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The space-timedynamicsof recentlydiscoveredfivebrane solitons in heteroticand type II
string theoriesare describedin termsof supersymmetriclow-energyfield theorieswhich live on
the (5+ 1)-dimensionalsoliton worldbranes.Severalsurprising featuresemerge,including: the
(hithertounsuspected)existenceof both chiral andnon-chiraltypeII five-branes;spin-onegauge
as well as anti-self-dual tensor zero modes; extendedsupersymmetryon the worldbrane.
Non-renormalizationtheoremsfor supersymmetricworldbraneactions are usedto arguethat
gauge fivebrane (and instanton)solutions to the leading-orderlow-energystring equation of
motioncorrespondto exactsupersymmetricsolutionsof the full string equationof motion.

1. Introduction

The studyof solitonsand instantonsin string theorypromisesto yield interest-
ing information about the non-perturbative,semi-classical structure of string
theory. At leastthreefield theoriesareinvolved in the studyof thesesolutions;the
two-dimensionalsigmamodel on thestringworldsheet,the six-dimensional(for the

case of fivebranes) field theory on the soliton worldbrane which governs the
low-energy dynamicsof the worldbrane, and the string field theory itself (often
studiedin its low-energy limit). Thesefield theoriesand their symmetrieshave
fascinatinginterconnections.

In previouspapers,ref. [1] and[2], fivebranestring solitonswerestudiedmainly
from the low-energystring field theoryandworldsheetpointsof view respectively.

In the presentpaper,we study the worldbrane field theorieswhich governthe
space-timedynamicsof the solitons at largedistances.Thesefield theorieswill be

* Internet: cgc@pupphy.princeton.edu
* * Internet: harvey@curie.uchicago.edu

* * * Bitnet: andy@voodoo

0550-3213/91/$03.50© 1991 — Elsevier SciencePublishersB.V. All rights reserved



C. G. Ca/lanJr. ci al. / Worldhraneactions 61

given by six-dimensional(extended)supersymmetricsigmamodelswhose target
spacesare the moduli spacesof soliton solutions. This approachis somewhat
analogousto the studyof stringcompactificationutilizing the structureof four-di-

mensionallow-energysupersymmetricactions.This low-energypoint of view allows
oneto makegeneraland powerful argumentsfor the existenceof solutions to the
full string equationsof motion without detailedknowledgeof the preciseform of
the solutions.The subjectof worldbraneactionsis also interestingin its own right

[3], andwe will find some new results in this subject. “Static gauge”will be used
throughout, and we will not tackle the difficult and interesting problem of
covariantfivebraneactions.

The outline of this paperis as follows. In sect.2 we review the solutionsof refs.
[1,2] and then in sect. 3 we discuss the zero modes of thesesolutions, their
low-energyworldbraneactions, andthe representationsof six-dimensionalsuper-
symmetrywhich can arise in the various worldbraneactions. In sect. 4 we discuss
the worldbraneaction for the “gaugefivebrane” found in ref. [1] as a solution of
the leading-orderlow-energyheteroticstring equationof motion. We show that
thereis in fact a degeneratefamily of exact solutionsof string theory labelled by
(amongother moduli) the scalesizep of the Yang—Mills instantonresidingat the
fivebranecore. This result may comeas a surprise:one doesnot expecta theory
with dimensionfulcouplings, such as string theory, to havedegeneratesolutions
labelled by a dimensionful parameter.We will see that this surprise can be
understoodas a consequenceof the low-energysupersymmetryof the worldbrane
action.

The conformalfield theoryunderlyingthesymmetric solution of ref. [2] yieldsa
soliton for type II string theory as well. Generalargumentsfollowing from the

representationtheoryof six-dimensionalN = 2 supersymmetryimply that type II
fivebranesmusthaveunusualbosoniczeromodescorrespondingto avectorgauge
field in the caseof IIB andto an anti-self-dualtensorin the caseof hA. These
fivebranes seem to lie outside the usual classification of consistent p-brane
theories~. In sect. 5 we discussthe correspondingtype II fivebranesfrom the
low-energystringfield theorypoint of view andexplicitly constructthezeromodes.
We cannotrefrain, in sect. 6, from speculatingon the implicationsof theseresults

for thestring/fivebraneduality conjecturedin ref. [1]. In appendixA we explaina
peculiarchirality flip in gaugefixing to staticgaugewhichclarifies thediscussionof
the type II solutions.

2. Preliminaries

We begin with a summaryof the threesolutionsof refs. [1,2,4,51.The low-en-
ergyaction for the bosonic degreesof freedomof the heteroticstring is given in

* A nice reviewof p-branescan be found in ref. [3].
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sigma-modelvariablesby

S10= ~fdb0x~e_2~(R + 4(V~)
2— — ~a’ Tr F2) (2.1)

plus higher-ordera’ corrections.Our conventionsare those of ref. [2]. The full

action is invariantundersupersymmetrytransformations,underwhich the fermions
transformto leadingorder in a’ as

_r _ILJ rAB‘PM VME 4 1MAB ~

= FM VM4~iE— ~i~HABCFABCE,

~X=FMNFMNE, (2.2)

where ~~M’ A and x are the gravitino, dilatino and gaugino, respectively.A
“vacuum” fivebranesoliton solution is a solution with 0(5, 1) symmetrywhich is
asymptotically flat in the 4 transversedimensions.A supersymmetricsolution is
onefor which in additionthe supersymmetrytransformations(2.2) vanishfor some
choiceof �.

The “gaugesolution” [1] beginswith a one-instantonconfigurationof scalesize
p obeying

F,~= ~ (2.3)

for F,~lying in an SU(2) subgroupof E
8 X E8 or S0(32)(we use ~*, v = 6 9 to

denoteindicestangentto the spacetransverseto the fivebrane,and a, b = 0 5
the orthogonalindices.)Let

—

(x
2+p2)’

(x2 + 2p2)
e2~=e2~+8a’

(x2 + p2)2

=

gab =

g=e2~~, (2.4)

where .~ is antisymmetricand self-dual.This configurationis a solution of the
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equationsof motion and is annihilatedby supersymmetrytransformationsgener-
atedby spinors ~ obeying

�5~F~c÷—~24c÷

EabcdefF~E+ 720�~. (2.5)

it therefore representsa supersymmetricfivebrane soliton. A four-dimensional

cross-sectionof this soliton is a standardYang—Mills instanton,dressedup with a
non-trivial dilaton and axion andwith a non-flatmetric.

There are two “charges” one can associatewith this solution. Theseare the
instantonwinding number

1
fTrFAF, (2.6)

480ir
2

where the integral is over a four-dimensionalcrosssection, andthe axion charge

1

Q= —~—~fH, (2.7)

where the integral is over an asymptotic S3 surroundingthe fivebrane. These
chargesare bothquantized[6], with the minimal allowedvaluesgivenby v = 1 and
Q = a’. For the solution (2.4) thesechargesare

v=1, Q=8a’. (2.8)

The “neutral solution” [2,4] is givenby the configuration

= 0,

e2~= e2~°+

H~
5=

gab =

7lab’

~ (2.9)

where n is an integer.The chargestakethe values

= 0, Q = na’. (2.10)

The metric in (2.9) is everywheresmooth (despite a coordinate singularity at
x = 0), as can be easily seenby transformingto coordinatest = In x2. A four-di-
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mensionalcrosssection of this fivebrane reveals a semi-wormholethroat at the
core,whoseradiusasymptoticallyapproaches~ The space-timetopologyof this

soliton is S3 x l~1X M6, where M6 is six-dimensionalMinkowski space.
The “symmetric solution” [21is given by

— ~
A~=(x2+na’ e_2th)

e24 = e2’~o+

H~
5=

gab =

tlab’

g~ = e20&~~. (2.11)

This solutionhas

ii = 1, A = na’. (2.12)

It, too, hasa semi-wormholeat the fivebranecore.As discussedat length in ref. [2]
this solutionhasthe spin connectionwith H-torsion embeddedin the gaugegroup

in just such a way as to lead to (4,4) supersymmetryon the stringworldsheet.This
implies that the underlyingconformalfield theoryprovidesa solution for type II as
well as heteroticstrings,a fact which shall be exploited in sect. 5.

While the geometrydescribedby the neutraland symmetricsolutions is every-
where smooth, the readermay neverthelessbe concernedthat the existenceof a
secondasymptoticregion andthe unboundednessof 4 at x = 0 might precludea
physical interpretationof (2.9) or (2.11)as a fivebranewith sensibledynamics.We

shall seethat this is not the case.They bothhavea finite massperunit five-volume
and the zero modescorrespondingto small excitationsare normalizable.Physics
outsidethe fivebranecore is insensitiveto boundaryconditionsat x = 0 becauseit
is infinitely far away.

Howeverthe neutralandsymmetricsolutionsdo differ from thegaugesolutions
(2.4) in one crucial respect.A pair of oppositelychargedparallel fivebranesof the
gaugetype (2.4) is topologically trivial and can be continuouslydeformedto the
vacuum. This meansthat they can be pair produced, for example, in the early
universe,andtheir inclusion in string theory is obligatory. In contrast,the space-
time topologyof a pair of solutionsof the type (2.9) or (2.11) is neverequivalentto
the Minkowski vacuum topology. It is thereforenot obvious if they can be pair
producedor if their inclusion in stringtheory is obligatory.

In this connection,we note that the geometryof the solutions (2.9) and(2.11)

bearssome resemblanceto the extremeReissner—Nordströmgeometry(in which
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the horizon is an infinite distancealong a static spatial slice from any exterior
point), andan evencloserresemblanceto the stringy four-dimensionalblack holes
discussedin refs. [7,8]. Motivated by this analogyit wasshownin ref. [91that (2.9)
and (2.11) are in fact, in a sensemade precise in ref. [9], higher-dimensional
extendedblack holes. It is thus quite plausible that they might be produced
classicallyvia gravitationalcollapse.In this casetheir inclusion in string theory is
obligatory.

3. Zero modes,worldbrane actionsand D = 6 supersymmetry

The solutions describedabove are not unique but belong to multi-parameter
families of solutions labelled by a set of collective coordinatesarising from zero
modes.In this sectionwewill describethesezeromodesandcollectivecoordinates
andthe low-energyactionwhich governstheir dynamics.

An efficient wayof describinga family of degeneratesolutionsis in termsof an
effective action, ~ Seff is determinedby the propertythat its stationarypoints
describethe classicalmotion of a fivebraneon scaleslargecomparedto both v’~7
andthe thicknessp of the fivebrane.SCff hasthe generalform

S~ff=~fd’°X ~e2~(R+...)

+fdbci e ~Wh(gMN(X),..., xM(ci),...), (3.1)

where a- is a coordinateon the worldbrane. The first term dependsonly on
space-timefields such as the metric, while the worldbrane lagrangian ~wb de-
pendson bothspace-timefields andworldbranefields suchas the location XM(o.)

of the point a- on the worldbrane. Varying Seff with respectto the space-time
fields leadsto the usual masslessfield equationsfor the heteroticstring supple-
mentedby a sourceterm with supporton the worldbrane.Varyingwith respectto
the worldbranefields leadsto the classicalequationof motion for a fivebrane in
the backgroundgiven by the masslessfields. The dilaton prefactor in front of the
worldbraneaction has beenextractedin order to ensurethat shifting the dilaton
field by a constantis a symmetryof the full space-timeplus worldbraneaction.

The worldbraneaction will contain one masslessfield for every zero mode of
the fivebranesoliton solution.In principle the completeworldbraneaction canbe
derived by a dimensionalreduction procedureinvolving an expansionin small
fluctuations aroundthe static solution. Let ID

0 denotecollectively the massless
field configurationdescribingthe static fivebranesolution

‘5SIo

-~-~j.;-~ (3.2)
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with ~ given by (2.1). Let 4a(x~)be a zeromodeobeying

L1OI~a=O, (3.3)

where

~
2SI()

e2’1 ~ 0 ~ID2 (3.4)

is the kinetic operatorin the ID
0 background.Considerperturbingthe solution ID0

by the zeromode multiplied by a collective coordinatefield A~~(O~a)which varies
slowly along the worldbrane. It is convenienthere to use “static” or “physical”

gaugefor which x” = a-
11 The action S

10 thenbecomes

510[ID0 + A~’9~.ia]=

+ ~fd10x ~e24A~11 ~ ~ + 0(A
3). (3.5)

Defining a metric Ga
0on the spaceof zeromodesby

G110 = fd4x ~e_2~11~0, (3.6)

onehas to leadingorder

+ A”~11]= S10[ID01 + ~fd6a- G110Aa~ 0A
0 + -... (3.7)

The secondtermmay thenbe identified as the leading-orderworldbraneaction in
static gauge. There are two subtleties in this discussion. First, note that the

worldsheetaction(3.7) appearsto be missinga factor of e24 comparedto (3.1).
This is an illusion: onecan extract a factor of e_2b from the metric Ga

0 in (3.6)
and,to reproduce(3.1), onehas only to imagine that ~ is not actuallyconstant,
but slowly varying on the scaleof the transversesizeof the fivebrane.The second
subtletyconcernsthe metric on the spaceof bosoniczeromodes.The zeromodes
describephysical motions of the system in thosespecial directionsin which there
are no restoringforces (i.e. tangentto the moduli space).Becauseof the gauge
invariancesandassociatedconstraintsthe zeromodesarenot simply derivativesof
the static solutionswith respectto the modular parametersand a little effort is
requiredto identify them completely.On the otherhand,themetric of (3.6) is the
metric on moduli spacewhich, as explainedin ref. [10], governsthe dynamicsof
slowly moving fivebranes and is therefore an object of considerableintrinsic
physical interest.A calculationof its propertiesis underwayandwill be reported

elsewhere[11].
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In principle the completenon-linearworldbrane action may be in this manner

determinedby continuingthe expansionin Ar’. In practiceit is easierto deduceit
from the many symmetriesthat it mustrespect.Worldbranesymmetriesdescendto

the worldbrane from space-timesymmetries.Space-timesymmetrieswhich are
broken by the soliton solution are non-linearly realized on the worldbrane, as
discussedin detail in ref. [12]. For example,4 of the 10 translationalsymmetries

and 8 of the 16 supersymmetriesare brokenby the soliton solution. The static
gaugeworldbrane action accordinglycontains4 Goldstonebosons(X~)aswell as
8 goldstinos.Space-timesymmetrieswhich are unbroken (in our casethe six-di-
mensionalPoincarégroupandhalf of the supersymmetries)on the otherhand are
linearly realizedasworldbranesymmetriesin static gauge[12]. In this regardstatic
gaugesimplifies the analysissincein this gaugetheworldbraneaction will be that
of a standardsupersymmetricsigmamodel with the supersymmetrydescending
from the unbrokenspace-timesupersymmetries.In covariantgaugeon the other
handthe unbrokenspace-timesymmetriesbecomesK symmetries.

In order to understandthe possibleforms that the six-dimensionalworldbrane
supersymmetrycan take it is useful to recall a few facts about six-dimensional
supersymmetry[13,14].Chiral (p, q) representationsof supersymmetryexist in 2, 6
and 10 dimensions.The minimal N = 1 ((0, 1) or (1, 0)) representationof ten-di-
mensionalsupersymmetryis generatedby a Majorana—Weylspinor with 16 real
components.There are two N = 2 theories,IIA (1, 1) and IIB (0, 2).

The minimal (0, 1) representationof six-dimensionalsupersymmetryis gener-
ated by a single Weyl spinor which has 8 real components.The supersymmetry
algebrahas an SU(2) automorphismgroupwhich allows one to re-packagethe 8
real componentsin terms of a spinor field ~,1ç,which is a Weyl spinor of the
coveringgroupof the six-dimensionalLorentz group (SO(5, 1) Sl(2; I-I) with E
thequaternions)andalso a spinorof SU(2) with SU(2)spinor index a. In order for

~P,,to have only 8 real independentcomponentsit must obey a “symplectic

Majorana condition

(3.8)

with ~ the SO(5, 1) chargeconjugatespinor.
The supersymmetrymultiplets consistof the gravity multiplet, andthreediffer-

ent matter multiplets, ID, A and B. Each of thesematter multiplets containsa
doubletof Weyl fermions,but they differ in their bosoncontent. ID containsfour

scalars,A containsa singlevectorfield andB containsan anti-self-dualtensorand
a singlescalar.

There areagaintwo N = 2 theoriesin D = 6, (1, 1) and(0,2). The (1, 1) theory
has a single matter multiplet which consistsof the ID plus .4 multiplets of the
N = 1 theory. The (0, 2) theory hasa mattermultiplet which is the sum of the ID
and B multiplets. In order to seewhichof theserepresentationswewill find in the
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fivebraneaction we can decomposethe fields undera S0(5, 1) ® S0(4) subgroup
of S0(9, 1). Under this subgroupthe Majorana—Weylsupersymmetryparameter
�~ of the D = 10(1,0) or (0, 1) theory (with F11e~=±E~) decomposesas

(3.9)

The spinor representationsof S0(5, 1), 4~,like the spinor representationsof
SU(2), are pseudoreal.The Majorana condition on E ± imposesthe generalized
symplecticMajorana condition (3.8) on the spinors(4 ~, 2~)which implies that
they haveonly 8 real independentcomponents.

The fivebrane solutions to heteroticstring theory (2.4), (2.9) and (2.11) all
preservehalf of the N = 1, D = 10 supersymmetry.Their low-energyfivebrane
action will thus have a linearly realized (0, 1) D = 6 supersymmetrywith the

superchargetransforming as (4k, 2k). The symmetric solution (2.11) has (4, 4)
worldsheetsupersymmetryandthusprovidesa solution for type II string theoryas

well. Dependingon whetherwe chooseIIA ((1, 1)) or IIB ((0, 2)) we will be led to
a fivebrane action with either (0, 2) or (1, 1) supersymmetryin D = 6. The
surprisingfact that thenon-chiral D = 10 theory leadsto a chiral D = 6 theoryand
vice versais discussedin sect.5 andappendixA.

We now discussthe various zero modesand worldbraneactions startingwith

the simplest case: the neutral solution (2.9) as a fivebrane in heteroticstring
theory. We shall refer to this solution as the “neutral fivebrane”. This neutral
fivebranehas only four bosoniczero modescorrespondingto the four translation
symmetrieswhich arebrokenby the static solution.In static gauge

X
11=o-11 a=0, 1,...,5, (3.10)

theseleadto the worldbraneaction

(N/a~3)fd6u e2 ah3X~La~XPg~, (3.11)

where~, r’ = 6, .. . , 9 and N is a normalizationfactor.This is a gaugefixed-form of
the Polyakovor Nambu action. In addition, of the 16 supertranslationsymmetries
of ten-dimensionalMinkowski space,exactly half are broken by the fivebrane
solution. Thesegive eight fermionic zeromodes

1.11 (3.12)

where ~, q = 1,. . . ,8, are the eight spinorsgeneratingthe broken supersymme-
tries, ~I’ denotesall the space-timeFermi fields. Thesezero modeslead to eight
masslessworldbranefermions, which may be assembledinto a single six-dimen-
sionalsymplecticMajorana—Weyldoublet A.



C.G. Cal/anJr. et al. / Worldbraneactions 69

Becauseof the uncertaineffectsof the “singularity” at x = 0, it is importantto
checkthat the zeromodesare normalizable.This is indeedthe casefor all thezero
modesdiscussedin this paper.In checking this, it is importantto include a factor
of e2’~’in the zeromode inner productwhich is implied by (2.1). The normaliz-
ability of the zeromodesimplies that the excitationsare localized(with respectto
the relevantmeasure)nearthe junctureof the semi-wormholewith the ~ rather

thannear x = 0.
It is easily seenthatworldbranefield theory indeedprovidesa representationof

the space-timesupersymmetryalgebra[12,151.The eight brokensupersymmetries
are non-linearly realized,with A transformingas a goldstino.The eight unbroken

supersymmetries,on the otherhand,are linearly realizedin static gaugeas global,
N = 1 six-dimensionalsupersymmetry.This implies, as we havefound explicitly,
that the numberof fermion zeromodesmustbe twice the numberof bosoniczero
modes.

The action described so far is not invariant under ten-dimensionalLorentz
transformationsbecauseof the choice of static gauge.The problem of finding a
fully covariantaction for the neutral fivebranewhich reducesto this gauge-fixed
action has been solved in [15—171.The covariant action is a six-dimensional
generalizationof the Green—Schwarzsuperstringaction containing 10 commuting
fields XM and 16 anticommutingfields @ which transformas a singleMajorana—

Weyl spinor underten-dimensionalLorentz transformations.
Next let us considerthe fivebrane arising from the gauge solution (2.4) in

heteroticstring theory. This “gaugefivebrane” was discussedin refs. [1] and[181.

The numberof fermion zero modes is determinedby the Atiyah—Singer index
theorem, for either E

5 x E8 or SO(32),to be 240. This numberincludes the 8
supertranslationzero modes. There are also 120 bosonic zero modes which
parametrizethe moduli spaceof E8 or S0(32) instantonson l~.In static gauge,
the worldbrane action is the D = 6, N = 1 supersymmetricsigmamodel with the
instantonmoduli space4’ as a targetmanifold. The bosonic and fermionic zero
modescombineinto 30 ID multiplets underthe N = 1 supersymmetry.

The symmetricsolution (2.11)containsthe same240 fermionicand 120 bosonic
zero modes.We note that one of the 120 bosoniczero modesis a dilational zero

modefor the gaugefields which breaksthe(4, 4) downto (0, 4) symmetry,andthat
inclusion of this mode is essentialfor worldbrane supersymmetiy.However, as in
the case of string compactification, theremay be extra masslessmodes at the
symmetric points of the moduli spacearising from enhancedworldsheetsymme-
tries. It appearsthat this is the case for the symmetric solution (2.11). This

questionis currently underinvestigation[191.
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4. A non-renormalization argument

It wasarguedin ref. [21that the symmetricsolution (2.11) is an exactsolution to
heteroticstring theory without any higher-ordercorrections in a’. On the other
hand,explicit analysis[21of the supersymmetrytransformationlaws at subleading
order in a’ [201 shows that the functional form (2.4) of the leading-ordergauge
solution is not exact,but mustbe correctedorder by order in a’. We would like to
know whether these higher-order corrections can destabilize the solution or
whether, as in the case of (2, 2) Calabi—Yau compactifications, they simply
re-arrangethe massivefields but leaveonewith a solution to string theory.

This questioncanbe answeredby an analyisof the six-dimensionalworldbrane

field theorygoverningthe gaugefivebrane. As discussedin sect. 3, this theory is
comprisedof scalarand spinor fields in the ID multiplet of (0, 1) six-dimensional
supersymmetry.The most general such theory has been constructedin ref. [211.
The scalar fields must form a non-linearsigmamodel with a hyperkahlertarget
space.In our case thereare 120 scalar fields with the E8 or SO(32) instanton
moduli space4’ as a targetspace.4’ indeed is known to have a hyperkähler
structureinducedfrom the hyperkahlerstructureon l~.The leading-orderworld-
braneaction is givenby

5wh = (N/a’~)f d6cr ?lab(G
110(Z)3aZ

11(a-)ahZ0(cr) + fermionic terms), (4.1)

where Z is a coordinate and G the hyperkähler metric on 4’ and N is a
normalizationfactor.

Among the fields Z in (4.1) is the field p correspondingto dilations of the
fivebranecore.The fact that, to leadingorder in a’, thereis a degeneratesolution
for every value of p is reflected in the absenceof a potential for p in (4.1).
Higher-dimensioncorrectionsto (4.1) arise from two sources:higher-dimension
correctionsto the space-timeaction(2.1) and higher-ordertermsfrom the dimen-
sional reductionin (3.7). Thesecorrectionscan be computedas a double seriesin
a’ and i/p. Genericallyonemight expectthat p is not an exactflat direction and
that at higherordersa potential for p will appearof the form

VWh = fd6o- e24v(p), (4.2)

where the dilaton pre-factor has been determinedby the scaling arguments
following (3.1). Such a term would imply that the massperunit five-volume of the
fivebranedependson its thickness.(4.2) would further imply that a fivebraneacts
as a source of scalar dilaton radiation, since the dilaton equation of motion
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acquiresthe extraterm

~S10
=2Id6a-6b0(x_X(a-)) e24v(p). (4.3)

.1

A fivebraneof thicknessp would thendecreaseits massby the emissionof dilaton
radiationuntil its sizereachedthe minimumof the potentialv(p). On dimensional
groundsthis minimumwould be expectedto be at p2 equalto 0, infinity or order
a’.

A non-vanishingpotential for thefield p would imply that a static solution does
not existfor everyvalueof p. Thusthe questionof whetheror notthe leading-order
solutions of ref. [11 correspondto an exact solution for every value of p is
equivalent,in the languageof effective low-energyfield theory, to the questionof
whetheror not a potential is generatedfor p.

In fact sucha potentialcannot be generatedfor thefollowing reason.At string

tree-level, the total low-energy effective action (3.1) must be supersymmetric,
thoughit mayleadto spontaneoussupersymmetrybreaking.In particularwhenthe

space-timefields taketheir constantvaluescorrespondingto flat ten-dimensional
Minkowski space,the full worldbraneaction (including all correctionsin a’, both

perturbativeandnon-perturbative)mustexhibit D = 6, (0, i) supersymmetry.This
meansthat the term(4.3) cannotappearby itself, but canat bestappearaspart of
a superpotentialaccompaniedby superpartners.However in ref. [211it is shown
that the D = 6, (0, 1) non-linearsigmamodel doesnot admit any superpotentialat
all!

In conclusion,a non-trivial potential for the field p is completely ruled out by
low-energy supersymmetry.Therefore the leading-orderfivebrane solution of
equation(2.4) providesthe basisfor an exactsolution of stringtheory in the sense
that one can constructan exact solution order by order in a’. A nearly identical

argumentwith Z replacedby coordinateson the multi-instanton moduli space
implies that higher-chargefivebranesalso provide a basis for the constructionof
exact solutions.

An important assumptionin the precedingis that, as arguedin refs. [22,231,
supersymmetryis unbrokenfor string theory in ten-dimensionalflat Minkowski
space(without fivebranes).To the extentthat thisassumptionremainsvalid at the
quantumlevel, we expectour argumentsto be unaffectedby quantumcorrections.

The informedreadermay havenoticedthe similarity betweenour argumentand
those given in ref. [24] for the existenceof solutionsbasedon Calabi—Yausigma
models and their generalizationswith (0, 2) worldsheetsupersymmetry.These

solutionswere first found as solutionsto the low-energyheteroticfield equations,
andarepart of a one-parameterfamily labelledby the radius R of the six-dimen-
sional space. R becomesa masslessfield in the low-energy four-dimensional
effective field theory. The questionof existenceof an exactstatic solution is then
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rephrasedas the questionof whetheror not a space-timepotential is generatedfor
R. In the case of (0, 2) compactifications,four-dimensionalsupersymmetryre-

quiresthat any suchpotentialbeexpressablein termsof a holomorphicfunction of
R + ia, where a is an axion.Suchfunctionsare thenruledout perturbativelyby the
perturbativelyvalid Peccei—Quinnsymmetry.Non-perturbatively,this symmetryis
not in generalvalid. A potential for R canthen be generated,and in some cases
exact static solutions are known not to exist for every value of R. For (2, 2)

models,which lead to N = 2 space-timesupersymmetryin the context of type II
string compactification,the constraintsarestrongerandexactsolutionsdo exist for
every R. In this argument,the field R plays the role played by the field p in the
presentcase,and four-dimensionalspace-timesupersymmetryplays the role of
six-dimensionalworldbranesupersymmetry.

We further note that our resultsare in harmonywith the observationthat the
fivebrane soliton saturatesa Bogolmony bound relating the mass per unit five-
volume to the axion charge Q [1,25]. One expectsthat, as in ref. [26], the
Bogolmonybound shouldnot be affectedby higher-dimensioncorrections.This is
certainlyconsistentwith the absenceof a potential for p.

5. Type II fivebranes

As mentionedabove, anddescribedin detail in ref. [2], the symmetricsolution

(2.11) gives rise to a (4, 4) superconformalfield theoryand thus must provide a
solution to type II string theoryas well. From the representationtheoryof N = 2
supersymmetryin D = 6 we know that thesesolutions must havebosonic zero
modeswhich are not SO(5,1) scalars.In this section we will seeexplicitly how
thesezeromodesarisefrom the space-timefield-equations.We will startwith the
“type IIB fivebrane” which arisesas a soliton of the the chiral type IIB string
theory.

5.1. TYPE JIB FIVEBRANE

The IIB theory involvesa five-form field strengthF which is self-dual.Because
of this thereis no simple covariantaction for the IIB theory. The field content,
equationsof motion, and on-shell supersymmetrytransformationlaws are known
and are sufficient to discussthe generalpropertiesof the solution. The bosonic
fields that enterinto the fermiontransformationlaws are, in additionto the metric
and F, a three-formfield strengthGMNP anda one-form ~M (which is constructed
in termsof derivativesof a scalarfield). The supersymmetrytransformationlaws of
the fermion fields in the soliton background(which has F = 0) aregiven by

= iFMPME* !jFMNFGE

I
5tIJM = DMC + ~(FMNPQGNPQ — 9F~~GMNp)�* (5.1)
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in the notation of refs. [27,28] (with K = 1 and F11�= —e). The metric which
appearsin theseequationsis the “standard”generalrelativity metric andis related
to the sigma model metric appearing in (2.1) by a factor of e~”

2.For the

fivebranesoliton, the non-zerocomponentsof G and P are

=

= ~ (5.2)

where

e24 = e2’~+

= e34”2~
~

gab = e~”2’i-~
111,. (5.3)

For this field configuration, ~(i and ~A vanish for 16 choicesof the spinor �.

The other 16 generate16 fermion zeromodes.These16 fermion zeromodescan
be groupedinto two six-dimensionalsymplecticMajorana—Weyldoubletsof oppo-

site chirality. This chirality flip can be easily seenby writing the complex Weyl
spinor � appearingin the supersymmetrytransformationlaw (5.1) in terms of its
real and imaginaryparts c = e~+ ie2. For examplethe dilatino transformationin
the soliton backgroundthen reads

8A = ~i[(F’~V~ + ~F �~0
5v

5i)�1— i(F’~V~cb— ~ (5.4)

Both �~ and ~2 transformas (4_,2~)+ (4+, 2) andwe seefrom eq.(5.4) that the
unbrokensupersymmetriesaregivenby the 2~part of c~andthe 2 part of �2. It
is perhapssurprising that the chiral IIB theory leadsto a non-chiral worldbrane
theory. The consistencyof thiswith the fact that the chiral D = 10 IIB supersym-
metry algebramust have a partially non-linear realizationon the worldbrane is

discussedin appendixA.
Worldbranesupersymmetryimplies that in static gaugethe numberof Fermi

fields mustbe twice the numberof bosefields, so we needeight Bosezeromodes.
There are the usual four bosonic translation zero modes, but we needanother
four. The four extra zero modesare containedin the excitationsof the self-dual
rank-five antisymmetrictensorfield

F= *F=dA. (5.5)

whereirrelevantterms involving G areomitted. This is a Ramond—Ramondfield
which doesnot appearin heteroticstring theory. The zero modesturn out to be
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pure gaugeat zero worldbrane momentum, so for clarity we give the general
expressionat non-zeromomentum.Let the momentumk be a self-dualconstant
null vectorin two lorentziandimensionstangentto the worldbrane, ~ the Hodge
dual in the eight transversedimensionsand E a polarizationvectororthogonalto
k but tangentto the worldbrane.The zeromodesare then givenby

A0=eik’x(EAG+ ~ (EAG)). (5.6)

It is easyto check that F0 = dA0 is a self-dualfive-form. Alternately, one may
choosek to be anti-self-dual and insert a relative minus sign betweenthe two

termsin A0. Thesezeromodesleadto a rank-two (or equivalentrank-four) field
strengthon the worldbranedescribingfour spin-onedegreesof freedom.Together
with the otherzeromodes,thesefields comprisethe D = 6 (1, 1) mattersupermul-
tiplet.

The type IIB fivebrane is a surprise for at least two reasons.First, the

repeatedlydiscussed[16,18] “brane-scan”of classicallyconsistentsuperp-branes
excludessuchan object.Apparentlythe assumptionsleadingto this brane-scanare
too strongto apply to the presentcase.Secondly,to our knowledge,this is the first
exampleof a solitonic p-branewith worldbranespinsgreaterthanone-half. The
difficulties in obtaininghigher-spinzeromodeshasa severeobstaclefor efforts to
model our universeas a threebraneembeddedin a higher-dimensionalspace.A
constructionsimilar to ours starting in eight dimensionswould lead to a three-
branewith abeliangaugefields. Unfortunatelyit seemsunlikely that we would be

able to obtain spin-two zero modes in this way. The spin-onezero modes are
forced on us by supersymmetry.To obtain spin-two zero modes in this way we
would needN = 8 supersymmetryin four dimensions.But this cannotarise from

partial breakingof supersymmetryin ten or elevendimensions.
The leading term in the low-energy effective action for the type IIB string

theory has a global SU(1, 1) symmetry. Naïvely, one might expect to obtain new
fivebranesby continuousglobal rotations of the solution discussedherein.This is
in fact not possible in string theory becausethe quantizationcondition on the
axion chargeQ = —(1/2ir

2)fH (which lies in an SU(1, 1) doublet) allows only a
discrete subgroupof SU(1, 1). It is possible that new, consistentfivebranesare

obtainedfor thesediscreterotations.

5.2. THE IIA FIVEBRANE

The non-chiraltype IIA fivebraneshasan equally intriguing structure.The hA
string theory [29] contains a two-form field strength G and a four-form field
strengthF aswell as the three-formH. The bosonicpart of the low-energyaction
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is (in sigma-modelvariables)

S = (1/cr’4)fd’0x ~[~e_24(R + 4(V4)2— ~H2) — a’G2 —

I ~ F B 57
— ~a E MJM

2M3M4 MSM~M7M8M9M1() -

where G = dA, H = dB, F = dC and F’ = dC + 2A A H ~. The supersymmetry
transformationlaws in the soliton background,where F and G vanish,are

I~±M VME÷+~HMNPFNPE±

5A~=FMVM4E±± ~HMNPFMNPE± (5.8)

where the subscript±denotesthe ten-dimensionalchirality. Again one finds 16
supertranslationalzero modes of the fivebrane solution but, in this case, they
transformas two symplecticsix-dimensionalMajorana—Weyldoubletsof the same
chirality. Thus the non-chiral string theoryleadsto a chiralstatic gaugefivebrane,
while the chiral stringtheory leadsto a non-chiralstatic gaugefivebrane!

Worldbrane supersymmetryagain implies the existenceof four bosonic zero
modesin additionto thefour translationalzeromodes.The equationof motion for
small fluctuationsof the three-formpotential C in the soliton backgroundis

r7Mi~ — I ABCDEFG1J 7~ ~MNPQ72~NPQ “ABC’DEFG~

This is solvedby

— ikx r 2th1.~~MNP—e [MNvp]e

where k is an (anti)-self-dual null-vector in two dimensions tangent to the
worldbrane and U is a constant(anti-)self-dualpolarization tensor in the four
spatial dimensionsorthogonal to k and tangentto the worldbrane. In order to
obtain a normalizablezero mode, the product U A k must be either self-dualor
anti-self-dual,dependingon the sign of the axion chargeq of the fivebrane.These
zeromodesleadto an(anti-)self-dualrank-threeantisymmetrictensorfield strength

on the worldbrane,which describesthreebosonicdegreesof freedom.
We are still short one bosonic zero mode. This can be found in the abelian

one-formpotential A whosefield strengthG obeysthe equationof motion

r’~’r~ =
1F’ H~”~”t (ç ii

MN 3NPQR

* In componentsGMN = 2 aEMAN], HMNP = 3 aIMBNP], FMNPQ= 4 3[MCNPQ] +SALMHNPQJ.
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This hasthe zeromodesolutions

A = eikx d e24, (5.12)

C = —2 etk~24J~I. (5.13)

Note that sinceunderabeliangaugetransformations~A = dE and ~C = — 2eH,
this is equivalentundera “large” gaugetransformationto a configurationwith
vanishingC.

In static gauge,the type IIA fivebrane has one self-dualantisymmetric tensor
field, five scalars, and two symplectic Majorana—Weyl doublets of the same

chirality. This comprisesthe D = 6 (0, 2) mattersupermultiplet.
Finally, we note that thereis a closely related solution of eleven-dimensional

supergravitywhich also leadsto an effective six-dimensionaltheory with chiral
fermions— in markedcontrastto the non-chiralspectrumobtainedfrom compacti-
fication of extradimensions.

6. Duality and the quantization of fivebranes

This sectioncontainssomespeculativecommentson the quantizationof funda-

mentalfivebranesandon the possibility of a weak—strongcoupling duality in type
II string theory.

In special two-dimensional field theories, there is a duality transformation

wherebythe stronglycoupledphaseof the theorycan bere-expressedas a weakly
coupledtheoryin which the solitonsare fundamentalparticlesandthefundamen-
tal particles re-appearas solitons. The simplest exampleof this is the duality

betweensine—Gordontheoryandthe massiveThirring model [30]. Montonenand
Olive [31] conjecturedthat an analogousdualityoccurs two dimensionshigher for
spontaneouslybroken gaugetheorieswith the duality interchangingelectric and
magneticcharge.It was later realized that this conjecturecould only be true in
N= 4 Yang—Mills theory in four dimensionssince only then does the magnetic
monopole super-multiplet coincide with the gaugesuper-multiplet [32]. A key
aspectof this proposedduality is that, due to the Dirac quantizationcondition on

magneticcharges,the N = 4 monopolesare necessarilyweakly coupledwhen the
fundamentalparticlesarestronglycoupled,andvice versa.

It is naturalto ask if such dualitytransformationscould generalizeto theoriesof

extendedobjects in higherdimensions.It was shown in ref. [33], by a straightfor-
ward generalizationof Dirac’s original argument,that in d dimensionsa p-brane
is dual in the Dirac senseto a (d —p — 4)-brane. In particular the generalized
Dirac quantizationcondition implies that fivebranesin string theory are weakly
coupledat strongcoupling,andvice versa.In ref. [1] it wasaccordinglyconjectured
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that stronglycoupled heteroticstring theorymight be re-expressedas a theoryof

weakly coupledfivebranes.
Of course little is known about the problem of quantizing fundamental p-branes

(a review can be found in ref. [3]), except for onebranesor strings, becausethe
worldbranefield theoriesarenon-renormalizablefor p> 1. Howeverthe fact that
fivebranes arise as soliton solutions of string theory guarantees(assumingthe
consistencyof string theory) that there is a sensibleprocedurefor quantizing
excitations of infinitely extendedfivebranes. The string field theory functional
integral in the soliton sector contains an integration over the modes of the
fivebrane,including collective coordinatescorrespondingto the masslessworld-
brane fields. If a is the thicknessof the fivebranecore, the integrationover the
modesof the fivebraneamountsto a quantizationof the fivebranewith anexplicit
cutoff a. The presenceof an explicit cutoff, of course, avoids the problem of
non-renormalizability.At very large distances,the fivebrane dynamicsare effec-
tively governedby anaction involving only the masslessfields of the type discussed
in the previoussections.

Difficulty may however arise in attemptingto quantize,as is done for strings,

excitationsof small closedfivebranes.If the typical radius of a fivebrane state is
not large comparedto its thickness a, it will not be valid to approximatethe
fivebrane action by the lowest-dimensionterms involving the massless fields.
Ratheronemust includeall terms in the expansionin the inverseof the cutoff a,

andthe problem becomesintractable.
It is clear then that establishingthe conjectureof ref. [1] for gaugefivebranes

will be very difficult. In addition to the basic problem of the quantization of
extendedobjects,the solution of ref. [1] hasan arbitraryscalesizewhichmakesthe
existenceof a cutoff unclear.Also, even if one could establishthe presenceof
masslessstatesin the spectrum,there are two N = 1 supermultipletsin D = 10

and one would have to establish the presenceof both the gauge and gravity
supermultipletsin the spectrumof closedgaugefivebranes.

The situationfor the Type II fivebraneseemssomewhatmore promisingaswe
now discuss.For the type II fivebranes,a canbe seenfrom (2.11) to be V’~’7 — the
radius of the semi-wormholethroat. The characteristicradius R of a closed
fivebranecanbe deducedfrom the kinetic term of the fivebrane action,which is
proportionalto

(1/a’3)fdbo. e_2~ hg 3aX’~ahX~. (6.1)

The effective fivebrane tension(with respectto the metric g) is T~= e2~1~/at3
[1,34] and the characteristicradius is therefore R e~b/’3v~T.As strings become
more strongly coupled,this radius gets larger, and the effective worldbrane field
theorybecomesa betterandbetterstartingpoint for computingthe spectrumof
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closedfivebranes.This lendsplausibility to the speculationthat a strongcoupling
expansionof string theory can be developedas a quantizationof fundamental
fivebranes.

What is the spectrumof a closedfivebrane?To fully characterizethe spectrum
of excitedstates(aswe canfor strings) is probablyimpossiblydifficult, but it may
be possible to find the ground state spectrumusing topological and symmetry
arguments.Since the theory is supersymmetric,the questionof whetheror not
thereexist zeroenergy(with respectto the worldbranehamiltonian)vacuumstates
is equivalentto the questionof whetheror not supersymmetryis spontaneously
broken. This might be fruitfully addressed(even in a non-renormalizabletheory)
by computingthe Witten index as in ref. [35], or by low-energyargumentsof the
type given in sect. 4. If supersymmetryis broken, it is unlikely that thereare any
zero-mass(in the ten-dimensionalsense)states.

On the other hand if worldbrane supersymmetryis unbroken for a closed

fivebrane,the groundstateis annihilatedby all massivefields andnon-zeromodes
of the masslessfields. The spectrumcan then be determinedsimply by quantiza-
tion of the zero modes of the masslessfields [36]. In subsect.5.2, the action
governingthesemodeswas describedin static gauge.Unfortunatelystatic gauge
(unlike lightconegauge)alwaysbreaksdown on a closedworldbrane.In addition,
becausea closedworldbrane is topologicallytrivial, it is not at all clear that one
shouldexpect to find fermion zero modes.Indeed,the naturalexpectationwould
be that the lowest fermion modeshaveenergieswhich are suppressedby powersof
%/~7/Rwith R the characteristicsizeof theworldbrane.Sincewe havearguedthat
R ~ we shouldhaveexactzeromodesonly as the string coupling becomes
infinite. It is notobvioushow thisshouldbe accountedfor in the quantizationof a

closedfivebrane.
However, dependingon the resolution of this issue, if it were possible to

construct a covariant action then one might expect for the covariant type II
fivebranesthat there will be 32 masslessworldbranegoldstinos connectedwith
brokenspacetimesupersymmetry.Thesetransformas two ten-dimensionalMajo-
rana—Weyl spinors(just as for the type II string). The zeromodesof thesefields
are theworldbranepartof the space-timesupersymmetrycharge.The groundstate
spectrumof the fivebrane must be consistentwith the zero mode commutation
relations,which is equivalentto requiring that it provide a representationof the
ten-dimensionalN = 2 supersymmetryalgebra‘~. This suggeststhat, just as for the
type II string, the fivebraneground statecould be given by the masslessD = 10,
N = 2 supergravitymultiplet.

* A potentially confusing point here is that the chiral (non-chiral) fivebrane is a soliton of the

non-chiral(chiral) type II string. This might lead one to believe that quantizationof the type IIA
(IIB) fivebraneleadsto theIIB (IIA) supergravitymultiplet. However, we believe this is not the case
dueto a peculiar relativechirality flip in static gauge,which is detailed in appendixA.
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The conjecturedduality implies that fundamentalstrings should appear as
sohitonsof theweakly coupledfivebranetheory (seeref. [37] for a discussionin the
contextof heteroticstringtheory).This ideais supportedby the following observa-
tion. In refs. [38,39] singularsupersymmetricsolutions to low-energystring theory
were found

‘3
a

e24=e24+
4~x

=

— 25g~~—e?lab~

Hab = ~EabV e24. (6.2)

Theseshould not be regardedas soliton solutions to stringtheory, as they do not
solve the space-timefield-theoryequationsof motionat theorigin. Ratherthereis
a sourceterm at the origin representinga fundamentalstring. So (6.2) shouldbe
interpretedas the field configurationsurroundinga fundamentalstring.

Howeverthe statementthat thesesolutions are singularat the origin depends
on what metric is being used.The metric in (6.2) is, appropriately,the one which
couplesto stringsin the sigmamodel.The sigmamodel(6.1) describingfivebranes
howeveremploysthe metric * g = e24g. It is easyto seethat for the metric * g
the configuration(6.2) is not singular,in the sensethat thesingularityis an infinite
distancefrom any finite point. Thus the singular solutionsof ref. [38] are appar-
ently non-singularsoliton solutionsof the dual fivebranetheory, assumingthat this
theoryexistsandhasa masslessspectrumwhich is that of d = iO, N = 2 supergrav-
ity. Likewise the smooth solitons of the fundamentalstring theory representing
fivebranesare themselvessingularin the fivebranevariables.

7. Conclusions

The purposeof this paperhasbeento report our preliminaryexplorationsof
the dynamicsof the fivebranesolitonswhosestatic propertieswe havediscussedin
earlier papers.These dynamics are governedby a six-dimensionalworldbrane
action whosevariablesare the moduli of the static solution, but whose explicit
form is very hardto compute.By using six-dimensionalspace-timesupersymmeti-y
arguments,however,we were able to reachsomeprecise conclusionsabout the
typesof term which can bepresentin the worldbraneeffectiveaction. In particu-
lar, for the gaugefivebrane,we could showthat thereis no potential for the scale
sizeof theinstantonwhich formsthe core of the soliton andthat the existenceof a
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family of sohitonswith continuouslyvariablescale-sizeis an exactpropertyof string
theory. The peculiaritiesof six-dimensionalsupersymmetryled us to concludethat
fivebranes derived from type II string theories must have spin-i worldsheet

degreesof freedomas well as the familiar spin-U andspin-1/2degreesof freedom.
This is a real novelty and suggeststhe existenceof new class of fundamental

p-branetheories.We also offered some remarks on the problem of quantizing
fundamentalfivebranes.The simplest observation,and one we could not pursue
very far, was that our fivebranescomewith a built-in worldbrane cutoff which

could providethe symmetry-preservingregulatorneededto quantizetheotherwise
non-renormalizableworldbraneaction.We were also able, by comparingfivebrane

solitons with string solitons, to lend more weight to the conjecturedduality
betweenstringsandfivebranesandto thenotion that, in the strong-couplinglimit,
the fivebraneaction is weakly-coupledandperturbativelyquantizable.

We haveraisedalmostas many questionsaswe haveanswered,andmuch more
work remainsto be done before we can provideany hard resultson the quantiz-
ability of fivebranesandtheir dualityto strings.We hopeto returnto thesubjectin

the nearfuture.

We acknowledgehelpful conversationswith M. Duff andE. Sezgin.We arealso
grateful for the hospitalityof the AspenCenterfor Physicswherethis work began.
This work wassupportedin part by DOE grantsDE-ACO2-84-i553andDE-ATO3-
76ER70023.

Appendix A. Chirality in static gauge

The super p-braneaction with non-linearly realized N = 1 ten-dimensional

space-timesupersymmetryis [17,3]

5wh Ifd~a- ~(g11 ~~MN~P+ 1 +ikB~~~), (A.1)

.
7.~~~=a11xM_i~FMa11o, (A.2)

M, N=0,...,10, (A.3)

a, b=0 p (A.4)

where k = ±1, 6 is a ten-dimensionalMajorana—Weylspinor, and ~ is a
WZW term. While the expressionfor ~ is somewhatcomplicatedfor general
p, the equationof motion for U takesthe simpleform

(11 — ky)y°~ = 0, (A.5)
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where Ya ~n-~”FMare the space-timegammamatricesprojectedonto the world-

braneand

(p + 1)! 1ai...a,,+Y~’ ... y
11i~+l (A.6)

obeysy2 = Ii. In static gauge

(A.7)

the bosonicpart of ir,~’is just ~‘. The linearized equation of motion for 6 is then
just

P(k)y118
116=0, (A.8)

where P(±1) are the worldbranechirality projectionoperators.Thus only half of
the field 6 actually propagateson the world-braneand that half has definite
worldbranechirality in static gauge.Which chirality propagatesdependsonly on
the sign of k andnot on the original ten-dimensionalspace-timechirality.

For the type II string,
5wb containstwo terms of the form (A.i) constructed

from two space-timespinors, O~and 62. For the IIB string, bothspinorshavethe

samespace-timechirality, while for the IIA string, they havethe oppositechirality.
In both casesthe sign of k differs for the two terms. Since the static gauge
worldsheetchirality dependsonly on k, it immediatelyfollows that the static gauge
action will in both casescontain spinorsof both worldsheetchiralities. However,
since the transverse0(8) chirality is the productof the worldsheetandspace-time
chiralities,the static gaugeIIA (IIB) string will havespinorsof the same(opposite)
space-timechirality. Thus the non-chiral type IIA string hastransversechirality in
static gauge,while the chiral type hlB string doesnot.

The above commentsprobably explain why the IIA theory has a fivebrane
solitonwith chiralworld-branedynamicsandthe IIB theoryhasa fivebranesohiton
with non-chiral worldbrane dynamics. Presumablythe covarianthA (IIB) five-
brane action, when it is constructed,will involve two terms of the form (A.1)
composedof two space-timespinorsof opposite(the same)chirality. This chirality
assignmentis essential for a non-linear realization of the appropriateN = 2

space-timesupersymmetry.The field content andchiralities (both transverseand
worldbrane)of the static gaugetype IIA (IIB) fivebranedescribedin subsects.5.2,
5.1 are then reproducedfrom the equationof motion (A.8) if the sign of k is the
same(opposite)for the two terms.Thus it is plausible that a covariant fivebrane
action which non-linearity realizeschiral (non-chiral) ten-dimensionalsupersym-
metry can havenon-chiral (chiral) six-dimensionalworldbrane supersymmetryin
static gauge.
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