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Abstract The top—down type IIB holographic dual of
large-N thermal QCD as constructed in Mia et al. (Nucl
Phys B 839:187, 2010) involving a fluxed resolved warped
deformed conifold, its delocalized type IIA Strominger—
Yau—Zaslow-mirror (SYZ-mirror) as well as its M-theory
uplift constructed in Dhuria and Misra (JHEP 1311:001,
2013) — both in the finite coupling (g N H/*‘MQGP’
limit of Dhuria and Misra (JHEP 1311:001, 2013) — were
shown explicitly to possess a local SU(3)/G2-structure in
Sil and Misra (Nucl Phys B 910:754, 2016). Glueballs spec-
tra in the finite-gauge-coupling limit (and not just large
't Hooft coupling limit) — a limit expected to be directly
relevant to strongly coupled systems at finite temperature
such as QGP (Natsuume in String theory and quark—gluon
plasma, 2007) — has thus far been missing in the liter-
ature. In this paper, we fill this gap by calculating the
masses of the 07+, 0=+, 07—, 17, 27+ (‘glueball’) states
(which correspond to fluctuations in the dilaton or complex-
ified two-forms or appropriate metric components) in the
aforementioned backgrounds of G-structure in the ‘MQGP’
limit of Dhuria and Misra (JHEP 1311:001, 2013). We
use WKB quantization conditions on one hand and impose
Neumann/Dirichlet boundary conditions at an IR cut-off
(‘ro’)/horizon radius (‘rp’) on the solutions to the equa-
tions of motion on the other hand. We find that the former
technique produces results closer to the lattice results. We
also discuss the r; = 0 limits of all calculations. In this
context we also calculate the 0, 07—, 177, 27 glueball
masses up to Next to Leading Order (NLO) in N and find
a gszz\\]/ﬂ (gsNr)-suppression similar to and further validat-
ing semi-universality of NLO corrections to transport coeffi-
cients, observed in Sil and Misra (Eur Phys J C 76(11):618,
2016).
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1 Introduction

The AdS/CFT correspondence [1] remarkably establishes
an equivalence between the partition functions of a five-
dimensional gravitational theory (bulk theory) and a four-
dimensional supersymmetric and scale invariant gauge the-
ory (boundary theory). A generalization of the AdS/CFT cor-
respondence is necessary to explore more realistic gauge the-
ories (less supersymmetric and non-conformal) such as QCD
with SU (3) gauge group. The top—down model that we have
considered in this work is motivated by the desire to capture
QCD-like gauge theories from a suitable gravitational back-
ground. QCD is a strongly coupled theory at low energies.
The low energy dynamics of QCD involves the color-neutral
bound states of gluons, known as glueballs. Hence, the non-
perturbative aspects of QCD can be largely understood from
the glueball sector of the theory. Moreover, the plasma phase
of QCD (QGP) occurs at high temperatures 7 > T,..Ina QGP
medium the quarks and the gluons stay in a deconfined state
due to Debye screening. However, the recent RHIC experi-
ments indicate strongly that non-perturbative effects of QCD
are present in the plasma phase. In fact the lattice results of [2]
conclude that QGP must be non-perturbative in the tempera-
ture regime 7, < T < 5T,. This is precisely the reason why
we concentrate on the glueball spectra in the finite-gauge-
coupling limit (and not just large ’t Hooft coupling limit) —
a limit expected to be directly relevant to strongly coupled
systems at finite temperature such as QGP [3].

QCD is a non-abelian gauge theory, in which gauge fields
play the role of dynamical degrees of freedom. Non-abelian
nature of QCD allows the gauge bosons to form color-neutral
bound states of gluons known as glueballs (gg, ggg, etc.).
Therefore, the study of glueballs and their spectra enables
us to gain a better understanding of the non-perturbative
regime of QCD. The glueball state is represented by quan-
tum numbers JFC, where J, P and C correspond to total
angular momentum, parity and charge conjugation, respec-
tively.
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Different generalized versions of the AdS/CFT cor-
respondence has thus far been proposed to study non-
supersymmetric field theories with a running gauge coupling
constant. The original proposal was given by Witten to obtain
a gravity dual for non-supersymmetric field theories. As per
Witten’s formalism, non-supersymmetric Yang—Mills theory
can be obtained by compactifying one of the spatial direction
on a circle and imposing antiperiodic boundary conditions on
the fermions around this circle. This makes the fermions and
scalars massive and they get decoupled leaving only gauge
fields as degrees of freedom. The gravity dual of this com-
pactified theory was asymptotically AdS. In a particular case
of N/ = 4 SU(N) super-Yang-Mills theory dual to type 1IB
string theory on Ad S5 x S°, the procedure described above
gives an effective model of three-dimensional Yang—Mills
theory, i.e., QCDj.

The gravity dual of non-supersymmetric theories in the
low energy limit is typically given by supergravity back-
grounds involving AdS , x M, where AdS is the anti de Sitter
space with dimension p and M, is the internal manifold with
dimension ¢g. In supergravity theory the Kaluza—Klein modes
on M, can be classified according to the spherical harmonics
of My, which forms representations of the isometry group
of M. The states carrying the non-trivial isometry group
quantum numbers are heavier and do not couple to the pure
gluonic operators on the boundary. Thus the glueballs are
identified with singlet states of the isometry group.

In the past decade, glueballs have been studied extensively
to gain new insight into the non-perturbative regime of QCD.
Various holographic setups such as soft-wall model, hard-
wall model, modified soft wall model, etc. have been used
to obtain the glueball’s spectra. In [4,5] a soft wall holo-
graphic model was used to study the glueball spectrum. In
[4] glueballs and scalar mesons were studied at finite tem-
perature. It was found that the masses of the hadronic states
decreases and the widths become broader as T increases. But
for a temperature range of the order of 40-60 MeV, states
disappear from the glueball and meson spectral function.
Both hard-wall and soft-wall holographic models were con-
sidered [6,7] to obtain the glueball correlation functions to
study the dynamics of QCD. Decay rates were obtained for
glueballs in both models. Dynamical content of the correla-
tors was investigated [7] by obtaining their spectral density
and relating it with various other quantities to obtain the esti-
mates for three lowest-dimensional gluon condensates. In [8]
a two-flavor quenched dynamical holographic QCD model
was considered with two different forms for the dilaton field
given as & = ,u%;zz and ® = ,u%;zz tanh(uézz/,u%;), (z
being a radial coordinate). In [9] an AdSs mass renormaliza-
tion was implemented in a modified holographic soft-wall
model to obtain the spectrum of scalar and higher even glue-
ball spin states with P = C = +1. In [10,11] a bottom—
up approach was used to obtain the mass spectra of the
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scalar and vector glueballs. In this case, the vector glueball
masses were found to be heavier than that of the scalar glue-
balls while higher values for both were reported in other
approaches. In [12] a holographic description was used for
supersymmetric and non-supersymmetric, non-commutative
dipole gauge theory in 4D. The WKB approximation was
used to obtain the mass by solving the dilaton and antisym-
metric tensor field equations in the bulk. For the supersym-
metric theory, dipole length plays the role of an intrinsic
scale while for non-supersymmetric theory the same role is
played by the temperature Two different phases for baryons
were found, a big baryon dual to the static string and a
small baryon dual to a moving string. In [13] spectrum for
scalar, vector and tensor two-gluon and trigluon glueballs
were obtained in 5-D holographic QCD model with a metric
structure deformed by the dilaton field. The spectrum was
compared with the results obtained from both soft-wall and
hard-wall holographic QCD models. Here, the spectra of the
two-gluon glueball was found to be in agreement with the
lattice data. For trigluon glueballs, the masses for 15—, 27~
were matched while masses for 07—, 07~ and 27~ were
lighter than lattice data which indicates that the latter glue-
balls are dominated by the three-gluon condensate. In [14]
a holographic glueball spectrum was obtained in the singlet
sector of ' = 1 supersymmetric Klebanov—Strassler model.
States containing the bifundamental A; and B; fields were not
considered. Comparison with the lattice data showed a nice
agreement for 17~ and 17~ states, while 07~ results were
different because of its fermionic component.

Glueballs appear in the meson spectra of QCD and the dif-
ficulty in their identification in the meson spectra is largely
due to lack of information as regards their coupling with
mesons in strongly coupled QCD. Lattice QCD gives an esti-
mate for the masses but it does not give any information as
regards the glueball couplings and their decay widths both
of which are required for identification of glueballs. Holo-
graphic approach gives a better understanding of glueball
decay rates than lattice QCD. Various holographic models
such as Witten—Sakai—Sugimoto model, Soft wall model and
supersymmetric Klebanov—Strassler model, etc. have been
used to obtain the coupling between mesons and glueballs to
obtain expressions for the glueball decay widths.

In [15-20] top—down Witten—Sakai—Sugimoto model was
used as a holographic setup for low energy QCD to obtain
the coupling of scalar glueballs to mesons and subsequently
obtain their decay widths. Results obtained were compared
with the experimental data available for lattice counterparts
fo(1500) and fp(1710) of scalar glueballs. In [15] results
obtained for decay widths and branching ratios for scalar
glueball decays were found to be consistent with experimen-
tal data for fp(1500) state in [15] while in [17] results favored
fo(1710) as scalar glueball candidate instead of f(1500).
Decay patterns were obtained for scalar glueball candidate
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fo(1710) in top—down holographic Witten—Sakai—Sugimoto
model for low energy QCD in [16]. It was shown that there
exists a narrow pseudoscalar glueball heavier than the scalar
glueball whose decay pattern involves 1 and 7/ mesons. In
[18-20] Witten—Sakai—Sugimoto model was used to study
the phenomenology of scalar glueball states. A dilaton and
an exotic mode were obtained as two sets of scalar glueball
states in [18, 19]. Calculation of mass spectra showed that out
of two modes, dilaton mass is quite close to both f(1710)
and fo(1500) scalar glueball candidates while calculation of
decay width showed that fp(1710) is the favored glueball
candidate corresponding to dilaton mode. In [21] the holo-
graphic top—down Witten—Sakai—Sugimoto model was used
to study the tensor 27+ glueball mass spectrum and decay
width. Decay width was found to be above 1 GeV for glue-
ball mass My = 2400 MeV while for M7 = 2000 MeV
it was reduced to 640 MeV. In [22] modified holographic
soft-wall model was used to calculate the mass spectrum and
Regge trajectories of lightest scalar glueball and higher spin
glueball states. Results were obtained for both even and odd
spins glueball states.

In this paper, we use a large- N top—down holographic dual
of QCD to obtain the spin 27+, 17+, 07+, 07—, 0~ glue-
ball spectrum explicitly for QCD3 from type IIB, type IIA
and M-theory perspectives. Now for the computation of the
glueball masses, we need to introduce a scale in our theory.
In other words, the conformal invariance has to be broken.
This can be done in two different ways. The first approach,
after Witten [23], corresponds to the compactification of the
time direction on a circle of finite radius, forming a black
hole in the background. In this case the masses are deter-
mined in units of the horizon radius rj, of the black hole. The
other approach is to consider a cut-off at r = rg in the grav-
itational background (r being the non-compact radial direc-
tion) [24]. This forbids the arbitrary low energy excitations
of the boundary field theory and hence breaks the confor-
mal invariance. So, in this case the required scale to address
strong interaction is introduced by the IR cut-off ro. From a
top—down perspective this IR cut-off will in fact be propor-
tional to two-third power of the Ouyang embedding parame-
ter obtained from the minimum radial distance (correspond-
ing to the lightest quarks) requiring one to be at the South
Poles in the 6; > coordinates, in the holomorphic Ouyang
embedding of flavor D7-branes. In the spirit of [23], the
time direction for both cases will be compact with fermions
obeying antiperiodic boundary conditions along this compact
direction, and hence we will be evaluating three-dimensional
glueball masses.

Glueball masses can be obtained by evaluating the corre-
lation functions of gauge invariant local operator. The first
step to obtain the glueball spectrum in QCD3 is to identify
the operators in the gauge theory that have quantum num-
ber corresponding to the glueballs of interest. According

to the gauge/gravity duality each supergravity mode corre-
sponds to a gauge-theory operator. This operator couples to
the supergravity mode at the boundary of the AdS space,
for example, the lowest dimension operator with quantum
numbers JPC€ = 0*+ is TrF? = TrF,, F*" and this oper-
ator couples to the dilaton mode on the boundary. To cal-
culate 0 glueball mass we need to evaluate the corre-
lator (TrF2(x)TrF2(y)) = S;cie ™Y1 where m; give
the value for glueball mass. However, the masses can also
be obtained by solving the wave equations for supergravity
modes which couples to the gauge-theory operators on the
boundary. The latter approach is used in this paper.

The 11D metric obtained as the uplift of the delocal-
ized Strominger—Yau—Zaslow (SYZ) type IIA metric, up to
LO in N, can be interpreted as a black M5-brane wrap-
ping a two-cycle, i.e. a black M3-brane [25,26]. Taking
this as the starting point, compactifying again along the
M-theory circle, we land up at the type IIA metric and
then compactifying again along the periodic temporal cir-
cle (with the radius given by the reciprocal of the temper-
ature), one obtains QCD; corresponding to the three non-
compact directions of the black M3-brane world volume.
The Type IIB background of [27], in principle, involves M4 x
RWDC(=Resolved Warped Deformed Conifold); asymptot-
ically the same becomes AdSs x T!!. To determine the
gauge-theory fields that would couple to appropriate super-
gravity fields a la gauge-gravity duality, ideally one should
work the same out for the M4 x RWDC background (which
would also involve solving for the Laplace equation for the
internal RWDC). We do not attempt to do the same here.
Motivated, however, by, e.g.,

(a) asymptotically the type IIB background of [27] and its
delocalized type IIA mirror of [28] consist of Ad S5
and

(b) terms of the type Tr(F2(AB)Y), (F*(AB)*) where F? =
Fyuw FY, F* = Fl? RS FLRL - th(Fu/szul;l)z’
A, B being the bifundamental fields that appear in the
gauge-theory superpotential corresponding to AdSs5 x
T'1in [29], form part of the gauge-theory operators cor-
responding to the solution to the Laplace equation on
711 [30] (the operator TrF?, which shares the quantum
numbers of the 07 glueball, couples to the dilaton and
TrF* which also shares the quantum numbers of the 07+
glueball couples to trace of metric fluctuations and the
four-form potential, both in the internal angular direc-
tions),

we calculate in this paper:

e type IIB dilaton fluctuations, which we refer to as 07"
glueball

e type IIB complexified two-form fluctuations that couple
to d“bcTr(F[jp Ff P F¢*), which we refer to as 0=~ glue-
ball

@ Springer
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e type IIA one-form fluctuations that couple to Tr(F A F),
which we refer to as 0~ glueball

e M-theory metric’s scalar fluctuations which we refer to
as another (lighter) 0™ glueball

e M-theory metric’s vector fluctuations which we refer to
as 17T glueball,
and

e M-theory metric’s tensor fluctuations which we refer to
as 27T glueball.

All holographic glueball spectra calculations done thus
far, have only considered a large 't Hooft coupling limit:
g%MN > 1, N > 1. However, holographic duals of ther-
mal QCD laboratories like SQGP also require a finite gauge
coupling [3]. This was addressed as part of the ‘MQGP limit’
in [28]. It is in this regard that results of this paper — which
discusses supergravity glueball spectra at finite string cou-
pling — are particularly significant. Also, the recent observa-
tion — see, e.g., [31] — that the non-perturbative properties of
quark—gluon plasma can be related to the change of proper-
ties of scalar and pseudoscalar glueballs, makes the study of
glueballs quite important.

The rest of the paper is organized as follows. In Sect. 2, via
five subsections, we summarize the top—down type IIB holo-
graphic dual of large- N thermal QCD of [27], its delocalized
SYZ type IIA mirror and its M-theory uplift of [25,28]. In
Sect. 3, we discuss a supergravity calculation of the spectrum
of 0" glueball at finite horizon radius ry, (Sect. 3.1) and set-
ting r, = 0 (Sect. 3.2). The r, # 0 computations are given in
Sect. 3.1, corresponding to use of WKB quantization condi-
tions using coordinate/field redefinitions of [32]. The rj, = 0
calculations are subdivided into Sect. 3.2.1 corresponding
to solving the 07" equation of motion up to LO in N and
imposing the Neumann/Dirichlet boundary condition at the
horizon, and Sect. 3.2.2 corresponding to WKB quantiza-
tion conditions inclusive of non-conformal/NLO-in-N cor-
rections using the redefinitions of [32]. Section 4 has to do
with the 0~ glueball spectrum. Further therein, Sects. 4.1.1
and 4.1.2, respectively, are on obtaining the r, # 0 spec-
trum and its r;, = 0 limit using Neumann/Dirichlet boundary
conditions on the solutions up to LO in N, respectively, at
the horizon and the IR cut-off. Then Sects. 4.1.3 and 4.1.4,
respectively, are on WKB quantization at finite and zero r,
up to LO in N, using the redefinitions of [32]. Section 5 is
on 0™~ glueball spectrum. Therein, Sects. 5.1 and 5.2 are on
getting the spectrum by imposing Neumann/Dirichlet bound-
ary condition on the solutions up to LO in N to the EOM,
respectively, at the horizon and the IR cut-off. Section 5.3
has to do with obtaining the spectrum using WKB quanti-
zation up to LO in N at r, # 0 using the redefinitions of
[32]; Sect. 5.4 has to do with a similar calculation in the
rp = 0 limit at LO in N in Sect. 5.4.1 and up to NLO in
N in Sect. 5.4.2. Section 6 has to do with M-theory calcu-
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lations of 0, 17+, 27 glueballs arising from appropriate
metric fluctuations. Section 6.1 is on such a 0" glueball
spectrum, whereas in Sect. 6.1.1 and Sect. 6.1.2 we obtain
the same with a finite horizon radius r; and an IR cut-off rg,
respectively, both by imposing Neumann/Dirichlet bound-
ary conditions (at the horizon/IR cut-off) and using WKB
quantization conditions and the redefinitions of [32]. Section
6.2 is on such a 2 glueball spectrum with a finite horizon
radius rj, in Sect. 6.2.1 and an IR cut-off g in Sect. 6.2.2. The
results are obtained by imposing Neumann/Dirichlet bound-
ary conditions at the horizon/IR cut-off and also via WKB
quantization conditions using redefinitions of [32] at LO in
N in Sect. 6.2.1 (r; # 0) and both at LO as well as up
to NLO in N in Sect. 6.2.1 (r;, = 0 limit). Section 6.3 is
on such a 17" glueball spectrum, where similar to the previ-
ous sections, we have imposed Neumann/Dirichlet boundary
conditions (at the horizon/IR cut-off) and used WKB quanti-
zation conditions and the redefinitions of [32]. The spectrum
corresponding to the finite horizon radius r;, at LO in N is
discussed in Sect. 6.3.1. On the other hand, the results cor-
responding to that with an IR cut-off ry both at LO and up
to NLO in N is given in Sect. 6.3.2. From the point of view
of comparing the string theory and the M-theory glueball
spectrum calculations, we obtain the 27+ glueball spectrum
arising from tensor mode of metric fluctuations in the type
IIB background of [27] in Sect. 7. Section 7.1 has to do with
a supergravity calculation (via Neumann/Dirichlet boundary
conditions at the horizon in Sect. 7.1.1 and WKB quantiza-
tion condition using redefinitions of [32] in Sect. 7.1.2), and
Sect. 7.2 has to do with zero-horizon radius limit calculation
(WKB quantization condition using redefinitions of [32] at
LOin N in Sect. 7.2.1 and up to NLO in N in Sect. 7.2.2).
Section 8 contains a summary and discussion of the results
obtained in this paper. There a Appendix A on the square
of different fluxes that appear in EOM relevant to spin-two
perturbations of the type IIB metric.

2 Background: a top—down type IIB holographic
large-N thermal QCD and its M-theory uplift in the
‘MQGP’ limit

In this section, via five subsections we will:

e provide a short review of the type IIB background of [27]
which is supposed to provide a UV complete holographic
dual of large- N thermal QCD, as well as their precursors
in Sect. 2.1,

e discuss the ‘MQGP’ limit of [28] and the motivation for
considering the same in Sect. 2.2,

e briefly review issues as discussed in [28] pertaining to
construction of delocalized S(trominger) Y (au) Z(aslow)
mirror and approximate supersymmetry, in Sect. 2.3,
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e briefly review the new results of [25,33] pertaining to
construction of explicit SU (3) and G structures, respec-
tively, of type IIB/IIA and M-theory uplift,

e briefly discuss the new Physics-related results of [25,33],
in Sect. 2.4.

2.1 Type IIB dual of large-N thermal QCD

In this subsection, we will discuss a UV complete holo-
graphic dual of large- N thermal QCD as given in Dasgupta—
Mia et al. [27]. As mentioned in Sect. 1, this was inspired
by the zero-temperature Klebanov—Witten model [29], the
non-conformal Klebanov—Tseytlin model [34], its IR com-
pletion as given in the Klebanov—Strassler model [35] and
Ouyang’s inclusion [36] of flavor in the same,! as well as the
non-zero temperature/non-extremal version of [37] (the solu-
tion, however, was not regular as the non-extremality/black-
hole function and the ten-dimensional warp factor vanished
simultaneously at the horizon radius) [38,39] (valid only at
high temperatures) of the Klebanov—Tseytlin model and [40]
(addressing the IR region), in the absence of flavors.

(a) Brane construction

In order to include fundamental quarks at non-zero tem-
perature in the context of type IIB string theory, to the
best of our knowledge, the following model proposed in
[27] is the closest to a UV complete holographic dual
of large-N thermal QCD. The KS model (after a dual-
ity cascade) and QCD have similar IR behavior: SU (M)
gauge group and IR confinement. However, they differ
drastically in the UV as the former yields a logarithmi-
cally divergent gauge coupling (in the UV) — Landau
pole. This necessitates modification of the UV sector of
the KS model apart from inclusion of non-extremality
factors. With this in mind and building up on all of the
above, the type IIB holographic dual of [27] was con-
structed. The setup of [27] is summarized below.

e From a gauge-theory perspective, the authors of [27]
considered N black D3-branes placed at the tip
of six-dimensional conifold, M DS5-branes wrap-
ping the vanishing two-cycle and M D5-branes dis-
tributed along the resolved two-cycle and placed
at the outer boundary of the IR-UV interpolating
region/inner boundary of the UV region.

e More specifically, the M D5 are distributed around
the antipodal point relative to the location of M D5
branes on the blown-up S2. If the D5/ D5 separation
is given by R ;)5 /D5 then this provides the boundary
common to the outer UV-IR interpolating region and

1 See [41] for earlier attempts at studying back-reacted D3/ D7 geom-
etry at zero temperature; we thank Zayas for bringing [40,41] to our
attention.

the inner UV region. The region r > R 5 /D5 is the
UV. In other words, the radial space, in [27] is divided
into the IR region, the IR-UV interpolating region
and the UV. To summarize thze above:
= ro/rn <1 < |[ouyang]3 (rn = 0)/Rps,p5(rn
# 0): the IR/IR-UV interpolating regions with
r ~ A:deep IR where the SU (M) gauge theory
confines ,
-r> |H0uyang|§(rh = O)/RDs/ﬁ(”h # 0): the
UV region.

e Ny D7-branes, via Ouyang embedding, are holo-
morphically embedded in the UV (asymptotically
AdSs x T'1), the IR-UV interpolating region and
dipping into the (confining) IR (up to a certain mini-
mum value of r corresponding to the lightest quark)
and Ny D7-branes present in the UV and the UV~
IR interpolating (not the confining IR). This is to
ensure turning off of three-form fluxes, constancy of
the axion—dilaton modulus and hence conformality
and absence of Landau poles in the UV region.

e The resultant ten-dimensional geometry hence
involves aresolved warped deformed conifold. Back-
reactions are included, e.g., in the ten-dimensional
warp factor. Of course, the gravity dual, as in
the Klebanov—Strassler construct, at the end of the
Seiberg-duality cascade will have no D3-branes and
the D5-branes are smeared/dissolved over the blown-
up S3 and thus replaced by fluxes in the IR region.

The delocalized S(trominger) Y(au) Z(aslow) type IIA
mirror of the aforementioned type IIB background of
[27] and its M-theory uplift had been obtained in
[25,28,33].

(b) Seiberg-duality cascade, IR confining SU (M) gauge the-
ory at finite temperature and No = Nt (r) + Megr (1)

1. IR Confinement after Seiberg Duality Cascade: Foot-
note numbered 3 shows that one effectively adds
on to the number of D3-branes in the UV and
hence, one has SU(N + M) x SU(N 4+ M) color
gauge group (implying an asymptotic AdSs) and
SU(Ny) x SU(Ny) flavor gauge group, in the UV:
r=Rps /D5 It is expected that there will be a par-
tial Higgsing of SU(N + M) x SU(N + M) to
SUN+M)xSU(N)atr = Rbs/ﬁ [42]. The two
gauge couplings, gsyv+m) and gsyn) flow loga-
rithmically and oppositely in the IR region:

1 1
472 ( 3 + ) e? ~ T
Esun+m)  8SUN)

472 ! — ! e? ~ ! B
2 2 2ol e
Esuwn+m)  8SUN) s

ey

@ Springer
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Had it not been for f ) B>, in the UV region, one
could have set géU(MH\,) = g%U(N) = g%,M ~ g =
constant (implying conformality) which is the reason
for inclusion of M D5-branes at the common bound-
ary of the UV-IR interpolating and the UV regions,
to annul this contribution. In fact, the running also
receives a contribution from the N s flavor D7-branes
which needs to be annulled via N ¢ D7-branes. The
gauge coupling g5y (v+m) flows towards strong cou-
pling and the SU (N) gauge coupling flows towards

weak coupling. Upon application of Seiberg duality,

Seib Dual
SUN+M)rong =25 SU(N—=(M—N f))weak

in the IR region; assuming after repeated Seiberg
dualities or duality cascade, N decreases to 0 and
there is a finite M, one will be left with SU (M) gauge
theory with N s flavors that confines in the IR region
— the finite temperature version of the same is what
was looked at by [27].

. Obtaining N, = 3, and color-flavor enhancement
of length scale in the IR region: So, in the IR
region, at the end of the duality cascade, what
gets identified with the number of colors N, is
M, which in the ‘MQGP limit’ to be discussed
below, can be tuned to equal 3. One can iden-
tify N, with Negr(r) + Megr(r), where Neg(r) =

f Base~ of Resolved Warped Deformed Conifold Fsand Mefy =
[ga F3 (the S° being dual to ey, A (sin0;d6; Adg; —
B1sin6, A d¢»), wherein By is an asymmetry fac-
tor defined in [27], and ey = dyy + cos6; d¢; +
cos 0y d¢y) where Fiz(= F3 — tH3) « M(r) =
ea(r_RDS/E)
1 —
1+ ps/D5)’

@ —R
ber Nef? of D3-branes varies between N > 1 in the
UV and 0 in the deep IR, and the effective number
Mg of D5-branes varies between O in the UV and M
in the deep IR (i.e., at the end of the duality cascade
in the IR region). Hence, the number of colors N,
varies between M in the deep IR and a large value
[even in the MQGP limit of (11) (for a large value of
N)] in the UV region. Hence, at very low energies,
the number of colors N, can be approximated by M,
which in the MQGP limit is taken to be finite and can
hence be taken to be equal to three. However, in this
discussion, the low energy or the IR region is relative
to the string scale. But these energies which are much
less than the string scale, can still be much larger than
T.. Therefore, for all practical purposes, as regard the
energy scales relevant to QCD, the number of colors
can be tuned to three.

In the IR region in the MQGP limit, with the inclu-
sion of terms higher order in g¢N¢ in the RR and
NS-NS three-form fluxes and the NLO terms in

o > 1 [43]. The effective num-

@ Springer

the angular part of the metric, there occurs an IR
color-flavor enhancement of the length scale as com-
pared to a Planckian length scale in KS for O(1) M,
thereby showing that quantum corrections will be
suppressed. Using [27]:

2n N

3g‘Neff
x(logr+ =S (logr)2 ,
2w

3gsNyM
Mesr(r) = M+ =51

T
+Y Y NFM” fun (),

m>1n>1

ACERVRD 3) SR N

m>1n>0

3gs M2
Mm=ﬂuﬁﬁ

logr

it was argued in [25] that the length scale of the OKS-
BH metric in the IR region will be given by

3
Lokssu ~ VMN} || Y3 NTM” fun(A)

m=>0n>0

1
i

1
X\ DD NEMP (M) | gl Ve

120 p=0

NS Ve )

m>0n>0

1
3

< | Y D NYMPg,(A)| Lks ,

>0 p=0

2:
A:log A< 3g§7}[\]f

3

which implies that in the IR region, relative to KS,
there is a color-flavor enhancement of the length scale
in the OKS-BH metric. Hence, in the IR region, even
for NI® = M = 3 and Ny = 2 (light flavors) upon
inclusion of n,m > 1 terms in My and NS in
(2), Loks-BH > Lks(~Lplanck) in the MQGP limit
involving g <1, implying that the stringy correc-
tions are suppressed and one can trust supergravity
calculations. As a reminder: one will generate higher
powers of M and N f in the double summation in Meft
in (2), e.g., from the terms higher order in ggNy in
the RR and NS-NS three-form fluxes that become
relevant for the aforementioned values of gy, N .

. Further, the global flavor group in the UV-IR inter-

polating and UV regions, due to presence of Ny D7
and Ny D7-branes, is SU(Ny) x SU(Ny), which is
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broken in the IR region to SU(Ny) as the IR case
has only Ny D7-branes.

Hence, the following features of the type IIB model of
[27] make it an ideal holographic dual of thermal QCD:

e the theory having quarks transforming in the fundamental
representation, is UV conformal and IR confining with
the required chiral symmetry breaking in the IR region
and restoration at high temperatures;

e the theory is UV complete with the gauge coupling
remaining finite in the UV (absence of Landau poles),

e the theory is not just defined for high temperatures but
for low and high temperatures;

e with the inclusion of a finite baryon chemical potential
(as will become evident in Sect. 3), the theory provides
a lattice-compatible QCD confinement—deconfinement
temperature 7, for the right number of light quark flavors
and masses, and is also thermodynamically stable; given
the IR proximity of the value of the lattice-compatible 7,
after the end of the Seiberg-duality cascade, the number
of quark flavors approximately equals M, which in the
‘MQGP’ limit of (11) can be tuned to equal 3;

e in the MQGP limit (11) which requires considering a
finite gauge coupling and hence string coupling, the the-
ory was shown in [28] to be holographically renormal-
izable from an M-theory perspective with the M-theory
uplift also being thermodynamically stable.

(d) Supergravity solution on resolved warped deformed
conifold

The working metric is given by
1
ds? = —(—gldt2 +dx? +dxs + dxz)
«/Z 1 2 3
+hlgy 'dr? + r*dM3]. “4)
The g; are black-hole functions in a modified OKS (Ouyang—
Klebanov—Strassler)-BH (Black—Hole) background and are

assumed to be g1 2(r, 61,62) = 1 — r’l + (’)(gY ) where 7y,

is the horizon, and the (61, 05) dependence come from the

O(S’sll\‘lffz
2

tions of O(gsll\;/l ) [42]. We assume the same to be true of the

‘black-hole functions’ g; 2. The compact five-dimensional
metric in (4) is given as

) corrections. The h; are expected to receive correc-

dM2 = hy(dy + cos 6 dpy + cos By den)?
+ 12(d67 +sin? 01 dp?) +ha(h3d63 + sin® 6, dp3)
+ hs cos ¥ (df;d6, — sin 61 sin 6rd¢pdgr)
+ hs sin ¥ (sin0; dO>d¢; + sin 6, dO1d¢y), 5

(deformation pammeter)2
3
P

r > < 1 for r >
(deformation parameter) %, i.e. in the UV/IR-UV interpolat-

a,hs ~

ing region. The h; appearing in internal metric as well as
M, Ny are not constant and up to linear order depend on
gs» M, N are given as follows:

1 gst 1 gst
h=-+0 ., hh=-+0 ,
=3 + ( N ) 2= ¢ + < N

2
a
r

M2
h3=1+(’)(& ) hs £0, L= (dngN)i. (6)

One sees from (5) and (6) that one has a non-extremal
resolved warped deformed conifold involving an S%-blowup
(ashg—hy = f—;), an §3 -blowup (as 5 # 0) and squashing of
an S? (as h3 is not strictly unity). The horizon (being at a finite
r = rp) is warped squashed S? x S3. In the deep IR, in prin-
ciple, one ends up with a warped squashed S2(a) x S3(€), €
being the deformation parameter. Assuming €3 > aand
given that a = O(%22), [42], in the IR and in the MQGP
limit, Negr(r € IR) = fwarped squashed S2(a)x S3(¢) Fs(r €
Ry« M= fS3(€) F3(r € IR); we have a confining SU (M)
gauge theory in the IR region.

The warp factor that includes the back-reaction in the IR

region is given as
3gsN ;ff 1
1 Z
2 ( 08T + 2)

L* 3g, M2
hz_[1+ 8s efflogr{1+
<s1n—s1n—>}:|, (7)

r4 2 N
where, in principle, Mefr/ N;ff are not necessarily the same

Mz)’

as M/Ny; we, however, will assume that, up to (’)("’“’N
they are. Proper UV behavior requires [42]

L4 i ,9 )
h:_[]+ZM:|’ larger;

ri
i=1

Neff

L* hij (12,6012, %) log' r
h=—7|1+ Z Py ’
i,j:(1,j)#(0,0)
small . (8)
In the IR region, up to O(gsNy) and setting hs = 0, the
three-forms are given in [27]:

385Ny logr | e
2

1
/\E(Sin 01 dO; A d¢y — By sinb, dOy A dgy)

(a) Fs = 2M A, (1 +

3g,MN; d 0
_MAz_r/\ew/\ cot = sin 0y dgn
4 r 2

0
— B> cot 51 sin 0 d¢1>

@ Springer
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3gsMN
MA3 sin @) sin 6,
8

6> 01
X | cot E dé; + B3 cot E do, | Adpy A doa,

9,
(b) Hy = 6g,AaM (1 + 28N e
TT
Ny 0 d
+ g;n log sin ?1 sin 5) Tr

1
/\—(sin 01 do; A doy

3¢2MN d 1
MA (_rAe¢__dg¢)
8 r 2

— By sin6, d6r A dg»)

6> 01
A | cot > d6, — Bs cot > do; ). )

The asymmetry factors in (9) are given by A; = 1 +
2 2

2 2 :
O(fz or ¢ lrogr or @ i(;gr) O(deformatlorrlzparameter )’ B;
2 2
1+0(* lrogr oré l‘gg’ or

As in the UV

(resolution parameter)2

fluxes for s % 0.

Further, to ensure UV conformality, it is important to
ensure that the axion—dilaton modulus approaches a constant
implying a vanishing beta function in the UV region. This
was discussed in detail in Appendix B of [25], wherein in
particular, assuming an F-theory uplift involving, locally, an
elliptically fibered K3, it was shown that UV conformality
and the Ouyang embedding are mutually consistent.

2 : 2
a“logr (deformation parameter)
5)+0( P )-
(deformation parameter)2

3 <

, we will assume the same three-form

region,

2.2 The ‘MQGP limit’
In [28], we had considered the following two limits:
(1) weak(gy)coupling—large "t Hooft coupling limit:

M2
g < 1Ny < 1,8

L1, gM>1,g,N > 1

M~ (O()e) 7,
N~ OMe) ¥ ex1,d>0 (10)

effected by: g5 ~ ed,

(the limit in the first line though not its realization in the
second line, considered in [27]);

M2
(if) MQGP limit: £

< 1,g4N > 1, finite g3, M

effected by: g ~ €?, M ~ ((’)(1)5)*%,
N~ OM)e) ™ ¢<1,d>0. (11)
Let us enumerate the motivations for considering the

MQGP limit which was discussed in detail in [25]. There
are principally two.

@ Springer

1. Unlike the AdS/CFT limit wherein gy — 0, N — o0
such that g%MN is large, for strongly coupled thermal
systems like SQGP, what is relevant is gy ~ O(1) and
N, = 3. From the discussion in the previous paragraphs,
specially the one in point (c) of Sect. 2.1, one sees that
in the IR region after the Seiberg-duality cascade, effec-
tively N, = M, which in the MQGP limit of (11) can be
tuned to 3. Further, in the same limit, the string coupling
gs < 1. The finiteness of the string coupling necessitates
addressing the same from an M-theory perspective. This
is the reason for coining the name: ‘MQGP limit’. In fact
this is the reason why one is required to first construct a
type ITA mirror, which was done in [28] & la delocalized
Strominger—Yau—Zaslow mirror symmetry, and then take
its M-theory uplift.

2. From the perspective of calculational simplification in
supergravity, the following are examples of the same and
constitute therefore the second set of reasons for looking
at the MQGP limit of (11):

e In the UV-IR interpolating region and the UV,

offx MQGP
(Megr, Negt, Nf ) ~ (M,N, Nf).
e Asymmetry factors A;, B; (in three-form fluxes)

MQGP
Q 1 in the UV-IR interpolating region and the

Uwv.
e Simplification of ten-dimensional warp factor and
non-extremality function in the MQGP limit.

With R ;s /D5 denoting the boundary common to the UV—

IR interpolating region and the UV region, I:"lm,,, Hyw =0
forr > Rps /D5 is required to ensure conformality in the UV
region. Near the ; = 6, = 0-branch, assuming 6; » — 0 as
€Y and r > Ryv — o0 as € <0 lim,_ o I:}mn =0
and lim,_ o Hjmn = 0 for all components except Hg,g,¢, »;

in the MQGP limit and near the 6; >, = m/0-branch,
3g2MNy
Hp,0,¢,, =0/ gsgﬂ ! 3 < 1. So,

Nyp=2,8,=0.6,M=(O(1)g,) *
the UV nature too is captured near 61 » = 0-branch in the
MQGP limit. This mimics addition of D5-branes in [27] to

ensure cancellation of F3.

2.3 Approximate supersymmetry, construction of the
delocalized SYZ IIA mirror and its M-theory uplift in
the MQGP limit

A central issue to [26,28] has been the implementation
of delocalized mirror symmetry via the Strominger—Yau—
Zaslow prescription according to which the mirror of a
Calabi—Yau can be constructed via three T-dualities along a
special Lagrangian 7 fibered over a large base in the Calabi—
Yau. This subsection is a quick review of precisely this.
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To implement the quantum mirror symmetry a la
Strominger—Yau—Zaslow [44], one needs a special
Lagrangian (sLag) T3 fibered over a large base (to nullify
contributions from open-string disc instantons with bound-
aries as non-contractible one-cycles in the sLag). Defining
delocalized T-duality coordinates, (¢1, ¢2, V) — (x,y,2)
valued in T3(x, v, z2) [28]:

x = Vo sin(@)(r)g1. y = Vhahi sin(62)(r)¢o.
2= Vi (rhivy, (12)

using the results of [45] it was shown in [26,33] that the
following conditions are satisfied:

i*”RC/DC ~0,

SIm D) |ge/pe 0. (13)

Ne(i ~ volume form (T3 (x,y,2),

*Q)|RC/DC

for the T2-invariant sLag of [45] for a deformed conifold.
Hence, if the resolved warped deformed conifold is predom-
inantly either resolved or deformed, the local T3 of (12) is
the required sLag to effect SYZ-mirror construction.

Interestingly, in the ‘delocalized limit’ [46] ¥ = (¥),
under the coordinate transformation:

sin 6, d¢n cos{yr)  sin(yr) sin 6>d¢,
a6, ) 7 \ Zsin(y) cos(v) a, )’

(14)
and ¥ — ¥ — cos(62)¢o + cos(ha)dy — tan(yr) In sin 6>, the
hs term becomes hs[d0;df, — sin0; sin dp1dga], ey —
ey, 1.e., one introduces an isometry along v in addition to the
isometries along ¢ 2. This clearly is not valid globally — the
deformed conifold does not possess a third global isometry.

To enable use of SYZ-mirror duality via three T-dualities,
one also needs to ensure a large base (implying large com-
plex structures of the aforementioned two two-tori) of the
T3(x, y, z) fibration. This is effected via [47]:

dyr — dyr + f1(01) cos 01dO| + f2(62) cos 6,dbs,
dg12 — do12 — f1,2(01,2)d01 2, (15)

for appropriately chosen large values of f] 2(6;2). The three-
form fluxes remain invariant. The fact that one can choose
such large values of f]2(6;12), was justified in [28]. The
guiding principle is that one requires the metric obtained
after SYZ-mirror transformation applied to the non-Kéahler
resolved warped deformed conifold is like a non-Kihler
warped resolved conifold at least locally. Then G1011A92 needs
to vanish [28]. This was explicitly shown in [25].

As in the Klebanov—Strassler construction, a single T-
duality along a direction orthogonal to the D3-brane world
volume, e.g., z of (12), yields D4 branes straddling a
pair of N §5-branes consisting of world-volume coordinates
(01, x) and (63, y). Further, T-dualizing along x and then

y would yield a Taub—NUT space from each of the two
N S5-branes [48]. The D7-branes yield D6-branes which
get uplifted to Kaluza—Klein monopoles in M-theory [49],
which too involve Taub—NUT spaces. Globally, probably the
11-dimensional uplift would involve a seven-fold one of the
G-structure, analogous to the uplift of D5-branes wrapping
a two-cycle in a resolved warped conifold [50].

2.4 G-structures

The mirror type IIA metric after performing three T-dualities,
first along x, then along y and finally along z, utilizing the
results of [46] was worked out in [28]. The type IIA metric
components were worked out in [28].

Now, any metric-compatible connection can be written in
terms of the Levi-Civita connection and the contorsion tensor
k. Metric compatibility requires k € A' ® A%, A" being the
space of n-forms. Alternatively, in d complex dimensions,
since A2 = so(d), « also can be thought of as A' ® so(d).
Given the existence of a G-structure, we can decompose
so(d) into a part in the Lie algebra g of G C SO(d) and
its orthogonal complement g = so(d)/g. The contorsion k
splits accordingly into ¥ = k% + «&, where «? — the intrin-
sic torsion — is the part in A! ® g*. One can decompose «°
into irreducible G representations providing a classification
of G-structures in terms of which representations appear in
the decomposition. Let us consider the decomposition of 7°
in the case of SU (3)-structure. The relevant representations
are Al ~3@3, g~ 8, gJ- ~ 1@ 3 ® 3. Thus the intrinsic
torsion, an element of Al @ su (3)J-, can be decomposed into
the following SU (3) representations:

Alesu@d)t=Ge3)e(1e363)
=(leh)oBa8)d6a6)dBa3)a3a3)
=W oW, e W@ Wy P Ws. (16)

The SU(3) structure torsion classes [51] can be defined

in terms of J, ©, dJ, dQ2 and the contraction operator

31 ART* @ A'T* — A"KT*, J being given by

J=¢! /\ez+e3 /\€4+65 /\66,

and the (3, 0)-form €2 being given by

Q=(e' +ie®) A @ +iet) A +ied).

The torsion classes are defined in the following way:

o Wi < [dJ]39, given by real numbers Wy = W, + W,
withdQyAJ = QiAdJ = WHIAJAT anddQ_AJT =
QAdS =W IAJTAJ;

o Wy o [dQ]JY: ()2 = WP I AJ + W, AJ and
dQOCD =W I AT+ W, A,

o W3 < [dJIT" is defined as W3 = dJED — [J A
Wa] @D

@ Springer
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o Wi JAAS: Wy =2%J.dJ;
o W5 < [dQIS"V: ws = 1, dQ, (the subscript 0

indicative of the primitivity of the respective forms).

In [26], we saw that the five SU (3) structure torsion classes,
in the MQGP limit, satisfied (schematically)

T.SI'II?G) eWi oW, o W3 B Wy Ws

—3 i 2 1
~ N 7 —37 N —37 _ - _
«/gS_NGB(gS )ieT " @ /gsNe ' @ 3® 5
(17)
(r ~ e%), such that
2 — —
5WS3 =w; (18)

in the UV-IR interpolating region/UV, implying a Klebanov—

Strassler-like supersymmetry [52]. Locally around 67 ~

Ll, 0y ~ %, the type IIA torsion classes of the delo-
5 70

N3 N
calized SYZ type IIA mirror metric were shown in [25] to
be

TSz € Wa @ W3 @ Wi @ Ws
_1 3 _1 1 _1 3 _1 3
~y8s *NO@gy ‘N 0 @g *NOPg, *NI

fine tuning:y~0
—

=5

~yWo @ Wsd Ws ~ Wy @ Ws. (19)
Further,
Wy ~ ReWs (20)

indicative of supersymmetry after constructing the delocal-
ized SYZ-mirror.

Apart from quantifying the departure from SU (3) holon-
omy due to intrinsic contorsion supplied by the NS—-NS three-
form H, via the evaluation of the SU (3) structure torsion
classes, to the best of our knowledge for the first time in the
context of holographic thermal QCD at finite gauge coupling
in [25]:

(1) the existence of approximate supersymmetry of the
type IIB holographic dual of [27] in the MQGP limit
near the coordinate branch §; = 6, = 0 was demon-
strated, which apart from the existence of a special
Lagrangian three-cycle (as shown in [25,26]) is essen-
tial for construction of the local SYZ type IIA mirror;

(ii) it was demonstrated that the large- N suppression of the
deviation of the type IIB resolved warped deformed
conifold from being a complex manifold, is lost on
being duality-chased to type IIA — it was also shown
that one further fine tuning > = 0 in W2IlA can ensure
that the local type IIA mirror is complex;

(iii) for the local type IIA SU (3) mirror, the possibility of
a surviving approximate supersymmetry was demon-
strated, which is essential from the point of view of

@ Springer

the end result of the application of the SYZ-mirror pre-
scription.

We can get a one-form type IIA potential from the triple
T-dual (along x, y, z) of the type IIB Fj 35 in [28], using
which the following D = 11 metric was obtained in [28§]
(u ="ty

211A

ds? = e 5 [gudr® + ggs(dx® + dy* + dz?)

+ guudu® 4 dsii o (012, $1.2, V)]

1A

+e T (dayy + AT+ AT 4 AT5)?
= Black M3 — Brane

sM?log N
e <[%] (gsM)Nf) . Q1)

If V is a seven-dimensional real vector space, then a three-
form g is said to be positive if it lies in the GL(7, R) orbit
of @, where ¢ is a three-form on R” which is preserved by
the G2-subgroup of GL (7, R). The pair (¢, g) for a positive
three-form ¢ and the corresponding metric g constitute a G-
structure. The space of p-forms decomposes as the following
irreps of G [53]:

Al = AL

A’ = A2 AL,

A=A DA DAY,

At = AT AT @ AT,

A =A@ A,

AS = AS. (22)

The subscripts denote the dimension of the representation,
and components of the same representation/dimensionality
are isomorph. Let M be a 7-manifold with a G»-structure
(¢, g). Then the components of spaces of two-, three-, four-,
and five-forms are given in [53,54]. The metric g defines
a reduction of the frame bundle F to a principal SO (7)-
sub-bundle Q, that is, a sub-bundle of oriented orthonor-
mal frames. Now, g also defines a Levi-Civita connection
V on the tangent bundle 7’M, and hence on F. However,
the G»-invariant three-form ¢ reduces the orthonormal bun-
dle further to a principal G,-sub-bundle Q. The Levi-Civita
connection can be pulled back to Q. On Q, V can be uniquely
decomposed as

V=V+T (23)

where V is a G,-compatible canonical connection on P,
taking values in the sub-algebra g, C so(7), while 7 is
a one-form taking values in gzl C s0(7); 7 is known as
the intrinsic torsion of the G;-structure — the obstruction to
the Levi-Civita connection being G,-compatible. Now so(7)
splits under G, as
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s0(7) = A’V = A2@ A3, (24)

ButA%4 = go, so the orthogonal complement gj- = A% =V.
Hence 7 can be represented by a tensor 7,; which lies in
W = V ® V. Now, since ¢ is Gp-invariant, it is @-parallel.
So, the torsion is determined by V¢ from Lemma 2.24 of
[55]:

VoeAl@aszw. (25)
7 7

the same space as T4p and thus completely determines it.
Equation (25) is equivalent to

Vagsep = Ty Evepep (26)

where T4 p is the full torsion tensor. Equation (26) can be
inverted to yield

1
M= EZ(VA¢BCD>¢“4BCD. 27)

The tensor TAM , like the space W, possesses 49 components
and hence fully defines V. In general T4 p can be split into
torsion components as

T =Tg+T.0+ T4+ T2 (28)

where 77 is a function and gives the 1 component of 7. We
also have 77, which is a one-form and hence gives the 7 com-
ponent, and T4 € A%4 gives the 14 component. Further, 757
is traceless symmetric and gives the 27 component. Writing
T; as W;, we can split W as

W=W oW e W, W. (29)

From [56], we see that a G, structure can be defined as

1 ABC _ —¢"™ abe , —2° x10
9o =3 apce””" =T fapee™" F e TS AT,

(30)

where A,B,C = 1,...,6,10;a,b,¢c,= 1,...,6 and
fapc are the structure constants of the imaginary octonions.
Using the same, the G;-structure torsion classes were worked
out around 61 ~ Ll 6r ~ % in [25] to be found to be
N3 NT0
1 1

1 @ 1°
(gsN)+  (gsN)*
Hence, the approach of the seven-fold, locally, to having a
G, holonomy (WIG2 = W2G2 = W3G2 = W4G2 = 0)is
accelerated in the MQGP limit.

As stated earlier, the global uplift to M-theory of the type
IIB background of [27] is expected to involve a seven-fold
of the G, structure (not a G-holonomy due to the non-zero
Gy). It is hence extremely important to be able to see this,
at least locally. It is in this sense that the results of [28] are
of great significance; as one explicitly sees, for the first time,
in the context of holographic thermal QCD at finite gauge

Tg, € Wyt @ W37 ~

€1y

coupling, though locally, the aforementioned G, structure
has been worked out in terms of the non-trivial G;-structure
torsion classes.

3 0++0**. Glueball spectrum from type IIB
supergravity background

In this section we discuss the 0 glueball spectrum by
solving the dilaton wave equation in the type IIB back-
ground discussed in Sect. 2. The type IIB metric as given
in Eq. (4) with the warp factor / given in (7) can be sim-
plified by working around a particular value of 6; and 6;:
{61 = # 0, = ﬁ}, then keeping terms up to NLO in
N inthe large N limit. The simplified type IIB metric is given
as

ds? = g, dr* 4 gopx, (dx? + dxd + dx3)

+ grrdr? + Vhr2d M2, (32)
with the components g, &x,x; (= &wxy = 8xyx3)s &r aS
given now:

2 i
r<(1 — B(r)) r—ﬁ—l
81t =
27N /2
r2(1 — B(r))
8 = —F
e 2 /7N . /g5
2 /AN N@E? —3a?)(B(r) + 1) /g5
8rr = 7 , (33)
r
r4 (1 — r—Z)
where B(r) =
3M2gslog(r)(12Nfg5-log(r)+6Nfgs+Nfgs(—log(N))—Zlog(4)Nfg.s+8n)
322N ’

and a being the resolution parameter is proportional to the
horizon radius rj,. Hence while computing the spectrum with
a cut-off in the radial direction and no horizon, we must put
both r;, and a to zero in the above equation.

Moreover, the dilaton profiles with/without the black-hole
are given below as

1 N
@ry, #0: S s log(r6 + a2r4)
g 8

s

Ny .01 . 6
_Zlog<sm3sm3 s r<RD5/ﬁ,

e " =—, r>Rpsps
8s
1 3N
) =0:e®=——"Liogp
gs 4
Nf1 .0 . O %
—g og SIHESIH? , r< |/L0uyang|’ B
o _ 1 3
e =— > |/¢LOuyang" . (34
8s
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Again working around the particular choices of 81 and 6
the above profile can be simplified up to NLO in N. The
dilaton equation that has to be solved is given as

du(e72* /28" dug) = 0. (35)

To solve the above dilaton equation we assume ¢ in (35)
to be of the form ¢ = eik'x<]3(r). Now, with this, we adopt the
WKB method to get to the final result. The first step towards
the WKB method is to convert the glueball equation of motion
into a Schrodinger-like equation. Then the WKB quantiza-
tion condition can be applied on the potential term obtained
from the Schrodinger-like equation. For the (071) glueball
spectrum with no horizon (r, = 0), one of the solutions was
obtained by imposing the Neumann boundary condition at
the cut-off.

3.1 rp # 0 using WKB quantization method

In the following we discuss the spectrum of the 0 glueball
in the type IIB background with a black hole, implying a hori-
zon of radius 7y, in the geometry. The results corresponding
to the coordinate and field redefinitions of [32] are discussed
below.

Using the redefinitions of [32] with r = /y,rn = /yn
and finally y = y;, (1 + €), the 0t EOM (35), with k* =

—m?, can be written as

3.(E.0,$) + yj Fm*p = 0, (36)

where at leading order in N, E, and F are given with L =
(471gsN)l/4 as

E. = (€% +2)y7 (87 + gs Ny log 256

1

12872L5g2

+2Nygslog N —3gsNylog[(e* + D)yn])

x [2(3a*{4m + gsNf(log 16 — 6)}

+ (e* + Dyn{87m + g Ny log256})

+2g;Nylog N{3a® +2(e° + 1)y}

—3g,Ns{3a® +2(c* + Dyn}logl(e®* + Dysll. (37)
1

12872g2Lyp (e + 1)

e“(4m + gsNylog 16

3
+gsNylogN — Egst log[(e* + 1)yx])
x [(e* + 1)yn (8w +2g;Nylog N + gsNrlog256

—3gsNylog[(e® + Dynl)
—3a*(4m + 6g;Ny + g;Nylog N

3
+gsNylog16 — Egst log[(e® + Dy D] (38)

@ Springer

Now, redefining the wave function q~5 as ¥(z) = «/EZd;(z)
Eq. (36) reduces to a Schrodinger-like equation

2
(d—2 + v@) (@) =0 (30)
dy

where the potential V (z) has a rather cumbersome expres-
sion, which we will not explicitly write out. The WKB
quantization condition becomes fzzlz VV@ = (n+ 3
where zj are the turning points of V(z). We will work
below with a dimensionless glueball mass m assumed to
be large and defined via m = nﬁ% To determine the turn-
ing points of the potential V (z), we consider two limits of
the same — r € [y, «/§a(rh) ~ \/§brh] U [\/gbrh, 0) =
(IR, IR/UV interpolating + UV). In the IR region, we have
to take the limit z — —oo. Now in the large-m and large-
log N limit this potential at small z can be shown to be given
as:

1
V(z <0) = g(1 —3b%)evm?

+0|(e* 12 ! <0 (40)
"\m) ’logN

Hence, there are no turning points in the IR region.
Now, in the UV region, apart from taking the large-z limit
we also have to take Ny = M = 0, to get

3% + D(yp® +3)

Ve>»1)=- dypel
30% + ywii +6 J;i:’;z O Lo, @
The turning points of (41) are z; = %(3192 -
\/9194 — 6b2(Typi2 + 18) + yprin* — 36y — 1084y, 7>
+ 0), ) = 16+

\/9194 — 6b2(Typi? + 18) + yiit — 36y — 108 +
yi? + 6), which in the large 7 limit is given as {z; =

=2 2
(34307 + O, 22 = I — 222 1+ O()).
To obtain a real spectrum, one first notes

\/V(z > 1,Ny =M =0;b=0.6)

1
=0.25¢% — 1.02e 2% + O (egz, —) (42)

m2

and



Eur. Phys. J. C (2017) 77:381

Page 13 of 34 381

/ VV()dz =

J/e=22(0.25¢ — 1.0023) (0.124856eZ tan~! (%) — 1.4/025¢% — 1.0023)
J/0.25¢7 — 1.0023 '

~ _ lz_
| Ve 025 — 10y (0.123768eZ tan~! (%) —1./02565 = 1.02)

= (43)
£/0.25¢7 — 1.02
Therefore The potential V (z), in the large- N large-log N limit is given
/-0.25rh2—2.31 1 as
VV(z)=039m -2 = (n + —) 7, (44) 2 6
2 V(z) =4ngim°N + ———
4.08 (2) = dmgm™N + wz2log(N)
yielding 15 1 M?
" 32+ (G 55 )
0" _ 9,18 + 8.08n. (45) ‘ o

3.2 Glueball mass for r;, = 0 and an IR cut-off ry

In this background the type IIB metric and the dilaton profile
has to be modified by the limitr;, — 0and hence witha — 0.
This time also we have provided two solutions to the dilaton
equation. The first solution was obtained by first following
the redefinition of the variables in [64] and then imposing a
Neumann boundary condition at the radial cut-off. For the
other solution we again consider the WKB method after a
redefinition of variables as given in [32].

3.2.1 Neumann boundary condition at ry

Following [64], we redefine the radial coordinate as z = %
With this change of variable, the radial cut-off now maps to
7 = 70, with z9 = rl The dilaton equation using the metric
and the dilaton background in the limit (rj;, a) — 0 is given

as

(4g;Nm)(B(z) + 1)
(1 - B(2)

Vo (e Va,.p) + ( ) (m*p =0,
(46)

where up to NLO in N we have

v 8 x 21/4g;3/8n13/8N5/8Z3/2

Hence, the Schrodinger equation becomes

V() + ¥ (2) [ 4mgm®N + _ 6 15 _ 0
& wz2log(N) 4z2) 7
(50)
whose solution is given as follows:

v(z) = clﬁjﬁw(%/g_ym«/ﬁﬁz)
k4 og(N

+02ﬁY@\/h£§T(2\/g_sm«/ﬁﬁz). (51)

Finiteness of {(z) at z = 0 requires setting co = 0. Then
imposing the Neumann boundary condition on ¢ (z) atz = zo
implies

1
(—2mgNylog (&) + 38Ny log(zo) + 4( g, Ny log(4) + 1))’

1
X 4%ﬂ13/8gsl3/8N5/820 [3 <—27rgSNf log (ﬁ)

¢ (z0) =

+3g, Ny log(z0) — 2gs Ny + 4mgs N log(d) + 4n>

xJ (2/gsmv/'Ny/7zo) + (— 27 g Ny log <l)

~ wlog(N) N
+3gs Ny log(z0) + 4(m gy Ny log(4) + )

X (2ﬁ\/g7mx/ﬁzol\/4_j_l (Z@m\/ﬁﬁzo)

7Tog(N)

- 4(m log(4)Nysgs +m) +2n Nygglog(N) + 3N g, log(z)

15M253 267 P log(2) (— 12N g5 log(2) + 6N g5 + Ny gs (—log(N)) — log(16)N g, + 87) “n
8 23/473/8N3/8(3N g5 log(z) + 2 N gy 1og(N) + 4(rw log(4)N g5 + 7)) '
Now tc? conv?rt the abov.e equation in a one—diTnensional —2y7/gsmV/NzoJ e H(L/z;?mﬁﬁzo)
Schrijdmger—hke~ form we introduce a new field variable ¥ (z) e
by ¥(2) = e V(). T+ m(z@mmﬁz@)“ —o, (52)

With this one can write the equation in the following
Schrodinger-like form:

%Y (2)
972

=V(@v(2). (48)

implying in the large-N large-z (as the Neumann boundary
condition will be implemented in the IR region) limit:
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1

1
—x0J Xx0) — =xoJ X
70 /74—,”02%—1( 0) 70 /74—,,102%“( 0)
+2J xp) =0, 53
e 00 (53)

where xo = 2./gsNmmzg. The graphical solution points
out that the ground state has a zero mass and the lightest
(first excited state) glueball mass is approximately given by

3.7178 (Fig. 1).

3.2.2 WKB method: including the non-conformal/NLO (in
N ) corrections

Again following the redefinition of variables as given in [32]:
r =Y,y = yo(l + ¢€*), where ro = ,/yo is the radial
cut-off, and using the type IIB metric as well as the dilaton
profile in the limit (v, a) — 0, the dilaton equation (35) can
be written as

1 3€2ng210g NM2n~12Nf log(yo)

+gs Ny log N}log[(e® + 1)yo]

—90M?g>N s logl(e* + 1)yol?) (55)
1

32768+/2 1 7/4N5/4g)/

+4g,Nylog4 —3g;Nloglyo(e* + D)

x (1287°N + 3g,M*{—87 + g;N;(log 16 — 6)

+gsNylog N}log[(e* + 1)yo]

— 18M°g] Ny logl(e® + Dyol). (56)

e“(8m +2g;NyrlogN

Defining a new variable v (z) such that ¢ (z) = VC0(2),
the above equation can be converted into a Schrodinger-like
equation,

d2
<d_y2 + V(Z)) Y(z) =0, (57)

where the potential is given up to NLO in N as

V) = — —
@ ==y 12872N
N e (2(g; Ny (log N (m? — 3) + m? log(16) + 12 — 6log(4)) + 4x (m? — 3)) — 3g,(* — 3)N s log(yo))
4(2gsNy(log N +1log(16)) — 3g;N ¢ log(yo) + 87)
1

+0 (W) | (58)

B ~ The domain of integration over which V(z) > 0 can be
3.(C9.9) + y; Dem*p =0, (54) 38,2 MN  log(N) log(30)

where C, and D, are given up to NLO in N by
1

3276842 w21/AN9/4g 13

X ¥ (87 +2gsNylog N + 4g; Ny log 4

—3g;Nyloglyo(e* + D) (1287*N

+ 15g,M?{—87 + g;Ny(log 16 — 6)

C, = e el + 1)°

b

Fig. 1 QT+ FHes T+ Masses obtained by graphical solution of the
Neumann boundary condition in the r;, = 0 limit

@ Springer

shown to be {log ( AN + 1), log(8? — D},

where /L% = §,/¥0. Note that the IR cut-off o or yg is not
put in by hand but is proportional to the Ouyang embedding
parameter (corresponding to the embedding of the flavor D7-
branes) raised to the two-third power. The proportionality
constant § could be determined, as discussed in point number
5 in Sect. 8, by matching with lattice calculations and turns
out to be O(1).

Expanding +/V first in N and then in 72 and then integrat-
ing over the above mentioned domain, one gets the following
quantization condition:

log(8%2—1)
VVi(z
/Z‘=10g(3M2gS2NflogNlogy()+1> @)

642N m
1 3M?g;>N log N 1
= 5%~ ( 8s 64;(2);‘;\] 98X | 1) ~075
1 1 1
+O<W?ﬁ>=(n+§)”’ (59)

yielding

2 2N,
it (6.28319n 4 4.64159)(1 — LT s log NMEN losho) y
m =

" 82 —1

(60)
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4 Scalar glueball (0~+®***-)) masses

As Tr(FF) has P = —, C = + and it couples to A in the
Wess—Zumino term for the type IIA D4—brane: f Sa AN
F A F, one considers A;’s EOM: ’

mQ@Mgﬁﬁﬂ%Am>=a (61)

T'n

32Bgm?* N 5r
=cqU|——F———,1,— =5
6192 (r) Cl ( 5rh2 rh )
5r
teaalppgmey | ——5)- (65)
Srhz Th

Imposing the Neumann boundary condition, aéz r=ry =
0, utilizing

17 <l B 32Brgsm®*N _ 5r

s Ly T T 5) = —
5lral? rh 32837 gm2N(r — r)T (_ 32/3gsm2N7r>

¢<0>(1—%)+10g<§—;— >+2y—1

32/38A;m2N71
e

+

Srp2

+

(r = )62 = PPgm?N) (29 © (2 - Foami

Srp?

>+210g(r —rh)+210g(%> +4y —5)

+O(r —rm)?),

3 _ 3%23gim?’Nx
4ry, F( ST

(66)

where @, v,... = a(= 0,1,2,3),r,a(= 5,...,9). Like
[57], assume A, = SZzagz (r)eik"‘, k% = —m? as the fluctu-
ation about the type ITA A that was worked out in [28]. The
0~ EOM then reduces to

0202 rr 1 02 rr /
g1 g1\ 81 dg, (1) + 8, < g"A g 8HA> ag, (r)

+vVhm? [ ¢"A g2 ap, (r) = 0. (62)

4.1 Neumann/Dirichlet boundary conditions
4.1.1rp, #0

Then taking the large-N limit followed by a small-6; small-6,
limit one can show that the equation of motion (62) yields

8 (r* —rpag (r) 32wt = 2r,Y)ag, (r)

+
V3 J3r
— 323372 gsm? Nag, (r) = 0. (63)

Working near r = rp,, approximating (64) by

3273 (r — ru)ag,” (r)

V3
160 r,2(r — ) 3273 ,
- ag, (l’)
NG NG
- 32x6/§n2g5m2Na92(r) =0, (64)

whose solution is given as follows:

rp =TL/4wggN —up to LO in N —requires ¢; = 0 and

32/3,,2 )
— =n,

2072
implying

0+ 2\/§ﬁT

One can show that imposing the Dirichlet boundary condition
ag, (r = rp) = 0 yields the same spectrum as (68). If the
temperature 7 gets identified with a of [57], then the ground
state, unlike [57], is massless; the excited states for lower n
are closer to a = 0 and the higher excited states are closer to
a — oo in [57].

4.1.2 ry = 0 Limit of (63)

The r;, = 0 limit of (63) gives
V3rtag," (r) — 4v3r3ag, (r) + 3V/3m%rkag, (r) = 0, (69)

which near r = rq yields

5 m2 9 3r 9
~\5/4
() = (r = 3™ <CIU<Z_M’Z%_Z)
B 3r 9
4 — — —
+C2L%(32/37h2_15) (I’IN’L 4>> . (70)

Imposing the Neumann boundary condition on (70) yields
m® (= 0) =0,

—+k ro
m® (= 0) & 345,

— sk ro
m® (= 0) ~ 435 3. (71)
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One can similarly show that imposing the Dirichlet boundary
condition on (70) for ¢ = 0 yields

m®" (rh —0)=0,

= 0) &~ 3. O6L2,

—tskex
m® (= 0) & 4.81ﬁ. (72)

4.1.3 WKB Quantization for rp # 0

The potential corresponding to the Schrodinger-like equation

- ST

ala [32], substituting m = m¥5 T

is given by

_ eS(4 37 m?(3e7 + e 42) — 64e° — 108e*

—25¢3 4 96)
16(e? + 1)2(e? 4 2)2 ’

(73)

Therefore, in the IR region:

3 -
V(z <0) = <‘E32/3’"2 —

%) eZz
lLop-2, 3\ ¢ -3z
+ §3 m ~|—§ e+ 0™ ), (74)

. . . . 2/3 52
the turning points being given by —oo and log (%22;3’%)

~ —0.405. But only z € (—o0, —2.526] corresponds to the
IR region in our calculations. So,

1
V = 0.283m = (n + 5) 7, (75)

/_:‘526 f

from which one obtains
0 — 5.56(1 +2n) -2
m, (T,IR) =5.56(1+ n)ﬁ. (76)

Similarly, in the UV region
2/3 52 21
VUV, T) = 3 + — g )e

9 3.03-2) .2 25 _3;
+(16 43 m-)e 16+(9(e ),
(77)

whose turning points are log(55(2 3*%m* +
V6y/23im* — 36 3232 + 111+21)) = log(3+0(5)).
log (0.33/* — 1.32+ O(5)). Now /V(UV, T) = 3/3iin

e /et =3 + O(%) Therefore,

log(0.33m2—1.32)
/ VvVUV, T) =
1

0.654m — 2.5
og3
41 (78)
= — | T
n 2 s
from which one obtains
m2_+ (UV,T) = (6.225 + 4.804n)n T. (79)
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4.1.4 WKB quantization at r, = 0

The ‘potential’ is given by

VO, rm=0)

4321372627 4 L EHD T 412)

©+2)? —2(e% + 1)(14¢% + 25¢% +4)

16(c% + 1)3
gsM?
+o( . ) (80)

Therefore, in the IR region

2
I 3 9 33

o 7 n~12> 621+O(63Z)’

(81)

and in the IR region, the domain of integration becomes

llog (%), log(6* — D) f“’gf “; VIR 7 =0) =

33m

SO0 11126, yielding
o+ o (3.72+4.36n) 70
Also, in the UV region
3 103
VUV, =0) = <——32/3ﬂz2 — E) e %
21 25
32/3 ~2 -z _ =, 83
( t3)e T (83)
whose turning points are %(232/ S o+
V12334 — 21632302 — 2134421) = (3+0(), £33
432/35 3
w2 —3) yielding [Z° " E JVOV. 5 =0) = T =
) 436
(n + %)rr, from which one obtains
0" UV, 1y = 0) = 4.804 1) o 84
m,; (UV,r, =0) =4. n+§ 17 (84)

5 Glueball (0~ ®***-)) masses

5.1 rp # 0 and Neumann/Dirichlet boundary conditions at
r=ry

Given the Wess—Zumino term A””d“bCTr(F;jp Ff PFS™)
and the two-form potential A, being dual to a pseudoscalar,
for r;, # 0, corresponding to QCD3, one writes down the
EOM for the fluctuation §A23. The By, Cyyn EOMs are

2
DMHyyp = SFNPQRSFQRS,

2
DMFynp = _§FNPQRSHQRS, (85)
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or defining Ay y = Byn +iCyy, (85) can be rewritten as

[Q ARST.

” 2i
DV oy Anp) = —gFNPQRsa (86)

Now, Apry — ASpy+8Auy with8AMN = sM 5N 5453, the
EOM satisfied by 8453(x%123, 1) = [ L ek g0 G(r)

(27)

reduces to
Iu (V=88 87" 0,6 A23) = 0.
M2 log ra)rn [33,42] for

: gSMz &s
Assuming a = (o + B~ + y &5
(@, B,y) = (0.6,4,4) [33] and k* = (w,k;,0,0) : k> =
—m?, and defining G(r) = g20G (r) the EOM for G (r) is

87)

implying
/
G'(r) = (Q(r))
822
_ 1
r —2ay+b1++/b1>—4by
24/b12—4b;
oo
X Y an(N, M, Ny, g5, ri)(r — ri)". 92)
n=—1
Assuming ¢ = 0, the Neumann boundary condition at

r = ry can be satisfied by setting the argument of the

gamma function to a negative integer n. It runs out set-

3gsM?*(gsN¢(log N — 6 + log(16)) — 24g,N r log(r) — 87
G+ G 8sM~(gsNys(log gz( ) gs Ny log(r) )
64r>Nr
75.r% (4.9, M> log(ry) + 4.¢,M> +0.6N)> 5r% —r,
NZ2p3 rS—rr

gsm*G(r) (3rh2<4.gxM2 log(rp) +4.gsM* + 0.6N)* r2>

B Arr2(rt — rp?) N2
x[36g,>M*N s log”(r) — 3g,M* log(r)

x(gsN¢(log N — 6 +log(16)) — 87) + 167*N] = 0.

(88)

The EOM (88) near r = rj, can be approximated by

Q”(V) + (bl + —1 ) Q/(r) +G(r) <—a2 + b2) =0,
r—ry r—rp
(89)

where

—2ay+bi++/b1>—4by

tin —n € Z~ U {0} produces
£ 2\/b12—4b2 { } P
a negligible ground state 0~ mass. Hence, we consider
_ b2— . . .
2t Vb =4 _ ¢ 7= U {0}, which gives a finite
24/b12—4b,

ground state mass. This condition up to LO in N yields

_ 8:M?(g;(0.005log N — 0.015)N s + (~0.114g,N s — 360.) log(ry) — 360.119)  24.5

by )
Nry I
0.02g,2m>M?(log(ry)(g5(0.24log N — 0.775)N s — 2279.99) — 2.88g, N7 log?(r) — 2273.96)  0.251gsm*N
a2 = 3 - 3 ’
n rn
by — 0.04g,>m>M? (log(ry)(gs N 7 (8.158 — 3.42log N) + 4065.38) + g,(0.12log N — 0.387) N/ + 41.04g,N s log?(rj,) + 3976.41)
2 = Vh4
7.163g;m>N
s R (90)
n

The solution to (89) is given by

G(r) = edr(=v/bi7=40-b1) U (_ 2ay — by —/bi* — 4by

2v/b2 — 4b,

x 1, \/blz — 4byr — \/b12 - 4b2rh)

2 2
+62L2a27 o ey, <r\/b1 —4b> 7}’/1\/171 74b2) ,
24/b12—4by

oD

T2 (1.5\/1A82719><1012T2T—21.66774><109m2 _ 675867) 4 265.1537’12

T+/1.82719 x 101272 — 1.66774 x 109m?
=-—neZ U{0},

93)
the solutions to which are given now:

mo-—- = 32.461T,
my__ = 32.88T,
mgt_ = 32.980T,
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mi*™ = 33.0337,
mg** = 33.055T. (94)
One can show that one obtains the same spectrum as in

(94) after imposing the Dirichlet boundary condition G (r =
rp) = 0.

5.2 r, = 0 Limit of (88)

We have

, 3gs M2 (gs Ny (log N—6-+log(16))—24g, N log(r)—8m)
G'(r)(
7N

m)’

822
setting ¢ = 0, defining m via m = nﬁ%, and using the
large-m limit of Hermite functions:

One can then work out G'(r = rg) = ( Now,

r=ro

" . L (011/31 - 2/32>
—a B1Patenfr2—(1 or2)p 3 +p T =L, 30
18182+ 1;313 17+ \/5,313/2
23
— H_ g (—snﬁz) (99)
5 \ 52
and

+320)

G(r)+ r

+gsm2(36g52M2Nf log?(r) — 3gsM?*log(r)(gs Ny (log N — 6 +log(16)) — 87) + 167> N)

4rrd

G(r) =0.
95)

The EOM (95) near r = rg — IR cut-off at r, = 0 — reduces
to

G"(r) + (a1 + B1(r —r0)G'(r)

+ (a2 + Ba(r —ro))G(r) =0 (96)
where
ngzlogzNMsz + 320
o) = 7N ,
647‘0
8 — 3g*M>Nys 5
b= 6472Nrg?  ro?’
drgsm®N  3g>m>M>N s log(ro)
o2 = & 4 :
ro dmro
3gs log Nm?>M?N ¢ (41og(rg) — 1)
B = S
47‘”‘0
16 N
L 97)
)
The solution to (96) is given by
—a r+@—ﬁ+ﬂ rr
G(ry=e " AT
Bi® — arfi? + a1 prfi — Bo*
x|ca1F 267 ;
1
L =B taipi - 2/32)2)
2’ 2813
+CIH—a1ﬁ1ﬁ2+a2ﬁ12—ﬁ13+/322
13
2
—rp) —2
" <a1,31 + B17(r — ro) ﬂz)] . (98)
V28172
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(100)

one can show that the Neumann (/Dirichlet: G (r = rg) = 0)
boundary condition at r = rq is equivalent to the condition

8
ﬁ(\/énaz\/m — 64im* — 6imm*) = im(2n + 1), (101)

yielding

md (ry = 0)

ot ~2(v/6,[x2(16n + 221 +7) + 6 +6) — 3220 + 1)
372 —32

X%. (102)

5.3 07~ Glueball spectrum from WKB method for rj, # 0

Using the variables of [32], the potential in the IR region is
given as

V(IR, T) = (6 — 0.01/m%)e* + (0.15m> — 16.1875)e**
+0@*), (103)

where in the ‘large’ m limit, V(IR,T) > 0 for (i)z :

z 2.31799x10%1 -3.86332x 10%8/@?  _ 1y
¢ > ST sonnass = 0067 + O(5) if

~ . 7z 2.31799x1031—-3.86332x10%8m2 __
m > 24.495and (i) 0 < e < & e 5701072 10952 =

0.067+O(=7) if 10.388 < /i < 24.495. One can show that
—2.526 log(0.067 .
log(0.067) ¥V VIR, T) = JREOD VAR T) ~ 0, imply-
ing there is no contribution to the WKB quantization condi-
tion in the IR region.
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Now, consider:

VUV, T) = (—1.02m* — 22.5)e %
+(0.25/m% +8.25)e ™ — 1 + O(e™%).
(104)

For /i > 4.29 the turning points of V (UV, T) are 0.125:> —
0.025+/25.m* + 18.m2 — 8775.+4.125 = 4.08+(9(n~+2) <
e® < 0.125m% 40.025v/25.m* + 18.m2 — 8775.4+4.125 =
0.25m% +4.17 + O(#) Hence,

/1og(o.25n~12+4.17)
1

JV UV, T)

/log(0‘25;ﬁ2+4‘17)
1

0g(4.08)

1
e °4/0.25e —1.02+ O (T)
0g(4.08) m

1 1
:O.389ﬁ1—2+(9(7)=<n+—)n.
m 2

Hence one obtains isospectrality with 0*; for large n, there
is also isospectrality with 2.

(105)

5.4 WKB method at r, =0

In this section we will discuss obtaining the spectrum atrj;, =
0 using WKB quantization condition at LO in N in Sect. 5.4.1
and up to NLO in N in Sect. 5.4.2.

54.1 LOin N

In the IR region, the WKB ‘potential’ can be shown to be
given by

1 1
Wmﬂh=®=—z+zk&ﬂﬁkk+0®%,(m®

with turning points: (log (mLO+(’)(#)) ~ —log(my), log (8
0
—1)). Further dropping O (mi) terms, f__lzo';zfo JVAR, r,=0)

3
0

= —(522‘ 1) i — 0.785 = (n + )7 yielding

mﬁaRm=m=%§@%%
In the UV region,
VUV, 7 = 0) = _i(,ﬁz 43
+ %(nﬁz +6)e T — 1, (108)

2

with turning points: (log (3 + (’)(%)),log (2= -3 +
0(-))). and VUV, 7 = 0) = & +/e? = 31t + O(%):

2

log (%7%) e ¢ - 1
/ —Vet—=3m=|n+ - |m, (109)
log3 2 2
implying:
m® (UV,r, = 0) = (7.87 + 6.93n)%. (110)

5.4.2 NLO (in N )/non-conformal corrections

Up to NLO in N, in the IR region, the potential ‘V (IR, r;, =
0)’ is given by:

VAR, r, =0) = {e**(—g,>M?> Ny (6log N

256m2N
— 72 4 log(16777216)) + 36g,> M?i* N ¢ log*(yo)
+ gsM? 1og(y0) x (gsN7(72 — m*(6log N — 36

+ log(16777216))) + 487im?) + 487 g, M

+ 6472 (% — 3)N)} — % + O™, (111)

The turning points of (111) up NLO in N are given by
|:10g (% [1 —

gsM%Tog(y0)(—gs N 7 (6log N=36Hog(16777216) H36gs N s log(yo H487) ])
12872N ?

log(8? — 1):|. After evaluation of the integral of

V' VAR, r, = 0) between the aforementioned turning points,
in the large-m limit, one obtains the following quantization
condition:

((52 -1 32— 1)gM?*(g;Ny)log N logro) 5
_ . 7

2 642N
LAY (R (112)
——=|n+=< )7,
4 2
which yields
. 6.28319n + 4.71239
m) (rp=0) = 5
82— 1
0.01g,2log NMZN ¢ 1
x<1+ gs 08 < / og(m)). (113)

6 Glueball masses from M-theory

The glueball spectrum for spin 07+, 17+ and 277 is calcu-
lated in this section from the M-theory perspective both by
considering r, # 0 and an IR radial cut-off (for r;, = 0)
in the background. The 11-dimensional M-theory action is
given as

@ Springer
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S d“ G R
M= 167r Xf
—ZJE/ d"xG4 A %11Ga, (114)
M
where G4 = dC3 + A AdBy + dxjg A dBy, and C;wlO

HA ~M 1A 1A
B, Cuvp = Cjup- Now, as shown in [28], no F'* (to

be obtained via a triple T-dual of type IIB Fj 35 Where

Fr ~ Fyyyjzs F3 ~ Fxyrjoy/6ys Fxar/o1/655 Fyzr/o, 6, and
Fs ~ Fyy.5p, where B; = r/0;) can be generated.2 Thus,

the four-form flux G4 = d(C10dx" /\d)c“/\dx1())+(Afl +
AP+ APYAHy = HyAdxig+AAHs, where Cpyio = By

/G4/\*11G4 =/(H3/\dX10+A/\H3)

A x11 (H3 Adxig + A A H3). (115)

Now, H3z Adxig A *11(H3 A A) = 0 as neither H3 nor A has
support along x10. Hence,
Hz A dxig A x11(H3 A dxqp)
= VGH,p10G*"*1 G G G M Hy sy dE A -
= VG Hyup1o(—G"1°G"" G G'M Hy 5,
10 102
+ GH«#IGV GﬂplG lep]M
— GHr GV G'OIOGIOMHMV]A]
+GHMGM GRG0 ], L dE A

dx10

dxi0,  (116)
where H 510 = Hy,p, and

(HANA)Ax11(HANA)
= ‘/EH[MUPA)\]GWLl G GM Hipyvi 00 A

- (HMZHSIMAMI

(117)
with Hipypops Ayl = Hugpops A

Hy g Apo + Hugpuy o Aps)-
It was shown in [28] that in the MQGP limit (11), in

Eq. (116), contribution of Hz A dx'!' A sj1(Hz A dx!l)
is always dominated by \/EHMWG’“’ GV GeeGlo IOH(,W
term and in Eq. (117), contribution of (H AA) Ax11(HAA) is
dominated by \/EHQI oy Ay GheGhrGYo GVP Hypp term.
Therefore, for simplicity in calculations, we assume that
leading contribution in Egs. (116) and (117) are governed
by aforementioned terms.

The relevant inverse components of the 11-dimensional
metric, in the MQGP limit (11), as worked out in [28] using
which the most dominant contribution near 6; > = 0 in the

2 Consider Ty followed by Ty followed by T, where T; means

T-dualizing along the ith direction. As an example, T, F, B,
non — dynamical zero — form field strength™ [58], 7,7, F! B,
Fy B, Fy B _ F 1A implying one can never generate Fy fia from

FlB

FIIB As also an example consider Ty P F\IllgA, TVFyI/IBA —
FgB T, FEB — F};A again not generating FHA Ty F:I‘Bﬁ] g

A 1A 1B
F\ B1 B> TVFWﬁ”87 — Fzﬁlﬁz TFﬂlﬁz — Fﬁ“32 thus one cannot

generate Fy N

@ Springer

Egs. (116) and (117), as shown in [28], are given by the
following analytical expressions:

H3 Adx!t A *11(H3 /\dx”) P

R e »
N5 N 10
9
_ V/3(—4a}, +27af)r N L 82t rN
= o .
201310132&4 7i Zﬁagzgs“ wir
(118)
and
(HANA)Ax11(HA A)|91~aill’92~aL§
N5 N 10
= F(ap,. gy a: gs. M. NN T, (119)

where F(ag,, ap,; a; g5, M, Ny) is a well-defined func-

tion of the parameters indicated. One hence notes that
4”& 27
limy, oo fo ™ [INHAA) Ax11(HAA) ~ AN, and
is UV-divergent. Also this yields a large cosmological con-
GirxGs — |HAAP _ N3 L o

VG VG AN 3
take care of both these issues, from the discussmn of holo-

graphic renormalizability of the D = 11 supergravity action
in [28], one sees that this term can be cancelled by a boundary
counter term: fr:rA VG|Gy42.

Now, using:

stant in the IR because:

IN17/20,.3
27 35/6%agla92gs35/12 ’

(120)

QINL gzwﬂ

N3 N 10

and (118), one sees that one obtains a large-N suppressed
cosmological constant from the second term in %,
which remains small V7 > rj,. To ensure one does not gener-
ate an N-enhanced cosmological constant from the first term

in (118), one imposes the condition: —40(52 + 270{3I =0,
3 3
. 310192
ie., ap, = —=*.
One hence obtains the following flux-generated cosmo-

logical constant (with a slight abuse of notation):

B § 4 4
G4 N %Gy . 31 Jag g5 (82r" — 1))
VG o~ o~ N3Zrré

N5 N 10
(121)

(©

Metric fluctuations: The background metric g,y ) i linearly

perturbed as g, = g,w + hy,y. With this perturbation the
equation of motion follows from the action (114) as

2
a _ —1 Gy

v 12 \/_ p,u ,
Now we assume the perturbation to have the following form:
hyy = e,w(r)eikxl . Clearly there is a S O(2) rotational sym-

(122)
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metry in the x, — x3 plane which allow us to classify different
perturbations into three categories, namely tensor, vector and
scalar type of metric perturbations.

The mass spectrum was obtained by (i) solving equation
(122) and applying Neumann/Diriclet boundary condition
near ry, /o, (ii) following the redefinition of variables in [32]
and then considering the WKB quantization condition.

6.1 0% Glueball spectrum

The 0™ glueball in M-theory corresponds to scalar metric
perturbations [59]:

hyt = gneiqxlm(f”),
hx1r = hr)q = lC] gX1X|equIq3(r)a

hyr = 8rr€ (123)

where g, gx,x; and g, are the metric components of the
M-theory and is given in Eq. (21).

6.1.1 M-theory background with r, # 0

Considering these components at leading order in N, and tak-
ing into account the above perturbation, we get the following
differential equation for g3 (r) with g2 = —m? from (122):

q3'(r)
127 gy Nr3(r* — %)
+ 1271gSN(9r4 —mh = 3r(r4 - rh4)2)
—3a’>(1672g>m> N?r? + 36w gy N (r* — ry*)

q3(r)
12w g Nrd(r* — rp?)
x {[r?(32m2g*m* N*r* + 12w g N(15r* + ry*)
— 3r(5r8 — 6r4rh4 + rhs)) — 36c12(47'[2g52mzN2r2
+rg N(r* + 1) + 717 — 1 H1) = 0.

([r*(167%g>m*N?r?

q3"(r) +

+3r* = HH +

(124)

(a) Spectrum from Neumann/Dirichlet Boundary Condition:
Equation (124), for a = 0.6r, near r = rj, (writing m =

i 75) simplifies to
2 — 0.00666667/m2)qs’
CBH(}’) + ( m)q3' (r)
r—rp
0.76 — 0.103333/m2
( mgs(r) _ 0. (125
rp(r —rp)

Lets write the above equation of the following form:

P N

r—ry

h'(r) + h'(r) +

h(r) =0, (126)

r—rp
where we have, 2 — 0.00666667m?),
5= (0.76—0.103333/2)

rn :

p =

The solution to (126) is given by

h(r) = c12r — 2rp)P(r — 1) ~P/?

X (=s(r — rh))%_lzllpq@\/W)

+(=D)"Per2r — 2r)P 2 (r — 1) P2

X (—=s(r — )2 1K 12y =s(r — ).

Setting ¢ = 0, one can verify that one satisfy the Neumann
boundary condition: 2’ (r = r) = 0 provided:

(127)

p=—-neZ U{0}, (128)
implying:
m = 12.25v2 + n. (129)

One can similarly show that by imposing the Dirichlet bound-
ary condition, h(r = rp) = 0,

m = 12.25v1+n. (130)

(b) Spectrum using the WKB method: Following the redefi-
nition of [32], Eq. (124) can be rewritten in a Schrodinger-
like form, where for a = 0.6r;, and setting g = 0.9, N ~
(g5)7° ~ 100 — in the MQGP limit of [28] — the ‘potential’
in the IR region can be shown to be given by

Vir(z) = e5(—0.00576389m* — 0.07083337% + 0.)
+0.00201389%7* + 0.00333333/7>

—0.25 4+ O@E%¥). (131)

The potential (131) is positive for z € (—o0, log(0.349)], but
to remain within the IR region, one truncates this domain to
7 € (—00, —2.526] and the same yields

—2.626
V ViR (z) = 0.08987° log(i) — 0.0439°

1 1
=n<n+§>:<n+5>n, (132)

o+ 1/70.0055n + 35.0027

—00

or

md " = ) (133)
VPL(26.3065n + 13.1533)
In the UV region, one can show that
—0.00694444/m* + 0.295Mm2 + 1.62
Vuv(z) = r
—0.0833333/m2 — 0.54
n " —025<0, (134

el

implying no turning points in the UV region.
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6.1.2 M-theory background with IR cut-off ro

In this case, Eq. (124) is modified only by the limit (r;, a) —
0. The equation in this limit is given as

4w gsm?N ré 9
" I
43 () +43(r) ( 3r3 4w g N + r
8w gsm*N 5r3 15
— — | =0. 135
+45(r) ( e Rl (135)

(a) Spectrum from Neumann/Dirichlet boundary condition:
Near the cut-off at r = rg, Eq. (135) is given by

Numerically/graphically we see that, for ¢y = —0.509¢;,
one gets ¢q3(r = ro,m ~ 4.1) = 0. We hence estimate the
ground state of 07 from metric fluctuations in M-theory to

be 4.1 %
(b) Spectrum using the WKB method: Defining m = nﬁ‘é—):()

and following [32], the potential term in the Schrodinger-like
equation from (135) is given as

1
230472g,2N2 (e + 1)*
x (12(0% + 12)e* + (m* + 12m° + 216)e*
+ 144¢7 4 36e* + 36) + 247 g Nyo*/2e

V(z) = (—1672g,2N?

4m* +108 (M +9)(r — ro)
q3 (r) + < T 2 ) q5(r) x (e + 12?4 9¢* +9) — 9yp e? (7 + 1)7).
. ()<8n”12+180 (32m2+360)(r—r0)> o (139)
r - =Y, . ..
e 12792 12r¢3 We hence see that in the large-N limit, V (z) < 0, and hence
(136) it has no turning points. The WKB method a la [32] does not
L k in thi .
whose solution is given by work i fhis case
_ 24245y 6.2 2+ Glueball spectrum
q3(r) =¢€ 3490 e H 2m6+71rh4+2-828:§12+2835
92 +9)
o .
3072 + 9)2r — 2% + 372 + 153)r To study the spectrum f’f a spin 2 . glueball, we consider
X NI the tensor type of metric perturbations where the non-zero
m “Iero . .
perturbations are given as
2m° + 71m* 4 828m* + 2835 1 .
+c1 by 1802 1+ 9)3 ' My = Ryyxy = 8xyxy H(r)e'™!
ik
(B2 + 9)%r — 22" + 37w + 153)rg)? hxyey = Msay = 8y H(r)e™, (140)
8 18(m? + 9)3rp? )j| ' where gy, is given in (21).
(137)
Thus,
~4 =2
1 2472 +45) 3\/ECIVOH_ 11ﬁ16+314rh42+30135ﬁ12+9396 (_%)
- _ T 302 ~6 ~4 ~2 _ 9(>+9)
q;(r =rg) = 3o’ e 309 ([2m” 4 71m™ + 828m~ + 2835] (72 + 9
2% + 202 + 63)rg | F 20+ 715! +828/°+2835 | (*+20im%+63)2
@ 011 18(m249)3 18(2+9)3
(m? +9)*
1 1842 +45) . m* 4+ 20> + 63
- m ro | ¢ 2671 . -
2 +9 0 1 _2m6+71;r£;;.i;rzl;;),3,,2+2835 3\/§(Vh2 + 9)3/2
2m® + Tlm* + 828m% + 2835 1 (m* + 20m? + 63)?
+o1k e m~+ me ;—;(m+~m+ ) . (138)
18(m2 + 9)3 2 18(im2 + 9)3
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6.2.1 M-theory background with rj, # 0

Considering the tensor modes of metric perturbations and
the M-theory metric components corrected up to NLO in N,
given in (21), we obtain a second order differential equation
in H(r) from (122),

f

written in terms of m = m<% = , can be shown to be

L
given by

Vir (z) = €7(0.52 — 0.01/22) 4 (0.15m% — 1.0275)e*

H'(r)+ H'(r) <

1
+ <4j'rr4(r4 —rh?)

gst 3

) e ). 144
+ ( v ° ) (144)

3a>  15g;M*(g;Nylog(N) — 24g;Nslog(r) — 6gsNs + g Nylog(16) — 8m)  5r —ry*

— + - : : +
6472Nr rS —rrpt
[871{3012 (—27'[gstzr2 —rt rh4) + 27tgst2r4 + 4r6} — ?)gszMzmzrz(r2 — 3a2)

x log(r){gs N s log(N) + gsNs(log(16) — 6) — 87} + 36g,° M2N ym?r*(r? — 3a*) 1og2(r)]) H(r) =0, (141)

where we assume k> = —m? with m being the mass of the
corresponding glueball.

(a) Spectrum from Neumann/Dirichlet boundary condition:
Near r = ry,, the solution to the above equation will be given
along the same lines as Sect. 5.1 for 07~ glueballs, and the

analog of (93) is

T2 (1.5 0.0536698TT270.00186263m2 —01 15834) + 0.00018196m2

T+/0.0536698T2 — 0.00186263m2

= —n, (142)
the solutions to which are given as
mo++ = 5.086T,
m3,, =5269T,
m3i, =5318T,
m37t = 5.338T,
m37 = 5.348T. (143)

One can impose Dirichlet boundary condition: H (r = rp) =
0, and one can show that

2++ (Dirichlet)

2+ + (Neumann)
m, m, .y s

forn=0,1,2,...

(b) Spectrum from WKB method: Using the variables of [32],
the potential term in the Schrodinger-like equation for 2+
glueball can be obtained from (141) and in the IR region,

Now, negative z implies being closer to the IR region and the
boundary would correspond to r < V3a = 0.6\/§rh, corre-
sponding to z = —2.53. It can be shown that for m > 7.211
V(z € [-2.71,-2.53]) > 0. Now [= 27 /Vir(@) ~ 0.
Hence, the IR region does not contribute to the 27+ glueball
spectrum.

In the UV region we must consider the limit (z — ©0).
Moreover, in the UV region Ny = M = 0. We have

1.02/2) + (0.25m> — 2.77)e ¢
3z)

whose turning points are {log (4.08 + (’)(#
the WKB quantization as

Vuv(z) = e %(6.56 —

1
—l—l.—l—(’)(T,e_ (145)
m

). oc}, giving

© 1
/ VVuv(z) =0.39m = <n + —> b4 (146)
log 4.08 2
implying
2++ 1\ rp
T)=28.08 147
(1) = (n + 2) 17" (147)

6.2.2 M-theory background with an IR cut-off ro

Considering the limit (r,, a — 0), Eq. (141) is given by

H"(r) + <5(3M2g‘v(_24Nfgs log(r) —

6472Nr

6Nfgs + Nyrgslog(N) +1log(16)Nrgs — 87) + 64712N)) ")

1

+ ——B6m*M*N gl log’(r) — 3m*M?g?log(r)(Nsgs log(N)
4t § §

+ (log(16) — 6)N gy — 87) + 16m(wm*Ngs + 2r)H(r) = 0.

(148)
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(a) Neumann/Dirichlet boundary condition at r = ro: Up to
LO in N near r = rg, the above equation is given by

H'(r) + (i _r—ro) _2r°)> H'(r)
ro ro

(149)

m2+8 A+ 4)(r —ro)
2 T 3 =0.

+H(r)<

o ro
The solution of (149) is given by

_4Gi% 44y
— 5
H(r)=e 0 | c1H 1 6m153m2+56)

y (2(4@2 —9rg + 25r>
54/ 10rg

+c 1 F 1(16~4 531> 56)-]~
11 250 m m "5

(25r + 2(4m* — 9)ro)?
25072 ’

(150)

The Neumann boundary condition H'(r = rg) = 0, numer-
ically shows that, for ¢; = —0.509¢5, the lightest 27+ glue-
ball has amass 1.137 % Similarly, by imposing the Dirichlet
boundary condition: H(r = ry) = 0, for ¢c; = —0.509¢3,
the lightest 2+ glueball has a mass 0.665 7%

(b) Spectrum using the WKB method: Following [32], the
‘potential’ term, in the IR region, up to leading order in N
=~ /Y0

. -
withm = m-% mr,

= is given as

1. 1
ViR (2) = Z(mz +5)e% — 2+ 0(e*), (151)
and Vir(z) > 0 for z € [log(+ + 25).log(6? — 1] ~

[— log i, log(8% — 1)]. Hence the WKB quantization condi-
tion gives

—2.526 1 1
/ \/_(,ﬁZ + 5)62z N —
—logi V4 4

ECEER 1Y 1
= 5 m—0.785+(9<%)—<n+§)n,

implying

m* (R, 7, =0) =m® (R, r;, =0).

In the UV region, we have

1
Vuv(z) = Z(ﬂﬂ —10)e?
—%(rﬁ2 —5)e ¥+ 1+ 0™

e |
- _e2 VeE =3+ O (e—3Z, T) (154)
m

and Vyy(z) > Oforz > log (& (—m>++/m* + 28m2 — 140
+10)) = log (3+O(5;))- Further, fio0 s VVov (@) = J2%.
implying

2t+

m2 T (UV) = (3.46 + 6.93)%. (155)

n

(¢c) NLO-in-N/non-conformal corrections using the WKB
method: The ‘potential’ inclusive of NLO-in-N terms, in the
IR region in the r;, = 0 limit, is given by

VIR, r, =0) = {e**(—60g > M* N/

51272N
x (log N — 12 + log(16)) + 72g,> M>mo* N 7 log*(y0)
+ gsM? 1og(yo) x (gsNf(mo*(—12log N + 72

+ 10g(4096) — 1510g(16)) + 720) + 967rm(>)

+ 4807 gs M? + 12872 (mo> + 5)N)}

1
-3
— 0@, (156)
4
whose  turning points are given by [log
1 gs M2 log(yp)(gs Nf(—lZlog N+72+10g(4096)—151og(16))+72gs Nf log(yp)+96m)
_ 25672 N
mo ’

log (82 - 1)] The integral of /V (IR, r;, = 0) between these
turning points, in the large-m limit, yields the same spectrum
asO0" " uptoNLOin N.

6.3 Spin-17" glueball spectrum

Here we need to consider the vector type of metric pertur-
bation with the non-zero components given as h;; = hj; =
8x1x G(r)elk)q? i = X2, X3.

6.3.1 M-theory background with rp, # 0

Substituting the above ansatz for the perturbation in (122),

G"(r)+G'(r) <—r—3

G(r)
At (rt — %)

+ gsN¢(log(16) — 6) — 87) + 87 (3a*(—2w gs Nm?r? —

the differential equation in G (r) is given with k> = —m? as
3a? 3 15gsM2(—gst log(N) +24g;Nylog(r) + 6gsNy — 284N rlog(4) + 8m) N §
6472Nr r
{(36gs° M2 N ym?r?(r® — 3a*) log? (r) — 3> M*m*r? (r* — 3a®)log(r)(gs Ny log(N)
)+ 2n g Nm?rt 4+ 4r%)) = 0. (157)
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(a) Neumann/Diriclet boundary condition atr = rj: Near
r =rp, Eq. (157) up to LO in N, is given by

, 3.92\
G"(r) + (—) G'(r)
h

2-0.02m% —1.16 + 0.57m>
m +2 m G'(r) =0,
rpn(r —ry) rh

(158)
whose solution is given by

(O.Sr(72.\/5.0()1670.57»'1273492)+rh log(r—ry,) )
T
Gr)=e L

[ ( —0.01/% — /5.0016 — 0.57m2% + 1
x|cU|—

V/5.0016 — 0.57m2 '
5 2.4/5.0016 — 0.57m2r

9

T'h

—2.4/5.0016 — 0.571712) + Lt

—1.4/5.0016—0.57m2 —0.01m2+1
/5.0016—0.572

T'h

2r/5.0016 — 05772
x ( d e 2./5.0016 — 0.57%2):| .

(159)

Imposing the Neumann boundary condition at r = ry, yields

B _ 0.01/2 . 1
Cor?s1der1ng p T /5.0016-0.57m%  +/5.0016—0.57m? +1and
setting co = 0 in (160), and then using lim,_o U (p, 2,z ~

0) ~ %’;;I;O;Z), one notes that one can satisfy
the Neumann boundary condition at r = r, provided
lim, .o 1Fi(p—1;0;z) =limp_olim, o 1 F1(p—1; b; 2)
(i.e. first set z to 0 and then b), p = —n € Z~. Hence,

m'" " (T) = 2.69567 T,
Ty = 2.89957 T,
m" (T = 2.9346n T,

Ty = 2.94677T. (161)

One can show that one obtains the same spectrum as (161)

even upon imposing the Dirichlet boundary condition: G (r =

rp) = 0.

(b) Spectrum using the WKB method: Following [32], the

‘potential’ V in the Schrodinger-like equation working with

the dimensionless mass variable m defined viam = nﬁ% =
I

m =7, in the IR region, can be shown to be given by

Vir (z) = €¥(0.15m* — 1.52) + e*(1 — 0.01m?)

1 1
——+0(e* <.
i <e N)
The zeros of the potential, as a function of €%, in (162) are
given by

(162)

—1.8765 x 10152 £ 6.022232598554301 x 10~74/9.70917 x 10%0m* + 1.26219 x 10%m2 — 5.04877 x 10* + 1.8765 x 100

5.70456 x 1016 — 5.6295 x 1015m2

25 1

= i + O(ﬁ)’

lim —
z—=0rp

( 0.01/m2
V/5.0016 — 0.57m?

1
— +1,2, z>
+/5.0016 — 0.57m?

1 —
{e—v5<°°16—0~57’"2 |:O.14O85801rhU

+0.140858¢5r, L

0.01i2 1

(z)i| } )
V/5.0016-0.57:i2 + A/5.0016-0.57/i2 -
(160)

0.07 + (’)(#); the first not being permissible. Now, in

the IR r € [rp, V3a ~ 0.6«/§rh] or in terms of z :
(—00, —2.526]. Therefore the allowed domain of integration
is [log(0.07), —2.526]. Thus, in the IR region

7=-—2.526 1
f \/e21(0.15ﬂ12— 1.52) +e(1 — 0.01/R2) — —
7=—2.704 4

~ (),

(163)

implying a null contribution to the WKB quantization con-
dition in the IR region.
In the UV region, the potential is given by

e32(=3b% 4+ m? + 10) + e*2(=3b> (> + 2) + 2m> + 9) + e*((1 — 3b*)m? + 1) 4 4e* —2

Vuv(z) =

4(e 4+ 1)3(e? +2)

, (164)
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by which for » = 0.6 one obtains

V(N =M =0,UV) = e %(6.56 — 1.02i%)

+(0.25m% =297 + 1 + O ™). (165)

The zeros of the potential in the UV region, as a func-
tion of ez, in (165) are given by —0.125m2 + 0.005
A/625.1 +26950 72 — 185671. + 1.385 = (—0.25m> —
1.31,4.08 + (9( )) the former not being permissible.
Hence, the allowed domain of integration, over which the
potential is positive, is ([log(4.08), 0o). Performing a large-
m expansion, one obtains

00
/ Ve22(6.56 — 1.02m2) + (0.25m2 — 2.77)e% + 1
log(4.08)

00
= f c
z=log(4.08)

1
T2J/0.25¢2 — 1.02+ O <7)
m

1
= 0.3897 = <n + 5) 7, (166)
yielding
m!(T) = 4.04(1 + 2n)— (167)

6.3.2 M-theory background with an IR cut-off rg

(a) Neumann/Diriclet boundary condition at r = ry: Consid-
ering the limit of (75, a) — 0in Eq. (157) upto LO in N and
imposing the Neumann boundary condition at the IR cut-off
r = ro, yields isospectrality with the 21 glueball spectrum
atry = 0.

(b) Spectrum using the WKB method: Using the redefinition
of [32], the ‘potential” up to leading order in N is given by

(% +2)e¥ — 3e% 4 4¢3 — 1 i gsM?
4(e? + 1)3 N )
(168)

V() =

log(82—1) (32 -1 T 1
VVIR(Z) = fh——=<n+—>ﬂ
/;logﬁl 2 4 2

(170)
Therefore,
(IR rp=0)= mﬁ (IR, rp = 0)
=m) (IR,r; = 0). (171)
Further, in the UV region:
Vuv(z) = %(’712 —10)e™* — Z(ﬁzz —5)e =
+140@E3), (172)

implying that Vyy(z) > 0 for z € [log(§( — m? +
Vit + 28 — 140 + 10) = log (3 + O(5)), 00). This
yields the following WKB quantization condition:

/OO \/VUV(Z)=ﬂ= <n+l)n (173)
log3 4\/§ 2

from which one obtains

m" UV, =0) = (346 + 6.93n)%. (174)

(¢) NLO-in-N/non-conformal corrections using WKB
method: In the IR region, the ‘potential’ including NLO-in-N
corrections in the r, = 0 limit, is given by

1
VR, ry = 0) = ZeZZ(nzz +5)

+m{g‘vM2ezz (log(y0) (gs N ¢ (1 (—12log N + 72
+10g(4096) — 1510g(16)) + 720) + 967 m?)

+60(87 — gy Ny(log N — 12 + log(16)))
- 1
+72g5m* Ny log?(y0))} — T (175)

whose turning points are

(A

gsM? log(y0)(gs N r(—12log N +72+10g(4096) — 151log(16)) + 72g, N s log(yo) + 967) i|) 10g(82 B l):|
256m2N ’

In the IR region we get the potential as

1
_Z+ (5+m2)622+0(e32)

giving the turning points z € [log(

VIr(2) = (169)

+ 0() ~
—log i, log(8% — 1)] and the WKB quantization condition
becomes
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and the integral of /V (IR, r, = 0) between these turning

points yields isospectrality with the 0~ and 27+ NLO-in-

N spectrum.
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7 2** Glueball masses from type IIB
7.1 ry, #0

The 10-dimensional type IIB supergravity action in the low
energy limit is given by

1 1
— [ d% e V-G (R - -H}
22 {/ re 27
1 ~ 1
- E/dlox*/_G <F12 +F} + 5F52>} :
where ¢ is the dilaton, G s is the 10-d metric and Fy, H3,
F3, Fs are different fluxes.

The five-form flux I?s and the three-form flux 14:3 are
defined by

(176)

~ 1 ~
Fs = Fs + 532 ANF3, F3=F3—CyAN H3, (177)

where Fs and F3 are sourced by the D3 and D5 branes, respec-
tively. B; is the NS-NS two-form and Cj is the axion. For
the three-form fluxes I73, H3, the two-form B, and the axion
Co [27], see (9). Now varying the action in (176) with respect
to the metric g,,,, one gets the following equation of motion:

5 207 ~
Ry = (Z) & Fyupapapaps FJ 21403

g ~ 3

3\ gy =
— () m3 + <—> €20 Fgy FO203
8 2
g ~ 1
e (o

and we consider the following linear perturbation of the met-
ric:

(178)

v = 8\ + Iy, (179)

where as before u,v = {¢, x1, x2, x3, 1, 01, 62, @1, P2, V}.
Here the only non-zero component according to the tensor
mode of metric fluctuation is /1, ;. Since the non-zero com-
ponents of Fi, 173 and H3 have no indices as {x7, x3}, the
final equation of motion gets simplified and can be shown to
be given as

5 - -
1 2 2
R)(ta} = (Z) € ¢(4FX2X3P3P4P5 Fx2x3q3q4q5gp3q3gp4q4gp5q5hers)

h o~ hyz h E
() () m- ()

(180)

Working at a particular value of 6; and 6, given as 61 =
N~1/3 and 6, = N=3/19  the square of different fluxes figur-
ing in (180) at the lowest-order in N, are given in (A1). Writ-

2 .
77 H(r)e'*1,

ing the perturbation Ay,y, as iy, = 2(&;—1\,)

Eq. (180) reduces to the following second order differential
equation in H (r):

H”(r)+(5r4_r"4_9“2+{3
rt—rmt 3 25672 N2/5;3

x [=54a’g* M* Ny — T2ma’ g, M* + 7687 a’
+12g,> M*Nyr® + 9a% g M? N log(16)
—2g,>M>Nr? log(16) + 167 gs M*r?

+ 8. M2N; (9a® = 2r) log(N) — 248, M N

1

dart(rt =t
x {87 (a* (61 gs Ng?r® — 9r* + 9, )
— 27 gy Ng*r* +4r%) + 3g,°M*¢*r* (r* — 3a%)
x log(r)(gsNylog(16N) — 6g;N; — 87)
—368:° M2N q*r? (% — 3a%) log? (1)}
i { 34992a% g, M*(V/N + 3)N log(r)
51277 3

x (9a* — 2r2)10g(r)]}) H'(r) + (

r

78315527
(r* = ) (gs Ny log(16N) — 3gs Ny log(r) + 4m)?

_ 8IM?(TYN — 1)Nf>

e

+9azgSNf <

+

2(243g,M% (/N + 1)N ¢2 3915776754
(243g,M?(J/N + 1)Ny +(,4,,h4)(ngflog(](,N),Sglelog(rwmz)
2
;

x H(r) = 0. (181)

7.1.1 Mass spectrum from Neumann boundary condition at
r=rp

To get a sensible answer, one has to perform a small-7" expan-
sion when one rewrites and solves (181) around r = ry,. This
time the analog of (93) becomes

0.174071m2 (1 _ 3.(gs M2 (2. 1og(N)+11.8963)+4.g, M? log(T)+0.6N)2)
. NZ
0.5 —

T\/—mz (4 _7 (1 _ 3.(gsM2. lng(N)+11.89(1;/32)+4.g5M2 log(T)+0.6N)? ))

— (182)
which for g; = 0.8, N = g7 ~ 6000, M = 3 yields
my++ = 4.975T,

m;++ = 14.925T,

m3%, =24.876T,

mieh = 34.826T,

mi* = 44.7767T. (183)

Thus, one obtains an approximate match between the ground
state 27" mass from M-theory and type IIB string theory.
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7.1.2 WKB quantization method

Using the variables of [32], the ‘potential’, defining m =

Dk, yields

i
1

4(e? + 1)3(e? +2)2

x{e?(3b% (% 4 2)(— (1% — 6)e* — m* + 3e* + 6)

+(—e% — 1)((25 = 3m%)e* — (> — 18)e™

VT IB, 1y #£0) =

2
202 — 6) +4e3))) + O (g“M ) . (184)

N
In the IR region, the potential is given by
VIR, T) = c:z((0.151712 — 1.3375)e* — 0.01m> + 0.06)
+ 0%, (185)

and in the IR region, for m > 2.986, V(IR < T) > 0

for z € [log (0.067 + O(=5)) ~ —2.708, —2.526] and

2}20'226 +V(IR, T) ~ 0 — hence the IR region provides no

contribution to the WKB quantization.
In the UV region,

1
VUV, T) = Z(naz +9.24)e 2

3
- Z(naz +0.36(7% +9) + 3)
+0@E3), e % —1, (186)

the turning points for /n > 7.141 are (log(4.08 + O(';l%),
0.25m* — 1.77)). Hence,

JV UV, T)
406

log(0.25m*~1.77) o~z
1

1
m

/10g(().25rh21.77)
1

406

1
=0.389m — 2 = (n + 5) T, (187)
from which one obtains
++ rh
m2"(T) = (9.18+8.08n)ﬁ. (188)

Hence, the string theory 27 glueball is isospectral with 0™ ;
in the large-n limit of the spectrum, M-theory and type IIB
spectra coincide.

72 r,=0
7.2.1 WKB method

Once again defining r = /y,rp, = /Yo,y = y(1 + €%
analogous to their r;, # 0 redefinitions of [32], the ‘potential’
in the IR region, is given by

1

1
V=0 =—2+2(1+ m?)er + 0@ ¥).

The domain in the IR region over which V(r, = 0) > is
[—4 log(5 + m?), log(8? — )] and

—2.526 1 1
/ \/——+—(1+n~12)e2z
~Llogs+mt) ¥ 4 4

(189)

@-D. = 4 (190)
= m——=\|n+=-|m,
2 4 2
yielding
m (IR, 1B, r, = 0) = m? ' (IR, M theory, r, = 0).
(191)
In the UV region,
1 3
V(UV,r, =0) = Z(nzz —10)e % — Z(nz2 —5)e =
+14+ 0™, (192)

the zeros of which, as functions of €%, are at (%( —m?+
Vit + 282 — 140+10) = (=22 — 1 34-0(5)). Hence

1
the domain of integration over which V(UV, ry, m: 0) > 0is

[log 3, 00). Therefore,

00 1 00
/ vV V(UV, rh:O) = —'/ CZVCZ—3ﬁ1+O( )
log3 2 log3

1
m

mi 1
=—F—==|\n+5|m, 193
443 ( 2) (15
yielding
m2 (= 0) = (3.464 + 6.928n)%. (194)

7.2.2 NLO-in-N/non-conformal corrections in the IR
region in the ry, = 0 limit

The ‘potential” inclusive of the NLO-in-N corrections in the
IR region in the r;, = 0 limit, reads

M2(L)? (g, N +(6log N — 72 + 10g(16777216)) — 722, N ¢ 1o —487) 1
VAR, r, = 0) = 622 8s (N) (8s f( g ( ) 8siV f 2(y0) ) + _(’;lz —3)
51272 4
_1 -3z
1 + O(e™), (195)
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Table1 Summary of glueball spectra:m = m % from type [IB, IIA and
M-theory using WKB quantization condition for r, # 0,andm = m %
for r, = 0 (equalities in the r, = 0 column, are valid up to NLO in

N); the colored triangles/square in the third column correspond to the
colored triangles/square that appear in Fig. 2 in the combined plot of
rn, # O supergravity calculations of glueballs

S. no. Glueball m using WKB r, # 0 m using WKB r, =0
(units of 77, up to LO in N) (units of % up to NLO in N)
(large-m limit) (large-m limit)
1 0t (M-theory) (M-theory)
+/35+70n

(Fluctuations: hqo,rx,,-r in M-theory
metric)

VPL(13.1542631n)

No turning points

A
ot+ (Type 1IB) (Type 1IB)
(Dilaton fluctuations) 9.18 +8.08n A GELOII 1 — 0.0185 2 (gsN 1) log N log ro]
2 0+ (Type 1TA) (Type 1TA)
(One-form fluctuation ag, ) 11.12(n + %), n=0M %, n=0
(6.22+4.80n),n € Z* A 48(n+1)nez*
3 0 (Type IIB) (Type IIB)
Two-form fluctuation A3 :mg++ (dilaton, T') 6‘2(2’211"1271 (1 0.01g:log NNMZNf Iog(m)), n=0
A (7.87 +6.93n),n € Z+
4 1+ (M-theory) (M-theory)
(Fluctuations: hj; = hyi,i = x3.3 in 8.08(n + 1) mTn=0,r=0=m" (n=0,r,=0)
M-theory metric)
A (3.46 +6.93n),n € Z+
5 2+t (M-theory) (M-theory)
(Fluctuations: 8.08(n+ 1) =mh" (1) =m!" (= 0)
Mgy = Posxys gy = gy In
M-theory metric)
A
2+ (Type IIB) (Type IIB)

(Fluctuation /iy, ; = hy,,, in type IIB
metric)

A

9.18 +8.08n = m?"" (IIB, T)

")

whose turning points, in the large-m limit, are [log{% +
O(#)}, log(8% — 1)] & [— log /1, log(8% — 1)]. Now,

log(82—1)
/ VVIR, r, =0)

—logm

G P 1 1

which yields the same LO spectrum as 0=, 17" and the
27 spectrum obtained from M-theory. Hence, the type IIB
at r;, = 0 is unable to capture the non-conformal NLO-in-N
corrections in the 21 corrections, as the same either pre-
cisely cancel out or are %—suppressed in the large-m limit, in
a [IB computation.

8 Summary and discussion

Supergravity calculations of glueball spectra in top—down
holographic duals of large-N thermal QCD at finite string/
gauge coupling and not just ggN > 1, have thus far been
missing in the literature. Such a limit is particularly rele-
vant to sQGP [3]. This work fills in this gap by working
out the spectra of 07,07, 07—, 17", 27" glueballs in a
type 1IB/delocalized SYZ IIA mirror/(its) M-theory (uplift)
model corresponding to the top—down holographic dual of
[27] in the MQGP limit introduced in [28]. As discussed in
Sect. 2.1, towards the end of a Seiberg-duality cascade in
the IR region, despite setting M (= N, in the IR region) to
three in the MQGP limit, due a flavor—color enhancement of
the length scale as compared to the KS model, one can trust
supergravity calculations without worrying about stringy cor-
rections. Further, in the MQGP limit, all physical quantities,
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A 0++: M-Theory
A 0++/0——/2++ (n>0):1IB
B 0-+ (n=0): IIA
A 0-+ (n>0):1IA

A 14+/2++ (n>0): M—Theory

m
A
A
30 -
A
A
A
60
A
A A
A A
A A
40 A
A 4 A
A A
A A
20 A A
A A
4
A A
n 1 n n n 1 n n n 1 1 1 n
2 4 6 8 10

Fig. 2 Plots of supergravity 07+, 0=, 0=, 17+ glueball spectra for rj, # 0

Table 2 Comparison of [62]’s N — oo lattice results for 07 glueball with our supergravity results obtained using WKB quantization condition

and redefinitions of [32] for M-theory scalar metric fluctuations

State N — oo entry in Table 34 of
[62] in units of square root of

M-theory scalar metric per-
turbations (Sect. 6.1.2 — in

Type IIB dilaton fluctuations
of [60] in units of reciprocal

string tension units of % of temporal circle’s diameter
ot+ 4.065 £ 0.055 4.267 4.07 (normalized to match
lattice)
ot 6.18+0.13 6.251 7.02
O 7.99 +£0.22 7.555 9.92
O - 8.588 12.80
Qe - 9.464 15.67

as seen in all calculations in [33], receive non-conformal cor-

rections that appear at the NLO in N and display a universal

M?(gsN .
W -suppression.

It should be noted that a numerical computation like the
‘shooting computation’ used in a lot of holographic glue-
ball spectrum computations will not be feasible to use for
the following reason. In the ‘shooting method’, like [60],
one can first solve the EOMs in the UV using the infinite
series/Frobenius method and then numerically (via Euler’s
method, etc.) obtain the solution at the horizon where one
imposes a Neumann boundary condition. By matching the
value obtained by numerically ‘shooting’ from the UV to the
horizon in the IR region and matching the radial derivative
of the solution so obtained to zero, one can obtain quantized
values of the glueball masses. The caveat is that one should
have at hand the exact radial profile of the effective num-
ber of fractional D3-branes (D5-branes wrapping the small
two-cycle) and the number of flavor branes which would cor-

@ Springer

rectly interpolate between (M, Ny) = (0, 0) in the UV and
(M =3, Ny = 2) in the IR region. But we do not have this
information — we know the values in the IR and the UV region
but not for the interpolating region. Hence, numerical meth-
ods such as the ‘shooting method’ could at best be used, to
obtain only the LO-in-N results, not the NLO-in-N results,
which is one of the main objectives of our computations.

The summary of all calculations is given in Table 1 (and
Fig. 2) and Table 3 — the former table/graph having to
do with a WKB quantization calculation using the coordi-
nate/field redefinitions of [32] and the latter table having
to do with obtaining the mass spectrum by imposing Neu-
mann/Dirichlet boundary condition at 7,/IR cut-off ry. Some
of the salient features of the results are given as separate
bullets.

It should be noted that the last two columns in Tables 1
and 3 have been prepared in the same spirit as the last columns
in Table 2 of [61].
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Table 3 Summary of glueball spectra from Type IIB, IIA and M Theory for r;, # 0/r;, = 0 using Neumann/Dirichlet boundary conditions at the
horizon r;/IR cut-off rg

S. no. Glueball

r =ry (units of 7 T)

Spectrum using N(eumann)/D(irichlet) b.c.,

Spectrum using N(eumann)/D(irichlet) b.c.,
r = ro (units of £

0+ (M-theory) (M-theory)
(N) 12.25¢2 +n N) 4.1
(D) 12.25V/T+n
0+ (Type 1IA) (Type IIA)
(N/D) 2L /n N) mO_y =0,m%_ ~3.4,m"_ ~435
(D) m_y =0,m%_| ~3.06,m%_, ~ 481
0=~ (Type 1IB) (Type 1IB)
(N/D) m_o(T) = 0,md_ (T) = 3246, (large n)
n 2(T) 32. 88 (N/D)
| 53/4\4/2(\@‘/7[2(l6n2+22n+7)+6+6)+3n2(2n+1)
2 32372
1++ (M-theory) (M-theory)
(ND) m!Z(T) = 2.6956,m!_(T) = (N) m! 2 = 0) ~ 1.137
2.8995
m!75(T) = 2.9346 (D) m! o = 0) ~ 0.665
RS (M theory) (M-theory)
(N) m2Z(T) = 236, 27 (7) = 229 =m,"" (= 0)
2++ 3
L(T) =
2**(0 = 0mli(DT) =
2++ (N T)

The rj;, # 0 glueball spectrum is plotted in Fig. 2.
Some of the salient features of Table 1 and Fig. 2 are

presented below:

1. Interestingly, via a WKB quantization condition using
coordinate/field redefinitions of [32], the lightest 0"
glueball spectrum for r;, 7% 0 coming from scalar metric
fluctuations in M-theory compares rather well with the
N — oo lattice results of [62] — refer to Table 2. Also,
similar to [63], the 0T+ coming from the scalar fluc-
tuations of the M-theory metric is lighter than the 0
coming from type IIB dilaton fluctuations. Furthermore,
interestingly, one can show that by using the coordinate
and field redefinitions of [64] when applied to the EOM
for the dilaton fluctuation to yield a WKB quantization
condition, for a = 0.6r, — as in [33] — one obtains a
match with the UV limit of the 0™ glueball spectrum
as obtained in [32]. For our purpose, the method based
on coordinate/field redefinitions of [64] is no good for
obtaining the 0% glueball ground state and was not used
for any other glueball later on in subsequent calculations
in this paper.

. Also, from Table 1/Fig. 2, m B > m 0 (scalar metric
perturbations), similar to [63].

3. The higher excited states of the type IIA 0~ glueball, for

both rj, # 0 and r;, = 0, are isospectral. This is desirable
because large n corresponds to the UV and that takes one
away from the BH geometry, i.e., towards r, = 0.

. The non-conformal corrections up to NLO in N, have a

semi-universal behavior of ‘! and turn out
to be multiplied by a numerical pre-factor of O(1072);
we could disregard the same in the MQGP limit.

M?)(gsN ) log ro
N

. As per a more recent lattice calculation [65],% the 0 -

glueball has a mass 4.16 &= 0.11 % 0.04 (in units of the
reciprocal of the ‘hadronic scale parameter of [66]),

which compares rather well with m 0 = 4.267 (in units
of ”’ -4 of Table 2 coming from scalar fluctuations of the
M- theory metric. Similarly, the 0~ "-glueballin [65] has a
mass 6.25+0.0640.06 and from Table 1, which matches
rather nicely with mS;B(S = 1.26) = 6.25 (in units of
%) of Table 1 coming from type IIA one-form fluctua-
tion.

. The ground state and the n > 1 excited states of 17"

and 07~ glueballs are isospectral.

. The higher excited r;, # 0 2% glueball states corre-

sponding to metric fluctuations of the M-theory metric

3 We thank P. Majumdar for bringing this reference to our attention.
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Table 4 Comparison of ratios of 07~ glueball masses obtained from
Neumann/Dirichlet boundary conditions at the horizon, with [60]

Ratio Our results [60]’s results
m*__
e 1.0129 1.5311
o 10033 1.3244
-
Zo- 1.0013 1.2393
mo,,
o 1.0007 1.1588

and the ones corresponding to fluctuations of the type IIB
metric, are isospectral. The r;, = 0 2+ glueball states
corresponding to metric fluctuations of the M-theory/type
IIB string theory, are isospectral. Further, it turns out that
due to internal cancellation of terms and %—suppression,
a type IIB r;, = 0 27 glueball spectrum, unlike an M-
theoretic computation, is unable to capture the NLO-in- N
corrections to the LO-in-N type IIB 27 glueball spec-
trum.

8. m2 "(NLO,r, = 0) = m!""(NLO,r;, = 0)
m? (NLO, r;, = 0), where the ‘NLO’ implies equal-

ity with the inclusion of NLO-in-N corrections.

n>1
-

Some salient features of Table 3 are presented below:

e The following is the comparison of ratios of 0~ glueball
masses obtained in this work from Neumann/Dirichlet
boundary conditions at the horizon, with [60]:

Hence, for higher excited states, the ratio of masses of
successive excited states approaches unity faster as per
our results as compared to [60].

~

5 1

8
F2 — — _
5 \/ﬁa/]v\/g 254803968 13/2 N7/10

[M4r6N;‘cgs

11/2

e From a comparison of results in Tables 1/2 or Fig. 2
with N — oo lattice results, it appears that WKB
quantization-based spectra are closer to N — oo lat-
tice results than the computations involving imposing
the Neumann/Dirichlet boundary conditions at the hori-
zon/IR cut-off. In particular, it is pleasantly surpris-
ing that the WKB quantization method applied to the
07*, 0~ glueball spectra, is able to provide good agree-
ment (in fact, for the lightest 0 glueball spectrum,
better than the classic computations of [60]) with lattice
results even for the ground and the lower excited states
(Table 4).
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Appendix A: F52, Ff, Hf

The expressions of squares of various fluxes that figure in the
EOM (180) are given below for ready reference:

r* — rh(p1 + ¢2 — V)2 (Nsgs log(N)2(r + 1) log(r) + 1)

+ 2{—=9( +1)Nyg; logz(r) —2(r 4+ 1)log(r)(2mw — log(4)Nsgs) + 10g(4)Nfgs})2]

n3/2r10g3/2 24

1

+ a® |:+

11/2

956593800N7/10 JAN S22 849346567 13/2N7/10

X AM*rONtes 20t = D) (@1 + ¢o — ¥)>(24rlogr — 1)(Nygs log(N)(2(r + 1) log(r) + 1)

+ 2{=9(r + DNy gslog*(r) — 2(r + 1) log(r) 27 — log(4)Nsg) + log(4)Ng: )’} :| ;

& T29M* N7 /8 (r* — i) (12a° N>/ log(r) + a*(=(3N?/? + 4)) + 2N*r?)

3= 1287 7/2 N 11/10,6

)

, 243M2N}gf/2(r4 — 1 (14462 (YN + 3)rlog(r) + a*(9 — 15YN) + 2(/N + 1)r2)

H
3 25677/2/Nr6
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1
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1698693127 13/2N7/10

x[SM*rON4 gl (r* — rih (@1 + d2 — W) (Vg5 log(N) 2(r + 1) log(r) + 1)
2{=9(r + )Ny g log?(r) — 2(r + 1) log(r) (2 — log(4)N s g,) + log(4)N rg,})?]

) 180r2 N 1
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