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ABSTRACT: This work, which accompanies [1], is about constructing smooth solutions in
type II and eleven dimensional supergravity which describe supersymmetry preserving RG
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of the UV fixed point.
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1 Introduction and organization of the paper

In the ongoing quest to deepen our understanding of the strongly coupled dynamics of QFTs,
particularly those that exhibit features akin to real-world QCD,, the gauge/gravity duality
has proven to be one of the most powerful theoretical tools since its introduction by Maldacena
in [2]. The duality provides a means of studying non-perturbative aspects of gauge theories
through a classical gravitational description, enabling the investigation of phenomena such as
confinement and phase structure, chiral symmetry breaking, the computation of form factors,
and the spectra of mesons, hadrons, and glueballs, among many others. The gravitational
systems that holographically capture these features arise as extensions of the original duality
between type II string theory on AdSs x S® and N = 4 SYM on R'3 [3-6].

Over the years, a substantial body of work has been devoted to extending and generalizing
the original duality, thereby broadening our understanding of strongly coupled gauge dynamics
reminiscent of those encountered in QCD,. One class of such developments involves solutions
with branes wrapped on internal cycles [7—10], while another considers D-brane configurations
at the tip of deformed Calabi-Yau singularities [3, 6, 11]. These constructions have been
remarkably successful in reproducing several desirable features, including the ability to
describe a broad range of N' = 1, 2 four-dimensional quiver gauge theories with bifundamental
matter, as well as systems with reduced or broken supersymmetry [6, 7, 12-15].

Nevertheless, the conventional approaches to constructing backgrounds dual to confining
QFTs often face challenges related to their UV behaviour. In the dual field theories of
these models, the number of degrees of freedom tends to grow without bound as one
approaches the UV, corresponding to an infinite sequence of Seiberg dualities [6]. This
behaviour complicates the application of holographic renormalization techniques developed
in subsequent works [16—18], making it technically demanding to extract precise information
about operators and their correlation functions. Recently, this issue has been addressed
in [19], where the introduction of orientifold planes was shown to regulate the UV dynamics,
leading to the emergence of a fixed point that effectively terminates the duality cascade
with a finite number of degrees of freedom.

An alternative approach to constructing confining holographic backgrounds is provided by
the so-called AdS soliton, obtained via a double Wick rotation of gravity solutions such as the
Schwarzschild-AdS black hole. This setup has been extensively used to model systems dual
to pure QCD; with additional massive Kaluza-Klein excitations [20, 21]. The AdS soliton
constitutes a smooth solution of the supergravity equations of motion, characterized by a
cigar-like geometry in the infrared, ds? ~ dr? + r?d¢? (¢ ~ ¢ + Lg), that caps off smoothly
at a finite value of the radial coordinate r = r, for an appropriate choice of Lg. A defining
feature of such geometries is that the spacetime ending at » = r, > 0 introduces a mass
gap in the dual field theory, which corresponds to N = 4 SYM compactified on R? x Sé).
Depending on the boundary conditions imposed on the fermions, globally well-defined spinors
can be periodic or antiperiodic along S}, with the latter case breaking supersymmetry.

To preserve a fraction of supersymmetry, one may employ a topological twist, achieved by
mixing a global symmetry with a spacetime symmetry. Concretely, this amounts to modifying
the covariant derivative so that the antiperiodic contribution of the spin connection is cancelled,
allowing spinors to remain periodic and form supersymmetric multiplets in three dimensions.



In practice, this is realized by introducing a Wilson line in the geometry — equivalently, a
constant background gauge field A = A,d¢ with nonzero holonomy (see [22, 23] for a clear
review of the mechanism). In a recent advance, Anabalon and Ross [24] constructed a new
AdS soliton solution derived from a charged black hole background that is 1/2 BPS. This
solution implements the twisted compactification described above and has proven to be an
excellent seed for generating higher-dimensional uplifts yielding gapped and confining systems
with AdSs factors in type II string theory and M-theory [25-32]. More recently, another
supersymmetric AdS soliton was presented in [33], generalizing the construction of [24] by
including a non-trivial scalar profile, an additional gauge field, and an extra free parameter.
This broader solution has been interpreted as describing Coulomb branch deformations of
N = 4 SYM, in the sense of [34, 35].

The present work complements and extends the results of [1], where new infinite families
of string-theory backgrounds were constructed by uplifting the AdS soliton of [33] to type II
supergravity and M-theory. These geometries provide holographic duals to Coulomb branch
deformations of various SCFTy4s compactified on a circle, which flow in the IR to three-
dimensional gapped QFTs preserving four real supercharges. The resulting solutions include
a type IIB background (already discussed in [33]), an infinite family of M-theory backgrounds,
and a corresponding family of type ITA backgrounds. Despite originating from distinct CFTs
in the UV, these systems exhibit strikingly similar non-perturbative dynamics in the IR,
reflecting universal features of supersymmetric confinement and dimensional reduction. The
present paper provides a more detailed analysis of these systems, including new computations
that elucidate the properties of the dual field theories. In particular, additionally to the
content of [1], we start by providing a more thorough presentation of the construction of
the backgrounds, using the five-dimensional gauged supergravity solution. We then further
probe the confining features of the IR effective dual theories by considering more involved F1
embeddings for the Wilson loop, as well as studying the behaviour of 't Hooft loops and the
entanglement entropy on a strip. We also included a study of a D7-brane embedding and of
the Penrose limit of the solution, providing alternative probes of the confining properties.
Moreover, we include a boundary analysis for the type IIB uplift that matches our previous
analysis for the VEVs dual to the operators turned on by the deformation. Finally, as stated
in [1], we perform a stability analysis on the fluctuations of the Wilson loop configuration
used in the type IIB calculation (what in this work is dubbed “embedding 1”) in section 4.1.

The paper is organized as follows: sections 2 and 3 review the supergravity solutions
of [1], with the latter also including a discussion of Page charge quantization. Section 4
contains detailed computations of various field-theory observables exhibiting universality.
A discussion on the embedding of a D7-brane probe in the deformed AdSs x S° solution
of [24], is also presented. In section 5, we perform a boundary analysis and apply holographic
renormalization to identify the vacuum expectation values (VEVs) of the operators responsible
for deforming the UV CFTs. Finally, sections 6 and 7 are devoted to the stability analysis
of the Wilson loop configurations in the type IIB background and to a study of Penrose
limits in the deformed AdSs x S solution of [24].



2 5d gauged supergravity

In this section we study the 5d soliton solution which will act as the “seed solution” for our
string backgrounds. We will be uplifting it to get solutions in Type ITA, Type IIB and M-
theory (11d supergravity). We first present the solution and its bosonic action, and then study
important features like smoothness, which will be carried-up to the higher dimensional uplifts.

2.1 The supersymmetric AdS soliton

We start by presenting the five-dimensional gauged supergravity soliton solution found in [33],
which one can obtain in a truncation of the compactification of type-IIB supergravity on the
five-sphere. This is a generalization of the solution found in [24], which contains an extra
charge parameter as well as a scalar profile.

The bosonic sector of the 5d theory, containing a metric, three abelian gauge fields A;
and two scalars ®1, o, can be written in the following way:

1 1 1 13 o
= [ Pzy—g|R— =(091)% — = (0P)% — =S X72Fi Fim
25/ v gl 5(021)" = 5(0%s) 421 v

+1pup0AA1F2F 423:
4 NP
— dA, X; = e 20 B = (B, By),

= (5. a=(30). a=( o)

Here & is related to Newton’s constant in 5d as k% = 87G5 and the coupling of the gauged
supergravity has been set to ¢ = L™!. The equations of motion for this theory are the Bianchi
identities and Maxwell equations for the field strengths, Einstein’s equations for the metric
as well as the equations of motion for the two scalar fields. They read:

d (\ﬁXﬂFi) =0, dx (\/?gX;QFi) =0, (2.2)
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Where we defined O = ﬁau (v/—g0*®). We now consider a consistent truncation of (2.1),
in the sense that the solution we present below can be embedded in the above system:
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The warp function F(r) has a largest root which we denote as r, and is responsible
for ending the space at the finite point r = r,, ¢ is a parameter, while according to [33]
€ = +1 distinguishes between two non-diffeomorphic branches of the supergravity solution.
The truncated action from (2.1) reads:

S = ;K/d%\/*g {R - %(8@)2 + é ()2( + X2) - ﬁijFl w ix‘lpjypw :

X =e VG,

(2.6)

Let us also note that this metric asymptotes to that of AdSs as 7 — oo, since F(r) — L2
and A(r) — 1. One can think of the above solution as a double analytic continuation of
electrically charged black hole solutions in U(1)? truncated 5d supergravity found in [36].
One can also make use of the ansatz presented in the same work and uplift (2.5) to a solution
of the equations of motion of type IIB supergravity, that is Ricci flat.! This solution was
also included in [33] and we study it in section 3.1.

2.2 Singularity study

Before continuing to embeddings of this solution in other supergravities and string backgrounds,
let us study more closely the singularity structure in 5d. The contents of this subsection will
hold for all the uplifted solutions that we will present in section 3. From here onwards, we
will only consider the supersymmetric case for which we set? |q1| = |¢2| = @ and four real
supercharges are preserved. This is a choice, as the various expressions will be valid even for
q1, g2 not satisfying this condition, and the limit () — 0 corresponds to g1 — 0,¢g2 — 0. We
also choose to work with the dimensionless variable £ = % > 1 and the parameter 0 = 6%,
in terms of which the gauge fields and functions take the form:

L= QoL (1- o 3 _QLE 1)
A= g = QL (1= )do, A= e o
Xo(¢) = 40 F(¢) = (E-1["+(14+0)2+1+7]
52 ’ L2§4(19+§2) s

where the condition F(r,) = 0 was used to eliminate Q from the last expression.® First we
fix the periodicity of the cigar-like coordinate ¢ in order to avoid conical singularities. The

!The dilaton of this solution is zero and therefore its equation of motion yields R = 0.

2According to the Killing spinor analysis performed in [33], in the 5d solution the supersymmetric point
happens when ¢1 = —¢2, while when the solution is uplifted to the 10d string background of section 3.1 the
relation g1 = g2 also provides supersymmetric preservation. We abuse this detail by writing @ = |g1| = |¢2]| in
the 5d solution as well.

3F can be brought to the following form in the r variable, isolating the root r, from the fourth order
polynomial:
4 (r2 +elP)r? 4 r2(r? 4 ef?)

L2r4(r2 + ef?)

F(r)= (r2 - Tf)



expansions of the various quantities near the end of the space ¢ = 1 yield:*

204+ 3)(E—-1)

. 2
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Then the metric of the subspace spanned by the angle ¢ and the radial coordinate takes
the form:
L? r2(¢ —1)(40 + 6) r2(40 + 6)2
2 2 " 2?4+ 2" T 52 42 2.9
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where in the last step we defined the coordinate p = 2L 4%;16. If we now redefine the

angle to be
2L2\/1+ 1 -

o= m¢, (2.10)

the metric is free of conical singularities, as it describes a flat space in cylindrical coordinates

(p, @) with p >0, be [0,27). The latter range of values forces the original cigar coordinate

to range as:

ArL2\/1+ 7D

(40 +6) &1)

¢ €[0,Ly), with Ly=

We comment that even though requiring a singularity-free metric is not a feature directly
related the confining properties of the dual field theory, it can be the case that a conical
singularity in the IR may spoil confinement. This is because even if a singular background
does lead to an area law for the Wilson loop, small perturbations of the coordinates will
not be necessarily well behaved, as their masses are weighted by components of R, » [37]
which can be divergent. Overall, it is preferred to have a smooth IR geometry in order
to gain a better control over the string corrections, as having a singularity would lead to
ambiguous descriptions of the dual QFT.

Let us now focus on studying the root structure of the sixth order polynomial F' responsible
for capping off the space, which can be rewritten as:

2 2 42 2 42 _ 5 5 5=
E-NEDEE) Ly g tUAE/TIIOT gy

We should first determine the range of possible values for the parameter ¥ to figure

(&) =

if real values for the roots £+ can occur. For this, we can directly solve for the equation
F(ry) = 0 with the form of F' appearing in (2.5) to acquire an expression in terms of the
charge ) and the parameters:

1/342/3
re = %J 22/304/3 + 242 (—1 + 2i€>

(2.13)

1/3
A= [—2562 +3Q (9L4Q + LQ\/81L4Q2 - 125%” .

“Here we denote as A;p the components of each 1-form Al
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Figure 1. Invariants of the 5d geometry (2.5) for values of the parameter © close to —1. Approximately
below the value —0.95 they start growing rapidly.

We notice by taking the limit @ — 0 in (2.13) we get r, — 0 for ¢ = +1 and r, — ¢ for
e — —1. In fact, substituting (2.13) in the definition of  reveals that in the ¢ = +1 branch
U is manifestly positive, while in the branch where ¢ = —1 it is bounded from below by the
value 7 = —1 for all values of ¢, L and (). Using all of the above we deduce the following;:

For © > —1 there are no real values for £&1 and therefore the only root of F'is £ = 1,
or r = r4, where the space terminates smoothly.

However when © = —1, which can only be reached when @ = 0, in which case ¢ = —1
and 7, = £, we have £, = ¢_ = 0 and therefore F takes the constant value L~2. Moreover,
the scalar field ® diverges at this point, since A(r) — 0, while the metric component along
¢ vanishes.

We make the claim that at the later value of the parameter 7 = —1 and at the point £ = 1,
the solution is singular (in both Einstein and string frames). To safely deduce this, we plot
two invariants of the geometry (RabRab and RadeR“de). These are depicted in figure 1. What
we find is that indeed, their expressions diverge when o = —1 & & = 1 which is a confirmation
of the metric being singular at this point. Notice however that if we restrict ourselves to
study solutions with © > —1, but still explore the values close to 7 = —1, the invariants
grow extremely large as © — —17 but the metric is smooth. When the soliton is uplifted to
Type IIB — see section 3.1, the point 7 = —1 can be thought of as the Coulomb branch
singularity in the 10d solution of [34]. In fact, many of the gravity systems participating in the
holographic modelling of confinement include such naked singularities, see [4, 38, 39], which
often have 5d origins. The presence of such singularities makes the analysis of observables
not trustable. We wish to emphasize that in our case, we have a smooth geometry but there
is still a region of very large curvatures for specific value of the parameters (0 ~ —1%), at
which the supergravity approximation is afflicted by higher curvature corrections that are as
important as the leading term. For our purposes, this means that there are some states in
the IR spectrum of the dual QFT that are not captured by the supergravity approximation.



3 New deformed supergravity backgrounds

Having made many of our arguments in the 5d gauged supergravity system, we now present
the three types of uplifts of (2.5) to string theory and eleven dimensional supergravity, in
order to apply holography. The first is the solution in type IIB presented in [33], while
the rest are new infinite families of solutions of 11d supergravity and type IIA supergravity
respectively, introduced in [1].

3.1 Type IIB background

In this section we review the ten-dimensional supergravity background constructed in section 5
of [33]. This is an uplift to type IIB of the 5d solution we presented earlier, which amounts to
further deforming the background of a distribution of D3 branes found in [34] (in particular
the cases of n =2 (¢ = +1) and n =4 (¢ = —1) found in table 1 of section 2 of [34]). These
geometries describe a Coulomb branch deformation of N'=4 SYM by a nonzero VEV of an
operator of dimension A = 2 proportional to ef?/L? (already presented in [34]) as well as a
VEV of an operator of dimension A = 3. The metric takes the form:

¢(r,0)

2 _
ds® = 72

2 2 2 2 2 2 L2dr?
re(—=dt* + dw* + dz® + L*F(r)d¢ )+F

4102
) T ]

2 (3.1)

L
+ ﬂ [0082 0dep? 4 cos® fsin® YDe? 4 cos® § cos® YDea 4+ Ao (r) sin? GD(]%} ,
r’

where D¢; = do¢; + Afi, the function ¢ is defined to be:

/ /2
C(r,0) =1/1+ €3 cos? 6, (3.2)

while A and F' are defined in (2.5). The range of values for the angles parametrizing the
deformed S° are: 6,1 € [0,3], ¢; € [0,27). The solution also contains an self-dual RR
five-form:

F5=(14%)Gs, (3.3)
where
9 3 62 2F
Gs — %(1 + YAt AdwAdz AdpAdr — = LZ sin(20)dt A dw A dz A de A d6
TBA/
- 2L1¢ cos? @ sin(2t))dt A dw A dz A d(¢1 — ) A dep

3.4)
o . (
~ 37 sin(20)dt A dw A dz A df A ( 1o (sin® ¢ dg1 + cos® 1 des)

1
= AP Ay dgs + + (Aip Ay — )\12A3¢Ag¢)d¢> :



Equivalently, we can express things in terms of a frame, in the mostly plus metric convention:

- VS =Y dw,  2=Ylid. &= JCFrds,
L L L

A ¢ dr 5 6 cos
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ve ! (3.5)
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where we abbreviate e®d = @ A P A €€ A ed A ef. We denote with a prime the derivative
with respect to the r-coordinate.

Alternatively, the five-form G5 can be expressed in terms of a four-form potential Cy
as G5 = dC4, where

RS T
Cy = [ = _2<r3_ LT?_T3A6_1>COS(29) dt A dw Adz A de
e (3.7)

—5 cos(20)dt A dw A dz A (ql ( sin? ) d¢y + cos? 1 dg2) — ¢ dd)g)

q1€25 2
+Tcos Ydt ANdw Adz Ad(er — ¢2) .
The Hodge dual of G5 can also be written in terms of a four-form Cy (see (C.1)) as ¥G5 = dCy.
The self-dual five-form can then be expressed in terms of Cy and Cy as Fy = d(C'4 + C~'4).
Notice that A\, and (, refer to the values of the functions A(r) and ((r,0) at r = r,.
Lastly, we wish to comment that in this IIB background, the singular locus we described
in section 2.2 is located, after setting 7 = —1, along the curve:

2
€2 —cos’h = (:) —cos? 6 =0, (3.8)
*

as when this equation is satisfied the geometric invariants diverge. Therefore the singularity
appears when r = r, = £ in the direction § = 0. Contrast this with the 5d gauged
supergravity where there is no such angle.

Since the soliton we used for the uplift is a consistent truncation of 10d type IIB
compactified on S°, the Killing spinors of the 5d gauged supergravity will uniquelly correspond
to Killing spinors of the uplifted solution. The study of preserved supersymmetries was
done in detail in [33], where two antiperiodic in ¢ complex Killing spinors were identified.
Regarding the preserved R symmetry, it is a diagonal subgroup SO(2)% C SO(6)x.



3.2 Embedding in Romans’ SU(2) x U(1) 5d gauged supergravity

We will now present an embedding of (2.5) in another five-dimensional gauged supergravity
introduced by Romans’ in [40]. The general content of the bosonic sector of this theory consists
of a metric, one scalar field X, an abelian gauge field B, an SU(2) gauge field A* (i = 1,2,3)
and a complex two-form C' charged under B. The field strengths for these gauge potentials are:

G =dB,

. . 1 ,
Fi=dA — ﬁmeijkw A AR, (3.9)
F=dC+imBAC,

where the parameter m, called the Romans’ mass, is related to the SU(2) coupling. The equa-
tions of motion for the theory can be derived from the following five-form Lagrangian density:

E:R*1—3X’2*dX/\dX—%*G/\G—%X’2(*J-"iA}"i+*C/\C’)
(3.10)

; 1 ,
—2LCAF—5}“/\F/\B+4m2(X2+2X—1)*1,
m

and they read:

AX 1 %dX) = 2X G AG - Lx2 (+F AF 440N C) - do2(x2 = x 1) x1,
T e (3.11)
d(X4*G):—§}"Z/\]-"Z—§C/\C’, DX 2« F)=-F' NG, X*%xF =imC,

4
R, =3X20,X0,X — ng(XQ +2X Ygu

1 1 1. o 1 P
+ 5 XHGhGu — £0w GG + X 2<f;ﬂf;ip Al > (3.12)
Voolom = 1, -
+ §X C&C,j)p - ECPUCP :| 5
where we defined the covariant derivative D(X 2 x F?) 1= d(X 2 % F%) + v2me;jp AR A
(X2 % FI).
We can embed the solution (2.5) in this theory by defining the fields in the following way:

1

X=e V" =)2(r), B=4A3 M=v24' Al=A2=0, C=0. (3.13)
After identifying m? = L~2, the equations of motion for the configuration (3.13) are satisfied,
which coincide with the ones presented in the previous section (2.2)—(2.4).

3.3 Eleven dimensional supergravity backgrounds

In the following, we will present new embeddings of the solution (3.13) of Romans’ 5d gauged
supergravity in the 11 dimensional background of Lin, Lunin and Maldacena [41]. These are
1/2-BPS solutions in M-theory preserving 16 supercharges, that are dual to 4 dimensional
SCFTs with N’ = 2 supersymmetry. One key feature of these backgrounds, as well as their
type IIA reductions we present in 3.4, that differentiates them from the one of section 3.1

,10,



is that they come with either M5 or D-branes describing flavour degrees of freedom. This
means that their dual QFTs contain fundamental matter.
We follow the uplift formula of Gauntlett and Varela, see [42] as well as [43] to translate

between the notation. The resulting 11d deformed geometries take the form:°

ds?, o[ 4 y2e= 6> 4X3  Dy? 8, Dy 0,eP

— =2 —dsi + >——Du'Dy’ — L dy? — dvi +d
R2/3 = © 555+ T g3 DD+ g yo,Dy  y U y B o + o)

(3.14)
where ds? stands for the metric in (2.5) and we define the following quantities:

1 xm) =20,

Z=[1+y% (X —1)
1
Dx=dx+ a1 + B, a; = 5(8U2D0d1)1 — 8U1 Dodvg),

Lel?(r? —r2) 1 1 3.15
B=4A3=_2 x (3) = 24! = V2q L 2<_> 1
(r2 4 ef?)(r? 4 £?) dé, A V2 VaqLet r2  r2 dé,

— (dul + \/§M2A(3))521 + (d'u2 . \/§H1A(3))512 —i—d,u35i3,

p! =sinécos g, 12 = sin @sin o, pd = cosf,
with the u’s spanning a two-sphere. The functions X and Dy both have support on (v1,v2,y),
are related by:

5 a,D
-6\ _ y 0
c - y(1 —ydyDy)’ (3.16)

and Dy, which determines the solution, satisfies the three dimensional Toda equation:

(07, + 05,)Do + 020 = 0. (3.17)
The 4-form is given by:%
Gi=Gi+GABy+FDABY 45 F® A Y, (3.18)
where:
- - 1— 2 _—6)
Gy =— EvolS2 A {Sd y(2 y)\ ) y| ADx — 43yeD°dv1 A dwo
4 1+ y2e 6 (X3 - 1) (3.19)
y(1— %)
dCL1 ’
1+ y2e=6M(X3 — 1)
X33 o—6A ~
52 - 2ﬁ1 6>\(X3 1)V0182 ) %3) - _Md( )
+ y2e —
. 3.20
=8k { [pPdy + y(L—ye ™) Dp3| ADy + l,ugc") ePoduy A duy Y
14 y2e 6N X3 - 1) 2=

SWhere k = gli. We will also set m = 1 for simplicity from here onwards.
*With G = dB =dA%, F® =dA® =v2dA", vol§® = Leynp' D/ Dyt
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According to [42], the equations of motion for this background, which we have verified
to be satisfied, are equivalent to the five-dimensional equations of Romans’ gauged super-
gravity (3.11) and (3.12). These are the Bianchi identity and Maxwell equation for the flux
G4 as well as the eleven dimensional Einstein equations:

1
dG4 =0, dx11 G4 = —§G4 A Gy,

(3.21)
C1C2C5

1
Rap = 5G440:10:0:Ga ™" = 1194BG1C100050,G

In these families of deformed backgrounds we have two types of extended objects: colour

C1C2C3Cy
4 .

M5 branes sourcing the AdS geometry, which wrap the Riemann surface Yo extending in
(v1,v2) and extend in the Minkowski directions, as well as flavour M5 branes extending in the
holographic direction, the Minkowski subspace and the circle parametrised by x. One can
derive the quantization conditions for their charges by integrating the flux G4 on appropriate
four-cycles. There are two options available to construct such cycles given in [41], which
are both isomorphic to four-spheres:

My € {Sitlolouw Sﬁavour} (322>

For the case of colour M5 branes, we can take an interval [0, N] in the y coordinate and use
the circle S'[x] and the two-sphere S?[, p]. We take y = N to be a point at which S![y]
shrinks smoothly,” while we also have that S%[f, o] shrinks to zero at y = 0. For 0 <y < N
both S![x] and S?[0, ¢] have finite size. We can therefore fiber the product S'[x] x S%[6, ¢]
over the interval to construct a total space that is a compact cycle isomorphic to a four-sphere:
Sgolour = SI[X] X 82[0790] X [O)N]

For the flavour Mbs we focus on the y = 0 slice of the (y,v;,v2) subspace and take
a closed curve I' in Y¥s[v;, v9] enclosing a two-surface that is isomorphic to a disc D? and
sits slightly above y = 0. We can choose this curve such that S'[x] collapses smoothly on
0D? =T. At any point p € int(D?) we can then fiber the S?[f, ¢] which has a finite size.
Due to our choice of curve® the boundary of this four-manifold vanishes and therefore we
have a compact cycle that is also isomorphic to a four-sphere: Sﬁavour =~ S%[0, ¢] x D2

Let us perform the calculation for colour branes. In order to do so, we take the limit
of the geometry to the boundary r — oo, which makes ds2 — dsids5 and X(r) — 1. At
the boundary the deformed sphere S?[6, ¢] can be recast as a round sphere S2[f, ¢], as the
fibration in this limit is just a constant which can be absorbed in the definition of the
coordinates. The same is true for the fibration in S![x]. We then have:

27 N -
/ Gy = —25/ VOISQ/ dx/ d {—er_ﬁ’\} = (47)%kN, (3.23)
S S? 0 0

where we used that near y ~ N 0 ~ (N —y) and e3X = N, which expresses that S!'[x]
shrinks in a non-singular fashion. This yields the following condition:
1

—— | Gs=NEegN 3.24
167T2H S4 4 e Y ( )

"smoothness holds if eP° ~ N — y near y = N.
81f one does not make the choice that Sl[x} vanishes at the boundary of the “cup” D2, the total space will
have a non trivial boundary isomorphic to S x S! and will not be compact.

— 12 —



which agrees with the quantization condition in [44] using their convention which sets k = %lg
where [, denotes the Planck length.
The flavour M5s correspond to punctures on the Riemann surface spanned by (v1,va). If

one considers K; such punctures at different positions (v¢,v3), then the integral of G4 over

4

Sﬁavour surrounding each puncture will yield K;. As Sg, o,

is difficult to parametrize in the
coordinates of the solution (3.14), the quantized flux can be more easily calculated by focusing
near each puncture, where an additional rotational symmetry in (vy,v2) is assumed [44]. We
will explore the solution with this additional symmetry, which gives rise to an electrostatic

description, in the following subsection.

3.4 Type ITA backgrounds

We will now present a reduction of the former 11d theory on the M-theory circle, which yields
new infinite families of deformed type ITA backgrounds of Gaiotto Maldacena type. These are
geometries dual to linear quiver SCFTs enjoying NV = 2 supersymmetry in four dimensions. We
start by rewriting the Riemann surface coordinates as v1 = pcos 3, v1 = —psin 8. To make
the reduction work, we need to have rotational symmetry in the [v1, v2] subspace, meaning
that 95 generates? a U(1) isometry and Dy = Dg(p,y). We can now make the following
change of coordinates first presented in [44], where we map the coordinates (p,y) — (o, n)
and the Toda function Dy(p,y) — V(o,n), where:

V =00,V, V' =09,V,
5 D 9 . , (3.25)
pre’? =07, y=V, logp=V",
and the new function V satisfies the three dimensional cylindrically symmetric Laplace
equation:

V4oV =0, (3.26)

supplemented with appropriate boundary conditions dictated by regularity of the metric.
With these changes made, the 11d metric (3.14) takes the form:

dst) = fi [4fds? + ,Du'Dp + Fo(dx + B)? + fa(do® + dn?) + f5(dB + fodx + foB)?,

(3.27)
where we define the various functions to be
<\ 1/3 .
~ VA ~ 5 2vvl/
_ .2/3 =1 _
fl_"/V' <2V/,> 3 f_X Zu f2_ ZQA’
4X352V" - 2v” L 202XV —V - 2X3VV
3= Syvan o fio=—2, f5= Q, 6= ov3 T (3.28)
2X3V -V Vv Z2V A 2X3V -V

(V)2 + v7exPy — 1)1

(VN2 + V"2V - V)

A (72 + V@V —T), 7= [

Notice that in the absence of a scalar profile, namely X = 1, we have Z = 1 and we recover the
deformed background presented in [27] (see equation (5.20) in that paper), while further taking

9The reason for choosing this coordinate and not another available U(1) being the preservation of N’ = 2
supersymmetry.
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r — oo recovers the original Gaiotto-Maldacena background.'® After defining the function:

9(n,0) = VV”‘ZI(V’F (3.29)
the expressions entering the flux take the following form
Gy = 2volS? A [d Fo A (dx + B — gdB) + fsdg AdB + fo (aV”dn + V’da) A d,@’] ,
&= _ ’%gd(ﬂ?’x'/), By = 2 frvol§?, (3.30)
) =VB{ (fsDps® + wpdV) A (dx + B — gdB) + 1*fo (oV"dp + V') A dB},
where
i 26 X3V 2V _ V[ =y P oV (3.31)

TA+ovV(x3—1) P Avavv(xs 1) (V2 =V

From here, we can apply the reduction following [44], as well as [45] for a detailed derivation.
The ansatz reads:

ds?, = e 3%ds2, + e3%(dB+ C1)? with A3 =C35+ ByAdB and dAs =G, (3.32)

where:

e3® = fifs, Cy= Joldx + B),

Hy = dBy = 2volS? A [ — gdfs + fsdg + foloV"dn + V/da)}
+VBFO A [ foloV"dn + V'do) — g (fadu? + mptaV)]

KV8

Fy=dC3 — H3 ACy = —2f7volS? A G — T % FOAd(EV)

+2volS? A [ (1 + gffs) dfr — fofsdg — fefo(oV"dn + V’da)] A (dx + B)

+VBFB) A [— 13 fofo(aV"dn 4+ V'do) + (1 + gfs) (fgdu?’ + /{/ﬁdV) ] A (dx + B).
(3.33)
We have checked that this configuration solves the type ITA supergravity equations of motion,
in units where the AdS radius is equal to one. Note that this geometry, still contains an
S%[6, ¢] (expressing the SU(2)z symmetry), as well as the S![x]. Notably, we can rewrite
the NS three-form in terms of total derivatives:

kT Hy = dK A dQ 4+ VBFB) A dQ, IC=4cosfA;4(r)d¢ — 2cosOdyp

a2V’ ~
Q=n—— — — Q=12n-Q),
T2 U6 () 1 02 (V)2 wn =€)

(3.34)

10The AdSs part of the background is recovered when r — oo, where we find A(r) — 1, F(r) — L2 and
ds? — dsidSS.
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which we can integrate on appropriate cycles to get local expressions for the NS potential
By. The four possible expressions read as follows:

BY =441 A d(1B(n — Q) + 2Q(volge + 24PdAL),

BSI) = 4,u37l dAl + 2Qvolge, (3.35)
By = 44" Nd(i*(n — ) + 21 (24" — dp) A d, |
BéIV) =443 (n — Q)dA" + 243 (24" — dp) A dQ,
all of which satisfy dB; = r~'Hs and are related by a gauge transformation:
B =B +dn, B{Y =BM™ 1dA with A=43n-A.  (336)

This will be important for the quantization of Page charges associated with D4 branes, as
well as some computations for the observables.

Let us briefly comment on the connection to the dual quiver theory. The new compact
coordinate 7 together with o € [0, 00) constitute a strip on which the function V' is supported.
Our approach in presenting this will be to consider a fixed superconformal linear quiver on
the boundary, depicted in figure 2, whose data is encoded in the boundary conditions of
V(o,n). After fixing the boundary theory, the geometry will then yield the appropriately
quantized Page charges. If we let n € [0, P], where P is the total length of the linear quiver,
the boundary conditions for (3.26) read [44]:

V’ =0, VL:O =Rm), V =0, (3.37)

g—00

n=0,P
where R is a piecewise linear and convex function with finitely many discontinuities in its
derivative, R/(n), at integer values of 1 which satisfies R(0) = R(P) = 0. This is called
the rank function for the quiver and one choice for it which yields linear quivers with P — 1
nodes containing gauge groups SU(N;) is the following [45]:

Nlna 776[071]
Rm) =N+ (Nw1 — N)(n—1), nel,l+1], I=1,....,P—-2 . (3.38)
NP—I(P_T’)7 776[P—1>P]7

The second derivative of the rank function contains information about the ranks of the
flavour groups (we take Ng = 0 = Np):
P-1 P-1
R'(n) = > (2N;j = Nj_1 — Nj11)6(n —j) = > Fjé(n—3), (3.39)
j=1 =1
where F; = 2N; — Nj_; — Nj;41. We can think of the system (3.26) with boundary con-
ditions (3.37), (3.38) as a two-dimensional electrostatic problem of a charge density R(n)

<

located at ¢ = 0 and two conducting planes at n = 0 and n = P with zero potential. One
can then proceed using separation of variables to obtain the following solution [46]:

© . km kmo e . km
V(o,n) =— Z R} sin (;) Ky (P) , R(n) = Z R}, sin (Pn) ,
= k=1

k=1
2 [P . [k or L . (kmj
Ry = F/o R(n) sin (P) dn = 7(k:7r)2 JE:IF] sin (P) ,

where K is the modified Bessel function of the second kind.

(3.40)
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N2 Np_so

Fy Fay Fp_o Fp_1

Figure 2. Quiver diagram for the linear quiver described by the rank function (3.38) with (P — 1)
gauge nodes. The balancing conditions enforce that Fy, = 2Ny — Nx_1 — N1 for each node.

it |y vty |y |y
D4 I A T
NS5 | —————— . . o
D6

Table 1. Brane configuration for the Gaiotto-Maldacena solution when G — 0 in flat space. A line
signifies extension of the brane in the corresponding coordinate while a dot that the brane is localized
there.

Page charges. In this subsection we will present the quantization of the Page charges.
Unlike Maxwell fluxes, Page fluxes provide the correct quantization conditions which express
the counting of branes at each stack. These are defined in terms of the RR polyform F
as (setting o/ = 1 = gy):

5

N 1 N

F=eBPAF F=Y Fy, Qb :7/ Fy_ (3.41)
n;l ! ! (27[-)7—17 Xs—p :

and for our purposes this gives ﬁ'g = F5 and ﬁ'4 = Fy — By A Iy, as we have vanishing Romans

mass Fy = 0. We will follow closely [45], where the reader can find more details. The system

described above contains the following extended objects at the following spacetime locations:
o A stack of NS5 branes located at o — 0o extending in the coordinates of ds? and Y,

o A stack of flavour D6 branes located at o = 0 and at n = k (the kinks of the rank
function) and extending on ds2 and S?,

« A stack of colour D4 branes extending on R%? x Sé x Ry.

Let us comment that from the brane configuration explained above, only the D6 flavour
branes are made explicit in the solution (3.33), as they appear as localized sources, dFy
> 1 0(n — k). The rest of the branes have been replaced with units of Fy and Hs fluxes.

One can consider a flat space R spanned by coordinates (2°,... 2% ¢y, ... ,9%), in
which we have the brane setup depicted in table 1.

This system can be though of as the Hanany-Witten brane set-up at zero Newton

constant. As one starts increasing G, the branes start backreacting, sourcing a curved
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geometry. There is a nonlinear transformation involving a near horizon limit which then
maps the coordinates (x%,%7) to the ones appearing in the solution (3.33), with 3% giving
rise to 1. The precise transformation is not known. The SU(2) x U(1) = SO(3) x SO(2)
R-symmetry preserved by the QFT dual of (3.33) is initially described by isometries of the
(v, y%, y) and (y*,v°) subspaces.

We take again the limit r — oo to calculate the fluxes, in which case we have ds? — ds2AdS5

as well as:
. ) V4 7 . 402"
X =1, — 23, - S A
=k f2 X /3 T
- 2v” L 2V =V . WV’
f4_> V ) f5_>(A)7 f6_>2V_V7 (342)
~ 2V 2V ~ KV [(V/)z - V”V} ~ ko V"
- — - , _ .
I X e X o T2 Vv

Let us begin with the NS5 branes. In the limit where ¢ — 0o we can write the approximate
form of the Laplace potential from (3.40) using the asymptotic behaviour of the Bessel
function at infinity Ko(z) &~ /£e % + O(e %273/2):

Vio,n) = — %’; %Sin (;n) e~ —1/ %Rl sin (?) e P +..., (3.43)

where we keep only the leading term. Using this expression for V' the metric takes the form:

2P 2
ds%o — f@{éla(dsidSE + de) + - sin? (?) dség + %(d(ﬂ + d772)

(3.44)

8LPq1€25 sin?6 . 9 (wn) 8Lq2€250
— — | ded —————daod
r2 AP odp+ r2 + (2¢ odx ¢

The asymptotic expressions for H3 and the dilaton take the form:

P 2
r1H3 = 4sin? (7777) dn A volgz + ——sin <7r77) do A volg2
P 2ro P

L * LPg 2 2
_8 (7{12 © sin? (7;7) sinfdn Adf Ad¢ — q;QEsin( ]7;77) sinfdo A df A de,
* o *
(3.45)
3/270 22
TR 7 (3.46)

% e —

°oPJo

while C; — 0 at leading order. The suitable cycle to integrate Hs, see [44], is a round unit
radius three-sphere which we can construct as S* = {(£7,S?) | n € [0, P] } leading to the

11

following quantization'* condition:

_ g ! Lo [ dnsin? (71 — p 3.47
QNS5_(47r)2/gs 3_%/82‘]082/0 7 sin 7 )=F ( )

1We remind the reader that we fix £ = 7/2 (in units where ¢, = 1) in order for the fluxes to be properly
quantized.
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Moving to the stacks of D6, we will use the following coordinates for the (o, n) subspace:

n=k—pcosa, o=psina, (3.48)

and take p — 0, corresponding to the limit 0 — 0 and n = k € (0, P). By focusing on a
specific k we have the relations:

Ey, . Ey,

V=N, V'=="= V=

% 5 — (14 cosa) + Npy1 — Ni. (3.49)

The metric in this limit takes the following form:

[p | F
dSlO — 2/41\/ Nk [ F 4d8AdS5 + dSSQ) f(dpQ —|— p2d8§/2)‘| 5 (350)

where there is second two-sphere spanned by («, x): dsé,g = da? + sin? adx?. This is indeed,
up to a constant factor, the near horizon metric for a stack of D6 branes extending in AdSs
and S?. The RR potential and the two-form flux take the following form:

Fy Lga0?c [(1 + cos ) F), — 2Ni, + 2N 41]
C1 —|—(1 Npy1— Ni|d d
1 92 ( =+ cos a) + k+1 k:| X + 2(7’3 ¥ 626) ¢7
F Lgal*cFy sinada A d
By = dCy — —Tryo, - LRCelsinada A dg
2 2(r2 + £2¢) (3.51)
Lq2€2ng sin?(2a) [Fr(1 + cos o) — 2Ny + 2Nk+1]d A do '
32(r2 + (2¢) Ny P
4 Fy sin?(2a) [Fi(1 + cos o) — 2Ny + 2Nk+1]dp Ady.
32Ny
which gives us the quantization condition:
1
Qhs = —5- Fy=F, =2N, — Njo1 — Ny, k=1,2,...,P—1, (3.52)
T S’2
with the total D6 charge being:
P-1 P
Qps = Y Qb= Np_1+ N1 = /0 dnR"(n). (3.53)
k=1

For the D4 Page charges, we construct the flux F4 = Fy — Bs A F5 using the expressions
for By in (3.35), where we verify that the last two give a zero Page charge, while the first
two yield asymptotically:

Fy = kkFysinasinfda A df A de A dy = kkF}, volga A volge. (3.54)

This leads to the following expression for the D4 charge in a cell [k, k + 1]:

1 N
k
= . Fy=EkF, .
@b1= G /S s T4 = FEE, (3.55)
while the total Page charge of the D4 branes is given by:

P—1 P—1

Qpa= Y Qbs= Y kF=PNp_y. (3.56)
k=1 k=1
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As pointed out in [45], the calculation of the above quantity includes the induced charges
of the D4s on the other stacks of branes. The “true” colour charge of the D4 branes is
given by the formula [47]:

P
st = [ anr. (357)

Let us comment that the integral (3.55) does not yield the rank of the gauge group
between n = k and n = k + 1, namely Ny, as opposed to (3.52) which gives off the rank of
the flavour group Fj. This can be explained in two different ways. For once, the groups
SU(F}) represent physical symmetries of the dual theory, while the gauge groups SU(Ny) do
not correspond to any physical symmetry and thus it is not necessarily the case that one
can extract the various gauge group ranks from quantized charges. Another reason is that in
the case of the D6s, one can clearly tell their location in the 1 coordinate (corresponding to
a singularity in the metric), which is not the case for D4s, as they are replaced with fluxes.
Finally, one might notice that the Page charges have similar expressions as in the undeformed
Gaiotto-Maldacena background. This is due to the quantized charges being invariant under
bulk deformations which respect the boundary geometry.

4 Observables of the dual field theories

In the present section we will calculate various observables in the dual field theories of the
backgrounds presented in section 3. These include: the expectation value of the Wilson and
't Hooft loop operators, entanglement entropy, flow central charge, holographic complexity as
well as the study of D7 brane embeddings in the case of the deformed type IIB background of
Anabalon and Ross [24]. We will present the holographic calculation of said observables while
emphasizing two key features. The first feature is universality. The resulting expressions are
factorized into two parts, one depending on the radial direction which contains the dynamics
of each object in gravity, while the other numerical factor containing details of the internal
space and expressing information about the UV SCFTs. We attribute this phenomenon to
the theorem of Gauntlett and Varela presented as a conjecture in [48] and later proved in [49]
using G-structure techniques. The theorem states that any SUSY solution of supergravity in
dimensions D=10 or D=11, which can be written as a warped product AdSg11 X Mp_g_1
consistently truncates on'?> Mp_4_; resulting in a gauged supergravity in (d + 1)-dimensions.
The field content of the gauged lower dimensional theory is dual to the superconformal current
multiplet of the SCFT; dual. The fields belonging to this multiplet are the ones responsible
for the dynamical /radially dependent part of the observables. In this sense, the behaviour of
these observables, even in the case where they do involve the internal space in their calculation
(like the flow central charge and entanglement entropy), depends only on the underlying
5d gauged supergravity. The second feature concerns the singularity study we presented
in section 2.2. We notice that even in the case of the solutions being smooth (7 ~ —1 but
never —1), the Wilson loop observable is affected by the high curvature in the supergravity,
signalling that the theory is not a trustable approximation in this region of parameter space.
This presents itself as a first order phase transition near this region of parameter space, which

12 M p_q4_1 is required to be Riemannian.
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we argue is not physically relevant. Additionally, appendices A and B are dedicated to the
study of Polyakov loops and the effective gauge coupling constant of each QFT.

4.1 Wilson loop

Let us first review the calculation of the Wilson loop in the context of holography [50].
Starting from a gauge theory perspective, one can define the Wilson loop as the following
non local operator:

W(C) = %trpexp (iﬁA) : (4.1)

where N is the rank of the gauge group and C is any closed loop, conveniently taken to be
a rectangular contour in time and one spatial coordinate. Then the vacuum expectation
value of this operator provides a way of investigating the potential between a pair of non
dynamical, infinitely massive, quark and anti-quark in the fundamental representation:

(W(C)) oxx e~ T Pllaa), (4.2)

where 7 is the temporal length of C and Lqq the distance between the pair. From here
one can deduce if the theory is confining or if it presents screening. This calculation is
implemented in the dual string theory (in the large N limit, with g%MN fixed) by embedding
a probe F1 string with its endpoints fixed on the path C at the boundary of the spacetime
(r = 00), representing the quark and anti-quark, while the rest of the string enters the bulk
in a U shaped fashion. In this regime, the string theory is approximated by supergravity and
we can use the Nambu-Goto action of classical string embeddings whose worldsheets, with
a fixed boundary C, are minimal surfaces: (W (C)) ~ e~“NG where:!3

1
Sva = 5 / 426 /—det(gima), (4.3)

with ging being the induced metric on the string.

In this section we consider, aside from the usual Wilson loop that was also presented in [1],
other configurations that wrap or rotate in S'[¢]. We will however restrict to embeddings that
are not extended along the internal space, resulting in the universal behaviour highlighted
earlier in the text. Here are the three types of configurations of interest:

e Embedding I. The first case we will study is the simple embedding in which we give
the string a profile in r and its worldsheet coordinates are parametrized as:

T=t &=w, r=r(d), (4.4)

while the rest of the spacetime coordinates take constant values. In the case of the type
IIB background, the consistency of the embedding demands the coordinate 6 to be
either 0 or 3.

13We make the choice to set o/ = 1. We also denote all worldvolume coordinates as & instead of ¢ to avoid
confusion with the Gaiotto-Maldacena coordinate o in the type IIA backgrounds.
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e Embedding II. In this embedding we consider a string with the same profile, which
now is spinning along S'[¢] with constant angular velocity w:

T=t &=w, r=r(6), oOT)=uwr (4.5)

¢ Embedding III. For the final embedding we will use, we place a string that wraps
the S![¢], while still having a profile in the radial coordinate:

T=t, o=w, T= 7"(5’), o= ¢(6)7 (46)

and in the case of the type IIB background the embedding is consistent for 6y = 0 and

In all the above cases, the action of the string reduces to following form:

Lqq/2

Sn o / dwV/FZ ¥ G2, (4.7)
Lqaq/2

with F and G being case specific functions of r. One can then derive expressions for the length

and energy of the quark-anti-quark pair in terms of F and G using the formulas in [51, 52].

Below rg denotes the turning point of the probe:

\/f2 ]:2 7‘0) ’I“
f(m)g() ’ LQQ(TO ‘2/ Vor(rir0)’

Eqq(ro) = F(ro)Lag(re) + 2 / dr. \/FQ — F2(rg) 2 / drg(r)

Vet (1570) =
(4.8)

These integrals are not analytically solvable, therefore we employ numerical techniques to plot
them. However, one can write analytic approximate expressions for the length, developed
n [52], and the energy'* of the pair:

wG(r)
F'(r)

. Bapp(ro) = / " ds J—“(S)Mag(ﬁ), (4.9)

Lapp(ro) =

r=rg

which serve as a nice way of quickly determining the behaviour of the dynamics of the
quark-anti-quark system. Let us now proceed to studying the Wilson loops!® in each case
and highlight the effects of the different embeddings.

4.1.1 Wilson loop for the Type IIB background

Embedding I.  For the simple embedding of case I, we have checked that it is consistent
in this background if one chooses the value of the angular coordinate 6 to be 6y = 0 or
6y = m/2. In each case, have the following induced metric:

742((717‘90)(”2_‘_ TZC(TaQO)_I_ C(T‘,Ho)T’Q

ds? dw? 4.1
Sind = =12 E= T S yUTes R (4.10)

1 This expression was first introduced in the context of entanglement entropy calculations in [53, 54].
5For the remainder of the paper we will use the SUSY condition |q1] = |g2| = Q
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which yields the following action (where 7 = [dt):

T [Laq/2 2 2.2 . o T3 (r,60) 2 ¢*(r,60)
1= 7 [y VT G it =T G = ey (041

From these functions we can derive the various expressions of interest. It is convenient to
use the dimensionless quantity ji = (%*)4 together with © and £ for the various expressions,
in terms of which the functions in (4.11) take the following form:

402 | A2
2 Ap2062 A2 o &§H& + Dcos®b)
Fi = p&-(§° + D cos”bp), gl_£6+lj£4_(1+lj)'

(4.12)

Using numerical integration, we plot the length Lgg as a function of the turning point
as well as a parametric plot of the potential energy Fgg between the quark and anti-quark
with respect to the length of separation. The results for the embedding with g = 0 are
depicted in figure 3. What we discover is that as © takes different values away from —1
the background displays confining behaviour, that is, Eqq starts with a Coulombic law
for small separations (dictated by conformality in the ultraviolet) while at large Lqq it is
linear, signalling confinement in the infrared. However, when # takes values very close to
—1 and smaller than 7 ~ —0.95, where the geometry becomes highly curved, the length
starts becoming double-valued and there seems to be a first order phase transition appearing
in the energy. We claim that what is observed in figure 3(d) is a manifestation of the
supergravity approximation being not trustable in this region in parameter space and for
this embedding,'® in other words, this is not a trustworthy result. Finally, we comment
that the approximate expressions (4.9) capture very nicely the qualitative behaviour of the
system, which can be seen in the plots of figure 4.

Embedding II. The idea of the spinning string embedding is that we might be able to
lift the effects observed in figure 3(d) even for the value 7 = —0.99 by introducing the new
parameter w which can affect the dynamics. More specifically, the angular momentum of
the probe F1 introduces restoring effects on the U shaped embedding, much like in the case
of a centrifugal force. If we consider for a moment both type the IIA and type IIB metrics
by writing ds?, = —Gudt? + Gypdw? + G¢¢d¢2 + G,rdr? + ..., the Nambu-Goto action
for embedding (4.5) has the form:

‘CNG = \/(Gtt - W2G¢¢)(wa + Grrr/z), (413)
from which stems the following bound for the Lagrangian to be real:
w2G¢¢ S Gtt- (4.14)

The range of values for the radial coordinate r € [ry, 00) is restricted accordingly such that
the above requirement holds, which in turn is interpreted as a “restoring force” preventing
the string from reaching values arbitrarily close to r.

5This behaviour does not appear for fy = 7/2, see figure 4(b) and (d).
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(c) Plot of the potential energy of the quark-
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Figure 3. Resulting plots using numerical integration regarding the WL embedding I for different
values of ©. We notice the length gradually becoming double-valued as o — —1. We have set 6y = 0.

In the case of the type IIB solution, we have the induced metric:

2
ind = 26 12

r2 | L2 " F(r)AS(r)

1 o) [TA R ] duw?,

The Nambu-Goto action then yields:

T rlaq/2

Sk1 = 5=

21 J-Lqq/2

1 2(r,00)r? [L2W?F(r) — 1
{C (r, 60)r” [L*w* F(r) ]+w2c08200A%—|—w281n200)\6(r)A§}dt2

(4.15)

dw\/ F& + G4r'2, (4.16)
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Figure 4. Wilson loop plots for embedding I using the approximate length and energy expressions (4.9)
for various values of © and the two options 6y € {0, 7/2}.

where now,

ri¢? (r,00) r2w?
L4 L2
CQ(’F, o) w?
L2F(r)XS(r)  r2F(r)AS(r)

2 _
]:H_

2
gII =

or, in terms of the dimensionless quantities:

PV 2_A(§2—
Fip = &= (D cos™ Oy + £7) 201+

€4 (€2 + Dcos? 0y) 2w 4+
Gh = -

[0082 00 A2 + sin? GgA\O(r) A2 + 2 F (1) (r, 90)] ,

(4.17)

[cos2 00 A2 + sin? Gg\O(r) A2 + r2 F(r) ¢ (r, 00)} .

—,9)) [4 + 59 + 207 + 2(0 + 1) + #(3 + 20) cos(20p)] ,

2420+ 1)E2 4+ (3 + 20) cos(290)]

406t —(1+0) 2(1+9)

§4+§2(1+u)+1+u
(4.18)
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(a) Plot of the length of separation (4.19) for # = —0.99, (b) Plot of the energy of the pair with respect
fp = 0 and various values of w. to the length of separation for 7 = —0.99,
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Figure 5. We notice that for values of w close to 0.99 we get a single valued length and no phase
transition, even when 7 = —0.99 and 6y = 0.

In the above expressions we can recognise the same functions as in the previous em-
bedding (4.12) in the first terms, while the second terms are controlled by the new w # 0
parameter we introduced. The length and energy integral expressions read:!”

W g [ Go+ @ - @- DRI+ + gl
£t =20V (36 g M o s o e
(4.19)

and

ES8(60) =G0+ &) — (€ — 1) [2(1 + ) + ] w2LED (€0)

9] ({2_52) [ﬁ+§2+§2—(1+2ﬁ+§2+§2)w2]
+ 2r, /50 dff\/ K §2 + 024 — (1 + 19) . (420)

_%%Awd&vk%ﬁ+£%_(@_1”%1+W+fﬂw%

€6 4+ pgd — (1 +D)

We observe in figure 5 that there is indeed a range of values for the newly introduced
parameter, which is roughly 0.94 < w < 0.99, that lifts the phase transition of embedding I
in the case when © = —0.99 and 6y = 0. One can think of this phenomenon as the spinning
motion introducing a “restoring force” effect on the string embedding.

1"We specialize to the case where fy = 0 for convenience in writing the expressions explicitly.
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Embedding III. Finally, for the embedding that wraps around the cigar direction ¢ we
have the following induced metric, where the embedding is constrained by (4.6):

ds?nd:—wdﬁ%-{r%(r’o) i ¢(r, 0)r" L2 lTQF(T)C(T,O)+ A3 ]}dw{

L2 r2F (r)A8(r) ¢(r,0)
(4.21)
with:
Lqq/2
Sp1 = T/ o dw\/.A2 + B2 + C2¢/27
21 J_Loo/2
42 332/ ¢(r,0) ? 2
r T, T, r
A== B ppegy O p AT EOCE0)].

We can use the equation of motion for ¢(w) to integrate it out, as the corresponding

Hamiltonian is conserved:

d 6Ly d [ C2¢/ ]_

dw o¢  dw JAZ § B2 2§ C22

(4.23)

and calling the constant in the last expression cg4, we get:

B cg)(.A2 + B2%r'?)

&2 (w) = ey (4.24)

Plugging this back into the action, one arrives at the following expressions:

T rLaq/2
SFl = % dw\/ ’FI2H + gI2HT”2,

—Lqq/2
r°¢(r, 0) [A + r2F (r)¢(r, 0)]
LA [T2A% + r4F(r)¢%(r,0) — Ci[ﬂ} 7
r?¢?(r,0) [} + r2F (r)¢(r, 0)]
L2F(r) [r2A3 4 4 F(r)¢2(r, 0) — 2 L2 XS(r)’

2
Tt = (4.25)

2
gIII =

or, in terms of the dimensionless quantities:
p2e2(&? — 1)(&% +0) [€2 +2(1 + D))
pE =D +20+0)] —c;
pe (e +0) [€ +2(1 + 7))
€4+ (1 +9) +1+7] [4(62 1) (& + 21+ 7)) — 2]

Fiin =
(4.26)

G = ;
which agree with (4.12) when ¢4y = 0 and 6y = 0 (the later imposed by the consistency of
the embedding). Similarly to the previous embedding of a spinning string, non zero values
of the integration constant cy4 allow the length to become single valued and therefore there
is no phase transition in the energy of the configuration, see figure 6(a). The effect of ¢,
is clear when one observes the behaviour of the string profiles: in figure 6(b) we see that
as the string approaches the end of space () monotonically approaching 1), its U shaped
embedding “opens” and then “closes” again, in other words the profiles are not ordered with
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Figure 6. We notice that for values of the parameter ¢4 Z 0.3 the length becomes a single valued
function of the turning point when 7 = —0.99.

the monotonically decreasing o, in contrast with the embedding III profiles seen in 6(c). This
signals the lift of the double-valuedness of Lqgq(§o). The final plot 6(d) shows the profiles
for a specific {y in both embeddings, given the value ¢4, = 2 for embedding III. We note
that for the same &y embedding III gives a smaller length of separation than embedding I,
or conversely cg has the effect of obstructing the string from reaching values closer to the
end of space compared to embedding I (for the same fixed length).

4.1.2 Wilson loop for the 11d backgrounds

In order to study the dynamics of a Wilson loop-like object in the M-theory back-
ground (3.14)—(3.15), the first step we take is making the change of coordinates to write
the Riemann surface in polar coordinates:

dv? + dvi = dp? + p*dp?, (4.27)

without making any extra assumptions about a symmetry in 8. We can then use a probe
M2 brane whose worldvolume coordinates ¢ extend in the submanifold ¥3[t, w, 5], while it
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also has a w-dependent profile in the radial direction: r» = r(w). The rest of the coordinates
are kept constant, however one should choose a suitable location for the M2 brane in y such
that y 9, Do(y, p, B) approaches infinity. This allows us to compute the y and Dy dependent
prefactor that enter in the action of the brane and get an answer in terms of r. The induced
metric on the brane can be compactly written as:

dsjpy = Gudt® + (Guw + Grpr')dw? + Ggd 5,

S 4 r2A%(r) 5 4 1
Gy = —ePz— Gp=ePz— 4.98
(S O XN E() (4.28)
8yeD0 9

Gﬁﬁ = _62)\2 y £ Guww = —Gy.

We can use a specific solution for Dg(y, p,3) in order to illustrate the calculation.
Consider the simple solution presented in [44]:

N2 — 2 22
D
e’ = 4@7 y9yDo(y, p) = ma (4.29)

suggesting we place the probe M2 at y = N. We then have'®

16,02665‘23 dyePowsro) [ pAx4(y) 7’2
—det gind, M2 = — £ + ;
’ X2(r) Yy LA L2N2(r)F (1)
1626722 Do(y,p0) 1 2 2 444 2
with 6pge Oye _ 128N 2p0X(r) A% (r) n r
X2(r) Yy (1—p§)? LA A2(r)L2F(r)
(4.30)
and substituting X (r) = A2(r), the action reads:
3 Lqq/2

Sma o< TMQ/ d’6y/ —detging,m2 X 27TTTM2/ dwv F? + G212,

s el (4.31)
fQ — r4)\6(7‘) g2 _ 1
ot L2F(r)’

We notice that the functions appearing in the dynamical part of the expression are indeed
the same as (4.11) for §y = 0, therefore the analysis of the previous subsection yields the
same results in this case. We conclude that the dynamics of the effective string described
by the M2 in these backgrounds is the same as the F1 string of the Type IIB solution and

it captures confinement.

4.1.3 Wilson loop for the Type IIA backgrounds

We now wish to apply the same analysis for the family of backgrounds presented in (3.33).
This calculation proves to be more subtle, however it too contains the same dynamical part
as the previous two cases. The complication with this backgrounds enters because of the
various functions f; which after our deformation have acquired a non-trivial dependence on 7.
To circumvent this and extract the r-dependent part out of the expression, which holds the

18We place the brane at po.
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information of the dynamics, we choose to localise the probe in the (o, 7) subspace by taking
1 = nx to be an integer in (0, P) and o — 0. The later will offer us a clearer interpretation of
the dual quiver data, as we have V (o, 77)‘ = R(n), where R contains information about the
location of each gauge group on the quivgr:. To calculate the various expressions involving the
fis we can first expand the Laplace potential'® V and its derivatives in Fourier-Bessel series as:

V(J,n)z—i(lj:r)akmn(l; )K(] (ljj ),

k=1
V"(o,n) = i < > a sin <k;T77) Ky <k;r0> , (4.32)
o (5 () ()

077 —UZ( )a;wos(é_f >K1<IZTJ>,

and use the known asymptotic behaviour of the modified Bessel functions:
2
Asxz—0: zKi(z) =1, Ko(x) = —yEm + log; +O(2?). (4.33)

One can notice that all of the above expressions are finite as ¢ — 0, except V”. Let us
write ¢ = € with ¢ — 0, which then gives the following asymptotic behaviour:

Lm V(e,n) =R(n), LmV'(e,n) =R (n),
e—0 ) e—0 R (4'34)
lim V(e,n) =0, V" (e,n) = M(e),

where we denoted as M (€) the limiting expression of V" which diverges as loge~!. This
in turn, allows us to write:

Aso —0: A~ 2M(e)R(n), 73— X3, fi = R23()
~ o ) B } (4.35)
f—1, fifs =~ 2XR(n)M~1(e) — 0, fo= X2 fy—0,

which we will make use of in our calculations.
In the following we introduce probe fundamental strings and consider all the different
embeddings that were studied in subsection 4.1.1.

Embedding I. Let us start by the simplest F1 embedding with a profile r = r(w), t = 7
and w = 6. We find the induced metric to be:

- B )\2( ) L2r"2
dstg = 4P PP P a4 1 e | du? 4.36
S1nd f f L2 + + T4F(T))\6 (7‘) w s ( )
9With boundary conditions in the 5 direction: V (o,7) =0="V(o,n) . The connection with (3.40)
n=0 n=P

Pay,
km

can be made by setting Ry =
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and the Nambu-Goto action:?"

T Laal? R ) o wrINr) 16} f
d 9 2..12 . 2: 3 2 2:175
AT w B+ G with F = 1675 G L2F (r)A2(r)

(4.37)

By employing (4.35) we get as 0 = € — 0O:

N4 (r)
(o) X(r) =77

32R(n.)  X(r)
M(e) L2F(r)A*(r)’

N 32R(n,
]_-12 ~ (1+)

Gt ~ (4.38)

We notice again the radial part of the expressions being the same as the one found in
the 11d and type IIB backgrounds and therefore the behaviour of the Wilson loops in this
case is also described by figure 3. Moreover, The numerical factor describing the conformal
quiver in the UV, contains the rank of the gauge group in which we choose to compute

the Wilson loop, N, = R(n).

Embedding II. Here we repeat the study of the spinning string embedding in this background
by taking:
t=r, 6 =w, ¢ = wr, r=r(w), z = 2,
(4.39)
9:907 ¥ = ¥0, X = X0, U:€_>07 n="x-

Then the induced metric on the string is:

i3 7 2N . N ~ 242
dsa = (fifs)'? [—4f : ALZ(T) +w? <f3A§ +2fpsin 6p A3 + AL fF ()" ALQ(T)N dt?

(4.40)
and the Nambu-Goto action reads:

Lqq/2 - -
Sp1 = /dtdw\/ —detging = T dwy/ FE + G4r'2, (4.41)

2 —Lqq/2
where:
72 737 ~7“2)\2 2)‘2 2 (F A2 Foin2 2 r 242
P =afifsf 75 —w? (FoA3 + 2fosin? 04T + AT Fr2N) |
4f fs A2 4 2fy sin? g A2 + AF fr2\2 (4.42)
52 37 F 2J3413 2 0
Gir =41 /5] lLQ)\?F - P2NF ]
We can now take the limit € — 0 using (4.35) to obtain the following expressions:
o 32R(n,) rid r2X2X (r) _ :
2 2 2 2 2 242
Fn T [X( ) (2X2(r)sin 8o AT + 4F ()2 X2 (r)) |, .
g2 ~ B2R0) X(r) w? sin? Gy A2 + 2F (r) X2(r)r222(r) '
BT (e [PR(F(r) 2 r2X ()M () F(r) ‘

20We use the shorthand notation fz = fi(a, Ny T).
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We first notice that when w = 0 the above agree with the case of embedding I (4.38),
which in turn agrees with the type IIB results of embedding I (4.11). The expressions
appearing in the w? terms also match the ones in (4.17) when one imposes p = 0 for the
IIB case and 6y = m/2 for the ITA (notice that the angle 6 is not the same coordinate for
the two backgrounds). Consequently, one gets the same behaviour as the one depicted in
the figure 5 for the case of the type IIB version of this embedding.

Embedding ITI. We will now study the third and final embedding for the type ITA back-
grounds, that is a string wrapping the shrinking circle. In this case (4.6) gives the following

induced metric on the string:

242
2372 71/2 , 2T°A(r)
dstg = 1/ 5/ 4f7L2

272 F T2 002 (3))2
y {—dt2+ L*r faL* cos® p(A))

1+ EUCIAO] + (F(r) + 272 (r) ) qﬁ’Q] dw2} . (4.44)

After taking limits of the various functions as ¢ = € — 0 we obtain the Nambu-Goto action:

_ 1 v/ T /327€(77*) Faa/? A2 1 B2p12 1 0242

—Lqq/2

with

_ NS (r) 52 _ X(r) o TAINY(P) L? cos? 0y A3

A L* T N2(r)E(r) L2 =4 X(r) lF(T) + X222 |- (4.46)

Once again, these functions are the same as the ones found in the corresponding embedding
in the type IIB case (4.22) when we set 6y = 0. One can then follow the same procedure of
using the conserved momentum of ¢ to integrate it out and introduce the new parameter
cs to the problem. The results are the same as in the type I1IB case, modulo the divergent
prefactor in the action, and can be seen in figure 6.

Let us summarize our findings regarding the Wilson loop observable. Our previous study
in section 2.2 revealed that the supergravity background in the case where ¢ = —1 has a
singularity when 7 = —1 at r = r,. We deduced that this happens when ¢; = g2 = 0, in
which case the gauge fields Aj, A2 and As are set to zero and there is no fibration. We
therefore decided to accept the smooth supergravity solutions in the regime 7 > —1 with
nonzero gauge fields.

There is however the following interesting phenomenon: for values of ¥ very close to
—1 Wilson loop embeddings start “feeling” the need for higher curvature corrections in the
action, which results in a first order phase transition making its appearance, much like the
one in the singular background of [39]. This happens for the case of embedding I in the
type IIB background in a specific direction 8 = 0.

Our analysis however, shows that the backgrounds are dual to confining field theories,?!
since the energy as a function of the length of separation for a probe quark-anti-quark pair

21 As long as one does not allow the string embedding to explore the 7 direction, where there are localized
sources describing fundamental degrees of freedom. In this case the Wilson loop will probably undergo
screening, as was shown in a different system in [55].
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interpolates from a Coulombic behaviour in the UV, due to the solutions being asymptotically
AdS, to a linear one in the IR. This holds for all values of the parameters of the theory
as well as all values of # > —1. The later is supported by the study of different types of
embeddings, which introduce new parameters allowing us to reveal the confining behaviour
and lift the apparent phase transition for 7 ~ —1.

4.2 ’t Hooft loop

In this section we will study the 't Hooft loop, which is the non local operator associated
with magnetic charges, in analogy with its electric equivalent, the Wilson loop. The idea is
to probe the background with some suitable brane?? that effectively looks like a magnetic
string in the submanifold spanned by the field theory coordinates RY2[t,w, ¢], which in turn
captures the dynamics of monopole-anti-monopole pairs. One can then deduce if screening
takes place, that is, if the pair moves freely at no energy cost, or equivalently, the tension
of the “chromomagnetic string” is zero. In the gravity picture this amounts to the system
energetically preferring a disconnected embedding of the probe, unlike a U shaped one, which
can happen when two different values of the parameter ry correspond to the same value
for the length of separation Lyp(ro).

The action for the 't Hooft loop will have a similar form as the one for the Wilson loop

in the effective two dimensional worldsheet part:

Lain/2
dp+16\/—e*2‘1’det(gind)o</ MM dw/F2 + G2r'2, (4.47)

—Lym /2

SDp = TDP /

pt1

where one can relate the value of the function F; at the end of space with the tension
of the string:

Tor o< Fi(ro)- (4.48)

The inclusion of the shrinking coordinate in the induced metric will typically contribute a
multiplicative factor of the warping function F'(r) in J;, which vanishes smoothly as r — 7.
This is the case when a theory is in the confining phase, where the potential for Wilson loop
obeys the area law, while the one for the 't Hooft loop the perimeter law [56].

In the following, we study the dynamics of the effective string using various type 1IB
brane embeddings. Up to constant prefactors, we find that all the different probes give
the same 't Hooft loop observable.

4.2.1 ’t Hooft loop for the Type IIB background
D3 probe. First, we look at a D3 probe extended in ¥4 = [t, w, ¢, ¢3] with the following

embedding ansatz:

=5 ¢1 = ¢ = constant, z=zy, = 1p. (4.49)

The equations of motion are satisfied and the embedding is consistent as long as 0y = 7.

220ne usually aims to wrap the shrinking circle S'[¢] which plays an important role in the IR, dynamics, as
well as some closed submanifold of the internal space.
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We have the induced metric

2 _ ¢(r,60) 21,2 27212 2,2 L
dsind7D3 = L2 [-'I" dt +F(T)'I" L dqb +dw ('I" + W

, (4.50)

L Az)?
o " (dw L) ‘

Here we have ((r,0p = §) = 1, and the dilaton is trivial. The Dirac-Born-Infeld action

for the D3 yields the following:

. Lyim
Spz = TD3/ d4&\/—e_2‘1’det(gmd7]33) = ./\/Dg/ dw \/.7:? + thT"Q, (4.51)

4 —Lym

where we once again notice the universal nature of the observable. The functions appearing
in the dynamical part are:

F2=1r\(r)°F(r), GZ=L*" (4.52)
and the constant UV prefactor reads:
N T
Nz = %/ dt dg depg =

where 7 is the extent of the time coordinate. In terms of the dimensionless parameters we have:

T
TLD3 27 Ly, (4.53)

7"6
o+ - (1+0), GF=142 (4.54)

from which we can form the length and energy integrals using the same equations as in
the case of the Wilson loop (4.8), (4.9). The resulting expressions are listed in appendix C,
in equations (C.2), (C.3) and (C.4).

The resulting plots of both the approximate and exact expressions are depicted in figure 7,
where we once more notice how well the approximate expressions capture the dynamics of the
system. The double-valuedness of the length for any value of ¥ leads to a phase transition
and monopole screening taking place. The system prefers energetically the disconnected
embedding in which the monopole-anti-monopole pair moves freely. This phase transition
in the 't Hooft loop (that can be interpreted as the screening of non-dynamical monopoles)
further supports our claims for quark confinement in the dual field theory [56].

D5 probe. Next we consider a D5 brane extended in the submanifold ¢ = [t, w, ¢, ¢1, 2, P3],
with:23

1 1
r=r(w), z=z), 0=~0y==arccos <3) , o= (4.55)

2

NI

The induced metric on the brane is:

2 9 )
dsihg = C(T’LHQO)T (—dt2 + F(T)L2d¢2) + ((TLHO) cos? 0 sin? 1 <d¢1 n ildgb)
" cos? 0 cos? Az o\ E2XO) Az o\’
+ 0 00) cos” 6y cos” Yy <d¢2 + d¢> C(r.00) sin” gy (dqbg + quS) (4.56)

r2¢(r, 0p) C(r,00)r
+[ i TQF(T)OAES(T)] du,

23The full equations of motion enforce cos(2tp) = 0 and —1 + 3 cos(26p) = 0, in order for the embedding to
be consistent.
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(a) Plot of the approximate length of sepa- (b) Plot of the approximate energy of the pair
ration of a monopole-anti-monopole pair as as a function of the approximate length for
a function of the turning point for different different values of 7.
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Figure 7. Resulting plots for the ’t Hooft loop length and energy expressions, given in (C.2)—(C.4).

and its action gives the following expression:

. Ly /2
Sps = TDS/E d66\/—e*2‘bdet(gind7]35) = ND5/ ) dw\/}? + gfr’Q,
6

—Lyvm /2
4.57
873 ( )

Fr=r*X(r)\/F(r), G =Lr, Nps= ﬁLTTDSLd

We see that the dynamical part, comprising of the w-integral, is the same as the one in

the previous embedding as we find the same functions as in (4.52), and therefore the same
plots of figure 7 apply here.
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D7 probe. Let us consider a D7 that extends in the following coordinates g =
[t,w, ¢, 0,1, b1, 2, p3] with r = r(w) and z = zp kept fixed. The embedding is consis-
tent and the equations of motion are satisfied. The induced metric on the D7 is:

2 ¢(r,0) 21,2 2,21,2 2( 2 L 4102
dsinapr = Iz [—T dt® + F(r)L*r*d¢” 4+ dw (r +W + L40
L’ 2 9112 292 Ar)? 2 2 Ay
+ (r, ) [COS fdy” + cos” Osin” ¢ <d¢1 —i—L) + cos®  cos” ¢ <d¢2+L)
2
+A(r)%sin? @ (dd);; + ff) ] ,
(4.58)

while the DBI yields:

8 A 2% '/ Lnane 2 2,12
Sp7 = TD7/E d 0’\/—6_ det(gind,D7) = ND7/ dw \/ Ff + Gfr'2,
3

A —Lym (4.59)
Fi =rm3\3(r)\/F(r), Gi=Lr, Npy = §7T3L3TTD7L¢'

Once again, we obtain the same dynamics and therefore this probe captures the same
effects of the 't Hooft loop as the previous ones.

4.2.2 ’t Hooft loop for the Type ITA backgrounds

Here, we study a probe in the Type ITA family of backgrounds that can be associated with
the 't Hooft loop and displays screening of the monopole-anti-monopole pair. The dynamics
as we argue is analogous to the one in the Type IIB system.

D2 probe. We will first use a D2 probe brane extended in X3[t, w, ¢] with the direction
r = r(w) and the rest of the coordinates being fixed to constant values:

Z = 20, 9:907 Y =%0, X=X0, T =Tk UZE_>O> (460)

with 0 < n, < P. This is the simplest choice one can have for describing the 't Hooft loop,
as the pullback of the NS potential Bs on X3 is zero and therefore the DBI action is easy
to handle. The induced metric on the brane reads:

12

3/2 1/2 T )\2 2 3/2 1/2 r2\? r 2
dSlnd = — 4f f dt + 4f f ( L2 W dw

+ R [f3A3¢ +2 (f2 sin? 0p A2, + 2Ffr2A2)] dg?.

(4.61)

where in the above expression all the functions are to be taken at the values of the ansatz (4.60):
fi = fi(r, %, 00), etc. We can now choose the value for 6y = 0 and take oy — 0. Using
coordinates & € {t,w, ¢} where t € [0, 7] on the worldvolume X3, we have:

Spo = TDQ/E d36\/—6*2¢d€t(9md,D2)
3

~ - Lyvim 434 2)2 /2
B 32 r r
= 8LTpa Ly T lim /2 (e,n) fe,1,) /_ - dw\/F = ( 5 +TQFA4) (4.62)

R Ly N 8TpoLsTR
:ND2/ dw /ft2+gt2T/2’ Npa = D2 ZZ- (77*)

—Lym
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where the functions F; and G; are the same as the ones found in the Type IIB background (4.52).
Consequently, the plots are similar to figure 7, indicating the screening of monopole-anti-
monopole pairs in this background as well.

One could also study the 't Hooft loops obtained by suitably probing the geometry with
D4 and D6 branes. In these cases, the non-zero pull back of the NS two form makes the
calculation more cumbersome. We do not discuss these further in this paper. Instead, we
focus on another relevant observable.

4.3 Entanglement entropy

In this section, we study the entanglement entropy of the QFTs dual to our backgrounds.
We consider codimension two submanifolds which explore the bulk, while their boundary
at r = oo divides the dual theory in two entangled regions. Following the proposal of
Ryu and Takayanagi [57], the action for the minimization of the hypersurface for the 10d
theories is given by

Sep = —— / &6 /e 12 det(gn, ), (4.63)
4G'N 38

where G is the ten dimensional Newton constant and ® the dilaton of the theory. In 11d
we propose the following formula?*

/ d%/det(gs,), (4.64)

where Gg\l,l) denotes the eleven dimensional Newton constant and Y9 a codimension two

G(n

manifold in eleven dimensions. The above reduces to (4.63) in the case of a U(1) isometry in

the M-theory solution. In that case, using (3.32) one can indeed verify that?®

\/det(ggg) = \/6—4‘1’det(ggs). (4.65)

In the absence of a U(1) isometry we expect that (4.64) will yield a similar dynamical
integral as (4.63), which if we consider giving the RT surface a profile in the radial coordinate
will have the same form as the integral found in the previous observables (4.7), with the
constant of proportionality in this case being related to the central charge.

In the following, we study this observable in the three different backgrounds presented
in this work.

4.3.1 Entanglement entropy for the Type IIB background

For the case of the type IIB background, we choose an eight-manifold g that extends in the
directions [w, z, ¢, 0,1, @1, P2, 3] with the profile of the radial coordinate being r = r(w). At
r = oo we take this manifold to have a boundary which splits the field theory in two regions:
one being a strip of length Lgg, and the other the rest of the space.

2476 the best of our knowledge this definition for 11d geometries has not been written down explicitly.
250One can choose to write the expression of the metric in type II theories either in the string or Einstein
frame, the difference being ds% = efq>/2ds?g.
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The induced metric on Xg is then

2 ¢(r,0)r? 2 2 2 L 2
2= L°F 1
dsia i dz” + (r)de” + [ 1+ F)A6(r) dw
0 cos? 6 sin? 1) Ay
+ L2 |C(r,0)d0 + cos” dy? 4 27 Y (d¢ + ) 4.66
) oy \TL 499
cos? 0 cos? ¢ Ao A6(r)sin? 6 As
Sy (o B TG (e )
and the determinant of this yields
6,.6 6 6 2 2 2 L*"
det(gsg) = L°r°F(r)\°(r) cos® 6 cos” ¢ sin” @ sin“ 1) |1 + W] (4.67)

Given that the dilaton for this background is trivial, we arrive at the following expression
for the entanglement entropy action

pp [lER/? 2 2
See = Mis / dw\/ Figg + Gpr',
~Lee/2 (4.68)

2 6 6 2 2,2 L°LyL.7°

Fep =r F(r)X°(r),  Ggp = L1, NHB TN
4G N

We find the same functions as the ones appearing in the integrand on the 't Hooft loop
observable in (4.52). From this it follows that the entanglement entropy undergoes a phase
transition as well, since the plots for the length of the strip Lgg and the corresponding energy
are identical to the ones presented in figure 7, where a phase transition in the energy E(Lgg)
is apparent. There is a critical length after which the system prefers to have zero entanglement
entropy, corresponding to two disconnected Ryu-Takayanagi surfaces that are attached at
w = +Lgg/2 at the boundary (r = oo) and extend deep in the bulk, reaching the end of space.
This behaviour of the entanglement entropy further supports the confinement-deconfinement
phase transition [52, 58, 59].

4.3.2 Entanglement entropy for the Type ITA background

For this background, we will choose an eight manifold g extended in the coordinates
[w, z,¢,0,¢,x,0,n] with r = r(w). The induced metric on this manifold is

32 1/2 T >\( )2 2 1 2 =3/2 1/2 r'? r2\(r)? 2

dzg— 1 4f 22 (d2? + L*Fd¢? + Af f; 7'2)\4F+ Iz dw
(4.69)

+ [2Dp'Dp’ + fs(dx + B)® + fa(do® + d772)] :
Taking the determinant of the above metric, we arrive at
6 6 2,.12
3 PAr)° o o R 3 Ler

det(gzs) =4 F<T) L4 sin ef f2 f3f4f5f 4F(T))\6(7”) (47())
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which in turn yields the following action for the surface (setting x = 1):

_ AYEE Lee/2 2 2 02
See = MrA p dw\/ Fgg + Gggr'*,

—Lgg

(4.71)

. 64m2k3LyL. [ [P .
J:]%E = TGF(T))\G(T), Q%E = L2, -/\/II%E = WL:quﬁ/ dU/ dnoVV"”,
N 0 0

Once again we arrive at the same dynamical part as in the type IIB background and the 't
Hooft loops, hence this systems also exhibits a phase transition in the entanglement entropy.
In addition to the constant numerical prefactor, we also obtain an integral in the subspace
spanned by ¢ and 7, which makes its appearance in many of these systems when one calculates
the entanglement entropy or other observables that encode the degrees of freedom of the
dual field theory, like the c-function [26, 45, 60]. We further comment on this in the next
section where we calculate the flow central charge.

4.3.3 Entanglement entropy in 11d supergravity
To calculate the entanglement entropy directly in the 11d system (3.27), we take the codimen-
sion 2 manifold X9 with ¢ constant and r» = r(w). The induced metric on this subspace is then

12

dsg — o2 {42 lr2)\(r)2 (d22 + LQF(T)dCZSQ) + (rQ/\(T)Z + : (r)) dWQ]

X3 | L2 L? r2\(r)AF
ye i\2 4x3 (DXZ) Z 2 z? D 2 2 472
Dy’ ———F——— — — 0y, Dody* — —0,e"°(d d .
where we have again set kK = 1 = m. The determinant of this metric is
6)\ 6 2,.12
det gs, = 256L2e2P0y%(9,Dy)? sin? 0 lF(T’)T L((f LA TLTQ 1 (4.73)

and the action is written as

Spp = NEE Foe/? dw / F2 2 /2 4.74
EE LLM w\/Fig + Gipr’s, (4.74)

~Lig/2
~ 32m2L, L
Fip = r°F(r)X°(r), Ghp =7"L* Nfii= W /dydvldvg yoyeo.  (4.75)
N

Once again, the observable factorizes itself in a universal manner and the r-dependent factor
is the same as in the previous cases. An interesting comment here is that the integral
in the subspace spanned by y,v; and vy appearing in the UV factor above, is the 11d
version of the integral found in the electrostatic case (4.71). To see this in detail, we
make use of the change of coordinates (3.25) to translate this subspace to the “electrostatic
variables”: (y,v1,vs) — (o,n, ). Writting the (v1,v2) plane in polar coordinates (p, 5) and
differentiating these relations, we find:

dy =V'dyp—oV"do, dvi Advy=—pdpAdS and e%dp =oV"dn + V'do, (4.76)
and then we write the integrand as:
oDo 2V"V o2

- [Vv" - (V/)2] : (4.77)

yay
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This maps the integral in (y,v1,v2) to the following:
/ dy dvy dvg yd,e?° = —2 / dg dndo VV"0, with V =V (8,n,0), (4.78)

which is indeed proportional to the integral in (4.68) in the electrostatic case, that is when
the extra SO(2) symmetry in the v, v9 plane renders V' independent of 5. The same integral
appears also in flow central charge calculation, carried out below.

4.4 Flow central charge

We now study an observable called flow central charge. The calculation details are included

n [1, 27, 60, 61]. This is a monotonic quantity related to the number of degrees of freedom
of the flow and asymptotes to the UV central charge value. It provides an effective number
of degrees of freedom for every value of the holographic coordinate along the flow from the
CFT4 to the strongly coupled 3d systems in the IR.

Interestingly, notice that this quantity is monotonic for the backgrounds here studied,
in which Lorentz invariance SO(1,3) is broken to SO(1,2) x SO(2) under the RG flow. In
summary, we write a quantity that detects the four dimensional fixed point, the gapped
character of the three-dimensional QFT (giving a vanishing result) and is monotonic along
the flow.

Consider a dilaton and metric of the form

ds? = —apdt2 + Zazdx + H (a5) b(r)dr? + hap(dy® — A9 (dy? — AY),  ®(F,r). (4.79)
To calculate the holographic flow central charge we use [60—62]

d
GydX'dX7 =" a;dad + hap(dy® — A%)(dy® — A% (4.80)
=1
d
2

2 ~ ~
1 ([ TaxeyeanGy) <>)f(f) s
a=1

For G;; the 8-dimensional internal space and field theory directions and Vol; the volume
of the field theory subspace spanned by {z;}.

4.4.1 Flow central charge in Type IIB Background
Calculating the flow central charge in the IIB background, we find with d = 3,

E(r) = 0. (4.82)
The 8-dimensional space is

Gijdr'da? = C(TLH) {dw +dz? + L*F (r)dqbﬂ
2

¢(r,0)

+A%(r) sin® 9Dg3|.

+ [C(r, 0)?d6* + cos® dip?* + cos? O sin® YDe? + cos? O cos? YD 3
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Figure 8. Plot of the normalised flow central charge in eq. (4.85) as a function of £ for different
values of ¥ and L = 1. The caow goes to the UV central charge cyy = /\7{13 for large values of £. This
plot is the same for all of the three backgrounds.

Taking the determinant we find:
detGij = rOLOF(r)\(r)® sin? 6 cos® 0 cos? v sin? 10,
/d8 Ve t® det Gy = P L3PA(r)*\F(r) Ly L. Ly = H'/?, (4.83)
and the flow central charge takes the form

33 b(r)2 H2 LyL. L,
G(IO)(H’)

(4.84)

Cflow =

We write the radially dependent part in terms of dimensionless variables &, 7 defined in (2.2)
and the final expression takes the universal form:

5 \2 (-11a(e-1)) 3
27N ¢(+4) (Srer)” with N = T2 LulsLs (4.85)
Clow = ~ 1 - .
flo IIB (2V 352)3 11B 8GS\1[0)

In figure 8 we observe that the point r = r, corresponds to an energy scale in the dual
field theory below which there are no dynamical degrees of freedom. This indicates that the
system has a gapped spectrum and 7, is associated with the gap scale.

Moreover, we notice that the non-universal part j\A/'I"iB of the observable which equals
the central charge of the UV theory, is also contained in the UV factor of the entanglement
entropy calculation (4.68). The two are related as:

L212 LL¢NHB

Niig = cuv = (4.86)

Similar relations hold for the rest of the backgrounds under study. The interested reader can
consult [63] for more on the relation between c-functions and entanglement entropy.
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4.4.2 Flow central charge for Type ITA background

In the same way as above, we calculate the flow central charge for the 11d and ITA backgrounds.
We have the same b(r) as in eq. (4.82). The 8-manifold metric reads

Godatda? = PR [N (g2 g2 | p2ppyag)

L2
+ f2Dp'Dp’ + fa(dx + B)? + fa(do® + dn?) |, (4.87)
and we find
1 det(Gy) = 647 B P ) (4.588)

RERBEBE =16V2V" 26, (4.89)

we get:

. 26572 L
s = m /dadn VV"a r3\(r)3\/F(r). (4.90)

This yields the result:

Cow — ./\/’ﬁA 27

3

& (1+ 52) () o U BRTLRIALY g P

D 352) ) ITA — GN / o} / n ag,

(4.91)

where the flow factor matches that of the type IIB calculation above. The normalized

flow central charge for this solution will also be depicted by figure 8. Again, one observes

that the expression [ dodn Vo makes its appearance in the corresponding constant in the
entanglement entropy calculation. More specifically,

o LALyLyL.

cuy = Njjp = 5 *NTR. (4.92)

4.4.3 Flow central charge in 11d supergravity

For the calculation in 11d, we compute a 9-volume and there is no dilaton. Here we find:

£1 256m°L
e = m /dy dvydvg ydye? r3\(r)3\/F(r), (4.93)

and therefore

Wl

- 0-1+p(£%-1)
N £ (1 + 7) (5472) N 32m2L2 LQL2
= N 27 ¢ SO J e —/ddd B¢,
Clow LLM ( ﬁ+3€2)3 ITA — GN Y Av1dvyoye
(4.94)
in which case we have the connection with the entanglement entropy UV factor:
Cyv = NLLM =1L L¢L2 NLLM (495)
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4.5 D7 brane embeddings in the Anabalon-Ross deformed AdSs x S°® solution

The main objective of this subsection is to study the properties of a D7-brane probe embedded
in a confined background. To facilitate the analysis we will focus on the type IIB confined
solution and set to zero the Coulomb branch parameter ¢. In this way we essentially analyze
the addition of D7-brane probes to the Anabalon-Ross deformed AdS5 x S® background [24].
The background in this case is

r2 L2 dr? . A
ds?, = = [da:%g + f(r) L2 d¢? + ol L2{d02 + sin? 0 <d¢>3 + L‘”‘)
A1\ ? A
+cos? 0 [duﬂ +sin? <d¢>1 + L1> + cos? 1 <d¢2 + ;) ] } , (4.96)
with?26 ) 13
1 L*Q QY LQ
f(’l“) = ﬁ — 6 and A; = Ay = Az = L1/3 d¢ + 7(1@25, (497)

where we have explicitly used the expression for r, = L23QL/3 coming from the condition
F(r,) = 0. A consistent ansatz for a D7-brane probe with the following worldvolume
coordinates

Ca = (t7y72)¢7r7¢)¢17¢2) iS 9 = H(T) and ¢3 = 7¢ (498)

Notice that in the limit of Q — 0, in which case we obtain the familiar AdSs x S° solution, the
ansatz for the embedding function ¢3 becomes zero, and we obtain the D7-brane embedding
of [64]. To simplify the study of the embeddings, it is convenient to introduce an isotropic
system of coordinates, along the lines of [65, 66]. To identify these coordinates, we have
to isolate the (r,0) part of the induced metric

dr? dr?
L2d0? = L? | ——— + d¢? 4,
oM [ YoM 29
and exchange the radial coordinate r with a new radial coordinate p, such that such the
first term inside the brackets becomes dp?/p?. This means

dr dp L3Q3 <1+p)%

=L = r= with p € [1, oo) . (4.100)

T 1—7L4Q2 P 23P

6

Describing the embedding in terms of the function x(p) = sinf(p) simplifies the analysis,
and the Euclidean D7-brane action becomes

% - / jp (140 ) V1= 09 448 32 (1-x?) V12 42y (4.101)

2L3Q3
77—'
o

26The metric in (4.96) is the £ — 0 limit of (6.3). Due to the redefinition of equation (6.1), the parameter
Q@ has dimensions of length.

with

N = (4.102)
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2.0

Figure 9. In the left panel, plots of the D7-brane embeddings for different values of the constant Ry.
The black region indicates the end of space which is an inaccessible region of the geometry. In the
right panel, qualitative plot of the parameter ¢ versus the parameter m, as they are read off from the
boundary behaviour of the solution.

The equation of motion for x(p) can be obtained from the Euclidean D7-brane action and
implies that the behaviour of the field at infinity is

m C
X=— 4=+ 4.103
P (4.103)

where the dimensionless constants m and c are related to the quark mass and condensate.
Let us now introduce a system of Cartesian-like coordinates (u, R), defined as follows

R=px and u=py/1—x2. (4.104)

The Euclidean D7-brane action becomes

I / u3[1+(u2+R2

315

where the embedding of the D7-brane is given by R = R(u). For large values of u we have
c

R(u) = — 4. 4.106

(w) = m+ 55+ (4.106)

Even if there are two free parameters in solving the equation of motion for the embedding
function R(u), the dynamics in the IR of the theory allows that for a given value of m a
finite number of values for ¢ exist, in order to have solutions that are well behaved. In the
current case, there is only one value of ¢ for every m. To solve numerically the equation of
motion for R(u) from (4.105), we integrate from the IR with boundary conditions R(0) = Ro
and R/'(0) = 0. In the left panel of figure 9, some of these solutions are presented for different
values of the constant Rg. The values of the parameters m and c are read off at the boundary
and are presented in the right panel of figure 9.
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In other confining backgrounds (see e.g. [67]), the interior singularity triggers repulsion,
causing the D7-branes to avoid the central region. We observe similar avoidance behavior
for the probe brane in our case (see the left panel of figure 9), even without an interior
singularity. Moreover, the plot of the condensate with respect to the quark mass (in the
right panel of figure 9), shows an interesting non monotonic behaviour. The condensate
flows to zero both when the quark mass is large (something that is expected since away from
the singularity the embeddings are flat), but also for very small quark masses. And all this
without “jumping” from Minkowski to Black hole embeddings, as it happens in the presence of
the temperature [65]. Notice here that in the embeddings that are studied in [67], in a Gubser
dilaton flow geometry [68] that is not supersymmetric, the condensate is finite for zero quark
mass indicating spontaneous chiral symmetry. In our case, there is a finite value of the quark
mass that the condensate obtains a maximal value. This behaviour has to be investigated
further. First we have to determine the exact relation between the parameters m, ¢ with the
quark mass and the condensate. This should be followed by a holographic renormalization,
in order to calculate the “on-shell” action, and by the computation of the meson spectrum.

5 Holographic renormalization

5.1 Anabalon-Ross solution

In this section we will study the holographic renormalization of the solution presented by
Anabalon and Ross in [24], using the methods developed by Skenderis et al. in [16-18, 69]. The
configuration we wish to study is a solution of five-dimensional gauged N' = 2 supergravity
with the following action:

_ 1 5 B_é (124 71 _
S = 16”G/dx\ﬁg<R+L2 S FuF )+167TG/\/ GFAFAA  (5.1)
with a gauge field
A—Q(11>d¢> F—dA (5.2)
- r2 72 ’ e '

The equations of motion for the gauge field and the metric read:

- ~ 3 1 6
dss F+FAF =0, Gy =Tu(A) with T(A) =3 (fupfup = gImwFoa” pg) e
(5.3)

The metric is given by
) 94 9 2 272
s T ) ) 9 9 L=dr . - pl Q7L

ds? = ﬁ<—dt +da? + dad + f(r)de?) + 2y Vith SO =1-T - =

(5.4)

The configuration preserves four real supercharges when p = 0, or equivalently when r, =
(QL)Y/3. Following the steps leading to holographic renormalization [16-18], we first transform
our coordinate system to Fefferman-Graham coordinates:

12 S
ds? = 7 (dp2 + gij(x, p)dx’dx]), (5.5)
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where the variable p is defined such that the boundary is now at p = 0. To achieve this we
will treat the coordinate change asymptotically near the boundary. First we use r — 2~}
and expand around z = 0. The radial part of the metric then becomes (notice that we have

to go up to fifth order for the parameter @) to appear):

dr . _ ( p s QT s 0(27)> dz = 19, (5.6)
I 2”2 b

which we can integrate to find p(z) asymptotically:

3 302
ép—exp{l/dz <L+L21123+L2QZ5+0<27)>}

(5.7)
L2 2Q2
=>p~z+Tz +— 1 T+ 029,
and inverting this we get the relation for z(p):
L2 5 L2Q2

Z~p—7p —5 P 00 (5.8)

We can now expand the expressions of the boundary metric g;; around p = 0:
1 Q? 4 1 3p, 5Q% g s

19¢t] = Gara1 = Gagas & 73+ p S R R e +0(p(;9)

One can then use the following formula to calculate the vacuum expectation value of the
stress energy momentum tensor in the four-dimensional boundary field theory [16]:

43
(Tij) = TonCn @1 (5.10)

where g(4);; denotes the coefficient of the fourth order in p term in the expansion. The

result reads:

L3 3L3
p T p

—(Ty) = (Tpyzy) = (Topan) = _M’ { ¢¢> - 167Gy’

(5.11)

As expected, the SUSY point x4 = 0 has vanishing vev for the energy momentum tensor.
As for the gauge field, its near boundary expansion in these variables is:

Q L*Q
Ar <_7'2 +Qp* - Tupﬁ +0(p%) | do, (5.12)
yielding the vev for the current:
(Jg) = Q, (5.13)

which couples to a global current expressing the R-symmetry of the dual theory. We comment
that the preserved R symmetry is still realized by internal cycles inside the deformed S°,
namely the U(1)? = St x St x St ¢ §5.
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5.2 Anabalon-Nastase-Oyarzo

The same procedure can be carried for the solution of [33]. In this case the change of
variables bringing the metric of (2.5) asymptotically to the Fefferman-Graham form (5.5),
as well as its inverse, read:?”

e 5 9L g} — ¢3)0Pe + 50"

prz- - 25+ 02",
e 9L*(¢? — q3) — 514 (5.14)
eRpt - = p°+O(p").

Let us now look at the expansions of the 4d metric coefficients near the boundary. We have:

r2X\2(r 1 L40%(q? — g2 /4
|9¢¢| = Guww = g2z = L2( ) ~ =+ |- (g1 — 43) o

412  18L2
L2004 (g% — ¢2 13¢5¢
(5.15)
1 3L (¢ — ¢d)e o
242 ~ 1 2 4
goo =N (NEW) ~ 75 + l_ AL ~1822|”

—27L40*(19¢} + 5¢3) + 13(% 8
+ GASL2 P+ O(p°).

We notice that the boundary expansions contain constant isotropic terms, highlighted in
blue. In order to ensure that the VEV of the stress-energy-momentum tensor vanishes, as
it should for a SUSY theory, we can remove these terms by adding the following boundary
expression to the supergravity action:

1 /L A
ot = = , 1
Set. 87rGN< 9 )/Rl,zd W (5.16)

where 7 is the induced metric on the boundary of AdSs. Such a term respects all the
symmetries of the theory, is covariant and does not interfere with the equations of motion. It
only results in a shifting of the VEV of T;;. The final expression reads:

AL Iz L3
Ty = i 4 i = iag(—1,1,1,-3), 1
(Tig) 167G N (9(4) i 181}2> 167G N diag( 3) (5.17)

where 11 = —nL*(q} — 43), g(a)ij refers to the fourth order coefficients in (5.15) and the second
term is the effect of (5.16). Clearly, in the supersymmetric case where ¢; = g2 we get (Tj;) = 0.
Let us note that counterterms of this form were first introduced in [70] for the purpose of
removing divergences from physical observables like the AdS mass density. As noted in [70] as
well as [16], it is often necessary to fix such terms, expressing ambiguities, in order to match

27 Again, after letting r = 2~ ! to bring the boundary at z = 0.
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the ground state energy. As for the scalar and gauge fields, their near boundary behaviour is:

(r) = \@mx \fe%,o +3\[p +0(p®),

L% Lt Lt
AL =2 n T LPequp? - R+ TR [0 (gF - 6) — 20%] 0 + O(F),
r2 3 36
Leqy 2L g Lga
3 . 2 4 4,2 4 6] 6 8
R Leequp® + =5 p" = 5 [—9L%(g? — g3)¢" + 140%) p° + O (o).

(5.18)
From these we can read the VEV of the dimension two?® operator dual to the scalar field:>

(02 ( \/>£2 ) = QWLQn, (5.19)

as well as the VEVs of the currents contained in the O(p?) coefficients of the gauge fields:

(i) = —Lleqi, (J3) = —Lleqgs, (5.20)

which are equal at the SUSY point where ¢1 = g2 = ¢. We see that one can recover the
results of the previous subsection by setting @Q = ¢?>Lq and taking the limit £ — 0 which
maps the Anabalon-Nastase-Oyarzo solution to the Anabalon-Ross one as explained in [1].

6 The stability analysis of the classical solution for the Wilson loops

In this subsection we will examine the stability of some of the Wilson loop configurations that
were calculated in [1]. The analysis will be for Wilson loops in the Type IIB case, however we
expect that the conclusions of the subsequent analysis will be valid also for the other cases.

6.1 The classical solution

We consider the ten-dimensional supergravity background constructed in section 5 of [33],
presented here in 3.1 (we are especially interested in the supersymmetric case, in which the
parameters ¢q; and go are equal) and we perform the following redefinition (see also [1])

Q

72 (6.1)

q1 = q2 =

where () has dimensions of length. In this way the background functions and the gauge

fields become3?
02 0? 1 L*Q?
2_ 4 £ 9 6 _1_ _ e
C(T, 9) =1 2 COs 9, )\(’l") 1 r27 F(T) .2 ll 1”4(7"2 _ EQ)
7,,2 _ 7,,2 7”2 _ 7”2
A=Ay = — L *d A3 = — L x do. 2
1 2 Q 7",2( 7"2 ¢7 3 Q (7",2( — £2) (7“2 — 62) ¢) (6 )

28The prefactor of 2 in the VEV expression enters because in this special case where A = 2 we have
(2A — d) = 0, as explained in [16].

2We remind the reader that n = —ef*/L>.

30For simplicity we have chosen € = —1. Notice that we can reverse this choice at any time by £ — i £.
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The background metric is given by (3.1), see [1, 33], which we repeat here for convenience

2 L2?dr?
ds? = 73 ¢(0) ldx%z + L2F(r)d¢? + 7

L? 5
+<(T70){cos 0

+2%(r) sin? @ <d¢3 + é_f’) }

+ L?¢(r,0) d6?

dyp? 4 sin? ¢ (d¢1 + %)2 + cos? 1) (d¢2 + ‘%ﬂ (6.3)

with Cy given in (3.7) which does not participate in the calculation of the Wilson loops
and their stability analysis.

To obtain generic expressions for the string configuration and for the equations of the
fluctuation modes, we consider the following general form for the metric

ds® = Gudt? + Gupdw? + G.d2? + Gyedd? + Grpdr® + Gopdf* + ... (6.4)

Notice that in the cases we will consider Gy will be negative and y denotes the spatial side
of the Wilson loop along which the Wilson loop extends. To write down the expression for
the string trajectory in a compact form, we introduce the following functions

g(r, 9) = -GG, fy(rv 0) = _Gttny . (6.5)

The Nambu-Goto action for a string that propagates in the gravity background becomes

1 . v
S = ~5 /dem/—det Gag  With  gag = Gp0ax0gx” . (6.6)

To fix reparametrization invariance, we make the choice: t = 7 and r = o, and the ansatz for
the string embedding corresponds to that of embedding I (with ¢y = 0) studied in section 4.1.1

y=ylo), ¢=0, 0=0)= {O or ;r} and rest = constant . (6.7)
Notice here that the two values for the angle § came from the substitution of the ansatz (6.7)

into the equations of motion, that are derived from (6.6). The equation that the embedding
obeys becomes

_ yYa 0\ /:ivng in o 9Jv 6.8
VI + fyui (fy) M fy e fy= 1y 09

All the functions are calculated at 8 = 6y and rq is the value of the holographic coordinate

at the turning point. Moreover, fg = fy(ro,60), ya is the classical solution and y/; is the
derivative of the classical solution with respect to ¢ at § = 3. The two signs denote the
two symmetric branches of the string trajectory around the turning point. Integrating (6.8)
we obtain the expression for the separation length and inserting the solution for y/; into the
Nambu-Goto action (and properly subtracting the contribution from two straight strings
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extending until the end of the geometry), we obtain the expression for the energy. This is the
same procedure we followed to obtain equations (4.8) and in this context they read

0o \/F 1 oo 1 oo
Lzz,/fg/m drf—y. and E:Tr/m dr\/F—W/T* dr\/g. (6.9)

In principle, we would like to analytically evaluate the preceding integrals, express the
parameter 7y as a function of the separation length L and then insert that expression into
the expression for the energy. In that way, we would obtain an expression of the energy
in terms of the separation length, F(L). In practice this can be done only for a limited
amount of “cases” (i.e. backgrounds), and the confined background is not one of those cases.
Alternatively, we consider the expressions of (6.9) as parametric equations of the length
and of the energy with parameter rg.

In figure 3 (c) and (d) we have plotted the energy of the Wilson loop as a function of
the separation length for different values of ©, or equivalently, different values of @ (the
case 7 = —1 corresponding to @ = 0). For large values of the separation length, which is
equivalent to small values of the parameter r¢ (i.e. the turning point of the string approaches
the confinement scale ), the energy has a confining behaviour. This means that it increases
linearly with the separation length. In this section we are going to investigate the perturbative
stability of the string configuration, paying special attention to the region of small ro. We
are going to analyze the case with 8y = 0, but the main conclusion will be also valid for the
other cases. Notice that in the 6y = 0 case and for very small values of @ (or ¥ ~ —171),
there is a region in the E(L) plot (figure 3 (d)) in which a “swallow tail” is observed. In [1]
we have plotted the quantities RypR* and Rgpeq R for different values of 6y and @ and
we have observed that when both 6y and Q) approach zero, those quantities become very
large, almost infinite. As a result, background corrections are needed since the supergravity
approximation is not valid. It is in this regime that the “swallow tail” appears, and for this
reason we argue that the phase transition that is seen in the behaviour of the Wilson loop
does not correspond to an actual physical situation. Based on these arguments we are not
considering this region of the parametric space for ) in the following analysis.

6.2 Expansion of the action and equations of motion for the fluctuations

To investigate the stability of the string configuration that is described in (6.8), we consider
small fluctuations about the classical solution. We are going to fluctuate all the coordinates,
either transverse or longitudinal to the quark-antiquark axis. We perturb the embedding
ansatz as follows

z2=20+402(1,0), y=uyalo)+dy(r,o), 0=00+00(r,0), ¢=70d¢(r,0)

w1 =0p1(1,0), @2 =0dpa(T,0), w3 =20ps3(1,0), P =70p(r,0). (6.10)

Notice that we keep the expansion ansatz for the angle 6 general. In this way we will obtain
a system of equations for the fluctuations that could be potentially applied for both values of
0p. The next step is to substitute the ansatz (6.10) into the Nambu-Goto action and expand
in powers of the fluctuations. In this way we obtain an expression of the form

S=8Sy+S51+S5+... (6.11)

— 49 —



where the zeroth order term is the classical action and the first order contribution is

S1 = /drda{f5y +

where 0pg and 0y f, denote derivatives of the functions g and f, with respect to 6 evaluated at
the value 6 = 6y, while 3’ denotes derivative with respect to o. In the cases that we consider

fO F1/2
2F1/2 Opg + f 69]{111 (59} (6.12)

the derivatives of the functions g and f, vanish and the first term is a surface contribution
that will not affect the equations of motion. The second order contribution can split to a
sum of terms. Some of them contain contribution from just one fluctuation

Y 2 hf. F/? 22 9ly 2 -2
S2 = 5 F1/2 (52’ W(SZ & 52 9 F3/2 (5 5 F1/2 5y
oo o n hFaFY? O F 9
52 = 2F1/250 — mée + F1/2699+ 4f2 aefy (59
SM’_ fﬂ’ 5¢/27hf7/1F1/25¢2 & S5¢>_ f¢ 5¢/27hf¢F1/25¢2
2 T o2 29 fy 2 T oF1/2? 29 fy
op; fsoi (2_hf50iF1/2 2 2 . s
Syt = 2F1/25% T 0" with i=1,2,3 (6.13)

and there are three more that contribute to the coupling between the modes d¢ and d¢p;,
forv = 1,2,3

i hf iFl/Q ] . . . 7"2—?"2
59900 — 1, Hfm 50 6 — *;Tégba% for i=1,2 with fip = —QTT;
7hfs03F1/2 T2_Ti

(6.14)

800 = fgl Joo 56/ o,

3¢ | with f3 = — :
al, ¢ 903] with f3 Q (2= 2) (12 — @)
The definitions of the functions f., fg, fg, fy, h and f,, with i =1,2,3, are listed in (C.5).
The equations for the fluctuations dz, d¢, dy and §0 are decoupled, while the equations
for ¢, 612 and 63 are coupled. After introducing a time dependence of the form e %7
(see (C.6)), they take the form that is listed in (C.7), (C.8) and (C.9). Therefore, we have
reduced the problem of examining the stability of the string trajectory to an eigenvalue
problem for the differential operators that refer to the different types of fluctuation modes.
The differential equations are of the general Sturm-Liouville type
d d .

{_da [p(a)do_} - T(O‘)} ®(0) = w?q(0)®(0) with opin < 0 < 00 (6.15)
where the functions p(o), ¢(o) and r(o) are read off from the corresponding fluctuation
equation and depend on ry and the confinement parameter (). Summarizing, the task is to
solve the Sturm-Liouville problem and determine the range of values of rg and @, for which

w? is negative. For this range of values the classical solution will be perturbatively unstable.

6.3 Transformation to a Schrédinger potential

To perform the stability analysis it is often more convenient to transform the problem to a
Schrodinger one. For this reason we perform the following change of variable and change
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Figure 10. Plots of the Schrodinger potentials from (C.10) as a function of z from (6.19) for @ =0
and 7o = 1.2. The red, green, magenta and blue solid lines correspond to Vs, Vsy, Vs and Vsy.

of function
x = :i:/ dO‘l\/ﬁ with & = (pg)~ /4w (6.16)
o p

where the two different signs for the new variable x, correspond to the two different branches
of the U-shaped string embedding. Now equation (6.15) becomes

and the expression for the potential is
1/4 g /2 g d2
__r_ p-aj(p a 4l _ " —-1/4 1/4
ve-lalnd [(q) = (pa) ] L) e (69

In the first part of the above relation the potential is a function of the “old” variable o, while
in the second part the potential depends on the ‘new” variable x.

Toy model — Q = 0 case — reproducing the results of [71]. To set-up the conventions
and compare with existing results in the literature, we begin the analysis with the Q =0
case and consider 6y = 0. The expressions for the Schrodinger potentials in each fluctuation
mode are presented in (C.10). Notice that the analysis of the d¢) mode was absent in [71].

For all the cases that we consider, the change of variables (6.16) in this case becomes?!
o d
x(o,19) = j:/ 3 . (6.19)
(€ =) (@ - 1)

To decide about the stability of the solution against perturbations, in figure 10, we are
plotting the expressions of the different potentials from (C.10) as a function of z from (6.19).

31Notice that in the following analysis we have set £ = 1. This means that all the values of r that we
consider are with respect to ¢: i.e. ro = 1.2 for ¢ = 1, transforms to ro = 1.2 ¢ for generic £.
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We have chosen to plot for rp = 1.2, but the conclusions we draw are valid for any value
of ro > 1. Notice that the @ = 0 case corresponds to the Coulomb branch (i.e. without
confinement) and there is a singularity at » = 1. Since Vj, and Vjy are positive for every
value of 1, the solution is stable under fluctuations along z and 6. Contrary to the above
behaviour, Vs, and Vj, are positive for large values of x and turn negative as z approaches
zero. Because of those negative values for the potential, a numerical computation of the
spectrum is needed, in order to decide whether tachyonic modes are produced or not. As
we will see from the analysis of the next subsection, the small negative part of the potential
Vsy is not sufficient to produce tachyons for that mode, however we will identify tachyons,
below a critical value of rg, for the mode dy.

Finite Q — confining geometry. For finite (), as can be seen from equations (C.8)
and (C.9), two of the modes (namely 0¢ and dp12 for 6§ = 0) are coupled and all the rest
are decoupled.

The expressions for the potentials of the decoupled modes are complicated and in (C.11)
we are presenting their expansions for small value of (). The change of variables for finite
() becomes

x(o,1r0,Q) = :l:/o Ever—1de . (6.20)
(68— 60— Q%) (€ — 1) (2413 - 1)

Notice that this expression holds both for the coupled and the decoupled modes and in the
limit of @ — 0, it reduces to (6.19). In figure 11 we are plotting the decoupled potentials for
small values of (). From this plot it is clear that the presence of the confinement contributes
to the stability of the system, since increasing the value of () is decreasing the region within
which some of the potentials have negative values. Moreover the potentials that were positive
for Q = 0 remain positive for finite (). In the next subsection we will solve numerically
the fluctuation equations for y and dv (that have regions of x with negative values or the
corresponding potentials) to confirm the absence of tachyonic modes for finite Q.

The coupled system of d¢ and dp12 can be brought into a Schrédinger form with the

56 0 0\ (A
<5<P12> - <Q3 Q4> ' <A2> (6.21)

together with the change of variables of (6.20). The differential equations to determine the

following transformation

functions €;, with ¢ = 1,--- ,4 are coupled and cannot be solved analytically. Alternatively,
one can expand in powers of @) and solve the coupled system order by order in Q. Until the
linear in ) term, the expressions of the functions Q;, with ¢ = 1,--- ;4 are listed in (C.12).
The coupled system becomes

Ay . Ay . Vir Vig
H? 21-v). =0 with V= 6.22
' <A2>+(“ )<Az> v (v V) (622

where the expressions for Vi1, Via, Va1 and Vag are listed in (C.13). For normalizable solutions
of (6.22) that vanish at infinity, w? is positive if the matrix potential V is positively definite.
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Figure 11. Plots of the decoupled Schrédinger potentials for finite values of @ as a function of z
from (6.20). In the left panel @ = 1/2 and in the right panel Q = 1. The value of the parameter ry is
fixed to ro = 1.3, for all the plots. The red, green, magenta and blue solid lines correspond to V.,
Vsy, Vso and Vsy. Notice that increasing (), decreases the region of potential instability. If we keep
increasing the value of @, all the potentials will become positive for any value of x. To produce the
plots of this figure, we have the used the full expression for each potential and not the perturbative
expansions of (C.11).

This means that TrV > 0 and det V > 0. In figure 12 we have plotted the determinant and
the trace of the potential V, including terms of order @Q*. While the trace is positive even
for @ = 0, the negative values of the determinant, in the left panel of figure 12, reduce and
eventually disappear when the value of () increases. As a result it is plausible to expect
that the spectrum is tachyon free. Solving numerically the coupled system of equations for
d¢ and dp12, we will verify this expectation.

6.4 Solving for the fluctuations

The final step in the investigation of the stability of the Wilson loop configuration is to
solve numerically the equations of motion for the fluctuations. We will focus to fluctuation
modes for which the corresponding Schrodinger potential had regions of potential instability,
i.e. regions of negative values.

Toy model — Q = 0 case — reproducing the results of [71]. To describe the steps
we have to follow in order to solve numerically the fluctuation equations, we start the analysis
from the simpler @@ = 0 case. In this way we will reproduce the results of the analysis of [71].

Solving from (C.7) the equation of motion for §i) approximately around o = ry reveals
two classes of solutions, namely

S = A+ ByJo—rg. (6.23)

In a parallel approach, it is possible to solve perturbatively the Schrodinger equation for
01 with the potential V5, from (C.10) around x = 0 (as it is defined in (6.19)). From this
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Figure 12. Plots of the determinant (left panel) and of the trace (right panel) of the matrix potential
V for two values of the parameter (). The red and green solid lines correspond to @ = 0 and Q = 1/2.
While the trace is always positive, the determinant is initially negative (i.e. for small values of @),
but as the value of @) increases the region that could potentially lead to an instability is shrinking.
To produce the plots of this figure, we have used a perturbative expansion for the trace and the
determinant that includes more terms than those that appear in (C.13). In particular we have included
terms of order Q*.

analysis two types of modes arise, namely even and odd ones [72, 73]. Inverting (6.19) to
express o as a function of x when o approaches g, we can relate the even and the odd types
of modes with the two classes of solutions of (6.23). From this identification, we have

A#0 and B=0 = W (0) =0 and ¥(0) #0 = even modes

A=0and B#0 = U(0)#0 and ¥(0) =0 = odd modes. (6.24)
Solving numerically the equation of motion for 41, and imposing either odd or even boundary
conditions, we find a spectrum that is free of instabilities for any value of ry. This happens

even if the Schrédinger potential for 41, as can be seen in figure 10, becomes negative for a
range of values of rg. For rg = 1.1 the first several excited states are,

weven = 0.928, 3.440, 5.774, 8.084, 10.390, ...
Wodd = 2.442, 4.650, 6.936, 9.238, 11.544, ... (6.25)
From the analysis of the previous subsection we know that the other mode that could

potentially lead to an instability is dy. Analysing the behaviour of dy around o = rg, we
obtain the following behaviour

dy=A+ (6.26)

B
\/O — T
and performing a similar analysis as before, we identify odd and even modes in the fol-
lowing fashion

A=0and B#£0 = T(0) =0 and ¥(0) £ 0 = even modes
A#0and B=0 = U(0) #0 and ¥(0) =0 = odd modes. (6.27)
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Computation of the spectrum reveals a critical value for the parameter g, namely r§t = 1.125,
below which the spectrum is tachyonic. This is in agreement with the findings from [71].
Notice that exactly for this critical value of rg, the spectrum has a zero mode

Wit = 0.000, 4.391, 6.881, 9.299, 11.692, ...

even

Wit = 3.154, 5.665, 8.096, 10.497, 12.885, . .. (6.28)

Finite Q — confining geometry. Now we move to the case that we are interested in,
namely of finite @), and start solving numerically from the mode §v. Similarly to the
@ = 0 case, we find no sign of instability and the first several excited states for @ = 1 and
ro = r(Q = 1) + 0.1 = 1.31 are,

Weven = 1.192, 4.014, 6.678, 9.346, 12.015, ...
Woqd = 2.704, 5.340, 8.011, 10.680, 13.350 .. . (6.29)

For the dy modes, one has to separate the analysis is two cases. When @ < 0.22, in
agreement with the analysis of the Q = 0 case, there is always a critical value of ry (that
depends on ) where a tachyon appears and for this value there is a zero mode. However,
as we extensively discussed in [1], these WL trajectories are pathological since the string is
“touching” the Coulomb branch singularity. The reason is that the values of the Coulomb
scale and of the confining scale are close to each other. Remarkably when @ > 0.22 the
tachyons disappear from the spectrum for any value above the rf"(Q). For Q = 1 and
ro = r(Q = 1) + 0.1 = 1.31 the first several excited states that we find are,

Weven = 2.388, 5.163, 7.851, 10.521, 13.183, ...
Wodd = 3.727, 6.505, 9.188, 11.853, 14.511 ... (6.30)

Finally we solve numerically the coupled system of equations (C.8) and the first of (C.9) (this
is the one that survives when 6 = 0). As previously the modes are either even or odd depending
on the boundary conditions and it turns out that even/odd modes of d¢ couple to even/odd
modes of dp12, respectively. From the numerical solution, no presence of tachyon appears
and the first several excited states that we find, for Q = 1, 7o = r™(Q = 1) + 0.1 = 1.31, are

Weven—even = 1.177, 2.687, 4.002, 5.146 ,6.652, . . .
Wodd—odd = 2.680, 3.780, 5.278, 6.270, 7.814 ... (6.31)

7 Penrose limits of the Anabalon-Ross deformed AdS; X S® solution

Here we review the uplift of the supersymmetric Anabalon-Ross solution [24] in type-1IB
supergravity, following the notation of [27]. This consists of a 10D metric and a self-dual
RR 5-form. As mentioned in [1] this solution can be reached by taking the limit £ — 0 with
£2Q fixed in the solution of section 3.1 (considering the SUSY case where Q = |q1| = |q2])-
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For the metric we have32

2
L72ds? = r?(— dt? + daf + da3) + fr + 72 f(r)de?
r2f(r)
1 2
+ d6? + sin? d? + sin® O sin? ¢ (dgol + LA> (7.1)

1 \° 12
+ sin? @ cos? ¢ <d<p2 + L.A) + cos? 6 (dg03 + L.A) ,

where
Q\° Q\?
Fr)=1- <T> . A=IQ (1 - (T) ) dé = LA(r)d . (7.2)
The periodicities of the various angular coordinates are
T T ,
0<f<g, O<ep<o, O0<@s<2r (i=123) (7.3)

The RR 5-form is given by the formula below

3
1
Fs = (1+%)Gs, G5 =4L"vols — L* Y psdp; A (d%- + LA) AxsdA.  (7.4)
=1

In the above expression, the operator x5 stands for Hodge duality in the 5D space with
line element given by the first line in (7.1). Also, with vols; we refer to the volume form
of the aforementioned 5D space. Therefore

vols = r3dt Aday Adas Adr Ade, *x5d A = 20Q% dt A dxy Adas . (7.5)

Moreover, ju; (i = 1,2,3) are the embedding coordinates in R? of a unit two-sphere
parametrised by (0,¢). In particular

(1 = sinfsinp, o = sinf cos @, 13 = cosf. (7.6)

Given the ranges of the coordinates (6, ) in (7.3), the embedding coordinates p; (i = 1,2, 3)
cover only the % of the sphere surface.

Notice that we factor out the scale L? in the line element (7.1). This is done by redefining
the radial coordinate r of [27] as r — L?r and the parameter Q as @Q — LQ. The reason
behind this redefinition is that we will use the scale L later to compute Penrose limits in
the geometry (7.1).

Besides the time-like Killing vector, the 10D geometry (7.1) admits four more Killing
vectors representing the symmetry under shifts in the directions ¢ and ¢; (i = 1,2,3). In this
section, we will consider the Penrose limits that correspond to null geodesics that are associated
with the motion of a point particle in ¢ and the Killing directions ¢ and ¢; (i = 1,2, 3).

32Notice that the internal coordinates (6, ¢, ;) here correspond to (6 — 5, ¥, ¢:) in section 3.1.
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7.1 Motion along (¢, ¢, ¢1)

Let us start with the case where a particle moves in the spacetime (7.1) with fixed
x1, T2, 1, 0, . In particular, if we take 6§ = ¢ = 7 then the particle does not “feel” the
presence of 9 and 3. The geodesic equations of motion, except that for r, require

t=~CEu, o= <j + 271) p1 = QAu, (7.7)

Q? —
where ¢ is the fixed value of the r direction and £, J, J1 are integration constants. The
geodesic equation for the r direction provides an algebraic constraint for the constants £, J
and J1, which is

&= 1+2Q— T+ 4Q ? OJJ1 2Q7 TG 02‘7—;. (7.8)
ro @ (Q*—1rd)" 70
Moreover, the null condition implies that J and J; are related as
Q’ 3Q7r8
_ — . 7.9
j Q2—’I"g jl or j 4@4—56227’8—'—7’3 jl ( )
The above values for J correspond to
8 6 6 2
— g and  g2= SHTOJY (7.10)
(4Q*—13)" "o
respectively.
For the Penrose limit we will adopt the rescalings
r1 T2 4 T Y Y2
- — — = — = 0— -+ = — =+ = A1
x1 La x2 Lv r T0+L7 2+L7 @ 2+L (7 )
together with
t— Eu ¢—><\7+T%Jl>u+w <,01—>Qt71u+cg+i (7.12)
’ Q? — 7,(2) L’ L L?° '

Here ¢ is a constant which will be specified later, while £ and J take the values (7.9)

and (7.10). Therefore, we have the following two cases®?
2 2 Q2
Case A: &4 = , =———,
i T=-gr—
(7.13)
8 6 6 3 2
Case B: 522@‘71, J == Q§02 4\71
(4Q? — r%) 5 4Q* — 5Q*rg + 1
Let us examine each case separately.
330f course one can also consider the case where J + Tz J1 = 0, which amounts to rescaling ¢ as ¢ — ¢,

This would just correspond to motion along ¢ and @1 only
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Case A. In order for the Penrose limit to be valid the constant ¢ must take the value*

7,4 Q4
c= 0_x .

Q3

(7.14)

Sending L to infinity, one derives a pp-wave geometry, which can be cast in Brinkman form

after the following sequence of transformations

i Rescalings

3
71 T2 Q
T — —, To——, W ———w,
r T 6
0 0 7oy /T8 — QO
7’6—Q6
p—>—5—p, V—wivtwpw,
To
with
i
w1 = 3 N w2:2.
Q>N

ii Rotation

N =

(o) (i =) C)

Q? Q?
302—><p2+Q\71(1—T2>U, @3—>¢3+Qj1(1—73>u.

0

iii Shifts

As a result one finds
ds® = 2dudv + dat + da3 + dy? + yi dei + dys + y3 dp3 + dw? + dp?
6j2
— Qr4 L (42 +y3 + 4w? + 4p%)du®.
0

Notice that each of the pairs (y1, ¢3) and (y2, p2) parametrise an R2.
The above transformations, when applied to the self-dual five-form give
2 3
5 = Q2J1 (2du/\dx1 Adze Adp Adw 4 yp du Adys Ades Adp Adw
o
+ yodu A dys Adpa Adp Adw — y1 du A day A dae A dyr A des

—yodu Adxy Adxg Adys Adps — 2y1y2 du A dyy Adys A dps A d(pg) .

Case B. Now the Penrose limit makes sense when

4Q% g

(7.15)

(7.16)

(7.17)

(7.18)

(7.19)

(7.20)

(7.21)

The associated pp-wave geometry can be expressed in Brinkman coordinates after the

following operations

34This value ensures the vanishing of the term that is proportional to L in the expansion of the line element

for large L.
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i Rescalings

1 X2 3Q3T(2)
xry — —, X9 — —, w—)\/12 o Q12w,
To To ro® + 7Q%rg — 8
° ’ (7.22)
rs — QO
pP—= ——35 P V= w1 Ut wpw,
7o
where
4Q2 _ 7“2 ) ’1”12 + 7@6?”6 _ 8Q12
w1 = fo, W = — 5.3 0 6 9 6 . (723)

ii Rotation in the (p, w)-plane as in (7.17), where now the parameters w; and wy are
given in (7.23).

iii Shifts

et QLT st QLT (7.24)
———u ——u .
The outcome of this is
ds? = 2dudv + da? + da3 + dyf + yi de3 + dy3 + 3 de3 + dw? + dp?
LY - (978 (7 + 13) +4(4Q° + 508 (w? + p?) (7.25)
2 .
0 —12)
+16(Q° — rf) (@* — /7)) du?,
where
W = sin <w2u>p + cos (wQu)w, p = cos (mu)p — sin (wQu)w (7.26)
w1 w1 w1 w1

Like in the previous case, each of the pairs (y1, ¢3) and (y2, 2) parametrise a Euclidean plane.
For the self-dual five-form we find

Vo +8Q° /6 +8Q8
F5; = 8O<du/\d:r1 Adas Adp Adw — Y2y du A dy; Adps Adp A dw

3 7‘8&}1&}2 67‘8

\/7"8 + 8@6 w2
— Tygdu Adys Adpa Adp Adw — Zyldu Adxy Adxg Adyr Adeps
0

3 3
— gygdu Adxy Adxg Adys Adps — "ot2

4 24/18 + 8Q°
(7.27)

Notice that when @@ = 0, both pp-wave backgrounds that we discussed above reduce

y1y2du A dyr A dyz A dpa A dﬁpa) :

to flat spaces with vanishing RR fields.

7.2 Motion along (¢, ¢, ¥2)

We will now consider the case where the motion of the particle is realised in the ¢, ¢ and @9
directions. Therefore, we will take z1, w2, 7, 6, ¢ to be fixed and 6 = 7, ¢ = 0. One can
easily see from (7.1), that for this values of 6 and ¢, the terms of the line element involving
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dpy and des vanish. Therefore, the particle does not “feel” the presence of o and ¢3. From
the geodesic equations of motion we find that

2
r
t=~E&u, ¢ = <j + 202j2>u, 2 = Qlau, (7.28)
Q* —rg
where rg is the fixed value of the r direction and £, J, J> are integration constants. On top
of that, the equation for the radial direction r reduces into the algebraic constraint

£ = <1+24> j2+—4Q ?TOQ TOJJQ+Q7+ZOQ‘7—§. (7.29)
To U Q* —rf (@Q*—rd)" 7o
The null condition relates J with J5 and it turns out that one has to consider the following
two cases>®
2 2 Q?
Case A: E=J5, j:—mj%
(7.30)
806 6 2 2,2
Case B: 52:Q7+T02i§, J=- 3QT02 7 J2-
(4@2 — r%) U 4Q% — 5Q?r§ + rg

Like in the previous example, in order to take the Penrose limit we will adopt the rescalings

x1—>%, x2—>%, r—w’o—i-%, 0—)%4—%, <p—>% (7.31)
together with
t— Eu, ¢—>(j+7%j2>u+w, ¢2—>QJw+cg+i. (7.32)
Q2 — 12 L L 12
Here again c is a constant which must be fixed to the value (7.14) (case A) or (7.21) (case

B), so that the Penrose limit makes sense.

It turns out that if we compute the limit in the case A, one derives the pp-wave
background (7.19) and (7.20) with p2 — ¢1 and J1 — J2. Similarly, in the case B one
finds (7.25), (7.26) and (7.27), where again p2 — ¢1 and J; — Ja.

7.3 Motion along (t, ¢, ¥3)

In the last example, we will consider the case where the particle moves in the t, ¢ and 3
directions. For this reason, we will fix x1, x2, 7,6 and set § = 0 while keeping ¢ arbitrary. As
it can be confirmed from (7.1), the terms involving dy; and dgg shrink to zero, and therefore
the particle does not “feel” these directions. The geodesic equations of motion now imply

T2
t=gu. o= (T+ G aB)e e = QT (7.33)

2
35 Again, one can also consider the case where J + %5\72 = 0, which corresponds to particle motion only
0

along ¢t and .
36These values ensure the vanishing of the term that is proportional to L in the expansion of the line element
for large L.
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with rg being the fixed value of the r direction and £, J, J3 are integration constants. Like
in the previous two examples, the equation of motion for the radial direction r is equivalent
to an algebraic constraint, where now

4 6 4.2 6 6 6 2
52:<1+2Q>j2+2Q +Qr0+r0‘7k73+m~773. (7.34)

4 4 2 2 2 .2
@ (@ =)’ 7t

7o
On top of that, we need to take into account the null condition of the geodesic which provides

a relation between J and [J3, namely

_ Q2 _ 3@27_8
j—_mjs or j__4Q4—5Q2T8+T§j3' (7.35)

This suggests that we need to consider the following two cases

2
Case A: £ =Ji, J=- QQ_ 5 J3,

v (730
7.36

Case B: £2 = M i?? J=— 3Q2T8 Ts.

(4Q2 — T(2))2 7“8 ’ 4Q4 — 5Q27“(2) + 7“3‘
For the Penrose limit we will adopt the rescalings
Ty L2 P Y
x1—>L, x2—>L, 7"—>7“0+L, G%L (7.37)
together with?37
2
rH w w v

Like in the previous two examples, ¢ is a constant which must be fixed to the value (7.14)
(case A) or (7.21) (case B), to ensure the vanishing of the term that is linear in L when
taking the Penrose limit.

At the end of the day, one obtains a pp-wave background for each of the two cases A and B.
However, it turns out that both pp-wave backgrounds are equivalent to the ones found in the
previous two examples. In particular, if we want to match the two solutions with the ones that
correspond to motion along ¢ all we have to do is to apply the following change of coordinates

14
y—\Jyi+us, @ tan 1; Y1 P3, (7.39)

together with J3 — J1.

We can make the following comment: as we are fibering the three U(1) isometries ¢;
inside the S° in an identical way, these directions are indistinguishable from each other
which explains the same behaviour found for the three geodesic motions studied above
(cases A and B respectively). Even though the embedding coordinates u; are different with
respect to each other, one can chose any one of the expressions to correspond to pu; etc.
In other words, there is a freedom to exchange p;s among themselves. We conclude that
the pp-wave analysis showcases an isotropy between the three U(1) coordinates, encoded
in the coordinate change (7.39).

2

37Like before, one can also consider the case where J + ﬁ‘% = 0, which corresponds to particle motion
0

only along t and 3.
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8 Conclusions and discussion

In this work, we studied in detail the solutions presented in [1] which describe supersymmetric
RG flows between various UV SCFTs in 4d and (2 + 1) dimensional SQFT's in the IR. The
construction of these systems was done by implementing SUSY preserving Coulomb branch
deformations, realized as a twisted compactification in the dual supergravity backgrounds.
More specifically,

e We have constructed smooth supersymmetric asymptotically AdS solutions in type IT and
eleven-dimensional supergravity, realizing holographic RG flows from four-dimensional
SCFTs to three-dimensional SQFTs which have a mass gap and in some cases, confine
external quarks. We extend and complement the results of [1], showing that distinct
UV fixed points exhibit universal IR behaviour.

o For the uplifts we used the five-dimensional gauged supergravity soliton of [33] to
construct new infinite families of solutions in type ITA, type IIB, and M-theory. In
all cases, the geometries are smooth and free of conical singularities for appropriate
parameter ranges, ensuring physical regularity of the dual theories.

o We computed a variety of holographic observables not included in [1], namely new
embeddings for the Wilson loops, 't Hooft loops and entanglement entropy. These
quantities display a universal factorization property: the dependence on the internal
space is separated from the dynamics along the holographic radial direction. This
universality points towards a deeper geometric structure underlying the supersymmetric
confinement mechanism. The new results showcasing phase transitions in the 't Hooft
loops and entanglement entropy, complementing the Wilson loop calculation performed
in [1], further hint towards a confining behaviour for the dual. That confining behaviour
is also reflected in the form of the D7-brane embeddings that avoid the central region
of the geometry. The plot of the condensate with respect to the quark mass shows an
interesting non monotonic behaviour, where the condensate flows to zero both for large
and small quark mass.

e The holographic renormalization of the type IIB background revealed the operator VEVs
driving the flow, offering a clear dictionary between the bulk deformation parameters
and boundary field-theory operators. The boundary analysis confirmed the consistency
of the UV and IR asymptotics and provided finite counterterms for the renormalized
action.

o We investigated in detail the stability of the Wilson loop embedding used to study
the type IIB background, under linear fluctuations of the coordinates. We found that
the configuration is stable, however, when © ~ —11 (or Q < 1) we see tachyonic
modes appearing, further supporting our claims about this parametric region being
untrustworthy, as discussed in [1].

 The study of Penrose limits for the Anabalon-Ross deformed AdSs x S° solution offers
insight into the spectrum of excitations and possible integrable subsectors in the dual
theory, paving the way for future studies of string dynamics on these backgrounds.
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From a broader perspective, our results provide a unified and systematic framework
for studying supersymmetric compactifications of SCFTys on a circle that flow to confining
three-dimensional theories. Is is important to emphasize that the dual QFTs described by
these systems are all strongly coupled. Our deformation procedure should be applicable to
any four-dimensional superconformal theory with a known holographic dual, as long as the
later admits a consistent truncation to five-dimensional gauged supergravity. The interplay
between topological twisting, smooth IR geometries, and holographic universality could shed
light on nonperturbative dynamics beyond the present models.

This work opens many interesting research directions for future exploration, some of
which include:

o Extension of the holographic renormalization analysis to the 11d and type ITA uplifts,
to extract the corresponding VEVs and compare the operator maps across dimensions.

o Investigation of the stability of the (non-SUSY) soliton configurations under per-
turbations and exploration of possible phase transitions associated with varying the
compactification radius or the holonomy parameters.

e Study the supersymmetric defect and domain-wall configurations supported by these
geometries, which could model interfaces between different confining phases.

e Analysis of the Penrose limits and pp-wave sectors in more detail to identify potential
integrable subsectors and compute semiclassical string spectra.

e We should explore the inclusion of flavour branes and their impact on the universal
structure of observables, particularly in the 11d embeddings with M5 flavour branes.

o It would be interesting if more elaborated solitons than the ones studied in [33] could
cure the singularities of the flavoured backgrounds in [74], along the lines discussed
in [30].

Finally, we wish to examine the effects of higher-curvature corrections near the large-
curvature region (7 ~ —1) to assess their impact on the holographic predictions for IR
observables. This will potentially provide information about the light modes appearing
near the Coulomb branch VEV, which were not accounted for in the supergravity solutions
presented here. There are two possible corrections one can include: corrections to the metric
and corrections to the observable itself (in the case of the Wilson loop, which is able to detect
the high curvature effects). We believe that if the needed corrections in next-to-leading order
in o are found and included in the calculation, the Wilson loop phase transition observed near
the region where 7 = —1 will potentially disappear. This will be a fascinating phenomenon
to observe. We hope to address these interesting points and many others in future work.
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A Polyakov loop embedding

Here we explore two cases of embeddings of D1 branes in the type IIB solution of section 3.1,
which will not give the same dynamics as the 't Hooft loop. The reason being that they are
not extended enough to include time, a profile in r(w), as well as the shrinking circle ¢. The
inclusion of the later in the various probes is responsible for the vanishing of the tension of
the effective string at r = r,, as it conspires to the appearance of a multiplicative factor of
VF(r) in F; through the determinant. This suggests to us that the minimal probe brane
which is capable of capturing the 't Hooft loop in this background is a D3.

Case I. We first consider a D1 on X9 = [t, w] with » = r(w) and all the other coordinates
set to constant values. We have the induced metric on the D1:

2 _((r,0) 21,2 2 (.2 L'
dsinap1 = 2 [ rodt® 4+ dw (r +F(7“))\(r)6r2 , (A1)

and its action which reads:

Sp1 = TDl/ dQU\/—e_zq’det(ginle) = TD1T/dw \FRy + G312,
o

oo Sl o b)) (A.2)
D1 — 12 ’ D1 = L\/m)\:g(r)

We notice that one does not get the same functions as is the case for the rest of the
probes, furthermore, the function ((r,fy) is strictly nonzero for all values of r and 6y from
which it follows that the object we are calculating does not have a vanishing tension at
the end of the space.

Case II. Another interesting embedding one can calculate is that of a Eucledian D1 that

extends on Yo = [w, ¢], is localized in time and the rest of the coordinates are constant.
The induced metric in this case is:
1
d8i21’1d ED1 — W [COS2 9()14% + Sin2 90)\6(7')A§ + T2F(T)C2(T, 90):| d¢2
’ r, 0o

2 ” (A.3)

r r du?

00) | =+ ——=—F+—|dw
+ C(r‘) O) LZ + TQF(T))\G(T)] i
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and its action is given by:

SEp1 = TED1/E dZU\/e_z‘I’det(gind,Em) = TED1L¢/dw\/‘F}%D1 + Gipy %,
2

T2

féDl =12 {cos2 HOA% + sin? 90/\6(7*)A§ + TQF(T')C2(T', 00)} , (A.4)
G2 cos? GOA% + sin2 OOAG(T)A§ +r2F(r)¢%(r, 00)
EDL = r2F(r)\6(r) '

Again, the functions appearing in the dynamical part of this observable disagree with
the ones in the 't Hooft loop.

B Gauge coupling

We calculate the gauge coupling for the effective (2+1)-dimensional theories dual to the type
IIB and ITA backgrounds. The procedure is as written in [27, 75]. We begin by writing the
DBI action for a probe Dp-brane and perform an expansion of the field strength

SDp,DBI = TDp/ dp+15'\/—62q>det(gind + F) (B.l)

Zpt1

From the following we can read off the gauge coupling,

Sp,.pB1 = 1D, /

1
"oy /—e2® det(gina) (1 + 1 Fw " 40 (F4)> . (B2
Ypt1
Gauge coupling for the Type IIB background. We consider a probe D3 that extends
in [t,w, z, ¢|, with the shrinking circle ¢ being wrapped. The worldvolume field strength
is turned on which we take without loss of generality to have only the F}, component be

non-zero. The rest of the coordinates are kept fixed. The induced metric on the D3 is

T2€(T, 00)
L2

+ {T‘QF(T)C(T, 0o) +

ds? 4 = (—dt? + dw?® + d2?)

(B.3)

C(r19 ] {cos2 0o A? 4 sin? 90)\6(?")14%} } dep?.
» V0

We will now compute the DBI action for the D3 over the manifold ¥4 spanned by
[t,w, z, ¢], which takes the form®®

Sps = T /d46 —e2®det(ging + F) = T /d46\/a— F2,, B.4
D3 D3 5, \/ (gind ) D3 - BE; (B.4)

with the expressions:

o =142 (r, 6y) {cos2 00A2 + r2F(r)C?(r, 0) + sin? 9/\6(7’)A§} , (B5)
B.5
B 1= L* [cos G A3 + 12 F(r)¢3(r, 0) + sin® o)\ (r) A3] .

We can now expand for small values of the field strength (|Fy,| < 1) up to O(F?) to get

242 _L4F2
SD3 ~ TD3/ d40' r C (T7 0) tw

5, L3¢ (r, ) \/ cos? 9o AT + 72 F (r)¢?(r, 6o) + sin® G \O(r) A3, (B.6)

38Notice that the dilaton factor in this case is trivial.
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Figure 13. Plots of the gauge coupling constant of the dual QFT with respect to the radial coordinate
for the type IIB background.

By expanding the DBI action to quadratic order in F}, and extracting the prefactor
of the kinetic term, one obtains an expression for the gauge coupling. Its dependence on
the radial coordinate r reflects how the effective coupling evolves across energy scales in the
dual QFT. Hence we can study the gauge coupling’s behaviour in strongly coupled regimes
that are otherwise difficult to access.

1 TosLLs ;
— A2 2r 2 2 6(r)A2
= g Ve BoAT 4 R, o)+ sin? 602 1) 4
_ 2Tn3L Ly \/(52 —1)[4+5v+ 202 +2(1 + )&% + v(3 + 2v) cos(26))]
&+ 262 1+ vcos(20p) 1+v ’

(B.7)
where in the last line we expressed everything in terms of the dimensionless variable £ = r/r,
for the case where q1 = ¢q2 = q.
We can plot the above function for given values of 6y. The result can be seen in figure 13.
We see that as r — r, the gauge coupling constant diverges, reflecting the fact that the dual
QFTs are strongly coupled in the deep IR. In the UV the coupling constant takes a fixed
value, which is a consequence of the conformal symmetry that is present as r — oc.

Gauge coupling for Gaiotto-Maldacena background. We consider a probe D4 extending
along Y5 = [t,w, z, ¢, n] between 71;,n;+1 and has a field strength which we take to have only
the F;, component being non-zero. The other coordinates are kept fixed.

The induced metric is

dstg = (1 f5)7 {4f erAL(; i (—dt + dw? + dz? + L2 F(r)d¢?)

+ f4d7}2} : (B.8)

We utilise the formula as given in [27, 75],

Spa = T / &5\ /—e22 det(gina + F). (B.9)
X5
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The expansion gives

=1 1 AN F LAF?
Ve 2 detlgma + F) = 32737 7 T VI [1 i

L3 2P rM(r)‘*} B

Hence we have

Mit+1 e <l 1 P AN(P)AF(r L4F22
Spa = 32 TD4L¢/ dn/dtdwdszf42f52f2()[/3() [1 - 32JE2]F3]F5 :"4)\(7“)4] )
i 1
(B.11)
We find the gauge coupling as
1 Ni+1 ~_ 1 1
—— =Tp4LysL Fr/ dn fs 2 f7. B.12
49%(1\/{ ? m us oo ( )

C Details of the computations

In this appendix, we have gathered lengthy expressions and useful details of the calculations
that are discussed in the main text.
The Hodge dual of G5 can also be written in terms of a four-form Cy as *G5 = dCy, where

4
Ca= E (08 — 1) sin(26) 46 A 6 A (sin® o gy + cos” & ) A doy
4 6 _1)¢2
+ L2QQ ( )\§<12)C* cos® fsin(2¢) dp A dgy A dga A o)
4 6 _1)¢?
n L8ql (/\ C21)<* sin2(29) Sin(Qi/J) d¢ A d(¢1 — (ZSQ) A d¢3 A d¢

A¢c-1 , (C.1)
s sin®(20) sin(2¢) d¢1 A dga A des A dy
Liq
AL
+ L1 (¢? — 1) sin(20) cos® 1 dO A dgp A d(¢p1 — b2) A dgs
— L*sin(26) cos? @ cos® 1 dO A dpy A dgg A deps .
The expressions for the length and the energy in the case of the ’t Hooft loops read:

V2r?

(¢2 — 1) sin(20) cos® ¢ dO A dg A dgy A depa

Lain(€0) = Y/ —(1+0) + €42 + 0)

(C.2)

> §
g /0 dg\/[—(l +0) +E4E + D)) [€6 — &5 + 0(e* — &)]
3

(o) = 2/ —(1+9) + & (& + 7) Lunicen
o e /€6 — 8+ (et — &)
o \/-(1+0)+ M +0)
L2my/—(1+ D) + 4(&3 +9)
r36(20 + 38) ’ (C.4)

€ 30(140)+12(1 + 0)s? — 40s% — 3s°
EMM,app(fO) = LT*ﬂ'/ ds 53(217 + 383)2 ’

(C.3)
+ QLTE

—2Lr? / dee,
1

LMM,app (§0) =
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Now moving to the calculations for the stability analysis of the Wilson loop, to write the
equations of the fluctuations in a compact form, we introduce the following functions

fo(r,0) = = GuG.., fo(r,0) = — GyGog , f¢>(7’7 0) = — GttG¢>¢>
for(r,0,¢) = = GuGyp, foa(r,0,¢) = — GuGpyp, (C.5)
Ju(r,0) = = GGy, fos (1 0) = = GGy h(r,0) = GrrGyy .
Introducing a time dependence in the fluctuations of the form e '“7, we have
6z2(t,0) = 6z(0) e 19T, Sy(t,0) = dy(o) e 9T, 60(r,0) = 660(c) e %7
3¢(1,0) = d(0) e T, 0p1(r,0) = 8pa(1,0) = Gpra(0) e 7 (C.6)

(5(,03(7’,0) = dp3(0) e_“’”' Si(r,0) = 5w( ) —iwT

Notice that we have used the same function for the o dependence of the modes of dp; and dpo,
something that is consistent with the equations of motion for the corresponding fluctuations.
The equations for the fluctuations dz, d, dy and 66 are

d/ f. d Shf FY2]
[da <F1/2 da) +w ol 0z=0 (C.7)

d [/ fy d 2 hfy FV2| d(gfyd) 2 _h _
[da <F1/2da>Jr g fy 09 =0, do \ F3/2do Tw F1/2 oy =0

d< fo d) 2 hf9F1/2_ 1 2g_f5F1/282
du \ F1/2 do 9ty 2 F1/27° 2 f2

while the equations for the modes d¢, dp12 and dp3 are

f / f 1 + f 5 f s )]
do {Fl% ¢+f12% 12+f3Ff/26
o hFY/? :
+w gfy lf¢>5¢+f12 (f<p1 +f4p2) 5@12 —‘rf3f@3 5@3 =0 (CS)
1 + 2 / / hF1/2 7
& w (6@12+f126¢ ):| + 2 gfy (f<,01 +f¢2) 5@12+f126¢- =0
W -
do Mffg ( 90§+f36¢/)] w? T f% Sps+ f3op| =0.  (C.9)

The expressions for the Schrodinger potentials in each fluctuation mode, in the @@ = 0 case, are

22 (12 — 1) — 1] 52 r2 _ 8 _ 1856 4 1104

402 (02 — 1)
Viy(0,70) = — [8r3 (r§ —1) —11] o* + [6rF (r§ — 1) — 1] 0 — 3rF (1§ — 1) + 80° — 180°
’ 402 (02 — 1)
Vso(o10) = [61"8 (rg —1) — 1] o? —3r¢ (rg —1)+20% - o*
’ 402 (02 — 1)
(g -1 +1] o2 +r3(r3 - 1) +20% — o

Vsyp(o,m0) = Vi, (0,70) = (C.10)

402 (02 — 1)
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The expressions for the Schrodinger potentials of the decoupled modes in the case of finite
@, when expanded around the () = 0 value, are

V. = VA= ra (—120% + 1202 — 5) + 12 (120* — 1202 + 5) + 40° — 805 + T0* — 302 0
- § 406 (02 — 1)*
+0(Q")
Vay = VA= 1 rg (200% — 2002 4 7) + 13 (—2001 + 200% — 7) + 40° — 805 + T0* — 302 0
Y 406 (02 — 1)°
+0(QY)
Vi = V3= 4 (=127 +12r¢ +5) 0 + Trd (Ti —1) +80% — 1304 Q% + 0(QY
406 (02 — 1)
Vi = ngo L3 (4rg — 4rd — 1) 026— 5re (7"%3— 1) —80°% + 1104 Q1+ 0@, (1)
406 (02 — 1)

From the transformation of the coupled system of §¢ and dpi12 to a Schrodinger form, the
expressions of the functions €;, with ¢ = 1,--- 4 are

0 1 (Q2) , Q= L [m + o2 arctan (ﬁ) ] + O(Q3)

- 40
Vovo?—1 205/2y/02—1
QgZQWl\/O—2—1—O’ arCtan(\/UQ—l) +O(Q), Q4: \/E +O(Q)
(C.12)
while the insertions of the matrix potential V' from (6.22) are
Vii = V:;CZ?:O;
2ry — 2r§ + 20° — 50* 4 30°) arctan ( Vo* — 1
Q E4) 8 6 4 3 2 2
Vig=Vo1 = — 5
2 (02 =1)
N ra (4 — 602) + 13 (602 —4) + (0 — 1)o*(0 + 1) (20* + 0% — 2)
ot (02 — 1)3/? ’
Voo = V50 (C.13)
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