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Abstract We investigate the screening length of a heavy
quark—antiquark (00) pair in non-commutative N' = 4
super Yang-Mills plasma at strong coupling. We perform
the analysis by computing the Wilson loop in a boosted
background and consider the axis of the QQ pair along
different directions. It turns out that the inclusion of non-
commutativity increases the screening length, thus enhancing
the binding energy of the Q Q pair. Furthermore, the presence
of non-commutativity reduces quarkonium dissociation, in
agreement with previous findings of the imaginary potential
and entropic force.

1 Introduction

Collisions of heavy nuclei in the lab at the Relativistic Heavy
Ion Collider (RHIC) and Large Hadron Collider (LHC) are
believed to produce a new state of matter, so-called quark
gluon plasma (QGP) [1-3]. Extensive research has shown
that QGP is strongly coupled and behaves like a nearly perfect
relativistic fluid [4,5]. Therefore, the study of QGP requires
strong coupling techniques. Anti-de Sitter space/conformal
field theory (AdS/CFT) correspondence can relate a weakly
coupled string theory in the AdS space to a strongly cou-
pled CFT (or gauge theory) in physical space-time [6-8].
With this method, challenging questions about dynamics in
quantum phases of matter in a strong coupling regime can be
mapped to processes from string theory (or supergravity) that
are tractable. Over the last two decades, AAS/CFT has yielded
many important insights into the study of QGP [9,10]. One
celebrated finding is the universality of the ratio of shear
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viscosity to entropy density, n/s > 1/4m, for all quantum
field theories (including QGP) [11,12]. This lower bound
turns out to be consistent with RHIC data [13]. Moreover,
the entropy density of a N' = 4 super Yang-Mills (SYM)
plasma normalized by its Stefan—Boltzmann limit equals 3/4
[14], which is close to its counterpart extracted from lattice
quantum chromodynamics (QCD). For more on AdS/CFT
and its application in the study of QGP, see [9,10].

Motivated by these similarities, Liu, Rajagopal and
Wiedemann computed the screening length of a QQ pair
in the presence of a hot wind for N' = 4 SYM plasma [15].
Therein, they define the screening length L based upon an
analysis of a fundamental Wilson loop describing the dynam-
ics of a color-singlet QQ dipole moving with a constant
velocity v in the plasma. Specifically, they consider a funda-
mental string with both of its ends attached to the boundary
of the space-time in a boosted background. When the sepa-
ration L of the Q Q pair goes beyond Ly, i.e., the maximum
value of L, quark and antiquark become detached from each
other with no binding energy, so they will be screened in the
QGP. It is known that the binding energy of a Q Q pair can
be extracted from the thermal expectation value of the Wil-
son loop [16—18], so by evaluating this Wilson loop, one can
compute the binding energy as well as the screening length
in a boosted background. After [15], there have been many
further generalizations in this direction. For instance, the L
with respect to the direction of plasma winds was studied in
[19]. The back-reaction effect on L was investigated in [20].
The Lg of quark—-monopole in N' = 4 SYM was analyzed
in [21]. The R? corrections on L; appeared in [22]. Other
relevant results can be found in [23-30].

In this paper we extend the holographic studies of screen-
ing length [15] to the case of non-commutative Yang—Mills
(NCYM) theories. Because in heavy ion collisions, espe-
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cially in noncentral heavy ion collisions, QGP is likely to be
subject to a strong magnetic field [31], and this strong mag-
netic field may affect the dynamical [32-35] and topological
[36-38] properties of the QGP, non-commutativity can be
considered as a way to model the magnetic fields in heavy
ion collisions [39]. In addition, understanding holography in
NCYM theories is by itself an interesting endeavor [40—43].
For these reasons, there are several observables or quantities
that have already been investigated in NCYM theories. For
example, the shear viscosity of the non-commutative plasma
was discussed in [44], and the results showed that the shear
viscosity takes the universal value n/s = 1/4m, even in the
anisotropic situation presented by the non-commutative the-
ory. Subsequently, the jet quenching parameter [45—47], drag
force [48-50], Schwinger effect [51], imaginary potential and
entropic force [52], and R charge diffusion rates [53] were
also studied in NCYM theories. Inspired by this, in this paper
we study the screening length of a heavy Q Q pair in NCYM
theories. More specifically, we want to understand how non-
commutativity affects the screening length of a Q Q pair as
well as quarkonium dissociation in the presence of a hot wind.
This is the purpose of the present work.

The paper is structured as follows: In the next section,
we briefly introduce the supergravity background dual to
NCYM theories presented in [44]. In Sect. 3, we investigate
the screening length of a heavy Q Q pair moving in this back-
ground and consider the axis of the Q Q pair along different
directions. Our conclusion and discussion are presented in
Sect. 4.

2 Setup

It has been argued [40—43] that non-commutative gauge the-
ories at strong coupling could be obtained from string theory
by considering the decoupling limit in a system of D, branes
with a background Neveu—Schwarz (NS) B field, which will
result in a certain scale of non-commutativity in the large
N limit. If we concentrate on the one representing a finite-
temperature QFT with a non-commutative plane along space-
like directions, e.g. (y, z), the metric (in the string frame) can
be written as [44]

ds? = 52 (—fdt2 +de? 4 (dy2 + dz2>>

d 2
+H'? (% + rzdgg) : )

2

where the constant R denotes the AdS radius; r is the fifth-
dimensional coordinate, with » = oo the boundary and
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r = ry, the event horizon; ® stands for the non-commutative
parameter; d25 represents the element of the solid angle of
$3; and (¢, x) are the usual commutative directions, while
(v, z) exhibit a non-commutative nature. Moreover, due to
the presence of the non-commutativity along (y, z), the full
SO(3) symmetry of the boundary theory will reduce to SO(2),
leaving the rotational invariance only over the (y, z) plane.
The Hawking temperature and entropy density are

T N27?T3

T = , §S=
7 R? 2

so one can see that 7" and s are independent of ®. For more
information about NCYM theory, please refer to [40—44].

; 3)

3 Screening length in NCYM theories

The screening length Ly of a QQ pair that moves through
N = 4 SYM plasma was first computed in [15], where L
is defined as the maximum value of L in the presence of a
hot wind. To simulate a hot wind, one may assume that the
plasma is at rest and the reference is boosted with a constant
speed. Correspondingly, in the dual theory, the background
metric is assumed to be boosted by rapidity. For our scenario,
the background metric (1) contains non-commutative and
commutative directions. Also, one will consider the metric
moving in some directions, so there are many cases for the
axis of Q Q with respect to non-commutative or commutative
directions. To simplify the discussion, we consider just five
cases of L: The first one, L |, is for (1) moving along the x
direction (usual commutative direction), while the Q Q’s axis
is placed in the y or z direction (non-commutative direction).
The second is Lj, which is for the (1) moving along the x
direction while the Q Q’s axis is placed in the same direction.
The third and fourth are L’Ll and L’Lz, which correspond
to (1) moving along the y direction while the Q Q’s axis is
placed in the x direction and the z direction, respectively. By
analogy, the fifth is Lﬁ , not described in words here. Next, we
follow the argument in [15] to analyze the above five cases
of L one by one.

3.1 L, and L

First, we analyze L and L, by considering the background
metric (1) moving along the x direction, so that

dt = dt' cosh B — dx’ sinh B,

dx = —d¢' sinh B + dx’ cosh 8, 4)

where f is the rapidity parameter and is related to the speed
v by sinh 8 = +

—v2°
Substituting (4) fnto (1) and dropping the primes, one has

ds* = H'/2[(~ f cosh? B + sinh? B)d1?
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+2sinh B cosh B(f — 1)drdx
+(— £ sinh? B + cosh? B)dx? + h(dy? + dz?)]
+H'2 fdr?, )

For L, the QQ’s axis is along the transverse direction,
say the z direction. The string configuration is

1=t o=z, x=y=0, r=r(0), (6)

and the boundary conditions are
L .
r(U::I:E)zoo, ric=0=r.,, r(c=0)=0,

N

with 7 = dr/do and L being the separation between Q0.
The string dynamics are described by the Nambu—Goto
(NG) action,

1 1
SNG = —zna/ /ddeL = —27[&/ /deUV _detgan,
®)

where

. aXH*oXxY

T e gon’

with G, the metric and X* the target space coordinate.

By means of (5) and (6), the Lagrangian density in (8)
reads

8an 9)

iah2
L= J H=1h(f cosh? B — sinh? B) + (coshz B — Sml}ﬂ) 2
(10)

Because (10) does not depend on o explicitly, one can con-
struct a Hamiltonian-like function as a constant of motion,

ﬁ - 57‘ =FE.
Itis pointed out that E labels the possible analytical solutions
of strings with fixed ® and S, such that the results can be
presented in the form of L as a function of E for different
combinations of ® and .

Next, from (10) and (11), one has

2 _ aila(r) — E?)

Y

b(EZ (12)
with
a(r) = H™'h(f cosh® B — sinh? B),
k2
b(r) = cosh® B — Sm}} p (13)

From (12), one finds that r has two extrema: The first
extrema r.| satisfies

a(re)) =0, (14)

with a(rc1) = a(r)|,=,. But if this condition is met, the
string will break down into two separate strings, correspond-
ing to a pair of free quarks with no binding energy, and is
thus not considered here.

The other extrema, r;, satisfies

a(re) — E? =0, (15)

witha(re) = a(r)|,=r,. Itisnatural to think that 72 switches
signsata(rey) = a(re). Thus, r. can be regarded as a physical
turning point of the string configuration.

With fixed ®, g and E, one can determine 7. by solving
(15). Then, by integrating (12), one has

o0
LL:2E/ dr
re

where we have set R as unit. After computing L |, one can
obtain L | by reading the maximum value of L .

For Ly ), the QQ’s axis is along the x direction and the
string configuration is

b(r)

a?(r) —a(r)E?’ (16)

t=t, o=x, y=z=0, r=r(o). a7
Likewise, the Lagrangian density in (8) becomes
5 sinhzﬂ .
L=_[H'f+cosh’p — 7 = (13)
yielding
o b
L =zEf ar [0 (19)
e aj(r) —ai(r)E
with
ar(r) = H™"f. bi(r) = cosh? f — % 20)

It can be seen that (19) is independent of ®. This is easy to
explain: For L,|, the metric is moving along the x direction,
and the QQ’s axis is also along the x direction, implying
that the non-commutative effect (related to the (y, z) plane)
is not included. So L naturally equals Ly .

Before numerical computation, we discuss the value of
®. There have been various disparate experimental bounds
on ® from different physical considerations; for example,
the range is reputed to be (1-10 TeV)~2 [54], (10'2-1013
GeV)~2 [55], or (1015 GeV)~2 [56]. One can see that for
these cases, the values of ® are very small, so there is lit-
tle hope of getting a significant non-commutative correc-
tion in current experiments [44]. But it was shown [40-
43] that non-commutativity can introduce a non-locality in
space due to space uncertainty, and the non-local effects
will be enhanced with the increase in temperature. Thus, the
non-commutative effect may be discovered in forthcoming
high-energy physics experiments. For convenient analysis,
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Fig. 1 The separation L | between Q Q as a function of the constant of motion E. Left: = 0.1; right: # = 0.4. In both panels from top to bottom,

® = 0.005,0.001,0 GeV 2, respectively. Here we take 7' = 1

we choose ® = 0.001, 0.005 GeV~2 here, as follows from
[52].

In Fig. 1, we plot L as a function of E for some values
of ® and B, where the left panel is for 8 = 0.1 while the
right is for 8 = 0.4. In both panels, from top to bottom, ® =
0.005,0.001, 0 GeV~2, respectively (note that we mainly
consider the qualitative results with fixed 7', so we simply
take T = 1 here, similar to [20]). Other cases of different
values of ® and § have similar results. From these figures,
one finds that for £ = 0, there is no L | . For finite E, L |
first increases until it reaches a maximum value, and then
decreases. Physically, a Q Q pair will melt with no binding
energy if they are separated beyond this maximum value.

Moreover, by comparing the two panels, one sees that
as B increases, L decreases, implying that the greater the
velocity, the less screening length is allowed for Q Q. Further,
Q 0 will melt more easily in the presence of a hot wind, in
agreement with the findings of the entropic force [57] and
imaginary potential [58,59]. Moreover, from both panels,
one can see that as ® increases, L | increases; that is, the
inclusion of non-commutativity increases Ly | .

‘We must explain that we do not show the results of L here,
since L = Lgyy. Also, L, L’j_ 1 L’j_,z’ and Ll”| will revert
to L sy if one turns off the non-commutative effect by taking
® = 01in (1). In the next subsection, we will investigate how
non-commutativity modifies L"} 1 L’Lz, and Lﬁ, as well as
the corresponding screening length.

3.2 L’J’_,l, Lﬁ’_’z, and Lﬁ

Next, we analyze L’j_’l, L’i,z’ and Lﬁ by considering (1)
moving along the y direction,

dt = dt' coshB —dy’sinh 8, dy
= —dt’ sinh B + dy’ cosh B. 21

@ Springer

Substituting (21) into (1) and dropping the primes, one

gets

ds? = H™'?[(— f cosh? B + h sinh? B)dr*

+2 sinh 8 cosh B(f — h)dtdx

+dx? 4 (— f sinh? B 4 h cosh? B)dy?

+hdz’] + H' 7 dr?.

(22)

The next analysis process is similar to the previous sub-

section, so we just show the final results. We find

L —ZE/OOd L
L= N A2 — A E

with

A(r) = H™'[f cosh? B — sinh? B
+ cosh? B sinh? B(f — h)?],

h sinh?
B(r)—coshzﬁ M

L" ,=2E / Bi(r)
2 A2(r) — Ay (r)E?’

with

A1(r) = H 'h(f cosh? B — hsinh? B),

h sinh?
Bi(r) = coshzﬂ M

L} =2E / BZ(r)
: A2(r) — Ay(r)E?

with

A>(r) = H™'(f cosh? B — sinh? B)
x (— f sinh? B 4 h cosh® B),

(23)

(24)

(25)

(26)

27)
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Fig. 3 Left:Lj’__2 versus E; Right: L’ﬁ versus E. In both panels, from top to bottom, ® = 0.005, 0.001, 0 GeV~2, respectively. Here we take

T=1p8=01

a2
Ba(r) = cosh? B — w (28)

InFig.2, weplot L] | against E withfixed 8 = 0.1, where
the left panel is the coniplete graph while the right is the local
image. From the left panel, one sees that the results of L' |
with different values of ® are very close. To distinguish these
figures, we plot the local image on the right. One can see that
as O increases, L'| | increases slightly. Although the effect
is not obvious, the result is consistent with previous findings
of L . InFig. 3, we plot two other cases, where the left panel
is for L'Lz versus E and the right is for Lﬁ versus E. One can
see that in both cases, the results are consistent: increasing
® leads to increasing screening length.

In order to compare the four cases (actually, there are five
cases; the fifth is L = Lgyu, smaller than the other four),
we plot Fig. 4, where the left panel is the complete graph and
the right is the local image. Together, from the results of both

panels, we find
L?’” > LS’J_ > L?,L,Z > L?,L,] > Ls,ll = LS,SYM' (29)

These are the main findings of the present work. The physi-
cal interpretation of the results will be discussed in the next
section.

4 Conclusion and discussion

From the AdS/CFT point of view, a heavy Q Q pair described
by a Wilson loop can be defined as an open string with both of
its ends attached to the boundary of the space-time. Evaluat-
ing the Wilson loop can teach us about the L-dependent Q O
potential [16-18] and, hence, the screening length of Q Q in
the presence of a hot wind [15]. In this paper, we studied the
screening length of a Q Q pair moving in strongly coupled
NCYM plasma. We performed the analysis by computing

@ Springer
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the Wilson loop in a boosted background and considered
the QQ’s axis located in various directions. It was shown
that the inclusion of non-commutativity tends to increase the
screening length, thus enhancing the binding energy of Q Q.
Furthermore, non-commutativity reduces quarkonium disso-
ciation, in agreement with previous findings of the imaginary
potential and entropic force [52].

Specifically, we found the relation (29). To facilitate
understanding, we turn (29) into the following relation:

0,y > &2 > (2>, x)> (x,x)=8SYM, (30

where the first letter in the parentheses denotes the mov-
ing direction of the background metric and the second one
represents the direction of Q Q’s axis. The maximum (y, y)
or (z, z) tells us that the non-commutative effect will evi-
dently appear when the QQ’s axis and metric’s direction
of motion are along the same non-commutative direction.
Also, from (30), one infers that when the Q Q’s axis is placed
along the non-commutative direction, the non-commutative
effect becomes rather obvious. In other words, for the non-
commutative effect, the direction of the metric’s movement
is less important than that of the Q Qs axis. This conclusion
can also be deduced from the other two details. The first is for
(v,x) (see Fig.2): the results of L’Ll with different values of
© are very close. This should make sense since the Q Q’s axis
is along the x direction, not the non-commutative direction.
The second is that (x, z) and (y, z) are very close (see Fig.4).
This is also easy to understand. In both cases, whether the
background moves along the y direction or the x direction,
the Q Q’s axis is along a non-commutative direction.

Here, we would like to compare our results with others.
In [48], the author argued that the drag force is reduced by
the effect of non-commutativity, so the non-commutativity
reduces the viscous force. As we know, a stronger force

@ Springer

implies a more strongly coupled medium, closer to an ideal
liquid. Therefore, the presence of non-commutativity reduces
the viscous force; thus, QGP becomes less like an ideal lig-
uid. Together with our results, one can conclude that Q Q
will melt less easily when the viscous force is reduced. Con-
versely, Q Q will melt more easily when the viscous force is
increased. In other words, Q Q will melt more easily in more
“perfect” strongly coupled plasma, consistent with the find-
ings of the screening length in the Gauss—Bonnet background
[22].

Finally, we want to point out that we considered only five
extremes of the screening length; actually, one should con-
sider different orientations of the velocity with respect to the
direction of Q Q’s axis. Also, it would be interesting to study
the screening length in NCYM theories in different dimen-
sions. We hope to make progress in this regard in our future
work.
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