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Abstract

Applying the AdS/CFT correspondence, we investigate the effect of back reaction on the imaginary
part of heavy quarkonia potential in strongly coupled N = 4 supersymmetric Yang-Mills (SYM) plasma.
The back reaction considered here arises from the inclusion of static heavy quarks uniformly distributed
over N =4 SYM plasma. It is shown that the presence of back reaction reduces the absolute value of the
imaginary potential thus decreasing the thermal width. Furthermore, the results imply that back reaction
enhances the quarkonia dissociation.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The heavy ion collisions at RHIC and LHC are believed to produce a new phase of matter
so-called quark gluon plasma (QGP) [1]. One of the main experimental signatures of QGP for-
mation is quarkonia dissociation. Early evidence [2] indicated that the binding interaction of the
quark-antiquark pair (Q Q) is screened by the medium, causing this dissociation. However, re-
cent research [3-8] suggests that the imaginary part of a quarkonia potential, ImV ;, 5, may be a
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more important reason than screening. Also, this quantity could be used to evaluate the thermal
width of quarkonia. Already, the ImV g has been studied in perturbative QCD etc. [9-11]. How-
ever, lots of experiments show that QGP is strongly coupled [12], which involves nonperturbative
physics suitable for the Anti-de-Sitter space/conformal field theory (AdS/CFT) correspondence.

AdS/CFT [13-15], namely the duality between the type IIB string theory on AdSs x $° and
N =4 SYM with an SU(N) gauge group in four dimensions, provides a powerful tool to deal
with strongly coupled field systems. During the last two decades, this duality has offered many
important insights for studying various aspects of QGP (see [16] for a good review). Using
AdS/CFT, Noronha and Dumitru have calculated the ImV g for N =4 SYM plasma in their
seminal work in [17], where they argued that the ImV g could be obtained by analyzing the
effect of thermal fluctuations due to the interactions between the heavy quarks and the medium.
Subsequently, this idea has been generalized to various cases. For instance, the ImV 00 of static
quarkonia is studied in [18,19]. The ImV 00 of moving quarkonia is addressed in [20,21]. The
finite "t Hooft coupling corrections on ImV , 5 is achieved in [22]. The chemical potential effect
on ImV 00 is discussed in [23]. For a study of ImV 00 from AdS/QCD, see [24-26]. Moreover,
this quantity has been holographically computed in some other ways [27-29].

The purpose of this paper is to study the effect of back reaction on ImV, 5 for N =4SYM
plasma. As we know, QGP is comprised of huge amounts of free quarks and gluons. That would
mean if one analyzes the dynamics of a heavy quark (or quarkonium) in this hot plasma, the
back reaction of the plasma should be taken into account. To our knowledge, except for a few
examples [30,31] etc., it remains very difficult to investigate the strongly coupled gauge theory
with large number of flavour quarks. Recently, S. Chakrabortty argued [32] that the back reaction
could be modeled by means of the deformation of the geometry due to finite density string cloud.
To be specific, a back reacted gravity background could be dual to a system of large number of
heavy quarks uniformly distributed over the A" =4 SYM plasma. Later, the drag force [32] and
jet quenching parameter [33] have been studied in such theories. It was shown that the presence
of back reaction increases the two quantities thus enhancing the energy loss. Motivated by this,
in this paper we would like to study the imaginary potential in such theories. We want to know:
how back reaction modifies the imaginary potential and the thermal width? One step further, how
back reaction affects the quarkonia dissociation?

The structure of the paper is as follows. In the next section, we introduce the backreacted
gravity background given in [32]. In section 3, we evaluate the expressions for the real and
imaginary part of the quarkonia potential, in turn. In section 4, we analyze the effect of back
reaction on the imaginary potential and discuss how such effects modify the thermal width as
well as the quarkonia dissociation. In the last section, we summarize our results and make some
discussions.

2. Background geometry

One considers the (n + 1)-dimensional gravitational action [32]

1

S=———
167'[Gn+1

[ @xvms®=20) 45, 0
where G, is the (n + 1)-dimensional Newton constant. g denotes the determinant of the metric
gun- R represents the Ricci scalar. A refers to the cosmological constant. S, stands for the
matter part, given by
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where 7; is the tension. #*f and g"" are the world-sheet metric and space time metric with o, 8
the world sheet coordinates and u, v the space time directions.
Varying action (1) with respect to the space time metric yields

1
Rpw - ERgp.v + Ag/w =87Gp41 Tuv: 3)

with
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where the delta function denotes the source divergences due to the presence of the strings.
To proceed, one considers the space-time metric of the form

ds® = g, (r)dt* + g (r)dr’ + r*8pdxdx®, (5)

where (a, b) run over (n — 1) space direction.
Using the static gauge r = £°, r = £!. The non vanishing components of 7" become
b 1t b rr
g Trr — _g_ (6)

pn—1’ pn—1’

TZ‘I:_

where one have assumed the strings are uniformly distributed over (n — 1) direction. Given that,
the density reads

b)=TY & 'x—X)), with b>0, (7)

note that for » < 0, T#" will no longer satisfy the weak and the dominant energy conditions. One
looks for a solution of (3) in AdS space and parametrizes the metric accordingly treating b as a
constant

dr 2
ds*=—V@r)dt? + — +r hl]dx dxd (8)
V(r)
where h;; represents the metric on the (n — 1)-dimensional boundary. Since for the matter part
one will mainly focus on the string cloud for which the non vanishing components of T#" are
Tt—T’——L with b>0 9)
e :
By solving the Einstein’s equation, one has
V=K 4+ r? 2m 2b (10)
r)= — — — ,
R2 yn—2 n— 1)}’”_3

where R denotes the AdS radius. K =0, —1, 1 depending on whether the boundary is flat, spher-
ical or hyperbolic respectively. In this work, we are mostly interested in the K = 0,n = 4 case
and the corresponding metric is

dszzﬁ(—f(r)dtz—i—diz)—i- K dr? (11)
R? rrfy
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with

2mR*  2bR?
=l-——=-—, 12
£ =33 (12)
where r denotes the coordinate describing the 5th dimension with » = oo the boundary. The
event horizon r, satisfies f (r;) = 0. Given that, one can write m as
2bR? r;

Moreover, the temperature is

V&0 /8| 6ry —bR?

T = = .
2r r=rp 6 Rzrg

(14)

Note that the geometry (11) is thermodynamically stable under tensor and vector perturba-
tions. Also, it resembles AdS Schwarzschild black hole with negative curvature horizon. For
more details about the backreacted gravity background, we refer to [32,33].

3. ImV 00 for the back reacted gravity background

In this section, we follow the approach in [17,18] to evaluate the expressions for the real and
imaginary part of the quarkonia potential for the background metric (11). The expectation value
of the static (temporal) Wilson loop is given by [34]

1 .
W(C)= - Trpet/ And”, (15)

c

where C denotes a closed loop in a 4-dimensional space time and the trace is over the funda-
mental representation of the SU(N.) group. A, represents the gauge potential. P enforces the
path ordering along C. Considering a rectangular loop with one direction along the time coordi-
nate 7 and spatial extension L. Then in the asymptotic limit 7 — oo, the heavy quark potential
V(L) can be extracted from the vacuum expectation of the rectangular Wilson loop,

<W(C) >~e TVoo ™), (16)
On the other hand, in the supergravity limit,
< W(C) >~ e iSoir A7)

with S the classical Nambu-Goto action of a string in the bulk,

Sstr =5=-

e /dtda\/—det(GwaaXﬂabX"), (18)
where X (o, T) are the worldsheet embedding coordinates with u,v =0, 1, ...,4anda,b =0, 7.
o is related to ’t Hooft coupling 4 as R% /o’ = +/A.

To proceed, one uses the remaining symmetry of (18) to completely fix the static gauge, such
that

t=r, xX=o, y=0, z=0, r=r(o). (19)
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Under this assumption, the string action with end points fixed at x = &=L /2 reads
B A
27101 R*
~L/2

(20)

Since the above action does not depend on o explicitly, the corresponding Hamiltonian is a
constant

oL dr  r'f(r)/R*

S a(dydo [irn ),

Imposing the boundary condition at the deepest point of the U-shaped string like

dr
o =0, r=ry, (22)

one gets

= constant. 201

ar \/a%r)—a(r)a(r*)

do a(ry) ’ (23)
where
ary= LD gy = LD, (24)
R4 R4
with
fry =1 2R _20R7 (25)
ry 3 rﬁ

Integrating (23), the inter-distance of Q O can be written as

L=2/drd_":2/dr\/ a(rs) . (26)
dr az(r) —a(r)a(r*)

Putting (23) into (20), the total action for Q Q is obtained as

a(r)

a(ry —a(ry)’

27)

The above action is divergent since it contains the self-energies of Q Q pair. One could cure
this divergence by subtracting from S the self energy contribution of the two quarks [34-36].
Then the real part of the heavy quark potential for the background metric (11) reads

ReVoo =g / Va<r)—a<r*>

For the above equation, we would like to make the followmg comment. For small distgnce L,
one expects T as well as b, to have negligible effect on the interaction potential of Q Q. This

dr (28)
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Fig. 1. The effect of thermal fluctuations (dashed line) around the classical configuration (solid line).

argument is backed by lattice results [37,38] which indicates that for LT << 1 the free energy is
independent of 7. Furthermore, for small L if Q Q interaction does not depend on T and b, then
the regularization in (28) does not depend on these scales either.

To proceed, we derive the expressions of ImV , 5. One considers the effect of thermal world
sheet fluctuations around the classical configurations r.(x),

r(x) =re(x) = rx) =re(x) +8r(x), (29)

where r.(x) solves Syg = 0. For simplicity, §7(x) is taken to be of arbitrarily long wavelength,
ie., d‘z}g") — 0. The physical picture of the thermal fluctuations is shown in Fig. 1. Notice that
if r, is close enough to rj, the fluctuations of very long wavelength may reach the horizon.

The string partition function that takes into account the fluctuations is given by

Zgr ~ / Dir (x)e! SNG e +5r(x). (30)

Discretizing the interval —L/2 < x < L/2 into 2N points located at x; = jAx (j =
—N,—N+1,..., N) with Ax = L/(2N), one has

. TA
Zug ~ Jim [ disr el disralexpl’ o S firpr vt (31
7

where r; = r(x;) and r;. = r'(x;). The thermal fluctuations are most important around x = 0,
where r = r,. Hence, one can expand r.(x;) around x = 0, keeping only terms up to second
order in x . Given that r.(0) = 0, one gets

x2
re(xXj) A ry + 7’4’(0). (32)

Also, the expansion for a(r;), keeping only terms up to second order in x;."S ry, reads

X2 s2
N A / " rJ ™
a(rj) ~ax +dra, +r, (O)a*7 + Ta*, (33)

with a, = a(ry), a, = a’(r), etc. Then, the exponent in (31) can be approximated as

TAx
SjVG = ﬁ,/clsz»—i—(fz, (34)
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where

//( ) " / 8,‘2 "
Ci=—[2r./(0) +a ] Cy=as+éra, + 7(1*. 35)

If the function in the square root of (34) is negative, Sj.v G will contribute to ImV g #0. The
relevant region of the fluctuations is the one between §r that yields a vanishing argument in the
square root of (34). Thus, one could isolate the j—th contribution

arjmax
I = / d(8r,)exp[ ‘/Clx + (2], (36)
6rjmin

where 67 iy and 87 jpqx are the roots of Cix2+4 Cy in §r.

The integral in (36) can be obtained by using the saddle point method in the classical gravity
approximation, i.e., &’ << 1. The exponent has a stationary point when the function inside the
root square of (36)

D(8rj) = Cix; + Co(8r)), (37)

assumes an extremal value. This happens for

a/

or= . (38)

"
a*

Requiring that the square root has an imaginary part, results in
D(6rj) <0— —xc <Xxj < Xe, 39)
where
a’?

te = Cq (Za”

(40)

Taking x. = 0 if the square root in (40) is not real. With these conditions, one can approximate
D(ér) by D(—Z—f,) in (36)

2

2 a
Craj +ax — 5 7l 1)

*

Then the total contribution to the imaginary part is given by I1;/;, leading to

ImVQQ=— / dx\/—szl—a* 7 /,. (42)
¥ lei<x. i
Integrating (42), one arrives at the imaginary potential for the back reacted gravity background
1 a,  a
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a, =rifl(r)+4r2 f(r),
d! =rt 7 (r) + 82 f(r) + 1202 £ (),
fl(re) = 8mr> +2br 4,
£ () = —40mr 5 — 8br, @

where, for convenience, we set R = 1. Note that when b is put to zero, the result of N’ =4 SYM
plasma [17] is reproduced.

4. Numerical results

Before numerical computation, we discuss the regime of applicability of this model. First, the
imaginary potential should be negative, yielding

!/

a; Ay

-2, 45

2a]  d - 43)
results in

&> Emin, (46)

with & = rp, /ry, where the value of ¢,,;,, can be evaluated numerically.
The second limitation relates to the maximum value of LT (say L T4y ). From (14) and (26),

one has
6rh a(ry)
3mr2 / \/ 20r) —a(ra(re)” @7

In Fig. 2, we plot LT as a function of ¢ for different values of b. From these figures, one
can see that in each plot there exists a LT, corresponds to & = &;,,,. In fact, for € > €4,
there may be other string configurations (which are not solutions of the Nambu-Goto action)
that contribute to the calculation of the Wilson loops besides the semiclassical U-shaped string
configuration [39]. Here we are mostly interested in the case of & < g4, . Briefly, the domain of
applicability of (43) is epin < & < Emax-

Now let’s discuss results. First, we analyze how back reaction affects the inter-distance of
Q0. From Fig. 2, one sees that increasing b leads to decreasing LT, implying the inclusion of
back reaction reduces the inter-distance.

Next, we study how back reaction influences the imaginary potential. To that end, we plot
ImV/(v/AT) versus LT for different values of b in Fig. 3. One can see that in each curve
ImV /(~/AT) starts at a LT, corresponding to &;n, and ends at a LT}y, corresponding to
&max - Moreover, for increasing b the onset of ImV/ (ﬁT) happens at smaller LT. As discussed
in [20], if the onset of the imaginary potential occurs for smaller LT, the suppression will be
stronger. Thus, one concludes that the presence of back reaction enhances the quarkonia dissoci-
ation.

Also, one can analyze the effect of back reaction on the thermal width. Usually, a larger
absolute value of imaginary potential corresponding to a larger thermal width [17,18]. Since the
absolute value of ImV/ (ﬁT) decreases with b, one infers that the inclusion of back reaction
decreases the thermal width.
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Fig. 2. LT versus ¢. In the plots from top to bottom, b =0, 1, 2, respectively.
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Fig. 3. ImV /(+/AT) versus LT . In the plots from right to left, b =0, 1, 2, respectively.

5. Conclusion and discussion

In this paper, we studied the imaginary potential of heavy quarkonia in a back reacted gravity
background, which is dual to a system of large number of heavy quarks uniformly distributed
over the N'=4 SYM plasma. The motivation rests on the earlier studies on the drag force [32]
and jet quenching parameter [33] in such theories. It is observed that the presence of back reaction
decreases the absolute value of the imaginary potential thus decreasing the thermal width. One
step further, the inclusion of back reaction enhances the quarkonia dissociation.

However, several problems remain. The most pertinent how to study the back reaction with
respect to the interaction between the heavy quarks in the cloud and the back reaction to the
spacetime geometry? Moreover, how to study such effects in the systems that are not confor-
mal? (since SYM plasma differs from QGP mainly due to the lack of a dynamical breaking of
conformal symmetry). We hope to report our progress in this regard in the near future.



10 P-p. Wu et al. / Nuclear Physics B 952 (2020) 114917

Acknowledgements

This work is supported by the NSFC under Grant Nos. 11805052, 11705166 and the Doctoral
Fund Project (No. B2013-048), Exploratory Fund (No. NSFRF140130) of Henan Polytechnic
University. The work of Xiangrong Zhu is supported by Zhejiang Provincial Natural Science
Foundation of China No. LY19A050001.

References

[1] E.V. Shuryak, Phys. Rep. 61 (1980) 71.

[2] F. Karsch, M.T. Mehr, H. Satz, Z. Phys. C 37 (1988) 617.

[3] M. Laine, O. Philipsen, P. Romatschke, M. Tassler, J. High Energy Phys. 03 (2007) 054.

[4] A. Beraudo, J.-P. Blaizot, C. Ratti, Nucl. Phys. A 806 (2008) 312.

[5] N. Brambilla, J. Ghiglieri, A. Vairo, P. Petreczky, Phys. Rev. D 78 (2008) 014017.

[6] M.A. Escobedo, J. Phys. Conf. Ser. 503 (2014) 012026.

[7] Y. Burnier, M. Laine, M. Vepsildinen, Phys. Lett. B 678 (2009) 86.

[8] A. Dumitru, Y. Guo, M. Strickland, Phys. Rev. D 79 (2009) 114003.

[9] N. Brambilla, M.A. Escobedo, J. Ghiglieri, J. Soto, A. Vairo, J. High Energy Phys. 09 (2010) 038.
[10] M. Margotta, K. McCarty, C. McGahan, M. Strickland, D.Y. Elorriaga, Phys. Rev. D 83 (2011) 105019.
[11] V. Chandra, V. Ravishankar, Nucl. Phys. A 848 (2010) 330.

[12] U.W. Heinz, R. Snellings, Annu. Rev. Nucl. Part. Sci. 63 (2013) 123-151.

[13] J.M. Maldacena, Adv. Theor. Math. Phys. 2 (1998) 231.

[14] S.S. Gubser, I.R. Klebanov, A.M. Polyakov, Phys. Lett. B 428 (1998) 105.

[15] O. Aharony, S.S. Gubser, J. Maldacena, H. Ooguri, Y. Oz, Phys. Rep. 323 (2000) 183.
[16] J.C. Solana, H. Liu, D. Mateos, K. Rajagopal, U.A. Wiedemann, arXiv:1101.0618.
[17] J. Noronha, A. Dumitru, Phys. Rev. Lett. 103 (2009) 152304.

[18] S.I. Finazzo, J. Noronha, J. High Energy Phys. 11 (2013) 042.

[19] K.B. Fadafan, D. Giataganas, H. Soltanpanahi, J. High Energy Phys. 11 (2013) 107.
[20] S.I. Finazzo, J. Noronha, J. High Energy Phys. 01 (2015) 051.

[21] M. Ali-Akbari, D. Giataganas, Z. Rezaei, Phys. Rev. D 90 (2014) 086001.

[22] K.B. Fadafan, S.K. Tabatabaei, J. Phys. G, Nucl. Part. Phys. 43 (2016) 095001.

[23] Z.q. Zhang, D.f. Hou, G. Chen, Phys. Lett. B 768 (2017) 180.

[24] N.F. Braga, L.F. Ferreira, Phys. Rev. D 94 (2016) 094019.

[25] J. Sadeghi, S. Tahery, J. High Energy Phys. 06 (2015) 204.

[26] Z.q. Zhang, X. Zhu, Phys. Lett. B 793 (2019) 200.

[27] J.L. Albacete, Y.V. Kovchegov, A. Taliotis, Phys. Rev. D 78 (2008) 115007.

[28] T. Faulkner, H. Liu, Phys. Lett. B 673 (2009) 161.

[29] T. Hayata, K. Nawa, T. Hatsuda, Phys. Rev. D 87 (2013) 101901(R).

[30] F. Bigazzi, A.L. Cotrone, J. Mas, D. Mayerson, J. Tarrio, J. High Energy Phys. 04 (2011) 060.
[31] S.P. Kumar, J. High Energy Phys. 08 (2012) 155.

[32] S. Chakrabortty, Phys. Lett. B 705 (2011) 244.

[33] S. Chakrabortty, Tanay K. Dey, J. High Energy Phys. 05 (2016) 094.

[34] J.M. Maldacena, Phys. Rev. Lett. 80 (1998) 4859.

[35] S.-J. Rey, S. Theisen, J.-T. Yee, Nucl. Phys. B 527 (1998) 171.

[36] A. Brandhuber, N. Itzhaki, J. Sonnenschein, S. Yankielowicz, Phys. Lett. B 434 (1998) 36.
[37] O. Kaczmarek, F. Karsch, F. Zantow, P. Petreczky, Phys. Rev. D 70 (2004) 074505.
[38] O. Kaczmarek, F. Zantow, Phys. Rev. D 71 (2005) 114510.

[39] D. Bak, A. Karch, L.G. Yaffe, J. High Energy Phys. 0708 (2007) 049.


http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4556s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib464Bs1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4D4Cs1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4142s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4E42s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4D4145s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib5942s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4144s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4E4231s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4D4Ds1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib5643s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib5557s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4D616C646163656E613A313939377265s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4775627365723A313939386263s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4D6164616C63656E61526576696577s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4A4341s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4A4Es1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4A4E31s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4B42s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4A4E32s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4D414Cs1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4B4231s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib5A51s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4E52s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4A53s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib5A5131s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4A4C41s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib544641s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib544841s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4642s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib5350s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib736368s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib73636831s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4A4D4Ds1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib534A52s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib414252s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib6F6Bs1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib6F6B31s1
http://refhub.elsevier.com/S0550-3213(20)30003-1/bib4442s1

	Back reaction effects on the imaginary potential of quarkonia in heavy quark cloud
	1 Introduction
	2 Background geometry
	3 ImVQQ̄ for the back reacted gravity background
	4 Numerical results
	5 Conclusion and discussion
	Acknowledgements
	References


