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1 Introduction and summary

The Maldacena Conjecture [1-3] provides what is probably the most effective and con-
trollable tool to study non-perturbative dynamics of a variety of field theories. A large
variety of effects have been discovered or checked in field theories using a suitable string
dual. Integrability, correlation functions of various interesting operators (protected or not
by symmetries), aspects of lower dimensional systems, applications in condensed matter
and QCD-like systems have been succesfully studied using gauge/gravity duality.

The results above, while more numerous and spectacular in highly (super)symmetric
theories, are not restricted to examples of this sort. As a matter of fact, there are many
applications where black holes (and hence dual field theories at finite temperature) play a
fundamental role. In these cases the dynamics is neither driven by SUSY nor by confor-
mal symmetry.

As a result, an interesting problem is to construct backgrounds duals to field theories
where supersymmetry has been broken in a soft way. These systems should conserve some of
the dynamics of the SUSY case with the addition of the deformations by relevant operators
that break the supersymmetry. The low energy dynamics should then be determined by a
combination of SUSY and non-SUSY effects. This is an interesting problem, on which it
seems feasible to make progress.

In this paper, we will construct duals to field theories in four dimensions where SUSY
has been explicitly and softly broken by the addition of relevant operators to the La-
grangian. The original field theories will be those obtained by a twisted compactification
of five branes wrapping a calibrated two cycle in the resolved conifold and those obtained
by studying the dynamics of D3 and fractional D5 branes on the tip of a conifold. Both are
non-conformal theories with interesting low energy dynamics (confinement, R-symmetry
breaking, formation of domain walls, k-strings, etc.)

We will construct our non-SUSY backgrounds by finding an explicit solution of the
Einstein, dilaton and RR-form equations of motion. We also impose that irrelevant oper-
ators are absent from the dynamics and that the string backgrounds are regular all along
the space. We will concentrate on the case in which the SUSY breaking parameters are
small compared the others already present in the system in the SUSY case.

These will then be examples of backgrounds dual to the strongly coupled dynamics of
well understood SUSY field theories in which SUSY has been softly and controllably broken.
Some examples of this sort have appeared in the past for deformations of well-known SUSY
backgrounds, see for example [4-10].

Our paper is organized as follows. We start in section 2 by presenting the SUSY sys-
tem. While the fomalism summarized there does not apply to problem of interest, we do



give some details that are useful in attempting to construct the non-SUSY solutions (in
particular large-radius asymptotics). In section 3, we will the propose a SUSY breaking so-
lution in series expansion for large (UV) and small (IR) values of the radial coordinate. We
will carefully count the parameters that control our solutions and find numerical solutions
interpolating in a smooth way between the desired UV and IR asymptotics. Section 4 gives
some details of the numerical method. In section 5 we calculate the ADM Energy of the
new solutions (with the SUSY solutions as reference backgrounds). In section 6 we perform
a detailed study of various field theory quantities, whose strong-coupling result points us
to an interpretation of the dual field theory being deformed by the insertion of relevant
operators, like gaugino masses that break SUSY and may also influence VEVs. We close
with some conclusions and possible interesting problems to be solved constructing on the
results of this paper. The high technical nature of our work is clear from the outline above.
For the benefit of readers, we have included explicit technical points in detailed appendices.

Note added. While this paper was close to completion, we were informed of the work by
Dymarsky and Kuperstein, having interesting overlap with ours [63]. We thank Anatoly
Dymarsky for letting us know about this work prior to publication and discussion on
these topics.

2 Presentation of the SUSY system

In this section we summarize well established aspects of particular supersymmetric field
theories and their dual backgrounds. This will be useful when introducing SUSY break-
ing deformations.

We start by considering two apparently different field theories. The first one, we refer
to it as ‘theory I’ or ‘Type I theory’ (hoping not to cause confusion with the Type I string
theory), is a quiver with gauge group SU(n + N.) x SU(n) and bifundamental matter

multiplets A;, B, with 4, = 1,2. The global symmetries are!

SU2) x SU2)g x U(1)p x U(1)p. (2.1)

These bifundamentals transform under the local and global symmetries as

1 - 1
Ai = <n+Nc’na2717172> y Boz = <n+N07na 1527_172> . (22)

There is also a superpotential of the form W = ieijeagtr [A;BoA;Bg|. The field theory is
taken to be close to a strongly coupled fixed point. In that case one can show that the
anomalous dimensions should be v4 g ~ —%. This field theory is well known to be the dual
to the Klebanov-Strassler background [11] and its generalization to the baryonic branch [12].

The second field theory, that we will call ‘theory II’ (again not to be confused with
the Type II string!) is obtained after a twisted compactification (to four dimensions) of
six dimensional SUSY SU(N.) Yang-Mills with 16 supercharges. This special compactifi-
cation studied in [14-16] preserves four supercharges. In four dimensional language, the

!The R-symmetry is anomalous, breaking U(1)r — Zan.,.



field content is a massless vector multiplet and a ‘Kaluza-Klein’ tower of massive chiral
and massive vector multiplets. The Lagrangian, the weakly coupled mass spectrum and
degeneracies are written in [15, 16]. The local and global symmetries are (the R-symmetry
is anomalous, like in the theory I above),

SU(N,) x SU(2)1, x SU(2)r x U(1)x. (2.3)

These two theories, apparently so different, can be connected as discussed in [17] and [18]
via higgsing. Indeed, giving a particular (classical) baryonic VEV to the fields (4;, By)
and expanding around it, the field content and degeneracies of [15, 16] is reproduced. This
weakly coupled field theory connection has its counterpart in the type IIB solutions dual
to each of the field theories. Indeed, it is possible to connect the dual backgrounds to field
theories I and II, using U-duality [17]. This connection was further studied in [18-22].

We will now explain this connection among the explicit Type IIB string backgrounds.
We start from a background describing the strong dynamics of the ‘field theory II’ (the
twisted compactification of five branes). A quite generic configuration of this kind can be
compactly written using the SU(2) left-invariant one-forms

w1 = CoS wdé + sin e sin édgb, e = —sin wdé + cos 1 sin §d<ﬁ
@3 = dip + cosfdp (2.4)

and the vielbeins

E* = e%dxi, Ef = e%rkdp, E’ = e%+hd0, E? = eithgin Ody,

1 1
Bl — §€%+g(wl + adf), E? = §€%+g(a)2 — asinfdy),
1
E3 = §e%+k(®3 + cosfdyp). (2.5)

In terms of these, the background and the RR three-form read (in the Einstein frame)

10
dsp =Y (E')?, (2.6)
i=1
Fy = e-%@[flEmg + fQEGLp?) + f3(E923 —|—E*"13) i f4(Ep19 i Eptp?)]

where we defined

Ekl — BEANEIANERA .. NEL

N,
fi = —2N e F=%9, fa= 766_1“_%@12 —2ab+ 1),
N,
f = NeeF (0 =), fy=fehay, (2.7)

The dilaton, as usual, is a function of the radial coordinate ®(p) and we have set o/gs = 1.
The full background is then determined by solving the equations of motion for the
functions (a,b,®,g,h,k). A system of BPS equations is derived using this Ansatz (see



appendix of reference [23]). These non-linear and coupled first order equations can be
arranged in a convenient form, by rewriting the functions of the background in terms of
a new basis of functions P(p), Q(p),Y (p), 7(p), o(p) that decouples the equations (as
explained in [24, 25]-[26]). We quote this change of basis in our appendix A.

Using these new variables, one can manipulate the decoupled BPS equations, solving
most of them and obtaining a single decoupled second order equation for P(p). All other
functions are obtained from P(p) — see [24, 25] and our appendix A for details. The second
order equation mentioned above reads

P’ + Ql P — Q/

P"+ P ( P 0 +t T 0 4 coth(2p — 2p0)> =0. (2.8)

We will refer to eq. (2.8) as the master equation: this is the only equation that needs
solving in order to generate the large classes of solutions of Type IIB dual to “field theory
II” in different circumstances (vacua, insertion of operators in the Lagrangian, etc.).?

In this paper, we will not be concerned with SUSY solutions, but they will play an
important guiding role. We summarize below the small and large p expansions of the
function P(p).

2.1 Aspects of the SUSY solutions

Let us start from the solution of the master equation (2.8) for large values of the radial
coordinate (describing the UV of the field theory IT). The SUSY solutions have an expansion
for p — oo of the form,

—8p/3 N2 13 8
P = /3 C++670 4p> —dp+ =) e c,—ﬁp
Cyt 4 3

N4e—160/3 /18567 2781 27
Thalis ( - +2 2—36p3>]

(2.9)

p p
e 512 32 4

Notice that this expansion involves two integration constants, c; > 0 and ¢_. The back-
ground functions at large p are written in appendix A.

Regarding the IR expansion, we look for solutions with P — 0 as p — 0, in which case
we find

2 2 4
P=hip+ % <1 - 4}?) 3 156221 ( - ?Lfg - 3;220 ) p° +0O(p"), (2.10)
where hi is again an arbitrary constant, there is of course another integration constant,
taken to zero here, to avoid singularities. This gives background functions that are quoted in
appendix A. Of course, there is a smooth numerical interpolation between both expansions.
However, there is then only one independent parameter; given a value for one of {c4,c_, h;},
the requirement that the solution matches both expansions is sufficient to determine the
values of the other two.

2As an example, the solution P = 2N,p gives the background of [14, 27]. This solution and those with
the same large p asymptotics will not be the focus of this paper.



As explained in [18], this solution corresponds to a dual field theory II in the presence
of a dimension-eight operator inserted in the Lagrangian which ultimately couples the field
theory to gravity. This calls for a completion in the context of field theory. This is achieved
with the U-duality of [17] (which we will sometimes refer to as the ‘rotation’).

After the U-duality described in [17] is applied, we define the new vielbein (which we
use in the following),

e = e%ﬁ_idl‘i, el = e%+kﬁidp, e = e%+hﬁid«9, e? = e1thji sin Ody,
1 ~ 1 .
el = ie%ﬂ’h%(@l + adh), e? = ie%rghi(&)g — asinfdyp),
3_ 1 2ipp1
e’ = et hi (@3 + cosOdyp). (2.11)

The newly generated metric, RR and NS fields are

10
dsi; =) (€')?,
=1
e_%¢
3= ey [f16123 + f2993 + f3(e9% 4 P13) + f4(ePt? + ep‘pQ)}
ei?®
H3 _ ]}3/4 {_ fleetpp o f2€p12 _ f3(602p + egalp) + f4<6193 + 6(’023)}
62‘13‘
Cy=—k iL dt ANdxy N dxo N dxs,
5 ~ 3 e2®
F5 = ke 1*7*h19, (A> [60@123 — elT1®aTsp (2.12)
h

We have defined
h=1-—r??®, (2.13)

—®(c0) forcing the dilaton to be

where K is a constant that we will choose to be Kk = e
bounded at large distances. The rationale for this choice is to obtain a dual QFT decoupled
from gravity. Details of this were carefully discussed in [18, 22]. The tuning x = e~ ®(°)
(also chosen in [28], though in slightly different notation) is the geometric version of the
fact that, in order to eliminate an irrelevant operator in the dual field theory I, we have
to finely-tune the matter content and the gauge group with which we will UV-complete
the theory II after un-higgsing from the single node to the quiver. See [18] for a complete

explanation. We will now move to study SUSY breaking deformations.

3 The SUSY-breaking deformation

The goal is to find a non supersymmetric solution with the same symmetries and structure
as the ones described above. We proceed as follows: we will find a non-SUSY general-
ization of the system in eq. (2.6). We will solve the equations corresponding to Einstein,
Maxwell, dilaton and Bianchi equations of the system. The nice properties of the SUSY
formalism just explained do not apply. We will then propose series expansions for the



individual background functions ®, h, g, k, a,b. With the experience gained in the SUSY
example, especially keeping in mind the expansions quoted in egs. (A.3), (A.5), we propose
similar asymptotics.

3.1 Asymptotic expansions

In the UV (large values of p) our expansions take the form,

o 1 2 o 1
e SOST Hy =008 % ~ 3OS Gy,
i=0 j=0 i=0 j=0
2k o i oo i
% -~ Z Z Kijpje4(17i)p/3’ L Z Z (I)ijpj€4(1fi)p/3’
i=0 j=0 i=1 j=0

oo 1 oo 1
o) ~ 32D Vg U, )~ 3 S WA (3)
i=1 j=0 i=1 j=0
We have found that a generic solution of this sort can be written in terms of nine integration
constants. These constants are free; all other coefficients in the series expansion can be
written in terms of them. The independent constants are taken to be,

Koo, Kso, Hio, Hi1, P10, P30, Wao, Wao, Vao. (3.2)

Note that we have found the constants Va1, Wo; must vanish for this to be a solution.
Also, we imposed that terms that would spoil the UV behavior of the SUSY solution
(corresponding to irrelevant operators in the dual QFT) are absent from our expansions.

Without loss of generality, we relabel the UV parameters in eq. (3.2) to make contact
with the SUSY case (see appendix A):

Wao = 2e”°, Koo = %, Dy = P,
Hy = %7 K3 = c__égl;?)ﬁ (3.3)
The independent parameters are then
ct, =y Pooy Qos po, Hi1, Wao, P30, Vao, (3.4)
and we can recover the SUSY case by setting
Hyy = % Wi =0, ®3 = 32200 (3+4Q,), Vio=2e*(14Q,). (3.5)

For small values of the radial coordinate (which we take to end at p = 0) we will
propose an expansion of the form (again, imposing regularity of the solution),

29

D DTN D I T A DT (36)
=2 =0 =0

' ~ ijﬁj7 a(p) Nzwjpjv b(p) szjpj'
=0 =0 =0



In this case the free parameters are kg, fo, k2, v9 and we. For any value of these numbers we
find a solution. To make contact with the SUSY solution in eq. (A.5), we relabel ko = h1/2
and fy = e*?. We then recover the SUSY solution if the remaining three parameters take
the values

2 8
we = o — 2, (3.7)

2
3’ 3hy

ko =
27 5y

(h% - 4)a V2 = —

If we want to restrict our attention to those solutions which match both the UV and IR
expansions described above, we expect to have fewer independent parameters. To see this,
note that we can describe the solutions either by the IR boundary conditions, so that they
are parameterised by the five IR parameters {h, ¢o, k2, v2, wo}, or by the UV boundary
conditions, giving a parameterisation in terms of

{cq, e, Poo, Qo, po, Hi1, Wag, P30, Vo }-

If a solution exists which connects our IR and UV expansions, the functions resulting from
these two parameterizations must be the same. We can formally express this as a system

of twelve equations,?

gh1.“wz (P) = gC+...V210(10)7 9;11w2(p) = gé+...V4o(p)7
By .. a0, (p) = h’0+---V40<p)7 ;11...w2(p) = i:+...V40(p)7

bhyaws (P) = bey vio(P)y Yy (P) = VL, vy (P)-

However, the derivative of one of the functions can be expressed in terms of the other
derivatives and the functions themselves using the constraint, so only eleven of these equa-
tions can be independent. We therefore expect to be able to solve for eleven of the fourteen
parameters, leaving only three independent.

We know that the dilaton can be shifted without otherwise affecting the solution, so
one of these parameters must be either ¢y or ®,,. Additionally, we know that we also need
one of hy, ¢y or c_ to describe the class of SUSY solutions. The third parameter therefore
breaks SUSY.

Note that there does not appear to be anything to stop us choosing, say, @, to pa-
rameterise the SUSY-breaking, despite the fact that UV expansions with @), # —N. do
not break SUSY. This is explained by the fact that SUSY solutions with @, # —N. do
not have a regular IR. If we simultaneously demand that @, # —N,. and the IR is of the
form (C.13)—(C.24) we must therefore have a non-SUSY solution. However, it seems con-
ceptually simpler to choose the third parameter to be one which explicitly breaks SUSY.
For our three independent parameters, we might select (in the IR) {h1, ¢g, w2}, or (in the
UV) {C+, q)oo, WQ()}.

In the next section, we will study the challenging numerical problem of finding a
solution that interpolates between the small and the large p expansions in egs. (3.1)—(3.7).

3We write the functions resulting from a given choice {h1,do, k2, v2, w2} of the TR parameters in the
form gn, g, ks ,vs,ws (p). Similarly, the expressions of the form ge, c_ . ®...Qo.p0,H11,Wa0,®30,V40 (p) Tefer to the
functions resulting from a given choice of the UV parameters.



To summarize: we want to find a numerical solution for the functions above. This will
provide us with a non-SUSY deformation of the background in eq. (2.6) dual to field theory
of type II. Applying the U-duality in [17]-[22] we construct a non-SUSY background of the
form given in eq. (2.12), dual to a non-SUSY version of the field theory I.

4 Numerical analysis

In this section we show that for some values of the free constants in the IR and in the
UV we can connect the asymptotics numerically. We first briefly describe our method
of relating the IR and UV parameters, the details of which are relegated to appendix D,
before presenting a sample solution which smoothly connects the IR and UV asymptotics
of the previous section.

Our approach is to solve the equations of motion (B.4)—(B.9) numerically, using the
expansions (see appendix C) as boundary conditions. We start from the IR expan-
sions (C.13)—(C.24), meaning that our numerical solutions are described by the three
SUSY-breaking parameters {ka, v, wa}, in addition to those already present in the SUSY
case h; and ¢yg.

However, we have seen in section 3.1 that we expect only three independent parameters
in total, one of which breaks SUSY. This would mean that in the non-SUSY case we cannot
treat even the five IR parameters as independent. This is confirmed by our numerical
analysis: a generic choice of the IR parameters yields UV behaviour of the form b ~ +e??

2h 2k~ ¢8P/3 which is incompatible with our expansions (3.1). To obtain

and e?9 ~ e
a solution connecting the IR and UV expansions, then, we have to determine both an
appropriate combination of values for the IR parameters and the corresponding values for
the UV parameters.

We achieve this using the method described in detail in appendix D. In outline, we
start with a manual search of the IR parameter space, using Mathematica’s NDSolve to
obtain numerical solutions. Having obtained a solution with the desired UV behaviour
(b~ e 203 g~ h~k~ e*/3) we optimise the match to the UV expansions (C.1)—(C.6)
with respect to the parameters (3.4) using NMinimize.

An example of solution is shown in figure 1. As is expected from the expan-
sions (C.1)—(C.6), the most significant modification with respect to the SUSY solution
is the presence of the e 2°/3 behaviour in the UV of a and b. The size of this effect is
controlled by the SUSY-breaking parameter Wag; in the SUSY case we have Wyy = 0,
resulting in @ ~ e72” and b ~ pe~?’. The other functions are modified at higher order
in (C.1)-(C.6), and as expected no effect is visible in figure 1. See appendix D for details
of the numerical analysis.

5 Energy

In this section we study the energy of the non-SUSY solutions found above. For any
stationary spacetime admitting foliations by a spacelike hypersurface ¥;, the free energy
and the energy are related via the thermodynamic relation ' = E — T'S. Here we are
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Figure 1. Plots of the functions g, h, k, ®, loga and logb, obtained numerically (solid blue),
together with the IR (dotted red) and UV (dashed orange) expansions (appendix C), with small
deviations from the SUSY values of the parameters. The SUSY solution (grey) is included for

comparison.

considering T" = 0 backgrounds and so we expect F' = FE. In this section we will first
calculate the ADM energy FE, for the solutions before the U-duality — we will refer to
the U-duality of reference [17] as ‘rotation’. We will then repeat this calculation for the
solutions after rotation and show that the energies before and after rotation are equal. As
a check of our results, in appendix E we obtain the free energy using the on-shell action

method and show that F' = E.

5.1 ADM energy

Consider a non-asymptotically flat 10-dimensional background. Let ¥; be a 9-dimensional

constant-time slice whose 8 dimensional boundary is a constant-radius surface S7°. The
regularized internal energy E is defined as [29],
1
E=— | [N (*K —® Ko) + N{'pun”] dS;°. (5.1)
™ S

Ny is the lapse function, N/' is the shift vector, P the momentum conjugate to the
time derivative in the constant time-slice, 8K and 8K are the extrinsic curvatures of the



8 dimensional boundary S;°, for the background under consideration and the reference
background respectively. Finally n” is the spatial unit vector normal to the constant
radius-surface S7°. It is required that both geometries induce the same metric on S;*.
The matter fields should also agree at S{° or at least the difference should tend to zero as
S7° goes to infinity. We will choose a SUSY background as a reference geometry.

For the metrics before rotation (2.5)(2.6) we have N/ = 0, N; = /]goo|] = €®/4,
dSpe = %62(¢+9+h)+k, nt = /g ot = e~®/4eF. The extrinsic curvature is

SK =V,nt =

1
- B, (/ganlt) = e~ ®/4=k [2(@’ +gd+H)+ k’] , (5.2)

9

where g, denotes the determinant of the 9-dimensional constant time slice ¥;. The require-

ment that the induced metrics on S;> agree at the boundary implies,*

Psu

¢n8 ¢ns ¢Su ¢n8 ‘I’Su
e 2 s — e 5 esu, g aT s = T3 p2heu o7 Phns — o5 2hsu (5.3)

and the ggp component agrees if

e = e (5.4)
All the quantities in (5.3) and (5.4) are evaluated at some large but finite r. that acts as
a cutoff. Using (5.1), the energy is

/ !/
E — _ZZZB hm {e_kns (€2¢)n5+29ns+2hns+kns> _ e_ks (62q>5+2gs+2hs+ks> } . (55)
T Te—>00

Before evaluating (5.5) we have to satisfy the matching conditions at the boundary, (5.3)
and (5.4). In order to do this we have to use the most general asymptotics of a supersym-
metric solution. As discussed in eq. (3.5), analyzing the BPS equations (see appendix A in
reference [23]) we see that the most general supersymmetric UV asymptotics is obtained
by replacing

(3 +4Q,) Ao

W20—>0, V40—>2€2p0(1+Q0), H11—>1/2, <I)30—>—3 1 5
C
+

(5.6)
in the non-supersymmetric expansion (3.1). Notice that this substitution restores the inte-
gration constants Q,, po and e®= that are usually set to —1, 0 and 1 respectively [24, 25].
Reintroducing the integration constants is equivalent to using the shift invariance of the
r coordinate (encoded in Qg and py) and the dilaton [30]. Adjusting these constants will
allow us to satisfy the matching conditions at the boundary and cancel divergences in the
energy. Given the complexity of the UV expansions the matching procedure is cumbersome
but straightforward. Working to linear order in Wsy we obtain,

1
B = —ch et 1wy, (5.7)

After the duality transformations the UV asymptotics changes drastically. In this case

e—®/4

we have N =0, Ny = /|goo| = Grr, dS7° = Le3PH2gRAMARL/2 ppt = o=3®/4e—k f—1/4

4The subscripts ns and su stand for non-supersymmetric and supersymetric respectively.

~10 -



and

3®

0 (\/gan*) = < [H' +2H3Y +2¢ + 21 +K)]. (5.8

SK = -
K=V,n NG S5/

Note that here we defined H = e~2® — ¢72%=, The regularized energy after the rotation is

volg ..
E= _64;2 lim {Ans — Agu} (5.9)
where
o~k '
A= <\/Ee3®+2g+2h+k> . (5.10)
The matching conditions now read,
H%é%sq;ns +2gns _ Hslfesq;su JFQQSH7 HiéQesq;ns +2hns _ Hslfe?@%”h“,
HY2e™ s — g o252 H,;%e*%“ — HO M2 (5.11)
Note that
D+2g+2h
Aok (€2¢+2g+2h+k>’ L€ Tt <eq>\/ﬁ)’
vVH
_ Abefore+Aextra (512)
/
where Abefore = o~k (ezq’”g”h*k)/ and AxXtra = % <e¢’\/ﬁ> . We have
l
E = _é}: 82 lgn {(Agifore _ Ag)efore) _ (A?;;tra _ A(;xtra)} , (513)
e Te—00

where all the functions are evaluated at some large but finite cutoff r.. After adjusting the
parameters to ensure that the induced metrics at the boundaries are the same, as required
in (5.11), we take the cutoff to infinity. The first two terms in (5.13) are the same as in
the energy before rotation (5.5). We find that — to first order in Wy — the matching
conditions are satisfied using the same set of integration constants as before the rotation.
Thus, the first two terms in (5.13) give exactly the energy before rotation. Any difference
in energies will come from the extra terms (5.13). However, it can be shown that using
the integration constants necessary to satisfy (5.11),

Jim{(Ag - A} <o, (5.14)
Thus the energy before and after rotation are the same.” Indeed, plugging in the UV
expansions directly in (5.9) we obtain,

1
E = mcie?m“‘l’w Wao. (5.15)

5This suggests that the ADM Energy is ‘uncharged’ under the U-duality, like probably are also uncharged
various thermodynamical quantities.
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A couple of comments are in order. First, note that the overall constant that appears
in the energy can be changed by shifting the value of the dilaton at infinity. Thus, the
physically meaningful statement is that the energies before and after rotation have the
same functional dependence on the parameters,

2 _2po+2P
Ebefore ~ Eafter ~ cpe ro > Wao. (516)

Second, this calculation can be carried out to higher order in the SUSY breaking parameter
Wag. The divergences in the energy can be cancelled by subtracting an appropiate SUSY
background. However, at higher orders there will always be a discrepancy of order W3, of
the metrics at the boundary. This clearly indicates that the treatment presented in this
section is valid only for soft supersymmetry breaking with small breaking parameter, Wag.
Had we not expanded around Wsg ~ 0 the mismatch at the boundary could be arbitrarily
large indicating that the non-supersymmetric solution does not approach the SUSY solution
fast enough for the energy to be finite, indicating that one should find another reference
background to subtract. Note that this substantiates the smallness of Ws seen numerically
in the previous section where the solutions found have Wag ~ O(1079).

6 Field theory aspects

In this section we will analyze various field theory aspects of a non-SUSY version of the
quiver that we called field theory I and described below eq. (2.1) To this end, we will use
the non-SUSY background one obtains when plugging our numerical solutions in section 4
in the background of eq. (2.12) dual to the field theory I.
To begin with, notice that in eq. (2.12) we did not specify the NS potential Bs. Since
this will be useful below, we discuss it here (the result is different from the SUSY one).
Following the intuition gained in the SUSY example, we propose a By of the form

By = bi(p)e” + ba(p)e’ + bs(p)e' + ba(p)e” + bs (p)e?, (6.1)

by imposing that dB; = Hs and that the Page charge vanishes Qpage, D3 = 0 (see below)
we obtain — all details are discussed in appendix F —

e2g—2k

=" [ng@’ — 3hbs® — dhbsg' — 2hbly + kN ® 22 (a? — 2ab+ 1)}
—oh A
by = ﬁ {ezghé (1- a2) b3 — Nice% [NCQ(G —b)b’ + 462(9'”‘)(1)’} }

30 _
kN.e2 9~y

- : 6.2
RV (6.2)

with b3(p) an undetermined function. This freedom corresponds to a gauge transformation.
A general Bs can be expressed as

1 .
By = (Ba)yyo — 5d(629'*’”4’/4hl/‘*bg e3> . (6.3)
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Before computing various observables of the strongly coupled non-SUSY field theory I, we
will quote another quantity that will appear frequently in the analysis. This is a periodic
quantity in the string theory. Given the two cycle defined as,

S =1[0=10,p =21 —$,% =], (6.4)

we define .

bo = —5
0 471'2 P

Bs. (6.5)

When computed explicitly using the form of the By potential in egs. (6.1)—(6.2), we obtain

kN, K
bo (o) = ?emb’(b + cos ) — W62<1>+2h+2g(1)/ (6.6)

These quantities together with those appearing in the background of eq. (2.12) will be
important in the study of the non-perturbative field theory dynamics.

6.1 Calculation of observables

We now move into the calculation of observables that will help us understand the field
theory interpretation of our solution.

6.1.1 Interesting asymptotic behaviors

We start by studying some combination of fields that have a particular behavior. For
this it is convenient to reduce the system to five dimensions as was done in [18]. Once in
five dimensions, the paper [18] shows that some of the 5-d fields are invariants under the
rotation. These fields are the dilaton ¢ and the combinations

My =1+ a®+4e*h729 My = 2H29-4k (6.7)

The corresponding UV expansions are (see section 4 and appendix C for the notation)

2 e 40/ 8p/3
My =2+ (8Huiip + 3¢y Wi +2Q,) +O(e 8013,
9 2T 5 43 —8p/3
MQ = E — TﬁWQOe p/ —+ O(e p/ ) (68)

Now, suppose that we define a variable z = e~2//3. Any field M that for z — 0 scales
like M ~ z2 indicates either the insertion of a relevant /marginal operator or the VEV for
an operator of dimension A (if A > 0 or A = 0). On the other hand, if A < 0, it indicates
the insertion in the Lagrangian of an irrelevant operator of dimension (4 — A).

Using the UV expansion of the dilaton (see appendix C), we see that the dilaton cor-
responds to a marginal operator of dimension A = 4 (this is identified with a combination
of gauge couplings gi discussed below). The expansion of the function b(p) — see again
appendix C — indicates that the SUSY breaking constant Wsg corresponds to the insertion
of an operator of dimension three in the lagrangian. We associate this operator with the
mass for the gaugino and in an analogous way, the constant e?’* is associated with the
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VEYV for the gaugino. The association is not exact, in the sense that once SUSY is broken
there could be a contribution of Wyg to the gaugino VEV. Then, schematically we have

Wao — mAX, €2 — (AN) ~ A3y, (6.9)

Following this logic, the expansion of the field M; ~ 22 is interpreted as the VEV for a
dimension two operator [28],
U~ tr[AAT — B'B. (6.10)
This same operator gets a VEV in the SUSY case and is the one that allows us to explore the
baryonic branch. Notice that the SUSY breaking coefficient Wo contributes to this VEV.
In the theory of type I, that has two gauge groups, we should expect two independent
gaugino masses. Here, the solution is obtained by U-duality applied on a background dual
to a Theory of type II, with only one gauge group. We seem to have only one integration
constant associated with gaugino mass, that is Wy. As emphasized below eq. (3.2) the
numbers Va1, Wa; corresponding to behavior of the functions a ~ b ~ pe_Qp/ 3 which could
be associated with this second mass parameter, turn out to vanish in our particular solution.

6.1.2 Energy

We take the expressions for the ADM Energy of the non-SUSY backgrounds as derived in
egs. (5.7) and (5.16) and we use the map described in eq. (6.9), we obtain that

EADM ~ Cie2¢(oo)€2p0W20 ~ mA%{M (6.11)

Then the energy is proportional to the gaugino mass and the strong coupling scale, as
expected. The result in eq. (6.11) was first obtained in [61, 62].

6.1.3 Charges
We will define the Maxwell and Page Charges

1 1
QMaxwell, D3 = / Fs, QMaxwell, D5 = / F3,
axwe 1 6 7T4 X5 axwe 47( 2 X3
1
= — Fs — By A\ F: 6.12
QPage, D3 61 /X5 5 — Ba A F, (6.12)

where the manifold X5 = [0, ¢, 0, ¢, 1] and X3 = [0, $,1]. As in the SUSY case we have that
K
QMaxwell, D3 = ;629+2h+2<1>(1)/7 QMaxwelL D5 = Ne. (613)

We have also imposed that Qpage p3 = 0 in determining the By field of eq. (6.1) — see
appendix F for details. The vanishing of the D3-Page charge is a feature of the SUSY non-
singular solutions; this is the reason why we imposed it here. It would be interesting to
see if one can obtain a regular non-SUSY solution in the presence of sources indicated by a
non-vanishing Page charge. Using the UV expansions, the Maxwell charge for D3 branes is

e®oo 1

(i3] 2 —30
QMaxwell, D3 = TP - E (96 ° + 4C+6 00‘1)30)
33eP= W2
gy e M O, (6.14)
7'['
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So, we see that Wy, the same number that determines the mass of the gaugino ac-
cording the discussion above, changes the large energy value of the Maxwell charge
(correspondingly of the c-function — see below) in a subleading way, as expected.

6.1.4 Gauge couplings and beta functions

Let us review briefly what happens in the SUSY case. In the SU(N, + n) x SU(n) SUSY
quiver, we have two couplings g1, g2. Close to the Klebanov-Witten conformal point (in
the UV), the anomalous dimensions are y4 g ~ —%. This implies that the beta functions
for the diagonal combinations

Bsn2 = Bsnz — Psn2 = 6Ne,  Bgn2 = B2 + Psnz = 0. (6.15)
P

8n< 8m< 8m< 8m2 8m<
2 2 2 2
{ 91 92 1

93
As in the SUSY case, we will adopt the definitions®

472 _o 472
2 DT 2
gz gz

where by (1)) is defined in eq. (6.5)—(6.6). We obtain

= 2me™? [1 — bo(n)] (6.16)

472

N,
e 2¢® <7r + ]\’;e29+2h+2%’) — %eq’(b — 1), (6.17)

C

Notice that the result is independent of the gauge artifact function b3(p). In the UV, these
formulas are typically trustable. The explicit expansions are

42 3¢ P 1
lQ = e Poorr 4 (627rp — e5¢°°7r<1330> e~80/3 4 O (Wiye ) (6.18)
95 2¢1 4
and
472 1 3 3
iQ = <2p — gci¢306_4®w + 2me P — 4> — ZWQO€_2P/3 + 0(6_4”/3). (6.19)
gz

Let us now compute the beta functions as read from the geometry. We will use the ra-
dius/energy relation
r=e23 = % (6.20)

where p is the energy scale at which we probe the process and A the reference or strong
coupling scale of the given gauge group. Notice that this choice is arbitrary, just reflecting
the possibility of choosing a scheme. Other monotonic relations p(u) would express the
beta function in other schemes. To calculate the beta functions we perform

d (8 dp A

= () o = 6N+ W,

Bﬁf dp<92>d10g(u/1\) O+ Wao u

d 8772> dp < <A> A4>
= )L =0 (log (=)= ). 6.21
B% dp(gi dlog(u/A) B\ (6.21)

SThese are strictly correct in the N = 2 examples and the KW fixed point. We adopt the definition here
to get a handle on the non-SUSY dynamics.
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We have reinstated the factor of N, in the expansions. With a naive use of the NSVZ
expression for the Wilsonian beta functions one may have interpreted this result for 5_ as
the SUSY breaking parameter Wag changing slightly the value of the anomalous dimensions
YA,B ~ —% + O WQO% . But this is not matching with the analogous calculation for 3.
Hence this solution does not respect the NSVZ expression (as expected). Also, notice that

while in the SUSY case, the beta functions receive corrections O (ﬁ—i’), we have here an

example where the SUSY breaking parameters produce lower order corrections O (%) Let
us move now to IR observables.

6.1.5 K-strings

We will follow the treatment in [31, 32]. We need to evaluate the action for a D3 brane

that extends on the manifold ¥ = [t, 21,0 = 0, = 27 — ¢]. The D3 brane is sitting at

p = 0 but can move on the angle 1, so that it will minimize its energy. The (string frame)
metric seen by such a D3 brane is

$o

ds? -

znd:ﬁ

where we have written ¢ = 2x 4+ 7, and used the values of the functions at p = 0:

- h
{d:r%l + Nchoj1 [dXQ + sin? x (d92 + sin? Hdgoz)] } (6.22)

290 = 2k(0) — %, e?h(0) = o, ®(0) = ¢o, a(0) = 1. (6.23)

We have additionally written ho = h(0) = 1 — ¢2¢0—2%x
The RR field and its potential are,

2
Qo = sinf do A dep. (6.24)

in 2
Fglg = 2N, Sin2X Qo A dx, CQ|E =N, <X _sm X> Qo,

Using eqs. (6.1)—(6.2) and the fact that &' (0) = ®(0) = 0 we find that the NS potential
By vanishes.

We will turn on an electric field Fy, = F}, dt A dx in the space-time directions. Then
the Born-Infeld-Wess-Zumino action gives an effective one dimensional lagrangian,

. F? in 2
Leg = —4nTps N, [h; €20 — g ~* sin” x - <x - X) Fia (6.25)
This is equivalent to eq. (9.8) of [31, 32], with modifications which result from the U-duality,
hl hl ~ 2(1)(0) 62¢0
= — — —_. .2
Ié] 5 2\/h0, e — i (6.26)

The rest of the discussion then proceeds as in [31, 32]. We impose the equation of motion for

F}; and quantize it to be an integer multiple of the tension of the fundamental string, gfp—:f =

@. The resulting tension follows an approzrimate sine-law, as in the whole baryonic branch,
including the KS solution. This also happens for D5 solutions in section 8 of reference [23].

The influence from the SUSY breaking parameters enters only through the modifica-
tions (6.26).
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6.1.6 The non-SUSY Seiberg-like duality

We will follow the treatment in the SUSY case, as developed in [33]. The basic idea is go
back to the quantity by(v), computed as specified around eq. (6.6) and compare with what
occurs in the SUSY case. The Seiberg duality is identified with a large gauge transformation
such that by — by = 1 and the charge of D3 branes changes by +V,.

Consider the Page charge of section 6.1.3; a large gauge transformation on Bs will
change by by one unit. This translates in the change of N, units in the Page charge. This
works exactly as in [33].

Let us now study how the Maxwell charge ‘sees’ the Seiberg duality. We will focus on
the UV part of the background, where the cascade is known to work in the SUSY case.
Following the steps described in appendix G, we have

71/2 ®/2 . .
by = hTe [b2€2h — by(a + cos wg)e}”g} = %[(f + k) + (k — f) cos ) (6.27)

with (using the explicit values for by, by)

€¢/2E1/2 oh 62(19 4
= - _ gth(, _ _ L C (h 1) 2g9+2hgy
f 2N, [b2e™ — bse?™ (a — 1) =k S [b (b—1) Nz ® } :
21 20 A
k- — eQTc[b2€2h _ b4€g+h(a 4 1)] — :“i% |:b/(b + 1) _ ]\70262g+2h¢)/:| ,
KNC€2(I> , He2<1>+2h+2g ,

Now, it is interesting to notice that — far in the UV — the Maxwell charge

K kN2e?®
QMax,D3 = ;€2g+2h+2¢‘1>' = 467776'(1) + costhg) — Nebo (6.29)
changes under a change in by as,

bO ~ bO +1— QMaX,D?) ~ QMaX,Di’) + Nc- (630)

Specially, notice that for large values of p the ‘correction-term’ (b + cost)y) is quite
suppressed. This ‘correction’ is more suppressed in the SUSY case, where b’ ~ e~2/, in
contrast to our non-SUSY solutions, where b’ ~ e=27/3. The ‘Seiberg duality’, associated
with a large gauge transformation of index k that changes the Maxwell charge in kN, units
is better approximated in the SUSY than in the non-SUSY case. Nevertheless, in both
cases, the transformation is good at leading order.

So, as expected, far in the UV we could think that the decrease in the Maxwell charge
is interpreted as a non-SUSY version of Seiberg duality that is at work here.

6.1.7 Domain walls

Let us compute the tension of a domain wall as the effective tension of a five brane that

sits at p = 0 and is extended along Y = [t, z1, 22,0, P, 1]. Before the U-duality for field
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theories of type II, we use the background in eq. (2.6) and obtain that the induced metric

on such five brane is (in string frame)
® 629 _ _ 62k 5
dsig =€ |dai 5 + T(de2 + sin? 0d@?) + —(dv + cos 0dp)> (6.31)

The induced tension on the three dimensional wall is
_ 772Tp562¢0h‘z’/2

p=0 V2 ’

Tog = 27T2TD5€2(I)+29+k’ (6.32)

which is unchanged from the SUSY result.
After the U-duality, in the background of eq. (2.12), we place a similar five brane, the

induced metric is,

2k

1 — /029 .
ds? = e® [Adx%z +Vh <€4(d02 +sin? §d@?) + %

Vh

There is also an induced B field,

(dip + cos éd@)Qﬂ . (6.33)

1 /= I
By = he?9T®/2ps(p) sin 0dO A dp. (6.34)

In order to have a gauge invariant Born-Infeld Action, we must add the F5 field on the
world-volume of the brane. Indeed, the change due to a gauge transformation of the Bs
field is cancelled by a (non-gauge)-transformation on F,”

By — By +dAy, Iy — Fy — dA;. (635)

Hence, we need to turn on gauge field strength on the world-volume of the brane,

/i

Fj, = —7629”’/253@) sin . (6.36)
This implies that the BIWZ action will be
e20+k+29
S = _TD5(47r)2T / >y (6.37)

which gives the same effective tension as in eq. (6.32) and the same as in the SUSY case.®
Then the tension before and after the U-duality is the same. As a side remark, one may
wonder if it is possible to fix the value of b3 at p = 0 using some physical criterium. Though
it is not an invariant quantity, the small p expansion of

b3(0)?
B/“,B'MV ~ 7 + - (639)

suggests that we should take b3(0) = 0 as in the SUSY case.

"One can also add a field strength F» such that aside from cancelling the gauge-variance of By adds a
kind of ‘magnetic charge’ to the domain wall or a Maxwell-like term in the Minkowski directions. We will

not consider the addition of these extra components of F» as they will typically raise the energy of the wall.
8Notice, that in the SUSY case we have (using eq. (F.1))

by = —ke** 2R cos a, (6.38)

which vanishes for p = 0.
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6.1.8 Central charge

We will calculate the central charge of this non-susy solution. We should follow the usual
procedure of [34, 35], that requires a reduction to five dimensions. However, an equivalent
treatment presented in [36] indicates that for any string-frame metric of the form

ds® ~ a(p)das 4+ a(p)B(p)dp® + gij(p, y)dy'dy’ (6.40)
we define

Vi = [ d/Aetgs,  H =V, (6.41)

and the central charge (for d = 3) is given by ¢ ~ %, in our case

o2h+2g+20+4k 2

(6.42)

C ~ =
(21 + 29 + 28" + K + )3

In the IR, the explicit expansion for the central charge is
¢~ 2P0 —4P0 (emw _ €2¢0)2 B
+ éewo—“’w (2% = ¢2%) 3|2 (=16 — 15h1ky + 1213)
+ €0 (28 + 15hkz — 1213 + 903) | 7 + O(6°), (6.43)

and in the UV we have

3 1 1
¢~ 2P p? <462q)°° + 301624)&@30) p+0O <> (6.44)
p

It is immediately clear that the SUSY-breaking parameters have no effect at the leading
order in the UV. However, in the IR the question is more subtle. Although none of the
explicit SUSY-breaking parameters appear in the leading term there is an effect. This is
because in the SUSY case there are only two independent parameters, so that fixing h; and
¢ is sufficient to determine ®,. In the non-SUSY case the discussion of sections 3.1 and 4
suggests that there is one more parameter, which breaks SUSY. This means that even
with fixed hy and ¢g we can expect that ®., varies as a function of the SUSY-breaking
parameter. Indeed, when in appendix D we compare SUSY and non-SUSY numerical
solutions with the same hy and ¢g, we find that ®,, changes.

6.1.9 Force on a probe D3-brane

We will now consider a D3 probe brane that extends in the Minkowski directions and is
free to move in the radial direction as suggested in [28],

D3 : [t,x1,z2, 23], p(t). (6.45)

the induced metric and RR four form field are obtained from the string frame version of
eq. (2.12),

ds? = e®h™1/2 [ —dt* (1 — he®* ) + da? + dzd + d:c%] ,

020
Cy = —KTdt Adz1 A dxo A dxs. (6.46)
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this gives an action for the D3 brane,’

® 20
Spiwz = —TD3V3/dt (2\/ 1 — he?*p? — H%) : (6.47)

We then approximate this for small velocities and change to the variable dr = e¥T®/2dp

7”,2 e<I>
S=TpsV3 [ dt| — — —= | . 6.48
i fa (i) o

the force on this probe is then

and get

o®/2-k

(1+ me‘P)?@/' (6.49)

In the IR, the explicit expansion for this force is

f=

23T (44 303)

f +0(p?), (6.50)
3 (et 4 e2)? pl/? ()
and in the UV we have
) —TPoo
3e s ez (9e*®e 442 Bag) | B
f= \/g 52P ( 5/2 +20) 710 L O (7). (6.51)
Ct 8\/60+

As expected, the force vanishes quickly in the far UV, where the solution approaches the KS
background. Also, notice that in the radial coordinate r ~ e~2°/3_ the force is f ~ lor% as
obtained in [37]. The SUSY breaking parameters do not enter explicitly in the expression
for this (small) force at leading order. In the other hand, the breaking of SUSY explicitly

changes the value of the force in the IR, as expected.

6.2 Field theory comments

This section relies on the ideas of [38]-[39], but most fundamentally on the analysis of the
paper [39]. Similar ideas that may be useful in thinking about our string backgrounds
have been put forward for example in [40, 41]. This paper studies non-SUSY deformations
of N =1 SQCD. We use this to analyze the quiver field theory of type I. This is as
we discussed, a non-SUSY deformation of the KS-quiver. In the SUSY case, the KS-
field theory can be understood as N' = 1 SQCD with gauged flavor group and a quartic
superpotential (see for example [43]) and due to this, the results of [39] are important to us.
The qualitative results of the paper [39] become quantitatively accurate once we take the
SUSY breaking parameters much smaller than the relevant scale of the problem, namely
ASQCD.lo In our case, this is reflected in the small size of the coefficient Wo.

In this case, lots of the structure of Seiberg’s SQCD [44] remains. Particularly inter-
esting to us is the fact that for SU(N.) SQCD with Ny flavors and with Ny = N, there

9Notice that in the way things have been defined, the action for a D3 has the WZ term with the same
sign as the BI term. See eq. (2.13) in the paper [19].

00fer Aharony explained to us that the soft breaking mass terms for squarks could have different signs
under a Seiberg Duality, see [42]. This technical subtlety seems to play no role in our analysis.
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exists a vacuum which breaks spontaneously the U(1)-baryonic symmetry and this vaccum
persists in the non-SUSY analysis of [39]. This will be relevant for us as the case Ny = N,
is associated in the SUSY case with the last step of the cascade. We then argue that our
geometry describes a situation where SUSY is broken by gaugino masses and other VEV’s
and the baryonic symmetry is broken by the vacuum state.

In a bit more detail, the authors of [39], added to the SQCD lagrangian a term of
the form

L = Lsqgcp + AL,
AL ~ / d*OMgo(QTe"Q + Qe ™V Q) + / d*9M, S, (6.52)

where S is the superfield S = Tr[W,W?], Mg is a vector multiplet whose D-component
equals the mass of the squarks (—mg) and M, is a chiral multiplet whose F-component
is the mass of the gluino. The authors of [39] argued that to leading order in the SUSY
breaking parameters Mg, M, one can write an effective lagrangian in terms of mesons M ,

baryons (B, B) and S,
AL ~ / d*0By Motr[M' M) + ByMo(B'B + B'B) + / d*OM,S + ... (6.53)

The idea is then that one should supplement the usual actions and superpotentials discussed
in the SUSY case with the SUSY breaking terms above. In particular, in the case Ny = N,
we will need to minimize the potential term coming from eq. (6.53) together with the
potential coming from the SUSY superpotential

W = Wiree + Weuant = KTr(MTM) 4 &(det M — BB — A*Ne). (6.54)

Therefore, the vacua of the theory are those that minimize the potential coming from the
tree level superpotential, together with that from the SUSY breaking term, all subject
to the constraint in Wqyant. The result is that in the non-SUSY case, one finds one vac-
uum state where the baryons get a VEV and the mesons are at the origin of the moduli
space, M =0.

In this way, we have argued that our solution, which breaks SUSY due to masses for
the gauginos has very similar behavior to the KS-cascade (actually to the baryonic branch
n [12]). We found that many non-perturbative aspects behave very similarly as the SUSY
case: the expression of the domain wall tension is basically the same as in the SUSY case.
Of course, numbers will differ as the functions in the IR pick the influence of the SUSY
breaking terms. The tensions for k-strings gives an approximate sine-law, again with the
SUSY breaking entering the value of the tension. In the UV, the beta function for the
gauge couplings of the quiver and the leading order of the central charge behave at leading
order in the UV like their SUSY counterpart, but in the case of the beta functions, the
first correction is purely coming from SUSY breaking contributions. The Seiberg duality
(identified here with the change of the Maxwell charge under large gauge transformations
of the NS B-field) behaves very approximately as in the SUSY case. One can probably
make an argument for self-similarity as presented in [43].
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Obviously, what happens is that the SUSY breaking terms, for example the gaugino
mass indicated by the quantity Wag, are not important at high energies. They enter some IR
observables, correcting but not changing the qualitative behavior expected from the SUSY
example. This suggests that we need to think that our SUSY breaking scales are smaller
than our strong coupling scale. Hence, the phenomena are the same as in the SUSY models,
but numerically there will be differences. All this is in line with the analysis of [38]-[39].

6.3 Some words on (meta)-stability

We will briefly comment here on the stability of our solutions. The way in which pertur-
bative stability can be directly checked is to consistently fluctuate our solutions and find
the presence of tachyons. Of course, it may be the case that the precise fluctuations that
we study are not those leading to instabilities, while on the other hand, finding a tachyonic
mode will ensure the instability of the solution. We will not make a exhaustive analy-
sis of fluctuations here, but postpone it for future work. We will content ourselves with
presenting here some arguments in favour of the stability of the backgrounds of this paper.

To begin with, we notice the close parallels between our backgrounds and the analogous
SUSY (baryonic branch) solutions. Indeed, we are deforming the backgrounds by the
presence of the coefficients vy or wo that break supersymmetry. These coeffcients, as we
insisted throughout the paper, are taken to be small. This was a technical requirement
to ensure a good normalization of the energy functional — see section 5. The parametric
smallness of the SUSY breaking parameters implies a good mapping with the field theory
results of the paper [39]. In that paper, it was shown, using field theory techniques, that
the generated potential has a minimum which we believe — due to the analogous behavior
— is the vacuum of the field theory that our background is dual to. This would imply that
tachyons are perturbatively absent from the spectrum in analogy with the results of [39].

One may of course be worried about non-perturbative instabilities. In this case, one
may appeal to an argument very similar to that presented in [63]. Indeed, in our case,
the tension of domain walls is not modified by the SUSY breaking parameters — see
section 6.1.7 — we can then estimate the action of a vacuum bubble to be Shupble ~
N.(A/my)3, where my is the mass of the gauginos and A the strong coupling scale. As in
the rest of the paper A is taken to be hierarchically bigger than the SUSY breaking scale.
In this way, for these solutions quite close to the SUSY ones, the probability of decay is
very small and the tunneling rate to the SUSY solutions is suppressed as e~ Sbubble,

Of course, the ideal would be to make an argument similar to the ones made in ‘fake
supergravity’ [64], but in this case, to construct a fake superpotential seems a formidable
task, if possible at all.

7 Conclusions

In this paper we have used analytical (UV and IR series expansions) and numerical methods
to construct smooth backgrounds dual to particular non-SUSY field theories. The field
theories in question can be thought of as softly-broken-SUSY versions of the field theories
appearing in twisted D5 branes and Klebanov-Strassler quivers.
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We presented some details of the derivations, involving a U-duality, a careful numerical
procedure and a detailed study of many observables at low and high energies. All this
supports the field theory interpretation discussed towards the end of section 6. In other
words, the dynamics is basically the SUSY one, but with interesting details and deviations
coming from the soft-breaking terms.

Various things come to mind that would be nice to study using the backgrounds pre-
sented here. Before the U-duality, it would be nice to study the effect on k-string tensions,
domain walls and the confining behavior of the Wilson loop, as there exist in the bibli-
ography various results for A/ = 1 Super-Yang-Mills being softly broken. Also, it would
be nice to study the effect of the mass terms responsible for the breaking, on the glueball
spectrum. It would also be interesting to see if our solutions can be of any help for the
interesting line of metastable broken SUSY, in the sense of providing a good set of UV
boundary conditions that break SUSY. This may be used to get ideas on the singular IR
behaviors obtained in [37, 53-60].

It would be interesting to calculate the mass spectrum and compare it with the result
of the analogous glueballs in the KS/baryonic branch solution [45-50]. Also, it would
be nice to find numerically the expression for the massless glueball corresponding to the
spontaneous breaking of the baryonic symmetry. The spectrum of mesons is also of interest.
In particular, comparing the masses of the lightest scalar meson and the lightest vector
meson we could learn if the non-SUSY background presented here provides a plausible
holographic dual of nuclear forces [51, 52].

Another problem that we are not addressing here: it is known that taking the inte-
gration constant c; — oo leads, in the SUSY case, to the Klebanov-Strassler background
(see [19]). It is interesting to see this working numerically and to compare the solutions
found here — in the limit — with those found in the past by first order fluctuations of the
KS system (see [61, 62]). In this line, a nice problem would be to find the recent solution
by Dymarsky and Kuperstein [63] as a scaling of ours.
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A Technical aspects of the SUSY background

We write in this appendix various technical aspects of the supersymmetric backgrounds.
As explained in section 2 one changes the basis of functions from ®,h,g,k,a,b into
PQ.Y, &, 7,0 in order to decouple the non-linear system of BPS equations. As explained
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in [24, 25], the change of basis functions is

P2_Q2

4 = ponr—g O = Pooshr—Q o =4y,
Psinh Tt
= N =o. Al
“ Pcosht — Q’ =7 (A1)

Using the relations above, one can solve for the decoupled BPS equations,

Q(p) = (Qo + N¢) coshT + N.(2pcosht — 1),

1
s rlp) = S coshrlp) = coth(2p — ),
8’ (P2 — Q2)Y sinh? 7’

2N.p + Qo + Nc)
sinh(2p — 2pp)

o = tanh7(Q + N.) = ( (A.2)

and the master equation (2.8). Solving the master equation in the UV (2.9) and plugging
back into egs. (A.1)—(A.2) the background functions read at large p,

r /3 N N2e—40/3 —8p/3 8
2h | C+€ c c€ 2 € P
~ —(2p—-1)4+ ———(16p"—1 1 _— 24—
e T +4(p )+ Toc, (16p=—16p+13) + 1 (c c+<+3>)]
€2 [cpe*/3 N, N2e—40/3 e 80/3 8p
—~ — —5(2p—1)+—~——(16p*—16p+1 _ p
i B 1 (2p—1)+ Toc, (16p=—16p+13) + 1 (c +c+< 3))}
2k [, 4p/3 2,—4p/3 —8p/3
el | Nee Py gy e (1)~
47| 6 2c, 3 3
r 3IN2 —8p/3 3N4 —16p/3
AP0 I g Pt (1 8p) T (2048)% + 11527 + 2352p — 775)}
| def 512¢%
2N, 2N2
an~2e % 4 ZC(2p —1)e 1003 4 —-(2p — 1)2e~140/3
Ct C+
2p
b — ~ 4pe~P 1 4pe 6P A3
sinh(2p) pe "t ape (A-3)

The geometry in eq. (2.6) asymptotes to the conifold after using the expansions above. In
the IR we have using eq. (2.10) and (A.1),

hip®> 4 16 N2
2h 1P c 4 6
~—" 4 ——6hy + 15N, — —¢ O(p%),
2 +45< 1t hl)p+ ()
29 1 2N?2 2 (3ht + TOR3N, — 144h2N? — 32N4) p*
e (B =N - T ) 2+ (3h] ! i )P
4 8 15 hy 1575h3
+0(p%),

CL h? —4N2) p*  (6hf — 8h3N2 — 64N2) p*
LNil_i_(l )P+( 1 1 ; )P —|—(’)(p6),

4 8 10h, 315h3
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64N2p?>  128N7? (—15h + 124N?) p*

4(@-®0) ., 1 O(,° A4
e T A 10571} HOw e
8N\ o . 2(75h% — 232h3N, + 160h; N2 + 64N?) p* 6
~1 -2 0
oo ld ( N 3h1)p . ot +0(p°),
2p 25 144 6

o2 2, 1 ' A

sinh(2p) 37 * 15" o) (A2

This space is free of singularities as can be checked by computing invariants.

B Euler-Lagrange equations of motion

Here we write the full equations of motion, for reference. We start with the effective
Lagrangian and the constraint and then write the equations of motion. We set N, = 1
for simplicity.

The effective Lagrangian is L =T — U, with

T= —%ew{e‘lg (a')2 + (b/)2 NZ - ge2(9+h) [ZQ’ (2h' + kK + 2<I>') + (g/)2
20 (K 4 20') + ()" + 20" (K + @) |}, (B.1)
— i —2(g+h—®) | 4 49 2 4k\ _ 4.,31,49 nT2 2 2g 2 29 A2
U—256e {ae (Nc+e ) 4a”be™ N, + 2a°e <2be N;

+ engC2 + 462hN62 _ 8e2gthtk) y godg+2h _ 2944k 4€2h+4k)
— 4abe®I N2 (629 + 4€2h> +RINZ20H) | AIN2 4 16t N2
— 16e2CoThHE) _ G4e2a2hHR) g Aotk 1664(h+k)} : (B.2)

The constraint is

0=T+U
— o 2(g+h—0) [_2 (a/)2 89+2h 4 d.dg (e4k 4 1) — 4a3bel
1 2q2e20 <2b2629 _ e2(gthtk) 4 godot2h _ 2944k | 2
1 fe2htak 4 4€2h) _ dabe2d <e2g I 4€2h> _ 9 (b’)2 o2(9+h)
+ 64e19TM g’ 4 32649 g/ 1 6419 g/ &' 4 16619 (o)

+ 8622+ 4 39 AT R/ 4 64 I D! 4 16619+ ()
+ 32 M /@ — 16622 HIHR) _ 64202 HR) | 39,4(9+0) (/)

2

N Y 1664}1} . (B.3)
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The equations of motion are:

g’ = ée_‘lg_% [669 (a')2 — 4a?e®9t% _ 44269 + 4a%e59 + 8abe?d

. 629 (b/)2 o 4b2629 _ 16€4g+2hg/h/ o 16€4g+2hgl(pl

_ 16e9t2h (gl)2 1 39620202k _ g 2htdk 16e2"} (B.4)
B — _%e—2g—4h [(a/)Z eAot2h 4204k L (4020 4038020 1 0202020

_ 8a2e29+2h42k | g2 4942k 9.2, 2g+4k | o2 2
+ 4a2e2h k4 46220 — 4abe®d — 8abeh + 2P (b/)2
+ 4b2€2h + 16629+4hg/h/ + 1662g+4hh/¢/ + 16€2g+4h (h/)2

_ ge20+2hH2k | 2g+4k | 629:| (B.5)

1 4,
B — §e 4g—4h <a4e4g+4k —atet 1 4a3betd — 4a2b2et9 1 ggRe20H2htak
_ 8a262g+2h _ 8a2669+2h _ 2a2€4g+4k _ 2(12649 _|_ 16ab62g+2h

+ 4ab€4g _ 8b2€29+2h _ 1664g+4hg/k/ _ 1664g+4hh/k/

o' = é6_49_4h [a4e4g — 4a%be™ + 4a%b%e + 8a%e?IT2 — 16abe?92h
+2426% — 4abetd + 2 (b’)2 e29+2h 4 gp2029+2h _ 1664g+4hg/(1)/
— 16D — 166 (0/)? 4 ¢ 4+ 166M | (B.7)

o — o—49—2h (_4a/64g+2hg/ —2a/M0t2h ! 4 o320k | (3029 _ 3,252
+ 2ab?e? — 8ae?It2hH2k | 4qet9t2h _ 294K | 29

+ dae? 4k 4 40 — be?9 — 4b€2h) (B.8)

b = —e2h (a3629 —2a%be? + ae®? + 4ae® 4 22 D' — 4be2h) (B.9)

C Explicit expansion of the functions

Here we include the explicit solutions for the expansions (3.1) and (3.7). In this section we
again set N, = 1.

C.1 UV

e = c e*/? — (2C+W220 +4H11p+ Qo)
1

486+

+ 7263 Wage?e + 120¢% W p — 267 Wity + 1262 Bgpe P> — 72p

— 24H? (3207 — 12p + 15) — 48Q2 + 9}e—4p/3 +O(e80/3) (C.1)

{—12H11 (32— 6)Qo0 — s W2 (8p + 93)] — 12¢, W Qo
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e*h = %64”/3 + <H11P+ %)

1
192,

+ 264c3 Wage?o + 440c3 Wiy p — 626¢2 Wiy + 12¢2 B30e 4P — 72p
— 24H% (32p% — 12p + 15) — 48Q2 + 9}ef4p/3 +O(e780/3) (C.2)

{—12H11 e W2,(88p + 75) + (32p — 6)Qo] — 396c, W2,Q,

ok _ 2C4 4p/3 C+”220 1 2 2
e =Tty T2 [4H11(16p —9) (3c: Wi + 2Q,) + 16Q;
3 3 24C+

+ 84c . WihQ, — T2¢% Wage*P* — 120c5 Wagp + 190c3 Way — 24p — 9
+ 42 yge 1P 1 8HE (32p° — 36p + 27)} e 43 L O(e /%) (C.3)
6 4P o
AP — AP 4 <<I>30 . P€2 >68p/3
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N W3, (32¢% @30 — 3(64p + 25)e'?=)
2
24c7

e 4 4+ 0(6_16"/3) (C.4)

3
a = Wage 2°/3 4 <4H11W20p + 2e2Po + 10W20p> e 2

C+ 3

1
R <4c+{H11 [96pe%° + Wiy (160p° 4+ 552p + 495) | + 2Q, [1262%
JF

+ Wi (20p + 87)] } + 4 [W30(391 — 480p) — 288W 3> ]
+ 12Wao | 2H11 (40p + 27)Q,

+ 6H7, (32p% + 36p + 43) + 8Q% — 15} ) e 1003 L O(e7) (C.5)

; 12 0
b= 9W20€—2P/3 + { [4e2ro 1 %(QOp —23) — LOQ o+ Vo e 2P
4 6 6C+

3W20674q)°°
2
912¢%

+192¢3 VigWag + 2819¢3 Wiy — 35712H7, — 576Q2 + 882}

{e4<1>oo [—3456H11 (e W3y +2Q,) — 3240c4 Wi Qo

— 16pet® [144}111 (3¢ W2 +2Q0) + 24c, W Qo

— ¢ Wy (48¢%° + 269W3,) + 1728 HZ, — 18} + 3024¢2 Wige2eo 12

— 128p%e®> (T2H7, — 53 W) — 48c1<1>30}e—10f’/3 +0(e*) (C.6)

We can see the effect of the SUSY-breaking parameters by looking at functions of the
form A(ezg ) = e?9 —e29susy | where g corresponds to the full solution and gsuysy corresponds
to the SUSY case with ), = —N. and p, = 0. Note that in general only one of the two
solutions will go to the regular IR — if we start with a SUSY solution and turn on one of
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the SUSY-breaking parameters while keeping e.g. c4 fixed, we will have to change c_ to

recover the regular IR. Those SUSY-breaking parameters which have non-zero values in

the SUSY case are expressed here in terms of e.g. AHy; = Hy1 — HlslUSY.

A(e¥) = (=2¢, Wi — AQ, — 4AH11p)
€—4<I>o<,

24C+
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The effect of the SUSY-breaking parameters can be seen from the differences:

A(ng) = 24 |:—4h1 (3Ak‘2 — 4Aw2) + 3h% (AZUQ — 4) Awy + 4 (4 — 3AU2) AUQ] p2
1
ey 2 2 2
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— 8Awy (9AvV3 — 18Aw,y + 20) } p'+0 (p°) (C.24)

D Details of the numerical analysis

Here we shall discuss in more detail our approach to connecting the given IR and UV
expansions numerically. We start by noting that we have chosen to solve the equations of
motion (B.4)-(B.9) starting from the IR boundary conditions. As the IR parameter space
is much smaller than that of the UV, this makes a search for solutions with the correct
behaviour much less computationally expensive than if we started from the UV.

We use as our boundary conditions the IR expansions (C.13)—(C.24), extended up to
order p®. Using NDSolve in Mathematica 7 we then are able to generate numerical solutions
which extend into the UV. We start at pygp = 10™4 as we found that in the SUSY case this
gives approximately optimal accuracy. We use 40-digit WorkingPrecision in NDSolve.

Comparing the numerical solutions obtained by this method, with the known behaviour
in the SUSY case, suggests that the results are trustable up to p ~ 11. This is supported
by the observation that the constraint (B.3) is almost completely satisfied over this range.
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More explicitly, we find 7'+ U < 10~® throughout this range. In fact it appears that the
numerical solutions only fail when b decreases past ~ 107, In the SUSY case (in which
b ~ e~2) this does correspond to p ~ 11, but in the non-SUSY case (with b ~ €2#/3) it
occurs further into the UV.

In the IR we have five parameters {h1, g, w2, k2, v2} which we can manipulate although
we set ¢g = 0 (along with N, = 1) without loss of generality. Given a value of hy we want to
study the effects of the SUSY-breaking deformations for the remaining three {wa, k2, v2}.
We find that for a general deformation of these IR parameters the resulting solution does
not exhibit the expected UV behaviour. Initially we find that the general behaviour of
solutions in this parameter space has

b +e® and €2 ~ e~ e~ 8P/3 (D.1)

going into the UV. The e*/3 behaviour appears to be suppressed by a very small numerical
factor relative to the expected e*/? term, and in fact is not visible in plots of g, h and k
themselves. It is apparent, however, if we examine quantities of the form

o2k _ 2ksusy egp/g, (D.2)

in which the e*/3 behaviour (almost) cancels.
Given a value for one of the three non-SUSY deformations, we believe it is possible to
obtain the desired UV behaviour (C.1)—(C.6), i.e.

e 23 and € ~ e ~ 2P~ e (D.3)

with the correct choice of the remaining two. In practice it seems easier to vary three but
keep one very close to its starting value.

Having obtained a numerical solution with the correct UV behaviour, we look to de-
termine the corresponding values of the expansion coefficients in the UV, i.e.

{ers ey @oo, Qo Poy Hi1, Wao, P30, Vio }- (D.4)

We define the mismatch function

. son 2
= 3 [N ) — I )] (D.5)
4

with f; € {g,h,k,®,a,b,¢', 1/, k', @' a',b'}. We then minimise m to match our numerical
solution and a UV expansion using NMinimize (with 60-digit WorkingPrecision) at a
large p value, pmatch-

With this setup and given the SUSY IR, NMinimize recovers the SUSY values for the
UV parameters with an acceptable accuracy, even allowing all nine parameters to vary.
The only restrictions we apply to the parameter space are cy > 0 and ®o, > ¢g = 0.

We now present a non-SUSY solution found using the above methods for one set of
values of the IR parameters. It has the expected behaviour for all functions at least up to
p ~ 11 (where the corresponding SUSY solution fails) and possibly as far as p ~ 17. We
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first choose hy = 5 (and have set ¢y = 0 as mentioned above). The corresponding SUSY
solution has

8 22 2 42 2
=—-2=-= kg = ——(h3 —4)= — =z,
Y27 3 15’ 2=y M =g5 =3
This results in an NMinimize output (with ppaten = 6) of
cy ~ 1.6, c_~ 2.0x103, ., ~ 0.076,
Q, ~ —1.0, Po = —6.8 x 107, Woy ~ 6.9 x 10714,
Vio~ 2.7x107% H;;~ 050, D3y ~ 0.38.

The associated mismatch value is m < 1072, We take this as a good value for the
mismatch as we know that the SUSY solution does indeed exist, and these values are in
good agreement with (3.5).

To obtain a non-SUSY deformation, we follow the procedure described and modify the
three IR parameters {ky, v, ws} away from their SUSY values so as to manually scan the
parameter space, until we gain a solution with the correct UV behaviour. We find that a

suitable choice of deformations is!?

Aky~ —2471 X 107°,  Avg ~ 2574 x 107°,  Aws ~ 1.029 x 1074

The minimization routine (again at ppatch = 6) then finds that the UV parameters are
modified from their SUSY values according to

Acy = —6.6x107%  Ac_~ 1.6, Ady ~ —4.0 x 1077,
AQ, ~ —15x 1074  Apo~ —-71x107°, AWy ~ 52x 1075,
AV~ 56x107%, AH;~ 91x107° Adgy~ —5.0x 1072,

1%

again with a mismatch value of m < 1072°. However, we are unsure of the precision of
these values — they appear to be slightly sensitive to the value of pyatch, and so should be
interpreted with caution. We present plots of the functions (figure 1) in the main text.

E Free energy

Consider the Euclidean action Z for the wrapped D5 background of section 3. The free
energy is F' = Z/f3, where 3 is the period of the compactified time direction.

1= Igrav + Isurf

1 1
=——— [ a" — d® N\ xd® + e® F3 A +F:
167 /o m\/gRJr?,zw/M( A*d® o+ B Ey N4l
— 1% KA. (E.1)
871' >,

" The exact values used were Aks = —24 705875 X 10712,
Avy = 25744091 286 331971640358 x 10727 and Aw, = 1029383373 181636875 x 1022,
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M is a ten dimensional volume enclosed by a nine dimensional boundary ¥,.. The boundary
Y, is taken to be surface at constant radial direction r. ?K is the extrinsic curvature of
the boundary,

YK = Vb — \;gaﬂ (VEn") = %e—‘b/ﬁie—’@ 96 1 8(¢ + 1) +4K)]  (E2)

where n# is the boundary outward normal vector, n* = /¢g""d). Using the equations of
motion Zgpay reduces to a volume integral of a total derivative,

1 1
rav — le Hp = — le m V<I>
1, 321 S z/gV,V 3971 /M 0y (\/gg" 0, P)
1 1
— - 1 - 2(<P+g+h) (I)/ ) E3
UOZ8/8327T rggo <8€ ( )
Explicitly, the surface term is
_ L 1 2(P+g+h) / / / /

Lot = _UOZSBSTI' rligolo {326 [9(1) + 8(9 +h ) + 4k ] . (E4)

Thus,

1= Zgrav + Isurf

_ volgf . 2(®4-g+h) / / / /
=~ 5 Tllglo{e 8(®'+yg +h)+4k:]}. (E.5)

Equation (E.5) gives the value of the on-shell action in terms of the asymptotic fields at
infinity. It typically contains divergences and has to be regularized. One way of doing this
is to subtract the action of a reference background. In our case the natural choice is to
subtract a supersymmetric background. We also require that both backgrounds induce the
same metric at the boundary, 3.,

P @ Pns D
e 2 s — g 2 29su e 2 e2hns = 73" 2hsu
q’ns (PSU. q’nS q’Su
e 5 e2hns = 75" o2 e2 =e2 (E.6)

and that the matter fields coincide at the boundary. In order to achieve the matching of
the induced metrics and matter fields at the boundary we have to choose particular values
for the integration constants of the supersymmetric background that we use as a regulator.
We can then evaluate the free energy,

1

F = Z (7" — 7su

5 )
l

= —geer lim {2t e (0] 4 8g! 4 8H, + 4k,,)

— 2022 (8O 4 8]+ 8k + 4K) | (E.7)
Using the UV expansion (3.1), to first order in Wy,

vols 5 95042
F=F=—— POFT2Poo T/, . E.R
247 +¢ 20 (E-8)

~ 34—



which agrees with the ADM calculation. A similar evaluation of the free energy can
be carried out for the backgrounds after the rotation. Due to the presence of Fj
and the Chern-Simons term the calculation is more involved and the equality of the
energy before and after rotation cannot be expressed as simply as (5.12). Neverthe-
less, after plugging in the appropiate UV expansions we get, to first order in Wayy,
Foefore ~ Fafter ~ 2.e2P0T2%= 1}y as expected.

F Calculation of B,

In the SUSY case, we have

20
By = /1;12/2 [ep3 — cos a(e? + e'?) — sin a(e?? 4 e¥1)|, (F.1)
with
h(2p) — 2e"™9
cosa = LR 4 gy 2T (F.2)
sinh(2p) sinh(2p)

This is not valid in the general non-SUSY case. We obtain the same Hj as in the SUSY
case (2.12), but the relationship to (F.1) requires the BPS equations, as does the consistency
of the definitions (F.2).

Instead, we must determine By by requiring that dBs = Hs. We assume that By has
the same general structure as (F.1),

By = bi(p)e” + ba(p)e” + ba(p)e' + ba(p)e” + bs (p)e?, (F.3)
which results in

e_h_k_% (abgeg + 2b4eh) 103 e_h’_k_% (abgeg + 2b5eh)
e

— ©23
By = B1/4 B1/4 €
o
~ (bs —bs) e "7 cot 969@1
B1/4
67297’67% . . .
t (2 {7 [bs (49" + @) + 205] + b’} + dbyfe?) 12
—h—k—2
+ ezﬁT‘f <b369ha' — 2abie 9hek
+eh {iL [ba (29" + 21" + @) + 20}] + b&’})e””
—h—k—2
+ 62575/44 (bgegha’ — 2abie 9hek
+eh {ﬁ [bs (29" + 21" + @) + 205] + bﬁ’})e”“’l
—h—k-2
+ 62ﬁi5/44 (—(b4 + bs)e?ha’ — (a® — 1) byhe?k=h

et {h[bn (40 + ') + 205] + boll | ). (F.4)
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Comparing with (2.12), we see that the ¢’#! component of Hj is zero, from which we

immediately obtain that by = bs. The e”? and e”?! components of (F.4) are then identical,

as are the €% and e#?® components. This is also the case in Hs, so we are left with four
independent equations.

Equating the (e!%® + e#?3) components results in

3
1 kNge= 97y
— _~,9-h _ c
b4 26 abg 4}AL1/2 N (F5)
and the e”'? component gives
629—2]6 . . N
by = T 203®" — 3hb3®" — 4hbsg’ — 2hbY

+ KkNe? 2] (a® — 2ab + 1)} (F.6)

This leaves by and b3 to be determined. Substituting these results into (F.4), we find that
the (e%2 + 1) component of Hsz = dBy reduces to the equation of motion (B.9) for b.
The only remaining equation is then the e”?? component. This is a first order differential
equation in be and bs,

0 = 8he29F4hp, 4 9 (a®> —1) hetat2hpl 4 2g+h)p [(a2 — 1) e*b3 + 4€2hb2}
+ he2loth) {4ae2ga'b3 + (a2 - 1)629 (4g' + (ID') bs + 4bye®" (4h' + @’)]
— kN 732 [—2a'b'62(9+h) + (a* —1)e*
— 2(a? — 1)abe¥ + 2abe’ — 1664h]. (F.7)
Solving for b we obtain

P
e—2h—®/2 rp / o—29—2h+%
by = o ———

Vh 8vh

_ h€4g+2h |:4(I(I/ +a2 (491 + (b,) _ 4gl _ @/] b3

{_ (az _ 1) lot2hp,

+ /ﬁNc\/zeSq)/Z [(a4 —1)e* — 2(a® — 1)abe’ — 24'V 29Hh) — 16€4h] }
1 -
1 (a* —1) \/Ee2g+§bg>, (F.8)

which does not appear to be very useful. Instead, we can use the fact that we want
QPage, D3 = 0 (see eq. (6.12)). We therefore impose that the 99123 component of Fy—BoAF;
vanishes. The resulting equation is algebraic in b and b3, and results in

N
_ g
by = iz {e h

D=

(1—a2) by — Nie% [Nf(a — b)Y + 462(9+h)<13’} } . (FY)

c

Together with the above results for by 4 5 this completes (6.2).
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It remains to check that this by is also compatible with the requirement that dBy = Hs.
Substituting into (F.7) we find that b3 cancels, giving

0= 4" foly [2g/0" + 3D + @+ 2(@')*] — 29/ — 20/} — 1"}
+ N? [a4e49 —2a%be + 2(a — b)b" 29N  4(a — b)b 29T @’
+ 2abe*? — 2 (b’)2 e2loth) _ gdg 16€4h}. (F.10)

This is solved by the equations of motion (B.7), (B.9) for ® and b.
To determine the effect of the undetermined function b3, we can look at the difference
ABy = By — (B2)py—0, which we find to be of the form

ABy = Fi(p)sin df A dp + Fa(p)sin® df A dg + F3(p) cos 6 dp A d
+ Fy(p)cosf dp A dg + Fs(p) dp A dip, (F.11)

where the F; depend on g, @, h, by and their derivatives. If we set this equal to
@ B1(p) cos0 dgp + B(p) cos f d + B (p) | (F.12)
we can solve for the f;, giving
AB, = —id [629+‘1’/2\/ﬁb3(cos 0 do + cosd dp + dw)]

1 .
- —§d<629_k+q’/4h1/4b3 e3> : (F.13)

G Seiberg-like duality

In section 6.1.6 we discuss how the operation known as Seiberg duality in the KS cascade
acts for our non-SUSY solution. In order to do so, we find it instructive to compare to two
different cases: the KS case and the baryonic branch case. These are summarized here.

G.1 The KS case

We follow here the treatment in [33], specified in the case of no flavors (Ny = 0). The NS
potential By is given by,

N, -
By = —~[f91 N g2 + kg3 A ga] (G.1)

where the definition of g1,..., g4 can be found in [33]. When specialized to the cycle

So=10=10,¢ =21 — @1 =] (G.2)
we obtain that N
Bals, = 70[(]” + k) + (k — f)costh] sinBdb A dyp (G.3)
from which one finds
L g Mol (40 4 et (Y
b0_47T2/22BQ_ 7T[fsm (2>+k:cos <2>] (G.4)
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On the other hand, as computed in [33], we can see that the Maxwell charge of D3 branes is

QMax,D3 = ]\f[f — (f —k)F] (G.5)

We see that under the change

s

i ~ ~
= f—-— k—k—— G.6
fo i1 Nc (G.6)
the D3-Maxwell charge changes by
QMax,p3 = QMax,03 — Ne,  bo — bo — 1. (G.7)

these transformations, are equivalent to changing the NS potential with a large gauge
transformation
m
By = Ba+ Slo1 Mgz + 93 A ga (G-8)

which when evaluated on the cycle X9, produces the changes in eq. (G.7). We move now
to analyze the baryonic branch (SUSY) case.
G.2 Baryonic branch case
In this case the NS potential is
1oe3®/2

By = W [P — cosafe'® + e??) — sin av(e?? + e?N)] (G.9)

Evaluating this on the ¥ we get

re2® - ~
bo = “—[(k+ ) + (k= f)cos o)
~ 20 1 29
k+f= ﬁ; Ccos & (64(@2 +1)— th) + sinaaeh+g],
¢ L
~ 20 1 29
k—f= m]e\r Cos a%a + sin aeh“’} , (G.10)
c L
Using the explicit expressions, we have
~ e ce2®
k=— coth(p), = - tanh G.11
1, Qeoth(p), [ = =7 Qtanh(p) (G.11)
The Maxwell charge for D3 branes can be written as,
QMaX,Di’) = E€2g+2h+2¢¢/ (G.12)
T
and using the BPS equation for &' we have
N? -
Quaxps = == [2f + (k= N)F, (G.13)

where F' = (1 — b). So, once again, we obtain that under a large gauge transformation,

bo = bo — 1, Qmax,03 = QMax,n3 — Ne- (G.14)
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