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Abstract The Strominger—Yau—Zaslow (SYZ) mirror, in
the ‘delocalised limit” of Becker et al. (Nucl Phys B 702:207,
2004), of N D3-branes, M fractional D3-branes and Ny
flavour D7-branes wrapping a non-compact four-cycle in
the presence of a black hole (BH) resulting in a non-Kihler
resolved warped deformed conifold (NKRWDC) in Mia et
al. (Nucl Phys B 839:187, 2010), was carried out in Dhuria
and Misra (JHEP 1311:001, 2013) and resulted in black M 3-
branes. There are two parts in our paper. In the first we show
that in the ‘MQGP’ limit discussed in Dhuria and Misra
(JHEP 1311:001, 2013) a finite g; (and hence expected to

be more relevant to QGP), finite gg M, N, gSZM Ny and very

large gy N, and very small g";\‘;l ’ , we have the following. (i)

The uplift, if valid globally (like Dasgupta et al., Nucl Phys B
755:21, 2006) for fractional D3 branes in conifolds), asymp-
totically goes to M 5-branes wrapping a two-cycle (homolo-
gously a (large) integer sum of two-spheres) in AdSs x Ms.
(i1) Assuming the deformation parameter to be larger than the
resolution parameter, by estimating the five SU (3) structure
torsion (t) classes Wy 2 34,5 we verify that T € W5 in the
large-r limit, implying the NKRWDC reduces to a warped
Kihler deformed conifold. (iii) The local 73 of Dhuria and
Misra (JHEP 1311:001, 2013) in the large-r limit satisfies
the same conditions as the maximal T2-invariant special
Lagrangian three-cycle of T7*S> of Ionel and Min-OO (J
Math 52(3), 2008), partly justifying use of SYZ-mirror sym-
metry in the ‘delocalised limit’ of Becker et al. (Nucl Phys B
702:207,2004) in Dhuria and Misra (JHEP 1311:001, 2013).
In the second part of the paper, by either integrating out the
angular coordinates of the non-compact four-cycle which a
D7-brane wraps around, using the Ouyang embedding, in
the DBI action of a D7-brane evaluated at infinite radial
boundary, or by dimensionally reducing the 11-dimensional
EH action to five (R!-3, ) dimensions and at the infinite

radial boundary, we then calculate in particular the g; <1
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(part of the "MQGP’) limit, a variety of gauge and metric-
perturbation-modes’ two-point functions using the prescrip-
tion of Son and Starinets (JHEP 0209:042, 2002). We hence
study the following. (i) The diffusion constant D ~ L. Gi)
the electrical conductivity ¢ ~ T, (iii) the charge suscep-
tibility x ~ T2, (iv) [using (i)—(iii)] the Einstein relation
% = D, (v) the R-charge diffusion constant Dg ~ %, and
(vi) (using Dhuria and Misra, JHEP 1311:001, 2013) and
Kubo’s formula related to shear viscosity 1) the possibility
of generating ? = ﬁ from solutions to the vector and tensor
mode metric perturbations’ EOMs, separately. The results are

also valid for the limits of Mia et al. (Nucl Phys B 839:187,
2
2010): g;, %, g2MNy — 0, ggN, g;M >> 1.

1 Introduction

Since the formulation of the AdS/CFT correspondence [1—
3], it has been of profound interest to gain theoretical insight
into the physics of a strongly coupled Quark Gluon Plasma
(sQGP) produced in heavy-ion collisions at RHIC by using
holographic techniques. Within this context, the holographic
spectral functions play an important role because of their
ability to provide a framework to compute certain trans-
port properties of QGP, such as the conductivity and vis-
cosity of the plasma which otherwise are not computation-
ally tractable. The calculation scheme generally involves
Kubo’s formulae, which involve the long distance and low
frequency limit of two-point Green functions. The method-
ology to calculate two-point Green functions by applying
gauge—gravity duality has been developed in the series of
papers [4-6] by considering D3-brane background. How-
ever, this approach is useful for transport coefficients that
are universal within models with gravity duals. One of the
biggest upshots of this is the viscosity-over-entropy ratio,
which takes on the universal value ﬁ, known as the KSS
bound [7-9]. Though the bound was initially obtained by
assuming a zero charge density, the same was shown to hold
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to satisfy for a wide class of theories including non-zero
chemical potential, finite spatial momentum and other dif-
ferent backgrounds (see [10—13]). In addition to this, it is
interesting to analyse the photon production in the context
of non-perturbative theories as this reveals one of the most
fascinating signatures of a QGP. The study of photoemission
in strongly coupled theories by using the AdS/CFT corre-
spondence was initiated in [14] in the presence of a van-
ishing chemical potential, and then continued in [15,16] in
the presence of a non-zero chemical potential by consider-
ing D3/D7 and D4/ D6 backgrounds where baryonic U (1)
symmetry is exhibited from the U(Ny) = SU(Ny) x U(1)
global symmetry present on the world volume of a stack of
coincident flavoured branes. In addition to the finite chemical
potential, spectral functions were obtained in [13,17,18] by
considering a finite spatial momentum, a finite electric field
and an anisotropic plasma, respectively. The validity of the
results of different transport coefficients obtained in the con-
text of different gravitational backgrounds is manifested on
the basis of certain universal bounds. For example, it is well
known that the results of some transport coefficients should
satisfy the famous Einstein relation according to which one
can express the diffusion constant as the ratio of conductivity
and susceptibility [17]. Based on [4,5], the diffusion coeffi-
cient can be extracted from the poles in the retarded Green
functions corresponding to the density of conserved charges.
Also, it was suggested in [19] that, similar to the viscosity-
to-entropy ratio, there can exist a universal bound on the ratio
of conductivity-to-viscosity in theories saturated by models
with gravity duals. Further, based on the Minkowski space
prescription of Son and Starinets, two-point functions were
obtained in [20,21] for conserved R-symmetry current and
different components of the stress—energy tensor for M2-
and M5-branes in AdSs x S7 and AdS7 x S§* backgrounds,
respectively, using which a variety of transport coefficients,
including diffusion coefficient, shear viscosity and the sec-
ond speed of sound, were calculated.

The knowledge of UV-completion of gauge theories is
important to handle issues related to the finiteness of the solu-
tion at short distances as well as to capture certain aspects
of large-N thermal QCD. One of the earliest successful
attempts to explain the RG flow in the dual background was
made by Klebanov and Strassler in [22] by embedding D5-
branes wrapped over 2 in a conifold background, which was
further extended to an Ouyang—Klebanov—Strassler (OKS)
background in [23] in the presence of fundamental quarks
(by including Ny D7-branes wrapped over non-compact
four-cycle(s)). This was followed by the modified OKS-
BH background [24] in the presence of a black hole. It
would be very interesting to determine the transport coef-
ficients by considering a non-conformal modified OKS-
BH background, specially in the finite-string-coupling limit,
which motivates an uplift to M-theory in the ‘delocalised
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limit’ of [25], and calculation of the transport coefficients in
1t.

In this paper, after explicitly showing that the M-theory
uplift in the delocalised limit of [25], of the modified OKS-
BH background of [24] to black M 3-branes, is a solution
to D = 11 supergravity in particular in the ‘MQGP limit’
described in [26], we intend to study the behaviour of trans-
port coefficients of these black M3-branes.! One should
keep in mind that the MQGP limit could be more suited
to demonstrate the characteristics of sSQGP [27] by exploit-
ing gauge—gravity duality, and due to the finiteness of the
string coupling can meaningfully only be addressed within
an M-theoretic framework. We are not aware of previ-
ous attempts at calculation of transport coefficients of the
string theory duals of large-N thermal QCD-like theories
at finite string coupling — this work is hence expected to
shed some light on what to expect in terms of the values
of a variety of transport coefficients for SQGP. Using the
background of [24] or its type IIA mirror in the delocalised
limit of [25] or its M-theory uplift, we have already com-
puted some of the transport coefficients such as the viscosity-
to-entropy ratio and diffusion constant in [26] by adopting
the KSS prescription [7]. It would be interesting to study
important transport coefficients such as electrical conductiv-
ity, shear viscosity, etc. in the finite string/gauge coupling
limit (part of the MQGP limit of [26]) by using the M-theory
uplift of anon-conformal resolved warped deformed conifold
background of [24], which asymptotically, we show, corre-
sponds to black M 5-branes wrapping a sum of two-spheres
in AdS5 x M.

An overview of the paper is as follows: in Sect. 2.1, we
review the framework of our M-theory uplift in the ‘delo-
calised’ limit of [25] of type IIB background of [24] as con-
structed in [26] using S(trominger) Y(au) Z(aslow) mirror
symmetry (in the ‘delocalised’ limit of [25]). In this section,
we also highlight results of various hydro/thermodynamical
quantities obtained in the MQGP limit provided in [26], and
then review the thermodynamical stability of the M-theory
uplift. In Sect. 2.2, we explicitly demonstrate that the uplift
described in Sect. 2.1 solves the D = 11 supergravity equa-
tions of motion, in the large-r limit and near the 61 » = 0, -
branches in the delocalised limit of [25], and in the MQGP
limit of [26]. In Sect. 2.3, we obtain magnetic charge of
the black M3-branes due to four-form fluxes G4 through
all (non)compact four-cycles and point out that the black
M3-branes asymptotically can be thought of as M 5-branes
wrapped around two-cycles given homologously by an inte-
ger sum of two-spheres. In Sect. 2.4, given that supersymme-
try via the existence of a special Lagrangian (sLag) is neces-
sary for implementing mirror symmetry as three T-dualities

! The near-horizon geometry of these branes, near the 6, = 0,7
branches, preserves % supersymmetry [26].
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ala SYZ, we show that in particular the MQGP limit of (4)
and, assuming that the deformation parameter is larger than
the resolution parameter, the local 73 of [26], in the large-r
limit, is the maximal 7 2-invariant sLag of a deformed coni-
fold as defined in [28]. In Sect. 3, we turn toward the dis-
cussion of various transport coefficients in the MQGP limit.
A variety of transport coefficients can be obtained by con-
sidering fluctuations of the U (1), gauge field correspond-
ing to Ny D7-branes wrapping a non-compact four-cycle of
(resolved) warped deformed conifold as discussed in [26],
the fluctuations around U (1) g gauge field, and the stress—
energy tensor. In this spirit, in Sect. 3.1, we first consider
gauge field fluctuations around a non-zero temporal compo-
nent of the gauge field background (non-zero chemical poten-
tial as worked out in [26]) in the presence of Ny D7-branes
wrapping a non-compact four-cycle in the resolved warped
deformed conifold background and work out the equations
of motion (EOM). Further, we move on to the computation
of two-point retarded Green functions by using the prescrip-
tion first set out in [4] using which one can calculate the
electrical conductivity by utilising Kubo’s formula. In Sect.
3.2, we work out the charge susceptibility due to the non-zero
baryon density, which turns out to be such that the ratio of the
electrical conductivity and charge susceptibility satisfies the
Einstein relation. Following the same strategy as described in
Sect. 3.2, we compute the correlation function correspond-
ing to the U(1)g current in the context of 11-dimensional
M-theory background in Sect. 3.3, from the pole of which
one simply reads off the “diffusion coefficient”. In Sect. 3.3,
we determine the correlation functions of the stress—energy
tensor modes. After classifying different stress—energy ten-
sor modes, we compute two-point correlation functions of
the vector and tensor modes of a black M3-brane. Using
Kubo’s formula, we therefore calculate the shear viscosity
and show that is possible to obtain the shear viscosity-to-
entropy ratio (n/s) to be 1/4x. We finally summarise our
results, also giving a flow-chart of the flow of logic and (sub-
)section-wise summary of results in the process in Fig. 1, and
remark on the possible extensions of the current work in Sect.
4. There are four appendices. Appendix A includes simpli-
fied expressions of possible non-zero G ,,’s obtained. In
Appendix B we explicitly evaluate the five SU (3) structure
torsion classes for the resolved warped deformed conifold
background of [24]. Appendix C gives the explicit embed-
ding of the maximal 72-invariant special Lagrangian three-
cycle of a deformed conifold. In Appendix D, we collect var-
ious intermediate steps relevant to the evaluation of R-charge
correlators of Sect. 3.2.

2 The black M 3-branes of [26]

This section has two subsections. In Sect. 2.1, we will review
the uplift of the type IIB background of [24] to M-theory in

the delocalised limit of [25], as carried out in [26] using
SYZ-mirror symmetry (in the delocalised limit of [25]), as
well as its hydrodynamical and thermodynamical properties.
In Sect. 2.2, we discuss the charge(s) of the black M 3-branes
of Sect. 2.1 and show that asymptotically the 11D spacetime
is a warped product of AdSs and a sixfold with M5-branes
wrapping a two-cycle that is homologous to an integer sum
of two-spheres.

2.1 The uplift in the delocalised limit of [25]

To include fundamental quarks at finite temperature relevant
to, e.g., the study of the deconfined phase of strongly coupled
QCD i.e. the “Quark Gluon Plasma”, a black hole and N
flavour D7-branes ‘wrapping’ a (non-compact) four-cycle
were inserted apart from N D3-branes placed at the tip of six-
dimensional conifold and M DS5-branes that are wrapping a
two-cycle S2. This takes place in the context of type IIB string
theory in [24] which causes, both resolution and deformation
of the two- and three-cycles of the conifold, respectively, at
r = 0 (apart from warping). This results in a warped resolved
deformed conifold. In that background, back-reaction due to
the presence of a black hole as well as D7-branes is included
in the 10-D warp factor k(r, 61, 62). The metric from [24] is
given by

1
ds? = — (—gldt2 +dxf +dx3 + dx%)

Vi

+vh [gz_ldr2 + erMg] ;

gi’s demonstrate the presence of a black hole and are given
as follows: g12(r, 01,62) = 1 — :—’z + O (ngM>’ where 7y,
is the horizon, and the (61, 62) dependence comes from the
(@) (ng/\1{/12> corrections. In (1),

dMZ = hy(dy + cos 6; dgy + cos 6 dg)?
+h>(d6F + sin®6; dg?) + ha(h3d63 + sin®6; dg3)
~+hs [cos ¥ (dO1dBy — sin O1sin 6rd¢pdgr)
+ sin Y (sin 81 d6>d¢| + sin 6 dOd¢gr)], (1)

(deformation parameter)2
3
P

r>>a,hs ~ << 1Vr >> (deform-

ation/parameter)%. Due to the presence of black hole, #;
appearing in the internal metric (1) as well as M, Ny are
not constant, and up to linear order depend on gy, M, Ny as
given below:

1 gsM? 1 gsM?
hy=-+4+0 ,hy=—-4+0=——),
1 9+ ( N ) 2 6+ ( N

6a> gsM?
hy =h —, h3=14+0 ,
4 2+ P 3 + < N )
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Meit /NS = M/Ny + " (a/b)mn(gsN )" (8sM)",

m>n

L = (4g,N)* .

The warp factor that includes the back-reaction due to fluxes
as well as black hole, for finite, but not large r, is given as

L* 3g, M2, 3g, NI 1
h = pry |:1 + —Iilogr 1+ e <logr + 5)

2

+gSN’e”ff1 n2 sin?2 )
(0] SIn—Sin— .
e A G R

For large r [24],

b 4 1 1 2 1
rad—el rd—2e rd—e + g%
r47r7
4 4
= Z L(Ot) 3)
= ra
a=1 " (@)
_ 3gM? | gM*N; | 3gIM’Nys R
where €] = s+ - + =5y In sin5-sin ),
_ gM [2N _ 1- € _
€ = 45T =r'T@. ) = Foep) =€) =

%2; Lay=Lp =Ly = L4, L3 = —2L% Ttis conjec-
tured that as r — o0, @ € [1, 00).
In [26], we considered the following two limits:

(i) weak (gs) coupling — large 'tHooft coupling limit:

gsM2
gs << 1,g Ny <<,

<< 1l,g M >>1,
gsN >>1

d
effected by g; ~ ed, M ~ 6_37, N ~ 6_19d,

€e<01072),d>0
2

M
(ii) MQGP limit: gSN <<1,gN >> 1, finite g5, M

3d
effected by g5 ~ ed, M~¢e 2, N~ 6_39d,

e<1,d>0. “)

Apart from other calculational simplifications, one of the
advantages of working with either of the limits in (4) is that
the ten-dimensional warp factor & (3) for large r approaches
the expression (2) for finite/small r. The reason for the
unusual scalings appearing in (4) is, as explained towards the
end of this section, that this ensures that the finite part of the
D = 11 supergravity action—the Gibbons—Hawking—York
boundary term (like [29])—is independent of the angular
(61 2) cutoff/regulator, and yields an entropy density (s ~ r;)
from a thermodynamical calculation matching this calculated
from the horizon area.

The three-form fluxes, including the ‘asymmetry factors’,
are given by [24]

@ Springer

~ 3gsN
3 =2MA, (1 + 8s7f log r)
27

1
Xey N 5 (sin 61 do; A dd)l — By sin 6, d6r, A d¢2)

3gsMNy dr
- Ay — A
4 2 r v

0y . o1 .
A | cot > sin 6, d¢o — By cot > sin 61 d¢

3gsMN ¢
—MA3 sin 6; sin 6,
8
0 0
x | cot z2 df + B3 cot il do,
2 2
A dey A dgy,
Hs = 6g,AuM
9gsN Ny 0 0\ d
X <1 + g‘:n / log r + gsznf log sinz1 siné) &

1
A 5 (sin 01 df; A d¢p; — By sin 6 A6 A d¢y)

3g2MNy dr 1
=LA — Aey —=d
+ 8 7 v 2 v

0> 01
A | cot > d6, — Bs cot > do; ). 5)

The asymmetry factors A;, B; encode information of the
black hole and of the background and are given in [24]. The
O(a?/r?) corrections included in asymmetry factors corre-
spond to modified Ouyang background in the presence of a
black hole. The values for the axion Cy and the five-form Fj
are given by [30]

N .
Co= 3200 — 1 -9 [smce / dcy = Nf} ,
T s!
1
8s

Fs = —[d* ndn™ +x@hx Adn D] ©6)
It can be shown that the deviation from supersymmetry, one
way of measuring which is the deviation from the condi-
tion of G3 = F3 — ie ®Hj being imaginary self dual:
liG3 — %6G3|?, is proportional to the square of the resolu-
tion parameter @, which (assuming a negligible bare reso-

lution parameter) in turn is related to the horizon radius 7y

2 2
via a? = %ri + %(gst)rﬁ [31]. We hence see that

despite the presence of a black hole, in either limits of (4),
SUSY is approximately preserved.
For embedding parameter u© << 1, D7-branes mon-

odromy arguments for Ouyang embedding:
x = (9(12;"4 + r6)1/4el/2(1//—¢1—¢2) Sin%l sin%z _ IL2

. “ . . 3 ”»
(relabelling p as r) “j(r(x)) = ;7;224J{}3 ~ xjﬂz ort ~
z—jlnlnx, implying [24]
1 N N 0 0
—® f 6 2.4 f S
=———1 9 ——1 — = .
e o 8 og(r’4+9a°r") o og <sm 5 sin 2)



Eur. Phys. J. C (2015) 75:16

Page 5 of 34 16

Working around: r ~ (r), 012 =~ (012), ¥ ~ (¥) define
the T-duality coordinates, (¢1, ¢2, ¥) — (x,y, z) as

x = Vhahsin(0y) (). y = v/hah¥sin(02) (r) .

2= Vhi(r)hiy. (7

Interestingly, around ¥ = (y) (the ‘delocalised’ limit
of [25], i.e., instead of a dependence on a local coordinate,
an isometry arising by freezing a coordinate and redefining
it away as also summarised below), under the coordinate
transformation [25]

sinfyd¢; R cos{yr)

do, —sin(yr)

the hs term becomes hs [dO;d6; — sinf;sinfrde¢1de;]. Fol-
lowing closely [25], and utilising (8) and (7) one sees that

sin{yr) sinfyd¢;
cos(1/r))< do, )’ ®)

6 — _My + cos(yr)0> implying cos 6»2d ¢2
(4mgsN)*
— cot [—My + COS(¢)92:|
(4wgsN)#
x im + sin(l//)dez} . )
(4 gsN)4

Defining 6, = —My ~+ cos{y )6, = — sin{6r) sin(yr)
(4rgsN)4

¢ + cos{yr)0; ey cos{yr)6h, ey, — ey + cot 0> cos ()
sin{(6»)d¢, + cot 0, sin(yr)d6,, one hence sees that under
U — ¥ — cos(Br) g + cos(0r)¢r — tan(r)In sin O, ey —
ey . In the delocalised limit of [25], one thus 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 needs to ensure that the abovementioned local T3 is a
special Lagrangian (sLag) three-cycle. This will be explic-
itly shown in Sect. 3. For implementing mirror symmetry
via SYZ prescription, one also needs to ensure a large base
(implying large complex structures of the aforementioned
two two-tori) of the T3(x, y, z) fibration. This is effected
via [32]

dyr — dyr + f1(01) cos 01dO| + f2(62) cos 6,dbs,

dg12 — do12 — f1,2(01,2)d01 2, (10)

V2

T =

for appropriately chosen large values of f1 2(6;2). The three-
form fluxes remain invariant. The fact that one can choose
such large values of f 2(61,2), was justified in [26]. The guid-
ing principle was that one requires that the metric obtained
after SYZ-mirror transformation applied to the resolved
warped deformed conifold is like a warped resolved coni-
fold at least locally, then G 1’(;; needs to vanish [26].

We can get a one-form type IIA potential from the triple
T-dual (along x, y, z) of the type IIB Fj 3 5. We therefore can
construct the following type ITA gauge field one-form [26]
in the delocalised limit of [25]

o AP = I:Fx,xdr + ﬁxglxdel + ﬁxgzxdez + ﬁy@lydel

+I§y92yd92+}%zgzzd02+lézgl zdO1 + I%Z,zdr—i—lg‘yrydr]

X (612 = (01.2). 612 = (D1.2). ¥ = (W), r — (1)
o Af1 = (f«s“lyxydx + I*§1zxzdx)

X (612 = (01.2). 12 = (D1.2). ¥ = (W), r — (1)
o A = (émlrdel + églgzeldez + ;'5792rd92)

X (612 = (01.2). 1.2 = (D1.2). ¥ = (W), r — (1),

resulting in the following local uplift:

20114

ds? = e~ (—gldt2+dx12+dx§+dx32)

1
[«/h (r, 61, 62)
+ V0,0 (87 4r?) + ds?pa 012 b1 w>]

4pl1A

2
+e™5 (dny + AT AT AR

which are black M 3-branes.
4
In the MQGP limit: G ~ €3 2 (1 - :-&) ,GM ~

59d
€ 3 . 2 7 do? / rp€’
.One canrewrite G,,dr- = & o where &' ~ 457

2 i 3
r (1_7‘) €
7 dew? 2 v?
and §'=>- = dv orw = - One sees that near r = rj, ~

M2 . 384,292 : - 1
1, G/ dt €”**y~dr~, implying again T Nk
in conformity with [24]. Similar result are obtained for the
limits of [24]. Now, Gé‘gl, Gi\,/l have no angular dependence
— _ %Gy
and hence the temperature 7 = pry crem [7,8] of the black

M3-brane turns out to be given by

Both limits  7'j
—

al?’

25 (18952 N pIn2 (ry) Mgt 243 g5 (47 — g5 N ¢ (—3+In(2)In(rp,) Moty 2 +8N 72
rh /_JT\/ s( s f h [S s rhs4 f e )
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To get a numerical estimate for r;, we see that equating T
to LZ’ in both limits one then obtains r, = 1 + €, where
0<e<l.

The amount of near-horizon supersymmetry was deter-
mined in [26] by solving for the Killing spinor € by the
vanishing supersymmetric variation of the gravitino in D =
11 supergravity. In the weak (g)-coupling-large-’t Hooft-
couplings limit [26]

€012, P12 = ¢1 £ 2, ¥, x10)
— FPP1e @ GIT (T 56, FpPre @ G ()56

se—PVe U (FGT(@TseFG¥ ()I's6)

x 10610 (G756 £G ()T s6) g

with the constraints

/|GIIB/IIA ZIIB/IIA(r)

IIb/IIA\/lGIIB/IIA IIB/IIA

| r=rp

IIB/ITA ~IIB/ITA

*© Gy Grr | 1

WzIIB/IIA(r) 27T’

Let us review the thermodynamical stability of a type
IIB background in the Ouyang limit as discussed in [26].
Assuming u(# 0) € R in Ouyang’s embedding [33]

rzez('/’ ¢1—¢2) 51n7sm% = u, Which could be satis-

fied for ¥ = ¢1 + ¢ and r2 sin 5 sm922 = . Includ-

ing a U(1)(of U(Ny) = U(1) x SU(Ny)) field strength
F = 0,A;dr A dr in addition to Bj, in the D7-brane DBI
action, taking the embedding parameter p to be less than, but
close to 1, the chemical potential ¢ was calculated up to
O(w) in [26]:

CZ CZ 2
13 -8 )a +8ry? 2 Fy <% 3 % —%)111(#))

c~ + gsN
He ™8 22 NS 3277
and One thus sees

3ch 1

Meg = teg; 'gep = teo, 12 3T

7¢€0 0 8¢€0 0 ( ) aT Nj a= frh f<<<1 Cc= 713(47zgyN)2 877

: —a 6/ 12 Fo(2 3.2. L

for a constant spinor &o; go,,¢,, = € %, gyy = T (f +4lnu) 2 281\3-2:3 776 0
€M, grioxy = €10 near 612 = 0,m. The near-horizon + /8N 167 T3 =Y

black M 3-branes solution possesses 1/8 supersymmetry near
01,2 = 0, 7. Similar arguments also work in the MQGP limit
of [26].

Freezing the angular dependence on 6,7 (there being
no dependence on ¢ 2, ¥, x10 in both weak (gy)-coupling-
large-’t Hooft-couplings and MQGP limits), noting that
G(])(l)/:f {1\53 are independent of the angular coordinates (addi-
tionally possible to tune the chemical potential ¢ to a small

value [26], using the result of [7]

n _ /|G11A/M|

\/|GTIIIA/MG11A/M| —

[e's] |G11A/MGIIA| 1
x| dr —. (13)
h

IIA/M |GITAIM| T ax

In the notations of [7] one can pull out a common Z(r)
in the angular part of the metrics as Z(r) K, (y)dy'dy/,
(which for the type IIB/IIA backgrounds is Vhr?) in terms
of which we have

@ Springer

(1+ T6)

aa_ixff‘ < 0. Apart from C,, >
0, thermodynamic stability requires g
C>0,u=lim_,g+ 1 —€is satlsﬁed

Let us, towards the end of this section, review the argu-
ments as regards the demonstration of thermodynamical sta-
bility from a D = 11 point of view by demonstrating the
positivity of the specific heat, as shown in [26]. Keeping in
mind that, as r, ~ Iy, higher order o’ corrections become
important, the action is

Sp = f LeV/GMRM 4 / a1k MVh
167 87 aM

1
—-/ <|G4|2—C3/\G4/\G4)
4 /m

T 1
+—2/ dlyv/GM (J - EEg)
M

27432213

So, itis clear that “ ‘Nf

|7 > 0, which for

+T2/C3 A Xg— S,
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where T, = M2-brane tension, and

. 1 .
J=3.28 (R"”J”R piigRm” Resn+5 R™™ Rpgij R’ R",m>,

r !
myn

myn
wyny R

mqng»

'R

__ _abcminy...mgqny
Eg =e €abem'n)...mjyn),

Xg [tr(R4) — (wR? ] ,

1
7192 (272)4

for Euclideanised spacetime where M is a volume of space-
time defined by r < r,, where the counterterm S is added
such that the Euclidean action Sg is finite [34,35]. The rea-

son why there is no ,%z in the action is because of the tacit
11

understanding that as one goes from the local T3 coordi-
nates (x, y, z) to global coordinates (¢1, ¢2, V) via Eq. (7),
the (gsN )% cancels off K]2]. This also helps in determining
how the cutoff r5 scales with €, which appears in the scal-
ings of g, M and N. Given that 133 A Hj is localised, i.e.,
receives the dominant contributions near 61 » = 0, the total
D-brane charge in the very large-N(>> M, Ny) limit can
be estimated by [23] =~ [ F5 A H3 ~ N. In the MQGP

263, T3
limit [26], defined by considering g, gsM, gSZMNf =

2
finite, ggN >> 1, % << 1. We have

. 3 (g M)2 (g, Np)NsA | As(B) + B
/F3AH3~/{ (gsM)“(gsNy)NyA1A4(By + By)

8m2
(Inr)* 32(g,M)*(gsN )N A3As 1
X sin 6, sin 61 — ) -
r 267 r
0 6
x sin 0 sin 6, (cot2 72 + B3 Bs cot? é) }

X d91 d@zdrd(m d(]ﬁzdlﬁ.

Since the integrand receives the most dominant contribution

near 61 2 = 0, , we have introduced a cutoff €0, ™~ e% in
the MQGP limit of [26]. Using this,

/ F3 A Hy ~ 3% 2%1(gsM)*(gsN )N s (Inrp)>.

We have - ~ L —
KTy 33, 257.[(83}1\;4) (gst)z (Inrp)

1 1 _3
~ (gsN) %, we get

Assuming 5 5
33,257 (gs]/\‘]’f) (gst)2 (Inrp)

N %g; ¢ :
33. 257 M2N

The action, apart from being divergent (as r — 00)
also possesses pole singularities near 6 2 = 0, 7. We reg-
ulate the second divergence by taking a small 6; >-cutoff
€9, 012 € [€p, m — €g], and demanding €y ~ €7, for an
appropriate y. We then explicitly checked that the finite
part of the action turns out to be independent of this cut-
off €/€g. It was shown in [26] that in [24]’s and the MQGP

lnrA ~

EB finite
hmlt’. SEHAGHY-+/G4 2+ O(RY)
are given by

: i (i) (i)
/<€—KEH—surtace() /hM RM, e_KchsmO\/E, G_KﬂLX«/E|G4|2)

~ —ri and the counterterms

r=ra

agH
X (— + agpy-boundary — egaG4 + aR4623) ,
€

and

et —cirface (i) _ i) _ D)
/(6 KEH-surface /hMRM,e Kcosmuﬁ,e Kﬂuxﬁ|G4|2)

r=ra

agEH
X (—% + agpy-boundary — 619(1(;4 +aR4e45) ,
P

respectively, in the two limits—in both limits the countert-
erms could be given an ALD-gravity-counterterms [35] inter-
pretation. It was also shown in [26] that the entropy (den-
sity ) is positive and one can approximate it by a s ~ r}?
result, which is what one also obtains (as shown in [26])
by calculation of the horizon area. Using this, therefore,
C ~ Ty 3(r3)

OT  9ry
ary,

> 0, implying a stable uplift!

2.2 Satisfying D = 11 SUGRA EOMs locally
in the MQGP limit

In this subsection we explicitly verify that the uplift to M-
theory in the delocalised limit of [25] in the MQGP limit of

[26] (involving g < 1) constitutes a bona-fide solution of
D = 11 supergravity EOMs in the presence of (wrapped)
M 5-brane sources. These for a single M5-brane source are
given by [36]

1
M M
RMN_EGMNR

1 1
=10 <GMPQRGII\D/QR—gG'/A/[MNGPQRSGPQRS)

i Thr (14)
and in the absence of a Dirac 6-brane:
dx11 Gs+ Gy A Gy = =2, Ts(Hz — A3) A*11Js, (15)

dxOAdx! Adx2Adx3 AdO; Ady |

where the M 5-brane current Jg ~

V-GM ’
the Bianchi identity is
dGy =2k} Ts 11 Js. (16)
Taking the trace of (14),
r=_tg GPORS 42 79 (17)
20T T3 reRs ig-
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Incorporating the above in Eq. (14), one gets

1 1
RMN =14 <GMPQRG ok _ EG GPQRSGPQRS>

1

and the spacetime energy—momentum tensor 7y for a sin-
gle M5-brane wrapped around S2(6;, ¢) is given by

TMN (x) =/M d%,/—det GMSGMIvy, xMp, x N
6

X5”(x - X&)
4/ —det G%N

where X =0, 1, ...,

19)

IlTand u,v=0,1,2,3,61, ¢1.

Now, we have

det Gt
2nr6 F2(02)%gs N cos2(0;) cot®(0;) sin®(62) 0052(02)
159432332/3g,16/3

det Gﬁ”vs
4
9 (1 - —f;> r8 sin®(61) (cos(262) — 5)

" 647, 15/3N (sin?(6) cos2(602) + cos2(6y) sin(6,))

N
Gé\l/é] ~ L (24)
V3 Ve N

Utilising the above, we have

1 8
M 70
—=Gy5 Ty ~ =

gGuinTo ~ 5Cha N

L/ —det G/A}/‘N

Tp,0,

r“ 4 5—cos(262) -
e G5 (,/1—7@) rtan* 01) ) e sy €5 (62) sec(82) sin(6y)

/&N f2(02)
(25)

Now, in the MQGP limit, the most dominant contribution
is governed by Rg,4,. So

! ! PORS
R%I = 12 <G91PQRG91 gG(%lGPQRSG Q )
1
+iiy <T9191 - §G9191 TQQ> (20)

Using Eq. (19), one sees that

/—det Gﬁ’ff
T8 ~ f—ownx 1)
4/ —det G%N

Similarly, in both limits,

[ —det GM3
Y___ 7 2
\/ —detGﬁ\fN

MM, M
T9101 - GQ]M] GQ]MZT G9101

So, we get

et GI> o)

T9101 -

@ Springer

1
N7/4

S <7g13/4M2N2 )
We will estimate (25) at an rp ~ e \™ f (see Sect.

2.2) resolution/deformation parameter and also larger than

= 1+ e(e — 07), near 012 = 0 (effected as 012 ~
Otge%), fore ~ 0.83, g << 1yields ry ~ 5 in the MQGP
limit. In this limit, from (25), in the same spirit as [37] one
estimates

1
M 10
§G919| TQ 3

~age? ap<<l

To6, — ~ NymsO(Day << 1,

(26)

where Ny, is the number of wrapped M 5-branes approx-
imately given by N, which in the MQGP limit and with
€ = 0.83 is around 10%; oy << 10’%. In [26], it was shown

that, in the MQGP limit, the EH action [ v/ —GMR yields

4
a divergent contribution: 0;%, which can be cancelled by a
(2

boundary counterterm: e~ 133/ (%) [ ~/—hR evalu-

ated at r = rp, wherein gsa1€, N ~ €32 N ~ a3e_39.
€155/6 (a(alm)) f /“hR

will not yield any finite contribution to R,y . Further,

So, at r = rA,f
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1 _ _ o
FMPQRGII\)/QR_EG%NGPQRSGPQRS e N=¢1,P=v,0=9¢1;
sin? (6)) cos(6;) cot® (6;) O, («/ —GG"“”Z‘”"’I) + g, («/ —GGQZ¢2‘”¢‘)
) ) 2 3
(sin?(61) cos?(6) + cos?()) sin*(6>)) 91,2~a96%,a9<<1 L r=ra, MOGP limit, 6 5 ~ 0506%,
l,e =0.
~a2e? << 1. @7 (¥ <<1€=08
.5 - 11
. rasin®@p  rpsin' 0p
~ Ny sin ¢ T S
Further: giN1 gIN1
~agl0Nysings << 1. (32)
x0x1x2x301¢1
*11J6 ~ € rdavrxio dr Adr Adga Adyr Adxyg
~— [T 6 I 6" drndéndsndy ¢ N=0.P=0¢1.0=0¢:
pneRL3 mesS?(01,¢1) 2 ¢inl0p
5 -6 01020102 . Iy SIn h
N sin® 6 9 («/—GG'Z )~N singp A 72
Adxio ~ B0 LG A doy A des A dr A dagg b £ sin gy =
r8 gs N3
r=raMOGPe=083.012>0 28) ~ o102 Ny singy << 1. (33)

From [26], G4 A G4 = 0 and Utilising the expressmr'ls for the non-zero G ynpg flux
components and (28) (which tells us that ;1 Js’s only non-

. 3
Zero component is (*11J6)r92¢2Wm)’ atf1 o ~ ope?, g <<
A3z = By Adxjo, 1:

H; = Hgg2¢ld91 AdOy A de) + H9102¢2d91 A dbr

3G =0~ (11 J . 34
Ay + Hyoyg,dr A dOyd6, I &é26243101 1176624210 (34
+Hp, ¢,y d01dé1dy + Hp,9,¢,d01 A dOr A dgpp Also:
+Hg,0,4,d01 A dbs A depy 1Gerdawsr] = 0; 9 Gorpoynio] = 0;
+Hg, ¢,y d01 A dgy A dip. (29)

3r1G 616261 2] |r:rA,91.2—>0, MQGP limit

7 7

. . 302 3 :

So from (29) and (28), (H3 — A3) A %11 Jg = 0. Using this 8 M s+ BN s
A

in (15), Gunpo satisfies 3y (V—GGMNP2) = 0, which Niry

in the MQGP limit is given by g ~age M~ aMe_%, N~ aye
1
=0.83: ~——~107% << I
3, ( /_GMG(-?]NPQ) +392( /_GMGezNPQ) € aM,N o <<

Oy Go162¢121
+0, (\/—GMG¢1NPQ> —0. (30) e \
301 ~age2, 0 ~ O(Dage? 1oy << 1;

. . . MQGP limit: € = 0.83
Using the non-zero expressions for the various four-form flux

3
components in the MQGP limit requires one to consider: N {(’)(f; ;;24 singy ~ 10 2sing for O(1) ~ 7. (35)
e N =0, P =d, O =xoand one hence obtains We therefore conclude that the D = 11 SUGRA EOMs are

nearly satisfied near r = r5 and the ) = 6, = 0 branch.
39] (J_GM G919| 69292 G¢1¢2 GX10%10 60192¢]X10)
1 2.3 Black M3-branes as wrapped M5-branes around
gs,ég i two-cycle
76> tan(6y) sin(6;) tan(6) ((3 tan?(81)+1) sin (62) +2 tan* (1))
X
(sin(01) +sin2(62))

Let us turn our attention towards figuring out the charge of
\ the black M3-brane. We utilise the non-zero expressions of
Vr=ra, MOGP limit, 015 ~ ape?, ap << 1,€ =0.83 the components of the four-form flux G4 as given in (152),
~ 07 << 1. (31)  and the following features. (i) We assume the expressions

@ Springer
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obtained in the ‘delocalised’ limit of [25] and hence in con-
formity with the non-locality of T duality transformations,
are valid globally ((012) was shown in [38] to be replaced
by 61,2 for D5 branes wrapping two-cycles in conifolds).
(i1) We use the principal values of the integrals over 6 2,
ie., assuming: [, F(6;)do; = lime, o f;:% F(6,)do; =

lime, 0 fE Zi_f"i F(r — 0;)do; (iii) We assume the f;(6;)

introduced in (10) to make the base of the local 73-fibered
resolved warped deformed conifold to be large, it will glob-
ally be cot6;. (iv) We believe that the distinction between
results with respect to ¢; and ¢, arising due to the asym-
metric treatment of this, while constructing A4 from triple
T-duals of F II 1335, being artificial and hence ignoring this.
Then using (152) one sees that in the limit of [24]

6_14Nf sin ﬂ;;

/“)(9 0261.62) G
Ca” 01,0201, (W), (r), (x10)

/ Gy ~ 6_9;
C(61,62.01/2,%10) (W), (d21)(r)
/ 4 = O;

€ )(r 61,62,x10) (W), (b1.2)
/ 4 Ga =0;

D (101,612, x10) (62),4),{¢a/1)
/ 5 Ga =0;
) (r.62.61/2.%10) W).(601), (d2/1)

=0.
(61).(#1,2)

Gy
/ © (1,00, 9,x10)

Strictly Grayyyy ~ O (S35 ) Fi(612) + O@2MN )
F2(61,2).

We first take the weak (g) coupling-large 't Hooft
coupling limit in G,g,yy,, itself to annul this flux. Also,
Groyyxg ™ # in the weak (g;) coupling-large ’t Hooft
coupling limit, and hence it is negligible for large r.

Similarly fo)(rﬂm/fmo) G

’

4 =
(02),(¢1,2)

Gy

/Cig)(gl"”‘/z"”’x“)) ($21),().62)

Gy

/(9)
Cam OO0 0112:%10) L) 1y (0, (pa1). i)

=0.
(#1,2),(r)

/ Gy
(10)
Cy 7 (01,62,9,x10)

@ Springer

2
O |(@2MN@Np (E)]
F3(61,2), Again we first take the weak (gy) coupling-large
't Hooft coupling limit in Gg, 9,y x,, itself to annul this flux,

Strictly G91921ﬁx11

(01).(¥), (x10)

Gy
/C““(r 02,01,62)

Gy =0;

S r,62,61,9)

(01),(¢2),{x10)

(02),(¢2/1),(x10)

Gy =0

14)
©1.02:0129) L1y 1), (1), (x10)

G4 =0, (36)

(02/1),(x10),(r)

f( 13) Ga
(r,01,91/2,%)

CQIS) (01/2:91.¢2.%)

where we calculate the flux of G4 through various four-cycles
Ci . We have dropped the contribution of G,¢,0,y, Gr6,¢¢,
t0 Gmnpdr Adx™ Adx™ AdxP asitis O (1)-suppressed as
compared to the ones retained, which is hence, dropped, at
large r. From (36), one sees that the most dominant contri-
bution to all possible fluxes arises (near (y/)), in the large-r
limit, from Gg,0,¢,x,, and Gg,6,¢,x;0- Using (37), the large-r
limit of the D = 11 metric can be written as

dsf) = dsigs, + 8sM*(In r)* X1 (61,2)d6]
11

gs6 M2

—da

VN
1
x [(gsN)ZMzg(el,z)del + g$a2r224<91,2)dez]

11
+ 44 (In r)222(01.2)d65 + g rin r

4 4
xdxio + g5 dxdy + g MINyrin rS5(6;.2)d6,
+a?r?In r£5(61 2)d621dé1 2
+ds/2\43(¢1,2»¢)(01v2)’ 37

Hence, asymptotically, the D = 11 spacetime is a warped
product of AdSs(R!3 x R () and an Mg(8) 2, ¢1.2, ¥, x10)
where M has the following fibration structure:

Me (012, h1.2, ¥, x10) <— S'(x10)
J
— Ms5(01,2, ¢1,2, V)
J
B(61, 02) <— [0, 1]g,
!
[0, 114,

M3(d1, 2, ¥)

(38)

Analogous to the F31 1B (61,2) (with non-zero components
being Fyg,0,, Fygr0,> Fi¢,0, and Fy ¢,6,) in a Klebanov—
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Strassler background corresponding to D5-branes wrapped
around a two-cycle which homologously is given by
52(91, ¢1) — 52(92, ¢2) [22], the black M3-brane metric
asymptotically can be thought of as black M5-branes wrap-
ping a two-cycle homologously given by n15%(6y, x10) +
2802, d172) +m1 5% (61, $172) +m2S? (62, x10) for some
large ny 2, mi2 € Z.

A similar interpretation is expected to hold in the MQGP
limit of [26]—in the same limit, however, the analogs of
(152) are very tedious and unmanageable to work out for
arbitrary 0 ». But we have verified that, in the MQGP limit,

fC4(«91,2,¢1/2,x10) Gy oa i will be very large. Warped

products of AdS5 and an Mg corresponding to wrapped M 5-
branes have been considered in the past—see [39].

2.4 Kaihlerity from torsion classes and a warped deformed
conifold sLag in the ‘Delocalised” Limit of [25],
and large-r and MQGP limits

In this subsection, first, by calculating the five SU (3) struc-
ture torsion (7) classes W1 2 3 4.5, we show that in the MQGP
limit of [26] and assuming the deformation parameter to be
larger than the resolution parameter, the non-Kéhler resolved
warped deformed conifold of [24], in the large-r limit,
reduces to a warped Kihler deformed conifold for which
T € Ws. Then, in the large-r limit, we show that the local T3
of [26] satisfies the same constraints as the one satisfied by a
maximal T2-invariant sLag sub manifold of a 7*S so that
the application of mirror symmetry as three T-dualities a la
SYZ, in the MQGP limit of [26], could be implemented on
the type IIB background of [24].

The SU (3) structure torsion classes [40,41] can be defined
in terms of J, 2, dJ, dQ and the contraction operator _ :
AFT* @ A"T* — A" *T*, J being given by
J=c¢! /\62+e3Ae4+e5/\e6,
and the (3, 0)-form €2 being given by
Q=C("+ieH) N> +ie) A +ied).

The torsion classes are defined in the following way:

o W « [dJ]GD, given by real numbers Wy = W1+ + W
withdQAJ = QyAdS = W IAJAT anddQ_AJ =
QANdS =W IAT AT,

o W o [dQIPY: (A1) @2 = Wr I AJ + W;f A J and
AQOPD =W T AT+ W, A,

o W3 < [/} is defined as W3 = dJ @D — [J A
W4l @D;

o Wi JAAS: Wy =%J.dJ;

o Ws « [dQ](()3’1): Ws = %Q+Jd9+ (the subscript 0
indicative of the primitivity of the respective forms).

Depending on the classes of torsion one can obtain differ-
ent types of manifolds, some of which are:

1. (complex) special-hermitian manifolds with W; = W, =
W4 = W5 = 0, which means that T € Wj3;

2. (complex) Kihler manifolds with Wy = W, = W3 =
W4 = 0 which means 7 € Ws;

3. (complex) balanced Manifolds with Wy = W, = Wy =
0, which means t € W3 @ Ws;

4. (complex) Calabi—Yau manifolds with Wi = W, =
W3 = W4 = W5 = 0, which means 7 = 0.

The resolved warped deformed conifold can be written in the
form of the Papadopoulos—Tseytlin ansatz [42] in the string
frame:

6
45 = 12082, 4 ehds = ek + 3 G
i=1

(39)
where [43,44]

G = EOHED2 0 Gy = A TOFEON/2
+B(7) X (M—g(1))/2 (€2 — aer),
Gy = O8O/ (¢ _ge1),
Ga = B(x) e OHN2 o) _ 46 O=8EN2 () _ gy,
Gs = "2y~ 12(¢)dr,
G = "2y 12 (1) (dy +cos rdpr+cos 61dey),  (40)

. (7)
wherein A = % B(r) = selle The e;s are one-
forms on S2,
el = d@], e = — sin 91(1(]51, (41)

and the ¢;s a set of one-forms on $3

€1 = sin ¥ sin 6,d¢, + cos ¥rdbs,
€y = cos ¥ sin o dgpr — sin Ydbs, €3 = dyr + cos G2 deps.
(42)

These one-forms are quite convenient to work with since
they allow us to write down very simple expressions for the
holomorphic (3, 0) form,

Q= (G1+iG2) AN (G3+iGy) A (G5 +iGg), 43)
and the fundamental (1, 1) form,

J= ’5[(61 +iGy) A (G —iGy) + (G3 +iGy)
A (G3 —iGa) + (Gs +iGg) A (Gs — iGg)].  (44)
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Substituting (40) into (39), one obtains
PRI
«/_ v(t)
x <dr +[d¥ + cos 6;dé; + cos 92d¢2]2)

—|—d912 (eg(r)+x(r) + a(.L.)Ze—g(fH-X(T))
1

+dg? (5 (@@ + )

x e D=8 csch? (1) sin(6))

X <2a(r)2(r) + 4a cos h(t) + 28

dsg = dS]Rl 3 +

+ cos h(2T) + 1)) + do =8
X ((az(t) + ezg(’)) sin?(¥)esch?(z)
+2a(t) sinz(w) coth(t)csch(r)
+ sin?(y) coth?(7) + cosz(¢)>
+dp3e* P78 sin? (theta2)
X ((az(r) + €2g(1)> cos®(y)csch? (1)
+2a cos2(1p) coth(#)csch(t) + cosz(w) coth?(t)
+ sinz(w)) — 2a(t)e ™"+ cos yrdo; dbs
+dg1dgnae* D 78D cos(yr)esch? () sin(6;) sin(6,)
x (2a2 + dacos h(t) + 262 + cos h(2t) + 1)
—a(1)e* @8O gin(y)esch? (1) sin(6y)
X (2a2(r)+4a(r)cos h(t)+2* 4cos h(2t)+1)
xd6rdg; — 2a(t)e DD gin  sin 62d6;deps.
(45)
Asr ~ e%, the large-r limit is equivalent to the large-7 limit,
in which (45) approaches
ex(r)
v(7)
+ (ex(r)+g(r> + az(r)exm—g(r)) do?
¥ D780 §in? g d? 4 ¥ (D80 g2
+e* 78 sin? 03d¢p3 — 2ae* ™8
X [cos ¥ (dO1dBy — sin Oy sin Brdp1degr)
+ sin ¥ (d6;dep sin 65 + d6rdg sin 6y)] . (46)

ds62 = (dr2 + [dyr + cos61d¢py + cos 92d¢2]2>

In the MQGP limit of [26], the metric (1) matches the metric
(1) and (1) with the identifications:

e (t) JJdmgsN 2
o) 9 (1+00fe )

3 gs M? 2
U(T)N§|:1+O({ N arzes,r}%}e 3):|;

@ Springer

4 g, N M? .
e~ LI o (25 )]
g(®) ~0; a(r) ~ —2e7". 47)

The reason for the choice of a(r) is the following. The
2
cos Y, siny terms in [45] are given by y(r)’;—z, where

1
(sinht cosht—1)3

4
3
tanh - P

p2 ~ ' and, for large p, y(t) ~
Redeﬁning ro~ p% these terms will appear with a coeffi-

cient r ( 2) Comparing with (1), we see: h5 ~ 1 ~e T,

Note that (47) satisfies the identity e?¢(®) 4 a2(t) =1
[46]. Now, v(t) of [44] is related to p(7), x(7) of [43] via
el = U(T)%eﬁ%. Using this, the five SU(3) structure
torsion classes were worked out in [43] and are given in (48).

For the sixfold to be complex, W; = W, = 0. This was
shown in [43] to be equivalent to the condition

O +1+a’n) _
2a(t)

—cos ht. (48)

Using (47), we see that in the large-r limit subject to discus-
sion below Sect. 2.1, (48) is approximately satisfied. Using
that in the large-t limit, A ~ 1 and B(t) ~ ¢~ " (without
worrying about numerical pre-factors in the various terms in
the final expressions) the five torsion classes are evaluated
in (153). Hence, looking at the most dominant terms in the
MQGP limit of [26], from (153), we see that

W2)g1¢5 » W2) g0,

3
(w3)
Yi/é1/é2

(W3)9|¢1‘[ s (W3)¢>|¢2‘[ s (W3)¢192‘[

3
(%)
Yi/é1/é2

(W4)t

3
(w)
Yi/é1/d2

implying that in the large-7/r limit, T € W5 predominantly,
and hence the warped deformed conifold is Kihler. Obvi-
ously, in the strict T — oo limit, one obtains a Calabi—Yau
three-fold in which W; 2345 = 0.

Switching gears, we will now show that in the large-r
limit, the local T3 of [26] satisfies the constraints of a special
Lagrangian three-cycle of the deformed conifold. Using [28],
the following gives the embedding equation of a T2 (¢1, ¢2)-
invariant sLag C3(¢1, ¢2, ¥) in the deformed conifold 7*S3:

Wi — 0; ~ (g, N) i ; (49)

~ (47 g,N) i ;

~ (g N)"7 | (50)

K'(r)3m(z172) = c1, K'(r*)Im(z324) = 2,
Sm(z} +23) = 3, (51
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which using the same complex structure as that for the sin-
gular conifold and K’ r?) ke r_% and (51) yields

0 0 0 0
r% <c052?1005272 + sinzésin2?2> cos(¢p) + ¢) = ¢y,

0 (7 0 6
r% <coszglsin2?2 + sinzécoszgz) cos(¢1 + ¢2) = c2,

r3sind;sinfhcosy = c3. (52)

Equation (52) can be solved to yield (154)—(155). From
(154) and (155), one sees that dr = 7y dg1 + r¢,de2,
oy, = 65" Pder + 65 Pdey + 6 Pdy. One can
show from (154) and (155) that for (01, 62) = (0/m,0/7),
(V. ¢1.¢2) ~ (0/2m/4rm, %, T). Now, the Kihler form
J and nowhere-vanishing holomorphic three-form € are,
respectively, given by (156)—(157) [47]. For the u =,
deformation parameter << 1, >> 1 limit near 6] = 6, =
0, implying near ¢ = 0 (and ¢ = % ¢ = %), one sees
that

T~ r3dr A (dgy + den) = 13 (rg, — rg,)dep1 A debo,

Q~2irdr Ad6; A dor+1r2do; A o A (dY +dp; +de).
(53)

One can show that near ¥ = 0/27/37,¢1 = %, ¢2 = 7

corresponding to 61 2 ~ 0, 7:

g1, ~ O(10)ry implying rg, ~ rg,,

0.
04,5 om),

0, =0, (54)

which, defining the embedding i : C3(¢1, ¢2, ¥) — T*S3,
implies

i*J =0,

Sm (i*Q2) =0, (55)
and

Re (i*Q) ~ r2O(1)dg; A dgn A dip. (56)

1 1
Now x ~ (gsN)#sin(0)p1,y ~ (gsN)3sin(0)p2,z ~
1 3
(gsN)# . In the MQGP limit of [26], we take 6] 2 ~ €2,
gs ~€,N~ €39 So,as r — r A, one obtains

2
Me (i*Q) ~ —A-dx Ady Adz, (57)
€2

implying that if rA — oo as 6_%1, then
Ne (l*Q) ~ volume form(T3(x, y, z)).

A similar argument can be given in the limits of [24].

We hence see that in the large-r limit and the limits of (4),
we were justified in [26] to have used mirror symmetry a la
SYZ prescription.

3 Two-point functions of D7-brane gauge field,
R-charge and stress—energy tensor, and transport
coefficients

In this section, our basic aim is to calculate two-point corre-
lation functions and hence transport coefficients due to the
gauge field present in type IIB background and U (1) g gauge
field and stress—energy tensor modes induced in the M-theory
background by using the gauge—gravity prescription origi-
nally formulated in [4]. Let us briefly discuss the strategy of
calculations related to the evaluation of retarded two-point
correlation functions to be used in further subsections and
the basic formulae of different transport coefficients in terms
of the retarded two-point Green function.

Step 1: Given that the 11-dimensional background geomet-
rically can be represented as AdSs x M asymptot-
ically, we evaluate the kinetic term corresponding
to a particular field in the gravitational action by
integrating out the angular direction, i.e.

S — /déyp(ei,@,w,xn)

X /d4xdu OW)(Bup)> + -+ . (58)

Step 2: Solve the EOM corresponding to a particular field in
that background by considering fluctuations around
it. Further, the solution can be expressed in terms
of boundary fields as

b (g, u) = fq()go(q), (59)

L4 emivIHIg (g, u) in the
momentum space and u = “£. The solution can be
evaluated by using boundary conditions ¢ (u, ¢) =
¢(0) at u = 0 and the incoming-wave boundary
condition according to which ¢ (u, g) ~ e~ at
u=1.

Step 3: Evaluate the two-point Green functions by using

where ¢ (x, u) =

R u=1(horizon)
G (k) =2 F(q’ ”)|u:0(boundary) ’

where F(u, q)
=P, ¢i, ¥, x11) Q) f—q(u) 0y fo (u). (60)

In general, the transport coefficients in hydrodynamics are
defined as response to the system after applying small pertur-
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bations. The small perturbations in the presence of external
source can be evaluated in terms of retarded two-point cor-
relation functions. For example, the shear viscosity from a
dual background is calculated from the stress—energy tensor
involving spatial components at zero momentum, i.e.

drdxe’™ 0(t) ([ Tey/yz (0, Tey/yz (0)]).
(61)

1
= lim —
g wlglO 2w

By applying a small perturbation to the metric of curved
space, and assuming homogeneity of space, one gets the
Kubo relation to calculate the shear viscosity [8]:

n=—lim —GR(w, q), (62)
w—0 w

where the retarded two-point Green function for the stress—
energy tensor components is defined as

GRow. q) = —i/d4xe_iq'x0(t)<[Tup(x), Too (0)]).
(63)

One can compute the above correlation function for different
stress—energy tensor modes by using the steps defined above.

Similarly, when one perturbs the system by applying an
external field, the response of the system to the external
source coupled to current is governed by [5]

Gl =i [ a0 ([jfw. o)) ©

In the low frequency and long distance limit, the j* evolves
according to the overdamped diffusion equation given as

%j° = DV?}°, (65)
with dispersion relation w = —i Dg?, generally known as
Fick’s law. The diffusion coefficient ‘D’ can be evaluated
from the pole located at w = —iDg? in the complex w-

plane in the retarded two-point correlation function of ;°.

In (d + 1)-dimensional SU(N) gauge theory, in thermal
equilibrium, the differential photon emission rate per unit
volume and time at leading order in the electromagnetic cou-
pling constant e is given as [15]

dr e’ -
dlq ~ m)y2/q] np(w) SE:] €5 (q)e(s)(q)X;w(Q) - )
(66)

@ Springer

where ¢ = (w, q) is the photon momentum and ., is the
spectral density given as

Xuv(q) = =23mG,(q), (67)

and

Gl =i [ e 00 ([ w. i o)
(68)

is the retarded correlation function of two electromagnetic
currents. The trace of the spectral function will be given as

d—1
XE@) = 0" X (@) = Y €ly) (@€l (@) Xy (9) (69)

s=1

The electrical conductivity in terms of trace of the spectral
function is defined as

2

e 1
m —x/'(q)

o= —— i (70)
2(d — 1) w—0w

w=q

We utilise the above expression to calculate the conductivity
in the next subsection.

3.1 D7-brane gauge field fluctuations

The gauge field in the type IIB background as described
in Sect. 2 appears due to the presence of coincident Ny
D7-branes wrapped around a non-compact four-cycle in
the resolved warped deformed conifold background. The
U(1) symmetry acting on the centre of the U(Ny) =
SU(Ny) x U(1) group living on the world volume of D7-
branes wrapped around a non-compact four-cycle induces a
non-zero chemical potential. The spectral functions in the
presence of a non-zero chemical potential are obtained by
computing two-point correlation functions of the gauge field
fluctuations about the background field [48] which includes
only a non-zero temporal component of the gauge field.

3.1.1 EOMs

Considering fluctuations of the gauge field around the non-
zero temporal component of the gauge field, we have

A, ) = 804, ) + A, u). (71)

It is assumed that fluctuations are gauged to have non-zero
components only along the Minkowski coordinates.
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The action for the gauge field in the presence of flavour
branes is given as

Ipr=Ty / ddoe™?) Jdet(i*g + F), (72)

where ‘g’ corresponds to the determinant of type IIB metric
as givenin Eq. (1), andi* g gives the pull back of a 10D metric
onto the D7-brane world volume [26] Introduce ﬂuctuations

around A;(u), Fy, — F,w = J[ Ay and Au = A; + A

Defining
G=i"¢g+F,

the DBI action will be given by

Ip1=Ts / dBoe™?\/det(G + 15“). (73)

Expanding the above in the fluctuations quadratic in the field
strength, the DBI action as worked out in [48] can be written
as

I3, =Ty / d¥o e /|detG|

= < 1 z I~
x <G’“"G’57FaﬂFW — EG‘“"G/SVFWFM) , (74)

and the EOM for A, is

3, [,/|detG| x (GM'GY — GO GYY

—G[”"]GV”) a[yﬁm] —0. (75)

Using the above, the DBI action at the boundary will be given
as
13, =T / d¥o e /|detG]

x (6™ A8, A,

o= = u=0
— G""G*A;0, A — A,G“’tr(G—lF))( D)
We have already obtained the expression of F}; in [26] and
this is given as

Ce?™
Frpm —— . (77)
/C2e26() {16

Considering u = “, we have

Cu?e?™

rpN/C2e20W) 16

Fur = — (78)

Looking at the above expression, we see thatatu = 0 (bound-
ary), Fy; — 0. The action in Eq. (76) will get simplified and
is given as

9= T7/d8cf e /|det G|

i = u=0
x (—G”“G”AiauAi)> - (79)
u=
where i € R13(z, x1, x2, x3) and
I/l2L2
lexl — GXZXZ — Gx3x3 — gxlxl — gX2X2 — gx3x3 — 7
Tl
272
Gl — u-L
gl(rh uF? t)
u?r?
un _ 1ury V-G r —u4F2. (80)

Ll[

L2(r} — Flu®)’
Defining the gauge invariant field components
Ey =wAg, a = (x2,%3),

Ex1 = WAX| +qA~t7

the DBI action in terms of these coordinates (using Eq. (100))
will be given as

dwdg e=?Wr}

7@ _
b7 Q) u
u=0
E 0,E 1
x | == — —Ey,0Ey) . (81)
2 _ w? w
<C] 81 ) u=1

Defining the longitudinal electric field as Ey, (q,u) =
Eq(u)

Eo(q) = L, (u o the flux factor as defined in [4] in the zero-
momentum limit will be given as
e W2 E_ (u)d,Ey(u)

Flg.u)=-——17 E_qu=0E;u=0)’

(82)

and the retarded Green function for Ey, will be G(gq, u) =

—2F(q, u). The retarded Green function for Axl is w? times
the above expression and, for ¢ = 0, it gives

2e Wk 8, Eq(u)
—2F(q,u) = ” E () . (83)
q u

gxlxg =

@ Springer
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The spectral functions in the zero-momentum limit will be
given as

—2ImGy x, (w,0) = e_‘b(“)rglm

x [l_aqu (”)} . (84)
u Eg(u)

Xxlxl (w,g =0) =

Since we are interested in obtaining the two-point Green
function in the zero-momentum limit (¢ = 0), the transverse
and longitudinal components of electric field will be simply

given as E,, = wfixl, Ey, = wﬁm. In these coordinates,
the above equations take the form

g O (vV=GG"Gnm) g o
0t SGGmGnm T G

g O (V-GG G¥22) G
X2 + «/—_GG”” G*2x2 x2 Guu

where the prime denotes the derivative w.r.t. u. The coordi-

nates in the Minkowski directions are chosen such that the
momentum four-vector exhibits only one spatial component

ie. (—w,q,0,0). Writing AM(x u) = f (271) e—iwitigxi

M(q, u), incorporating the values of various metric compo—

w?E,, =0,

—_w?E,, =0, (85)

nents, setting E(u) = Ey, (u) = Ey,(u), and w3 = nT , and
substituting the value of F,,; and g1, we have
E" () + 4u3 1 n 3C%u5
u _ __ -
1—u* u g%r}? + C2ub
2
/ 3 _

From (86), one sees that u = 1 is a regular singular point
and the roots of the indicial equation about this are given by
:I:%; choosing ‘incoming-wave’ solution, the solutions to
(86) sought will be of the form

Ew)=0—u)y 5 Ew=1—-u)"* Ew), (87)
where £ (u) is analytic in u. As one is interested in solving
for £(u), analytic in u, near u = 0, (86) will be approximated
by

(u—1)2E"(u) w3

2 1
@ =D E )= 1+ uD)2(1+u)?

@ Springer

E(u)=~0.
(88)

One converts (88) into a differential equation in £. Perform-
ing a perturbation theory in powers of ws, one looks for a
solution of the form

E) = EVu) + w3V (u) + wiE@ ) + - -- (89)

Near u# = 0: the solutions are given by
(0)
2+

©), 2 . 1. 3 1 2
6“>(u~0>=—c1 e+ P (Clzu ‘szu )

EQw~0)=

2 4
(90)

To get a non-zero conductivity, we will require C 1(0) e C.

3.1.2 Electrical conductivity, charge susceptibility
and Einstein relation

The conductivity, using (84), (90) and T = [26],

will be given as

'
. /4ngs N

0

X (w,g=0) _rpCy” _ wmgN)T

o = lim = = .
w—0 w g T gs

oD

Another physically relevant quantity is the charge suscep-
tibility, which is thermodynamically defined as the response
of the charge density to the change in the chemical potential
[49]. We have

ong
o |

where n, = 555 }31?1 , and the chemical potential is defined as
r

n= frZ’B F,+dr. Using this, the charge susceptibility will be
given as
B dF,\ !
X=<[ —d”> : (93)
Th nq
From [26],

3 1 Nylnp
r Frt <g5 o

Na

ng ~ , 1 = embedding parameter,

(94)
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which using (77) implies

By defining u = "% so that g; = g» = 1 — u*, the black

M 3-brane metric of [26] reduces to the form

1 1 ° dr ) 3 1
¥ (1 _ Nm r_3(1 F) TGN (0 2 L an 20 612 6 6
(L) n 6rp2 ENDEWD (€262 4 0 2N 218 log? () — 285N pra®log(u) + ry6)
11 4 C?g
C2,? = 282N 1og2 (1) + 4g, Ny log(w) — 2ry°) oF :
X[( 8s 8s"Ny7rn”log™ () +4gs Npra-log(u) =27 ) aFi | 3. 55 3 T r8(e Ny Tog() — 112
11 4 C2%g,?
+5r,0(gsN s 1 —1)2F (=220 — : . 95
rpo(gsNylog(pn) —1)72 1( 2373 rh6(gstlog(pL)—1)2>] 95)
=32 -3 2
Foru =1 —¢€,¢ — 07,C << 1[26], in the MQGP 2 818 2 &8s ( )
limit [26] (and also the weak (g;) couphng strong 't Hooft ds” = u2l? tde? 4 u2l? dxl T dx2 +dx3
coupling limit [24]), one sees x ~ & ~ 71(471N)T2 gi% s
Thed1ffus1oncoefﬁc1entcorrespondmgtonon zero charge t Ig du® + d M2, (98)

density appear by demanding the longitudinal component of
electric field strength to be zero i.e. E,, = 0. As given in
[49], the condition provides us with the expression of the
diffusion coefficient,

=0
D = ¢ 2V GGOGuu Gl /u d—u
u=1 u=1 67¢N/EGOOGMM

(96)

Substituting the values for the above metric components
as given in Eq. (80), after integration, we get D = f—; +
O(C2%g2/r}) ~ 1. Using Egs. (92), (95) and (96), we get
a

T % ~ D, hence verifying the Einstein relation.

3.2 R-charge correlators

The U(1)g-charges are defined in the bulk gravitational
background dual to the rank of the isometry group corre-
sponding to the spherical directions transverse to the AdS
space. Given that the 11-dimensional M-theory background
corresponds to black M 3-branes which asymptotically can be
expressed as M 5-branes wrapped around two-cycles defined
homologously as an integer sum of two-spheres (as described
in Sect. 2), there will be a rotational (R)-symmetry group dual
to the isometry group U (1) x U (1) corresponding to ¢1 2 and
Y in the directions transverse to M S-branes wrapped around
S2(01, ¢2/1)) + 52 (02, x10). To determine the diffusion coef-
ficient due to the R-charge, one needs to evaluate the two-
point correlation function of A/u which basically will be a
metric perturbation of the form /s, where M is a spherical
direction and p is an asymptotically AdS direction. As a first
step, the A~u EOM is

oy 88" /g Fua ] = 0. 97)

where d M2 = d/\/l2+gs (dF, + AP + A2 4 AFS)Z,aHd

in the weak (g;) coupling-strong 't Hooft coupling/ MQGP
limit, the non-zero components include
dM2 = G4 doF + G} d61de,
+GY dp1doy + Gy dgode; + Glyldyrde;
+Gh, dx10d) + GYyb,d03 + Gyt d1d6,,
G¢292d¢2d92 + ngzdyzdé?z + Gloezdxlodez
¢]¢, d¢1 + G¢1¢2d¢1d¢2 + quyd(f)ldw
+GMd¢2 + Gyl dgody
wwdl/f + GIO 10dx10~ 99)

The simplified expressions of the aforementioned metric
components are given in [26]

Writing A, (x1) = (2734 e~i@+4¥1 A (g, u) and work-
ing in the A, = 0 gauge, by setting u = u, x1, ¢, a(€ R?) in

(97) one ends up with the following equations:
w315; + g161315;1 =0,

- 1 - g = 1 ~ 5~
A;/l - ;A;l + g_1A£” - 8_12 <w3q3A’ + w3AX1) =0,

1 1 1 1 n 27 _
Al — ;Az — 5 w3g3A; +q3Ax ) =0,

1 1 -
Y VA (i} A’+—(w2 g19}) Ao =0, (100)
u
l

81
where @ = (x2, x3). The simplest to tackle is the last equation
as it is decoupled from the previous three equations. One
notices that the horizon u = 1 is a regular singular point and
the exponents of the indicial equation about this are given by
:I:i’%; one chooses the incoming-wave solution and hence
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writes Ag(u) = (1 — u)_%fla(u). The last equation in

(100) then is rewritten as

(1 — w2 AL ) + (’%(1 —u)— (-

du’ w—="DT7\ 5
X |:(u+1)(u2+1) i ]) A, (u)

. . 2 4 2
iws [iw ws + W —1)
+(43[43+1]+[3 43]

w+ D2w? +1)2
We make the following double perturbative ansatz for the
solution to Ay (1)’s EOM (101):

Ao) = ALO ) + g3 ALO () + w3 ALV ()
+a3w3Aa ()Y + gF ATV () + -

)fla(u) =0.

(101)

(102)

Plugging (102) into (101) yields as solutions, near u = 0 up
to O(u), (D1). In the w — 0, — O limit, one can take
Ay (0) ~ 2. Also,

—cru+ OW?);
lC2

(1 — 1)~ 7 200 /() =

(1 —uf*A“’ V) =
o _ 2
+ 6 (Omer + w3cy — 16¢3)u + O (u )

A —w) " A2Y ) = (—c3 + calnu) u + O@W?). (103)

The kinetic terms relevant to the evaluation of two-point cor-
relators of A, ;¢ in the MQGP limit are

S = gs_%r,%Lzz;/d‘Lxdu—
ki€?
x [(1 —u) (A;)Z + (1 —u) (A;)2 - (A;)z} .
(104)

Hence, the retarded Green function GX, will be given as

We now go to the Axl .+ EOMs and observe that one can
decouple Ay, and A;, and obtain, e.g., the following third
order differential equation for A, :

(1 —u*)? AL () —
- [4u2(1 —u*y = 16u8 — g2(1 — u*) + wg] i =o.
(106)

(1 —uhH{(1 — u®) + 120°}A) ()

One notes that u = 1 is a regular singular point of the
second order differential equation (106) in A;l. The expo-
-1+ i%; choosing the
=(-

nents of the indicial equation are
incoming-boundary-condition solution, we write A’, .

w3~ . .
w T AL , and assume a double perturbative series for the
solution to the second order differential equation satisfied by
A, of the form

‘A;cl (u) = "2()(((])’0) /(M) + W3A§?’l) /(u) + 43 A(2 0) ’(u)

+Ow3, w3g3). (107)

The equations that one obtains at various orders of (107),
if to be solved exactly, are intractable. We will be content
with their solutions near u = 0. They are given in (D3) and
are of the form

j)(c?’o) "=a+ bu+ cu® + O®W?).

The solutions of A(z 07 and A(O )1 require more work.
Going even up to O(uz) for them is intractable. Given that
we would need for the purpose of evaluation of the retarded
Green function G)’fl x, solutions only up to O(u — 0), we
give below solutions up to O(u).

One can show that ./Zl)(c?’]) "(w), up to O(u), will be given
by the expansion of (D2) up to O(u). After some MATHE-
MATICAlgebra, one can show:

Golfahmte ~ 1 ‘Aa l](u) (%&,q(“))
U Ay —g(0)  \ Ay q(0)
~ T[iw + q* [ 72 [-3(8caes +c1[8cq + c1 Li3(=i) + 2Li3 (i) + 3¢ 3]} + in%% —m?cye) — Gimescy ] ]
aT 1 .

e c1 + 7[( ic) +2c3)c1 —icqc) — — + icocs

(105)

On comparison with Go’fa ~iw+ 2DRq2 [20], one sees that
there is a three-parameter family (which in the c; >> ¢1 3.4
limit are ¢y 3,4) of solutions to the R-charge fluctuation A,

: o 1 2
which would generate D% ~ —.
2 E o« _ 24c347’c;

In ¢y >> 13,4 limit, D} = 127 AT
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Al () ~ (7.4 — 1.8i)ct + (25.5 — 45.4i)cs
+[(—4.8 4+ 5i)c; — (55.7 — 108.3i)ca]u + Ow?). (108)
One can similarly show that A(2 0 "(w), up to O(u), will be

given by the expansion, up to O(u), of (D4). Again after
some MATHEMATICAIlgebra, one hence obtains
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AZO(u) ~ (7.4 — 1.8i)cr + (40.2 — 5.4i)c;

+[(—4.8 4 5i)c; — (12.1 = 26.7i)calu + O@w?).  (109)

Now, writing

A}({?,O) "(u) a(cr) ~b(cl, c2) .
A0y | = [ aeren Borer e u),
A2 () aler,c2) B(o)er, )

(110)

one obtains

iwg

A, =0-w =7 [a(cz) + wad(ct, ¢2) + ga(er, ¢2)
+(b(61, 2) + w3B(t)(c1, 2)
+q2B(t)(c1, Cz))l/l + O(uz)],
AL () = (1 + %) (1—uw 2%
x [a(cz) + wad(cr, ¢2) + gra + (b(cl, )
+wsB(1)(er, e2) + 2B, cz)>u + O(MZ)]
(- [(b(m,Cz) +w3B()(c1, ¢2)
+q2B(1)(cl, c2)> + O(u)] (111)

As in the differential equation

443 1\ - A, + w2A

A“(”)_(l—u4+ (1 —ub
(112)

we require A~;1 (u) to be well defined at u = 0, one has to
impose the following constraint on cy, ¢3:

a(e2) + wsdlcr, e2) + g3aler, e2) = 0. (113)
We have
a 0 «o
i)~ o] (2). (14)
a a» by
and one sees that
—a — w3b; — q3b;
c1 =02 7 . (115)
w3ay + q3az

Substituting (111) into (112) evaluated at u = 0, one obtains

w3gs A} + w3A) = 0. (116)
As
b 0
B(v) | ~ "\ (o
b ~|ptoq o) (117)
B(v) 2

one realises that

iwg

A w)y=0—-uw) "7 cu
5 [w3(a1B—pra)+4¢3(aB—pra) +O (w3, wig3, u?)]
(a1w3+axg?) '

(118)
This yields

Ay =1 —uw)~Fe
[w3(@1B — pie) + g3(a2B — paa) + O(w3, w3g3, u?)]

x 2
(a1w3 + axq3)

4 —iwsu

_ . 119
Xw3(4i+w3) “ o

Thus, the retarded Green function Gfx will be given by

. ~
GR .~ 1im —Ay, 49,Ax —q(). (120)
u—0u
The constants of integration ¢, c3 must satisfy
. [wi(a1B — pra) + g3 (a2 — paer)]
2
(@1w3 + axq3)
4 + Al 121)
X—————— 4 3= .
widi +ws) M
Choose
w3(ai B — prer) + g3 (a2 — pro
cz[ sa1B — pia) + q3(af — pro)] ~Ows).  (122)

w3 (4i + w3)

which can be fine tuned to ensure ¢3 = Agl. Thus, the

retarded Green function Gfl X

1{ A Ay
Gflxl ~ lim - [ — xl,q(u) 3, | = X1, q(u)
u—0u Axl,q(’/‘ =0) Axl,—q(u =0)

w2
-7 iw— 92 g2 |
nTalq

Now a; = ap and if one were to consider the O(w3qg) term

R
X1X1

will be given by

(123)

to be iw3A~§?’l)(u), then upon comparison with G

w—zz [20], one sees that Dy =

1 ..
o Drg —7. By requiring
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Dﬁ‘ = Dg, one sees that in fact that there is a two-parameter
family of solutions that would generate Dg = # as, in the

¢» >> c13,4 limit as an example, one generates the con-
24c3+mc; 1

straint 1240

3.3 Stress—energy tensor modes

The two-point function of stress—energy tensors are obtained
by considering small perturbations of the five-dimensional
metric, g,y = guv(©) + huyv. Up to first order in the metric
perturbation (dropping G4 flux contributions) the Einstein
equation is given in [20],

2
1
Rio = 75 My,

— (124)

where d is the dimension of AdS space. To linear order in
h,v the Ricci scalar will be given by [50]

1) _ pa I al) B o
R = Fyuve = Fyuen T Ty Tihep
B a B o B o
0wl @es ~ Toyual (1hvs ~ Tual ©0vp-

(125)
where
Ll =~ hsy Ty

+%g?£ (R + Bpo e — hyv ) - (126)

The five-dimensional metric in M-theory background in the
limits of (4) is as follows:

2 2
_§r _§r2
ds? = —g15;L2 hap? 4 g':2L2h (dxl2 +dxj + dx%)
2
7§L2
&= al. (127)
g

We assume the perturbation of the metric of M 3-branes to
be dependent on x| and ¢ only i.e. after Fourier decomposing
this, we have i, (%, 1) = %e_iWZ+iqxlhﬂv(q, w) and
choose the gauge where 4, = 0. In the case of M3-branes,
there will be rotation group SO (2) acting on the directions
transverse to u, ¢, and x1. Based on the spin of different metric
perturbations under this group, it can be classified into groups
as follows:

(i) Vector modes: Ay x,, hixy 7 008 hiy xy, hixy 7 0, with
all other i1, = 0.
(i1) Scalar modes: hy,x; = hyyxy = hysy = by # O,
hyr # 0, with all other A, = 0.
(iii) Tensor modes: h,,y, 7 0, with all other 4, = 0.

@ Springer

We are interested in calculating the shear viscosity in the
context of the M3-brane by obtaining correlator functions
corresponding to the vector and tensor modes.

3.3.1 Metric vector mode fluctuations

The vector mode fluctuations will be given by considering
non-zero h;y, and hy, x, components with all other i, = 0
[20]. Since the aforementioned metric is conformally flat near
u = 0, one can make a Fourier decomposition at large r such
that

/’lfz — e*twt+1qx1 HZ(M),
R = e "IN HL (). (128)

Using Eqgs. (125) and (126), we get the following linearised
Einstein equation for H; and H,,:

w3H/ + g1q3Hy, =0,

4 —3g1) 1
Hr - 28 +—<w H + wlH )
X1 ug X1 g% 3q311; 311y
2
8 JL2A
+| 5 —omEZ2 | By =0,
u=gi usgi
" 3 / 1 2
H - H — — <w3q3Hxl + 42 H,)
u g1
2
8 JL2A
+——om& H; =0, (129)
M281 M281

where A is the cosmological constant arising from |G4|? and
higher order corrections (O(R4)). It is shown in [26] that the
higher order corrections are very subdominant as compared
to the flux term in both limits.

The dominant flux term as calculated in [26] is given by

|Gl
v GM

H92192¢2 GM 0161 GM 626> GM [02X05) GM 10 10’

(130)

and the simplified components are given as

—
27/3/gs N tan2(6) csc?(62)
27 Y8sN f2(62)?
6912+/3 sin’ () cos(6;) cot>(62) csc* (62)

N2/ S
V7 (L) VaNeoso) - 5)
4/3
GM1010~3€/§<L)/’

8s

GM 0101

GM 020>

GM 9292

k]
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Hp, 6,4,
\/_ 7 f2(62)/85 N sin(6;) cos(6;) sin® (62) sin(265) 008(92)
3 (sin®(01) cos?(6,) + cos?(6;) sm2(92))

(131)

Incorporating the aforementioned expressions in (130) and
assuming that the integrand receives a dominant contribution
along 0; 2 = 0, 7, we introduce a cutoff 6, ~ 6% in the
MQGTP limit of [26]. Utilising this and integrating over the
rest of the 11-dimensional components, we have

G3 2g~%63
= [ dudM 4|~ 132
/u 6 it 17372 (132)

where ¢ is constant. Analogous to a partial cancellation in
[20] of the coefficient of H, originating from R,(le) and the
cosmological constant contribution from the Ak, term in
(124), assuming that 2“6 = 8 in the weak (gy) coupling-
string "t Hooft limit and 2616 = 8 in the MQGP limit after
incorporating the value of A in (129), we assume that the
Iﬁj—term will be cancelled out with a term appearing in the
coefficient of Hy, ; in Hy, (x1,t)’s EOM (129). Hence the
linearised set of the EOM will be given as

w3H/ + g1g3H,, =0,

4321 1
” 2 ’ 2 _
Hi = = Hat <w3q3H, + w3Hxl) —0,
" 3 l 1 2
H = H = <w3q3Hxl + 42 H,) ~0. (133)

To obtain a two-point function at the asymptotic boundary,
one needs to determine the kinetic term for the vector modes
H,, and H;. They can be calculated using the Einstein—
Hilbert action up to quadratic order in &, given as [50]

S =
21(121

2
X/ﬁguv ()D‘Fﬂ e, T8
1
_re F(Z)ﬁ) n /
uv” ap 1617,

/3 [8hghf’” — 4hh™ + <h2 - Zh(,,h‘”) g““]

1
/f o F(l)ar(l)ﬂ F(l)apélﬁ)ﬁ)Jrz
ki

@b
i

‘) 1
(F“ﬁl“ﬂ S Wi P +E/J§(g“”h—2h“”)
x (T Tl + T TP — riherd, — ra, i),

(134)

where

1
M = 587 (Vg + Vuhpy — Vghyu)

2
Vyhu) -

F;(Eu)a = =88 hps (Vuhyo + Vihyy —
(135)

Only the first two terms in the action will be relevant to get
the kinetic term for the vector modes. Solving them, we get

1
S = 8/{ dllx\/GiGMuuGi\z/Lz
11

x [_GMxlxl (H;I)Z—GM” (H[/)z_{_”_]. (136)
The very simplified form of the 11-dimensional metric in the
0; — 0 limit will be given by

8
—372,.4

VGM ~ u

— cot’ 2 sin 63 f2(62). (137)
u

Using the fact that the integrand possesses a maximum con-
tribution along 6 = 0, r, we assume that the result of the
integration along 01 » will be given by the sum of the con-
tribution of the integrand at 6; o = 0, 7. In [26], we have
introduced a cutoff 6y o ~ (XQE% in the ‘MQGP’ limit where
€ < 1,9 << 1in the MQGP limit of [26]. Using this and
Eq. (127), the simplified action, in the MQGP limit, will be
given as

4
9 r
S~e 21
Kllgv

I
/du d'v— | ()" =1 (#],)*]. (138)

According to the Kubo formula as mentioned in the begin-
ning of Sect. 4, the shear viscosity is defined as n =

— limy_s0 [ IMGyixy. 503, ] - In the g3 — 0 limit, the H;
and Hy, decouple and the EOM for ‘H,,” becomes

[4-31—-uh]

H' () — Hx1 ()

1 u(l —u?

“ L giw=0
A—u 2 T 20—ty | =5

where u = 1 is thus seen to be a regular singular point with
exponents of the corresponding indicial equation given by
:i:"”%. Choosing the ‘incoming-boundary-condition’ expo-
nent, we will look for the solutions of the form H,, (1) =

(139)

(1 - u)*$'Hx1 (1), Hy, (1) being analytic in u. Assuming
a perturbative ansatz for Hy, (u) : Hy (1) = H)(C?)(u) +
ng(l)(u) +w szl) + O(wg), we obtain
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Ow3) : (u—1)*HY " (w)
[4—30—uhHlu—1)
u(l 4+ u)(1 4+ u?)

am—1) O
u2(u+1)(u2+1)H @) =0,

HY ' w)

(140)

_2
where @« = 8 — O(l)g, > L2A. The solution to (140) for
arbitrary « is given as

HO (4, a) = (_1)%(5—\/16%25)“%—%J16a+25
X1 ’

x <51 S Fy [% (s_m),

1
—6(11 —«/25—|—1604) 1—§«/16cx+25 " }

l¢16a+25

xm[ @wm) (N4 v Tie),

« ¢ (ViGr T 2548) D (141)

One hence notices that H)S?) (u =0,a) # 0 for @ = 0 for
which we will henceforth write

1
HO W) = c1u5/ +gimer e+ O 7). (142)

~ RIEA
Intermsof ¢y o, H x1 (u) =C1t+cre s u2 o Fy (5 L, 133’ )

Assuming o = 0 henceforth, H(l)(u) will be determined
by the following differential equation:

(u 1>2H<””<u>—( DHY ()

i [4=30—u)]
4uu+Dw?+1)
i[4—-30—uhHlu—1)
+_
4 uw+Dw?+1

+§H<°>< )= HE @)

HW ) =0 (143)

Near u = 0, (143) is solved to yield

m(u) =c4+ i (—4cr —imey)iu

2 3 6
+§ie3/263u5/2 +ull? <—ﬂ + §ie

0 3/2C3> —i—O(u%).

(144)

Imposing the boundary condition on Hy, (u) at u = 0,

assuming c1p >> cg, yields Hyo ~ "5 + c2. Hence,

setting /clzl ~ O(l)(gSN)%, and defining cot3(6,) sin(65)

f2(<92))|0 3~ O(1)B = 2 for the MQGP limit [26]:
D~E
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. 1
ulJE)nO |:11—I>1}) E“smelxz R (w q)]L[_O

5
73 (4m)> N3 —BOIED
3
O()gy

5 Hy ) \ [ Hy, -
Tt Tt )],

1
lim —3“m
w—0 U

~ O()

_ GnPOMNE o | —gai (e = dier)?
O(lyrg! [z 4 o]’
5 _ g/
4rN1O(1)e P
73 = FNEO( )63 T3, (145)
O().g!

Using s = O(1)r3 = O(1)(47)3 (g, N)2 T3 [26], we obtain
0 O1ye—pV/
Y Jamd vt oy
aj(\’,)/ (W) ¢=19/=39 in the aforementioned two limits (i) and
Ol in the limit of [24]. If one
(O(l))z(a;?) () var
assumes that the introduction of M fractional D3-branes and
Ny flavour D7-branes does not have a significant effect on
the 10D warp factor 4, then in the limit of [24] effected as
the first limit of (4), one can show that ¢ cannot be taken
to be much smaller than around 0.01. One can choose the

appropriate '\, ~ &tr; such that O)e -

() o)

1 1
T implying one can generate I = ;.

, which, writing g; = océ(,ly)/(”)e N =

(ii), is

In the more important MQGP limit, one obtains % =

3
Qe Now, in the MQGP limit, ¢ is less
(O(l))z(aé’;))“(a;\’,‘))“
than but close to unity, hence yet again we can choose
(ll) 1 O(l)e

~

L such th -
T ™ o B (0(1))2(04;'?) (« ;7))21‘ 7=

hence

implying 1 = ﬁ.

3.3.2 Metric tensor mode fluctuations

To obtain the correlations function corresponding to the ten-
sor mode, we consider a fluctuation of M 3-brane metric of
the form h,,y; # 0 with all other i, = 0 [20]. By Fourier
decomposing them,

W3, X) = e N (). (146)

Using Eqgs. (124) and (125), the linearised Einstein EOM for
¢ (u) will be given as
B +u?) 1
— )+ —
u(l — u#) (I —u*

x [w% — (- u“)qg}z)(u) =0.

¢ (u) —

(147)
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The horizon u = 1 is a regular singular point and the
roots of the indicial equation around this are £3*; choos-

ing the incoming-wave-boundary condition, ¢(u) = (1 —
u)’% @ (1) and writing a double perturbative ansatz:
®w) = VW) +w; @OV ) +¢3 00 )+, (148)

the solutions near u = 0, up to (’)(u4), are given below:

¢y tanh ™! (L) 1
00wy =c; + e - — 2 cert + 0w

V2 4
263 1
O () = <C4 B egc3> n giu

x (—20] —2¢5 + +/2¢; tanh™! (%))
= (eacg) A +0(i);
[ («/_ tanh~ (JE) - 2) - 2(;2}

c1 tanh ™! (L)
3 cl + cy) — lTﬁ

+6—14u4 [—108{ <ftanh (%) —2) —262}

x log(u) + 342¢, — 16¢°c3

—171c1<«/—tanh ( > >]+(9 5

Writing

@0 w) =

“+u

(149)

) =(1—u)~ 7 [m + fiu* 4+ w3 (az + bou + f2u4)

+q32 <03u2 + d3u3 + g3u4lnu)] , (150)

.. . Cl2>>C34
the boundary condition yields ¢g =~ a; +w3a, —> aj.

The kinetic term for ¢ is given by
4

COt3<92>f2((92>)Sin<62) ( 2”h2 )

85K11

N2
x/dud4xgl(uu#.

Hence, using (151) and Kubo’s formula:

1 : o~ R
ST
(47T)2(9(1)N4 —BVED 1
_— lim —
O(l)gv

(151)

w—0 w

1 /
(h —m ¢q<u)¢_q(u>)>

5
s 020N oo 43m(f)
3 ,

u=0

- (152)
O(rgd T

Oy} = O()@én)I (gN)2 T3
20(1)e BN 3 (e3)
ﬁgx NE(O(1)?
O Im(c)el? = —L_ one obtains
s

(O(l))Z(agMii))g( @, (”)>z — a7

which utilising s =

[26], yields 1 = —

. Therefore for

JIm(c3) @ —

1

n_ 1
s~ 4rm

4 Summary and outlook

Given the strong-coupling nature of QGP it is believed that
this will be better described in the limit of finite gauge
coupling (or string coupling from the string theory dual
perspective) [27]. With this as the basic motivation, the
black M3-branes in [26] were obtained as a solution to
the M-theory uplift of resolved warped deformed conifold
in the ‘delocalised’ limit of [25] (in conformity with the
non-locality of T-duality transformations), constructed by
using modified an ‘OKS-BH’ background [24] given in the
context of type IIB string theory involving N D3-branes
placed at the tip, Ny D7-branes wrapped around a four-
cycle and M D5-branes wrapping an S2 inside a resolved
warped deformed conifold, in particular in the MQGP limit
discussed in [26]: finite gy, finite ggM, Ny, gszM Ny, very

2
large g¢N, and very small gslj\l,/l . Given the finite string

coupling, such a limit could have been meaningfully dis-
cussed only in M-theory, which is what we did in [26].
The thermodynamical stability of the M-theory uplift in
this limit was demonstrated in [26] by showing positivity
of the specific heat. Also, it was shown in [26] that the
black M3-branes’ near-horizon geometry near the 6 2 = 0
branches preserved % supersymmetry. By using the KSS
prescription [7], we had calculated in [26] the diffusion
coefficient to be 7 in both type IIB and type IIA back-
grounds, and the 7 /s turned out to be 5 in the type IIB,
type IIA at finite string coupling (as part of the MQGP
limit).

The flow-chart of our calculations and results are sum-
marised in Fig. 1. After having explicitly shown that the uplift
obtained in [26], in the ‘delocalised’ limit of [25], is a solu-
tion to the D = 11 SUGRA EOMs in the MQGP limit, we
have looked at the following two aspects at finite string cou-
pling (and hence from an M-theory perspective) as part of
the MQGP limit of [26]:
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If def>res, then in the

SU(3) Structure Torsion Classes of r>>res/def parameters, ry Mgwpc ~
Resolved Warped Deformed Conifold limit Kihler T*Invariant sLag in
Mawoc 241 > (24] | TS~ Txy,2) [2.4]
SYZ mirror
[‘delocalized’

limit] along local
T3(x,y,z) inthe
MQGP limit

Type 1IB: D3s, D5s wrapped around 2-
cycle, D7s wrapped around 4-cycle via
OKS embedding and BH [2.1]

Type llIA: Black D6s wrapped
”| around three cycles [2.3]

M-Theory uplit in the MQGP limit (finite g;)

A 4

Black M3-Branes (x°,x"*?) = Black M5 branes wrapped around a two-cycle =
Z‘i‘=1 n; Sl-2 in AdSs x Mg satisfying D=11 SUGRA EOMs [2.4]

, |
v R-Charge Correlators via metric
U(1) € U(Ns) gauge
field fluctuations

[3.1]

Metric Perturbations

perturbations A, (cangular)u(eAdss) =

Au [3.2] h'[,welRilr3 [3.3]

! . ! | }

o~Tog ~T2D ~ 1 D from GEE* ~ i w + Dp, from Vector Modes: Tensor
’ ’ T 2 Drq? [3.2] Modes:
implying Einstein’s Gret, ~ w? hyty2 2 # 0
Py — 2
relation %~D is L fembra or hy2ys # 0
isfi 1.2 3.2
satisfied [3.1.2] 3:2] hy1y3 153 0 [3.3.2]
[3.3.1]
l |
1
Dg~= v
n~T3 (s ~T3),
[3.2]

1 .
T-= possible
S 41

[3.3.1,3.3.2]

Fig. 1 Flow-chart of the paper with (sub-)section [mentioned in square brackets]-wise description

e Geometry of black M3-branes in the MQGP limit
of [26]: By evaluating the flux (charge) of (correspond-
ing to) G4 by integrating over all (non-) compact four-
cycles, the black M 3-branes, asymptotically, were shown
to be black M5-branes wrapping a two-cycle homolo-
gously given by a (large) integer sum of two-spheres

the flux G3, is proportional to the square of the resolu-
tion parameter. This in turn (turning off a bare resolution
parameter, or assuming it to be extremely small) goes like

O (g” fy ’ r,%); in the MQGP limit of [26] we hence disre-
gard this. By comparing the non-Kihler resolved warped
deformed conifold (NKRWDC) metric with the one of

in AdSs x Mg. As shown in [31], the supersymmetry
breaking, measured by violation of the ISD condition of
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[42—44] and hence evaluating the five SU (3) torsion (7)
classes Wi 2345, we show that in the MQGP limit of
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[26], for extremely large radial coordinates, the NKR-
WDC (i) is Kihler as t € W5, and (ii) is asymptotically
Calabi—Yau as W 2345 = 0 (as expected). Further, to
permit use of the SYZ symmetry, in addition to the large
base of the T3 used for triple T dualities in [26], one
requires this three-cycle to be a special Lagrangian. We
explicitly prove that the local three-torus 73 of [26] satis-
fies the constraints satisfied by the maximal 7'>-invariant
special Lagrangian submanifold of a deformed conifold
of [28] in the MQGP limit of [26].

e Transport coefficients of black A 3-branes in the
MQGP limit of [26]: Exploiting the aforementioned
asymptotic AdSs5 x Mg background and based on the
prescription of [4], we have evaluated at finite string
coupling (as part of the MQGP limit), different trans-
port coefficients by calculating fluctuations of the metric
as well as gauge field corresponding to a D7-brane liv-
ing on the world volume of a non-compact four-cycle in
the (warped) deformed conifold and R-symmetry group
present in the M-theory. However, to do this, we need to
extract the five-dimensional AdS metric by integrating
out all r-independent angular directions. Thus proceed-
ing to calculate the two-point correlator/spectral func-
tions, we evaluate the EOMs for U (1) N -gauge field, the
U (1)g gauge field and the vector and tensor modes and
then evaluate the solutions by double perturbative ansatze
up to O(ws3, q32). The electrical conductivity, diffusion
coefficient and charge susceptibility obtained due to the
U(1)n, gauge field satisfy Einstein’s relation, which is a
reasonable check of our results. Similarly, we show that
one can calculate the shear viscosity from the vector and
tensor modes by using Kubo’s formula such that 5 /s turns
out? to be #, which is expected for any theory obeying
the gauge—gravity correspondence.

Our results, we feel, are significant in the sense that these
have been obtained in the context of M-theory background
[26] that are valid even for a finite coupling constant g,
which in fact could be more appealing to studying aspects
of a ‘strongly coupled quark gluon plasma’ and might bring
one closer to the results obtained using experimental data at
RHIC. We repeat, as we wrote in Sect. 1, that we are not aware
of previous attempts at evaluation of transport coefficients,
such as shear viscosity (1), diffusion constant (D), electrical

3 The entropy was calculated in [26] from the partition function of an
11-dimensional M-theory background in the MQGP limit, or equiva-
lently the horizon area.

conductivity (o), charge susceptibility (x), etc. of large-N
thermal QCD-like theories at finite gauge coupling or equiv-
alently finite string coupling, and hence correctly addressable
only from M-theory perspective. It is for this reason that we
feel that our results n ~ T3, D, Dg ~ 1/T, x ~ T? (such
that D = o/ x), etc. (apart from scalings w.r.t. N, etc.) serve
as M-theory predictions for sQGP.

For the future, it would be interesting to extend these cal-
culations to compute the “second speed of sound” by work-
ing out the two-point correlator functions of the scalar modes
of the stress—energy tensor. One can also calculate the ther-
mal conductivity corresponding to R-charge correlators and
check if the ratio of thermal conductivity and viscosity sat-
isfies the Wiedemann—Franz law. Also, one should obtain
the holographic spectral function by using a non-abelian
SU(Ny) gauge field background and produce the expected
continuous meson spectra as a function of the non-zero chem-
ical potential due to the presence of a black hole in the back-
ground [26].
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Appendix A: G4 components

We now list the non-zero four-flux components G4 in the
limit of [24] and disregarding the asymmetry w.r.t. ¢; and
¢2, which can be eliminated by symmetrising A{ B wrt.
them:

@ Springer
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8lgsM N ysin ¢ cot (%1) sin(62) ] g;f’ 3«/§Nfsin P17 sin(6).,] g‘;—4N

(l) Gr01¢292 ~

4275/4 /g N V21 g N
X ! <gs sin(92)<64712N cos(0y) cot(B2) f1'(61)

9673/2r2, /&N (2 co2(61) + 2 cot?(6) + 3)°
0
x (2 cot?(61) + 2cot*(62) + 3) + 38, M%: N 7 f1(61) log(r) cos(6;) cot (é) cot(62)

x (2 cot®(61) + 2 cot>(62) + 3) — 6472 N f1(61) sin(@1) cot(6-) (2 cot2(6)) + 2 cot2(6) + 3)

T —€p
425672 N £1(0)) cot®(0;) csc(6y) cot(@z))), = lim ’ G r6,6,4,d62 = 0;
€9, —0 €0,
.. 1 . . N
(1) Groygop ™~ gﬁrz sin(61) sin(62)4/ g;4
SN
27161 cos(@) cot(@a)y 2378 N f1(61) cos(6)) cot(6s)

\/§ (2 COt2(91) + 2C0t2(92) + 3) \/§r4 (8;_41\’)3/4 (2 COt2(91) +2 COtz(Qz) + 3)

\/g N ysin ¢, sin®(62) (8 cos® (01) cos(62) cot(6r) — 16 cos* (6;) cot(62))
m(cos(20;) — 5) (2sin®(8)) cos?(62) + 2 cos?(6;) sin?(62))

\/ng2 sin (%) csc(62) (—2cos(8)) cos(62) + sin®(6)) — cos*(6)) + 5)
B m(cos(201) —5)

’

Ny F((61),62) in <<1/f>

2
= / Groy0np A2 ~ 7) which we disregard in the large r limit;
0 r

1
2560+/27 11/4 N3/4y2

0 0 0
x <g35/4MNf61 cot <3]> (9 log(r)<7687t2a2N —l—gszgffor log (sin (E]) sin (é)) + 4ng5Meszr>
2, 2102 2 (O (02 2
+2268a”gs" Mg Ny log=(r) log | sin 5 )sin{ 5 +32n°Nr | |,

T—¢€p, T—ép, s Nf
= lim do, / d6>Gg,y6, ~ € °—— which we disregard in the large r limit;
€120 /e €0, r

@ii) Groyo, ~

(iv) Groyp ~
81gsM N ssin ¢, cot (%1) sin(62),] g;'iv 3V/3Nysin ¢r sin(@l)C/g;j
w2 TN - NN
1
) 27 (3sin(6;) sin?(62) + 2 sin®(0) cos?(6) + 2 cos?(61) sin2(92))2

x (, / %Trz sin(6;) sin® (62), | @ (4 cos3(61) (6«/5 - 4cot(01)> cot(6) csc(6y)
r

—125sin(8) cos?(61) sin(262) csc>(62) + 363/6sin”(0;) cos(0;) cot(62) csc(ez)) )

T—¢€p,

2
= lim d92/ de1Gro,pe =05
0

€9, —0 €,
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81g, MNssin ¢, cot (%1) sin(62).J £ N 3v3Nsin irsin(@y), &
42754 /gy N V21 YN

(U) Gr¢2¢91 ~ =

Jr?sind (), £ (4cos(2(0) — 62)) — 4cos2(6) + 62)))
X 9
12 (35in2(0)) sin?(6) + 2 sin?(6) cos?(62) + 2 cos(6)) sin®(6:))°

T—ép,

2
= lim d91/ do1G gy, = 0;
0

€0, —0 €0,

a3 YN0y sin® (62),) £ (4 cos2(61 — 62)) — 4cos(2(61 + 602)))

(Ul) G91¢2¢92 ~ = ) ) ) ) 2’
360/2g,3/4 (3sin?(6) sin®(62) + 2sin? () cos?(62) + 2 cos(6;) sin®(6))

T—é€p

lim d01Go,prp6, = 0;

€g, >0 €0,

\/g Nysin ¢ sin?(62) (8 cos®(61) cos(6,) cot(6) — 16 cos*(81) cot(6,))
(cos(20;) — 5) (2sin?(01) cos?(62) + 2 cos?(6)) sin?(62))

ii) Goypoyey ™~ (

\/ngZ sin (%) csc(62) (—2cos(8y) cos(6) + sin®(8;) — cos?(01) + 5)
B 7(cos(201) — 5)

3/4
737413 sin3(0)) sin(6;) (gr—jv) (3cos(2(81 — 62)) + 3cos(2(0 + 62)) + 2 cos(261) — 14 cos(26,) + 6)
X bl

124/3 (3sin2(6)) sin? (62) + 2 sin?(61) cos2(62) + 2 cos(6)) sin>(62))”

2 4
N /0 dés /O Y Gasgrys, = 0;

@ Nysin ¢ sin?(62) (8 cos®(61) cos(6,) cot(62) — 16 cos*(8)) cot(6,))
7 (cos(261) — 5) (2sin®(8)) cos?(62) + 2 cos?(6;) sin?(62))

(iii) Goo:0) ~ (

\/ngz sin (%) csc(62) (—2cos(8)) cos(f) + sin?(8) — cos?(6)) + 5)
B 7(cos(26;) — 5)

X ! (gs sin(6) sin(6» (64712N cos(8y) cot(82) f1'(61)

96+/375/4r /&N (2cot(61) + 2 co2(62) +3)°

0
x (2 cot’(8)) + 2 cot*(62) + 3) +3g>M%: N f1(61) log(r) cos(6)) cot (%) cot(62)

x (z cot2(81) + 2 cot?(62) + 3) — 642N f1(61) sin(@1) cot(6) (2 cot?(81) + 2 cot>(62) + 3)

T—€g,

+25672N f1(91)cot2(91)csc(91)cot(92))>,:> lim do, /

€120 Jep, o)

T—€p,

2 1 . (W)
Xd@z/ d92Go 0,909 ~ € “Nysin T ;
0

@ Springer



16 Page 28 of 34 Eur. Phys. J. C (2015) 75:16

, _2eM (), 2£2(62) cot(6y) (2 cot?(81) + 3) sin®(62) cos(6,)
(x) Graigs r3 (2r log(r)( (2cot?(61) + 3) sin?(62) + 2 cos?(62)

_ J1(81)(cos(261) — 5) cot(61) csc(61) cot(62) ))
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(x) Grojg11 ~

1
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(01 . (O 1 (g’MN
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Xii ~— ~csc | = cos - =
O T SN 2 (cos(201) — 5) 5 2 )
(%) 6, 6 1 36,
+2cos |01 — > + cos | 20, — > +2cos |0 + > + cos 5(491 +62) ) +2cos |6 + -

0
—10cos (32>> (—3610g2(r)<a2 (—63gS2M62ffo — 84 g M2 + 32712N)
2 2342 : 01 : 62 2202 2.2
—2la“gy" Mgz N ¢ log | sin S s )) 8 MG Ny¢r ) +9log(r) | 256w “a”N

0 %)
~|—gs2Me2ffor log (sin (%) sin (%)) + 4JTgSM§ffr)

—2,592a%g> M2 N s log*(r) — 17287 a’ gy MZ; log® (r) + 327[2Nr>>

(xi) Groyyp11 ~

1 (g>MN
~ (STffl(em + ngfoz(el,z)) ~0;

Jr2sind (0,),/ £ (4 cos(2(6) — 6)) — 4 cos(2(0) + 62)))

(xiii) Goypyy11 ~ — ,
e 12 (3 sin®(6)) sin®(6,) + 2 sin*(0;) cos?(62) + 2 cos(6;) sin2(02))2
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= lim do1Goprp11 = 0;

691 —0 691
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1
12 (35in2(01) sin?(6) + 2 sin?(6)) cos?(62) + 2 cos(6)) sin(6))°

xiv) Ggpoyp11 ™~
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= lim d6,Goyp,p11

€g,—>0 €0
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~ € 2 -

3

O1~€p,

1
27(cos(261) — 5)2 (3sin?(6;) sin®(62) + 2 sin?(61) cos?(62) + 2 cos? () sin2(62))2

x (2,/ %’Trz sin3(6y) sin(8y), | 5 <81 (6\/8 sin® () sin>(62) + 4v/6 sin®(8) sin(6>) 0082(92))

4

(xiv) Gogyp11 ~

+3sin’(01) cos’ (1) (112 cos(262) — 14 cos(462) + 126) csc(62) + 54 sin* (61) cos?(61) (15\/6 sin’(6,)
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x (4 cot(8y) cot(62) — 336 cot(92)> +9 (2\/6 cot?(6)) + 5«/6) sin’ (62)

+6 (—2\/6 cot2(8)) — 4cot(8)) + JE) sin(6) Cos2(92)> +325in(6;) cos’ (91)<16cos3 (62) cot(62)

+24 sin(65) cosz(é’g)) — 125in%(6;) cos* (61) (—9~/€ sin’(62) + 44+/6 cos> (6) cot(6>)
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€9, —>0 €0,
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1
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—12sin(61) cos? (61) sin(26,) cse? 62) + 36+/6 sin? (01) cos(61) cot(62) csc(92)>> ,
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T—€p

= lim d92G92¢1|/,11 =0;
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1
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Appendix B: SU(3) torsion classes of resolved warped
deformed conifolds

Based on the results of [43,44], the five SU(3) structure tor-
sion classes for the resolved warped deformed conifold are

given as follows:

W, =

W3 =

I
—e

6

g(0)=3p(r) -1

x (—B(r)+a2(r)8(r)—2a(r)8(z)e8<f> — B(1)e?s®

—2aB(1)ePOFT2D) _ 2B (7)8(M+6p(D)+2x(0)

—24'OP(@OF2x(0)

+2e8 OO B@)B(r) — BOB(T)))

e (dmgyN) i ;

2 s
_ge_g(f)_3,,_3 i Gs A Go(— B(1) + a*(1)B(1)
—2a(t)B(r)ed™ — B(r)e?s®

_i_aB(.E)eép(t)Jer(r)B(t)eg(r)+6p(r)+2x(r)

+e6p(r)+2x(r)a/(r)
_eg(f)+6P(f)+2X(f)(B(T)B(t)' _ B(‘L’)B(‘L’)/))
+e 8OO Gy A Gy — Gy A Ga)(aB(T)
+B(0)B()d (r) + B(r)?e! g/ (1))

1 3x(7)

—ge—g(”—”’(f)— T Gi A Go(B(1) — a*(1)B(2)

+2a(r)B(1)es ™ + B(r)e*
12aB(1)eSPOFT2X(D) _ B(1)8@+6p(1)+2x(0)
_{_(38(1-)2 _ l)e6p(r)+2x(r)a/(_c)
+€g(r)+6p(f)+zx(f)(B(I)B(r)/

—B(t)B(t) +3B(v)B(r)g' (1))

3x(1)

> G3 A Gy(— B(r)+a*(1)B(r)

L e-3p0

—2a(t)B(1)e!™® — B(1)e28™®
+4a(7)B()e® PO 4 B(g)es (D HOPOF2(D)
L (3B(7)? + 1)efP@+2@ g/ (1)
SOOI B () B(r) + B(r)B(r)
+3BDB()E (1) ~ —e " (4mg; )

Xer Ney+ 671'61 A€,

1 X(T
_Ze—g(t)—3li(r)—3 2( )(Gl AG3z — Gy A Ga) A Gg
x (= B(v) + a*(1)B(z) — 2aB(r)es™
_B(-L—)ezg(f) _{_Za[g(f)e()[’(f)-ﬂx(f)
+28(T)eg(t)+6p(r)+2x(t) _ 266p(r)+2x(r)a/(_[)

+2e8OTOPOTO (B(1)B(r) — B(r)B(1)))

B T 3x(t
+%e*g<f>*3p<”* 2 (G1 A Gy — G3 A G4) A Gs
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& _ 1 ospo+
Ws” = yid s r

x ( —1+a%(1) + XD _2B(1)etP T2 5/ (1)
+25(T)eg(r)+6p(r)+2x(f)g/(.r))

3x(7)

1
+Ze—g(r)—3p(r)— 2 Go AG3 AGs

x (B(r) — a*(t1)B(z) — 2a(t)B(r)es™
—3B(1)e? D 4 2a () B(t)efP D2
+2B(r)eg(‘[)+6p(1')+2x(‘[) + Z(B(T)z
_B(T)Z)e6p(t)+2x(t)a/(l,) + 26g(t)+6p(r)+2x(r)(8(_c)
xB(r) — B(r)B(t) — 2B(v)B(1)g (7))

1 (1)
_i_Ze*g(t)*:ip(f)* 2 Gl A G4 A G5

x( = 3B(t) + 3a*(1)B(r) — 2a(t)B(1)es™
+B(1)e*$® + 2a(1)B(1)ebr M)

+2B()es MTOPOF2x® _o(1 4 2B8(1)?)
Xe6p(f)+2x(f)a/(.[) + zeg(f)+6p(f)+2x(f)(B(T)B(T)/
—B(r)B(r) +2B(1)B(1)g'(1)))

3
~ e T (gsN)3 (e1 Aex+ €1 Aep) Adr;

1 3x(m)
2

Wi = —e—8(M=3p(r)=

2
xGs(— B(t) + a*(0)B(v) + 2a(t)B(1)es ™ — B(r)e*$™
+268(r)+6p(r)+2x(r)x/(T)) ~ e (g, N)%d‘r;

x(1)

2 (G5 —iGg)

x (2a(T)B(t) — 2B(1)ef ™ — 6e8) p/ (7) + €8x/ (1))

~ (gN)i e

1
X <dr - iw[dw—i—cos 92d¢2+00561d¢1]> . (BD

Appendix C: Embedding of 72-invariant sLag in 7*S3

Based on [28], the explicit embedding of the maximal 7°2-
invariant special Lagrangian three-cycle in a deformed coni-
fold is given by the following:

2

_ ( a4 )3 :
~ \cos(¢r +¢2)  cos(dr —¢) )

;

In large r limit: ¢; = ¢a ~ (rx)3,¢3 ~ (r5)°
1

{e.g.ry ~ry}: —cos6;

1
= g{secz(llf) sec(¢p1 — ¢2)

X |:32 cos(¢p1 — ¢ — W) — 8cos(pr + ¢ — V)
+32cos(¢py — 2 + V) — 8cos(¢pr + o + V)
+{(—32COS(¢1 — ¢2 — ¥) + 8cos(¢r + ¢2 — ¥)
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—32cos(¢p1 — 2 + ) + 8cos(Pp1 + 2 + ¥)
+3 237 cos(2¢1) secT (1 + ¢2)

+3 237 cos(2¢) secT (1 + o)

+2%7 cos(2(2¢1 + ) sec (1 + o)

277 cos2( + 292 sec? @1 + 9)

+64 cos (1) cos( — d2) (=32 cos(pr — da — ¥)

+16 cos(¢1 + 2 — ) — 32 cos(¢p1 — 2 + V)
+16cos(@1 + 2 + V) + 3237 cos2y) sec ($1 + o)
+3 237 cos(2¢) secT (1 + o)

+2%7 cos(2(2¢1 + ) secT (1 + o)

1
2

+2%/7 cos(2(¢1 +202)) sec’ (91 + 2) ) }

—3237 cos(21) sec (b1 + b2)
—3 237 cos(2y) sec (b1 + b2)
—23/7 cos(2(2¢1 + ¢2)) secT (p1 + ¢2)

1
2

—23/7 cos2(gy + 26)) sec (¢ +¢>2)“ ; (C1)

1
cost = g{se&(w)(—sec(qsl — )

X |:—32 cos(¢p1 — 2 — V) + 8cos(opr + 2 — V)
—32cos(¢p1 — ¢2 + ¥) + 8cos(¢1 + ¢ + ¥)
+{(—32 cos(p1 — ¢y — ) + 8cos(pr + ¢ — V)

—32cos(¢p1 — g2 + ¥) + 8cos(d1 + ¢ + ¥)

13237 cos(2¢) sec? (b1 + d2) + 3 237 cos(2ha)

x sec (@1 + ¢2) +2%7 cos221 + ¢2)) sec (91 + ¢2)
1237 cos(2(é1 + 2¢)) sec? (91 + ¢2)>2

+64 cos(y) cos(1 — ¢) (~32cos(1 — ¢ — V)
+16cos(¢1 + ¢ — ¥) —32cos(¢1 — 2 + V)
+16c0s(@1 + d2 + V) +3 237 cos2¢1) sec? (1 + ¢2)
43237 cos(22) sec? (1 + é2)

+2%7 cos(22¢1 + $2)) secT (1 + ¢)

1

2
+277 cos(2(¢1 +262)) see (91 + ) }

+3 237 cos(2¢1) sec? (@1 + ) + 3237 cos(2¢)
% sec? (¢ + ) + 237 cos 2291 + ) sec (1 + ¢2)

+23/7 cos(2(g1 + 2¢)) secT (1 + ¢2)] } § (€2)

From [47], the Kihler form J and the nowhere-vanishing
holomorphic three-form €2 for a deformed conifold are given
by

_r6)7 + M4)g _ r2M4);/

RNy dr A (dyr 4 cos 6 dg1 + cos O2d¢n)
4 wto ,
+ 7 1- Py (sin@; dO; A d¢gpy +sin 6, d6> A dep), (C3)
and
Q= o7 SCSY sy

rS
A (sinfy d6r A dgpy — sin 6, dO; A de)

2T
+l—8 (cosy —1Ssiny) dr
r
A (dB; A dBr — sin 6 sin6r dgy A dgp)

2ulT ) .
— 3 dr A (sinfy d6; A d¢1 —sin6yd6r A d¢2)
-
l,bLzT .
+ [sm 01 dO; A dpy A (dyr + cos 0 dga)

2
.
—sin6yd6 A depy A (A + cos d¢1)]
+7 (1 cosy + Ssin )
x [ sin 6 d6; A dgn A (A + cos 6; doy)

—sin6; d6 A dy A (dyf + cos b d¢2)]
+7 (Scosvyr —1sinyr)
x [d@l Ads A (dr + cos 6 Ay + cos 2 depa)

—sin6 sin 6> dgpy A depy A dw], (C4)
where § = /1 —u*/r* =2 and T =
PP+ T — A= pf 8 TS 2 as p ' A,

and the deformation parameter s is defined via z7 + z3 +

B +z3=ul

Appendix D: Some intermediate steps pertaining to
R-charge gauge field EOM’s solution

Plugging (102) into (101) yields for A? D20 ¢y rele-
vant to the Ay, (1)’s EOM, near u = 0 up to O(u):

A=—u)" 7T 1A ) = ¢ + ¢, (1 + %w3> u—+ Ow?);

iw ~ 1 3 1
1- u)fTLlAéo’l)(u): (—6—4in2c1 —% + chS +C4>

1
+35¢ [ﬂz(w3w3 — 4iYey — dim(wyws — 4i)

X (3¢cy — 4dic3) + 64i ((w3w3 —4di)eq — C2):|

iw ~ 1
ut 0 (@) (1= APV w) = o

X [3(2Li3(—i) +2Li3(i) + 3;‘(3))c1
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—irr3cl + 71202 + 6imes + 24C4]

1
+%w3 |:713c1 + i7T26‘2 — 6mes + 3i

x <(2Li3(—i) +2Li3(0) +3¢3) c1 + m)}
xu + O?). (D1)

One can show that ./Zl)(c(l)’l) "(w), up to O(u), will be given
by the expansion of the following up to O(u):

_4u—2 _4u-2
2V2e” W2 Qu— 1% +e 42 (4u

x<%<10+3ﬁ>,§,\/§u—

— 232U
)
V2
_4u=2 3 1
e W2 (du —2)Y e, L7 (ﬁu - —>
g( 10-372)

NG
[ ( (10+3f) \/_u—%)fl

WL (V20 75)])

where U (a, b, z) are Tricomi confluent hypergeometric func-
tions defined via U (a, b; z) = Fl(«b(a)l)zl B(r) 1Fi(a—b+

1;2;2—b;2) + F{a(lbi)l) 1F1(a; b; z), b not being an inte-
ger; L} (z) are associated Laguerre polynomials, and Z; ; are
deﬁned in (D5). In the context of the equation of motion (106)
for the R-charge gauge, the exact solutions being intractable,
the same corresponding to fl,((?’o) "in (107), near u = 0, is
given by
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One can similarly show that fl)((zl’o) "(w), up to O(u), will be
given by the expansion of the following up to O(u):

- w2 _du—2
AR w) = 2V2e” 42 Qu — 1% + ¢ 42 (4u —2)¥ ¢,
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where Ii,z are defined in (D6).
The integrals Z; o appearing in (D2) and (D4) are defined
as
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wherein

CDi

_<SIU( <6+f)% Ai/;)Li(,m,m)&él)c
2,

13U (% (6+f2),

7 )Li(—lo—aﬁ) (*5)
5
2’

= 1) L%%(m) ("5 1))

(D7)

—4v2u ( (10 + 3[)

1
8

References

1. J. Maldacena, The large N limit of superconformal field theo-

10.

11.

12.

13.

14.

15.

16.

17.

18.

. A. Buchel,

ries and supergravity. Adv. Theor. Math. Phys. 2, 231 (1998).
hep-th/9711200

. E. Witten, Anti-de Sitter space and holography. Adv. Theor. Math.

Phys. 2, 253 (1998). [arXiv:hep-th/9802150]

. O. Aharony, S.S. Gubser, J. Maldacena, H. ‘Ooguri, Y. Oz, Large

N field theories, string theory and gravity. Phys. Rept. 323, 183
(2000). hep-th/9905111

. D.T.Son, A.O. Starinets, Minkowski-space correlators in AdS/CFT

correspondence: recipe and applications. JHEP 0209, 042 (2002).
hep-th/0205051

. G.Policastro, D.T. Son, A.O. Starinets, From AdS/CFT correspon-

dence to hydrodynamics. JHEP 0209, 043 (2002). hep-th/0205052

. G. Policastro, D.T. Son, A.O. Starinets, From AdS / CFT corre-

spondence to hydrodynamics. 2. Sound waves. JHEP 0212, 054
(2002). hep-th/0210220

. P. Kovtun, D.T. Son, A.O. Starinets, Holography and hydrody-

namics: difusion on stretched horizons. JHEP 0310, 064 (2003).
[arXiv:hep-th/0309213]

. P. Kovtun, D.T. Son, A.O. Starinets, Viscosity in strongly inter-

acting quantum field theories from black hole physics. Phys. Rev.
Lett. 94, 111601 (2005). hep-th/0405231

On universality of stress-energy tensor correla-
tion functions in supergravity. Phys. Lett. B 609, 392 (2005).
hep-th/0408095

D.T.Son, A.O. Starinets, Hydrodynamics of R-charged black holes.
JHEP 0603, 052 (2006). arXiv:hep-th/0601157

Javier Mas, Shear viscosity from R-charged AdS black holes. JHEP
0603, 016 (2006). arXiv:hep-th/0601144

A. Karch, A. O’Bannon, Metallic ADS/CFT. JHEP 0709, 024
(2007). [arXiv:hep-th/0705.3870]

R.C. Myers, M.F. Paulos, A. Sinha, Holographic hydrody-
namics with a chemical potential. JHEP 0906, 006 (2009).
arXiv:0903.2834 [hep-th]

S. Caron-Huot, P. Kovtun, A. Starinets, Photon and dilepton pro-
duction in supersymmetric Yang—-Mills plasma. JHEP 0612, 015
(2006). hep-th/0607237

D. Mateos, L. Patino, Bright branes for strongly coupled plasmas.
JHEP 0711, 02 (2007). [arXiv:hep-th/0709.2168]

A. Parnachev, D.A. Sahakyan, Photoemission with chemical poten-
tial from QCD gravity dual. Nucl. Phys. B 768, 177 (2007).
hep-th/0610247

Javier Mas, Jonathan P. Shock, Javier Tarrio, Holographic spec-
tral functions in metallic AdS/CFT. JHEP 0909, 032 (2009).
[arXiv:hep-th/0904.3905]

L. Patino, D. Trancanelli, Thermal photon production in a
strongly coupled anisotropic plasma. JHEP 1302, 154 (2013).
[arXiv:hep-th/1211.2199]

@ Springer


http://arxiv.org/abs/hep-th/9711200
http://arxiv.org/abs/hep-th/9802150
http://arxiv.org/abs/hep-th/9905111
http://arxiv.org/abs/hep-th/0205051
http://arxiv.org/abs/hep-th/0205052
http://arxiv.org/abs/hep-th/0210220
http://arxiv.org/abs/hep-th/0309213
http://arxiv.org/abs/hep-th/0405231
http://arxiv.org/abs/hep-th/0408095
http://arxiv.org/abs/hep-th/0601157
http://arxiv.org/abs/hep-th/0601144
http://arxiv.org/abs/hep-th/0705.3870
http://arxiv.org/abs/0903.2834
http://arxiv.org/abs/hep-th/0607237
http://arxiv.org/abs/hep-th/0709.2168
http://arxiv.org/abs/hep-th/0610247
http://arxiv.org/abs/hep-th/0904.3905
http://arxiv.org/abs/hep-th/1211.2199

16

Page 34 of 34

Eur. Phys. J. C (2015) 75:16

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

P. Kovtun, A. Ritz, Universal conductivity and central charges.
Phys. Rev. D78, 066009 (2008). [arXiv:hep-th/0806.0110]

C.P. Herzog, The hydrodynamics of M-theory. JHEP 0212, 026
(2002). hep-th/0210126

C.P. Herzog, S.S. Pufu, The second sound of SU(2). JHEP 0904,
126 (2009). arXiv:0902.0409 [hep-th]

L.R. Klebanov, M.J. Strassler, Supergravity and a confining gauge
theory: duality cascades and X SB-resolution of naked singularities.
JHEP 0008, 052 (2000). arXiv:hep-th/0007191

H.-Y. Chen, P. Ouyang, G. Shiu, On supersymmetric D7-branes in
the warped deformed conifold. arXiv:0807.2428 [hep-th]

M. Mia, K. Dasgupta, C. Gale, S. Jeon, Five easy pieces: the dynam-
ics of quarks in strongly coupled plasmas. Nucl. Phys. B 839, 187
(2010). [arXiv:hep-th/0902.1540]

M. Becker, K. Dasgupta, A. Knauf, R. Tatar, Geometric transitions,
flops and nonKahler manifolds. I. Nucl. Phys. B 702, 207 (2004).
[arXiv:hep-th/0403288]

M. Dhuria, A. Misra, Towards MQGP. JHEP 1311, 001 (2013).
arXiv:hep-th/1306.4339

M. Natsuume, String
hep-ph/0701201

M. Ionel, M. Min-OO, Cohomogeneity one special lagrangian 3-
folds in the deformed and the resolved conifolds. I11. J. Math. 52(3)
(2008)

J. Schmude, The quark—gluon plasma and D6-branes on the coni-
fold. Nucl. Phys. B 817, 117 (2009). arXiv:0711.3763 [hep-th]

P. Ouyang, Holomorphic D7-branes and flavored N = 1 gauge
theories. Nucl. Phys. B 699, 207 (2004). [arXiv:hep-th/0311084]

M. Mia, F. Chen, K. Dasgupta, P. Franche, S. Vaidya,
Non-extremality, chemical potential and the infrared limit
of large N thermal QCD. Phys. Rev. D86, 086002 (2012).
[arXiv:hep-th/1202.5321]

F. Chen, K. Dasgupta, P. Franche, S. Katz, R. Tatar, Super-
symmetric configurations, geometric transitions and new non-
Kahler manifolds. Nucl. Phys. B 852,553 (2011). arXiv:1007.5316
[hep-th]

H.-Y. Chen, P. Ouyang, G. Shiu, On supersymmetric D7-branes
in the warped deformed conifold. JHEP 1001, 028 (2010).
[arXiv:hep-th/0807.2428]

R. Monteiro, M.J. Perry, J.E. Santos, Thermodynamic instabil-
ity of rotating black holes. Phys. Rev. D 80, 024041 (2009).
arXiv:gr-qc/0903.3256

R.B. Mann, R. McNees, Boundary terms unbound! holographic
renormalization of asymptotically linear dilaton gravity. Class.
Quant. Grav. 27, 065015 (2010). [arXiv:hep-th/0905.3848]

theory and quark—gluon plasma.

@ Springer

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

. ML.S. Bremer, Vacua and p-branes in maximal supergravities. Ph.D.

thesis, University of London (1999)

R. Easther, B.R. Greene, M.G. Jackson, D.N. Kabat, Phys. Rev. D
67, 123501 (2003). [arXiv:hep-th/0211124]

K. Dasgupta, M. Grisaru, R. Gwyn, S.H. Katz, A. Knauf, R. Tatar,
Gauge-gravity dualities, dipoles and new non-Kahler manifolds.
Nucl. Phys. B 755, 21 (2006). hep-th/0605201

J.P. Gauntlett, O.A.P. Mac Conamhna, T. Mateos, D. Waldram,
AdS spacetimes from wrapped M5 branes. JHEP 0611, 053 (2006).
hep-th/0605146

G. Lopes Cardoso, G. Curio, G. Dall’Agata, D. Lust, P. Manous-
selis, G. Zoupanos, NonKahler string backgrounds and their five
torsion classes. Nucl. Phys. B 652, 5 (2003). hep-th/0211118

A. Franzen, P. Kaura, A. Misra, R. Ray, Uplifting the Iwasawa.
Fortsch. Phys. 54, 207 (2006). [arXiv:hep-th/0506224]

G. Papadopoulos, A.A. Tseytlin, Complex geometry of conifolds
and 5-brane wrapped on 2-sphere. Class. Quant. Grav. 18, 1333
(2001). [arXiv:hep-th/0012034]

A. Butti, M. Grana, R. Minasian, M. Petrini, A. Zaffaroni, The
baryonic branch of Klebanov—Strassler solution: a supersymmetric
family of SU(3) structure backgrounds. JHEP 0503, 069 (2005).
[arXiv:hep-th/0412187]

M.K. Benna, I.LR. Klebanov, Gauge—String Dualities and Some
Applications. arXiv:0803.1315 [hep-th]

R. Minasian, D. Tsimpis, On the geometry of nontrivially embed-
ded branes. Nucl. Phys. B 572,499 (2000). [arXiv:hep-th/9911042]
A. Dymarsky, L.R. Klebanov, N. Seiberg, On the moduli space of
the cascading SU(M+p) x SU(p) gauge theory. JHEP 0601, 155
(2006). [arXiv:hep-th/0511254]

R. Gwyn, A. Knauf, Conifolds and geometric transitions. Rev.
Mod. Phys. 8012, 1419 (2008). [arXiv:hep-th/0703289]

J. Erdmenger, M. Kaminski, F. Rust, Holographic vector mesons
from spectral functions at finite baryon or isospin density. Phys.
Rev. D77, 046005 (2008). [arXiv:hep-th/0710.0334]

J. Mas, J.P. Shock, J. Tarrio, A note on conductivity and charge
diffusion in holographic flavour systems. JHEP 0901, 025 (2009).
arXiv:0811.1750 [hep-th]

P.G. Miedema, W.A. van Leeuwen, Density Perturbations in the
Early Universe. gr-qc/0303004

P.D.Mannheim, Brane-Localized Gravity. World Scientific Pub-
lishing Co Pvt. Ltd, USA, 20 October (2005)


http://arxiv.org/abs/hep-th/0806.0110
http://arxiv.org/abs/hep-th/0210126
http://arxiv.org/abs/0902.0409
http://arxiv.org/abs/hep-th/0007191
http://arxiv.org/abs/0807.2428
http://arxiv.org/abs/hep-th/0902.1540
http://arxiv.org/abs/hep-th/0403288
http://arxiv.org/abs/hep-th/1306.4339
http://arxiv.org/abs/hep-ph/0701201
http://arxiv.org/abs/0711.3763
http://arxiv.org/abs/hep-th/0311084
http://arxiv.org/abs/hep-th/1202.5321
http://arxiv.org/abs/1007.5316
http://arxiv.org/abs/hep-th/0807.2428
http://arxiv.org/abs/gr-qc/0903.3256
http://arxiv.org/abs/hep-th/0905.3848
http://arxiv.org/abs/hep-th/0211124
http://arxiv.org/abs/hep-th/0605201
http://arxiv.org/abs/hep-th/0605146
http://arxiv.org/abs/hep-th/0211118
http://arxiv.org/abs/hep-th/0506224
http://arxiv.org/abs/hep-th/0012034
http://arxiv.org/abs/hep-th/0412187
http://arxiv.org/abs/0803.1315
http://arxiv.org/abs/hep-th/9911042
http://arxiv.org/abs/hep-th/0511254
http://arxiv.org/abs/hep-th/0703289
http://arxiv.org/abs/hep-th/0710.0334
http://arxiv.org/abs/0811.1750
http://arxiv.org/abs/gr-qc/0303004

	Transport coefficients of black MQGP M3-branes
	Abstract 
	1 Introduction
	2 The black M3-branes of [26]
	2.1 The uplift in the delocalised limit of [25]
	2.2 Satisfying D=11 SUGRA EOMs locally  in the MQGP limit
	2.3 Black M3-branes as wrapped M5-branes around two-cycle
	2.4 Kählerity from torsion classes and a warped deformed conifold sLag in the `Delocalised' Limit of becker2004,  and large-r and MQGP limits

	3 Two-point functions of D7-brane gauge field, R-charge and stress–energy tensor, and transport coefficients
	3.1 D7-brane gauge field fluctuations
	3.1.1 EOMs
	3.1.2 Electrical conductivity, charge susceptibility  and Einstein relation

	3.2 R-charge correlators
	3.3 Stress–energy tensor modes
	3.3.1 Metric vector mode fluctuations
	3.3.2 Metric tensor mode fluctuations


	4 Summary and outlook
	Acknowledgments
	Appendix A: G4 components
	Appendix B: SU(3) torsion classes of resolved warped deformed conifolds
	Appendix C: Embedding of T2-invariant sLag in T* S3
	Appendix D: Some intermediate steps pertaining to R-charge gauge field EOM's solution
	References


