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ABSTRACT: We study the dynamics near a 1+ 1 dimensional intersection of two orthogonal
stacks of fivebranes in type IIB string theory, using an open string description valid at
weak coupling, and a closed string description valid at strong coupling. The weak coupling
description suggests that this system is invariant under eight supercharges with a particular
chirality in 1 + 1 dimensions, and its spectrum contains chiral fermions localized at the
intersection. The closed string description leads to a rather different picture — a three
dimensional Poincare invariant theory with a gap and sixteen supercharges. We show that
this dramatic change in the behavior of the system is partly due to anomaly inflow. Taking
it into account leads to a coherent picture, both when the fivebranes in each stack are
coincident and when they are separated.
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1. Introduction and summary

In this paper we study a system consisting of two stacks of fivebranes in type IIB string
theory, which intersect on an RY!. This system can be analyzed from a number of different

points of view and exhibits some interesting features:



(1) Holography: one might expect that the dynamics at the 141 dimensional intersection
of the two sets of fivebranes should be holographically related to a 2 + 1 dimensional
bulk theory, with the extra dimension being the radial direction away from the in-
tersection. In fact the bulk description includes two radial directions away from each
set of fivebranes, and is 3 + 1 dimensional. The corresponding boundary theory is
2 4 1 dimensional.

(2) Near-horizon symmetry enhancement: inspection of the brane configuration suggests
that the theory at the intersection of the fivebranes should be invariant under 1 4 1
dimensional Poincare symmetry, 1.SO(1,1), and eight supercharges with a particular
chirality in 1 4+ 1 dimensions. However, the near-horizon geometry describes a 2 4+ 1
dimensional theory with Poincare symmetry 1SO(2,1), and twice as many super-
charges as one would naively expect — eight copies of the two dimensional spinor of
Spin(2,1). Interestingly, the superalgebra is not the standard N' = 8 supersymme-

try in three dimenions.!

This symmetry enhancement is surprising since it implies
that there are no normalizable states localized at the intersection, while the weakly
coupled open string analysis leads to a large number of such states. In particular,
the intersection is expected to carry chiral degrees of freedom in 1 4+ 1 dimensions,
which cannot be lifted, and whose presence is inconsistent with the enhanced (super-)

symmetry of the near-horizon geometry.

(3) Anomaly inflow: the chiral modes living at the intersection of the fivebranes carry
non-zero anomalies under the gauge symmetries on the fivebranes. These anomalies
are cancelled by inflow from the bulk of the fivebranes [f]. The fact that the anomaly
inflow mechanism is at play here is the first sign that the dynamics at the intersection
is not decoupled from that in the bulk of the fivebranes. As we will see, the higher
dimensional perspective is essential in understanding various features of this system.

1.1 The fivebrane system

A concrete realization of our brane system is the following. Consider k; D5-branes stretched
in the directions (012345), and ko D5-branes stretched in (016789). This configuration is
invariant under 1.SO(1,1) x SO(4)2345 X SO(4)g789. It also preserves eight supercharges,
which satisfy the constraints

¢, = 12345,

)

e, = 016789, (1.1)

Taking into account the fact that the spinors €z, €g in ([.I)) have the same chirality in 9+ 1
dimensions, one finds that the solutions of ([.) are chiral in Rb1.

At long distances, one can describe the dynamics of this brane configuration by a low
energy effective field theory. In addition to the familiar six dimensional U (k;) gauge theory
with sixteen supercharges on each set of D5-branes, the low lying spectrum contains kiko

!This point was independently noticed in @]



complex, chiral (Weyl) fermions, which transform in the representation (kq,ks) of the two
gauge groups. These fermions originate from fundamental strings stretched between the
two stacks of fivebranes. We will take them to be left-moving below. Their presence breaks
the left-moving? spacetime SUSY; the eight right-moving supercharges remain unbroken.

The fermions have central charge c¢; = kiks, cg = 0, and thus carry a non-zero
gravitational anomaly in 1 4+ 1 dimensions. As we change various continuous parameters
defining the brane configuration, such as the string coupling and the separations between
different parallel fivebranes in a given stack, c¢;, — cg = k1ko cannot change.

The fermions are also anomalous under SU (ki) x SU(kg) x U(1). To exhibit the
anomaly, it is convenient to use the fact that we can replace them by the holomorphic
current algebra

SU(/ﬁ)kQ X SU(kQ)kl X U(l) . (1.2)

Hence, the SU (k1) gauge group on the first set of fivebranes sees an anomaly proportional
to ko localized on a codimension four defect, and vice-versa. There is also a U(1) anomaly
coming from the last factor in ([I.9).

1.2 Weak coupling analysis

To study the dynamics of the fermions, it is important to include in the effective action the
terms that couple them to the six dimensional gauge fields on the fivebranes and cancel the
anomalies. As we will see in sections [ and [J, these have an interesting dynamical effect.
Naively, the fermions are localized at the intersection point of the two sets of fivebranes.
In fact, we will see that they are supported away from the intersection. The amount by
which they are displaced is governed by the six dimensional gauge couplings of the SU (k;)
gauge theories, g? = gsl2. We will see that each of the three factors in (.2) is displaced in
a different way in the transverse space.

The displacements, which are proportional to the gauge couplings g;, vanish in the
weak coupling limit g; — 0. In this limit, the picture becomes indistinguishable from what
one finds by studying open strings stretched between D5-branes. This is not surprising,
since in this limit all couplings, including those between the modes at the intersection and
those in the bulk of the fivebranes, vanish. On the other hand, as g, increases, the effect
of the anomaly inflow becomes more pronounced, and the picture deviates more from the
weakly coupled open string one.

Let us describe the low energy field theory in more detail. Here we discuss the case
when all fivebranes in a given stack are coincident. The case of separated fivebranes will
be studied below. We parameterize the 1+ 1 dimensional intersection of the two stacks of
branes by (2°,z'). The other eight coordinates can be organized into two R*’s which we
will parameterize by spherical coordinates. We will denote by u the radial direction along
the first set of branes (it is the radial direction of the R* transverse to the second set of
branes); v is the radial direction along the second set of branes (and the radial direction
of the space transverse to the first set of branes). The intersection is at u = v = 0.

2This should not be confused with the notion of left and right in equation (Ell), which refers to worldsheet
chirality.
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Figure 1: The spatial part of the 2 + 1 dimensional space we consider. One spatial direction is x!

and the other is constructed out of v and v. Figure a stresses that in the embedding space, the
u and v directions are orthogonal. Figure Iilb stresses that w and v can be combined into a second
spatial direction.

We will find it convenient to reduce the system on the two S%’s of these spherical
coordinates and study the resulting effective three dimensional theory. In addition to
the two coordinates (z°,x!) the base space has another spatial direction made out of the
half-lines® labeled by u and v, glued at u = v = 0 (see figure [I]).

Thus we have a 241 dimensional system with a “domain wall” located on the real axis
u = v = 0. The coordinates along the wall are (2°, x!). For zero coupling the free fermions
and their current algebra ([L.2) are supported on the “domain wall.” In addition to these
fermions the system also has gauge fields which propagate in the entire 241 dimensional
space. On the upper half plane we have an SU (k1) gauge theory, while on the lower one
we have an SU (k2) gauge theory. There is also a U(1) gauge field which propagates on
the whole plane. These theories have Chern-Simons terms which are due to the fact that
we are studying fivebranes wrapped on three-spheres with non-vanishing three-form flux.
Because of these Chern-Simons terms the gauge fields are massive.

In figure ] we describe the location of the chiral modes in our 2+ 1 dimensional system.
Here we describe only the nontrivial directions u and v and omit the R%:! labeled by (20, z1).
In order to stress that u and v originate from different branes, and are orthogonal in the
original R%1| the u axis is drawn orthogonal to the v axis, as in fig. 1(a). For zero coupling
the fermions are supported at w = v = 0 (see figure Pla). However, as we will see in
sections f and [, because of the interaction with the gauge fields, when the gauge coupling
constants are nonzero, the current algebra is displaced. Different parts of ([l.2) “move”
to different locations (see figure @b). SU(k1)g, is supported at u ~ +/g7ka, SU(k2)x, is
supported at v ~ \/g3k; and the U(1) factor is supported at both these points.

As the coupling constant is increased, the current algebra moves to infinity and the low
energy theory around the real axis in figure [l becomes very simple. First, the system has
a gap there. Second, the topological degrees of freedom associated with the Chern-Simons
theories in the lower and upper half planes combine nicely. We have SU (k1) Chern-Simons

3Recall that these are radial directions, therefore u,v > 0.
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Figure 2: (a) At zero coupling all the fermions are supported at the intersection. (b) At finite
coupling they move away from the intersection. Different parts of the current algebra move in
different directions. SU(ki)g, is supported at u ~ \/g7ks; SU (ko) is supported at v ~ +/g3ki;
the U(1) mode is supported at both of these points.

theory with level k9 in the upper half plane and SU (k) level k1 in the lower half plane. Due
to level-rank duality, these two theories are the same. Therefore, the low energy dynamics
of this brane configuration is a Chern-Simons theory with gauge group SU (k;)g, x U(1)
both in the lower and in the upper half plane. The “domain wall” along the real axis
disappears and our low energy theory is fully invariant under 2 + 1 dimensional Poincare
syminetry.

The existence of this 2+ 1 dimensional Poincare symmetry has immediate implications
to the supersymmetry of the system. The eight supercharges ([.1) do not fit into a repre-
sentation of this symmetry. As the Poincare symmetry is enhanced from two dimensions
to three, the supersymmetry is also enhanced from eight to sixteen supercharges. The
superalgebra is not the standard one — the anticommutator of two supercharges includes in

addition to the momentum operator also the generators of the SO(4) x SO(4) R-symmetry
of the problem.*

1.3 Strong coupling analysis

In section Wl we turn to the strong coupling limit of our system. Here it is convenient to
perform an S-duality transformation to a system of N.S5-branes.> When all the fivebranes

Tt is not known how to write a three dimensional lagrangian for gauge fields with Chern-Simons terms
and this much supersymmetry (for a related recent discussion see [E] ). In the past, the search for such
lagrangians was based on the standard extended supersymmetry algebra. The string theory problem we
are studying suggests that with the unconventional superalgebra that we find, lagrangians with sixteen
supercharges and Chern-Simons terms can be written. It would be interesting to see whether kinetic terms
for the gauge fields can be included in such lagrangians. This is not entirely clear from the string theory
perspective, since at the scale of the gauge coupling our theory becomes higher dimensional, but we believe
that it is nevertheless possible.

®The discussion can be extended to any other kind of (p,q) fivebranes. The SL(2,Z) symmetry of
IIB string theory implies that all such configurations have the same amount of supersymmetry, low lying
spectrum and dynamics. In particular, the chiral fermions, the gauge fields and the action that couples the



are coincident, the near-horizon geometry is
R*! x Ry x SU(2)x, x SU(2)k,. (1.3)

Here, Ry is one combination of the radial directions away from the two sets of fivebranes,
0. 2! and another combination of the two radial direc-
2345 @0d

(R4)6789‘ The fact that ([.3) is an exact solution of the classical string theory equations

and the coordinates of R%! are z
tions. The two SU(2)’s describe the angular three-spheres corresponding to (R4)

of motion allows us to obtain information about the intersecting fivebrane system, which
is not accessible via a gauge theory analysis.

As mentioned above, the geometry ([.J) has the interesting property that it exhibits a
higher symmetry than the full brane configuration. In particular, the combination of radial
directions away from the intersection that enters R>! appears symmetrically with the other
spatial direction, and the background has a higher Poincare symmetry, 750(2, 1), than the
expected ISO(1,1). It also has twice as much supersymmetry.

A natural question is whether this higher symmetry is an exact property of string
theory in the background ([[.3), or whether it is broken by quantum effects. In weakly
coupled string theory, classical symmetries are usually symmetries of the full theory, but
the theory on ([L.3) is not weakly coupled. As ¢ — —oo, the string coupling becomes strong
and one could imagine that in that region the symmetry of ([.3) is broken to a smaller one.

A similar divergence appears in the six dimensional background corresponding to a
single stack of k parallel fivebranes in type II string theory. In that case, the region
¢ — —oo describes the long distance behavior of the theory on the branes [, which has an
alternative description as a six dimensional U(k) SYM theory with sixteen supercharges
for type IIB string theory, and as the (2,0) SCFT for ITA. In both cases, the low energy
theory has non-Abelian degrees of freedom which from the point of view of the geometry
are D-branes living near the singularity. The fact that they are light implies that string
perturbation theory must break down there.

It is natural to follow the same logic in our case. The background ([[.3) becomes
strongly coupled near the intersection of the branes partly due to the fact that the low
energy dynamics near the intersection involves a non-Abelian gauge theory. Thus, to see
whether the 2 4+ 1 dimensional super-Poincare symmetry is broken in the strong coupling
region, one needs to analyze the gauge theory.

The results of this analysis are described in the previous subsection (and in more detail
in sections P}, ). The gauge theory dynamics displaces the chiral fermions, which naively
live at the intersection, by an amount of order gy s, which for NS5-branes is l;. Since
the near-horizon limit that gives rise to ([.3) focuses on distances much smaller than I,
the chiral fermions are not part of the theory in the near-horizon limit. In fact, in taking
the near-horizon limit, each of the three factors in ([L.2) is sent to infinity in a different

two are the same for all (p,q). The only part of the gauge theory analysis that depends on (p,q) is the
value of the gauge coupling on the fivebranes. Since the gauge coupling determines the extent by which
the holomorphic currents (@) are displaced from the intersection of the branes, the latter depends on the
type of fivebranes that are used in the construction.



direction. The two SU(k;) are sent to plus and minus infinity in one of the two spatial
directions of R*!, while the U(1) is sent to infinity in the weak coupling direction of
R¢.

So far we restricted attention to the extreme infrared behavior of the intersecting five-
brane system, and found that it is consistent with Poincare symmetry in 2 4+ 1 dimensions.
It is natural to postulate that a much stronger statement, that we did not prove, is true:
the near-horizon limit eliminates all 1+ 1 dimensional degrees of freedom, and leaves behind
a 2+ 1 dimensional theory with a larger symmetry. We present some evidence for this in
section .

1.4 The big picture

The discussion above focused on the dynamics associated with the intersection in the case
when the fivebranes are coincident. Some new features appear when we separate the two
sets of fivebranes in the corresponding transverse R*’s. One consequence of this separation
is a breaking of the Poincare symmetry of the near-horizon geometry back to 150(1,1),
and of half of the sixteen supercharges, back to the original eight. The U(k;) gauge groups
are generically broken to U(1)* and an additional dimensionless parameter, the mass of
the W-bosons of the broken gauge theory in units of the inverse gauge coupling (M for
N S5-branes), appears.

For My, < M, the deformed near-horizon geometry which generalizes (J[.3) is still
strongly coupled, and the useful description of the system is given by the gauge theory
described earlier. On the other hand, for My, > M, the gauge theory description is in
general not valid®, and the useful description is in terms of the near-horizon geometry, a
deformation of ([[.3), which never develops large string coupling. By analyzing the bulk
geometry we show that all kiko chiral modes are present, as certain chiral modes of RR
fields in the geometry, and find their locations in the transverse space.

In section f] we combine the information obtained from the gauge theory analysis
for My < M, with that obtained from the near-horizon geometry of the fivebranes
for My > M; to reconstruct the behavior of the chiral modes as we vary the different
parameters. In section jf we point out a few extensions of our work and directions for future
study. Some of our worldsheet computations are presented in the appendix.

2. Gauge theory analysis for k) = ky =1

In this section we will study the low energy field theory corresponding to the intersection
of two Db5-branes, one stretched in the directions (012345), the other in (016789). As
discussed in the introduction, this system contains a single complex chiral fermion, ¥, that
lives at the intersection. This fermion carries equal and opposite charges under the U(1)
gauge fields living on the two intersecting fivebranes. We will describe the combined system
of the fermion and the gauge fields, and in particular analyze the effects of anomaly inflow
on the dynamics.

6 Although, as in [E], it may still be useful for some purposes.



2.1 The lagrangian

It is useful to parameterize the ten dimensional spacetime as follows:
ds® = 2dzTdz™ + du® + u2dQ2 + dv?® 4 v?dQ2. (2.1)

Here, (u,$2,) are spherical coordinates on (R4)23 45 and (v,£,) are spherical coordinates
on (R4) 67s9- Lhe two intersecting fivebranes share the directions rt = (2% £ 21)/V2;
in addition, one is wrapped on (u,€),), while the other is wrapped on (v,,). The two
fivebranes intersect at u = v = 0.

The low energy gauge theory includes a U(1) gauge field that lives on the worldvolume
of each kind of fivebrane, which we will refer to as A®) and A®), respectively. A lives in
the six dimensional spacetime labeled by (zF,u, €, ), while A®) is a function of (zF, v, 0y).
We can expand each of the gauge fields in harmonics on the corresponding three-sphere.
Since we are only interested in the lowest lying states living near the intersection, we
integrate out the higher harmonics and keep in the effective action only the s-waves of A®)
on the spheres.

We expect the low energy effective action near the intersection to be a sum of three
terms: a 2+ 1 dimensional action for the field A®) (z* ), the s-wave of A1) on the sphere
labeled by ,; a similar 2 + 1 dimensional action for the s-wave of A®), A®) (z*,v); and
a 1 + 1 dimensional action which lives at the intersection © = v = 0. In the rest of this
subsection we will write this action explicitly.

We start with the 1 + 1 dimensional action associated with the intersection. The
complex fermion ¥ couples to the gauge field A% — A at the intersection point, u = v = 0,
which we will denote by A (0)—A®)(0), suppressing the dependence on z*. As is standard
in two dimensional field theory, one can integrate out the fermion and represent its dynamics
in terms of its contribution to the effective action of the gauge field,”

Laan = (4010 - 420)) 5= (40 ©) - 4P (0)) -

- <A$>(0) — A (o)) (AE”(O) —A® (0)) . (2.2)

This effective lagrangian is anomalous. Under the gauge transformation

SAGY) =09, i=1,2, (2.3)
Lierm transforms as follows
6Lierm = (¢D(0) = €2 (0)) (FL2(0) - F2(0)) (2.4)

As explained in [, this anomaly is cancelled by inflow from the bulk of the two fivebranes,
via local terms in the lagrangians on the two branes.

"The overall coefficient of the two dimensional lagrangian implies a choice of normalization of the charge
of the fermion under the U(1) gauge fields AW or equivalently a choice of normalization of the gauge fields
themselves. This determines the coefficients of all the other terms that appear below.



There are two relevant types of terms. One involves the coupling of the Chern-Simons
form of the gauge field A® to the RR three-form field strength, F3. For example, on brane
1, this takes the form®

/ Fy A AD A pO). (2.5)

The three-sphere labeled by €2, on which fivebrane 1 is wrapped is transverse to fivebrane
2. Therefore, there is one unit of F3 flux going through it. Thus after integrating over the
sphere, we find a three dimensional Chern-Simons action for the s-wave of A1, A1) (%, ),
and a similar one for A®) (z* v):

c@::A m(APFﬂ%h&9%2+A9Eﬂ)+
4—1 do (AP FE) + AP FD + AP FD ). (2.6)

As is standard in Chern-Simons theory with a boundary, the lagrangian (R.6) is not gauge
invariant. Under the gauge transformation (R.3) it transforms as follows:

5Los = —eD(0)FY (0) — €@ (0)F? (0), (2.7)

where we used the fact that we only require invariance under transformations that go to
zero at infinity, ¢.e. the gauge parameters satisfy e(i)(oo) = 0.

The second type of Chern-Simons term that is relevant for anomaly inflow involves a
coupling of the worldvolume gauge fields to the self-dual RR field strength, F5,

l/RAA@. (2.8)

Since the D5-branes do not couple to F5, naively this term is irrelevant for our discussion.
However when the gauge fields on both branes are turned on, this term has a non-trivial
effect. For example, if we turn on a non-zero gauge field on brane 2, with field strength
F_(f_), this induces a non-zero F5 on brane 1 of the form

Fy = F3 A FP(0) . (2.9)

Here, F3 is the RR three-form field strength induced by brane 2 on the sphere €2, as in
[®3), and F®? is evaluated at v = 0, since this is the location of brane 1. Substituting (B.9)
into (2.8), reducing to s-waves, and integrating over the spheres, one finds the following
contribution to the action:

cm:J@@/dMQJ@@/dMW (2.10)
0 0

The total anomaly inflow lagrangian is given by

ﬁinﬂow = ECS + [rmix . (211)

8We are not careful with the overall normalization here; we will determine it in our conventions momen-
tarily, after reducing to 2 4+ 1 dimensions.



The full action,
SO = /derdx (ﬁferm + Einﬂow) ) (212)

is anomaly free.”
In addition to the fermion contribution and anomaly inflow lagrangian, we also need
to keep the kinetic terms of A and A®). After reducing on the spheres, these take the

form
R i 3 l (1) 2_ (1) (1)
Lyin = g% /0 duu [2 (F+_> F, F, 7|+

o

PRI A F (Ffl) — PR )] . (2.13)
92 Jo 2

Here g1, g2 are the six dimensional gauge couplings, g? ~ g,l? for D5-branes, or g? ~ |2 for

N S5-branes, and we have absorbed a numerical factor in the definition of g;. In principle,

one should also add higher derivative terms to (R.13), but we expect them not to alter the

picture obtained below.

2.2 Equations of motion and solutions

The full effective action
Sfull = /d$+d$_ (Eferm + Linﬂow + Ekin) (214)

is quadratic in the gauge fields; therefore, to solve the theory it is enough to study solutions
to the equations of motion of (R.I4). In this subsection we will write down these equations
and find the solution corresponding to the chiral mode associated with the fermion W.
Due to the presence of the boundary at u = v = 0, we have to vary separately with
respect to the gauge field in the bulk and on the boundary. Varying with respect to Ail)

in the bulk (i.e. for generic u) we find

Lo, (u‘?’Fqu_)) — oY + a FY —o. (2.15)
91

Varying with respect to A(j) gives

Lo, (u3F£2> F(1)+ a Jaa) (2.16)
91

(1)

and the variation of A’ gives

3
2r ) — p? (0) - Z—% (a_Fﬁg + 3+F59> —0. (2.17)

Similar equations are obtained with 1 < 2, u < v.

9Here we restrict to gauge anomalies, and ignore gravitational ones.

,10,



Due to the presence of the Chern-Simons term we expect the equations of motion
(2.18) — (B.17) to describe a massive particle in three dimensions with a mass that depends
on u (because of the factor of u? in Ly, ). Indeed, differentiating equation (R.15) w.r.t. =+,
and equation (R.1) w.r.t. z—, and subtracting the two we find, using (R.17)

2 4
) +2u*0,0 FY - ZL (2R - FP (0)) = 0. (2.18)

O (w0, -

The mass of the particle goes to zero as u — oo, but it does not give rise to massless
degrees of freedom in the R>! labeled by z*. One can show that equation (.1§) does not
have solutions with 04.0_ Fj(Ll_ = 0 that are regular as u© — 0 and go to zero as u — oo. The
massless regular solutions of (R.I§) go to a non-zero constant at u = oo and correspond
to a constant electric field in R™!. In other words, (B.1§) describes a massive degree of
freedom in the bulk of fivebrane 1.
Thus, we set
F =F® —o, (2.19)

Equations (P.1§) and (P.16) can then be solved for Féli)

2
1) _ hse 49
FQE:I:) = ﬁe U2, (220)

where hy depend on 2% but not on w. While the solution for FS,) is well behaved as
u — 0,00, the solution for Fﬁr) is highly divergent as u — 0, so we discard it, and set
hy = 0. Moreover, substituting in (.17) we see that h satisfies the constraint

dyh_=0. (2.21)

Thus, it is a chiral degree of freedom, h_ = h_(z7).
Next we consider the equations of motion of the boundary variables. Varying w.r.t.
AE:)(O) we get

/O T awr® = % (Fﬁlj(O) - FQ(O)) = g(z). (2.22)

In deriving this equation we used the fact that lim, .o u3F£1,) =0, (R.20). Note also
that the quantity g(z~) defined by (B.29) is indeed chiral, d;¢g = 0, due to (R.19). Again,
there are two more equations obtained by exchanging 1 < 2.

To recapitulate, we see that including the interaction of the chiral fermion ¥ with
the gauge fields living on the two fivebranes via anomaly inflow displaces it from the
intersection of the two branes at u = v = 0 by an amount of order the gauge coupling on
the fivebranes. One finds a single chiral degree of freedom, which can be thought of as
h_(z7) (R.20), that lives at u ~ g;. Equation (R.29) relates it to the current located at the
origin. The equations of motion on the second brane relate this mode to a solution similar
to (R.20) that lives at v ~ go. The situation is depicted in figure Bp.

At short distances from the intersection, u,v < g;, the fermions are absent and the
physics is described by U(1) Chern-Simons theory on R?1.

— 11 —



3. Gauge theory analysis for general k;, ks

A natural generalization of the brane configuration discussed in the previous section in-
volves k; fivebranes stretched in (012345), intersecting ks fivebranes stretched in (016789).
At the intersection we have kika complex fermions ¥¢: n = 1,...,k;; a = 1,..., ko.
The fermions are coupled to U(ky) x U(k2) gauge fields. As mentioned in the introduc-
tion, one can construct out of the fermions left-moving currents of the affine Lie algebra
SU (k1)gy X SU (ko)g, xU(1). As a check, the Sugawara central charge of the current algebra
agrees with that of the fermions:

ka(kK? —1)  ka(k3 —1)
k1 + ko ki + ko

In generalizing the discussion of the previous section to this case there are two new issues

+1=kiky . (31)

to consider. One is that the gauge theory in question is now non-Abelian, so the dynamics
is more complicated. The other is that the brane configuration admits deformations that
correspond to separating each stack of fivebranes in the transverse R*, and one may ask
how the low energy behavior of the theory depends on the separations.

In this section we will examine these issues in turn. We start with a discussion of the
dynamics for the case of coincident fivebranes, and then move on to the separated case.

3.1 Coincident fivebranes

Like in the Abelian case, we integrate out the fermions, and replace them by their contri-
bution to the effective action of the gauge fields. This action takes the form

Liorm = kaT' (AN (0) + k1T (A®)(0)) + T(U(1)), (3.2)

where the U(1) is the relative U(1) in U(ky) x U(kz), and T'(A) is the Polyakov-
Wiegmann action [ff] corresponding to the relevant gauge group. The overall U(1) does
not appear in Loy, since it does not couple to the fermions. I'(U(1)) is the action (R.2) with
traces taken over the two gauge groups. The U(1) x U(1) part of the dynamics decouples
from the non-Abelian parts. It is identical to the discussion in the previous section. So we
ignore it below, and focus on the SU(k;) x SU(k2) part.

We need the non-Abelian generalization of Ly, (B-13) and Linfiow (B-11). The kinetic
terms for the gauge fields are simple generalizations of (2.13). The generalization of (P.§)
is

/ Fy A CS(ADY (3.3)
where C'S(A) is the Chern-Simons form,
CS(AD) = Tr <A<i> AFO) 4 §A<i> AAD A AU)) . (3.4)

There are ky units of F3 flux through the sphere labeled by Q, (B.J), and ko units of Fj
through the sphere €2,. Integrating over the three-spheres, as in the previous section, we
find that the non-Abelian part of Lcg reads

Los = kaCS(AW) + k,0S(A?)) (3.5)
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The generalization of (R.§) is
/ Fs ATr A9 (3.6)

Therefore, F5 only couples to the U(1) parts of the gauge groups, and can be ignored in the
present discussion. Note that the Chern-Simons terms do not mix the non-Abelian gauge
fields on the two branes. The SU(k;) x SU(k2) anomalies cancel between the fermion
contribution (B.4) and the Chern-Simons term (B.5).
The low energy dynamics breaks up into two decoupled problems, one for SU (k) and
the other for SU(kg). Thus, it is enough to discuss one of(’ t)hem, say that of SU(k1). The
1

effective two dimensional lagrangian for the gauge field A, is
_ M = Oya Ly (7 gud L (FOY Z pO RO
Ly = kaT(AD ) +ky [ du CSAV)+ STr [ duu 5(F+_> —FVED| . (3.7)
0 91 0

The lagrangian is no longer quadratic in the fields, but it is still instructive to look at the
solutions of the equations of motion. Again we are interested in massless excitations in two
dimensions, so we set (as in (R.19) and the discussion following it)

FYw =0, D_FY=b,FY=0o, (3.8)

- u
where D stands for covariant derivatives in SU (k). The analog of the bulk equations of

motion, (ETH), (ETA) is

b, (") — 2k = 0,

91

1

=Dy (w*FY) + 2k F) = 0. (3.9)
1

To simplify these equations it is convenient to choose the gauge AS) = 0, such that
D, = 0, and F(i) = 8UA$). As in section [, we conclude that Féi_) =0 and

u

2

AD —p (gye (3.10)
We see that the SU (k1) dynamics describes a chiral k1 x k1 matrix h_(z~), which lives
at u ~ g1vka. In contrast to section [, this matrix does not consist of free fields. The
non-Abelian dynamics of (B.7) gives rise to interactions, such that h_ in fact describes
a chiral SU (k1) WZW model at level ky. Similarly, the SU(k2) dynamics gives rise to a
chiral ko X ko matrix living at v ~ gov/k1, describing a chiral WZW model SU (ks), (see
figure Pb).

The fact that the SU(k;) and SU (kq) currents commute, and can be completely decou-
pled can be seen in the gauge theory as follows. Varying the lagrangian (B.7) with respect
to the boundary variables, we get an analog of equation (R.23), but with zero on the left
hand side. The reason is that the origin of the left hand side in (R.23) is Lix (B.10), which
is absent in the non-Abelian case. Thus, the non-Abelian analog of the function g(x™),
defined in (R.22), vanishes and the two non-Abelian parts of the current algebra do not
couple to each other.
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Note that the fact that the SU (k1) and SU (k2) currents commute and live at different
locations in the plane (figure o) does not mean that the two chiral WZW models, SU (k1 )y,

and SU (k2)g, are completely decoupled. In fact, each of them separately is not a consistent

a

¢ must have

quantum field theory. Many physical observables, such as the fermions ¥
support in all parts of the (u,v) plane in which the currents are localized, since only when
we combine the contributions from the two SU(k;) and from U(1) do we get single valued
observables in two dimensions.

To summarize, we arrive at the following picture. At g; = 0, the kyko chiral fermions
U are located at the intersection, u = v = 0, as suggested by their description in terms of
open strings stretched between D5-branes. Turning on the coupling constant does not lift
them (which is impossible due to their chirality), but rather moves them away from the
origin. Different currents constructed out of the fermions move in different directions (in
the way depicted in figure ). The SU (k;)y, currents move to u ~ g1v/ks. The SU (k2)p,
ones move to v ~ gay/k1. The U(1) part is supported in both regions.

The fermions themselves, which can be thought of as solitons constructed out of the
currents, become delocalized, “fat,” objects, with support in both regions mentioned in the
previous paragraph. Thus, the main physical effect of the anomaly inflow is to delocalize
the two dimensional physics in the higher dimensional space.

Focusing on the region near the intersection, u < g1, v < g2, we find no massless
degrees of freedom. In this region, the extreme IR theory on the first type of fivebranes
is SU (k1) Chern-Simons theory at level ko, living on the half plane v > 0, while that
on branes of the second type has gauge group SU(kz) and level ki, and lives on the
half plane v > 0. The two boundaries of the half-planes, © = v = 0 are identified (see
figure [i).

Level-rank duality implies that the two Chern-Simons theories living on the u and v
half-planes are the same, so in fact the infrared theory can be described as a single Chern-
Simons theory (either SU(ky )k, or SU(k2)k, ) living on the whole plane, or, after including
time, on R%!.

3.2 Separated fivebranes

In this subsection we discuss the modification of the gauge theory picture when the five-
branes are separated in the transverse R*s. The main effect of the separation is to
give masses to some of the gauge bosons, generically breaking the gauge symmetry from
U(k;) — U(1)*. For concreteness, and to facilitate the detailed comparison to the closed
string analysis of the next section, we will focus on a point in moduli space, at which each
set of fivebranes is arranged symmetrically around a circle of radius r in the transverse R%.
It is not difficult to generalize the analysis to more general fivebrane configurations; the
qualitative picture is independent of the precise pattern of separations.

In the NS5-brane configuration we will discuss, the masses of all the W-bosons are
comparable, of order My, ~ rM?2/g,. We will assume that My < M,. This corresponds
to very small separations of the fivebranes, r < gsls. The regime My > M, will be
analyzed in the next section, by studying the geometry created by the fivebranes.
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How does a small My influence the picture arrived at in the previous subsection?
We expect that different parts of the current algebra will react differently to the de-
formation. Since a U(1)"~! out of the SU(k;) that lives at u ~ g1v/k2 is unbroken,
we expect it to remain where it was, while the rest of the currents, parameterizing the
coset SU (k1)x,/U(1)¥1~! will presumably react in some way. The same should be true for
SU (k2) g, -

To analyze this problem precisely, one must solve the full non-Abelian gauge theory
for finite Myy. This is difficult, among other things because after separating the fivebranes
one can no longer reduce the problem to three dimensions, as we have done in the pre-
vious subsection. Rather, one has to study the full six dimensional theory on each set of
fivebranes.

Here we will content ourselves by studying the theory at large distances, at which the
massive gauge bosons are irrelevant, and one can restrict to the dynamics of the Abelian
gauge theory, U (1)k1+k2. This description is expected to be valid for u,v > 1/Myy. Thus,
it can provide information only about the long distance behavior of the various modes.

At distances much larger than 1/Myy, the analysis of the previous subsection goes
through, the only difference being that we take the gauge fields A® to be diagonal matrices.
For example, h_(z7) in (B.1() is a diagonal k1 X k; matrix, with eigenvalues h,(x7),
n = 1,2,...k;. Similarly, the corresponding ks x ko matrix for A® is diagonal with
cigenvalues hq(z7), a=1,..., k.

Thus, in this case we have kiks copies of the analysis of section P In particular, for
every pair (n,a) we find a single chiral degree of freedom, which can be interpreted as
hy(z7) or as hq(z™). The two are identified for the same reason as in section . From the
point of view of the original fermions W%, these degrees of freedom are the U(1) currents
Jo = (e (3.11)

n a n

They correspond to wavefunctions that decay like 1/u® and 1/v3 at large distances from
the intersection, as in section E
As mentioned in the beginning of this subsection, we expect the currents (B.11) to split

naturally into a number of groups,

SU(k1)k, _ SU(k2)k,

U(1) x U(l)’l‘“*1 X U(l)kr1 X TRt < Ty

(3.12)

The first three factors in (B.19) correspond to the unbroken parts of the gauge symmetry,
while the factor in square brackets is the part of the theory that is expected to react to
the separation of the branes.

In terms of the currents J2, (B.11]), the different factors in (B.12) can be written as
follows. The U(1)**#2=1 currents can be written as

Uay: Dy Je,

27in(2j1+1)

Ukt N gse B
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27ia(2jo+1)

Ut Y ge R (3.13)

where

2j; =0,1,2, ...k —2. (3.14)

The remaining currents, corresponding to the cosets in the square brackets in (B.19),
are the combinations of the J¢ that are orthogonal to all those in (B.1J). A convenient

basis for them is
2min(2j1+1) 2wia(2j2+1)

‘};17j2 = ZJge " e k2 ) (3.15)
n,a

where j; run over the range (B.14).

The splitting of the k1ks currents J? into the groups (B.12) is natural from the point
of view of our gauge theory analysis. Different groups correspond to different asymptotic
decay of the field strengths F(!) at large u and F? at large v. The overall U (1) degree of
freedom corresponds to

1 1

FD(y) ~ 5 FA(v) ~ = (3.16)

the U(1)*1~! currents (B-13) correspond to
F) L. po L 3.17
(u)Nﬁa (U)NW, (3.17)

the U(1)*2~! currents correspond to

Jalsy 1 Jal® 1 3.18
(U)NW, (U)Nﬁa (3.18)

and the remaining currents (B.1§) have a faster than inverse cubed decay in both v and v

1
w22 ta’

1

FO () ~ (3.19)
It should be noted that the precise form of the asymptotic fall-off (B.16) — (B.19) is valid
for the particular point in the moduli space where the fivebranes are placed on circles in
the transverse R%’s, but the basic fact that the U(1)¥**2=! currents correspond to field
strengths that decay like 1/u?® and/or 1/v3, while the factor in square brackets in (B.17)
corresponds to field strengths with more rapid decay in both v and v, is general.

It is also worth reiterating that the Abelian analysis above only captures the behavior
of the different modes for large u, v. It is not sensitive enough to see how figure P gets
deformed as we turn on a small Myy; that requires tools with much higher resolution. In
particular, the fact that the factor in square brackets in (B.13) consists (for N S5-branes) of
a part that lives near v = [4\/k1, and a part that lives near v = I4\/ks, as is expected from
the analysis that led to figure [, cannot be resolved at this level. The Abelian analysis
combines these two parts together and replaces them by the (k1 —1)(ke —1) currents (B.19).
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4. Closed string description

The supergravity background corresponding to the configuration of intersecting INS5-
branes discussed in the previous sections factorizes into three decoupled parts [. The
RY1 labeled by x*, which is common to both sets of branes, is trivial. The four dimen-
sional space labeled by (22,23, 2%, 2%) is described by the CHS solution [H] associated with
the ko fivebranes stretched in (016789). Similarly, the supergravity background in the four

7 2%, 2%) is that associated with the fivebranes stretched

dimensional space labeled by (2%, z
n (012345). The fact that the background factorizes will play an important role in our
considerations below.

To present the solution, we define

y = (x27x37x47x5) )

z = (29,27, 2%, 29) . (4.1)
We have kq fivebranes localized at the points z = z,, n = 1,2,3, ..., k1, and ks fivebranes
localized aty = yq,a =1,2,3,..., ko. Every pair of fivebranes from different sets intersects

at a point in R®, (y,z) = (Ya,2n)-
The geometry corresponding to this brane configuration has the product form

by CHSy x CHS, . (4.2)
The supergravity background is

P = Py(z) + Pao(y),
Guv = Muv, pu,v=0,1,

JaB = ((PQ (o0 ))5 afs Haﬁ'y = _eaﬁ'y(saéq)% O‘>ﬁa’776 =2,3,4,5,
gpq = 62@)1 ¢1(00))5qu Hqu = _qursas(bh p,q,7,8 = 67 77 8797 (43)
where
k1 l2
e2(P1=®1(0)) — 1 4 s
|z — 2z, %
n=1
2(P2-Pa(00)) _ | 4 (4.4)
€ . .
Z !y ya

In the rest of this section we describe some properties of this background, first for the case
of coincident fivebranes, z, =y, = 0, and then for separated ones.
4.1 Coincident fivebranes

This is a particularly symmetric case, in which the brane configuration preserves SO(4)2345
x SO (4)g789. Defining u = |y|, v = |z| and setting o/ = 2, the geometry ([l.J) takes the
form

ds? = —(da®)? + (dz')? + f1(v)(dv? + v2dD2) + fo(u)(du? + u2dQ2),

FO) Z [)h), A0 =1+ =142 (45
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There is also a flux of the NS B field through the two three-spheres. As u,v — oo, the
fivebrane background ([L.§) approaches flat spacetime (R.1)).

As mentioned above, the intersecting fivebrane geometry contains two copies of the
CHS solution corresponding to a single stack of fivebranes. It has two throats, one as-
sociated with u, the other with v. The string coupling becomes large when we go down
either of these throats. Note also that since each of the CHS backgrounds associated with
y and z corresponds to an exact solution of the classical string equations of motion (i.e. it
is a worldsheet CFT with central charge ¢ = 6), the factorization ([.9) is valid in the full
classical string theory and is not restricted to the supergravity approximation.

To focus on the physics near the intersection of the two sets of fivebranes we take the
near-horizon limit. This is done in the standard way [{],[d] by rescaling the variables v and
u by exp(®;(00)) and exp(P2(00)), respectively, and sending exp(®;(oc0)) — 0. This means
that we are focusing on the region u,v ~ gsls in the full geometry, in the limit g, — 0. The
resulting near-horizon geometry is

RY xRy, x SU(2)k, % Ry, x SU(2)k, - (4.6)
where ¢1 = /2k1 Inv and ¢ = /2kz Inu. Ry, has a linear dilaton with

Qi = 2 (4.7)

ki
Hence the worldsheet central charge of ¢; is ¢; = 1 + 3le The SU(2) WZW models
correspond to the angular three-spheres labeled by €, and 2, respectively. The SO(4) x
SO(4) symmetry of the brane configuration is realized as the symmetry group of the two
SU(2) CFT’s in ([£.0).

Note that the above discussion is only valid when both k; and ko are larger than
one. When k; = 1 the throat labeled by ¢; is absent and we expect the description of the
intersection to be modified. We will return to this point in the discussion.

As mentioned in the introduction, the near-horizon geometry ([[.§) exhibits an unex-
pected enhanced symmetry. Performing the rotation (see figure fi)

Q¢ = Q101 + Q202
Q7 = Qa1 — Q2 , (4.8)

2 1 1 1
— — —_ = — —_ 4.9
< \/; E ok ks (49)
we find that ([.6) takes the form ([[.J),

where

R*! x Ry x SU((2)x, x SU(2),

which is indeed invariant under ISO(2,1). This symmetry enhancement is surprising since
the physical origin of the R1! factor, which consists of directions along the fivebranes,
and of the 22 direction, which is a combination of directions transverse to one of the two
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Figure 3: The dashed lines represents constant ¢ contours that are parameterized by z2. The
dotted lines are constant x? contours that are parameterized by ¢.

branes, is completely different. Apparently, in the vicinity of the intersection, the two
become indistinguishable.

The enhanced Poincare symmetry implies also a higher supersymmetry. Let us briefly
recall how this comes about. Thinking of the near-horizon geometry as a product of an R1!
and two CHS geometries, as in ([.6]), one can construct in the usual way eight spacetime
supercharges, by using the worldsheet superpartners of the coordinates on the spacetime
([.4). These are ten free fermions: two fermions v+ corresponding to RY!, two more that
correspond to the two Liouville modes, 11, 19, three fermions in the adjoint of SU(2)y,,
)\((11), a = 3,+, and three in the adjoint of SU(2)g,, )\((12). To construct the spacetime
supercharges, it is convenient to bosonize the fermions as follows:

Yy — Hy
1/11,>\;(),1) — Hy
)\(il) — H3 5
¢2,)\§32) — Hy
PURAN - (4.10)

and similarly for the other worldsheet chirality.
The following spacetime supercharges can be checked to be unbroken in the background

E9):

Q, = ge—§+ngig(H2+H3>ig(H4+H5> 7
T
o) dz — 24 iH +i(Hy—Hs)+Li(Hs—Hs)
Qp = ¢ge =2 2 . (4.11)

The first line comes from the left-moving sector on the worldsheet, while the second
comes from the right-movers. Note that ([.11]) contains eight supercharges, all with the
same chirality in R%!. Note also that the left and right-moving supercharges have opposite
chiralities under SO(4)2345 and SO(4)g789. This is a well known property of N.S5-branes

S
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The spacetime supercharges ([.11]) have the nice property that they remain good sym-
metries when we deform the system by separating the fivebranes, and when we go beyond
the near-horizon limit and study the full fivebrane geometry (f.§). However, in the near-
horizon geometry ([.), we expect to find twice as many supercharges, due to the enhanced
Lorentz symmetry of the background ([[.3).

A quick way to construct the extra supercharges is to apply to the ones we already
have, ([.11)), the generators of Lorentz transformations that mix x? (f§) with z*. The

worldsheet superpartner of 22 is 1,2,

Qg2 = Qa1 — Q19s . (4.12)

The Lorentz generators that mix it with 1+ have the form

Jox = jé%cﬂ/fi + %Ea@@i : (4.13)

Applying them to the supercharges ([.11)) one finds eight more supercharges, with
the opposite chirality in RY!. Since ([.1J) is a symmetry of the background ([.g), the
resulting supercharges must be good symmetries as well, a fact that can be verified di-
rectly. Altogether, we find sixteen supercharges which transform as (2,2,2) @ (2,2,2)
under 1S50(2,1) x SO(4) x SO(4). It is easy to work out the supersymmetry algebra of
these supercharges. One unusual aspect of this superalgebra is that the anticommutator
of two supercharges includes the SO(4) x SO(4) R-symmetry generators. This is to be
distinguished from the standard extended supersymmetry algebras which do not include
such generators. This point was independently noticed from another point of view in [fl].

The near-horizon geometry of intersecting fivebranes ([L.3), (.6) can be viewed as a
2+1 dimensional vacuum of Little String Theory (LST) [L0],[[T] with sixteen supercharges.
Thus, in studying it one can use the techniques developed in recent years for studying such
vacua; see e.g. [, MJLF-T). In particular, one can use the geometry to classify off-
shell observables in the theory, which correspond to non-normalizable operators, whose
wavefunctions are peaked at ¢ — oo. One can also use it to study bulk physics of delta-
function normalizable modes that live in the throat.

The fact that the string coupling diverges as ¢ — —oo means that we cannot use the
geometry to study states that are localized there, or calculate generic correlation functions
of the non-normalizable observables, which receive contributions from the strong coupling
region. However, experience from other vacua of LST suggests that the physics associated
with the strong coupling region can often be at least partially understood by studying the
low energy field theory on the branes that give rise to the linear dilaton background.

In our case, that theory was analyzed in section [, and it is natural to ask how the
picture found there compares to the one suggested by the geometry. The analysis in
section B.J] led to the picture summarized in figure . The low energy spectrum consists
of three components, ([L.2), each of which is located at a different place. We would like to
understand the interpretation of these modes in the geometry ([L.F), and its near-horizon

limit ([.3).
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SU(k)y . o L)

(Y
@ =
SU(k)y,

Figure 4: The location of the various currents in the strong coupling description.

Consider first the U(1) mode. In the gauge theory discussion of section [] it had support
at u ~ lgv/ky and v ~ [4\/k1. From the higher dimensional perspective these two points
are (u,v) ~ (Isv/ko,0) and (u,v) ~ (0,151/k1). Below we show that in the strong coupling
limit the support is at (u,v) ~ (Isv/k2,lsv/k1) (see figure [l]).

In the geometric description, this mode corresponds to an excitation of the RR field
strength F' = F3 + F5 + F%, of the form

F ~dP A (HY +*yHY) A (Hf +*,H3) . (4.14)

Here P is a chiral scalar field living in R, HY and H% are the field strengths of the NS
B-field given in ([i.3), and *y and %, are the Hodge duals in the four dimensional spaces
labeled by y and z, respectively.

Eq. (E14) describes a normalizable mode whose wavefunction is localized in the tran-
sition region between the throats in w, v, and the asymptotically flat space far from the
fivebranes. At large u, v the five-form part of (l.14) falls off like

1 1
Fy =dP A <—3dv A dSQy + —du A dQU> . (4.15)
v u

Note that both terms in ({.15) fall off like w~3v~3 at large u, v. For example, in the first
term the fall-off in v is manifest, while the one in w is due to the fact that the metric on
the three-sphere labeled by Q,, (£§) goes like ds? = u2dQ2 for large w.

The behavior (J.17) is in precise agreement with the gauge theory analysis of sections [,
B Indeed, there it was found that the chiral boson describing the U(1) degree of freedom in
(1.9) corresponds to gauge field strength Fél_) on brane 1 that falls off like 1/u3 (£.20), and
field strength on brane 2, Fq@, that falls off like 1/v3. To compare to ([.15) one needs to
recall that the gauge fields on the fivebranes correspond to RR operators in the geometry
(see e.g. [[[5]). Thus, the first term in parenthesis in (f.15) corresponds to TrFf), while
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the second corresponds to TrFlsi). The fact that the full solution (§.14) includes both of
these terms is the closed string analog of the fact that in our gauge theory analysis we
found that the U(1) mode involves both A and A,

The left-moving scalar field P ([.14) lives outside of the near-horizon throat. It is a
singleton, that does not suffer from the strong coupling problem of the background (@)
This agrees with the gauge theory picture, where this U(1) degree of freedom is free and
decoupled from the non-Abelian dynamics governing the rest of ([L.2).

What about the non-Abelian parts of the current algebra ([.4)? Consider for example
the SU(ky)y, currents, which according to figure | live at (u ~ Isv/ka,v = 0). From the
point of view of the geometry (f£.5) they correspond to modes of the RR field strengths
which live in the transition region between the throat and asymptotically flat space in y,
and in the strong coupling region of the throat in z. Thus, they cannot be studied by
using supergravity or classical string theory. From the closed string perspective, the strong
coupling effects are due to the fact that the non-Abelian dynamics that gives rise to the
interacting SU (k1)r, WZW model involves D-branes that descend down the throat labeled
by v, and become light there. This should be contrasted with the U(1) current, which in
the gauge theory is free, and in the closed string description corresponds to a mode that
lives outside both throats.

The comparison of the field theory analysis of sections P, [ to the analysis of the
geometry of the fivebranes provides us with a more detailed understanding of the emergence
of the enhanced super-Poincare symmetry of the near-horizon geometry ([.3). We see that
in the full problem we have 1 + 1 dimensional chiral modes, which break 1.SO(2,1), but as
we take the near-horizon limit, they go off to infinity in different directions. The U(1) part
goes to the weakly coupled boundary ¢ — oo, becomes a singleton, and decouples. The
SU (k1)g, an SU (ko)x, parts go to 22 — —oo and 22 — oo, respectively. We are left with
no light 1 + 1 dimensional degrees of freedom. The extreme IR behavior of the theory is
described by the Chern-Simons theory discussed in section [, which from the closed string

point of view lives in the strong coupling region of ([L.3).

4.2 Separated fivebranes

A well known way to avoid the strong coupling singularity of the coincident fivebrane
background ([£5), is to study the theory along its Coulomb branch. The near-horizon
description is particularly simple for the case where the two stacks of fivebranes are placed
o789 DY the
by (a2, b2), we place the first set of fivebranes at

symmetrically on circles in the respective transverse R*’s. Parameterizing (]R4)
complex coordinates (a1,b) and (R*)

2345
(@™ p{r)y = Tt Y
a;"07") = (0,me )y i =1,2,.. k (4.16)
and the second set at
(a(m) b(m)) = (0,7 B, =1,2 k
5 by ") =(0,rae F2 )i mo=1,2,.. k. (4.17)
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Here r; are the radii of the two circles on which the fivebranes are located. In the
gauge theory on the fivebranes, (a;,b;) correspond to scalar fields in the adjoint of U(k;),
(A4;, B;). The configuration (f.16), (.17) corresponds to a point in the Coulomb branch
of the gauge theory at which

2ni  Ami 2mi(k; —1)

(Bj) = rjdiag(e® ,e%i ,...,e % 1), (4.18)

The masses of the broken gauge bosons are set by the radii of the circles, Méé) =1; M 2/gs.
The background (f.1§) is a simple generalization of those studied for a single stack
of fivebranes in [, [ [[4]-[15], and we can use the results of these papers in analyzing
it. When Méé) > M, the string background corresponding to the configuration (4.1§) is
perturbative. The separation of the fivebranes eliminates the strong coupling singularity at
the origin, and the string coupling remains small everywhere. The near-horizon geometry
([.9) is replaced after the deformation by
o (S SO 7 (SE SUDY 7
It involves two cigar CFT’s, describing the two regulated throats of (@) The string
coupling in the background (.19) is bounded from above by g2 = M2/ (MI%)M‘%)), and
therefore is small everywhere. It attains its maximum value at the tip of both cigars.

Since in this case the fivebrane background is weakly coupled everywhere, we should
be able to see all kjko chiral currents using perturbative string theory. We next show that
this is indeed the case.

We would like to compute the spectrum of massless excitations in 1 + 1 dimensions in
the background ({.19). Using the techniques of [[],[[3[[4-[[F] it can be checked that the
only sector that can contain such states is the RR sector. All the other sectors have a finite
mass gap. Since the background breaks up into a product of three factors, the problem of
finding massless modes breaks up into the problem of finding normalizable zero modes in
the different factors. A detailed discussion of this problem appears in appendix A. Here
we only summarize the results.

Due to the product structure of (4.19), it is enough to focus on one of the

SL(2), SU(2)
< U(l)k X U(l)k>/Zk (4.20)

factors. The spectrum of massless RR states on ([L.20) is known since it plays an important

role in analyzing the six dimensional system of k IIB fivebranes on a circle. In that case,
the massless RR operators correspond holographically to the operators

TvF,, B¥*! (4.21)

in the low energy SU(k) gauge theory [[§]. When B has an expectation value of a form
analogous to ([L.1§), the operators ([f.21)) create states associated with combinations of the
unbroken U(1)*~! gauge bosons

k
2min(2j4+1) n
\Oj>:§ e ko F;gy)yoy (4.22)
n=1
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In the near-horizon geometry ({.20)), these states correspond to normalizable wavefunctions,
Oj, that behave near the boundary ¢ — oo like exp(—Qj¢), with j running over the same
range as in (B.14). If we include the asymptotically flat part of the space and denote the
asymptotic radial direction by wu, one can show that for large u (far outside the fivebrane
throat) the wavefunctions O; behave like
1

Of course, in addition to the k — 1 wavefunctions O; which correspond to the Cartan
subalgebra of SU(k), the full fivebrane geometry includes the wavefunction O_1, which
corresponds to the overall U(1) gauge boson ([.2J). As mentioned earlier, this wavefunction
lives in the transition region between the throat and the flat space far from the branes,
and does not correspond to a normalizable mode in the near-horizon geometry. Altogether
we have k normalizable wavefunctions living in the full fivebrane geometry, of which k —1
live in the throat (£.2()), and one in the transition region.

Given the above spectrum of massless RR modes in the throat of a single stack of
fivebranes, it is not difficult to find the corresponding spectrum in the geometry of the
intersecting ones (f.19). We simply take a product of any of the k; wavefunctions which
live in the throat of the first stack of fivebranes, with any of the ko wavefunctions which
live in the throat of the second stack. We find kjks chiral massless modes (see appendix
A). These modes naturally split into the following groups:

(1) One mode supported in the transition region of both throats in (4.19).

(2) k1 — 1 modes supported in the transition region of throat 2, and deep inside throat
1.

(3) ko2 — 1 modes supported in the transition region of throat 1, and deep inside throat
2.

(4) (k1 — 1)(ke2 — 1) modes supported deep in both throats 1, 2.

Only the last class corresponds to normalizable modes in the near-horizon geometry (§.19).
In analogy with ({.21]), they can be thought of as states created by the operators

Trw B g+ g2t (4.24)

acting on the vacuum.

Note that the set of modes found in the geometry is in nice correspondence with
those seen in the gauge theory analysis of section B In particular, the first three types of
states described geometrically above are precisely the states (B.13), while the fourth one
corresponds to (B.15), a fact that can be seen directly by substituting ({f.1g) into ({.24).
As a check, the fall-off of the vertex operators of these states agrees with the gauge theory

results (B.1¢4) — (B.19).
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5. The big picture

In sections P[] we analyzed some aspects of the dynamics of the system of intersecting
fivebranes from the gauge theory and gravity points of view. In this section we would like
to put the two pictures together.

We start with the coincident fivebrane configuration. The low energy modes are spread
out in the (u,v) plane in the way depicted in figure fl. Now, imagine separating the first
stack of kp fivebranes as in ({.1€), while keeping those in the second stack coincident. In
the gauge theory, this means that MI%) = 0, while MIEI%) = 0. We would like to describe
)

what happens to the different modes in figure [ as we increase MI% .

There are a number of different regimes to consider:
(1) My < L.

2) MY > L, Mgl =rn <1

—

3) MY > L, MyPgl?=r > 1

Note that while regimes (1) and (2) can be studied in the near-horizon geometry, regime
(3) corresponds to distances outside the near-horizon limit.

)
Since we did not separate the ko fivebranes of the second type, the SU(k2)k, factor in
figure ff remains intact. On the other hand, the SU(k;), factor that lives on the u axis
in figure [ splits into the unbroken U (1)"1=1 which remains where it was, and the coset

In regime (1), the picture is very similar to that seen for Mé& = 0 in section [J.

SU (k1)k,/U(1)F =1 which starts moving down in figure [l, in the direction of decreasing w.

Regime (2) can be partially analyzed using the closed string picture. The CHS throat
labeled by v is now cut-off, and is replaced by a cigar, in which the string coupling remains
small throughout. This allows one to use the closed string description to construct the

modes corresponding to U(1)*1~! currents that live near the u axis. These are modes of
RR fields of a form analogous to (.14),

F ~dP A (HY +xyHY) A A5 i=1,2,...k —1, (5.1)

where A; are the normalizable modes in the cigar that entered the discussion of section .3
There, these modes were discussed for the case that Még) is large, but clearly they exist
for MIEI%) = 0 as well, since they are localized outside the strong coupling throat region of
the fivebranes of the second type. The modes A; are localized at v ~ lygs, so the U(1)F1~1
currents (p.1) live very close to the u axis, as in regime (1). They are not significantly
influenced by the separation of the k; fivebranes of the first type.

The remaining part of the SU(k;), is the coset SU (ky)g,/U(1)*~1. For MIE;) < M,
it is located deep in the throat labeled by v, but outside the w throat. For Méé) > M,
this can no longer be the case, since the coupling in the v throat is small everywhere.
Thus, if the coset degrees of freedom live outside the u throat, they should be visible to
a perturbative analysis. This is a problem for two separate reasons. First, we have just
discussed the spectrum of massless states living near the tip of the v cigar and outside the
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u throat, and that spectrum does not include the coset degrees of freedom. Second, the
coset is an interacting CF'T, and we do not expect to be able to see it in a weakly coupled
string description.

Thus, it must be that as M{S{? increases, the coset SU (k1)g,/U(1)**~1 moves down the
u throat, such that by the time we reach regime 2, it is located deep inside the strongly
coupled region u < I,.

In regime 3 the distances between any two fivebranes of the first type are large, and so
we have k1 decoupled systems, each of which has one fivebrane of the first type intersecting
ko fivebranes of the second type. In terms of figure [}, roughly speaking!® we have a set
of SU(kg); CFT’s that are widely separated in the v direction, by distances of order the
separations between the fivebranes of the first type.

As one increases M‘%) from regime (2) to regime (3), the following must happen. The
coset SU (k1)r,/U(1)¥1~1, which in regime 2 is located at small u, v, moves towards larger
v and combine with the SU(ky)s, to form the CFT (SU(k2)1)™. One can check that the
central charge is precisely right for this, ¢; = k1 (ks — 1). In addition, in regime (3) we have
U(1)* currents living at u ~ I,, as before.

So far we described the situation in the case where M‘g&) 2% 0, but Mé[%) = 0. It is not
difficult to generalize the discussion to the case where both are non-zero. What happened
before to SU(k;)x, will now happen to both factors. The U(1)**~! factor stays on the u
axis, at u ~ v/kals; the U(l)k?_1 factor stays on the v axis at v ~ \/ki1l;. The two cosets,
SU (K1), /U(1)F =1 and SU (ka)x, /U(1)*2~1 move (as we increase Mé[l,)), the first towards
small u, the second towards small v. When we reach the regime Mé:,) > M, which as
we saw in section [ has a weakly coupled closed string description, the two cosets meet
and combine to form a free theory, corresponding to the (k; — 1)(ke — 1) currents (B.19).
Note that the fact that the two interacting coset CFT’s give rise when they combine to
a free theory is necessary for consistency of the spacetime dynamics and the closed string
description of it, since the latter can be sent to arbitrarily weak coupling by tuning M‘%,) .

6. Discussion

There are a number of possible extensions of the results presented in this paper. In this

section we mention some of them.

6.1 Thermodynamics

One natural set of questions concerns the thermodynamics of the system of intersecting
fivebranes. When all the fivebranes in a given set are coincident we found that the near-
horizon geometry has the form ([.3). As usual for gravitational systems, we expect the
high energy thermodynamics to be dominated by black branes. For asymptotically linear
dilaton spacetime such as ([L.3), the relevant black brane is

SL(2,R)

0 x R? x SU(2), x SU(2)k, - (6.1)

10T obtain a more accurate representation of this regime, we must take into account the angular three-
spheres as well.
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Here the level & is related to the numbers of fivebranes ki, ko via (f.g). Note that it satisfies
the bound k > 1 for ki,ko > 2, so it is a normalizable state in this regime (see [[L6],[[L7]
for recent discussions of this bound, and the high energy thermodynamics associated with
(6.1)). For k; = ko = 2 one has k = 1, which is the borderline case for normalizability.
The background (p.1)) describes a non-extremal solution, in which a finite energy den-
sity is added to the fivebrane intersection. When the energy density in string units is very
large, the (Euclidean) solution is weakly coupled everywhere, and can be studied using
perturbative string techniques. It is interesting that this solution preserves the Euclidean

group 1SO(2); in particular, it is translationally invariant in 22

, and is invariant under
rotations that mix z! and 2. This provides further evidence for the fact that the near-
horizon dynamics of coincident fivebranes preserves 1.50(2,1). We have seen earlier that
the low energy dynamics is consistent with this assertion, and now we see that the high
energy thermodynamics is consistent with it as well.

The Bekenstein-Hawking entropy associated with the black hole (6.1]) has the usual

Hagedorn form
Spn = 27l VEE | (6.2)

This can be compared with the Hagedorn growth of each set of fivebranes, which has a
form similar to (B.9), with k — k;. The relation ([.9) implies that k¥ < k1, ks, so that
the Hagedorn growth associated with the intersection is smaller than that associated with
each group of fivebranes separately. This had to be the case, since otherwise the system of
non-extremal parallel fivebranes would develop such intersections dynamically, to increase
its entropy.

6.2 k=1

As mentioned in section [, our discussion of the near-horizon geometry of the intersecting
fivebrane system is valid when each stack consists of two or more branes. Indeed, the
geometry ([L.3), (f.6) does not make sense when one of the k; is equal to one, since it
contains a negative level bosonic SU(2) WZW model.

A very similar problem occurs for the case of the near-horizon geometry of a single
N S5-brane, where the resolution is that a single fivebrane does not develop a linear dilaton
throat. It is natural to ask whether this is also the case for the intersection of a single
fivebrane (k; = 1) with ks orthogonal ones.

One way to address this questions is the following. T dualizing in a direction transverse
to the ks fivebranes (and thus along the single fivebrane orthogonal to them) gives rise to
a single N.S5-brane in ITA string theory, which wraps an Ay,_; ALE surface described by
the equation zfQ + 23 4+ 23 = 0 in C3. This system is believed [[[§] to have a linear dilaton
throat of the form

RM x Ry x ST x My, /T, (6.3)

where My, is the A-series N = 2 minimal model with ¢ = 3 —6/ky and I" a discrete group.
The geometry (b.3) has very different properties from the throats discussed in section [.
The Poincare symmetry is not enhanced beyond I.SO(1, 1) in this case. This is natural from
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the intersecting fivebrane perspective since, as explained in section fl, the 2+ 1 dimensional
nature of the system for k1, ko > 1 relied on the existence of both throats.

The background (.J) has some additional properties which are puzzling from the
point of view of the fivebrane configuration. The near-horizon geometry of the intersecting
fivebranes is expected to have an SO(4) x SO(4) global symmetry. The background (p.d)
does not have such a symmetry. Furthermore, out of the eight supercharges that one
expects from the brane perspective, only four are realized linearly.'!

We see that there is some tension between the properties of the throat geometry (b.3)
and those expected from the near-horizon geometry of the intersecting fivebranes. It would
be interesting to understand the relation between the two better.

6.3 Type ITA

The intersecting N S5-brane background ([1.3) is an exact solution of the classical equations
of motion of IIA string theory as well.'? It is natural to ask how the results of this paper
generalize to that case. Many aspects of the discussion carry over to the ITA case. In
particular, it is still true that the near-horizon geometry for coincident fivebranes is (B),
and that it exhibits an enhanced super-Poincare symmetry.

One can also repeat the calculations of section .4 and find the spectrum of massless
modes living near the intersection of the branes for My > M;. As we show in appendix
A the result is very similar to the IIB case. Instead of kiks currents (3.11)) associated with
one finds k1ko modes of the RR fields that correspond to
products of left and right-moving real (Majorana) fermions, W, W%, It is thus natural to

left-moving chiral fermions W¢,
conjecture that each intersection of two IN.S5-branes carries a Majorana fermion.

Some other elements of the IIB discussion do not have an obvious analog in the ITA
case. In particular, there is no D-brane picture which allows one to analyze the low energy
dynamics associated with the intersection. One expects that the strong coupling region
should be treated by lifting to eleven dimensions. It is natural to ask whether the full theory
preserves the enhanced symmetry of the near-horizon background ([.3). This requires a
better understanding of the fate of the fermions, and will be left for future work.

6.4 Fundamental strings and AdS3 x R x §3 x §3

Adding fundamental strings stretched in the directions (01) to the intersecting N S5-branes,
and taking the near-horizon limit, one finds the geometry AdSs x R x 83 x S3, which can be
thought of as a limit of AdS3 x S x S3 x §2 with the radius of the S* going to infinity. This
system was studied from the point of view of holography in [R0][RI-[RJ], but it remains
enigmatic. Some of our results are directly relevant to the study of this system. For
example, the fact that when we take the near-horizon limit of the fivebranes, the fermions
at the intersection decouple, implies that the same is true after adding the fundamental
strings and taking their near-horizon limit. Also, the fact that before adding the strings

"' The background (@) is a special case of the non-critical superstring construction of [@], where the
symmetry structure was analyzed.

12 A quick way to see that is to note that the CHS geometry is an exact worldsheet CFT with ¢ = 6, and
can be used to construct ITA backgrounds as well.
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the system has an enhanced Poincare symmetry should have important implications for
the structure of the spacetime CFT after adding the strings. We will leave a more detailed
discussion of this interesting system for future work.
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A. A CFT analysis of separated fivebranes

A.1 Conventions

Consider N = 1 SCFT on SU(2)y. Denote the bosonic SU(2) currents by K%(z), a = 1,2,3,
and the fermions by x®. The superconformal generator is

1 _ 1 _
G=Q (EKW + 5K X7+ K0+ xTx x3> : (A1)
The currents satisfy the OPE algebra
1k -2)
K3 K3 ~ 2(
() ~ ZE
k—2 2K3 (w)
K (2)K~ (w) ~
(K~ (W) ~ g+
Ki
K (2)K* (w) ~ £ _(Z) , (A.2)

. A3
po— (A-3)
A similar set of conventions will be used for SL(2);. The bosonic currents will be
denoted by J%(z), and the fermions by ¥*(z). They satisfy the OPE algebra
1k +2)
J3 J3 ~ 2(
() w) ~ ~Ey
k+2  2J%w)
(z—w)? z-—w ’
+
J3(2)JE (w) ~ LW , (A.4)

zZ— W

T (=) (w) ~
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and

1
+ - ~Y
P (w) ~ —
1
3 3
~ — . A5
P W) ~ - (4.5)
The N = 1 supercurrent is
G~Q (iﬁw— + LJV/J’L — TP — 1/1+1/1_¢3> : (A.6)
V2 V2
A.2 Six dimensional background — fivebranes on a circle
k type IIB fivebranes on a circle are described by the background
SL(2,R) SU(2)
R>! ’ 7y . AT
(55t < T) /4 A

The background must have (1, 1) supersymmetry in 5+ 1 dimensions. A technically useful
way to think about this system is the following. Consider the spacetime

R5! % SL(2) x SU(2)y - (A.8)

This is a twelve dimensional background with signature (10, 2). In order to get the physical
background ([A.7), one can gauge the null U(1) super-Kac-Moody algebra

1 Q tot tot
508 =0 05 (A - K{™) (A.9)
where JétOt) = J3+1 T~ is the total J3 current, which receives contributions from bosons

and fermions on the worldsheet, and similarly for Kg()wt).

The gauging of the null superfield ([A.9) implies the presence of a bosonic (5,7') ghost
system with spin %, and BRST charge

dz

57 (2 )7—()(3 — 7). (A.10)

QBRSTZ"'-F?{

As usual, we can write
v =ne? | (A.11)

where ¢ is a canonically normalized scalar field with no linear dilaton.

We can bosonize the free fermions corresponding to ([A.§) as follows:

' — Hy,Hy, Hs

x"x~ = i0Hy ,
7/)+¢_ = Z(?Hg; )
1 p—
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such that

dZ 1Tt
QBrsT =+ + j{ —27Tz,77’e*" T (A.13)
The spacetime supercharges take the form
+ dz ¢ _ip 9o +i(H,+Hs)
Q= 9C ¢ e 2 SqeT 2\ TS (A.14)
i

Here S, is a spinor of Spin(5,1) with a particular chirality, i.e. & € 4. It is instructive to
check that (JA.14) is indeed BRST invariant, w.r.t. the BRST charge of the N = 1 string.

The supercharges QF satisfy the conjugation relation (Q*)T = @7, and the anti-
commutation relation {Qj,QE} = 'YSBPM' To prove the latter, one uses the fact that
e il ig g picture-changed version of the identity, as can be checked by applying {QprsT,
&'} to it.

In the type IIB theory, the other worldsheet chirality gives rise to supercharges Q,
which have the opposite chirality under SO(5,1),

o = 4z % AT -FG. ALt (A.15)

In the ITA case @ has the same chirality as Q.

We next discuss some observables and states in the theory from the present perspective.
Consider first the (NS,NS) sector. A class of non-normalizable vertex operators which
correspond to symmetric traceless operators in the low energy gauge theory is given by

Tr@" ™2 ... 942 (p,) s e ¥7F (x%Vj(S“)> Vi) e (A.16)

sl)
HLmm I
Here ®' are scalars in the adjoint of SU(k). The operators on the Lh.s. of (A.16) are
symmetric and traceless in the indices (i1,42,...,%92j+2). On the r.h.s., the indices (m,m)
are the same for SU(2) and SL(2), due to the constraint that ([A.9) should vanish. The
SL(2) quantum number j’ is determined via the mass-shell condition
G+ JG+1 1

- +

—p?2=0. Al
k : 5P =0 (A.17)

Note that the SO(4) symmetry corresponding to rotations of the space transverse to the

)

fsm). The gauging of ([A.9) breaks this symmetry down to U(1) x Z. This is in agreement
with the spacetime picture, where the breaking is due to the expectation value of one of
the complex scalars ®¢, which we will denote by B [[J],[I4].

We are particularly interested in the spectrum of on-shell massless states. These cor-

fivebranes is realized on the r.h.s. as the SU(2)r x SU(2)r symmetry generated by Ké“’t

respond to principal discrete series states in SL(2,R), with m =m = j'+ 1 in (A.16). The
masslessness condition implies, via ([A.17) that j/ = j. Hence we have normalizable states
of the form ([A.1q) with m =m = j + 1 = j' + 1, or more explicitly,

—o—B Aot (1)1 () ip-
e TIX Vg Vine (A.18)
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with p? = 0. These correspond in the low energy gauge theory to the states

1
2j + 2

k .
TI‘B2j+2|0> — Z b1627rz‘l(21k+1) |0> , (Alg)
=1

with b; the eigenvalues of B and 25 +1 =1,2,3,...,k — 1. Thus, we see here the k — 1
massless fields corresponding to the eigenvalues of B in the adjoint of SU (k).

We next move on to the (R,R) sector, in particular the operators dual to TrF; Wsz +1
The normalizable states corresponding to these operators have the form

Note that this satisfies JétOt) = K?(,wt) and jgwt) = Féwt), as necessary for (A.9) (of course,

the same is true for (A.1§)). (JA.2(Q) are normalizable vertex operators corresponding to
the U(1)*~! photons

k

1(25+1)
S EGe T (A.21)
=1

Again, as in ([A.19), the overall U(1) degree of freedom is absent. The states (A.20), (A.21)
were discussed in [[[§]; the description here gives a particularly simple construction of these
states.

A.3 Two dimensional background — intersecting fivebranes

We next move on to the case of two sets of fivebranes in 1IB string theory:

(1) k1 NS5-branes stretched in (012345).

(2) ko NS5-branes stretched in (016789).

We will spread the fivebranes in each set on a circle, as before, to regularize the
problem. The background of interest will now be

RY x SL(2)g, x SU(2)g, x SL(2)g, x SU(2)k, - (A.22)

This is a fourteen dimensional spacetime of signature 11+ 3. To get to the ten dimensional
fivebrane geometry, we need to gauge two null U(1)’s of the form ([A.J), one for each
SL(2) x SU(2) factor in (A.29).

For brevity, we are going to omit below factors analogous to e3¢ HH) iy (), etc.
As we saw in the previous subsection, these factors play no role in the discussion since
e~ (@' +ifl') hag dimension zero for all r, and if r € Z, the operator is proportional to the
identity operator (after picture changing).

We will use the following notation for the free fermions:

Yoy = i0H
O = iom
P = ioH,
Xf)x(_Q) = i0H3 ,
Dy = ioH, . (A.23)
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As we have seen, the SUSY corresponding to this fivebrane configuration in type IIB is
four supercharges from the left and four from the right, all with the same chirality in (01).
These supercharges can be constructed in analogy to (JA.14]), (A.15):

)

Qii _ y{eg+éHié(H1+H2)i;(H3+H4)
ot = j{e—§+gHig(H1+H2)ig(H3+H4> _ (A.24)

Let us start with the question of what normalizable massless states there are in this geom-
etry. We need to consider principal discrete series states in each SL(2). It is not difficult
to see that no analogs of the (NS,NS) states ([A.1§) can survive the GSO projection. The
only states that can possibly make it are (RR) ones. They are described by the vertex
operators (compare to ({A.20))

o= £—8 L (HAT) ipw (T (501)  — 5 (Ho+ T2y (sh)

J13J1,J1 Jui+lji+1
A(H +H3) (su2) _i(H +H,) (sl2)
ez TS VJ'2;J'2Jze Z ‘/’J'z;j2+1,j2+1 ) (A.25)
For each (j1,72) with 2j; = 0,1,2,...,k; — 2, we have a chiral scalar. In the convention

where the supercharges satisfy Q> ~ P7, the states ([A.2§) have P* = 0, P~ # 0. The
total number of chiral scalars is (k1 — 1)(k2 — 1). Looking at the transformation properties
under SO(4)2345 X SO(4)g789, We see that these scalars carry quantum numbers of

Trw B g gt (A.26)

They correspond to the currents (B.15).

A useful interpretation of the (k1 — 1)(k2 — 1) holomorphic currents (|A.25) is as the
RR ground states of the CFT on the product of cigars and minimal models. Each min-
imal model has k; — 1 chiral operators, which are mapped by spectral flow to k; — 1 RR
ground states. At a generic point in the moduli space of fivebrane positions, all these are
normalizable, and we have (k; — 1)(k2 — 1) RR ground states.

It is easy to generalize the above analysis to the case of NS5-branes intersecting in
ITA string theory. In the expression for the supercharges (JA.24), and RR vertex operators
(A-23), one simply takes H — H, H — —H. This leads to a superalgebra with four left-
moving and four right-moving (in spacetime) supercharges, and the RR states (JA.25) have
the quantum numbers of

Tro BB (A.27)
where U¢ are real left-moving (Majorana Weyl) fermions, and @Z are their right-moving
counterparts.
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