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String junctions and bound states of intersecting branes

David Berenstein* and Robert G. Leigh†
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~Received 11 January 1999; published 23 June 1999!

We study four-dimensional black hole configurations which result from wrapping M5-branes on a Calabi-
Yau manifold, as well asU-dual realizations. Our aim is to understand the microscopic degrees of freedom
responsible for the existence of bound states of multiple branes. The details depend on the chosenU frame; in
some cases, they are massless string junctions. We also identify a perturbative description in which these states
correspond to twisted strings of intersecting D3-branes at an orbifold singularity. In each case, these are the
preponderant states of the spacetime infrared conformal field theory and account for the entropy of the black
hole. @S0556-2821~99!04514-2#

PACS number~s!: 11.25.Hf, 04.70.Dy
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I. INTRODUCTION

It is by now well known that systems of intersectin
branes correspond to black holes, and the entropy of su
system may be accounted for by enumerating string st
@1#. At least when sufficient supersymmetry is preserved,
configuration of branes is a bound state at threshold. In m
cases, these bound states signal the existence of degre
freedom localized on the intersection manifold. It will be t
aim of this note to understand in more detail the nature
these new states.

We are interested here in an intuitive problem: what is
detailed mechanism for binding together a collection
many~more than two! branes, and in particular, what are th
relevant microscopic degrees of freedom? For a bound s
of a pair of branes, we can certainly expect that ordin
strings stretching between them are responsible for the b
ing. However, in intersections of more than two bran
binding by ordinary strings cannot account for the entropy
the configuration, as we will discuss in some detail below

The system that we will have in mind throughout th
paper is the four-dimensional black hole obtained from
M5-brane wrapped on a divisor of a Calabi-Yau threefo
However, it will be useful to consider directly a collection
three types of M5-branes wrapped on orthogonal cycles
T6. In much of the paper, we will discuss directly the case
T6, although we explore Calabi-Yau manifolds in the fin
section. In the case ofT6, we may take the M5-branes to b
arranged as follows:

Brane 0 10 1 2 3 4 5 6 7 8 9

M51 d d d d d – – d – – –
M52 d d d – – d d d – – –
M53 d – – d d d d d – – –
PL – – – – – – – d – – –

The four-dimensional black hole has anE7,7 U-duality
group; a useful diagonal basis identifies four charges as
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number of M5-branes of each of three types plus momen
along the eleventh direction. The entropy of this black hole
given, at least to leading order, by the product of the
charges, and may be thought of as counting all of the e
tations of the black hole.

Let us briefly review what is known about this system
There are several points of view. In the limit where the co
pact manifold is small, one attains an effective description
terms of a (111)-dimensional field theory on the interse
tion manifold of the M5-branes. This theory is a superco
formal field theory in the infrared, with (0,4) supersymm
try. First, there is an important analysis of Ref.@2# ~see also
Ref. @3#! which computes the central charge of this theory
terms of the cohomology of the complex divisor upon whi
the M5-branes are wrapped. Thus the entropy is compu
in leading order, by the triple-self-intersection number of t
divisor. String states stretching between two types of bra
would only account for double intersections, and thus f
short. Whatever this spacetime conformal field theory~CFT!
is, it is known that onT6 it must have a moduli space o
deformations given byF4(4)(Z)\F4(4) /Sp(2)3Sp(6) @4#.

The low energy physics of the bound states may be
derstood in terms of deformation theory. Locally, we c
discuss the triple intersection inC3, coordinatized by
z1,z2,z3. An equation for the divisor is of the form

PN1 ,N2 ,N3
~z1,z2,z3!505PN1

~z1!PN2
~z2!PN3

~z3! ~1!

whereNi are the degrees of each polynomial. The zeroes
this polynomial correspond to the position of each M5-bra
The holomorphic deformations of the divisor are of the fo

PN1 ,N2 ,N3
~z1,z2,z3!1QN121,N221,N321~z1,z2,z3!50.

~2!

The degrees of the polynomialQ have been chosen such th
this deformation does not alter the asymptotic form. We c
choose to write the deformations in the following form:
©1999 The American Physical Society05-1
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QN1 ,N2 ,N3
5(

i , j ,k
ai jk

PN1
~z1!PN2

~z2!PN3
~z3!

~z12r i
1!~z22r j

2!~z32r k
3!

. ~3!

The ai jk are the localized deformations, and appear as fie
in the low energy description. The number of degrees
freedom then is simply counted as the number of triple
tersections; because of supersymmetry, these must com
supermultiplets, withc56. When we compactify, care mus
be taken with boundary conditions, and so not all of the
deformations are allowed. One expects, however, that th
effects are subleading compared to the number of triple
tersections.

Furthermore, the near-horizon limit of this black hole d
plays the geometry AdS33S3/ZN3M4; the supergravity
spectrum on AdS3 has been computed@5#, and recently, the
quantization of strings@4# in this background has been co
sidered. In this paper, we are not directly interested in s
SCFT descriptions. Instead, we would like to elucidate
microscopic stringy physics responsible for the existence
the bound state. We discuss several different U-frames h
perhaps the most intuitively appealing picture is within
type IIB frame, where the binding of three branes is rela
to the existence of massless string junctions localized at
triple intersection. The identification of these no
perturbative states is hampered by the absence
Bogomol’nyi-Prasad-Sommerfield~BPS! states in this back-
ground, although we give strong arguments for the existe
of the bound states. Another type IIB frame involves int
secting D3-branes localized at an orbifold singularity; t
bound states are understood in terms of twisted strings.
latter frame leads to a perturbative UV gauge theory desc
tion of this system.

II. STRING JUNCTIONS

We begin with a short review of the essential properties
string junctions. In type IIB string theory, 1-branes are cl
sified by a pair of integers (p,q). In this notation, the funda
mental string is a (1,0)-brane, and theD1-brane a
(0,1)-brane. It is known that, subject to some conditio
there is a BPS state consisting of three such branes me
at a junction. Sincep andq are the charges with respect
the 2-formsBNS and BR , they must be conserved at th
vertex:

(
i

pi5(
i

qi50. ~4!

In addition, there is a zero force condition which depends
the coupling@6,7#.

Now note that there is a U-duality frame in which the
M5-branes become an Neveu-Schwarz~NS! 5-brane, a D5-
brane and a D3-brane in type IIB string theory. This is
tained~referring to the table in Sec. I! by compactifying the
10-direction, then performingT-duality along, say, the
2-direction. These three branes intersect along a string as
02600
s
f
-
in

e
se
-

-

h
e
f

re;

d
e

of

ce
-

he
p-

f
-

,
ing

n

-

id

the M5-branes. The low energy theory then is expected to
a (111)-dimensional CFT with (0,4) supersymmetry:

Brane 0 1 2 3 4 5 6 7 8 9

D3 d d – d – – d – – –
D5 d d d – d d d – – –
NS5 d – d d d d d – – –
PL – – – – – – d – – –

From the point of view of charge conservation, the st
shown in Fig. 1 exists and is stable. Furthermore, the str
junction is massless when the three branes intersect;
junction may be made massive by moving the branes a
from each other in the 789-directions.

Now, each of the ends of the string junction may term
nate on any of theN branes of the appropriate type. Thus, w
see that there are of orderN1N2N3 states present here. Fu
thermore, since the junction must organize itself into a r
resentation of the (0,4) supersymmetry, there are 4N1N2N3
bosonic states and their superpartners. String junctions
account for the entropy of this configuration. Note that in th
frame, open string states stretching between branes are
this numerous. Thus, at least to leading order, the entrop
accounted for by non-perturbative states.

There are several potential problems with this pictu
however, and we now turn to a discussion of the relev
issues. We have claimed above that the string junctions
massless when the branes intersect. This is true geom
cally at the classical level, however, it is not true that t
mass of a massive state is protected. To understand the
evant issues, we should consider the details of (0,4) su
symmetry algebra in two dimensions@8#. The algebra takes
the form

$Q,Q%5PR . ~5!

In particular, there are no central charges as that requ
both left and right moving supersymmetries. The BPS bou
is thus simplyPR>0; the only states saturating the boun
aremasslessand may havePLÞ0. This implies that in any

FIG. 1. Cartoon of junction between branes.
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ultraviolet description, only the massless states withPR50
will necessarily survive down to the infrared conform
theory and contribute to the entropy of the configuration
are studying. For this massless state to be present then
must argue that the classical moduli space is unmodi
quantum mechanically, at least at the origin. Indeed, we
not expect such modifications because of the (0,4) su
symmetry. This is actually more restrictive than (2,2); f
example, the metric of the target space manifold must
hyper-Kähler.

If we identify the states localized at the intersection to
of a non-perturbative origin, then we must become comfo
able with the idea that the conformal field theory of ordina
string states is somehow insufficient. Indeed, we can thin
this situation as akin to a conifold singularity—at the orig
there is a new branch of the moduli space, parameterize
VEV’s of the fields corresponding to string junctions. This
not obviously inconsistent, as near the NS5-five branes
string theory is strongly coupled which invalidates perturb
tion theory.

III. THE ORBIFOLD FRAME

In this section, we discuss anotherU frame which is per-
turbative, and the localized states at the intersection
twisted strings. To attain this, we may begin with the co
figuration used in the last section, and perform aT duality
alongX1,2:

Brane 0 1 2 3 4 5 6 7 8 9

D31 d – d d – – d – – –
D32 d – – – d d d – – –
KK5 d 3 d d d d d – – –

The interpretation of this configuration is that of a pair
D3-branes intersecting along a line (X6), at aZN3

orbifold

singularity.1 Here, N3 is the number of NS5-branes in th
original picture, and there areN1 (N2) D3-branes of each
type. Note that in this frame, there is no manifest trial
betweenN1 ,N2 andN3. This occurs simply because of tak
ing a definiteU-duality frame; triality will be recovered in
U-invariant quantities, such as the entropy.

This is an interesting configuration in its own right. W
find a gauge theory description of the (111)-dimensional
intersection. This theory is an ultraviolet description whe
gravity has been decoupled, which will flow to the releva
conformal field theory in the infrared. In this theory, we w
be able to identify the states that are localized at the in
section, and which contribute the predominant amount
entropy. Since the configuration is perturbative, the anal
is reliable.

The spectrum of this gauge theory may be obtained v
straightforward application of familiar techniques. Note fi

1In the table, the symbol3 refers to the Taub-NUT~Newman-
Unti-Tamlewino! direction. We takeX1,7,8,9to be noncompact. This
ensures that the singularity is isolated.
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that if we concentrate on the states of a single D3-brane
dimensionally reduce along a two torus, we expect to
multiplets of (4,4) supersymmetry. The supersymmetry p
served by each of the two D3-branes is incompatible, an
the end we are only left with (0,4) supersymmetry; the str
states connectingD31 to D32 do not form full
(4,4)-multiplets.

To construct the spectrum, account for the orbifolding
N3 images of the collections ofN1 (N2) D3-branes. String
states that stretch between D3-branes of the same typ
mentioned, give multiplets of (4,4) supersymmetry—the f
mions and bosons are in the same gauge multiplets. Th
multiplets which correspond to string states between bra
at the same image, turn out to be hypermultiplets, wher
those stretching horizontally~see Fig. 2! are vector multip-
lets, ~this nomenclature comes from looking at the four d
mensional theory on the intersection of two D5-bran
where the vector directions are along the intersection m
fold, and the hypermultiplet directions are orthogonal!. The
resulting gauge group is then2

)
k51

N3

@U~N1!3U~N2!#. ~6!

The string states that stretch between D3-branes of diffe
type however are acted upon non-trivially by the orbifo
It should be noted that theZN3

acts chirally on the

SU(2)3SU(2) R symmetry on either of the D3-brane
First, this particular orbifold action is important for preser
ing (0,4) supersymmetry and the resulting hyper-Ka¨hler
structure.

2We consider the low energy ultraviolet theory, and so do
concern ourselves with the possible decoupling ofU(1)’s.

FIG. 2. A portion of the quiver diagram. The open~closed!
circles represent images of theN1 (N2) collections ofD3-branes.
Bosonic string states and superpartners are represented by d
lines, left-moving fermions by solid lines.
5-3
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Given this orbifold action, bosons and right moving fe
mions form supermultiplets, and the left moving fermio
are singlets under supersymmetry. The field content is s
marized in Fig. 2. The fields are supermultiplets for the v
tical lines, and left-moving fermions for the diagonal line
The nodes and edges have a supermultiplet and left-mo
fermion singlets, as is required in order to complete rep
sentations of~4,4! supersymmetry. Note that this portion o
the spectrum is an example of ‘‘misaligned supersymmet
of Ref. @9#, as bosons and fermions are degenerate but
are in different representations of the symmetry groups. T
much of the structure of a (4,4)-supersymmetric theory
present; only the gauge representations are aware of
breaking to (0,4).

As the configuration is made only out of D3-branes, t
value of the type IIB coupling constant is not fixed at a
value, and we can actually take a weakly coupled limit,
that the field theory analysis is accurate.

Next, we would like to count~gauge invariant! modes, in
order to probe the entropy of the corresponding black h
To facilitate this, we move on the moduli space to a gene
point, where the gauge group is broken as much as poss
To this end, we move all D3-branes apart in the 234
directions~but not away from the orbifold singularity!. The
gauge group is Abelian,U(1)N13U(1)N2, and massless
charged states are present. While most of the (4,4) vec
and hypermultiplets have been lifted, the twisted states
vive. These states are localized at the orbifold singular
and have multiplicityN1N2N3 ~since they are in (N1 ,N̄2)
representations, and there areN3 images!. For each of these
we have two complex bosonic modes and two complex
mionic modes~as in Fig. 2!. In a sector with fixedPL , these
states dominate the entropy, giving by a standard argum
S52pA6N1N2N3PL1•••.

It was found in Ref.@4# that the central charge of th
spacetime conformal theory contains no subleading cor
tions. However, in the present construction, it appears
there is a problem. There are massless fields which are
remnant of the adjoint hypermultiplets. There is one su
supermultiplet remaining per vertex of Fig. 2, and thus o
would expect that these fields contribute to the entropy
order (N11N2)N3. It is possible that the correct centr
charge is nevertheless obtained by canceling this contr
tion. We have assumed that all triple intersections contrib
an independent supersymmetric degree of freedom to the
tropy, but this is not really true, as not all of the local defo
mations can produce a smooth manifold. This means
some fraction of the~vertical! fields have a superpotentia
and therefore do not contribute to the entropy. It is qu
possible that this correction to the leading term in the
tropy above precisely cancels the effect of the adjoint fie
A similar mechanism is known to occur in the D1-D5 syste
@10,11#—the dimension of the moduli space is smaller th
the number of fields because of D-term constraints~in our
case we have F-terms!.

Now note that we expect that this discussion of the sp
trum is robust—the entropy is accounted for by twist
string states, as long as the singularity itself is not modifi
by quantum corrections. Furthermore, this description of
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states localized at the intersection isT-dual to the description
in the previous section in terms of string junctions, this
from one description to the other we do a discrete Fou
transform. We regard this then as definitive evidence~if du-
ality is to be believed! for the existence of massless strin
junctions in that frame, and hence for their contribution
the entropy.

IV. OTHER U FRAMES

It is of interest to consider otherU frames in the same
context. We confine ourselves to brief discussions of t
such frames; in most cases, an understanding of the loca
states is considerably more difficult.

A. M theory and 3 M5-branes

First, we consider the original M-theory configuratio
and account for the entropy there@12#. This may be under-
stood by beginning with the string junction; if we lift this t
M theory, we find that the junction becomes a M2-bra
‘‘pants section.’’ Each (p,q)-leg has one direction wrappe
along the vector (p,q) in theX2,10 torus@13#. Thus the bound
state degrees of freedom are these pants sections; at a
intersection point of the M5-brane, they have zero area
so should go massless. A smooth point in moduli space t
is attained by turning on vevs for these low energy fields

B. Type IIA and the 4440 system

By compactifying the M-theory configuration alongX6,
we obtain a system of three different types of D4-bran
plus D0-branes from momentum alongX6. This is a system
that has been well-studied in the black hole context@14,15#.
The pants section of the preceding paragraph descends
similar D2-brane, while the momentum descends to a c
stant D0-flux through the D2-brane,F25PLdVol; where the
volume is normalized to unity.

The localized states of this system are counted as follo
At a given intersection, a pants section is massless, and
an arbitrary D0-flux it’s energy is just the D0 brane charg
States with fixed D0-fluxPL are then obtained by partition
ing that flux overn pants sections~where 1<n<PL , in the
normalization wherePL is an integer.! Thus we find factorial
growth of states exactly like the free field theory calculatio
with3 S.2pA6N0N1N2N3. Notice that theD2 branes are in
a sense auxiliary to the construction as the totalD2 brane
charge is zero. This is a description of these bound state
terms of some remnant, along the lines of Refs.@16,17#.

V. M-BRANES ON CALABI-YAU THREEFOLDS

It is also of interest to discuss the case of M5-branes
Calabi-Yau 3-folds more directly. To begin, consider t

3This may be obtained by taking the partition functionZ
.@h(q)u(q)#4N1N2N3, for fixed ^E&5N0.
5-4
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case ofK33T2, with M5-branes wrapped on different com
plex 2-cycles. In particular, there are M5-branes wrapped
the whole K3 manifold; in a type IIB description, thes
branes give rise to anAN3

singularity times aK3 surface.

Other M5-branes that wrap theT2 as well as a 2-cycle of the
K3 correspond to D3-branes. Again, we can go to a wea
coupled type IIB picture and repeat the steps to get the o
string quiver diagram corresponding to the configurati
The twisted open strings are again the relevant degree
freedom.

This construction can be immediately generalized to
elliptically fibered Calabi-Yau manifoldM with a section.
Clearly, we should distinguish M5-branes which wrap
cycle on the base plus the elliptic fiber from those wh
wrap the base completely. The latter appear as KK mo
poles while the former become D3-branes wrapped
2-cycles of the base, once we turn to the dual IIB F-the
configuration.

The description in terms of twisted open strings is go
only locally on the D3 branes, yet the choice of which stri
is light changes as we move around the D3 brane, and
certainly become massless at the intersection points of th
Their contribution to the central charge is nvertheless p
tected by the (0,4) supersymmetry.
rg

gy

in
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VI. CONCLUDING REMARKS

In this note, we have considered configurations of bra
which form bound states at threshold. The entropy of th
objects may be understood from the counting of~not neces-
sarily perturbative! states which becomes massless when
different constituents of the black hole are brought togeth
The identification of these modes as string junctions is p
ticularly appealing, as all of the degrees of freedom can
seen geometrically, but are never perturbative in t
U-frame.

We have also found a perturbative picture in which t
microscopic states are twisted string states on the inter
tion of D3-branes at an orbifold singularity. The ultraviol
theory then is a gauge theory. We have been unable
deforming the moduli space, to find a description of t
spacetime infrared conformal field theory in terms of fr
fields however, either on the torus, or for those Calabi-Y
manifolds for which the construction makes sense.
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