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Abstract

In this paper we construct and examine new supersymmetric solutions of massive IIA supergravity that
are obtained using non-Abelian T-duality applied to the baryonic branch of the Klebanov—Strassler back-
ground. The geometries display SU(2) structure which we show flows from static in the UV to dynamic
in the IR. Confinement and symmetry breaking are given a geometrical interpretation by this change of
structure. Various field theory observables are studied, suggesting possible ways to break conformality and
flow in A" = 1Ty and related field theories.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction and general idea of this paper

The notion of duality is of course quite old, going back to well-known examples like the
Maxwell equations in vacuum. The true power of the idea became clear around 1940 with the
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Kramers—Wannier [ 1] duality of the Ising model. In more recent times dualities have continued
to be a driver of theoretical progress with examples including bosonisation [2], Montonen—Olive
duality [3], S and T-dualities, Seiberg—Witten duality [4], Seiberg duality [5] and more general
String dualities (U dualities). The duality conjectured by Maldacena [6], also called AdS/CFT or
gauge—strings duality, is arguably the most powerful, widely applicable and conceptually deep
duality of all known at present. All these dualities present common features: the degrees of free-
dom on both sides of the dual descriptions are in principle quite different; a strongly coupled
(highly fluctuating) description of the system is characteristically mapped into a weakly cou-
pled (semiclassical) one, in the same vein a phenomena that is ‘local’ in one set of variables
becomes ‘non-local’ in the other (as exemplified by order—disorder operators and their typical
‘uncertainty’ relations), global symmetries are common to both dual descriptions, etc.

In this paper, we will mostly work with two dualities, the one conjectured by Maldacena
and its extensions (see the papers [7] for a sample of representative work and reviews) together
with what is called ‘non-Abelian T-duality’ [8]. Non-Abelian T-duality is the obvious extension
of the more common T-duality of circles to cases where a target space supports a non-Abelian
isometry group. In the NS sector, the rules for non-Abelian T-duality can be obtained in much
the same way as for Abelian T-duality, by means of the Buscher procedure [9,10]. The string
o-model has a global symmetry group G corresponding to the isometries of the target space.
This symmetry is gauged by the introduction of gauge fields which are however constrained
by means of Lagrange multipliers enforcing a flat connection. Upon gauge fixing, the original
o-model is recovered. Instead, integrating out the gauge fields and again gauge fixing produces
the non-Abelian T-dual o -model. The Lagrange multipliers (or more accurately a dim G subset of
Lagrange multipliers and the original coordinates) play the role of T-dual coordinates. The T-dual
metric, NS two-form can be read off directly from the T-dual o-model and the transformation
law for the dilaton, a quantum effect, is obtained in a similar fashion to the Abelian case [9,10].
This was extended in [11] to include the action of non-Abelian T-duality on RR fluxes in Type II
string theory. A detailed description of the implementation of this Buscher procedure together
with a presentation of “rules” for dualisation can be found in e.g. Section 2 of [16].

It is anticipated that non-Abelian T-duality can be used as a solution generating symmetry
of supergravity: a solution of Type II supergravity supporting a non-Abelian isometry group G
can be mapped in to a new solution of Type II supergravity using this technique. This has been
shown to be true in a wide variety of examples, but a comprehensive proof in all generality has not
been presented. Following the implementation of non-Abelian T-duality as a solution generating
technique of RR backgrounds in [11], there have been a number of recent developments in the
use of non-Abelian duality, see [12-21]. We will make use of many technical tools developed in
these various papers.

Despite the similarity in its derivation with the Abelian case, there are some important dif-
ferences in non-Abelian T-duality. Firstly, as a result of performing the dualisation, the original
isometry is often destroyed in part or completely. For this reason one can-not simply re-dualise
the T-dual to recover the original model by means of a Buscher procedure. Secondly, there are a
number of subtle global issues at play; in general it is not clear how to assign the periodicities to
the T-dual coordinates meaning that global properties of the resulting geometries are not always
clear. Related to this, the duality is not expected to hold, at least not without modification, at the
level of string (genus) perturbation theory (as is also the case of fermionic T-duality or dualisa-
tion of non-compact isometries [22]). In this paper, we largely do not seek to address this issue,
instead we will confine ourselves in the use of non-Abelian T-duality as a technique to generate
new solutions to the equations of motion of Type II supergravity.
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We will consider backgrounds of Type II supergravity that have a well understood (strongly
coupled) field theory dual; we will then study the effect of this generating technique on the back-
ground. This will lead us to the construction of new solutions of ten-dimensional supergravity
and, as advocated in [16], we will use these new backgrounds to define new field theories at
strong coupling. All of our backgrounds will be smooth and minimal supersymmetry in four
dimensions (four supercharges) will be preserved.

The system on which we will focus our study is the baryonic branch of the Klebanov—Strassler
field theory [23-25]. This is perhaps, among the minimally SUSY examples known at the mo-
ment, the one that better passed test of the correspondence between geometry and (strongly
coupled) field theoretical aspects. Besides, the baryonic branch field theory and geometry unifies
the original Klebanov—Strassler system and the system of five branes wrapping a two cycle in-
side the resolved conifold [26]. Field theoretically, this unification can be thought as a Higgs-like
mechanism and a particular limit where an accidental symmetry appears. See the papers in [27]
for different geometric and physical aspects of this connection.

In this work, we will perform an SU(2) non-Abelian T-duality on the baryonic branch ge-
ometry. A first result we will give is the complete specification, including the RR sector, of
a new smooth background in massive Type IIA supergravity. Then, using the techniques of
G-structures, we are able to show that this geometry is supersymmetric and in fact characterised
by a dynamic SU(2) structure. To explain this we recall that the IIB geometry corresponding to
the baryonic branch is characterised by an SU(3)-structure, that is a couple of forms J, §23 that
also encode many aspects of the strongly coupled dual field theory. After the duality one finds that
the geometry is characterised by forms j», w1, v1, @ which together describe an SU(2) structure.
At a more technical level we find that whilst the large radius geometry has static SU(2) struc-
ture (in which Killing spinors are perpendicular), once the IR effects are taken into account at
small radius, the structure transitions to being dynamical and the Killing spinors become parallel.
This is of interest since we provide an example of the most general type of supersymmetric flux
backgrounds with dynamic SU(2) structure of which relatively few other examples are known.
Secondly, the phenomena of confinement and symmetry breaking are given a geometric descrip-
tion by the change in SU(2)-structure from static to dynamical.

We then connect this geometrical study to a number of properties of a field theory dual. We
will show that the domain wall objects can be understood as D2 branes extended on R>! in this
geometry. We show that a U (1) g symmetry is represented by a massless bulk gauge field in the
non-Abelian T-dual of geometries dual to conformal field theories. This mode acquires a mass
in the massive ITA geometry described in this paper and is interpreted as anomalous breaking
of a U(1)g symmetry. This R-symmetry anomaly is also reproduced by considering Euclidean
‘instantonic’ branes. We additionally show the presence of a gravity mode corresponding to a
spontaneously broken U (1) p symmetry inherited from the original baryonic branch. We suggest
then a Euclidean E2 brane configuration extended along the radial direction and wrapping an §>
may have the interpretation as a corresponding baryonic condensate.

The contents of this paper are organised as follows. In Section 2 we will briefly review the
original background and field theory corresponding to the baryonic branch of the Klebanov—
Strassler field theory (the seed background/field theory pair on which we will apply our gen-
erating technique). In Section 3 we will present explicitly the new solution. In Section 4, we
demonstrate the supersymmetry of the background using the language of G-structures. In Sec-
tion 5, we will discuss different aspects of the field theory dual to our new backgrounds. We close
the paper with a list of possible future problems and conclusions.

A number of technical and useful appendixes complement our presentation.
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2. Generalities on the baryonic branch

The Klebanov—Strassler field theory is a two-group quiver with bifundamental matter, charged
under a global symmetry of the form SU(2) x SU(2) x U(1)gr x U(1)p. The ranks of the gauge
groups are (N, N + M) and the bifundamental matter A, A>, By, B> self-interact via a super-
potential of the form W ~ ABAB. For a very clear explanation of many of the details of this
quantum field theory, see [30,31]. One detail that will be crucial to our present work is the fact
that the so-called ‘duality cascade’, a succession of Seiberg dualities, ends in a situation where
the quantum field theory may choose to develop VEVs for the Baryon and anti-Baryon operators.

In the last step of the duality cascade the gauge group is SU(M) x SU(2M). This theory has
mesons M = (Aa)f‘(Bb)j3 and also baryonic operators [24]

B=¢a,..am (AN (AN (A (ADSH
x (AT (A2)FM 7 (A2) ) (A 2.1)

and similar for B made out of (B;){ fields. One can see that both baryons and anti-baryons are
neutral under SU(2) x SU(2) transformations.

The moduli space consists of two branches — the mesonic and the baryonic [31]. On the
mesonic branch the baryons are zero (B = B= 0) and the mesons satisfy det M = A*M  The
non-perturbative contribution to the superpotential means that the associated moduli space can
be identified with a symmetric product of the deformed conifold. On the baryonic branch the
mesons are zero (M = 0) but the baryons acquire expectation values,

B=itA®™,  B= ;—AW, 2.2)
where A is the strong coupling scale of the group SU(2M). Notice that both VEVs are equal
only if & = 1. This corresponds to a Z,-symmetric point, represented by the exact solution in
[23].

On this baryonic branch the U (1) symmetry is spontaneously broken and the associated
massless (pseudo-scalar) Goldstone mode corresponds to the phase of £. By supersymmetry this
Goldstone lives in a chiral multiplet and comes along with scalar partner, the saxion, which
corresponds to changing the modulus of &. As discussed in [31], the VEV of the operator,

U=Ti[A;A] - B;B]], (2.3)

which contains the U(1)p current J, as its oo component, encodes the motion along the
baryonic branch (the different values of &) according to

Uy ~MA*In§|. (2.4)

Let us focus on the situation where the field theory chooses to move to the purely baryonic
branch. In this case, there is a smooth solution of the equations of motion of Type IIB supergrav-
ity, that describes the strong dynamics of this field theory, including the spontaneous breaking of
the U (1) p symmetry [24,25]. In the notation that we will adopt in this work, such background
can be written compactly by introducing the (string frame) vielbein basis,

~ . ] Al
h™1dx’', e’ =ex ™ hidp,

@ Al ® Al .
e =ezthpiqe, e =e2 " h7sin6 do,
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1 R 1 )
¢! =Ee%+gh%(d)1+ad9), e2=§e%+gh%(@2—asined¢),

s_ Lo o
e =§e2 h% (w3 +cosBdyp), 2.5)

where @; are the left-invariant forms of SU(2). The metric ds®> =) }21 (¢')? is supported by RR
and NSNS fields:

@
€ 3 0 12 . 02 1
Bz:Km[ep —cosa(e’ +e'?) —sina (e’ + )],
3
e 2
Fy= e [f1e123 +f2ee<p3 +f3(e923+e‘/’13) +f4(ep19 _i_ep(pZ)]’
—3p—ki3 *® 6123 KO0xlx2x3
Fs=ke 2°7"h19, 7 [e‘p —e '0]. (2.6)
We have defined
h(2p) — 2eh8 .
:w, sina:—,ei, h:l—/czew, 2.7)
sinh(2p) sinh(2p)

where « is a constant that we will choose to be k¥ = ¢~ ?(®)  The functions are,

N,
fi=—2Nee ™72, ="M —2ab+1),

2
N,
fr=Nee X" 8@ —b),  fi= je—"—h—gb’. (2.8)

The system has a radial coordinate p, on which all functions depend, and we have set o’g; = 1.
The functions (a, b, @, g, h, k) obey a system of BPS equations which can be arranged in a
convenient form that decouples the equations (as explained in [33,34]). As a result, it can be
shown that the whole dynamics of the string background is controlled by a single function P (p),
subject to a second order non-linear and ordinary differential equation. This function P(p) can
be determined numerically and has IR and UV behaviours

UV: P=¢"Bles+..1, p— oo,
IR: P=hip+0(p®), p—0. (2.9)

There is only one independent parameter, ¢4 > 0 (the constant /1 is determined by c) and it is
this parameter that can be identified with the baryonic expectation value

1
U~ —. (2.10)
C+
It is convenient to define a dimensionless quantity A = 2*/3¢c,e™*/3 where ¢ may be identified
with the conifold deformation. See the paper [29] for a good account of the logic and technical
details.

2.1. SU(3) structure of the baryonic branch
The supergravity background above is characterised by what is called an SU(3) structure.

That is, there exists a couple of forms fz and .(A23, in terms of which the BPS equations, the fluxes
and various other quantities characterising the space can be written.
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The observation of [28], it that the forms J s fz, describing the full baryonic branch can be
obtained from the simpler ones describing a set of D5 branes wrapping the two cycle of the
resolved conifold. We will not repeat the details of the derivation here, but we quote the results
to the extent that we will find useful.

In general, an SU(3) structure solution can be described by the following pure spinors in Type
IIB [41],

A

i{(r)eA —iJ €A
Up=—e0 e =i @2.11)

where %4 is the warp factor of the metric. Let us define
& =C+i8, (2.12)

where C2 + 82 = 1. Itis possible to show that for zero axion field, that is F; =0, SUSY requires
the following equalities to hold (these are the BPS equations previously mentioned)

de=®S)=0, d(e**~?C) =0,

AP 2u) =0,  d(e**2PTAT)=0. (2.13)
The fluxes are determined as
S . 1 A
By=3J, @d(e“]) = xe F3,  d(e*PS)=—e x Fs. (2.14)

The system of N. D5 branes wrapped on the resolved conifold is supported by just F3 flux
and is a solution to these equations when & = 0. The (string-frame) frame fields that describe this
geometry can be obtained from those of Eq. (2.5) by setting h = 1. In terms of these, the J5, 23
(denoted without hats to distinguish them from those of the baryonic branch) are given by

2 1

J=e3+ (cosae? + sinoeez) N (cosae” —sinae?) Ae',

ol = (er + ie3) A ((cosocew + sinaez) + iee) A ((— sinae? + cosaez) + iel), (2.15)
which obey the relations J A 250 =0, JAJAJ = %Qhol A 2401 The BPS equations for the
functions 4, g, k, a, b, @ and the RR three-form flux, are

dJ A =0,  d(e®*24) =0

d(e®J) +e*® x6 F3 =0. (2.16)

Then the results of [28] show that the J, £ of the full baryonic branch solution are obtained by
introducing a non-zero phase or rotation parameterl ¢(r)into (2.11) and defining:

~

J=CJ, @not = C3* 2401, =" S =P %o, (2.17)

where 24 is the warp factor of the baryonic branch solution. For further details on the geometry
and physics implied by this ‘scaling of forms’, we refer the reader to the original papers [28]
and [27].

' This parameter can also be understood in terms of the boost parameter that enters in the duality chain that relates the
wrapped brane geometries to the baryonic branch [27].
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2.2. A useful gauge transformation

Let us comment on a small subtlety that will be important in what follows. The above rotation
argument makes it quite clear that by sending ¢ — 0, the geometry becomes that of the wrapped
D5 branes. On the other hand taking ¢ — 5 accompanied with A — 0, the geometry becomes
that given by Klebanov and Strassler, i.e. the Z, point of the baryonic branch. Taking this limit
is slightly delicate. One finds that sin{ — 1 and cos¢ — %hKS where hgg is the Klebanov—
Strassler warp factor. Expanding the functions (a, b, @, g, h, k) in the large A limit and rescaling
Minkowski coordinates x; — x; A~ ! one finds that leading term of the metric is independent of A
and reproduces the KS geometry. The limit applied on the NS two form is less trivial, in fact its
expansion in inverse powers of A is

2 .
Bz=th(2p)d(Pl(d)3 +cosfdg)) — Bxs +O(). (2.18)

23k P,/ P|

However the form of P; (the leading contribution of P(p) in this expansion) ensures that
the pre-factor on the first term in this expression reduces to a constant and one recovers the
Klebanov—Strassler NS two form modulo a pure gauge term.

In fact it is going to suit our purposes to perform a similar gauge transformation across the
whole baryonic branch (2.6). We do this by defining

o
1 / ’
Br—> By+d(2(p)(@s +cosbdy),  Z=—3 f PO S (g (2.19)
0

In the KS limit this reduces to exactly the gauge transformation required in (2.18) and it has the
effect of removing certain mixing between the angular directions and the radial direction in the
NS two-form.” This will greatly simplify matters upon performing a duality transformation.

3. Non-Abelian duality on the baryonic branch

In this section, we will present the result for the non-Abelian T-duality when applied to one
of the SU(2) isometries of the baryonic branch background in Eqs. (2.5)—(2.6). This study was
initiated in [ 16] but here we make two essential new contributions that will allow our subsequent
analysis. In [16] the NS sector was established however the geometry there displayed at first
sight a mixing between angular and radial directions thereby creating difficulties for any field
theory interpretation. Here we have established that this is a gauge artifact (details are presented
in Appendix C). By making the gauge transformation introduced above in Eq. (2.19) to the seed
geometry, as we do here, we remove this mixing and restore the expected asymptotic behaviour
of the geometry.> Moreover we complete the specification of the geometry by providing the RR
sector. Whilst this may seem laborious, it is essential in order to show the supersymmetry of the

2 This transformation leaves unchanged the gauge coupling defined through the integral of By however it is non-
vanishing at infinity and so one should exercise appropriate caution.

3 Alternatively one can perform the following coordinate transformation to the solution presented in [16] to obtain the
solution presented here:

viere s ylere 2z, 3.1)
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background and, in the absence of a comprehensive proof that non-Abelian T-duality is a solution
generating map, required in order to verify that the equations of motion are satisfied. Moreover,
much of the analysis of field theory properties that follows in Section 5 requires knowledge of
the RR sector.

Our strategy is to perform a non-Abelian T-dualisation on an SU(2) isometry that exists in the
baryonic branch geometry. Here, in the interest of concision, we do not recapitulate the entire
technology of non-Abelian T-duality and refer the reader who wishes to learn the details of the
technique to the earlier work and in particular to Section 2 of [16]. Instead we present the results
with some additional technical detail relegated to Appendix C.

We will perform the transformation described in [16] to the coordinates (é , @, V), present in
the left-invariant forms of SU(2), @;, i = 1,2, 3 of Eq. (2.5). Typically in the T-dual one finds
that the Lagrange multipliers v; introduced in the Buscher procedure play the role of T-dual
coordinates. However there is some choice in how the T-dual geometry is parametrised since a
gauge fixing must be invoked. Here, for reasons that will become apparent in Section 5, we will
choose a gauge where the new coordinates after the duality will be (v, v3, ¥).

We will start by specifying the vielbeins. The components

i D A1
2

et =e dx’, e’ =e%+kf1%dp (3.2)

IN|

]:‘l_

do not change. The vielbeins in the (6, ¢) directions are also unchanged by the duality however
we find it useful to introduce a rotation in (¢?, e?) such that the dual solution has no explicit ¥
dependence.

&= NI{TandEr e = VCe" P20y, (3.3)

where we havg ir}trpduced left-invariant SU(2) forms for the angles {6, ¢, v}. The vielbeins in
the directions 1, 2, 3 and NS 2-form potential can be compactly written in terms of the quantities
defined as,

P
e 2«/§v3+42+e2g+¢’$cosa’ Z=—1/Se¢+2’<dp’,
272 2
0
w1 = ae cosa + 2¢" sina. (3.4)

The function Z was introduced as a gauge transformation to the seed solution already in (2.19).
With these, we have

ei = 688;/2 «/E|:462k+¢C”H(a7-lw1 — vaw3) — V22RO 2 (qyy + aHawr)
- 8x/§v2(v2dv2 + Hdvz)
+ %m&e“‘p (8v%w2 + ezk+‘pC(62g+‘pr2 - 2«/§Hw1))i|,

eﬁ = #sz |:4ezg V2 (dvs — avaan) — AHe*  (dvy + aHawy)

1
—V2CHH 2T (aHw) — vows) + EmSe“sz) (21 Coy + Zﬁsz)},
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. kt®)2
F=1 % ~/E[4Cvze4g+¢ (w3 — aHwr) — V2C(dvs — vraawn)

- 8«/§H(v2dv2 + Hdvz) + eg+<p,u1v28(«/§C62g+¢a)1 + 4Hw2)]. (3.5)

We will then have a metric that in terms of these vielbeins reads, dsszt = 2}21 (¢ )2.
In terms of these vielbeins, the NS two-form B reads,

~ 1 4 " s .
B = —4—(2€_ha(€g1}2€01 + ekH693) —dek8 e + «/ECeg'HH'(peB)
v
S |:'Hek ~n an eg+k+d>—h an an
+ 2| — (e —ae™e”) + ———C(u167 — 26"
e )+ )

e e Z g ¢ #
—T<2€_ - §+2€ cosa—aegsinoe>e‘p—T(aege +ure ):| (3.6)

The dual dilaton is given by

—~ 1 C
b= — 5 InW, W= §(64g+2k+3¢>cz + 8€2g+¢> v% + 862k+(p7{2).

3.7
And the RR sector is given by,
N¢
Fo=—,
V2
) . I A
F= —e4—CNC [2672}’ (1 +a%— Zab)Hee‘/’ +e 87" kC(a —b) («/Eeng“Hd’ (em - e“’z)
+ 461‘3'-[(eéé - e‘z’i) - 4vzege¢§) — Se_zg’;‘—leié — SE_g_kvzeéé — Qe hk vze’é]
Se8h 5
o (Neb + a(e2g cos?a — Ne) + e8 gin 20:)69“’,
V2Csina
o—8—h—k—o . i s .
Fy= TNC[C(I +a’— 2ab)e0‘p A (ﬂ623+k+¢_helz + 4e2g_he13)Cb’e’0
A (461‘7-[6ié — x/ieng“kJr(peéé) —8efvy(a — b)eéiiée"z’
A (4t vzeii —be (\/Eezg*'(‘beié + 47‘[623))]
28 —g—h—k—@
- W (a (ezg cos?a — NC) + (Ncb + 8 sin Za))
X (7—[ekeé¢’iﬁ + vzegeé‘z’ﬁ‘s’). (3.8)

3.1. Asymptotic behaviour

Using the semi analytic UV expansions that can be found, for example, in [29] it is possible
to calculate the UV behaviour of the dual metric.

4 Warning on potentially confusing nomenclature: The N, appearing here originated as the number of D5 branes
wrapping the resolved conifold which was then rotated to give the baryonic branch and then T-dualised to this solution.
Prior to T-duality, N, corresponds to the D5 charge which is also commonly denoted by M (which we will also use in

Section 5 when we specialised to the Klebanov-Tseytlin geometry). We hope the reader will not get overly confused by
this point.
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The dual vielbeins at leading order in the UV are given by

i cre 23 4p —3)1/4 5 cre 23 4p —3)1/4
e =— w1, e = w3,
BAN(—20) BAYN—2p)

03/431/4
=—————dv3.
VNe(@Bp —1I/4
Thus the dual 3-manifold shrinks as one flows towards the UV, in line with our expectations from

Abelian T-duality, where big circles are mapped to small circles.

One may worry that this vanishing manifold is a signal of a singularity in the UV, however,
an explicit check shows that the curvature invariants: Ricci scalar, R, R*” and R, R HVAE are
finite. In other words, both the g; and the &’ expansions are under control and the background
is trustable in the far UV. Notice that there is a one-cycle, labelled by the coordinate ¥ in w3,
that shrinks to zero size in the large-p regime. This implies that strings wrapping this cycle will
become light and will enter the spectrum of the dual QFT at high energies.

The dual dilaton is defined as ¢*? = % where

/ 3
W =3¢y Ney/12p — Eegﬂ“ (3.10)

asymptotically, and so the dilaton is UV vanishing.

Let us now study the small radius regime of the metric, corresponding with the low energy
regime of the dual QFT. Things are a bit less-simple; at leading order, terms in the metric depend
explicitly of the original IR-parameters of the baryonic branch solution, but they also depend
on the values of the v, v3 coordinates. Explicit expressions for the dual vielbeins in the IR are
included in Appendix C.4.

Here again, it happens that the dilaton is bounded and the Ricci scalar and Ricci and Riemann
tensors squared are finite. This was expected, as we are performing a duality transformation on
a space that in the small-p regime was of finite size (the S° in the deformed conifold). Dualities
typically invert ‘sizes’ (or couplings). This example is not an exception. One may start with a
background solution where supergravity is a good approximation and obtain that in the far IR the
new generated solution is still a trustable supergravity background.

A point that we want to emphasise again is that in the far IR, the parameter that was labelling
the different ‘positions’ on the baryonic branch (that is the different baryonic VEVs) still appears
in the small-radius expansion above. There is a still a one-parameter family of solutions. Indeed,
notice the dependence on the integration constants e®© and h; as defined in [28], both related
to the number parametrising the baryonic branch.

3 (3.9)

4. SU(2) Structure of the background

In this section we establish that the background obtained above is indeed supersymmetric and
we give the associated G-structure. Again, we will postpone details to Appendix C. The geometry
supports two pure spinors given by

gA . . ..
&, = §et(9+e—zv/\w (kHe_l] — ikJ_(,()),
ied . 0 .
d_ = ?e’ ‘(v—i—iw)A(lq_e‘” —i—ik”a)). 4.1)
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In the case at hand we find

@
eZAze_
C
9+:07 0 =¢(r)
sina cosla+¢-¢
kj=——e=  ki=,—7
1+¢-¢ 1+¢-¢
1
I=w—iv= —(x/Zé3+Qsinaée—i—i(\/Zép—i—g“zsiner‘p))

Jeosla+¢ ¢
j=eP 4+ + 3 —vAw
0= (VA +id") — tasina(e” +i8%)) A (& +id"). 4.2)
Veos2a4+¢ ¢

Here the frames e are obtained by a rotation, given by (B.19), of those in (3.5) and the param-
eters A, ¢; which enter into this rotation are specified by (C.15).

There are various immediate things to observe. If we move to the large radius region of the
geometry, the functions sina(p) ~ a(p) ~ b(p) — 0. The formulas simplify and we obtain,
among other things that k — 0. This implies that, as happens in the paper [18], the two pure
spinors are ‘perpendicular’ in the large radius regime of the solution and the SU(2)-structure is
static. Similar behaviour was found in [20], where a dynamical SU(3)- structure in 7d becomes
orthogonal in the UV. This changes as we evolve to the small radius regime of the background, the
SU(2)-structure is said to become dynamical. In Section 5, we will discuss the physical effects
that are associated with a change in the SU(2)-structure, from static in the far UV to dynamic in
the IR.

5. Correspondence with field theory

In this section, we will connect our previous geometrical studies with aspects of the quantum
field theory that our background is dual to. As it was anticipated in the paper [16], we believe
that the field theory dual to our massive IIA background should be a non-conformal version of
the Sicilian gauge theories presented in [35,36] or the linear quiver field theories studied in [37].
There are certain things that can be inferred immediately, like for example the confining character
of the QFT. This follows from the fact that the calculation of the Wilson loop will proceed exactly
as in the case of the baryonic branch field theory. Indeed, the R'3 x p part of the geometry is
unchanged, hence, the Wilson loop will give the same result as before the non-Abelian T-duality.
Nevertheless, many calculations done with the Klebanov—Strassler/baryonic branch background
involved the ‘internal’ five dimensional space. The purpose of this section will be to learn how
some of those calculations for field theory observables change (or not) for the new geometries in
massive IIA.

The idea that will guide us is that for a given correlation function or related QFT observ-
able, that in the original background was calculated in a way that is ‘independent’ of the SU(2)
isometry used to perform the non-Abelian duality, will give the same result in the transformed
background. We can think about those operators or correlators as ‘uncharged’ under the SU(2)
symmetry in question. Ideas of this sort already worked in other solution generating techniques,
like T-s-T dualities. Similar ideas also appeared in large N, (planar) equivalences between
parent-daughter theories. The physics of the common or ‘uncharged’ sector goes through to
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the new field theory. The rest of the paper deals with observables that are, in principle ‘charged’
under the SU(2) symmetry.

We will first examine the relation between the dynamical character of the SU(2)-structure
and the field theoretical phenomena of confinement and discrete R-symmetry breaking. We
will show how the presence of domain walls with an induced Chern—Simons dynamics on their
world-volume follows as a consequence of the confinement and the dynamical character of the
SU(2)-structure.

Then, we will make clear that the symmetry associated with changes in the yr-direction is
related with an anomalous U (1) g R-symmetry in the field theory. We will define an instantonic
object using an Euclidean DO brane; this will lead us to a possible definition for a ®-angle and
gauge coupling. We will find that this coupling has a non-conventional running in the far UV.

We will then move into studying different aspects of the ‘baryonic branch’, also present in our
new backgrounds. We will find that a given fluctuation of the RR background fields can be put in
correspondence with a global continuous symmetry that the IR dynamics breaks spontaneously.
We will find the associated Goldstone boson and an expression for the conformal dimension of
such a baryonic operator.

5.1. Dynamic SU(2) and confinement

In this section, we will make more concrete the relation between the QFT phenomena of
confinement and the dynamical character of the SU(2)-structure. The first observation is that
the ‘parallel projection’ between both spinors, represented by k| in Eq. (C.18), is proportional
to the quantity sin«. This quantity is related to the background functions as can be read from
Appendix B of the paper [32],

daeh—8

VaZ +2a2(4e2h=28) 4 (4228 £ 1)2

This is compatible with the expression in Eq. (2.7) after following the algebra in Appendix B of
the paper [32].

The presence of the functions a(p), b(p) in the baryonic branch solution — see Egs. (2.5)—(2.8)
— are responsible for the de-singularisation of the space (the appearance of a finite size $°) and
the IR minimisation of the dilaton and warp factor. These have as a consequence the linear law,
Epg = 0oLy for large distance separations between the quark—antiquark pair. In other words,
the functions a(p), b(p) and their effects on the warp factor and dilaton ‘produce’ confinement.
In the same vein, at the level of the metric, the presence of a(p) implies the breaking of the sym-
metry ¥ — ¥ + € into ¥ — ¥ 4 2x. This is the remaining Z, symmetry after the spontaneous
discrete R-symmetry breaking. So, we see clearly that confinement and spontaneous R-symmetry
breaking go hand-in-hand with the function a(p). Hence, these phenomena in the dual QFT are
closely related to the presence of k|, which as we made clear is related to the dynamical character
of the SU(2)-structure. In the papers [44,45], the point was made that the functions a(p), b(p)
were directly related with the gaugino condensate. This suggests that in our massive IIA picture,
there exists a relation of the form (AA) ~ k). Similar ideas will be discussed in the paper [54].

sina(p) = (5.1

5.2. A comment on domain walls

It was proposed in [16], that domain wall objects were realised in the non-Abelian T-dual of
the geometries we are considering, as D2 branes that extend on R12_Indeed, the induced metric,
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action and tension of a (2 4+ 1)-dimensional object are,

dszd e‘pffl/z(—dtz + dx12 + dx%),

ind =
Spr = —Tp2 / d3xe®?h =34, Ipw = TD26¢/2};73/4|,0:0'

If we also turn on a gauge field in the world-volume of this D2 brane, a Chern—Simons—Maxwell
action will be induced, at leading order in o’ on this D-brane,

Spiwz = —Tp2 / d* 1 xe® P34 1 — &' F FRY + Ty / xR A A B (52)

We have used that a new WZ-like term appears in massive IIA as explained in [46]. The Chern—
Simons term is quantised, being proportional to Tp, N’

In the Type IIB baryonic branch solution(s), domain walls were realised by D5-branes ex-
tended on R!'2 and the three-sphere $3 = [é , @, ¥]. Once a gauge field is turned on, a Chern—
Simons terms was induced, proportional to Tps | 53 F3. Naively, we can think that both objects
are ‘connected’ by the non-Abelian T-duality, under which the directions on S disappear and
we are left with a D2 brane as described above.

Supersymmetry gives support to this. Indeed, around Eq. (6.19) of the paper [41], we are
presented with the calibration form for a domain-wall like object, which is given by the real part
of the pure spinor W, . Using that |a|> = ¢4 = %/ 2p=1/4 we obtain that the BI action equals the
calibration form. Notice also that this selects the kj component of the pure spinor.

As it was shown in the paper [16], once the R-symmetry is broken in the Type IIB set-up, the
non-Abelian T-duality maps these backgrounds to their partners in massive IIA. In a minimally
SUSY quantum field theory, the presence of domain-walls is tied up with confinement and the
spontaneous breaking of the Z,y,_-symmetry. As we emphasised, these phenomena are related to
the ‘dynamical’ character of the SU(2)-structure, hence to the presence of the k| part of the pure
spinor.

5.3. The fate of the U (1) g anomaly

In the backgrounds presented in [16] and those of this paper it is somewhat natural to expect
that the coordinate v is singled out as being related to an R-symmetry of any putative field theory
dual. That this is true is by no means obvious, after all in the technical process of dualisation the
fact that we retained the coordinate ¥y was purely a result of a judicious gauge choice. Here we
provide evidence that this is indeed the correct identification and furthermore that this U (1) is
afflicted with an anomaly, breaking it down to a discrete subgroup.

A robust understanding of how 9y, plays the role of the R-symmetry in the holographic dual
was given in [42] with several important details of the supergravity solution clarified in [43].
The essential point of [42] is to introduce a bulk 5d gauge field that gauges this U(1)y by
making the replacement diy» — x = dy — 2A in the metric. This must be supplemented with an
appropriate ansatz for the fluxes. In the case of the Klebanov—Witten background one finds that
the resultant gauge field is massless and is the dual fluctuation to the global U (1) g of the gauge
theory. However, in the non-conformal cases, the correct ansatz for the fluxes actually yields a

5 Note that it is the presence of an F{) that allows D2 branes to be interpreted in this way, by way of comparison in [47]
the relevant branes with Chern—Simons dynamics are D4 branes with a bulk F, turned on.
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massive gauge field (the mass here comes from a Stiickelberg rather than Brout-Englert-Higgs
mechanism).
Let us begin our discussion with the non-Abelian T-dual of the Klebanov—Witten background.
The NS sector of the geometry is given by
2 2 12 % 2
ds” = dSAdS5 + gdssz + 70’3

6 3
+5 [(1 +27v3)dv3 + 54vav3dvadus + Ja- 54U%)dv§:|,

182 A — 5402
H = X_vzv30§/\dvz+%a§/\dv3,
? = 81A7" =81(2+ 5413 +36v3) ", (5.3)

where o3 = dy + cos0d¢. This metric is supported by RR two and four form fluxes. The U (1)
acting as dy can be gauged by making the replacement o3 — X = 03 — 2A in the NS sector
above. The potentials corresponding to the correct modification of the RR forms that support this

fluctuation are given by

22
C) = —i(coséd¢>+A),
27
2 2
C3 =~ 5037 A (@2 —dA) + vy x5 dA, (5.4)

where we introduce the volume form on the $2, @y = sinfdO Ad¢ and x5 is the Hodge dual in the
AdSs directions. This solves the linearised equations of motions, linearised Einstein equations
and Bianchi identities provided that the gauge field obeys the equation d x5 d A. This, together
with the fact that the Killing spinors of the geometry are charged under U (1) identifies this as
the dual to the R-symmetry. Upon substitution of this ansatz in to the action one finds all the
gauge field dependence gives a field strength squared contribution,

38 = f(va, v3)F;wF‘w 5.5)

for some function f (vy, v3) of the internal coordinates that will be integrated over in a reduction
to a five-dimensional theory.

Now we turn to the non-conformal geometry obtained by transformation of the Klebanov—
Tseytlin geometry (since we are only interested in the UV behaviour we will not need the full
Klebanov—Strassler or baryonic branch). The NS sector, with the U (1)y gauged, is given by

2,1 472
1 1 r<h2 6rhvs _
ds2=h2dr2+h 2dS123|’3+TdS§2+TZX2
61 4 2 7.2 3(.4 2\ 2
+ —| (r*h + 27v3)dv; + 54v2V3dvadvs + = | — — 54v3 |dvs |,
A 4\r2p2
18V2 . (A —54r2h2 vg) y R (r) .
B, = Vsx Ad ————x Adv ,
2 v V3x Advy + A 3+ say 2
? =81A™! =81(2r*h + 5403 +36V3) . (5.6)
Here h(r) is the usual Klebanov—Tseytlin warp factor and V3 = v3 + ;73%)4 Without the gauging

this is a solution of massive IIA with Romans’ mass proportional to M. By examining how
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the non-Abelian T-duality transformation acts on the ansatz given by Krasnitz in [43], we can
determine a suitable ansatz for the fluxes:

M M
C= —71)3 cosfOd¢ + 71#611)3 — 2\/§K1 — \/§CQ(V3dU3 + vodvy)

MA/2
C3=2V3K3 — Tflﬂcbz A (vadvy + v3dv3)

23/2

2
+ Vf(V)C()(I)g A (vadvy +V3dv3) —2u3x AdK| —4vzan A K1 + O3. 6.7

The remaining term in the three-form potential is given implicitly by

1 i 2 3M
dO3=—Mh?% %5 (CodV+—rW> + —dr A K3. (5.8)
V2 3 V2
Here W is a gauge-invariant 1-form that combines the gauge field A with a Stiickelberg scalar
W = A — dA though for practical purposes we may chose a gauge in which W = A. Then,
this is a solution to the linearised flux equations and Bianchi identities provided the fields
K1, K3, W introduced above obey a set of simple equations (the explicit form can be found
in Egs. (4.20)—(4.24) of the paper [43]). In particular, it was shown in [43] that the equations
for K1, K3, W can be diagonalised and contain a mode corresponding to a massive gauge field
whose mass is a result of the spontaneous (anomalous) breaking of R-symmetry. The mass of
this mode is given by
4 M)?
m? = L (5.9)
o’'(37)2 (AN)2
The interpretation is identical here and we conclude that the U (1) symmetry is anomalously
broken.

5.3.1. Dependence on r in the potentials and DO brane instantons
To understand this breaking as an anomaly it is informative to look at the forms of the RR
potentials. For the non-Abelian T-dual of the Klebanov—Witten we have following potentials

Nm

C= cosfdo,
1 7 (0]
Nmvs .
C3=— > sinfdo Adeo A dr. (5.10)

For the dual of the Klebanov-Tseytlin (which has Romans mass proportional to M) we have

M M
C = 71}3 cosfdop — 7@[/071)3,

M
c3=—*/; (v3 + v3)sin0do A dep A dip. (5.11)

Note how the dependence on ¥ in Cj is quite different in the potentials in the conformal and
non-conformal cases.

Let us now consider DO branes. These DO branes will move in the v3 direction, leaving all
other coordinates fixed, in particular we will choose v = 0. We can then calculate using (5.6)
the induced metric for this DO brane, relevant gauge potential and its BIWZ action, that will read
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2 2 M
dSjng = 8uyv3dv3 = r dvs, €= _71//611)3,

SBIWZZ_TDO/dU3e_¢«/gU3U3 +TD0fC1

U T 2V3 oMY
- DOf B T T DOTf v

We use now that Tpg = —L_ Also, we call Vo’ Ly, = f dvs, the dimensionless length of the v3

gs\/y.

direction.
We will equate the BIWZ action of this Euclidean DO brane with the gauge coupling and the

. . 2. . .
® angle imposing that Sprwz = % 4+ i®. In other words, we consider this DO brane to be an

instanton in the dual gauge theory.
Analysing the WZ term, we have that (like above, we choose g; = 1),

M
Swz =" VL =6. (5.12)

Using that the theta angle should be periodic, we can impose that the allowed changes in the
angle i get selected to be

M
7(¢+A¢)Lv3 =0 +2kn (5.13)
which implies that

4k

Ay = .
v ML,,

(5.14)

So, we see that there is a breaking of the global continuous symmetry into a discrete one. The
residual discrete symmetry is determined by the domain of the coordinate v3. In the case in which
we would like to impose this discrete symmetry to be the same as before the non-Abelian duality
we should impose that L,; = 2. One of the major challenges with understanding non-Abelian
T-duality is to identify the periodicities of the coordinates of the T-dual geometry and it is en-
couraging that here we see a direct link between a field theory property (the anomaly) and the
global properties of the geometry.
Let us look at the BI term. We have that the gauge coupling, associated is

82 2 r Y2

— =Tpo | dvs|r?h'/? . 5.15
g’ DO/ 3[r T\t S Am 619
We can perform the integral explicitly, but it is perhaps more illuminating to look at the large
radius limit of the expression above. After all, we are doing this calculation in the non-Abelian

dual of the Klebanov-Tseytlin solution, we should only trust the result in the far UV. We have
then, considering the leading term in the large-r expansion,

! 3/2
el (logr)’/ (5.16)

this reproduces a result obtained by other means in [16].
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5.4. The fate of U(1)p

The Klebanov—Witten SU(N) x SU(N) conformal field theory coming fr_om D3 branes at the
tip of the conifold has a U (1) baryonic number symmetry acting as A; — ¢'*A;, B; — e7'*B;.
In the gravity dual this number current gives rise to a massless AdSs gauge field

8Cs=w3 A A, (5.17)

where wj is the usual closed three form on 7'!:!. In the T-dual geometry given in Eq. (5.3), this
U (1) p mode translates into a perturbation, which solves the linearised supergravity equations of
motion, given by

1
5C1 =~ A,
=9

1 2
§C3=Wr A A+ §udu/\]~"+ %ud% A xyF. (5.18)

The final two terms in §C3 come from the a contribution from §Cg under the T-duality transfor-
mation.® Although the two-form W5 has a simple form

v3 V2vye2¢

Wa=gdost —g—
it can-not easily be written in terms of the invariant tensors that define the SU(2) structure of the
geometry.

The existence of this mode is suggestive that the field theory duals corresponding to the con-
formal geometries constructed in [15] have a global U (1) symmetry in addition to the preserved
U (1)g. In fact, the geometry T-dual to the Klebanov—Witten is closely related to those proposed
in [36] as the gravity duals to N' = 1 SCFTs formed by wrapping M5 branes on Riemann sur-
faces (which in this case is genus zero giving rise to many subtleties). These SCFTs do indeed
have U(1)g x U(1)r Abelian global symmetries which are seen geometrically as isometries of
the corresponding eleven-dimensional supergravity solution. Upon reduction to ten-dimension
one of these U (1)’s gets degeometrised corresponding to the above gauge field §C; = A.

In this paper our main focus has been the cascading field theory where at the last step of the
cascade when the gauge group is SU(M) x SU(2M) the baryons acquire expectation values,

o3 A 2Qusdvy — 3vadvs) (5.19)

B=ieA™, B= ;—AZM. (5.20)
On this baryonic branch the U(1)p symmetry is spontaneously broken. To see this from the
gravity perspective it is sufficient to work with the Klebanov—Strassler geometry corresponding
to the field theory at the Z, symmetric point of the baryonic branch. As shown in [24], there is a
massless glue ball corresponding to a Goldstone mode associated with changing the phase of &
which is given by’

6 For the AdSs5 x 711 we use dS/ZXdS =du® + & (r]ijdxidxj).

7 Here and elsewhere use the standard notation for the deformed conifold and Klebanov—Strassler geometry which
can be found e.g. in appendix of [24]. For the KS we stick with the notation t as the radial coordinate but will use r
elsewhere.



J. Gaillard et al. / Nuclear Physics B 884 (2014) 696—740 713

§H =0,
§Fs = fixada —d(fr(v)da ng),

4

§Fs= fi <*4da — n(t)dandrAg ) A B. (5.21)

6K 2( )
The linearised supergravity equations are solved when the pseudo-scalar is a harmonic function
in R>! and the function f>(t) obeys a second order differential equation admitting a normalis-
able solution.

The non-Abelian T-dual geometries considered also admits a similar mode, which can be
obtained simply by performing a T-dualisation of the ansatz for the scalar modes in the seed
IIB solutions. The T-dual of the Klebanov—Strassler geometry was obtained explicitly in [16].
Performing a dualisation of the ansatz (5.21) gives rise to a perturbation § F, and §F4. This
perturbation solves the supergravity equations of motion when f, obeys the same differential
equation as for the ansatz (5.21). The expressions for F, and Fy4 are not particularly enlightening
though for completeness let us provide a few details. Here we display the results in the UV
regime where the geometry is given by (5.6). The corresponding deformations to the potentials
are given by

5C1 = (203 f2(r) + f3(r))da

2
6C3:|:f4(r)—£<v2+< v3 — ﬂ) >i|*4da—£da/\o3 /\d(vg—}-v%)

V2 V2M V2
- %da Aoz Advs +da Asinfdo /\d¢<f5 - %Jg). (5.22)

The extra functions introduced above are completely determined by f; and f> according to

f=0. 2 =—6r°f +16r o+ 27M> fi logr/ o,

! 24/2
f3= g( 3\/5”flh(r)10gr/ro—2T(r)f2) fi= f”fz,
fi= 108( 2V2r8 fi(r) = 18Mr fih ()T (r) logr/ro — 3¥/2T (2 £3). (5.23)

where T (r) = %Mlogr/ro and h(r) = 32 2L.(3M? +8Nx + 12M*logr/ro).

The existence of this mode suggests a spontaneously broken global U (1) in the field theories
dual to the geometries obtained in Section 3. In the conformal case, the unbroken U (1) becomes
geometrised upon lifting to M-theory whereas these non-conformal backgrounds are solutions
of massive 1A and so can-not be lifted. This further underlines the expectation that a U (1) is
broken.

In the same multiplet as the pseudo-scalar goldstone is a scalar perturbation corresponding
to changing the magnitude of £. In the same vein as above, one could deduce the fate of this
scalar perturbation under the T-duality transformation; it will give a similar, albeit complicated,
perturbation in the dual IIA background. Since the full baryonic branch geometry found in [25]
can be thought of as exponentiating such transformations to give arbitrary values of the baryonic
vev, implicitly in the geometries presented in Section 3 we have already done just that.
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5.5. The fate of the baryon condensate

In Klebanov—Witten theory the closest analogy to a baryon vertex — the object to which N
external quarks can attach [38] — would be a D5 brane wrapping the 71! space with world
volume coordinates {xg, 61, ¢1, 02, $2, ¥} [39]. The primary reason for this identification follows
the argument made in [38]; since we have

f Fs N, (5.24)
Tl,l

the WZ term induces a charge to the world volume U (1) gauge field A via the coupling

AN Fs. (5.25)
Rx7 (D

This introduces N units of charge which must be cancelled by some other source to give zero
net charge in a closed universe. This cancellation is achieved by N elementary strings stretching
from the boundary to the brane whose end points are external quarks. A perhaps naive approach
would be to suggest in the IIA geometry dual to the Klebanov—Witten theory a similar role could
be played by a D2 brane wrapping the S? with world volume coordinates {xo, 6, ¢}. Indeed,
since in the case of T-dual to Klebanov—Witten we have C; o cos8d¢ the WZ coupling F A Cy
produces a charge contribution for the gauge field that could be cancelled with external quarks
just as in the Klebanov—Witten scenario. It would be of some interest to study the baryon vertex
in the massive ITA backgrounds.®

This baryon vertex should however be distinguished from the configuration representing the
actual baryon condensate — which should be supersymmetric, gauge-invariant and not require
Blon spikes. The configuration that describes the baryon condensate is a Euclidean D5 brane
wrapping the T!! and the radial directions [39]. This D5 has D3 branes dissolved within [40]
which are traded for a world volume gauge field. Following the logic applied to the baryon
vertex one might anticipate that in the IIA geometries presented here, the role of the condensate
is played by a wrapped Euclidean D2 brane on the S> x R with a world volume gauge field.

Here, to determine the existence of supersymmetric configurations, rather than calculate the
kappa symmetry projectors, we will harness the power of the G-structure and the calibration
techniques of [41]. The condition for a supersymmetric Euclidean p brane on a cycle X' is es-
sentially the same as that of a Lorentzian p 4 4 brane that is spacetime filling in the Minkowski
directions. This condition is given by

e/ det(gls + F)dPo =8P Imd e | (5.26)

where the world volume field strength is 7 = B|y + 27 «’d A and the pure spinor entering the
calibration form is given @ = ¥, for IIB and @ = ¥_ for IIA. For reference, in Appendix F we
re-derive some of the IIB embeddings found in [39] using this very efficient calibration technique.

Let us begin with the IIA non-Abelian T-dual of the Klebanov—Witten geometry given in
Eq. (5.3). We find an E2 configuration extended along X = {r, 8, ¢} at the point v, = 0 but with

8 Before duality in the cascading theories this is a D3 brane and it seems quite possible that DO branes might play this
role of the baryon vertex in the cascading massive IIA geometries. We thank O. Aharony and J. Sonnenschein for this
suggestion.
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a non-trivial embedding v3 = f(r). We search for a supersymmetric configuration solving the
calibration condition (5.26) when supported by a gauge field

1
A= —a(r)cosfde. 5.27)
V2
From the calibration condition one finds firstly that the embedding f(r) and the gauge field
should differ only by a constant cp. The gauge field should then obey an equation
1 — 18coo — 18a?
o' (r) = ot — (5.28)
9(co + 2)

which can also be readily solved and one notices that when ¢y = 0 has the same form as Eq. (F.2)
governing the configuration in IIB.

Now we turn to the non-conformal context. Evidently the geometry describing the full bary-
onic branch is rather involved so to make the analysis tractable we focus on the non-Abelian
T-dual of the Klebanov-Tseytlin geometry given in Eq. (5.6). We search for an E2 configuration
extended along X' = {r, 6, ¢} at the point v, = 0 and now with v3 = x(r) and an ansatz for the
gauge field

A= %a(r) cosOd¢. (5.29)

We take the square of the calibration equation (5.26) and first consider terms proportional to
cos? 6. From these one finds a first equation relating the gauge field and the embedding in v3:

o' (r) = x'(r). (5.30)
We let ¢ be the additive constant between « and y . Then from the remaining terms in Eq. (5.26)

one finds a differential equation for the gauge field

o) = ——— (2r*h(r) — 6¢oT + T? — 36coe — 360.%) (5.31)
18(co + 2a) ’ '

where we remind the reader that 7'(r) and k() are given following Eq. (5.23). Changing variable
to t = logr one can solve this equation on the exact logarithmic solution:

-32
a(r) = _%0 + L [64rc+ 1 (16¢2 +3M (8v/2c0 + 9M — 4(4v/2co + 3M) log r
1
+24M logr?))]? (5.32)

here c is an integration constant giving sub-leading contributions that we hence ignore.
Using Eq. (5.31) we find that the DBI action is given by

dr 1
SDBI = k / — gt 20) 7 2r*h + (T + 60)?) (2r*h + (T — 6(co +@))?).  (5.33)
If we expand out asymptotically we find that

2TM32 9OM?t

+
8v2 32

which suggests an operator with a scaling dimension

N
Spei~« [ dt (3«/§M —4co + 8x/§Mn> +0(°, (5.34)
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2Tk M?
82
where k = Tpy vol(§?) = % It would be interesting to pursue this line of reasoning further by

extracting the value of the condensate across the baryonic branch. This is technically rather
involved and we do not intend to do so in this report.

(logr)? (5.35)

6. Conclusions and future directions

In this paper we have examined a new family of solutions of massive ITA supergravity. These
new backgrounds were obtained by performing a non-Abelian T-duality on the geometry that
describes the non-perturbative physics of the baryonic-branch of the Klebanov—Strassler field
theory. We have explored the transition from SU(3) structure, characterising the ‘seed’ back-
grounds to the dynamical SU(2)-structure that describes the resulting massive IIA solutions. We
made clear — at least for the type of backgrounds studied here — that the dynamical character of
the SU(2) structure is directly related to the phenomena of confinement and symmetry breaking.
We believe that all these new features have not been discussed in previous literature, in a context
as clear and unifying as the one presented here.

The new backgrounds discussed in this paper display a host of interesting non-perturbative
phenomena that ‘define’ the dual field theory. Some of these are,

e The non-conformality of the geometry is enabled by a non-zero Romans’ mass.

e Whilst the UV geometries proposed in [16] are characterised by static SU(2) structure [ 18]
the full IR complete geometry of this paper has dynamic SU(2) structure.

e The transition to dynamic SU(2) structure gives a geometric realisation of confinement and
permits supersymmetric D2 branes that act as domain walls in the IR. This realises geometri-
cally the relation between confinement, the spontaneous breaking of a discrete R-symmetry
and the presence of domain walls.

e The U(1)r symmetry is realised by the vector dy and the corresponding fluctuation, which
is a massless gauge field in the conformal case, acquires a mass indicating an anomalous
breaking.

e Euclidean ‘instantonic’ branes reproduce this anomaly of the R-symmetry and at the same
time suggest a non-conventional running for a suitably defined gauge coupling.

e A further U (1) (baryonic) symmetry is broken. In the conformal case of [16] this symmetry
is unbroken and is realised geometrically by the M-theory circle. In our backgrounds, once
conformality is broken by the addition of fractional branes, the symmetry is no longer ge-
ometrical as we are now in a massive IIA context. The U(1)p symmetry is spontaneously
broken and we identified a corresponding massless glueball (the associated Goldstone bo-
son).

e We give evidence that this U (1) p may be thought of as baryonic and that a baryonic con-
densate is given by a Euclidean D2 brane wrapping a two-cycle in the geometry.

Although we do not yet have a complete understanding of the field theory dual to this new geom-
etry, the results of this paper together with those in [16] suggest that it may be a non-conformal
and cascading version of the Sicilian theories of [35,36] or the linear quivers of [37].

We would like to close this paper on a forward looking note. We suggest that the features
mentioned above may be prototypical of a wider class of holographic duals. The theories in
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[35,36] and also the ITA linear quivers of [37], present a wide new class of interesting examples
of A/ =1 SCFTs. We anticipate that by a modification of these theories (this paper suggests that
the modification will involve adding D8 branes in ITA) one can obtain a variety of non-conformal
gauge theories. Some of the non-perturbative features of these new field theories should be the
ones we are describing in this paper.

Aside from this and on a more geometrical note, we believe the backgrounds presented in this
paper may serve as a prototype for new dynamical SU(2) solutions of massive IIA supergravity
that will be the corresponding string duals to the new field theories described above. This is, of
course, in the same vein as the route from the conformal geometry of Klebanov—Witten to the
non-conformal geometry of Klebanov—Strassler.

In our view, these represent the most interesting avenues of further investigation.
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Appendix A. Conventions: supergravity and G-structures
A.l. Supergravity

We work in string and the 10d hodge dual is defined such that
Fp = (=)™ Fro_y, (A.1)

where F, are the RR fluxes of either Type IIA or Type IIB supergravity. The fluxes may be used
to define a polyform F such that

FZ{F0+F2+F4+F6+F8+F10 forTypeHA. (A2)
Fil+F+Fs5+ F7+ Fy for Type 1IB
In terms of the polyform the Bianchi identities may be expressed as

(d—HA)F =0, dH =0. (A.3)
It is easy to show this is satisfied with the definition

F=(d—HANC + Fpe® (A4)

where C is a polyform constructed from the RR potentials in the same fashion as above and Fj
should be taken to be zero in Type IIB. The flux equations of motion are expressed as
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1
d+HN*F=0, d(e?®«H)= EZFnA*Fn, (A.5)
n

where the sum needs to me taken over the appropriate RR fluxes of Type ITA/IIB.
The dilaton must obey the equation of motion

R 1
d*d@—i—*z—d@/\*d@—gH/\*H:O, (A.6)
while Einstein’s equations are in Type IIA by
v

1 1 1 1 1
2¢ 2 2 2 2 2
te |:§(F2)MV+E(F4)MV_Z<§MV<FO+§F2+IF4)],

|
R,y =—2D,D,® + ZH2

(A7)

with an equivalent equation holding in Type IIB.
A.2. Pure spinors

Here we follow the conventions of [51] except for a difference in the self duality condition
of the RR section which leads to a few sign differences. We work in string frame and consider
solution with metrics that can be expressed as

ds* = e**dx | +dsg (A.8)

and preserve N =1 SUSY in 4d with non-trivial RR sector. This means that the internal space,
with metric dsé, must support an SU(3) x SU(3)-structure [41]. We decompose the 10d MW
spinors into a 4 + 6 split as

e'=£, @0 +6 00, E€=5@1r+E @ (A.9)

where in €, the upper/lower signs should be taken in Type IIA/B, the + indicates chirality of both
4d and internal 6d spinors and we choose a basis for the internal spinors such that (n4)* =n_.
It is possible to define two Cliff (6, 6) pure spinors on the internal space as

ve=nl o) (A.10)
which may be identified with polyforms under the Clifford map. The internal spinors are decom-
posed as

Attt

1 _ A 2 oA it
ny=e"e "7 ny, ny=ee "7 (kyn+ +kix+) (A.11)

where kﬁ + ki =1, r}irpr = xi)u =1 and XiTH =0. The N' =1 SUSY conditions for such a
SU(3) x SU(3)-structure solution are given by the differential conditions

d—Hn) (e Pw) =0
_ 1 ~
d— HA)(E47P02) =4 dA N F §63A x6 iA(F) (A.12)
nn—1)

where A(A,) =(—1)" 2 A, and F is the internal part of RR polyform in Type IIA/B where the
RR forms are each decomposed such that
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F, = F, F e* vols A A(x¢ F10—n). (A.13)

As before upper/lower signs correspond to Type IIA/B.

Clearly in general 7]3_ is composed of a parts that is parallel and a part that is orthogonal to n _1~_
The SU(3) x SU(3)-structure can categorised into 3 distinct cases depending on the values of the
coefficients k| and k:

A.2.1. SU(3)-structure
When k; = 0 the internal spinors are parallel and the pure spinors define an SU(3)-structure
in 6d such that

i0 et J
U, =% —e7
+ 8
A
=i Al4
=i e Do (A.14)

where J and £2, are the two and holomorphic three forms associated with SU(3), they are
defined as in terms of the 6d gamma matrices as

hol . .
Q8% = —intyapens,  Jab=—in} yapns, (A.15)

and satisfy

3i -
T A 2pot =0, J/\]/\J:Zlﬂhol/\fz;wl. (A.16)

A.2.2. Orthogonal SU(2)-structure
When k| = 0 the internal spinors are orthogonal and the pure spinors define an orthogonal
SU(2)-structure in 6d such that

. eA
U, = —iel —e T A,
. eA ..
w_ =ie’9*§(v +iw) Ae (A.17)
where the SU(2)-structure one forms v, w and two forms j, w are defined as
Wa = iV =0 YaXts  Jab=—i\Yablls + i X Vab Xt
@ab =N Vab X~ (A.18)

and obey the relations
JANOo=0wAw= L(wfiv)(a)) = L(wfiv)(j) =0,

1
Jni=Z0ns. (A.19)

A.2.3. Intermediate and dynamical SU(2)-structure

For intermediate SU(2)-structure kj and k| are non-zero constants (the case of intermediate
structure is described in [52] and further definitions including a helpful presentation of dynamic
structure is given in the thesis of Andriot [51]), this and the previous example are also referred
to as static SU(2)-structure. For dynamical SU(2)-structure kj and k| are point-dependent. For
both these cases the pure spinors are given by
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o4

&, = ?ei(ﬂe—iv/\w (k”e_ij - ikla))
ieA i0 ..
d_= ?el “(v+iw) A (kJ_e_lj + ik“w), (A.20)

where Egs. (A.19) and (A.18) still hold.
In these conventions the SUSY conditions (here we consider Type IIA, details of Type IIB are
given in Appendix E) may be split up as follows:

d[**~%k] =0

[ (ky (G + v Aw) +k )] —ie*A Pk H =0
5 (1

d|:e3A_q> <§k||(j +vAw) +kivAaw /\w>] —ie*?H

A (kG +vAw) +kiw)=0 (A.21)

where the second of these gives a definition for H which can be combined with the first to give
a definition of the NS potential, namely

k
B, = —k—l Imao (A.22)

I
this is not the same as the NS potential generated by non-Abelian T-duality but must match it up
to an exact.
The rest of the SUSY conditions are

*6Fg =0
d[e*A k) (sinb_w — cos0_v)] = —e* x6 Fy
d[eZA*ékl(sin O_v+cosb_w)| =0
d[e4A*qS (kH (sinf_Imw — cosf_Rew) Aw — kj(sinf_Rew + cos6_Imw) A v
4+ k1 (sinf_v + cosH_w) A ])] + €4A_ékJ_H A (sinf_w — cosO_v) = —et *x6 F»
d[e“—i’ (kj(sinf_ Rew + cosO_ Imw) A w — kj(cos_Rew — sinf_ Imw) A v

— k. (sinf_w — cos_v) A j)]+k1e*A P H A (cosf_w +sinf_v) =0

2
Aw —kj(sind_Rew +cosf_Imw) Av+ k| (sinf_v+cosbf_w) A j) =—¢* *6 Fo

1 N ~
dl:—e‘mq’klj A J A (cosO_v — siné_w)} + M PH A (k” (sinf_ Imw — cosf_ Re w)

‘l ~ ~
d[—emcpklj A J A (cosO_w + sinG_U)} + 4" %H

2
A (—k” (sinf_Rew + cosO_Imw) A w + kj(cosf_Rew — sinf_ Imw)
Av+kyi(sinf_w —cosO_v) A j) =0 (A.23)
from which it is possible to define the higher forms of the RR sector as:
Fs =dCs

Fg=dC7— H ACs
Fio=dCy— HACq (A.24)
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Table 1
The table lists well known string backgrounds, their G-structure, and the structure of the
background generated by the use of non-Abelian T-duality.

Seed solution Seed structure Dual structure

Klebanov—Witten SU@3) Orthogonal SU(2)
Klebanov-Tseytlin SUQ3) Orthogonal SU(2)
yp4 SUQ3) Orthogonal SU(2)
Klebanov—Strassler SUQ3) Dynamical SU(2)
KS baryonic branch SUQ3) Dynamical SU(2)
Wrapped D5s on 52 SU@3) Dynamical SU(2)
Wrapped D6s on S3 SU(3) Dynamical SU(2)
Wrapped D5s on 53 Gy Dynamical SU(3)

where the RR potentials are given by:

Cs = 64‘4_‘1S volg Ak (Sinf_w — cosf_v)

Cr= —etAm® volg A [k” (sinf_Imw — cosf_Rew) A w — k| (sinf_ Re w + cos 6_ Im w)

AU+ ki (sinf_v + cosO_w) A j]
L 4a-d S .
Cog = Ee vola Akl jA jA(cosO_v—sinf_w) (A.25)
The calibration is given by

Woy = -84~ P Im @ _ ot P2 (A.26)

where + depends on our conventions in the WZ action. That Sppy + Swz = 0 is trivial because
in these conventions we have:

Cs+C74Co = —8voly AP Ima_ (A27)

This all works perfectly for the case 6_ = 0 which is the dual of the wrapped D5 solution.
The action of non-Abelian T-duality on the G-structures has been studied in many back-
grounds which we summarise in Table 1.7

Appendix B. Details of the non-Abelian T-duality on the DS branes solution

The purpose of this section is to give some details of the SU(2) isometry T-dual of Wrapped
D5 branes on S2. This was first derived in [16], but in slightly different conventions and the
G-structure was not found. This is the C = 1, § = 0 limit of the full baryonic branch dual solution,
and as the procedure for find the G-structure is the same in both case we hope that this more
simple example will be instructive.

Solution of wrapped D5 branes on S2 [32] has string frame metric given by

ds* =e? (dxf3 + e*dp + e (d6? + sin® 0d¢?)

2g 2k
+ %((5)1 +ad0)? + (@ — asinddy)?) + %(@3 + cos d¢)2) (B.1)

9 The details of the case of Y P-4 are to appear in [53] and a detailed study of the D6 branes on S 3 will appear in [54].
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where the functions a, b, g, h, k and the dilaton @ only depend on the holographic coordinate r.
The @; are SU(2) left-invariant 1-forms which can be parametrised as

&1 = cos ¥rdf + siny sin0d @,
@y = —sinyrdf + cos Y sinfd @,

@3 =dy + cosfdg. (B.2)
A convenient set of vielbeins is given by
e =e%dxi, e"’:e%"’kdp, eeze%"’hdé, ¥ =T th sinfdg,
1 1
¢! =§e%+g(5)1 +ado), e2=§e%+g(@2—asin9d¢),
1
3= Ee%+k(d)3 1 cosOdy), (B.3)

with respect to which the non-trivial RR flux F3 may be expressed as

F= e_%¢[f16123 + £+ £ (6‘923 + e‘pm) + f4(ep19 + e"‘pz)] (B.4)

where the f; are given by Eq. (2.8). In these conventions the projections the 10d Killing spinor €
obeys are

INoe = Tyye, I123€ = (cosa +sinalyp)e, i€* =¢, (B.5)

with respect to the 4 + 6 split we can define components of € to be equal with positive chirality
as

a=e=e"E N +5 ®n) (B.6)
where 2A = @. Once the usual decomposition of gamma matrices,
Fu=v.®L I =1®va (B.7)

is performed it is a simple matter to derive the SU(3)-structure forms of Eq. (2.15) using
Eq. (A.15), where we have chosen iy,941231+ = n+. To do this it is helpful to perform a ro-
tation in e?, e2 which will also be useful later

6% = cosae? + sinae’
&2 = —sinae? + cosae?
e?=e* fora##e,?2. (B.8)

The rotated 6d projections are then simply

Yoo ll+ = Vr3l+ = V210 = ing (B.9)

and the SU(3)-structure becomes canonical.

We want to T-dualise this wrapped D5-brane solution along the SU(2) isometry parametrised
by w;. Section 2 and Appendix B of [16] give all the details of the algorithm one must follow to
do this and so we direct the interested reader there for details of the NS sector. For the RR sector
we only give details that will be relevant for later calculations.

The duality will drastically change the vielbeins that contain the SU(2) left-invariant 1-forms
e!, €2, ¢* and leave the others untouched. For the dual of the wrapped D5 brane solution gauge
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fixed such that the remaining dual coordinates are vy, v3 and v, the canonical vielbeins given by
the procedure of [16] are
~, ngr%
el = v [equ’ (—x/iezg“b (cos ¥ (awrv3 + dvy) + siny (aw vz — w312))
— 4v3siny (awav3 + dvy) + 4v3 cos ¥ (aw vz — w312))

— 4v,e%7? sin Y (awavy — dvz) — 820 cos Y (vadvr + v3dv3)]

. e8t%
& = eS—W [e2k+(b («/iezg“'(b (cos Y (w3vy — aw1v3) + awrvz siny + dv; sin W)
— 4v3(cos Y (awav3 + dva) + sin Y (awi vz — w312)))

— 412¢”8F® cos Y (awrva — dv3) + 8+v/2v) sinyr (vadvs + v3dv3)]
N %
e = sW [\/Ee“g”d’ (awpvs — dvs) + 4v2e* % (w302 — awyv3)

— 8v/203(v2d vy + v3dv3) ] (B.10)

with the remaining veilbeins still~given by Eq. (B.3), that is e? = e fora #1,2,3. The w; are
defined as in Eq. (B.2) but with 6 — 6, ¢ — ¢. It is possible to remove all the explicit angular
dependence from the dual solution by performing a rotation in the 6, ¢ directions such that

0 _ Jt+o)2

e w1 =cos el + sinyre?

e? =" ®2w, = —sinyre? + cosyre?, (B.11)
and an additional rotation in 1/, 2’, 3’ directions such that
1 ’ . ’
e! =cos I/fel —sin wez
5 . ’ /
e? =sin Wel + cos l/fe2

e =e. (B.12)

Theses rotation make the expressions for the vielbeins and fluxes a lot more simple than they
otherwise would be, they are given for the dual of the wrapped D5 solution as in Section 3 but
with S =0, C = 1. However, it is the ¢ vielbeins rather than the e ones that are more suited to
calculating the G-structure of the dual solution.

It was shown explicitly in [18] that the 10d MW Killing spinors transform under an SU(2)
isometry T-duality as

A

€] = €1, @2:962. (B.13)
where £2 is given by

—Mis+ Y0 e.re
V1+¢?

and for the wrapped D5 background we have

Q= I—v(IO)

(B.14)

' =2v2e 8Py, cos y, (2= —232¢7 8 Py, siny,
o3 =22 28 ;. (B.15)
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Starting from Eq. (B.10) we first rotate the veilbeins as in Eq. (B.8) so that the projections are
canonical. The £2 matrix then becomes

1 A A A . A .
= 7((:05041"123 +sinalM 4+ 07 + ocosal? + o sinal + §3F3)
J1+C-¢
(B.16)

where we have used y '35, = in_. The new spinor &, is:

b=y @+ ®h) (B.17)
where

2 cosap” + o1t + ocosap? + 53y + oo sinap? . sina

2 = e i (B.18)

J1+¢-¢ J1+¢.L

It is clear here that, as long as sin« # 0, we are in the dynamical SU(2)-structure case, because
o = a(r). In order to simplify the expressions we perform another transformation of the vielbein
basis:

cos o 0 0 g1 {rcosa &3
0 VA 0 0 0 0
1
_ 0 0 va 0 0 0 (B.19)
VA - 0 0 cos o z3 —{¢ycosa
—&cosa O 0 -3 cosao 9|
-3 0 0 ¢%cosa e cos o
where
A=cos’a + {12 + {22 cos” o + §32 (B.20)
We define a new basis:
é=R.e (B.21)
where the order is r8¢123. In terms of this new basis, the spinor is:
5 VAP + oo sinay? sin o
2_( Y+ Gsinay >n++i 0. (B.22)
VI+¢-¢ VI+E-¢
And the projections in this basis are still:
Yoo ll+ = Vr304+ = Y211+ = in4 (B.23)

Let us now express the forms of the geometric structure, following the conventions of
Appendix A.

' sina ' cosla+¢-¢
[ — = - ° 2
SV =Y [
1
I=w—iv= —(\/253 + oy sinaé? +i(«/Zé’ + 0 sin(xé‘/’))

Veos2a+¢ ¢
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j=P 4+ —vAw
0= (VA +id") — tasina (e’ +i8%)) A (& +ié") (B.24)

Veos2a 4+ ¢ ¢

which is a dynamical SU(2)-structure.
Appendix C. Details of the non-Abelian T-duality on the baryonic branch solution

In this section we give some details of the SU(2) isometry T-dual of the baryonic branch of
Klebanov—Strassler. This was originally derived in [16] with gauge fixing such that v = ¢ =
6 = 0. The previous derivation indicated a departure in the T-dual from the log corrected AdSs
asymptotics of the baryonic branch. Let as begin by giving some details of original calculation
in our current conventions.

C.1. Dual of the baryonic branch without the shift in B,

Once more we will start by specifying the dual vielbeins. The components

e* :e%fz_%dxi, e”:e%ﬂ‘fz%dp (C.1)

do not change. The vielbeins in the 8, ¢ are also unchanged by the duality however we find it
useful to introduce a rotation in e?, e such that the dual solution has no explicit ¥ dependence.

= VCe P 2y, e? = Ce TP 2. (C.2)

The vielbeins in the directions 1, 2, 3 can be compactly written in terms of the quantities defined
as,

62g+4>
V3 =v3+ ——=—38cosa,
242
oP—2h
A=dV;+ Z—ﬁSNC (ezg +2¢*" — ae (bes — 2" cota))dp,
w1 =aed cosa + 2¢" sina. (C.3)

With these, we have

. g+P/2
el = el6W «/E[eZk‘Hb (8V3(aV3a)1 — vw3) — 23/2e*81PC(dvy + aVsws)
— 2282 SV g + e3g+2(pCS,u1a)2)
+ 8vy (eg+¢ VS w2 — 2V2(V3 A + v2dv2))],
3 et/ 3/21 2k 2
e = WC / [e (—2\/56 g+(pC(aV3a)1 —vyw3) — 8V3(dvy + aViwy)
+ e3g+2¢CS,u1w1 + 2\/§€g+¢SV3,u1a)2) — 8e2gv2(—A + avza)z)],
. k+®/2
= 616—W«/E[eg+(p vz(ﬁ62g+d’C(aegCa)2 + S,ula)l) —4e8C(aVi3w1 — vaw3)

+4SVspian) — V2A(e* 2P C% 4 8V3) — 8v21Vsd ], (C4)
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where the rotation of Eq. (B.12) has been performed.'’ We will then have a metric that in terms
of these vielbeins reads, dsszt = Z}g 1 (¢')2. Notice that the quantity A in Eq. (3.4) will, when
squared to construct the metric with the vielbeins above, imply the existence of crossed terms
8pv; and also the change of the asymptotic behaviour of g,, away from log corrected AdSs.

In terms of these vielbeins, the NS two-form B reads,

- 1 i s - .
(28_}’cz(e‘€'v260l + ekV3eg3) —4ek8y5el3 «/ECeg+k+(p623)

T 4w,
S[Viek j i
+ rd |:23—v2(aeher6 - Zefgerl) +

o—h . N
— —(Zeh cosa —aed sino;)ee‘p +eP — —M1€92i|. (C.5)

The dual dilaton is given by

- 1 1
P=0— W, W= c<§e4g+2k+34’02 +e*8T%3 + e2k+q>v§). (C.6)

And the RR sector is given by,

N,
0= "=
V2

e ® 56

Fr= _TNCc[zﬁh(l +a* —2ab)V3e?

+e 87" kC(a — b) (ﬁ62g+k+¢ (eéi — e‘ﬁﬁ) + 4k vy (eéé — e‘z’i) — 4vzege¢§)

— 8e 28 Vse!? — 8T8 Ky — Ze_h_kvgere]

Seth .
- \/527_ (Ncb +a(e? cos* o — N¢) + ¢4+ sin2a) e
sina
e—g—h—k—@ . n R R
Fy= s NC[C(I +a®— Zab)ee‘p A (ﬂe2g+k+¢_helz + 4e2g_hel3)Cb’er9

A (4ekV3el3 — \/§€2g+k+¢623) —8e8vy(a — b)e? 1P ?

et (V312 )

2Se=8~h—k=¢
C?sinw

X (V3eke9‘p12 + vzegeg‘”ZS).

(a (ezg cos?a — Nc) + (Ncb + e sin 2a))
(C.7)

We will now proceed to show that the bad asymptotic behaviour and off diagonal p terms of the

metric are actually a gauge artefact.

10 Actually this differs from [16] in orientation which can be compensated for via 12



J. Gaillard et al. / Nuclear Physics B 884 (2014) 696—740 727

C.2. The dual of the baryonic branch with the shift in By
The NS 2-from of the original solution contains the term

8 1
By = —§e2k+¢3((:)3 + cosOde) Adp. (C.8)

It is this term, when dualised, that gives rise to the undesirable behaviour as this will contribute
to the dual metric in both g,, and g,,3 via the dual vielbeins ¢’ which will have legs in p.

This happens because of the dp A @; term in B> which is not a spectator under the duality
transformation.!' However, one is always free to add an exact to the NS potential as this will
not change the fluxes or metric of the original solution. Consider adding a closed form to the
initial By

By — By +d(Z(r)(@3 + cos0dy)) (C.9)
This precisely cancels the effect of B, in the dual solution when 2’ = —%8e2k+¢ because
By +d(Z(r)@3) = —Z(@) A @ +sin0do A dp)
+ %(Sesz’ +22)dp A (@3 + cos0dy). (C.10)

As there is no longer a dp A @; term in the NS 2 form before dualisation, the dual vielbeins will
have no legs in p and so there will no longer be a modification to g,, and g,,,. The trade off is
that the function Z will now enter into the dual solution.

We now once more follow the procedure of [16] with gauge fixing, as before, such that v =
¢ =60 = 0. We are lead to the dual vielbeins

~, g+%
el = %\/@[62“@ (—«/ECeZ‘H‘p (cos Y(awyH + dvy) + siny (awH — 0)31)2))
—4H sin (awrH + dvy) +4H cos yr(aw H — a)3U2))
— 40,Ce® T sinyr (awavy — dv3) — 8+v/2v5 cos Y (vadva + Hdvs)
1
+ Emé’e“d’ (8v3 cos Yy + Ce* ™ (cos w(Cezg+¢w2 - 2x/§7{w1)
+ sin 1//(C€2g+q>a)1 + 2«/57-&02)))]
O
e = 68)/\}2 «/E|:e2k+¢6(«/§(3e2g+‘p (cos Y (w3v2 — awiH) + awyH sinyr + dva sin )

— 4H(cos Y(awryH + dvy) + sinyr (aw1 H — a)3v2)))
— 4v2Ce2g+q) cos Y (awpvy — dvz) + 8\/51)2 sin ¥ (vadvy + Hdvz)

1
+ EmSegN’ (—8vzsinyraws + Ce*kte ((Ce2g+‘pa)1 + 2\/57-10)2) cosyr

— (Ce*® wy — 2v/2Hw) ) sin ‘/f))]

11 §ee Section 2 of [16] for details of how the initial B, enters into the definition of the dual vielbeins.
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B
O = eSW \/E[«/icze“g“‘p (awyvs — dv3) + 4020+ (w307 — aw H)

— 8\/57'[(1}2611)2 + Hdvs) + piv2Seft® (47—[(02 + ﬁCe2g+‘pw2)] (C.11)

which upon rotating according to Eq. (B.12) give the vielbeins of Eq. (3.5).

A valid question at this point is whether there is a local diffeomorphism which maps us from
the baryonic branch dual solution as defined in Appendix C.I to the solution defined as in Sec-
tion 3. The answer is yes, and it may be most easily found by comparing the dilaton as defined
in Egs. (3.7) and (C.6). Examining these makes it clear that one needs to transform V3 such that
it is mapped to . This may be achieved with a transformation in v3 only

v3 = vz +V2Z (C.12)
under this which
Vs — H, A — dvs (C.13)

and so vielbeins of Eq. (C.4) are mapped to those of Eq. (3.5). The map on the RR sector also
follows trivially whilst the NS 2-form of Eq. (3.6) is mapped to that of Eq. (C.5) up to an exact.

So itis clear that one may “cure” the bad asymptotics and g,,, mixing of Appendix C.1 either
by a gauge transformation in the NS 2-from before dualisation, or by a local diffeomorphism on
the dual coordinate v3 after the duality procedure is performed.

C.3. Details of the dual baryonic branch structure

All that remains to compete the elucidation of the baryonic dual is to give supplementary
details to Section 4 on the dynamical SU(2) structure. Actually, the derivation of the structure is
essentially the same as that of the dual of the wrapped D5 solution in Appendix B, so we will
only focus on the differences here.

The 10d MW Killing spinors of baryonic branch obey the same projection as the wrapped D5
spinors (see Eq. (B.5)). However, whilst the internal spinors are still parallel, they now differ by
a point-dependent phase ¢/¢") =C +iS

e =et (r® (eig(’)/zm) +6® (e_iz(’)/znf)),

=e (50 (e ) + 5@ () (C.14)

. . . ® .
where the Minkowski warp factor is now ¢24 = % - We now follow the steps illustrated between

Egs. (B.7) and (B.9) such that the SU(3)-structure of the baryonic branch takes canonical form.
The dual 10d Killing spinors are given as in Egs. (B.13), (B.14), however the ¢ entering into
their definition are now given by

| 2V2e7 8 0y cos 2= 23/2e 87 kb, sinyr
N ’ a N ’
s 22N (C.15)
= 7 ) .
The new spinor € is:
. _ e —ig(/22 ic(rn/252
&= %(Q ® (e 2) +¢- @ (e“%02)) (C.16)

where 72 is still given by Eq. (D.26).
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The dynamic SU(2)-structure supported by the dual baryonic branch solution may be ex-
pressed as

D, = %e—ivAw (kne_ij - ikj_a)),

P A
o = %ezw)(v +iw) A (ke + ikyo). (C.17)

The forms and functions entering into these expressions are given by

eZAzi
C
O =108
o sina o cosla+¢-¢
SRV . 1+¢-¢
1
t=w—iv=——— (VAS + psinad’ +i(vV A + rsinaé?))

Jeosla+¢ ¢
j=erd 4 12 v aw
0=t (VA +i&) — Casin (e’ +id)) A (& +ié"), (C.18)

Jeosla+¢ ¢

with ¢¢ defined by (C.15). Specifically the vielbeins e that the structure is expressed in terms of
a rotation of those in Eq. (C.11). First one preforms a rotation by o

A, . /

&% = cosae? + sinae?

A . /

&% = —sinae? + cosae’

=" forag,?2, (C.19)

and then rotates these vielbeins to get ¢ = Ré, where the matrix R is given by Eq. (B.19) with ¢¢
by Eq. (C.195).

C.4. Details of the UV and IR asymptotics

The dual vielbeins in the IR tend to

. 32€¢°/2ﬁh3/2 |
el = — > 12 5 <v3(dv2 + vow3) + v2 (vzwz — —dv3>
2P0 F2 + 128h7(vy + v3) 22

— vi(w) — wz))

5 2e20/2/F/h
2 =— ¢ \/_2 21 3 («/Ev3]:63¢°a)1 - \/Evzfe¢0w3
20 F2 + 128h7(v3 + v3)

+ 16h, (U3dU2 — vodvs + (v% + U%)(uz))
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: 2e-002 1y |
e = <\/§]-"2e2¢0 (—dv3 — vza)z)
2V2

2P0 F2 4 128h2(v2 4 02)

— 16h 102 F (vaw3 — v3wr) 4+ V2128h3v3 (vadvy + v3dv3)) (C.20)
where we have defined
F2 =422 (h)? - 2v/2¢%0h)) (C.21)
for convenience. The function WV tends to
Fe®o 2 20 2 2
m(; e~™0 + 128(U2 =+ U3)). (CZZ)

Appendix D. Details of the non-Abelian T-duality on D6 branes on S3

In this appendix, we study another background, similar to the one described in the main part
of this paper. We want to start with a solution of D6-branes wrapping a three-sphere in Type
ITA supergravity, that preserves N = 1 supersymmetry. We first describe such a solution, then
we apply a non-Abelian T-duality to find a new Type IIB supergravity solution. We study this
transformation at the level of the geometric structure. We then take advantage of this example to
make general statements on N = 1 Type 1IB supergravity solutions.

D.1. The Type IIA solution

We are interested in finding a solution of D6-branes in Type IIA supergravity. For that purpose,
we start by considering eleven-dimensional supergravity. Because we only want D6-branes, the
M-theory solution is a background with no fluxes. Such a solution is described in [48] or [49]
(we follow the notation of the latter). The metric of the solution is:

dst, = dx123 +ds3, (D.1)
where the seven-dimensional internal space has the metric
dsj =dr? +a*[(§1 + g01)* + (82 + go»)*| + % (o7 + 03)
+c2 (83 + 8303)° + f203, (D2)

witha, b, c, f, g, g3 all functions of the radial coordinate r. Here the §, o are left-invariant SU(2)
forms:

o1 =cos | + sinyr sinfdg, §1 =cos Y + sin sinéd@,
03 = —siny| + cos Y sinfdg, §1 = —sinyp + cos Y sin éd@,
03 = dv| + cosOd, §3 = dyrp + cosHd@. (D.3)
The BPS equations of this solution give [50]
af )
=—— =2g° —1,
8 2be 83 8
. a’ f? , ¢ aka@?=3cA)f?
2a = 8b4c3’ 2 8b3c3 '
2 2 272 4¢3
, c c 3a” f , a’f
=14 —d——— =— . D.4
¢ T T T e TR 04
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To get a ten-dimensional solution, we reduce the solution above along a U(1) isometry. To
accomplish our goal of getting D6-branes wrapping a three-sphere, we choose the isometry gen-
erated by the Killing vector dy, + dy, . After some algebra, we get the following Type IIA solution
in string frame:

"
a’gsN

ds}y=a'g;Ne*t [ dxi s +dr* 4+ b*(d60* +sin® 0dp?) + a*(w) + gdb)*

+ az(a)z +g sint9d(,o)2 + hz(a)3 — cos 9dg0)2i|,

C2f2
2421+ g3)
40/3 _ A f?
4(gsN)2/3h2
4 szz
42’
F
—— =—(1+K)sin0d0 Ade + (K — Dw1 Awr — K'dr A (w3 — cos8d),
«/JgSN
PO et )
2+ +g3)%
where the w are defined as §, replacing ¥, with ¥ =¥, — .

h2

(D.5)

D.2. Non-Abelian T-dual

Let us now take the solution from the previous section, and apply a non-Abelian T-duality
on the SU(2) isometry parametrised by the w. We follow Section 2 of [16] and fix the gauge as
6 = ¢ = v; = 0. We obtain a Type IIB supergravity solution. The metric, in string frame, is given
by:

1
dsfig s = €*[dx] 3 + Ndr* + Nb*(d0* + sin® 0d¢*) | + —— [2(v3dvz + v3dv3)?

det M
+4a’e* N? (g2 (azvg(&)g)z + hzvg((él)z + (c?)g)z)) — a’dv3(dvy — 2gvadn)
+ 2gh2v3d)2dv2 + hzdvg - 2gh2v2v3c?)16)3 + h2v§(6)3)2)], (D.6)
where
det M =4e*A (2a*h?e** + a®v3 + h*v3), (D.7)
and

@1 =cos Y df — siny sinf de, @y = —sinyr df — cosyrsinf do,

@3 =dyr — cosOde. (D.8)
The dual dilaton & is defined through

e 2% = detMe 22, (D.9)

and the two-form potential as
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4\/§a4gh266AN3

B, =— Odo Nd
) cosOdy v3 + detM

((,?)1 Advy + (gvsw) — vad3) A c?)z)

2«/§v2e2AN
X —_—
det M

The RR sector has all possible fluxes turned on. F; and F5 can be expressed as follows:

(c?)3 A (h2U3dU2 — azvzdvg) + azgd)l A (vadvy + v3dv3)). (D.10)

Fi =2N(v3drK' + (K — )dv3),

2 ZhU 6AN2 . A )
F5 = —ﬁ(ﬁdetMvou Adr —4N2a2b2hv2a)1 AWy A3 Aduvy /\dv3),
U=g*(K—1)—(K+1). (D.11)

F3 is considerably more complicated:

2N
F3= ;/_W[SN%“hzeM (v3(g*(K — 1)+ K + 1)1 Ad2 Advs
€

+ K'(gu3(d1 Advy Adr + gu3dy Ay Adr + vain A3 Adr)

— @3 Advy Adr) + g(K — 1)(@1 Adva Advz + 2@ A @3 Advs))

+ 4€2AN((K — l)vg(azgvzd)l Advy Advs + h*v3ds Advy A dv3)

+ azsz’(gv2v3c?)1 Advy Adr + gv%é)l Advy Adr

— 2 (V23 Adva Adr 4+ v3@3 Adv3 Adr))

+ (K + Dvs(a®v3 + h*v3)@1 A &y Adus)

+det M(K + Dvady Adn Aduva). (D.12)

D.3. Spinors and structure

In this section, we follow the conventions of Andriot’s thesis [51] (see also [52]) for
the SU(3) x SU(3)-structure. We start from the solution before T-duality, which has an
SU(3)-structure. This is Type IIA supergravity so the spinors are of different chirality. The
spinors of the original solution are:

e1=e®°C  ®@ni +¢-®n-),
e=e°0Cr @n-+¢-®ny). (D.13)

They define the following SU(3)-structure:

J=er3+(aez+ﬁe‘p) A el —{-(ae‘p—ﬂez)/\el,

2= (e’ + ie3) A (oze2 + Be? + iee) A (ae‘p — B’ + iel), (D.14)
where
a b
a)=—28 By =—2 24l (D.15)
b2 + a2g? b2 + a2g?

in terms of the vielbein basis:
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e =e®3dr, e’ =e®Pbdo, e’ =e¢/3bsin9d(p,
e! :e‘p/3a(w1 + gd0), 62=e¢/3a(a)1 + gsinfdo),
&3 =e®Ph(ws — cosbdy). (D.16)

Let us rotate this veilbein basis to put the structure in its canonical form:
&¥ = Be? +ae’,
2 =ae? — ,Bez,
e'=e" fora+#g,?2. (D.17)

It is a rotation since a2 + ,32 = 1, but it reverses the orientation. With respect to this new basis,
the structure is expressed as:

J=¢&3 60 464,

2 =("+ie) A (&9 +ie") A (* +ie"). (D.18)
That means that the spinors obey the following projections:

Voo ll+ = V3l = V2114 = ing, (D.19)

where the y matrices are defined in terms of the rotated vielbein basis.
Let us now look at the non-Abelian T-duality. We know that the spinors transform in the
following way:

€1 = €1, € = e;. (D.20)
£2 here is defined as:
Qzﬂ(—rmﬂlrl + ol +600), (D.21)
VI+¢-¢
where the ¢, are given by
e™29/3y, cos Y e 29/3y, sin e™29/3,
fi=— aNah = ~aNah 3= T ANa (D.22)

We are now going to consider the space after T-duality. The value for £2 above is written in the
vielbein basis obtained directly from T-duality of the original basis (D.16) without any rotation.
To make things simpler, we are going to perform the same rotation with «, 8 on this basis as
before the T-duality (see (D.17)), but we do not perform any rotation in 1. We call this new
basis ¢. It is defined in terms of the coordinate of the T-dual background as follows:

¢ =e®dr, ¢ =e®Pbdo, Be? + aé® = e®Pbsinbdy,

S 2+/Ne?3q
~ detM

— (x/iv% cosy + 2¢*®/3 Nvsh? sin v+ 272e**3N%ah? cos I//)dU2

[v2 (—\/§U3 cos Y + 2¢*®3Na? sin V)dvs

+2e*?3 Ng(—via® sinyrén + vih? (\/5€2¢/3Na2 sinfdg + v3do))
+ 262<1>/3Nv2h2(03 cosyr — V2e**3Na?sin 1&)6?)3],
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2«/Ne¢/3a
det M

+ (ﬁv% sinyr — 2e2®3 Nvsh? cos v+ 2v26**3N%a?h? sin l/f)dvz

+26**BNg(—v3a® cos yan + v3h*(—v2*®P Na*do + vssinfdy))

+ 22?3 Nvyh? (v3siny + V2e**B3Na? cos v)as].

S 2/ Ne®3h

ad? — B = [v2 (\/Ev_g siny + 2¢**/*Na? cos y)dvs

[—\/§U2U3dl)2 — ﬁ(v% + 2e4¢/3N2a4)dv3

det M
+ 2ez¢/3Nv2a2(—v3gc?)1 + x/iez¢/3Na2gc?)2 + vzc?)g)]. (D.23)
The projections obeyed by 71 are still as in (D.19). In this new basis, the T-dual £2 becomes:
1 v . " v N “ay
Q=— (—al'"P 4 I B 4  I = 0BTl + 0ol + I INY. (D24)
it )

So the new spinor é; is:

& =e°(L @7 + - @), (D.25)
where

R Ak VA 52 ik =Y Ak - AN .

0y = N i ———n. (D.26)

V4t JI+¢-¢

It is clear here that, as long as o # 0, we are in the general SU(3) x SU(3)-structure case. In
order to simplify the expressions, we are performing a transformation of the vielbein basis:

g0 0 o B &
0 VA o0 0 0 0
1
_L]1o o VA o 0 0 (D27)
Jal -t 0 0 B 3 0p
p 0 0 -3 p g
-5 0 0 = -t B
where
A=pr+l+ B+ (D.28)
We define a new basis:
é=R.e (D.29)
In terms of this new basis, the spinor is:
2 <«/Z>7’ + 4“20117“’) i 30)
=\ ————— — —F N+ .
" VI+TT VI+TT
And the projections in this basis are still:
Voo ll+ = Vr3l4+ = V2104 = i1 (D.31)

Let us now express the forms of the geometric structure, following the conventions of
Andriot’s thesis.
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laf? = /3
b T g __T
T T2
__ _|B+e¢
k=, k=777
VI+¢-¢ 1+¢-¢
1
2=w—iv= ————= (VAT + Had¥ —i(vVAS + ad’))
VB +E-t
j=? 4+ —vAw
0= (VA +i&) — ol +i)) A (82 +i8") (D.32)

VB> +&-¢
In terms of those forms, the pure spinors are defined as:
|a|? 0y —ivAw —ij
¢+:Te te (k”e —lkj_a))

_ilal?

@ - +iw) A (ke ™ +ikjw) (D.33)

Let us now look at the BPS equations of Type IIB supergravity in the general case of SU(3) x
SU(3)-structure, generalising the system of pure SU(3)-structure that exhibit a rotation.

Appendix E. BPS equations for a solution of Type IIB supergravity with a general
SU@3) x SU(3)-structure

We again follow the conventions of Andriot’s thesis in this section. We start with the following
pure spinors:

A
b, = %el&reiw/\w (kHeil] — ikJ_a)),
€A . ..
o = ?e’ﬁ W +iw) A (ikie™ — ko). (E.1)

For Type IIB supergravity, the BPS equations are:

d—HN (%0 ) =0,
d— HA) (e %(@4)) =0,

64A

(d = HA) (e 703(@y)) = —= w6 (F1 = F3 + F). (E2)

Let us start with @_. We have:

8e AN(P1) = ky cos b, [1 + (tanfp x + 1)

_1 x+1_5in9+k A X_l—l—sin9+)L ,
2 cos b6y cos 4
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8¢ AJ(P,) = ky sinby [1 — (cotOyyx —A)
_l X+COS.9++1)L N sinf )
2 sinf cosf4 +1

. ki
X=1+v/\w+k—ﬁi(a}),
Il

where

ki
A= —I(w).
ki

(E.3)

(E4)

Notice that, because of the various relations between the structure forms (j A w = w A w = 0),

we can use the following equations:

JANR(w) =j AJ(w) =0,
R(w) A J(w) =0,
N(w) A N(w) =J(w) AJ(w).

Using those, we can get the following relation:

)\/\)\:ki)(/\x.

(E.5)

(E.6)

From there, we derive our first set of BPS equations. (d — HA)(eA~?%(®,)) = 0 gives us

d[e** %k cosf.] =0,
d[eZA_‘Pk” cosO4 (tanfyx +1)] — ezA_d)ku cost  H =0,

d|:e2A_¢k| cosf, (X . 1— sin9+k> N (X _ 1+sinfy A>:|
cos O cos 64
+ 2€2A7¢k|| cosOr H A (tanf.x + 1) =0.
From those, it is easy to see that H = d B where:
B =tanf,x + A,
and the third equation simplifies into:

d[e4A72¢X A X] =0.

o4A

Let us now turn to (d — HA)(€4793(D4)) = S5 %6 (F1 — F3 + Fs). We get
d[e4A_¢k” sin9+] =t *6 F5,
d[e4A—¢k” sinfy (cotfy x — A)] + e4A_¢k|| sinfy H = e* x¢ F3,
cosf 1 sin 6
d| e =kysingy (x + L) A () - =22,
sinf cosfy + 1
— 270k sinf H A (cotby x — 1) = —2¢* %6 F.

Using all the equations we have so far, we can rewrite the three-form ones as:

(E.7)

(E.8)

(E.9)

(E.10)
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? & ¢
e? sinf e? cosf
H =dh+ ——"[%6F3 + (+6Fs) AA] + ———

d(e Pkysinf,) A x,
ki k| ( I +)

¢ ® g
e_ZAd(eZAx) = eckﬁ[*ﬁl*—é + (x¢F5) A )L] - ﬂd(e_qbkn sin9+) A X.

I ky

1
Ear(e*qﬁku Sinfy) A x A x =x6F1 + (k6 F3) A+ (k6 F5) AL A A

In summary, the BPS equations we get from @ are:

d[e**~ %k cos0.] =0,

d[e4A7¢kH sin0+] =e* *x¢ Fs,

® i @
e? sinf e? cosf
H=d\+ Jr[>l<6F3-I—(>!<6F5)/\)»]—|—7Jr

— d(e %k sinfy) A x,
ky ky ( )

¢ ® g
B e? cosf e? sinf _ .
e 2Ad(€2A)() = T+[*6F3 + (x6Fs) AL] — k” +d(e Pk sinfy) A x,

d[e4A—2¢X A )(] =0,

1
Ed("’_dbk\l sin9+) AXAX=x%xcF1+ (x¢F3) AA+ (x6F5) AAAA.

Let us now look at the equations we get for @_. We first define:

E=e%(v+iw),

ﬂ:]—aa).

We get for the BPS equations, after some simplifications:

d[e4 %k E] =0,
ki(dB+iH)NE=0.

d[e*'~?ky] =0,
F5=0,
H=d,

¢
672Ad[€2AX] = i— *x¢ F3,
I

d[e4A—2‘7’X A X] =0,

737

(E.11)

Those equations have been written in such a way as to make the limits for 6, — 0, /2 obvious,
and to give the equations of the rotation present in [28] when taking k; — 0, k) — 1 (limit of
SU(3)-structure). The last equation, involving % F can be rewritten in the following way:

(E.12)

(E.13)

(E.14)

(E.15)

The equation we would get for the six-form is just the one for the four-form wedged with 8, so
it is not an additional independent equation.
It is quite easy to check that, taking the pure SU(3) limit, thatis ky — 0, k; — 1, we recover
the system we already knew from [28].
Finally, we want to explicitly specialise to the cases of 64 =0 and 8, = /2. First 64 =0:
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*6F1 + (x¢ F3) AL =0,

d[4%k E] =0,

kidB+iH)ANE=QO0. (E.16)
And, in the case 64 = /2:

d[e4A7¢k”] =e* *x¢ Fs,

H= ﬁ x¢ F3 + #
ki =0k
d[ezA_(pk”X] =0,
d[e“*qux A X] =0,

d[e4A7¢k”)\],

1
Ed("_d)k\l) AXAX=3x%xcF1+ (x6F3) AA~+ (x6F5) AAA A,

d[e** %k E] =0,
ki(dB+iH)ANE=DO. (E.17)
Those systems do not look much more complicated than the ones in the pure SU(3) case, but

there does not seem to be an easy transformation starting from either 64 =0 or 6, = 7 /2 and
recovering the full system.

Appendix F. Euclidean brane configurations in IIB geometries

Here we re-derive the embeddings corresponding to Baryon condensates in the IIB geome-
tries found first in [39] using other means. We make use of the calibration condition (5.26). We
first consider a supersymmetric configuration in the Klebanov—Witten theory. One finds the E5
configuration of a brane extended along X = {r, 01, ¢1, 62, ¢2, ¥} with a world volume gauge
field

1
A= §§(r)(d1// + cos01d¢ + cosrder), (F.1)

obeys the calibration condition (5.26) provided that

tf'= % -2 (F2)
which of course can be readily integrated.

Lets move up to the KT geometry working in the exact logarithmic solution.'”> Using the
calibration technique one readily finds the E5 configuration is the same but with the gauge field
equation of motion Eq. (F.2) modified to be
_2r*h(r) + T(r)* — 82(r)?
- 8r¢(r)
where T'(r) = %M logr/ro and h(r) = 5 (3M? + 8N + 12M?*logr/ro). This equation may
be integrated to yield

¢'(r)

) (E3)

12 This is considerably simpler than the deformed conifold of the KS and reproduces all the main features of the calcu-
lation in [39] with the conformal dimension of the condensate agreeing to leading order.
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oM

8rv/2
where c is a constant of integration which we now set to zero since its contributions are in any
case sub-leading. Inserting this into to the DBI action one finds, changing variables to t = logr,

()= (c +3r% — 4r?log(r) + 8r*log(r)?) %, (E4)

fuv
Sgs = tsvol(T"1) dtw(l +202 4 80) (3 — 41 + 812) (E.5)
642

In [39], e~ 5F5 was identified with the bulk field dual to the baryonic condensate. Using the stan-
dard asymptotic expansion the field theory scaling dimension can be extracted (at least in the
large t regime) as

d Sgs 27 5 2
= =—-M"(l ! , F.6

dlogr — 1672 (logr)”+ O(logr) (F.6)
reproducing exactly the result of [39] notable for the scaling dimension dependence on the energy
scale of the baryons as anticipated from the field theory.

A(r)
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