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Anisotropic heavy quark potential in strongly-coupled A" = 4 SYM theory
in a magnetic field
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In this work we use the gauge/gravity duality to study the anisotropy in the heavy quark potential in
strongly coupled N = 4 super—Yang Mills (SYM) theory (both at zero and nonzero temperature) induced
by a constant and uniform magnetic field B. At zero temperature, the inclusion of the magnetic field
decreases the attractive force between heavy quarks with respect to its 5 = 0 value and the force associated
with the parallel potential is the least attractive force. We find that the same occurs at nonzero temperature
and, thus, at least in the case of strongly coupled A = 4 SYM, the presence of a magnetic field generally

weakens the interaction between heavy quarks in the plasma.

DOI: 10.1103/PhysRevD.91.066001

I. INTRODUCTION

The holographic correspondence [1-3] is a powerful
nonperturbative tool that has been widely used to inves-
tigate the properties of strongly coupled non-Abelian gauge
theories with a large number of colors. In fact, its relevance
to the physics of the strongly coupled quark gluon plasma
formed in relativistic heavy ion collisions [4] became
evident after the discovery [5] that strongly coupled
(spatially isotropic) plasmas that can be described by
holographic methods behave as nearly perfect fluids where
the shear viscosity to entropy density ratio, /s, is close to
the estimates obtained within relativistic hydrodynamic
modeling of heavy ion collisions (for a recent discussion
see [6]). Other applications of the correspondence to the
physics of the quark-gluon plasma (QGP) have been
reviewed in [7].

Given the recent interest regarding the effects of strong
electromagnetic fields in the physics of strong interactions
[8], it is natural to investigate whether holography can also
be as insightful in this case. For instance, it has been shown
in [9] that in a presence of a magnetic field, 3, the shear
viscosity tensor of strongly coupled N = 4 super—Yang
Mills (SYM) theory becomes anisotropic and the shear
viscosity coefficient in the direction of the magnetic field
violates the n/s = 1/(4x) result [5].

Motivated by the recent lattice work on the effects of
strong external (Abelian) magnetic fields on the QCD
heavy quark potential at zero temperature done in [10], in
this paper we study the effect of a constant magnetic field
on the heavy quark potential in strongly coupled N = 4
SYM theory both at zero and nonzero temperature 7. The
magnetic field distinguishes the different orientations of the
QQ pair axis with respect to direction of the magnetic field
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(defined here to be z axis) and, thus, there is now a

perpendicular potential, Vé o for which the pair’s axis is on

the transverse plane xy and also a parallel potential, VZ o
for which the QQ axis coincides with that of the magnetic
field. Clearly, other orientations are possible but here we
focus only on these two cases. Also, in this paper we will
not solve the Schrodinger equation associated with this
anisotropic potential (for recent studies of the effect of
magnetic fields on the masses of bound states see, for
instance, [11-13]).

These heavy quark potentials (both at zero and nonzero
temperature) in the gauge theory are defined in this paper
via their corresponding identification involving the appro-
priate Wilson loops

lim (W(Cy)) ~ e’V oo”

T -0

lim (W(C,)) ~ e e, (1)

T -0

where C|| is a rectangular timelike contour of spatial length
L) in the z direction and extended over 7 in the time
direction while C, is the corresponding contour of spatial
length L, in the x direction." We follow D’Hoker and
Kraus® construction of the holographic dual of N =4
SYM theory in the presence of a magnetic field [14-16]
and perform the calculations of the loops defined above in
the background given by the asymptotic Adss holographic
Einstein-Maxwell model to be reviewed below.

This paper is organized as follows. In the next section we
review the necessary details about the holographic dual of
N =4 SYM theory in the presence of a magnetic field at
zero temperature and perform the calculation of the parallel

'Due to the matter content of N' = 4 SYM theory, the Wilson
loop also contains the coupling to the six SU(N) adjoint scalars
X!. In this paper we neglect the dynamics of the scalars and the
holographic calculation of the Wilson loop is defined in five
dimensions.
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and perpendicular potentials and forces in this case. The
effects of the breaking of SO(3) spatial invariance induced
by the magnetic field on the heavy quark potential and the
interquark force at nonzero temperature are studied in
Sec. III. Our conclusions are presented in Sec. IV and other
minor details of the calculations can be found in
Appendixes A—B. We use a mostly plus metric signature
and natural units 2= kg =c = 1.

II. THE HOLOGRAPHIC SETUP AT ZERO
TEMPERATURE

In this section we review the properties of the asymptotic
Adss background corresponding to the holographic dual of
strongly coupled N' =4 SYM theory in a magnetic field
worked out by D’Hoker and Kraus in [14-16]. We focus
here on the T = 0 properties of the model.

The holographic model involves the Einstein-Maxwell
action in the bulk”:

1 12 1
S = &x\/—g|R +— —~F, F"
16ﬂG5/M§ * g{ taT e
+ Sguy + Scr + Scs, (2)

where ¢ is the asymptotic anti—de Sitter (AdS) radius, Sguy
is the Gibbons-Hawking-York action [17,18] and Scr is the
counterterm action, which is constructed using the holo-
graphic renormalization procedure [19-22]. For the kind of
calculations we carry out in the present work, these two
boundary actions will not come into play and, therefore, we
do not write them explicitly. The topological Chern-Simons
action, Scg, vanishes on shell for the kind of backgrounds
we consider here but it can be used to fix the relation
between the bulk magnetic field and the magnetic field in
the gauge theory by evaluating the U(1) R-symmetry
current anomaly in 4D N =4 SYM® with an external
magnetic field and comparing to the variation of (2) under a
gauge transformation, which reduces to the gauge variation
of Scs. Then one concludes that the external magnetic field
in SYM is /3 times the bulk magnetic field [14]. In what
follows, we discuss some of the details of the numerical
evaluation of the anisotropic background at 7 = 0 obtained
in [15]. Then we proceed to employ it to evaluate the
parallel and perpendicular heavy quark potentials and
forces in Secs. II A-II B, respectively.

We begin by considering the following ansatz for the line
element in light-cone coordinates® [15]

*Our definition for the Riemann tensor has an overall minor
sign in comparison to that used in [14] and we have also changed
the normalization of the Maxwell stress tensor term in the action.

*Consider writing the fields of A" = 4 in terms of V" = 1 with
an U(1) R symmetry and assigning R charge equal 1 to the N?
gauginos [14].

See Appendix A.
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d 2
ds? = 2r + 2P(r)dudv + &>V (dx* + dy?),
P(r)
F, = BdxAdy, (3)

where the boundary of the asymptotically Adss space is
located at r — oo. A simple gauge choice for the Maxwell
field giving the electromagnetic field strength tensor
specified above is A; = Bxdy. Maxwell’s equations,
V, F* =0, are then automatically satisfied.

The Einstein’s equations obtained from the action (2) are

1
le — EQMDR = 87[G5T,ulﬂ (4)
where
T = -2 5Smatter
W v
/_g 59/4

1
= 167ZG5 [gaﬂFuaFyﬂ_guv<_ﬁ+ZF§/j>i| (5)

is the stress-energy tensor of the gauge field A,. After
taking the trace of (4) it is possible to express Einstein’s
equations in a more convenient form,

gﬂl/ 12 1 QY 1 Q| J—
Rﬂy+3|:f2+4Fa/)’Fﬂ _EgﬂF/ule/)’_O (6)

The set of linearly independent components of Einstein’s
equations is given by the rr, uv and xx components of (6),
respectively,’

P// P/2 P’W’ 1 BZ
W// - W/2 —— (12 = 4w
T T T TP 6P2< T )
=0, (7)
P/l P12 P/W/ 1 BZ aw
—t—t———— 12+ ——e =0, (8
2p T2p T TP 3P2< e ) ®
2P'W' 1
W 4+ 2W'? ———(12=B**") =0, (9

where the prime denotes the derivative with respect to the
radial direction, r.

Now we derive some useful equations from (7)—(9).
First, we obtain a constraint by taking the combination

P2[(8) + (9) = (7)),

2 1A/ 2 Plz ! 1 32 —4W
PPW'2 4=+ 2PP'W = (12— e =0. (10)

From here on we adopt units where £ = 1.
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Taking the combinations, 2P[2(7) — (8)], 32 (9) — (10),

and 2P?¢*"[2(8) + (9)], we obtain, respectively,
P’ +2P'W' +4P(W' + W'?) =0, (11)

3P2W// P/2 BZ
+2P2W/2—T+PP/W/+T€_4W:0, (12)

(P2e*W)" = 247V, (13)

We use the coupled ordinary differential equations (ODEs)
(11)—(12) to obtain the numerical solutions for W(r) and
P(r). For this sake, we also need to specify the initial
conditions to start the numerical integration of these ODE:s.
We are going to work with infrared boundary conditions
which we shall specify in a moment. First, notice we can
formally solve (13) for P? as follows:

rofE
P2(r) = 24¢-2W(0) /) dé /O dae®™ @, (14)

where we fixed the integration constants by imposing that
in the infrared P%(0) = (P?)'(0) =0 [15]. Besides (14),
another equation that will be useful in the determination of
the parameters of the infrared expansions we take below for
W(r) and P(r) is given by the combination® 2[(10) + 12)],

3[(P2)YW' + PA(W" +2W'2)] — 12+ B2~V = 0. (15)

Let us now work out the infrared expansions for W(r)
and P(r). Following [15], we are interested in numerical
solutions of the dynamical ODEs (11)—(12) that interpolate
between AdS; x R? for small 7 in the infrared and Adss for
large r in the ultraviolet. As discussed in [14], this
corresponds to a renormalization group flow between a
conformal field theory (CFT) in (1 + 1) dimensions in the
infrared and a CFT in (3 4+ 1) dimensions in the ultraviolet,
which is the expected behavior of SYM theory in the
presence of a constant magnetic field [14]. Then for small r
we can take the following infrared expansions:

W(r) = r" + wr*® + O(r*?), (16)

P2(r) = 12771 = 2r% + (2 — 2w) 7]
4 2(1 + w)r*

1 .
x +2—|—3a+a2 1+ 3a +24?

(17)

where (17) was obtained by substituting (16) into (14).
Now we substitute (16)—(17) into (15) and set to zero the
coefficients of each power of r in the resulting expression,
obtaining

®We note that P(r) enters in this equation only through P? and
(P?)’ = 2PP', which can be immediately read off from (14).
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O(°): B=12V3, (18)

O(r*): 9a* +9a—B*>=0=a=a, ~0758, (19)
O(29): @~ —0.634, (20)

where we have chosen the positive root in (19) in order to
obtain a finite W(0) and used (18)—(19) to obtain (20).
Substituting (19)—(20) into (16)—(17), we determine the
first terms in the infrared expansions for W(r), W'(r), P(r)
and P'(r), which are enough to initialize the numerical
integration of the coupled ODEs (11)—(12). We start the
integration in the deep infrared at some small r = r;, and
integrate up to some large r = ry,,, near the boundary. The
numerical results for the metric functions W(r) and P(r)
appearing in (3) are shown in Fig. 1 (these results match
those in [15]).

The ultraviolet asymptotics for this numerical solution is
given by (e2"(m) P(r, ))& (1.12365,1.00002) X 27 ax.
Therefore, in order to have an asymptotically Adss space at
the ultraviolet cutoff, r = ry,,,, we rescale (V") P(r))
(e*W() P(r)), where e?W() = ¢2W(") /1.12365 and P(r) =
P(r)/1.00002. With this metric rescaling, the physical
constant magnetic field in the gauge theory reads’ B =
V3B/1.12365 ~ 5.34.

These results were originally obtained in Ref. [15]. In the
following we use them to evaluate the parallel and
perpendicular heavy quark potential at zero temperature
in the presence of a constant magnetic field.

A. Holographic Wilson loop ||l_§ at 7 =0

Now we determine the parallel heavy quark potential
from the vacuum expectation value of a rectangular Wilson
loop defined by a contour C; with its spatial length along
the magnetic field direction. We follow the holographic
prescription proposed in [23-26] (see also [27,28] and
references therein for more recent discussions) to evaluate
the rectangular loops in SYM in the strong t’Hooft coupling
limit, A > 1, with a large number of colors, N — o0, in
terms of a classical Nambu-Goto action in the background
discussed in the previous section.

For this sake, it is better to recast the rescaled version of
the metric (3) as follows®:

+ P(r)(—di* + dz2) + 2V (dx? + dy?),

(21)

"This rescaling changes the x and y coordinates in (3) as
follows: (x,y) — (x,y)/v/1.12365. Furthermore, as discussed
after Eq. (2), the extra factor of /3 relates the bulk magnetic field
and the magnetic field in the gauge theory.

¥See Appendix A.
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FIG. 1.

r

Numerical solution for the functions W(r) and P(r) that appear in the background metric at zero temperature (3), which

interpolates between AdS; x R? in the infrared (small r) and Adss in the ultraviolet (large r).

where P(r) and W(r) are the rescaled numerical functions
discussed in the previous section. For the sake of notation
simplicity, since in the remainder of this section we are
going to use only these rescaled functions, we omit from
now on the bars in their notation.

The rectangular Wilson loop at the boundary of the
asymptotically Adss space (21) parallel to the magnetic
field is extended along the time direction by 7 and has
spatial length LI, which denotes the heavy quark-antiquark
spatial separation in the direction of the magnetic field (we
take 7 > LIl). We choose to place the probe quark Q at
—2L1/2 and the Q-probe charge at +2LII/2. Attached to
each of the probe charges in the pair there is a string that
sags in the interior of the bulk of the space (21). As usual
[23-26], in the limit 7 — oo we consider a classical U-
shaped configuration that extremizes the Nambu-Goto
action and has a minimum at some value r, of the radial
coordinate in the interior of the bulk.

The parametric equation of the two-dimensional string
world sheet swept out in the five-dimensional bulk is
formally given by

X*: Internal Space — Target Space (Bulk)

(7,0) > X¥(z,06) = X+, (22)

and, in static gauge 7 — f,0 — z, the target space coor-
dinates over the string world sheet become

X' =1,
Xt =z

X'(t,2) = r X' =0,

XY =0, (23)
where X’(7,z) = r is a constraint equation. For loops
where 7 > LI, the static string configuration is invariant
under translations in time and one can write X' (z,z) =
X"(z) = r. For the sake of notation simplicity, we take a
slight abuse of language and write simply r = r(z) for this
constraint equation. Therefore, the static gauge condition
can be summarized as follows:

(z,0) = (t,2) = X*(t,2) = (r(2),1,0,0,z). (24)

The pullback or the induced metric over the string world
sheet in the numerical background (21) is defined by

Vab = g;waaX”abe’ a,be {77 6}’ (25)
with components
Yie=72=0, (26)
Yie = _P(F(Z))’ (27)
_ (2
Yo = P(r(2) + P(r(z)), (28)

where the dot denotes the derivative with respect to z. The
square root of minus the determinant of the induced metric
reads

r

V= (r

P2(r(z)). (29)

and, therefore, the Nambu-Goto action for this QQ con-
figuration is

S p—
NG 2l

L"/2

PX(r(z)).  (30)

i2(2)

P(r(z))
where o = #2 and 7, is the string length.

Since the integrand in (30), Lyg, does not depend

explicitly on z, Hyg defined below is a constant of motion
in the z direction

27ra 7l /2
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. —P%(r(z
HNG = —8} r— LNG = }Z(Z) ( (2))
Vray + P 0()

We may determine C by evaluating (31) at the minimum of
r(z) where the U-shaped string configuration has a mini-
mum in the interior of the bulk, r(z =0) = ry, where
7(0) = 0 and find

—c. (31

—Pz(ro)

C= .
Pz(ro)

(32)

Substituting (32) into the square of (31) and solving for
(z), one obtains

r 2 r
o) = D \/ o | -] o)

which implies that

Ll(r) = 2/°° d’2 :
o /P3(r)[£2((rr0)) —1]
where we used that for the U-shaped string configuration
described before, r(£L!/2) — oo, since the probe charges
are localized at the boundary of the space (21), and we also
took into account the fact that the U-shaped contour of
integration in the rz plane is symmetric with respect to the r
axis, with r(z = 0) = r.
The bare parallel heavy quark potential for this static QQ
configuration reads

(34)

N
I NG
VQQ.bare(rO) - 7

on-shell

L”/2 r Z
2710( Lu/z (r( 0
/ (r)
(35)
/ P2 ’”0

where we used (33) to evaluate the on-shell Nambu-Goto
action (30). Now we need to regularize (35) by subtracting
the divergent self energies of the infinitely heavy probe
charges Q and Q. These contributions correspond to strings
stretching from each probe charge at the boundary to the
deep interior of the bulk and, in practice, one identifies the
ultraviolet divergences to be subtracted by looking at
the dominant contribution in the integrand of (35) in the
limit » — oo,

P(r) reoo 1
P*(r) = P*(ro) P(r)

e V21

PHYSICAL REVIEW D 91, 066001 (2015)

Therefore, the sum of the self energies of the probe charges
is given by

1 © dr
27ad V2r

and the renormalized parallel heavy quark potential is

2x Vy=2x (37)

Vi (o) = Vi e (7o) = 2Vo

[y Py 1
~d V "( P2(r) = PX(ro) ﬁ)

- A K %} . (38)

In order to obtain the curve V! _ (L, one may construct
a table with pairs of points (L(r), Vg 5(r0)) by taking

different values of the parameter r,, in Egs. (34) and (38),
and then numerically interpolate between these points.
Before doing this, let us first obtain the corresponding
expressions for the perpendicular potential Vé o (L*). After
that, we will make a comparison between the heavy quark
potentials and forces obtained in the presence of the
magnetic field and the standard isotropic SYM results
discussed in [23].

B. Holographic Wilson loop 1BatT=0

Now we consider a rectangular Wilson loop with spatial
length Lt located in the plane perpendicular to the
magnetic field direction at the boundary of the space
(21). We place the Q-probe charge at —XL*/2 and the
Q-probe charge at +%L~* /2. For this QQ configuration, it is
convenient to define the following static gauge:

(z.0) = (1,

Following the same general steps discussed in detail in
the previous section, one obtains

x) = XH(t,x) = (r(x),2,x,0,0). (39)

dr

ro = 2/ N (40)
r>eZW(r)
\/P2 e | e 1}

Vé@(”o)
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FIG. 2 (color online).
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VB L

Anisotropy induced by a magnetic field B in N’ =4 SYM at T = 0 (in this plot «’ = 1) in the heavy quark

potential (left panel) and the corresponding force (right panel). The solid black lines denote the isotropic result ~ — 0.228 /L [23], the
dashed red lines correspond to the perpendicular potential Vé o and force F é 0= —dVé o /dL, and the dotted-dashed blue lines

correspond to the parallel potential Vg 0 and force F ‘(lg 0= —dV!2 o /dL.

We note that both the (renormalized) parallel and
perpendicular potentials are regularized by the same sub-
traction term, 2 x V, in Eq. (37).

In practice, for the numerical integrations to be per-
formed in Egs. (34), (38), and (40)—(41), the boundary at
r — oo is numerically described by r.,, in accordance
with the numerical solution obtained for the metric (21).
Our plots for the parallel and perpendicular potentials at
T = 0 are shown on the left panel of Fig. 2. One can see
that for the 7 = 0 anisotropic holographic setup considered
in this section the magnitudes of both the parallel and
perpendicular potentials at nonzero B are enhanced with
respect to the B = 0 isotropic case (given by ~ — 0.228/L
[23]), though the parallel potential is more affected by the

magnetic field. Also, for very short distances \/B'L <1,
both potentials converge to the isotropic potential [23] since
the effects from the magnetic field become negligible in this
limit. On the right panel of Fig. 2 we show the forces
associated with these potentials. One can see that the
magnetic field generally decreases the magnitude of
the attractive force between the quarks in comparison to
the isotropic scenario and that the force experienced by the
quarks becomes the weakest when the pair axis is parallel to
the direction of the magnetic field.

Moreover, in the absence of any other scale in the theory
besides 5 (and the interquark distance L), the actual value
of B is immaterial. This situation changes when one
switches on the temperature and, in this case, there is a
new dimensionless scale given by the ratio B/72. In fact,
we shall see in the next section that in this case one is able

to tune the anisotropy in the heavy quark potential by
varying the value of the magnetic field.

III. THE HOLOGRAPHIC SETUP AT FINITE
TEMPERATURE

In this section we study the interplay between finite
temperature and magnetic field effects on the heavy quark
potential in an N =4 SYM plasma. For the sake of
completeness, here we review some of the details regarding
the derivation of the numerical anisotropic metric at finite
temperature obtained in [14]. We then proceed to employ it
to determine how the parallel and perpendicular potentials
are affected by the magnetic field and temperature.

We use the following ansatz’ [14],

dr? ) ; ]
ds* = Cl h(F)dr* + V0 (dx? + dy?) + €26 dz?,
F, = BdxAdy, (42)

where the boundary of the asymptotically Adss space is
taken to be at 7 — oo and the black hole horizon is located
at 7 = 7y, which is defined by the largest root of the
equation (7)) = 0. Moreover, note that W(7y) and G(7y)
are both finite.

The set of linearly independent components of Einstein’s
equations is given by the 77, tf, xx and zz components of
(6), respectively,

’See Appendix A for a discussion about the coordinates used
in this section.
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h// h/ U
G//+G/2+2wl/+2wl2+_+_<W/+g)

2h h 2
4 B?
——(14+Z=e*") =0, 43
h( T ) (43)
BZ

B+ W (G +2W') —38 <1 + ﬁe_“W) =0, (44)

W' +2W'2 + W E/+G’ 4 1—B—2e*4W =0

h h 12 ’
(45)

n 4 B?
% 2 / W) == (1 +—e*") =0.
G'+G +G<h+ W) h( +24e ) 0

(46)

Now we derive some useful equations from (43)—(46).
First, we obtain a constraint by taking the combination

—h[(43) — —21h (44) —2(45)—(406)],
B> _ w
B ﬁe ) )

—0. (47)

(G +2W') + 2h(W'? + 2W'G’) — 12 (1

Taking the combination h[(45) — (46)], and using the
constraint (47) to eliminate B¢~V from Egs. (44)-(46),
we obtain, respectively,

h(W” -G + 2W/2 -G - G/W/) + h/(W/ _ G/)

B2
+= e =0, (48)
5 ! 2“” 4 “7/2 2“7/ U
W+ (GJ; V4 4 +3 16—,
(49)

2 1 /KW 12 -21HG
17" w2 _ _ / / —
W'+ W 3<h+5G>W+ T 0, (50)

2W' LW =24

3 3h 0

2 (2K
G"+G"? +3 (7+5W’) G +

(51)

Equations (47)-(48) will be employed in the determination
of the near-horizon boundary conditions required to ini-
tialize the numerical integration of the coupled ODEs
(49)—(51).

Following [14], it is convenient to rescale the radial
coordinate in such a way that the horizonis at 1, i.e., 7 > 7,
such that 7;; = 1. Therefore, after this rescaling 4(1) = 0.
One can also rescale the time coordinate [14] so that

PHYSICAL REVIEW D 91, 066001 (2015)
W) =1, (52)

and the Hawking temperature, therefore, reads

O )

Rescaling x, y and z, one can also set W(1) = G(1) =0
and it is possible to show that

W) =4——,
(1) 3

(54)
where b is the magnetic field expressed in these rescaled
coordinates. The numerical solutions will asymptote to

h(;‘ N oo,b) — ;2’ e2W(7—>oo,b) N a)(bﬁz,

260=20) S g(b)P2, (55)

where @(b) and g(b) are functions that can be determined
numerically. The conformal boundary metric, therefore,
reads

dspgy ~ —dr* + w(b)(dx* + dy*) + g(b)dZ?,
F, = bd¥AdS, (56)

where ~ denotes conformal equivalence. One can write the
boundary metric (56) in the usual (conformal) Minkowski
form by rescaling the spatial coordinates in order to absorb
the factors of w(b) and g(b) such that the physical magnetic
field in the gauge theory is [14]

b
B_ﬁm. (57)

Now we work out the near-horizon expansions for'®
h(r), W(r), and G(r). In order to avoid the singular point
of the ODEs located at the horizon, one must start the
numerical integration slightly above it. For this sake, we
take near-horizon Taylor expansions X(r) = X(1)+
X'(1)(r—1)+---, with some small but nonzero
(r—1) > ryp. where X ={h,W,G}. Since now
X(1) = 0, the near-horizon boundary conditions are given
by X(Fgart = Fmin + 1) ® X'(1)rmin, with the numerical
integration starting at rg,; = rmin + 1, slightly above the
horizon, and going up to some r,,,, near the boundary. The
near-horizon boundary conditions are then

"For the sake of notation simplicity, we omit from now on the
tilde in the rescaled coordinates.
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FIG. 3 (color online). Numerical solutions for the functions
Inh(r) (solid black line), W(r) (dashed red line), and G(r)
(dotted-dashed blue line) in (42) for b = 2.7. The numerical
background interpolates between BTZ x R? in the infrared (small
r) and Adss in the ultraviolet (large r).

h/(r start) = 1’

h(rstan) = Tmin>»

b? b?
W(rstart) = (4_?> "min> W,(rstart) = 4_?7

b2 b2
G(rgan) = (4 * g) "'min> Gl(rstart) =4+ 6 (58)

The numerical results for In 4(r), W(r), and G(r) in the
metric (42) are shown in Fig. 3 for b = 2.7. The numerical
solutions interpolate between BTZ x R? in the infrared and
Adss in the ultraviolet."' These results were originally
obtained in [14] and we have checked that we can numeri-
cally reproduce the entropy density found in that work.

We remark that for b > 2\/§ the numerical solutions for
the geometry are not asymptotically Adss [14]. Thus, we
restrict our calculations to values of b < 2+v/3. It is
important to emphasize, however, that this limitation on
the values of b does not imply in any practical limitation on
the values of the physical magnetic field in the gauge
theory, B3, which is related to b via Eq. (57). This is so
because, as one can check numerically, w(b) is a decreasing

function of b and w(b — 2\5) — 0, such that one can
cover in practice all values of the physical magnetic field in
the interval [0, o0).

Also, as in the zero temperature case, in order to have an
asymptotically Adss space at the ultraviolet cutoff,
= Fmax» We see from (55) that one needs to do the

following rescaling: (¢2W(rb) ¢2G(rb)) i (£2W(rb) o2G(rb)y,

""The Bafiados-Teitelboim-Zanelli (BTZ) black hole solution
[29] is asymptotically Ads; and, thus, at zero temperature one
recovers the solution discussed in Sec. II.

PHYSICAL REVIEW D 91, 066001 (2015)

where e2W(r.b) — eZW(r.b)/a)(b) and eZG(r,h) — eZG(r,h)/
g(b). For the sake of notation simplicity, since in the
remainder of this work we are going to use only the
rescaled functions ¢2"("?) and ¢2¢("?) we omit from now
on the bars in their notation. We can now use this back-
ground to evaluate the parallel and perpendicular heavy
quark potentials in an AV = 4 SYM plasma in the presence
of a constant magnetic field.

A. Anisotropic heavy quark potential for 7 # 0

The holographic calculation of the 7" # 0 Wilson loops
used in the definition of the parallel and perpendicular
potentials follows the same procedure done before in the
case where 7' = 0. The boundary conditions for each string
configuration are the same as before and the overall shape
of the string in the bulk is the U-shaped profile [26]. The
only difference is that when T # 0 the background metric
to be used is the numerically found anisotropic black brane
in Eq. (42) according to the discussion above. Therefore, it
is easy to show that the interquark separation and (renor-
malized) heavy quark potential for the parallel case are

d

o 26(r) [_h(r)e*")
IR )

h 2G(rp)

Ll(ry) =2 . (59)

Y

1 o h(r)e*)
Vgg(ro) = {A dr(\/h(r)eZG(r) ~ h(rg)e2Cn) 1)
_ / g dr} (60)
0

while for the perpendicular setup one finds

00 d
Lhm) =2 [ !
o 2w (r) (e
IO O )

h(rg)e2%(ro)

VéQ(ro) = % {/r:o @ <\/h(r)ezufz£)r)—eilv(vi’:)ezw(r°) B 1>
— /Oro dr}, (62

where r, is the point in the bulk where the U-shaped
configuration has its minimum. Note that we used the same
(temperature independent) subtraction scheme employed at
T =0 to define the renormalized potentials at finite
temperature. These potentials are proportional to the
(regularized) area of the Nambu-Goto world sheet and
they are interpreted in the strongly coupled gauge theory as
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FIG. 4 (color online).

PHYSICAL REVIEW D 91, 066001 (2015)
B/T?=1000

— T3

025/
0.20]

0.15]

LT

0.10]

0.05]

0.00

Interquark separation LT versus the rescaled horizon yj; (see Appendix B). In the left panel B/T? = 50 while for

the right panel B/T? = 1000. For both panels the solid black line corresponds to the isotropic SYM case while the dashed red line
(dotted-dashed blue line) corresponds to the case of anisotropic SYM with QQ axis perpendicular (parallel) to the magnetic field axis.

the difference in the total free energy of the system due to
the addition of the heavy QQ pair [30]. While one can may
argue that one should remove an entropylike contribution
from this free energy difference [31,32], in this paper we
shall not perform such a subtraction and, for simplicity, we
define this free energy difference (which equals the
regularized Nambu-Goto action) in each case to be the
corresponding heavy quark potential at finite temperature.

As done before, in the numerical integrations to be
performed in Egs. (59)—(62), the boundary at r — oo is
numerically described by r,,,,. At finite temperature, there
is a maximum value of LT above which there are other
string configurations that may contribute to the evaluation
of the Wilson loops at finite temperature [27] besides the
semiclassical U-shaped string configuration. This implies
that one cannot compute the potentials with the setup
described here when LT is large. In fact, one can show that
the inclusion of the magnetic field makes this problem
worse, as it is shown in Fig. 4 below. In this plot we show
LT as afunction of the appropriate rescaled horizon yy (see
Appendix B for the definition of this variable) for the
isotropic case (solid black line) and for the parallel (dotted-
dashed blue line) and perpendicular (dashed red curve)
cases computed using B/T? = 50 (left panel) and B/T? =
1000 (right panel). When y, — 0 the curves follow the
isotropic SYM case while one can see that the maximum of
LT is considerably decreased if the magnetic field is
sufficiently intense and this effect is stronger for the
perpendicular configuration. This implies that the region
of applicability of the U-shaped string world sheet
decreases with the applied magnetic field and, thus, other
string configurations must be taken into account when
computing the string generating functional for sufficiently

large LT [27]. This problem was investigated in the case of
an isotropic N’ = 4 SYM plasma in [33] but the extension
of these calculations to the anisotropic scenario studied
here will be left as a subject of a future study. Nevertheless,
for the values of LT in which the U-shaped configuration is
dominant our results for the potential are trustworthy and
we shall discuss them below.

Also, the fact that the maximum of LT decreases with the
applied magnetic field implies that the imaginary part of the
potential, computed for instance within the world sheet
fluctuation formalism [28,34], may be enhanced by the
magnetic field and this would affect the thermal width of
heavy quarkonia in a strongly coupled plasma.

The combined effects from nonzero temperature and
magnetic field on the heavy quark potential (left panel) and
the corresponding force between the quarks (right panel)
can be seen in Fig. 5. We found that the anisotropy in the
heavy quark potential (and the force) induced by the
magnetic field only becomes relevant for very large values
of the field. In fact, in Fig. 5 we have set B/T? = 1000 to
better illustrate the effects. The solid black lines correspond
to the isotropic result for the potential VZZQO and its

respective force, the dashed red lines correspond to the
perpendicular potential Vé 0 and perpendicular force, and

the dotted-dashed curves correspond to the parallel potential

Vg o and parallel force (in this plot ' = 1). By comparing
Figs. 5 and 2 one can see that, roughly, the overall effect of
the temperature is to shift the parallel and perpendicular
potentials upwards with respect to the isotropic result.
However, the pattern found at 7 = 0 regarding the corre-
sponding forces between the quarks is maintained, i.e., the

force experienced by the quarks is the weakest when the pair
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FIG. 5 (color online).
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7% = 1000
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LT

Anisotropy induced by a strong magnetic field B/7? = 1000 in the heavy quark potential (left panel) and the

corresponding force (right panel) experienced by a QQ pair in a strongly coupled ' = 4 SYM plasma. The solid black lines correspond

: : B=0 : ; B=0 _ _ gy/B=0
to the isotropic result V' 00 and isotropic force F' 00 = A% 00

/dL, the dashed red lines correspond to the perpendicular potential VE 0

and perpendicular force F éQ = —dVéQ /dL, and the dotted-dashed curves correspond to the parallel potential Vg o and force

- | ; /
Fop = dVQQ/dL. In this plot o = 1.

axis is aligned with the magnetic field. Therefore, at least in
the case of strongly coupled N' = 4 SYM, we find that the
inclusion of a magnetic field generally weakens the attrac-
tion between heavy quarks in the plasma.

IV. CONCLUSIONS AND OUTLOOK

In this paper we have studied how the inclusion of a
constant magnetic field B affects the interaction between
heavy QQ pairs in strongly coupled A" = 4 SYM theory
both at zero and finite temperature by computing rectan-
gular Wilson loops using the holographic correspondence.
The magnetic field makes the heavy quark potential and the
corresponding force anisotropic and we found that the
attraction between the heavy quarks weakens in the
presence of the magnetic field (both at 7=0 and
T # 0). Although, in practice, in the model considered
here this effect only becomes relevant when B/T? is
extremely large [9,35].

We note that Ref. [36] studied the anisotropy in the
heavy quark potential induced by a nontrivial axion field
in the bulk [37] and found a reduction in the binding energy
of the QQ pair. This result is consistent with ours even
though the source of anisotropy used in [36] is different than
the one used here (the constant magnetic field). This
agreement between different anisotropic holographic models
has also been found to hold in the case of transport coef-
ficients since the shear viscosity coefficient along the direc-
tion of anisotropy computed in the axion-induced model [38]
and in Ref. [9] display the same qualitative behavior.

One may think that results in this paper give support to
the idea that in a strongly coupled plasma deconfinement is

facilitated by the inclusion of a magnetic field. However,
such a conclusion may only be properly drawn in the case
where the underlying gauge theory is not conformal at 7 =
0 and B = 0. In fact, the lattice results of Ref. [10] show
that in QCD in a magnetic field at 7 = O the absolute value
of the Coulomb coupling in the direction of the magnetic
field is enhanced with respect to its vacuum value while this
coupling is suppressed in the case perpendicular to the
magnetic field. On the other hand, the string tension
perpendicular to the field is enhanced with respect to its
vacuum value while the string tension parallel to the field is
suppressed. This illustrates how complicated the effects of
a magnetic-field-induced anisotropy can be in a gauge
theory with a mass gap.

It is interesting to see that the relative behavior we found
between the perpendicular and parallel potentials in
strongly coupled SYM qualitatively agrees with the per-
turbative calculation carried out in [39] for the Coulomb-
like part of the quark-antiquark potential in QCD at zero
temperature, with the absolute value of the perpendicular
potential being suppressed with respect to the potential in
the direction of the magnetic field, which in turn is
consistent with the behavior found on the lattice [10].
However, notice that SYM and QCD are very different
theories in the vacuum and that, in particular, there is no
confinement in SYM while in QCD for large quark-
antiquark separations the potential becomes linear in the
quark-antiquark separation (in the absence of dynamical
quark flavors), instead of Coulomb-like.

Moreover, even for the Coulomb-like part of the QCD
quark-antiquark potential at zero temperature, the overall
behavior is different than what we have found here for the
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strongly coupled N' =4 SYM theory. In fact, in our case
both the parallel and perpendicular potentials are enhanced
with respect to the isotropic, zero magnetic field case. Also,
both the parallel and perpendicular forces between the
quark and the antiquark are suppressed with respect to the
B =0 case. In fact, if one rewrites the potential as
V = —a(v/BL)/L = —(0.228 + f(v/BL))/L, one can
see from Fig. 2 that in the ultraviolet limit L — O the
potentials and forces go back to the vacuum result of
Ref. [23]. However, for finite quark-antiquark separations,
the effect of the magnetic field becomes relevant and the
suppression observed for the parallel and perpendicular
forces with respect to the isotropic, zero magnetic field case
may be then related to some type of screening effect due to

an effective change in the “coupling constant” a(\/EL) due
to the presence of the magnetic field.

It would be interesting to study modifications of the
holographic setup addressed here and consider systems that
are not conformal at 7 =0 and B =0. For instance,
consider a confining theory at zero temperature and finite
magnetic field with confinement scale A. In this case, there
is already a relevant dimensionless ratio B/A? and, for
instance, one can study how the mass gap of the theory is
affected by the presence of the magnetic field and also how
the area law of the rectangular Wilson loop becomes
anisotropic and can be used to define a string tension
for the heavy quark potential that depends on the angle
between the QQ pair and the magnetic field direction.

Such a model could be easily constructed following the
bottom up studies in [40—44] this time involving a dynami-
cal metric, a scalar field, and a vector field in the bulk. The
parallel and perpendicular potentials computed in this non-
conformal model could be more easily compared to the
lattice QCD study of Ref. [10]. Moreover, since such models
are tuned to describe some of the thermodynamical proper-
ties of the strongly coupled QCD plasma found on the lattice
[45], after the inclusion of the magnetic field, one could
directly study in these models how the external field affects
the deconfinement transition [46,47] and also the role played
by the paramagnetic behavior of QCD matter [48] on the
determination of other quantities, which also has been
studied on the lattice [49-51]. Moreover, one could also
investigate in such a model how the external field modifies
other dynamical observables [7] that could be relevant to the
phenomenology of the QGP formed in heavy ion collisions.
We hope to address these questions in the near future.
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APPENDIX A: COORDINATE
TRANSFORMATIONS

In this appendix we list the different coordinate systems
used in this paper and how one may write the metric of
Adss spacetime in each one of them. A common way of
expressing the Adss metric in the context of the holo-
graphic correspondence is through the explicitly conformal
coordinate system below:

Lp2
ds* = 5 (U —dP* + dx* +dy* +d2?). (A1)

where the boundary of the Adss space is at U = 0. Defining
the coordinate transformation

Fi=— (A2)

one may rewrite the Adss metric as follows:

f2 =2
ds* = = dr* + % (—dt* + dx* + dy* + dz?),

- (43)

where the boundary of the Adss space is now at 7 — oo.
This coordinate system is the one used in [14] and in
Sec. III to obtain the finite temperature solutions.

Also, through the coordinate transformation

}—,.2 I/ﬁ3
[ A4
"o T (A4
one can write the Adss metric as
2 O 2 2 2 2 2
ds :4—2dr —|—?(—dt + dx* + dy* + dz*), (AS)
r

where the boundary is at » — co. We can further define the
light-cone coordinates

Tt it

) = , A6
7 7 (A6)
in terms of which (A5) is rewritten as follows:
£? 4 2
ds* = md}’2 + %dudﬂ + ?r (dx? + dy?). (A7)

This coordinate system is the one used in [15] and in Sec. II
to study the zero temperature solution of the model.

APPENDIX B: WILSON LOOPS IN A/ =4 SYM

For the sake of completeness, in this appendix we give a
brief review of the holographic computation of rectangular
Wilson loops in SYM at finite temperature [25,26] without
magnetic fields. We closely follow the discussions in
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Sec. VA of Ref. [28]. At finite T and B = 0, the back-
ground giving a holographic description of thermal SYM is
the Adss-Schwarzschild metric

2, Pf()
2 2 2
ds —?2f(?)dr 7 drs +

f(r) =

52 (dfc2 + dy? + d7?),

(B1)

—j,

where the boundary is at 7 - oo and the horizon is at
7F=T7y. Rescaling 7=:47y4(r—3/4), (1,%9,2)=
(t,x,v,2)/47y and adopting units where £ =1, one
rewrites (B1) as follows:

= o GHECTE CHES

1
= G

where the boundary is at r — oo and the horizon is now at
r = 1. From (B2), the Hawking temperature reads

[ Tl 1
T _ gttg — (B3)

4 4r’

ds? =

(B2)

r=I1

which is the same constant temperature obtained before in
Eq. (53) for the magnetic backgrounds. Indeed, one can
check numerically that the magnetic backgrounds at finite
temperature derived in Sec. III converge for the metric (B2)
in the limit of zero magnetic field, as it should be.

The formal expressions for the interquark distance and
the heavy quark potential (we set &’ =1 below) as
functions of the parameter r, are given by12

O [s)
L300 =32/ =3 -1 [

X

[4r=3)" = (4ry =37
(B4)

_ % [/oo v er _(4;)4— - )(:r_o - ) 1>
_ /Oro dr]. B3

Defining the new integration variable R := 4r — 3 and also
the constant Rj:=4ry—3, we rewrite (B4)-(B5) as
follows:

Viar=37-

T#0
v (ro)

"For instance, one may obtain these expressions by replacing
h(r) — (r—3/4)2f(r) and ") — (r—3/4) in Egs. (61)—
(62).
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( 4 dR

7 R ) =84y/R}—1 ., (B6
Log (R ¢ DIGETN
V(T?EO)(R):L “ 4R E_l _R._13
00 4z | Ja, R*—R} L

(B7)

Defining now y := R/R, and also yy := 1 /R, one rewrites
(B6)—(B7) as follows:

L7 /
yH =8yy 1—)’11/
Foo %y—yHy—l)

(B8)

)12

1 0 y4 _y4
T;éo (yu)= = dmyy [[ dy( y4_1H_
(B9)

Let us denote the integrals in (B8)—(B9) by 7| and Z,,
respectively. In what follows, we express these integrals in
terms of Gaussian hypergeometric functions, by using the
following integral representation:

2Fi(a,bic;z)
__ I(e) . b a
F(b)F(c—b)A dxxP=1 (1 — x) 71 (1 — zx) ™4,

(B10)

which is valid for Re[c] > Re[b] > 0 and |z| < 1.
Defining the new integration variable x:=y~*, one

obtains for the integral in (BS8)

T, =" dy
L= \/ T_ VA — 1
LAV =)0t =)
1 1
:Z/ dxx_1/4(1 —x)7'2(1 —xyji,)_l/2
0

TGN (1350)

T4 T1(5/4) 24’8
135
~ 0.599,F, (2 g 4,y;*,> (B11)

For the integral in (B9),

— )2 =1]. (B12)
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we employ the following regularization scheme'? in order
to allow the use of the integral representation (B10):

1 1
5% =—lim [ dxx 541 —x)7V2 (1 —xy) V2 = 1]
41-0 J
_ L [CEA+T/2)
T 4i-0|  T(1/4+2) P!
111 4
- — A ) -
x( 27 g 4+’H>+1 4,1]
~ _ 4
~ 0.5992F1< : 44,yH>—|—1. (B13)

BNote this regularization procedure involves commuting the
limit 4 — O with the integral.
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Substituting (B11) into (B8) and (B13) into (B9), one
obtains, respectively,

135
T#0 /
L(QQ >(}’H) ~ 4.7192yy 1—)’112F1 <§ e Z J’H)
(B14)
T¢0 0048 111 y 3
F A ’ )
vm) vy 2N\ T2 g ) Ty
(B15)

with |y}| < 1. Equations (B14)~(B15) were employed to
obtain numerically the parametric SYM curve in Fig. 5.

As a final remark, we mention that the values of yy
considered in the parametric plots shown in Fig. 5 were
restricted values below yj**, which is the value of y, where
LT reaches its maximum value.

[1] J. M. Maldacena, The large N limit of superconformal field
theories and supergravity, Adv. Theor. Math. Phys. 2, 231
(1998).

[2] S.S. Gubser, I.R. Klebanov, and A. M. Polyakov, Gauge
theory correlators from noncritical string theory, Phys. Lett.
B 428, 105 (1998).

[3] E. Witten, Anti—de Sitter space and holography, Adv. Theor.
Math. Phys. 2, 253 (1998).

[4] M. Gyulassy and L. McLerran, New forms of QCD matter
discovered at RHIC, Nucl. Phys. A750, 30 (2005).

[5] P.K. Kovtun, D. T. Son, and A. O. Starinets, Viscosity in
Strongly Interacting Quantum Field Theories from Black
Hole Physics, Phys. Rev. Lett. 94, 111601 (2005).

[6] U. Heinz and R. Snellings, Collective flow and viscosity in
relativistic heavy ion collisions, Annu. Rev. Nucl. Part. Sci.
63, 123 (2013).

[7] J. Casalderrey-Solana, H. Liu, D. Mateos, K. Rajagopal, and
U. A. Wiedemann, Gauge/string duality, hot QCD and
heavy ion collisions, arXiv:1101.0618.

[8] D. Kharzeev, K. Landsteiner, A. Schmitt, and H.-U. Yee,
Strongly interacting matter in magnetic fields, Lect. Notes
Phys. 871, 1 (2013).

[9] R. Critelli, S.I. Finazzo, M. Zaniboni, and J. Noronha,
Anisotropic shear viscosity of a strongly coupled non-
Abelian plasma from magnetic branes, Phys. Rev. D 90,
066006 (2014).

[10] C. Bonati, M. D’Elia, M. Mariti, M. Mesiti, F. Negro, and F.
Sanfilippo, Anisotropy of the quark-antiquark potential in a
magnetic field, Phys. Rev. D 89, 114502 (2014).

[11] C.S. Machado, F. S. Navarra, E. G. de Oliveira, J. Noronha,
and M. Strickland, Heavy quarkonium production in a
strong magnetic field, Phys. Rev. D 88, 034009 (2013).

[12] C.S. Machado, S. I. Finazzo, R. D. Matheus, and J. Noronha,
Modification of the B meson mass in a magnetic field from
QCD sum rules, Phys. Rev. D 89, 074027 (2014).

[13] J. Alford and M. Strickland, Charmonia and bottomonia in a
magnetic field, Phys. Rev. D 88, 105017 (2013).

[14] E. D’Hoker and P. Kraus, Magnetic brane solutions in AdS,
J. High Energy Phys. 10 (2009) 088.

[15] E. D’Hoker and P. Kraus, Magnetic field induced quantum
criticality via new asymptotically Adss solutions, Classical
Quantum Gravity 27, 215022 (2010).

[16] E. D’Hoker and P. Kraus, Quantum criticality via magnetic
branes, Lect. Notes Phys. 871, 469 (2013).

[17] J. W. York Jr., Role Of Conformal Three-Geometry In The
Dynamics Of GravitationPhys. Rev. Lett. 28, 1082 (1972).

[18] G. W. Gibbons and S.W. Hawking, Action integrals and
partition functions in quantum gravity, Phys. Rev. D 15,
2752 (1977).

[19] M. Henningson and K. Skenderis, The holographic weyl
anomaly, J. High Energy Phys. 07 (1998) 023.

[20] S. de Haro, K. Skenderis, and S.N. Solodukhin, Holo-
graphic reconstruction of spacetime and renormalization in
the AdS/CFT correspondence, Commun. Math. Phys. 217,
595 (2001).

[21] K. Skenderis, Lecture notes on holographic renormalization,
Classical Quantum Gravity 19, 5849 (2002).

[22] 1. Papadimitriou, Holographic renormalization of general
dilaton-axion gravity, J. High Energy Phys. 08 (2011) 119.

[23] J. M. Maldacena, Wilson Loops in Large N Field Theories,
Phys. Rev. Lett. 80, 4859 (1998).

[24] S.J. Rey and J. T. Yee, Macroscopic strings as heavy quarks
in large N gauge theory and anti—de Sitter supergravity,
Eur. Phys. J. C 22, 379 (2001).

066001-13


http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://dx.doi.org/10.1016/j.nuclphysa.2004.10.034
http://dx.doi.org/10.1103/PhysRevLett.94.111601
http://dx.doi.org/10.1146/annurev-nucl-102212-170540
http://dx.doi.org/10.1146/annurev-nucl-102212-170540
http://arXiv.org/abs/1101.0618
http://dx.doi.org/10.1007/978-3-642-37305-3
http://dx.doi.org/10.1007/978-3-642-37305-3
http://dx.doi.org/10.1103/PhysRevD.90.066006
http://dx.doi.org/10.1103/PhysRevD.90.066006
http://dx.doi.org/10.1103/PhysRevD.89.114502
http://dx.doi.org/10.1103/PhysRevD.88.034009
http://dx.doi.org/10.1103/PhysRevD.89.074027
http://dx.doi.org/10.1103/PhysRevD.88.105017
http://dx.doi.org/10.1088/1126-6708/2009/10/088
http://dx.doi.org/10.1088/0264-9381/27/21/215022
http://dx.doi.org/10.1088/0264-9381/27/21/215022
http://dx.doi.org/10.1007/978-3-642-37305-3
http://dx.doi.org/10.1103/PhysRevLett.28.1082
http://dx.doi.org/10.1103/PhysRevD.15.2752
http://dx.doi.org/10.1103/PhysRevD.15.2752
http://dx.doi.org/10.1088/1126-6708/1998/07/023
http://dx.doi.org/10.1007/s002200100381
http://dx.doi.org/10.1007/s002200100381
http://dx.doi.org/10.1088/0264-9381/19/22/306
http://dx.doi.org/10.1007/JHEP08(2011)119
http://dx.doi.org/10.1103/PhysRevLett.80.4859
http://dx.doi.org/10.1007/s100520100799

R. ROUGEMONT, R. CRITELLI, AND J. NORONHA

[25] S.-J. Rey, S. Theisen, and J.-T. Yee, Wilson-Polyakov loop
at finite temperature in large-N gauge theory and anti-de
Sitter supergravity, Nucl. Phys. B527, 171 (1998).

[26] A. Brandhuber, N. Itzhaki, J. Sonnenschein, and S.
Yankielowicz, Wilson loops in the large N limit at finite
temperature, Phys. Lett. B 434, 36 (1998).

[27] D. Bak, A. Karch, and L.G. Yaffe, Debye screening in
strongly coupled Script N = 4 supersymmetric Yang-Mills
plasma, J. High Energy Phys. 08 (2007) 049.

[28] S.I. Finazzo and J. Noronha, Estimates for the thermal
width of heavy quarkonia in strongly coupled plasmas from
holography, J. High Energy Phys. 11 (2013) 042.

[29] M. Banados, C. Teitelboim, and J. Zanelli, Black Hole In
Three-Dimensional Spacetime, Phys. Rev. Lett. 69, 1849
(1992).

[30] J. Noronha, The heavy quark free energy in QCD and in gauge
theories with gravity duals, Phys. Rev. D 82, 065016 (2010).

[31] A. Mocsy and P. Petreczky, Quarkonia correlators above
deconfinement, Phys. Rev. D 73, 074007 (2006); Color
Screening Melts Quarkonium, Phys. Rev. Lett. 99, 211602
(2007).

[32] J. Noronha and A. Dumitru, The heavy quark potential as a
function of shear viscosity at strong coupling, Phys. Rev. D
80, 014007 (2009).

[33] H.R. Grigoryan and Y. V. Kovchegov, Gravity dual correc-
tions to the heavy quark potential at finite temperature,
Nucl. Phys. B852, 1 (2011).

[34] J. Noronha and A. Dumitru, Thermal Width of the Y at Large
t" Hooft Coupling, Phys. Rev. Lett. 103, 152304 (2009).

[35] G. Basar and D. E. Kharzeev, The Chern-Simons diffusion
rate in strongly coupled N = 4 SYM plasma in an external
magnetic field, Phys. Rev. D 85, 086012 (2012).

[36] M. Chernicoff, D. Fernandez, D. Mateos, and D. Trancanelli,
Quarkonium dissociation by anisotropy, J. High Energy Phys.
01 (2013) 170.

[37] D. Mateos and D. Trancanelli, Thermodynamics and in-
stabilities of a strongly coupled anisotropic plasma, J. High
Energy Phys. 07 (2011) 054.

[38] A. Rebhan and D. Steineder, Violation of the Holographic
Viscosity Bound in a Strongly Coupled Anisotropic Plasma,
Phys. Rev. Lett. 108, 021601 (2012).

PHYSICAL REVIEW D 91, 066001 (2015)

[39] V. A. Miransky and I. A. Shovkovy, Magnetic catalysis and
anisotropic confinement in QCD, Phys. Rev. D 66, 045006
(2002).

[40] U. Gursoy and E. Kiritsis, Exploring improved holographic
theories for QCD: Part I, J. High Energy Phys. 02 (2008) 032.

[41] U. Gursoy, E. Kiritsis, and F. Nitti, Exploring improved
holographic theories for QCD: Part I, J. High Energy Phys.
02 (2008) 019.

[42] U. Gursoy, E. Kiritsis, L. Mazzanti, and F. Nitti, Deconfine-
ment and Gluon Plasma Dynamics in Improved Holo-
graphic QCD, Phys. Rev. Lett. 101, 181601 (2008).

[43] S.S. Gubser and A. Nellore, Mimicking the QCD equation of
state with a dual black hole, Phys. Rev. D 78, 086007 (2008).

[44] J. Noronha, Connecting Polyakov loops to the thermody-
namics of SUN(c)) gauge theories using the gauge-string
duality, Phys. Rev. D 81, 045011 (2010).

[45] S. Borsanyi, G. Endrodi, Z. Fodor, A. Jakovac, S. D. Katz,
S. Krieg, C. Ratti, and K. K. Szabo, The QCD equation of
state with dynamical quarks, J. High Energy Phys. 11 (2010)
077.

[46] G.S. Bali, F. Bruckmann, G. Endrodi, Z. Fodor, S. D. Katz,
S. Krieg, A. Schafer, and K. K. Szabo, The QCD phase
diagram for external magnetic fields, J. High Energy Phys.
02 (2012) 044.

[47] G.S. Bali, E. Bruckmann, G. Endrodi, S.D. Katz, and A.
Schafer, The QCD equation of state in background magnetic
fields, J. High Energy Phys. 08 (2014) 177.

[48] E.S. Fraga, J. Noronha, and L.F. Palhares, Large N.
deconfinement transition in the presence of a magnetic
field, Phys. Rev. D 87, 114014 (2013).

[49] C. Bonati, M. D’Elia, M. Mariti, F. Negro, and F. Sanfilippo,
Magnetic Susceptibility of Strongly Interacting Matter
across the Deconfinement Transition, Phys. Rev. Lett.
111, 182001 (2013).

[50] C. Bonati, M. D’Elia, M. Mariti, F. Negro, and F. Sanfilippo,
Magnetic susceptibility and equation of state of Ny =2 + 1
QCD with physical quark masses, Phys. Rev. D 89, 054506
(2014).

[51] G.S. Bali, F. Bruckmann, G. Endrodi, and A. Schafer,
Paramagnetic Squeezing of QCD Matter, Phys. Rev. Lett.
112, 042301 (2014).

066001-14


http://dx.doi.org/10.1016/S0550-3213(98)00471-4
http://dx.doi.org/10.1016/S0370-2693(98)00730-8
http://dx.doi.org/10.1088/1126-6708/2007/08/049
http://dx.doi.org/10.1007/JHEP11(2013)042
http://dx.doi.org/10.1103/PhysRevLett.69.1849
http://dx.doi.org/10.1103/PhysRevLett.69.1849
http://dx.doi.org/10.1103/PhysRevD.82.065016
http://dx.doi.org/10.1103/PhysRevD.73.074007
http://dx.doi.org/10.1103/PhysRevLett.99.211602
http://dx.doi.org/10.1103/PhysRevLett.99.211602
http://dx.doi.org/10.1103/PhysRevD.80.014007
http://dx.doi.org/10.1103/PhysRevD.80.014007
http://dx.doi.org/10.1016/j.nuclphysb.2011.06.009
http://dx.doi.org/10.1103/PhysRevLett.103.152304
http://dx.doi.org/10.1103/PhysRevD.85.086012
http://dx.doi.org/10.1007/JHEP01(2013)170
http://dx.doi.org/10.1007/JHEP01(2013)170
http://dx.doi.org/10.1007/JHEP07(2011)054
http://dx.doi.org/10.1007/JHEP07(2011)054
http://dx.doi.org/10.1103/PhysRevLett.108.021601
http://dx.doi.org/10.1103/PhysRevD.66.045006
http://dx.doi.org/10.1103/PhysRevD.66.045006
http://dx.doi.org/10.1088/1126-6708/2008/02/032
http://dx.doi.org/10.1088/1126-6708/2008/02/019
http://dx.doi.org/10.1088/1126-6708/2008/02/019
http://dx.doi.org/10.1103/PhysRevLett.101.181601
http://dx.doi.org/10.1103/PhysRevD.78.086007
http://dx.doi.org/10.1103/PhysRevD.81.045011
http://dx.doi.org/10.1007/JHEP11(2010)077
http://dx.doi.org/10.1007/JHEP11(2010)077
http://dx.doi.org/10.1007/JHEP02(2012)044
http://dx.doi.org/10.1007/JHEP02(2012)044
http://dx.doi.org/10.1007/JHEP08(2014)177
http://dx.doi.org/10.1103/PhysRevD.87.114014
http://dx.doi.org/10.1103/PhysRevLett.111.182001
http://dx.doi.org/10.1103/PhysRevLett.111.182001
http://dx.doi.org/10.1103/PhysRevD.89.054506
http://dx.doi.org/10.1103/PhysRevD.89.054506
http://dx.doi.org/10.1103/PhysRevLett.112.042301
http://dx.doi.org/10.1103/PhysRevLett.112.042301

