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String junctions and bound states of intersecting branes
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We study four-dimensional black hole configurations which result from wrapping M5-branes on a Calabi-
Yau manifold, as well asJ-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 théJdnases) 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.[S0556-282(99)04514-2

PACS numbds): 11.25.Hf, 04.70.Dy

[. INTRODUCTION number of M5-branes of each of three types plus momentum

along the eleventh direction. The entropy of this black hole is

It is by now well known that systems of intersecting given, at least to leading order, by the product of these

branes correspond to black holes, and the entropy of suchgharges, and may be thought of as counting all of the exci-

system may be accounted for by enumerating string statagtions of the black hole.

[1]. At least when sufficient supersymmetry is preserved, the et us briefly review what is known about this system.
configuration of branes is a bound state at threshold. In manyhere are several points of view. In the limit where the com-
cases, these bound states signal the existence of degreespgict manifold is small, one attains an effective description in
freedom localized on the intersection manifold. It will be the (ayms of a (1 1)-dimensional field theory on the intersec-

aim of this note to understand in more detail the nature ofi;, manifold of the M5-branes. This theory is a supercon-

these new'states. . s ) . formal field theory in the infrared, with (0,4) supersymme-
We are mteres_ted here In an intuitive problem: wha_t IS thetry. First, there is an important analysis of Rgf] (see also

detailed mechanism for binding together a collection OfRef. [3]) which computes the central charge of this theory in

many (more than twobranes, and in particular, what are the erms of the cohomology of the complex divisor upon which

relevant microscopic degrees of freedom? For a bound sta{ﬁe M5-branes are wranped. Thus the entropy is computed
of a pair of branes, we can certainly expect that ordinary, pped. Py b '

: . ; ._“In leading order, by the triple-self-intersection nhumber of the
strings stretching between them are responsible for the binds. . X i
. 2 ) divisor. String states stretching between two types of branes
ing. However, in intersections of more than two branes

binding by ordinary strings cannot account for the entropy o%NOUId only account for dogble |ntersect|or_1$, and thus fall
: . S X ; short. Whatever this spacetime conformal field the@¥T)
the configuration, as we will discuss in some detail below.

: . ; . _is, it is known that onT® it must have a moduli space of
The system that we will have in mind throughout this |’ ) .
paper is the four-dimensional black hole obtained from andeformatlons given b¥4(4)(Z)\Fa(a)/SP(2) X SP6) [4].
The low energy physics of the bound states may be un-

M5S-brane wrapped on a divisor of a Calabi-Yau threefOId'derstood in terms of deformation theory. Locally, we can
However, it will be useful to consider directly a collection of . . . . .3 y. Localy,
iscuss the triple intersection if.°>, coordinatized by

three types of M5-branes wrapped on orthogonal cycles of gl > 3 ; L

T®. In much of the paper, we will discuss directly the case offt 14 An equation for the divisor is of the form
T6, although we explore Calabi-Yau manifolds in the final
section. In the case af®, we may take the M5-branes to be

1523\ _Nn— 1 2 3
arranged as follows: Pn, N, N,(25:25,29) = 0=Py (1) Py (29) Py, (2°) (D)

Brane 0 101 2 3 4 5 6 7 8 9

whereN; are the degrees of each polynomial. The zeroes of
M5, ®© @€ @@ @ @® - - @ - - - thispolynomial correspond to the position of each M5-brane.
M5, ®© @€ ®@ - - @ @ @ - - - The holomorphic deformations of the divisor are of the form
M5, ®@ - - @ & & & o - - -
P - - - - - - - @& - - -

P, N, Na(252%2%) 4 Quy -1, 18, - 1(21,22,2%) =0.
The four-dimensional black hole has é&#;; U-duality (2
group; a useful diagonal basis identifies four charges as the

The degrees of the polynomi@l have been chosen such that
*Email address: berenste@hepux0.hep.uiuc.edu this deformation does not alter the asymptotic form. We can
TEmail address: rgleigh@uiuc.edu choose to write the deformations in the following form:
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PNl(Zl) Pp,( %) PNS(ZS)
QN Ny N, = 2 il

T @ (@@=

©)

The ajj, are the localized deformations, and appear as fields
in the low energy description. The number of degrees of
freedom then is simply counted as the number of triple in-
tersections; because of supersymmetry, these must come in
supermultiplets, witlc=6. When we compactify, care must
be taken with boundary conditions, and so not all of these
deformations are allowed. One expects, however, that these (-1.1)
effects are subleading compared to the number of triple in-
tersections.

Furthermore, the near-horizon limit of this black hole dis-

plays the geometry AdXS/ZyxM,; the supergravity —Ds
spectrum on Adghas been computdd], and recently, the
guantization of string$4] in this background has been con- FIG. 1. Cartoon of junction between branes.

sidered. In this paper, we are not directly interested in such
SCFT descriptions. Instead, we would like to elucidate thehe M5-branes. The low energy theory then is expected to be

microscopic stringy physics responsible for the existence o (1+ 1)-dimensional CFT with (0,4) supersymmetry:
the bound state. We discuss several different U-frames here;

perhaps the most intuitively appealing picture is within aBrane 0 1 2 3 4 5 6 7 8 9
type 1IB frame, where the binding of three branes is related

to the existence of massless string junctions localized at the3 e o - 6 - - - - -
triple intersection. The identification of these non-D5 e 6 o - o o o - - -
perturbative states is hampered by the absence a5 ® - e o o o o - - -
Bogomol'nyi-Prasad-Sommerfiel®PS states in this back- p_ - - - - - - e - - -

ground, although we give strong arguments for the existence
of the bound states. Another type IIB frame involves inter- e : : ’
secting D3-branes localized at an orbifold singularity; theSnOWn in Fig. 1 exists and is stable. Furthermore, the string
bound states are understood in terms of twisted strings. THENCUON is massless when the three branes intersect; the

latter frame leads to a perturbative UV gauge theory descriplnction may be made massive by moving the branes away
tion of this system. from each other in the 789-directions.

Now, each of the ends of the string junction may termi-

nate on any of thé&l branes of the appropriate type. Thus, we
Il. STRING JUNCTIONS see that there are of ordBl;N,N; states present here. Fur-
hermore, since the junction must organize itself into a rep-
esentation of the (0,4) supersymmetry, there dxigM,N;
o . . ) . bosonic states and their superpartners. String junctions then
sified by a pair of integersx). In this notation, the funda- - 5ccqunt for the entropy of this configuration. Note that in this
mental string is a (1,0)-brane, and thBl-brane a fame open string states stretching between branes are not

(0,1)-brane. It is known that, subject to some conditionSynis numerous. Thus, at least to leading order, the entropy is
there is a BPS state consisting of three such branes meeting. .o nted for by non-perturbative states.

at a junction. Sincg andq are the charges with respect 10 There are several potential problems with this picture

the 2-formsBys and B, they must be conserved at the powever, and we now turn to a discussion of the relevant

vertex: issues. We have claimed above that the string junctions are
massless when the branes intersect. This is true geometri-
cally at the classical level, however, it is not true that the

2 pi=2 q;=0. 4 mass of a massive state is protected. To understand the rel-

evant issues, we should consider the details of (0,4) super-

symmetry algebra in two dimensiofi8]. The algebra takes

In addition, there is a zero force condition which depends orihe form

the coupling[6,7].

Now note that there is a U-duality frame in which the 3 {Q,Q}=Pg. (5)

M5-branes become an Neveu-SchwéXs) 5-brane, a D5-

brane and a D3-brane in type IIB string theory. This is at-In particular, there are no central charges as that requires

tained(referring to the table in Sec) by compactifying the both left and right moving supersymmetries. The BPS bound

10-direction, then performingT-duality along, say, the is thus simplyPr=0; the only states saturating the bound

2-direction. These three branes intersect along a string as date massles&nd may have®, #0. This implies that in any

From the point of view of charge conservation, the state

We begin with a short review of the essential properties o{
string junctions. In type IIB string theory, 1-branes are clas
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ultraviolet description, only the massless states With=0
will necessarily survive down to the infrared conformal
theory and contribute to the entropy of the configuration we @) =—=——======—x Q@ — ®

are studying. For this massless state to be present then, we
must argue that the classical moduli space is unmodified
guantum mechanically, at least at the origin. Indeed, we do
not expect such modifications because of the (0,4) super-
symmetry. This is actually more restrictive than (2,2); for
example, the metric of the target space manifold must be
hyper-Kaler.

If we identify the states localized at the intersection to be
of a non-perturbative origin, then we must become comfort-
able with the idea that the conformal field theory of ordinary

string states is somehow insufficient. Indeed, we can think of Q) =—=——======= Q—————=
this situation as akin to a conifold singularity—at the origin,
there is a new branch of the moduli space, parameterized by

VEV'’s of the fields corresponding to string junctions. This is
not obviously inconsistent, as near the NS5-five branes the FIG. 2. A portion of the quiver diagram. The opégclosed

string theory is strongly coupled which invalidates perturba<ircles represent images of tid (Ny) collections ofD3-branes.
tion theory. Bosonic string states and superpartners are represented by dashed

lines, left-moving fermions by solid lines.

Ill. THE ORBIFOLD FRAME . .
that if we concentrate on the states of a single D3-brane but

In this section, we discuss anotHdrframe which is per- dimensionally reduce along a two torus, we expect to see
turbative, and the localized states at the intersection armultiplets of (4,4) supersymmetry. The supersymmetry pre-
twisted strings. To attain this, we may begin with the con-served by each of the two D3-branes is incompatible, and at
figuration used in the last section, and perfornt duality  the end we are only left with (0,4) supersymmetry; the string

alongXt2 states connectingD3; to D3, do not form full
(4,4)-multiplets.

Brane O 1 2 3 4 5 6 7 8 9 To construct the spectrum, account for the orbifolding by
N3 images of the collections dfl; (N,) D3-branes. String

D3, e - 6 o - - o6 - - states that stretch between D3-branes of the same type, as

D, e - - - @ @ @ - - - mentioned, give multiplets of (4,4) supersymmetry—the fer-

KK @ X @ @ @ @ @ - - - mions and bosons are in the same gauge multiplets. Those

. . . . L . multiplets which correspond to string states between branes
The Interpretation O.f this conflgu_ratlon IS that of a parr of at the same image, turn out to be hypermultiplets, whereas
D3-branes intersecting along a linXY), at aZy, orbifold stretching horizontallisee Fig. 2 are vector multip-
singularity” Here, N3 is the number of NS5-branes in the |ets, (this nomenclature comes from looking at the four di-
original picture, and there amd; (N;) D3-branes of each mensional theory on the intersection of two D5-branes,
type. Note that in this frame, there is no manifest triality where the vector directions are along the intersection mani-
betweenN;,N, andNs. This occurs simply because of tak- fold, and the hypermultiplet directions are orthogonahe
ing a definiteU-duality frame; triality will be recovered in resulting gauge group is then
U-invariant quantities, such as the entropy.

This is an interesting configuration in its own right. We Ng
find a gauge theory description of the {1)-dimensional
intersection. This theory is an ultraviolet description where k[[l [UN)XU(N2)]. ©)
gravity has been decoupled, which will flow to the relevant

conformal field theory in the infrared. In this theory, we will ) .
be able to identify the states that are localized at the inter] he string states that stretch between D3-branes of different

section, and which contribute the predominant amount ofyP€ however are acted upon non-trivially by the orbifold.

entropy. Since the configuration is perturbative, the analysid Should be noted that th&y, acts chirally on the

is reliable. SU(2)XSU(2) R symmetry on either of the D3-branes.
The spectrum of this gauge theory may be obtained via &irst, this particular orbifold action is important for preserv-

straightforward application of familiar techniques. Note firsting (0,4) supersymmetry and the resulting hypehla
structure.

Un the table, the symbok refers to the Taub-NUTNewman-
Unti-Tamlewing direction. We takeéx'”#°to be noncompact. This  ?We consider the low energy ultraviolet theory, and so do not
ensures that the singularity is isolated. concern ourselves with the possible decouplingJéf.)’s.
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Given this orbifold action, bosons and right moving fer- states localized at the intersectiorislual to the description
mions form supermultiplets, and the left moving fermionsin the previous section in terms of string junctions, this is,
are singlets under supersymmetry. The field content is sunfrom one description to the other we do a discrete Fourier
marized in Fig. 2. The fields are supermultiplets for the vertransform. We regard this then as definitive evidetitdu-
tical lines, and left-moving fermions for the diagonal lines. ality is to be believefifor the existence of massless string

The nodes and edges have a supermultiplet and left-movinginctions in that frame, and hence for their contribution to
fermion singlets, as is required in order to complete reprethe entropy.
sentations 0f4,4) supersymmetry. Note that this portion of
the spectrum is an example of “misaligned supersymmetry”
of Ref.[9], as bosons and fermions are degenerate but they
are in different representations of the symmetry groups. Thus
much of the structure of a (4,4)-supersymmetric theory is |t is of interest to consider othdd frames in the same
present; only the gauge representations are aware of thg&ntext. We confine ourselves to brief discussions of two
breaking to (0,4). such frames; in most cases, an understanding of the localized
As the configuration is made only out of D3-branes, thestates is considerably more difficult.
value of the type IIB coupling constant is not fixed at any
value, and we can actually take a weakly coupled limit, so
that the field theory analysis is accurate. A. M theory and 3 M5-branes
Next, we would like to coungauge |nvar|a|j.tmodes, n First, we consider the original M-theory configuration,
order to probg the entropy of the correspondmg black ho'.eand account for the entropy thel&2]. This may be under-
ggi;?cwﬁagfetmse, g\g/\:'igrgréog?oﬁg }Q%rrgsgﬁlgpgﬁigoag gsg;glc%ltood by beginr!ing with the $tring junction; if we lift this to
To this end, we move all D3-branes apart in the 2345- theory, we find that the junction becomes a M2-brane

. : ; “pants section.” Each f,q)-leg has one direction wrapped
directions(but not away from the orbifold singularityThe )
gauge gréup is Abeli);nu(l)leu(l)NZ ar?d m);lyssless along the vectorf,q) in theX?*°torus[13]. Thus the bound

charged states are present. While most of the (4,4) Vectostate degrees of freedom are these pants sections; at a triple

rﬁ S .

i . . intersection point of the M5-brane, they have zero area and
a_nd hypermultiplets have begn lifted, the tvv_|sted states U5 should go massless. A smooth point in moduli space then
vive. These states are localized at the orbifold singularity

o ) i Is attained by turning on vevs for these low energy fields.
and have multiplicityN;N,N3 (since they are inN,N,)

representations, and there at_gimages. For each of these, B. Type IlA and the 4440 system
we have two complex bosonic modes and two complex fer-
mionic modegas in Fig. 2. In a sector with fixed®, , these By compactifying the M-theory configuration alonf,
states dominate the entropy, giving by a standard argumet{e¢ obtain a system of three different types of D4-branes,
S=2m6N;N,NgP + - - -. plus DO-branes from momentum aloxg. This is a system

It was found in Ref.[4] that the central charge of the that has been well-studied in the black hole conféx(15.
spacetime conformal theory contains no subleading correcthe pants section of the preceding paragraph descends to a
tions. However, in the present construction, it appears thatimilar D2-brane, while the momentum descends to a con-
there is a problem. There are massless fields which are ttfgant DO-flux through the D2-brané,= P dVol; where the
remnant of the adjoint hypermultiplets. There is one suct¥olume is normalized to unity.
supermultiplet remaining per vertex of Fig. 2, and thus one The localized states of this system are counted as follows.
would expect that these fields contribute to the entropy aft @ given intersection, a pants section is massless, and with
order (N;+N,)Ns. It is possible that the correct central an arbitrary DO-flux it's energy is just the DO brane charge.
charge is nevertheless obtained by canceling this contribuStates with fixed DO-fluP, are then obtained by partition-
tion. We have assumed that all triple intersections contributénd that flux ovem pants sectiongwhere I<n<P,, in the
an independent supersymmetric degree of freedom to the eformalization wherd,_ is an integey. Thus we find factorial
tropy7 but this is not rea”y true, as not all of the local defor- grOWth of states exaCtIy like the free field theory CalCUlation,
mations can produce a smooth manifold. This means thawith® S=26NoN;N,N;. Notice that theD2 branes are in
some fraction of thevertica) fields have a superpotential @ sense auxiliary to the construction as the t@al brane
and therefore do not contribute to the entropy. It is quitecharge is zero. This is a description of these bound states in
possible that this correction to the leading term in the enterms of some remnant, along the lines of Ré1&,17.
tropy above precisely cancels the effect of the adjoint fields.
A similar mechanism is known to occur in the D1-D5 system V. M-BRANES ON CALABI-YAU THREEFOLDS
[10,11]—the dimension of the moduli space is smaller than
the number of fields because of D-term constraiirisour
case we have F-terms

Now note that we expect that this discussion of the spec-
trum is robust—the entropy is accounted for by twisted
string states, as long as the singularity itself is not modified ®This may be obtained by taking the partition functich
by quantum corrections. Furthermore, this description of the=[ 7(q) 8(q)]*N:N2Ns, for fixed (E)=Nq.

IV. OTHER U FRAMES

It is also of interest to discuss the case of M5-branes on
Calabi-Yau 3-folds more directly. To begin, consider the
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case ofK3x T2, with M5-branes wrapped on different com- VI. CONCLUDING REMARKS
plex 2-cycles. In particular, there are M5-branes wrapped on

the wholg K3, manifold; In a typg ”'_3 description, these which form bound states at threshold. The entropy of these
branes give rise to aAy, singularity times aK3 surface.  piacts may be understood from the countingrait neces-
Other M5-branes that wrap tfi¢ as well as a 2-cycle of the sarily perturbativi states which becomes massless when the
K3 correspond to D3-branes. Again, we can go to a weaklgifferent constituents of the black hole are brought together.
coupled type IIB picture and repeat the steps to get the opefhe identification of these modes as string junctions is par-
string quiver diagram corresponding to the configurationticularly appealing, as all of the degrees of freedom can be
The twisted open strings are again the relevant degrees 6een geometrically, but are never perturbative in this
freedom. U-frame.

This construction can be immediately generalized to an We have also found a perturbative picture in which the
elliptically fibered Calabi-Yau manifold with a section. ~Microscopic states are twisted string states on the intersec-
Clearly, we should distinguish M5-branes which wrap ation of D3-branes at an orbifold singularity. The ultraviolet

cycle on the base plus the elliptic fiber from those whichth€ory then is a gauge theory. We have been unable, by

wrap the base completely. The latter appear as KK monod€forming the moduli space, to find a description of the
pacetime infrared conformal field theory in terms of free

poles while the former become D3-branes wrapped orT i .
2-cycles of the base, once we turn to the dual IIB F-theor ields however, either on the torus, or for those Calabi-Yau

configuration manifolds for which the construction makes sense.

The description in terms of twisted open strings is good
only locally on the D3 branes, yet the choice of which string
is light changes as we move around the D3 brane, and they We wish to thank F. Larsen for discussions. Work sup-
certainly become massless at the intersection points of thesgorted in part by the United States Department of Energy
Their contribution to the central charge is nvertheless progrant DE-FG02-91ER40677 and the Outstanding Junior In-

In this note, we have considered configurations of branes
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