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Abstract:

We use non-Abelian T-duality to construct new N = 1 solutions of type ITA supergravity (and
their M-theory lifts) that interpolate between AdSs geometries. We initiate a study of the holo-
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graphic interpretation of these backgrounds as RG flows between conformal fixed points. Along
the way we give an elegant formulation of non-Abelian T-duality when acting on a wide class of
backgrounds, including those corresponding to such flows, in terms of their SU(2) structure.
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1 Introduction

The great success of the AdS/CFT conjecture [1] in giving gravitational descriptions of super-
conformal field theories (SCFTs) naturally begs the question of how it can be extended to Quantum
Field Theories (QFTs) that are not fixed points. In that case one expects that a renormalisation
group flow is encoded holographically by modifying the radial behaviour, or warp factors, of the
space time geometry. Early examples of holographic RG flows are found in [2, 3, 4, 5, 6, 7].

More precisely, one could consider a UV fixed point described by a (UV)-CFT and trigger a flow
by giving a vacuum expectation value (VEV) or by deforming with a relevant operator. In the IR,
one can again encounter a fixed point defined by an (IR)-CFT. If both the IR and UV theories
admit holographic duals, it is reasonable to expect a holographic description of the entire RG flow.
Whilst one might expect the IR CFT to have less symmetries, this need not be the case. Indeed,
one can encounter situations in which the IR fixed point has an enhanced or accidental symmetry.
Two contrasting examples demonstrate this well and will be central to our present interests; these
are the Klebanov Witten flow [8] and the Klebanov Murugan flow [9].

The Klebanov Witten (KW) flow starts with a UV fixed point given by an N' = 2 SCFT with
U(N) x U(N) gauge group and matter in bifundamental hyper multiplets. In A" = 1 language
this theory has four chiral multiplets A;, B; with ¢ = 1,2 coming from the hypers and two adjoint
scalars @, @ coming from the N' = 2 gauge multiplets. The super-potential,

Woy = gTr (<I>AZ-BZ- + (i)BZ-A,) , (1.1)
can be deformed with a relevant operator W', giving a mass to the adjoint scalars
W = mTr (@2 - ci>2) , (1.2)

and, in the IR, once we have integrated out these fields this produces the super-potential

2
Wir = —29—mT1“(AlBlA232 — B1A1ByAs) (1.3)

that defines the N' =1 U(N) x U(N) gauge theory obtained by placing D3 branes at the tip of the
cone over the homogenous space T! constructed in [8]. The gravitational description of the UV
fixed point is AdSs x S®/Zs and that of the IR is AdSs x T'!'. Giving a supergravity description
of the whole flow has proven to be a challenging enterprise and whilst an ansatz for a gravitational
solution describing this flow was proposed in [10], it involves PDE’s and lacks any known analytic
solution.

The Klebanov Murugan (KM) flow [9], provides a contrasting behaviour in which symmetries
become enhanced in the IR. In this case, one begins in the UV with the N' = 1 theory defined by
the super-potential eq. (1.3) and triggers a flow by giving a VEV By = al (with A; = By = 0).
This evidentially breaks the global symmetries of the theory down, in fact to SU(2) x U(1)?, and
since det By # 0 this can be though of as putting the theory on its Baryonic branch. Remarkably



however one sees that the IR super-potential becomes,

g’a
W]R = %Tr (Bl[AQ, Al]) N (1.4)

which is nothing more than that of N' = 4 SYM. Geometrically this procedure corresponds to
placing the stack of D3 branes at a specific (non-smeared) point in the finite sized S? at the tip of
the resolved conifold. In this case the geometry describing the entire flow can be written analytically
and the emergence of N' = 4 SYM is obtained again as an AdSs x S° throat near the location of
the branes.

Both these examples are set in the context of Type IIB supergravity, however some of the most
exciting recent developments in holography have taken place in the different regime of M-theory,
most notably the discovery of the “class 8” or Ty N = 2 theories [11], their N' = 1 cousins [12] and
their holographic duals [13]. The lack of a conventional Lagrangian description makes the study of
their holographic dual geometries of paramount importance for such theories. One could wonder
whether analogous flows triggered by VEVs or mass deformations arise in these theories and if they
can be given a holographic description. Indeed, the construction of NV = 1 theories from N = 2
counterparts by integrating out the adjoint scalars living in the N’ = 2 gauge multiplets of Ty
quivers given in [12], [14] suggests this is indeed possible although the geometrical description of
this flow is not known.

The direct construction of holographic geometries encoding flows in the landscape of class S
theories is a rather hard problem and to date there are no clear examples and few clues. In this
work, we will take a first step in this direction by giving some solutions of M-theory that have
many of the properties we expect from these flows. The way we shall arrive at these solutions is
by harnessing a certain transformation of supergravity solutions known as non-Abelian T-duality.

The non-Abelian T-duality procedure generalises the regular notion of T-duality to the context of
non-Abelian isometry groups [15, 16, 17]. At the level of supergravity it is anticipated—and though
well checked!, not yet completely established-that this is a solution generating transformation.
At the level of the world-sheet, unlike regular T-duality this should not be viewed as an exact
equivalence of CFT’s since it is not expected to hold at all orders in string genus perturbation
theory. Indeed, it was suggested in [16], that non-Abelian T-duality is a transformation between
two different world-sheet CFTs. In the context of the large N limit of holography (also with g; — 0
and o/ — 0) contributions associated with the genus expansion are suppressed and we might expect
this transformation to have utility. We will apply this non-Abelian T-duality procedure to both the
KM and the KW flows in type IIB and use it to produce what we believe will be rather prototypical
supergravity solutions in M-theory that can describe holographic flows.

The reader may wonder why one should resort to the more complex non-Abelian T-duality
to achieve this goal; the reason is that performing regular (Abelian) T-dualities in conifold type
backgrounds either breaks supersymmetry (e.g. dualising around the U(1)g direction) or creates

1See [18, 19, 20] for discussion on the subset of solutions where the solution generating nature of the duality is
established.



singularities (e.g. dualising on a shrinking cycle). The geometries we find will have N' = 1 super-
symmetry along the flow with enhancement in either the UV or IR.

In [21] it was shown that when a non-Abelian T-duality is applied to an SU(2) subgroup of
isometries of the five-sphere in AdSs x S° (or its Zs quotient) what results is a target space geometry
that is in many ways rather similar to the holographic duals of the N' = 2 theories presented in
[11]. We will elaborate further on this and the field theory interpretation in what follows. In a
similar fashion, the non-Abelian T-dual of an SU(2), subgroup of AdSs x T1! performed in [22, 23]
gives rise to a geometry that shares many features with that corresponding to the N/ = 1 theories
given of [14]. Given these connections it is natural to expect, that performing similar non-Abelian
T-dualisation of flows in IIB is a good starting point with which to find flows in the M-theory
setting of “class §”. Although there is clearly more to be understood about the field theories
corresponding to these examples of flows we present here, we are hopeful that knowledge of the
geometries contained in this work will prove a helpful stepping stone towards the broader question
of finding more general holographic flows in M-theory.

The structure of this manuscript is as follows:

In Section 2 we provide an introduction to the central tool of non-Abelian T-duality (NATD).
In Section 3 we will discuss the non-Abelian T-dual of AdSs x S® and further elaborate on its
holographic dual description. We then turn to flowing geometries by first presenting in Section 4 a
wide ansatz for flows within the AdS5/CFT, correspondence in type IIB supergravity. This ansatz
incorporates both the KW and the KM flow. In Section 5 we present the non-Abelian T-dual of
this ansatz and explicitly demonstrate, using the technology of pure-spinors, that it satisfies the
equations of motion and Bianchi identities of ITA supergravity.

In Section 6, we focus our attention on the KM flow where the known analytic form of the
background allows a more detailed study. We begin the section with a brief recap of the KM flow
reviewing mostly known material but take the opportunity to clarify some points concerning brane
charges, supersymmetry and central charges of the original solution that have not been discussed in
the existing bibliography. In Section 6.4, we present new result for the non-abelian T-dual of this
geometry and we investigate a number of holographic observables in this geometry including the
corresponding Baryonic condensate and an axionic string. We close the paper with some conclusions
and some useful technical appendices.

2  An introduction to non-Abelian T-duality

Since it may be less familiar to the reader let us begin by introducing the main technical tool
of our work: non-Abelian T-duality. Non-Abelian T-duality is the natural extension of T-duality
of U(1) isometries to the case of non-Abelian isometry groups in target space and goes back to
the pioneering work [15, 16, 17]. More recently, following the first implementation of non-Abelian
T-duality in Ramond-Ramond backgrounds of supergravity [21], this has been actively exploited
[22]-[43] as a solution generating tool of supergravity particularly in the context of the AdS/CFT



Correspondence.

The essential idea of non-Abelian T-duality is very similar in spirit to the familiar Abelian T-
duality. One takes a 2d string o-model on a target space and performs a Buscher [44, 45, 46]
dualisation procedure along the directions of a target space isometry group. That is, in the 2d
o-model one introduces some gauge fields to gauge the global transformations associated to the
isometries. To avoid extra degrees of freedom into the o model (at least classically), a Lagrange
multiplier term is added to enforce that the field strength of the gauge fields vanishes. Integrating
out the Lagrange multipliers returns one to the initial o-model. On the other hand, integrating out
the gauge fields whilst retaining the Lagrange multipliers provides a dual theory which after gauge
fixing can be re-expressed again as a g-model but in a different T-dual target space.

Let us illustrate this with the simplest example; the principal chiral model on a group manifold G.
As a non-linear sigma model this has an action (in world sheet light cone coordinates o+ = 1(r+0))

.2 2 o
Spom = % /d20 Tr(g t0_gg 10, g) = ;—ﬂ /d2 00 Ly, L,0-X"0L X", (2.1)

in which we have introduced a group element g € G parametrised by local coordinates X*, p =
1...dimG and Maurer-Cartan forms L' = —iTr(g~'dgT") satisfying dL’ = %fijij A LF and
generators of the algebra [T}, T;] = i fijka normalised such that Tr(T;T;) = ¢;;. For the case of
G = SU(2) the target space is just the round S3 with metric?

ds? = N (L3 + L3+ 13) , (2.3)

where \? is related to the dimensionless coupling x via k% = § and the scalar curvature of this

space is R = %
The target space has a G x G isometry and we will dualise the GG, action. In the o-model
eq. (2.1) we introduce gauge fields A = iA;T; to promote derivates to covariant derivatives dy —

D4 = 0+ — A4 and supplement the action with a Lagrange multiplier term,
_ ﬁ 2 _ 2 _ i i oAbk j
SLag = 5 d o TroFy_ = 5 dov;0_ A" —v;04 AL — A, fi;" v AL (2.4)
m i
where the field strength F,_ =0, A_ —0_A, —[A4, A_]. Evidently u can be absorbed by scaling
of v but is useful to keep track of.
One now performs an integration by parts on the Lagrange multiplier term so that the gauge
fields enter the action algebraically without derivatives and can be integrated out. The next step

is to fix the G, symmetry; here there may be several options but in this paper we will choose the
simplest which is to set g = I such that the Lagrange multipliers play the role of coordinates in the

i

In Euler angles g = e2973¢30972¢397 the SU (2) left invariant forms are

V2L1 = —sin¢df + cossinfd¢ , V2La = cospdf + sinsin0d¢ , V2Ls = dip + cos 0de . (2.2)



dual o-model. In this gauge, the equations of motion for the components of the gauge field read
Ay =—pM o v, A_=uMTo_v, M;; = /12(5,-]- + ufijkvk . (2.5)

Eliminating the gauge fields with these equations gives the dual action to eq. (2.1)

2
s=L /d2aa_vTM—1a+v . (2.6)
27
Notice that the T-dual model has a metric with rather complicated coordinate dependence since
the v' enter explicitly into the definition of M;;. The T-dual geometry is

20/

—~ u
ds? =
y 2

/
(M_1+M_T)ijdvidvj , é\g = 'uzTa(M_l—M_T)ijdvi/\dvj , P = —% log det (,u_zM) ,
(2.7)
in which we note the dilaton contribution that arises from performing this procedure in a path
integral. For the case of G = SU(2) the geometry associated to the round S reads

— 2 o pPE —~ o p? ~ 1 K? K
ds? = a'pde—l—mds%SZ) 5 B2 = mVOl(Sz) 5 d = —glog(g(z +p2)) s (28)
4 4

in which we have transformed the v’ Lagrange multipliers into spherical coordinates and fixed
p = /2 for later convenience. The presence of a two-sphere in eq. (2.8) reflects a residual SU(2)r

3

symmetry that was untouched by the dualisation®. In general however, any symmetries that do

not commute with the dualised isometry group will be destroyed.

In the present context, we wish to perform such a dualisation procedure in a background sup-
ported by RR flux. This is rather more delicate since one needs to use an appropriate string theory
formulation that incorporates the RR background fields. However, it was proposed in [21] that
the transformation rules of the RR sector can be deduced using just knowledge of the NS-sector.
The crucial point is that left and right movers on the world sheet have different transformation
properties under the duality—viz. eq. (2.5). After duality one finds left and right movers couple
to different sets of frame fields, call them é, and é_ but since these frames define the same T-dual
geometry they must be related by a local Lorentz transformation éi_ = A’ jéj_ . This transformation
induces an action  on spinors defined through the properties of y-matrices Q1T Q = A’ ij . Space
time spinors will be transformed under T-duality by this matrix 2. The dual RR fluxes are then
given by acting with this 2 matrix, .

PP =t Q, (2.9)

3An interesting feature is that if one takes the limit p — oo in (2.8) then the NS sector matches that obtained
by performing an abelian T-duality along the one of the Euler angles (precisely the U(1) associated to 1/; defined in
Footnote 2). To complete such an identification one must rescale the dilaton and make an identification of p in this
limit with a periodic variable. In this sense one finds a limit in which non-Abelian T-duality abelianizes; the idea of
such a relation was suggested to us by José Luis Barbén.



where we consider the formal sum of forms?*

5 4
F=> Fy inTypellA, F=> Fy inTypellB, (2.10)

and the slashed notation indicates contraction with I'-matrices.® This transformation rule can also
be understood as a generalisation of the Fourier-Mukai transformations [26] and also gives rise to
an action on supersymmetries [21, 30, 20].

Whilst here we outlined the procedure for the simplest example of a round metric on a group
space, one set up a similar dualisation for a more general scenario in which the space admitting the
SU(2) isometry can be fibered non-trivially over other “spectator” directions. A comprehensive
treatment of this duality including spectator direction can be found e.g. in appendices of [23]. Also,
in Section 4 of this paper we provide a set of “Buscher rules” at least for a wide class of geometries
including our present interests. In the following, we will apply the formalism of this section to the
example of AdSs x S°. While this is not new in the bibliography, we will discuss new features,
leading to a sharper dual field theoretical understanding of the resulting geometry.

3 Comments on the non-Abelian T dual of AdS; x S°

Before moving to flowing geometries let us first look at AdSs x S° and comment on the relation
between its non-Abelian T-dual, first worked out in [21], and geometries dual to Gaiotto QFTs
[13].

We start with a background of the form,

4R? 4172
ds? = ﬁdw%ﬁ + ﬁdR2 + L2 [4doz2 + 4sin® adf? + 2cos® a( L3 + L2 + L2)],
64
Fy=(1+ *)g i R3dR A d'z, (3.1)
S

where 4L* = 71gsNa'? and L; are left invariant forms of SU(2) of the previous section, normalised
as in Footnote 2. We set g; = 1 in the rest of this section.

After non-Abelian T-duality on the SU(2) parametrised by the L;, using eq. (2.8) with x =

We work in the democratic formalism in which all degrees of fluxes are considered and Hodge duality is imple-
mented afterwards [47].

°In the limit of Abelian T-duality of a single direction, call it #, T-duality acts as a parity on left movers and the
corresponding € matrix will simply be I'’. Then the T-duality rule eq. (2.9) boils down to erasing legs of flux that
wrap the dualised circle and adding them when they don’t, thereby replicating the action of T-duality on D-branes.



\/2/a' L cos o we arrive to a background of the form

- AR? 5 412 ) ) ) o2 )
ds® = ﬁdxlﬁ"_ R2 dR +L |:4d04 +4Sln adﬂ] mdﬂ +
O/2L2COS ap?
dx® + sin® xdg?).
—|—L4cos4a( X sin”xde?)
/3 3 ~ 2 2
D p : . 29 _ LicosTa 2 2
Bz_oﬂ,o +L4COS4asmxdx/\d£, e _T(L costa+a p°).
8L art .
2= 5 sinacos® ada A dB, Ay = cos* adB. Fy = By A F. (3.2)

a’3/2

In order to have quantised charges Q page,p6 = Npe and @ page,pa = 0, we have L* = %a’z.
Note that we could have kept the relation 4L* = 7N« 2 obtained before the duality, but this would
necessitate a constant rescaling of the RR sector in order to have well quantised charges and a
corresponding shift in the dilaton to solve the EOMs. Notice that at 2o = 7, the background above
is singular.

We now make contact with the backgrounds presented by Gaiotto and Maldacena [13] and
developed in the papers [48], [49]. We will first take out a global o/-factor in the metric which we
will do with the coordinate transformations used in [21],

12

p=2—mn, sina=oc, u= (3.3)
a

Q=

in which we introduce the usual ‘energy’ coordinate u. We will find that the background in eq.(3.2)
consists of a five dimensional Anti-de Sitter space of radius p? = é—? times a manifold X5, together
with rescaled NS and RR fields,

~2

ds u? 12 do?
G5 4 a2 a2 4 2l AndB? 4+ gn?
O/ #2d$1’3+ 2d'LL +/J 1_0_2+ ndﬁ +(1—O'2)d77 +
4?1 —a?)
dx? + sin? yde?
a4 (1 07 '
By = Sal sin xdx A d&; e 2% = pf(1— o)1 — 0?)? + 417
TP+ (1-0%) ’ '
Ay = =242 (1 — 6?)2dB. (3.4)

Let us now consider a generic Gaiotto-Maldacena background in type ITA [13]. It reads,

2V —V 20"V 21" 4V"o?
st 4,0 = /(T )2 [4AdS5 + i == A (x, ) + 2o (do? + d?) + P ——"— P
v 14 2V —V

. _ o 3 . : .
Al — 2M4\/_ 2VV d,@, 646} — 4M A = (2V o V)v/l + (V/)2 7

2V V M12V//V2A2’
/ 2
By = 2/120/(% — T])ng, Az = _4N 0/3/2V Ve dB N dQs. (35)



in which we defined a potential V = Vo, 7] and its derivatives V' = 9,V and V = 00,V. The
two-sphere dQ3(x, £) is parametrised by the angles ¢ and x with corresponding volume form df2y =
sin xyd& A dx. The usual definition Fy = dC3 + A1 A H was also used.

Comparing both ITA configurations in eqs.(3.4) and (3.5), one can show that the background in
eq.(3.2) is of the form of those written by Gaiotto and Maldacena [13]. This is not very surprising,
since these solutions with an AdSs factor and preserving N’ = 2 SUSY have been classified in [50],
[61]. The problem of writing ITA /M-theory solutions boils to finding the function V' (e, n), which
in turn reduces to resolving an electrostatic problem— a Laplace equation for the function V (o, 7)
with a given charge density A(n),

Os[00, V] + 002V =0,  A(n) = 00,V (0,1)|o—0- (3.6)

What is actually interesting is to find the potential function for the solution in eq.(3.4). This was
done by Sfetsos and Thompson in [21], the result is

o2 3
Vsr = n(logo — 7) + % (3.7)

There is a relation between Vgr and the potential function Vi, characterising the solutions in
[52]. This potential reads—for a single Mjs-brane,

2Wun(o,n) =vo2+ (1412 — /o2 + (1 —n)2+ (3.8)

FA-mlogl T 14 (202 - (14 tog T 4414 (R,

This solution is interesting because, as it was shown in [48], [49], a very general V(o,n) solving
eq.(3.6), can be written as a linear combination of Vs for different number of Ms-branes. Let us
expand the function Vjsn above in powers of nn'¢™ such that m + n < 5. We obtain,

3 o2

n g
Varn ~ Vapp = = —|—77<10g(§) - Z) Yo (3.9)

This approximate potential satisfies the differential equation in (3.6). Both Vg, and Vgr give the
same density of charge A(n) = n. It is interesting to notice that adding more terms to the expansion,
one does not obtain a solution. In this sense, this is vaguely reminiscent of a Penrose limit—see
the paper [53] for similar ideas expressed in a different context.

The careful reader observed that between Vg7 and V,,, there are some discrepancies in numerical
factors. Nevertheless, both these potentials give place to the same background after a rescaling of
the coordinates and Newton constant, as we show in Appendix A. We can lift the configuration to
a solution of eleven-dimensional supergravity, using that x2/3 = (%L?jg)w 3 ~ o, see Appendix A
for the details.

In summary, the non-Abelian T-duality of AdSs x S° is generating a background of the Gaiotto-
Maldacena type, characterised by a function Vgr(o,n), a solution to a very involved partial differ-
ential equation. This generated solution captures the small region close to the point (n,0) = (0,0)



of a more generic background found in [52]. The generating technique might suggest the ansatz for
the more generic backgrounds.

Let us study now some interesting QFT observables as read from the geometry in eq.(3.2).

3.1 Central Charge and Page Charges

We start by revisiting the treatment of Page charges developed in [37]. There, it was shown that

Qpageps =0, Qpage,p6 = Npe, (3.10)

where normalisations in eq.(3.2) have been chosen to have proper quantisation. Now we want to
advance an interpretation of the p coordinate—or 7 after the change of variables in eq. (3.3)— which
is that whilst p is formally a non-compact variable, it is segmented in intervals of length 7 by the
presence of NS5 defects. This interpretation builds on a subtle argument proposed in the papers
[28, 54] and relies on two crucial points. First that the Page charges defined above are not invariant
under large gauge transformations and second, that in the geometries we consider there is a periodic

quantity by, defined as,
1

bo = An2a/

]é By C[0,1] . (3.11)
P

In slightly different contexts, it was shown in [28, 54] that geometries produced by non-Abelian T-
duality typically have such a two-cycle about which by is defined and moreover that the expression
obtained for by depends on p. Here the two-cycle is given by

22: [X7§]7 o = g7 p:fz'xed, (3.12)
and one finds
bo="2". (3.13)
T

To reconcile this result with the periodicity of by, one possibility could be that p = 7 is a hard
cut-off at the end off space. This seems strange since the geometry is completely smooth at this
point. Instead we believe that the definition of B should actually be modified by a piece-wise
continuous large gauge transformation such upon moving from the interval [0, 7] to [n7, (n + 1)7]

By — By — nd sin xdx N dE, (3.14)

thereby restoring the periodicity of by. Notice, that the argument is not much different from the
one that runs in determining the ‘period’ of the R-symmetry coordinate i)—reflecting the presence
of the U(1)g-anomaly—in dual to N’ =1 QFT, see for example the papers [7], [6], [59].

Indeed, the point made in [37] was that when we cross the boundaries p = 7, 27, 37, 47...n7 we
need to perform a piece-wise continuous large gauge transformation of the Bs-field, that changes
the Page charges as

AQDG = O, AQD4 = —nNDg. (315)
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This suggests that charge is ‘created” when we pass through p = nx points. Hence, the charge of
D4 branes is not globally defined, but depends on the interval [nm, (n + 1)7] where we measure it.
A very similar observation was made in the papers [55], [56]. In those papers they have a set of
D8 sources and D6 branes whose Page charge is not globally defined, while here we have NS-five
branes playing the role of the D8’s and D4 branes with characteristics similar to their D6’s.

The expression of the Fy, Iy fields indicates that we actually have a set of D4 and D6 crossed
with NS-five branes extended along

D4 : [RY,pl, D6:[R" p, & x], NS5:[R" a,B]pmnn (3.16)

It is then possible to think, that we are in a situation where the D4 branes are blown-up into
D6 branes on S2(¢,x), due to the presence of the magnetic field By via the Myers effect. Our
Page charges indicate that the D4’s are all blown into D6’s in the interval p € [0, 7], but some
remain in other intervals. When lifting to M-theory, these D4’s become M5 branes that extend on
AdSs x S'—matching our result with the discussion below eq.(4.8) in the paper [13]. Additionally
it can be shown, using the results of Section 5 below, that D4 and D6 branes are supersymmetric
at o = /2.

Let us move to discuss a standing problem and propose a resolution for it. It relates to an issue
with the central charge of the dual QFTs computed using the Type ITA background in eq.(3.2).

A discrepancy was observed in the previous bibliography related to the central charge of the dual
CFT. Indeed, while in the papers [52], [13] the central charge was found to scale as ¢ ~ N3— a very
unconventional scaling, with the cube of the number of M5 branes in the M-theory background-—
in the papers [23], [37] the result in Type IIA scales more conventionally like ¢ ~ N2-the square of
the number of colour branes in the Type ITA configuration. Below we analyse this in more detail,
proposing an interpretation that makes compatible the QFT computation of [13] with a type ITA
calculation.

Before the discussion of central charges, we need to identify the number of NS-five branes. The
proposal in [40] is that the seemingly non-compact coordinate p —or 7, after the change of variable
in eq.(3.3)—should indeed be allowed to vary in [0, c0]. A large gauge transformation for the Ba-field
has to be performed every time we cross p = nw. The effect of this piece-wise continuous large
gauge transformation can be seen if we calculate the flux of ﬁg = d§2. Indeed, on the manifold
33 = [p, &, x] with o = §, we have that the NS field is

ﬁg’zg = o sin yd¢ A dx A dp. (3.17)
Calculating one finds,
_ / fye— /Wl)ﬂd /%d{/ﬂd Hy = (n+1) (3.18)
= X =(n+1). .
2k30Tnss Js, ’ 2k30Tnss Jo ’ 0 0 ’
in which we have used that 2/1%0 = (2m)"a, Tyss = (27”—100/5 What brings the NS-five branes into

existence is the piece-wise continuous character of the large gauge transformation. This creation
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of a topological defect by a discontinuous transformation is also present in simple systems, see for
example the books [58] (in electromagentism, the gauge potential corresponding to a solenoidal
defect can be obtained from the vacuum gauge potential by performing a singular gauge transfor-
mation with a discontinuity or monodromy around a polar angle; the singular nature of the “gauge
transformation” makes its presence known by giving a non-zero Wilson loop indicating a defect).

We can then identify that Nygs = (n + 1) is the number of NS-five branes. This enforces the
picture advocated above— and already advanced in [40]— where there is one NS-five brane every
time we cross the positions p = 7, 27, 37, 4m....

Calculating the central charge also reinforces the picture above. Indeed, using the expressions
relating central charges to internal volumes, see [60] and for a generalization to include non-constant
dilaton [37] applicable in this case, one finds (normalizing such that AdSs x S° gives ¢ = %N%g, in
agreement with [61])

1
c= ﬁmeNf{,%. (3.19)

n+1)mw dpp2 N (n+

1)3. There is also the more canonical dependence with N%G—that appears using the quantisation

This dependence with the number of NS five branes appears due to the integral fo(

condition 2L* = Npga'? discussed above- and a numerical factor, both anticipated in the paper
[37]. In Appendix A, we offer further evidence for the proposal made in this section.

The result of eq.(3.19) above is, up to a normalisation factor, the one obtained in equation (5.5)
of the work by Gaiotto and Tomasiello [62]. In their case, the physical system is composed by
k = Npg D6 branes, D8 branes and N = (n + 1)-NS five branes. The interpretation they propose
for the QFT should apply to our case. We are probably dealing, after NATD, with a Gaiotto CFT

with ((n +1)N D6>3 degrees of freedom that is orbifolded by a Zy,, group—see also [63] for a
similar system in massive IIA. This matching supports our interpretation of the coordinate p, its
range and the large gauge transformation for the NS-field.

Having learnt something about the interplay between geometry and QFT, we close here this
example of AdSs x S° and move to the core examples in this paper, namely the flows between
conformal points. We will present first a generic form of flowing geometry, its non-Abelian T-dual
and show that for these cases a NATD is indeed a solutions generating technique.

4 A type IIB ansatz for flows within the AdS;/CFT, correspon-
dence

We now turn our attention to holographic flow geometries and their non-Abelian T-duals. Unlike
Abelian T-duality, the presentation of the non-Abelian T-duality rules in complete generality is
rather unwieldily and opaque without specifying any details of the seed geometry that is used as
an input to dualisation. One option (and this is what has been often adopted in the literature) is
to fix a seed geometry completely, calculate its T-dual, and show that this is indeed a solution of
supergravity. This is somewhat unsatisfactory since conclusions are made on a case by case basis.
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Instead here we will adopt an intermediate approach; we will specify an ansatz of IIB supergravity
that is wide enough to incorporate many examples of interest but yet refined enough to lead to
a tractable set of Buscher rules for the T-dual geometryS. Armed with such an ansatz and set of
Buscher rules one can then simply specialise to the background of interest to investigate the details
of its properties. So our first step then is to specify an ansatz of IIB supergravity that captures
both the KM and KW flows.

Then, we consider performing a non-Abelian T-duality transformation on geometries of interest
in the context of the AdSs/CFTy correspondence. We require an SU(2) isometry on which to
dualise, so the topology of these solutions will be R 3 x M3 x 53, where M3 will be non compact.
We will assume that F; = F5 = H3 = ® = 0 and take the ansatz

3
ds® = €2Ad$%73 + ds*(M3) + Z (ei)2 , Fs=04+%F5, Fs=FaAelne?ned, (4.1)
i=1
where A has dependence on the coordinates of M3 and e’ defines a vielbein on a squashed sphere
which is fibered over M3, namely
e = Ni(wi + Ay). (4.2)

Here w; are a set of left invariant Maurer-Cartan forms for the SU(2), that satisfy dw; = e’ék wj Awy,

A; are one-forms on M3 and \; are functions on M3. The Bianchi identity of F5 requires that,
d()\l)\Q)\g]:g) =0 s d(e4A *3 ]:2) =0 s (4.3)

with F5 a two-form and %3, the Hodge dual, defined on Mj3. In what follows it will also be useful
to introduce a set of undetermined frame fields h* such that

3

A5 (Ms) = 32 (h)2, (4.4)

i=1
where we also define Vol(M3) = h! A h% A b3,

At this point we make a restricting assumption that will nonetheless be sufficient for the solutions
we consider in this work, as well as a good deal more of the literature. Let us assume that this
background supports an SU(3) structure on the 6d internal space specified by,

J=mned+el e +hEARE, Q= (13 +ie®) A (e +ie?) A (B! +ih?) | (4.5)
with corresponding pure spinors [64]
1 . . P
v, = gel(’*eAe_ZJ , Yo = —%eZG*eAQh , (4.6)

which obey ]
AT ) =0, de0,)—eMANT, = _%e?ﬂ x3 Fa (4.7)

®The most general ansatz non-Abelian T-dualised to date may be found in [20].
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so that the solutions preserve (at least) N’ = 1 supersymmetry in 4d. Unpackaging these equations
one finds the following set of independent constraints,

d(eA ) =0, dSM-Q) =0, 60, = g . kg = 4dA (4.8)

which impose certain conditions on h*, A;.

First let us consider d(e?*4.J) = 0. One finds, from the components involving w; A ws and wa A ws
that,
A=Ay =0, (4.9)

and from those involving wy A we we determine,
eANsh3 = d(e* A \y) . (4.10)
The remaining components of d(e?4.J) = 0 imply
d (e*ht AR — 24 N3 A3 AR?) =0 . (4.11)

Using the equation d(e347%-Q,) = 0 we find,

A A
1_ g1 _ 2L g3 2 L Ay —
dh' = h* A (d(3A + log(A2)3)) A2A3h)+h /\()\2Ag do_),
A A
2 _ ;2 _ 22 3y _pl 2 Aa —
dh* = h* A (d(3A + log(A1A3)) )\1/\3h) h /\(AlAg do-), (4.12)
as well as
d(As —iX3'h®) A (B! +ih?) =0 (4.13)

and the compatibility constraints

A2 =MD ARY = Aghb A (MadA — Midhg) — A3(AF — A2 h2 A A3,
A= MDR3 AR = A3h% A (MadA — Aidhs) + A3(AF — ARl A Az . (4.14)

There is actually a degree of redundancy between these equations above and eq. (4.13). Either
A1 = A9 in which case the constraints are trivially satisfied and give no further information or
A1 # Ao whence one can show that eq. (4.13) follows from differentiating the constraints and
applying eq. (4.12). However all quoted expressions will be useful in the next sections.

Any background solution that fits into the ansatz of eq. (4.1) and satisfies eqs. (4.9)-(4.14)
will preserve supersymmetry in the form of an SU(3)-structure given by eq. (4.5). This ansatz is
sufficient to include, at least, the following backgrounds of direct interest to the present paper:

e AdS5 x TH! with the w; corresponding to either the SU(2)r isometry or to the diagonal
SU(2)diag isometry;

e AdSs; x YP1 of [65, 66] which has a unique SU(2) isometry in the internal space;
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e The KM flow given by [9];
e The KW flow ansatz given by [10];

e AdSs x S° (of course this only makes manifest N' = 1 supersymmetry and the background
preserves N = 2 after dualisation [21]).

In appendix B we provide a precise map of how the geometries listed above fall within this

ansatz.

5 Type ITA/M-theory non-Abelian T-dual backgrounds of the
flow ansatz

In this section we present the non-Abelian T-dual of the ansatz of the previous section and give the
SU(2)-structure it supports. This, combined with the vanishing of the Bianchi identities, which
we also show, provides a proof that the T-dual of this ansatz is always a solution of type ITA
supergravity. That these are sufficient conditions was spelled out in [67, 68]. In what follows we
work with o/ = 1 for simplicity.”

Following Appendix C, we perform a NATD transformation on the solution of the ansatz of
eqs.(4.1)-(4.4). After setting A; = As = 0 as required by supersymmetry prior to dualisation we
get the NS sector

ds® = ezAd:E%,;), +ds*(M3) + ) @,

i=1
n 1 2 21242 1 2
B = A )\3U3Uid’ui A Az + >\1>\2/\3dU3 A Az + §Eijkvi)\i d’Uj Advg |,
e™2% = A = AZA2X2 4 A202 + A202 + 2o (5.1)

where the frame fields €, are the natural ones that arise from the Buscher procedure and are given
by eq. (C.3), however an explicit form of a much nicer set of frame fields is given in eq. (5.6) below.
The RR fluxes are given by

F\Q = M A2 A3 F, F\4 = (E + A3 A dvsg) A F\g, (5.2)
and their Hodge duals by
F\G = — %10 F\4 = —€4AVOZ4 A vidv; N\ *x3F3,

ﬁg = *10?2 = E N ﬁ@ + 64AVOZ4 A dvy A dvg A dvg A *3F5. (53)

"The &' factors can be put back by the following replacements v; — o/v;, F— ﬁf? and e® — o 3/26§), which
leave the EOM invariant.
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Clearly dﬁg = 0 by virtue of the first condition of eq. (4.3), it then follows that dﬁ4 = ﬁg A I*A}
because A3z A Fo is a top-form on M3z and thus closed, so the Bianchi identities are automatically
satisfied. The equations of motion of the higher fluxes can be shown to be solved in a similar

fashion using the second condition of eq. (4.3).

The T-dual pure spinors are given by

~ 1 4 5 ~ 1 4 5 _
U_=—efel-cipnz, Ty = -etees® pw (5.4)
] ) + ] 9

which may be generated directly via the  matrix of eq. (C.8) via the map given in [30]
Uy =00 (5.5)

The result can be neatly expressed after a frame rotation in terms of the internal vielbeins

- AMhods 5 1
h = — h? +
VA VA

vidv; , h'=h', KZ=1%,

V1A

Ao

~1 213 3

&l = 2298 (g g Ag) + UALy3

VA (o= vads) + 5 .
A A Vo ’

~2 113 272,33

- = —(dvy + v1.A3) + he,
A (o2t uids) +

& = —/\1/\2 dvg — vs 3 n .

VAT VA

In terms of these the T-dual SU(2) structure is given by

>
>
I3

2 =v+tiw = BP4ié> | j=h'ARP4+e'ne?,  w= (R 4+ih® A +ie?), 0. =6_, 0_=0,= 5
(5.7)
It is then relatively simple to plug this into the conditions the structure must obey and see that
supersymmetry is indeed preserved. We relegate the details of this computation to Appendix D.

The succinct expressions for the T-dual geometries, frame fields and SU(2) structure in this
section are an important technical result of this work and provide a unified presentation of previous
results in non-Abelian T-duality. It should be noted though that a more general proof of the solution
generating nature of the non-abelian T-duality exists.

It was conjectured in [21] that a condition for the preservation of supersymmetry is the vanishing
Kossmann-Lie derivative of the corresponding Killing-spinor along all the Killing vectors, kb Oy,
generating the SU(2) isometry, i.e. one requires

1
Ly, e =kiDye+ Zvukayf””e =0, a=1...3. (5.8)

This conjecture was explicitly verified in [20] by examining the transformations of dilatino and
gravitino supersymmetry variations under T-duality. The Bianchi identities were also shown to
follow in the T-dual from those of the seed solution. It then follows, by the results of [64, 67, 68]
that any supersymmetric solution with a metric that can be decomposed as in eq (4.1), (4.2) and
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arbitrary fluxes that respect the SU(2) isometry, will be mapped to a supersymetric solution of
type II supergravity, provided the Kossmann derivative vanishes. This of course gives no a priori
information about the dual G-structure, which is the main achievement of this section.

It would be interesting to generalise the results above to a more general ansatz, finding the general
G-structure preserved. We note that the requirement of a vanishing Kossmann derivative of the
Killing-spinor is equivalent to the vanishing of the Lie derivative when acting on the corresponding
pure spinors. This hints at how such a generalization could be achieved.

5.1 Lift to M-theory

Since these are solutions of ITA supergravity with no Romans’ mass they can be lifted in the usual
way directly to eleven dimensions with a metric

ds, = e~ 3% (e%dxig @+ (ﬁi)2) e (dz 4+ O, (5.9)
where z denotes the M-theory circle and C is a potential such that dC; = 132. The geometry is

characterised by an SU(3) structure on the seven dimensional internal space specified by a one-form
K’ a two-form J' and a three form ' [69] obtained by lifting the SU(2) structure defined above,

|

K =we s, J=e 3% teson(dz+0C), Q= wn (e“i’v+z‘(dz+(11)) . (5.10)

Using the expressions above these can be directly seen to obey the required differential equations
[69] (see also [68]),

de®KY =0, de*Q)=0, de"J)=%e"Gy, deXJ ANJ)=-2G,ANK'e® , (5.11)

with G4 = 1?'4 +dBA (dz+ C1) obeying a Bianchi identity dG4 = 0 and the warp factor § = A — %Ci)
We will now study the Klebanov-Murugan background and its non-Abelian T-dual as a simple
applications of the formalism developed above. See Appendix B for a compendium of other possible

applications.

6 The Klebanov-Murugan Flow

Here we shall study the Klebanov-Murugan (KM) background [9]. This provides an example
in which the solution is known analytically along the flow. In the dual field theory, the flow
corresponds to a vacuum in which certain baryonic operators acquire a VEV. On the gravity side
this is represented by deformations of AdS5 backgrounds.

To be more precise, consider D3 branes at the tip of the conifold or, more generally, other singular
Ricci flat Kahler asymptotically conical manifold. Vacua obtained by moving the D3 branes stack
away from the singularity, by resolution or deformation of the conifold, correspond to a form of
symmetry breaking in the dual QFT. In all these cases, at energies low enough, the field theory
describing the stack of branes will be N' = 4 Super-Yang-Mills.
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Using four complex coordinates w; to describe the conifold by the constraint Z?:l w? = 0, the
2 _

deformation of the conifold is described by the six-manifold satisfying Z?:l w; = €. More important

in this section will be the resolution of the conifold, best expressed in terms of the variables a;, b;
wy; = a1by, wy = aghe, w3 = ajbs, w4 = ash;.
To describe the resolved conifold, we need to saturate the equation,
a1 [* + ag|? — [b1]* — |be]* = a?,
subject to the identification up to a phase,
a; ~ e”a;, bj ~ e_i”bj.
The IIB solution for D3 branes at the tip of the resolved conifold reads,
ds? = H™V2da 5 + H'2 (dr? 4 r2ds*(X5)).

We will interpret the breaking of symmetry as replacing H(r) ~ ¢/r* by a more general Green’s
function. In this section it will be the Green function found by Klebanov and Murugan in [9], which
describes a deformation of the Klebanov-Witten quiver field theory, obtained by giving a VEV to
bifundamental fields, subject to only non-mesonic operators getting a VEV. This corresponds to
a motion in the Kahler moduli space on the geometry side. In the field theory we study in this
section, there will be an infinite tower of operators developing a vacuum expectation value. The
operator with smallest dimension is taken to be the order parameter for the symmetry breaking.
In the present example, the operator has dimension two and will be written explicitly below. In
the following, we write the Klebanov-Murugan background [9]. We will complement this with some
new calculations and comments not present in the bibliography. We will then generate a new
background in Type IIA, by applying non-Abelian T-duality to the original Type IIB one in [9].
Furthermore, we study different aspects of the strongly coupled QFT associated with our Type ITA
geometry.

6.1 The Klebanov-Murugan geometry

In this section we review the Klebanov-Murugan Type IIB background [9]. The singular conifold
is given by the cone over T™! which is an homogenous space of topology 52 x S3. At the tip of the
cone the S? shrinks but however can be resolved to give a finite sized S? of radius a. This resolved
conifold is topologically R* x S? and an explicit Calabi-Yau metric is given by

o dr? 2( 143 2(702 1 cin2 2

dsg = ) + ds*(M?) + Ao(r)” (d6” + sin® 0dp?)
K(r
ds*(M?) = A1 (r)* (wi + w3) + A3(r)? (w3 + cos 9d<p)2,

(6.1)
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in which the functions are

r2 r? 4 6a> K2 r? 4+ 9a?

T Ag(?‘)2 =— &k(r)= T 62 (6.2)

In the metric ds?(M?3), we have singled out a particular three dimensional subspace which contains
the SU(2) on which we will perform the non-Abelian T-duality.

One can now consider D3 branes at some position 7 in this resolved conifold which gives rise to
a warped supergravity solution supported by RR five form flux and constant dilaton,

ds® = ﬁdﬁg + L*\/H(F)dsi, F5 = %(1 +x)Voly NdH(F)™, e* =1, (6.3)
where we are choosing to extract a factor of L from H with respect to the definition of [9], and
as elsewhere we set g; = 1. The function H(7) solves a Laplace equation on the resolved conifold
with delta-function sources at the location of the branes. Indeed, if the branes are placed at a fixed
location of the S?(6, ¢), which for simplicity we take to be the north pole to have p-independence,
the warp function will be of the form H(r,#). This yields a smooth solution of supergravity
provided that the Bianchi identity (or Maxwell equation) for Fj is satisfied. Away from the branes,
the differential equation for H(r,#) reads,

2
(Qa2 + 7‘2)7"6 i

2
52 <8 1 + cot 98—H> + (27a® + 57‘2)6—H =0. (6.4)

062 00 or
If we assume that H(r) is a function of just the radial direction in the cone, this gives the Pando-
Zayas Tseytlin solution [70] with a singularity characteristic of smearing the branes around the
S2.

More interestingly, the non-smeared solution to eq. (6.4), allowing a more general position for
the branes, was constructed by Klebanov and Murugan [9], as a superposition of an infinite number

of harmonics. It reads,
(o]

Hycpr(r,0) =Y (21 + 1) H* (r)Py(cos ) (6.5)
1=0
in which P, are the standard Legendre polynomials and H/ {*(r) are a set normalised hypergeometric
functions whose exact details we shall not need for the moment but can be found in equation (33) of
the paper [9]. This infinite summation localises the branes and indeed the solution of Pando-Zayas
and Tseytlin [70] corresponds to truncating to just the zero mode,

2 2 9a?
A
Hizo = 5a777 ~ §1q1 108 <1 * 7) (6.6)

The field theory interpretation of the flow described by the background with warp factor H in
eq.(6.5), corresponds to giving a VEV to the dimension two operator

1
U= Tr(arf +Jaof* = B ) — [baf?).
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in which the a; and b; are the bi-fundamental matter fields of the quiver gauge theory. This operator
has protected dimension A = 2 because it is in the multiplet of the baryonic current. Its VEV
also indicates a breaking of the baryonic symmetry. Indeed, placing the branes at the north pole
of the blown up two-sphere is achieved by giving VEVSs a1 = a3 = by = 0 and b; = all. In addition
to providing a VEV for U, this also gives VEVs to an infinite tower of operators. This can be
read from the infinite summation of harmonics that contribute to the solution in eq. (6.5). Each
harmonic entering in the sum is a normalisable mode with a specific fall-off behaviour that defines
in the usual way the dimension of the operator acquiring a VEV. It was shown in [9], that the
presence of a VEV for the field by, breaks the gauge symmetry SU(N) x SU(N) — SU(N) and
the global symmetry SU(2) x SU(2) x U(1)p x U(1)g down to SU(2) x U(1) x U(1). The last two
U(1)’s are diagonal combinations between the broken SU(2),U(1)p,U(1)r. Also, it can be seen
that the bifundamental fields aj, as,be now transform under the adjoint of the unbroken SU (V).
The integration out of b; leaves us with a cubic super-potential indicating that our low energy field
theory is N = 4 Super-Yang-Mills. Other similar flows in more involved field theories have been
studied in [71].

Let us now consider some physical and geometrical aspects of this solution.

6.2 Charges in the Klebanov-Murugan geometry

Let us analyse the quantisation of the RR charge, using the compact manifold defined by X% =
[0, p, w1, wa, ws], we impose

/ F5 = 2k3,T3Nps, (6.7)
X5
where 1

2"{10 (277)7 /47 T3 = (271')3&/2’ gs =1,

the previous condition quantises L* = 27477TN p3a’? with Nps € N the number of D3 branes sourcing
the solution.

In the full KM solution the D3 charge is computed as

1 / 1 9 2 3 OH
— Fs = —=Np3(9a® + r*)r s1n9—d9 6.8
2r3,T5 Jxs 8 ( ) 0 or (68)
For the warp factor given in eq. (6.5), this implies computing,

o0 [e.9]

/ sin 60, H(r,0) Z2l+18Hl )/ sin @ P;(cos 0)d Z2l+18Hl (r)261,0,
0 1=0 0 1=0

where we used the identity
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Indicating that only the zero-mode contributes. Hence we can use H 4 ;—¢ as given by eq. (6.6) and
upon taking the derivative explicitly we find,

8

r3(r? + 9a?)’ (6.9)

™

/ sin 00, Hg py(r,0) = —
0

Substituting this result into eq. (6.8) confirms indeed that the D3 brane charge is consistent in the

full KM geometry and is given by Qps = —Nps. Notice that the sign just amounts to a choice of an

orientation (also reflected in the way we computed the ten-dimensional dual *jp). It is interesting

to observe that the calculation above shows that the charge is all carried by the zero-mode, the

Pando-Zayas-Tseytlin solution. The higher harmonics do not contribute to the quantised charge.

6.3 Limits of the Klebanov-Murugan flow

Let us briefly comment about the end point geometries of the KM flow as this will prove to be
useful for the comparison with the flow after NATD.

As indicated above for large radial distances r > a the metric in eq. (6.1) asymptotes the cone
metric over TH!, while H IA(T‘) is dominated by its zero mode eq. (6.6), thus at leading order the
warp function becomes

L4
drr _

L*H = ey + .., (6.10)
which corresponds to the AdSs x ! UV fixed point solution corresponding to the vacua for which
U = 0. In the opposite limit r < a, deep IR region, the behavior is more subtle. Indeed close
enough to the D3 branes stack, r ~ 0,  ~ 0, the metric in eq. (6.1) is given by

2 2
dsg = gdr2 +d(af)? + (af)*dp* + % (W} 4+ w3 +w3) + ...y (6.11)

which upon introducing the coordinate transformation
r=2V6Rcos a, af = 4R sin o (6.12)

the metric in eq. (6.11) becomes, locally, the cone metric over S°; 42dR? + 42R2ds?95 Moreover,
following the arguments of [9, 72] the Green’s function will be approximated by,

4 Lig
L*H=—"2% .. 6.13
6RT (6.13)
where 4L}, = ma/2Nps, which reproduces eq (3.1). This shows that a new throat corresponding
to AdS5 x S° opens up in the IR.

A natural question to address is what is the fate of physical quantities along this flow. In
particular, an observable which can be defined along the entire RG flow is the c-function, roughly
measuring the degrees of freedom that participate in the dynamics at a given energy. At the end
points of the RG flow this c-function coincides with the central charge and therefore is conjectured
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to satisfy cyy > crg. Following [60, 37] and according to our normalisations the central charges at
the fixed points of the KM solution are
1. 9 27 o
Nps; CN=1 = aNDs,
27

which ratio clearly satisfies cyy/cir = 5 > 1 in agreement with the c-theorem. As we will see

(6.14)

below this result will go through even for the end point geometries of the non-Abelian T-dualised
KM solution.

6.4 Dualisation of the Klebanov-Murugan flow

We now apply the technique of non-Abelian T-duality to the geometry in eq. (6.1) along the
directions of the SU(2) isometry parameterised by w;. The technique has already been outlined in
a preceding section and a set of T-duality rules were given. For concision, below we simply quote
the final result of the dualisation.

6.5 The non-Abelian T-dual ITA solution

The NATD transformation only affects the 3-d part of the metric in eq. (6.1) that contains the
SU(2)-isometry parametrised by w;. Following the prescription of previous sections this gives,

_ /2
ds2(M3) = aK o2p?dp® + L HAZA? <p2 cos? xdx? + pdpdy sin 2y+ (6.15)
sin? X(dp2 + p?(d€ + cos 9d<,0)2)> + L4A‘11H( cos xdp — pdx sin X)2 ,
where
A= L2\/ﬁ(a'2p2A% sin? x + A2(a/%p? cos® x + L4HA411)). (6.16)

As in the case of the dual of AdS5 x S° we have expressed the Lagrange multipliers as polar
coordinates. The remaining seven-dimensional part of the metric remains unchanged.

The NS 2-form generated by the non-Abelian T-duality, is given by,

. L2 '/ H
0 = QT\/_ [0/2;)2 cos x sin? (A3 — A})dE A dp + o/ p? sin x (A3 cos® x + A? sin? x)dE A dy

— A%cosf <L4A‘11pH sin xdx A dp + cos x(a/?p? + L*ATH)dp A dp)] , (6.17)

and the dilaton is,
R 13/2
e? = Oi/Z . (6.18)

The RR-sector is given by
~  LiA3A% 5 OH OH e
2 = PN sin 0 <A2KWd9 Ndp + deo A dr>, Fy = By N\ F. (6.19)

Let us study now the corresponding quantised charges.
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6.6 Quantised Charges and Large Gauge Transformations

To begin with, it is clear from eq. (6.19) that there is a non zero D6 Page charge,

1 ~ 1 & oOH
— Fr==-N 2 )3 / inf0—df = N 2
Qps QH%OTG /52 2 3 DG(QCL +r )7‘ ; S1n or D6, (6 0)
where we fix L* = %a’ 2Npg. One can calculate the quantity by defined in eq.(3.11). On the cycle

p=2m—¢& dp=0,df =0 the NS two form is simply
Eg = o/ psin ydx A dE,

which gives by = £. This suggests, following the logic below eq.(3.11)—and first proposed in [28],
[54]— namely that on crossing the points p = nx, one should perform gauge transformations of the
form

~

ABy = —a/nmsin ydy A d€,

to satisfy the requirement that

1 -
0< — By < 1.
_47'(2/32 2

We may compute the page charge of D4 branes induced after n-large gauge transformation and
find the result

1
2%%0T4

o

5 do.

~ ~ ~ ~ 1 m
/ (Fi— (Ba+ ABy) A F) = n=Npe(9a® + 7‘2)r3/ sin 6
5252 8 0

In other words
Page Page
D4 —N&pg -

Just like in the case of AdSs x S° studied previously, we generate D4 branes. The D6 branes can be
thought as D4’s that polarised under the influence of the Bs-field. They are supersymmetic when
wrapping p and (p, x, &) respectively and placed at r = 0.

6.7 Limits of the NATD Klebanov-Murugan flow

In this section we shall identify the end point geometries of the KM flow after dualisation paralleling
the arguments given in Section 6.3.

The unperturbed geometry at the UV fixed point can be identified by taking the limit » > a in
the dualised KM solution of eqs. (6.15). After the limit, one can easily see that, at leading order,
this solution will approach the one of the dualised KW geometry. This background is related to the
gravitational duals of N =1 Ty or ‘Sicilian’ theories first introduced in [12] and carefully studied
n [14, 73].

In the IR, as the duality transformation has acted non trivially on the internal geometry, one
should not expect that locally the space will look like flat space. Moreover, as we approach this
fixed point the resulting geometry will develop a singularity. To be more precise, close to the stack
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of branes and using the coordinate transformation in eq. (6.12) one can prove that, at leading
order, the background in eq. (6.15) approximates that of eq. (3.2). This solution, as explained in
Section 3, corresponds to a background of the Maldacena-Gaiotto type. Therefore we can interpret
the flow described by the background in egs. (6.15)-(6.19) as realising a deformation of a particular
Sicilian CFT by an operator of dimension two. The field theory flows in the IR to a particular
Gaiotto-Maldacena CFE'T.

Finally, let us study the fate of the central charges of the end point geometries of the dualised
KM flow. Indeed, quite generally, it has been shown that the central charge of the backgrounds
obtained via NATD is an invariant up to a constant term [23]. For the fixed point geometries after
NATD using a similar logic to the one described in Section 3 we find central charges

. 1 R 9
CN=2 = EN%)GNJ?’vssa CN=1 = 6_4N%)6NJ?<7S57 (6.21)

which ratio éyy /érp = %—g is in agreement with the c-theorem. As pointed out in [23], the quotient
of central charges before and after non-Abelian T-duality is invariant.

We will now move to calculate field theory observables of our new Type ITA background. More
precisely, we will study baryonic condensates and the axionic strings associated with the baryon
symmetry breaking. This was studied in great detail in the papers [72]. Nevertheless, note that
the calculations of the papers [72] are based on the configuration being AdSs x X5 and RR five
form (or an AdSy x X7 with Fy in M-theory). In the next subsection, we will compute observables
in the Type ITA background of egs. (6.15)-(6.19). The structure of the geometry and fluxes is
very different, but the matching of our results with those in [9], [74], [72] suggests that the nice
Mathematics described by [72] may also be at work in our ITA backgrounds.

6.8 Comments on the field theory and its observables

In this section, we briefly comment on two observables in the field theory dual to our new background
generated by NATD in eqs.(6.15)-(6.19). The first of them, the baryonic condensate, was originally
analyzed in [75]. The idea was used in [9] to study the one point function of a particular baryonic
operator in the field theory dual to the warped resolved conifold prior to non-Abelian T-dualisation
—see also [72] for a general discussion. The second observable, the axionic strings, that appear
due to the existence of a Goldstone boson associated with the baryonic symmetry breaking, was
studied in [74]. Below, we find the objects that represent these QFT observables in our type ITA
background.

6.8.1 Baryonic condensates

In [9] it was shown that the baryonic operator VEV’s correspond to D3 branes wrapping the R*
bundle of the resolved conifold. Here we will propose that such baryonic operators correspond to
DO branes which extend in the radial direction, r, in the range [rg,7A] (a UV-cutoff, that should
be supplemented by the usual substraction procedure) and a D2 brane which, in addition to their
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radial extent, wrap the S? spanned by (, ¢) . The DO branes will be placed at arbitrary fixed values
of (0, ) with p = 0. For the D2 branes, things are little more subtle as large gauge transformations
are relevant for this object.

The corresponding induced 1d metric and dilaton for the D0 brane are

& VA L3H¥'A}As 1
T B2 0 /372 v AP0 = e

&\2 L2f{h@
Spo = I{(T‘)

Evaluating these in the DBI action we get
TA ~
Spo = —TD(]/ e_cbd?”\/det[gpo],

r0
_ (3Npg
N 4

dr?, (6.22)

> /TA drr3 f:(m + 1) Hf (r)Py(cos §). (6.23)
ro =0

We can compare this result with the one obtained in equation (6) of [9], and conclude that the rest
of the calculation for e=*P0 will go exactly as in [9]. Indeed, the dimension of the baryon field after
dualisation is A = LEG.

For the D2 brane, things are more complicated. This is because it extends along r and wraps
(x,€) which means the NS 2-form contributes to its action. We choose to place the D2 at an
arbitrary point on p within a cell of length 7 i.e. p € [nm, (n + 1)), as discussed earlier, this will
require a large gauge transformation that will send By = By + AEQ, which gives

L2p3a/2\/ﬁ

By + ABy = d'si
2+ 2 as1nx< A

(Afsin® x + A cos® x) — mr) dx N dE, (6.24)

while the induced metric on the world volume of the D2 is

d 2 /2L2 2A H
ds%, = L*VH <% + % (A% sin? xdx + A3 (cos2 x2 + sin? Xd§2))> . (6.25)

One can then compute the DBI action, which turns out to be rather complicated except at p = nm,
which is an extremum of the integrand, and leads to

i ~ ~ Linmr3H |
e_(b \/det[gDQ + B2 + ABQ] ‘p:nﬂ == T\/J smy , (626)

and so the DBI action gives

rA R — —
SD27n = —TDQ/ / e_q)dede\/det[gD2 + By + ABQ]
ro S2

p=nm
3N ™ -
=n < 4D6> / drr® 2(21 +1)H{*(r)P(cosh). (6.27)
7o 1=0
Thus the D2 branes give rise to a non zero baryonic VEV at each point p = nrm for n > 0 and the
dimension of the corresponding baryon field is A,, = n%f’ﬁ = 31\{%. This gives a total of (n+ 1)

baryonic vevs, one coming from the DO and n coming from D2 branes.
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One can also check that the DO brane is SUSY at p = 0 and also are the D2 branes precisely at
p =nm. To do this one can use the SU(2)-structure calibration form

Ve = —Se_é_AIm\i’_ A e_BQ_AB2
which may be extracted from Section 5 and Appendix B. The calculation amounts to showing that
iy 3
=e q)\/ det[g[)o] ‘p:Odr, \Ifga%

where the superscript refers to the form degree. Let us discuss axionic strings following the treat-

o

cal

- e—‘i’\/det[gm +Bo+ ABy)|  dr Ady AdE,

p=nm p=nt

p=0

ment in [74].

6.8.2 Axionic strings

In [74], the authors study the presence of axionic strings, namely objects that couple to the Gold-
stone mode that follows the spontaneous baryonic symmetry breaking. The authors of [74] proposed
that the dynamics of the axionic string is given by the DBI action of a D3 brane placed at r = 0
which wraps the S? of the manifold

E4 = [t7$170790]‘
This leads to
CL2
Tam‘on,D3 = M7

In Type IIB. We propose that in our Type ITA background, the axionic string is represented by a
D4 wrapped on X5 = [t, 21,0, ¢, p] The Lagrangian density of the DBI term of such a brane is

: A
Lozion,pa = e~ ®y/—det(g+ B) = %\/1@51 cos? 0 + A=, sin? 6, (6.28)
«

where
2 =a?p? + L4A11H cos? x, Sy = a?p? + L4A%H(A2 sin? y + A% cos? X)-

We fix the y dependence by minimising eq. (6.28) which leads to x = pr/2 for some integer p, we

find -
a"Nygs

5 (6.29)

Tam‘on,D4 =
ST

where the N3 ¢ is due to integrating in 0 < p < (n+ 1)7 and we use that r*H (r,0) — 0 away from
0 =0.

In this way we close this brief analysis of two interesting dual field theoretical observables in our
new Type ITA backgrounds. We present now some summary and conclusions for this work.
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7 Summary and Conclusions.

In this work we elaborated on various aspects of the application of non-Abelian T-duality on string
backgrounds with well-established holographic field theory duals.

To begin with, we discussed new aspects of the case of AdSs x S°. We achieved an improved
understanding of the range of the T-dual coordinates and a sharp expression for the holographic
central charge, connecting our examples with others already studied in the bibliography.

Then, we presented a set of general and powerful formulas showing that when non-Abelian T-
duality is applied on a large class of background (of relevance to holography), it acts as a solution
generating technique. This result heavily used the formalism of SU(2) and SU(3)-structures exis-
tent for backgrounds with A/ =1 SUSY in four dimensions. The existing literature [20, 64, 67, 68]
does already imply the solution generating nature of the duality when performed on our ansatz,
but in addition to explicitly presenting the dual G-structure, we have provided an alternative proof
confirming the result of [20] in this case.

Finally, as an application of the material developed above, we studied the non-Abelian T-duality
of the Klebanov-Murugan background, generating a type ITA (or M-theory) background describing
a very interesting flow. The end points of this flow are supergravity solutions that are related to
the gravity duals of N'=1 and N' =2 T,y CFTs in the UV and IR respectively. Different aspects
of the field theory dual to our new Type IIA configuration have been discussed. Various technical
appendixes complement the presentation.

This work opens the field to many possible future developments. At present, the most interesting
avenues to pursue are described below.

To begin with, further developing the map between Gaiotto field theories and backgrounds
obtained using non-Abelian T-duality. In this line, to find, if possible, other Gaiotto-Maldacena
backgrounds using non-Abelian T-duality on a given seed configuration.

It would be interesting to explore in more detail the holographic understanding of the p-coordinate
and better explain its range. For example, if its non-compactness implies that we are dealing with
a QFT in 4+1 dimensions. Also, it would be good to understand better the Myers effect we are
describing in Section 3 for different intervals in the p-coordinate.

Our result for the central charge ¢ ~ N%GN ]?i, g5 suggest that we are dealing with QFT similar to
those recently studied in [76] [62]. It would be important to make this correspondence sharper.

On the geometry side, it is worth extending the derivation of the T-dual G-structure given in
Sections 4-5 to other cases. For example to include cascading theories, where the fields F3, H3, ® are
present in the seed solution or situations with sources in the seed solution (corresponding to QFT
with flavors [77]). Indeed calibrated smeared sources, were not considered in [20]. An extended
G-structure derivation would be a necessary step to prove that non-Abelian T-duality is a solution
generating technique for supersymmetric Ry 3 x Mg in the presence of such sources, using the results
of [79, 80]. It is likely that the criteria for SUSY to be preserved is the existence of a set of N =1
pure spinors Wy supported by the seed solution that are independent of the SU(2) coordinates
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in the frames of eq. (4.2). A similar condition on the Killing spinor is required for unbroken
supersymmetry.

Of slightly different geometrical interest would be to apply our results, summarised in the table of
Appendix B to other backgrounds. Also, the SU(2)g4;q4-background obtained applying non-Abelian
Duality to the KW solution was not studied in the bibliography. It may present very interesting
holographic properties, of interest to physicist working on N' = 1 Ty theories. In this same line,
application of our formalism to the background proposed by the authors of [10] is suitable to provide
us with the holographic version of an RG flow interpolating between N'= 2 and N’ =1 Ty SCFT
as one flows from the UV to the IR. Of similar interest is applying non-Abelian T duality to the
background in [82], however this would require a generalisation of the ansatz of Section 4.

We hope to study these and other topics in forthcoming publications.
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A Further comments on the non-Abelian T-dual of AdS; x S°

A.1 A comment on the potentials Vg7 and V,,,

It may seem a reason to worry that the potential obtained in [21] is different from the approximate
one obtained in a series expansion close to o ~ 1 ~ 0 on potential in eq.(3.9), for the solution in
[52]. We will analyse this more closely below.

To establish the comparison, it is convenient to work in eleven dimensions. We will uplift the
solution in eq.(3.5). We will use the well-known formulas,

ds?, = e 2®/3ds2) + 23 (dwyy + A1)?,

Csvr = Bo A (dxin + Av), Fam =dCs = Bo AN Fy + Hz A (dxin + Ay).
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After a short calculation, using that ® is the constant value of the dilaton and rescaling

z11 = 2utValry

we find,
e=2%0/3 VA 2V -V V'V
2 _ @e 1/3[44 24y 20, 14 _ 2
dSll N2 (2V//) dsf),u +p d 5+ e 1% ( VA )(d:Ell 2V B Vdﬁ) 5
. .
Cspm = 2u6a'3/22(ﬂ - T])ng N (dxll — 2VV dﬂ) (Al)
’ A oV -V

We now choose conveniently e~ 2% = 44'2 and use that the eleven dimensional Newton constant is
related to the string tension as x2/3 = (%)2/ 312 = 41/3 %0/ For the case of the ITA background in
eq.(3.4) we can find a solution to the supergravity approximation of M-theory [13] reads,

2/3 ,VAN1/3 2u2V”V 2u2V// 4N2V//
ds?, = (22 (44485, + P a02(x, €) + L (do? + dn?) + H 52452 +
11 M2 (2V//> |: S,p A 2(X g) Vv ( n ) 2V B V B

222V —V 27V
2BV =) 4y + 2],
VA 2V -V
vay” Vv
Cy = 25[ — B+ (5 - n)dxll] A dQs. (A.2)
We can define an ’interpolating potential’
o o2 i’
Vint = 77(108“(%) - ﬂ) T (A.3)

Such that for £ = 1, we get Vgp and for k = 2 we get the approximate potential. We will calculate
the components of the metric for a generic value of k. We obtain,

VAN (K2 -0, , ) o 4. 2V'V An*(k — o?)
= k% + 4kn? — 2k = :
<2v~> iz KAk A AT T @ ak? ke 1ot
2V 4 ', _ 4o’ 202V - V) 4k3
vV o k-0 oy_1v k' vA (k= o?)(k? +4kn? — 2ko? + o%)
20V’ (k — 0?)?
ooy B .
vy 8n(k — 02)? A% —8kn?

A k(k2 + 4kn? — 2ko? + o*)’ (A= + 4kn? — 2ko? + ot
Given these ’scalings’ with the parameter k, we observe that if we change variables n — v/kn and
o — Vko, all the terms in the metric are invariant (the overall global factor scales like k£'/3), while
the last two terms, that enter in the definition of the Cj field scale as k/2. Hence, we could rescale
the Newton constant in eleven dimensions

& — kVE; (A.5)

so that both in the metric and in the C5 these global ’scalings’ are absorbed. These shows that
both solutions are the same.
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A.2 An interesting operator and cells of the p-coordinate

Let us now display two calculations that will add support to our interpretation of the p coordinate
presented in Section 3, its range and division in cells of size m. Below, we work mostly with the
coordinates (n,0) related to (p, ) by eq.(3.3).

We will compute first the mass of the operator discussed by Gaiotto and Maldacena around
eq.(2.10) of their paper [13]. We start by proposing that in the coordinates of eq.(A.2), the operator
is represented by a M2 brane that extends in the three-space X3 = [t, 211, 7]s—0. This is the same
set of coordinates used in eq.(3.4) for the Type ITA background. The three-cycle is placed at o = 0
and R = Ry.

We then calculate the induced metric in M-theory,

ds? = i/?’(V_A
ind N2 oV
computing the Action of this M2 brane and using that it is equal to the product of its Energy F

222V — V v/
)1/3[—4R8dt2+%dw%1+27dn2 . (A.6)

and the time interval elapsed 7, we have

(n+1)m/2
S =T, /2 vV —detging =E x T = %LmllTMQI{ROT/O dn ~ (n+1). (A.7)
3

So, we observe that the mass of the BPS operator is proportional to the range of integration of
the n-coordinate. This is proportional the range of the p-coordinate according to eq.(3.3). As we
discussed this integral should be, after crossing the position p = (n + 1)m, the same as the number
of crossed NS-five branes in the ITA picture. This is then the number of M5 branes in the M-theory
picture. Hence the dimension or mass of the BPS operator is proportional to the number of M5-
branes, A ~ (n + 1). This coincides with the result of [13] if we interpret the range of the n or
p-coordinates as we explained in Section 3, rendering support to our proposal.

The second point we want to briefly discuss is the calculation of the number of M5-branes directly
in eleven dimensions. We will integrate F; = dC5 given by eq.(A.2). The four cycle on which we
will integrate is given by ¥4 = [z11,7, X, {]o=1, that is the cycle is sitting on the singularity of the
background at o =1 (or o = 7). We calculate the four form in this submanifold and we obtain,

Fy|s, = 2sin xdx A d€ A dzqy A dn. (A.8)

The integral we want to consider is

T 2m L1 (n+1)m/2
TM5/ Fy, = 2TM5/ sin de/ d{/ d:nll/ dn ~ (n+1). (A.9)
I 0 0 0 0

We observe then that in coincidence with the point made around eq.(A.7) above and in Section 3,
the range of the n or p-coordinates should be associated with the number of NS-five branes in the
IIA picture or M5-branes in the eleven dimensional one. As above, this computation supports our
proposal of Section 3. It should be interesting to extend this sort of calculations to geometries that
do not admit an electrostatic description [83].
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Table 1: A compendium of AdSs supergravity backgrounds within the ansatz use in section 4

B Backgrounds falling into the general ansatz

A A1 A2 A3 h! h?
a) TV wrt. SU(2)L log r LG % : % sin Od¢ [ %dg
1,1 ] cos 0 1 i _ /Bsinfdg %(27“ cos 0df+3 sin 0dr) v
b) T w.r.t. SU(2)diag log r e 7 Ve NG 7
¢) KM flow of [9] —LlogH | HY* 4, | HY*A, | HY*A3 | HY*Aysinfdg HY*Aydf
d) KW flow of [10] log Hy = . vl WL gy — 1 g
1-— 1— w 1—y)d d w
e) AdSs x Y'P log R = < Vi 5/ 4rde G &
f) AdSs x S° log 2R COoS (v COoS (v cosa | 2ficosadatsinadk adogrsm adlt 2sin o df y

Row a. presents the AdSs x T1! background adapted to the SU(2)r isometry group; Row b. is the AdSs x T
adapted to the diagonal SU(2)4;qy isometry group in which we define f(6) = 7+ cos20. Row c. is the Klebanoy
where the functions A;(r), A2(r), As(r) and (r) entering into the resolved conifold metric are defined in eq. (6
obeys a Laplace equation given in eq. (6.4); Row d. gives the ansatz of [10] for the Klebanov Witten flow in wh
i = 1...5 obey a set of BPS equations (see section 4 of [10]) and can be determined in terms of a single func
quasi-linear, second order PDE “master equation”, and Hy(u,v) is a warp factor that obeys a similar master eq
indicates the AdSs; x YP? geometry of [65, 66] where the functions f(y),q(y),w(y) are defined in [66] and g =
completeness, f) gives one option for embedding AdSs x S° into our ansatz, where the R 45 = Rgs = 2. In all
factors such as L are set to unity.

For convenience we recall the full IIB ansatz is given in terms of this data by

ds® = eZAdac%g + Z (h)? + Z ()2, e =Nlwi+Ai), Fs=(1+*0)0k3dd) Ael Ae? Ae?
j=1..3

i=1...3

J=mnrne+el ne2+h AR,

Qn = (h* +ie®) A (el +ie?) A (B! +ih?) |

A=A, =0.



C Rules for non-Abelian T-duality

In this appendix we shall present a relatively simple set of Buscher rules that give the non-Abelian
T-dual of a background with a SU(2) isometry that fall within the class described in section 4.

We perform the non-Abelian T-dualisation on these frame fields and choose a gauge fixing in
which the Lagrange multipliers, v?, play the role of T-dual coordinates. The T-duality acts only
on the frame fields e’ introduced in eq. (4.2) leaving the remaining seven-dimensional part of the
geometry untouched. A direct application of the Buscher procedure described in detail in [23] shows
that these frame fields are T-dualised to

e = x (W +od) | )
where
A =det M = MA3A3 + \2o? |
= 6(')jk>\(-)>\2-v-dvk F v Aoy 0idv; F AN )
i 0N OROR A 17213 o ) (C.2)
o AjUk

vh = MviA Ay — AfujAdiAeva) F emrAi AN Ay

in which indices in brackets are not summed. The plus and minus frame fields are those seen by

left and right movers respectively after duality. Though they seem formidable, these frame fields

obey nice relations

3
Z )\Z'Uzéit = :F?}Z'd’l)i, (03)
i=1
A1A2A3
A

1
éi A éi A é‘i =F <d’U1 A dvg A dug + A[ivj] A dv; N d’Uj + eijk(vivkdvi + §vidvk) ANA; A .AJ> .

The T-dual metric on the three-dimensional space in which the duality acts is given by

~ 92 . . . . . ..
ds” = Y éiéy = > élél =Gydv'd +20dv' + AGTA;

i=1...3 i=1...3
(C.4)
| AN N2 A
gij = Z (’Uﬂ)j + )\?Z) (5(1)] , A= A €(i)jk )\%) .

The T-dual NS two form is given by,

N 1 é‘ZI: A\ é]j: -1 ~k 1 A1
B = SEjRVi—V———— T eijkvj)\k Ai A ey + _EiijiAj NAL F )\iei ANA;
1
= 5K (eijrATvidv A dog — MIASAZeijrvid; A Ag + 203 A3A5dv; A Ai + 2X5v0idv; A Aj)

and, as usual, the Dilaton acquires a one-loop shift

e 2% — 22 (C.6)
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Since éﬁr and ¢° define the same metric they are related by a Lorentz rotation,

ér =AM, A= % ((A = 2MIA3A3) 655 — 2X0ihju; — 2M1 Ao Ag€k06 Nk ) - (C.7)

This Lorentz rotation gives rise to an action on spinors

. o T .
QriQt=ALT, Q= % (A XA+ A7) (C.8)

Using this rotation one derives that the T-dual RR forms
~ ~ 1 o ~ - 1 ~
Fo =M Fy, Fy= §eijk)\ivi]:2 VAN eﬂ_ A eli = BoNFr+ (dvi NA; + geiijiAj /\Ak) ANFy | (0.9)

together with their Hodge duals,

~

Fy = —*ﬁ4 = €4A*3]:2 /\d4:n/\vidvi R
(C.10)

~ ~ ~ 1 ~

Fg = xF5 = €4A)\1)\2)\3 *3 Fo A d*z A é}i- A éa_ A éi = BA Fg — —Eijkd’l)j A dvg N\ Fg .
3!’UZ'

The frame fields that enter in eq. (C.3) are the ones that arise directly by following the Buscher

procedure as detailed in the appendix of [23] however these are not the simplest ones with which

to describe geometries with supersymmetry. Simpler results are obtained after a supplementary

Lorentz rotation of the frame fields in the basis F = {h3, ek, e, e} given by [30]:

oo

1=t ¢ ¢ i A

VT S e s v (C.11)
B ¢

Setting A; = Az = 0 (as required by supersymmetry) and computing E=R-FE produces the
rather simple result of the frame fields in (5.6).

D Verification that the Dual SU(2)-Structure obeys the Super-
symmetry Conditions

In this appendix we show explicitly that the SU(2)-Structure of Section (5) obeys the required
supersymmetry conditions.

Since the NS 3-form Hj is generically rather complicated we find it easier to work with a modified
form of the supersymmetry conditions, namely

d(e2A_$(I\l+ A G_E) — O7 (Dl)

d(eA_a’Re\T/_ A e_g) =0, (D-2)
o S

AP Imb_ n e F) = S (xg o — xeFi) n e, (D.3)
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where H does not appear explicitly®. Eq. (D.1) yields two conditions
d(SA=P0r 5y — 0 | d(SAH 0y A (2B — 2 A Z)) =0, (D.4)
Using eq. (4.12) and eq. (4.14) it is possible to show that
jeBA—OHiO ) d<e3A+i‘7+A3(A1u2 —iovy) (R + ih2)>, (D.5)
so the first of these is solved trivially. In a similar vein, one can re-express
ie3AOH0 Ay (2B — 2 A7) = — 2(As — iA;ThD) A [ — a3 A0 (B ih2) A d((Ava — idgvr))+
(v — idgvy )d(Ase®A+ 0+ (B! + z’h2))] A dvs. (D.6)

The term in square brackets is exact so one need only consider d(Az — A3 'h3) to take the exterior
derivative. Clearly this gives zero when wedged into the second square bracketed term, as Mgy is
three-dimensional, the remaining term then vanishes once we apply eq.(4.13).

Moving on the eq. (D.2) we find three further conditions,
d(e2A_$w) =0, d(ezA_Z)(v/\j—i—w/\E)) =0, d(ezA_$(w/\j/\j—w/\ﬁ/\ﬁ—%/\j/\é)) =0. (D.7)
Using eq. (4.10) one finds that
A%y = —d(e2A/\1/\2v3), (D.8)
APy A G wAB) = AR AR? — A3 Az A B3) A vidvi — d(€2A M) A doy A dos — 24N Ao gVol(M3),
A (WA AN —wABAB—20A 5 AB) = —22A(hY A h2 — Mg ds A B3 A dBo,

where d3v = dvy A dvg A dvz. These are all closed due to eq. (4.11) and so eq. (D.2) is satisfied.

All that remains is to show that eq. (D.3) is also solved. It gives rise to the following conditions,
d(e4A_$v) + e xg Fy =0 (D.9)
d(e4A—5(w ANj—vA E)) — e4A( x6 [y + B A *61/7\4) =0,

AP (WAjAj—vABAB+2wAjAB)) +e* (2B AxFy+ B A B AxEy) =0.
First we need to find the flux terms which may be extracted from eq. (5.3). We have

~

€4A *6 F\4 = —d(€4AUZ‘d’UZ'), €4A(*6 F\g + E /\*Gﬁ4) = —d(€4Ad3U), E VAN E /\*Gﬁ4 = E N*xgFo =0,
(D.10)

8These are simply e"PA the standard differential supersymmetry condition the pure spinors must satisfy, which
may be found in section 4.1 of [78].
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where we use that x3F2 = 4dA. The terms inside derivatives can be manipulated with eq. (4.10)
to give

3 1
M=%y = e*y;du; — §d(e4AA%)\§),

e4A_$(w ANj—vA E) = —e* Py — eQAd(ezA)\l)\gvg) A (hl Ah% = A3 A3 A hg),
e4A_$(v ANjAj—vABAB+2wAjAB)=—2e*\sdvy A dvy A Vol(Ms). (D.11)

Acting on these with the exterior derivative and using eq. (4.11) then gives precisely minus the
contribution coming from the fluxes, solving eq. (D.3). This completes the demonstration that the
pure spinor conditions are solved after dualisation.
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