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We describe physical phenomena associated with a class of transitions that occur in the study of supersym-
metric three-cycles in Calabi-Ya€Y) threefolds. The transitions in question occur at real codimension one in
the complex structure moduli space of the Calabi-Yau manifold. In type-IIB string theory, these transitions can
be used to describe the evolution of a Bogomol'nyi-Prasad-SomméeB¢&l§) state as one moves through a
locus of marginal stability: at the transition point the BPS particle becomes degenerate with a supersymmetric
two-particle state, and after the transition the lowest energy state carrying the same charges is a nonsupersym-
metric two-particle state. In the IlA theory, wrapping the cycles in question with D6 branes leads to a simple
realization of the Fayet model: for some values of the CY modulus gauge symmetry is spontaneously broken,
while for other values supersymmetry is spontaneously broken.

PACS numbep): 11.25.Mj

[. INTRODUCTION sionb;(N) [11,6], this means we have to focus on so-called
“rational homology three spheres” withl;(N,7) at most a
In the study of string compactifications on manifolds of discrete group. We will further assume thet(N,Z) is
reduced holonomy, odd-dimensional supersymmetric cyclegfivial.
play an important partsee, for instanc@l—-10], and refer-
ences therein In type-1I1B string theory, a supersymmetric [l. SPLITTING SUPERSYMMETRIC CYCLES
three-cycle can be wrapped by a D3 brane to yield a
Bogomol'nyi-Prasad-Sommerfiel(BPS state whose prop-
erties are amenable to exact study; in the type-IIA theory or Let M be a Calabi-Yau threefold equipped with a choice
in M theory, Euclidean membranes can wrap the three-cyclef complex structure and Kéer structure. Letw be the
and contribute to “holomorphic” terms in the low-energy Kahler form onM, and let() be the holomorphic three form,
effective action of the spacetime theofthat is, terms that normalized to satisfy
are integrated over only a subset of the fermionic superspace 3
coordinates w-
Of particular interest, partially due to their role in mirror 3!
symmetry[5,7], have been special Lagrangian submanifolds ]
in Calabi-Yau(CY) threefolds. In an interesting recent paperTh'S also allows us to define two real, closed three forms on
by Joycd 10], various transitions which these cycles undergoM. Re(?) and Im(1). _ _ _
as one moves in the complex structure orhka moduli Let N be an oriented real three-dimensional submanifold
space of the underlying CY manifold were described. In thiof M. We callN a special Lagrangian with phas€’ if
paper, we study some of the physics associated with the sina) «|,=0,
plest such transitions discussed in Secs. 6 and Y10} (b) [sin(§)ReQ)—cos@)Im(€2)]|y=0.
These transitions are reviewed in Sec. Il. The physical picta) and (b) together imply that
ture which one obtains by wrapping D3 branes on the rel-
evant cycles in 1B string theory is described in Sec. Il .
while the physics of wrapped D6 branes in type-lIA string fN[COS( ORe(Q)+sin(6)Im(Q2)]=vol(N), (2.2
theory occupies Sec. IV. Our discussion is purely lo@al
both the moduli space and the Calabi-Yau manifoits was  where vol(N) is the volume ofN.
the analysis performed if10]; we close with some specula-  Physically, the relevance @ffor us will be the following.
tions about more global aspects in Sec. V. Let N andN’ be three-cycles which are special Lagrangian
At all points in this paper, we will be concerned wilgid  with different phasesd and ¢’. Compactifying, say, IIB
special Lagrangian three cycles. Since the moduli space of &ring theory orM, we can obtain BPS states which preserve
SpECial Lagrangian three CdeE(Includlng Wilson lines of a half of the N=2 Spacetime Supersymmetry by Wrapping
wrapped D braneis a complex Kaler manifold of dimen-  three branes o or N'. In the notation of1], the surviving
supersymmetries in the presence of a D3 braneNpifior
example, are generated by

A. Definitions

i _
= gQ/\Q. (2.1
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with 6= — 6/2— w/4. For generidd# 6’, however N andN’ N=CctuC~, dCt=-S, 9C =S
preserve differentV=1 supersymmetries and the state with
both wrapped three branes would break all of the supersynSo C* +D define three-chains and in fact it turns out that
metry.
[CT+D]=x"=[N"]. (2.5

B. Transitions .
We see that we can determine the volumeDofust from

The following supersymmetric three-cycle transitions areknowledge ofy™:
conjectured by Joyce to occur in compact Calabi-Yau three-
folds M. Choose two homology classeg” € Hy(M,Z%) 1
which are linearly independent iriz(M,R). For any ® A:TJDQZJD 'm(Q):f , Im(Q) (2.6)
e H3(M, (), define X

using ReQ)[p=0 and ImQ)[y=0. But when [Q] goes
‘b')(t:f P, (2.3 throughW(x*,x"), we see from Eq(2.6) and from the
X definition of W(x*,x ) thatA becomes negative; at least in

N . . the local model inC3, this means thall does not exist.
Thus® - y~ are complex numbers. Following Joyce, define a

subsetW(x™,x ") in H3(M,C) by
lll. FORMERLY BPS STATES IN IIB STRING THEORY
W(x " x ) ={® e H3M,C):(®-x ) (P-x ) e(0=)}. Now, consider type-IIB string theory compactified bh
(2.4  When the complex structure is such théX] is on the posi-
tive side ofW(x*,x "), one can obtain a BPS hypermultiplet

SoW(x",x") is areal hypersurface iHS(Mé‘C)- . by wrapping a D3 brane oi. One can also obtain BPS
Fix some small, positive angle For ® e H*(M,C) write hypermultiplets by wrapping D3 branes & or N~.
Because

(@ x")(P-x")=Rée’,
[N]J=[N"]+[N"],

where R=0 and fe(—m,7]. Then we say®d lies in )
W(x*,x") if R>0 and #=0. We say thatb lies on the One can maI§e a state carrying the same chgrges as thg BPS
positive side ofW(x",y") if R>0 and 0<#<e. We say brane wrappind\N py considering the two-particle state with
that @ lies on the negative side &(x*,x") if R>0 and D3 branes wrapping botN ™ andN~. How does the energy
— €< 6<0. Then, Joyce argues that the following kinds of ©f the two states compare? o
transitions should occur. We are given a Calabi-¥&with Recall that the dis© with boundary onN splits N into
compact, nonsingular three cyclds™ in homology classes W0 componentsC™. Define
[N*]=x". N= are taken to be special Lagrangians with
phasesei. We assu.meNi. intersept at one poinpe M, BtzJ' Q. 3.1
with N"NN~ a positive intersection. As we deform the c*

complex structure oM, the holomorphic three form moves ) .
around inH3(M,C) and therefore the phases™ of N* Then if we letV denote the volume dfl andV= denote the

change. volumes ofN*, we recall
When [Q] is on the positive side otW(x",x~) there ot o
exists a special Lagrangian threefddwhich is diffeomor- V=B"+B", 3.2
phic to the connected sumN*®#N~, with [N]=[N"] .
+[N~]in H3(M,Z). N can be taken to be special Lagrang- Ve =B* +iA, (3.3

ian with phase?= 0 (this fixes the phase dd for us). As we
deform[Q] throughW(x*,x "), N converges to the singular WhereA is the volume ofD. Since on this side of the tran-
unionN*UN~. When[Q] is in W(x*,x"), the phaseg*  sition A is positive, 6" is small and positive whiled™ is
align with #=0. On the negative side dV(y",x~), N  small and negative. In fact, the reality of the volunves lets
ceases to exist as a special Lagrangian submanifoltfi of Us solve for6= in terms ofB~ yielding
(while 6~ again become distinct

For completeness and to establish some notation we will 0t =+ A
find useful, we briefly mention some motivation for the ex- B
istence of these transitiod0]. In Joyce’'s model of the
transition, there exists a manifold with boundarySCN, The energy of the single-particle state obtained by wrap-
which is a special Lagrangian with phaself we call its  ping a D3 brane oiN is Tp3XV whereTps is the D3 brane
volumeA, this means thatA = [p{). Sdefines a two-chain tension. The energy of théhonsupersymmetricstate ob-
in N; since we are assuming thag(N,Z) is trivial, by Poin-  tained by wrapping D3 branes on bdth™ can be approxi-
care duality,Smust be trivial in homology. Becau®is real mated byTpsX (VY +V™). Expanding Eq.(3.9 for small
codimension one i, it actually splitsN into two parts: 6=, we find

(3.9

I+
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P . o 1 1 the noncompact spakeThis yields an\V=1 supersymmetric
VI+HVI=V+A( -0 )=V+A B_++ B/ theory in the noncompact dimensions. For simpli¢gince
(3.5  all our considerations are logale can assum#! is non-
compact so we do not have to worry about canceling the D6
So sinceA>0 and=* § >0 on this side of the transition, we Ramond-Ramond charge. Alternatively, we could imagine
see that the single wrapped braneNiis energetically pre- the model discussed below arising as part of a larger system
ferred. of branes and/or orientifolds dv.

Therefore, when the complex structure is on the positive First, let us discuss the physics whgi] is on the posi-
side of W(x™,x "), the BPS state indeed has lower energytive side ofW(x™,x ). Sinceb;(N)=0, N has no moduli in
than the nonsupersymmetric two-particle state carrying thé1. Therefore, there are no moduli in the effective
same charges, by roughlpz X A(0"—67). (3+1)-dimensional field theory on the wrapped D6 brane.

Now as one moves in the complex structure moduli spac&he U(1) gauge field on the brane survives reductionNyn
of M through a point wherfQ)] lies inW(x*,x7), Aandé* so the (3+1)-dimensional low-energy effective theory has a
vanish. Therefore, Eq3.5 shows that that mass of the two- U(1) gauge symmetry. Finally, becausds a supersymmet-
particle state becomes equal to that of the single-particleic cycle with H;(N,Z) trivial, there is a unique supersym-
state: we are passing through a locus of marginal stabilitymetric ground state in the gauge thedps opposed to a
On this locus, the two-particle state consisting of branegliscrete set of ground states parametrized by Wilson lines
wrapping N* is supersymmetric, sincéd® are special aroundN).

Lagrangians with the same phase. What about the physics whéfl] is on the negative side

Finally, we move through to the region whdi@] lies on  of W(x ", x)? The D6 which was wrappiny has now split
the negative side ofV(x*,x™). Here, =~ <0. SinceN into two D6 branes, wrappiny™ andN~. The U1) gauge
ceases to exist as a supersymmetric cycle, the two-particlgeld on each survives, yielding a()?> gauge theory. Be-
state with D3 branes wrapping™ is the lowest energy state causeN™ andN~ are supersymmetric cycles with different
carrying its chargeSNote that the two-particle state is non- phases, the theory has no supersymmetric ground state. We
supersymmetric, sinch™ are special Lagrangians with dif- do expect a stable nonsupersymmetric ground state, as long
ferent phases. Here, we are making the conservative assumgs[()] is close enough taV(xy™*,x 7).
tion that there is no stable, nonsupersymmetric bound state What is the physics associated with the phase transition
of these two particles—such a bound state would be reflecte@hen [)] lies in W(x",x)? At this point, the two D6
in the existence of @anonsupersymmetriccycle in the ho-  branes wrappind\® and N~ preserve the same supersym-
mology class[N*]+[N~] with lower volume thanV* metry, and intersect at a point M. Because the light states
+V7~. This is tantamount to assuming that the force betweemre localized at the intersection, the global geometry of the
the two particles is repulsive for slightly negati®e This is  intersecting cycles does not matter and we can model the
reasonable since fék positive there is an attractive force and physics by a pair of flat special Lagrangian three planes in-
a (supersymmetricbound state, and a& decreases to zero tersecting at a point. This kind of system was discussed in
the magnitude of the force and the binding energy decreade 3], and using their results it is easy to see that the resulting
until they vanish wheA=0. light strings give rise to precisely one chiral multiplet with

This phenomenon is an interesting variant on the excharges(+,—) under the W1)?> gauge group of the two
amples of[12]. There, a stable nonsupersymmetric statewrapped D branes. Therefore, one linear combination of the
passes through a locus of marginal stability and becomeg(1)'s [the normal “center of mass” (1)] remains free of
unstable to decay to a pair of BPS particledich together charged matter, while the othgghe “relative” U(1)] gains a
break all of the supersymmetrjedn the present example, a single charged chiral multiplgb. The relative W1) is there-
BPS particle becomes, as we move in complex structuréore anomalou$13]; demonstrates that the anomaly is can-
moduli space, unstable to decay to a pair of BPS particleseled by inflow from the bulk.

Moving slightly further in moduli space, we see that the two  Ignoring the center of mass(l) [which we identify with
BPS particles together break all of the supersymmetries. the surviving U1) on the positive side ofV], the physics of
this model is precisely reproduced by the Fayet model, the
IV. D6 BRANES AND THE FAYET MODEL simplest model of spontaneoysupejsymmetry breaking
) ) ) [14]. This is a U1) gauge theory with a single charged chiral

Now, consider type-lIA string theory on the Calabi-Yau myltiplet & (containing a complex scalag). There is no

M in which the phenomena of Sec. Il are taking place. In-gyperpotential, but including a Fayet-lliopoulos ter in

stead of studying particles in the resulting=2 SUPErsym-  the spacetime Lagrangian, the potential energy is
metric theory, we wrap the three-cydiewith a space-filling

D6-brane(i.e., 3+ 1 of the dimensions of the D6 brane fill 1 5 )
V(¢>)=?(|¢| —r)5, (4.9

Yin a global model, even if there do exist other supersymmetridvhereg is the gauge coupling.
cycles in the same class, there will be some region in moduli space The phase structure of the model is quite simple: For
close to the transition where the energy cost for moving to them in>0, there is a unique supersymmetric minimum, and the
the Calabi-Yau will be larger than the energy gained. U(1) gauge symmetry is Higgsed. Fox 0, there is a unique
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nonsupersymmetric minimum g=0, so the Y1) symme- ways of going over small potential hills between different
try is unbroken. Precisely when=0, there is a (1) gauge supersymmetric vacua of string theory. The transitions stud-
theory with a massless charged chiral field and a supersynied here, when put in the more global context of a manifold

metric ground state. M with (possibly several supersymmetric cycles in each ho-
Thus, we are led to identify the regions of positive, van-mology class, might provide a way of doing this. For in-
ishing, and negative with the positive side ofN(x*,x "), stance in Sec. IV, as one moV3] into the negative side of

the locus wherg¢Q] is in W, and the negative side 8. The  W(x",x "), it is clear that one is increasing the scale of
single real modulus which varies in the transition experi-supersymmetry breakin@t least in the region close to the
enced by the supersymmetric three-cyidlean be identified transition. Suppose that after one moves through the nega-
with the Fayet-lliopoulos parameter This identification is  tive side ofWin complex structure moduli space, eventually
consistent with the conjecture ii9] that in worldvolume N* andN~ approach each other and intersect again and the
gauge theories oA-type D branes on Calabi-Yau spaces, phenomenon of Sec. Il occurs in reverse, with a new super-

complex structure moduli only enter as D terfns. symmetric cycleN’ in the same homology class &bl*]
+[N~] popping into existence. In such a case, one would
V. DISCUSSION have a nonsupersymmetric ground state for some range of

parameters on the negative side\Wf and then eventually

Exploration of the phenomena involving supersymmetricreach a supersymmetric ground state agaiith the D6

cycles in a Calabi-Yau manifol under variation of the bran_e wrapplng\l’). . _ .

moduli of M has just started. It should be clear that as such Similarly, on the negative side o th‘ire could exist

phenomena are understood, they will have interesting impli-€lsewhere” in M a supersymmetric cycl&l in the same

cations for the physics of D branes on Calabi-Yau spéices ~ Class agN"]+[N"]. Although the cost in energy to move

a nice discussion of various aspects of this, [€ge from wrappingN to wrappingN is nonzero and hence on the
One of the most enticing possibilities is that as more suctegative side ofV the phenomena of Secs. IIl and IV occur,

phenomena are uncovered, we will find new ways to “ge-eventually it may become advantageous for the D6 branes to

ometrize” the study of supersymmetry breaking models inshijft over to wrappingN. This would again be a situation
string theory. This would provide a complementary approachyhere supersymmetry is broken, and then restored, as one

to attempts to write down interesting nonsupersymmetrigjjals the complex structure modulus of the Calabi-Yau
string models informed by anti-de Sitter-conformal field space.

theory considerationsl5] or insights about tachyon conden-
sation and nonsupersymmetric brafs].

As a small step in this direction, it would be nice to find ACKNOWLEDGMENTS
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