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1 Introduction

The Mb5-brane remains a mysterious object. For a single M5-brane the dynamical equations
have been known for some time [1-4]. At lowest order, in the decoupling limit, these
reduce to a free field theory. For N Mb-branes there exists an interacting CEFT in six-
dimensions, dubbed the (2, 0)-theory, that captures their low energy dynamics, decoupled
from gravity [5, 6]. A reliable formulation of this theory is still lacking(2,0)-theory but
when reduced on a circle of radius R = ¢?/47? it reduces to five-dimensional maximally
supersymmetric Yang-Mills (5D MSYM) with gauge group U(/N) and coupling g. Since
5D MSYM is perturbatively non-renormalizable the six-dimensional (2,0) CFT provides a
UV-completion with an enhanced Lorentz symmetry. It is therefore of great interest to try
to understand in detail the relation of the (2,0)-theory to 5D MSYM. In particular one
would like to know what additional states or degrees of freedom arise in the (2,0) theory
that are needed to UV complete 5D MSYM. It has been suggested that all such states
are already present in 5D MSYM non-perturbatively [7, 8] and that 5D MSYM is in fact
well-defined without new degrees of freedom.

One case where the degrees of freedom of M5-branes seem particularly mysterious
is when we consider the (2,0)-theory on a multi-centred Taub-NUT space M,,rn. This
is a completely smooth four-dimensional manifold and one expects that the (2,0)-theory
on RN x M,,rn is locally the same as on R“. On the other hand reducing on the
S fibration leads to a string theory picture of N D4-branes intersecting with D6-branes
which are localised at the zeros of the U(1) Killing vector of multi-centred Taub-NUT space.
From standard D-brane dynamics one finds that there are stretched D4-D6 strings which
are localised at these zeros. In particular these are so-called ‘DN = 8 strings’ whose ground
state consists of chiral fermions which propagate along R"! and lie in the bi-fundamental



of U(N) x U(N7) where N7 is the number of coincident D6-branes located at the I'*h zero.
These fermions have been studied in [9] and [10]. Similar states have also appeared in [11]
in the case of M5-branes wrapped on cycles in elliptic Calabi-Yau compactifications. The
main question we address here is how do such charged states arise from the (2, 0)-theory?

This question arises even in the case of a single Mb5-brane, corresponding to N = 1,
where the Mb-brane equations are known. However there is still a puzzle: the chiral
fermions are charged under the worldvolume gauge field but none of the fields in the
Mb5-brane theory have a minimal coupling so that their quanta can support a charge. This
follows from the fact that for a single M5-brane all the fields have an interpretation as Gold-
stone modes [12] and hence, by Goldstones theorem, they only have derivative interactions.
We will see that the resolution of this puzzle is that the chiral fermions arise as soliton states
on the M5-brane and Goldstone’s theorem does not apply to solitons, i.e. Goldstone modes
can have non-derivative couplings with solitons [13]. Aspects of this case have appeared
in [14] and in section two we review this along with some unpublished notes [15].

Thus the chiral modes arise from the same sort of mechanism that appeared in [16].
There the chiral modes of the Heterotic string worldsheet in a T? compactification were
obtained from zero-modes of the 2-form gauge potential obtained in Kaluza-Klein reduction
of an M5-brane on K3. However there is a key difference here in that there is a gauge field
under which the chiral modes are charged.

In the non-abelian case of N Mb5-branes it was argued in [10] that the D4-D6 strings give
rise to an U(N) WZWN model. The main result of this paper is to derive these states and
the associated WZWN model from the (2, 0)-theory alone, without appealing to a D-brane
construction using open strings. In particular we will use a variation of 5D MSYM that
was constructed in [17, 18] as the natural non-Abelian extension of the abelian (2, 0)-theory
reduced on the circle fibration of M,,7n. We will present these solitons in section three and
obtain the WZWN model in section four. Finally in section five we provide a conclusion.

2 The Abelian case

We start by recalling the linearized equations of motion of a single M5-brane which is just
that of a six-dimensional abelian tensor multiplet [19] (in the notation of [17]):

Vs =0
LV = 0
1

Honnp = o7 émnpars HT'™ (2.1)

Here m,n,p =0,1,2,3,4,5, Hppp = 30}, By, and 012345 — 1 In addition o, 8 = 1,2,3,4
denote indices of the fundamental 4 representation of the R-symmetry group USp(4) which
are raised (lowered) with the invariant tensor M*? (M,z) and PP) = M,3¢*” = 0. These
equations are invariant under the supersymmetry transformations

5¢aﬂ — _ig[a¢61
(5an - —iEaanlﬁa
1
oY = V¢ gT™e? + TP H,ppoe® | (2.2)
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provided that € is a chiral Killing spinor on the Mb5-brane worldvolume: V,e* = 0,
To12345€%* = € and subject to a reality condition.
In our configuration the M5-brane worldvolume is R x M,,rn with metric

ds% = —(daco)2 + (dx1)2 + ds?nTN. (2.3)

Here M,,,rn is the n-centred multi-centred Taub-NUT space [20]:

ds?ry = H ' (d2® + 0)? + Hd7 - d7, (2.4)
where . .
H=1+Y h;, 0=) 05, (2.5)
I=1 I=1
and
R N
hi==——1_  df; =*3dhs. (2.6)
2 |&— 2y

For Ny = 1 the metric is smooth everywhere provided that one makes the identification

> ~ 2% + 21 R. We have introduced the integer N7 to allow for N7 coincident D6-branes

8

x
at given pole Z! in the 27,28 2 plane. For N; > 1 this induces a conical singularity at
the poles. Asymptotically this metric takes the form

NpeR 2

2r

-1
1
ds? o = <1 + > <dx5 + 5 Npglt cos 9d¢>

N

+ <1 + 12)6R> (dr* +r?d6* + 17 sin® 0dg?) (2.7)
r

where Npg = N1 +...+ N, is the total number of D6-branes. In this case, or for any other

manifold M with self-dual curvature there exists a Killing spinor €* that satisfies
[ozg5e® = —€* (2.8)

Which is equivalent to the condition I'gje® = —e®.

Next we look for bosonic solutions to the equations of motion which preserve all of
these remaining 8 supersymmetries. Since we cannot impose any more conditions on the
Killing spinor we see that we must have 9,,¢“3 = 0. Hence without loss of generality we
take ¢“g = 0. Introducing light cone coordinates

1 0 1 0
_ T = + T +x
x = T = , (2.9)
V2 V2
we see that
«@ 1 ij « 1 +ij « 1 +—1 1 ijk «
(Sw = ZF H,ijﬁ + ZF H+ij€ + 51‘ HJF,i + gF Hijke =0, (210)

where 7,5 = 2,3,4,5. Since I'_e¢® = I'"e¢® = 0, and demanding the remaining 8 super-
symmetries be preserved, we find that H_;; = H;j;, = H;_; = 0 so the solutions to the
linearized equation of motion which preserve the (0,8) supersymmetries are simply

n
H=> vide* rnws. (2.11)
I=1



Furthermore self-duality and closure of H implies that the w; are self-dual harmonic 2-forms
on M,, 7N whereas the Z/JIr are arbitrary functions of x™.
Indeed one can explicitly construct n self-dual 2-forms on multi-centred Taub-NUT as
in [21]
1 -1 5
Wy = md&, SIZH h[(da? +(9)—0], (2.12)

where we introduce a useful normalisation to ensure that the w; are dimensionless and
which will be justified later. These forms are smooth everywhere (at least in the case
N; =1) and satisfy

N
/W[/\CUJ:/W[/\*CUJ:47TI2(5[J. (2.13)

We can also see that there are no fermion zero-modes. In particular imposing 0_¢® =0
we see that the fermion equation is simply I'"V;0* = 0 and it is a well-known result that
there are no solutions to the Dirac equation which vanish at infinity. Thus the solitons are
non-degenerate and not form an enhanced multiplet of the Lorentz group.

For vanishing scalars and fermions the energy-momentum tensor is simply [22]

m
Trn = 5,/—gHmman"q. (2.14)
In which case only Ty ; is non-vanishing and we define
P+ = /d5x T_|_+
1
=0 ZNI/derui(x*)ui(x*). (2.15)

In particular the abelian (2,0)-theory contains the conserved current (we choose the
coefficient for future convenience)

I (N) = 270/ =g HppnpO™ AP | (2.16)

for any choice of 1-form A inherited from the gauge symmetry B — B + dA. On-shell the
associated charge is a total derivative:

Q(A) = / Jo(N)d*zdx™
RXMpmrn
=27 f Hyppy AN r2dQoda™ (2.17)
RxS1xS2,

where S! x S2 is the asymptotic form of M,,7n and 7 the radial direction. Taking only
A5 non-vanishing we find

1 h ; h
Q(A5(OO)) = MtI‘ZfR Gs dQdeJr [H&» <I;) +€Tjk9jak <Ifl>] VJIFA5(OO)
7 x S1x 52,
- _2wRZN1/da:+ui(x+)A5(oo), (2.18)
I

where the second term in the first line arises as A’ = ¢g""A5 # 0. Upon reduction on the
S parameterized by 2° the D4-brane U(1) gauge field is A, = 47 RB,;5 [23] and the U(1)
gauge symmetry is 4, — A, + 472RJ,A5. Thus Q(As(c0)) is the corresponding electric
charge that we are looking for and each 1/{L carries Ny units of its charge.



3 The non-Abelian case

In general there is no satisfactory formulation of the M5-brane in the non-Abelian case.
Nevertheless the M5-brane on a circle of radius R gives, at least at low energy, 5D MSYM.
Therefore one can reduce the abelian theory on the S* fibration in M,,7y and then find
the appropriate non-abelian generalisation. This was done in [17, 18]. Let us first give
their result. Reducing on z° leads to the five-dimensional metric

ds? = —(dz°)? + (dz")? + Hdi - d7 . (3.1)

For our purposes we need that the gauge field action is!

Sk =

5
— /d eV Htr(F AxF) + 60 Atr(FAF), (3.2)

where p,v = 0,1,2,3,4. For computing the energy-momentum tensor we will also need
the scalar action which is

1 5 ap 11 af
S¢ = —87T2Rt1"/d T/ —¢g <\/EDM¢QBD‘LL¢) + ZW&H&H%MZ)
VI 050, 7a] ) (33)
Note that we could introduce an alternative form for the gauge part of the action:
1 5
Sh = g /d eVHtr(FA*F) +FACS, (3.4)
where )
CS = tr (A,@AA + 3AMAVAA> dz* A da” A da. (3.5)

These two actions differ by whether the topological term is taken to be 6 A tr(F A F)
or F ACS. In turn these choices differ by boundary terms arising from the poles of H
and infinity and hence have the same equations of motion. The first choice preserves
all gauge symmetries of the action but depends upon the choice of # and hence is not
diffeomorphism invariant. Whereas the second form is diffeomorphism invariant but at
the expense of introducing potential violations of worldvolume gauge symmetries. We will
mainly be interested in the first case, however in section four we will explore some of the
physical differences that arise from the second and which rule it out as the correct one.
Indeed part of the motivation of this paper is to explore such subtleties.

3.1 D4-D6 strings as solitons

We work from results in [17] which give the 5D theory resulting after reduction over z°.

The prescription for the decomposition from 6D to 5D is given in the paper and we thus
denote the decomposed 5D gamma matrices by 7, and the 5D Killing spinor by . One
then finds that equation (2.8) reduces, after the decomposition, to the condition

i’}/234€a =e” s (3.6)

'We use a convention where giztr [ FAF € Z.



equivalently
AOled = go (3.7)

The fermionic supersymmetry variation from [17] is given by

1 1
o = —F,, " e + 2ivHMg, D ( aﬁ) e
(0 ot g By \/ﬁ¢ Y

1
———= Mg P Fpy" Y + 2Mp, Msr [, ¢7°]? (3.8)

VH

with 7 = df and we recall that the 6 dimensional two form, B,,,, is reduced to a U(1)
gauge field as A, = B,;5 with corresponding field strength

Fu =V,A, =V, A, +[AL A, (3.9)
and thus a gauge covariant derivative defined by
Dyux = Vux + [Aux], (3.10)

where is x some field transforming in the adjoint of the gauge group.

We seek bosonic, BPS states of the configuration to find those maximally supersym-
metric states. This is equivalent to setting equation (3.8) to zero. Using the Killing spinor
conditions above and after changing to the light cone coordinates introduced in the abelian
case, we find that the BPS conditions for this system are

Fy=Fi = F_ =0, (3.11)
where from now on i, j = 2, 3,4 and also
Di (VH§"s) = D_¢°5 =0,  [6°,6%,] = 0. (3.12)
In addition one can compute the equation of motion from the action (3.4) and obtain
V=9Ds (VHF™) + ifu,,FpgeWW —0. (3.13)
Upon enforcing the BPS conditions above this equation of motion reduces to
OiFy; + [Ai, Fyi] +20,HF; = 0. (3.14)

First, looking at (3.11), we choose to set A; = A_ = 0, then we have that A, = A, (2", 2%)
solves these conditions.
Now turning to (3.12), notice that a solution is given by the ansatz ¢*g = ﬁqbg‘ﬁ(m‘*')

with the understanding that [¢§ 3, ¢€7] =0.
To solve the equation of motion (3.14) we start by noting that the general solution to
the BPS conditions Fj; = F;_ = 0 is given by

A =goigt  A_=go_g ", (3.15)



for a arbitrary element g of the unbroken gauge group. Similarly the solution to BPS
condition F_ = 0 implies that

A =gog™" A =404, (3.16)

for some other element ¢’ of the unbroken gauge group. Consistency of these two expressions
for A_ implies that ¢'"'g0_(g~'¢’) = 0 and hence

g =gk with 0_k=0. (3.17)

Thus we see that the generic solution to the BPS equation is simply a gauge transformation
by g of the configuration A, = k0, k~!, A_ = A; = 0, corresponding to F;, = 0;A,.

To continue then we fix the gauge A_ = A; = 0 and pick an ansatz for A, of the form
Ay = K(Z)vy(2T) for some K(T); this means that equation of motion becomes

00, K + %E)iKE)Z-H ~0. (3.18)

Solutions to this equation are of the form

h
K = — 1
H’ (3.19)

where h is any harmonic function: 0;0;h = 0. However, we wish to look for solutions with
finite energy. To achieve this, any pole in A must be cancelled by a pole in H (see the
expressions below for the energy-momentum tensor) and therefore we find the solutions

hp R
H_l—i-ZJhJ‘

One might worry that there is another finite energy solution K, corresponding to

K= (3.20)

h = 1. However one sees that

H-1
ZI:KIZH:1—K0. (3.21)

Rearranging this we see that the solution

A+:KOZ/E)F—G—ZK[V_I’_:ug—i—y_l‘_—i—...—l—vff_, (3.22)
I

is pure gauge. Therefore we conclude that the most general finite-energy soliton solution is

Ay = K@), (3.23)

where VJIF is an arbitrary z7-dependent element of the unbroken gauge algebra. Of course

one can indeed check that these functions K; also appear in the self-dual 2-forms con-
structed above as K; = £75. In particular our solutions are

F = 2 yi(x+)8iK1d:B+ A dzt
i

= 47°R Z vi(aMwhde® Adat, (3.24)
I



which corresponds to a simple embedding of the abelian solution into the non-abelian the-
ory by promoting VJIF to a element of the unbroken M5-brane gauge algebra and identifying

F,, =Ar*RH,5, (3.25)

in agreement with [23], explaining our normalization in (2.14).

We can also see that there are no fermionic zero-modes. The fermionic equation is [17]
1
iV HA" D, — ST =0. (3.26)

Imposing 0_19* = 0 and expanding around our solitons we find this splits into two chiral
equations

. 1 .
—VIH? Do + -V 4 L H 25 - VH® =0
5 1
7V - H

<

NI

5¥-VHyT = 0. (3.27)
Note that the only appearance of the non-abelian gauge field is through the D; term in
the first equation. The second equation is simply the Dirac equation for 1,;3‘_ — e 3H'? Vg,
ie. - ﬁzﬂi = 0. As with the abelian case there are no solutions which vanish at infinity
and hence ¢ = 0. In this case the first equation becomes the Dirac equation 7 - 61&2 =0
where 1)® = ezl 1/21/13 and we again conclude that ¢)® = 0. Thus the solitons do not form
enhanced representations of the Lorentz group.

It is useful to note that, in terms of the group element k defined by A, = k0, k™!, we

have
Tt

1 = Pex T
k= =P P(XI:KI()/O

Furthermore we observe that K;(Z;) = dr; and hence

Vi(y+)dy+> : (3.28)

A4 (Fr) = k(@0 k™1 (Zr) = vi(ah). (3.29)

Thus although the gauge fields are spread-out over the whole of the multi-centred Taub-
NUT space there is a sense in which the chiral mode Vfr is associated to the I-th pole in
H. Furthermore far from the poles the field strength falls-off as 1/|Z|? as expected for a
massless charged particle in 4 + 1 dimensions. However it is amusing to observe that near
a pole Z! the gauge field

RN;/2 s
~ LA
RN[/2+ |.%'—$]|

A, ("), (3.30)

is finite [15]. In particular for | — Z7| > R the solution can be written terms of an infinite
expansion of perturbative g? = 472R corrections to the familiar g?/47%|Z — #;| Coloumb
potential.



-2 0L
[—g dghv>

The energy-momentum tensor, 7}, = is readily found to be

1 N N
Ty = 87T2Rtr |:2\/EDu¢aﬁDu¢ A+ H3/28 HO,Hpopd g —|—2\/>FM,F
VEFE, a6, aspa])] | (3.31)

So that on our solution

1 1 a
Thy = e <D+¢oa5D+¢0’8 + Z&Kf@iKJVI(:ﬁ)VJ(w*))

AT’ R/ H I
1
T+_ = 32 2R H7/28 Ha H¢0a5¢0
1
Ty = =y O b0 D1 65 (3.32)

Finiteness of the energy-momentum tensor implies that D ¢“g = 0. This is satisfied easily
by demanding ¢g g be a constant, in particular we pick ¢gg = 0 so that the unbroken gauge
algebra is u(N). With this extra step the energy momentum tensor again reduces to a very
simple form where only 7T, 1 is non-zero and is given by

T,y = 2R ftrz KKK vl (x ) (x). (3.33)

We then proceed to explicitly compute the integral over the internal R? to find
Py = / dBrdrt/—g Ty
1
= ;thr/dfry[(a:ﬂv[(f). (3.34)

This agrees with the abelian case above. Furthermore we see that (3.34) corresponds
precisely to n copies, where n is the number of centres of M,,rn, of a WZWN model each
at level N;. However given that the value of N; can be different for each I we can’t simply
use a standard WZWN model on a three-manifold with n boundaries. We will return to
this issue in the next section.

Next we look at the gauge charges. For the first form of the action (3.2) we find

1
J7(N) = gty {—2\ﬁ— GVHF Dy A + 5“”p")‘0qupD>\A]
1 / Ao 1 vVpo

= ma/\tr <\/ —g HF A + 55” P euFl/pA>

1 1
~ gt (y/—gD)\ (\/EFM) + 45“”’)A"]-"M,,Fp,\) , (3.35)



where the last line vanishes on-shell. The associated charges are

1 )
OA(0)) = fyrtr 7{ A [HO,K; + 70,0, v A(oc)
I

1
— —%trEI:N[/d:B+ viA(o0), (3.36)

where A(co) is any element of the unbroken gauge algebra. These charges only receive
contributions from infinity and as such do not depend on the choice of 8. We see that they
are the natural non-abelian extension of (2.18) with the identification A = 472 RAs5.

4 Gauge symmetries and a WZWN-like action

As we mentioned above there are two choices for the five-dimensional action. The results in
the previous section correspond to the first choice (3.2). In this section we wish to explore
some physical consequences of the other choice of the action (3.4). We will then use this
analysis to motivate a WZWN-like model as the effective action for the chiral soliton modes
found above.

4.1 Physical ‘gauge’ transformations

The main difference between the two forms for the action can be seen from their gauge
symmetry. While the first form is gauge invariant the second is not. In particular the
second form of the action (3.4) transforms as (assuming boundary conditions that allow us
to ignore boundary terms in x)

5AS = —ﬁNDﬁ / Patr (94 A_(00) — 9 Ay (00))A(c0))

+% >N / dPatr (04 A_(Fr) — 0_ AL (21)A(F))) . (4.1)
1

We can make the first line vanish by imposing a suitable boundary condition at infinity.
However for the other terms it seems more natural to restrict the gauge symmetry so that

A#7) =0. (4.2)

As we will see this has the effect of introducing additional degrees of freedom that live at
the poles ;. These arise because there are now transformations of the soliton solution
generated by A(Z) which lead to physically distinct states.

To continue we evaluate the action (3.4) on the full space of BPS solutions, including
dependence of g on ", 27, Z. The first term of the action is still vanishing. However
substituting the general ansatz (3.15)—(3.17) into the second form of the action (3.4) we find

1 t
r
8T2R

2
Spps = /fA(A/\dA+3AAA/\A>

— 1 . At g I3
= 87T2R/8ZH(C'S)+_de de~d’z. (4.3)

,10,



Evaluating the action on our BPS sector gives
1
Spps = it / OH(O(ALA ) + 4Dy A — A0, AdatdedPe,  (4.4)
T

where we have used the fact that F;_ = 0 and assumed boundary conditions along =~ that
allow us drop boundary terms in x~.

There are two ways to proceed. The first is analogous to the classic construction of [24].
In that treatment one integrates over the A4 gauge field which imposes the constraint
F_; = 0. Here we do not integrate over A,. Rather we have imposed the BPS conditions,
which includes the constraint F_; = 0, and evaluated the action. To this end we integrate
the first term in (4.4) by parts and, observing that

0;0;H = —2m Y " Ny RO*(¥ — &), (4.5)
we find a contribution

1
Spps = » Nyt / detde™ AL (Z)A_(Z) + ... . (4.6)
4r 7

To continue in analogy with [24] we assume a boundary condition such that A4 (zy) =0
for each I. With this condition the full action reduces to:

N. » N .
Sprs = = Y grtr [ datda g(@)osg ™ @g(Eno-g ™ (@)
1

+ tr/d5$8iH[g_189,g_18+g] g 0. (4.7)

8m2R
This is essentially a WZWN model with n two-dimensional ‘boundaries’ located at the
poles of H each with level N; (although we recall that only Ny = 1 corresponds to a
completely smooth multi-centred Taub-NUT space). The difference with a traditional
WZWN model is that in our case the topological term is five-dimensional and the two-
dimensional ‘boundary’ contributions arise from the poles of H. Nevertheless it plays the
same role as the familiar three-dimensional term. In particular the associated equation of
motion is restricted to the poles and is given by

0+ (9(Fr)0-g~ (1)) =0, (4.8)

for each I. We thus obtain a theory of n independent two-dimensional group-valued fields
9(Z1). The solution to this is simply

g(Zr) =Lz )rp(a™) . (4.9)

for arbitrary group elements ¢;(z~) and r;(z™). However we must ensure that the boundary
condition A (z7) = 0 is satisfied. One finds that this implies

rp =k~ (Zp), (4.10)

and hence
9(Z1) :fj(l'_)k'_l(f]). (4.11)

— 11 —



Thus we are left with a single independent group element ¢;(z~) in addition to the original
solution k~1(&7)

The second approach is to include the ‘boundary’ term (4.6) into the action which we
again evaluate on the BPS solutions, i.e. we do not impose any conditions on A at the
poles. In this case find

N,
Sprs = 3 ot [ dotde” K@N0LK #)0-g @E)g()
1

+ tr/d%@iH[gl@_g,glaJrg] g 10;g. (4.12)

8m2R
Here the standard quadratic kinetic term for g has been removed and replaced by a linear

term coupled to the background field k. The associated equation of motion still only
receives contributions from the poles but has a less familiar form:

0= 0_gk(Z)0sk™ " (Zr)g ™" + gk(Z1) 01k~ (F1)0-g ™"
+90,9" 909~ —g0_g 904 g7", (4.13)
for each I. To solve this we can write
9(@r) = (a2 )k (@), (4.14)

for some ¢; that is now allowed to depend on both = and 2. Substituting this into (4.13)

we simply find, for each I,
(ot ero-t7 ] =0. (4.15)

There are essentially two ways to satisfy this equation. Firstly, if / 1875;1 = 0 then we
have £; = £;(z*). This means that g = £;k~!(Z) is a function only of * and hence ¢; can
be absorbed into a redefinition of v;(xz*). The second solution is to demand ¢ 18+€I_1 =0
so we have ¢; = ¢7(z~). In this case we recover the same solutions that we saw above by
imposing the vanishing of Ay (Z).

In summary we find that with the second choice of action (3.4) there are some gauge
modes which are physical. In particular we find that the solution space includes the modes
lr(x7) that arises from the broken gauge modes. Hence we can think of it as a physical
Goldstone mode and the WZWN-like model as its low energy effective action. However
we do not expect such modes to arise from the D-brane analysis and hence we conclude
that (3.4) is the wrong choice of action.

4.2 An action for the soliton modes

We now return to the original action (3.2). Here we can simply adapt the argument above.
We have seen that the D4-D6 strings can be realised in the non-Abelian theory as solitons.
We have evaluated their energy and momentum and shown that they agree with that of
a chiral half of a WZWN model. To capture the effective dynamics of these solitons we
therefore propose that the action (4.7) can be used with a slightly modified interpretation.
In particular we recall that the solution to the equations of motion can be written as

g(Zr) = Lr(z7)rp(z™), (4.16)
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for arbitrary left and right moving modes ¢; and r;. To make contact with our solitons we
first set ¢; to the identity and identify

vi(a™) =rp(a)or o). (4.17)

i.e. rr(z™) = k(Z7) in (3.29). We also see that taking a non-trivial £;(z~) can be viewed
as performing the gauge transformation: A, (%) = ¢k, (k=~') and A_ (%) = £0_¢~ 1.
Therefore we consider the other chiral half to be pure gauge and we simply discard it. This
is consistent with the discussion above where such gauge modes were physical and therefore
not discarded.

5 Conclusions

In this paper we have studied how the charged D4-D6 strings which arise from a D4-brane
intersecting with a D6-string are realised in the M5-brane worldvolume theory. In particular
we showed that there are smooth soliton solutions of the five-dimensional Yang-Mills gauge
theory arising from the M5-brane reduced on the circle fibration of multi-centred Taub-
NUT space that have the right charges to be identified with the D4-D6 strings. We also
considered the physical consequences of the two choices of action and how the second
choice leads to additional physical soliton zero-modes which do not match the string theory
analysis. Lastly we obtained a WZWN-like model for the solitons but where the topological
term is five-dimensional. We thus conclude that 5D MSYM contains the charged states
predicted from the D-brane construction, albeit as solitons.

Let us briefly mention some bulk eleven-dimensional aspects of our solutions. The
states we have identified arise as stretched D4-D6-strings. In the string theory picture
these states are localized to the intersection. In M-theory they lift to M2-branes that wrap
the M-theory circle. Since the M-theory circle shrinks to zero at the poles of H the M2-

brane worldvolume theory develops a potential V o« H —1/2

and so the energy is minimized
by sticking to the poles Z7, in agreement with the microscopic string theory picture.

Our solutions are given in terms of harmonic forms which can also be associated to
the existence of non-trivial two-cycles in multi-centred Taub-NUT. These two-cycles are
caused by the shrinking of the circle fibration at the poles of H and so can be thought of
as connecting two distinct poles. M2-branes wrapping these cycles are in bi-fundamental
representations of U(1) x U(1) subgroups of a U(1)VPs~! gauge group whose bulk gauge
field arises from a Kaluza-Klein reduction of the M-theory three-form C' ~ > Cr Awy (here
we are one thinking of multi-centred Taub-NUT as compact or replacing it by a similar
compact space). When all the D6-branes coalesce this group is enhanced and the wrapped
M2-branes provide the additional gauge bosons to form the adjoint of SU(Npg). However
our states are different. One reason is simply that for single centred Taub-NUT there is a
harmonic two-form but no non-trivial two-cycle. More generally one sees that the soliton
profile is Ay ~ > Kl and 0 < K; < 1 with equality iff # = #;. Thus the I-th soliton
is peaked at the I-th pole and furthermore vanishes at all the other poles. This means
that the states we have found do not correspond to M2-branes which are wrapped on the
non-trivial two-cycles. Rather our states are trapped at the poles, as discussed above. As
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such they are naturally associated to fundamental representations of the bulk enhanced
gauge group, providing charged states of the bulk SU(Npg) gauge group. From the point
of view of the M2-brane worldvolume theory the wrapped M2-brane states arise as kink-like
solitons, interpolating between pairs of poles as in [25].
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