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dual described by a Chern-Simons N = 8, (SO(4) x SO(4)) x T'2 gauged supergravity in
three dimensions. For a > 0, the gauged supergravity describes an effective theory of the
maximal supergravity in nine dimensions on AdSs x S x S3 with the parameter a being
the ratio of the two S® radii. We consider the scalar manifold of the supergravity theory of
the form SO(8,8)/SO(8) x SO(8) and find a number of stable non-supersymmetric AdS3
critical points for some values of . These correspond to non-supersymmetric IR fixed
points of the UV N = (4,4) SCFT dual to the maximally supersymmetric critical point.
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1 Introduction

AdS3/CFTy correspondence is interesting in various aspects. Unlike in higher dimensional
cases, much more insight to the AdS/CFT correspondence [1] is expected since both grav-
ity and field theory sides are well under control. It is also useful in the study of black
hole entropy, see for example [2] and [3]. Until now, various gravity backgrounds imple-
menting AdS3/CFTy correspondence have been proposed. Some of them are obtained
from Kaluza-Klein dimensional reductions of higher dimensional supergravities on spheres
or other internal manifolds. The other are constructed directly within the three dimen-
sional framework of Chern-Simons gauged supergravity, but, in some cases particularly for
compact and non-compact gauge groups, higher dimensional origins are still mysterious.
One of the most interesting backgrounds for AdS3/CFTy correspondence is string
theory on AdS3 x S x 83 x S'. The background is half-supersymmetric and dual to large
N = (4,4) SCFT in two dimensions, see [4] for a classification of N = 4 SCFT in two
dimensions. In string theory, this arises as a near horizon limit of the double D1-D5 brane
system [5-7]. The Kaluza-Klein spectrum for small S* radius has been computed in [8].
Apart from the non-propagating supergravity multiplet in three dimensions, the spectrum



contains massive multiplets of various spins. The full symmetry of AdSs x S3 x S is
D'(2,1; ) x D'(2,1; a) whose bosonic subgroup is SO(2,2) x SO(4) x SO(4) corresponding
to the isometry of AdSs x S3 x S3, respectively. Additionally, the holography of large
N = 4 SCFT has recently been studied in the context of higher spin AdSs dual [9].

Like in higher dimensions, it would be useful to have an effective theory in three
dimensions that describes the above S x S% dimensional reduction. The AdS3 x S3 x S3
background will become an AdSs vacuum preserving sixteen supercharges and SO(4) x
SO(4) gauge symmetry, which is the isometry of S% x S3. This can be achieved by a
gauged matter-coupled supergravity in three dimensions [10-12]. The gauge group should
contain the SO(4) x SO(4) factor. The natural construction should be the N = 8 gauged
supergravity since the number of supersymmetry is exactly the same as that of the AdS3 x
53 % 83 background. A theory describing supergravity coupled to massive spin—% multiplets
has been studied in [13] in which some critical points and a holographic RG flow have been
discussed. The resulting theory is in the form of N = 8 gauged supergravity with compact
SO(4) x SO(4) gauge group and SO(8,1)/SO(8) x SO(n) scalar manifold.

When coupled to massive spin-1 multiplets, the theory needs to accompany for
massive vector fields. For a theory coupled to two spin-1 multiplets, the corresponding
gauge group is a non-semisimple group (SO(4) x SO(4)) x T'2. Tt has been argued that
the effective theory is the N = 8 gauged supergravity with SO(8,8)/SO(8) x SO(8)
scalar manifold [14]. The gauging is a straightforward extension of the SO(4) x T
gauging of [15] in which the effective theory of six-dimensional supergravity reduced on
AdS3 x S3 has been given. Some supersymmetric vacua of the (SO(4) x SO(4)) x T!?2
gauged theory have already been identified in [16]. All of these vacua are related to the
maximally supersymmetric vacuum by marginal deformations. The theory with only the
SO(4) x SO(4) semisimple part of the gauge group being gauged has been study in [17],
and the solution corresponding to a marginal deformation from N = (4,4) to N = (3,3)
SCFT, describing a D5-brane reconnection, has been explicitly given.

In this paper, we will reexamine the full (SO(4) x SO(4)) x T'? gauging and look for
other deformations apart from the marginal ones. This could be relevant for AdSs/CFTs
correspondence and black hole physics. The holographic study of the conformal symme-
try D'(2,1;a) is not only useful in the context of AdS3/CFTy correspondence but also
in AdSy/CFT; correspondence. This is because the symmetry D'(2,1;a) also arises in
superconformal quantum mechanics [18-20]. The isometry of AdSs is SO(2,1) which is a
subgroup of the AdS3 isometry SO(2,2) ~ SO(2,1) x SO(2,1). Accordingly, the super-
conformal symmetry in one dimension contains only a single D!(2,1; ). The holographic
study of AdSy/CFT; correspondence directly from two dimensional gauged supergravity
has not been performed extensively. This is in part due to the lack of gauged supergravities
in two dimensions. Until now, only the maximal gauged supergravity and its truncation
have appeared [21, 22]. Since AdSs can be obtained by dimensional reduction of AdSs3 on
S! via a very-near-horizon limit [23, 24], the results obtained here might be useful in the
study of deformations in D'(2, 1; ) superconformal mechanics.

The paper is organized as follow. In section 2, we will give a brief review of N = 8,
(SO(4) x SO(4)) x T'2 gauged supergravity along with some relations to the N = (4, 4)



SCFET. Section 3 deals with a description of new critical points, and the stability condition
for some of them is verified. In section 4, we study possible supersymmetric flows to non-
conformal field theories and %—BPS domain walls. We also comment on some numerical RG
flow solutions describing deformations of the N = (4,4) SCFT to other CFTs in the IR.
We end the paper by giving some conclusions and discussions in section 5. The appendices
summarize necessary ingredients needed in the construction of N = 8 theory and relevant
formulae including the explicit form of some scalar potentials.

2 N =8, (SO(4) xSO(4)) x T'? gauged supergravity in three dimensions

We now review the construction of N = 8 gauged supergravity with (SO(4) x SO(4)) x T2
gauge group. The theory has partially been studied before in [16]. We will explore the
scalar potential of this theory in more details. Rather than follow the parametrization
of SO(8,8)/SO(8) x SO(8) coset manifold as in [16], we will use the parametrization
similar to that of [25]. In this parametrization, it is more convenient to determine the
residual gauge symmetry while the parametrization used in [16] gives a simple action of
the translation generators T'? on scalar fields.

It has been argued in [14] that this theory is an effective theory of ten dimensional
supergravity on AdSs x S% x S x S', or nine dimensional supergravity on AdSs x S3 x S3
for small S' radius, and describes the coupling of two massive spin-1 multiplets, contain-
ing twelve vectors, to the non-propagating supergravity multiplet of the reduction. All
together, the resulting theory is N = 8 gauged supergravity with the scalar manifold
SO(8,8)/SO(8) x SO(8) and (SO(4) x SO(4)) x T'2 gauge group.

The whole construction is similar to that given in [16] and [25]. We will work in the
SO(8) R-symmetry covariant formulation of [12] with some relevant formulae and details
explicitly given in appendix A. We first introduce the basis for a GL(16,R) matrices

(€mn)pg = OmpOng, m,n,p,q=1,...,16. (2.1)
The compact generators of SO(8, 8) are then given by

80(8)(1): J{J:€J]—€[J, I,JZl,...,&
SO(8)? : J5S = egi8r48 — Crig.sis rs=1,...,8. (2.2)

The non-compact generators corresponding to 64 scalars are identified as
YKTZEK,T+8+€T+8,K> Knr=1,...,8. (2.3)

In the formulation of [12], scalars transform as a spinor under SO(8)r R-symmetry. It
can be easily seen from the above equation that Y7 transform as a vector under SO(8)r
identified with SO(8)(") with generators J{/. We define the following SO(8)r generators

in a spinor representation by
7o
Tl = (2.4)
0 0



constructed from the 8 x 8 SO(8) gamma matrices I'!. We have defined
1
P = —2 (P () =17 (2.5)

with the 8 x 8 gamma matrices I'! are given in appendix A.
The gauge group (SO(4) x SO(4)) x T'? is embedded in SO(8,8) as follow. We first
form a diagonal subgroup of SO(8) x SO(8) with generators

SO®)ding:  JWP=JP+ BB AB=1,...8. (2.6)
The SO(4) x SO(4) part is generated by
SO4)* - jib = Je,
SO(4)™ jab = gotabra abab=1,....4. (2.7)

The “hat” indices refer to SO(4)~. We now construct the translational generators T?® as
in [25]
48 = JPP — JtP 4y PA —y AP (2.8)

and identify T2 ~ T% x T® generators as
(9o =gab @b —gatdbH G b=1,...,4. (2.9)

The gauge group is embedded in SO(8,8) with a specific form of the embedding
tensor. As shown in [26], there is no coupling among the SO(4)*. The gauging is very
similar to the SO(4) x T® gauged supergravity constructed in [15] with two factors of
SO(4) x TS. The embedding tensor is simply given by two copies of that given in [15].
We end up with two independent coupling constants

0= 91@1 + 92@2 . (2.10)

where O 2 describe the embedding of each SO(4) x TS factor of the full gauge group.
We should note that supersymmetry allows for four independent couplings namely
between the moment maps g} (V(j$), V(#?), gh(V(#?), V(EY)), gh(V(j§h), V(tg?) and
g, (V(t%%), V(%)) in the T-tensor, see [15] and [16]. We have used a shorthand notation
for VMA. However, the requirement that the theory admits a maximally supersymmetric
vacuum at the origin of the scalar manifold imposes two conditions on the original four
couplings. In more detail, the two conditions require g5 = —g¢} and gj = —gj. After
rename the relevant couplings, we end up with the embedding tensor

Ouabed = glfjbcd + 9266:1363 . (211)

This embedding tensor together with the formulae in appendix A and an explicit
parametrization of the coset representative of SO(8,8)/SO(8) x SO(8) can be used to
compute the scalar potential. We will analyze the resulting potential on submanifolds of
SO(8,8)/SO(8) x SO(8) invariant under some subgroups of SO(4) x SO(4) in the next

section.



Before looking at the critical points, we give a review of the relation between
(SO(4) x SO(4)) x T'2, N = 8 gauged supergravity and N = (4,4) SCFT. The semisimple
part of the gauge group SO(4)t x SO(4)~ corresponds to the isometry of S3 x S3.
Together with the usual SO(2,2) isometry of AdSs, they constitute the bosonic subgroup
SO(2,1), x SU(2)] x SU(2); x SO(2,1)g x SU(2)% x SU(2) of the superconformal
group D'(2,1;a) x D'(2,1; a) via the isomorphisms SO(2,2) ~ SO(2,1)1 x SO(2,1) and
SO(4)* ~ SU(2)F x SU(2)%. The a parameter is identified with the ratio of the coupling
constant g = «g;. For positive «, the theory describes the dimensional reduction of
nine dimensional supergravity on S% x §3. For negative «, it may possibly describe the
reduction on S3 x H3 where H? is a hyperbolic space in three dimensions.

The translational part T'? of the gauge group describes twelve massive vector
fields [26]. The massive vector fields will show up in the vacuum of the theory via twelve
massless scalars in the adjoint representation of SO(4) x SO(4). These are Goldstone bosons
for the T'2 symmetry since the vacuum is invariant only under SO(4)™ x SO(4)~ not the
full gauge group. We will see this when we compute the mass spectrum of scalar fields.

3 Some critical points of N = 8, (SO(4) x SO(4)) x T'? gauged super-
gravity

We now look for critical points of the N = 8 gauged supergravity constructed in the
previous section. Analyzing the scalar potential on the full 64-dimensional scalar manifold
SO(8,8)/SO(8) x SO(8) is beyond our reach with the present-time computer. We then
employ an effective method given in [27] to find some interesting critical points on a
submanifold invariant under some subgroup of the gauge group. A group theoretical
argument guarantees that the corresponding critical points are critical points of the scalar
potential on the full scalar manifold. Even on these truncated manifolds, the explicit form
of the potential is still very complicated. Therefore, in most cases, we refrain from giving
the full expression for the potential.

At the trivial critical point with all scalars vanishing, the full gauge group (SO(4) x
SO(4)) x T1? is broken down to its maximal compact subgroup SO(4) x SO(4) corresponding
to the isometry of S% x S3. The 64 scalars transform under SO(8) x SO(8) C SO(8, 8) as
(8,8). Then, under the SO(4)" x SO(4)™ C SO(8)diag, they transform as

8x8=[(4",17)+(1,47)] x [(47,17) + (17,47)]
= (]_+ + 6" + 9+’ ]_+) + (1—7 1~ +6" + 9—) 4 (4+’4—) + (4—’44-)' (31)

We can further decompose the above representations into SU(2)} x SU(2)% x SU(2); x
SU(2) representations labeled by (¢1,¢%; ¢}, () as follow:

8x8=(1,1;1,1)+(1,3;1,1) + (3,1;1,1) +(3,3;1,1)
+(1,1;1,1) +(1,1;1,3) + (1,1;3,1) + (1, 1; 3, 3)
( )-

)+
+(2,2:2,2) + (2,2;2,2



Iy I e Sty oy
e | (0,1:0,1) | (0,1:5,3) | (0,1;0,0)
gl | (1 4:01) | (3,550 | (3.50,0
225l 1(0,050,1) | (0,0:3,%) | (0,0,0,0)

Table 1. The massive spin-1 multiplet (0, 1;0, 1)s.

I 1 _3+a 24a
hL 14+ 2(1+a) Tra
e | (L,0:1,0) | (1,0;3,5) | (1,0;0,0
1+ 272
s [ 3550 | (3,553 | (3,500
2o 1 (0,0;1,0) | (0,0;1,2) | (0,0,0,0)

Table 2. The massive spin-1 multiplet (1,0;1,0)s.

SO(4)* x SO(4)~ m2L2
491(291+92)
(1,1) (g91+92)?
(6,1) 0
4
(9,1) - (Ec/lgﬁgg§>2)
492(2g2+91
(1,1) (91+92)?
(1,6) 0
__4q19
(17 9) , ) (92141922)2 )
95—29192—9
91 —49192—g
(4,4) 1(91+92)2 :

Table 3. The mass spectrum of the trivial critical point.

The result precisely agrees with the representation content obtained from the AdSs3 x
53 x 83 reduction [8]. For conveniences, we also repeat the massive spin-1 supermultiplets
(0,1;0,1)s and (1,0;1,0)s of the AdS3 x S x S3 reduction in table 1 and 2.

We can now compute the scalar potential by using the formulae in appendix A. After
expanding the potential around L = I, we find the scalar mass spectrum at the maximally

supersymmetric vacuum as shown in table 3. The AdSs radius is given by L = —24—

)
and the value of the potential at this point is Vo = —64(g1 + g2)?. Using the rel\z/lgn
m2L? = A(A —2) and A = hy + hg, we can verify that the mass spectrum agrees with
the values of hr and hy, in table 1 and 2. As mentioned before, there are twelve massless
Goldstone bosons transforming in the adjoint representation (1,6)4(6, 1) of SO(4) xSO(4).

Note also that there is a Minkowski vacuum at g3 = —g; or a = —1.



3.1 Critical points on the SO(4)gjag invariant manifold

We first consider scalars which are singlets under the diagonal subgroup SO(4)diag C
SO(4) x SO(4). To obtain representations of the scalars under this subgroup, we take
a tensor product in the last line of (3.1). We find that there are four singlets, two from the
obvious ones (17 x 11,17 x 17) and the other two from the product (47 x 47,4~ x 47).
They correspond to the following non-compact generators

f/l :Y11+Y22+Y33+Y44, %:Y55+Y66—’—Y77—|—Y887
}73 :Y51+Y62+Y73+Y84, 1}4:1/15_’_}/26_’_}/37_’_1/48' (33)

The coset representative is accordingly parametrized by

L = emV1gazV2gaa¥agaa¥s (3.4)

Apart from the trivial critical point at a; = ao = a3 = a4 = 0, we find the following
critical points.

e A non-supersymmetric AdSs is given by a1 = %ln 7W and as = a3 = a4 = 0.

The cosmological constant is

Vo =—32 g7 + 493 — 69192 + (492 — g1)V/91(g1 — 493)} : (3.5)

a1 is real for g1 > 0 and ¢go < 0, and the critical point is AdS3, Vi < 0, for g; > 0 and

go < — ‘/izﬂgl. An equivalent critical point is given by ao # 0 and a1 = a3 = a4 =0

but with g1 <> go. For later reference, we will call this critical point P;.

e Another non supersymmetric critical point is at ay = ln% V:?;zz with ¢go =
%(\/ 13 — 2) gy and Vy = —% (43 + 13V 13) g7. In this case, only a specific value

of o gives a critical point. The residual gauge symmetry in this case is SO(4)qiag-
We will label this critical point as Ps.

The full scalar potential for the four scalars is given in appendix B.

We now analyze the scalar masses at the above critical points to check their stability.
For critical point Py, it is useful to classify the 64 scalars according to their represen-
tations under the residual symmetry SO(4) x SO(4). The result is shown in table 4.
Similar to the trivial critical point, there are 12 massless scalars corresponding to the
broken T'? symmetry. The stability bound, or BF bound m?L? > —1, is satisfied by

1 1 2

For critical point P», we can compute all scalar masses as shown in table 5. It is
easily seen that all masses satisfy the BF bound. There are 18 massless Goldstone bosons
corresponding to the symmetry breaking (SO(4) x SO(4)) x T2 — SO(4).

We end this subsection by noting an interesting result discovered in [17] but with a
compact gauge group SO(4) x SO(4). This solution describes a marginal deformation of
N = (4,4) SCFT to N = (3,3) SCFT and has an interpretation in term of a reconnection
of D5-branes in the double D1-D5 system. The solution is also encoded in our present



SO(4)* x SO(4)" m2L?

(1,1) 1290
g2+4/91(91—492)
16924209192 —692+2(g1+292)+/91 (91 —492)
B g97—4g192—493
4g2+14g192—3g7+(492—g1)\/ 91 (91 —4g2)
2(g7—49192—493)
397 —30g192+1295+3(391—492) 1/ 91 (91 —49g2)
2(g93—4g192—493)
0

89192

93 —69192+(292—91)\/ 91 (91 —4g2)
492(292+91)
(91+92)2

)
)
)
) 0
)
)
)

497 —249192—895+4(91—92)1/91 (91 —492)
91 —4g192—495
4g3+14g192—393 +(492—g1)\/ 91 (91 —4g2)
2(97—4g192—93)
B 1292 —30g192+39%+(991—12g2)+/ g1 (91 —49g2)

2(g2—4g9192—93)

Table 4. The scalar mass spectrum of the SO(4) x SO(4) critical point P;.

SO(4) m2L?
13.6358, 6.0931, 3.3703, 3.1180

O(><18)
2§9<7\/ﬁ - 12)(><9)7 2i9<5\/ﬁ_ 21)(><9)7
5 (8 +5v13) (x0), 2= (19v/13 — 74) (x9)

Table 5. The scalar mass spectrum of the SO(4) critical point P, for go = V%_le.

framework. In this case, we must set go = g1, or equivalently setting o = 1 in order to get
massless (marginal) scalars preserving the SO(4) diagonal subgroup of SO(4) x SO(4).
Follow [17], we further truncate the four scalars to two via

as = ay, as = —as. (3.6)

This is a consistent truncation for go = g1 since it corresponds to a fixed point of an inner
automorphism that leaves the embedding tensor invariant [17]. We find a critical point at

e =1 4+ /1—e2m, V= —2560] (3.7)
with the corresponding A; tensor given by

AlY = diag (—891, —841, —891, 891,891, 81, —8g1\/de—2a1 — 3 8gy\/de—2a1 — 3) . (38)

We can see that as long as a; # 0, the N = (4,4) supersymmetry is broken to N = (3, 3).
We refer the reader to [17] for the full discussion of this vacuum.



3.2 Critical points on the SO(2)gdiag X SO(2)diag invariant manifold

We now proceed to consider a smaller residual symmetry SO(2)giag X SO(2)diag C SO(4)diag-
Under SO(2) x SO(2), the SO(4) fundamental representation 4 decomposes according to
4 — (2,1) + (1,2). Substituting this decomposition for 47 and 4~ in (3.1) and taking
the product to form a diagonal subgroup, we find that there are sixteen singlets given by
the non-compact generators

Vi=Y"4+v®2 Y=Y¥iy"  Va=yP4Y® v =Yy
Vs =YV 1 y26 Vs = V37 1 y48 Yy = Y5l 4 y62 Yy =Y 1 y8
Vo=Y2 V2 §,=v3_y8 §,=Y%_y6 §,=78_y8
3713:}/16_1/257 3714:}/38_1/477 1715:}/52_1/617 1716:}/74_1/83. (3.9)

The coset representative can be parametrized by

16
L=]]e". (3.10)
=1

Unlike the previous case, the scalar potential is so complicated that it is not possible to
make the full analysis. However, with some ansatz, we find one non-trivial critical point at

1 -6 3692 — 12 — 392
ap =as = —In2, a3:—a4:§1n92 91+\/ 91 g192 92,

292
Vo = 64(8¢7 — g3)- (3.11)

as and a4 are real for ¢y > 0 and go > —6¢;. In this range, we find V5 < 0 if
g2 < —24/2g1. Therefore, it is possible to have an AdSs critical point. The residual sym-
metry is SO(4) x SO(2) x SO(2). We will denote this critical point by Ps for later reference.

The stability of this critical point can be verified from the scalar mass spectrum given
in table 6 in which «; are eigenvalues of the submatrix

—80g7 x1

2 2
g 29

S 2 9 T1 -2 =2 (3.12)
8 _ 3 3
9% 295 _ 95
T2 T3 7%

with the following elements

1 = 2v2g (691 + g2 — \/369% — 129192 — 39%)

and 29 = 2V2g (691 + g2+ \/369% — 129192 — 39%) : (3.13)

Their numerical values can be obtained upon specifying the values of g1 and gs.

For all but (1,1,1) and (1,1,2) scalars, the masses are above the BF bound for
—6g1 < g2 < —2v/2g1. The mass squares of (1,1,1) scalars are above the BF bound for
—6g1 < g2 < —4.47¢g1. For (1,1,2) scalars, the mass squares are above the BF bound



SO(4) x SO(2) x SO(2) m2L?
(4,2,1) 6093 —14g192+93+(691—392) /3693 — 129192393
P 1697 —2g5
(4,1,2) _ 6097 —249192+93+(3g2—691)+/ 3697 — 129192395
» 169? —2g5
(4,2,1) 12497 —3¢3+(g2+691)+/3697 —129192—393
> 1697293
(4,1,2) 12497395 —(g2+691)/3697 —129192—393
T 1691 —295
(1 2 1) 692-+24g1 92— 7297 4+2(g92—6g1)/ 3697 —12g1 g2 — 392
b ) 892—92
1 2
(1,1 2) 693-+24g1 92— 72937 —2(g92—6g1)/ 3697 —12g1 g2 — 393
T 897 —g5
48¢g
91,1 1
( = ) ggfgg%
(6,1,1) 0
2 x (1,2,2) 0
2 x (1,1,1) 0
(1,1,1) a1, ag, a3

Table 6. The scalar mass spectrum of the SO(4) x SO(2) x SO(2) critical point Ps.

for —6g; < g2 < X with X being the first root of p(X) = 1088¢g] — 3843 X + 352¢2 X2 —
1449 X3 — 37X% = 0. This can be translated to the value of a by setting X = ag;. The
equation p(X) = 0 gives the value of @« = —5.93479. The stability is obtained in the
range —6g1 < go < —5.93479¢g; which is very narrow. Notice that for go = —6g1, we find
a3 = a4 = 0, and the symmetry is enhanced to SO(4) x SO(4). It can be checked that this
critical point indeed becomes critical point P; with go = —6¢;.

3.3 Critical points on the SU(2)j—: x SU(2); invariant manifold

One interesting deformation of N = (4,4) SCFT is the chiral supersymmetry breaking
(4,4) — (4,0). The realization of this breaking in the D1-D5 system has been studied
in [28]. Another gravity dual of N = (4,0) SCFT from string theory has been studied
in [29], and the marginal perturbation driving N = (4,4) SCFT to the N = (4,0) SCFT
has been identified in [30]. This supersymmetry breaking is not possible in the compact
SO(4) x SO(4) gauging of [13] since there are no scalars which are singlets under a non-
trivial subgroup of SO(4) x SO(4) in order to become the R-symmetry of N = (4,0).

This is however possible in the present gauging. According to (3.2), we see that there
are eight singlets under SU(2)} x SU(2); given by

(1,1;1,1) + (1,1;1,1) 4+ (1,3;1,1) + (1,1;1, 3). (3.14)

They correspond to the following non-compact generators

V=Y Y2y iy Vo= Y2y y3_ys
Vo= YB3 _y3 _y2 vy Vi— YWyt yB _y32

Vs = Y5 4 y60 L yTT 4 yS8, Vo = v _ y65 4 yTs _ysT,

Vo = YT YT _y 68 | y86 Vo= v _y®5 Ly _yT6 (3.15)

,10,



We can parametrize the coset representative accordingly

L = €b1Y1 eang ea3Y3 ea4Y4eb5Y5 €a6Y6€a7Y7€a8Yg (316)

in which b; and bs denote the SO(4) x SO(4) singlets. We find one non-supersymmetric
AdSs critical point characterized by

4y — cosh~! \/91 + v g1(g1 —492)

4g1
Vo = —32 [9? + 495 — 69192 + (492 — 91)V 91.(91 — 492)} : (3.17)
The cosmological constant is the same as P, but the residual gauge symmetry is just
SO(4)~ x SU(2)} x U(1)} in which U(1)}, € SU(2)%.
3.4 Critical points on the SU(2)rgiag invariant manifold

We further reduce the residual symmetry to SU(2)rqiag C SU(2)F x SU(2);. Under
SO(4)diag, we already know that the 64 scalars transform as four copies of 1+6+9. We can
then further truncate to SU(2) 1diag and find sixteen singlets given by four copies of (1,1)+
(1,3) under SU(2) Ldiag X SU(2) Rdiag- They can be parametrized by the coset representative

16
L=]]e (3.18)
=1

in which the non-compact generators are defined by

1 1

yl _ 5 (Y15 + Y26 + Y37 + Y48) ’ y2 — 5 (Ylﬁ Y25 + Y38 Y47) ,
1 1

yg _ 5 (Y17 o Y35 _ Y28 + Y46) ’ y4 — 5 (YIS Y45 + Y27 Y36) ,
1 1

y5 _ 5 (Y51 + Y62 + Y73 + Y84) ’ y6 _ 5 (Y52 o Yﬁl + Y74 o Y83) ,
1 1

y7 _ 5 (Y53 o Y71 . Y64 + Y82) ’ y8 _ 5 (Y54 Y81 + Y63 Y72) ,
1 1

yg _ 5 (Yll + Y22 + Y33 + Y44) ’ le _ 5 (Y12 - Y21 + Y34 Y48) ,
1 1

yll — 5 (Y13 Y31 Y24 + Y42) ’ y12 _ 5 (Y14 Y41 + Y23 Y32) ,
1 1

y13 _ 5 (Y55 + Y66 + Y77 + YSS) ’ y14 _ 5 (Y56 Y65 + Y78 Y87) ,
1 1

y15 _ 5 (Y57 Y75 Y68 + Y86) ’ y16 _ 5 (Y58 _ Y85 + Y67 . Y76) ) (319)

From a very complicated potential, we find one non-supersymmetric AdSs critical
point given by

V92— V33
ag =Iln F———,
V92 + /391
Vo = —8(469 + 131V13)g? (3.20)

g2 = (2+V13)g1,

which is invariant under SU(2) x U(1) symmetry.
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Apart from P, P, and P3, we have not given the complete mass spectra for other
AdS3 critical points since the computation is much more involved. A partial check shows
that at least the scalar masses for the singlets in each sector satisfy the BF bound. It
could happen that some other scalars might have masses violating the bound. However,
similar to the three stable critical points studied above, it is likely that the other critical
points are stable for some values of a or g1 2.

4 Deformations of the N = (4,4) SCFT

In this section, we will study supersymmetric flows of the maximally supersymmetric
SO(4) x SO(4) critical point in the UV to non-conformal field theories in the IR and half-
supersymmetric domain walls. At the end of this section, we will discuss some RG flow solu-
tions interpolating between the UV N = (4,4) SCFT and some of the non-supersymmetric

critical points identified in the previous section.

4.1 Supersymmetric deformations

We begin with supersymmetric solutions which can be obtained by finding solutions of
the associated BPS equations. We have not found any supersymmetric critical point apart
from the trivial one at L = I, so we only expect to find flow solutions to non-conformal field
theories. In these flows, the solutions interpolate between the UV point at which all scalars
vanish and the IR with infinite values of scalar vev’s [31]. Since supersymmetric solutions
are of interest here, we need the supersymmetry transformations of fermions which in the
present case are given by the non-propagating gravitini wﬁ and the spin—% fields x*!. Their
supersymmetry transformations are given by, see [12] for more details and conventions,

ovp, = Due’ + g AT yue’, (4.1)

i

X = (M1 — 1) Pele! — gN AT e (4.2)

1
2
These equations will be used to find supersymmetric solutions in the next subsections.

4.1.1 A supersymmetric flow to SO(4) x SO(4) non-conformal field theory

We first look for a simple solution preserving SO(4) x SO(4) symmetry. Accordingly, only
a; and ag in equation (3.4) are turned on in order to preserve the full SO(4) x SO(4). Using
the standard domain wall ansatz for the metric

ds? = ezAdxil + dr? (4.3)
with A depending only on the radial coordinate r, we find the BPS equations

ay + 8g1e°™ (62‘“ -1) =0, (4.4)
a’2 + 89262a2 (€2a2 - 1) =0,
A+ 8 [gleQ‘“ (62‘“ - 2) + 9262“2 (62“2 — 2)] =0

where we have imposed the projector v,.e! = —e/, I =2,4,5,8 and v,¢/ =€/, I =1,3,6,7.
The’ denotes the r-derivative. The resulting solution is then half-supersymmetric with N =
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(4,4) Poincare supersymmetry in the dual two dimensional field theory. Equations (4.4)
and (4.5) can be solved for a; and as as an implicit function of r. The result is

1

e T [e7 +1n (1 —e 2], (4.7)
1 _
r=cy— 1695 e 292 4 In (1—e 2“2)] (4.8)

with integration constants ¢; and ¢y. Equation (4.6) can immediately be integrated to give
A as a function of a; and as. The result is

1 1
A=2(a; + a2) — 3 In(1 — e?91) — B In(1 — e2%2). (4.9)

In the UV, the dual field theory is conformal with a1 = a2 = 0. Near this point, the
_ 291 T _ 292 T
scalars behave as a; ~ e 1691" = ¢ 91t92 Zuv and ag ~ e 1692" = ¢~ 9192 Zuv . We see that
1 T

a;2 — 0 as 7 — oco. In this limit, we find A" ~ 8(g1 + ¢2) = T Or A~ T which gives

the maximally supersymmetric AdSs.

As aj,a9 — oo, we find 7 — constant as it should. Near aj,as — oo, equations (4.7)
and (4.8) give a1 ~ —11n(32¢17) and as ~ —11In(32gor). From equation (4.9), we find
A=xaj+tas = —% In [(327’)291 gg]. Accordingly, the metric becomes a domain wall in the IR

ds* dazil +dr?. (4.10)

1
- 32r\/9102
The full bosonic symmetry is ISO(1,1) x SO(4) x SO(4) corresponding to non-comformal
field theory with N = (4,4) supersymmetry.

However, flows of this type generally involve singularities. Various types of possible
singularities have been classified in [32]. According to the result of [32], physical singu-
larities are the ones at which the scalar potential is bounded from above. However, with
the solution given above, the potential becomes infinite in this case. Therefore, the cor-
responding flow solution is not physically acceptable by the criterion of [32]. Since the
framework we have used could be uplifted to ten dimensions via S3 x S3 x S! reduction,
it is interesting to investigate whether this singularity is resolved in the full string theory.

4.1.2 A half-supersymmetric domain wall

We then look for a more general supersymmetric solution. The scalar sector of interest
here is the SU(2); x SU(2); invariant one given in (3.16). We first relabel the scalars
(a2, as, aq, ag, a7, ag) to (ba, bs, by, bg, bz, bg) in order to work with a uniform notation.

We begin with the BPS equations given by 6x* =0

v, = —16gleb1 (ebl — sechbgsechbgsechb4) , (4.11)
by = —16gleb1 (eb1 cosh by — sechbgsechb4) sinh by, (4.12)
by = —16g; cosh by sinh byelt (ebl cosh by cosh b3 — sechb4> , (4.13)
b, = —16g; cosh by cosh bz sinh bye? (ebl cosh by cosh bs cosh by — 1) , (4.14)
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b = —16g2€" <eb5 — sechb6sechb7sechb8) , (4.15)
b, = —16gs sinh bge? (eb5 cosh bg — sechb7sechb8> : (4.16)
b, = —16gs cosh bg sinh brebs (eb5 cosh bg cosh by — sechbg) , (4.17)

(4.18)

bg = —16gs cosh bg cosh b7 sinh b8€b5 (eb5 cosh bg cosh by cosh bg — 1) .

where we have used the projection conditions v,/ = —e!, I = 2,4,5,8 and ¢! = €,
1 =1,3,6,7 as in the previous case. The gravitino variation (Mﬁ, w=0,1, gives

A = —8q e cosh by cosh b3 cosh by (ebl cosh by cosh b3 cosh by — 2)
—8¢oe” cosh bg cosh b7 cosh bg (eb5 cosh bg cosh by cosh bg — 2) ) (4.19)

From these equations, we see that apart from the maximally supersymmetric point at
b; =0,i=1,...,8, there is a flat direction of the potential given by

e~ = cosh by cosh bg cosh by, e~ = cosh bg cosh b7 cosh bg (4.20)
which leads to Vo = —64(g1 + g2)%. Equation (4.19) gives A’ = 8(g1 +¢g2) or A = 8(g1+ g2)7
which is the AdS3 solution with radius L = m. It can also be verified that the full

(4,4) supersymmetry is preserved. This should correspond to a marginal deformation of
the N = (4,4) SCFT. There are no other supersymmetric critical points in this sector.
Therefore, the flow breaking supersymmetry from (4,4) to (4,0) is not possible.

However, there is a half-supersymmetric domain wall solution similar to the dilatonic
p-brane solutions of N =1, D =7 and N = 2, D = 6 gauged supergravities studied in [33].
It is remarkable that the full set of the above equations admits an analytic solution. The
strategy to find the solution is as follow. We first determine by 34 as functions of b; and
similarly determine b7 g as functions of bs. by and b5 are determined as functions of r
and can be solved explicitly. From (4.11) and (4.12), we find

db
—2 — coshbysinh by (4.21)
dby

which can be solved for by as a function of by giving rise to

by = coth~te~b2721 (4.22)
Using (4.11) and (4.13) together with b2 solution from (4.22), we find

dbs sinh(2b3)

—_—_— = 4.23
dby  2(1 — e2brtder) ( )
whose solution is given by
eb1+2ca
by = tanh ™! ————— . (4.24)
V1 = e2bitder
Combining (4.11) and (4.14) and substituting for by and b3 solutions give
dby B cosh by sinh by (4.25)

db, _(64‘31 +efe2)ebr — 17
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We then find the solution for by

eb1+2cs
by = tanh™! : (4.26)
\/1 _ €2b1 (6461 + 6462)
With solutions for by, b3 and by, equation (4.11) becomes
by, = 16g;e <\/1 — b1 (eder + edez 4 edes) — eb1> : (4.27)

This can be solved for by as an implicit function of . The solution is

r o= . [26_blm+ In [6_21’1 ((,81 —1)e?r — 1 4 2e0 \/qezl”)H

3291
“+constant (4.28)

where 31 = e*1 + ez 4 ¢los,

We can solve (4.15) to (4.18) by the same procedure. The resulting solutions are

given by
1 betd ebs+2cs
bg = tanh ' e’stc4, by = tanh ™! —————,
A /1 _ 6265+4C4
bg = tanh~! i
g — tan

\/1 _ €b5 (6484 + 6485)7
1
= [2e7V/T= Boe®s 4 1n [ ™% (B — 1)e — 1+ 267V/1 = Bye?s ) ||
92
+constant (4.29)

where /82 = 6464 + 6405 + 6466,
After substituting all of the b; solutions for i = 2,3,4,6,7,8 in (4.19), we obtain

A — 161 - 8ge201 n 16g2e?s - 8goe2ls
B V1 — Bre2br 1 — pre?n /1 — [Boe?bs 1 — Boe?s

whose solution in terms of b; and by is readily found by a direct integration using (4.11)

(4.30)

and (4.15) including the solutions for the other b;’s. The resulting solution is given by

1 e 1 ebs
A=b+by+-tanh ! ——S 4 “ganht S ] [17 le]
1+ 05 + 5 an . /816251 + 5 an = ﬁ2€2b5 n Bie
11—+ 51)62’)1} ~In [1 - ﬁQeQbS} ~In [1 1+ ﬁQ)e%S] . (4.31)

As by,bs; — 0, other scalars do not vanish for finite ¢;. We then find that the solution
will not have an interpretation in terms of the usual holographic RG flows. The solution
is rather of the 1-brane soliton type, see [33] for a general discussion of (D — 2)-brane
solitons in D dimensions. It can also be verified that the 81! = 0 condition precisely gives
the Killing spinors for the unbroken supersymmetry e/ = e 66 with the constant spinor 66

satisfying %e(l) = —e{), I =2,4,58and 'yTeé = 66, 1=1,3,6,7.
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4.2 Non-supersymmetric deformations

We now briefly discuss non-supersymmetric RG flow solutions interpolating between the
N = (4,4) SCFT in the UV and some critical points found in the previous section. The
solutions are essentially non-supersymmetric since they connect a supersymmetric to a
non-supersymmetric critical point. Finding the corresponding solutions involve solving
the full second order field equations for both the scalars and the metric in contrast to
solving the first order BPS equations in the supersymmetric case. Although there are
some examples of analytic supersymmetric flow solutions in three dimensions, in general,
analytic solutions with many active scalars, even for the supersymmetric case, can be
very difficult to find. Therefore, we will not expect to find any analytic solutions in the
non-supersymmetric case but rather look for numerical flow solutions.

In all cases, the interpolating solutions generally exist and can be obtained by a similar
procedure used in [34]. In solving the second-order field equations for scalars and the
metric function, two types of asymptotic behavior of scalars arise near the UV fixed point.
One of them corresponds to a deformation by turning on a dual operator while the other
corresponds to a vacuum expectation value (vev). The second-order equations lead to an
ambiguity between these two possibilities. One way to solve this ambiguity is to recast the
second-order field equations into a first-order form by introducing the generating function
W [35, 36]. Like supersymmetric solutions obtained from first-order BPS equations, only
one possibility is singled out from these new first-order equations.

In the present case, numerical analyses show that non-supersymmetric flows to P; and
Ps are driven by turning on relevant operators. These describe true deformations of the UV
SCFT rather than vev deformations. The flow to P53 involves four active scalars and is more
difficult to find. However, the flow is expected to be driven by a scalar transforming as (1,1)
under SO(4) x SO(4) at the UV point. From the value of g; and go in the stability range, it
can be checked that only the deformation dual to this scalar is relevant. The deformations
corresponding to the remaining active scalars are given by vacuum expectation values of

irrelevant operators since these scalars have positive mass squares.

5 Conclusions and discussions

In this paper, we have studied N = 8 gauged supergravity in three dimensions with a
non-semisimple gauge group (SO(4) x SO(4)) x T'2. The ratio of the coupling constants
of the two SO(4)’s is given by a parameter «. For positive a, the theory describes an
effective theory of ten dimensional supergravity reduced on S3 x S3 x S'. For negative a,
on the other hand, the theory may describe a similar reduction on S3 x H? x S! in which
H? is a three-dimensional hyperbolic space. With a = —1, the cosmological constant is
zero. This solution should describe a ten dimensional background Mz x S3 x H3 x 1
where M3 is the three-dimensional Minkowski space.

We have studied the scalar potential and found a number of non-supersymmetric
AdSj3 critical points. The trivial critical point with maximal supersymmetry is identified
with the dual large N = (4,4) SCFT in two dimensions. We have explicitly checked
the stability of some non-supersymmetric critical points by computing the full scalar
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mass spectra at these critical points. They are perturbatively stable for some values of «
parameter in the sense that all scalar masses are above the BF bound. It is also interesting
to see whether other critical points are stable or not. We have investigated RG flows,
interpolating between the large N = (4,4) SCFT in the UV and non-supersymmetric IR
fixed points with SO(4) x SO(4), SO(4) x SO(2) x SO(2) and SO(4) symmetries, and also
commented on the operators driving these flows.

Another result of this paper is half-supersymmetric domain wall solutions to N = 8
gauged supergravity. For the domain wall preserving SO(4) x SO(4) symmetry, the solution
describes an RG flow from N = (4,4) SCFT in the UV to a non-conformal N = (4, 4) field
theory in the IR. The solution has however a bad singularity according to the criterion
of [32]. For the solution preserving SU(2) x SU(2) symmetry, the holographic interpretation
is not clear. In the point of view of a (D — 2)-brane soliton, the solution should describe
a l-brane soliton in three dimensions according to the general discussion in [33]. When
uplifted to ten dimensions, the solution might describe some configuration of D1-branes.
Hopefully, the solutions obtained in this paper might be useful in string/M theory context,
black hole physics and the AdS/CFT correspondence. The uplifted solution of the non-
conformal flow preserving SO(4) x SO(4) symmetry is also necessary for the resolution of
its singularity if the full ten-dimensional solution turns out to be non-singular.

Finally, the chiral supersymmetry breaking (4,4) — (4,0) found in [28] cannot be im-
plemented in the framework of N = 8 gauged supergravity studied here. It would probably
require a larger theory of N = 16 gauged supergravity with (SO(4) x SO(4)) x (T'2,T3%)
gauge group studied in [14]. It would be very interesting to find the flow solution of [28]
explicitly in the three dimensional framework. We hope to come back to these issues in
future research.
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A Useful formulae and details

For completeness, we include a short review of gauged supergravity in three dimensions
in the formulation of [12]. The theory is a gauged version of a supersymmetric non-linear
sigma model coupled to non-propagating supergravity fields. N-extended supersymmetry
requires the presence of N — 1 almost complex structures f, P =2,..., N on the scalar
manifold. The tensors fI/ = fl/] generating the SO(N) R-symmetry in a spinor rep-
resentation under which scalar fields transform, play an important role. In the case of
symmetric scalar manifolds of the form G/SO(N) x H’, they can be written in terms of
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SO(N) gamma matrices. In our case, we use the 16 x 16 Dirac gamma matrices of SO(8)

I
i <(F(1))T Fo ) _ (A1)

The 8 x 8 gamma matrices are explicitly given by

[N =04Q® 04 R 04, 'y =01 ®03® 04,
I's =04 ®01® 03, Iy =03®004®01,
I's =01 ®02 ® oy, I'g =04 ® 01 ® 09,
't =00 ®04®o01, I's=01®0 ®0y (A.2)

where

B 10 B 01
o1 ) 727 \10)
03 = <(1) _01), o4 = (_01[1)> (A.3)

According to our normalization, we find
wnns = —Tr(Ys [TV Yicr]). (A.4)

Generally, the d = dim(G/H) scalar fields ¢, i = 1,...,d can be described by a coset
representative L. The useful formulae for a coset space are
1
L~ WML = 5vM, ST M xo ppM iy A (A.5)
1
Lol = 5@{ I L Qexe + ety (A.6)
where ef, Q!7 and Q% are the vielbein on the coset manifold and SO(N) x H' composite
connections, respectively. X®’s denote the H' generators.

Any gauging can be described by a symmetric and gauge invariant embedding tensor
satisfying the so-called quadratic constraint

Opef* (MmOak =0, (A7)

and the projection constraint
Pr,Omn =0. (A.8)

The first condition ensures that the gauge symmetry forms a proper symmetry algebra
while the second condition guarantees the consistency with supersymmetry.

The T-tensor given by the moment map of the embedding tensor by scalar matrices
VM, . obtained from (A.5), is defined by

Tas = VMO V5. (A.9)
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Only the components TT/KL and T174 are relevant for computing the scalar potential.

With our SO(8, 8) generators, we obtain the following )V maps

yebls _%Tr(L—lJiszIJ)’ yabLs _ _%TT(L—ltiszIJ)’

yebKr _ %Tr(L—IJizbyKT% yabKr _ %TT(L—lt({,byKT%

Vi%u _ _%TI(LAJSETIJ)? Vgi;,m _ —%Tr(L’ltgi’T”),

VAT = ST(L Y, VAT = STE YR (A0)

where we have followed the convention of calling the semisimple part SO(4) x SO(4) and
the nilpotent part T'? ~ T x T® as A and B types, respectively. We then compute the
T-tensor components

IJKL _ ab,1.J~ycd, KL ab,1.J~ycd, KL ab,1.J~ycd, KL

T =9 (Vm Vei Ve VT = Vel Vg ) €abed

ab,IJ~,eéd, KL ab,IJ~,éd, KL ab,I1J~,éd, KL
oo (Vs Vet VeV VRV e (A

b,IJ~cd, K b,I.J~cd, K b,I.J~cd, K

TR = gy (VEETVRT VRV - VETVET) o
ab,1.J~ed,Kr ab,1.J~ed,Kr ab,1.J~ed,Kr

The scalar potential can be computed by using the formula

4 1 .
Vet (A{JA{J _ 2NgwAggAgg) (A13)

in which the metric g;; is related to the vielbein by g;; = efej‘. The A; and Ay tensors
appearing in the gauged Lagrangian as fermionic mass-like terms are given by

4 2
Al — = pIMJM s/ TMN,MN A4
! N -2 +(N—1)(N—2) ’ (A.14)
2 4 2
Al — Zpld 2 MUmpg)M §TJ FKL mpKL (A 4
=Nt oy s T TR o g T (A19)

Finally, we repeat the condition for supersymmetric critical points. The residual
supersymmetry is generated by the eigenvectors of the Al tensor with eigenvalues equal

to i\/% .
B Explicit forms of the scalar potential
For SO(4)giag invariant scalars, the potential is given by

V = 4¢54 g2 cosh?(az — a4) cosh? (a3 + ay) [5 cosh[2(a; — 2a3)] + 8 cosh(4a3)
+5 cosh[2(a1 + 2a3)] — 4 cosh(2ay) (7 + 2 cosh(2a3) cosh(2a4)) + 2 cosh(4aq) X
(cosha; — 3sinha;)? — 6 (cosh(4as) — 4 cosh(2as3) cosh(2a4) — 6) sinh(2a;)
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+4e52 g2 cosh?(az — a4) cosh? (a3 + ay) [5 cosh[2(as — 2a3)] — 8 cosh(4as3)
+5 cosh[2(ag + 2ag)] — 4 cosh(2a2) (7 + 2 cosh(2a3) cosh(2a4)) + 2 cosh(4ayg) X
(sinh ay — 3 cosh ag)? — 6 (cosh(4as) — 4 cosh(2a3) cosh(2a4) — 6) sinh(2az)

—emtaz+6(astas) o) o) 86 cosh(ay + ag) — 64 cosh(a; — az) cosh(2as) 4 cosh(2a3)x
cosh(6ay) (cosha; — 3sinh ay) (3 cosh ag — sinh ag) 4+ 16 cosh a; cosh(4ag) sinh ay

+ cosh(2ay) [—64 cosh(a1 — az) + cosh(6a3) (3 cosha; — sinhay) x

(coshag — 3sinh ag) + 2 cosh(2as) (37 cosh(a; + az) — 19sinh(a; + az))]

—66sinh(a; + az) + 2 cosh(4ay) [8 cosh ag sinh a; + cosh(4as) (sinh(a; + a2)
—3cosh(a; + a2))] + [25 cosh(a; + az) — 27 cosh ag sinh a; + 2 cosh(4ag) x

(3cosha; —sinhay) (coshas — 3sinh ag) — 35 cosh a; sinh as] sinh(2a3) sinh(2a4)

+2 (sinh(a; + a2) — 3cosh(a; + a2)) sinh(4as) sinh(4a4) + sinh(2a3) sinh(6a4) x
(3coshay — sinhas) (cosha; — 3sinhay)]. (B.1)

The potential for SU(2)} x SU(2); invariant scalars is given by, in notation of section 4,
2
V =128 g%e%1 cosh? by cosh? b3 cosh? by (ebl cosh by cosh by cosh by — 1>
2
—I—QS €255 cosh? bg cosh? by cosh? bg (eb5 cosh bg cosh by cosh bg — 1) ] . (B.2)
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