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The analysis of the worldvolume effective actions of the M-theory Kaluza-Klein monopole and 9-brane
suggests that it should be possible to describe non-Abelian configurations of M2-branes or M5-branes if the
M2-branes are transverse to the eleventh direction and the M5-branes are wrapped on it. This is determined by
the fact that the Kaluza-Klein monopole and the M9-brane are constrained to move in particular isometric
spacetimes. We show that the same kind of situation is implied by the analysis of the brane descent relations
in M theory. We compute some of the noncommutative couplings of the worldvolume effective actions of these
non-Abelian systems of M2 and M5 branes, which may be responsible for the existence of configurations
corresponding tdN branes expanding into a higher dimensional M-brane. The reduction to type Il brings up
new descriptions of coincident D-branes at strong coupling. We show that these systems have the right
noncommutative charges to describe certain expanded configurations playing a role in the framework of the
AdS/conformal field theory correspondence. Finally, we discuss the realization of noncommutative brane
configurations as topological solitons in non-Abelian brane-antibrane systems.
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I. INTRODUCTION AND SUMMARY R®x S® in AdS,x S’ [8]. The existence of polarized M2-
branes is expected from duality. However, the system cannot
Non-Abelian D-brane systems have recently attracted e described as a collection of branes in an external field
lot of attention. In remarkable papers Myers and Taylor andjeveloping a dipole moment and expanding, given that the
Van Raamsdonk observed that a systemNofoincident  gegrees of freedom of the worldvolume theory of coincident
Dp-branes can develop multipole moments under Ramondy>_pranes are not known. The approach of H8f.was to
Ramond fields that would normally couple to higher dimen-c,ngider the alternative description as an M5-brane in
sional brane$1,2]. This is possible because the non—AbeIianAdS4><S7 with a non-trivial flux onS?, carrying M2-brane

Dp-brane embedding coordinates become noncommutativ%h -
\ (q+1) ) arge N. This was also the approach o, where the dual
An external fieldC » 9>p [p, g even(odd in type IIA of the confining vacua of a perturbed three dimensional

(IIB)] can polarize thep-branes to expand into a non- 2 i . - i
commutative configuration that can be interpreted asjaND gauge theory I|V|pg on D2-branes was identified as D2
branes polarized into an NS5-brane.

D . Al ively the original :
p bound state. Alternatively the originald@branes can be Expanding N MO, M—2) systems have also been pro-

represented as a singlegtbrane with N units of worldvol- ) : . :
ume instanton-like densitig]. Both approaches agree in the posed to describe gravitons carrying angular momentum in
AdS,, < S", with the M(n—2)-brane moving on the "S

large N limit[1,4]. , - ,

The “dielectric” property has been shown to play an im- SPhere[9]. The “giant” gravitons of [9] in AdS; < S" are
portant role within the AdS conformal field theofCFT) identified with(N MO, M2) bound states in a constant four-
correspondence. Dielectric branes have been used to fif@rm magnetic field strength, where the M2-brane expands
non-singular string theory duals of gauge theories living oren the $ of AdS;x S* [10]. Similarly (N MO, M2) bound
D-branes with reduced supersymmefiB-7]. In [5] the su-  states in an electric four-form field strength can be con-
pergravity dual of a four dimensionAl=1 confining gauge structed such that the M2-branes expand into the /Auifn-
theory, obtained by perturbing thé=4 gauge theory living ponent of Ad$x S’. Configurations of(N MO, M(m—2))
on N D3-branes, was identified as a non-singular spacetimeranes in which the M{i—2)-brane expands out into the
with an expanded brane source arising from Myers’ dielectricAdS,, component of the spacetime have been associated to
effect. In particular, a mapping between the gauge theorydual giant gravitons”(see[11]).
vacua and states corresponding to D3-branes being polarized In this paper we give an indication that it may be possible
into D5-branes and Neveu-Schwarz 5-bra(¥§5-branes  to understand all these configurations in terms of non-
with worldvolume Rx S, in AdS;x S° was found, with the  Abelian branes expanding into a higher dimensional brane.
Higgs vacuum represented by a single D5-brane configuraie start in Sec. Il by summarizing the main result$ i,
tion and the confining vacuum by an NS5-brane. Similarputting special emphasis in the interpretation of the cou-
issues have also been investigated in an M-theory frameplings in the Wess-Zumino action describing the non-Abelian
work. A perturbation of the\V/=8 three dimensional gauge system in terms of expanding configurations. In Sec. Ill we
theory living on N M2-branes té&v= 2 has been shown to be study non-Abelian brane configurations in M-theory. By ana-
dual to M2-branes expanding into an M5-brane of geometryyzing the couplings present in the Kaluza-Klein monopole

and M9-brane effective actions we give an indication of the
special type of non-Abelian M2 and M5 configurations that
*Email address: yolanda.lozano@cern.ch can arise as topological solutions in M-theory. The M2-
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branes appear delocalized in the eleventh direction, whereagupled p-brane systems in type IIB. Delocalized N D2-
the M5-branes are wrapped on it. This situation is consistertiranes are mapped for instance onto N D3-branes at strong
with the fact that in the non-Abelian case the M2 and M5coupling. The reason a distinction must be made between
branes should be able to expand into the Kaluza-Klein monoweakly coupled and strongly coupled D3-branes is that in the
pole and the M9-brane, which see the eleventh direction as @on-Abelian case the corresponding actions cannot be shown
special isometric direction. The configurations of M2 andto be related by an §R,Z) worldvolume duality transforma-
M5 branes that we find were shown to play a role as supertion. This has the implication that non-Abelian D2-branes at
gravity duals of (S)YM ¢ in certain regions of the parameter strong coupling should only have manifestgDtransverse
space[12]. ' rotational symmetry, which is consistent with the fact that the
We will propose a worldvolume Wess-Zumino effective Strongly coupled D2-branes that we can construct by reduc-
action describing non-Abelian M2 and M5 branes. The redion from M-theory are delocalized in one of the space di-
quirement is that they should reproduce the effective actiongections, derived from the fact that our M2-brane system is
of non-Abelian D2 and D4 branes upon reduction to type 1AO(7)CO(8) (transversgrotationally invariant. There are ar-
along the special isometric direction. We will argue that theguments however showing that the three dimensional theory
terms that couple in the effective action may be associated t@escribing the M2-brane system should be superconformal in
non-commutative configurations corresponding to the branee infra-red, with global symmetry enhanced fron(i7{oto
expanding into higher dimensional branes. Among these w®(8) [13,14. We will discuss various of these strongly
find the case in which N M2-branes expand into an M5-coupled configurations.
brane, considered if8]. We will also discuss the worldvol- Finally, in Sec. VI we consider non-AbelianpDbrane-
ume effective action describing coincident MO-branes, and@ntibrane systems, and show that polarized branes may arise
we will identify the couplings that could be responsible for @ worldvolume solitons from these systems after tachyon
the configurations in which N MO-branes expand into M2condensation. As we will see, the non-Abelian brane-
and M5 brane$9,11,1(Q. antibrane system couples to the right terms to describe this
In Sec. IV we show that the non-Abelian configurationssituation. In Sec. VIl we identify the corresponding M-theory
that we have constructed in M-theory give rise, upon reducbrane-antibrane Configurations and show in Sec. VIl that the
tion to type IIA, to strongly coupled p-brane systems with reduction to type IIA predicts as well the appearance of non-
the right worldvolume couplings to explain some non-Abelian expanding F1-branes, NS5-branes and Kaluza-Klein
Abelian configurations that have been identified as supermonopoles as topological solitons.
gravity duals of certain gauge theories living on D-branes.
We will see for instance that a delocalized D2-brane system

contains a couplingq)iq)ikB(‘”1 in its effective action, that In this section we summarize the main result§ i and
would be associated to the N D2, NS5 bound state consid2]. We will be using the notation dfl]. The reader is re-
ered in[7]. This system is related by duality with the ferred to these references for more details.

N D3, NS5 bound state db]. In Sec. V we show that the The Born-Infeld part of the worldvolume effective action
strongly coupled P-brane systems constructed in type IlIA proposed in[1,2] to describe a system of N coincident
by reduction from M-theory are connected to strongly Dp-branes is given by

II. THE NON-ABELIAN ACTION

Sgi= _Tpf Tr(e™*\—de{P[EaptEai(Q "= 8)UEjp]+(2ma’)Fop}det Q). (2.1

Here Q!= 5}+i(27‘ra’)[<l>i,<l>k]Ekj , E,,=0,,+B®) and  Tr(T,T,)=N8,n. Finally, P denotes the pull-back to the

Ouvs Bify) are the ten dimensional spacetime #metric and+1 dimensional worldvolume, which in the non-Abelian
NS-NS 2-form. Static gauge is assumed, i.e. the worldvolcase is defined with covariant derivativgd5] D ,P'
ume coordinates are taken #8=X2 for a=0,1,...p, =da®'+i[A,,®'], as required by gauge invariance and im-
whereas the remaining spacetime coordinates are rescaledRl£d by T-duality. In this action the symmetrized trace pre-
Xi=2ma'®', with i=p+1,...,9, insuch a way that the Scription of Tsey_tlin[16] is adopted(see howevef17] and
adjoint scalarsd’ have dimensions of length, like the references therejn _

gauge fields.F,, is the non-Abelian Bomn-Infeld field ~ The Wess-ZumindWZ) part of the action reads.,2]

strength: Fap=d.A,— dpAati[As,Apl, with A,=AT, (omain S -
and T,, the N* generators of (N), normalized such that Swz=MpJ Try P| eteme Jlole 2 Ce e,
(2.2
19 are the embedding scalars @B the NS-NS 6-form. See the Here ig denotes the interior product with®':
notation in the next section. (i(DC(r))iz_._ir=<I>'lCi(;)mir. The T-duality analysis reveals
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that it must act both on the NS-NS 2-form and the Ramond- o

Ramond(RR) potentials. The most striking aspect of this f defdgt . dEPTH @' DIDN) R (8). (2.6

action is that it involves couplings to RR potentials with

form degree larger than the dimensionality of the worldvol-The contribution of this term to the scalar potential for N

ume. These fields can couple to fhie 1 dimensional world-  ¢oincident D-strings was discussed[#, and it was shown

volume by means of the interior products with the non-that there exists a non-commutative solution describing po-

Abelian scalars. The presence of these couplings has begsyized D-strings, which is interpreted as a spheridaD1,

confirmed by direct examination of string scattering ampli-p3) pound state. Referen¢@0] considered a more general

tudes in[18]. Some implications were already analyzed in .+ 4)-form field strength than the one considereglihand

[1] and [4], where it was shown that they gave charge togptained other non-commutative configurations correspond-

interesting non-commutative solutions in the worldvolume ofing to certain fuzzy cosets.

the N Dp-branes. _ _ _ As another interesting application R¢#] considered a
Let us consider as an illustration the collection of N DO- simjlar type of noncommutative solution in the worldvolume

branes in a constant RR 4-form field strength discussed igf N coincident D-strings in the absence of any nontrivial

[1]. The coupling of the N DO-branes to this field can be reacyackground fields. This solution was interpreted as a funnel

from Eq.(2.2), in particular from: describing the expansion of the D-strings into an orthogonal
D3-brane. This configuration acts as a source for the RR

TrPlici C® :f dtTHPID [CO(D t 4-form potential Fhanks to the nqn—trlwal prectatlon values

f HaleC] { [Ciir(®.0 of the non-Abelian scalars, which contribute through the

term: [r1+1Tr(i i C¥). The dual description in the world-

volume of the D3-brane is in terms of a spike solution cor-
(2.3 responding to D-strings attached to the D3-brane, a configu-

ration that has been extensively studied in the literaft2ig
Since the background fields are functionals of the nonin [4]it is shown that the two descriptions have complemen-
Abelian scalarsC®)(®,t) is defined in terms of the non- tary ranges of validity, so that the non-commutative D-string

+(27Ta’)Ci(ﬁ<)(q),t)th)k]}-

Abelian Taylor expansiof19]: theory point of view is reliable at the center of the spike,
_ where the D3-brane description is expected to break down.
C(3)(<p,t):e(zﬂa’)‘1"f7xic(3)(t)=C(3)(t) Again both descriptions turn out to be in agreement in the
large N limit. As pointed out in[4] the extension to
+(2ma' ) P* 9 CP(t)+ ... . (24  Dp-branes opening up into orthogonal D¢ 2)-branes is

_ ) ) S straightforward. It is governed by the term
Contraction of the first term in Eq2.4) with igie gives @ [0 1Tr(i4ieCP*3).

vanishing trace, whereas the second term together with the |, the next section we will discuss similar non-
first contribution to the expansion of the lastterm in 13 commutative couplings in M-theory.
yield

IIl. NON-ABELIAN CONFIGURATIONS IN M-THEORY

ipipkyE#)
f dtTr(PIRIPHFyiji (1), 2.9 Let us start by analyzing the kind of non-Abelian configu-

rations of branes that one can construct in M-theory. Our
Combining this term with the leading order scalar potentialapproach will be to represent these non-Abelian systems as
from the Born-Infeld action, it is possible to construct anKaluza-Klein monopolegor M9-braneg with N units of
explicit non-commutative solution to the equations of motionworldvolume instanton-like density.
with a non-vanishing dipole couplinid]. One can also no- The worldvolume field content of the M-theory Kaluza-
tice that going beyond leading order a whole series of higheKlein monopole is that of the seven dimensiondllUvector
order multipole couplings arises. This is the D-brane analognultiplet, involving 3 scalars and 1 vectoA system of N
of the dielectric effect of electromagnetism. The nontrivial coincident Kaluza-Klein monopoles is then described by a
F® field has the effect of polarizing the DO-branes to ex-seven dimensional (M) vector multiplet. Therefore the
pand into a non-commutative configuration which can beWess-Zumino action contains the couplingse[23])°
interpreted as a spherical D2-brane with N DO-branes bound
to it. Referencg1] also investigated to what extent this con-
figuration could be described as a solution in the Abelian ?Recall that the embedding coordinates contribute with 3 degrees
worldvolume theory of the D2-brane, with the remarkableof freedom because one of the scalars is eliminated through the
result that the two approaches agree up to’I¢birections.  gauging of the Taub-NUTNewman-Unti-Tamburineisometry of

The previous analysis can be generalized plpanes in  the background22].

a background of constafitP*4) field strength. Starting with 3We ignore all numerical prefactors and the contribution of the
a ﬂat m_brane |t is energetica”y favorab|e for the brane toA-rOOf genus. Hats indicate eleven dimensional fielqsdenotes
expand into a non-commutative configuration with spatialthe eleven dirr]ensional Planck length. Our copventions are that
geometryRPx S? and non-vanishing dipole charge, as im- (iRE),;Z_H,;r=RM1IA_;L1,,_;Lr, and i(N®=c® jC=cO+ ...
plied by the term upon reduction along the Killing direction.
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NKK T - prane _descent relations in M-t_heory from non-Ak_)eIian con-
z _'“6J'Re+1Tr('kN TG CAF figurations of non-Bogomol'nyi-Prasad-SommerfiéBPS

o M10-branes. The M10-brane is constructed in such a way
+17C;5DXDXDXPAFAF+ ...). (3.0)  thatit gives rise to the non-BPS D9-brane of type [26]

. after reduction along a Killing direction, and to the BPS
k* denotes the Killing vector along the Taub-NUT direction, M9-brane after condensation of its tachyonic mode. This
and N® s its Poincaredual when considered as a 1-form connection with the M9-brane determines that it should con-
R;}- & (é) denote the 3-fornt6-form) of eleven dimensional tain a Killing _direction in its Worldvqlume. The analysis of

, o . o ~n the WZ couplings reveals the following pattern of brane de-
supergravity. The D-derivatives are defined@X*=DX* < .nt relations: M&M10, M6=2 M10, M5=4 M10, M2=8
—k™?k; DX"k¥, with k?=g;,;k“k”. Note that covariant de- M10, M0=16 M10, where M6 denotes the Kaluza-Klein
rivatives substitute partial derivatives Ain EheA noﬂn-AloﬂeIianmonopme and MO the M-wave. This analysis was made in
case, in such a way that CDXDXDX=(C [27]. There it was pointed out that the M5-brane should
—3k~2kMi ;&) DXDXDX, and the contribution of the Taub- again be wrapped around the Killing direction and the M2-

NUT direction cancels Ol.ft.%. is the field Strength of the brane delocalized in this direction. This is Implled by the
U(N) vector field describing M2-branes, wrapped in the Kill- following terms in the M10-brane effective action:
ing direction® ending on the monopoleg=2sA+i[A,A]
+1:2i;C=F+12%;C. The spacetime fields are understood
to be pulled-back onto the worldvolume as explained in Sec. 2 a4 R Ar an A
P P N“g'm:Mgf o, THLSIRCAFAF+IC,;,DX#DX" DX

) R

The second term in Eq3.1) shows that wrapped M5- o .

branes can arise as solitonic solutions when there is a non- NFNFNANF+ ... J/\DT), (3.3
trivial magnetic flux inR?. Similarly, the third term shows

that an instanton-like configuratiofwTrlA:/\lA::Z induces

M2-brane charge, but with the M2-branes delocalized along A o . .
the Killing direction, since the resulting coupling contains WhereT stands for the real adjoint tachyon induced in the

DX derivatives:f g2+ :CDXDXDX. worldvolume by wrapped M2-branes, and®T=dT

The same situation in terms of wrapped M5-branes and-i[A,T].
delocalized M2-branes arises from the analysis of the Wess- The analysis of the brane descent relations points out that
Zumino action of a system of M9-branes. The field contentarbitrary M2 and M5 branes cannot be connected to the other
of the M9-brane is that of the nine dimensionalWvector  branes of M-theory through a hierarchy of embeddings. The
multiplet, containing 1 scalar and 1 vector. The vector confact that the higher dimensional M-branes live in spacetimes
tributes however with 7 degrees of freedom when one of thavith special Killing directions implies that the branes that
worldvolume directions is gauged awagsee[24]). There- can be constructed from them as bound states should also see
fore, a system of coincident N M9-branes is described by dhe special direction. The analysis of the Wess-Zumino terms
nine dimensional (N) vector multiplet. The Wess-Zumino of the higher dimensional branes shows in particular that the
action contains the ternjig5] M5-brane should be wrapped and the M2-brane should not
move along the Killing direction. In this situation one can
NM9 2 2. & A4 B A A construct non-Abelian configurations of M5 and M2 branes
Swz :“8fR8+1Tr('kB(lO)Hp'kN(S)/\]:Hp' KCAFAF as bound states of 4N M10-branes and 8N M10-branes re-
o spectively. We can conclude that the M5-brane that arises as
+ISCDXDXDX/\]~'/\]—‘/\]—‘+ co) (3.2  a bound state in a system of higher dimensional branes be-
haves effectively as a 4-brane propagating in a ten dimen-
From here we see that Kaluza-Klein monopole charge is insjonal spacetime. Thus, its field content must be that of
duced whenf g TrF=Z, (wrapped M5-brane charge when
[reTr(FAF) =2, and (delocalized M2-brane charge when B f ; .
EAEAFRY— The full Wess-Zumino action for coincident non-BPS D-branes
[reTU(FAF/F)=2. has been constructed recently{ 28], extending previous results in
9,30. In this reference it is shown that this action contains an
infinite sum of terms with different powers of the tachyon and its
covariant derivatives. Similar kinds of terms will also couple in the
R o ) ~ worldvolume effective action describing non-Abelian M10-branes.
“Herek® denotes the Killing vector considered as a 1-form, with For our purposes it will be sufficient to just consider the contribu-

The analysis of the brane descent relations of M-theor
points towards the same situation. It is possible to constru

component&,;. tion of the previous term in this expansion, from where the desired
SThis is implied by the fact tha€ is contracted with the Killing ~ couplings can already be read. In E8.3) the condensation of the
vector[23]. tachyon through a kink-like configuration, which in the limit of zero
5The Killing vector points at a worldvolume direction, in such a size can be written aglT= 'i'oﬁ(x—xo)dx [30], gives rise to the
way that the D8-brane is obtained upon reduction. Wess-Zumino term of a system of N M9-branes located=ak,.
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the five dimensional vector multiplet, whose non-Abelian ex-for this RR potential, and the next termg{)>C'”, should
tension is well-known. Similarly, the M2-branes behave likerepresent the N D2-branes expanding into a D6-bfane.
2-branes in ten dimensions, and therefore their field content Uplifting these couplings to M-theory one firlds
should be that of the three dimensiongMJ vector multip-

let. N o~ A A 2
Moreover, the existence of the expanded configurations S\';‘V'\gzt:ﬁtsz2+lTr{CDXDXDX+i|;i&,i&,ikc
discussed in the previous section in the type IIA theory im-
plies that it should be possible to construct configurations in
M-theory corresponding to M2-branes or M5-branes expand-
ing into higher dimensional branes. However, the fact that
the higher dimensional branes are coupled to spacetime
fields that are constrained by the presence of the Killing di-
rection implies that the non-Abelian worldvolume theory that
would describe the M2 and M5 brane configurations should
also be constrained by the existence of the Killing direction,
which is consistent with our discussion above. This fact does

not exclude however the possibility of constructing non- wh ﬁ‘=2&A+i[A,A]+I;2iQC. This action describes a

Abelian configurations of arbitrary M2-branes opening UPnon-Abelian configuration of M2-branes delocalized along

into unwrapped M5-branésThe existence of this kindA of the eleventh direction, which appears as a special Killing

configuration is in fact predicted by the couplifgs+1C  girection mainly for two reasons. First, in the non-Abelian
Ada® present in the worldvolume effective action of a case it is not possible to dualize the Born-Infeld field of the
single M5-brane. The difficulty stands however in the con-D2-branes into the scalar associated with the eleventh coor-
struction of the non-Abelian worldvolume theory that de-dinate, a necessary step in order to connect the fully eleven
scribes the set of coinciding M2-branes. This problem is redimensional M2-brane and the D2-brane. Therefore, we are
lated to the problem of implementing duality transformationsconstrained to introduce the eleventh direction as a special
in non-Abelian gauge theories, as we will further discuss inisometric direction. Second, the spacetime fields contracted
the paper. with the embedding scalars cannot be uplifted into any, un-
Let us now discuss which could then be the M-theorywrapped, eleven dimensional field. Thus, Eg.5 is de-
description of a system of N coincident D2-branes. Thescribing the same type of M2-branes that can arise as world-
Wess-Zumino action of this type IIA system, up to linear volume solitons in a single M6 or M9 brane. The second
terms in the non-Abelian Born-Infeld field strength, includescoupling in Eq.(3.5) is likely to describe a non-commutative
[1]: configuration corresponding to the N M2-branes expanding
into a wrapped M5-brane. This configuration has been con-
sidered i8] in the context of the AdS/CFT correspondence.
ND2_ 3), N (5 Here we find that it should be possible to describe it from the
Swz = w2 Rz+1Tr CH+i(2ma’)igieC point of view of the non-Abelian system of branes if the
M2-branes are delocalized and the M5-branes are wrapped
around the eleventh direction. With respect to the interpreta-

tion of the third coupling, we have seen thaN® is the
field to which the M-theory Kaluza-Klein monopole couples
CO4i(27a)igigCP minimally}1 Therefore its contraction with the four non-
commutative scalars would give charge to a configuration
1 corresponding to the N M2-branes expanding into a Kaluza-
—Z(2ma’)(igig)?CO®+ . .. )/\]:+ . } Klein monopole. The existence of this configuration would
2 also justify why the M2-branes contain a special Killing di-
(3.4 rection. We will give an interpretation of the terms in the
second line of Eq(3.5) in Sec. VII, where we analyze soli-
tonic configurations in non-Abelian brane-antibrane systems.

1 .
—§|g(i¢i@)2ig|\1<8>+

+12 k™ 2k +i1 3141 3(C—k2kBAIiC)

1 4. 2 N
—Elp(l(i,l(i))zlkc-l- ...)/\]—‘+ } (3.5

1
— z(Zwa')z(i¢i(p)2C(7)+ o+ (2mal’)

X

whereF=F + 1/(2ma')B®). From our discussion in the pre-
vious section the interpretation of the couplings in the first
line O,f Eq.(3.4 Shc_)UId be clear. The (':on.tractlon of th? €M- 9566 the discussions ifd] for the similar configuration of
bedding scalars with the RR 5-form indicates the existence)_gyings opening up into a D5-brane, 4] for a solution asso-
of a non-commutative configuration corresponding t0 thejated to D-instantons in a RR 5-form field strength. Refer¢ace
D2-branes expanding into a D4-brane, which acts as a sourGgso considers different four dimensional non-commutative configu-
rations.
e have denoted these braneshag, to specify that they are
8These branes will however not be able to expand into othetransverse to the Killing direction.

higher dimensional branes such as the monopole and the M9-brane!it appears in the N M2-branes effective action because it reduces
since they cannot see their special isometric directions. to the term {4i4)?C'") in Eq. (3.4 (see[23]).
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Similarly, the Wess-Zumino part of the worldvolume ef-  The Wess-Zumino action describing a non-Abelian con-
fective action describing a system of N M5-branes is configuration of Kaluza-Klein monopoles is obtained from that
structed from that of N D4-branes. This includes the terms:of a system of N D6-branes, following the same procedure

described if23]. One obtains the actiof8.1) supplemented
with typically non-commutative couplings corresponding to
N D4 __ H AN d . . . .
z —M4L4+1Tr[c(5)+'(27m )igieC) the contraction of the spacetime fields with the embedding
scalars:

—£(27Ta’)2(i<piq,)2C(9)+(27Ta')
2 s{x,@@%f GHTr[i&N(g)HIf,i&,i@igé(lo)
R

X

CO+i(27a’)igpipC® - .
+15| 1C+il i i 41N
1

—5(2770/)2(iq,i<I>)2c<7hr ...)/\Pr .. }

1 . .
—Elg(i&,i@)zigB(lo))/\}"Jr ... (39

(3.6
) ) . The second term in Eq3.8) would be responsible for a

The contraction of the embedding scalars with the RRconfiguration of N monopoles opening up into an M9-brane.
7-form indicates the existence of a configuration correspond- Finally, the non-Abelian action associated to coincident
ing to the D4-branes expanding into a D6-brane, whereas thg.waves is obtained by uplifting the Wess-Zumino action of
term (ipie)°C®), would be associated to the N D4-branesy system of DO-branes. One finds the couplings:
expanding into a D8-brane. Uplifting this non-Abelian sys-
tem onto M-theory we find a non-Abelian configuration of MO N (1) L 12t A D2D () AR
wrapped M5-branes containing the couplings: Swz :#OJR-” k™K il i (C— k™K HAIRC)

S\'X/“zASW:MJRMTf iC+il 5i i i gN® —%lg(i&,i&)zik@ ) (3.9
The second term would be responsible for a configuration of
M-waves expanding into an M2-brane transverse to the di-
rection of propagati7on, and therefore, to the “dual giant
ARSI L2 graviton” of AdS,x S’ [11]. In turn the third term would be
CDXDXDX+ilgial41kC associated to the N MO-branes expanding into an M5-brane
wrapped in the direction of the propagation, and therefore to
NF+ .. } the dual giant graviton of AdS<S*. These configurations
can also be studied from the point of view of the M2 and M5
(3.7) branes. The first term in the second line of E}5) indicates
that the transverse M2-brane carries momentum in a direc-

The Killing direction emerges, on the one hand, because théon orthogonal to the electric 3-form. In the case of the
vector field of the D4-branes cannot beorldvolume dual- ~ Wrapped M5-brane the term

ized into the worldvolume 2-form of an unwrapped M5-

bra_ne and_, on the other han_d, because it i_s not possib_le to J Tk 2k DA FAF, (3.10
uplift the fields contracted with the embedding scalars into RA*L

any eleven dimensional fields not involving the Killing vec- that we have omitted in Ed(3.7), shows that it carries mo-

i ~N(®) wi - i . . . .
tor. The contraction ofN™’ with the two non-commutative  mentym along the compact direction and that this arises as a
scalars would give charge to a configuration corresponding,qn_trivial instanton charge.

to the N M5-branes opening up into a Kaluza-Klein mono- | ¢t s finish this section with some comments on the M2
pole. The third coupling would give charge in turn to a con-,nq M5 prane effective actions that we have presented. In the
figuration corresponding to the N MS-branes opening up intoype|ian case the action of thé 2,-brane would be related to

an M9-brane, since as we have seen the fig§'® couples  that of an ordinary M2-brane by means of a worldvolume
minimally to this brané? Similarly to the M2-brane case, duality transformation. This is easily seen by considering the
the M5-branes must be wrapped on the Killing direction,Abelian version of the action3.5 and adding to it a

consistently with the fact that they should be able to expand ogrange  multiplier  term [ o+ 1d AADY= [ go+1(F
into the monopole or the M9-brane.

1 .
- Elg(ié)i@)zi@B(m)

2
+1g

1 .
—Elg(i&,i&))zim@u

—1,%{C)/\dy. The integration ory would impose the con-

straint that?— | gzi +C is derived from a vector potential and
12t gives the 9-form RR-potential of type IIA after reduction the original action V\{\OU|d be recovered. On the other hand,

along the Killing direction. the integration of F would give rise to a coupling
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fre+1[C+iCAdy] in the dual action. This term describes

an M2-brane, withy playing the role of the eleventh direc-
tion. This connection betweel 2, and M2 does not exist

PHYSICAL REVIEW D64 106011

We could also reduce the N M2-branes along a wordvol-
ume direction. This would give rise to N fundamental
strings, constrained to move in a nine dimensional space-
time, which could expand into a wrapped D4-brane. The cor-

however in the non-Abelian case and only systems involvin
the first type of branes can be constructed explicitly. Th
M5,-brane that we have constructed can also be related toyes,

an ordinary M5-brane in the Abelian case. The worldvolumeSwz = 41
duality transformation would be performed by adding the

Lagrange multiplier term [ra+1dAAda® = [gasa(F
—|’;2ikC::)/\C’I\Aa(2) to the action (3.7. Now a coupling
Jra+1igC/Ada® would remain after integrating ouf,

which would arise in the double dimensional reduction of an
M5-brane.

gesponding couplings that one finds after the reduction are

f Tr
Rl+1

1
- E(Zwa’)z(i¢i¢)2ikN(7)+ .+ (27a’)

B@DXDX+i(27a’)igpiei (C®

X[k 2kM+i(27ma’)igpip(CPDXDXDX)

1 AV 2; 6 1 ’

IV. OTHER NON-ABELIAN TYPE IIA CONFIGURATIONS ~ 5 (2ma) (ie) B+ "')/\’C( +(2wa’)

We have seen that it is possible that a system of N M2-
branes can open up into a wrapped M5-brane when they are
delocalized along the direction on which the M5-brane is
wrapped. This configuration gave rise upon reduction along
the special direction to N D2-branes opening up into a D4-
brane. One could however consider other possibilities. Con-
sider for instance reducing this system along a transverse
direction different from the Killing direction. This would where
give rise to a configuration of N D2-branes expanding into  jc (=D +1/27a’)(i,B@)+i(2mwa’)(i,C®)
an NS5-brane, with the NS5-brane wrapped and the D2-
branes constrained to move in the transverse space. This is in XDP[w®,®]
fact described by the following couplings in the D2-branesand
effective action:

X[ i (2ma’)igie(BPDXDX)

1
- E(Zwa’)z(i¢i¢)2ikc(5)+ . .)/\/c<2>+ . }

4.2

K®@=200M+i[0®, 0®]+1/27a’)i, C®).

ND2

Swz

w(0) andw® arise as the components Afalong the direc-
tion in which we reduce and along a different direction, and
are associated to wrapped F1-branes and wrapped D2-branes
ending on the F1l-branes. Note that the coupling to the
wrapped D2-branes only occurs in the non-Abelian case,
since the spacetime fields must be contracted with the em-
bedding scalars. Non-Abelian configurations of type IlA fun-
damental strings have been studied 32].

Similarly, the case in which N wrapped M5-branes
opened up into a Kaluza-Klein monopole gave rise to N
D4-branes opening up into a D6-brane when reducing along
the Killing direction. Reduction along a transverse direction
would give rise instead to N wrapped NS5-branes, contain-
ing the couplings:

t—

—sz 2+lTr[c<3>DXDXDx+i(zm')iq,qukB(G)
R

1 N2 5 \2i N(8) '
_5(2776()(|q)|¢)|kN ++(27TCY)

X| k72kM+i(2ma’)ieip(CPDXDXDX)

1
- E(Zﬂ'a’)z(iq)iq))zi BO+ )/\H<2>+ . }
(4.1

derived from Eq. (3.5 upon reductiont® H® is de-
fined as: H®=2s0D+i[b® bM]+1/(27a’)i, C®
+2(i, B@)Dc®. Herec® is the scalar field arising from
the eleventh directioe®=y/(27«') andb™ comes from
the reduction of the vector field, which we have denoted as
b to specify that its Abelian part has a different gauge
transformation rule than the vector field that couples in
ordinary Dp-brane effective actions. We have also taken
cM=0 for simplicity}* H(?) is associated to wrapped D2-
branes ending on the non-Abelian system of branes. Before
we discuss the interpretation of the different couplings in this
effective action, let us consider other possibilities.

N(NS5),, __
5 =

,u4fR4HTr[ikB(6)+i(27ra')iq,iq,ikN(8)
1 L,
- E(Zwa’)2(|¢|®)2|k8(lo)+(27701’)

X| CODXDXDX+i(2ma’)igieiB®

1
- E(27m’)2(i(Diq))Zik|\|<8>+ L

13we denote these branes B, to specify that they are trans-

verse to the Killing direction.
e will be doing the same in the coming actions.

AH @+ } 4.3
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The second term may be associated to a configuration correeription of the D2 and D4 branes which is fully non-
sponding to the N wrapped NS5-branes expanding into @erturbative, and therefore valid in the strong coupling re-
KK6-brane™ Reduction along a worldvolume direction of gime. As we have mentioned already the origin of this
the M5's different from that on which they are wrapped different description at strong coupling can be traced to the
would give rise to N wrapped D4-branes, containing the coufact that the worldvolume duality transformations that are
plings: needed in order to prove the equivalence between the trans-
verse or wrapped brane and the fully ten dimensional one
cannot be performed in the non-Abelian case. The worldvol-
ume effective actions that we have derived in this section
i CO+i(2ma’)igipiNT must be used however to describe those situations which are
typically non-perturbative and cannot be predicted by the
weakly coupled effective actions. Indeed, the expanding
brane configurations that we have discussed, predicted by the
contraction of the spacetime fields with the embedding sca-
CODXDXDX+i(2ma’)igigiB® Iar;, canr)ot be explained frpm the weakly coupled effectiye
actions, like the one associated to N D2 branes expanding
1 into an NS5-brane, considered[if]. The analysis presented
- Z(2mwa’)3 N®+ )/\IC(1)+(27ra’) in this section shows that this configuration can be studied
2 from the point of view of the non-Abelian D2-branes if they
are delocalized in one spatial direction. The NS5-brane into
B@DXDX+i(2ma’)igigiC® which they would expand would then be wrapped on this
direction. The second coupling in E.1) shows that this
} system can carr(®) charge, which is however not the case

ND4y,
Swz W_’U“3JR3+1Tr

1
— E(Zﬂa,)z(iq)iq,)zikN(9)+(27Ta’,)

X

X

1
- 5(27Ta')2(|<1>|<1>)2|kN(7)+ e )/\’C(Z)Jr e for weakly coupled D2-branes. This special situation arises
naturally from the T-duality of a configuration of N D3-
branes expanding into an NS5-brane, which we will discuss
in the next section, and is in agreement with the type IIA
NS5-brane solution with non-triviaC® charge that was
The second term would be associated to a configuration igonstructed irf35], and considered further ii7]. The same
which the N D4-branes open up into a Kaluza-Klein mono-configuration can also be represented as a sifwgtapped
pole, given thati,N") is the field to which the type IIA NS5 with N units of(wrapped D2-brane magnetic flux. This
monopole couples minimalfy. is predicted by the first coupling in the second line of Eq.

The first coupling in Eq.(4._4) seems to imply thgt the (4.3
4-branes that we have obtained after the reduction from giher non-commutative terms show that the delocalized
M-theory are just wrapped D4-branes. However, one noticep, pranes and the wrapped D4-branes could expand into
that a system of wrapped D4-branes would contain in itSyigher gimensional branes defined in isometric spacetimes,
effective action a couplingyi i C”, corresponding to the namely D2 into KK6, D4 into a monopole, etc. which is

D4-br_ane_:s _e>_<pa?70)hng into a wrapped D6-brane, and nc_)t th’[f;)301~:sible because these strongly coupled configurations can
couplingigigiyN'"’ that we have found after the reduction . . L
also see the special Killing direction.

from M-theory. The same thing happens if we try to give a We have found as well the Wess-Zumino part of the

meaning to the effective actidd.1) as associated to a delo- : ) o o
9 - worldvolume effective actions describing coincident systems

lized D2-b in the t lIA th .M , th -
Zali_e fthra?elcljn ¢ © XES h e;)hryt thorzover . © r:z of Fl1-branes and NS5-branes. The Fl-branes cannot move
uction of the hield strengtr shows that the dynamics o along a special Killing direction and the NS5-branes are

these objects is governed by wrapped D2-branes ending on . . . .
them?? TJhus theg reduction ¥rom Fli/Fl)-theory provides a dge- wrapped on it. The dynamics of these objects is governed by

wrapped D2-branes ending on théfBoth effective actions
can be shown to reduce to the effective action of ordinary,
15The KK6-brane arises when reducing the M-theory Kaluza-:pca“ZEd’ El-branes e;nd umll\éraﬁped I\(;S5I-_branes ]Icn the Abe-
Klein monopole along a transverse direction different from the lan _Case, y means or a wor VQ ume. uality trans qrmat|on.
Taub-NUT direction[33,34, and it couples minimally td N®, Finally, there are two cases in which the reduction from

obtained from the reduction afN‘®). This brane is however not M-fcheory provides the only pIOSSIbIe description of th? br_ane'
predicted by the spacetime supersymmetry algebra, and in thisNiS happens when reducing a system of N coincident
sense is referred to as an exotic brane. See however the recent wdfi@luza-Klein monopoles along a worldvolume direction,
[49] for a possible extension of the SUSY algebra including this,which gives rise to coinciding type IIA monopoles. We find
and other exotic, charges. the couplings

181t arises in the reduction df,N® along a worldvolume direc-
tion (see[23]).

7Also wrapped F1-branes in the case of the D4-brane. 18Also wrapped F1-branes in the case of the F1's.

(4.9
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V. NON-ABELIAN TYPE 1I1B BRANES AND S-DUALITY
IWNO+i(2ma)igipiNO+ ...

NKK _
Swz _’“5L5+1Tr

In this section we discuss the interplay between S-duality
and the non-Abelian effective actions fopEbranes derived
+(27Ta’)(ikC(5)+i(27Ta')i¢,i¢,ikN(7) in [1] (see[2] for a related discussion for D3-brane¥Ve
will consider non-Abelian systems of @3branes, withp
1 =1,3,5, Fl-branes and NS5-branes.
- E(Zwa’)z(lq,lq,)zlkN(g))/\IC(Z)Jr(Zwa’)
A. Non-Abelian D3-branes

C n(6) N N(8) The worldvolume effective action describing a single D3-
BT HI(2mal)iplelN brane is S-duality invariant. Although an S-duality transfor-
1 mation maps the action into a different one, in which NS-NS
__(27Ta,)2(iq,iq>)2ikB(lo))/\’C(l)+ } and RR 2-forms are interchanged and the Abelian Born-
2 Infeld field describing open strings ending on the 3-brane is
(4.5 mapped into a dual vector field associated to open D1-branes
ending on it, one can see that this action is equivalent to the
The second term would be associated to a configuration of IQriginal one under a worldvolume duality transformation that
monopoles opening up into a so-called KK8-brane, exotidnterchanges the two vector fields. In the non-Abelian case,
brane that appears after double dimensionally reducing thBowever, the explicit worldvolume duality transformation
M9-brane[34,36]. Equation(4.5) generalizes the action for a that connects weakly coupled and strongly coupled D3-
Kaluza-Klein monopold23] to the non-Abelian cas&and _branes is not known. As a consequence one seems to have
shows that it also contains couplings to higher dimensionaindependent worldvolume effective actions to describe the
spacetime fields, which could be interpreted in terms of nonSyStém in the weak and strong coupling regimes.
commutative brane configurations. The reduction of B Let us consider the following couplings in the Wess-
along a transverse direction different from the Taub-NUTZUMino action of a UN) system of D3-branes:
direction produces the effective action of a system of
KK6-braned’ containing as well couplings to higher dimen- 5\%33:%[ Tr
sional spacetime fields, one of which could be interpreted as R3*1
the KK6-branes expanding into an NS9-brane.
The reduction of the effective action describing a system +(2ma")CONF+ . ..
of MO-branes gives rise to the effective action of non-
Abelian pp-waves in type IIA. One finds:

X

1
CH+i(27a’)ieipC®— §c<2>/\B<2>

, (5.9)

where we have chosen the basis in whigff) is S-duality
invariant: CY—-C®—-1C@ABR). These terms are

U eS— Mof Tr( k= 2k +i(2ma’)igiep(C® -k 2k® mapped under S-duality into
R
1
1 ND3_ (4) 4 j NiiBO®+ Zc@ABR®)
AQ C®))— E(Zwa’)z(iq,iq,)zikB(G)-i- ] Swz MsJ'RSHTr(C i(2ma’)igpieB 2C B
(4.9 —(2ma" ) BONF+ ) (5.2

Here the second term could be responsible for a configura-
tion corresponding to the waves expanding into a D2-branevhere 7=29A+i[A,A]+1/(27ra')C?.
transverse to the direction in which they propagate, and the Let us recall how the worldvolume duality transformation
third term could be associated to pp-waves expanding into orks in the Abelian casésee for instancg37]). It proceeds
wrapped NS5-brane. in two steps. First one substitutesA+ 1/(2ra’)B® by a

In the next section we will see that the non-Abelian branegauge invariant field strength, and adds a Lagrange multi-
systems that we have derived in this section by reductiomlier term:
from M-theory are connected by T-duality to non-Abelian

type IIB systems, predicted by the S-duality symmetry of the ) 1 ) _
theory, consisting of strongly coupleatbranes. Finally in ps(2ma’) faﬂ F— 5 -B®|NdA (5.3
Sec. VIII we will give an interpretation of the terms that R me

couple to these actions through the Born-Infeld field . . . NR(2) .

strengths in terms of topological solitons in brane-antibrand/Nich imposes the cgnstralnt thﬁt— 1«277“ )~B Qerlves

systems. from a vector potential upon integration ovar This way
one recovers the original action. On the other hand the dual
action is obtained through the equation of motion By

1%Up to linear terms in the Born-Infeld field strengths. which is given by a non-linear expression in termsfoand
205ee[36] for the Abelian case. the spacetime fields due to the contribution of the Born-
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Infeld Lagrangian. One readily sees however from &3 couplings. As we mentioned already in the previous section,

that a termfrs+1B@AdA will couple in the dual action. EQ. (5.4 can indicate the existence of a configuration in
Therefore the worldvolume duality transformation substi-which (wrapped D4-branes open up into a monopole, which
tutes the termfgs+1C?/A\F in the worldvolume effective Cannot be explained however through the usual couplings
action of the D3-brane by its S-duafixs-1BPAF. The present in the weakl_y coupled Dé_l-brane effectlv_e action.
presence of the couplingsioC® andi yi,B® in the non- Let us now consider a T-duality transformation along a

Abelian case makes clear that the embedding scalars shouﬁwecuon in the worldvolume of the N D3-branes at strong

transform as well, and very non-trivially, under worldvolume couphng. We find .N D2-branes t.hat cannot move in the .d"
duality. This is in agreement with the observations|2i, rection of the duality transformation. The relative minus sign

(2) (2) i
where the duality transformation properties of certain opera9f theC “/\B'® term in Eqs(5.1) and(5.2) plays a key role

tors containing the embedding scalars were derived. How!" thls'denvatlon. ‘{}({“'e in Eq(5.1) the second term in the
ever the explicit worldvolume duality transformation that T-duality rule for C*:

connects the two actions is not known. Therefore, perturba-

tive processes governed by open strings should be described c® _.c® _§C(3) 9p)z (5.6)

by Eg. (5.1) and non-perturbative ones, governed by open popz " Zpvp pElwz g '
D-strings, should be described by the strongly coupled action

(5.2). The second term in E@5.1) indicates the existence of wherez denotes the direction of the T-duality transformation,
a configuration corresponding to N D3-branes expandings cancelled with the T-dual o£(®/\B(?), so that only the
into a D5-brane, which represents the Higgs vacuurfbdf  C® coupling of the D2-brane effective action remains, the
The confining vacuum is in turn represented by D3-braneselative minus sign of this term in E@5.2) gives an overall
polarized into an NS5-brar{&], and would be described by coupling:

the second term in Ed5.2). Note thatB(®) does not couple

in the weakly coupled actiofb.1), and therefore the configu- 3) @ 9dz_ (5

ration corresponding to the N D3-branes expanding into an Cabe— 3C[abzg_:C DaXDpXDX.

NS5-brane cannot be described at weak coupling. Consis- “

tently with this picture the N D3-branes can also be repre-,,. together with the T-duality tranformation rule Bf®
sented at weak coupling as a single D5-brane with N units o see[38)):
magnetic flux, associated to the coupligg®~ [gs+1C* '
/A\F in the D5-brane effective action, or as a single NS5-

brane with N units of D1 flux, associated to the coupling in

the NS5-brane effective actioBN®~ [gs+1CHAF, at
strong coupling.

Let us now discuss the behavior under T-duality of the
ac_tion (5.2 r.epresenting a set of D3—br§1nes at strong cou- NI;AZMJ T{C®DXDXDX
pling. T-duality along a transverse direction gives rise to the R2*+1
following couplings:

(6) (6)
BY L.—BY Lt (5.7

gives

+i(2ma’)igiepiBO+ .. .1, (5.9

S\%D;W:ﬂsf L THCO+i2ma)igiehND+ .. ], which is the expressiot#.1) that we derived from M-theory

R (5.4) representing transverse D2-branes. Again, this strongly

coupled description of the D2-branes can be responsible for

corresponding to the wrapped D4-branes that we obtained ithe existence of configurations that cannot be explained by

the previous section from the reduction of the non-Abelianlooking at the weakly coupled action. This is the case for the

M5-branes. A basic difference with the same operation in theituation in which N D2-branes expand into an NS5-brane,
weakly coupled actioii5.1), giving rise to D4-branes, is that discussed if7].

Eqg. (5.4 cannot be unwrapped. At the level of the terms that That these configurations may exist is deduced both from

we have included this is a consequence of the T-dualitghe analysis of the non-Abelian systems that we can con-

transformation: struct in M-theory and the combined action of S- and
T-duality transformations for coinciding D3-branes. We find
B:(fl)---M6_>(ikN(7))lu1"':u6+ . (5.5  new possibilities corresponding to N D2-branes expanding

into a wrapped NS5-brarl@] and N D4-branes opening up
for the NS-NS 6-fornt! Therefore, we encounter again the into a type IIA Kaluza-Klein monopole. The description in
situation in which the same brane, in this case a D4-brane, i®rms of the effective actions that we have constructed would
described by different effective actions at weak and strongdpe valid at strong coupling, because the dynamics of both the
D2-branes and the wrapped D4-branes is governed by
wrapped D2-branes ending on them, as can be inferred both
2This T-duality rule was derived ifi38] as a key ingredient in  from the reduction from M-theory and from the T-duality
order to prove the connection between the type 1IB NS5-brane antransformation of the dual Born-Infeld field strength in Eq.
the type IIA Kaluza-Klein monopole under T-duality. (5.2.
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B. Non-Abelian D1-branes C. Non-Abelian D5-branes

Let us consider now a system of N coincident D1-branes. Let us now perform the same analysis of the previous
The corresponding effective action, according to Myers presubsection but with a non-Abelian system of D5-branes. The

scription, contains the terms: Wess-Zumino action contains the terms
s%@lzﬂlmeTr(c<2>+i(2m')i¢i¢c<4> N'§5=M5JRSHTr{C<6>+i(zm')iq)iq,c<8>+ .
1 +(27ma" ) [CH+i(2ma")CO+ | JAF+ ...},
——(2ma")(igig)?CO+ ... |. (5.9
2 (5.13
An S-duality transformation gives rise to the effective action]crom where S-duality gives
describing a system of coincident fundamental strings: 5
sC‘VN;B:Msf o TH{BO+i(2ma")igisCO+ ..
R
NF1_ ) ; N i ~(4) -
Swz —“JRmTr(B Fi2mal)igleC +(2ma" ) [CW+i(2ma)BO+ .. JAF+ .. .1,
(5.19

1
——(27a" ) (ipiep)’BO+ ... . (5.10 ~
2 Here C® is the field to which the D7-brane couples mini-
mally at strong couplingsee[36]). Therefore the second
Here the second term indicates the existence of a configuraerm represents the N NS5-branes opening up into a D7-
tion corresponding to the N F1’s opening up into a D3-braneprane. Making now a T-duality transformation along a trans-
a configuration that has been studied4, and in[39] from  verse direction, we find:
the point of view of the Abelian D3-brane theory.

A T-duality transformation along a transverse direction to _nkk C (D) N ()
the N F1's gives rise to the following action in type lIA: Swz = #s | o, TN 2mal) (ol N+,
(5.15
S Tr| BODXDX+i(27a’)igigi C where we have used Eg5.5 andi,N® arises from the
Z7HL ) etk ization of(® :
dualization ofC'®’ (see[36]):
—5(2m')2(|q,|¢)2|k|\1<7>+ o, (5.11) CO = (Nt (5.16

) ) ] . This action describes N coincident Kaluza-Klein monopoles,
where the first term arises from the T-duality transformation; g we encountered it already in our reduction from
of B M-theory.

T-dualizing Eq.(5.14) along a worldvolume direction we
BB - ZBE?Z% =B®)D,XDyX find:
Y4
s“ﬂ‘,‘z“‘ss)wzwf L TTIBO+i(27ma )igiphN®+ ... ],
andB®)—i,N" as in Eq.(5.5). Note that these are the same R (5.17)
couplings present in Eq4.2), which was derived by reduc- '
tion from M-theory. This action describes a delocalized f“”'whereikN(8) arises from the dualization &&€® [see Eq.
damental string. Again, in the Abelian case a worldvolume(3_3) in [36]]:
duality transformation would map this action into the action
of an ordinary fundamental string. c®) — (i N®) + (5.18
Finally, T-duality along a worldvolume direction gives py-oougz LK Ba--b7

rise to N pp-waves in type IIA. We find the same couplings

that we obtained in the reduction from M-theory: The KK6-brane of type IIA couples minimally to this field.

Thereforei 4i i N® could be associated to a configuration

of N wrapped NS5-branes opening up into a KK6-brane, as

Nv;avesz MOJ’ Tr( K2k i(2ma )i gie we discussed in the previous section.
R

VI. BPS SOLITONS FROM NON-ABELIAN

3 =2 (L) N 3
X(C( )=k )/\lkc( )) BRANE-ANTIBRANE CONFIGURATIONS
1 Th lysis of th lings in the Wess-Zumi ti
_ = "V2(>i 0 )21 B(6) 4+ e analysis of the couplings in the Wess-Zumino action
2(27m ) (lole) B o] 512 describing a non-Abelian brane-antibrane system reveals the
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emergence of new solitonic solutions after the tachyonic The dual Higgs mechanism explains the decoupling of the
mode of the open strings stretched between branes and antiverallU(1) gauge group of the system at strong coupfhg.
branes condensé$.This study reveals that typically non- At weak coupling it is interpreted in terms of confinement of
commutative configurations can also be described as topahe overallU(1), with the fundamental string emerging as
logical configurations in non-Abelian brane-antibranethe confined electric flux string at the end of the annihilation

systems. procesg47]. This mechanism has been used to explain the
To see how these solutions arise let us start by recallingate of the unbroketJ (1) on the worldvolume of the anni-
the Abelian case. hilating systen{45].

The Wess-Zumino part of the effective action correspond- Let us now consider N coincident @Dbrane-antibrane
ing to a Dp brane-antibrane system contains couplings to thepairs. The Wess-Zumino action describing this system has
two U(1) fields of the brane and the antibrane as well as tdeen constructed ip41], though this reference does not in-
the complex tachyon fiel@41]. It includes in particular the clude the non-commutative couplings to the embedding sca-
very simple term: lars introduced by Myers. Our aim in this section is to dis-

cuss the interpretation of precisely these terms for the
(- DA GAD iy cr_eation of branes as solitonic solutions. For our purposes we
prHC (dA™—dA) (6.1 will just need to consider the sum of the Wess-Zumino terms
for branes and antibranes, i.e. we will ignore the contribution
where dA® and dA®’ denote the Born-Infeld field frorlj]e:t[huztgg:gizgrflgginstance the case of N coincidéext
strengths of the brane and the antibrahi.is by now well anti-D4) brane pairs. The WZ effective action up to linear

understood that the tachyon condenses through a Higgs-likgms in the non-Abelian Born-Infeld field strength includes:
mechanism in which the relative () field on the brane-

antibrane system gets a mass and there is a localized mag- —

netic flux onR? that acts as a source for the RR1)-form Sf/\?f’m):ﬂ4f 4“(277&’)'”( [C(3)+ i(2ma’)igpieC®
field, as can be deduced from the coupling above. This sig- R

nals the emergence of a p{2)-brane as the associated 1 f2i -\ 2(7)
topological defecf42], a qualitative conclusion that is sup- - 5(27”“ ) (igie)°C
ported by the CFT analysis of the systéaA8,44).

The analysis of the couplings in the Wess-Zumino action 6.3
provides a hint of the possible solitonic objects that can @ @) _
emerge after tachyonic condensation in situations in whicf{'here F'~’, F'*’ are the Born-Infeld field strengths for
string perturbation theory cannot be applied. One can exp|ai|qranes anq annbran_es. S|m|Iar_ non—Abgllan conflgure_ltlons to
for instance the emergence of the fundamental string as 1€ Ones discussed in the previous sections are possible when
solitonic solution in b, anti-Dp systemg 45,46, configu- ©N€ con5|ders_ non-Abelian (D_antl-Dp) systems. In this
ration that should exist as a consequence of various dualitg@S€ the N pairs could open up intd[26, anti-D§ system or

arguments. A duality transformation in te- 1 dimensional into a(D8, anti-D§. In turn, annihilation of these brane con-
worldvolume of the D, anti-Dp system maps the Born- figurations will produce solitonic solutions which have as

Infeld vector into a p— 2)-form. Therefore, in this dual de- well an interpretation in terms of expanding branes. Qualita-

scription the tachyonic field would be associated to a D( %\éil"nytr?g;;?;size; ttr?s C%TSIEESQCiﬁ tz]:e t\?\/ezszcggrlj.ﬁgg;i?ig?s

—2)-brane stretched between the brane and the antibranmg the N(D4, anti-D4 pairs of branes. The first term in Eq
i | h he relatiye«2)-form. Th S ) e :
and it would be charged under the relatiye{2)-form. The §6.3) describes the usual realization of the D2-brane as a

fundamental string arises after the condensation of thi e : . )

tachyon field, as can be seen qualitatively from the analysi ortex solution in a(D4, "?‘”“'D‘D _syzsstem, in this ca.se N
of the WZ term of the dualized brane-antibrane effective™2-2ranes from ND4, anti-D4 pairs: The next term:
action[45,46€]. In this action one finds a couplingee[46]):

/\(F(Z)_F(z)’)>,

f THi i g CON(FA—F@)')] (6.4
RA+1

2 -2 -2)’
prHB( (AP —dAP=2), 6.2 signals the emergence of a configuration representing the N
D2-branes opening up into a D4-brane, which would act as a
This indicates that the fundamental string will arise as a tosource for the RR 5-form. This configuration arises naturally
pological soliton when the dual tachyon condenses through #0m the annihilation via a Higgs-like mechanism of(N4,

Higgs-like mechanism, in which there is a localized mag-anti-D4 pairs opening up into €6, anti-D§ system. Simi-
netic flux in the transversap_l_ Iarly, the next term in Eq(63) would be associated to a

non-commutative configuration of N D2-branes expanding

22See[40] for reviews on the role of tachyonic excitations in

unstable brane systems. 2Due to the opposite orientation of brane and antibrane one has
ZSince we will be dealing with worldvolume forms of different dA®P~2)—dAP~2)"= *(dAD+dAD)).
degree we indicate it explicitly for each field. 25See the discussion below E@.5).

106011-12



NONCOMMUTATIVE BRANES FROM M THEORY PHYSICAL REVIEW D64 106011

into a D6-brane, a by-product of the annihilation of(B4,  D(p—2k+ 2r)-brané’ would be realized as a bound state of
anti-D4) pairs expanding into éD8, anti-D§ system. N (Dp, anti-Dp) branes opening up into*2* [D(p+2r),

By analogy with the Abelian case one would expect thatanti-D(p+ 2r)] branes.
non-commutative configurations involving fundamental A similar analysis can be performed in the type IIB
strings would arise after condensation of the dual tachyontheory. In this case it is easy to include as well non-Abelian
charged with respect to the worldvolume dual of the Born-systems of NS-NS branes and antibranes. For instance, one
Infeld field. However, the general mechanism for the dual-easily sees from Eq(5.14 that a non-Abelian system of
ization of the non-Abelian vector field is not known, and not (NS5, anti-NS5 could support N D3-branes expanding into
even a qualitative description of non-Abelian configurationsan NS5-brane as a topological configuration, arising after the
of fundamental strings can be made in these terms. We wikondensation of the tachyon associated to open D1-branes
see however in the next section that certain configurationstretched between the NS5 and the anti-NS5 branes. One
can be described from non-Abeliamp,( p) systems in notices as well that a system of coincident fundamental
M-theory. strings arises as a topological soliton from a non-Abelian

Going back to Eq(6.3), including higher order terms in (D3, anti-D3 brane configuration at strong coupling, with
the Born-Infeld field strengths gives rise to new solitonicopen D1-branes stretched between the branes and the anti-
configurations. Bearing in mind that the topologically non-branes. Including higher order terms in E.2) one finds
trivial character of the soliton can be carried by just one ofthat the system could also support a non-Abelian configura-
the two field strengths, say® (see for instancg43]), the  tion associated to the N fundamental strings opening up into
next contribution can be read from the action associated to i D3-brane. Finally, although we did not consider D7-branes,
D4-branes, namely from: one can easily see that coincidébf7, anti-D7) branes may

give rise to N NS5-branes expanding into a D7-brane at

o4 1 _ o strong coupling, i.e. when the tachyonic mode associated to
Swz,quadzﬂztf 4“5(27”!')2"'r CW+i(2ma’)igiaC®  open Dil-branes stretched between branes and antibranes
R condenses.
1
AV 2~(5 2 2
5 (2ma’)Xigie)?’CO+ ...}/\F( NF ))- VIl. M-THEORY INTERPRETATION
(6.5 For a single brane-antibrane system one possible way of

inferring the emergence of the fundamental string as a topo-

The first term describes the realization of a DO-brane as alpgical soliton comes from M-theoriy5,46. Let us consider
instanton-like configuration in the KD4, anti-D4 system. for instance aD4, anti-D4 pair in type IIA. This system

[ TIEAAE® gives an integer if the homotopy group corresponds in M-theory to a coincideif5, anti-M5) pair.
I15(U(N))=Z, which happens generically fdi>2. In the  The tachyonic mode in the open string stretched between the
particular cas&N=2%"1, where X denotes the codimension D4 and the anti-D4 branes occurs in M-theory in the form of

of the topological defectin this casek=2) it is possible to @ tachyonic mode in an M2-brane stretched between the M5

give a representation of the tachyon vortex configurafoa ~ @nd the anti-M5 branes. The condensation of this tachyon
generator offl,,_,(U(N))] such that all higher and lower through the previously discussed Higgs mechanism gives
dimensional charges vanisf48]. In this case a given '€ toan Mz2-brane as the resulting topological defect, as can
Dp-brane can be realized as a bound statddd(p+2k) e inferred both from the duality with type IIA and from the
brane-antibrane pairs stepwise, i.e. through a hierarchy dfrm:

embeddings onto higher dimensional brane-antibrane sys-

tems. Generically, for N Of+ 2k) brane-antibrane pairs this f CAda® (7.2
representation of the tachyon should give rise to*Nf2 RO*

Dp-branes as instanton-like configurations. Therefore, in ou
case the N(D4, anti-D4 pairs would give rise to N/2
DO0-brane€® The non-commutative configuration of N/2 DO-
branes expanding into a D2-brane would arise as a
instanton-like solution in the worldvolume of D4, anti-
D4) pairs expanding into D6, anti-D§ pairs, as implied by

[n the worldvolume effective action of theM5, anti-M5)

system[45]. Herea'® is the six dimensional worldvolume
rqmtisymmetric tensor, which for the brane antibrane pair is
not constrained by self or anti-self dualitgee[45]). As Yi
pointed out the reduction along a direction in the worldvol-
the second term in E6.5). Similarly, the third term in this UMe Of the(MS, anti-M5 pair transverse to the stretched

expression would describe the N/2 DO-branes expanding inthfl2-brane gives rise to a situation in which the tachyonic
a D4-brane as a bound state of D4, anti-D4 pairs expand- mode of an open D2-brane stretched between a D4 and an
ing into 2 (D8, anti-D§ pairs. anti-D4 brane condenses to give rise to a fundamental string

This discussion can be generalized to arbitrary § D as the topological defect. This is predicted by the coupling

brane-antibrane systems. One finds that a non-commutati@ove, whereal® reduces to a 2-form worldvolume field
configuration of N/8~* D(p—2k)-branes expanding into a coupling to an open D2-brane in type lIA, a&f,,)zcwll

28For this to make sense we need an even N. 2iWwith N a multiple of 1.
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remains as the resulting field. A systematic study of the posM-wave as the topological defect, moving in the same direc-
sible brane-antibrane configurations in M-theory and type Ittion on which the stretched M2-brane is wrapgdé]. This
theories can be found if#6], where it is seen that Kaluza- is described by the coupling
Klein reduction of the different possible M-theory configu-
rations _predicts tha_t genericglly fundamental strings arise as f R‘ZR(”/\(IA:(Z)—IA:(Z)')
topological defects in (P, anti-Dp) systems after the tachy- 2+1
onic mode of a Dp—2)-brane stretched between the pair
condenses, and that the NS5-brane, the wave, the Kaluzi the (M2, anti-M2) effective action. In the non-Abelian
Klein monopole and the so-called exotic branes may alsgase the Wess-Zumino action of the(M2, anti-M2) system
arise as topological solitons from various types of configu-contains the couplings:
rations. B

We can now con_sider n_on_-AbeIian_br_ane-antibrane sys- N(MZMMZ{):MJ Tr{IZ[R*ZR(l)JriIZi&,i@
tems and try to provide a similar description. Let us start by z 241 P P
considering N coincidentD4, anti-D4 pairs. The situation N AN
in which the N pairs expand into @86, anti-D pair, which X(C=kTKHNIRC)+ ... ]
§upp0rt§ as solitonic configuration N Dz-branes opening up ANE@_E@') 4 I (7.5
into a single D4-brane, can be described in M-theory as N

ﬁaulrs ofK\;vr_appeo(MS, ?nt"'\fﬁr’) branels oper_unngrJ]p m\';\(/) 4 The second term could describe a situation in which a non-
Za uza- et|_n (TOHO%(? eil?/llsmomt)'plslg) pair. te' tr::“Ss'trivial localized magnetic flux ofR? gave rise to a configu-
umino action describing »anti- pairs contains e 5tion corresponding to MO-branes opening up into a trans-

(7.9

couplings: verse M2-brane as a topological solution. As we discussed
B before, this is precisely the kind of M2-brane that can occur
N(ZMSW,Msw):MJ Tr{lg[CDf(Df(Df( as a topological defect in &5, anti-M5) system in yvhich
RA+1 the M5-branes are wrapped on the special direction trans-
= R o verse to the M2-brane. This is then consistent with the pic-
+il3i4igiEC+ .. IA(FA-F@}, ture in which the N(M2, anti-M2) pairs would open up into

(7.2 a single(M5, anti-M5) pair giving N MO-branes expanding
' into an M2-brane as the resulting topological defect.
N . . The analysis of the effective action describing N coinci-
as implied from Eq.(3.7). These couplings may describe a ; . . .
solitonic configuration representing N M2-branes opening updem(KK’ anti-KK) pairs may predict the existence of a non-

into a wrapped M5-brane, with the M2-branes delocalized incommutatlve configuration corresponding to N M5-branes

the direction on which the M5-brane is wrapped. This Con_expanding into a monopole as a topological defect, with the
figuration would occur when the tachyonic mode of the
wrapped M2-branes stretching between the M5 and th

anti-M5 branes condenses, and would be consistent with th

zgﬁgunor;fg thV: (':(r:]h oiigvrca:)pn%zdn S'\gﬁé?]r%?eavl?: (I;Ij%an;sti_as Fect (see[46]). Reducing this configuration along the Killing
y ' direction one obtains a configuration of N D4-branes open-

M6) pair, into which the system of NM5,,, anti-M5,) . . i : . ) X
branes would have expanded. It is again consistent that thad up into a D6-brane, which we discussed in the previous

possible M2-branes that can end on both the wrapped msection-

branes and the M6-branes are wrapped M2-branes. Had the

M5-branes been unwrapped we would have found an incon- VIll. OTHER BRANE-ANTIBRANE CONFIGURATIONS
sistency in this description derived from the fact that only IN TYPE IIA

unwrapped M2-branes could have ended on them.

M5-branes wrapped in the Taub-NUT direction of the mono-
ole. This would be consistent with the situation in which the

%‘(KK, anti-KK) pairs opened up into aiM9, anti-M9) pair,

that supports a Kaluza-Klein monopole as a topological de-

L di h i which (B2 D The M-theory configurations that we have considered in
et us now discuss the case in which (B2, anti-Dd o nrevious section were constructed in such a way that they

branes in type IIA annihilate to give rise to N DO-branes.reproduced non-Abelian (&) anti-Dp) systems when re-
This system may support as well a solitonic Conflguratlonduced along their isometric direction. We are now going to

(I:Dozrrsspondinhg tr? the Iy lg)Odbran(_abs gpsnir;]g up inlt_o a Singlesee that it is possible to obtain other interesting configura-
-brane, which would be described by the coupling tions in type IlA after reduction along a different direction.
The solitonic configurations that we find in this section are

f THi i e CONA(F@— F(z)')], (7.3 qonnected via T—duglity.with the strongly couplled configura—

2+1 tions of type 1B solitonic branes that we considered in Sec.
VI.

in the Wess-Zumino action of th@d2, anti-D2 braneg see Let us start by considering a system of coincidévib,

Eq. (3.4)]. The M-theory description of a singk®2, anti-  anti-M5) branes. Reducing along a transverse direction gives
D2) pair consists on afM2, anti-M2) system in which the rise to coincidentNS5, anti-NS% pairs, wrapped in some
tachyonic mode of a wrapped M2-brane stretched betweespecial direction. The leading term of the corresponding ef-
the brane and the antibrane condenses, giving rise to dective action is given by the second line in Eg.3), with
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H @ replaced by the relative field strength. The second ternyolume vector field by adding a Lagrange multiplier term,
shows that a configuration corresponding to(INcalized ~ [re+1dy/\db™), and the final dual action contains the term
D2-branes expanding into évrapped NS5-brane could responsible for the creation of the pp-wavisz«ik 2k
arise as a topological solution. This is consistent with the\db*) (see[46]). For a non-Abelian configuration of D2-
situation in which the NNS5, anti-NS5 pairs expanded into branes one cannot however see the emergence of this cou-
a pair of (KK6, anti-KK6) branes, since this single pair sup- pling, given that the explicit worldvolume duality transfor-
ports an NS5-brane as a topological solution, with the brangiation cannot be made. One needs to start with a
wrapped in the special Killing direction of the KK6-brane configuration in which the direction of propagation of the
(see[46]). On the other hand, double dimensional reductionwave is already singled out, as is the case for a configuration
of the N (M5, anti-M5) system gives rise to KD4, anti-D4  of delocalized D2-branes. The emergence of this non-
pairs. The leading terms of the worldvolume effective actioncommutative configuration would be consistent with the situ-
are given by the second and third lines in E4.4). The ation in which the transverse D2-branes opened up into an
coupling to the two different field strengti§(® and X(*)  NSb5-brane, which can support a transverse D2-brane as a
shows that the system can support two different types ofopological soliton, as we have discussed above.
solitonic  configurations depending on which type of Reducing th&M2, anti-M2) system along a worldvolume
stretched brane has its tachyonic mode condensing. If theirection one obtains N coincideff1, anti-F1 branes delo-
tachyonic mode of stretched wrapped D2-branes condenséglized in one direction. This system may support as well a
one could end up with a configuration corresponding to Ntopological defect corresponding to N pp-waves opening up
fundamental strings expanding into a D4-brane. This wouldnto a D2-brane, now arising after the tachyon of the
be described by the second coupling in the third line of Eqstretched, wrapped, fundamental strings condenses. This can
(4.4). On the other hand if the stretched branes are fundabe seen from the second line in E4.2). This configuration
mental strings then N D2-branes expanding into an NS5would be consistent with the fact that the transverse F1-
brane may arise as the topological defect. This would béranes could open up into ®4,,, antiD4,,) pair, and this
described by the second coupling in the second line of Egsystem admits a delocalized D2-brane as a topological soli-
(4.4). In both cases the N branes are transverse to the speci@n, as we have described above.
direction in which the expanded brane is wrapped. As before, Finally, the reduction of a non-Abelian system of coinci-
these configurations would be consistent with the situation iflent Kaluza-Klein anti Kaluza-Klein monopoles gives, when
which N (D4, anti-D4 pairs expanded into &K, anti-KK) reducing along a worldvolume direction, a system of coinci-
pair, since the latter can support D4 and NS5 branegjent type IIA(KK, anti-KK) pairs, which could support two
wrapped in the Taub-NUT direction, as topological solutionstypes of solitonic configurations: N D4-branes expanding
[46)]. into a monopole, and N NS5-branes expanding into a KK6-
A similar analysis starting with a delocalizé2, anti- brane, depending on whether the condensing tachyon is as-
M2) non-Abelian system would give rise to the following Sociated to open, wrapped, D2-branes or F1-branes. The cor-
configurations. Direct dimensional reduction gives N coinci-responding couplings can be read from Eq5). This would
dent delocalizedD2, anti-D2 branes, which could support be consistent with the situation in which the Kaluza-Klein
N pp-waves expanding into a transverse D2-brane as a top#ionopoles expanded into(KK8, anti-KK8) pair, since this
logical solution. The coupling [ra+1Trk 2k A(db®  System can support both a Kaluza-Klein monopole and a
KK6-brane as solitonic solution&see[46]). The reduction
) along a transverse direction gives a system of coincident
systenisee Eq(4.1)], shows that N pp-waves may arise as a(KKG, anti-KK6) branes, which could support as a topologi-

topological defect for non-vanishing magnetic flux. Recall : ; .

that this maanetic flux is associated to open. wrapoed DZ(_:aI defect a configuration corresponding to N NS5-branes

branes stretghed between branes and ant[?bra{nes T:%r 6,1 IocoP—ening up into a KK6-brane. This would be consistent with
' e situation in which N(KK6, anti-KK6) pairs expanded

ized (D2, anti-D2 syste.m one can only see the EMErgence of an(NS9, anti-NS9 pair, which can support a KK6-brane
a pp-wave as a solitonic solution for a single pair. The reason .
. . as a topological defe¢#6].
is that one needs to perform a worldvolume duality transfor-
mation in order to identify the coupling responsible for this
process. Recalling the results[#6], one first needs to select
one of the transverse directions to the D2-brane system, and

write the coupling to the 3-form RR-potential digz+1C(®) It is a pleasure to thank Laurent Houart for very useful

= [r2+1(C®+i, C®Ady). Theny is dualized into a world-  discussions.

- db(l)'), present in the worldvolume effective action of the
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