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1. Introduction

Wilson loops are fundamental probes of QCD, which allows us to calculate many important
quantities, like the potential of interquark interaction, from its expectation values. At the same time,
expectation values of static Wilson loops are useful to characterize properties of the quark-gluon
plasma produced in heavy ion collisions. Owing to Wilson loops one can perform the analysis of
jet quenching, quarkonium suppression, etc.[1, 2]. The gauge/gravity duality provides a possibility
to consider observables, in particularly Wilson loops, of a gauge theory, dealing with its gravity
holographic dual.

In the recent paper [3], we studied Wilson loops in the backgrounds with spatial anisotropy
within the holographic framework. In particularly, the evolution of Wilson loops was considered
in the time-dependent case to investigate the thermalization process during heavy ion collisions.
There is an anisotropy related with the direction along the beam-line in heavy ion collisions. The
anisotropic black brane spacetimes and its generalization to the Vaidya solution, that, in our opin-
ion, can serve as the dual description of heavy-ions collision, were found in [4]. The metrics
have an anisotropy between spatial directions, which is controlled by the so-called critical expo-
nent. First attempts of using these backgrounds as holographic dual were presented in [5, 6]. The
main motivation for consideration of observables in these backgrounds comes from the fact, that
the holographic calculation of the total multiplicity of charged particles production in heavy ions
collision reproduces the correct experimental data [7]. At the same time the quark-gluon plasma
created in heavy-ion collisions is known to be anisotropic at its early stage of evolutions [8, 9]
and the holographic model in the anisotropic background is convenient to incorporate anisotropic
properties of the QGP.

In the present contribution we calculate holographically Wilson loops in black brane back-
grounds with spatial anisotropy [4]. We restrict ourselves by studies of static configurations located
on time-like, space-like and light-like contours with different orientations in the spacetime. The
time-like and space-like cases represent an extension of our work [3].

In section 2, we review the anisotropic black brane background and the notions of Wilson
loops in the standard and holographic prescriptions. In section 3, we consider holographic time-like
and space-like Wilson loops for different orientations of the orthogonal contours in the anisotropic
backgrounds and corresponding potentials and pseudopotentials of quark-antiquark interactions. In
section 4 we calculate Wilson loops for a light-like anisotropic contour in the gravity holographic
dual.

2. Set up

We start from the gravitational theory given by the action [4]

1

1
§= / dx\/[g] <R[g}+A—2(8¢>2—4e’L¢Fé>>, @1

where ¢ is the dilaton field, F(5) is U(1) gauge field, A is a dilaton coupling constant, and A is the
negative cosmological constant. The corresponding Einstein equations of motion are

A 1 1, 1,
Ry = =7 8+ 5(a,,lq>)(8,,q>) +5¢  FppFl — ¢ O F3)&mn- (2.2)
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The scalar field equation and Maxwell’s equation read

1 ) 1
O¢ = ZAeM’Fé), with 0 = ——3,,(¢™\/|2|9,9), (2.3)

Vsl

D, (eM’Fm") S 2.4)

We will consider time-like Wilson loops in gravity backgrounds that are asymptotic to the 5d
Lifshitz-like geometries [5, 6]

—df> +dx?  dxi+dx;  dZ
ds2—27wt’< tdxy | dn+dx Z), (2.5)

2 Z22/v 72

where v is the critical exponent !. We note that the metric (2.5) has boost-invariance, which allows
us to construct a shock-wave solutions in [7]. The dilaton and gauge fields are given by

o = ¢(r), & =pe", (2.6)
1
Foy = 5qdy1 Ndy, 2.7

where g and u are constants. One can see that the background (2.5) with v =1 comes to be the
5-dimensional AdS spacetime.

The direction x; will be referred as a longitudinal one, while the x, and x3 are the transverse
directions

X=X, X2=X3=0x]. (2.8)

The non-zero temperature generalization of (2.5) was found in [4] and can be represented in the
following form

—f(z)dt> +dx?>  dx}+dx3 dz?
ds2:27ra’< /) Tt 5 ) (2.9)
z z f(2)z
with the blackening factor given by
f=1=mZ, (2.10)

One can see that for v = 1 the background (2.9)-(2.10) is the metric of the black brane in the 5d
AdS spacetime. We note that the values of the parameters A, ¢, i, A are controlled by the critical
exponent. For example, for v = 4 to satisfy the equations of motion, we have:

2
A=90, ug* =240, l:ig. 2.11)

The background (2.9) describes holographically the anisotropic media on the boundary with
the temperature corresponding to the Hawking temperature of the black brane:

1v+1l v
T =——m>»+2, 2.12
T 2V me ( )

Note, that in (2.5) to keep the standard dimension for the metric we put the factor 27t in front of the metric and
we assume that all lengths in different directions are dimensionless [¢;] = [¢,] = [(y,] = [£y,] = (&/')°.
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In this work we focus on holographic rectangular Wilson loops. The basic formula for the
computation of the expectation value of the Wilson loop operator from holography [11, 12] (spec-
ified by the contour C) reads as:

W(C] = (Trp e feudny = o= Surin[C], (2.13)

where Sy ing [C] is the Nambu-Goto action which can be represented as

1
Suring = 5——; / dtdc | —dethyg, (2.14)

with the induced metric of the world-sheet
h(xﬁ == gMN&xXM&ﬁXN, (215)

where o, = 1,2.

The potential of the interquark interaction can be extracted from the rectangular time-like
Wilson loop of size T x X, i.e. the loop in which one side is infinite along the time direction, and
the other is along the spatial one,

W(T,X) = (Tre! froxPuduy o o=V OT (2.16)

A similar operator to probe QCD, the spatial rectangular Wilson loop of size X x Y ,defines the
so called pseudopotential ¥, is given by

W(X,Y) = (Tre'for @utny = o=/ (X)¥ 2.17)
The pseudopotential can be straightforwardly extracted from the string action as follows

S .
V(X) = =118 (2.18)
Y
As it is known from the QCD lattice calculations the spatial Wilson loops obey the area law at
all temperature, i.e.

¥ (X) ~ OX, (2.19)

where oy defines the spatial string tension

o; = lim @ (2.20)
X—oo X
The quantity o, differs from the usual string tension which is defined from time-like Wilson-
loops. By virtue to the non-Abelian Stokes formula equal time spatial Wilson loops [14] are related
with the spatial components of the energy-momentum tensor and by this reason oy is also called
the magnetic string tension.
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3. Holographic Wilson loops in spacetimes with spatial anisotropy

3.1 Holographic time-like Wilson loops

Here we consider two cases of the orientation of time-like Wilson loops. For both configu-
rations we suppose that the string is stretched in the radial direction, so z = z(0), as well as we
assume that the strip is infinite along the time direction.

We start with the loop located on the 7x)-plane. We take the parametrization T =1, 6 = x|,.
Thus, the Nambo-Goto action (2.14) for this case reads

_ 1 V(f(z)+2?)
S = do ) (3.1)
2na’ 2
The equation of motion corresponding to (3.1) is given by
: f(z)
Z :i\/f(z) (Z4J2_1>’ (3.2)
with the following integral
i) (33)

2/ f@)+72
The length of the two endpoints of the string on the brane can be calculated from (3.2)

5 [* flze)z?
- 2/20 dz\/f (@) (2) = flz)2h)’ (G.4)

where the integral of motion is related to the turning point, for which 7 = 0, as follows

g =1 (3.5)
=

Performing the change of variables in (3.1) and taking into to the relation for z’ (3.2) one
obtains

- f(2)z
S =T | d"’\/ SEEE ) G0

Performing the renormalization by subtraction the mass of the two free quark [8, 12, 13] we get for
the energy of the string between two quarks stretched in the longitudinal direction

'z dz fl2)z 1 1
E = / — —_—— =1 = +—, 3.7
e Y [\/ fQ)d = flz)? v W 37
taking into account that z;, = i we get that the energy of two free quarks that has to be
m2+2/v

subtracted is equal to mﬁ.

In Fig.1 (a) we present the dependence of the energy (3.7) on the length (3.4). We observe
that the essential dependence on the anisotropic parameter v appears with growing values of the
distance between the quark and the anti-quark. One should be noted that for enough small ¢ the
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Figure 1: (a).The string energy (3.7) as a function of the interquark distance (3.4) for v = 1,2, 3,4 (from top
to bottom, respectively). (b). The string energy (3.14) stretched in the transversal direction as a function of
the interquark distance (3.11) for v = 1,2,3,4 (from left to right, respectively).

behaviour of the string energy extracted from (3.7) for all v is close to the behaviour in the case
v =1 (the AdS case).

Now we turn to the configuration on the tx, -plane, so we take the parametrization ¢ = x .
The Nambo-Goto action (2.14) for this case is

VI +2 (3.8)

1
S: 27[(%//616 Z1+1/V

The equation of motion following from (3.8) reads

' 1 f(2)
< :izl/v—l\/f(z) <Z2+2/V«ﬂ2_1>’ 3.9)

with the integral of motion is given by

—1-1/v
R f(2) (3.10)

The distance between two quarks can be calculated from (3.9) as

Zx 242/v
b, =2 dz"V fz)2 , (3.11)
I @) (27 0 = flz)2)

the relation between the integral of motion .# and the turning point corresponding to (3.10) is

f(z:)
I = T (3.12)

Plugging (3.10) into (3.8) and coming to the integration with respect to z-variable one gets
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Siy, =T - d ! Z§+2/"f(z)
tx, = ) 242/v 2/v+2
w0 N\ T () - flzo)z

Taking into account the relation for the blackening function and performing renormalization,

(3.13)

for the energy of the string between two quarks stretched in the transversal direction one obtains

242
Ecn= [ % G0 I B | G.14)
X leosrEN % 72 Z$+2/Vf(z) _ f(Z*)Z2+2/V ix Zh ’

where z;, = ﬁ

Fig.1 (b) we present the dependence of the string energy (3.14) on the length (3.11). One can
see that the dependence of E, ;_ ., on the critical exponent disappears at large ¢ and for all v are
linear growing functions slightly deviating from the AdS case (v = 1). We also see that the energy
is minimal (on the absolute value) for the isotropic configuration.

Comparing Fig.1 (a) and Fig.1 (b) one can say that the form of the string energy is similar to
the AdS case. This means that the dual gauge theory should be a continuous deformation of A4~ =4
sYM.

3.2 Holographic spatial Wilson loops

In this section we will consider spatial Wilson loops located in the planes x1x, and x>x3.

Let us start with a rectangular Wilson loop in the x;x, plane with a short side of the length £ in
the longitudinal x direction and a long side of the length L., along the transversal x, direction, so
that

x1 €0, <Ly], x2€]0,Ly,]. (3.15)

We assume that the Wilson loop is invariant under the x,-direction. We parameterize the
world-sheet of the string in the following way ¢! = x|, 62 = x,.
The Nambo-Goto action (2.14) takes the form

S dz
Suey = Lus / , (3.16)
Z

, iy \/f(z) (1_ (i>z+2/v>

The distance between the quark and the anti-quark can be rewritten in terms of the dimension-

where z, is the turning point.

less variable w = z/z, as

1 1+1/v
(= 21*/ wodw (3.17)
aofe. N/ Tzaw) (1 —w2r2T¥)

while the renormalized Nambu-Goto action (3.16) in terms of w is represented as

Sx X .ren:Lx 7/ e 18
SR PO IR B oy R B A
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Then pseudopotential 7%, Kol 1s given by:

SX] ,XZ( ) ren

Vot e = Li); (3.19)
In Fig.2 (a) we present the dependence of the pseudopotential %%, ., . , (3.19) on the length
(3.17). We observe that for small ¢ the pseudopotential has the Coulomb part deformed by the

critical exponent, thus

%1 (v)
%l«,XZ(iany) (g’ V) ~ EI/V ?

Z)Cl — 07 (320)

with some constant 47 dependent on v. For large ¢ the pseudopotential # behaves as a linearly
increasing function

7

X1 7x2 (infty)

(V) ~ o1 (V)L Ly = oo (3.21)

Now we come to a rectangular loop in the x;x;-plane with a short side of the length £ in the x;
direction and a long side of the length L,, along the x;-direction,

x1 €[0,Ly,], x2€[0,£ <Ly, (3.22)

The distance between two quarks can be written down in terms of the w-variable

2/vd
274 / id , (3.23)
\/f Z W 1_W2+2/v)
where the z, is the turning point.
The renormalized Nambu-Goto action (3.23) reads
1 /! dw 1 1
sz,xl.(m),ren = Lxl / -1 —— ) (324)
e Jzofze W \/f (zw) W2+2/v) T
while the pseudopotential 75, X1 (o related to (3.24) is:
S ren
Yoy xr oy = A () T (3.25)

J(22) Lx1

In Fig. 2 (b) we show the dependence of the pseudopotential extracted from the action (3.24)
on the length ¢ for different values of the temperature and the dynamical exponent. The pseudopo-
tential has a power-law dependence on v for small /,,, so that

” _G(v)

X)) T gy
X

0, —0, (3.26)

with some constant 6> dependent on V.
For large distances the pseudopotential represents a linear function of ¢ again

Virxroy (b V) ~ O 2(V) by, Ly — 0. (3.27)
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Finally, we turn to the Wilson loop located in the transversal x,x3-plane with a short side of the
length ¢ in one of transversal directions and a long side of the length L., along the other transversal
direction, namely

x €0, <L), x3€]0,Ly]. (3.28)

We choose only transversal coordinates for the parameterization of the worldsheet 6! = x,, 62 =
X3.
The relation for the length in terms of the w-variable reads

0=z / dw : (3.29)
wi=3/v \/f(z*w) (1—w/v)

where z, is the turning point.
The renormalized Nambo-Goto action takes the form

1 /! dw 1 %
sz,X3(W),ren — LX} ﬁ/ ]+1/V - 1 - ﬂ . (330)
7 Y/ W \/f(Z*W) (1 _ W4/v) Zs
The pseudopotential 7, , . extracted from (3.30) can be represented as:
)
Voo sy = L. (3.31)

In Fig.2 (c) we display the behaviour of the pseudopotential (3.31) on the length (3.29).

One can see that the behavior of 74, ,, ) in Fig.2(c) is rather different from two previous cases.
We observe, that the dependence on v is driven by some constant 43 relying on v. It should be
noted that the pseudopotentials strongly deviate from the AdS case (v = 1) both in the UV and the
IR regions of ¢. Thus, one can write for small ¢

e (v
41/)(2-,.’63(00) (gxza V) ~ - 2( )7 Exz — 07 (332)
0
with some constant %3 dependent on v.
At the same time for large £ we have
Virxzoy (b V) ~ O 3(V) by Ly, — o0 (3.33)

4. Holographic light-like Wilson loops

It is well known that light-like Wilson loops are related with jet quenching parameter, that
described by a ratio of mean transverse momentum obtained by the parton moving through the
plasma over the travelled distance. Its holographic calculation in different backgrounds has been
considered in [15]-[21].
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Figure 2: (a),(b),(c):The behaviours of the pseudopotentials #;, Koo Vrxy ) ”1/,52,)(3(00), correspondingly,
for v=1,2,3,4 (from top to down) as functions of the distance between the quarks £ at T = 0.2.

To calculate the holographic light-like Wilson loop we perform the coordinate transformation

xt = %, then the metric in light-cone coordinates takes the form
S U C) DN e CO R E e B L N
ds” = Zid 7 [dx +dx ] + av T avt 4.1)

We choose the ansatz for the string configuration
cl=x", o’=x", z=2z(c?). 4.2)

We suppose that the string worldsheet has translational invariance along x;. The Nambo-Goto

action then reads

l/2 72
Sx*x1 fﬂa, d'xl 2 2/Vf (43)
with 7 = dz/dx;. The integral of motion corresponding to (4.3) reads
1
S = —— 4.4)
1+ ZZ—ZZ/vf

The equation of motion reads

V11— .72
z’zlj'ﬂ 2T —m 2y, (4.5)

Plugging (4.5) into (4.3) we have

I
S = Jm—— . 46
1 mﬂﬂmx’ (46)

while the length of the string reads

Tk
P dz . (4.7)

V1—92Jo A-1/vy/1 —mz2+2/v
771 .
We consider the situation when the turning point z, = z;, =m 22V, Then one obtains

I — \/ﬁl—‘( 2—&-12v )

— m 2(v+1)

V1-7? I(—55)

(4.8)
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or
s 1 VA (o)
(= —ay(m)———, with ay(m)=m 07 ——=r=V" 4.9)
! V1i—-J9 ' F(_Z-&YZV)
Taking into account (2.12) we can write
2nv \ Y VAL (5555 L(v+1)
ay(m)=—-T""ar,, with ar,= < v > va (ijv), T = v+ )mm
' ’ v+1 I(—57%) T 2v
(4.10)

Owing to (4.10) the string action with subtracted the divergences reads

22v NV L Tag, T2/v 02
AS.  — ’ 1+ —= _1]. 4.11
X X1 <V+1> \/Ena/ + a%7v ( )

In this short contributions we have considered Wilson loops in an anisotropic holographic

5. Conclusions

gravity dual. The black brane background has a spatial anisotropy and motivated by the possibility
to reproduce the dependence of the multiplicity of particles created in heavy-ion collisions on the
energy using the holographic duality. We have discussed static configurations located on time-like,
space-like and light-like rectangular contours with different orientation in the spacetime.

We observe that the behavior of the potential of an interquark interaction as a function of the
distance between two quarks is similar to the isotropic case. So the dual gauge theory is supposed
to be a deformation of .4#" =4 SYM theory. From the form of the potential one can also conclude
that there is no confinement in the holographic model. However, looking at the behavior of the
pseudopotential corresponding to the configuration on the transversal plane one can see that it
has the screened Cornell form. We have also calculated the light-like Wilson loop and derive the
analytic expression for the Nambo-Goto action for an arbitrary value of the critical exponent.

A possible extension of this work is to more detailed study the jet quenching. It will also be
interesting to deal with metrics providing the confinement, compare [22], and to perform full study
of the observables using the holographic approach.
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and the Workshop on Recent Developments in Strings and Gravity for kind hospitality and the
opportunity to present this work.
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