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A longstanding problem with the popular Sakai-Sugimoto holographic dual of thermal QCD is that the
mesinos, the (nonsupersymmetric) fermionic partners of the mesons, are nearly isospectral with mesons
and have an unsuppressed mesino-mesino-meson interaction, both being in contradiction with actual QCD.
We solve this problem in a UV complete (and different) type-IIA string dual at intermediate coupling of
realistic thermal QCD, in which the mesinos are shown to be much heavier than and noninteracting
with mesons (the wave function/mass/interaction terms receiving no M-theory OðR4Þ corrections).
In particular we derive a large-N enhancement of the Kaluza-Klein ðKKÞ mass scale MKK (from MKK to

Meff
KK ∼ N1þ 1

Oð1ÞMKK) arising from the construction of the type-IIA mirror [1] of the type-IIB dual [2] of
thermal QCD-like theories, as well as the generation of a one-parameter family of MKK-independent mass
scale at OðR4Þ in theM-theory uplift [3], wherein the parameter can be made appropriately large. We also
show that the mesino-mesino-single-(ρ=π)meson interactions, vanish identically in the aforementioned
type-IIA holographic dual.
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I. INTRODUCTION

One can construct gauge theories from a stack of
D-branes and various configurations of the same. In this
context, in the spirit of (nonconformal, nonsupersymmet-
ric) gauge-gravity duality (inspired by [4]), mostly bosonic
fluctuations on the world volume of D-branes have been
considered. The type-IIA dual inclusive of the OðR4Þ
corrections—to explore the finite-N-limit/intermediate
coupling regime of QCD—of the type-IIB dual [2] of
thermal QCD-like theories, was worked out in [1,3]. As a
recent example, inclusive of higher-derivative corrections
to address the finite-N/intermediate-coupling regime (as
worked out in [3]), phenomenologically-compatible low-
energy coupling constants up to next-to-leading order
(NLO) in the chiral expansion in SUð3Þ chiral perturbation
theory (in the chiral limit) were obtained from the Dirac-
Born-Infeld (DBI) action on flavorD6-branes in [5]. Dirac-
like action for the supersymmetric partners of mesons, the
mesinos, has been obtained from a top-down approach
on Dp-branes [6] (see [7] for the bottom-up approach).

However, using the same for the Sakai-Sugimoto type-IIA
dual [8] of thermal QCD, it was shown that one runs into a
problem. The mesinos and mesons turn out to be approx-
imately isospectral and their interaction is not large-N
suppressed [9]; both are in contradiction with real QCD.
This serves as the main motivation for this paper which is to
see if this issue can be resolved in the type-IIA mirror [1] at
intermediate coupling [3] of the nonsupersymmetric UV-
complete type-IIB dual [2] of thermal QCD-like theories.
In this paper, we explicitly consider the mesino action on
flavor D6-branes in the aforementioned type-IIA dual.
We also see the effect of higher-derivative terms on the
fermions relevant to holographic thermal QCD in this paper
which was missing in [6]. In short, we will show that the
mesinos are supermassive and do not interact with the
vector=π mesons, which is why we refer to them as weakly
interacting supermassive particles (WISP), thereby not
being in conflict with realistic QCD.
The following serves as a brief summary of the main

results of this paper:
(1) Supermassive mesinos (Sec. III):

(a) Dirichlet/Neumann boundary condition for the
radial profile of the mesino wave function: The
on shell DBI Lagrangian density LDBI;D6

on−shell of
the type-IIA flavor D6-branes [corresponding to
i∶ Σð7Þ ≅ S1t ×w R3 ×R≥0 ×w S2squashedðaÞ↪M10

(the embedding of the flavor D6-branes in the
ten-dimensional background involving a warped
squashed resolved conifold) in the ψ ¼ 2nπ,
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n ¼ 0, 1, 2-coordinate patches and for vanish-
ingly small Ouyang embedding parameter in
the parent type-IIB dual] obtained from the
Strominger-Yau-Zaslow (SYZ) mirror of the
type-IIB holographic dual of [2], in the inter-
mediate-N MQGP limit [Eq. (3)], can be shown
to be vanishingly small. The mesino equation of
motion (EOM),

AΘþ
�
Λ2ðfΓαg;F IIA;AÞ

LDBI;D6
on−shell

þ Λ3ðfΓαg;F IIAÞ
ðLDBI;D6

on−shellÞ2
�

× ΓγDγΘ ¼ 0;

where γ ∈ ft; x1;2;3; r; θ2; ỹg indexing coordi-
nates of the flavor D6-branes’ world volume
Σð7Þ, and A;F IIA are defined in (21), (16)
respectively; Λ2;3 can be read off from (20)
and can hence be approximated by a massless
Dirac equation on Σð7Þ.

(b) Either by looking at the SUð3Þ and the “trans-
verse” SUð3Þ structures on M6ðS1t ×w T ;×w

implying a warped product, S1t being the thermal
circle and T —deformed T1;1—being the base of
a warped non-Kähler squashed resolved coni-
fold)/M̃6 (non-Kähler warped squashed resolved
conifold), or when considering the embedding of
the D6-brane world volume Σð7Þ ≅ S1t ×w ðR3 ×
R≥0Þ ×w S2squashed in M10 considered either as

ðS1t ×w R3Þ ×w M̃6 or R3 ×w ðR≥0 ×M6Þ, one is
therefore guaranteed the existence of a pair of
globally defined spinors. Using the same, and
imposing antiperiodic boundary conditions
along S1t , the ansatz (26) was made for the
mesino spinor, and the radial profile functions
therein, are solved for.

(c) For the thermal background (5) dual to thermal
QCD for T < Tc, as well as the black hole
background (4) dual to thermal QCD for T > Tc,
we found that Dirichlet/Neumann boundary
condition at r ¼ r0 (IR cutoff in the thermal
background)/r ¼ rh permitted supermassive
mesinos.

(d) Enhacement of mass scale:
(i) Starting from the D ¼ 11 supergravity Ein-

stein’s field equations in the presence of
four-form G fluxes ofM-theory, we explic-
itly show the generation of an N-enhanced
(N-hanced) mass scale, thereby providing
the mechanism of generation of supermas-
sive mesinos.

(ii) Replacing the resolution parameter “a” of
the blown-up S2 by aðrÞ, substituting an

ansatz: aðrÞ ¼ bþ cβ
0ðr − r0Þ þ βAβðrÞ

into the Einstein’s equations and estimating
r0 ∼ e−κr0N

1=3
[10], near the ψ ¼ 2nπ; n ¼ 0,

1, 2-coordinate patches, we therefore see
that

b ∼ N1þ 1
Oð1Þr0; AβðrÞ ¼ Ce

clinear
b r;

C≡ constant: ð1Þ

(2) Vanishingmesino-mesino-meson interaction (Sec.V):
Considering fluctuations of the vector mesons

Aμ∈ S1t ;R
3;r → Að0Þ

μ;r þ δAμ;r [with Að0Þ
μ¼t being the only

nonzero background value] in the fermionic flavor
D6-brane action and retaining terms linear in the same,
performing a KK expansion of the field strength
fluctuation along with decomposition of the posi-
tive-chirality Majorana-Weyl mesino spinor along
M5ðt; x1;2;3; rÞ and M̃5ðθ1;2;ϕ1;2;ψÞ, we are able to
show that no mesino-mesino-ρ=π-meson vertex is
generated.

(3) Nonrenormalization of the mesino wave function
and mass (Sec. III, and Appendixes B and D): With
the aim of studying the effect of OðR4Þ terms on the
fermions relevant to holographic thermal QCD
which was missing in [6], leads us to a nonrenorm-
alization of the mesino wave function and mass in
the sense that both turn out to be independent of
the OðR4Þ terms up to ðl6p=NαÞ; α ≥ 1,1 lp being the
Planckian length.

The paper is organized as follows. In Sec. II, we discuss
the type-IIA string dual construction of thermal QCD-like
theories at intermediate coupling. In Sec. III, we show that
fermionic superpartner of mesons, i.e., mesinos, are super-
heavy due to the generation of N-enhanced mass scale
discussed in Sec. IV. Section V provides further evidence of
superheavy mesinos because of the absence of mesino-
mesino-meson interaction in type-IIA string dual. In
Sec. VI, we discuss the nonrenormalization of the product
of quark mass and quark condensate up to OðRÞ4.
Section VII has a discussion of wave function universality
in the context of glueball, meson, and graviton wave
functions. The summary of the paper is provided in
Sec. VIII.
There are five appendixes. Appendix A contains the

discussion of baryon chemical potential. Appendix B
consists of quantities appearing in the mesino EOMs of
Sec. III. In Appendix C, we compute the embedding
of flavor D6-branes in type IIA string theory inclusive
of OðR4Þ corrections. We list the constants appearing in
the wave function for the black hole background in

1In [3], terms up to Oðβ0NÞ and Oð β
NαÞ; 0 < α < 1; β ∼ l6p, were

considered.
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Appendix D. Finally, we summarize the top-down
holographic QCD results obtained by our group in
Appendix E.

II. TYPE-IIA STRING DUAL OF THERMAL
QCD-LIKE THEORIES INCLUSIVE

OF OðR4Þ CORRECTIONS

Thermal QCD-like theories refer to the equivalence
class of theories that are IR confining and UV conformal
with the “quarks” transforming in the fundamental rep-
resentation of the symmetry groups (color and flavor).
The UV-complete type-IIB string dual of such large-N
thermal QCD-like theories was constructed in [2]. The
brane picture consists of N space-time filling D3-branes
at the tip of a warped resolved conifold, M space-time
filling D5 branes also at the tip of the conifold as
mentioned above wrapping the vanishing squashed S2

and at the North Pole of the resolved squashed S2 of
radius a (resolution parameter), and space-time fillingD5-
branes also at the tip of the conifold wrapping the
abovementioned vanishing squashed S2ðθ1;ϕ1Þ and at
the South Pole of the resolved squashed S2ðθ2;ϕ2Þ. In
addition, there are Nf space-time filling flavor D7-branes
wrapping the vanishing squashed S3ðθ1;ϕ1;ψÞ as
well as being at the North Pole of the squashed
resolved S2ðθ2;ϕ2Þ, dipping into the IR up to
jμOuyangj23; jμOuyangj being the modulus of the Ouyang
embedding parameter in the Ouyang embedding of the
flavor D7-branes:

ð9a2r4 þ r6Þ1=4ei
2
ðψ−ϕ1−ϕ2Þ sin

θ1
2
sin

θ2
2
¼ μOuyang: ð2Þ

An equal number of D7 wrapping the vanishing squashed
S3ðθ1;ϕ1;ψÞ and at the South Pole of the blown-up
squashed S2ðθ2;ϕ2Þ, are also present. Equal number of
D5=D7-branes and D5=D7-branes in the UV ensure UV
conformality. The presence of Nf flavor D7 and D7-
branes in the UV, implies a flavor gauge group SUðNfÞ ×
SUðNfÞ in the UV which is broken to SUðNfÞ due to

absence of D7-branes in the IR 2 (analog of chiral
symmetry breaking in this brane setup). The brane
construct in the type-IIB dual is summarized in Table I:
IR confinement in the gravity dual is affected by

deforming the vanishing squashed S3 in the conifold.
Since we are interested in finite-temperature QCD, the
same is effected via the black hole (T > Tc) and thermal
(T < Tc) backgrounds on the gravity dual side. Due to
finite temperature and finite separation of D5- and
D5-branes on the brane side, the conifold further needs
also to possess an S2-blow-up/resolution (with radius/
resolution parameter a). Additionally, the 10-dimensional
warp factor and fluxes include the effect of backreaction.
Therefore, we conclude that string dual of thermal QCD-
like theories in the large-N limit involves a warped resolved
deformed conifold. The additional advantage of the type-
IIB dual of [2] is that in the IR, at the end of a Seiberg-like
duality cascade, the number of colors Nc gets identified
with M, which in the intermediate-N MQGP limit [1,11]

gs ∼
1

Oð1Þ ; M; Nf ≡Oð1Þ; N > 1;

gsM2

N
≪ 1;

ðgsM2ÞðgsNfÞ
N

≪ 1; ð3Þ

can be tuned to equal 3, given that one is working in the
vanishing-Ouyang-modulus limit [jμOuyangj ≪ 1 in (2)] of
the embedding of the flavor D7-branes, Nf can be set to
either 2 or 3 corresponding to the lightest quark flavors [5].
Now, to explore the intermediate coupling regime, the

OðR4Þ terms in 11-dimensional supergravity actions were
considered in [3]. M-theory uplift was obtained in two
steps; the type-IIA Strominger-Yau-Zaslow (SYZ) mirror
of type-IIB setup was first obtained, and then the former
was uplifted to M-theory. To obtain type-IIA SYZ mirror
of type-IIB setup, a triple T-duality was performed along a
local special Lagrangian (sLag) T3ðx; y; zÞ where ðx; y; zÞ

TABLE I. The type-IIB brane construct of [2] (NP and SP respectively denote the North Pole and South Pole of the
blown-up S2).

S. No. Branes World volume

1. N D3 R1;3ðt; x1;2;3Þ × fr ¼ 0g
2. M D5 R1;3ðt; x1;2;3Þ × fr ¼ 0g × S2ðθ1;ϕ1Þ × NPS2aðθ2;ϕ2Þ
3. M D5 R1;3ðt; x1;2;3Þ × fr ¼ 0g × S2ðθ1;ϕ1Þ × SPS2aðθ2;ϕ2Þ
4. Nf D7 R1;3ðt; x1;2;3Þ × Rþðr∈ ½jμOuyangj23; rUV�Þ × S3ðθ1;ϕ1;ψÞ × NPS2aðθ2;ϕ2Þ
5. Nf D7 R1;3ðt; x1;2;3Þ ×Rþðr∈ ½RD5=D5

− ϵ; rUV�Þ × S3ðθ1;ϕ1;ψÞ × SPS2aðθ2;ϕ2Þ

2On the gravity dual side we characterize UVðr > RD5=D5
Þ

and IR (r < RD5=D5
) in term of radial coordinate whereRD5=D5

is

the boundary between UV and IR, and separation between
D5- and D5-branes.
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are the toroidal analogs of ðϕ1;ϕ2;ψÞ which could be
identified with the T2-invariant sLag of [12]; in the
large-complex structure limit effected by making the base
Bðr; θ1; θ2Þ [of a T3ðϕ1;ϕ2;ψÞ-fibration over Bðr; θ1; θ2Þ]
large [1,13]. Hence, all the color and flavor D-branes get

T-dualized to color and flavor D6-branes. The M-theory
uplift metric [1,3] (finite but large-N/intermediate cou-
pling) of [2] (UV-complete type-IIB holographic dual of
large-N thermal QCD-like theories) is expressed in the
following form:

ds211 ¼ e−
2ϕIIA

3

�
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hðr; θ1;2Þ
p ð−gðrÞdt2 þ ðdx1Þ2 þ ðdx2Þ2 þ ðdx3Þ2Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hðr; θ1;2Þ

q �
dr2

gðrÞ þ ds2IIAðr; θ1;2;ϕ1;2;ψÞ
��

þ e
4ϕIIA

3 ðdx11 þ A
FIIB
1

þFIIB
3

þFIIB
5

IIA Þ2; ð4Þ

where the type-IIA Ramond-Ramond (RR) 1-forms, A
FIIB
i¼1;3;5

IIA are obtained from type IIB FIIB
1;3;5 fluxes via the SYZ mirror of

type-IIB string dual [2], gðrÞ ¼ 1 − r4h
r4, and ϕIIA is the type-IIA dilaton profile. For low temperatures, i.e., T < Tc, the

thermal gravitational dual is given by

ds211 ¼ e−
2ϕIIA

3

�
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hðr; θ1;2Þ
p ð−dt2 þ ðdx1Þ2 þ ðdx2Þ2 þ g̃ðrÞðdx3Þ2Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hðr; θ1;2Þ

q �
dr2

g̃ðrÞ þ ds2IIAðr; θ1;2;ϕ1;2;ψÞ
��

þ e
4ϕIIA

3 ðdx11 þ A
FIIB
1

þFIIB
3

þFIIB
5

IIA Þ2; ð5Þ

where g̃ðrÞ ¼ 1 − r4
0

r4. One notes that t → x3; x3 → t in (4)
followed by a double Wick rotation in the new x3; t
coordinates obtains (5); hðr; θ1;2Þ is the 10-dimensional
warp factor [1,2]. This is equivalent to −gBHtt ðrh → r0Þ ¼
gx3x3

Thermalðr0Þ, gBHx3x3ðrh → r0Þ ¼ −gtt Themalðr0Þ in the
results of [3,14] (see [15] in the context of Euclidean/black
D4-branes in type IIA). In (5), we will assume the spatial
part of the solitonic M3 brane (which, locally, could be
interpreted as solitonic M5-brane wrapped around a
homologous sum of S2squashed [16]) and their world volume

given by R2ðx1;2Þ × S1ðx3Þ with the period of S1ðx3Þ given
by a very large 2π

MKK
, where the very small MKK is given by

2r0
L2 ½1þOðgsM2

N Þ�, r0 being the very small IR cutoff in the

thermal background (see also [17]) and L ¼ ð4πgsNÞ14. So,
limMKK→0R2ðx1;2Þ × S1ðx3Þ ¼ R3ðx1;2;3Þ, thereby recover-
ing 4D physics. The working metric for the thermal
background corresponding to T < Tc will involve setting
g̃ðrÞ to unity in (5).
The 11-dimensional supergravity action including

OðR4Þ terms used in [3] is

S ¼ 1

2κ211

Z
M

�
R �11 1 −

1

2
G4 ∧ �11G4 −

1

6
C ∧ G ∧ G

�
þ 1

κ211

Z
∂M

d10x
ffiffiffi
h

p
K

þ 1

ð2πÞ432213
�
2π2

κ211

�1
3

Z
d11x

ffiffiffiffiffiffi
−g

p �
J0 −

1

2
E8

�
þ
�
2π2

κ211

�Z
C3 ∧ X8; ð6Þ

where

J0 ¼ 3 · 28
�
RHMNKRPMNQRH

RSPRQ
RSK þ 1

2
RHKMNRPQMNRH

RSPRQ
RSK

�
;

E8 ¼
1

3!
ϵABCM1N1…M4N4ϵABCM0

1
N0

1
…M0

4
N0

4
RM0

1
N0

1M1N1
…RM0

4
N0

4M4N4
;

κ211 ¼
ð2πÞ8l9p

2
: ð7Þ

The equations of motion for metric and three form potential C are
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EOMMN∶ RMN −
1

2
gMNR −

1

12

�
GMPQRGN

PQR −
gMN

8
GPQRSGPQRS

�
¼ −β

�
gMN

2

�
J0 −

1

2
E8

�
þ δ

δgMN

�
J0 −

1

2
E8

��
;

d �G ¼ 1

2
G ∧ Gþ 32213ð2πÞ4βX8; ð8Þ

where [18]

β≡ ð2π2Þ13ðκ211Þ
2
3

ð2πÞ432212 ∼ l6p: ð9Þ

RMNPQ and RMN;R in (6) and (8) are 11-dimensional
Riemann curvature tensor, Ricci tensor, and the Ricci
scalar. To solve (8), the following ansatz is made:

gMN ¼ gð0ÞMN þ βgð1ÞMN;

CMNP ¼ Cð0Þ
MNP þ βCð1Þ

MNP: ð10Þ

The EOM for CMNP symbolically can be written as

β∂ð ffiffiffiffiffiffi
−g

p
∂Cð1ÞÞ þ β∂½ð ffiffiffiffiffiffi

−g
p Þð1Þ∂Cð0Þ� þ βϵ11∂Cð0Þ

∂Cð1Þ

¼ Oðβ2Þ ∼ 0½up to OðβÞ�: ð11Þ

It was shown in [3], that, Cð1Þ
MNP ¼ 0 up toOðβÞ. Therefore,

the metric only receives OðR4Þ corrections defined as

δgMN ¼ βgð1ÞMN ¼ GMQGP
MN fMNðrÞ: ð12Þ

In general, the M theory metric has the following form
including OðR4Þ corrections:

GM
MN ¼ GMQGP

MN ð1þ βfMNðrÞÞ: ð13Þ

The EOMs for fMNðrÞ were solved in [3]. The type-IIA
metric inclusive of OðR4Þ corrections were obtained from
theM-theory metric by descending back to type IIA string
theory, which has the following form:

GIIA
mn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
GM

x10x10

q
GMQGP

mn

�
1þ fx10x10ðrÞ

2
þ fmnðrÞ

�
: ð14Þ

The type-IIB dual of large-N thermal QCD-like theories
as constructed in [2] and its type-IIA mirror as constructed
in [1,13] were successfully used to study a variety of issues
in condensed matter physics, lattice/Particle Data Group
(PDG)-compatible particle phenomenology, doubly holo-
graphic extension and Page curves of associated eternal
black holes and G=ðAlmostÞContactð3ÞMetric structure
classification of underlying six-, seven- and eight-folds
in differential geometry (see Appendix E).

III. SUPERMASSIVE MESINOS IN TYPE-IIA
STRING THEORY

The fermionic sector of type-IIA holographic dual of
QCD as constructed in [8] has the following problems. Not
only are the mesinos approximately isospectral with the
mesons, the single-meson-mesino-mesino interaction terms
are not large-N suppressed [9] (see also [19] for mesino
spectroscopy degenerate with mesons in the context of
[8,15]). Evidently, this is in contradiction with QCD/PDG
as no mesino at the electroweak (EW) scale has thus far
been observed. What we show in this section is that
Dirichlet/Neumann boundary condition at the IR cutoff
(for the gravity dual corresponding to T < Tc) or the
horizon radius (for the gravity dual corresponding to
T > Tc) is consistent with having a supermassive mesino.
Further, we show an N-enhancement of the Kaluza-Klein
mass scale via an N-enhancement of the resolution param-
eter for the thermal background (T < Tc), hence providing
the mechanism of generation of the aforementioned super-
massive mesino. Even though we have not been able to
provide in (III) an analog of the N-enhancement of the
resolution parameter (that was seen in the thermal back-
ground corresponding to T < Tc) for the black hole
background corresponding to T > Tc, the following should
be noted. In (III), what we were able to show for the gravity
duals of both the low- and high-temperature QCD-like
theories is that Dirichlet/Neumann boundary condition at
the IR cutoff, horizon radius respectively in the gravity
duals for T < Tc; T > Tc, do not fix the mesino mass. We
can hence take the same to be large, and via the afore-
mentioned N-enhancement of the resolution parameter in
the former, we had explicitly shown the mechanism of
obtaining supermassive mesinos in the thermal back-
ground. Given that we were able to show the vanishing
of meson-mesino-mesino interaction in (V), even if the
mesinos were of the EW scale, there still will be no
contradiction with real QCD.
The DBI action for the fermions on flavorD6-branes has

the following structure [6]:

SfD6
¼ TD6

2

Z
d7ξe−Φ

IIA
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

q
Θ̄ð1 − ΓD6

Þ

× ðΓαDα − Δþ LD6
ÞΘ; ð15Þ

where ΦIIA is the type-IIA dilaton. We can define

F IIA
α1α2 ¼ i�BIIA

α1α2 þ FIIA
α1α2 ; ð16Þ
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such that BIIA
α1α2 and FIIA

α1α2 are NS–NS B field (where NS is understood as Neveu-Schwarz) and gauge field restricted to the
world volume of D6-branes. Further, ΓD6

and LD6
appearing in (15) are defined as3

ΓD6
¼

X
qþr¼3

ð−Þrþ1ðΓ10Þrþ1ϵα1…:α2qβ1…::β2rþ1

q!ð2rþ 1Þ!2q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p F IIA
α1α2…::F IIA

α2q−1α2qΓβ1…::β2rþ1
;

Δ ¼ Δð1Þ þ Δð2Þ;

LD6
¼

X
q≥1;qþr¼3

ð−Þrþ1ðΓ10Þrþ1ϵα1…:α2qβ1…::β2rþ1

q!ð2rþ 1Þ!2q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p F α1α2…::F α2q−1α2qΓβ1…::β2rþ1

γDγ; ð17Þ

where Dm ¼ Dð0Þ
m þWm, and

Dð0Þ
m ¼ ∇m þ 1

4.2!
HmnpΓnpΓð10Þ;

Wm ¼ −
1

8
eΦ

IIA

�
1

2
FnpΓnpΓð10Þ þ

1

4!
FnpqrΓnpqr

�
Γm;

Δð1Þ ¼ 1

2

�
Γm

∂mΦIIA þ 1

2.3!
HmnpΓmnpΓð10Þ

�
;

Δð2Þ ¼ 1

8
eΦ

IIA

�
3

2!
FmnΓmnΓð10Þ −

1

4!
FmnpqΓmnpq

�
; ð18Þ

where covariant derivative is defined as ∇m ¼ ∂m þ 1
4
Ω

np
m Γnp. Fmn and Fmnpq are field strength tensors corresponding to

type-IIA An and Anpq, and Hmnp ¼ ∂½mBnp�. For flavor D6-branes in type-IIA string theory

ΓD6 ¼
ϵβ1…::β7Γβ1…::β7ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

− detði�gIIA þ F IIAÞ
p −

Γð10Þðϵα1α2β1……β5F IIA
α1α2Γβ1……β5Þ

5!
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p
þ ϵα1…α4β1β2β3F IIA

α1α2F
IIA
α3α4Γβ1β2β3

48
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p −
Γð10Þðϵα1…:α6β1F IIA

α1α2F
IIA
α3α4F

IIA
α5α6Γβ1Þ

48
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p ;

LD6 ¼ −
Γð10Þðϵα1α2β1……β5F IIA

α1α2Γβ1…β5
γDγÞ

240
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p þ ϵα1…α4β1β2β3F IIA
α1α2F

IIA
α3α4Γβ1β2β3

γDγ

48
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p : ð19Þ

The Dirac equation for the DBI action for the fermions on flavor D6-branes appearing in type-IIA string dual of thermal
QCD-like theories turns out to be

�
A −

ϵα1α2β1…::β5F IIA
α1α2Γβ1…::β5

γDγΓð10Þ
240

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p −
ϵβ1…::β7Γβ1…::β7A

7!
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p þ 4Γβ1…::β7F IIA
β6β7

Γβ1…::β5
γDγΓð10Þ

7!ð− detði�gIIA þ F IIAÞÞ

þ ϵα1α2β1…::β5F IIA
α1α2Γβ1…::β5Γð10ÞA

5!
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p þ 7!F IIA
α1α2F

α1α2
IIA Γβ1…::β5Γβ1…::β5

γDγΓð10Þ
5!240ð− detði�gIIA þ F IIAÞÞ þ ϵα1…α4β1β2β3F IIA

α1α2F
IIA
α3α4Γβ1β2β3A

48
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p
−
Γð10ÞF 2

IIAF
IIA
β4β5

Γβ1β2β3Γ
β1…::β5γDγ

480ð− detði�gIIA þ F IIAÞÞ þ 7!F 4
IIAΓβ1β2β3Γ

β1β2β3γDγ

48ð− detði�gIIA þ F IIAÞÞ −
Γð10Þðϵα1…:α6β1F IIA

α1α2F
IIA
α3α4F

IIA
α5α6Γβ1ÞA

48
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p
þ
δ½α3½β2δ

α4
β3
δα5β4δ

α6�
β5�F

2
IIAF

IIA
α3α4F

IIA
α5α6Γβ1Γ

β1…β5γDγ

5760ð− detði�gIIA þ F IIAÞÞ −
F 4

IIAF
IIA
β2β3

Γβ1Γ
β1β2β3γDγ

24ð− detði�gIIA þ F IIAÞÞ þ
ϵα1…α4β1β2β3F IIA

α1α2F
IIA
α3α4Γβ1β2β3

γDγ

48
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F IIAÞ

p
−
δ½β4½α1δ

β5
α2δ

β6
α3δ

β7�
α4�F

2
IIAF

α1α2
IIA F α3α4

IIA Γβ1β2β3Γβ1…β7
γDγ

48ð− detði�gIIA þ F IIAÞÞ −
F 2

IIAF
β4β5
IIA Γβ1…β5Γ

β1β2β3γDγ

120ð− detði�gIIA þ F IIAÞÞ
�
Θ ¼ 0; ð20Þ

3Indices, m, n, p correspond to type-IIA bulk indices and αi; βi; γ etc. correspond to indices on world volume of flavor D6-branes.
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where

A ¼ ΓαDα −
1

2

�
Γm

∂mΦIIA þ 1

12
HmnpΓmnpΓð10Þ

�
−
1

8
eΦ

IIA

�
3

2
FmnΓmnΓð10Þ −

1

4!
FmnpqΓmnpq

�
: ð21Þ

In (21), Fmnpq is the type-IIA RR four-form field strength. This in our computation is set to zero as one can show that the
same can not be generated by a triple T dual of the RR FIIB

1;3;5 [1]. Type-IIA NS-NS B is given by [20]

BIIA

�
θ1 ¼

αθ1
N

1
5

; θ2 ∼
αθ2
N

3
10

�
¼ dθ2 ∧ dx̃

�
−
2

ffiffiffi
π4

p ffiffiffiffi
gs4

p
N3=4ð3 ffiffiffi

6
p

α3θ1 − 2α2θ1
ffiffiffiffi
N5

p þ 2α2θ2Þ
27α4θ1αθ2

�

þ dθ2 ∧ dỹ

�
2

ffiffiffi
π4

p ffiffiffiffi
gs4

p
N3=4ð3 ffiffiffi

6
p

α3θ1 − 2α2θ1
ffiffiffiffi
N5

p þ 2α2θ2Þ
27α4θ1αθ2

�

þ dθ2 ∧ dz̃

�
−

ffiffiffi
π4

p
αθ2

ffiffiffiffi
gs4

p
N3=20ð2ð ffiffiffi

33
p

− 1Þα ffiffiffiffi
N10

p þ ffiffiffi
33

p
αθ2Þ

35=6α
ffiffiffiffiffiffi
α2θ2

q �
: ð22Þ

When we restrict to the world volume of D6-branes, then
only the nontrivial component that survives will be BIIA

θ2ỹ
.

The induced metric on the world volume of D6-branes can
be obtained from the target space metric as

ds2D6 ¼ ds25 þ gIIAθ2θ2dθ
2
2 þ gIIAθ2ỹdθ2dỹþ gIIAỹ ỹ dỹ

2: ð23Þ

Typically, the type-IIA metric is not diagonal in the basis
ðx; y; zÞ. Since we need the metric component along
ỹ-direction therefore, we are writing the metric in the
diagonal basis in subspace ðx̃; ỹ; z̃Þ [20],

ds2 ¼ 2dx̃2ð9 ffiffiffi
2

p ffiffiffi
36

p
αθ1N

4=5 − 2 32=3NÞ
27α2θ1α

2
θ2

þ 2dỹ2ð2 32=3N − 9
ffiffiffi
2

p ffiffiffi
36

p
αθ1N

4=5Þ
27α2θ1α

2
θ2

þ 2dz̃2ð32=3α2θ1N3=5 þ 32=3α2θ2N
2=5Þ

27α2α2θ2
: ð24Þ

ds25 in (23) is a noncompact metric listed along
ðt; x1;2;3; rÞ subspace, and from (24), gIIAθ2ỹ ¼ 0 and gIIAỹ ỹ ¼
2ð2 32=3N−9

ffiffi
2

p ffiffi
36

p
αθ1N

4=5Þ
27α2θ1

α2θ2
.

Consider the DBI action on the world volume of flavor
D6-branes,

SD6DBI¼−TD6Nf

Z
Σð7Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−detði�ðgIIAþBIIAÞþFIIAÞ

q
; ð25Þ

i∶ Σð7Þ ≅ S1t ×w R3 × R≥0 ×w S2squashedðaÞ ↪ M10 [the
embedding of the flavor D6-branes in the 10-dimensional

background involving a warped squashed resolved coni-
fold] in the ψ ¼ 2nπ; n ¼ 0, 1, 2-coordinate patches and
vanishingly small Ouyang embedding parameter in the
parent type-IIB dual. Using the induced metric on the flavor
D6-branes as given in (23), NS-NS BIIA as given in (22)
and turning on a baryon chemical potential [by looking at
the DBI action in the UV and solving for AtðrÞ; see (A1)]
corresponding to Uð1Þ subgroup of UðNfÞ with the
associated field strength Frt ¼ A0

tðrÞ, the background
AtðrÞ can be obtained (see Appendix A). In the IR,
LD6
DBI;on−shell, for N ∼ 102, can be shown to be infinitesimal.
The coefficient of the most dominant (quadratic)

powers of 1
LD6
DBI;on−shell

in (20), is proportional to

ΓγDγΘ; γ ∈ ft; x1;2;3; r; θ2; ỹgjfx̃¼0;z̃¼constantg where ðx̃; ỹ; z̃Þ
diagonalize T3ðx; y; zÞ of (II). One can further show that in
the MQGP limit, Eγ

a
¯
Γa

¯DγΘ ≈ 0. The non-Kähler sixfold

M6 ¼ S1t ×w T (×w implying a warped product), S1t being
the thermal circle and T —deformed T1;1—being the base
of a warped non-Kähler squashed resolved conifold, was
shown to possess an SUð3Þ structure in [3], with another
“transverse” SUð3Þ structure induced from the (almost)
contact metric structure [11] arising from the G2 structure
of warped product of theM-theory circle andM6. Further,
the non-Kähler warped-squashed resolved conifold M̃6 in
the type-IIA dual also possesses an SUð3Þ structure [3,13].
Either way, one is therefore guaranteed the existence of a
pair of globally defined spinors Θ1;0 and Θ2;0 [either by
looking at the SUð3Þ and the “transverse” SUð3Þ structures
on M6=M̃6 or when considering the embedding of the D6-
brane world volume Σð7Þ ≅ S1t ×w ðR3 ×R≥0Þ ×w S2squashed
in M10 considered either as ðS1t ×w R3Þ ×w M̃6 or
R3 ×w ðR≥0 ×M6Þ]. Making an ansatz,
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Θiðxμ; ymÞ ¼ Θiðt; x1; r; θ2Þ

¼
X∞
n∶−∞

TnðtÞe−
ffiffiffiffi
−1

p
px1Rn;iðrÞð1þ βfiðθ2ÞÞΘi;0;

i ¼ 1; 2; ð26Þ

where β ∼ l6p (lp being the Planckian length) and assuming
TnðtÞ ¼ eið2nþ1ÞπTt (as one imposes antiperiodic boundary
conditions on the fermions along the thermal circle thereby
breaking supersymmetry [21]) implying Θðtþ 1=T; rÞ ¼
−Θðt; rÞ, (and after a double Wick rotation along t; x1,
p2 ¼ −m2

Mesino with mMesino being the nonsupersymmetric
mesino mass in the holographic dual of QCDMesino)
analogous to the relation between the killing spinors ϵ1;2
for a supersymmetric D6-brane in flat space, ϵ1 ¼ Γ89 10ϵ2,
we will impose, by hand, and for our nonsupersymmetric
model, Θ1;0 ¼ Γ68 10Θ2;0, in a curved space, where

Θ1;2 ≡ 1
2
ð1þ = − Γð10ÞÞΘ, Γð10Þ ≡Q9

A¼0 ΓA; A, with A ¼
1;…; 10 denoting the 10-dimensional tangent space
indices.
The most dominant spin-connection terms in the IR are

contained in Er
5Γ5DrΘ, in particular ω

7 10
r =ω8 10

r respec-
tively for the thermal (TH), black-hole (BH) backgrounds.
Consequently, substituting (26) into Θ’s EOM (details
given in this section and Appendix B), the same at OðβÞ is
�
ið2nþ 1ÞπTR2;nðrÞf2ðθ2Þ þ

Eθ2
7

Et
1

Γ17R2;nðrÞf02ðθ2Þ

þ
Er
5

Et
1

Γ15R0
2;nðrÞf2ðθ2Þ − ip

Ex1
2

Et
1

Γ12R2;nðrÞf2ðθ2Þ
�
Θ2;0

− J ðrÞR1;nðrÞf1ðθ2ÞΓ15678Θ1;0 ¼ 0; ð27Þ

with J ≡ ω
7 10
r

Er
5

Et
1

(EM
a being the frames EM

a gMNEN
b ¼ ηab)

for the TH background; for the BH background, Γ15678 in
the second line of (27) is to be replaced by Γ156 with

J ≡ ω
8 10
r

Er
5

Et
1

. Note, we have disregarded all Oð β
NαÞ; α ≥ 1

terms (see footnote 1) and therefore there are no β

corrections in
E
θ2
7

Et
1

;
Er
5

Et
1

;
Ex1
2

Et
1

. One thus sees that the only

consistent solution for fiðθ2Þ is fiðθ2Þ ¼ 0 for the
TH=BH backgrounds.
Defining u≡ ffiffiffiffiffiffiffiffiffiffiffiffi

r − r0
p

, the EOM for Rn;2ðrÞ for the TH-
type-IIA background with Γ15Θ2;0 ¼ Θ2;0;Γ12Θ2;0 ¼ Θ2;0,
can be recast into a Schrödinger-like equation [where,
a1; b1;AΘ2

;BΘ2
;AΘ0

2
;BΘ0

2
are defined in (B5)],

χ002;nðuÞ þ VðuÞχ2;nðuÞ ¼ 0; ð28Þ

where

VðuÞ ¼ −
3

4u2
þAΘ2

0

a1u
−
AΘ2

0

a21
þOðuÞ; ð29Þ

and

R2;nðuÞ ¼
ffiffiffi
u

p ða1 þ b1u2Þ−
BΘ2

0
2b1 e

−
AΘ2

0 tan−1ð
ffiffiffi
b1

p
uffiffiffi

a1
p Þffiffiffi

a1
p ffiffiffi

b1
p

χ2;nðuÞ: ð30Þ

The solution of (28) is given by

χ2;nðuÞ ¼ c1;nM1
2
;1

�
2AΘ2

0u

a1

�
þ c2;nW1

2
;1

�
2AΘ2

0u

a1

�
: ð31Þ

One, therefore obtains

R2;nðr ∼ r0Þ ¼
c2;na1

1
2
−
BΘ2

0
2b1ffiffiffi

2
p ffiffiffiffiffiffiffiffiffi

AΘ2
0

p −
ðr − r0Þa1−

BΘ2
0

2b1
−3
2ða1BΘ2

0c2;n þA2
Θ2

0 ð4c2;n − 8c1;nÞÞ
2

ffiffiffi
2

p ffiffiffiffiffiffiffiffiffi
AΘ2

0
p þOððr − r0Þ3=2Þ: ð32Þ

From (B5), one sees the absence of OðR4Þ corrections
in (32). One also sees from (32) that one can impose a
Dirichlet boundary condition at r ¼ r0 (thereby setting
c2 ¼ 0) for all and hence superheavy mesinos (MMesino).
For the BH background assuming Γ15Θ2;0 ¼ Θ2;0;

Γ12Θ2;0 ¼ Θ2;0, implying, Γ25Θ2;0 ¼ Θ2;0, in the IR (i.e.,
near r ¼ rh), redefining u≡ ffiffiffiffiffiffiffiffiffiffiffiffi

r − rh
p

, the solution of the
EOM for R2;nðuÞ is

R2;nðuÞ ¼ uΛ½c1Uðμ1; μ2; μ3uÞ þ c2L
μ2−1
−μ1 ðμ3uÞ�; ð33Þ

where Λ; μ1;2;3 are defined in (D1), and p ¼ MMesino
rhffiffiffiffiffiffi
gsN

p 4

is contained in the OðβNÞ term in μ3, which hence remains

undetermined as OðβNÞ terms are dropped (see footnote 1).
One can show that limu→0uΛc1Uðμ1; μ2; μ3uÞ is singular.
One hence can not impose Dirichlet or Neumann boundary
condition at r ¼ rh if c2 ¼ 0. Now,

4Glueball and meson masses at high temperatures were
obtained respectively in [20,22] in units of rhffiffiffiffiffiffi

gsN
p .
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Lμ2−1
−μ1 ðuÞ ¼ Γðμ2 − μ1Þ

Γð1 − μ1ÞΓðμ2Þ
−

Γðμ2 − μ1Þ
Γð−μ1ÞΓðμ2 þ 1Þ u

þOðu2Þ; ð34Þ

implying limu→0 uΛc2L
μ2−1
−μ1 ðμ3uÞ ¼ 0, implying the Dirich-

let boundary condition is identically satisfied ∀MMesino
including very large MMesino. It is extremely nontrivial that
the μis receive no OðβÞ corrections up to Oð β

Nαμi Þ; αμi ≥ 1

[see (D1)].
The absence of OðR4Þ corrections is essentially a

reflection of the fact that the SLð2; ZÞ completion of the
effectiveR4 interaction terms in type-IIB supergravity leads
to an interesting nonrenormalization theorem that forbids
perturbative corrections beyond one loop in the zero-
instanton sector [23].
Whatwenowaddress in Sec. IVis howanN-enhancement

of the mass scale MKK ¼ r0ffiffiffiffiffiffiffiffiffi
4πgsN

p [5] is obtained which

therefore explains how one could obtain supermassive
MMesino.

IV. GENERATION OF N-HANCED
MASS SCALE FOR T < Tc

In this section, starting from the D ¼ 11 supergravity
Einstein’s field equations in the presence of four-form G
fluxes of M-theory5—the first in (8) (also given in
Appendix E)—we explicitly show the generation of an
‘N-hanced mass scale, thereby providing the mechanism of
generation of supermassive mesinos.
Replacing the resolution parameter “a” of the blown-up

S2 by aðrÞ, substituting an ansatz aðrÞ ¼ bþ cβ
0ðr − r0Þ þ

βAβðrÞ into EOMMN in (8) (b being a “bare” resolu-

tion parameter), and estimating r0 ∼ e−κr0N
1=3

[10], near
the ψ ¼ 2nπ; n ¼ 0, 1, 2-coordinate patch, yields the
following:

(1)

EOMtt;x1x1=x2x2∶ b ∼ κtt=xixi=rrN
10=9e−κr0 ðNÞð3þ0.5κr0 ðNÞN1=3ÞN1=3

r0;

AβðrÞ ∼ e
cβ
b rC1; ð35Þ

with κtt=xixi=rr ≫ 1; κr0ðN ¼ 102Þ ¼ 1
Oð1Þ −Oð1Þ, one obtains b ≫ r0 and in principle an r0-independent true bare

resolution parameter proptional to β. The EOMx3x3 near r ¼ r0 does not constrain b.
(2)

EOMrr∶ b ∼ κ̃rrN11=9eκr0N
1=3þ1.25

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1.57þ0.55 log r0−0.5ðlog r0Þ2

p
r0; ð36Þ

and for an appropriate κr0 ∼
1

Oð1Þ ∶ 1.57þ 0.55 log r0 − 0.5ðlog r0Þ2 > 0, and N ∼ 102, one regains the result for b as

obtained in the first equation in (35).
(3)

EOMθ1θ1∶aðrÞdeterminedby∶

−
1323

ffiffiffiffi
N5

p
α2θ1

256α2θ2

−
729gs3M2ð1NÞ6=5Nf

2ð2187α6θ1þ270
ffiffiffi
6

p
α2θ2α

3
θ1
þ50α4θ2ÞaðrÞ3log3ðr0Þð2rr0 logðr0Þa0ðrÞþaðrÞðr0−rÞlogðr0ÞÞ
16π3r50α

2
θ1
α2θ2

¼0;

ð37Þ
whose solution is given by

aðrÞ ¼
�
864c1gs3M2Nf

2Σe
2r
r0 log4ðr0Þ − 98π3N7=5rr05α4θ1 − 49π3N7=5r06α4θ1

gs3M2Nf
2r2Σlog4ðr0Þ

�
1=4

;

∼ c1
e

r
2r0ffiffiffi
r

p ∼
c1ffiffiffiffiffi
r0

p
�
1þO

�ðr − r0Þ2
r20

��
; ð38Þ

5One can show that E8-dependent terms in the same are subdominant as compared to the J0-dependent terms [3].
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where Σ≡ ð2187α6θ1 þ 270
ffiffiffi
6

p
α2θ2α

3
θ1
þ 50α4θ2Þ. Recalling that r0 ∼ e−κr0N

1=3
, we reinterpret (37) as aðr ∼ r0Þ∼

c1e
3κr0N

1=3

2 r0, where for compatibity with (35) and (36), one may choose an N-dependent c1 ∼ Nð10−11Þ=9e−γN1=3
for an

appropriate γ.
(4) EOMθ1θ2

λ3aðrÞ3ðaðrÞ − a0ðrÞÞ þ λ1aðrÞ4 þ
λ2ð36aðrÞ2 logðr0Þ þ r0Þ

r02 − 3aðrÞ2 ¼ 0; ð39Þ

where

λ1 ≡ −
243gs3M2ð1NÞ11=10N2

fð2187α6θ1 þ 270
ffiffiffi
6

p
α2θ2α

3
θ1
þ 50α4θ2Þlog4ðr0Þ

8π3r04αθ1α
3
θ2

;

λ2 ≡ −
1323N3=10r0α3θ1

256α3θ2ðlogN − 9 logðr0ÞÞ
;

λ3 ≡ −
729gs3M2ð1NÞ11=10N2

fð2187α6θ1 þ 270
ffiffiffi
6

p
α2θ2α

3
θ1
þ 50α4θ2Þlog4ðr0Þ

8π3r03αθ1α
3
θ2

: ð40Þ

Defining

Λ≡ 25=6
ffiffiffiffi
gs

p ffiffiffiffiffi
M3

p ffiffiffiffiffiffi
Nf

3
p

r02
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2187α6θ1 þ 270

ffiffiffi
6

p
α2θ2α

3
θ1
þ 50α4θ2

6

q
log

25
6 ðr0Þ

9
ffiffiffi
73

p ffiffiffiffiffiffi
3π

p
N7=30α2=3θ1

; ð41Þ

aðrÞ is given by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Λþ exp

�
2ðrþ λ3c1ÞðΛðλ1 þ λ3Þð2r02 − 9ΛÞ þ 36λ2 logðr0ÞÞ

λ3Λðr02 − 3ΛÞ
�s

∼
ffiffiffiffi
Λ

p
∼

ffiffiffiffi
gs4

p ffiffiffiffiffi
M6

p ffiffiffiffiffiffi
Nf

6
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2187α6θ1 þ 270
ffiffiffi
6

p
α2θ2α

3
θ1
þ 50α4θ2

12

q
log

25
12ðr0Þ

N7=60α1=3θ1

r0: ð42Þ

(5) EOMθ1x:

b ∼ N23=36e
1
6
κr0N

1=3ð9κr0N1=3þlogNÞr0: ð43Þ

(6) EOMθ1y:

b ∼ Ne
3
2
κ2r0N

2=3
r0: ð44Þ

(7) EOMθ2x:

b∼ κθ2yN
10=9e−κ

2
r0
N2=3þ4κr0N

1=3
r0; κθ2x ≫ 1: ð45Þ

(8) EOMθ2y:

b ∼ N10=9e−3κr0N
1=3þκ2r0N

2=3
r0: ð46Þ

(9) EOMθ2z:

b ∼ N10=9eκ
2
r0
N2=3−3κr0N

1=3
r0: ð47Þ

(10) EOMxz=yy=yz=zz:

b ∼ N10=9eκ
2
r0
N2=3−6κr0N

1=3
r0: ð48Þ

(11) EOMx10x10 :

b ∼ N10=9r0: ð49Þ

We therefore see that the bare resolution parameter b is
given by

b∼N1þ 1
Oð1Þr0; aβðrÞ¼ Ce

clinear
b r; C≡ constant: ð50Þ
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One hence can not obtain an r0-independent b. One thus
sees an N-hancement of the effective KK mass scale MKK

(from MKK to Meff
KK ∼ N1þ 1

Oð1ÞMKK) arising from the con-
struction of SYZ type-IIA mirror of the non-Kähler type-
IIB dual [2] of thermal QCD-like theories, as well as the
generation of a one-parameter (C) family of r0=MKK-
independent bare resolution parameter at OðR4Þ in the
M-theory uplift involving a G2-structure wherein C can
be made appropriately large. These are the pair of reasons
for generating super-massive mesinos in the fermionic
sector in the string=M theory duals of thermal QCD at
finite N in [1,3].

V. NONINTERACTING MESINOS

Given that we have seen in Sec. III that supermassive
mesinos, unlike [8] (see [9]), are permissible in the type-IIA
holographic dual [1] at intermediate coupling [3] of
realistic thermal QCD-like theories, this already explains
why mesinos have thus far not been observed near the
EW scale. In this section, we will further show that
mesino-mesino-single-(ρ=π)meson interactions, unlike [8]
(see [9]), vanish identically in the aforementioned type-IIA
holographic dual. Considering fluctuations of the vector

mesons Aμ;r → Að0Þ
μ;r þ δAμ;r with Að0Þ

μ¼t being the only
nonzero background value (see Sec. III) which can be

shown to be tunable so that jFð0Þ
rt j ≪ 1, implying one need

only consider terms linear in Fð0Þ
IIA

6 which are contained

(recalling from Sec. III,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F ð0Þ

IIAÞ
q

≪ 1;
F IIA ¼ i�BIIA þ F in the large-N limit) in

SfD6
¼ TD6

2

Z
d7ξe−Φ

IIA

× Θ̄
�Γβ1…::β7F ð0Þ

IIAβ6β7
Γ
β1…::β5

γDγΓð10Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F ð0Þ

IIAÞ
q �

Θ: ð51Þ

Considering fluctuations in the background gauge field in
(51) and retaining terms linear in the same yields,

δSfD6
∼ TD6

Z
Σð7Þ

d4xdrdθ2dỹe−Φ
IIA

× Θ̄
�
4Γβ1…::β7δF IIA

β6β7
Γβ1…::β5

γDγΓð10Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F ð0Þ

IIAÞ
q �

Θ: ð52Þ

The next step is to perform the KK expansion of δF IIA
αβ and

decompose spinors along M4 and internal directions, and
by integrating over the θ2 and ỹwewill get mesino-mesino-
meson interaction action with couplings given in terms of
radial integrals of the radial profile functions of the mesino
and mesons. The usual KK expansion ansatz [5] is

δAμðxμ; rÞ ¼
X∞
n¼1

ρðnÞμ ðxÞψnðrÞ; ð53Þ

and

δArðxμ; rÞ ¼
X∞
n¼0

πðnÞðxÞϕnðrÞ; ð54Þ

implies

δFμν ¼
X∞
n¼1

F̃ðnÞ
μν ðxÞψnðrÞ; ð55Þ

and

δFμr ¼
X∞
n¼0

∂μπ
ðnÞðxμÞϕnðrÞ −

X∞
n¼1

ρðnÞμ ðxÞψ̇nðrÞ: ð56Þ

We will keep the n ¼ 1 term for the vector fluctuation and
n ¼ 0 for the Arðxμ; rÞ; hence, the degrees of freedom are
the ρ vector meson and the π meson. Using the KK
decomposition of δFμν and δFμr, (52) simplified as follows:

SintD6
∼ TD6

Z
Σð7Þ

�
e−Φ

IIAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detði�gIIA þ F ð0Þ

IIAÞ
q Θ̄ðΓβ1…::β5μνδF̃μνψðrÞΓβ1…::β5

γDγ

þ Γβ1…::β5μrð∂μπðxμÞϕðrÞ − ρμðxμÞψ̇ðrÞÞΓβ1…::β5
γDγÞΘ

�
: ð57Þ

Using the decomposition of the 10-dimensional gamma
matrices [24],

ΓA¼t;x1;2;3;r¼σy⊗14⊗ γA; Γa¼5;…;9¼σx⊗ γa⊗14; ð58Þ

with

fγA; γBg ¼ −2ηAB; fγa; γbg ¼ −2δab: ð59Þ

The 10-dimensional chirality matrix is defined as

Γð10Þ ¼ σz ⊗ 14 ⊗ 14: ð60Þ
6Use is made of i�Bα1α2 ¼ δ½θ1α1 δ

θ2�
α2 Bθ1θ2 and consequently,

F rt ¼ Frt.
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The positive-chirality 10-dimensional Θ can hence be
decomposed into

Θ ¼ ↑ ⊗ χM5ðx0;1;2;3;rÞ ⊗ ψM̃5ðθ1;2;ϕ1;2;ψÞ; ð61Þ

where ψM̃5ðθ1;2;ϕ1;2;ψÞ further splits into ψM̃5
¼ ψS2squashed

⊗
ψS3squashed

. Looking at the second fermionic bilinear in (57)

we get

Θ̄Γβ1…β5trΓβ1…β5
γDγΘðβi¼1;…;5 ¼ x0;1;2;3; θ2; ỹ; γ ¼ t; rÞ

∼ Θ̄ΓtDrΘþ Θ̄ΓrDtΘ: ð62Þ

Now, the nonvanishing Θ̄ΓX1…:XpΘ involving Majorana-
Weyl spinor Θ requires p ¼ 3, 7 [9]. One can further show
that the most dominant spin-connection component of the

type ω
ab
r is ω

79
r and only nonvanishing spin-connection

component of the type ω
ab
t is ωx0r

t . Therefore, using (58),

Θ̄Γβ1…β5trΓβ1…β5
γDγΘ ∼ Θ̄Γtω

79
r Γ79Θ

∝ h↑jσyj↑i ¼ 0: ð63Þ

Also,

Θ̄Γβ1…::β5μνδF̃μνψðrÞΓβ1…::β5
γDγΘ ¼ 0; ð64Þ

as μ; ν∈ x1;2;3 and thus using (58),

Θ̄Γkx0rθ2ỹijδF̃ijψðrÞΓkx0rθ2ỹ
iDiΘði ≠ j ≠ k ¼ x1;2;3Þ

∼ δF̃ijΘ̄ΓijΓl
∂lΘðl ≠ kÞ ∝ h↑jσyj↑i ¼ 0: ð65Þ

Hence, no mesino-mesino-ρ=π-meson vertex is generated.
Together with what was argued earlier that one could have a
supermassive mesino, this suggests the WISP nature of the
nonsupersymmetric mesino, and consequently resolves the
tension between actual QCD and top-down holographic
QCD [9].

VI. TOP-DOWN mquarkhq̄qi
NONRENORMALIZATION UP TO OðR4Þ

TheOðR4Þ corrections to theM-theory dual’s metric are
vanishing small in the UV [25]. The EOM of the flavor
D6-branes’ embedding, z̃ ¼ z̃ðrÞ in the IR arising from the
DBI action for the flavor D6-branes with world volume
Σ7ðS1t ×R3 × R>0 × S2squashedÞ embedded via i∶ Σ7 ↪

S1t ×R3 ×w M6 [w≡ warped product] affected by z̃ ¼
z̃ðrÞ in a non-Kähler warped squashed resolved conifold
M6 in the type-IIA mirror of the UV-complete type-IIB dual
[2] of thermal QCD-like theories, using the induced metric
on flavor D6-branes of (23), NS-NS BIIA of (22), can be
shown to yield z̃ ¼ constant, inclusive ofOðβÞ corrections.

The DBI action in the UV is given by (disregarding
overall r-independent factors, and hence the ∼)

LD6
DBI ∼

r2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π

ffiffiffi
gs

p
r2α3θ2

ð6a2þr2Þ
9a2þr2 þ 3

ffiffiffiffiffiffi
3π

p
N2=5ðr4 − rh4Þz̃0ðrÞ2

r
gs3=4

;

ð66Þ

and consequently the z̃ðrÞ EOM: δL
D6
DBI

δz̃0ðrÞ ¼ K (constant) in the

UV yields

z̃0ðrÞ ¼ C
r5
; ð67Þ

with C being a constant (subsuming gs- and N-dependent
factors). One hence obtains7

z̃ðrÞ ¼ C1 −
C̃2
r4

⟶
r∈UV

C1: ð68Þ

As z̃ðrÞ is dimensionless, C1 will hence also be so, and C2
will have a mass dimension of four (in units of
RD5=D5

¼ D5 −D5-separation). By looking at fluctuations

z̃ → z̃þ δz̃ in the DBI action [no mass term ðδz̃Þ2 is
generated] one can show that in the UV and in the
ψ ¼ 2nπ; n ¼ 0, 1, 2-coordinate patches and by working
near, e.g., ðθ1; θ2Þ ¼ ð αθ1

N1=5 ;
αθ2
N3=10Þ [10,13] (consistent with

the μOuyangj ≪ 1-limit of the flavor D7-branes in the parent
type-IIB dual [2]),

δz̃⟶
UV

c1 þ
C2
r4

þO
��

C2
r

�
12
�
: ð69Þ

Again, we see that the mass dimension of the coefficient C2
of 1

r4 is four (and c1 is dimensionless). Given that one
obtains an AdS5 in the UV, the coefficient of 1

r4 for the
massless fluctuation δz̃ is identified with a chiral conden-
sate [26], we conjecture that C2 is the top-down holographic
analog of the mass-dimension-four mqhq̄qi. As the OðR4Þ
corrections are vanishingly small in the UV [5], c1 and C2
receive no OðR4Þ corrections. This is the top-down holo-
graphic analog of the RG-invariance of mqhq̄qi [27].

VII. UNIVERSALITY IN PARTICLE WAVE
FUNCTIONS IN THE IR

An intriguing universality in the wave functions of the
following particle spectroscopies is noticed.
Glueballs [22]:
(i) 0−þ glueball: The EOM of the type-IIA RR A

fluctuation (to which trF ∧ F̃ couples via the

7C̃2 ¼ C
4
.
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type-IIAD4-branewithworld volumeΣ1;4) term,WZ

term
R
Σ1;4

A∧ trF∧ F̃) ∂νð
ffiffiffiffiffiffiffiffi
gIIA

p
gμσIIAg

νρ
IIAð∂½σAρ�ÞÞ ¼ 0

(where μ; ν;… ¼ að≡0; 1; 2; 3Þ; r; αð≡5;…; 9Þ, and
it was assumed Aμ ¼ δθ2μ aθ2ðrÞeik·x; k2 ¼ −m2 as the
fluctuation about the type-IIA A1 that was worked
out in [1]).

(ii) 0−− glueball: The EOM for the fluctuation in
the type-IIB AMN ¼ BMN þ iCMN [this figures in
the Weiss-Zumino term AμνdabcTrðFa

μρF
b ρ
λ Fc λ

ν Þ],
δAMN ¼ δM2 δ

N
2 δA23, ∂μð ffiffiffiffiffiffi−gp

g22g33gμν∂δA23Þ ¼ 0.
(iii) 1þþ glueball: The EOM for the radial profile

function of the vector-type M-theory metric pertur-

bation hti ¼ hit ¼ gx1x1GðrÞeikx1 ; i¼ x2;x3∶ Rð1Þ
μν ≈0;

Rð1Þ
μν denoting the first-order fluctuations in the

Ricci tensor as a consequence of linear metric
perturbations.

Mesons [20]: Working with the redefined radial varia-
ble Z∶ r ¼ rheZ, after integrating out the blown-up
S2squashed in the DBI action of the flavor type-IIA D6-branes
and KK reduction of the gauge field Aμðxμ; ZÞ ¼P

n¼1 B
ðnÞ
μ ðxμÞαfμgn ðZÞ; μ ¼ t; xi¼1;2;3, the terms in the

DBI action quadratic in the gauge field fluctuations areR
d4xdZðV2ðZÞFðnÞ

μν F
μν
ðnÞα

fμg
m ðZÞαfμgn ðZÞ þ V1ðZÞBðmÞ

μ BðnÞ
ν ×

α̇fμgm α̇fμgn Þ. The EOM for the radial profile αfigm ðZÞ is
d
dZ ðV1ðZÞα̇figm Þ þ 2V2ðZÞM2

ðmÞα
fig
m ¼ 0, where V1ðZÞ ¼

e−Φ
IIA ffiffiffi

h
p

gZZ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
detθ2;ỹði�ðgþ BÞÞp ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

detR1;3;Zði�gÞ
p

and

V2ðZÞ¼ e−Φ
IIA h

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
detθ2;ỹ ði�ðgþBÞÞp ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

detR1;3;jZjði�gÞ
q

. The

solution of αfig is given in terms of the Tricomi hyper-
geometric and associated Laguerre functions.
Graviton [28]: In the context of obtaining the Page

curve of an eternal black hole from the M-theory dual
containing a black-hole in the end of the world (ETW)-
brane [a hypersurface AdS∞4 ×w M6;×w implying a warped
product, with G4 fluxes threading a homologous sum of
four-cycles S3squashed × ½0; 1� and S2squashed × S2squashed in

M6 ¼M5ðθ1;2;ϕ1;2;ψÞ× S1ðx10Þ↪MSUð4Þ=Spinð7Þ
8 ðt; r;θ1;2;

ϕ1;2;ψ ; x10Þ, with a finite tension] coupled to a noncon-
formal QCD bath in the doubly holographic approach, the
massless graviton wavefunction with the graviton localized
on the ETW-brane trapped in a volcanolike potential, is
given in terms of the Tricomi hypergeometric and asso-
ciated Laguerre functions.
Solutions to the EOMs for the aforementioned field

fluctuations/radial profile function are given in terms of
the Tricomi hypergeometric and associated Laguerre
functions. The reason is that the relevant near-rh EOMs
for 0−þ; 0−−; 1þþ-glueballs [22], and the radial profile
function of the graviton wave function [28] are all of
the type,

ðr− rhÞξ00ðrÞ þ ðbþ cðr− rhÞÞξ0ðrÞ þ ðfþ ðr− rhÞGÞξðrÞ
¼ 0; ð70Þ

whose solution is given as

ξðr∼ rhÞ ¼ e−
1
2
rð

ffiffiffiffiffiffiffiffiffiffi
c2−4G

p
þcÞ

�
c1U

�
bðcþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − 4G

p
Þ− 2f

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − 4G

p ;

b;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − 4G

p
ðr− rhÞ

�

þ c2Lb−1
2f−bðcþ

ffiffiffiffiffiffiffiffi
c2−4G

p
Þ

2

ffiffiffiffiffiffiffiffi
c2−4G

p

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 − 4G

p
ðr− rhÞ

��
: ð71Þ

In the context of the radial profile functions of vector
mesons [20], and mesinos at T > Tc in Eq. (27), after
appropriate coordinate redefinitions, the near-horizon (IR)
solutions are also given in terms of the Tricomi hyper-
geometric and associated Laguerre functions.

VIII. SUMMARY

The immensely popular holographic QCD dual of [8]
suffered from the longstanding problem that the Mesinos
were nearly isospectral with the mesons, with nonvanishing/
un(large-N)suppressed mesino-mesino-meson interaction
[9], both in direct conflict with real QCD. What we show
is that using the type-IIA Strominger-Yau-Zaslow mirror of
the UV-complete [2] (unlike [8] which caters only to the IR)
as constructed in [1] inclusive ofOðR4Þ corrections worked
out in [3], not only is it possible to have super-massive
mesinos that do not interact with the mesons, the results
obtained (mesino wave function, mass, mesino-mesino-
meson interaction) receive no OðR4Þ corrections up to

Oð l6pNαÞ; α ≥ 1. Thus, the WISP mesinos and nonrenormal-
ization of their wave functions and mass up to OðR4Þ,
together, apart from solving a longstanding problem,
also provide a major and new insight into the fermionic
sector of top-down holographic duals close to real ther-
mal QCD.
Further, the product of the quark mass and chiral

condensate may be conjectured to correspond to the
coefficient of the leading nonconstant term in the flavor
D6-branes’ embedding fluctuation, with the RG-invariance
of the former [27] corresponding to the nonrenormalization
up to OðR4Þ of the latter. In the end, we would also point
out that there is a rather intriguing wave function univer-
sality in the form of the appearance of (appropriate)
Tricomi typergeometric and associated Laguerre function
in the glueball/meson/graviton (apart from mesinoic)
spectroscopies.
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APPENDIX A: FINITE BARYON CHEMICAL
POTENTIAL

We explicitly show the generation of a finite baryon
chemical potential. From Eq. (27) (fðrÞ being valid ∀ r),
up to LO in N, kUVðrÞ ¼ 1–3 a2

r2 ; fðrÞ ¼ 2N2=5r6

729πgsα4θ1
α2θ2

and

integrating κ
ffiffiffiffiffiffiffiffiffiffi
kUVðrÞ

pffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2þf2ðrÞ

p , one obtains,

Atðr∈UVÞ ∼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iðr2 − 3a2Þ

p
×

	
ð−1Þ2=3

ffiffiffi
3

4
p

ar

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

3a2

r2

r �
F

�
sin−1

�
33=4

ffiffiffi
κ3

p ffiffi
π
2

6
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

iðr2 − 3a2Þ
p ffiffiffiffi

gs6
p

α2=3θ1

ffiffiffiffiffiffi
αθ23

p

ar
ffiffiffiffiffi
15

p
N

�



 12 ð1 − i
ffiffiffi
3

p
Þ
�

− Π
�3i22=3κ2=3 ffiffi

π3
p ffiffiffi

gs3
p

α4=3θ1
α2=3θ2

a2N2=15 − 2ð−1Þ5=6
2

ffiffiffi
3

p ; sin−1
�
33=4

ffiffiffi
κ3

p ffiffi
π
2

6
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

iðr2 − 3a2Þ
p ffiffiffiffi

gs6
p

α2=3θ1

ffiffiffiffiffiffi
αθ23

p
ar

ffiffiffiffi
N15

p
�



 12 ð1 − i

ffiffiffi
3

p
Þ
���

∼
3κ

ffiffiffi
π

p
α2θ1αθ2ð1 − 3a2

r2 Þ3=2
ffiffiffiffi
gs

pffiffiffi
2

p
a2

ffiffiffiffi
N5

p ; ðA1Þ

FðϕjμÞ≡ R ϕ
0

dαffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−m2 sin2 α

p , being the incomplete elliptic integral of the first kind, and Πðν;ϕjμÞ≡ R ϕ
0

dα
ð1−ν2 sin2 αÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−μ2 sin2 α

p
being the incomplete integral of the fourth kind, generating a finite baryon chemical potential,

μ ¼ 3
ffiffiffi
π

p
κα2θ1αθ2

ffiffiffiffi
gs

pffiffiffi
2

p
a2

ffiffiffiffi
N5

p : ðA2Þ

APPENDIX B: EOM-RELATED FOR MASSIVE MESINOS

The EOM for the radial profile R2;nðrÞ of the Mesino Θ, as defined in Eq. (26), is given by

Γ15Er
5ðrÞR00

2;nðrÞ
Et
1ðrÞ

Θ2;0 þR0
2;nðrÞ

�
Γ15

�Er
5ðrÞ

Et
1ðrÞ

�0
−
Γ12ipEx1

2 ðrÞ
Et
1ðrÞ

−
Γ12J 0ðrÞ
ω
810
r ðrÞ

þ 2πið2nþ 1ÞT
�
Θ2;0

þR2;nðrÞ
�
−
π2Γ15ð2nþ 1Þ2T2Et

1ðrÞ
Er
5ðrÞ

þ
πΓ25ð2nþ 1ÞpTEx1

2 ðrÞ
Er
5ðrÞ

þ
Γ12ipEx1

2 ðrÞJ 0ðrÞ
Et
1ðrÞJ ðrÞ

þ
Γ15p2Ex1

2 ðrÞ2
Et
1ðrÞ2

ω
a10
r −

πΓ25ð2nþ 1ÞipTEx1
2 ðrÞ

Et
1ðrÞ

ω
a10
r

J ðrÞ−
πið2nþ 1ÞTJ 0ðrÞ

J ðrÞ þJ ðrÞωa10
r ðrÞΓ15 − iπ

�Ex1
2

Et
1

�0
Γ12

�
Θ2;0 ¼ 0;

ðB1Þ

with a ¼ 7, 8 respectively for the TH, BH backgrounds with suitable aforementioned definitions for J ðrÞ.
(i) T < Tc: Writing MMesino ¼ M̃Mesino

r0ffiffiffiffiffiffi
gsN

p , the constants appearing in the Schrödinger-like EOM (30)–(32), are
given as
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a1 ≡ r20ffiffiffiffiffiffiffiffiffiffiffiffiffi
3πgsN

p ; a2 ≡ 23r0
12

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3πgsN

p ; b1 ≡ 23r0
12

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3πgsN

p ; b6 ≡ −
23

ffiffiffiffiffiffiffiffiffiffiffi
πgsN

p

4
ffiffiffi
3

p
r30

;

AΘ0
2
≡ −

1511.7
ffiffiffiffiffi
r0

p
αθ2

gs7=2κ2 logNMN2=5Nf
2α2θ1

; BΘ0
2
≡ a2 þ

23=2M̃Mesinoπ
1=4

ðgsNÞ1=4 þ 2ið2nþ 1ÞπT;

AΘ2
≡

− 39.4M̃Mesinoffiffiffi
gs4

p ffiffiffi
N4

p þ Tðnð−39.5aβ6r0T − ð125iÞÞ − ð62.5iÞ − 39.5aβ6n
2r0T − 9.9aβ6r0TÞ

r0
;

BΘ2
≡Mðλ25gs15=4κ22 logN2M̃Mesinoð0.1nþ 0.1ÞN3=20Nf

2r04Tα2θ2α
8
θ1
− 1.1λ5gs3=2κ2 logNM̃2

MesinoNfr02αθ2α
4
θ1
þ 6.84N3=5Þ

λ25
ffiffiffiffi
gs

p
κ2 logNr011=2α6θ1α

3
θ2

;

CΘ2
≡

786.1M̃Mesinoffiffiffi
gs4

p ffiffiffi
N4

p þ Tðnð−39.5b6r02T þ ð0.þ 2485.6iÞÞ þ ð1242.8iÞ − 39.5b6n2r02T − 9.9b6r02TÞ
r02

; ðB2Þ

with λ5 being the parameter in terms of which the coframes of the relevant non-Kähler six-folds were worked out
in [3], gIIAθ2θ2ðr ∼ r0Þ ∼ κ2

ffiffiffiffiffiffiffiffi
gsN

p
and

aβ6 ≡
ffiffiffiffiffiffi
3π

p ffiffiffiffi
gs

p ffiffiffiffi
N

p

r02
þ β

ffiffiffiffi
gs

p
Mð19683 ffiffiffi

6
p

α6θ1 þ 6642α2θ2α
3
θ1
− 40

ffiffiffi
6

p
α4θ2Þlog3ðr0Þ

4374
ffiffiffi
π

p
ϵ5 logN4N3=4Nfr04α3θ2

: ðB3Þ

(ii) T > Tc: Based on

Er
5 ¼

ffiffiffiffiffiffiffiffiffiffiffi
9a2þr2

6a2þr2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r4 − rh4

p
ð1 − 1

2
βðCzz − 2Cθ1z þ 2Cθ1xÞÞffiffiffi

2
p ffiffiffi

π4
p ffiffiffiffi

gs
p ffiffiffiffi

N
p

r
;

Et
1 ¼

ffiffiffi
2

p ffiffiffi
π4

p ffiffiffiffi
gs4

p ffiffiffiffi
N4

p
rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r4 − rh4
p þ 27ð9b2 þ 1Þ4βb10 ffiffiffiffi

gs4
p

Mr2Σð6a2 þ rh2Þðr − 2rhÞlog3ðrhÞ
2

ffiffiffi
2

p
π3=4ð3b2 − 1Þ5ð6b2 þ 1Þ4 logN4NNfrh4α3θ2ð9a2 þ rh2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r4 − rh4

p ;

ω
8 10
r ¼ −

7N3=5

λ5gs3=2κ2 logNNfr2α4θ1αθ2ðr2 − 3.3a2Þ þ
κ
ω
8 10
r
a8

ffiffiffi
β4

p ffiffiffiffiffiffi
Czz

p
constλ5gs5=4MN19=20Nf

ffiffiffiffiffiffi
αθ1

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − rh4

r4

q
logðrÞ

r4α6θ2ðr2 − 3.a2Þ2
ffiffiffiffiffiffiffiffiffiffiffi
6a2þr2

9a2þr2

q ;

ðB4Þ

with Σ≡ −19683
ffiffiffi
6

p
α6θ1 − 6642α2θ2α

3
θ1
þ 40

ffiffiffi
6

p
α4θ2 , and setting consistently the OðR4Þ corrections of M-theory’s

three-form potential to zero requires Czz − 2Cθ1z ¼ 0 and jCθ1xj ≪ 1 [3], we see that Er
5 receives noOðβÞ corrections.

Further, the constants appearing in the EOM for massive mesinos are therefore given as

CMMesino
Et
1

Er
5

¼ β
ffiffiffiffi
gs

p
Mð19683 ffiffiffi

6
p

α6θ1 þ 6642α2θ2α
3
θ1
− 40

ffiffiffi
6

p
α4θ2Þlog3ðrhÞ

17496
ffiffiffi
π

p
ϵ5ðlogNÞ4N3=4Nfrh3α3θ2

þ
ffiffiffiffiffiffi
3π

p ffiffiffiffi
gs

p ffiffiffiffi
N

p

4rh
;

CMMesino�
Er
5

Et
1

�0 ¼
2βMð−19683 ffiffiffi

6
p

α6θ1 − 6642α2θ2α
3
θ1
þ 40

ffiffiffi
6

p
α4θ2Þlog3ðrhÞ

6561π3=2ϵ5
ffiffiffiffi
gs

p ðlogNÞ4N7=4Nfrhα3θ2
þ 4rhffiffiffiffiffiffi

3π
p ffiffiffiffi

gs
p ffiffiffiffi

N
p ;

CMMesino
rt ¼ −

14

3
ffiffiffiffiffiffi
3π

p ffiffiffiffi
gs

p ffiffiffiffi
N

p ;

CMMesino
Er
5

Et
1

¼ 4rhffiffiffiffiffiffi
3π

p ffiffiffiffi
gs

p ffiffiffiffi
N

p þ
4βMð−19683 ffiffiffi

6
p

α6θ1 − 6642α2θ2α
3
θ1
þ 40

ffiffiffi
6

p
α4θ2Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
6a2þrh2

9a2þrh2

q
log3ðrhÞ

6561
ffiffiffi
3

p
π3=2ϵ5

ffiffiffiffi
gs

p ðlogNÞ4N7=4Nfrhα3θ2
;
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CMMesino

Ex
1

2

Et
1

¼ 2
ffiffiffi
2

p ffiffiffi
π4

p ffiffiffiffi
gs4

p ffiffiffiffi
N4

p
ffiffiffiffiffiffiffi
rh3

p −
4

ffiffi
2
3

q
β

ffiffiffiffi
gs4

p
Mð−19683 ffiffiffi

6
p

α6θ1 − 6642α2θ2α
3
θ1
þ 40

ffiffiffi
6

p
α4θ2Þð6a2 þ rh2Þlog3ðrhÞ

6561π3=4ϵ5ðlogNÞ4NNfrh7=2α3θ2ð9a2 þ rh2Þ
;

CMMesino

Ex
1

2

Er
5

¼
ffiffi
3
2

q
π3=4gs3=4N3=4

rh3=2
þ
βgs3=4M

ffiffiffi
1
N

q
ð19683 ffiffiffi

6
p

α6θ1 þ 6642α2θ2α
3
θ1
− 40

ffiffiffi
6

p
α4θ2Þlog3ðrhÞ

2187
ffiffiffi
2

p ffiffiffi
π4

p
ϵ5ðlogNÞ4Nfrh7=2α3θ2

;

aMMesino
2β ≡ −

21.9ffiffiffiffiffiffiffiffi
gsN

p þ CMMesino
rt

AMMesino
1 ¼ π2ð−ð2nþ 1Þ2ÞT2

�
β

ffiffiffiffi
gs

p
Mð19683 ffiffiffi

6
p

α6θ1 þ 6642α2θ2α
3
θ1
− 40

ffiffiffi
6

p
α4θ2Þlog3ðrhÞ

17496
ffiffiffi
π

p
ϵ5ðlogNÞ4N3=4Nfrh3α3θ2

þ
ffiffiffiffiffiffi
3π

p ffiffiffiffi
gs

p ffiffiffiffi
N

p

4rh

�
− ð0.þ 3.3iÞð2nþ 1ÞT;

AMMesino
2 ¼ 2βMð−19683 ffiffiffi

6
p

α6θ1 − 6642α2θ2α
3
θ1
þ 40

ffiffiffi
6

p
α4θ2Þlog3ðrhÞ

6561π3=2ϵ5
ffiffiffiffi
gs

p ðlogNÞ4N7=4Nfrhα3θ2
−

1.3rhffiffiffiffi
gs

p ffiffiffiffi
N

p þ 4rhffiffiffiffiffiffi
3π

p ffiffiffiffi
gs

p ffiffiffiffi
N

p þ 2iπð2nþ 1ÞT;

BMMesino
1 ¼ 1.1iCMMesino

Ex
1

2

Et
1

þ ð2nþ 1ÞTCMMesino

Ex
1

2

Er
5

: ðB5Þ

APPENDIX C: z̃=CONSTANT EMBEDDING OF FLAVOR D6-BRANES INCLUSIVE
OF OðβÞ CORRECTIONS

The EOM for the embedding of the flavor D6-branes in the warped squashed resolved conifold z̃ ¼ z̃ðrÞ ¼ z̃ð0Þ þ βz̃ð1Þ,
up to OðβÞ, is given by

N3=5Nfr2ðr4 − rh4ÞðlogN − 3 logðrhÞÞðz̃0ð0Þ þ βz̃0ð1ÞÞ

4
ffiffiffi
6

p
π7=4gs3=4α2θ1α

5=2
θ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
ffiffi
π

p ffiffiffi
gs

p
r2α3θ2

ð6a2þr2Þ
9a2þr2

r
þ 3

ffiffiffi
3

p
N2=5ðr4 − rh4Þðz̃0ð0Þ þ βz̃0ð1ÞÞ2

−
0.0005βMN87=20rh5ð−492.1α6θ1 − 67.8α2θ2α

3
θ1
þ α4θ2Þðr− rhÞ2log3ðrhÞðlogN − 3 logðrhÞÞz̃0ð0ÞðrÞ

ϵ5gs5=2 logN4α6θ1α
6
θ2
ð9a2 þ rh2Þ

¼ Kð0Þ þ βKð1Þ: ðC1Þ

At Oðβ0Þ, (C1) yields

z̃0ð0Þ ¼ �
8

ffiffiffi
6

p
π2gs3=4Kð0Þα2θ1α

5=2
θ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gs

p
r2α3θ2

ð6a2þr2Þ
9a2þr2

r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2=5ðr4 − rh4ÞðN4=5Nf

2r4ðr4 − rh4ÞðlogN − 3 logðrhÞÞ2 − 288
ffiffiffi
3

p
π7=2gs3=2Kð0Þ2α4θ1α

5
θ2
Þ

q : ðC2Þ

From (C2), one obtains z̃ðrÞ∈R if Kð0Þ ¼ 0 (irrespective of whether one performs first a large-N followed by a small-r
expansion or vice versa). In a similar manner, at OðβÞ,
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z̃ð1Þ ¼ c1−
4π2gs5=4Kð1Þrα2θ1α

11=2
θ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6a2þ r2

p

N3=5Nfrh4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a2þ r2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a2− rh2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a2þ rh2

p
ðlogN − 3 logðrhÞÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gs

p
r2α3θ2

ð6a2þr2Þ
9a2þr2

r

×

� ffiffiffi
6

p � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rh2− 6a2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a2þ rh2

q
tan−1

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6a2þ r2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a2− rh2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a2þ r2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rh2− 6a2

p �

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−6a2− rh2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a2− rh2

q
tan−1

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6a2þ r2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a2þ rh2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a2þ r2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−6a2− rh2

p ��
− 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a2 − rh2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a2þ rh2

q
tanh−1

� ffiffi
3
2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6a2þ r2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a2þ r2

p
��

:

ðC3Þ
Again, a finite real z̃ð1Þ is obtained only for Kð1Þ ¼ 0. This hence implies a constant z̃-embedding up to OðβÞ.

APPENDIX D: CONSTANTS APPEARING IN THE SOLUTION TO THE MESINO WAVE FUNCTION
FOR T > Tc

The parameters μ1;2;3;Λ in Eq. (33), are defined as follows [in the following, terms ofOð β
NαÞ;α ≥ 1 have been dropped as

the same were subdominant as compared to the order considered in the [3] ]:

ðD1Þ
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APPENDIX E: SUMMARY OF APPLICATIONS
OF TOP-DOWN HOLOGRAPHIC QCD [1,3]

One of the authors (A. M.) has been working on the top-
down holographic QCD for the past few years. The holo-
graphic dual of finiteN QCDwas first constructed in [1] and
thenOðR4Þ corrections to [1]were obtained in [3]. Following
is the summary of results obtained in this direction:

(i) Summary of applications of [1]: In [16], transport
coefficients such as shear viscosity, diffusion con-
stant, electrical conductivity, charge susceptibility,
etc., of black M3-banes (black M5-branes wrapping
a homologous sum of two cycles) in the MQGP limit
were obtained, and it was found that the ratio of
shear viscosity-to-entropy density is 1=4π. In [13],
deconfinement temperature and mass scale of the
first-generation quarks were obtained without the
inclusion of OðR4Þ corrections relevant to thermal
QCD. Further, thermodynamic stability and G2

structure of [1] and temperature dependence of
electrical conductivity and charge susceptibility
were also discussed in [13,29]. In this process,
Einstein’s law was verified by computing the ratio
of electrical conductivity to charge susceptibility.
For the discussion on Wiedemann-Franz law by
calculating the thermal and electrical conductivities
up to LO in N and NLO in N correction to the
aforementioned transport coefficients and speed of
sound from the gauge-invariant metric perturbations,
see [30]. The glueball and meson spectra of finite N
QCD have been obtained in [20,22], respectively.

Decay of glueballs into mesons (π and ρmesons) has
been discussed in [14] and for the QCD trace
anomaly from M-theory perspective, see [31].

(ii) Summary of applications of [3]: The low energy
coupling constants at the NLO in chiral expansion of
SUð3Þ chiral perturbation theory (for simplicity in the
chiral limit) were obtained from the aforementioned
type IIA dual, in [5] where we observed a connection
between higher-derivative terms and large-N expan-
sion. In the process of computing the deconfinement
temperature ðTcÞ in [25,32], a novel “UV-IR”mixing,
nonrenormalization Tc beyond one loop in the zero
instanton sector and flavor-memory effect were ob-
tained. Further, we constructed a doubly holographic
setupwith a nonconformal bath in [28] to get the Page
curve of the related eternal black hole from a top-
down approach. One of the exciting results that we
obtained in [28] is the Page curve of the relevant
eternal black hole for massless gravity on the Karch-
Randall brane. Massless graviton was responsible for
the exponential-in-N suppressed entanglement en-
tropy from higher-derivative terms in 11-dimensional
supergravity action. This provided us the connection
between the mass of graviton and higher derivative
terms. On the math side with the aim of classifying
nonsupersymmetric thermal geometries relevant to
realistic top-downholographic duals of thermalQCD-
like theories, SUð3Þ=G2=SUð4Þ=Spinð7Þ-structures
and (almost) contact (3) (metric) Structures on the
underlying six-, seven- and eight-folds were studied
in [3,11].
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