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doubled. A common feature of non-Abelian T-duality is that in the absence of any global
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with coordinates living in the Lie algebra of the Lie group involved in the dualization.
In backgrounds with CFT duals this poses obvious problems to the CFTs. In this paper
we show that for the new AdS4 background the gauge groups of the associated dual CFT
undergo a spectral flow as the non-compact internal direction runs from 0 to infinity, which
resembles Seiberg duality in AV = 1. This phenomenon, very reminiscent of the cascade,
provides an interpretation in the CFT for the running of the non-compact coordinate, and
suggests that at the end of the flow the extra charges disappear and the dual CFT is
described by a 2-node quiver very similar to ABJM, albeit with reduced supersymmetry.
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1 Introduction

Three dimensional Chern-Simons theories play an important role in condensed matter
systems, where they are often strongly coupled. In view of this it is interesting to construct
new AdS, solutions with 3d CFT duals. Many CS-matter theories with IIA /M-theory
gravity duals and varying supersymmetries have been studied [1]-[17] starting with the
N = 6 ABJM theory [18] and its extension to unequal ranks [19].} In this paper we
construct one further example in Type IIB through a non-Abelian T-duality transformation
on the ABJM background, and study some of the properties of its dual CFT. This solution
represents a generalization of the class of Type IIB solutions presented in [21] in which the
internal manifold does not have a direct product structure.

See also [20] for previous work.



Non-Abelian T-duality was first studied at the level of the string o-model in the early
90’s, when the authors of [22] extended to non-Abelian isometry groups the gauging pro-
cedure introduced in [23] for deriving T-dual geometries for strings in curved backgrounds
with Abelian isometries. In spite of its very close analogy with Abelian T-duality, non-
Abelian T-duality did not reach however the status of a string theory symmetry, for two
main reasons. First, the derivation in [22] only works for spherical worldsheets. Second,
unlike its Abelian counterpart [23], non-Abelian T-duality is only known to respect con-
formal symmetry to first order in o’. From a more practical point of view we also lack a
mechanism to extract global information about the dual background.

Yet recent research in non-Abelian T-duality, which started with the derivation in [24]
of the transformation rules of the RR potentials, has shown that it can be very useful
in generating new supergravity backgrounds with CFT duals, even if corrections may be
expected beyond the planar limit and strong coupling regimes. Interesting examples of
non-Abelian T-duals (NATD) of AdS spacetimes, such as a background closely related to
the V' = 2 Gaiotto-Maldacena geometries in [25], derived through NATD from AdS5 x S°,
were worked out in [24]. It was also shown (see also [26]) that NATD typically breaks su-
persymmetry by a half,? with the previous example providing a concrete realization of this.

The potential of non-Abelian T-duality as a solution generating technique was strength-
ened with the construction in [28] of a supersymmetry preserving AdSg solution to Type
1IB, obtained as the result of a non-Abelian T-duality transformation on the only known
supersymmetric AdSg solution to massive Type ITA [29]. This example provided the second
only AdSg solution known in Type IIB, where strong constraints imposed by supersymme-
try rule out the existence of more “standard” solutions [30], besides the Abelian T-dual
of the Brandhuber-Oz solution [28, 31]. It also provided the first NATD background with
supersymmetry fully preserved. It was later shown in [32] that this new solution can be of
relevance to the study of new classes of 5d fixed point theories with gravity duals [33, 34].
More recently, the conditions for the existence of AdSg x M, supersymmetry preserving
solutions to Type IIB have been derived [35], and even if no explicit solutions other than
the just mentioned Abelian and non-Abelian T-duals of the Brandhuber-Oz background
have been found, there are hints that other solutions such as those describing the (p, ¢)-five
brane webs in [36] may also exist.

Other NATD backgrounds with supersymmetry fully preserved and different applica-
tions in the context of the AdS/CFT correspondence have been derived in [37]-[41], with
some of them exhibiting interesting properties of the original dual CFTs, such as Seiberg
duality, domain walls, confinement or symmetry breaking. In the context of 3d field theo-
ries, confining ' = 1 Chern-Simons theories with multiple Chern-Simons levels have been
generated in [42].

In this paper we apply non-Abelian T-duality to the ITA background of ABJM and
obtain a new AdS, solution in Type IIB with a CFT dual whose properties we study.
The paper is organized as follows. In section 2 we summarize the main features of the

2When the isometry group acts without fixed points, while it is completely broken in the presence of
fixed points [27].



AdS, x CP? background. In section 3 we present the NATD solution and discuss some of
its most relevant properties. In order to describe the solution in terms of b € [0, 1), with
b= ﬁ| [ By |, large gauge transformations are needed which define a range for a newly
generated non-compact direction. We show that two charges interpreted as ranks in the
dual CFT as well as two charges interpreted as levels can be defined in the different ranges.
We finally analyze the conditions for the Kosmann derivative to vanish. These, together
with the SO(2) isometries preserved by the background point at N' = 2 supersymmetry.
Section 4 is devoted to examining different properties of the 3d dual CFT, and contains
the main results of the paper. We construct BPS color branes, responsible for the ranks
of the dual gauge groups, as well as particle-like branes with tadpoles and/or conformal
dimensions associated to the ranks and levels. The picture that arises is that the gauge
groups of the original ABJM theory are doubled in the dual, with large gauge transforma-
tions inducing a flow in the charges that resembles Seiberg duality in /' = 1. In section 4.3
we put all the results together and make a proposal for the 3d dual CFT in which the
gauge groups undergo a spectral flow, very reminiscent of the cascade, as the non-compact
internal direction runs from zero to infinity. This flow is the reflection in the CFT of the
running of the non-compact direction, and suggests that the field theories that are dual to
the solution for its different ranges could be equivalent to the field theory at the end of the
flow. This theory seems to be a 2-node quiver very similar to ABJM, albeit with reduced
N = 2 supersymmetry. In section 5 we construct various dual giant graviton configurations
which should allow to prove the presence of mesonic operators built out of bifundamental
fields in the dual CFT. In section 6 we compute the central charge, entanglement entropy
and free energy of the dual background and show that up to a constant, whose origin we
explain, they reproduce the results in the original ABJM theory. Section 7 contains the
Conclusions. Here we summarize the main results of the paper and speculate with a possi-
ble IIB brane realization of the dual CF'T. Finally, appendix A collects the transformation
rules of the RR fields under the NATD transformation and appendix B contains the explicit
derivation of the Killing spinors on our chosen parameterization of CP3.

2 The ITA AdS, x CP? solution

We express the metric of AdSy x CP? in string frame as
ds?, = lfdsid&l + L2d8ép3 = Ij (del‘iQ + dp’j) + LQdSépg (2.1)
and parameterize the CP? in coordinates adapted to its foliation in T™! = §2 x S3 [43)
dstps = d¢* + i <cos2 C(d6? + sin® B1dp?) + sin? ((dO3 + sin® Oadp3)
+ sin? ¢ cos? ¢(dvp + cos B1dey + cos 02d¢>2)2>
= dCQ—i-i < cos? ¢(dB34sin? 0,d¢?) +sin? ¢ (wi+w3)+sin® ¢ cos? ¢ (w3 +cos 91d¢1)2>

(2.2)
where 0 < (< 5, 0<0; <7, 0<¢; <27, 0 <9 <Ar.



The background supports non-trivial 2 and 4-form RR fluxes
k
Fy = ) ( cos? (sinf1dfy N dpp — sin? ( sin O2dBs N do
+ sin 2¢d¢ A (dip + cos 61d¢y + cos 92d¢2)> , (2.3)

Fy = g kEL?p*dt A\ dxy A dxg Adp.

The dilaton is in turn given by

L
¢ _ ~ 24
=7, (2.9
and the radius of curvature L by
2
4= 327; N (2.5)

The dual quiver has two nodes of rank N, which are realised in the geometry via the D2
brane charge on CP?

1
_ 3%5/ xFy=N. (2.6)

In addition to this there are two Chern-Simons terms whose levels k; = —ko = k are given

by the D6 brane charge on CP!
1

7 - FB=Ek. (2.7)
As we will dualize on a freely acting SU(2) isometry defined by ¢ and one of the two
2-spheres it would be useful to have a precise map that exchanges the spheres and does
nothing else. That way one can perform this map in the dual and get the equivalent result.
Such a map is given by

(o ¢+ g Fy — —Fy, (2.8)

which one can check is completely equivalent to (61, ¢1) <> (02, ¢2).

3 The IIB NATD AdS, solution

The AdS; x CP? background is invariant under freely acting SU(2) isometries on 1 and
any of the two 2-spheres parameterized by (01, ¢1) and (62, ¢2), that we denote by S7 and
S2. We will perform the non-Abelian T-duality transformation using the SU(2) that acts
on S3. The sigma model describing the propagation of a string on the NS-NS sector of this
background can be cast in the general form

L=Gu(X)0: X1O_ X" + Gu(X) (84 XPLL + 0_XMLY) + gy (X)L L7 (3.1)

Here LY, = —iTr(t'g~'0+g), with g the element of SU(2) parameterized by (¢, 0, ¢2), t*
stand for the generators of SU(2), and X* run over AdSy, ¢ and S?. Using the invariance of
the sigma model under g — hg, with h € SU(2), the following non-Abelian T-dual NS-NS
background can be generated (see for instance [44])

L =G0y XFO_XY + (040 + 04 X'Gi) M, (0_vj — G0 X1). (3.2)



Here M = g+ f, with f the SU(2) structure constants in the normalization [t!, /] = ie; ¥,
and g has been replaced by the Lagrange multipliers v;, ¢ = 1,2, 3, which take values on
the Lie algebra of SU(2). The Lagrange multipliers enforce the flat connection condition
in the proof of equivalence between the original Lagrangian (3.1) and its NATD (3.2) [22].
The dual metric and NS-NS 2-form read

1 D B - 1
9ij = §M(ij) ) Bij = §M[ij] ’ Gip = _§M[ij]Gju

~ 1. ~ o

B, = —iM(ijl)Gju G =G — M GGy, (3.3)

where in our conventions My = My + Mj; and My = M;; — Mj;. The dilaton in turn
transforms as

b — d— %log (detM) . (3.4)

The general procedure to generate the dual RR fields was worked out in [24], and
later applied in [26] to obtain general formulas for the duals of M7 x S® backgrounds with
warpings depending on the My directions and RR fluxes consistent with this structure.
For backgrounds such as the AdS; x CP3 spacetime in this paper, which contain different
warpings for the fibre and the S? directions of the S2, the transformations of the RR fields
were worked out in [38]. They are listed in the appendix for completeness.

Particularizing the previous general results to the AdS; x CP? background we find for
the NS-NS sector

L? 1
ds? = st,%ld&; + L2 (dg2 +3 cos? ¢ (d6? + sin® eldgbf)) +ds3, (3.5)

where ds% stands for the 3-dimensional metric:

1

dsj = ————
%7 16 det M

[LA‘ sin ¢ (dr2 + r2dx? — sin? ¢ (sin ydr + r cos xdx)?
+ 72 cos? ¢ sin? x (d€ + cos 01d¢1)2) + 16r2dr2} , (3.6)

and we have used spherical coordinates to parameterize the v; Lagrange multipliers living
in the Lie algebra of SU(2)

vy = rcosésiny, vy = rsin&siny, V3 =T COS X . (3.7)

In (3.6) detM is given by:

L2
det M = o sin? C<16r2(sin2 x 4 cos? x cos? ¢) + L*sin* ¢ cos? () . (3.8)

The dilaton reads in turn
o_L_ 1
k /detM
Both the scalar curvature and dilaton remain small when L > 1 < N > k. This sets the
regime of validity of the NATD supergravity background.

(3.9)



Moreover, a Bs field is generated that reads:

L?sin% ¢

By— >~ >
27 6adetM

[—L4r cos? ¢ sin® ¢ cos 0y sin x doy A dy
— 1672 (T(COS2 ¢ cos® x + sin? x) Vol(52) + sin? ¢ sin? y cos x dé A dr)
— cos® ¢ cos B cos x (Ltsint ¢ + 1672) dr A dqbl] , (3.10)

where we have denoted by S? the 2-sphere spanned by the dual coordinates (x,§).
Together with this we find the RR sector:

k
= 5 (r sin2 Csinydy — sin® Ccosxdr —rsin 2(cosxd§> (3.11)
. k
Fy = _%kL4 sin® 2¢ d¢ A Vol(S?) + B (7“ dr A (cos® ¢ Vol(S2)+ (3.12)

+ sin 2¢ cos By d¢ A doy + sin 2¢ sin? x d¢ A d€) — 7% sin 2 cos x d¢ A Vol(5'2)>
Fy = —6i4kL6 sin® ¢ cos ¢ dVol(AdSy) A d¢ + gkLQT dVol(AdSy) A dr+
k 2 2 2 : Q2
57 (cos ¢ Vol(S2) + sin 2 cos 6y dC A d¢1) A dr A Vol($2), (3.13)

where Fj, = dC,_1 — H3 A C_3 and F = Fe~ P2 (see e.g. [45]). The Page charges will be

computed from F according to d * F =% jPage

. The electric-magnetic duals of these field
strengths can be found in the appendix.

As we can see, the original SU(2) isometry used in the dualization has disappeared in
the dual background, as is usual under a NATD transformation. Moreover, a singularity
appears at the fixed point ¢ = 0, where the squashed S® used in the dualization shrinks
to zero size. This is completely analogous to the singularity that comes out after Abelian
T-duality on a shrinking circle. At ¢; = constant the geometry spanned by ¢ and S? close
to ¢ = 0 is conformally a singular cone at ¢ = 0, with an 52 boundary. Some configurations
in the dual CFT such as some color branes and 't Hooft monopoles will be realized in the
gravity dual as branes wrapping this 2-sphere.

Moreover, at ( = 0, ¢1 = constant, the By field reads
By = —7r Vol (§?%). (3.14)

Large gauge transformations
By — By + nmVol(5?) (3.15)

must then be defined such that the B field holonomy around S? satisfies

1
b=— B 1 1
sl [ B2l € o), (3.16)

for r € [nm, (n + 1)7). This division of RT in [n7, (n + 1)7) intervals will have important
consequences when we analyze the quantized charges that can be defined in the background.

Indeed, in the absence of any global information under non-Abelian T-duality, the
Lagrange multipliers are just constrained to live in the Lie algebra of SU(2), which implies



that » € RT. If this variable had been generated through Abelian T-duality, its periodicity
would have been fixed by imposing that the gauging procedure used to construct the
dual worked as well in non-trivial worldsheets with non-contractible loops [23]. Extending
the non-Abelian T-duality transformation beyond spherical wordsheets is however a long-
standing open problem [46], that brings along our lack of knowledge on the global aspects
of the newly generated background. Previous approaches in the literature in order to
extract global information in NATD generated backgrounds have focused on demanding
consistency to the associated dual CFT (see for instance [32]). Indeed, from the dual
background alone it is not possible to extract any global information, since it is perfectly
regular for all » € RT. As emphasized in [32] this poses a puzzle to the dual CFT, since r
should be compact in order to avoid a continuous spectrum of fluctuations.

In our example in this paper the non-trivial relation between the parameter that labels
large gauge transformations, n, and the r direction, imposed by the condition (3.16),
provides crucial global information. We will see that as r approaches infinity in [nm, (n +
1)m) intervals, the gauge groups of the dual CFT undergo a spectral flow very reminiscent
of the cascade of [47], with the important difference that in this case the flow parameter is
not the energy scale but the r internal direction. This phenomenon will allow us to relate
the different field theories used to describe the solution as r changes interval, to the field
theory for r € [0, ).

3.1 Quantized charges

Let us start by analyzing the different charges that can be defined in the dual background.

The transformations of the RR fields under non-Abelian T-duality (see appendix A)
show that a F; RR field strength transverse to the S on which the dualization is performed
gives rise to two, Fy11 and Fjy3, field strengths, whose extra components lie on M; (the
space spanned by the r-direction) and M; x 52, respectively. In turn, a Fj field strength
with components along the S? gives rise to two, F,_3 and F,_1, RR field strengths in which
the 53 directions have either disappeared completely or been replaced by the two directions
along S2. Accordingly, Dp-branes transverse to the S give rise to D(p+1)-branes wrapped
on Mj, and D(p + 3)-branes wrapped on M; X 52, In turn, Dp-branes wrapped on the
S3 give rise to D(p — 3)-branes transverse to M; x 52, and D(p — 1)-branes wrapped on
52 and transverse to M. As we will see, these branes have a direct interpretation in the
dual CFT.

The picture that arises is that a given brane in the original theory gets mapped into a
pair of D-branes with relative co-dimension 2. The charges of the original CFT are therefore
generically doubled in the dual CFT. Given that the dual background contains a non-
vanishing B» field, the charges that should be quantized are the Page charges, associated
to the currents d x F' = xjla9e  with F=Fe B2 In generic backgrounds, such as the one
considered in this paper, other lower dimensional fluxes besides the ones mentioned above
may also be generated through the NATD transformation (such as the F} in the previous
section). Although these fields contribute to the previous Page charges, they do not seem
to give rise to new ones with a direct interpretation in the dual CFT. In general grounds,



given our lack of knowledge of the global properties of the NATD background it is not easy
to identify the cycles that should be responsible for these charges.

Let us now particularize this discussion to the AdSy x CP? background and its NATD.
The Fy flux on the CP? gives rise to F3 and Fj field strengths lying respectively on the ¢,
S? and ¢, S%, 52 directions of the dual geometry. F is however only non-vanishing in the
presence of large gauge transformations of the By field. Since the charges associated to Fj
and Fy are the ones to be interpreted as the ranks of the dual gauge groups, we seem to
find two gauge groups associated to each U(N) in the original theory, when we allow for
large gauge transformations in the dual background. We will see that consistently with
this picture, two types of color branes and baryon vertices exist in the dual theory, with
tadpoles, for the last, given by the quantized charges associated to these fields.

The F, flux of the AdSy x CP? background transforms in turn in a well-defined manner
under non-Abelian T-duality when it lies on the S? that remains neutral under the dual-
ization. This is the S? seated at ¢ = 0, which we have previously referred to as S?. Fy gives
then rise to both F5 and Fy field strengths in the dual, lying on the M, S7 and My, S?, 52
directions, respectively. Since the associated quantized charges are to be interpreted as the
levels of the dual quiver, D3 and D5 ’t Hooft monopoles should exist in the dual geometry
with tadpoles given by these charges. These branes are constructed in the next section.

The Page charges associated to the previous field strengths are obtained from the

quantization condition
1

2
2 kY

/ F, =Ty Ns_p. (3.17)

Integration over the ((, 61, ¢1) components of Fy gives a charge:
_ kL*

= i

that should be interpreted in the dual CFT as the rank of one of the dual gauge groups.
Note that this charge cannot be an integer if L satisfies (2.5). Instead, L will be defined in
the dual theory from the ranks and levels of the dual gauge groups through new relations

N5 (3.18)

that we will derive below. That integer charges are mapped onto non-integer ones is a
generic feature under non-Abelian T-duality, and it is due to the fact that the volume of
the n-dimensional space on which the dualization is performed violates the condition

Ty = (20)"T, , (3.19)

that is implicit in (3.17). In our particular case the tensions of the D2 color branes of the
original background and the D5 color branes of the NATD are related through the volume
of the S3: Ty = 272 T, which indeed violates (3.19).

As we already mentioned, we can see from (3.13) that the ¢, S?, 52 components of Fy
are zero in the dual background. Therefore in the absence of large gauge transformations
the rank of the second gauge group vanishes. This is not so however in the presence of
large gauge transformations, where F5 becomes

Fy — E5 — F3 AnmVol(5?), (3.20)
and D3-brane charge, N3 = nNs, is generated through (3.17).



The levels of the dual theory are in turn given by

Lo, Lo
k5—W/F3, kg = (%)4/1@5, (3.21)

with the integration taking place over (7,01, ¢1) for Fy and (r,01,¢1) plus S? for F. Note

that in the presence of large gauge transformations

1 . 1 o N
ks = @t /F5 — @ /(F5 — F3 AnmVol(S?)) (3.22)

and r must be integrated on [nm, (n 4 1)m). This guarantees positive levels for all n:

1
2n+1)m kgzk(3n+2)7r'

bs =k —— 12

(3.23)
The levels of the two dual gauge groups thus satisfy (3n + 2)ks = 3(2n + 1)ks , showing
that they can be integers at the same time. In the absence of large gauge transformations
2ks = 3k, and both levels are non-zero even if the rank of one of the dual gauge groups
is fully depleted. The expressions in (3.23) show on the other hand that k3 and ks cannot
be integers if the original level k is an integer. This is again due to the fact that the
relation between the tensions given by (3.19) is violated by the non-Abelian T-duality
transformation.

The NATD background is fully consistent globally if L satisfies, in terms of the quan-
tized charges of the dual background,

N,
ks A — 327‘(2 <N3 + 25> , (324)
or,
2
ks L* = 1672 <N3 + 3N5> . (325)

These expressions resemble the functional dependence of the radius of curvature of the
original ABJM theory on the 't Hooft coupling, A = N/k,

kL' = 327N, (3.26)

and are very suggestive of a 't Hooft coupling defined as the quotient of a rank by a level
in the dual CFT. We will come back to this point in section 4.3.

Finally, the regime of validity of the NATD solution becomes, in terms of the dual
ranks and levels, N5, N3 > ks, k3.

3.2 Supersymmetry

The condition that SUSY is preserved under non-Abelian T-duality is believed to be given
by the vanishing of the Kosmann derivative [24]. Indeed it was proven that this is the
case when performing an SU(2) isometry T-duality on a geometry with an SO(4) isometry
in [26]. Here we will take the view that this is also the case when the isometry is SU(2),
and leave a detailed proof for work in preparation [48].



The Kosmann derivative is defined as [49]
1
Lre = k?Dgye + 3 (dK),, T (3.27)

where k = k%0, are Killing vectors and K = k,dz® are their dual one forms. For our SU(2)
isometry there are 3 Killing vectors

k(1) = — cos ¢20s, + cot 02 sin ¢20,, — csc bz sin P20y, (3.28)
k(g) = —sin @20y — cot b2 cos P20y, + csc 02 cos P20y, (3.29)
kzy = —0p, (3.30)
which satisfy the SU(2) conditions [k, k)] = —€abck(e)- The Kosmann derivative must

vanish for each of these for SUSY to be preserved. Any additional conditions that the
spinor must satisfy in order to make this so will reduce the supersymmetry, typically (but
not always) by half.

The Killing spinor of ABJM is rather complicated and we defer an explicit derivation
until appendix B. However one can make use of the fact that the geometry of ABJM lends
itself to a 4+6 split to express the spinor as

€ = XAdSs @ Ncps- (3.31)

The 4d spinor xa4s, preserves maximal supersymmetry, i.e. 4 supercharges, while the 6d
spinor ncps preserves 6. This gives a total of 24 preserved by e. The specific form of 7cps
is given by (B.14), and in general depends on all coordinates of CP? as well as 6 arbitrary
constants. However it is possible to define a restricted spinor that depends only on ¢ and
two constants. In the frame of eq. (B.1) this is given by

Neps = (0, ¢1cos(,crsin(, 0,0, —casin ¢, ¢ cos ¢, 0)T. (3.32)

Such a spinor represents 2 preserved supercharges, but is constant with respect to the
directions 0s, ¢2, 1, so we need only to satisfy the condition

1

where 7% are 6 dimensional gamma matrices (see appendix B). It is a relatively short
computation to show that

1
dK ) = 3 <2 cos C( cos 5 cos 1 sin ¢o + cos @9 sin 1,/})614 + sin 65 sin @9 (623 + 3¢
—cos2¢(2e'0 + e + 645)) + 2 cos ¢ cos 02 sin ¢ sin (e + %) — cos ¢e56)

— 2 cos  cos ¢z cos (e + e19) 4+ sin 1/1656)> ,

1 .
dK g) = 5 (cos posin by ( — e — 3¢ + cos 2¢(2¢'0 + e + %%))
—2cos C cos ¥( sin po(e'® + €*0) + cos b cos g (et — €°))

+ 2cos ¢ sin ) ( — cos By cos Ba(e + e19) 4 sin g (el — 656))> ,

,10,



1
dK (3 = 5 cos 0o (623 + 3¢ — cos 2¢(2e!0 + e + 645))

— cos(sinfy(sintp(e'® + e*%) + cosip(e!t — €7%)), (3.34)
and using eq. (B.3) one finds that
dK ;) + k@)wa,bcebc =0. (3.35)

This proves that the Kosmann derivative vanishes for any spinor that is constant with
respect to 02, 2,1, and in particular for the one given by eq. (3.32). We can therefore con-
clude that the internal space of the Type IIB geometry preserves at least 2 supercharges,
which gives a total of 8 supercharges preserved by the whole space. That is, the NATD
solution preserves at least A/ = 2 supersymmetries in 3 dimensions, with possible enhance-
ments for specific values of k as in ABJM, or at specific points in the space. Note that
N =2 is fully consistent with the isometries present in the dual background.

4 Analysis of the dual CFT

In this section we identify various branes associated to the quantized charges found in
section 3. We show that large gauge transformations generate changes in these charges and
thus in the field theory used to describe the solution. We find that in parallel with ABJM
there are particle-like branes whose tadpoles and conformal dimensions are associated to
these charges. Putting all this information together we finally conjecture a C'F'T3 dual to
the new AdS, solution. This field theory changes as r moves from 0 to infinity through a
phenomenon very reminiscent of the cascade [47] that allows for a possible interpretation
in the CFT of the running of the non-compact direction.

4.1 Color branes

Let us start by studying the supersymmetric locii of probe branes filling R; 2. According
to the discussion in section 3.1 we expect to find D3-branes wrapped on Ry o x M; and
D5-branes wrapped on Ry o x M7 x S2. These branes should be responsible for the N3 and
N5 charges.

The DBI action of a D3-brane wrapped on Ry x Mj reads, at ¢ = 0:

kL? ksL?
D3 _ —b 3_ ks 3
= _T =-T5 | — =— . 4.1
SpBI 3/6 V3 3 87“P 3%2/%7 (4.1)
This expression is equal and of opposite sign to the CS action, which implies that the
D3-branes are BPS when located at ¢ = 0,® the tip of the cone with S? boundary discussed
in section 3. (4.1) is, on the other hand, identical to the BI action of the color D2-branes of
the original ABJM theory, with k replaced by k5. The level of the probe D3-brane is thus

¥Note that this is similar to the findings in [8] for color D2-branes in the S-deformed ABJM background,
which preserves N' = 2 supersymmetries.
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given by the Page charge k5. This is confirmed by the analysis of the quadratic fluctuations
of the D3-brane, which gives an effective YM coupling

1 1 ks
S = /F%, with  —— = —p. 4.2
gps " 9ps 8 “2)

A Db5-brane wrapped on Ry o x M x 52 also experiences a no-force condition when
located at ¢ = 0. This brane should be associated to the gauge group with rank N5. In
this case the DBI action and (minus) the CS action read,?

kL? ksL?
Shb1 = T5/6_¢ det(g — B2)| = Ts/zﬂ(rmr)rps = /p3. (4.3)

3272

The quadratic fluctuations give in turn an effective YM coupling:

1 1 k
S = /921)5}73,, with i §3p. (4.4)
These results identify ks as the level of the gauge group associated to D5-branes. Note that
ks, and therefore g%, is positive for r € [nm, (n+ 1)7) (which is implicit in the integration
in (4.3)), while already for r € [(n — 1)7, nm) it becomes negative. In that interval it can
be made positive if n — n — 1. Moreover, the D5-brane CS coupling Sgg = —T5 [ C4 A By,
includes a term

Sgg = —T5/C4 A nTrVol(SZ) = —’I’LT3/C4, (4.5)

which implies that the D3-brane charge dissolved in the D5-brane decreases in one unit
when moving from the [n7, (n 4 1)7) interval to the previous one. Since, as we have seen,
N3 = nNs, this changes the Page charge of the D3-branes as:

N3 — N3 — N5 (4.6)

This resembles Seiberg duality in A/ = 1 [50]. Note moreover that both the D3 and D5
color branes are located at the tip of the cone, with the D5-branes wrapping a collapsing
2-cycle at the singularity, and acting as domain walls in AdSy x M;. These branes thus
seem to play the role of the fractional branes in [51], with the important difference that
both the D3 and the D5-branes are now lying on the r internal direction. We will discuss
further our interpretation of the N3 — N3 — N5 flow in section 4.3.

Finally, D5-branes wrapped on Ry o x M; X 52 can be shown to arise from systems of
coincident (m + 1) D3-branes wrapped on R; 2 x M; by Myers dielectric effect [52]. This
holds true even in the absence of large gauge transformations. Note that the D3-branes
are BPS at ( = 0, where a non-trivial 2-sphere 52 exists, into which they can expand. The
relevant dielectric coupling in the CS action responsible for this expansion is

SPh=i5e [ STel(ixix)(Co - CinBa)}, (4.7)

4For the computation of the CS action we have used that d(Cs — B2 A C4) = F7 — B2 A F5 in our
background, and that F7 vanishes at ¢ = 0.
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which gives:

3272 /m(m + 2)

This reproduces the CS action for a D5-brane wrapped on R o x M; X 52 given by mi-

(4.8)

nus (4.3), in the large m limit, and coincides exactly with minus the dielectric contribution
to the DBI action of m + 1 coincident D3-branes, computed from

Sppr = —T3/ST1“{(¥¢¢§M} , (4.9)

where .
Q=0+ — (X", X"(g — Ba)y; - (4.10)
2

This result shows that the dipole coupling in the action of coincident (m + 1) D3-branes
reproduces a Db5-brane wrapped on S2. The monopole coupling gives in turn (m + 1)
D3-branes, described by (4.1).

The existence of two types of BPS branes with an interpretation as color branes sup-
ports our statement in the previous section for a doubling of each of the U(N) gauge groups
of the ABJM 2-node quiver. Moreover, the role played by the D5-branes as “fractional”
branes, further suggests N3 + N5 and N3 as the ranks of the respective gauge groups. We
will see below that di-monopole, 't Hooft monopole, di-baryon and baryon vertex configura-
tions can be constructed for all N3, k5, N5, k3 charges. BPS D3-branes wrapped on Ry 2 x ¢
as well as D5-branes wrapped on Ry x ¢ X 52, dual to the BPS D6-branes wrapped on
Ry2 x ¢ x S of the original ABJM theory, can also be constructed.

4.2 Particle-like branes

Particle-like branes in ABJM are topologically non-trivial configurations associated to the
homology cycles of the CP? internal space [18]. A D2-brane wrapped on an S? captures
the RR 2-form flux, and develops a tadpole with charge equal to the level of the dual gauge
group. This brane is interpreted in the field theory as a 't Hooft monopole. A D4-brane
wrapped on a C'P? does not capture any of the background fluxes, and has the same baryon
charge and dimension as the di-baryon operator of the field theory [51, 53]. The D6-brane
wrapped on the CP? captures the flux of the Fg field, and develops a tadpole with charge
equal to the rank of the dual gauge group. This brane is the analogue of the baryon vertex
in AdSs x S° [54]. Finally, a DO-brane is gauge invariant and has conformal dimension
equal to the level of the gauge group. This brane is referred as the di-monopole.

In this section we show that all these brane configurations exist in the NATD theory
associated to the N3, ks, N5, ks charges found in section 3.1.

4.2.1 Di-monopoles

Di-monopoles in ABJM have conformal dimension equal to the level of the gauge group
and correspond to Wilson lines in the (Symy, Sym,,) representation [10]. In the gravity
dual they are realized as DO-branes, with mass mpoL = k and no tadpoles. In the NATD
background there are two branes dual to the di-monopole configuration, namely a D1-brane
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wrapped on M; and a D3-brane wrapped on M; x S2. As for the color branes discussed in
the previous section the D3-brane arises from a system of coincident D1-branes by Myers
dielectric effect.

The D1-branes have an energy proportional to ks when they sit at ( =0

_ k
SB%I:—Tl/e ¢\/§:—I?/\/|gtt|dt (411)

while the D3-branes have an energy proportional to k3 also while seated at ( =0

i k
Sgglz—Tg/e ¢\/|det(g — By)| :—5/\/\gtt|dt, (4.12)

with k5 and ks given by (3.23). We thus find that there are di-monopole configurations
associated to the two charges that can be interpreted as levels in the dual CFT. These (or
combinations thereof)® should correspond to the conformal dimensions of the di-monopole
operators in the dual CFT.

4.2.2 ’t Hooft monopoles

't Hooft monopoles are realized in ABJM as D2-branes wrapping 2-spheres in the CP3.
These branes have tadpoles of k units and correspond to k& Wilson lines in the representation
Sym;, ending on a point [10, 18]. Of these, the D2-brane wrapped on the S? at ( = 0 survives
after the NATD transformation. According to our general discussion, we should find a D3-
brane wrapped on M x 512, and a D5-brane wrapped on M; X Sf x 52 in the NATD. We
have indeed found these branes, with tadpoles with k5 and k3 charges, respectively. These
should correspond to this number of Wilson lines in the Sym,,_, Symy, representations
ending on a point. As in the previous sections, the D5-brane arises after the expansion of
coincident D3-branes into the 52 through Myers dielectric effect.

From (3.12) we see that a D3-brane wrapped on M x S% carries a tadpole with charge

SL3 = —27TT3/F3 A = —kg,/tht, (4.13)
when located at ¢ = 0. In turn, a D5-brane wrapped on M; x S% x S? carries a tadpole
SDS = —on Ty /(F5 — F3 A By) Ay = —ks /dt Ay, (4.14)
when placed at ( = 0.
Finally, the ks tadpole charge of the D5-brane in its dielectric description arises in a

system of coincident D3-branes from the dielectric coupling

SP3 = —iTg/STr{(iXiX)(F5 — F3 A By)} Ay (4.15)

5See the discussion in section 4.3.
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4.2.3 Di-baryons

The di-baryon operator in the ABJM theory, detA = eil,_,iNejl“'jNA;ll .. .A;%, with A one
of the bi-fundamentals, is realized in the gravity side as a D4-brane wrapped on the (¢, ¥)
directions and any of the two 2-spheres S?, S3. These sub-manifolds span a CP? inside the
CP3. The energy of the D4-brane coincides with the conformal dimension of the di-baryon
operator, mpys L = N [51, 53].

The di-baryon wrapped on S3 survives after the NATD transformation. Thus, ac-
cording to our general pattern above, we expect to find a D1-brane wrapped on ¢ and a
D3-brane wrapped on ( x 52 as duals of this configuration. These branes do indeed have
conformal weights equal to N5 and N3, respectively, and no tadpoles on their worldvolumes.

The D1 di-baryon sits at » = 0, where its DBI action is given by

_ N5
551131 = —Tl/e (b\/ \gtt\gcc = _L/\/ \gtt|dt- (4-16)

Therefore mpy; L = N5. A D3-brane wrapped on ((, x, ) and sitting at » = 0 has in turn
a DBI action

- n N, Y
SPyr = T3/€ ¢\/\9tt|gg‘<det(g — By)lg: = 77L5 /\/ |g1e| dt = 773 / Vgl dt,
(4.17)
and mp3 L = N3. The energy of this di-baryon is entirely due to the DI-branes that are

induced in its worldvolume by the contribution of large gauge transformations to the CS
term —713 fCQ A Bsy:

Sgg = —Tg/CQ A TLTFVOI(SQ) = —nT1 /CQ . (4.18)

Therefore it does not exist when the dual gauge group with rank Nj is fully depleted.

The existence of di-baryon configurations in the NATD background suggests the pre-
sence of bifundamental fields in the dual CFT. This is also suggested by the giant graviton
analysis in section 5.

4.2.4 Baryon vertices

The baryon vertex is realized in ABJM as a D6-brane wrapping the whole internal space.
This brane has a tadpole of N units and corresponds to N Wilson lines ending on an €
tensor. As before, there are two D-brane configurations dual to it, consisting in this case
of a D3-brane wrapped on ¢ x S? and a D5-brane wrapped on ¢ x S7 x S2. These branes
have tadpoles with charges equal to N5, N3, respectively, and should correspond to this
number of Wilson lines ending on €1Ns or €13 epsilon tensors.’

From (3.12) we see that a D3-brane wrapped on ¢ x S? has a tadpole with charge

Sggr == —27TT3/F3At :Ng,/tht. (419)

SNote that if the rank of one of the gauge groups is N5 + N3, as we will propose in the next section for
the dual CFT describing the solution for r € [nm, (n + 1)) for n # 0, the N5 + N3 Wilson lines ending on
€1 iN5+N3 will be realized in the AdS background as bound states of D5 and D3-branes.
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In turn, a D5-brane wrapped on ¢ x S? x 52 carries a tadpole

Sgg: —27TT5/F5At = —nN5/tht: —Ng/tht. (4.20)

Therefore this second baryon vertex only exists in the presence of large gauge transforma-
tions.

4.3 A conjecture for the dual CFT

Let us now put all these results together to try to propose a CFT3 dual to our new AdSy
solution.

The existence of two types of color branes suggests that each gauge group of the original
U(N)g x U(N)_j Chern-Simons theory is replaced by a two node quiver. This is confirmed
by the quantized charges that can be defined in the dual background. Consistently, we
have also found that the same particle-like brane configurations that exist in ABJM exist
in the NATD for each of the two dual gauge groups. Note that some of these branes have
to sit at the singularity, ¢ = 0. Still, their worldvolumes are perfectly well-defined.

An important role is played by large gauge transformations of the Bs field, that can
be defined thanks to the existence of the non-trivial 52 at ¢ = 0. For a given large gauge
transformation with parameter n, the non-compact direction r must live in the interval
[nm, (n + 1)7). The D3 and D5 Page charges that should be related to the ranks of the
two dual gauge groups are given in this interval by N5, N3 = nNj, and change under
n—n-—1as

N5 —>N5, N3 —>N3 —N5. (421)

As we have seen, this change allows to have positive squared couplings as r decreases.
Now, if we identify the ranks of the gauge groups of the 2-node quiver as [55]

rp = N3+ Ns, rs = N3, (4.22)
(4.21) reduces to Seiberg duality [50]
L= T, rs —>21rs — 7. (4.23)

Note however that from (3.23) we learn that the levels should transform as well, and quite

non-trivially, under n — n — 1:
k3—>3k5—5k3, k5—>7k5—12]€3, (4.24)

while they are both non-vanishing for n = 0, where they satisfy 2ks = 3k3. The behavior
of the ranks under the flow as well as the results in section 4.2, which associated kg with
the level of the D5-branes and ks with the level of the D3-branes, suggest a 4-node quiver:

U(Ng + N5)k3 X U(Ng)ks X U(N3 + N5),k3 X U(N3),k5 , (425)

with N3 = nN5 and k3 and ks as given by (3.23), as dual CFT to the solution for r €
[nm, (n + 1)m). Note however that, as in [55], there is an ambiguity in the assignment
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of levels to the gauge groups. Here we have followed the criterium that ks should be
the level associated to color D3-branes, responsible in turn for the rank of the second
gauge group. There may be however other arrangements with a more direct physical
interpretation.” Note as well that in the absence of any global information coming from
the NATD transformation we can only conjecture that the nature of the gauge groups is
not changed under the transformation. Finally, the existence of the di-baryon and baryon
vertex configurations discussed in the previous section suggests that the matter content
should consist on two sets of N3 + N5 and N3 bifundamentals, one for each pair of dual
gauge groups with opposite levels. We will see that this is supported by the giant graviton
analysis in the next section.

The previously proposed CFTs would then provide the best description (one in which
the squared gauge couplings are positive) of the NATD solution as r runs from 0 to infinity
in intervals of length 7. Invariance under large gauge transformations suggests, on the
other hand, that these theories should have the same field content as r varies, with only
the ranks and levels shifting by some integer.® In other words, we expect the dual CFT to
be self-similar under the flow defined by (4.21) and (4.24). This would imply that all 4-node
quivers should be equivalent to, in particular, the two node quiver U(N3)g, x U(N5)_p,,
that describes the solution for r € [0, 7). This suggests a dual CFT similar to ABJM albeit
with reduced supersymmetry. We will further speculate in the Conclusions with a possible
brane realization in Type IIB based on the way NATD acts on the original ABJM brane
system. In this field theory N5 and k3 would be subjected to the relation

ks Lt = %WQNS, (4.26)
which is derived from either (3.25) or (3.24) for n = N3 = 0. This is suggestive of a 't
Hooft coupling A ~ N5 /ks3 in the dual CFT.

It would of course be interesting to understand better the nature of the flow that
is implied by large gauge transformations. Note that given that the gauge couplings are
defined in terms of the levels k3 and k5, they must transform quite non-trivially. It would in
particular be interesting to see if an interpretation in terms of the Higgsing in [56] could be
at work in this case. Finally, note that this is different from Seiberg duality in 3d CS-matter
theories [57], of which Seiberg duality in ABJ [19, 58], which relates U(N +1) x U(N)_y to
U(N)g x U(N +k—1)_ N = 3,6 superconformal CS-matter theories, is a particular case.

5 Giant graviton configurations

Mesonic operators built out of bifundamental fields correspond in the gravity dual to dual
giant gravitons [59, 60] wrapped on an S inside AdS,, [61]. We show in this section that
D3 and D5 dual giant graviton configurations exist in the NATD background that should
be dual to these operators in the CF'T. More information could be extracted from these
configurations upon quantization, following [62]-[64] (see also [65]).

"Notice for instance that ks — 2ks remains invariant under the flow.
8Tt is puzzling however that the di-baryon configurations found in section 4.2.3 have to sit at r = 0.
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In this section it is more convenient to express the AdS, metric in global coordinates,
dual to radial quantization in the CFT

dp?

1+ p?

d5,24d34 = —(1+ p?)dt* + + p?ds%. (5.1)

Let us start by analysing the supersymmetric fuzzy sphere solution constructed in [66]
in ABJM. This object is the dimensional reduction of the M-theory dual giant graviton,
and no longer propagates in Type IIA, but predicts a new class of supersymmetric states
in ABJM. It is described as a D2 brane with embedding ¢’ = (¢,5%) and non trivial
worldvolume flux

F= %VOZ(SQ), (5.2)

dissolving M DO0-branes. The action of the D2 brane is then given by

Spo = _TQ/d3ae_¢\/— det(g+27rF)+T2/C3

kL? —— [16M?272
7T

where in the first line the pullback onto o should be understood. As the integrand has no t
dependence the minimum energy condition is obtained by minimising Spo, which leads to

4Mm
L2

p=0, p= (5.4)

The second of these is the fuzzy sphere solution that descends from the M-theory giant
graviton, in either case the energy is given by

E="r. (5.5)

We seek a similar dielectric brane solution after the T-duality. The established SU(2)
transformation rules tell us to seek a D3-brane on o} = (¢,59%r) and a D5-brane on
ob = (t,52%,r, 5’2) In order to do this we will need the fact that, on these embeddings

. 1
dLwzps=Fy=d <8kL2p3rdt AVol(S8%) A dr>

. 1 -
dlwzps = Fr=d <8k:L2p3r(r —nm)dt AVol(S?) Adr A Vol(S2)) : (5.6)

where in writing the D5 WZ term we have first performed n large gauge transformations.

Let us look at the D3 brane in some detail. We once more turn on a worldvolume gauge
field as in eq. (5.2), which will now be associated to M D1-branes, and fix the coordinates
orthogonal to of = (t,5%,r) to arbitrary constants. The integrand of the D3 DBI action
contains the factor

LpBI,D3 = —e g+ F ~ \/167“2 + L4(cos? x + cos?  sin? y) sin? C. (5.7)
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This encodes all the ¢ dependent information about the D3-brane and is solved for ¢ = 0.
The action of the D3 brane is then given by

Spy = —T4 / d*ore ?\/—det(g + 2rF — By) + Ty / Lwzp3 (5.8)
ks L2 3 5 [16M3272
= S dt P — m T +p 5 (59)

and it is once more minimized by

AMm
where the second of these is the fuzzy sphere solution. For either solution
ks M
E = 5? (5.11)

Performing the analogous calculation for the D5 brane on o4 = (¢, 52, , S 2) leads to

_ ksM
2
which once more shows that k is replaced in the NATD theory by ks and ks, with k5
associated to D3 and k3 associated to D5 branes. It is likely that these objects are related
through duality to dual giant graviton configurations in M-theory, as in [66].

E (5.12)

We would now like to consider fuzzy sphere like solutions that propagate in the internal
space. These are genuine Type II dual giant gravitons, that should be dual to singlet
operators of the bifundamental matter fields [66]. Once more following [66] in ABJM (see
also [67]) we consider a D2 brane with embedding o' = (¢,.5%), however this time we fix
the internal coordinates as

¢1 = ¢1(t)7 47 917927¢27¢7p = constant. (513)

The action of the D2-brane is given by

kL? 3 2 2 2 A (gin2 in2 2 12
SD2:87 dt (p —p \/1+p — cos? ((sin”® 01 + sin” € cos 91)¢1>. (5.14)

The equations of motion for ¢, 01, 0> are solved for two cases: ¢ = 7, 61 = 0 and ( = 0,
¢h = 5, which reduce in the end to the same solution. A Lagrangian describing the motion
of the D2-brane may then be written as

kL? 2 / 2 _ 2

The Hamiltonian reads

kL2

: P2
H=Pydi~L=—=|V1+7 %+p4—p3 , (5.16)
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and it is minimized by
8m Py,

kL?
The first of these is a graviton and the second a giant graviton solution. The energy of

p=0, p= (5.17)

both configurations is
E=P,,. (5.18)

We would now like to find an equivalent fuzzy sphere like solution propagating in the
T-dual internal space. As before, we naively expect the D2 brane to be mapped to a D3
extended in o} = (¢,52,7) and a D5 extended in o} = (¢, 52, r, S2). Since objects charged
under the SU(2) used to construct the NATD will be projected out by the transformation
we consider a D3 brane in the T-dual solution with o7 embedding and

¢1 - (Z51 (t)7 Ca 017 X §7 P = constant. (519)

The induced metric and pullback of B are then given by

L? .
dsieps = i (1+ p* = E1¢7)dt* + p*dsgs + Eadr® (5.20)
Bo.p3 = Z3¢y dt Adr (5.21)

where

L?r? sin? x cos? 0; sin? ¢ cos? ¢
4det M

21 = cos? Csin?0; +

1672 + L*(cos? x + cos? ( sin? )
2 Adet ML?

(5.22)

[1]

L? cos? ¢ sin? ¢ cos 0 cos x(16r% + L2 sin? ()
64 det M

Solving the DBI action of the D3-brane for ¢, x,6; we find ¢ = 0, §; = 0,7/2. Setting
¢ =0 in the DBI + WZ action leads to

ks L? Y
Sps = — /dtp2 <p - \/1 +p? = sm@%qﬁ%) . (5.23)

[11

3 =

Clearly only the 01 = 5 case propagates and so we find, repeating the earlier calculation,

that we have giant graviton solutions with

B 8T Py,
 ksL2

Eps = Py,. (5.24)
An analogous calculation for a D5 with embedding o9 and

o1 = ¢1(t), (,01, p = constant (5.25)

leads after n large gauge transformations to

87TP¢1
p= lﬁgLQ )

Eps = Py,. (5.26)
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Dual giant gravitons are thus also doubled in the NATD theory. These configurations
should correspond in the CFT to singlet operators of the bifundamental matter fields
associated to the two gauge groups that arise in the NATD for each U(V). This is in line
with our suggestion in the previous section for two sets of bifundamental matter fields for
each pair of dual gauge groups with opposite levels.

6 Central charge and entanglement entropy

Three field theoretic objects which have a nice holographic description are the central
charge [68, 69], entanglement entropy of the strip [70, 71] and the free energy on the
sphere [72, 73]. These all depend on the T-duality invariant quantity e=2¢/|detg| (as well
as on parts of the metric which are spectators under the duality). Thus the qualitative
behaviour of these objects must be preserved by the SU(2) isometry T-duality [38]. We
will see that they differ in fact by an unphysical constant common factor proportional to
the volume of the M; x S? dual space.

Let us first look at the central charge and entanglement entropy. The specifics of the
computations are given quite generally in [74]. We quote only the salient features and refer
the interested reader to that reference for further details.

For a metric of the form,

dsgtr = afdp? + adxid + gijdyidyj, (6.1)

one can define the quantities

1
Vit = / d*ly e [det(giy) = ge 0 Lon°

1 _
H = Vil = e L1000 (6.2)
L% 1 d
o = 4 ) B = T77 d = 27 R = Ha

where we quote their values with respect to egs. (2.1) and (2.2). This is a slight general-
ization of [74], specifically in Vi, that allows the dilaton to depend on 3, as it does for
the T-dual solution.

After the SU(2) transformation reading off from the metric (3.5), (3.6), and dila-
ton (3.9) we define the new quantities

- 5 1
: = 65— ) — _2¢L6 1 2 5

Vint /d ge "1/ det(gij) 3¢ (1+3n+3n" )7 (6:3)
H="V2a2

where 7 = ((,01,01,7, %, &) and we have integrated over r € [nm, (n + 1)7). All other
terms in eq. (6.2) remain unchanged.
The central charge of ABJM may then be read off as

1 4
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while that of the T-dual is given by

~ L 2r6 2,5
¢ 1152k L°(1+43n+ 3n°)n°. (6.5)
Therefore,
2
= %(1+3n+3n2)c. (6.6)

We thus find that the central charges of the field theories dual to the solution for r €
[nm, (n + 1)7) differ from the central charge of ABJM by a factor that depends on the
range of r. In terms of the D3 and D5 Page charges we have

2 N2 N5\ /2
G~ ‘9[ (12 + 5) Vks <N3 + 25) 5. (6.7)

(+ )

Here we can see that the overall vVEN3/2 behaviour is essentially unchanged. These are
common themes we will see with the other quantities we consider in this section. For the
2-node field theory dual to the solution for r € [0, 7) (6.7) particularises to

. 42 32 6 _ T
~ =1 E ka N = — :
¢ 3\/; ks Ny’ “m 3¢ (6.8)

in agreement with (6.6) for n = 0.
Let us now consider the entanglement entropy of an infinite strip of width Lgg, given,
as in [74], by solving the following parametric equations

> dpVp
L <) = 2/ H, _—
zilps) o VH—II.
£/ Px
SEE(P+) = Sconn — Sdiss ~ / dp\/BH (\/% - 1) —/0 dp\/BH, (6.9)
Px *

where H, = H,—,,. For ABJM this gives

~NE!
Lir(ps) = 21:?]1;[4], SEe(ps) = —
4 *

K2L57T2T 3]

24T (1] Ds- (6.10)

Plugging the first of these into the second we arrive at [75]

KPLO7T[3]2  32V2T[3)2VEN3/ 27T

Sgp = — =
12l 32 Lgp 3ri’Lek

(6.11)

Notice that, unlike the entanglement entropy of AdSs x S (which goes like Spp ~ %), we
have Spp ~ % This is due to the lower dimensionality of the QFT.

The entanglement entropy in the T-dual solution can be shown to be

8VIr[4]? (12 * Nif) Vs (Ns + 52)*

<N3+T
IN[A2Lpp ’

Spp = — (6.12)
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where we once more see the behaviour is essentially unchanged between ABJM and its
dual. Writing this expression in terms of the original N,k parameters we find the same
relation between the entanglement entropy of the field theory dual to the solution for
r € [nm, (n+ 1)7) and the one for ABJM that we found for the central charges

2

Spp = %(1 +3n + 3n2) SgE . (6.13)

For the field theory dual to the solution for r € [0,7) we find

i 32V2T32VEs N 2T g2
SEE = — 1 = —SgE, (6.14)
VAT PLpp 12

in agreement with (6.13).
Finally let us turn our attention to the free energy on S3. This may be computed
using the results of [72, 73, 76] which show that the free energy in AdS, is given by
nL?

F(S3) = e (6.15)

Gy is the 4d Newton constant which is given in terms of the 10d Newton constant and the

volume of the internal space by
1 1

GfN = intGi10 .
In our conventions G1g = (27)%, which leads to the free energy in ABJM [73]
ﬂ\/%N‘g/ZTF
—

After the duality transformation the free energy is given by

(6.16)
F(S%) =

(6.17)

N2 3/2

(N3+T

F(S%) = (6.18)

36

Again the behaviour is unchanged between ABJM and its dual. In terms of the original
N, k parameters we find once more

F(8%) = 7;;(1 +3n + 3n%) F(S%). (6.19)

Finally, for the field theory dual to the solution for r € [0, 7) we find

3/2 2
o0 a3y \@\/ENs T_ T 3
F(S°) = — 2 - 12F(S ), (6.20)
in agreement with (6.19).
All three quantities computed in this section thus differ from those in ABJM by an
n-dependent common factor proportional to the volume of the M; x 52 dual space

(n+1)m

_ 4
Vol(M; x §?%) = / 2 sin xdrdxdé = §(3n2 +3n + 1)t (6.21)

nm
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As we have already encountered, this factor originates because the volumes of the S? and
M; x S? manifolds spanned by the original and dual variables violate the condition for
the tensions Tj_3 = (27)3T), that is implicit in the calculations. Thus one should seek
invariance for the quantities per unit volume, which are indeed the same in the original
and dual theories.

7 Conclusions

An important drawback of non-Abelian T-duality is that it cannot be used to extract
global information about the newly generated background. This is of foremost importance
in backgrounds with CFT duals, where the existence of non-compact directions can pose
serious problems to the CFT. Indeed, even if the group used to construct the NATD is
compact, some of the newly generated variables, which now live in the Lie algebra, are not.

In most of the recent literature on non-Abelian T-duality this transformation has
been used to generate new AdS backgrounds from known ones containing an S®, possibly
squashed, in the internal space. Using as non-Abelian T-duality group a freely acting
SU(2), the S3 gets replaced by R?, and a non-compact radial direction is generated in the
dual geometry.

We have seen that for the NATD background considered in this paper, invariance
under large gauge transformations implies the existence of a flow in the dual CFT which
allows one to interpret the running of r very similarly to the cascade in [47], with the
important difference that the flow parameter is now the internal direction and not the
energy scale, and thus relates different superconformal field theories. It is possible that a
similar interpretation is at work in other NATD backgrounds with CFT duals.

We have argued that the end of the flow could be a U(Ns)g, X U(N5)_, quiver, which
would be the field theory dual to the solution for r € [0, 7). Based on the RR fields and
branes that exist in the NATD background we can in fact speculate about a concrete brane
realization in Type IIB. Indeed, the way the RR fields transform under NATD suggests
that the original ABJM brane configuration [18]

KK : XX X X X X z — - -
ND2: XX X — - - —-= - - (7.1)
(KK, kD6) :  x|x X cosf cosf cosf x sin6 sin@ sinf

where 6 is the angle between the KK-monopole and the (KK, k D6)-brane in the 3-7, 4-8
and 5-9 planes,? is mapped into the following two configurations:

NS5 : XX X X X X == - =
N3D3: XX X — - - X - - - (7.2)
(NS5,k5D5) 1 x|x x cosa cosa cos — sina sina sin 6
5%: X[X X X X X — 21 29 —
N5 D5 : XX X —— — XX X — (7.3)
(52,k3D3) 1 x|x X — — cosf) — — — sind

90Our notation for the (KK, k D6)-brane tries to reflect explicitly that it is extended on the z1, x2 and
x;cosf + xipasinf, with ¢ = 1,2, 3, directions.
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when the duality is performed along the 6,7,8 directions.'® Note that the presence of
the two isometric directions z; and 23 in the 53-brane in the (7.3) brane system reduces
the dimensionality of the intersecting branes by 2, which agrees with the analysis of the
quantized charges and the supersymmetries in the dual background. Moreover, consistency
with N = 2 supersymmetry implies that the relative orientations in the 3-7 and 4-8 planes
of the NS5 and (NS5, ks D5)-brane in the (7.2) brane system should be different from that
in the 4-9 plane after the duality. Our conjecture for the dual field theories in section 4.3
suggests then that the field theory that describes the solution for r € [0,7) could be
realized in the D5-branes system described by (7.3), given that at the end of the cascade
the field theory seems to be a U(N5)g, x U(N5)_, quiver, with both brane systems (7.2)
and (7.3) playing a role in the realization of the field theories that better describe the
solution when r > .

The vanishing of the Kosmann derivative along the SU(2) isometry on which we have
T-dualized suggests that the new 3d CFT preserves N' = 2 supersymmetry. Although
we have not provided a proof that one implies the other there is mounting evidence that
this is indeed the case [38-42], and a proof for the situation for SU(2) C SO(4) [26]. We
have left a detailed proof for a general freely acting SU(2) isometry for future work [48].
Supersymmetry in Type II supergravity solutions with metric of the form AdSy x Mg, like
those we consider here, has, on the other hand, a well understood geometric interpretation
in terms of G-structures [80]. Specifically it is sufficient that there exists a closed NS-NS
3-form, non trivial RR sector and a SU(3) x SU(3)-structure on the Mg for some SUSY
to be preserved [81]. The specific amount is determined by the number of such structures
that may be defined for the same physical fields, with SO(N) of them implying N'= N in
241 dimensions. Although CP? preserves an SO(6) worth of SU(3)-structures, only a U(1)
of them are manifest in the Hopf fibration [11]. As we expect N' = 2 SUSY in the type
IIB solution we should be able to define another SO(2) worth of SU(3) x SU(3)-structures,
however it is possible that these would not all be manifest. The way T-duality works on
the spinors by rotating the MW Killing spinors implies the new structure will be an SU(2)-
structure. It would be interesting to check this explicitly and determine whether a full
SO(2) worth is manifest. It seems likely that the SU(3)-structures of the Hopf fibration
that are manifest will get mapped to orthogonal SU(2)-structures under the pure spinor
map proposed in [39], it would be gratifying to see this confirmed.

As in the Type ITA dual of ABJM, we seem to have two U(1) gauge fields for each
of the gauge groups with positive levels in the dual CFT. For each gauge group, one
U(1) is associated to the RR symmetry of the 2-form (4-form) potential integrated on M;
(M, x S?), and the other to the RR-symmetry of the 4-form (6-form) potential integrated
over My x S (My x S7 x S?). Tt would be interesting to see if one combination of these

Here we have assumed that the 5-dimensional objects that appear after the NATD transformation of
the KK-monopole coincide with the 5-branes that would be obtained after one or three Abelian T-duality
transformations, namely a NS5-brane and a, so called, 53 brane, respectively. This last object was identified
in [77, 78] as an exotic brane with two isometric transverse directions (here we have used the notation of [79]).
It would be interesting to obtain the explicit transformation of the corresponding potentials under NATD
to support this assumption.
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gauge fields is Higssed as in [58], such that in the end only one U(1) remains for each of the
dual gauge groups. One way to see this would be to look for configurations in the NATD
theory with energy proportional to k3Ns or ksNs. It would be interesting to see as well if
the uplift of our solution to 11 dimensions fits in the general classification of N' = 2 AdSy
solutions in [82].11

Finally, we would like to mention that we have ignored in this paper the subtle issue of
the Freed-Witten anomaly [83], that affects some of the brane configurations of the original
background [58]. In particular, the di-baryons are realized in AdS; x CP? as D4-branes
wrapped on a CP2. Given that the CP? is not a spin manifold these branes have to carry a
half-integer worldvolume field flux in order to cancel the Freed-Witten anomaly. This flux
should be compensated by a flat half-integer By such that the field strength that couples
in the brane worldvolume, F = F — %BQ, is not modified, and the D4-brane does not
lose its di-baryon interpretation. We have seen that the NATD theory shares many of the
properties of the original ABJM theory. Therefore, one could expect some of the brane
configurations that we have discussed in this paper to be also affected by the Freed-Witten
anomaly. Our lack of knowledge of the global properties of the dual background does
not allow us however to determine whether the sub-manifolds on which the dual branes
are wrapped are spin or not. Still, even if a flat half-integer By field could modify the
tadpole charges of some of the brane configurations that we have discussed, we would
expect cancellations with higher curvature terms, as in the original ABJM theory [58].
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A Some further details of non-Abelian T-duality

In this appendix we include for completeness the expressions of the NATD RR field
strengths derived in [37] as well as the expressions for the dual RR field strengths Fy
and Fy.
Writing the RR field strengths of the original background as
1
F,= GI(,O) + Gy Ne + 56’;’12 Aed Aeb+ Gf_)g ANel Ae? Ae?, (A.1)

the ones in the NATD background!?

. _ _ 1. _
Fy= G+ Gy e+ Gy net nE + G N NSNS, (A.2)

1We would like to thank Dario Martelli for discussions on this point.
12WWe use tildes to denote them throughout this section.
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can be derived from the transformation rules
~(0) __ 3 a
GO — (—AOG; )+ AaGp)

a Ao abe vbe a 0
no = (-G, + 4G + 4G, )

R

Gab, = [eabc (ACG<3) + AOG;_Q) — (AGh_, - Ang_g)}

p—2
e Aa abc ~be
Gy = (et + AGYy ) - (A.3)

Here ¢ and ¢ refer to the dilaton in the original and NATD theory, a,b, ¢ run over the
directions of the squashed S3 on which the dualization is performed, e® are the frames on
these directions and the coefficients Ay and A, are given by

Ay = eBrtBatBs Ay = vgePe, (A.4)

where A, and B, are functions of the spectator coordinates, v; are the Lagrange multipliers
living in the Lie algebra of SU(2), and we have assumed an original geometry of the form

ds2, = gudr’dz” + e*Be(w® + A")?, (A.5)

where w?® are left invariant 1-forms and A% = Aauda:“ are fibration terms.
We include as well for reference the higher fluxes

S 1
F7=dVol(AdSy) N ékLG sin ¢ cos? (Vol(5%) A (sin ¢(cos xdr-+rsin ydx) —2r cos ¢ cos xd()
1
— ZkL6 cos ( sin ¢ cos 0, (cos xd¢ A dpy Adr—rsin xdC A dpy A dx)

— 6kL2r?dr A VOI(S’Q):| (A.6)

Fy=— ikL‘i sin ¢ cos (*dVol(AdSy) A Vol(S3) A [73 sin ¢ sin xd¢ A Vol(S?)

— rsin® xd¢ A dr A dE].

B Killing spinors of ABJM

In this appendix we derive the Killing spinors on CP3. The work is not new, see for
instance [84], however to our knowledge this is the first time they are presented for the
Hopf fibration of CP? in the frame

L L L L
e = Zdat, " = —Zdr, e'=Ld¢, ¢*=ZrcosCdb;, == cos(sinbdo,,
2 27 2 2
a_ L 5 _ L 6 _ L.
et = 551n(w1, e’ = Esmal, e’ = §schosC(w3—|—c0891d¢1). (B.1)
With respect to this frame the RR sector may be simply expressed as
2k 6k
Fy="7J J=-20C+e®+e®), Fy= feff%lﬁ (B.2)
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and the spin connection is

2 t - .t
ST — fexu’ Wi2 — 36 — 32462’ W13 — 26 — 321%3
t 2 cot 2
O.)14 = —w56 = —COL<€47 (,L}15 = w46 = —CO;CGS, (/.)16 - 7(:(‘)[1 <€6, (Bg)
1 1
wB = Z(_Q cot 0y sec e + tan Ce®), w? = Z(_2 cot 0y sec Ce® + (cot ¢ + 2tan ¢)eb),

with all other components zero. One can show that the spin connection given by (B.3)
satisfies de + wy A eP = 0. We will use the same gamma matrices as [85], where the
10d matrices are built out of Kronecker products of 4 and 6 dimensional ones. The 4-
dimensional matrices are given by

ab = o0% @ io?
al =0 ® o (B.4)
a2 =0 ® o ’
ad=ct® 1
where ¢ are the Pauli matrices. The 6 dimensional matrices are
=10 ®0o!
¥=1®ded
Y=ct® 1 ® o (B.5)
V=02 ® 1
The real 10 dimensional gamma matrices are then
M =it ®1, I =i gy (B.6)
where ©=0,1,2,3 and ¢ = 1,...6. The 10 dimensional chirality matrix is given by
rio — _ 4 g 7(7) (B.7)
where a® = a%ala?a3 and ’ym = —~1la2q3y445A6,
The Killing spinor of AdS; x CP? must satisfy the following conditions
973 1
(ﬂ:f;<wEMWT“m—4j@wW“06:0 (B.8)
e’ (1 ab(10) 1 abed
oV = Ve — § EFabF r -+ EFadeF T'aye =0, (Bg)

where Dye = Oy + in,abI‘“be. These can be solved separately for the AdS, and CP?
parts of the space by introducing a 10 dimensional spinor that is a product of 4 and 6
dimensional pieces € = x ® 1. As shown for instance in [85, 86] the requirement that the
dilatino variation vanishes is dependent on the 6d spinor only:

(@+2)n=0, (B.10)
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where we define Q = J;y*y(7) as in [86]. It is simple to show that in our chosen frame
Q = diag(—2,—2,—2,6,6,—2, —2, —2) and so clearly the most general Killing spinor must
be of the form

n = (n1,m2,713,0,0, 74, 15,76) " (B.11)

where we must fix 7; with the gravitino variation. The requirement that these vanish can
also be split in 4+6 parts with the conditions on x giving a standard differential condition
for a spinor in AdSs and hence preservation of 4 supercharges. The condition on 7 can be
cast in the form

Dan+ 57 ( Yo — Jawbvm)n = 0. (B.12)
Specifically this gives the following set of coupled first order differential equations
<3<+;(71+’v12345)> =0 (3.13)
<4 sec (g, +i (7% — y12150) ftan ¢ (412 — 736)>n =0
(2 csc by sec ¢ (cos b1 (20 +423 441 — 204,) — tan C(YB+~%) —i(y3 - 713456)> n=20
<4 csc 01 (sin 10y, +cos Y esc Oy (—0y, +cos 020y) ) +cot C(yH —756)) —i(y* —712346)> n=20
(4 csc ¢ cos Yy, +sinyp(csc 020y, — cot §20y)) — cot (72 +740) +i(y° — 712356)> n=20
<88¢ +42 439 — 05 2¢ (2710 442 +~%%) +i sin 24(76+v23456)) n=0.

Solving these explicitly in Mathematica leads to

o3 (3) (o) o) )

— sin < > (Cl sin ( (Y+¢1 — ¢2)> +¢9 cos (; (Y+o¢1 — ¢>2))> >

+ 2cos ( ) < ( ) <62 sin <; (Y — ¢1+¢>2)> +c1 cos (1 (Y — ¢1+¢2)>>
(0 (5

¢+¢1+¢2)>+CBCOS< (- ¢+¢1+¢2))> )]

(3
n2 = sin(¢ [COS <92> < ( > <C4 cos <; (¢+¢>1+¢2)> — c3sin <; (¢+¢1+¢2)>)
— sin ( ) <01 sin ( (V+¢1 — ¢2)> +c2 cos (1 (V+¢1 — ¢2))) )
+ sm< > <51n< > <C4 sm( (— ¢+¢1+¢2)> +c3 COS< (— ¢+¢1+¢2)>>
()

co sin ( (v — ¢1+¢2)) +c1 cos (2 (v — ¢1+¢2))> )} +cs5 cos(()

— sin ) Cy sin

— COS

|2 [P S
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n3 = cos(¢) [cos <921> <sm < ) <c1 sin <; (Y+¢1 — <Z>2)> +c9 cos <; (Y+o1 — ¢2)>>

+ cos <022> <03 sin ( ¢+¢1+¢2)> — €4 COS (; (¢+¢1+¢>2))> >
+ sin <921> ( < ) <02 sin (2 (Y — ¢1+¢2)> +¢1 cos (1 (Y — ¢1+¢2))>
— sin <922> <C4 sin ( w+¢1+¢2)) +c3 cos ( (- w+¢1+¢>z)>> )] +¢5 sin(C)

+sin (f) <c4cos( w+¢1+¢2>) ~casin (5 (- w+¢1+¢2>>))

roos (%) (s (2) (cncos (5 0r0r —00)) - casin (G (w400 - ) )

1 cos (922> <C4 s1n( ¢+¢1+¢2)> tezcos (; (¢+¢1+¢2)>> ﬂ ~ ¢gsin(Q)
s (2) (om (%) (om0 rv60) e (b1

+sin <922> <C4cos( - ¢+¢1+¢2)> —chm< - ¢+¢1+¢2)>)>

+ cos (91) sin ( ) (cl cos ( ($+o1 — ¢2)> — ¢y5in <2 (+o1 — m)))

(
<c4 sin ( ¢+¢1+¢>2>> +c3 cos (; (¢+¢1+¢>2)>> )} +c6 cos(()
() (-

— 2sin ( > <Sln (022> <01 cos (; (Y41 — ¢2)> — co8in <2 (Y+eé1 — ¢2)>)
+ cos (922) <C4 sin (2 (¢+¢1+¢g)> +c3 cos (; (¢+¢1+¢2)>> )} (B.14)

where ¢; are the 6 arbitrary constants required for the solution to preserve N' = 6 super-
symmetry in 3 dimensions. These are clearly extremely complicated expressions, however
notice that all the dependence on 01, ¢1, 02, @2, lies within the square bracketed terms.
These can all be set to zero by fixing ¢; = co = ¢3 = ¢4 = 0 leaving a simplified spinor
which depends only on ¢ and 2 arbitrary constants. It is this fact that will be central to
our argument that some supersymmetry is preserved in the non-Abelian T-dual.

Open Access. This article is distributed under the terms of the Creative Commons
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