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ABSTRACT: Using six-dimensional Euclidean F'(4) gauged supergravity we construct a
holographic renormalization group flow for a CFT on S°. Numerical solutions to the BPS
equations are obtained and the free energy of the theory on S° is determined holographically
by calculation of the renormalized on-shell supergravity action. In the process, we deal
with subtle issues such as holographic renormalization and addition of finite counterterms.
We then propose a candidate field theory dual to these solutions. This tentative dual
is a supersymmetry-preserving deformation of the strongly-coupled non-Lagrangian SCE'T
derived from the D4-D8 system in string theory. In the IR, this theory is a mass deformation
of a USp(2N) gauge theory. A localization calculation of the free energy is performed for
this IR theory, which for reasonably small values of the deformation parameter is found to
have the same qualitative behaviour as the holographic free energy.
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1 Introduction

Despite being non-renomalizable, five-dimensional supersymmetric field theories have a
history of study via string and M-theory [1-3]. A plethora of five-dimensional gauge the-
ories can be realized by utilizing brane constructions in type IIA [4, 5] as well as type
IIB string theory [6-8]. In contrast to theories in other dimensions, five-dimensional su-
perconformal field theories (SCFTs) have a unique superalgebra F'(4) [9-11] with SO(2,5)
conformal symmetry, SU(2)r R-symmetry, and sixteen supercharges (eight Poincare and
eight conformal supercharges).

Though difficult to study directly, holography can be used to study five-dimensional
SCETs in the large N limit. Supergravity solutions containing an AdSg factor had pre-
viously been found in massive type IIA supergravity [4, 5, 12] as well as in type IIB
supergravity [13-15]. In the last year,! new type IIB supergravity solutions were found
using an ansatz with AdSg x S? warped over a two-dimensional Riemann surface ¥ with
boundary [19-22]. Aside from isolated points on the boundary of ¥, these solutions are
completely regular. At these isolated points the harmonic functions which determine the
solutions have poles. These poles can be given a physical interpretation as the remnants
of semi-infinite (p,q) five-branes resulting from the conformal limit of (p,q) five-brane
webs [6-8]. However, these solutions are technically involved.

A simpler setting for AdSg/CFT5 duality is given by six-dimensional F'(4) gauged
supergravity. F(4) gauged supergravity was first constructed in [23]. The theory can be
coupled to any number of six-dimensional vector multiplets, with the resulting Lagrangian,
supersymmetry transformations, and possible gaugings found in [24]. These theories admit
supersymmetric AdSg vacua, and determining the spectrum of linearized supergravity fluc-
tuations dual to primary operators is straightforward [25-27]. For some additional work
on the use of F'(4) gauged supergravity in holography, see e.g. [28-32]. To our knowledge,
it is not yet known how to lift general solutions of six-dimensional gauged supergravity
to ten dimensions, and hence a microscopic understanding of the CFT described by the
AdS vacua is still lacking. On the other hand, obtaining and studying solutions for the
six-dimensional theory is relatively simple, and general lessons also applicable to more com-
plicated theories can be learned. An example of such solutions is the 6d supersymmetric
Janus solution constructed recently in [33].

In this paper, we will be interested in studying certain deformations of 5d SCFTs
via holography. The superconformal symmetry of a SCFT can be broken by turning on
relevant operators, some of which may keep (some) Poincdre supersymmetries unbroken.
Well known cases of such deformations include the N'= 2* and N’ = 1* theories obtained
by mass deformations of N' = 4 super Yang-Mills. A systematic classification of operators
which break superconformal symmetry but leave Poincare supersymmetry unbroken was
recently obtained in [34]. In order to make use of localization results, we will furthermore
be interested in deformed SCFTs on S°. Conformal field theories defined on R¢ can be put
on other conformally flat manifolds such as the d-dimensional sphere in a unique fashion.
However, for non-conformal theories this is not the case, though for many theories it is

!'For earlier work in this direction, see [16-18].



possible turn on additional terms in the Lagrangian which preserve supersymmetry on the
curved space. For N = 2* these terms were found in [35] and for gauge theories on S° such
terms were given in [36, 37].

In the context of the AdS/CFT correspondence, such deformations on spheres have
been studied for four-dimensional NV = 2* [38], four-dimensional N' = 1* [39], and three-
dimensional ABJM theories [40]. The method used to study these theories holographically
is as follows. For a field theory in d-dimensions, one considers a gauged supergravity
with an AdS;y1 vacuum corresponding to the undeformed superconformal field theory.
The ansatz for the metric corresponding to the deformed theory is given by a Euclidean
RG-flow/domain wall, where a d-dimensional sphere is warped over a one-dimensional
holographic direction. The scalars which are dual to the mass deformations, as well as
the additional terms which are necessary for preserving supersymmetry on the sphere, are
sourced in the UV. The preservation of supersymmetry in the supergravity demands the
vanishing of fermionic supersymmetry variations and provides first-order flow equations for
the scalars. The integrability conditions for the gravitino variation determine the metric.
For generic scalar sources, the flow will lead to a singular solution, but demanding that the
sphere closes off smoothly in the IR provides relations among the UV sources and leads to a
nonsingular supersymmetric RG flow. Using holographic renormalization, the free energy
of the theory on the sphere is determined by calculating the renormalized on-shell action
of the supergravity solutions. The continuation of the supergravity theory from Lorentzian
to Euclidean signature, the precise mapping of supergravity fields to field theory operators,
and the choice of finite counterterms preserving supersymmetry are among the subtle issues
which the papers [38-40] address in five- and four-dimensional gauged supergravity.

The goal of this paper is to apply these techniques to matter-coupled six-dimensional
gauged supergravity [23, 24] in order to study mass deformations of a five-dimensional
SCFT on S°. The structure of the paper is as follows: in section 2, we review features of the
Lorentzian matter-coupled F'(4) gauged supergravity theory. In section 3, we discuss the
continuation of the supergravity to Euclidean signature and construct the ansatz describing
the RG flow on S°. Vanishing of the fermionic variations leads to the Euclidean BPS
equations. We solve these equations numerically and obtain a one parameter family of
smooth solutions. In section 4, we use holographic renormalization to evaluate the on-
shell action as a function of the mass parameter. In the process, we deal with the subtle
issue of identification of finite counterterms needed to preserve supersymmetry on S°. In
section 5, we compare the holographic sphere free energy with the corresponding result
obtained via localization in the large N limit of a USp(2/N) gauge theory with one massless
hypermultiplet in the antisymmetric representation and one massive hypermultiplet in the
fundamental representation of the gauge group. In section 6, we close with a discussion of
our results and future directions for research.

2 Lorentzian matter-coupled F'(4) gauged supergravity

The theory of matter-coupled F(4) gauged supergravity was first studied in [24, 26|, with
some applications and extensions given in [27-29]. Below we present a short review of this
theory, similar to that given in [33].



2.1 The bosonic Lagrangian

We begin by recalling the field content of the 6-dimensional supergravity multiplet,
A A
(e/(,lu w,uﬂ Afj? Blﬂh X ’ U) (21)

The field e}, is the 6-dimensional frame field, with spacetime indices denoted by {p, v}
and local Lorentz indices denoted by {a,b}. The field 1/1/‘;‘ is the gravitino with the index
A, B = 1,2 denoting the fundamental representation of the gauged SU(2)r group. The
supergravity multiplet contains four vectors Aj labelled by the index a = 0,...3. Tt will
often prove useful to split o = (0,7) with » = 1,...,3 an SU(2)g adjoint index. Finally,
the remaining fields consist of a two-form B,,, a spin—% field x4, and the dilaton o.

The only allowable matter in the d = 6, N' = 2 theory is the vector multiplet, which

has the following field content

(A Ay 6% (2.2)
where I = 1,...,n labels the distinct matter multiplets included in the theory. The
presence of the n new vector fields AL allows for the existence of a further gauge group G+
of dimension dim G4 = n, in addition to the gauged SU(2)r R-symmetry. The presence
of this new gauge group contributes an additional parameter to the theory, in the form of
a coupling constant \. Throughout this section, we will denote the structure constants of
the additional gauge group Gy by Crjyr. However, these will play no role in what follows,
since we will be restricting to the case of only a single vector multiplet n = 1, in which
case G4 = U(1).

In (half-)maximal supergravity, the dynamics of the 4n vector multiplet scalars ¢/ is
given by a non-linear sigma model with target space G/K; see e.g. [41]. The group G is
the global symmetry group of the theory, while K is the maximal compact subgroup of G.
As such, in the Lorentzian case the target space is identified with the following coset space,

SO(4, n)
SO(4) x SO(n)

where the second factor corresponds to the scalar ¢ which is already present in the gauged

M = % SO(1,1) (2.3)

supergravity without added matter. In the particular case of n = 1, explored here and
in [33], the first factor is nothing but four-dimensional hyperbolic space Hy. When we
analytically continue to the Euclidean case, it will prove very important that we analytically
continue the coset space as well, resulting in a dSy coset space. This will be discussed more
in the following section.

In both the Lorentzian and Euclidean cases, a convenient way of formulating the coset
space non-linear sigma model is to have the scalars ¢/ parameterize an element L of G.
The so-called coset representative L is an (n+4) x (n+4) matrix with matrix elements Ly,
for A,¥ =1,...n+4. Using this representative, one may construct a left-invariant 1-form,

L'dL e g (2.4)
where g = Lie(G). To build a K-invariant kinetic term from the above, we decompose

L YL =Q+P (2.5)



where @) € £ = Lie(K) and P lies in the complement of ¢ in g. Explicitly, the coset vielbein
forms are given by,
I
Py = (L71)7 (AL + i ATLY,) (2.6)
where the f AEF are structure constants of the gauge algebra, i.e.
[Tx, Tx) = fas' Tr (2.7)
We may then use P to build the kinetic term for the vector multiplet scalars as,

1
Lecoset = _ZQPIOWPIOW (28)

where e = y/|det g| and we’ve defined P;fo‘ = PZ-IO‘(‘)MZ)", for: = 0,...,4n — 1. With this
formulation for the coset space non-linear sigma model, we may now write down the full
bosonic Lagrangian of the theory. We will be interested in the case in which only the metric
and the scalars are non-vanishing. In this case the Lorentzian theory is given by

1 1
e L= — 1B+ Ouodio ~ ZPIWPIO‘“ -V (2.9)
with the scalar potential V' given by
200 | L oo 1o Lo I 2 _—60
V=—¢ %A +ZB Bi+Z(CtCIt+4DtDIt) +m“e " Nyo
2 4
—me 27 [3AL00 —2B"'Ly; (2.10)

The scalar potential features the following quantities,

A= ETStKrst B" = 67181&-[{5150
C} = fthKrIs D]t = K()[t (211)

with the so-called “boosted structure constants” K given by,

(Lil)sana + AC[JKLIT(Lil)sJLKa
(L7N"L" 4+ A Crye LY (71T LE, (2.12)

Krsoz = gffang

T

Kodt = gfﬁanz

[0}

We remind the reader that r,s,t = 1,2, 3 are obtained from splitting the index « into a 0
index and an SU(2)z adjoint index. Also appearing in the Lagrangian is Ny, which is the
00 component of the matrix

M =Ly* (L7Y) 5 — Ly (L7Y) (2.13)

2.2 Supersymmetry variations

We now review the supersymmetry variations for the fermionic fields in the Lorentzian
theory. In the following section, we will discuss the continuation of this theory to Euclidean
signature, which is complicated by the necessary modification of the symplectic Majorana
condition imposed on the spinor fields.



In order to write the fermionic variations, it is first necessary to introduce a matrix v*

defined as

v7 = iyl yta0 (2.14)

and satisfying (77)? = —1. With this, the supersymmetry transformations of the fermions
in the Lorentzian case can be given as
i
oxA = 5’7“(9#06,4 + Nage®?
YA, = Dyea + SAB’YMEB
O\ = z']%ogBauqSi'y“sB - Z'P()IieABa#(,/)i’)/?’}/MEB + Ml geB (2.15)

where we have defined

i _ _ i _ _
SaB Zﬂ[A€J+6m€ (L 1)00]5AB_§[Bt€a —2me™ % (L™ "]y oy
1 3,7 |- 30 (7 —
Nap :ﬂ[Ae”—Bme 39(L 1)00]5A3+§[Bt6 +6me 37 (L Y yly ol s
Mg = (=C% +2iy"D1)e? ol g — 2me 37 (L) v e, (2.16)

In the above, the matrix o5 defined as o'y = a"%ac A is symmetric in A, B. For more
details, see our previous paper [33].

2.3 Mass deformations

In the following, we consider the coset (2.3) with n = 1, i.e. a single vector multiplet. The
coset representative is expressed in terms of four scalars ¢’,i = 0,1,2,3 via

3
L=]]e"™ (2.17)
=0

where K are the non compact generators of SO(4,1); see [33] for details. Note that ¢°
is an SU(2)p singlet, while the other three scalars ¢” form an SU(2)p triplet. The scalar
potential for this specific case can be obtained from (2.10) and takes the following form

, 1
V(o,¢') = —g?e® + gme_ﬁa [ — 32ge* cosh ¢° cosh ¢! cosh ¢ cosh ¢® + 8m cosh? ¢

+ m sinh? ¢° < — 6 4 8 cosh? ¢! cosh? ¢? cosh(2¢%) + cosh(2(¢! — ¢?))
+ cosh(2(¢" + ¢?)) + 2 cosh(2¢') + 2 cosh(2¢2)>} (2.18)
The supersymmetric AdSg vacuum is given by setting g = 3m and setting all scalars to

vanish. The masses of the linearized scalar fluctuation around the AdS vacuum determine
the dimensions of the dual scalar operators in the SCFT via

m?1? = A(A - 5) (2.19)



where [ is the curvature radius of the AdSg vacuum. For the scalars at hand, one finds
mil?> = —6 maol? = —4 mi > =—6, r=1,2,3 (2.20)
Hence the dimensions of the dual operators are
Ap. =3, A(?d)o =4, Ao, =3, r=1,2,3 (2.21)

In [25] these CFT operators were expressed in terms of free hypermultiplets (i.e. the
singleton sector). The case of n = 1 corresponds to having a single free hypermultiplet,
consisting of four real scalars ‘L{x and two symplectic Majorana spinors 1!. Here I = 1,2 is
the SU(2) g R-symmetry index and A = 1,2 is the SU(2) flavor symmetry index. The gauge
invariant operators appearing in (2.21) are related to these fundamental fields as follows,

Oy = (q*)AIqIAa O¢>0 = 1;[77/}[7 Oy = (q*)AI(UT)ABqIB , r=1,23 (222)

Note that the first two operators correspond to mass terms for the scalars and fermions,
respectively, in the hypermultiplet. The third operator is a triplet with respect to the
SU(2)g R-symmetry. As argued in [25], the field ¢° is the top component of the global
current supermultiplet. Therefore a deformation by Oy will break superconformal sym-
metry but preserve all Poincare supersymmetry [34]. However, deformation by O alone
is inconsistent. Poincare supersymmetry demands that we also turn on the scalar masses
O,. Moreover, supersymmetry on S° requires an additional operator in the action that
breaks the superconformal SU(2)r symmetry to U(1)r symmetry [36]. Without loss of
generality, we may choose this operator to be Oys.

3 Euclidean theory and BPS solutions

In this section we will obtain the six-dimensional holographic dual of a mass deformation of
a 5D SCFT on S°. Such a dual is given by S°-sliced domain wall solutions of matter-coupled
Euclidean F'(4) gauged supergravity. In order to obtain such solutions, we must first con-
tinue the Lorentzian signature gauged supergravity outlined above to Euclidean signature,
which has subtleties for both the scalar and fermionic sectors. Once the Euclidean theory
is obtained, we turn on relevant scalars necessary to support the domain wall. As discussed
in the previous section, at least three scalars must be turned on to obtain supersymmetric
solutions. The ansatz for the domain wall solutions takes the following form

ds® = du® + le(u)d5§5, o=o(u), ¢ = ¢'(u), i=0,3 (3.1)

with the remaining fields set to zero. Next we will obtain a consistent set of BPS equations
on the above ansatz, and then solve them numerically. When solving them, we will demand
as an initial condition that for some finite u the metric factor e?f vanishes, so that the
geometry closes off smoothly.



3.1 Euclidean action

The Euclidean action may be obtained from the Lorentzian one by first performing a simple

Wick rotation of Lorentzian time ¢ — —ix

. This makes the spacetime metric negative
definite, since the metric in the Lorentzian theory was taken to be of mostly negative
signature. However, we will choose to work with the Euclidean theory with positive definite
metric. Making this modification involves a change in the sign of the Ricci scalar. Then
noting that the Euclidean action is related to the Lorentzian action by exp (iSL‘”") =

exp (—SE“C), the final result of the Wick rotation is the following Euclidean action,

1
4Gy

Sep = / Sz VGL, L= (—iR + D00t + iGij(Qb)aud)iauqu +V (o, ¢>")>

(3.2)
where the spacetime metric GG is positive definite and G is the six-dimensional Newton’s
constant. By abuse of notation, G;;(¢) with indices refers to the metric on the scalar
manifold, which for the coset representative (2.17) is given by

Gi; = diag (cosh2 ¢! cosh? ¢? cosh? @2, cosh? 2 cosh? 3, cosh? ¢3, 1) (3.3)
In addition to performing the above Wick rotation, we also perform a Wick rotation
on the sigma model [44-46]

S0(4,1) _ SO(4,1) _
SO S0B31)

The metric on the sigma model is now that of dSy, as opposed to the Hy that we had in the

dS, (3.4)

Lorentzian case [33]. This can be obtained by making the following change to the Hy coset,
Or — 1Oy r=1,2,3 (3.5)

It would be interesting to understand this analytic continuation from first principles and its
relation to Euclidean supersymmetry, possibly along the lines of [47, 48]. For now, we just
note that such a Wick rotated model seems necessary to obtain regular, supersymmetric
solutions.

3.2 Euclidean supersymmetry

The next task is to identify the form of the Euclidean supersymmetry variations. Moti-
vation for the form of these variations may be obtained by analysis of the free differential
algebra (FDA) of the F(4) gauged supergravity theory with Hg vacuum, as discussed in
appendix B. The final result for this FDA is given in (B.6), and is noted to be of the
same form as the FDA for the theory with dSg background (identified in [49]), with two
differences. The first obvious difference is that the metrics differ — the space considered
in [49] was dSg with mostly minus signature, whereas we are currently focused on positive
definite Hg. However, both of these spaces have R, = —2Om2g,“,. The second difference
is in the definition of Dirac conjugate spinors. However, once the difference in definition of
the gamma matrices is accounted for, the only difference is a factor of i, i.e.

Py = i) (3.6)



Because of these similarities, the supersymmetry variations in the current case are expected
to be of a similar form to that of [49]. In particular, the variations of the fermions are
expected to be of the form

1
oxa = —57“8”0@1 + NypeB+ ...

YAy = Duea + iSAB’yuaB +...
(5)\114 = —ﬁéa;Ba“qs’?weB + p({ieAgaugbi’y?'y“sB + MI{‘B&:B + ... (3.7)

where Nap, Sap, and M I{XB are again given by (2.16), but now with the appropriate
redefinition of the coset representative as per (3.5). It should be noted that while the FDA
analysis presented in appendix B is a strong motivation for the form of the supersymmetry
variations presented above, it is not a proof. To actually derive the form of these variations,
one must first introduce curvature terms representing deviations from zero of each line in
the free differential algebra. An application of the exterior derivative to the resulting
expressions then gives rise to Bianchi identities, which must be solved before obtaining the
explicit form of the fermion variations. This is a rather involved process, and so for the
moment we will content ourselves with the motivating comments provided by the FDA.
We will take the eventual presence of smooth supersymmetric solutions consistent with the
equations of motion as a posteriori evidence for the legitimacy of these variations.

A nice property of the variations above is the fact that they are consistent with the
following SO(6)-invariant symplectic Majorana condition,

Ya = AByYLe (3.8)

The consistency of such a condition allows us to work with symplectic Majorana spinors
just as in the Lorentzian case, though the symplectic Majorana condition utilized here is

different than that of the Lorentzian case.?

As mentioned before, we will be concerned with only the simplest case of a single
non-zero SU(2)g-charged vector multiplet scalar ¢3, i.e. we take ¢! = ¢? = 0. It can be
easily verified that this is a consistent truncation, and is in fact the most general choice of
non-vanishing fields that can preserve SO(4,2) x U(1)z. With this consistent truncation,
the functions Nap, Sap, and M 1{‘ p appearing in the supersymmetry variations reduce to

Sap = iSoean + 11537 0%
Nap = —Noeap — N3y'od 5
Mg = Moy esp + Mo g (3.9)

2The fact that the symplectic Majorana condition must be different in the current case follows from
SO(6) invariance. The condition used in the Lorentzian case [33] was expressed in terms of -y, which
explicitly breaks SO(6) symmetry.



where we have defined
1
So = 1 (g cos ¢°e? + me 37 cosh qbo)

1
Ss = —im e 3 sinh ¢" sin ¢

4
1
Ny = 1 (g cos ¢>e? — 3me 37 cosh d)o)
N3 = —zi me 37 sinh ¢° sin ¢>

My = 2m e cos ¢° sinh ¢
Mz = —2ig € sin ¢ (3.10)
Importantly, note that S3, N3, and M3 are now purely imaginary, in contrast to the

Lorentzian case [33]. In all that follows we will set m = —1/27 such that the radius
of AdSg is one.

3.3 BPS equations

We now use the vanishing of the fermionic variations (3.7) to obtain BPS equations for the
warp factor and the three non-zero scalars.

3.3.1 Dilatino equation and projector

We begin by imposing the vanishing of the dilatino variation, dx 4 = 0, which implies

1
5750’5,4 = Npeyg + N377(03)BA€B (3.11)

This equation can be interpreted as a projection condition on the spinors € 4. Consistency
of this projection condition then requires that

o' =2n\/NZ + N2 (3.12)

where 7 = +1. Plugging this BPS equation back into (3.11) then yields a second form of

the projection condition,
Voea = Goea — Gy (0°) 4eB (3.13)

which is more useful in the derivation of the other BPS equations. In the above, we have

defined
N, N.
0 G3 = 3

NZ + N2 _n\/NOM—N??

3.3.2 Gravitino equation

(3.14)

The analysis of the gravitino equation 014, = 0 proceeds in exactly the same way as for
the Lorentzian case studied in [33]. The procedure gives rise to a first-order equation for
the warp factor f and an algebraic constraint. To avoid excessive overlap with that paper,
we simply cite the result,

f'=2(GoSy + G353) e 2 = 4(GoSy + G353)% — 4(S3 + S2) (3.15)

,10,



3.3.3 Gaugino equations

Finally, we turn toward the gaugino equation §A%, = 0. Again the analysis of this equation
proceeds in an exactly analogous manner to the Lorentzian case [33]. The result is

cos ¢°(¢°) = —(GoMo + G3Ms) (%) = i(G3My — GoMs) (3.16)

The right-hand sides of both equations are real, and thus give rise to real solutions when
appropriate initial conditions are imposed.

3.3.4 Summary of first-order equations

To summarize, the first-order equations for the warp factor f and the scalars o, ¢¥, ¢ are
found to be

f, =2 (GoSo + Ggsg)

o' = 2n\/NZ + N2
cos ¢* (¢°)' = — (GoMo + G Mz)
(%) = i (G3Moy — GoMs) (3.17)

Furthermore, for consistency these were required to satisfy the algebraic constraint

e 2 = 4(GoSo + G383)* — 4 (S¢ + 53) (3.18)
The various functions featured in these equations were defined in (3.10) and (3.14).

3.4 Numeric solutions

In order to get acceptable numerical solutions from these equations, we must choose ap-
propriate initial conditions. It is easy to check that the following initial conditions ensure
smoothness of all three scalars, as well as the vanishing of €2/ at the origin,

1 T
3 _ i1 2
¢0 = Sin -m <_3 + 9 + 16 tanh ¢8>:|
cosh ¢ <5 +1/9 + 16 tanh? ¢8>
Jé\/g + coth? ¢ <—3 + /9 + 16 tanh? ¢>g)

We have defined for notational convenience ¢§ = ¢*(0) and oy = 0(0). For these initial

1
— (=34 1/9 + 16 tanh? ¢? 3.20
8tanh¢8( Tyt lotan %) (3:20)

(3.19)

conditions to be real, we must ensure that

f(@0)] <1 F(e0)

Noting that .
lim  f(¢0) = —= lim  f(49)

1
= - 3.21

— 11 —
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Figure 1. Smooth solutions for the four scalar fields in the Euclidean theory. We take n = —1 and
have chosen the following values for the initial conditions: ¢3 = {0.25, 0.5, 1, 1.5, 2} (light to dark
blue). Importantly, we see that €2/ vanishes at the origin — signaling a smooth closing off of the
spacetime — and asymptotes to a constant eIk

and also that f(¢Q) is monotonically increasing, i.e.

Yy Ve) € R (3.22)

dey

allows us to conclude that this is always the case for real initial conditions <Z>8. Thus we
have a one parameter family of real smooth solutions, labeled by the IR parameter ¢9.

With this in mind, we may choose any value of ¢3 and solve the BPS equations in (3.17)
numerically. In figure 1, we plot the solutions obtained for the following choices of initial
condition: (;58 = {0.25, 0.5, 1, 1.5, 2}. In order to get smooth solutions for u > 0, we must
take n = —1. It is straighforward to verify that the resulting solutions are completely
smooth and have the expected vanishing of e2/ at the origin, implying that the spacetime
smoothly pinches off. Furthermore, e/ /e?" is seen to asymptote to a constant, which we
denote by e2/r.

3.5 UV asymptotic expansions

As in the holographic Janus solutions in Lorentzian signature [33], the BPS equations may
also be used to obtain the UV asymptotic behavior of the solutions. To do so, we begin by
defining an asymptotic coordinate z = e~*, where the asymptotic S® boundary is reached
by taking u — oo. Consequently, an asymptotic expansion is an expansion around z = 0.
The coefficients in the UV expansions of the non-zero fields may now be solved for order-
by-order using the BPS equations. One finds explicitly that all coefficients are determined
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in terms of only three independent parameters «, 3, and fi, in accord with the fact that
there are three independent first-order differential equations. The first few terms in the
expansions are

f(z) = —logz+ fr. — <16_2fk + 1a2) 224+ 0(2%)

4 16
3 92 1y 3 4
a(z):ga z —I-Ze Faf 2° + O0(2%)
) 23
0(.) — (2, 21 3\ .3 4
P (z) =az <4a6 +48a>z + O0(z%)

$3(2) = e ka2 + B 25+ 02 (3.23)

We have obtained the expansions up to O(z%), but we display only the first few terms here.

4 Holographic sphere free energy

The goal of this section is to obtain the holographic free energy, i.e. the renormalized
on-shell action. We begin by writing the full action,

S = Sep + Sau
1
Son = [[au o VL Son = [ vk (4.1)

where Sgp is the six-dimensional Euclidean action given in (3.2) and Sgy is the Gibbons-
Hawking term.? The ~ appearing in Sqp is the determinant of the induced metric on the
boundary (located at some cutoff distance v = A), while K is the trace of the extrinsic
curvature KC;; of the radial S5 slices. The latter is defined as

1d

i = S

Vij (4.2)

In general, the on-shell action is divergent and requires renormalization. The addition
of infinite counterterms is standard in holographic renormalization [50-52], but in the cur-
rent case we must also add finite counterterms in order to preserve supersymmetry [53].
We will begin our exploration of counterterms in this section by first considering the finite
counterterms in the limit of a flat domain wall, after which we move onto infinite countert-
erms in the more general case of a curved domain wall. Finally, appropriate curved space
finite counterterms will be fixed by demanding finiteness of the one-point functions of the
dual operators.

4.1 Finite counterterms

In order to obtain finite counterterms, we will make use of the Bogomolnyi trick [38-40].
To do so, we will first need to identify a superpotential W. Though we will find that
no exact superpotential can be found for our solutions — in the sense that there is no

3We have set 41Gs = 1 to avoid clutter in the formulas. We will restore this factor in the final expression
for the free energy.
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superpotential which can recast all of the BPS equations in gradient flow form — we will
be able to identify an approximate superpotential. By “approximate” here, we mean that
it does yield gradient flow equations up to terms of order O(z°), where the asymptotic

u

coordinate z was defined earlier as z = e~ *. This is useful since, as we will see later, we

will only need terms up to O(2°) to obtain all divergent and finite counterterms. Terms of
higher order will all vanish in the ¢ — 0 limit, i.e. when the UV cutoff is removed. Thus
the approximate superpotential will yield all finite counterterms.

4.1.1 Approximate superpotential

In order to identify a candidate superpotential, we begin by recalling the form of the scalar
potential V. With the choice of coset representative and consistent truncation outlined in
section 3, one finds that

V (0, ¢") = —9m2e? —12m2e =2 cosh ¢° cos ¢> + m?e 57 cosh? ¢° 4+ m?e =57 cos 2¢% sinh? ¢°
This scalar potential can in fact be rewritten as
V = 4(Ng + N3) + %(Mg + M3) — 20(S5 + 53) (4.3)
Then for BPS solutions, (3.17) implies that
V= (04 (6 +eos? (")) —20(83 + 53) (4.4)
This motivates us to define a superpotential W as
W =4/S3 + 52 (4.5)

Unfortunately, this superpotential does not allow one to write the BPS equations for both
¢? and ¢ as gradient flow equations. The reason for this failure is that the integrability
condition required to convert the BPS equation into a gradient flow form is not satisfied; see
e.g. appendix C.2.1 of [38].# We thus follow the strategy of [38] to construct an approximate
superpotential. Our model consists of two consistent truncations that admit flat domain
walls and an exact superpotential. These are the ¢> = 0, ¢? # 0 truncation and the ¢° =
0, # 0 truncation. The corresponding flow equations are (we set 7 = —1 henceforth)

¢ = —800W |40 0¥ = 80,W|40—g (4.6)

respectively. In either truncation, the BPS equations for the warp factor and dilaton ¢ can
be put in the following form,

fr=2w o' =20,W (4.7)

An important fact is that, though the gradient flow equations of (4.6) do not hold exactly
in the full model with ¢° # 0,¢3 # 0, they do hold up to and including O(2°). Looking

4See however [42, 43] where an effective superpotential involving the warp factor was derived, in terms
of which the first-order equations take the form of a gradient flow.
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at the form of the UV asymptotics of the scalar fields, one may expand the superpotential
of (4.5) keeping only terms contributing up to this order. This gives

1

@) - @t (48)

3 1 3
2+ EWO)Q - T6(¢3)2 +

1
W==-42°
5 747

where the dots represent terms of order O(z%). This is the approximate superpotential we
will use in what follows.

4.1.2 Bogomolnyi trick

We now use the Bogomolnyi trick [38—40] to get the finite counterterms needed to preserve
supersymmetry in the case of a flat domain wall. The central idea of the Bogomolnyi trick
is that for a BPS solution, the renormalized on-shell action must vanish. In order to make
use of this fact, we will first want to recast the on-shell action in a simpler form.

To do so, we begin by inserting (4.4) into (2.9). We find that

L= —iR —20W? 4 2Ly (4.9)
where we’ve defined
Lin = (0" + 7 [(6%) + o 6%(0)?] (4.10)
The non-zero components of the Ricci tensor are
Ruw = =5 (" +(')?) Ry = —gmn (" +5(£)?) (4.11)
while the Ricci scalar is given by
R=—10f" —30(f")? (4.12)

Furthermore, we have that /G = e/ V9, where g is the determinant of the unit S5 metric.
Upon integration by parts, part of the Einstein-Hilbert term cancels with the Gibbons-
Hawking term to give the following simple expression

S = /du/d% g [-5 ((f’)2 +4W2) + 2Lxin] (4.13)

The restriction to the flat case was not strictly necessary so far, but it will be crucial in
the next step. The gradient flow equations (4.6) and (4.7), together with the chain-rule,
allows us to rewrite

Liin = —2W' (4.14)

Plugging this into (4.13) and using the BPS equation of the warp factor, we find
A
S = —4/d5x g W ) (4.15)

where A is the UV cutoff. Only the A part of the action contributes, since >/ 1|y vanishes
due to the close-off of the geometry.
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Removing the UV cutoff A — oo is equivalent to removing the cutoff £ on our asymp-
totic coordinate z, i.e. ¢ — 0. From the UV asymptotics (3.23) we find that in this limit
the factor e®/ diverges like

1
o L

= (4.16)

This is the reason for the previous claims that only the terms up to O(z°) in the superpo-

tential are relevant for obtaining counterterms. All the higher-order terms vanish as the

cutoff is removed. We may thus legitimately insert the approximate superpotential (4.8)

into (4.15) to get the counterterms,
3 9

W) _ 4 5 1.3 1 o2_i 312
Set /d x\ﬁ[2+40 +16(¢) 16(¢) +

(@) - (@] @)

where 7 is the induced metric on the z = € boundary. All fields are evaluated at z = €.
This gives all finite and infinite counterterms for the flat domain wall solutions.
4.2 Infinite counterterms

We now turn towards the identification of the infinite counterterms in the more general
curved domain wall case. We may first solve for all of the infinite counterterms via the
usual holographic renormalization procedure. Once we have these, we will

1. Check that in the flat limit, they reduce to the divergent pieces of the flat countert-
erms (4.17) found above.

2. Add to them the finite pieces found in (4.17) but missing in the holographic renor-
malization procedure.

For simplicity, we will perform holographic renormalization on supersymmetric solutions
only, and thus the infinite counterterms we obtain are universal for supersymmetric solu-
tions only.

We begin by using the expression for the on-shell Ricci scalar,

R =4(c)? + |~ (6")? + cos? 6*(6")?] + 6V (4.18)
to rewrite the action (4.1) as
1
Sep = —2/dud5m gV (4.19)

We have not included the Gibbons-Hawking term yet, but will do so later. The first step of
holographic renormalization is to isolate the divergent terms. We may do so by expanding
all fields using their UV asymptotics, then integrating over small z and evaluating on the
cutoff €. Doing so, we find

Sep = —;/d‘f’x\/g}e‘r’f’“ [615 + 3—13 (25f2 + (qj?)Q)
+2%6 (1500f§ +600f5 +120f5 (6)% — (#9)"
rasoted+30 (- 07 +a0)) | 0)
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where we’ve thrown out all non-divergent contributions. Note that the integration would
naively give a loge, but this vanishes on the BPS equations since they constrain the UV
asymptotic expansion coeflicients in the following way,>

25f5 + 26 — 3 ¢3¢3 + 120903 = 0 (4.21)

The absence of the logarithmic term is to be expected, since any dual five-dimensional field
theory is anomaly-free. The Gibbons-Hawking term is

)
Scu = —2/d5w ge’l f! (4.22)
We again use the asymptotic expansions to write

5 1 3 1
Sam = _5 /d5x\/§e5fk |:€5 + % + 276 (5f22 + 2f4):| (4.23)

Adding the two together, we find in total that

2 b (205 ()7) -

e 6e’

1

2
5 (12003 + 480 f4

Sep + San = — / d5x\/§e5f’“{
#1207 (6" = () + 48690 — 36(6Y? + 14403) | (429

We must now undergo the task of inverting all of the UV modes to rewrite the action in
terms of induced fields at the cut-off surface (since it is the latter which transform nicely
under bulk diffeomorphism). Before quoting the result, we note that at the cut-off z = e,
the induced metric v;; is given by

SS
vij = | _ g (4.25)

The Ricci tensor and Ricci scalar are given by
Ri;[v] = 4e*2f'y¢j{zze R[y] =20 672f‘z:5 (4.26)

In terms of these quantities, we find that the inverted form of the divergent part of the
on-shell action is

S = —/d%ﬁ {2+ i (6°)% + Z (%)% = 302 + % (%)

1 1

+ R

> >~ 2R (¢’ (427

——R

520700~ 5
We may now address the two points mentioned at the start of this subsection. To begin,
we check that in the flat limit, we reproduce the divergent terms obtained in (4.17). In
particular, we expect that the first line of (4.27) should be equal to —ng ) up to and
including order O(z*). Though the expressions look different at first sight, it can be checked

5We have shown this using the solutions of the BPS equations, but it must hold for general solutions of
the equations of motion as well.
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via the relationships between expansion coefficients in (3.23) (along with their higher order
counterparts) that in the limit e=2f — 0 the two expressions indeed are equivalent up to
O(z*). Thus all of their divergent contributions are the same in the flat limit. However,
even in this limit the two differ at order O(2°), which means that they have different finite
contributions. As mentioned earlier, the finite terms we must work with are those coming

from (4.17). An action which has both the required finite and infinite counterterms is®

1 2 3 2 1 4 3 2
Sev = [ Peyy |24 7 (7)) + 5 (67) 3%+ —(¢") = S (¢") 0
4 4 48 4
— - — - — 4.2
+5 B0 = 555 RO = 55 R0 (07) (4.28)
The three gravitational counterterms 2, R[y], and R[y]?> match with the ones obtained
in [54, 55]. On our S® domain-wall ansatz, the term proportional to the square of the Ricci
tensor simplifies in terms of the square of the Ricci scalar R;;[v]R[y]Y = L R[~]%.
Note that there is still a question of curved space finite counterterms, which we have
not yet fixed. If we insist on including only terms even under

@0 — —° and o = —? (4.29)

(which is a symmetry of the action) it can be shown that the only way to add terms which
change the curved space finite counterterms but leave the other counterterms unchanged
is to add a combination of the form

(6% = S5 RD)(6)? = 2¢ 7 Ba =7 + O() (4.30)

This freedom is fixed by demanding that the vevs of the dual operators stay finite. We will
simply quote the result here,

Sa = [ Pay |20 @) - 5 () + 307+ 5 () - § ()70

1 1

Fos Rl — 2 RDJ? — SRR () (131)

32

and postpone showing that this gives finite vacuum expectation values to the next subsec-
tion.

At this level, everything has seemed unique. However, when thinking in terms of the
induced fields instead of the modes appearing in asymptotic expansions, the counterterms
of (4.31) are just one of many possible sets of counterterms that can be written down. In
particular, since on-shell we have the relationship

45 15
Iy =502 + — (%) — —(¢")2%0 = 0(2°) (4.32)
64 4
we may add Iy freely to (4.31) without changing either finite or infinite contributions.
However, the inclusion of this term will have an impact on some of the one-point functions,

which we calculate next.

5Note the sign of the (¢®)? term, which is different than the sign in (4.17).
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4.3 Vevs and free energy

The renormalized on-shell action is given by
Sren = Sen + Sciit + St + Q. / o I (4.33)

where the counterterm action S¢; is given by (4.31), € is a constant parameterizing choice
of scheme, and Iy is given in (4.32). Note that the free energy is independent of the choice
of €, since Iy is O(2%) and hence vanishes in the ¢ — 0 limit. However, some of the
one-point functions will depend on 2. It may be the case that only certain choices of §2
correspond to supersymmetric schemes, but since the final free energy will be independent
of  we will not worry about this choice.

While in principle (4.33) gives us the free energy, its evaluation on our numerical
solutions is complicated by the integration over u in Sgp. As such, we will take a slightly
roundabout approach to the calculation of the free energy, first calculating its derivative
dF/da and then integrating over the UV parameter . This will allow us to circumvent the
integration over u. In order to get dF'/dc, it will first be necessary to calculate the one-point
functions of the dual field theory operators. This is the topic of the following subsection.

4.3.1 Omne-point functions

By the usual AdS/CFT dictionary, the one-point functions of the operators dual to the
three scalar fields and the metric are given by

11 65 11 65
<O”>_l%5ﬁ oo <O¢0>—lg%;4ﬁ S0

.1 1 0Sten iv . L1 0Sen
<O¢3>:11_1>% 673% 5653 (T g>—21_1)% gﬁ%km (4.34)

We may obtain the explicit values of these vacuum expectation values by varying the on-
shell action (4.33). The variation of the counterterm action S is straightforward. The
variation of Sgp gives rise to one piece which vanishes on the equations of motion, as well
as a boundary term which must be accounted for. We find

15

_-l_123 010&03_§0_i0
<O¢O>_ll—%e4[ 5 COS ¢°20,¢ +2<Z> +12(¢) 2<Z>U 16R<Z>

45 3 15
w55 (=54

.11
(Ogs) = lg% 3 [223,2@53 - Qbﬂ

(T%;) = lim E [1 (Ky" — K7) + (4.35)

2 45
2

V7 075
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Evaluating the limits, we get the following one-point functions

<OO—> = gefkaﬂfl <O¢0> — ge*fkﬁ_ %6']%0(269
(Ogs) = %B (T";) = —ge’fkaﬁ (4.36)

The expectation values of the operator Oys and the trace of the energy-momentum tensor
are independent of 2. As a check, we note that the four one-point functions satisfy the
following operator relation, which is associated to the violation of conformal invariance by

non-zero classical beta functions,
(T') = =) _(d= Do) ¢o (O) (4.37)
@
Here ¢ is the source for the operator O and is obtained from the asymptotic solutions
given in (3.23).
4.3.2 Derivative of the free energy

Following [38], we may now compute the derivative of F' with respect to « as follows. First
we note that

dF _ dSwen _ [ o5 3 § (V7Lren) d® (4.38)

da ~ da >0 5@ da

fields ® =€

In our case, the terms appearing in the sum over fields are

0 (V7Lren) (\/;Y:ren) = /7(0,)€ + ... 0 (V7Eren) (\{Sz)ﬁren) =7 <Og>64 +...
0 (V7Lren) (\{;Yléren) =/ <Og’5>e3 +... 9 (V7Kren) (\Qf;ren) = %\ﬁ (Tij)e® + ... (4.39)

The dots represent terms of strictly lower order in e. Furthermore, from the form of the
UV asymptotic expansions (3.23), we have

do 3 5 dg? 3

Ta = 1% + O(€’) da—e—i-O(e)

d¢® df — i 2 3 " df —2f1 2 2

o < a - )e e + O(€’) o 1ot e + O(€7) (4.40)

Combining the pieces (4.39), (4.40) with the results for the one-point functions in (4.36),
we find that the contribution of the metric in (4.38) is suppressed by €? compared to other
terms. The derivative of the free energy is then

A v [ w256 4 Lgetn (1 oYk
da—ll_lg(l)/dl‘ ve [256 +266 1 a + O(e)

volp (55) %B etr <4 - afﬁ) (4.41)
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Figure 2. Plots of § vs. a and f; vs. a. The relationships between the three parameters «, 3,
and fi may be used to express (4.42) in terms of only a single parameter a.

Ge(F(a)-F(0))

Figure 3. Plot of Gg(F(«) — F(0)) obtained by numerical integration of the holographic re-
sult (4.42) in the range || < 1.

where volg(S®) = 73 is the volume of a unit S°. The © dependence in the one-point
functions cancels out, consistent with the fact that I itself is independent of 2. We thus

dF 7w ., dfy,
= BeMr (4 4.42
do SGGBe ( ada) (442)

Note that we’ve reintroduced the six-dimensional Newton’s constant Gg, which had been

obtain the final result

previously set to 4wrGg = 1. This factor is important for the identification with the free
energy on the field theory side.

Treating S(«) and fr(«) as functions of «, this gives us an expression which may be
numerically integrated to obtain the free energy F'(a) — F'(0) of the domain wall. The
functional forms of ((«), fx(a) are obtained by fitting curves to the numerical data, as
shown in figure 2. Integrating to obtain F'(«) — F'(0) gives the result shown in figure 3.

5 Field theory calculation

Localization [35] is a powerful tool used to obtain exact results in supersymmetric quantum
field theories. In the large N limit, results obtained via localization calculations can be
compared with results obtained via holography. The goal of this section is to calculate the
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sphere free energy for a five-dimensional mass-deformed SCFT using localization, and then
to compare it to the holographic result obtained in the previous section.

A potential complication is that the five-dimensional field theory dual to the matter-
coupled six-dimensional gauged supergravity described in section 2 has not been fully
identified. This is because the full gauged supergravity has not been shown to arise as a
consistent truncation of any ten-dimensional theory. In the following, the tentative field
theory dual we will use for the localization calculation in the IR is a USp(2/N) gauge theory
coupled to Ny fundamental representation hypermultiplets, and a single hypermultiplet in
the anti-symmetric representation. As we will review below, this theory is believed to be
obtained from the D4-D8 system [4] in type I’ string theory/massive type ITA supergravity.

One fundamental limitation in our comparison between field theory and holographic
results is that our holographic RG flow is completely numerical, and there is no analytic
formula for the free energy that can be derived from it. Nevertheless, we will find quali-
tative similarities between the holographic free energy and the localization result for the
free energy of the aforementioned USp(2/N) gauge theory with mass deformation. For
completeness, we will review the origin of the field theory from the brane system before
presenting the localization calculation.

5.1 The D4-D8 system

The original D4-D8 system [4] is a brane configuration in type I’ string theory involving N
D4 branes on RM® x S1/72. The D4 branes have their worldvolume along R® and sit at
points along the interval S'/Z2. There is an O8~ plane living at each of the two ends of
the interval. These orientifold planes carry —16 units of D8 brane charge, and thus require
the inclusion of 16 D8 branes at points along the interval for tadpole cancellation. The
usual construction is to stack Ny D8 branes atop one of the O8~ planes and to stack the
remaining (16 — Ny) D8 branes atop the other O8~ plane. One then considers the case
in which the N D4 branes are very near to the former stack, in which case the second
boundary may be neglected. We are thus left with a consistent string theory configuration
involving N D4 branes probing Ny D8 branes and a single O8™ plane.

This string theory setup allows for an AdS/CFT interpretation. On the closed string
side of the correspondence, the near-horizon geometry of the brane configuration is found to
be AdSg x S* with N units of 4-form flux passing through the S* [4]. This is a background
of massive type ITA supergravity. While ten-dimensional uplifts of general solutions to F'(4)
gauged supergravity are not known, pure Roman’s supergravity does have a known uplift
to massive type ITA supergravity [59]. In that case, the AdSg x S* background may be
interpreted as an AdSg background of the six-dimensional pure Roman’s theory.” With this
as motivation, we will be optimistic and assume that the solution of the six-dimensional
F(4) gauged supergravity theory being studied in the present case also has some uplift to
massive type IIA, even though the details have not been worked out.

"The reduction to six dimensions is done in two steps. One first integrates over one of the coordinates
of the sphere, leaving a nine-dimensional space of the form AdSg x S3. Then one reduces on the S? to six
dimensions, while gauging an SU(2) subgroup of the sphere’s SO(4) isometry group [4].

— 922 —



On the open string side of the correspondence, the worldvolume theory of the N D4
branes (together with their images) is a strongly-coupled 5D SCFT which does not admit
a Lagrangian description. However, one may deform this theory by a relevant operator to
flow to a 5D N =1 Yang-Mills-matter theory in the IR [1]. In the setup described above,
the resulting flow is to a 5D N = 1 USp(2N) gauge theory, where the relevant deformation
has an interpretation as the gauge theory kinetic operator TrF?2. The gauge theory is also
accompanied by Ny hypermultiplets in the fundamental representation and a single hy-
permultiplet in the antisymmetric representation. The fundamental hypermultiplets arise
from D4-D8 strings, while the antisymmetric hypermultiplet arises from strings stretched
between the D4 branes and their images.

The UV SCFT has a moduli space of vacua, and this maps in the IR to the Coulomb
branch of the Yang-Mills theory. The Coulomb branch is parameterized by vevs of the
vector multiplet scalars, which correspond in the string theory picture to the location of
the D4 branes along the interval. The locations of the D8 branes along the interval tune the
masses of the fundamental hypermultiplets, while leaving the mass of the antisymmetric
hypermultiplet unchanged.

From the two points of view outlined above, one is led to conjecture a duality between
the fluctuations around the AdSg x S* background of massive type IIA supergravity on
one hand, and the non-Lagrangian worldvolume theory of the N D4 branes on the other.
Though the non-Lagrangian nature of the field theory would naively make checking the
duality extremely difficult, the fact that the UV SCFT admits a deformation to a 5D
N =1 Yang-Mills theory coupled to matter allows for the following crucial simplification.
Given the Lagrangian description of the IR gauge theory, we may add an infinite number
of gauge-invariant, supersymmetric irrelevant operators to deform the theory back to the
UV fixed point with arbitrary precision. If one assumes these irrelevant operators to be
Q-exact, then their coefficients can be tuned freely without changing the path integral
on S°. Thus the sphere partition function, and hence the free energy, calculated in the
IR Yang-Mills theory is expected to be equivalent to that calculated in the original non-
Lagrangian theory, allowing one to test the conjectured duality. This reasoning was used
in [56] to calculate the free energy on both sides of the above duality. Comparison of the
two results showed a perfect match.

We may now offer a microscopic description of the supergravity solutions described in
this paper. Under the previous assumption that the solutions of the F'(4) gauged super-
gravity theory being studied here can be uplifted to an AdSg x S* background of massive
type IIA, our solutions should be captured by the D4-D8 brane framework. To identify
the details of the relevant brane configuration, we first recall from section 2.1 that the
group which is gauged in the supergravity theory is SU(2)r x G4, where G is the addi-
tional gauge group arising from the presence of vector multiplets. Indeed, the presence of
n vector fields Aﬁ allows for the existence of a gauge group G of dimension dim G = n.
The gauge group G in the bulk corresponds to a flavor symmetry group En,41 of the
boundary SCFT [25]. The RG-flow triggered by the gauge coupling breaks this symmetry
group to SO(2Ny) x U(1) in the IR. Deformation by the relevant mass parameters will
generically break SO(2Ny) further. For the solution studied in this paper, an SO(2) sym-
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metry survives, which suggests that a minimal choice for the dual field theory would be
one with Ny =1 (i.e. a single D8 brane).

However, even in this minimal case the enhanced gauge group E, = SU(2) x U(1)
of the conformal fixed point is found to have dimension dim Fy = 4, which suggests that
the holographic dual to such a theory should contain at least four bulk vector multiplets.
Fortunately, it is possible to embed our n = 1 solution in a theory with n = 4, which can
accommodate the extended flavor symmetry in the UV. Setting the fields of the three ad-
ditional vector multiplets to vanish then reproduces exactly the solutions explored in this
paper. In fact, such an embedding is possible for any value of n > 1. This suggests that our
holographic solutions are generic enough to capture the behavior of all single-mass deforma-
tions of E,+1 theories for any Ny. As such, we will carry out the localization calculation
in section 5.3 for generic Ny. We will find that for every choice of 1 < Ny < 7, one obtains a
good match between the analytic field theory expression and our previous numerical results.

Having addressed the identification of flavor symmetries, it is natural to interpret the
holographic solutions of this paper as dual to RG flows emanating from the same UV SCFTs
that were found to be the duals of pure Roman’s supergravity. The flow is driven by three
relevant operators of dimension A = 3,4, 3, in addition to the gauge coupling deformation
which brings the non-Lagrangian UV SCFT to an IR Yang-Mills-matter theory. In the
IR, the three relevant deformations are interpreted respectively as a mass term for the
hypermultiplet scalars, a mass term for the hypermultiplet fermions, and a dimension
three operator needed to preserve supersymmetry on the five-sphere [36, 37]. The explicit
form of these deformations is shown in (2.22).

To support this interpretation, we now calculate the free energy of the mass-deformed
USp(2N) gauge theory and compare it to the holographic result displayed in figure 3. For
the unfamiliar reader, we will first reproduce the results of [56], where the USp(2N) theory
without mass deformation was studied. The techniques used for the mass-deformed theory
will be the same, and the new calculation is presented in section 5.3.

5.2 Undeformed USp(2NN) gauge theory

In [37], localization techniques were used to find the perturbative partition function of
N =1 five-dimensional Yang-Mills theory with matter in a representation R on S°, with
the result given by

3
1 _ 8m TTI‘O'Q

— W [dO’] e g%’]\l ( )det Ad (Sln(lﬂ'(j>e%f(la'))
Cartan

—1675r
X Hdet R, ((cos(iwa))%e_%f(%_w)_%f(%“")) +0 (e 9% M > (5.1)
Ji

Z

where 7 is the radius of S°, ¢ is a dimensionless matrix, and f is defined as

. 3 .
s ; W _omg
fly) = Ty +y?log (1 — e ™) + ?yng (e72™) +
The quotient by the Weyl group in (5.1) amounts to division by a simple numerical factor

W| = 2VN!. The integral over ¢ is not restricted to a Weyl chamber. Though this

! Lig (e72™) _ B (5.2)
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localization result was obtained in the IR theory, it is expected to hold in the UV due to
the assumed Q-exactness of the irrelevant UV completion terms.
One may rewrite the partition function in terms of the free energy as

1 F( ) 71267r3r
7z = — [dole ™' 4+ 0O (e %vu
’W| Cartan
473y 9
F(o) = e Tro? + TraaFy (o) + Y Trg, Fu(o) (5.3)
Y M T

The definitions of Fy (o) and Fy(o) follow simply from (5.1), and using (5.2) one may
obtain the following large argument expansions

m p s s
Fy(0) ~ Zlof* = lo] Fu(o) ~ 2ol - Zo] (54)

It was argued in [56] that in the large NV limit, the perturbative Yang-Mills term — i.e. the
first term in the expression for F(o) in (5.3) — can be neglected, as can be the instanton
contributions. Thus in our evaluation of the free energy, we will only concern ourselves
with the contributions coming from Fy (o) and Fg (o).

The first step in the evaluation of (5.3) is recasting the matrix integral in a simpler
form. The integral over o in (5.3) is an integration over the Coulomb branch, which is
parameterized by the non-zero vevs of o. One may write

U:diag{)\l,...,)\N,—)\l,...,—)\N} (55)

since USp(2N) has N elements in its Cartan. The integration variables are these N ;.
Normalizing the weights of the fundamental representation of USp(2N) to be +e; with e;
forming a basis of unit vectors for RV it follows that the adjoint representation has weights
+2¢; and e; :-¢; for all @ # j, whereas the anti-symmetric representation has only weights
e; = e; for all i # j. The free energy in the specific case of a vector multiplet in the adjoint,
a single antisymmetric hypermultiplet, and Ny fundamental hypermultiplets then is

F(\) = Z [Fyv (N — Aj) + Fv(Ni + X)) + Fu(Xi — X\j) + Fa(Xi + Aj)]
i#]j
+ D [Fv(20) + Fy (=2X) + NpFr(A) + NFa (=) (5.6)

2

The next step is to look for extrema of this function in the specific case of A\; > 0 for all .
Extrema in the case of non-positive \; can be obtained from these through action of the
Weyl group.

To calculate the extrema, one first assumes that as N — oo, the vevs scale as \; = N%z;
for a > 0 and x; of order O(N?). One then introduces a density function

o) = 5 D dw — ) (5.7)
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which in the continuum limit should approach an L' function normalized as

/ dz p(z) = 1 (5.8)
In terms of this density function, one finds that

9m (8 — Ny)

o ™
P =N [ dady pl)oty) (o = vl + o+ ) + 7o

< N1+3a dr p(x) ‘$|3

(5.9)
where the large argument expansions (5.4) have been used, and terms subleading in N
have been dropped. This only has non-trivial saddle points when both terms scale the
same with N, which demands that a = 1/2 and gives the famous result that F' oc N%/2,
Extremizing the free energy over normalized density functions then gives

927 N5/2
5,/8 — Ny

F =~ (5.10)
This value of the free energy is to be identified with the renormalized on-shell action of the
supersymmetric AdSg solution. This identification yields the following relation between the
six-dimensional Newton’s constant Gg and the parameters N and Ny of the dual SCFT,

8Ny s
Go=—Y__ T N (5.11)
27V2
5.3 Mass-deformed USp(2NN) gauge theory

As discussed previously, we now give a mass to a single hypermultiplet in the fundamental
representation. This amounts to making a shift ¢ — ¢ + m in the relevant functional
determinant. The result of this shift may be accounted for in (5.6) by writing

F(hiym) = [Fv(Xi = A) + Fy(hi + X)) + Fa(hi = X)) + Fa (A + ;)]
i#]
+ 3 [Fv(20) + Py (=2X) + Fu (A +m) + Fr (=i +m)

+(Ny = DFa(X) + (Ny = 1) Fr(=X)] (5.12)

As before, we assume that \; = N%z; for o > 0 and introduce a density p(x) satisfying (5.8).
Using the expansions (5.4), we find the analog of (5.9) to be

9 o ™ o
F(w) ~ =g N1 [ dndyp(@)p(u) (jo — ol + 2+ 3l) + 50 = NN [ do pla) o
™ (63
~ et [ o p(a) o+ + fo '] (5.13)

where for convenience we have defined p = m/N®. As in the undeformed case, there
is a non-trivial saddle point only when a = 1/2. A normalized density function which
extremizes the free energy is

Po) = e (20— Nplal — b+l —le =) a = [ s
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Gs(F(a)-F(0))

Figure 4. The free energy obtained by a holographic computation (solid blue), together with the
free energy obtained by a field theory localization calculation (dashed red).

with p(z) having support only on the interval z € [0,z.]. Inserting this result back
into (5.13) then gives our final result,?

F(u) = 3= ((Nf ~ Dl - \/3(9 + 2u2)5/2> No/2 (5.15)

We may check that when p = 0, we reobtain the result of the undeformed case (5.10).
With this result and Gg given by (5.11), we may now try to compare Gg(F' (1) — F(0))
to the same result calculated holographically in figure 3. Importantly, since p scales as
N~1/2 we see that in the large N limit the first term of (5.15) is subleading and may be
neglected. Thus to leading order in N, the combination GgF'(1) is in fact independent

of Ny. Since comparison with the holographic result requires taking the large N limit,
our supergravity solutions will be unable to capture information about the precise flavor
content of the SCFT dual. This agrees with the previous comments that, from the point
of view of six-dimensional supergravity, the n = 1 solutions we are considering can be
consistently embedded into theories with any number of bulk vector multiplets.

To proceed with the comparison between field theory and holographic results, we re-
quire a relation between the holographic deformation parameter o and the field theory mass
parameter f, i.e. o = A~y for some A, whose numerical value can be obtained by fitting
the two results. The result of this one parameter fit is given by the red curve in figure 4.

To the numerical accuracy of the holographic result, we see that the behavior of the
holographic free energy as a function of the deformation parameter agrees with the field
theory result obtained via localization. The value of A furnishing the fit in the range
la| <1 is found to be A ~ 0.81.

6 Discussion

In the present paper, we used the simple setup of six-dimensional gauged supergravity
coupled to a single vector multiplet to study supersymmetric mass deformations of strongly

8The first term in the large N expansion of this result agrees with eq. (3.22) of [58], up to a factor of
Ny. This difference is due to the fact that we give mass to only a single fundamental hypermultiplet.
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coupled five-dimensional CFTs on a five-sphere. The numerical integration of the Euclidean
BPS equations and the careful treatment of holographic renormalization allowed us to
obtain the holographic free energy of the theory by calculating the on-shell action for the
supergravity solutions. Due to the regularity of the solutions, the free energy depends on
only one parameter, which can be interpreted as the supersymmetric mass deformation in
the boundary RG flow.

We were able to find good numerical agreement between the holographic result and a
localization calculation for a free USp(2/N) field theory in the IR, at least in the case of
reasonably small deformation parameter. This may be an example of localization working
much better than expected, as we had to make unverified assumptions regarding the relation
between the gauged supergravity and the underlying microscopic theory. To understand
this better, one could next consider cosets with n > 1 and gaugings which realize larger
flavor symmetries at the UV fixed points. It would also be interesting to see whether the
six-dimensional solutions found here could be lifted to ten dimensions, both in the context
of massive type ITA supergravity [4] as well as type IIB supergravity [19, 20].

Furthermore, in obtaining our solutions we demanded that the five-sphere smoothly
closes off in the IR. It should also be possible to impose a different boundary condition
where at finite radius one side of the RG flow is glued to a second one, resulting in a
Euclidean wormbhole configuration in AdS [60, 61]. It is likely that such a solution would
be related to the holographic defect solutions found in [33]. We leave the study of these
interesting questions for future work.
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A Gamma matrix and spinor conventions
For concreteness, we take the following basis of gamma matrices

71 =02®1x2®o03
Yo = 02® 1y ®oy
V3 =1y ®0] ® 09
Y4 =1y ®o3® 02
V5 = 01 ® o2 @ 1a
Y6 = 03 ® o2 ® 12 (A1)

These gamma matrices satisfy the Clifford algebra

{'Yua MW} = 20, (A.2)
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as appropriate for a positive definite Euclidean spacetime. All matrices are purely imagi-

nary and satisfy
=, (=1 (A3)

We will now be interested in a seven-dimensional Clifford algebra, which will require the

(V)

introduction of a new matrix 7. The reason we are interested in this is that we would like
to represent hyperbolic space Hg as a hypersurface in a seven-dimensional ambient space.
This allows us to determine properties of the Dirac spinors in the Euclidean-continued F'(4)
gauged supergravity theory with Hg background by first considering Dirac spinors in seven
dimensions and then performing a timelike reduction. In particular, we will choose a 7D
metric of signature (4, +,+, +, +, +, —) for the ambient space. Then hyperbolic space Hg
is given by the following quadratic form

i ad—ai=—17 (A.4)

The seven-dimensional Clifford algebra is made up of the set of matrices {v1,...,7,77},
with 7 satisfying

(v7)? = —1 (Y7} =0 Vi # 7 (A.5)

1

As usual, we use the notation 77 = (v7) 7!, so that by the above we have 77 = —77.

We now discuss Dirac spinors in d = 7. We define the Dirac conjugate of ¥4 to be
$a =yhG (A.6)

for some matrix G. There are two possible choices for G [49], which in the particular case
of the ambient space above are

Gi=~" Gy =~t...4" (A.7)
These will turn out to be the same, so we just work with the former. Thus we have that
Ya = w,tﬂ? (A.8)

If we choose ~y7 such that
() = v (A.9)

we can express the Hermitian conjugates of our gamma matrices as®

v =nG"yG (A.10)
Importantly, with G = G in (A.7), we have

n=-1 (A.11)

9Note that the 1 used in this appendix has nothing to do with the 7 defined in (3.12), though they both
end up being given the value —1 in this paper.
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This will be important in appendix B when the consistency of the symplectic Majorana
condition is analyzed. For now, we just recall that the symplectic Majorana condition must
take the form

pa=ePype (A.12)

where
c?=1 cl=c vi =—C"'y,C (A.13)

We now want to reduce from d = 7 to d = 6. In particular, we reduce on the time-
like direction x7. This entails finding a Euclidean induced metric on the six-dimensional
surface (A.4). From the point of view of the Clifford algebra, we must remove the matrix -7
to get a six-dimensional Clifford algebra. However, the properties of the matrix v remain
the same. In fact, we may choose

V7 = V0172737475 (A.14)

which satisfies all of the properties (A.5), (A.9).

B Free differential algebra

In this appendix, we will construct the free differential algebra (FDA) of a supergravity
theory with Hg background in order to motivate the form of the supersymmetry variations
given in (3.7).

The first step of constructing the FDA is to write down the Maurer-Cartan equations
(MCEs), which may be thought of as the geometrization of the (anti-)commutation relations
of the superalgebra. In short, instead of defining the algebra via the (anti-)commutators of
its generators, the MCEs encode the algebraic structure in integrability conditions. In the
supergravity context, a nice introduction to the MCEs, as well as to the free differential
algebras to be introduced shortly, may be found in [62]. In the current case, the MCEs are

1_
0 =DV + Sar*y"v”
0= Rab o 4m2vavb + m&A’YQ%ﬁA
1 _
0=dA" — igemAsAt — ipapgo” AP

0 = Dtpg + myay70aV® (B.1)
Here a =1,...,6 and V* are the six-dimensional frame fields, given in terms of the seven-
dimensional spin-connection as V¢ = %w‘ﬂ. These may be compared to the analogous

expressions in the dS/AdS cases of [49].
As a simple check, the second equation of (B.1) tells us that when 14 = 0,

R, = —20m?g,, (B.2)

which is precisely as expected for an Hg background.
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The next step is to enlarge the MCEs to a free differential algebra (FDA) by adding
the following equations for the additional vector and 2-form fields of the full d = 6 F(4)
supergravity theory,

dA — mB + a4y =0 dB + B ava Ve =0 (B.3)
Above, a and [ are two coefficients, which can be shown [49] to satisfy
B =2« (B.4)

for our metric conventions. For the ambient space signature (¢, s) = (1, 6), it is furthermore
found that $ = 24, and thus we have oo = —1.

We would now like to compare the FDA above to the results of [24, 26, 49]. To do so,
we must first shift our notations by shifting

Y — Ty Ya = —V17a (B.5)

This preserves the square of the gamma matrices, and hence the signature of the metric.
The definition of the Dirac conjugate spinor (A.8) remains the same under this change. So
the FDA for the Hg theory in these conventions is,

1_
0= DV + Jdar"s"
0= Rab o 4m2vavb + qu_}Ayabd}A
1 _
0=dA" — ige’"StAsAt — ipatpgo” AP

0= D% - m'YawAVa
0 = dA — mB — it gy7p™
0 = dB — 2itp gy7ya 1V (B.6)

We may now compare the FDA written above to that obtained in the AdSg case, which
for convenience we reproduce below,

0= DV~ Lyt

0 = R 4+ 4m2 VoV 4 mahary ™y

0 = dA" — Sg ™ ALA, — ithao” A

0 = Dty — imyapaV®

0 = dA—mB —ipayy?

0 = dB + 20 4y, Ve (B.7)

We see that formally, we may obtain the Hg FDA from the AdSg FDA by exchanging
m— —im s — s s —ihy AT —iA" g— —ig B——-B A—iA

These exchanges are compatible with the relation g = 3m.
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Finally, we will check that the Hg FDA is compatible with the symplectic Majorana
condition. This is a statement about the fourth equation of (B.6). We begin by defining

Viba = Dha — qrathaV* (B.8)
where ¢ = m for Hg and ¢ = im for AdSg. We then find that

Vipa = DYLG™ — ¢ GTIGHIGTIVE = Dpa — ¢'ndavaV°
APVYLC = AP DYLC — e PyLecTATCVE = DYg + qhavaV (B.9)

where 7 is defined implicitly in (A.10). We thus find that the symplectic Majorana condition
is consistent only when

—an=q (B.10)

For Hg, the consistency of the symplectic Majorana condition thus requires n = —1, which
we have already seen to be the case in (A.11). On the other hand, in the AdSg case, one
would instead have required 7 = 1. Checking the results of [24, 26] confirms that this was so.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] N. Seiberg, Five-dimensional SUSY field theories, nontrivial fixved points and string
dynamics, Phys. Lett. B 388 (1996) 753 [hep-th/9608111] [INSPIRE].

[2] D.R. Morrison and N. Seiberg, Eztremal transitions and five-dimensional supersymmetric
field theories, Nucl. Phys. B 483 (1997) 229 [hep-th/9609070] [INSPIRE].

[3] K.A. Intriligator, D.R. Morrison and N. Seiberg, Five-dimensional supersymmetric gauge
theories and degenerations of Calabi-Yau spaces, Nucl. Phys. B 497 (1997) 56
[hep-th/9702198] [INSPIRE].

[4] A. Brandhuber and Y. Oz, The D4-D8 brane system and five-dimensional fixed points,
Phys. Lett. B 460 (1999) 307 [hep-th/9905148] [INSPIRE].

[5] O. Bergman and D. Rodriguez-Gomez, 5d quivers and their AdSs duals,
JHEP 07 (2012) 171 [arXiv:1206.3503] [INSPIRE].

[6] O. Aharony and A. Hanany, Branes, superpotentials and superconformal fized points,
Nucl. Phys. B 504 (1997) 239 [hep-th/9704170] [INSPIRE].

[7] O. Aharony, A. Hanany and B. Kol, Webs of (p,q) five-branes, five-dimensional field theories
and grid diagrams, JHEP 01 (1998) 002 [hep-th/9710116] [INSPIRE].

[8] O. DeWolfe, A. Hanany, A. Igbal and E. Katz, Five-branes, seven-branes and
five-dimensional E,, field theories, JHEP 03 (1999) 006 [hep-th/9902179] [INSPIRE].

[9] W. Nahm, Supersymmetries and their representations, Nucl. Phys. B 135 (1978) 149
[INSPIRE].

[10] V.G. Kac, Lie superalgebras, Adv. Math. 26 (1977) 8 [INSPIRE].

— 32 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0370-2693(96)01215-4
https://arxiv.org/abs/hep-th/9608111
https://inspirehep.net/search?p=find+EPRINT+hep-th/9608111
https://doi.org/10.1016/S0550-3213(96)00592-5
https://arxiv.org/abs/hep-th/9609070
https://inspirehep.net/search?p=find+EPRINT+hep-th/9609070
https://doi.org/10.1016/S0550-3213(97)00279-4
https://arxiv.org/abs/hep-th/9702198
https://inspirehep.net/search?p=find+EPRINT+hep-th/9702198
https://doi.org/10.1016/S0370-2693(99)00763-7
https://arxiv.org/abs/hep-th/9905148
https://inspirehep.net/search?p=find+EPRINT+hep-th/9905148
https://doi.org/10.1007/JHEP07(2012)171
https://arxiv.org/abs/1206.3503
https://inspirehep.net/search?p=find+EPRINT+arXiv:1206.3503
https://doi.org/10.1016/S0550-3213(97)00472-0
https://arxiv.org/abs/hep-th/9704170
https://inspirehep.net/search?p=find+EPRINT+hep-th/9704170
https://doi.org/10.1088/1126-6708/1998/01/002
https://arxiv.org/abs/hep-th/9710116
https://inspirehep.net/search?p=find+EPRINT+hep-th/9710116
https://doi.org/10.1088/1126-6708/1999/03/006
https://arxiv.org/abs/hep-th/9902179
https://inspirehep.net/search?p=find+EPRINT+hep-th/9902179
https://doi.org/10.1016/0550-3213(78)90218-3
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B135,149%22
https://doi.org/10.1016/0001-8708(77)90017-2
https://inspirehep.net/search?p=find+J+%22Adv.Math.,26,8%22

[11] S. Shnider, The superconformal algebra in higher dimensions,

Lett. Math. Phys. 16 (1988) 377 [INSPIRE].

[12] A. Passias, A note on supersymmetric AdSs solutions of massive type IIA supergravity,
JHEP 01 (2013) 113 [arXiv:1209.3267] [INSPIRE].

[13] Y. Lozano, E. 0 Colgdin, D. Rodriguez-Gémez and K. Sfetsos, Supersymmetric AdSg via T
duality, Phys. Rev. Lett. 110 (2013) 231601 [arXiv:1212.1043] [INSPIRE].

[14] Y. Lozano, E. 0 Colgéin and D. Rodriguez-Gémez, Hints of 5d fized point theories from
non-Abelian T-duality, JHEP 05 (2014) 009 [arXiv:1311.4842| [INSPIRE].

[15] 0. Kelekei, Y. Lozano, N.T. Macpherson and E. ¢ Colgain, Supersymmetry and non-Abelian
T-duality in type-II supergravity, Class. Quant. Grav. 32 (2015) 035014 [arXiv:1409.7406]
[INSPIRE].

[16] F. Apruzzi, M. Fazzi, A. Passias, D. Rosa and A. Tomasiello, AdSg solutions of type-II
supergravity, JHEP 11 (2014) 099 [Erratum ibid. 05 (2015) 012] [arXiv:1406.0852]
[INSPIRE].

[17] H. Kim, N. Kim and M. Suh, Supersymmetric AdSs solutions of type IIB supergravity,
Eur. Phys. J. C 75 (2015) 484 [arXiv:1506.05480] [INSPIRE].

[18] H. Kim and N. Kim, Comments on the symmetry of AdSs solutions in string/M-theory and
Killing spinor equations, Phys. Lett. B 760 (2016) 780 [arXiv:1604.07987] [INSPIRE].

[19] E. D’Hoker, M. Gutperle, A. Karch and C.F. Uhlemann, Warped AdSs x S? in type IIB
supergravity I: local solutions, JHEP 08 (2016) 046 [arXiv:1606.01254] [INSPIRE].

[20] E. D’Hoker, M. Gutperle and C.F. Uhlemann, Holographic duals for five-dimensional
superconformal quantum field theories, Phys. Rev. Lett. 118 (2017) 101601
[arXiv:1611.09411] [INSPIRE].

[21] E. D'Hoker, M. Gutperle and C.F. Uhlemann, Warped AdSs x S? in type IIB supergravity II:
global solutions and five-brane webs, JHEP 05 (2017) 131 [arXiv:1703.08186] [INSPIRE].

[22] M. Gutperle, C. Marasinou, A. Trivella and C.F. Uhlemann, Entanglement entropy vs. free
energy in IIB supergravity duals for 5d SCFTs, JHEP 09 (2017) 125 [arXiv:1705.01561]
[INSPIRE].

[23] L.J. Romans, The F(4) gauged supergravity in siz-dimensions, Nucl. Phys. B 269 (1986) 691
[INSPIRE].

[24] L. Andrianopoli, R. D’Auria and S. Vaula, Matter coupled F(4) gauged supergravity
Lagrangian, JHEP 05 (2001) 065 [hep-th/0104155] [INSPIRE].

[25] S. Ferrara, A. Kehagias, H. Partouche and A. Zaffaroni, AdSs interpretation of 5D
superconformal field theories, Phys. Lett. B 431 (1998) 57 [hep-th/9804006] [INSPIRE].

[26] R. D’Auria, S. Ferrara and S. Vaula, Matter coupled F(4) supergravity and the AdSs/CFTs
correspondence, JHEP 10 (2000) 013 [hep-th/0006107] [INSPIRE].

[27] P. Karndumri and J. Louis, Supersymmetric AdSg vacua in siz-dimensional N = (1,1)
gauged supergravity, JHEP 01 (2017) 069 [arXiv:1612.00301] [INSPIRE].

[28] P. Karndumri, Holographic RG flows in siz dimensional F(4) gauged supergravity,
JHEP 01 (2013) 134 [Erratum ibid. 06 (2015) 165] [arXiv:1210.8064] INSPIRE].

[29] P. Karndumri, Gravity duals of 5D N =2 SYM theory from F(4) gauged supergravity,
Phys. Rev. D 90 (2014) 086009 [arXiv:1403.1150] INSPIRE].

— 33 —


https://doi.org/10.1007/BF00402046
https://inspirehep.net/search?p=find+J+%22Lett.Math.Phys.,16,377%22
https://doi.org/10.1007/JHEP01(2013)113
https://arxiv.org/abs/1209.3267
https://inspirehep.net/search?p=find+EPRINT+arXiv:1209.3267
https://doi.org/10.1103/PhysRevLett.110.231601
https://arxiv.org/abs/1212.1043
https://inspirehep.net/search?p=find+EPRINT+arXiv:1212.1043
https://doi.org/10.1007/JHEP05(2014)009
https://arxiv.org/abs/1311.4842
https://inspirehep.net/search?p=find+EPRINT+arXiv:1311.4842
https://doi.org/10.1088/0264-9381/32/3/035014
https://arxiv.org/abs/1409.7406
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.7406
https://doi.org/10.1007/JHEP11(2014)099
https://arxiv.org/abs/1406.0852
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.0852
https://doi.org/10.1140/epjc/s10052-015-3705-1
https://arxiv.org/abs/1506.05480
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.05480
https://doi.org/10.1016/j.physletb.2016.07.070
https://arxiv.org/abs/1604.07987
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.07987
https://doi.org/10.1007/JHEP08(2016)046
https://arxiv.org/abs/1606.01254
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.01254
https://doi.org/10.1103/PhysRevLett.118.101601
https://arxiv.org/abs/1611.09411
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.09411
https://doi.org/10.1007/JHEP05(2017)131
https://arxiv.org/abs/1703.08186
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.08186
https://doi.org/10.1007/JHEP09(2017)125
https://arxiv.org/abs/1705.01561
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.01561
https://doi.org/10.1016/0550-3213(86)90517-1
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B269,691%22
https://doi.org/10.1088/1126-6708/2001/05/065
https://arxiv.org/abs/hep-th/0104155
https://inspirehep.net/search?p=find+EPRINT+hep-th/0104155
https://doi.org/10.1016/S0370-2693(98)00560-7
https://arxiv.org/abs/hep-th/9804006
https://inspirehep.net/search?p=find+EPRINT+hep-th/9804006
https://doi.org/10.1088/1126-6708/2000/10/013
https://arxiv.org/abs/hep-th/0006107
https://inspirehep.net/search?p=find+EPRINT+hep-th/0006107
https://doi.org/10.1007/JHEP01(2017)069
https://arxiv.org/abs/1612.00301
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.00301
https://doi.org/10.1007/JHEP01(2013)134
https://arxiv.org/abs/1210.8064
https://inspirehep.net/search?p=find+EPRINT+arXiv:1210.8064
https://doi.org/10.1103/PhysRevD.90.086009
https://arxiv.org/abs/1403.1150
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.1150

[30] L.F. Alday, M. Fluder, P. Richmond and J. Sparks, Gravity dual of supersymmetric gauge
theories on a squashed five-sphere, Phys. Rev. Lett. 113 (2014) 141601 [arXiv:1404.1925]
[INSPIRE].

[31] L.F. Alday, P. Richmond and J. Sparks, The holographic supersymmetric Rényi entropy in
five dimensions, JHEP 02 (2015) 102 [arXiv:1410.0899] INSPIRE].

[32] N. Hama, T. Nishioka and T. Ugajin, Supersymmetric Rényi entropy in five dimensions,
JHEP 12 (2014) 048 [arXiv:1410.2206] [INSPIRE].

[33] M. Gutperle, J. Kaidi and H. Raj, Janus solutions in siz-dimensional gauged supergravity,
JHEP 12 (2017) 018 [arXiv:1709.09204] NSPIRE].

[34] C. Cordova, T.T. Dumitrescu and K. Intriligator, Deformations of superconformal theories,
JHEP 11 (2016) 135 [arXiv:1602.01217] [INSPIRE].

[35] V. Pestun, Localization of gauge theory on a four-sphere and supersymmetric Wilson loops,
Commun. Math. Phys. 313 (2012) 71 [arXiv:0712.2824] [nSPIRE].

[36] K. Hosomichi, R.-K. Seong and S. Terashima, Supersymmetric gauge theories on the
five-sphere, Nucl. Phys. B 865 (2012) 376 [arXiv:1203.0371] [INSPIRE].

[37] J. Kéallén, J. Qiu and M. Zabzine, The perturbative partition function of supersymmetric 5D
Yang-Mills theory with matter on the five-sphere, JHEP 08 (2012) 157 [arXiv:1206.6008]
[INSPIRE].

[38] N. Bobev, H. Elvang, D.Z. Freedman and S.S. Pufu, Holography for N = 2* on S%,
JHEP 07 (2014) 001 [arXiv:1311.1508] [NSPIRE].

[39] N. Bobev, H. Elvang, U. Kol, T. Olson and S.S. Pufu, Holography for N = 1* on S*,
JHEP 10 (2016) 095 [arXiv:1605.00656] [INSPIRE].

[40] D.Z. Freedman and S.S. Pufu, The holography of F-mazimization, JHEP 03 (2014) 135
[arXiv:1302.7310] [NSPIRE].

[41] H. Samtleben, Lectures on gauged supergravity and fluz compactifications,
Class. Quant. Grav. 25 (2008) 214002 [arXiv:0808.4076] INSPIRE].

[42] J. Lindgren, I. Papadimitriou, A. Taliotis and J. Vanhoof, Holographic Hall conductivities
from dyonic backgrounds, JHEP 07 (2015) 094 [arXiv:1505.04131] [INSPIRE].

[43] A. Cabo-Bizet, U. Kol, L.A. Pando Zayas, I. Papadimitriou and V. Rathee, Entropy
Junctional and the holographic attractor mechanism, arXiv:1712.01849 [INSPIRE].

[44] E. Bergshoeff, W. Chemissany, A. Ploegh, M. Trigiante and T. Van Riet, Generating geodesic
flows and supergravity solutions, Nucl. Phys. B 812 (2009) 343 [arXiv:0806.2310]
[INSPIRE].

[45] T. Hertog, M. Trigiante and T. Van Riet, Azion wormholes in AdS compactifications,
JHEP 06 (2017) 067 [arXiv:1702.04622] [NSPIRE].

[46] D. Ruggeri, M. Trigiante and T. Van Riet, Instantons from geodesics in AdS moduli spaces,
arXiv:1712.06081 [INSPIRE}.

[47] G.W. Gibbons, M.B. Green and M.J. Perry, Instantons and seven-branes in type IIB
superstring theory, Phys. Lett. B 370 (1996) 37 [hep-th/9511080] [INSPIRE].

[48] V. Cortes, C. Mayer, T. Mohaupt and F. Saueressig, Special geometry of Euclidean
supersymmetry. 1. Vector multiplets, JHEP 03 (2004) 028 [hep-th/0312001] [nSPIRE].

— 34 —


https://doi.org/10.1103/PhysRevLett.113.141601
https://arxiv.org/abs/1404.1925
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.1925
https://doi.org/10.1007/JHEP02(2015)102
https://arxiv.org/abs/1410.0899
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.0899
https://doi.org/10.1007/JHEP12(2014)048
https://arxiv.org/abs/1410.2206
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.2206
https://doi.org/10.1007/JHEP12(2017)018
https://arxiv.org/abs/1709.09204
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.09204
https://doi.org/10.1007/JHEP11(2016)135
https://arxiv.org/abs/1602.01217
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.01217
https://doi.org/10.1007/s00220-012-1485-0
https://arxiv.org/abs/0712.2824
https://inspirehep.net/search?p=find+EPRINT+arXiv:0712.2824
https://doi.org/10.1016/j.nuclphysb.2012.08.007
https://arxiv.org/abs/1203.0371
https://inspirehep.net/search?p=find+EPRINT+arXiv:1203.0371
https://doi.org/10.1007/JHEP08(2012)157
https://arxiv.org/abs/1206.6008
https://inspirehep.net/search?p=find+EPRINT+arXiv:1206.6008
https://doi.org/10.1007/JHEP07(2014)001
https://arxiv.org/abs/1311.1508
https://inspirehep.net/search?p=find+EPRINT+arXiv:1311.1508
https://doi.org/10.1007/JHEP10(2016)095
https://arxiv.org/abs/1605.00656
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.00656
https://doi.org/10.1007/JHEP03(2014)135
https://arxiv.org/abs/1302.7310
https://inspirehep.net/search?p=find+EPRINT+arXiv:1302.7310
https://doi.org/10.1088/0264-9381/25/21/214002
https://arxiv.org/abs/0808.4076
https://inspirehep.net/search?p=find+EPRINT+arXiv:0808.4076
https://doi.org/10.1007/JHEP07(2015)094
https://arxiv.org/abs/1505.04131
https://inspirehep.net/search?p=find+EPRINT+arXiv:1505.04131
https://arxiv.org/abs/1712.01849
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.01849
https://doi.org/10.1016/j.nuclphysb.2008.10.023
https://arxiv.org/abs/0806.2310
https://inspirehep.net/search?p=find+EPRINT+arXiv:0806.2310
https://doi.org/10.1007/JHEP06(2017)067
https://arxiv.org/abs/1702.04622
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.04622
https://arxiv.org/abs/1712.06081
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.06081
https://doi.org/10.1016/0370-2693(95)01565-5
https://arxiv.org/abs/hep-th/9511080
https://inspirehep.net/search?p=find+EPRINT+hep-th/9511080
https://doi.org/10.1088/1126-6708/2004/03/028
https://arxiv.org/abs/hep-th/0312001
https://inspirehep.net/search?p=find+EPRINT+hep-th/0312001

[49] R. D’Auria and S. Vaula, D =6, N = 2, F(4) supergravity with supersymmetric de Sitter
background, JHEP 09 (2002) 057 [hep-th/0203074] [INSPIRE].

[50] M. Bianchi, D.Z. Freedman and K. Skenderis, Holographic renormalization,
Nucl. Phys. B 631 (2002) 159 [hep-th/0112119] [INSPIRE].

[51] K. Skenderis, Lecture notes on holographic renormalization,
Class. Quant. Grav. 19 (2002) 5849 [hep-th/0209067] [iNSPIRE].

[52] I. Papadimitriou and K. Skenderis, Correlation functions in holographic RG flows,
JHEP 10 (2004) 075 [hep-th/0407071] [INSPIRE].

[53] M. Bianchi, D.Z. Freedman and K. Skenderis, How to go with an RG flow,
JHEP 08 (2001) 041 [hep-th/0105276] [nSPIRE].

[54] R. Emparan, C.V. Johnson and R.C. Myers, Surface terms as counterterms in the AdS/CFT

correspondence, Phys. Rev. D 60 (1999) 104001 [hep-th/9903238] [INSPIRE].

[55] L.F. Alday, M. Fluder, C.M. Gregory, P. Richmond and J. Sparks, Supersymmetric gauge
theories on squashed five-spheres and their gravity duals, JHEP 09 (2014) 067
[arXiv:1405.7194] [INSPIRE].

[56] D.L. Jafferis and S.S. Pufu, Ezact results for five-dimensional superconformal field theories
with gravity duals, JHEP 05 (2014) 032 [arXiv:1207.4359] [INSPIRE].

[57] C.-M. Chang, M. Fluder, Y.-H. Lin and Y. Wang, Spheres, charges, instantons and
bootstrap: a five-dimensional odyssey, arXiv:1710.08418 [INSPIRE].

[58] C.-M. Chang, M. Fluder, Y.-H. Lin and Y. Wang, Romans supergravity from
five-dimensional holograms, arXiv:1712.10313 [INSPIRE].

[59] M. Cveti¢, H. Lii and C.N. Pope, Gauged siz-dimensional supergravity from massive type
ITA, Phys. Rev. Lett. 83 (1999) 5226 [hep-th/9906221] [INSPIRE].

[60] M. Gutperle and W. Sabra, Instantons and wormholes in Minkowski and (A)dS spaces,
Nucl. Phys. B 647 (2002) 344 [hep-th/0206153] [INSPIRE].

[61] J.M. Maldacena and L. Maoz, Wormholes in AdS, JHEP 02 (2004) 053 [hep-th/0401024]
[INSPIRE].

[62] L. Castellani and A. Perotto, Free differential algebras: their use in field theory and dual
formulation, Lett. Math. Phys. 38 (1996) 321 [hep-th/9509031] [INSPIRE].

— 35 —


https://doi.org/10.1088/1126-6708/2002/09/057
https://arxiv.org/abs/hep-th/0203074
https://inspirehep.net/search?p=find+EPRINT+hep-th/0203074
https://doi.org/10.1016/S0550-3213(02)00179-7
https://arxiv.org/abs/hep-th/0112119
https://inspirehep.net/search?p=find+EPRINT+hep-th/0112119
https://doi.org/10.1088/0264-9381/19/22/306
https://arxiv.org/abs/hep-th/0209067
https://inspirehep.net/search?p=find+EPRINT+hep-th/0209067
https://doi.org/10.1088/1126-6708/2004/10/075
https://arxiv.org/abs/hep-th/0407071
https://inspirehep.net/search?p=find+EPRINT+hep-th/0407071
https://doi.org/10.1088/1126-6708/2001/08/041
https://arxiv.org/abs/hep-th/0105276
https://inspirehep.net/search?p=find+EPRINT+hep-th/0105276
https://doi.org/10.1103/PhysRevD.60.104001
https://arxiv.org/abs/hep-th/9903238
https://inspirehep.net/search?p=find+EPRINT+hep-th/9903238
https://doi.org/10.1007/JHEP09(2014)067
https://arxiv.org/abs/1405.7194
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.7194
https://doi.org/10.1007/JHEP05(2014)032
https://arxiv.org/abs/1207.4359
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.4359
https://arxiv.org/abs/1710.08418
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.08418
https://arxiv.org/abs/1712.10313
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.10313
https://doi.org/10.1103/PhysRevLett.83.5226
https://arxiv.org/abs/hep-th/9906221
https://inspirehep.net/search?p=find+EPRINT+hep-th/9906221
https://doi.org/10.1016/S0550-3213(02)00942-2
https://arxiv.org/abs/hep-th/0206153
https://inspirehep.net/search?p=find+EPRINT+hep-th/0206153
https://doi.org/10.1088/1126-6708/2004/02/053
https://arxiv.org/abs/hep-th/0401024
https://inspirehep.net/search?p=find+EPRINT+hep-th/0401024
https://doi.org/10.1007/BF00398356
https://arxiv.org/abs/hep-th/9509031
https://inspirehep.net/search?p=find+EPRINT+hep-th/9509031

	Introduction
	Lorentzian matter-coupled F(4) gauged supergravity
	The bosonic Lagrangian
	Supersymmetry variations
	Mass deformations

	Euclidean theory and BPS solutions
	Euclidean action
	Euclidean supersymmetry
	BPS equations
	Dilatino equation and projector
	Gravitino equation
	Gaugino equations
	Summary of first-order equations

	Numeric solutions
	UV asymptotic expansions

	Holographic sphere free energy
	Finite counterterms
	Approximate superpotential
	Bogomolnyi trick

	Infinite counterterms
	Vevs and free energy
	One-point functions
	Derivative of the free energy


	Field theory calculation
	The D4-D8 system
	Undeformed USp(2N) gauge theory
	Mass-deformed USp(2N) gauge theory

	Discussion
	Gamma matrix and spinor conventions
	Free differential algebra

