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Noncommutative branes from M theory
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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 toN branes expanding into a higher dimensional M-brane. The reduction to type II 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

Non-Abelian D-brane systems have recently attracte
lot of attention. In remarkable papers Myers and Taylor a
Van Raamsdonk observed that a system ofN coincident
Dp-branes can develop multipole moments under Ramo
Ramond fields that would normally couple to higher dime
sional branes@1,2#. This is possible because the non-Abeli
Dp-brane embedding coordinates become noncommuta
An external fieldC(q11), q.p @p, q even~odd! in type IIA
~IIB !# can polarize thep-branes to expand into a non
commutative configuration that can be interpreted as a Dq, N
Dp bound state. Alternatively the original Dp-branes can be
represented as a single Dq-brane with N units of worldvol-
ume instanton-like density@3#. Both approaches agree in th
large N limit @1,4#.

The ‘‘dielectric’’ property has been shown to play an im
portant role within the AdS conformal field theory~CFT!
correspondence. Dielectric branes have been used to
non-singular string theory duals of gauge theories living
D-branes with reduced supersymmetry@5–7#. In @5# the su-
pergravity dual of a four dimensionalN51 confining gauge
theory, obtained by perturbing theN54 gauge theory living
on N D3-branes, was identified as a non-singular space
with an expanded brane source arising from Myers’ dielec
effect. In particular, a mapping between the gauge the
vacua and states corresponding to D3-branes being pola
into D5-branes and Neveu-Schwarz 5-branes~NS5-branes!,
with worldvolume R43S2, in AdS53S5 was found, with the
Higgs vacuum represented by a single D5-brane config
tion and the confining vacuum by an NS5-brane. Sim
issues have also been investigated in an M-theory fra
work. A perturbation of theN58 three dimensional gaug
theory living on N M2-branes toN52 has been shown to b
dual to M2-branes expanding into an M5-brane of geome
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R33S3 in AdS43S7 @8#. The existence of polarized M2
branes is expected from duality. However, the system can
be described as a collection of branes in an external fi
developing a dipole moment and expanding, given that
degrees of freedom of the worldvolume theory of coincide
M2-branes are not known. The approach of Ref.@8# was to
consider the alternative description as an M5-brane
AdS43S7 with a non-trivial flux onS3, carrying M2-brane
charge N. This was also the approach of@7#, where the dual
of the confining vacua of a perturbed three dimensio
gauge theory living on D2-branes was identified as D
branes polarized into an NS5-brane.

Expanding N M0, M(n22) systems have also been pr
posed to describe gravitons carrying angular momentum
AdSm3Sn, with the M(n22)-brane moving on the Sn

sphere@9#. The ‘‘giant’’ gravitons of @9# in AdS73S4 are
identified with ~N M0, M2! bound states in a constant fou
form magnetic field strength, where the M2-brane expa
on the S4 of AdS73S4 @10#. Similarly ~N M0, M2! bound
states in an electric four-form field strength can be co
structed such that the M2-branes expand into the AdS4 com-
ponent of AdS43S7. Configurations of„N M0, M(m22)…
branes in which the M(m22)-brane expands out into th
AdSm component of the spacetime have been associate
‘‘dual giant gravitons’’~see@11#!.

In this paper we give an indication that it may be possi
to understand all these configurations in terms of n
Abelian branes expanding into a higher dimensional bra
We start in Sec. II by summarizing the main results in@1,4#,
putting special emphasis in the interpretation of the c
plings in the Wess-Zumino action describing the non-Abel
system in terms of expanding configurations. In Sec. III
study non-Abelian brane configurations in M-theory. By an
lyzing the couplings present in the Kaluza-Klein monopo
and M9-brane effective actions we give an indication of t
special type of non-Abelian M2 and M5 configurations th
can arise as topological solutions in M-theory. The M
©2001 The American Physical Society11-1
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YOLANDA LOZANO PHYSICAL REVIEW D 64 106011
branes appear delocalized in the eleventh direction, whe
the M5-branes are wrapped on it. This situation is consis
with the fact that in the non-Abelian case the M2 and M
branes should be able to expand into the Kaluza-Klein mo
pole and the M9-brane, which see the eleventh direction
special isometric direction. The configurations of M2 a
M5 branes that we find were shown to play a role as sup
gravity duals of (S)YM3,6 in certain regions of the paramete
space@12#.

We will propose a worldvolume Wess-Zumino effectiv
action describing non-Abelian M2 and M5 branes. The
quirement is that they should reproduce the effective acti
of non-Abelian D2 and D4 branes upon reduction to type
along the special isometric direction. We will argue that t
terms that couple in the effective action may be associate
non-commutative configurations corresponding to the bra
expanding into higher dimensional branes. Among these
find the case in which N M2-branes expand into an M
brane, considered in@8#. We will also discuss the worldvol
ume effective action describing coincident M0-branes, a
we will identify the couplings that could be responsible f
the configurations in which N M0-branes expand into M
and M5 branes@9,11,10#.

In Sec. IV we show that the non-Abelian configuratio
that we have constructed in M-theory give rise, upon red
tion to type IIA, to strongly coupled Dp-brane systems with
the right worldvolume couplings to explain some no
Abelian configurations that have been identified as sup
gravity duals of certain gauge theories living on D-bran
We will see for instance that a delocalized D2-brane sys
contains a couplingi Fi Fi kB

(6)1 in its effective action, that
would be associated to the N D2, NS5 bound state con
ered in @7#. This system is related byT duality with the
N D3, NS5 bound state of@5#. In Sec. V we show that the
strongly coupled Dp-brane systems constructed in type I
by reduction from M-theory are connected to strong
n
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coupled Dp-brane systems in type IIB. Delocalized N D2
branes are mapped for instance onto N D3-branes at st
coupling. The reason a distinction must be made betw
weakly coupled and strongly coupled D3-branes is that in
non-Abelian case the corresponding actions cannot be sh
to be related by an SL~2,Z! worldvolume duality transforma-
tion. This has the implication that non-Abelian D2-branes
strong coupling should only have manifest O~6! transverse
rotational symmetry, which is consistent with the fact that t
strongly coupled D2-branes that we can construct by red
tion from M-theory are delocalized in one of the space
rections, derived from the fact that our M2-brane system
O(7),O(8) ~transverse! rotationally invariant. There are ar
guments however showing that the three dimensional the
describing the M2-brane system should be superconforma
the infra-red, with global symmetry enhanced from O~7! to
O~8! @13,14#. We will discuss various of these strong
coupled configurations.

Finally, in Sec. VI we consider non-Abelian Dp brane-
antibrane systems, and show that polarized branes may
as worldvolume solitons from these systems after tach
condensation. As we will see, the non-Abelian bran
antibrane system couples to the right terms to describe
situation. In Sec. VII we identify the corresponding M-theo
brane-antibrane configurations and show in Sec. VIII that
reduction to type IIA predicts as well the appearance of n
Abelian expanding F1-branes, NS5-branes and Kaluza-K
monopoles as topological solitons.

II. THE NON-ABELIAN ACTION

In this section we summarize the main results in@1# and
@2#. We will be using the notation of@1#. The reader is re-
ferred to these references for more details.

The Born-Infeld part of the worldvolume effective actio
proposed in@1,2# to describe a system of N coinciden
Dp-branes is given by
SBI52TpE Tr„e2fA2det$P@Eab1Eai~Q212d! i j Ejb#1~2pa8!Fab%det~Qj
i !…. ~2.1!
n

-
e-

s

Here Qj
i [d j

i 1 i (2pa8)@F i ,Fk#Ek j , Emn[gmn1Bmn
(2) , and

gmn , Bmn
(2) are the ten dimensional spacetime metric a

NS-NS 2-form. Static gauge is assumed, i.e. the worldv
ume coordinates are taken asja5Xa for a50,1, . . . ,p,
whereas the remaining spacetime coordinates are rescal
Xi52pa8F i , with i 5p11, . . . ,9, in such a way that the
adjoint scalarsF i have dimensions of length21, like the
gauge fields.Fab is the non-Abelian Born-Infeld field
strength: Fab5]aAb2]bAa1 i @Aa ,Ab#, with Aa5Aa

(n)Tn

and Tn the N2 generators of U~N!, normalized such tha

1F are the embedding scalars andB(6) the NS-NS 6-form. See the
notation in the next section.
d
l-

as

Tr(TnTm)5Ndnm . Finally, P denotes the pull-back to thep
11 dimensional worldvolume, which in the non-Abelia
case is defined with covariant derivatives@15# D aF i

5]aF i1 i @Aa ,F i #, as required by gauge invariance and im
plied by T-duality. In this action the symmetrized trace pr
scription of Tseytlin@16# is adopted~see however@17# and
references therein!.

The Wess-Zumino~WZ! part of the action reads@1,2#

SWZ5mpE TrH PFei (2pa8) i F i FS (
n

C(n)eB(2)D Ge2pa8FJ .

~2.2!

Here i F denotes the interior product withF i :
( i FC(r )) i 2 . . . i r

5F i 1Ci 1 . . . i r
(r ) . The T-duality analysis reveal
1-2
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NONCOMMUTATIVE BRANES FROM M THEORY PHYSICAL REVIEW D64 106011
that it must act both on the NS-NS 2-form and the Ramo
Ramond~RR! potentials. The most striking aspect of th
action is that it involves couplings to RR potentials wi
form degree larger than the dimensionality of the worldv
ume. These fields can couple to thep11 dimensional world-
volume by means of the interior products with the no
Abelian scalars. The presence of these couplings has
confirmed by direct examination of string scattering amp
tudes in@18#. Some implications were already analyzed
@1# and @4#, where it was shown that they gave charge
interesting non-commutative solutions in the worldvolume
the N Dp-branes.

Let us consider as an illustration the collection of N D
branes in a constant RR 4-form field strength discusse
@1#. The coupling of the N D0-branes to this field can be re
from Eq. ~2.2!, in particular from:

E TrP@ i Fi FC(3)#5E dtTr$F jF i@Ci jt
(3)~F,t !

1~2pa8!Ci jk
(3)~F,t !D tF

k#%.

~2.3!

Since the background fields are functionals of the n
Abelian scalars,C(3)(F,t) is defined in terms of the non
Abelian Taylor expansion@19#:

C(3)~F,t !5e(2pa8)F i]xiC(3)~ t !5C(3)~ t !

1~2pa8!Fk]kC
(3)~ t !1 . . . . ~2.4!

Contraction of the first term in Eq.~2.4! with i Fi F gives a
vanishing trace, whereas the second term together with
first contribution to the expansion of the last term in Eq.~2.3!
yield

E dtTr~F iF jFk!Fti jk
(4) ~ t !. ~2.5!

Combining this term with the leading order scalar poten
from the Born-Infeld action, it is possible to construct
explicit non-commutative solution to the equations of moti
with a non-vanishing dipole coupling@1#. One can also no-
tice that going beyond leading order a whole series of hig
order multipole couplings arises. This is the D-brane ana
of the dielectric effect of electromagnetism. The nontriv
F (4) field has the effect of polarizing the D0-branes to e
pand into a non-commutative configuration which can
interpreted as a spherical D2-brane with N D0-branes bo
to it. Reference@1# also investigated to what extent this co
figuration could be described as a solution in the Abel
worldvolume theory of the D2-brane, with the remarkab
result that the two approaches agree up to 1/N2 corrections.

The previous analysis can be generalized to Dp-branes in
a background of constantF (p14) field strength. Starting with
a flat Dp-brane it is energetically favorable for the brane
expand into a non-commutative configuration with spa
geometryRp3S2 and non-vanishing dipole charge, as im
plied by the term
10601
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E dj0dj1 . . . djpTr~F iF jFk!F01 . . .pi jk
(p14) ~j!. ~2.6!

The contribution of this term to the scalar potential for
coincident D-strings was discussed in@4#, and it was shown
that there exists a non-commutative solution describing
larized D-strings, which is interpreted as a spherical~N D1,
D3! bound state. Reference@20# considered a more genera
(p14)-form field strength than the one considered in@1# and
obtained other non-commutative configurations correspo
ing to certain fuzzy cosets.

As another interesting application Ref.@4# considered a
similar type of noncommutative solution in the worldvolum
of N coincident D-strings in the absence of any nontriv
background fields. This solution was interpreted as a fun
describing the expansion of the D-strings into an orthogo
D3-brane. This configuration acts as a source for the
4-form potential thanks to the non-trivial expectation valu
of the non-Abelian scalars, which contribute through t
term: *R111Tr( i Fi FC(4)). The dual description in the world
volume of the D3-brane is in terms of a spike solution c
responding to D-strings attached to the D3-brane, a confi
ration that has been extensively studied in the literature@21#.
In @4# it is shown that the two descriptions have compleme
tary ranges of validity, so that the non-commutative D-stri
theory point of view is reliable at the center of the spik
where the D3-brane description is expected to break do
Again both descriptions turn out to be in agreement in
large N limit. As pointed out in@4# the extension to
Dp-branes opening up into orthogonal D(p12)-branes is
straightforward. It is governed by the term
*Rp11Tr( i Fi FC(p13)).

In the next section we will discuss similar non
commutative couplings in M-theory.

III. NON-ABELIAN CONFIGURATIONS IN M-THEORY

Let us start by analyzing the kind of non-Abelian config
rations of branes that one can construct in M-theory. O
approach will be to represent these non-Abelian system
Kaluza-Klein monopoles~or M9-branes! with N units of
worldvolume instanton-like density.

The worldvolume field content of the M-theory Kaluza
Klein monopole is that of the seven dimensional U~1! vector
multiplet, involving 3 scalars and 1 vector.2 A system of N
coincident Kaluza-Klein monopoles is then described by
seven dimensional U~N! vector multiplet. Therefore the
Wess-Zumino action contains the couplings~see@23#!3

2Recall that the embedding coordinates contribute with 3 deg
of freedom because one of the scalars is eliminated through
gauging of the Taub-NUT~Newman-Unti-Tamburine! isometry of
the background@22#.

3We ignore all numerical prefactors and the contribution of t
A-roof genus. Hats indicate eleven dimensional fields.l p denotes
the eleven dimensional Planck length. Our conventions are

( i k̂L̂) m̂2 . . . m̂r
5 k̂m̂1L̂ m̂1 . . . m̂r

, and i k̂N̂
(8)5C(7), i k̂Ĉ̃5C(5)1 . . .

upon reduction along the Killing direction.
1-3
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YOLANDA LOZANO PHYSICAL REVIEW D 64 106011
SWZ
NKK5m6E

R611
Tr~ i k̂N̂

(8)1 l p
2i k̂Ĉ̃`F̂

1 l p
4Ĉm̂n̂r̂DX̂m̂DX̂n̂DX̂r̂`F̂`F̂1 . . . !. ~3.1!

k̂m̂ denotes the Killing vector along the Taub-NUT directio
and N̂(8) is its Poincare´ dual when considered as a 1-for

k̂m̂ . Ĉ ( Ĉ̃) denote the 3-form~6-form! of eleven dimensiona
supergravity. The D-derivatives are defined asDX̂m̂5DX̂m̂

2 k̂22k̂n̂DX̂n̂k̂m̂, with k̂25ĝm̂n̂k̂m̂k̂n̂. Note that covariant de
rivatives substitute partial derivatives in the non-Abeli
case, in such a way that ĈDX̂DX̂DX̂5(Ĉ
23k̂22k̂(1)i k̂Ĉ)DX̂DX̂DX̂, and the contribution of the Taub
NUT direction cancels out.4 F̂ is the field strength of the
U~N! vector field describing M2-branes, wrapped in the Ki
ing direction,5 ending on the monopolesF̂52]Â1 i @Â,Â#

1 l p
22i k̂Ĉ[F̂1 l p

22i k̂Ĉ. The spacetime fields are understo
to be pulled-back onto the worldvolume as explained in S
II.

The second term in Eq.~3.1! shows that wrapped M5
branes can arise as solitonic solutions when there is a
trivial magnetic flux inR2. Similarly, the third term shows
that an instanton-like configuration*R4TrF̂`F̂5Z induces
M2-brane charge, but with the M2-branes delocalized alo
the Killing direction, since the resulting coupling contai
DX̂ derivatives:*R211ĈDX̂DX̂DX̂.

The same situation in terms of wrapped M5-branes
delocalized M2-branes arises from the analysis of the W
Zumino action of a system of M9-branes. The field cont
of the M9-brane is that of the nine dimensional U~1! vector
multiplet, containing 1 scalar and 1 vector. The vector c
tributes however with 7 degrees of freedom when one of
worldvolume directions is gauged away6 ~see@24#!. There-
fore, a system of coincident N M9-branes is described b
nine dimensional U~N! vector multiplet. The Wess-Zumino
action contains the terms@25#

SWZ
NM95m8E

R811
Tr~ i k̂B̂

(10)1 l p
2i k̂N̂

(8)`F̂1 l p
4i k̂Ĉ̃`F̂`F̂

1 l p
6ĈDX̂DX̂DX̂`F̂`F̂`F̂1 . . . !. ~3.2!

From here we see that Kaluza-Klein monopole charge is
duced when*R2TrF̂5Z, ~wrapped! M5-brane charge when
*R4Tr(F̂`F̂)5Z, and ~delocalized! M2-brane charge when
*R6Tr(F̂`F̂`F̂)5Z.

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

4Herek̂(1) denotes the Killing vector considered as a 1-form, w

componentsk̂m̂ .
5This is implied by the fact thatĈ is contracted with the Killing

vector @23#.
6The Killing vector points at a worldvolume direction, in such

way that the D8-brane is obtained upon reduction.
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brane descent relations in M-theory from non-Abelian co
figurations of non-Bogomol’nyi-Prasad-Sommerfield~BPS!
M10-branes. The M10-brane is constructed in such a w
that it gives rise to the non-BPS D9-brane of type IIA@26#
after reduction along a Killing direction, and to the BP
M9-brane after condensation of its tachyonic mode. T
connection with the M9-brane determines that it should c
tain a Killing direction in its worldvolume. The analysis o
the WZ couplings reveals the following pattern of brane d
scent relations: M95M10, M652 M10, M554 M10, M258
M10, M0516 M10, where M6 denotes the Kaluza-Kle
monopole and M0 the M-wave. This analysis was made
@27#. There it was pointed out that the M5-brane shou
again be wrapped around the Killing direction and the M
brane delocalized in this direction. This is implied by th
following terms in the M10-brane effective action:

SWZ
NM105m9E

R911
Tr~@ l p

4i k̂Ĉ̃`F̂`F̂1 l p
6Ĉm̂n̂r̂DX̂m̂DX̂n̂DX̂r̂

`F̂`F̂`F̂1 . . . #`DT̂!, ~3.3!

where T̂ stands for the real adjoint tachyon induced in t
worldvolume by wrapped M2-branes, andDT̂5dT̂

1 i @Â,T̂#.7

The analysis of the brane descent relations points out
arbitrary M2 and M5 branes cannot be connected to the o
branes of M-theory through a hierarchy of embeddings. T
fact that the higher dimensional M-branes live in spacetim
with special Killing directions implies that the branes th
can be constructed from them as bound states should als
the special direction. The analysis of the Wess-Zumino te
of the higher dimensional branes shows in particular that
M5-brane should be wrapped and the M2-brane should
move along the Killing direction. In this situation one ca
construct non-Abelian configurations of M5 and M2 bran
as bound states of 4N M10-branes and 8N M10-branes
spectively. We can conclude that the M5-brane that arise
a bound state in a system of higher dimensional branes
haves effectively as a 4-brane propagating in a ten dim
sional spacetime. Thus, its field content must be that

7The full Wess-Zumino action for coincident non-BPS D-bran
has been constructed recently in@28#, extending previous results in
@29,30#. In this reference it is shown that this action contains
infinite sum of terms with different powers of the tachyon and
covariant derivatives. Similar kinds of terms will also couple in t
worldvolume effective action describing non-Abelian M10-bran
For our purposes it will be sufficient to just consider the contrib
tion of the previous term in this expansion, from where the desi
couplings can already be read. In Eq.~3.3! the condensation of the
tachyon through a kink-like configuration, which in the limit of ze

size can be written as:dT̂5T̂0d(x2x0)dx @30#, gives rise to the
Wess-Zumino term of a system of N M9-branes located atx5x0.
1-4
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NONCOMMUTATIVE BRANES FROM M THEORY PHYSICAL REVIEW D64 106011
the five dimensional vector multiplet, whose non-Abelian e
tension is well-known. Similarly, the M2-branes behave li
2-branes in ten dimensions, and therefore their field con
should be that of the three dimensional U~M! vector multip-
let.

Moreover, the existence of the expanded configurati
discussed in the previous section in the type IIA theory i
plies that it should be possible to construct configurations
M-theory corresponding to M2-branes or M5-branes expa
ing into higher dimensional branes. However, the fact t
the higher dimensional branes are coupled to space
fields that are constrained by the presence of the Killing
rection implies that the non-Abelian worldvolume theory th
would describe the M2 and M5 brane configurations sho
also be constrained by the existence of the Killing directi
which is consistent with our discussion above. This fact d
not exclude however the possibility of constructing no
Abelian configurations of arbitrary M2-branes opening
into unwrapped M5-branes.8 The existence of this kind o
configuration is in fact predicted by the coupling*R511Ĉ

`dâ(2) present in the worldvolume effective action of
single M5-brane. The difficulty stands however in the co
struction of the non-Abelian worldvolume theory that d
scribes the set of coinciding M2-branes. This problem is
lated to the problem of implementing duality transformatio
in non-Abelian gauge theories, as we will further discuss
the paper.

Let us now discuss which could then be the M-theo
description of a system of N coincident D2-branes. T
Wess-Zumino action of this type IIA system, up to line
terms in the non-Abelian Born-Infeld field strength, includ
@1#:

SWZ
ND25m2E

R211
TrFC(3)1 i ~2pa8!i Fi FC(5)

2
1

2
~2pa8!2~ i Fi F!2C(7)1 . . . 1~2pa8!

3S C(1)1 i ~2pa8!i Fi FC(3)

2
1

2
~2pa8!2~ i Fi F!2C(5)1 . . . D`F1 . . . G ,

~3.4!

whereF5F11/(2pa8)B(2). From our discussion in the pre
vious section the interpretation of the couplings in the fi
line of Eq. ~3.4! should be clear. The contraction of the em
bedding scalars with the RR 5-form indicates the existe
of a non-commutative configuration corresponding to
D2-branes expanding into a D4-brane, which acts as a so

8These branes will however not be able to expand into ot
higher dimensional branes such as the monopole and the M9-b
since they cannot see their special isometric directions.
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for this RR potential, and the next term, (i Fi F)2C(7), should
represent the N D2-branes expanding into a D6-brane.9

Uplifting these couplings to M-theory one finds10

SWZ
NM2t5m2E

R211
TrF ĈDX̂DX̂DX̂1 i l p

2i F̂i F̂i k̂Ĉ̃

2
1

2
l p
4~ i F̂i F̂!2i k̂N̂

(8)1 . . .

1 l p
2S k̂22k̂(1)1 i l p

2i F̂i F̂~Ĉ2 k̂22k̂(1)` i k̂Ĉ!

2
1

2
l p
4~ i F̂i F̂!2i k̂Ĉ̃1 . . . D`F̂1 . . . G , ~3.5!

with F̂52]Â1 i @Â,Â#1 l p
22i k̂Ĉ. This action describes a

non-Abelian configuration of M2-branes delocalized alo
the eleventh direction, which appears as a special Kill
direction mainly for two reasons. First, in the non-Abelia
case it is not possible to dualize the Born-Infeld field of t
D2-branes into the scalar associated with the eleventh c
dinate, a necessary step in order to connect the fully ele
dimensional M2-brane and the D2-brane. Therefore, we
constrained to introduce the eleventh direction as a spe
isometric direction. Second, the spacetime fields contrac
with the embedding scalars cannot be uplifted into any,
wrapped, eleven dimensional field. Thus, Eq.~3.5! is de-
scribing the same type of M2-branes that can arise as wo
volume solitons in a single M6 or M9 brane. The seco
coupling in Eq.~3.5! is likely to describe a non-commutativ
configuration corresponding to the N M2-branes expand
into a wrapped M5-brane. This configuration has been c
sidered in@8# in the context of the AdS/CFT correspondenc
Here we find that it should be possible to describe it from
point of view of the non-Abelian system of branes if th
M2-branes are delocalized and the M5-branes are wrap
around the eleventh direction. With respect to the interpre
tion of the third coupling, we have seen thati k̂N̂

(8) is the
field to which the M-theory Kaluza-Klein monopole couple
minimally.11 Therefore its contraction with the four non
commutative scalars would give charge to a configurat
corresponding to the N M2-branes expanding into a Kalu
Klein monopole. The existence of this configuration wou
also justify why the M2-branes contain a special Killing d
rection. We will give an interpretation of the terms in th
second line of Eq.~3.5! in Sec. VII, where we analyze soli
tonic configurations in non-Abelian brane-antibrane syste

r
ne,

9See the discussions in@4# for the similar configuration of
D-strings opening up into a D5-brane, and@31# for a solution asso-
ciated to D-instantons in a RR 5-form field strength. Reference@20#
also considers different four dimensional non-commutative confi
rations.

10We have denoted these branes asM2t to specify that they are
transverse to the Killing direction.

11It appears in the N M2-branes effective action because it redu
to the term (i Fi F)2C(7) in Eq. ~3.4! ~see@23#!.
1-5
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YOLANDA LOZANO PHYSICAL REVIEW D 64 106011
Similarly, the Wess-Zumino part of the worldvolume e
fective action describing a system of N M5-branes is c
structed from that of N D4-branes. This includes the term

SWZ
N D45m4E

R411
TrFC(5)1 i ~2pa8!i Fi FC(7)

2
1

2
~2pa8!2~ i Fi F!2C(9)1~2pa8!

3S C(3)1 i ~2pa8!i Fi FC(5)

2
1

2
~2pa8!2~ i Fi F!2C(7)1 . . . D`F1 . . . G .

~3.6!

The contraction of the embedding scalars with the
7-form indicates the existence of a configuration correspo
ing to the D4-branes expanding into a D6-brane, whereas
term (i Fi F)2C(9), would be associated to the N D4-bran
expanding into a D8-brane. Uplifting this non-Abelian sy
tem onto M-theory we find a non-Abelian configuration
wrapped M5-branes containing the couplings:

SWZ
NM5w5m4E

R411
TrF i k̂Ĉ̃1 i l p

2i F̂i F̂i k̂N̂
(8)

2
1

2
l p
4~ i F̂i F̂!2i k̂B̂

(10)

1 l p
2S ĈDX̂DX̂DX̂1 i l p

2i F̂i F̂i k̂Ĉ̃

2
1

2
l p
4~ i F̂i F̂!2i k̂N̂

(8)1 . . . D`F̂1 . . . G .
~3.7!

The Killing direction emerges, on the one hand, because
vector field of the D4-branes cannot be~worldvolume! dual-
ized into the worldvolume 2-form of an unwrapped M
brane and, on the other hand, because it is not possib
uplift the fields contracted with the embedding scalars i
any eleven dimensional fields not involving the Killing ve
tor. The contraction ofi k̂N̂

(8) with the two non-commutative
scalars would give charge to a configuration correspond
to the N M5-branes opening up into a Kaluza-Klein mon
pole. The third coupling would give charge in turn to a co
figuration corresponding to the N M5-branes opening up i
an M9-brane, since as we have seen the fieldi k̂B̂

(10) couples
minimally to this brane.12 Similarly to the M2-brane case
the M5-branes must be wrapped on the Killing directio
consistently with the fact that they should be able to exp
into the monopole or the M9-brane.

12It gives the 9-form RR-potential of type IIA after reductio
along the Killing direction.
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The Wess-Zumino action describing a non-Abelian co
figuration of Kaluza-Klein monopoles is obtained from th
of a system of N D6-branes, following the same proced
described in@23#. One obtains the action~3.1! supplemented
with typically non-commutative couplings corresponding
the contraction of the spacetime fields with the embedd
scalars:

SWZ
NKK5m6E

R611
TrF i k̂N̂

(8)1 i l p
2i F̂i F̂i k̂B̂

(10)

1 l p
2S i k̂Ĉ̃1 i l p

2i F̂i F̂i k̂N̂
(8)

2
1

2
l p
4~ i F̂i F̂!2i k̂B̂

(10)D`F̂1 . . . G . ~3.8!

The second term in Eq.~3.8! would be responsible for a
configuration of N monopoles opening up into an M9-bran

Finally, the non-Abelian action associated to coincide
M-waves is obtained by uplifting the Wess-Zumino action
a system of D0-branes. One finds the couplings:

SWZ
NM05m0E

R
TrS k̂22k̂(1)1 i l p

2i F̂i F̂~Ĉ2 k̂22k̂(1)` i k̂Ĉ!

2
1

2
l p
4~ i F̂i F̂!2i k̂Ĉ̃1 . . . D . ~3.9!

The second term would be responsible for a configuration
M-waves expanding into an M2-brane transverse to the
rection of propagation, and therefore, to the ‘‘dual gia
graviton’’ of AdS43S7 @11#. In turn the third term would be
associated to the N M0-branes expanding into an M5-br
wrapped in the direction of the propagation, and therefore
the dual giant graviton of AdS73S4. These configurations
can also be studied from the point of view of the M2 and M
branes. The first term in the second line of Eq.~3.5! indicates
that the transverse M2-brane carries momentum in a di
tion orthogonal to the electric 3-form. In the case of t
wrapped M5-brane the term

E
R411

Tr@ k̂22k̂(1)`F̂`F̂#, ~3.10!

that we have omitted in Eq.~3.7!, shows that it carries mo
mentum along the compact direction and that this arises
non-trivial instanton charge.

Let us finish this section with some comments on the M
and M5 brane effective actions that we have presented. In
Abelian case the action of theM2t-brane would be related to
that of an ordinary M2-brane by means of a worldvolum
duality transformation. This is easily seen by considering
Abelian version of the action~3.5! and adding to it a
Lagrange multiplier term *R211dÂ`dŷ5*R211(F̂
2 l p

22i k̂Ĉ)`dŷ. The integration onŷ would impose the con-

straint thatF̂2 l p
22i k̂Ĉ is derived from a vector potential an

the original action would be recovered. On the other ha
the integration of F̂ would give rise to a coupling
1-6
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NONCOMMUTATIVE BRANES FROM M THEORY PHYSICAL REVIEW D64 106011
*R211@Ĉ1 i k̂Ĉ`dŷ# in the dual action. This term describe
an M2-brane, withŷ playing the role of the eleventh direc
tion. This connection betweenM2t and M2 does not exis
however in the non-Abelian case and only systems involv
the first type of branes can be constructed explicitly. T
M5w-brane that we have constructed can also be relate
an ordinary M5-brane in the Abelian case. The worldvolu
duality transformation would be performed by adding t
Lagrange multiplier term *R411dÂ`dâ(2)5*R411(F̂
2 l p

22i k̂Ĉ)`dâ(2) to the action ~3.7!. Now a coupling

*R411i k̂Ĉ`dâ(2) would remain after integrating outF̂,
which would arise in the double dimensional reduction of
M5-brane.

IV. OTHER NON-ABELIAN TYPE IIA CONFIGURATIONS

We have seen that it is possible that a system of N M
branes can open up into a wrapped M5-brane when they
delocalized along the direction on which the M5-brane
wrapped. This configuration gave rise upon reduction alo
the special direction to N D2-branes opening up into a D
brane. One could however consider other possibilities. C
sider for instance reducing this system along a transv
direction different from the Killing direction. This would
give rise to a configuration of N D2-branes expanding in
an NS5-brane, with the NS5-brane wrapped and the
branes constrained to move in the transverse space. This
fact described by the following couplings in the D2-bran
effective action:

SWZ
ND2t5m2E

R211
TrFC(3)DXDXDX1 i ~2pa8!i Fi Fi kB

(6)

2
1

2
~2pa8!2~ i Fi F!2i kN

(8)1 . . . 1~2pa8!

3S k22k(1)1 i ~2pa8!i Fi F~C(3)DXDXDX!

2
1

2
~2pa8!2~ i Fi F!2i kB

(6)1 . . . D`H (2)1 . . . G ,
~4.1!

derived from Eq. ~3.5! upon reduction.13 H (2) is de-
fined as: H (2)52]b(1)1 i @b(1),b(1)#11/(2pa8) i kC

(3)

12(i kB
(2))Dc(0). Here c(0) is the scalar field arising from

the eleventh directionc(0)5y/(2pa8) andb(1) comes from
the reduction of the vector field, which we have denoted
b(1) to specify that its Abelian part has a different gau
transformation rule than the vector fieldA that couples in
ordinary Dp-brane effective actions. We have also tak
C(1)50 for simplicity.14 H (2) is associated to wrapped D2
branes ending on the non-Abelian system of branes. Be
we discuss the interpretation of the different couplings in t
effective action, let us consider other possibilities.

13We denote these branes asD2t to specify that they are trans
verse to the Killing direction.

14We will be doing the same in the coming actions.
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We could also reduce the N M2-branes along a wordv
ume direction. This would give rise to N fundament
strings, constrained to move in a nine dimensional spa
time, which could expand into a wrapped D4-brane. The c
responding couplings that one finds after the reduction a

SWZ
NF1t5m1E

R111
TrFB(2)DXDX1 i ~2pa8!i Fi Fi kC

(5)

2
1

2
~2pa8!2~ i Fi F!2i kN

(7)1 . . . 1~2pa8!

3S k22k(1)1 i ~2pa8!i Fi F~C(3)DXDXDX!

2
1

2
~2pa8!2~ i Fi F!2i kB

(6)1 . . . D`K (1)1~2pa8!

3S i ~2pa8!i Fi F~B(2)DXDX!

2
1

2
~2pa8!2~ i Fi F!2i kC

(5)1 . . . D`K (2)1 . . . G ,
~4.2!

where

K (1)5Dv (0)11/~2pa8!~ i kB
(2)!1 i ~2pa8!~ i kC

(3)!

3DF@v (0),F#
and

K (2)52]v (1)1 i @v (1),v (1)#11/~2pa8!i kC
(3).

v~0! andv (1) arise as the components ofÂ along the direc-
tion in which we reduce and along a different direction, a
are associated to wrapped F1-branes and wrapped D2-br
ending on the F1-branes. Note that the coupling to
wrapped D2-branes only occurs in the non-Abelian ca
since the spacetime fields must be contracted with the
bedding scalars. Non-Abelian configurations of type IIA fu
damental strings have been studied in@32#.

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

SWZ
N(NS5)w5m4E

R411
TrF i kB

(6)1 i ~2pa8!i Fi Fi kN
(8)

2
1

2
~2pa8!2~ i Fi F!2i kB

(10)1~2pa8!

3S C(3)DXDXDX1 i ~2pa8!i Fi Fi kB
(6)

2
1

2
~2pa8!2~ i Fi F!2i kN

(8)1 . . . D
`H (2)1 . . . G . ~4.3!
1-7
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YOLANDA LOZANO PHYSICAL REVIEW D 64 106011
The second term may be associated to a configuration co
sponding to the N wrapped NS5-branes expanding int
KK6-brane.15 Reduction along a worldvolume direction o
the M5’s different from that on which they are wrappe
would give rise to N wrapped D4-branes, containing the c
plings:

SWZ
ND4w5m3E

R311
TrF i kC

(5)1 i ~2pa8!i Fi Fi kN
(7)

2
1

2
~2pa8!2~ i Fi F!2i kN

(9)1~2pa8!

3S C(3)DXDXDX1 i ~2pa8!i Fi Fi kB
(6)

2
1

2
~2pa8!2i kN

(8)1 . . . D`K (1)1~2pa8!

3S B(2)DXDX1 i ~2pa8!i Fi Fi kC
(5)

2
1

2
~2pa8!2~ i Fi F!2i kN

(7)1 . . . D`K (2)1 . . . G .
~4.4!

The second term would be associated to a configuratio
which the N D4-branes open up into a Kaluza-Klein mon
pole, given thati kN

(7) is the field to which the type IIA
monopole couples minimally.16

The first coupling in Eq.~4.4! seems to imply that the
4-branes that we have obtained after the reduction fr
M-theory are just wrapped D4-branes. However, one not
that a system of wrapped D4-branes would contain in
effective action a couplingi Fi Fi kC

(7), corresponding to the
D4-branes expanding into a wrapped D6-brane, and not
coupling i Fi Fi kN

(7) that we have found after the reductio
from M-theory. The same thing happens if we try to give
meaning to the effective action~4.1! as associated to a delo
calized D2-brane in the type IIA theory. Moreover, the r
duction of the field strengthF̂ shows that the dynamics o
these objects is governed by wrapped D2-branes endin
them.17 Thus, the reduction from M-theory provides a d

15The KK6-brane arises when reducing the M-theory Kalu
Klein monopole along a transverse direction different from
Taub-NUT direction@33,34#, and it couples minimally toi kN

(8),

obtained from the reduction ofi k̂N̂
(8). This brane is however no

predicted by the spacetime supersymmetry algebra, and in
sense is referred to as an exotic brane. See however the recent
@49# for a possible extension of the SUSY algebra including th
and other exotic, charges.

16It arises in the reduction ofi k̂N̂
(8) along a worldvolume direc-

tion ~see@23#!.
17Also wrapped F1-branes in the case of the D4-brane.
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scription of the D2 and D4 branes which is fully non
perturbative, and therefore valid in the strong coupling
gime. As we have mentioned already the origin of th
different description at strong coupling can be traced to
fact that the worldvolume duality transformations that a
needed in order to prove the equivalence between the tr
verse or wrapped brane and the fully ten dimensional
cannot be performed in the non-Abelian case. The worldv
ume effective actions that we have derived in this sect
must be used however to describe those situations which
typically non-perturbative and cannot be predicted by
weakly coupled effective actions. Indeed, the expand
brane configurations that we have discussed, predicted by
contraction of the spacetime fields with the embedding s
lars, cannot be explained from the weakly coupled effect
actions, like the one associated to N D2 branes expand
into an NS5-brane, considered in@7#. The analysis presente
in this section shows that this configuration can be stud
from the point of view of the non-Abelian D2-branes if the
are delocalized in one spatial direction. The NS5-brane i
which they would expand would then be wrapped on t
direction. The second coupling in Eq.~4.1! shows that this
system can carryB(6) charge, which is however not the cas
for weakly coupled D2-branes. This special situation ari
naturally from the T-duality of a configuration of N D3
branes expanding into an NS5-brane, which we will disc
in the next section, and is in agreement with the type
NS5-brane solution with non-trivialC(3) charge that was
constructed in@35#, and considered further in@7#. The same
configuration can also be represented as a single~wrapped!
NS5 with N units of~wrapped! D2-brane magnetic flux. This
is predicted by the first coupling in the second line of E
~4.3!.

Other non-commutative terms show that the delocaliz
D2-branes and the wrapped D4-branes could expand
higher dimensional branes defined in isometric spacetim
namely D2 into KK6, D4 into a monopole, etc. which
possible because these strongly coupled configurations
also see the special Killing direction.

We have found as well the Wess-Zumino part of t
worldvolume effective actions describing coincident syste
of F1-branes and NS5-branes. The F1-branes cannot m
along a special Killing direction and the NS5-branes a
wrapped on it. The dynamics of these objects is governed
wrapped D2-branes ending on them.18 Both effective actions
can be shown to reduce to the effective action of ordina
localized, F1-branes and unwrapped NS5-branes in the A
lian case, by means of a worldvolume duality transformati

Finally, there are two cases in which the reduction fro
M-theory provides the only possible description of the bra
This happens when reducing a system of N coincid
Kaluza-Klein monopoles along a worldvolume directio
which gives rise to coinciding type IIA monopoles. We fin
the couplings

-

is
ork
,

18Also wrapped F1-branes in the case of the F1’s.
1-8
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SWZ
NKK5m5E

R511
TrF i kN

(7)1 i ~2pa8!i Fi Fi kN
(9)1 . . .

1~2pa8!S i kC
(5)1 i ~2pa8!i Fi Fi kN

(7)

2
1

2
~2pa8!2~ i Fi F!2i kN

(9)D`K (2)1~2pa8!

3S i kB
(6)1 i ~2pa8!i Fi Fi kN

(8)

2
1

2
~2pa8!2~ i Fi F!2i kB

(10)D`K (1)1 . . . G .
~4.5!

The second term would be associated to a configuration o
monopoles opening up into a so-called KK8-brane, exo
brane that appears after double dimensionally reducing
M9-brane@34,36#. Equation~4.5! generalizes the action for
Kaluza-Klein monopole@23# to the non-Abelian case19 and
shows that it also contains couplings to higher dimensio
spacetime fields, which could be interpreted in terms of n
commutative brane configurations. The reduction of Eq.~3.8!
along a transverse direction different from the Taub-NU
direction produces the effective action of a system
KK6-branes20 containing as well couplings to higher dime
sional spacetime fields, one of which could be interpreted
the KK6-branes expanding into an NS9-brane.

The reduction of the effective action describing a syst
of M0-branes gives rise to the effective action of no
Abelian pp-waves in type IIA. One finds:

SWZ
Nwaves5m0E

R
TrS k22k(1)1 i ~2pa8!i Fi F~C(3)2k22k(1)

` i kC
(3)!2

1

2
~2pa8!2~ i Fi F!2i kB

(6)1 . . . D .

~4.6!

Here the second term could be responsible for a config
tion corresponding to the waves expanding into a D2-br
transverse to the direction in which they propagate, and
third term could be associated to pp-waves expanding in
wrapped NS5-brane.

In the next section we will see that the non-Abelian bra
systems that we have derived in this section by reduc
from M-theory are connected by T-duality to non-Abelia
type IIB systems, predicted by the S-duality symmetry of
theory, consisting of strongly coupledp-branes. Finally in
Sec. VIII we will give an interpretation of the terms th
couple to these actions through the Born-Infeld fie
strengths in terms of topological solitons in brane-antibra
systems.

19Up to linear terms in the Born-Infeld field strengths.
20See@36# for the Abelian case.
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V. NON-ABELIAN TYPE IIB BRANES AND S-DUALITY

In this section we discuss the interplay between S-dua
and the non-Abelian effective actions for Dp-branes derived
in @1# ~see@2# for a related discussion for D3-branes!. We
will consider non-Abelian systems of Dp-branes, withp
51,3,5, F1-branes and NS5-branes.

A. Non-Abelian D3-branes

The worldvolume effective action describing a single D
brane is S-duality invariant. Although an S-duality transfo
mation maps the action into a different one, in which NS-N
and RR 2-forms are interchanged and the Abelian Bo
Infeld field describing open strings ending on the 3-brane
mapped into a dual vector field associated to open D1-bra
ending on it, one can see that this action is equivalent to
original one under a worldvolume duality transformation th
interchanges the two vector fields. In the non-Abelian ca
however, the explicit worldvolume duality transformatio
that connects weakly coupled and strongly coupled D
branes is not known. As a consequence one seems to
independent worldvolume effective actions to describe
system in the weak and strong coupling regimes.

Let us consider the following couplings in the Wes
Zumino action of a U~N! system of D3-branes:

SWZ
ND35m3E

R311
TrS C(4)1 i ~2pa8!i Fi FC(6)2

1

2
C(2)`B(2)

1~2pa8!C(2)`F1 . . . D , ~5.1!

where we have chosen the basis in whichC(4) is S-duality
invariant: C(4)→C(4)2 1

2 C(2)`B(2). These terms are
mapped under S-duality into

SWZ
ND35m3E

R311
TrS C(4)1 i ~2pa8!i Fi FB(6)1

1

2
C(2)`B(2)

2~2pa8!B(2)`F̃1 . . . D , ~5.2!

whereF̃52]Ã1 i @Ã,Ã#11/(2pa8)C(2).
Let us recall how the worldvolume duality transformatio

works in the Abelian case~see for instance@37#!. It proceeds
in two steps. First one substitutesdA11/(2pa8)B(2) by a
gauge invariant field strengthF, and adds a Lagrange mult
plier term:

m3~2pa8!2E
R311S F2

1

2pa8
B(2)D `dÃ ~5.3!

which imposes the constraint thatF21/(2pa8)B(2) derives
from a vector potential upon integration overÃ. This way
one recovers the original action. On the other hand the d
action is obtained through the equation of motion forF,
which is given by a non-linear expression in terms ofF̃ and
the spacetime fields due to the contribution of the Bo
1-9
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YOLANDA LOZANO PHYSICAL REVIEW D 64 106011
Infeld Lagrangian. One readily sees however from Eq.~5.3!
that a term*R311B(2)`dÃ will couple in the dual action.
Therefore the worldvolume duality transformation subs
tutes the term*R311C(2)`F in the worldvolume effective
action of the D3-brane by its S-dual:*R311B(2)`F̃. The
presence of the couplingsi Fi FC(6) and i Fi FB(6) in the non-
Abelian case makes clear that the embedding scalars sh
transform as well, and very non-trivially, under worldvolum
duality. This is in agreement with the observations in@2#,
where the duality transformation properties of certain ope
tors containing the embedding scalars were derived. H
ever the explicit worldvolume duality transformation th
connects the two actions is not known. Therefore, pertur
tive processes governed by open strings should be desc
by Eq. ~5.1! and non-perturbative ones, governed by op
D-strings, should be described by the strongly coupled ac
~5.2!. The second term in Eq.~5.1! indicates the existence o
a configuration corresponding to N D3-branes expand
into a D5-brane, which represents the Higgs vacuum of@5#.
The confining vacuum is in turn represented by D3-bra
polarized into an NS5-brane@5#, and would be described b
the second term in Eq.~5.2!. Note thatB(6) does not couple
in the weakly coupled action~5.1!, and therefore the configu
ration corresponding to the N D3-branes expanding into
NS5-brane cannot be described at weak coupling. Con
tently with this picture the N D3-branes can also be rep
sented at weak coupling as a single D5-brane with N unit
magnetic flux, associated to the couplingSD5;*R511C(4)

`F in the D5-brane effective action, or as a single NS
brane with N units of D1 flux, associated to the coupling
the NS5-brane effective actionSNS5;*R511C(4)`F̃, at
strong coupling.

Let us now discuss the behavior under T-duality of t
action ~5.2! representing a set of D3-branes at strong c
pling. T-duality along a transverse direction gives rise to
following couplings:

SWZ
ND4w5m3E

R311
Tr@ i kC

(5)1 i ~2pa8!i Fi Fi kN
(7)1 . . . #,

~5.4!

corresponding to the wrapped D4-branes that we obtaine
the previous section from the reduction of the non-Abel
M5-branes. A basic difference with the same operation in
weakly coupled action~5.1!, giving rise to D4-branes, is tha
Eq. ~5.4! cannot be unwrapped. At the level of the terms th
we have included this is a consequence of the T-dua
transformation:

Bm1 . . . m6

(6) →~ i kN
(7)!m1 . . . m6

1 . . . ~5.5!

for the NS-NS 6-form.21 Therefore, we encounter again th
situation in which the same brane, in this case a D4-bran
described by different effective actions at weak and stro

21This T-duality rule was derived in@38# as a key ingredient in
order to prove the connection between the type IIB NS5-brane
the type IIA Kaluza-Klein monopole under T-duality.
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couplings. As we mentioned already in the previous sect
Eq. ~5.4! can indicate the existence of a configuration
which ~wrapped! D4-branes open up into a monopole, whic
cannot be explained however through the usual coupli
present in the weakly coupled D4-brane effective action.

Let us now consider a T-duality transformation along
direction in the worldvolume of the N D3-branes at stro
coupling. We find N D2-branes that cannot move in the
rection of the duality transformation. The relative minus si
of theC(2)`B(2) term in Eqs.~5.1! and~5.2! plays a key role
in this derivation. While in Eq.~5.1! the second term in the
T-duality rule forC(4):

Cmnrz
(4) →Cmnr

(3) 2
3

2
C[mnz

(3) gr]z

gzz
, ~5.6!

wherez denotes the direction of the T-duality transformatio
is cancelled with the T-dual ofC(2)`B(2), so that only the
C(3) coupling of the D2-brane effective action remains, t
relative minus sign of this term in Eq.~5.2! gives an overall
coupling:

Cabc
(3) 23C[abz

(3) gc]z

gzz
5C(3)DaXDbXDcX.

This, together with the T-duality tranformation rule ofB(6)

~see@38#!:

Bm1 . . . m5z
(6) →Bm1 . . . m5z

(6) 1 . . . ~5.7!

gives

SWZ
ND2t5m2E

R211
Tr@C(3)DXDXDX

1 i ~2pa8!i Fi Fi kB
(6)1 . . . #, ~5.8!

which is the expression~4.1! that we derived from M-theory
representing transverse D2-branes. Again, this stron
coupled description of the D2-branes can be responsible
the existence of configurations that cannot be explained
looking at the weakly coupled action. This is the case for
situation in which N D2-branes expand into an NS5-bra
discussed in@7#.

That these configurations may exist is deduced both fr
the analysis of the non-Abelian systems that we can c
struct in M-theory and the combined action of S- a
T-duality transformations for coinciding D3-branes. We fin
new possibilities corresponding to N D2-branes expand
into a wrapped NS5-brane@7# and N D4-branes opening u
into a type IIA Kaluza-Klein monopole. The description
terms of the effective actions that we have constructed wo
be valid at strong coupling, because the dynamics of both
D2-branes and the wrapped D4-branes is governed
wrapped D2-branes ending on them, as can be inferred
from the reduction from M-theory and from the T-duali
transformation of the dual Born-Infeld field strength in E
~5.2!.
d

1-10
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B. Non-Abelian D1-branes

Let us consider now a system of N coincident D1-bran
The corresponding effective action, according to Myers p
scription, contains the terms:

SWZ
ND15m1E

R111
TrS C(2)1 i ~2pa8!i Fi FC(4)

2
1

2
~2pa8!2~ i Fi F!2C(6)1 . . . D . ~5.9!

An S-duality transformation gives rise to the effective acti
describing a system of coincident fundamental strings:

SWZ
NF15m1E

R111
TrS B(2)1 i ~2pa8!i Fi FC(4)

2
1

2
~2pa8!2~ i Fi F!2B(6)1 . . . D . ~5.10!

Here the second term indicates the existence of a config
tion corresponding to the N F1’s opening up into a D3-bra
a configuration that has been studied in@4#, and in@39# from
the point of view of the Abelian D3-brane theory.

A T-duality transformation along a transverse direction
the N F1’s gives rise to the following action in type IIA:

SWZ
NF15m1E

R111
TrS B(2)DXDX1 i ~2pa8!i Fi Fi kC

(5)

2
1

2
~2pa8!2~ i Fi F!2i kN

(7)1 . . . D , ~5.11!

where the first term arises from the T-duality transformat
of B(2):

Bab
(2)→Bab

(2)22B[az
(2)gb]z

gzz
5B(2)DaXDbX

andB(6)→ i kN
(7) as in Eq.~5.5!. Note that these are the sam

couplings present in Eq.~4.2!, which was derived by reduc
tion from M-theory. This action describes a delocalized fu
damental string. Again, in the Abelian case a worldvolu
duality transformation would map this action into the acti
of an ordinary fundamental string.

Finally, T-duality along a worldvolume direction give
rise to N pp-waves in type IIA. We find the same couplin
that we obtained in the reduction from M-theory:

SWZ
Nwaves5m0E

R
TrS k22k(1)1 i ~2pa8!i Fi F

3~C(3)2k22k(1)` i kC
(3)!

2
1

2
~2pa8!2~ i Fi F!2i kB

(6)1 . . . D . ~5.12!
10601
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C. Non-Abelian D5-branes

Let us now perform the same analysis of the previo
subsection but with a non-Abelian system of D5-branes. T
Wess-Zumino action contains the terms

SWZ
ND55m5E

R511
Tr$C(6)1 i ~2pa8!i Fi FC(8)1 . . .

1~2pa8!@C(4)1 i ~2pa8!C(6)1 . . . #`F1 . . . %,

~5.13!

from where S-duality gives

SWZ
NNS55m5E

R511
Tr$B(6)1 i ~2pa8!i Fi FC̃(8)1 . . .

1~2pa8!@C(4)1 i ~2pa8!B(6)1 . . . #`F̃1 . . . %.

~5.14!

Here C̃(8) is the field to which the D7-brane couples min
mally at strong coupling~see @36#!. Therefore the second
term represents the N NS5-branes opening up into a
brane. Making now a T-duality transformation along a tran
verse direction, we find:

SWZ
NKK5m5E

R511
Tr@ i kN

(7)1 i ~2pa8!~ i Fi Fi kN
(9)!1 . . . #,

~5.15!

where we have used Eq.~5.5! and i kN
(9) arises from the

dualization ofC̃(8) ~see@36#!:

C̃m1 . . . m8

(8) →~ i kN
(9)!m1 . . . m8

1 . . . . ~5.16!

This action describes N coincident Kaluza-Klein monopol
and we encountered it already in our reduction fro
M-theory.

T-dualizing Eq.~5.14! along a worldvolume direction we
find:

SWZ
N(NS5)w5m4E

R411
Tr@ i kB

(6)1 i ~2pa8!i Fi Fi kN
(8)1 . . . #,

~5.17!

where i kN
(8) arises from the dualization ofC̃(8) @see Eq.

~3.3! in @36##:

C̃m1 . . . m7z
(8) →~ i kN

(8)!m1 . . . m7
1 . . . . ~5.18!

The KK6-brane of type IIA couples minimally to this field
Thereforei Fi Fi kN

(8) could be associated to a configuratio
of N wrapped NS5-branes opening up into a KK6-brane,
we discussed in the previous section.

VI. BPS SOLITONS FROM NON-ABELIAN
BRANE-ANTIBRANE CONFIGURATIONS

The analysis of the couplings in the Wess-Zumino act
describing a non-Abelian brane-antibrane system reveals
1-11
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YOLANDA LOZANO PHYSICAL REVIEW D 64 106011
emergence of new solitonic solutions after the tachyo
mode of the open strings stretched between branes and
branes condenses.22 This study reveals that typically non
commutative configurations can also be described as to
logical configurations in non-Abelian brane-antibra
systems.

To see how these solutions arise let us start by recal
the Abelian case.

The Wess-Zumino part of the effective action correspo
ing to a Dp brane-antibrane system contains couplings to
two U~1! fields of the brane and the antibrane as well as
the complex tachyon field@41#. It includes in particular the
very simple term:

E
Rp11

C(p21)`~dA(1)2dA(1)8! ~6.1!

where dA(1) and dA(1)8 denote the Born-Infeld field
strengths of the brane and the antibrane.23 It is by now well
understood that the tachyon condenses through a Higgs
mechanism in which the relative U~1! field on the brane-
antibrane system gets a mass and there is a localized
netic flux onR2 that acts as a source for the RR (p21)-form
field, as can be deduced from the coupling above. This
nals the emergence of a D(p22)-brane as the associate
topological defect@42#, a qualitative conclusion that is sup
ported by the CFT analysis of the system@43,44#.

The analysis of the couplings in the Wess-Zumino act
provides a hint of the possible solitonic objects that c
emerge after tachyonic condensation in situations in wh
string perturbation theory cannot be applied. One can exp
for instance the emergence of the fundamental string a
solitonic solution in Dp, anti-Dp systems@45,46#, configu-
ration that should exist as a consequence of various du
arguments. A duality transformation in thep11 dimensional
worldvolume of the Dp, anti-Dp system maps the Born
Infeld vector into a (p22)-form. Therefore, in this dual de
scription the tachyonic field would be associated to a Dp
22)-brane stretched between the brane and the antibr
and it would be charged under the relative (p22)-form. The
fundamental string arises after the condensation of
tachyon field, as can be seen qualitatively from the anal
of the WZ term of the dualized brane-antibrane effect
action@45,46#. In this action one finds a coupling~see@46#!:

E
Rp11

B(2)`~dA(p22)2dA(p22)8!. ~6.2!

This indicates that the fundamental string will arise as a
pological soliton when the dual tachyon condenses throug
Higgs-like mechanism, in which there is a localized ma
netic flux in the transverseRp21.

22See @40# for reviews on the role of tachyonic excitations
unstable brane systems.

23Since we will be dealing with worldvolume forms of differen
degree we indicate it explicitly for each field.
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The dual Higgs mechanism explains the decoupling of
overallU(1) gauge group of the system at strong coupling24

At weak coupling it is interpreted in terms of confinement
the overallU(1), with the fundamental string emerging a
the confined electric flux string at the end of the annihilati
process@47#. This mechanism has been used to explain
fate of the unbrokenU(1) on the worldvolume of the anni
hilating system@45#.

Let us now consider N coincident Dp brane-antibrane
pairs. The Wess-Zumino action describing this system
been constructed in@41#, though this reference does not in
clude the non-commutative couplings to the embedding s
lars introduced by Myers. Our aim in this section is to d
cuss the interpretation of precisely these terms for
creation of branes as solitonic solutions. For our purposes
will just need to consider the sum of the Wess-Zumino ter
for branes and antibranes, i.e. we will ignore the contribut
from the tachyon field.

Let us consider for instance the case of N coincident~D4,
anti-D4! brane pairs. The WZ effective action up to line
terms in the non-Abelian Born-Infeld field strength include

SWZ
(D4,D̄4)5m4E

R411
~2pa8!TrS FC(3)1 i ~2pa8!i Fi FC(5)

2
1

2
~2pa8!2~ i Fi F!2C(7)G`~F (2)2F (2)8! D ,

~6.3!

where F (2), F (2)8 are the Born-Infeld field strengths fo
branes and antibranes. Similar non-Abelian configuration
the ones discussed in the previous sections are possible w
one considers non-Abelian (Dp, anti-Dp) systems. In this
case the N pairs could open up into a~D6, anti-D6! system or
into a ~D8, anti-D8!. In turn, annihilation of these brane con
figurations will produce solitonic solutions which have
well an interpretation in terms of expanding branes. Qual
tively one can see the emergence of these configurat
from the analysis of the couplings in the WZ action descr
ing the N~D4, anti-D4! pairs of branes. The first term in Eq
~6.3! describes the usual realization of the D2-brane a
vortex solution in a~D4, anti-D4! system, in this case N
D2-branes from N~D4, anti-D4! pairs.25 The next term:

E
R411

Tr@ i Fi FC(5)`~F (2)2F (2)8!# ~6.4!

signals the emergence of a configuration representing th
D2-branes opening up into a D4-brane, which would act a
source for the RR 5-form. This configuration arises natura
from the annihilation via a Higgs-like mechanism of N~D4,
anti-D4! pairs opening up into a~D6, anti-D6! system. Simi-
larly, the next term in Eq.~6.3! would be associated to
non-commutative configuration of N D2-branes expand

24Due to the opposite orientation of brane and antibrane one

dA(p22)2dA(p22)85 * (dA(1)1dA(1)8).
25See the discussion below Eq.~6.5!.
1-12
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NONCOMMUTATIVE BRANES FROM M THEORY PHYSICAL REVIEW D64 106011
into a D6-brane, a by-product of the annihilation of N~D4,
anti-D4! pairs expanding into a~D8, anti-D8! system.

By analogy with the Abelian case one would expect t
non-commutative configurations involving fundamen
strings would arise after condensation of the dual tachy
charged with respect to the worldvolume dual of the Bo
Infeld field. However, the general mechanism for the du
ization of the non-Abelian vector field is not known, and n
even a qualitative description of non-Abelian configuratio
of fundamental strings can be made in these terms. We
see however in the next section that certain configurati
can be described from non-Abelian (p, p̄) systems in
M-theory.

Going back to Eq.~6.3!, including higher order terms in
the Born-Infeld field strengths gives rise to new soliton
configurations. Bearing in mind that the topologically no
trivial character of the soliton can be carried by just one
the two field strengths, sayF (2) ~see for instance@43#!, the
next contribution can be read from the action associated t
D4-branes, namely from:

SWZ,quad
D4 5m4E

R411

1

2
~2pa8!2TrS FC(1)1 i ~2pa8!i Fi FC(3)

2
1

2
~2pa8!2~ i Fi F!2C(5)1 . . . G`F (2)`F (2)D .

~6.5!

The first term describes the realization of a D0-brane as
instanton-like configuration in the N~D4, anti-D4! system.
*R4TrF (2)`F (2) gives an integer if the homotopy grou
P3„U(N)…5Z, which happens generically forN.2. In the
particular caseN52k21, where 2k denotes the codimensio
of the topological defect~in this casek52) it is possible to
give a representation of the tachyon vortex configuration@the
generator ofP2k21„U(N)…# such that all higher and lowe
dimensional charges vanish@48#. In this case a given
Dp-brane can be realized as a bound state ofN D(p12k)
brane-antibrane pairs stepwise, i.e. through a hierarch
embeddings onto higher dimensional brane-antibrane
tems. Generically, for N D(p12k) brane-antibrane pairs thi
representation of the tachyon should give rise to N/2k21

Dp-branes as instanton-like configurations. Therefore, in
case the N~D4, anti-D4! pairs would give rise to N/2
D0-branes.26 The non-commutative configuration of N/2 D0
branes expanding into a D2-brane would arise as
instanton-like solution in the worldvolume of N~D4, anti-
D4! pairs expanding into 2~D6, anti-D6! pairs, as implied by
the second term in Eq.~6.5!. Similarly, the third term in this
expression would describe the N/2 D0-branes expanding
a D4-brane as a bound state of N~D4, anti-D4! pairs expand-
ing into 2 ~D8, anti-D8! pairs.

This discussion can be generalized to arbitrary Np
brane-antibrane systems. One finds that a non-commuta
configuration of N/2k21 D(p22k)-branes expanding into

26For this to make sense we need an even N.
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D(p22k12r )-brane27 would be realized as a bound state
N (Dp, anti-Dp) branes opening up into 2k21 @D(p12r ),
anti-D(p12r )# branes.

A similar analysis can be performed in the type II
theory. In this case it is easy to include as well non-Abel
systems of NS-NS branes and antibranes. For instance,
easily sees from Eq.~5.14! that a non-Abelian system o
~NS5, anti-NS5! could support N D3-branes expanding in
an NS5-brane as a topological configuration, arising after
condensation of the tachyon associated to open D1-bra
stretched between the NS5 and the anti-NS5 branes.
notices as well that a system of coincident fundamen
strings arises as a topological soliton from a non-Abel
~D3, anti-D3! brane configuration at strong coupling, wit
open D1-branes stretched between the branes and the
branes. Including higher order terms in Eq.~5.2! one finds
that the system could also support a non-Abelian configu
tion associated to the N fundamental strings opening up
a D3-brane. Finally, although we did not consider D7-bran
one can easily see that coincident~D7, anti-D7! branes may
give rise to N NS5-branes expanding into a D7-brane
strong coupling, i.e. when the tachyonic mode associate
open D1-branes stretched between branes and antibr
condenses.

VII. M-THEORY INTERPRETATION

For a single brane-antibrane system one possible wa
inferring the emergence of the fundamental string as a to
logical soliton comes from M-theory@45,46#. Let us consider
for instance a~D4, anti-D4! pair in type IIA. This system
corresponds in M-theory to a coincident~M5, anti-M5! pair.
The tachyonic mode in the open string stretched between
D4 and the anti-D4 branes occurs in M-theory in the form
a tachyonic mode in an M2-brane stretched between the
and the anti-M5 branes. The condensation of this tach
through the previously discussed Higgs mechanism gi
rise to an M2-brane as the resulting topological defect, as
be inferred both from the duality with type IIA and from th
term:

E
R511

Ĉ`dâ(2) ~7.1!

in the worldvolume effective action of the~M5, anti-M5!
system@45#. Here â(2) is the six dimensional worldvolume
antisymmetric tensor, which for the brane antibrane pai
not constrained by self or anti-self duality~see@45#!. As Yi
pointed out the reduction along a direction in the worldv
ume of the~M5, anti-M5! pair transverse to the stretche
M2-brane gives rise to a situation in which the tachyon
mode of an open D2-brane stretched between a D4 an
anti-D4 brane condenses to give rise to a fundamental st
as the topological defect. This is predicted by the coupl
above, whereâ(2) reduces to a 2-form worldvolume fiel
coupling to an open D2-brane in type IIA, andBmn

(2)5Ĉmn11

27With N a multiple of 2k21.
1-13
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YOLANDA LOZANO PHYSICAL REVIEW D 64 106011
remains as the resulting field. A systematic study of the p
sible brane-antibrane configurations in M-theory and type
theories can be found in@46#, where it is seen that Kaluza
Klein reduction of the different possible M-theory config
rations predicts that generically fundamental strings arise
topological defects in (Dp, anti-Dp) systems after the tachy
onic mode of a D(p22)-brane stretched between the p
condenses, and that the NS5-brane, the wave, the Kal
Klein monopole and the so-called exotic branes may a
arise as topological solitons from various types of config
rations.

We can now consider non-Abelian brane-antibrane s
tems and try to provide a similar description. Let us start
considering N coincident~D4, anti-D4! pairs. The situation
in which the N pairs expand into a~D6, anti-D6! pair, which
supports as solitonic configuration N D2-branes opening
into a single D4-brane, can be described in M-theory as
pairs of wrapped~M5, anti-M5! branes opening up into
Kaluza-Klein monopole-antimonopole pair. The Wes
Zumino action describing N~M5, anti-M5! pairs contains the
couplings:

SWZ
N(M5w ,M̄5w)

5m4E
R411

Tr$ l p
2@ĈDX̂DX̂DX̂

1 i l p
2i F̂i F̂i k̂Ĉ̃1 . . . #`~ F̂ (2)2F̂ (2)8!%,

~7.2!

as implied from Eq.~3.7!. These couplings may describe
solitonic configuration representing N M2-branes opening
into a wrapped M5-brane, with the M2-branes delocalized
the direction on which the M5-brane is wrapped. This co
figuration would occur when the tachyonic mode of t
wrapped M2-branes stretching between the M5 and
anti-M5 branes condenses, and would be consistent with
situation in which a wrapped M5-brane would arise as
soliton after tachyonic condensation of a single~M6, anti-
M6! pair, into which the system of N (M5w , anti-M5w!
branes would have expanded. It is again consistent tha
possible M2-branes that can end on both the wrapped
branes and the M6-branes are wrapped M2-branes. Had
M5-branes been unwrapped we would have found an inc
sistency in this description derived from the fact that on
unwrapped M2-branes could have ended on them.

Let us now discuss the case in which N~D2, anti-D2!
branes in type IIA annihilate to give rise to N D0-brane
This system may support as well a solitonic configurat
corresponding to the N D0 branes opening up into a sin
D2-brane, which would be described by the coupling

E
R211

Tr@ i Fi FC(3)`~F (2)2F (2)8!#, ~7.3!

in the Wess-Zumino action of the~D2, anti-D2! branes@see
Eq. ~3.4!#. The M-theory description of a single~D2, anti-
D2! pair consists on an~M2, anti-M2! system in which the
tachyonic mode of a wrapped M2-brane stretched betw
the brane and the antibrane condenses, giving rise to
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M-wave as the topological defect, moving in the same dir
tion on which the stretched M2-brane is wrapped@46#. This
is described by the coupling

E
R211

k̂22k̂(1)`~ F̂ (2)2F̂ (2)8! ~7.4!

in the ~M2, anti-M2! effective action. In the non-Abelian
case the Wess-Zumino action of the N~M2, anti-M2! system
contains the couplings:

SWZ
N(M2t ,M̄2t)5m2E

R211
Tr$ l p

2@ k̂22k̂(1)1 i l p
2i F̂i F̂

3~Ĉ2 k̂22k̂(1)` i k̂Ĉ!1 . . . #

`~ F̂ (2)2F̂ (2)8!1 . . . %. ~7.5!

The second term could describe a situation in which a n
trivial localized magnetic flux onR2 gave rise to a configu-
ration corresponding to M0-branes opening up into a tra
verse M2-brane as a topological solution. As we discus
before, this is precisely the kind of M2-brane that can oc
as a topological defect in an~M5, anti-M5! system in which
the M5-branes are wrapped on the special direction tra
verse to the M2-brane. This is then consistent with the p
ture in which the N~M2, anti-M2! pairs would open up into
a single~M5, anti-M5! pair giving N M0-branes expanding
into an M2-brane as the resulting topological defect.

The analysis of the effective action describing N coin
dent~KK, anti-KK! pairs may predict the existence of a no
commutative configuration corresponding to N M5-bran
expanding into a monopole as a topological defect, with
M5-branes wrapped in the Taub-NUT direction of the mon
pole. This would be consistent with the situation in which t
N ~KK, anti-KK! pairs opened up into an~M9, anti-M9! pair,
that supports a Kaluza-Klein monopole as a topological
fect ~see@46#!. Reducing this configuration along the Killin
direction one obtains a configuration of N D4-branes op
ing up into a D6-brane, which we discussed in the previo
section.

VIII. OTHER BRANE-ANTIBRANE CONFIGURATIONS
IN TYPE IIA

The M-theory configurations that we have considered
the previous section were constructed in such a way that
reproduced non-Abelian (Dp, anti-Dp) systems when re-
duced along their isometric direction. We are now going
see that it is possible to obtain other interesting configu
tions in type IIA after reduction along a different directio
The solitonic configurations that we find in this section a
connected via T-duality with the strongly coupled configu
tions of type IIB solitonic branes that we considered in S
VI.

Let us start by considering a system of coincident~M5,
anti-M5! branes. Reducing along a transverse direction gi
rise to coincident~NS5, anti-NS5! pairs, wrapped in some
special direction. The leading term of the corresponding
fective action is given by the second line in Eq.~4.3!, with
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H (2) replaced by the relative field strength. The second te
shows that a configuration corresponding to N~localized!
D2-branes expanding into a~wrapped! NS5-brane could
arise as a topological solution. This is consistent with
situation in which the N~NS5, anti-NS5! pairs expanded into
a pair of~KK6, anti-KK6! branes, since this single pair su
ports an NS5-brane as a topological solution, with the br
wrapped in the special Killing direction of the KK6-bran
~see@46#!. On the other hand, double dimensional reduct
of the N ~M5, anti-M5! system gives rise to N~D4, anti-D4!
pairs. The leading terms of the worldvolume effective act
are given by the second and third lines in Eq.~4.4!. The
coupling to the two different field strengthsK (2) and K (1)

shows that the system can support two different types
solitonic configurations depending on which type
stretched brane has its tachyonic mode condensing. If
tachyonic mode of stretched wrapped D2-branes conde
one could end up with a configuration corresponding to
fundamental strings expanding into a D4-brane. This wo
be described by the second coupling in the third line of E
~4.4!. On the other hand if the stretched branes are fun
mental strings then N D2-branes expanding into an N
brane may arise as the topological defect. This would
described by the second coupling in the second line of
~4.4!. In both cases the N branes are transverse to the sp
direction in which the expanded brane is wrapped. As bef
these configurations would be consistent with the situatio
which N ~D4, anti-D4! pairs expanded into a~KK, anti-KK!
pair, since the latter can support D4 and NS5 bran
wrapped in the Taub-NUT direction, as topological solutio
@46#.

A similar analysis starting with a delocalized~M2, anti-
M2! non-Abelian system would give rise to the followin
configurations. Direct dimensional reduction gives N coin
dent delocalized~D2, anti-D2! branes, which could suppor
N pp-waves expanding into a transverse D2-brane as a t
logical solution. The coupling *R211Trk̂22k̂(1)`(db(1)

2db(1)8), present in the worldvolume effective action of th
system@see Eq.~4.1!#, shows that N pp-waves may arise as
topological defect for non-vanishing magnetic flux. Rec
that this magnetic flux is associated to open, wrapped,
branes stretched between branes and antibranes. For a
ized ~D2, anti-D2! system one can only see the emergence
a pp-wave as a solitonic solution for a single pair. The rea
is that one needs to perform a worldvolume duality transf
mation in order to identify the coupling responsible for th
process. Recalling the results in@46#, one first needs to selec
one of the transverse directions to the D2-brane system,
write the coupling to the 3-form RR-potential as*R211C(3)

5*R211(C(3)1 i kC
(3)`dy). Theny is dualized into a world-
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volume vector field by adding a Lagrange multiplier term
*R211dy`db(1), and the final dual action contains the ter
responsible for the creation of the pp-wave:*R211k22k(1)

`db(1) ~see@46#!. For a non-Abelian configuration of D2
branes one cannot however see the emergence of this
pling, given that the explicit worldvolume duality transfo
mation cannot be made. One needs to start with
configuration in which the direction of propagation of th
wave is already singled out, as is the case for a configura
of delocalized D2-branes. The emergence of this n
commutative configuration would be consistent with the si
ation in which the transverse D2-branes opened up into
NS5-brane, which can support a transverse D2-brane
topological soliton, as we have discussed above.

Reducing the~M2, anti-M2! system along a worldvolume
direction one obtains N coincident~F1, anti-F1! branes delo-
calized in one direction. This system may support as we
topological defect corresponding to N pp-waves opening
into a D2-brane, now arising after the tachyon of t
stretched, wrapped, fundamental strings condenses. This
be seen from the second line in Eq.~4.2!. This configuration
would be consistent with the fact that the transverse
branes could open up into a (D4w , anti-D4w! pair, and this
system admits a delocalized D2-brane as a topological s
ton, as we have described above.

Finally, the reduction of a non-Abelian system of coinc
dent Kaluza-Klein anti Kaluza-Klein monopoles gives, wh
reducing along a worldvolume direction, a system of coin
dent type IIA~KK, anti-KK! pairs, which could support two
types of solitonic configurations: N D4-branes expand
into a monopole, and N NS5-branes expanding into a KK
brane, depending on whether the condensing tachyon is
sociated to open, wrapped, D2-branes or F1-branes. The
responding couplings can be read from Eq.~4.5!. This would
be consistent with the situation in which the Kaluza-Kle
monopoles expanded into a~KK8, anti-KK8! pair, since this
system can support both a Kaluza-Klein monopole an
KK6-brane as solitonic solutions~see@46#!. The reduction
along a transverse direction gives a system of coincid
~KK6, anti-KK6! branes, which could support as a topolog
cal defect a configuration corresponding to N NS5-bra
opening up into a KK6-brane. This would be consistent w
the situation in which N~KK6, anti-KK6! pairs expanded
into an~NS9, anti-NS9! pair, which can support a KK6-bran
as a topological defect@46#.
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