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ABSTRACT: We embed the supersymmetry breaking mechanism in NV = 1 SQCD of
hep-th/0602239 in a smooth superstring theory using D-branes in the background
R* x SL(2)4=1/ U(1) which smoothly captures the throat region of an intersecting NS5-
brane configuration. A controllable deformation of the supersymmetric branes gives rise

to the mass deformation of the magnetic SQCD theory on the branes. The consequent in-
stability on the open string worldsheet can be followed onto a stable non-supersymmetric
configuration of D-branes which realize the metastable vacuum configuration in the field
theory. The new brane configuration is shown to backreact onto the background such as to
produce different boundary conditions for the string fields in the radial direction compared
to the supersymmetric configuration. In the string theory, this is interpreted to mean that
the supersymmetry breaking is explicit rather than spontaneous.
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1. Introduction and summary

Supersymmetry breaking at low energies is one of the most important issues to understand
both for supersymmetric models of particle physics and for superstring theory as a theory
of quantum gravity if these are indeed the theories describing the real world. Recently,
there has been some progress [[[] in understanding a very generic phenomenon in minimal
supersymmetric four-dimensional gauge theories, namely the existence of metastable vacua.
The authors of [lII] demonstrated that, under some well motivated assumptions, one can
compute with control the lifetime of these vacua in N/ = 1 SQCD, and they can be made
parametrically large.

There have been many papers following this work [J-[-[1(] to embed and analyze
this and related field theory configurations in string theory, which when done successfully

!This subsection is simply a review of @}



leads to the existence of such metstable vacua in string theory.? Since one is dealing with
an N = 1 supersymmetric theory in four dimensions, the examples talked about typically
deal with D-branes in string backgrounds which have singularities — the simplest being of
the conifold type [[] or a T-dual configuration of intersecting branes [ .

These singularities needs to be smoothed out; the examples studied so far were analyzed
by working with either geometrically resolved/deformed configurations as in [{] , or in a
region of parameter space where the fluctuations of the branes sitting at the singularities is
still controllable and one can e.g use the DBI action for the branes [[L(] , or in a manifestly
smooth M-theory lift [[[J] .

In this note, we shall demonstrate the existence of these stable non-supersymmetric
vacua in a region of parameter space where one zooms in near the singularity keeping only
the modes which are supported at the singularity; in this limit the background begins to
develop a throat region.? This is a deeply stringy regime and is relevant to the study of the
decoupled field theory on the branes. One can perform a double-scaling limit where the
throat is capped off and there is a finite string coupling at the tip [[] ; in this situation,
one can use the methods of conventional string perturbation theory. The nature of our
setup i.e. exact SCFT 4 boundary states with a spectrum of gauge fields on them, ensures
that the assumption of [l — that the kinetic terms of the fields in the gauge theory are
O(1) — is borne out in a manifest way.

1.1 The cigar setup as a limit of the ten-dimensional setup

To be more precise, we shall study the background R* x SL(2).—1/U(1) (cigar) which
smoothly captures the throat region of the intersecting N.S5-brane configuration with four
flat common directions (see figures | and []), or equivalently that of the conifold in the
double scaling limit mentioned above. This background has A/ = 2 supersymmetry in four
dimensions and has one modulus p which encodes the string coupling at the tip. The string
coupling decays exponentially away from the tip towards zero. The D-branes in the system
break a further half of the supersymmetry to N’ = 1.

The ten-dimensional type ITA intersecting brane configuration figure fJ from which our
system descends has a parameter L (see e.g. [[J]) which is the length of the D4 branes
stretched between the IN.S5-branes as well as gs which is the asymptotic string coupling
constant. The branes could be treated as straight and the fluctuations could be treated in
a Born-Infeld approximation when L/l; > 1, and g; — 0. To take into account effects of
string interactions, the authors of [IJ] instead studied the limit gsl; — oo where one can
use low energy techniques from M theory. To decouple the field theory on the branes, one
needs to take the limit g, — 0, L — 0,1, — 0 with the effective gauge coupling ﬁ = gsLls
held fixed.

2There has been of course a lot of independent work e.g. , @] on finding and analyzing non-
supersymmetric metastable vacua in string theory; the advantage of an embedding described above would
be that one has a simple but detailed understanding of the mechanism of supersymmetry breaking in the
four-dimensional theory.

3For other work in finding stable vacua without supersymmetry in purely closed string backgrounds of
a similar type, see [E] .



The limit we take where we have an exact SCF'T on the cigar is y = gglip = QSLZS is fixed
and [, is finite. To obtain the decoupled field theory on the branes, we then need to go to
very low energies on the branes. In this limit, one can study the classical vacuuum states as
configurations of D-branes and the fluctuations around them as open strings on the branes.

Indeed, by doing so, one can recover the picture of Seiberg duality in this setup [L§] .

1.2 D-branes which realize SQCD and its deformations

The D-branes in this background which break half the supersymmetry and realize N' = 1
SQCD on their worldvolume were studied in [[7, [[§, [[§] . The supersymmetric branes wrap
the cigar and are labeled by the quantum numbers (J, M) of the extended N’ = 2 symmetry
algebra on the worldsheet [I-RJ]-[R6] — the characters and modular transformations of
this algebra are summarized in appendix A.

The branes based on the identity representation |D3) have, at low energies, exactly the
spectrum of the A/ = 1 gauge theory on their worldvolume. These branes are localized at
the tip of the cigar. The branes which realize flavor in the gauge theory extend to infinity,
they are based on the continuous representation |D5,J = M = %> (electric flavor branes)
and |D5,J = M = 0) (magnetic flavor branes). These flavor branes realize massless quarks
and mesons in the supersymmetric electric and magnetic configurations (figures [l and ).
Seiberg duality in this setup is realized as a partial monodromy p — —p which changes
the basis of fundamental flavor branes from |D5,J = M = 1) to |D5,J = M = 0) [Iq] .

The supersymmetric deformation in the field theory which corresponds to giving a mass
to the quarks in the electric theory is understood as moving from the point (J = M = %)
onto the continuous branch (J = % +11P,M = %) (figure ). In the magnetic theory, the
mass deformation breaks supersymmetry in perturbation theory and we present here a new
corresponding deformation of the (J = M = 0) boundary state. Intuitively, this is done by
trying to bend the color and flavor branes with respect to each other near the tip* figure [i.
As in flat space, this breaks supersymmetry and the spectrum is tachyonic.

The tachyonic quarks can then condense to get a non-supersymmetric stable minima.
We can understand this on the open string worldsheet by another deformation of the
unstable extended brane in which it swallows the localized brane and moves back a little
from the tip. For both the deformations, we find that the spectrum of particles and
symmetry breaking® is exactly what we expect from [f]] .

1.3 Spontaneous v/s explicit SUSY breaking

Finally, the explicit wavefunctions that we find for the non-supersymmetric state help us
answer a theoretical question about supersymmetry breaking in this example. Semiclassi-

4This is in the T-dual theory with momentum condensate where the branes are one-dimensional. On
the cigar, this would correspond to turning on a small B-field on the extended brane near the tip.

®Note however that although the boundary state technology which we use is very useful to understand
in detail the shape and couplings of a single brane, it does not teach us about the non-abelian nature of the
gauge theory. Since we have a well-defined string perturbation theory, we use the standard approximation
of thinking of a state of N branes as a superposition of N single boundary states. The symmetry breaking
and the Goldstone particles related to the non-ablelian gauge groups cannot therefore be studied in detail
in this formalism.



cally, the theory of the closed strings and branes is defined by the configuration of closed
and open string fields turned on at infinity.> The state of the theory on the other hand is
given by the shape of the normalizable fields in the bulk. We have two vacua, one super-
symmetric’ and one not, and one can ask if the two theories in which the vacua are defined
are the same or not.

In our case, there are two closed string fields which are relevant at infinity — the
tachyon winding mode and the RR axion which are related by the supersymmetry trans-
formations of the closed string background at infinity [§] . The branes which preserve
N = 1 supersymmetry change the value of these two fields equally in the asymptotic
region. On the other hand, the backreaction of the stable non-supersymmetric configu-
ration changes the two fields by unequal amounts. We interpret this as saying that the
supersymmetry breaking is actually occurring in the UV of the theory, and is explicit in-
stead of spontaneous. A similar phenomenon happenes in the M-theory lift of the same
configuration [[J] due to brane-bending.

This is a little surprising since the gauge theory for which the susy breaking was
spontaneous seemed to be localized in the bulk. From the point of view of the open string
theory on the branes, this means that the UV completion of the theory on the magnetic
branes is qualitatively different from the asymptotically free electric N' = 1 SQCD. The
speculation in [[[§ that the full theory may include an effective quartic interaction in the
quarks may be relevant in this regard.

Note: in the recent publication [[[(] , it was suggested in the context of related theo-
ries that dynamical transitions allowing changes in boundary conditions at infinity should
be allowed. The analysis in this note may be useful towards understanding such time-
dependent processes in a stringy regime, but we shall not discuss such transitions. Our
above conclusion about supersymmetry breaking in string theory is drawn from compar-
ing the asymptotic field configurations of two static, perturbatively stable configurations —
the BPS brane configuration which at low energies realizes the supersymmetric vacuum in
the A/ = 1 SQCD theory near the tip v/s the configuration which realizes the metastable
vacuum of the same field theory.

The plan of the paper is the following. In section 2, we review the closed superstring
background and its supersymmetric branes which realize N' = 1 SQCD on their world-
volume. We then review how Seiberg duality in this gauge theory is realized as a partial
monodromy in the closed string Kéhler moduli space. In section 3, we exhibit a certain
open string deformation of the magnetic theory which breaks supersymmetry and makes
some of the quark directions tachyonic. Then, we exhibit another open string deformation
which makes the theory perturbatively stable and corresponds to the metastable vacuum

5This statement is simply the assumption of a conventional notion of perturbative quantum gravity and
is as such independent of holography. A boundary holographic theory in our linear dilaton background,
being related to Little string theory [@ is not known to admit a conventional Lagrangian descrption unlike
theories in AdS space. We still think of the boundary value of the non-normalizable bulk fields as coupling
to the sources of the boundary theory.

It is true that we have a configuration for the classical supersymmetric vacuum, but we assume that
the quantum fluctuations which produce the true supersymmetric vacuum are normalizable.



of [[l] . Finally in section 4, we compute the backreaction of the metastable brane configura-
tion onto the open and closed string fields and show that it differs from the supersymmetric
one.

2. Review of supersymmetric vacua of ' = 1 SQCD embedded in non-
critical superstrings

2.1 Closed string background

We consider the supersymmetric closed string background
R3! x SL(2,R)x—1/ U(1). (2.1)

The worldsheet theory has N' = 2 supersymmetry, and a dual description of the coset
theory is A/ = 2 Liouville theory. The coset theory has central charge ¢ = 3+ % and so the
above background has ¢ = 15. Gauging the worldsheet N' = 1 supergravity and adding the
usual (b, ¢, 3,7) ghosts makes this a consistent string theory.®

Semiclassically, the target space looks like R*! x a semi-infinite cigar with non-trivial
metric and dilaton. We can parameterize the cigar by a radial coordinate p € [0, 00) and
angular coordinate 6 € [0,27R) with R = V2k in string units.® To get N' = 2 worldsheet
supersymmetry, we need to add two fermions 1+ = Py iy = e Asymptotically as
p — 00, this becomes simply a flat cylinder with the dilaton linearly growing towards the
tip. In the full CFT, the strong coupling region is capped off by the cigar tip, or in the dual
description by the the sine-Liouville wall Sip, = [ d? wﬂf/}e*%((p FPFIO=0) 4 ¢ e Ttis clear
in either of these descriptions that the momentum around the cylinder is preserved and
the winding is broken. There is one modulus g which is related to the value of the string

1= g?p. The chiral part of the closed string vertex operators are

coupling at the tip as p~
labeled by (j,m,s) which asymptotically have the wavefunction e—Jeti(mts)0+ist —(j 4y
can take values corresponding to the continuous, discrete and finite representations of the
N = 2 algebra!l® on the worldsheet. s labels the amount of spectral flow of the N/ = 2
algebra on the worldsheet. The state |j, m, s) has conformal weight and U(1)g charge
(m+s)?-jG-1 s 2(m + )

- to. Q=T s (2.2)

h =

and is annihilated by G, r > % Fs. s = 0is the NS sector primary state, and s = % is the
R sector.

The irrational nature of the conformal field theory brings in subtleties compared to
rational CFT’s, some of which have been understood well. In particular, to have nice
properties such as integral U(1)gr charges under modular transformations, one needs to

consider the characters of the extended N’ = 2 algebra, which includes the spectral flow

8For a review, see e.g. [@] .
9We shall set o' = 2 everywhere.
"These are related to the representations of the SL2/U(1) coset, see e.g. [E] .



generators [[I] . In appendix A, we list the various characters and their modular transfor-
mations.

The spacetime supersymmetry is two copies of d = 4 Poincare supersymmetry (one
each from the left and the right movers on the worldsheet). The momentum around the
cigar is a U(1)g symmetry.

2.2 The supersymmetric branes which realize N’ =1 SQCD!!

We shall consider D-branes which fill the R* directions in order to discuss d = 4 gauge
theories realized on them. On the cigar, the supersymmetric branes preserve the classical
U(1)r momentum symmetry, and a diagonal combination of the left and right moving
supercharges. There are two types of branes possible — the first type which has no modulus
is localized near the tip and has a tension proportional to g. The only massless modes on
its worldvolume are those of a N/ = 1 gauge multiplet. The other type of brane extends
along the radial direction; asymptotically it can be understood as a Neumann brane in the
linear dilaton background. This type of brane semiclassically is labeled by a parameter pup
which can be thought of as a boundary cosmological constant which indicates where the
brane dissolves towards the strong coupling region.

In the exact SCFT, the boundary states are built using a Cardy-type ansatz. This
gives us boundary states corresponding to each of the representations discussed above for
various values of the parameters.'?> We first define the Ishibashi states:

((Gmle™™ 1 em =D 5 )y = (6(5 — 5) + R()O( + 5 — 1)) 8z, (mym)Chjm (iT, 2).
(2.3)
where R(j) is the reflection coefficient from the tip of the cigar; and look for solutions to
the following equations:
(B; Id|e"TH" U+ By 1d) = ChYS (it, '),
(B; Ldje ™" | Brg) = ChS(it, ),
T = l,
t
2= —itz. (2.4)
We have used the notation T for the closed string channel modulus, and the notation
t for its open string annulus counterpart. The solutions are as follows. The identity brane
has the one-point functions (7 = § + iR):

\B; Id) = /T 4 S Uralm)lj,m))

1
=0,1

(2.5)

1This subsection is simply a review of [E}

12The range of parameters could in general be different from the closed string theory because of the
irrational nature of the SCFT. In the absence of the Verlinde formula and a Cardy solution, we should allow
for all possible values of the parameters based on the formal algebraic reps above which have consistent
open + closed string physics.
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Figure 1: Supersymmetric branes on the cigar |[D3) and |D5,J = 1 +iP, M = 1) realize electric
SQCD with massive quarks. The extended branes are double sheeted and dissolve before reaching

the tip at a distance which determines the mass of the quarks.

and the brane associated to the continuous representation is:

|B; cont, J, M) = /

dj cont / : .
’T% Z v t(]am)’j7m>>

m=0, %

. . 1 1
Yoot (5 m) = (QW)%MJ*%*"LEJ*%”” cos <47T (J — 5) <j - 5)) X
P(1 - 2)r2 - 2))

“TA =7 +m)I(l—j —m)

647riMm. (26)

To build a four dimensional field theory, we need to tensor the profiles in the extended
four dimensions. We choose all the branes to be Neumann in the R direction, and they
have different profiles on the cigar. The supersymmetric branes relevant to NV = 1 SQCD
with SU(NV) gauge group are based on the identity representation and the continuous repre-
sentation and were denoted | D3) (color) and |D5; J, M) (flavor). We choose a configuration
of N, color branes and Ny of the flavor branes. It is also possible to engineer theories with
SO/Sp gauge groups by using orientifolds in these backgrounds [29, .

The low energy theory on the |D3) is an N’ =1 pure SU(N,) gauge theory with gauge
fields A?°. The |D5;J, M = %>13 introduces left and right handed quark multiplets Q%, @Z
(a=1,...,Ngi=1,...,Ny) with mass m?=—JJ—1)— i into the gauge theory. These
fields are open strings stretched between the color and flavor branes, and so they are also
localized near the tip. The |D5;J, M = 0) introduces massive left and right handed quark

multiplets ¢*, ¢’ into the gauge theory with mass m? = —J(J — 1).14 The allowed values
of (J,M) are (J€S=1+iRt,M=0,2),and (0<J <1 M=0).
In their self-overlap, the branes with M = % do not introduce any massless four

dimensional modes. For M = 0, there is no new massless four dimensional mode in the
self-overlap for any value of J # 0. At J = 0, one finds a massless meson M% charged in
the adjoint under the SU(Ny) rotating the flavor branes.

13The presence of the bar indicates the sign of charge of the branes under the RR axion which winds
around the cigar; for now we only discuss branes that are mutually supersymmetric with each other and
with the |D3).

MAt J =0, its overlap with the |D3) also shows the presence of gauge fields with quantum numbers Aff,
these become massive and are discussed below.



Figure 2: Supersymmetric |D5,J, M = 0) branes on the cigar with (0 < J < 1). These branes
fill the cigar and have a unit of magnetic flux localized near the tip which have different profiles
determined by J. At J = 0, the flux concentrates at the tip and the configuration becomes
|D5,J = M = 1) + |D3). These realize magnetic SQCD with no mass deformation.

The configuration of N, [D3) branes and Ny |D5,J = M = }) gives rise to the electric
picture of A/ = 1 SQCD with massless quarks. In this configuration, there is a brane
addition relation based on ([A.9):

T
|D5,J = M = ) +|D3) = |D5,J = M = 0). (2.7)

The magnetic configuration is achieved by the partial monodromy p — —pu, which in-
duces the following transformations'® on the branes: |D3) — (—|D3)), |D5,J = M = 3) —
|D5,J = M = 1). After tachyon condensation on N, (—|D3)) and (—|D3)), we are left
with a configuration of N, = Ny — N, (—|D3)) branes and Ny |D5,J = M = 0) such that
the total charge of the branes before and after the monodromy remains the same. The addi-
tion relation above now is reexpressed as [D5,J = M = 0) + (—|D3)) = |D5,J = M = 3),
where all the branes have positive tension.

This configuration has the fields of the magnetic dual of ' =1 SQCD with massless

magnetic quarks and mesons. There are also the gauge fields A" mentioned above which

are massless at tree level. However, the global rotation and R charges of the quarks and
mesons do not allow a gauge interaction with these fields and they do not appear in the four
dimensional low energy description. This is interpreted as the fact that the interactions
will generate a mass for these fields.'® There is a superpotential coupling of three open
string fields allowed by the global rotation symmetries and classical R symmetry of the
theory W = ¢M¢q. We can summarize by saying that after the monodromy, we are left
with the magnetic SQCD.

We can identify our non-critical brane setup with the near-horizon limit of the ten-
dimensional type ITA setup [BI] involving orthogonal NS5 branes, D4-branes suspended
between then, and D6-branes stretched to infinity (figures [ and P below). We shall use
the conventions of [LJ] for the brane setups in ten dimensions.

The NS5-branes in the figures, are replaced by our type IIB closed string back-
ground (R.1) . The |D3) branes are identified with the D4-branes in the figure. The

15The negative sign in front of the branes is necessary to keep the tension p positive.

6This is consistent with the fact that, unlike the color gauge fields, it is not clear whether there is a BRST
trivial open string operator which provides the decoupling of the longitudinal modes. It is also consistent
with the ten-dimensional Hanany-Witten type setups which we discuss below.
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Figure 3: Supersymmetric Electric configuration with massless quarks. The setup in ten dimen-
sions follows the conventions of .

D6 NS’
NS

Figure 4: Supersymmetric Magnetic configuration with massless quarks.

D4-branes suspended between the two N.S5-branes has one of its directions spanning an
interval of length L — this parameter enters the gauge coupling as 9\?1%/[ = (L/l)gs!. The
gauge theory is effectively four dimensional for small values of L/ls. In our setup, we have
only one parameter p which controls the gauge coupling.

The |D5,J = %) branes are identified with the D6+ D4 brane where the D4 is stretched
between the D6 and N.S5. This D4 is rigid and thus there is no localized four dimensional
fluctuation on the extended brane. This brane gives rise to flavors in the electric setup.
The |D5,J = 0) branes are identified with the D6 + D4 brane where the D4 is stretched
between the D6 and NS5'. This D4 has a massless scalar which corresponds to its motion
in the parallel directions of the two extended objects. This is the magnetic flavor brane,
and has the four-dimensional meson mode localized near the intersection.

The addition relation (R.4) is simply the fact that the D4-brane between the two
N S5-branes can add to the first type of D6 + D4 to become the second type as is clear
from the picture. In terms of these pictures, Seiberg duality was realized at a classical
level by moving the two N.S5-branes around each other and showing that the various D-
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NS

Figure 5: Supersymmetric electric configuration with massive quarks.

branes rearrange themselves in such a way to reach the magnetic configuration (figure )
starting from the electric one (figure ). This could be done smoothly by turning on an
FI parameter which avoids any singular points in such a monodromy.

This picture was good enough to understand F-term information in the gauge theory
like the moduli space of vacua and the chiral rings. The non-critical setup in principle has
more information because of the exact nature of the background. In the following, we shall

exploit it in one such direction by turning on deformations which break supersymmetry.

3. New branes relevant to broken supersymmetry

In the electric theory, the mass deformation which corresponds to adding a superpotential
W = %TraQQ is supersymmetric (figure f]). This is understood as the change of the
parameter J = % + 4P in this continuous branch away from P =0 to P = a.

3.1 Unstable brane configurations which spontaneously break supersymmetry

In the magnetic theory, this deformation corresponds to adding a term linear in the meson
W =TrqMqg+ oTr M. (3.1)

As was shown in [[l] , for Ny > N, this deformation breaks supersymmetry spontaneously
at tree level simply because there are more F-term equations than fields. Expanding the
scalar potential for the above superpotential, we find that there is a quadratic term for the
fields ¢ and ¢ with coefficient m? = (M?) — a. For small values of (M?), this implies a
complex tachyon. In the brane setup in the type IIA theory [}, [3] , a deformation causing
such an instability is implemented by a certain deformation of the magnetic flavor brane
as shown in figure f.

We look for deformations of the boundary states |D5;J = M = 0) such that the new
flavor brane has a self-overlap which is the same as that of the undeformed flavor brane and
hence at tree level has a massless meson multiplet — this implies that J must remain zero.

This brane however must break supersymmetry completely and in the overlap with the

,10,



Figure 6: Magnetic configuration with mass deformation. This configuration breaks supersymme-
try and some of the quark directions become tachyonic.

Tachyons

Figure 7: A heuristic picture for the supersymmetry breaking branes. In the sine-Liouville picture
on the cylinder with momentum condensate, the branes we have been considering have two legs, one
coming in towards the strong coupling region, and the other going out at a diametrically opposite
point on the circle. The double lined D3 branes are localized in the strong coupling region — in
the figure, they seem to be cut off going towards the weak coupling region, but they have a smooth
profile as given by (@) . The single-lined D5 branes go out all the way to infinity. To break
supersymmetry locally, we can try to bend the D5 branes with respect to the D3 branes, but only
in the strong coupling region. Such a deformation is captured by (@) below. As to whether this
deformation really dies away towards the weak coupling region is answered in the following section.

color branes, one of the quark degrees of freedom become tachyonic. Such a deformation
must of course preserve N/ = 1 supersymmetry on the worldsheet which is gauged.

In the sine-Liouville theory (where the branes under consideration are one-dimensional
objects going in from infinity towards the tip and turning back), we also have an intuition
that the deformed brane is slightly bent around the circle away from the localized color
brane (which also has two branches, but decays quickly towards infinity). This deformation
of the flavor branes must however decay towards infinity (since that is so in the type II
setup).

A deformation of the open string (NS) character (J = M = 0) obeying the above

— 11 —



properties is given by:

1 sin(wa) Yoo(T, 2 + at)
os(ma) V117, 2 + at)

Chiy(t, z) = ¢/ 1004 (1, 2) (3.2)

Note that this deformed character can be interpreted as the following (see also [BJ]
) — the continuous representation ([A.J) is built out of a free field module tensored with
thﬁ arising from the zero mode of the Liouville theory. At h = 0, one can turn on a twist
in the two directions exactly like branes at angles/branes with B field in flat space.!” Such
a twist is consistent with N’ = 1 supersymmetry on the worldsheet. Then one must sum
over the lattice of zero modes as before!®. This lattice sum is not touched by the twist and
so also respects N’ = 1 supersymmetry on the worldsheet as before.

We can now define deformed Ishibashi states which which obey the condition:

(G, e T =+ 1 ! o)) = 27 (8(j — §') + R()S( + ' — 1)) 6z, (m,m) x
1
cos(mar) cos(ma)
sinm(a — o)990(T, 2 + a — &)
In(T,z+a—o).

Xqij(j71)7%@2m,l(T7 z)

(3.3)

Note the o dependent normalization — this is the free field normalization for branes at
angles/with B flux (see e.g. B, B4]). This normalization affects the one-point functions,
and the one above is consistent with charge conservation of the snapping process which we
shall talk about soon.

Using the same one-point function as before, we define the Cardy states:

Bia M) = [ a3 v Gamlm,a)) (3.4)

m:O,%

i Ao {13 D R

with the open string spectrum:

(B; Id, 0]~ "TH" U+ 0)| B J M, o) = Ch p (¢, 21). (3.5)

Let’s now deform the magnetic brane as above with parameter «. So far, we discussed the
NS sector amplitudes. After adding in the other sectors, we find that the full spectrum of

1"We shall not try here to analyze thoroughly the space of all possible N’ = 1 preserving deformations of
the N' = 2 Liouville boundary states. This space is quite large even for the free field system with ¢ = 3 [@]

¥Note again that this is not a construction which respects N' = 2 supersymmetry — the A = 2 spectral

flow of the twisted free field character gives a lattice sum which is different from the one above. See [@]
for such a construction for ¢ = 3.
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strings stretched between the color brane |D3) and |D5;J = M = 0, ) is:

(D3le"THa|D5; J = M = 0, a) (3.6)
_1
-V g *

am |:@01 (t, O) (7900 (t, 0)7900 (t, Oét) — 9 (t, 0)1901 (t, Oct))

N |

— 011 (£, 0)910(, 0)d10 (£, at)}
=Va[(a72+ a2+ )+ (2072 ) =@+ )+ 200+ )]

where the first line is the NS sector and the second is the R sector (in the open string
channel). The overall normalization is the same one chosen for branes with flux in flat
space, such that the expression is finite with pure volume factors as a — 0 [B] . We
have grouped the factors in parentheses such that the first two excitations come from
the oscillators in the cigar directions, whereas the second two arise from the flat space
oscillators. The former correspond to the quark excitations (there are two more coming
from the complex conjugate diagram) and the latter to the gauge field, which as discussed
earlier, picks up a mass due to interactions and decouples. The ellipses correspond to
oscillators with higher masses.

We can now read off the open string spectrum at low energies for 0 < o < 1. While
earlier, at « = 0, we had two massless quark superfields ¢ and g, the masses of all the modes
shift in the presence of the deformation. Among the bosonic squark fields, we now have
two tachyonic modes m? = —%a, two massive modes with m? = —i—%a; and all the fermionic
quarks remain massless. The localized self-overlap of this brane |D5;J = M = 0, «) does
not depend on « and therefore contains as before a massless meson multiplet. The pattern

t19 which comes from the Lagrangian (B.1) of the magnetic

of masses above is exactly tha
theory deformed by the mass parameter expanded around a configuration where the meson

has not acquired a vev.

3.2 New branes with perturbatively stable spectrum

The magnetic SQCD configuration deformed by the small parameter o above has a tachy-
onic quark direction with mass m? = —%a. This mode can condense and it has been
argued [f[] that there is a non-supersymmetric metastable vacuum at the end of the con-
densation. As shown in [] , the vacuum energy in this state is proportional to |a|? and
the quark fields have an expectation value gq proportional to . For small values of «, this
vacuum is close compared to the classical magnetic vacuum at a = 0.

In the ITA brane picture, this corresponds to Ny — N. D4 branes stretched between the
NS and NS’ joining with an equal number of D4 branes stretched between the D6 and NS’
and snapping back into a rigid brane stretched between the D6 and NS [LJ] (figure §). This
rigid brane has the same quantum numbers as a flavor brane in the electric configuration

which gives masses to the electric quarks.

19At g, = 0, we can understand the deformation on N r boundary states as performing the above defor-
mation on each of the extended states independently.
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Ny N

D6

NS’
NS

Figure 8: Stable non-supersymmetric configuration. This configuration is reached when the de-
formed branes of figure 4 snap back and relax into the minimum energy configuration. There are
no perturbative instabilities and this configuration is long-lived.

In the near-horizon limit captured by the non-critical theory, this snapping process in

the magnetic configuration should be described by the |D5; J = M = 0, ) joining with the
(—|D3)) to form a |D5). The new D5 brane is one that we have already discussed — it is
in the continuous representation with P = « (figure ff).

At o = 0, the charges of the three branes above were (in units of the |D3) charge),
—%, +1, —1—%. On deformation, the charges of the second two branes remains the same, we
will see soon that the charge of the deformed brane also stays the same, and hence the
above snapping is allowed by charge conservation.

The overlap between two extended branes is given by:
22 cl T
T (B; Ji, My, ale™H lemz(JJrJ)’B; Jo, My, )

:/ dp[ﬂl(P’Jl,JﬁChaa/(P’ My — My;it, 2')

—00

/ 1
+p2(p\J1, JQ)Chaia (p, Moy — My + 5; it, 2/)]

where the spectral densities p; are given by:

0 4 / 1
p1(p|lJr, J2) = / dplM Z cosh <47T <— +ie1 P + i€2P2> p'>
0

-y
sinh® (2mp’) = 2
0 4 /
pa(pl Ty, J2) = 2 / dﬂw S cosh (47 (iP, + iePy) p'). (3.7)
0 sinh® (27p) =

For J; — % = P, € R*, these formulas are well-defined. For imaginary values of P;,
corresponding to 0 < J < %, one has to be more careful. The p’ integral in (B.7) may
generate additional divergences at p’ = oo, which can be eliminated by shifting the contour
of p integration in (B.7) before exchanging the order of the integrals (see [[[§]). Thereafter,
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one can freely exchange the integral and shift back the contour, and find if there any
additional contributions to the brane spectrum.

In our setup, we have at the end of the process N, |J = M = 0,a) and (Ny — N.)
|J =1 +ia, M = 3, =0). The self overlaps of the brane |J = M = 0, ) is independent
of o and we know already that it does not have open string tachyons in its spectrum.
This is simply the fact that (B.7) gives us a massless meson + massive modes on the
supersymmetric magnetic flavor branes. Note that the meson remains massless at tree
level in the a-deformed theory as well. This is as in [f[] — these pseudomoduli get a
potential due to the interaction with the (N — N,) flavor branes with J in the continuous
branch. We know that the brane |J = % +ia, M = %, a = 0) is stable as well. The only
potential source of perturbative tachyons is the overlap between the two types of branes
computed from (B.7).

In this overlap, we find that there are no additional localized contributions from outside
the continuum.?? After tensoring in the R?*, we find that the continuum of modes in the

open string spectrum (B.7) begins with m? = 0 (NS,R) in p; and m? = 1 — Lo (NS) and

m? = % (R) in py. The conclusion is that for a@ < 1, the configuration of these two types
of branes is perturbatively stable. On the cigar, we can understand this by thinking of the
new Ny — N, branes as having moved away from the tip a little distance proportional to «
(figure [) causing the open strings stretching from the tip and ending on them to become

non-tachyonic.

4. The backreaction of the branes

A relevant question is whether the deformation of the brane is truly localized or not. In
terms of the stick-figure type ITA setup (figures [ll), (), there is a possibility for modes
to hide in the singularity. The details of how string theory resolves this singularity could
potentially affect the true answer. The advantage of using the exact CFT is that we can
answer this type of dynamical question precisely in terms of conventional perturbative
string theory.?! In terms of the sine-Liouville picture presented earlier, the question is
whether the bending of the extended brane (in the circle direction, with respect to the
color branes) near the strong coupling region decays fast enough or not towards the weak-
coupling region.

In our setup, the non-normalizable operators which define the closed string background
are the tachyon winding mode with value pien, and the value of the RR axion (which is
zero without the branes). In addition, we have the D5 branes stretching to infinity which
have non-normalizable open string modes turned on. There is a continuum of modes in the
radial direction, but one needs only to explore the zero momentum modes in both the open

20There is a contribution to p; which appears at the edge of the continuum as for the J = % brane self
overlap in [@ . It appears not as a pole, but because of a logarithmic branch cut and is not counted as a
genuinely localized mode. In any case, this mode is not tachyonic.

21 As mentioned in the introduction, another approach to resolve the singularity would be to lift the
configuration to M theory as in [E] .
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and closed cases.??

We need to find out if the asymptotic profile of any of these modes
changes, and whether any new non-normalizable modes get turned on.

For our case k = 1, this question turns out to have a further subtlety — the tachyon
winding mode turns out to be at the edge of the normalizability bound, and one needs
to be more careful. To understand this better, we shall make a small digression into the

nature of vertex operators in this system.

4.1 The normalizability of the vertex operators

In general, systems with a linear dilaton have two branches of operators, one of which
is normalizable in the radial direction and the other not. In the non-critical string, it
was understood [Bg] that the local vertex operators were those that were non-normalizable.
These were the operators that had a non-zero influence in the asymptotic region and defined
the theory. Changing them is equivalent to changing the theory.

This is consistent with our general notion of perturbative quantum gravity as well
as ideas from holography where the bulk modes reaching the boundary would couple to
operators which change the Lagrangian of the holographic theory. Takmg into account the
1

curvature of the space, the bound for an operator with the profile e IR i Re(j) < 5.

The modes with Re(j) = % are delta function normalizable and are the travelling waves.

Subtleties at k = 1. At k = 1, the wavefunction for the tachyon winding mode is:?3

_ —2iP—2
¢E§Ch(/’) = cosh 2= eii\/g(e_e) <sinh L) X
V2 V2

1
XEF | 1+iP14+iP;1+2iP; ————
sinh® -
V2

—i—RtaCh(—P) cosh Leﬁ\/g(e*é) (sinh L) e X
V2 V2

1
xF|1—4P,1—iP;1— 21’P'—7> . (4.1)
) ’ ’ <12 p
( sinh 7

where the reflection amplitude is (with k& = 1):
LipD(2iP)T(1 + 2iP)D(1 — iP)[(—iP)

Rtach P) = . 4.2

(P) I(=2iP)I'(1 —2¢P)T'(1 +iP)T'(iP) (42)

We can now see easily that the asymptotic behavior is ®%%h(p) = T(p) =

e ﬂf (0-0)-75% . This behavior is on the edge of the Seiberg window of operators non-

normalizable at the weak coupling end. We recall here a discussion from [[L§] which gener-
alized the arguments of [B7] to the supersymmetric theory.

First, we note that objects in the theory are singular in the limit £ — 1, and we
regularize as k = 1 — e. In order to keep quantities like the two and three point functions

220ne can also compute the backreaction by integrating over the continuum, this gives the same answer
as picking up the one-point function of the zero-momentum mode [@] .
ZWe have denoted p + j by p in this expression.
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in the bulk theory finite, we need to keep u% finite [21] . This means that the bare
N = 2 Liouville interaction diverges. To understand this, we shall follow the analysis in the
¢ = 1 theory [B7] and look at the full wavefunction of the tachyon winding mode including
the reflected piece. The reflection amplitude for the mode in the action j = % has the value

R = —1. The asymptotic behavior is (to leading order in €):

ety = 97 1 ()

e—0

(V0D
L (0—0)— L
= prenpeﬂ\/ﬁ(e T (4.3)
where we have defined a quantity pren which we should keep finite. Keeping track of all
the terms in the above computation tells us that the full tachyon winding mode?* has also

-1 N 1
a normalizable subleading piece which behaves as ® ~ ey log ureneﬂﬁwi@)fﬁp .

4.2 Open string backreaction

As mentioned in section 2, the extended branes in this theory are semiclassically defined
by a operator on the boundary worldsheet action multiplied by the so-called boundary
cosmological constant up (see e.g. 1] for a discussion). One can make arguments similar
to the closed string case, about the operator at kK = 1 — there are two solutions, one of
which behaves as pe_%p and the other which behaves as e_%p. The non-normalizable
mode multiplying pp is a linear combination of the above two.

However, as discussed in section 2, the open string case is a little different from the
closed string one in that there is a genuinely localized mode (bound state) in the spectrum.
Using the understanding in the related ¢ = 1 theory [BY] , it was argued [[[g] that there
must be exactly one localized scalar (superfield) fluctuation arising on the |D5,J = 0)
with the quantum numbers of the meson superfield. A further careful calculation [I§] of
the spectrum on the |D5) brane using the methods of [[l]] then bore this out.

Based on the above discussion, turning on a source for the meson on the magnetic

t2% of the meson operator,

brane would involve turning on the non-normalizable counterpar
i.e. the operator which decays as peiﬁp.

pp is related to (J, M) in our exact description through a formula RI| uppg/n =
(2k/m)sinm(J + M) sinmw(J — M). For all the supersymmetric branes that we presented,
if we pick p and puppmp to be real and positive, upfig is also real and positive. For the
electric branes M = %, J = % + iP, changing the real parameter up moves the end of the
brane up or down the cigar. In the magnetic branch M = 0,0 < J < %, changing the real
up moves the localization of the magnetic field a little bit near the tip. In both cases, it

changes the mass of the quarks.

24 As was noted in @] , it is difficult to say in the case k = 1 whether there is an independent normalizable
mode or not. We shall see that the D-branes shall backreact onto the non-normalizable modes and so our
conclusions will be valid irrespective of the existence of such a mode.

ZNote that this operator is the bottom component of the superfield whose top component is the actual
six dimensional field which is the mass parameter in the electric theory.
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It is natural to guess that the deformation o (B.d) in the semiclassical theory corre-
sponds to a change in the value of up in an imaginary direction (at least near J = M = o =
0), this is supported by the intuition that « rotates the branes around the sine-Liouville
cylinder. This is a non-normalizable deformation; but work remains to be done to under-
stand the semiclassics directly better for the branes outside the supersymmetric electric
branch. We now turn to measure the closed string backreaction from the exact boundary
state directly.

4.3 Closed string backreaction

Before computing the backreaction of the deformed boundary state, let us recall some facts
about the backreaction of the supersymmetric D-branes. The calculation of the backreac-
tion of say the | D3) brane onto the tachyon winding mode [[I§] was done by convolving the
one-point function with the eigenmodes of the Laplacian on the cigar. This gave a result
that the tachyon winding mode changed as 6T'(p) = %\I’taCh(j = %) 6%(9,9),%[,, p — 00
where U'ah(j = 1 4 ip) was the (finite) one-point function of the tachyon. There was a
similar result for the backreaction onto the RR field at infinity which is the superpartner
of the tachyon winding mode.

The interpretation of this divergence was the following — at infinity, the charge of the
R3! filling brane must be measured simply by the field strength of the axion ¢ dpx. The
normalization of the backreaction is such that one |D3) brane creates one unit of magnetic
charge for the axion. The electric flux of this brane which is Hodge dual to the axion field
strength is also constant and the gauge field itself would asymptotically grow as p. Upon
action by the supercharge, the (RR) vertex operator?® gyAg123(p) produces the tachyon
with a profile pefﬁp .

The summary of the calculation is that the supersymmetric D3 branes and D5 branes
with (J = M) backreact onto the non-normalizable tachyon winding mode and equally
onto the RR axion with values 1 and (% — 2M) respectively. Any change in the one-point
function onto these modes will translate into a change of the asymptotic values of these
fields. Since the branes are made up of only continuous representations, no other fields will
get switched on, and the above two are the only fields we need to worry about.

To measure the backreaction, we simply need to pick out the one-point function of
these two fields at j = % from the boundary state (B.4) . The complex tachyon 7. and
the RR axion (also a complex scalar 0y in four dimensions) both have m = % The one
point functions of both these modes with j = m = 0 do not depend on the value of J.

The a dependence of the one-point functions comes from the overlap (B.3) between ({j =
1
29
oscillator excitation, and so have an overall factor of
k=

a)). All four of the modes we are interested in have no bosonic
sin(mra) 1

= . The tachyon

cos(ma) sin(ra) cos(mar)

m = %,O\qLOIj =m =

winding mode e#T*0+ (k=37 which arises from the NS sector ground state of the fermionic
oscillators is further multiplied by 1. In the R sector, the ground states of the fermionic

oscillators which gives rise to the axion is represented by the term %qé(emo‘ +e77), On

26See [@] for a reasonably detailed discussion of the vertex operators in the various pictures in this
context.
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multiplying with the overall common factor and the normalizations of the closed string

modes, the backreaction onto the tachyon is %Cos(lﬂa) = % + %2&2 + O(a*), whereas the
backreaction onto the axion is %COS(FO‘) =1
cos(mar) 2

We can now compare the asymptotics of the supersymmetric brane configuration with
a mass term in the electric theory (figure [j) and the new stable non-supersymmetric brane
configuration at the end of the snapping process after introducing the mass term in the
magnetic theory (figure f). The semiclassics of these two configurations on the cigar were
discussed in section 3, and the exact boundary states are N, |D3) and Ny |J = M = 1 +ia)
for the supersymmetric configuration as opposed to N, |J = M = 0,«) and (Ny — N,)
|J = % +ia, M = %, a = 0) for the stable non-supersymmetric configuration.

As just computed above, the axion charge of the new stable non-supersymmetric branes
is independent of «, and thus the snapping process is thus allowed by charge conservation.
On the other hand, we also see that the non-supersymmetric configuration has different
asymptotics than the supersymmetric one through the backreaction onto the tachyon wind-

ing modes.
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A. Characters and modular transformations of the N/ = 2 algebra

The various functions used are:

o0

n(T) = 627227— H(l _ 627Tin7')
n=1
1 a\? a b
Vap(T,2) = T;Zexp [2m (5 (n + 5) T+ (n + 5)(2 + 5))]
2
) m ) m
Ok (T, z) = T;Zexp [27TZTI<: <n + ﬂ) + 27izk <n + %>
= Jmo(2k7, kz) (A1)

The unflowed (s = 0) characters of the various representations are:
Continuous (h, Q) :

n h— 2 Qﬁoo(ﬂz)
qu t T,2) = q" 3y
om (72 P ()
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Discrete <h = :I:%) :

t
DiSC(T, Z) i Xginj:m(Ta Z)

Xm
(1+y*lg3)
Identity (h =Q =0) :

cont
Xl z) = = : (A.2)
(1+y1q2)(1 +yq2)
The effect of spectral flow is (for any character):?7
Xo,s(T, 2) = q%(1+%)82y(1+%)‘9x* (1,2 + s7) (A.3)

To have integral U(1)g charges after modular transformation, we need to consider the
characters of the extended N = 2 algebra, which include the spectral flow generators:

Chjme(T:2) = Y Xjim,s(T,2) (A.4)
ser+kZ

The extended continuous characters can be expressed as:

Che™t (7, 2)

q_j(jk—l)_% Z q%(8+m)2y%(s+m)q§ys1900(7-’Z+ST)

]7m7r 3
ser+kZ N (T)
_ qu%fi Z q%(kn+r+m)2y%(kn+r+m) 192(]9”27’)70(7—’ Z)
= n*(T)
_iG-1) 1 2z ﬁzro(T, Z)
— ® 10 — =7 A5
q 2(m+4r),k <Ta A ) 773 (T) ( )

They obey the modular transformation law:

mm/ 1 1 -1 z
Chqont — Ami - / d‘, dmil i — = T Chc»?nt/ -z

m/ €Ly,
(A.6)
Note above the periodicity of m with period k/2. Note also that for r € Z, the function
Yoo (T, z + 7) is independent of 7, and the expression above depends on r only through the
factor eQm(m‘”)%. We thus keep 7 € [0,1).28 The modular transformations of the discrete
characters is a little more complicated, and we present them below for k& = 1.
Now we shall focus on d = 4 which corresponds to k& = 1. The various extended
characters (with r = 0) are:

1
Continuous : m € {O, 5}

CHeom (7, ) = q G0 37 gt 2k D00 2) _ i) -dg,, (7,9 200(T22)

() ()

2"When the s character label is not indicated, it means we set it to zero.
ZFor the boundary states that follow, different values of r will correspond to gluing conditions that
preserve different A" = 1 algebras on the boundary of the worldsheet and we shall only talk about r = 0.
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1
Discrete: j=|m|¢€ {0, 5}
n2+2\m\n+\m\ysgn(m)(2n+|m|) 1900(7_7 Z)

(1+ypm@qrt) (7

i -1 q
Chdise(r, 2) = ¢4 Z
Identity: j=m=0

2
1 1— n“+n—s5, 2n+1 9 T, 2
Ch]d('T, Z) = g 1 E ( Q)zl y — 003( )
i Ly ) (1 +ygn2) 7M7)

(A7)

The modular transformations for the k = 1 characters are (with S = 3 +iR*):

cont o WSZ . 1 y 1
C’h]ma(T,Z)—e /Sd] CO&<47T<]—§><j —§>>><
322

1 1
<Chcont<_ -, E + Ck) te 27rszhcont< -, E —|—Oé)>
T T 2 T T
Chg;scil(T Z) = eiﬂ T X

/ d]/ |:<Chcont Chcont( 1’ E))
S T T
322

_z disc _ l E _ disc _ l E
2<C’hmi1< T,T> Chijl( T,T>>].
Chld(r,2) = ™+ x

. : . 1 con 1z
/de/< — sin® (W(Jl - 5)) Chj',ot < T ;)
+cos® ( w(j' — l) Cheoy( — 1z (A.8)

m j 2 j,,% T’ - . .

The continuous extended characters of the k = 1 theory obey the following two addition
relations

j=m

ChiZo(r,2) = ChZL 1 (7,2) +Ch(7, 2). (A.9)

Che™ _\(1,2) = ChEC, (r,2) + ChY=_, (7,2)
2 2 -2

References

[1] K. Intriligator, N. Seiberg and D. Shih, Dynamical SUSY breaking in meta-stable vacua,
VHEP 04 (2006) 021] [hep-th/0602239|.

[2] H. Ooguri and Y. Ookouchi, Meta-stable supersymmetry breaking vacua on intersecting
branes, |Phys. Lett. B 641 (2006) 323 [hep-th/0607183].

[3] S. Franco, I. Garcia-Etxebarria and A.M. Uranga, Non-supersymmetric meta-stable vacua
from brane configurations, JHEP 01 (2007) 08 [hep-th/0607218].

[4] R. Argurio, M. Bertolini, S. Franco and S. Kachru, Gauge/gravity duality and meta-stable
dynamical supersymmetry breaking, |[JHEP 01 (2007) 083 [hep-th/0610212].

[5] M. Aganagic, C. Beem, J. Seo and C. Vafa, Geometrically induced metastability and
holography, hep—th/0610249.

— 21 —


http://jhep.sissa.it/stdsearch?paper=04%282006%29021
http://arxiv.org/abs/hep-th/0602239
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB641%2C323
http://arxiv.org/abs/hep-th/0607183
http://jhep.sissa.it/stdsearch?paper=01%282007%29085
http://arxiv.org/abs/hep-th/0607218
http://jhep.sissa.it/stdsearch?paper=01%282007%29083
http://arxiv.org/abs/hep-th/0610212
http://arxiv.org/abs/hep-th/0610249

[6]

[7]

8]

[9]

[10]

[11]

J.J. Heckman, J. Seo and C. Vafa, Phase structure of a brane/anti-brane system at large-N,
hep-th/0702077.

C. Ahn, M-theory lift of meta-stable brane configuration in symplectic and orthogonal gauge
groups, [Phys. Lett. B 647 (2007) 493 [hep-th/0610025.

C. Ahn, Brane configurations for nonsupersymmetric meta-stable vacua in SQCD with
adjoint matter, |Class. and Quant. Grav. 24 (2007) 1359 [hep-th/0608160].

R. Tatar and B. Wetenhall, Metastable vacua, geometrical engineering and MQCD
transitions, JHEP 02 (2007) 02(] [hep-th/0611303].

A. Giveon and D. Kutasov, Gauge symmetry and supersymmetry breaking from intersecting

branes, [Nucl. Phys. B 778 (2007) 129 [hep-th/0703139].

S. Kachru, R. Kallosh, A. Linde and S.P. Trivedi, De Sitter vacua in string theory,

Rev. D 68 (2003) 046004 [hep-th/030124(].

[12]

[13]

[14]

[15]

B.S. Acharya, K. Bobkov, G.L. Kane, P. Kumar and J. Shao, Ezplaining the electroweak scale
and stabilizing moduli in M-theory, hep—th/0701034.

I. Bena, E. Gorbatov, S. Hellerman, N. Seiberg and D. Shih, A note on (meta)stable brane
configurations in MQCD, JHEP 11 (2006) 084 [hep-th/0608157].

T. Harmark, V. Niarchos and N.A. Obers, Stable non-supersymmetric vacua in the moduli
space of non-critical superstrings, [Nucl. Phys. B 759 (2006) 20| [hep-th/0605199].

A. Giveon and D. Kutasov, Little string theory in a double scaling limit, JHEP 10 (1999) 034
[hep-th/990911;
A. Giveon, D. Kutasov and O. Pelc, Holography for non-critical superstrings, JHEP 10

(1999) 039 [hep-th/9907174].

[16]

[17]

[18]

[19]

S. Murthy and J. Troost, D-branes in non-critical superstrings and duality in N =1 gauge
theories with flavor, JHEP 10 (2006) 019 [hep-th/0606209].

A. Fotopoulos, V. Niarchos and N. Prezas, D-branes and SQCD in non-critical superstring
theory, VHEP 10 (2005) 081| [hep-th/050401(].

S.K. Ashok, S. Murthy and J. Troost, D-branes in non-critical superstrings and minimal
super Yang-Mills in various dimensions, |Nucl. Phys. B 749 (2006) 172 ﬂhep—th/0504079ﬂ.

T. Eguchi and Y. Sugawara, Modular bootstrap for boundary N = 2 Liouwille theory,

01 (2004) 029 [hep-th/0311141).

D. Israel, A. Pakman and J. Troost, D-branes in N = 2 Liouville theory and its mirror,

Phys. B 710 (2005) 529 [hep-th/0405259].

K. Hosomichi, N = 2 Liouwville theory with boundary, JHEP 12 (2006) 061 [hep—th/0408173).

C. Ahn, M. Stanishkov and M. Yamamoto, One-point functions of N = 2 super-Liouville
theory with boundary, [Nucl. Phys. B 683 (2004) 177 |hep-th/0311169].

C. Ahn, M. Stanishkov and M. Yamamoto, ZZ-branes of N = 2 super-Liouville theory, |[JHEH

07 (2004) 057 [hep-th/0405274].

D. Israel, A. Pakman and J. Troost, D-branes in little string theory, Nucl. Phys. B 722

(2005) J [hep-th/0502073].

- 22 —


http://arxiv.org/abs/hep-th/0702077
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB647%2C493
http://arxiv.org/abs/hep-th/0610025
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C24%2C1359
http://arxiv.org/abs/hep-th/0608160
http://jhep.sissa.it/stdsearch?paper=02%282007%29020
http://arxiv.org/abs/hep-th/0611303
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB778%2C129
http://arxiv.org/abs/hep-th/0703135
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD68%2C046005
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD68%2C046005
http://arxiv.org/abs/hep-th/0301240
http://arxiv.org/abs/hep-th/0701034
http://jhep.sissa.it/stdsearch?paper=11%282006%29088
http://arxiv.org/abs/hep-th/0608157
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB759%2C20
http://arxiv.org/abs/hep-th/0605192
http://jhep.sissa.it/stdsearch?paper=10%281999%29034
http://arxiv.org/abs/hep-th/9909110
http://jhep.sissa.it/stdsearch?paper=10%281999%29035
http://jhep.sissa.it/stdsearch?paper=10%281999%29035
http://arxiv.org/abs/hep-th/9907178
http://jhep.sissa.it/stdsearch?paper=10%282006%29019
http://arxiv.org/abs/hep-th/0606203
http://jhep.sissa.it/stdsearch?paper=10%282005%29081
http://arxiv.org/abs/hep-th/0504010
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB749%2C172
http://arxiv.org/abs/hep-th/0504079
http://jhep.sissa.it/stdsearch?paper=01%282004%29025
http://jhep.sissa.it/stdsearch?paper=01%282004%29025
http://arxiv.org/abs/hep-th/0311141
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB710%2C529
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB710%2C529
http://arxiv.org/abs/hep-th/0405259
http://jhep.sissa.it/stdsearch?paper=12%282006%29061
http://arxiv.org/abs/hep-th/0408172
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB683%2C177
http://arxiv.org/abs/hep-th/0311169
http://jhep.sissa.it/stdsearch?paper=07%282004%29057
http://jhep.sissa.it/stdsearch?paper=07%282004%29057
http://arxiv.org/abs/hep-th/0405274
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB722%2C3
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB722%2C3
http://arxiv.org/abs/hep-th/0502073

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[38]

[39]

[40]

S. Ribault and V. Schomerus, Branes in the 2D black hole, JHEP 02 (2004) 019
lhep-th/0310024].

A. Fotopoulos, V. Niarchos and N. Prezas, D-branes and extended characters in
SL(2,R)/U(1), [Nucl. Phys. B 710 (2005) 309 [hep-th/0406017].

O. Aharony, M. Berkooz, D. Kutasov and N. Seiberg, Linear dilatons, NS5-branes and
holography, UHEP 10 (1998) 004] [hep-th/9808149].

S. Murthy, Notes on non-critical superstrings in various dimensions, JHEP 11 (2003) 05¢
[hep-th/0305197.

S.K. Ashok, S. Murthy and J. Troost, D-branes in unoriented non-critical strings and duality
in SO(N) and Sp(N) gauge theories, JHEP 06 (2007) 047 [hep-th/070314§.

D. Israel and V. Niarchos, Orientifolds in N = 2 Liouville theory and its mirror,
hep-th/0703151.

S. Elitzur, A. Giveon, D. Kutasov, E. Rabinovici and A. Schwimmer, Brane dynamics and
N =1 supersymmetric gauge theory, |[Nucl. Phys. B 505 (1997) 203 [hep-th/9704104)].

Y. Nakayama, K.L. Panigrahi, S.-J. Rey and H. Takayanagi, Rolling down the throat in
NS5-brane background: the case of electrified D-brane, [JHEP 01 (2005) 052
lhep-th/041203g].

M.R. Gaberdiel and A. Recknagel, Conformal boundary states for free bosons and fermions,
VHEP 11 (2001) 016 |hep-th/010823g).

M.R. Gaberdiel and H. Klemm, N = 2 superconformal boundary states for free bosons and
fermions, [Nucl. Phys. B 693 (2004) 281| [hep-th/0404064].

J. Polchinski, String theory, vols. I and II, Cambridge University Press (1998).

N. Seiberg, Notes on quantum Liouville theory and quantum gravity, Prog. Theor. Phys.
Suppl. 102 (1990) 319.

J. McGreevy, J. Teschner and H.L. Verlinde, Classical and quantum D-branes in 2D string
theory, JHEP 01 (2004) 039 [hep-th/0305194].

O. Aharony, A. Giveon and D. Kutasov, LSZ in LST, |[Nucl. Phys. B 691 (2004) 3
[hep-th/040401§].

J. Teschner, On boundary perturbations in Liouville theory and brane dynamics in noncritical
string theories, JHEP 04 (2004) 023 [hep-th/0308140].

J. Teschner, Remarks on Liouville theory with boundary, hep-th/0009134.

,23,


http://jhep.sissa.it/stdsearch?paper=02%282004%29019
http://arxiv.org/abs/hep-th/0310024
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB710%2C309
http://arxiv.org/abs/hep-th/0406017
http://jhep.sissa.it/stdsearch?paper=10%281998%29004
http://arxiv.org/abs/hep-th/9808149
http://jhep.sissa.it/stdsearch?paper=11%282003%29056
http://arxiv.org/abs/hep-th/0305197
http://jhep.sissa.it/stdsearch?paper=06%282007%29047
http://arxiv.org/abs/hep-th/0703148
http://arxiv.org/abs/hep-th/0703151
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB505%2C202
http://arxiv.org/abs/hep-th/9704104
http://jhep.sissa.it/stdsearch?paper=01%282005%29052
http://arxiv.org/abs/hep-th/0412038
http://jhep.sissa.it/stdsearch?paper=11%282001%29016
http://arxiv.org/abs/hep-th/0108238
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB693%2C281
http://arxiv.org/abs/hep-th/0404062
http://jhep.sissa.it/stdsearch?paper=01%282004%29039
http://arxiv.org/abs/hep-th/0305194
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB691%2C3
http://arxiv.org/abs/hep-th/0404016
http://jhep.sissa.it/stdsearch?paper=04%282004%29023
http://arxiv.org/abs/hep-th/0308140
http://arxiv.org/abs/hep-th/0009138

