged by what we have found, we would like in this section to ask how general
the result is. Is it true that to any order, the derivative correction computed for N =

8 SYM in 3d can be re-expressed in SO(8) invariant form? Specifically we wish to

— 10 —



understand whether achieving SO(8) invariance depends on the specific combination
of F* terms appearing in Eq. (B-1). If this is not the case, in other words if enhanced
SO(8) is generically present for any higher order F™ terms that one can think of
writing down in 10d, then it would not be such a miracle. But in fact, as we will
see below, SO(8) enhancement does not hold for generic higher-order corrections.
The specific combination occurring in Eq. (B.]), which arises from string theory, is
essential for the result that we found in order F'*, and a similar situation is expected
to hold in higher orders.

Instead of considering the most general case, we will find it illuminating to start
with a simplified approach. Consider an Abelian SYM theory in 10d. Let us now

postulate a generic quartic correction to the 10d Lagrangian, namely:
LW = N Fag FAPFopFOP + Ny FAFE FG FD (4.1)

where we have put arbitrary coefficients in front of the two possible quartic terms.
(In this section we set gyys = 1 for notational simplicity.) After reducing to 3d, the
field strength terms can be dualized to 1-forms as before (using Fu = LeunF"Y) and
we find:

L e = (AN +2)5) F,F'F, F" (4.2)
Note that two different tensor structures in 10d have reduced to the same one in
3d. This is because of the duality between 1-forms and 2-forms in 3d. On the other

hand, the terms involving X are found to be:

LY = — (8A\1 4 4X) 8, X 0" X' F, F¥ 44Xy 8, X8, X F*F”

+ 40 9, X'0" X0, X7 0" X7 + 2020, X0, X 0" X7 0" X (4.3)
where as usual the indices 7,7 = 1,2,---,7. For the Abelian case Equs.([.2),(.3)
make up the whole reduced action to this order, since commutator terms are absent.

Now let us ask if the above expression has SO(8) invariance after performing dNS

duality. To quartic order this duality merely replaces Fu everywhere in the quartic

terms by B, (as we will see, this is not the the case from order 6 onwards). After

that, we replace B,, by —d,X®. The result for the quartic action Lgl) = Lgﬂlgo + L(;})(

1S:
LY = (40 + 2X) 9, X307 X30, X50" X® — (8)1 + 4)) 9, X 0" X0, X50" X
+4X0 0, X0, X 0" XP0" X% + 4X 0, X'0" X0, X7 0" XI
+2X0 0, X0, X 0" X7 9" X7 (4.4)

- 11 —



Now it is easy to see that the above action is equal to the SO(8) invariant combina-
tion:

4N 0, XT0r X190, X70" X7 + 200, X710, X 0" X0V X7 (4.5)
where I,.J =1,2,--- 8, but only if the following constraint is satisfied:
Ao = —4)\; (4.6)

Without this constraint, L:(;iz) cannot be recast in SO(8) invariant form.

In light of this simple computation, we may go back to the previous section
and see if that computation, specialized to the Abelian case, satisfies our constraint
above. Once we treat all F’s as commuting, we find that the four coefficients in
Eq. (B-) collapse to two independent coefficients corresponding to A; = —3% and \y =
é. Therefore the above constraint is satisfied. This explains why we found SO(8)
invariance in the previous section and makes it clear that this was crucially dependent
on using the corrections that arise in string theory (which evidently “knows” about
this constraint) and would not have worked for generic correction terms.

In fact, for the Abelian case it is an old result |3, B3] that SO(8) invariance
can be obtained for the full DBI action by performing a duality. We summarize that
argument here after translating it into our conventions for ease of comparison, and
presenting in the more “modern” dNS form which admits a non-Abelian generaliza-

tion. Start with the (2 4 1)d DBI action:

1
L= —\/— det (g“,, + —FW) (4.7)
gy m

This action is equivalent to the following action involving a new independent field
B,

1
L= 5" B,Fox - V= det(g + g2/ BuB) (4.8)

To prove equivalence, simply integrate out B, from the latter action and recover the
former action.

Now noting that in static gauge, g, = 7, +0,X'0, X", and making the replace-

ment:
1 - 1
B, ———D,X*=-——(9,X° - B,X}) (4.9)
9y m 9y m
we find that the action Eq. ([.§) turns into:
1 2N \/ 3 IT I
L= € B, F,\» —\/ —det(n, + D, XD, XT) (4.10)

- 12 —



Hence SO(8) invariance is achieved. It is easily seen that this subsumes the special
(quartic, Abelian) case that we discussed at the beginning of this section.

The considerations in this section support our conjecture that the entire non-
Abelian D2-brane action can be recast in SO(8) invariant form, and constitute an
important (though long-known) consistency check on it, since if it works for the non-
Abelian case then it must necessarily work for the Abelian reduction. But to prove
the (non-Abelian) conjecture in general is more difficult, essentially because the full
non-Abelian D-brane action is not yet known. Having treated the bosonic terms to

lowest nontrivial order in o/, we next turn to treatment of the fermionic terms.
)

5. Fermionic terms

The fermionic terms of the action can also be obtained from 10 dimensional super-
symmetric gauge theory reduced to three dimensions. To do this we first need the
supersymmetrized DBI action at o/? level. Then we may reduce the fermionic terms
to three dimension in the same way as we have done for the bosonic part in a pre-
vious section. The aim would be to rewrite the resulting fermionic terms in SO(8)
invariant form.

Let us start with the Abelian case, which has essentially been treated in the
older literature. We will provide a re-derivation which stresses more explicitly the
promotion to SO(8) invariance. This will be a guide in studying the non-Abelian

case. Start with the following DBI Lagrangian in 10 dimensions [24]:

L= —\/—det(nun + Fary — 203195\ + AT Oy A AT py ) (5.1)

.2)

Upon dimensional reduction to 3 dimensions, this reduces to:

_<_

which can be rewritten as:

0, X" — 2T\

Nuw + Fw — 220, 0, + ALPOA AL, 0\ + AL, A A0, A —0,X"
i
(5

- [ — det (1 + X0, X" = 20, X ATON + NGO + Fy

=

—9AT,0,\ + ALP9,\ XP,,@VX)] (5.3)

This can now be re-expressed as:

—\/ —det (G + D XD, X7 + Fy ) (5.4)

— 13 —



where:

G = N — 22T (.0 A + ATPO,A AL,0,\
Fu = Fup — 20T, 0\ — 20, X' A9\
D,X" = 9,X' = \I"0,\ (5.5)

Now following the result in Ref.[P4], the above action is dual to:

1, 1 8 g b B
§€u p(Bu N QY—M&;LX )J:Vp - \/_ det(G + D, X1 D, XT) (5.6)

where

D, X®=09,X®— gyuB, (5.7)

and lA)uXi =D,X"' i=1,---,7 which was defined above.

This expression does not look SO(8) invariant, both for the Chern-Simons term
and the covariant derivative, but we can argue that in fact both these are SO(8)
invariant. First consider the covariant derivatives. For the gy B, term we proceed
as was explained for the bosonic case. However, the fermionic term which appears
in D, X" is absent in D, X®. This secems to pose a problem for SO(8) invariance. In
fact, the quantity:

IT, = 90X, — AT"9,\ (5.8)

is a supercovariant quantity which occurs in many formulae. So the question is to

understand why

I, = 9,X° — A9\ (5.9)

does not appear. This would be required to form the SO(8) vector H,ﬂ

As explained in Ref.[27], because we are in static gauge both with respect to coor-
dinate transformations and supersymmetries, the fermion A is really a 16-component
fermion descending from the 32-component fermion # in the covariant D-brane for-

malism. Starting with the original fermionic variable § we define:
1 8 1 8

(what we call T'® is referred to as I''' in Ref.[BH]). Then static gauge is chosen by

putting 6, = 0, and rename #; as \. Hence:

A =\ (5.11)
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It follows that:
_ _ 1
MBI\ = NI\ = 58“(M) (5.12)

(using the identity Ax = YA for Majorana-Weyl spinors in 10d). Therefore:

I3 = 9, (X~ Z(WV)) (5.13)

I

and the second term can be removed by a shift of X®. This explains why the covariant
derivatives are in fact SO(8) covariant.
For the Chern-Simons term something similar happens. The extra term com-

pared to the bosonic case is proportional to:
0, X" (ADLO + 8, X'AT"9, ) (5.14)

Consider the first term in the above expression. To make it covariant we would like

to write it as:
€0, X8 AL, 0\ = P9, X° \T,I®9,\ — P9, X" AT, I''9,\ (5.15)

where the first step is an identity (because ')A = \) and in the second step we have
added a piece:
P9, X" A\T,I"0,\ (5.16)

As we now show, this extra piece is equal to zero, which justifies adding it to make
the above term SO(8) covariant. We have:

o . 1 . . .
X AL TN = S0, X AT, =TT, )9,
1 v ) 3\ ) 7
= 197 0,X a,)(A(ryr T F,,)A) (5.17)

which is zero on integration by parts. (Here we have used the identity AI'MVy =
XTMYA).)
Things work similarly for the second term in Eq. (5:14):

9, X%0, X" \I'9,\ = 0,X%9, X" \I'T"*0,,\ (5.18)
To make this covariant we need to add:

1 , L 1 , , .
S0.X'0,X7 ALYO,\ = 20,X'9, X7 a,)(ma) (5.19)
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but this is again zero on partial integration. Thus we have shown that the Abelian

fermionic Chern-Simons terms can be written in SO(8) invariant form as:
_ 1 —
9, X" (AD,T19,0 + 50X AT 9,0) (5.20)

Turning now to the non-Abelian case of interest to us, the relevant fermionic

terms at o level in ten dimensional supersymmetric gauge theory are given by

g, 27°

Lfer = Str(%S\FMDM)\ + iS\FMDN)\FMRFRN - %S\FMNRDs)\FMNFRS
1 _
—1—6)\FMDN)\ )\FNDM)\). (5.21)
We proceed as follows. First reduce the action to 3 dimensions and then try to
rewrite the obtained action in an SO(8) invariant form. Of course one also needs to

take the symmetrized trace Str. We note however that the first term is easy to deal

with. In fact, dimensionally reducing to three dimensions one gets

%Tr (AF“D“)\ + gy A" X, A]) , (5.22)
which can be written as follows:
%Tr(AF“DM)\ + %AF”[XI, X7 A]) : (5.23)
where
(X1 XA = gy [X7A] = gy [ XL (5.24)

The last term in Eq. (B.21]) can also be reduced to three dimensions, leading to
1 _ _ _ _ . _ A
—1—68tr ()\F“D”)\ AL DA+ gy y AT DY XN AL [ XY A] + gy e ATV XY A ALY D, A
+go ALY X7 A ATY[ X, A]) (5.25)

Using our notation the above action can be recast in the following SO(8) invariant

form

1 - - 1, - -
_ES” ()\F“D”)\ ATLDA+ 4 G A XX N AR X X0

6Here we have not considered terms like FATAXT'A which from the string theory point of view

are of order of o/ g> while the terms we are considering are of order of 0/292. For details see @, @]
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+%)\F“[XI, X7 N AT DA + %AF”D”)\ AL (X, X7, A]) (5.26)

Of course we still need to take the symmetrized trace Str.
The second and third terms in Eq. (b.21]) are more involved. For these terms it
is useful to first expand the Str (of course at the end we will again rewrite the action

in terms of Str). Doing so, we get

StrGXPMDNAFMRFRN _ %XPMNRDSAFMNFRS)
) - -
= 5TI[<£AFMDNAFMRFRN — %)\FMNRDSAFMNFRS>
1

GAPMDNAFRNFMR - gAPMNRDSAFRSFW)
+4 more pairs obtained from permutations of Fj;y and )\} . (5.27)

We note, however, that to reduce and convert the obtained action to the SO(8)
invariant terms we do not need the four extra pairs coming from the permutations.
As soon as we get the SO(8) invariant from of the first two pairs, the others can be
obtained by an obvious permutation of X’s and DX”’s. So in what follows we just
concentrate on the first two pairs.

Reducing the above part of the fermionic action from the first two pairs, one
finds:

1 (1 < . 1 - .
“Tr|( 2y ——AT,D"\ F*F,, — \[,D'A D"X'D, X' — —\["D"\ D"X'F,,
3! 4 2 M P M P
: Iym , ~ , _ 9y M
— gy A'DYA X"D, X" + AT, [X7, \] F* D, X’
— gy AT X9 N DPXPD, X7 4 g3y AL [ X7 N DP XX
+ g3 AT X N XX

. 1 _ _ 1 _
_3{2—AFWDC,A FHEP7 4 AT [ X5, A F# DP XY — —— AT DA F* D7 X!
8 L9y 9y m

+ gy AL [ X5 N B xR QYLMAPW-,,DJA D XIFre

+ 29y AL, [ XF, N DFXTDP XY — 2XT D, A D" X7 D X!
+ 293 AL [ X5 N DRXI XS 4 Dy, Do\ X9 FPe

+ g AL [ XF N X9 DPXF — gy AT DA X9 DX

+ gy AL [ X5, A Xin”“}) + (the same terms with F' « F) + - -](5.28)

Now the task is to rewrite these terms in SO(8) invariant form. To do this,

following the procedure of the previous section we should first dualize F' to B field
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and then use the shift symmetry to replace B by DXB. Using the properties of 3D

gamma matrices and dropping terms which are zero on shell” one arrives at
%Str AT, I/ D,ADM X' DY X7 — 2T, DY AD" X' D, X" (5.29)

+;\FIJKLDV>\ XIJKﬁuXL . S\FIJD,,)\ XIJKﬁVXK

2 [X7 XK N DrXTD, X% — 2\ X! X7 ND*X!D, X’

—2Ar* (X1, X7 ND,X'D, X7 — 2T, TV [X7, XK N\ D*XT D" X ¥
AL DX XE N DEXTXIEL 3D, (X1, X7 N DrXE XTIE
—%AFMF”KL[XL, XM ONXPEDrXM — AT, I (XK X P XK Dr Xt

—é;\FIJKL[XM,XN,)\]XIJLXKMN - %;\FIJ[XK,XL,)\]XIJMXKLM ]

To summarize this section, we have found the SO(8) invariant fermionic terms to
lowest nontrivial order in o and they are contained in the sum of Eqgs.(5.23),(5.24),
629,

6. A conjecture

A striking aspect of our result for higher derivative corrections is that it can be
written in a form that only uses basic objects of 3-algebras: the covariant derivative
on scalars and fermions, and the triple product [X!, X/ X*] and [X?, X7/, )\]. To
leading order in derivatives we have written the complete answer, for both bosons
and fermions, and we expect it is maximally supersymmetric (though we did not
prove that here).

Given this situation, it seems reasonable to speculate that the same derivative
corrections are relevant to all 3-algebras with maximal supersymmetry, regardless of
their signature. For Euclidean signature, this in fact only includes just one theory
besides the ones we were considering, namely the Bagger-Lambert A, theory|[B]®.
Thus we conjecture that the action in Eqs.(B.14),(5.29),(5.28), (5.29) also embodies

the derivative corrections to the Euclidean 3-algebra A, theory.

It may legitimately be argued that there is no concrete test of this conjecture

given that we do not presently know how to compute derivative corrections to the

"More precisely we have etPry, = v*. Moreover one will drop all terms involving o’ 2 (YuO* A +
gy Y [ X N]).

8For arbitrary signature it is possible to construct more such algebras. In particular, algebras
with (2, p) signature have been classified in [ We would like to thank Jose Figueroa-O’ Farrill

for a comment on this point.

— 18 —



membrane field theory starting from M-theory. However an important test in our
opinion will be whether the higher-derivative theory we have constructed is really
maximally supersymmetric. Since our Lagrangian inherits its entire structure from
N =8 SYM, this must surely be the case. Assuming supersymmetry can be proved,
it is most likely that the proof will rely only on abstract 3-algebra properties and
therefore will go through in the same way for the A, theory.

7. Conclusions

In this paper we have shown that the world-volume theory of multiple D2-branes in
string theory, including both the A/ = 8 SYM part as well as the leading (bosonic
and fermionic) higher derivative corrections, is equivalent by a dNS duality to a
derivative-corrected Lorentzian 3-algebra theory. This generalizes the result in [[[3]
to incorporate o corrections. We see no obstacle in principle to extending this to
any finite order in o/ as long as the D2-brane action is known to that order.

The result has the elegant feature that it depends only on 3-algebra quantities:
the 3-bracket and covariant derivative. We have conjectured that it has more general
significance than the context in which we have derived it. Extended supersymmetric
CFT’s in 3 dimensions appear to all depend on the 3-algebra structure (although if
N < 8 then some of the original 3-algebra assumptions need to be relaxed[[9, B0]).
Our results can be extended in a straightforward manner only to the Euclidean A,
3-algebra but in the future, with extra work, it should be possible to extend them at

least to the N = 6 case.

Note added: While this article was being prepared Ref.[2g appeared on the
arXiv, in which a non-linear theory for multiple M2-branes has been proposed. Ear-
lier papers that might be related are [B0, B1l, BZ].
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