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Heavy quark transport in a viscous semi-QGP

Balbeer Singhl’2 and Hiranmaya Mishra

lTheory Division, Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India
*Indian Institute of Technology Gandhinagar, Gandhinagar 382 355, Gujarat, India

® (Received 15 November 2019; accepted 29 February 2020; published 18 March 2020)

We study the effect of shear and bulk viscosities on the heavy quark transport coefficient within the
matrix model of semi-QGP. Dissipative effects are incorporated through the first-order viscous correction in
the quark/antiquark and gluon distribution function. It is observed that while the shear viscosity effects
reduce the drag of heavy quark the bulk viscosity effects increase the drag and the diffusion coefficients of
heavy quark. For finite values of 77/s and &/, the Polyakov loop further decreases the drag coefficient and
enhances the momentum diffusion coefficient as compared to perturbative QCD. It is also observed that
with increases in /s and £/s spatial diffusion coefficient decreases.
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I. INTRODUCTION

The aim of heavy ion collision (HIC) experiments is to
characterize the properties of the deconfined state of matter
namely the quark-gluon plasma (QGP) which is being
created in these collisions. In order to characterize the QGP,
well-calibrated probes are required. In this context, the
transport properties of heavy quark (HQ); especially charm
and bottom; in the bulk of light thermal partons is
considered as one of the promising probes. The interaction
of heavy quarks with the thermal partons in the QGP
medium reflects in the transverse momentum (p7) spectra
of open heavy flavor (HF) meson such as D-meson for
charm quark, and in the elliptic flow v, of open meson for a
noncentral collision [1-7].

Heavy quarks are produced in the initial stages of the
collisions during the hard scatterings governed by pertur-
bative quantum chromodynamics (pQCD) mostly through
gluon fusion [8—10]. Because of the large mass of HQ as
compared to the temperature ranges accessible in the
Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC) energies, the thermal production of
HQ is negligible. Hence, once produced in the hard
collisions, HQ propagates throughout the space-time evo-
lution of the medium and interact with the light thermal
partons of the bulk medium. The resulting effect of the
interaction of HQ with the bulk medium modifies the
spectra of HF hadrons. The interaction of HQ with the bulk
medium is described by the scattering of HQ with the light
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thermal partons of the medium. At low momenta, the
dominant contribution to the HQ scattering off of light
quark and gluon in the thermal medium arises from the
elastic scatterings and can be described by the diffusion
process akin to Brownian motion. In addition, the thermali-
zation of HQ in the bulk medium is also slowed down due
to its large mass. Hence, the transport of nonequilibrated
HQ in the thermalized medium of light quark and gluons
yield valuable information about the medium throughout its
propagation. In particular, the low momentum interaction
of HQ with the bulk medium is characterized by the spatial
diffusion coefficient.

Perturbative QCD based calculations for HQ transport
coefficients namely the drag and the diffusion cannot
explain the observed suppression and collective flow
[11] so itis required to include the possible nonperturbative
effects. There have been various efforts to incorporate
nonperturbative effects using various phenomenological
models such as the T-matrix model [12,13], the quasipar-
ticle model [14-16], and the resonance model [17] for
estimating the HQ transport coefficients. The most reliable
results for the HQ spatial diffusion comes from the first
principle lattice simulations [18-20]. Indeed, a smaller
value of the spatial diffusion coefficient as compared to the
perturbative QCD is predicted by the lattice simulations
which is essential to explain observed R,, and v,. In
Ref. [21], HQ transport coefficients (the drag and the
momentum diffusion) are evaluated in the T-matrix
approach including nonperturbative effects by employing
the potential interaction of heavy-light quark extracted
from lattice QCD simulations. A good agreement with
the observed R4, and collective flow v, of this calculation
suggests existence of the strongly interacting nature of
QGP. Recently, based on a Polyakov loop model, heavy
quark drag and the diffusion coefficients have been
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computed for the charm quark in Ref. [22]. The estimation
of the drag coefficient here is observed being rather
somewhat flat with temperature while the diffusion coef-
ficient exhibited a strong temperature dependence similar
to the results obtained in Refs. [12,21]. The consistency in
the results suggest that there could be some model
independent correlations between the results obtained
within the Polyakov loop and other nonperturbative models
from a different perspective.

On the other hand, it may also be mentioned here that
QGP formed in HICs, behaves like almost an ideal fluid
with a very small value for the ratio of shear viscosity to
entropy density 7/s. Evidence for such a small #/s is
provided by the large elliptic flow data that requires /s ~
0.08-0.2 [23-26]. Viscous coefficients in the QGP as well
as in the hadronic medium have been studied in Refs. [27—-
29]. In these studies it was found that the dominant
contribution of dissipation in both the QGP and the
hadronic medium arises from shear viscosity. However,
bulk viscosity is equally important and may dominates near
transition temperature i.e., /s ~ 1 [30] and can signifi-
cantly affect hadrons p spectra and elliptic flow v, [31].
Viscous corrections have also been studied for dilepton
production in QGP [32,33], photon production [34], damp-
ing rate of heavy quark [35], heavy quark radiative energy
loss [36-38], event-plane correlations [39,40] etc. Effect of
shear and bulk viscosities on the HQ drag and diffusion
coefficients have been studied in Ref. [41] using a fugacity
model. In the present study, we intend to include the
viscous corrections (both shear and bulk) along with a
nontrivial Polyakov loop background that is used to
describe the “semi-QGP” within a matrix model. We find
that in the perturbative limit our results are consistent with
the previous results, however, with the inclusion of the
Polyakov loop (¢), at low temperature our results are
different from that of Ref. [41]. In this work, we include the
viscous corrections (both shear and bulk) in the single
particle distribution functions of quark and gluon to
estimate the viscous effects on the HQ transport coeffi-
cients. We estimate this using Fokker-Planck equation and
use the matrix model of semi QGP to evaluate the relevant
scattering amplitudes. The single particle distribution
function [see Eqgs. (43) and (44)] is modified using second
moment ansatz. In Ref. [36] it was shown that viscous
effects induce a larger energy loss of HQ. So one may
expect that viscous corrections may be important and
significantly affect the transport properties of HQ in the
bulk medium. However, we find that for small shear and
bulk viscosities, the dissipative effects on the drag and the
diffusion coefficients are somewhat weak.

We organize this work as follows: An introduction on the
formalism for evaluation of HQ drag and diffusion coef-
ficients within the matrix model of semi-QGP is discussed
in Sec. II which is followed by the discussion on semi QGP
in Sec. III. In this section, we also discuss some salient

features of the matrix model. In Sec. IV, an ansatz for the
first order viscous correction on quark/gluon distribution is
discussed. In Sec. V, we discuss the interaction of HQ with
the light thermal parton and present matrix element squared
for Coulomb and Compton scatterings within the matrix
model. These matrix element squared are used to evaluate
the drag and diffusion coefficients. Finally, in Sec. VI we
discuss the viscous effects on HQ quark transport and
present the numerical results for the drag and the diffusion
coefficient for constant values of 77/s and &/s. Finally, we
summarize and give an outlook of the present work in
Sec. VIL

II. FORMALISM

The Brownian motion of HF particles can be described
by the Fokker-Planck equation where the interactions of
heavy quark with the bulk of light quarks and gluons are
encoded in the transport coefficient. Assuming that HF
quark of momentum p is traveling in a medium of light
quark and gluon, the Boltzmann equation for phase-space
distribution f, of heavy quark can be written as [42]

g p 0

0
EJFE_paJFF@}fQ(p’x’t):C[fQ]’ (1)

where F is the force due to external mean-field such as
chromo electric or magnetic fields present in the initial

stages of the heavy ion-collision, E, = 4/ mé + p? is the
energy of heavy quark with mass my and C[f}] is the

collision integral. Neglecting the mean-field effects, Eq. (1)
reduces to

9 folp.1) = Clfgl @)

On the right-hand side of Eq. (2), collision integral in terms
of collision rate which change the momentum of HF quark
from p to p — k is written as

Clf gl = / PP + k) folp +K) = w(p.K)fo(p)].
(3)

where w is the transition rate of heavy quark colliding with
heat bath particles of momentum k. The first term in Eq. (3)
is the gain term that describes the transition of HF quark
from a state of momentum p + k to momentum state p
while the loss term (second term) represents the scattering
out from the momentum state p. Assuming the scatterings
of HF quark with the bulk medium partons is dominated by
small momentum transfer i.e., |k| < |p|, the distribution
function of HQ and transition rate can be expanded up to
second order with respect to k i.e.,
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wp +kk)folp+k)

=w(p.k)folp) +ko [W(P k)foP)]
! k ki ——— > k 4

With this approximation the collision integral simplifies to

g 1 0?
Clf o :/d3k{kja—pj+ k,kj8 o,

| wp.K)fo(p)-
(5)

The function w can be expressed in terms of the cross-
section for scattering processes in the heat bath. For,
scattering of HQ with momentum p with the bulk
medium-light thermal parton with momentum ¢, one finds

W) =11 [ G Al G loa = p =g +b).

(6)

where f(g), is Fermi-Dirac/or Bose-Einstein distribu-
tion function of light thermal partons and y; is degeneracy
factor which is y, = 6 for quarks and y, = 16 for gluons.
Boltzmann equation Eq. (2) can be approximated as
Fokker-Planck equation

i o) = (A Folp.0) + 5Byl o))

(7)

Here A; and B;; are the drag and diffusion coefficients and
are given as

J

Alp) = / Plow(p. Rk, (8)

B,(p) = / Plow(p.k)k ik ©)

For an isotropic heat bath at local thermal equilibrium one
may define [43]

Ai(p)
Bij(p) =

= A(p)pi. (10)
By(p)P}; + B, (p) P}, (11)

where P‘l‘j and PiLj are longitudinal and transverse projection
operators defined as

pl — _Pipj DiDj

T p*

(12)

For a process /Q — [Q (where [ stands for light quarks and
gluon) the drag and diffusion coefficients of HQ in the
plasma of light quarks and gluons are given by the scalar
integral of form

1 / d3q / d3p/ / d3q/ |M|2
2E, (27:)32Eq (271')32Ep/ (27[)32Eq/

x (2n)*6*(p+q—p'=4') (@) (1 £ £1(9))X (D).

(13)

where [ = ¢, g, g. In the present study, we evaluate scatter-
ing amplitude for relevant 2 — 2 processes within the
matrix model which make the matrix element squared

color dependent. So in the presence of a background gauge
field Eq. (13) becomes

/ 1 d3 d3p, d3ql
(X(p')) = / (27)2E, / (2n72E, | (22)2E,
(S Moot o)1 = 1.0)

(X)) =

£ Y Mool fer(a)(1 +fgh<q’>>)

e.f.g.h
x (2n)*8*(p+q—p' - 4)XP"). (14)

where a, e are color indices of incoming and outgoing
light quark and ef, gh are color indices for incoming
and outgoing gluon that interact with HQ, |[M |2, and
|./\/ng|8th are matrix element squared respectively for the
processes ¢“Q° — ¢*Q¢ and ¢*/ Q¢ — ¢" Q. In the nota-
tion as written in Eq. (14), the drag and diffusion coef-
ficients are written as

atp) = (1) -8 (15)
s~ 3 (WP - 12210) g

L({p-P))
mi = (Y

In the presence of a nontrivial Polyakov loop background,
apart from the matrix elements, the distribution functions
also become color dependent. We evaluate these scattering
amplitudes in the matrix model of semi-QGP which we
discuss in the next section.

2+ w<1>). (17)

III. SEMI-QGP

At high temperature, the density of colored particles like
quarks and gluon are large and can be calculated using
perturbative QCD. However, at low temperature, colored
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particles are statistically suppressed and are measured by
the small value of the Polyakov loop, e.g., at chiral cross-
over temperature 7. ~ 170 MeV, ¢ = 0.2 [44] which is
way smaller from its asymptotic value i.e., ¢ = 1. Because
of the suppression of colored particles, the region near
chiral cross-over is termed as semi-QGP [45]. Semi-QGP is
characterized by the Polyakov loop as defined in Eq. (24).
For the calculational purpose, we shall use double line
notation which is quite useful in the matrix model of semi
QGP. In the double line basis, quark carries one color index
say a=1,2,...,N and gluons carry double index say
ab =1,2,..,N* For SU(N) group such N? pairs lead to
N? generators and the basis is overcomplete by one
generator. The overcomplete basis is compensated by
introducing the projection operator defined as [46-48]

1
Pb = Ppyeq = P = 5155 — N(sabéa, (18)

hence the generator is given by

1

V2

The trace over two generators does not vanish but rather is
again a projection operator, i.e.,

(t)eq = —=Pla- (19)

1
Tr(e01e) = S Peved, (20)

This is due to the presence of extra generator as compared
to generators in an orthonormal basis. The structure
constant of the group in the double line basis is given by

i

fab,cd,ef _ _2 (5ad50f5eb _ 5tl.f'5cb5ed)' (21)

In the mean-field approximation, the constant background
field is defined as A) = %,5,40Q“ with Q¢ = 27¢°T. Since

Ay is traceless so sum over Q’s vanishes i.e., >, 0* = 0.
For an SU(3) group, Q¢ = (—=Q",—Q',...0,0"", 0",
where i = N/2 if N is even and (N — 1)/2 if N is odd. In
the temporal direction, the Wilson line is written as

P ="Pexp (ig Aﬁ dTAO(xo,x)> (22)

where P stands for the ordering of imaginary time and 7 is
imaginary time. Polyakov loop, which is the trace of
Wilson line, in the constant background gauge field can
be written as

1 N
¢ = Nz exp(i2mq?). (23)
a=1

For an SU(3) group, where ¢* = (—¢,0,q) Eq. (23) is
simplified to

¢ == (1+2cos(2zq)). (24)

W | =

The background gauge field acts as an imaginary chemical
potential for colored particles so the statistical distribution
function of quark/antiquark and the gluon are

1 - 1
0 _ 0 — R
falE)= ePE=iQ.) 4 1’ fa(E) ePE+IQ.) 4 1’ (25)
1
0 _
ab(E) - eﬂ(E_i<Qu_Qb>) j— 1 ’ (26)

where the single and double indices are for quark/antiquark
and gluon. For a background field and given Q¢ these
distribution functions are complex so are unphysical.
Physical meaning comes when one integrates over all
distributions of Q¢ The resummed gluon propagator
in the presence of a static background gauge field is given
as [49]

k2
Duv;abcd(K) = PﬁuﬁDébcd(K) + PZDDZbcd(K)’ (27)

.. iLi kuk,
where P;u = gﬂi(_glj - %)gﬁ/ and Pﬁl/ = —9w % -
P;,J are the longitudinal and the transverse projection
operators. The longitudinal and the transverse gluon

propagators are written as

Dﬁu;ahcd(K) = (K2 :_ F) L (28)
DZy;abcd(K )= < K2 l_ G> o (29)

where
F—2M2<1—§ln(§%11>>, (30)
G_Mz(y2+y(1;y2)1n<§i)>, (31)

with y = % and M? = (M?),,,.4 is the thermal mass of the

gluon. For the drag and the diffusion of HQ studied here, the
momentum transfer is small so only longitudinal propagator
contributes to the squared matrix elements [43,50].
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IV. VISCOUS CORRECTIONS IN THE
DISTRIBUTION FUNCTIONS

In this section, we briefly describe the first order viscous
corrections on the thermal distribution function of quarks
and gluons. We start with the energy-momentum tensor of a
nonideal fluid which is given as [31]

T = (e + P)u'u? + Pg® + o + TIV™,  (32)

where €, P, u" are the energy density, pressure density and
four-velocity of the fluid. For metric tensor, we use the
convention ¢** = diag(—1, 41,41, 41) so that uu, = —1
and the term V# = ¢* + u*u”. The first two terms at the
right hand side of Eq. (32) describes the energy-momentum
tensor for an ideal fluid and the rest two terms are part of
viscous corrections that summarizes the effect of shear and
bulk viscosities respectively. The dissipative terms are
constructed from the derivatives A” = V%9, and VA
In the first-order approximation, the symmetric tensor z**
satisfying the condition u,7** = 0, in the local rest frame is
given as

2
o = —p <A"u” + AVut — §V’“’Aau”> (33)

and the bulk viscosity dependent term
IT = —£A, u”. (34)

Dissipative effects can be incorporated in the color depen-
dent distribution functions f,,,(E) which contains the
ideal part as well as viscous corrections. For this purpose,
we write fa/ab(E) = fg/ab(E) + 5fa/ab(E) (fg/ab(E) is
equilibrium distribution function of quark/antiquark

and gluon) and use the second-moment ansatz as in
Refs. [31,51,52], so that

O (Elajar = 7= FEN a1+ S (EN )P0

<‘2‘ Tt Prv, > (35)

where A and B are constants. Constrain on 6f,/,, comes
from the continuity of stress-energy tensor across the
freeze-out hypersurface [52] i.e.,

&Pk Kk
o™ = /(27)3E—k5fa/ab<E)' (36)

The choice of 6f,/4, is not unique, as pointed out in
Ref. [53], 6f4/a» can have linearly increasing form with
momentum and also quadratically increasing with momen-
tum or anything in between linear to quadratic increasing
behavior. However, we will continue with the form as in

Refs. [31,52]. In the local rest frame of the fluid, i.e.,
up=1, u; =0, d,uy =0 and J,u; # 0, the deviation in
distribution functlon can be written as [31,52]

éf(E)a/ab T3 f( )a/ab(l + f(E)g/a;,)P"P”

« (;ﬂﬂﬁ ng ) (37)

The first term of Eq. (37), i.e., the shear viscosity dependent
term is

2
p"p”izﬂ,,——p/‘p”n<A u,+Ayu,— 3Vﬂ,,(8“+u“uﬁ8ﬂ)ua).

(38)
One can use the normalization condition u,ut = —1 and
differentiating this relation leads to u#d,u, = 0. Using this

and the relation A, =V, u” one obtains

prpim, = —n (p”P”(é’ﬂup + dyu,) +2(p - u)p*uldyu,

2

-3 (p*=(p- u)2)aau(,>. (39)

Now, one can further use the relations 0,u, = (g, — u,u,)/
7 and 0%u, = 1/7 [54], where 7 is the proper time so that in
the local rest frame of the fluid, Eq. (39) reduces to [36]

2n( , P’
=— |- — . 40
T < pZ + 3 ( )

Similarly, the bulk viscosity dependent term can be
written as

L AU
pip'm,,

”p”vuzzn = _fpﬂpy(g/w + uﬂuv)Aaua' (41)

Using the same relations as for the case of shear viscosity,
Eq. (41) can be written as

FpPV I = épz. (42)
T
Thus the distribution functions of quarks and gluons of

Eq. (37) with the effect of shear and bulk viscosities can be
written as

), = LB IE (00 20

I s5
(43)
0 0
f(E)y = f(E), +f(E)“b(1Tj;f(E)ab)
: {g <_p§ +%) +§p§} (44)
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In the present investigation, for evaluating drag and dif-
fusion coefficients, we shall use Egs. (43) and (44) for quark/
antiquark and gluon distribution function in Eq. (14).

V. SCATTERING AMPLITUDES WITHIN
MATRIX MODEL

In this section, We shall discuss the scattering of HQ of

mass M and energy E = +/ p*> + M? with the light thermal
partons in the bulk medium and we shall also compute the
scattering amplitude squared within the matrix model of
semi QGP. To compute the drag and the diffusion coef-
ficients of HQ transport we shall follow a similar approach
to include screening effects as in Refs. [42,50]. For the
elastic collision, there are two types of scattering processes
that contributes to the drag and the diffusion coefficient of
HQ. One is Coulomb scattering, i.e., scattering off of HQ
with light quark and another is Compton scattering, i.e.,
scattering off of HQ with gluons. In the following we
present these in detail.

A. Coulomb scattering

The Feynman diagram for the Coulomb scattering of HQ
and a light quark is shown on the left side of Fig. 1. Here a,
¢, b, d are the color indices of initial and final quarks. In the
double line notation, the scattering amplitude for this
process is

b e, f g,h

FIG. 1. Coulomb scattering (left) of HQ (bold solid line) and
light quark/antiquark (thin solid line). t-channel Compton scat-
tering (right). The curly line represent a gluon.

uélnf%gm% o) calits (@) 1ta(q)]

X [ig(p")ruuc(p)l; (45)

quQ -

where ¢ is coupling constant, ¢ is Mandelstam variable and
m, l, j, k are the color indices of gluon propagator. In the
limit of soft momentum transfer, only timelike component
of the propagator contributes and the propagators simply
become Debye screened propagator with 1/t — 1/(¢+m3)
[42,50] where m3, is color dependent Debye mass and can
be given as

2 3 B B
s = % st (3P(Qu0) + D@ - Ny (D@ + D(21) )
e=1
28t D) -V (PO + D0 + 43" Pl (@6
abYcd ac N a c N2 — e s
where
o3 [ 1 1 .

(Qu) = P/O EE(e/J’(EJriQa) 1 e, _ 1)’ (47)

and D(Q,) = D(Q, + #T). In the perturbative limit, Eq. (45) can be written as

l./\/qu -

gz(ﬂ") b () calitn (4 )7 (][4 (P )y e ()] (48)

and the product of projection operator with open color index a, b can be written as

ik pik J’k’
ParPeaPpa

£ = -1

%) . (49)

However, for the computation of the drag and the diffusion coefficient, we shall use Eq. (45). Simplifying Eq. (45) for
massless light quark and massive heavy quark by summing and averaging over final and initial spins, the scattering

amplitude squared (|/\/qu|2) can be written as

IM,ol? = pik pmipl 73"”’

16N2

M?)? + 8(u — M?)? + 16M?1)

(f+ (M) i) (8 4 (mD) o)

(50)
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Let us note here that the drag and the diffusion coefficient of HQ as defined in Eqgs. (15) and (16) depends on the color of
incoming and outgoing light quark, i.e., Q¢ and Q” in the distribution functions; see Eq. (14). So to compute the color-
averaged quantity, the color index a and b in Eq. (50) will be summed with the distribution function. With the distribution

function as defined in Eq. (43), for Coulomb scattering the bracketed quantity in Eq. (14) becomes

1 > ap
X(p')) =57
X =352 / 2E,(27)2E, (271'32E

B. Compton scattering

There are three types of scatterings (s, ¢, and u channels)
that contribute to the Compton scattering, i.e., scattering off
of a gluon from a quark. For s and u channel scatterings, the
corresponding Feynman diagrams are shown in Fig. 2 and
for the ¢ channel scattering the relevant diagram is shown in
right side of Fig. 1. We shall evaluate the scattering
amplitude for Compton scattering below.

C. s-channel

The relevant diagram for this channel is shown on the left
side of Fig. 2 where ef(gh), a(b) are color indices of
incoming (outgoing) gluon and quark. In the double line
notation, the scattering amplitude for the process is given as

uy(p )P+ d + M)du,(p) ‘

iMs = i(ig>2(tef>ac(tgh)cb 5 _M2

(52)

where s is Mandelstam variable and M is the mass of HQ.
Note here that unlike Coulomb scattering there is no color
dependence on the HQ propagator. This is because of the
large mass of heavy quark. For massive quark and massless
gluon the matrix element squared for s-channel Compton
scattering can be written as

84" of e
M2 = Wﬂﬁg{?ﬁﬁ?ﬁf’b
M?*(M? —u —3s) — us
X < oMy ) (53)

Note that the scattering amplitude depends on the color of
quarks and gluons. For the evaluation of the transport
coefficients one needs to perform a color sum. Same as in

FIG. 2. s-channel Compton scattering (left). u-channel Comp-
ton scattering (right).

32 Z ‘MqQ| fo

jkj kK mlm'l'

)+6fa(@)(1=f3(q')=of,(a")(X(p")) (51)

the case of Coulomb scattering, the color indices of
incoming and outgoing gluon (ef, gh) in Eq. (53) will
be summed with the distribution functions appearing
in Eq. (14).

D. u channel

The corresponding Feynman diagram for u channel
Compton scattering is illustrated at the right side of
Fig. 2. Scattering amplitude that depends on the color of
incoming and outgoing color particles can be written as

iy (P4 = -+ Mg ()]

iMu = i(ig>2(tef>cb(tgh)ac u— M2

(54)

Simplifying Eq. (54) with the polarization sum of massless
gluon and spin sum and average over heavy quark gives

84" hsgh ef pef
2__ % pyhpoh pefpef
M, |* = T6N. (N2 = 1)730073“/736,]730,,,
M?*(M? —3u —s) — us
X ( ) ) (55)

In the Eq. (55), the product of projection operator can be
simplified by summing over the color indices a, b and c.
However, the color indices of initial and final gluon should
be summed with the distribution function in Eq. (14).
Keeping ef, gh as open indices, the product of the
projection operators can be simplified to

. 1
,Pgﬁlp‘gﬁ/lp P f = 5eh _N_(Zéeféfh(seh + 5ghéegéeh)

|
o2 Bep 188y 0endy + 8o p8pbeg Sy

c

+ 5eh5fg5ef6g]h + 5gh)

1
- F (ée‘f"sgh + 5€f5€h5gh) . (56)

E. t channel

The relevant Feynman diagram for the 7 channel
Compton scattering is shown on the right side of Fig. 1.
For the color dependent scattering amplitude one can write
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M, = (19 (1) 7
e.(q)e;(q')C™ (q -
x 3
(t+ (mD)mlcd)

where

(ki ks k)

= (ki =k )P g + (ko — k3 )¢ + (ks —ky)“g*7]. - (58)
In Eq. (57), fe®e/-9" is structure constant as defined in
Eq. (21) and €,(q), €;(q’) are the polarization vectors for
incoming and outgoing gluon. The matrix element squared
can be obtained by performing appropriate polarization
sum for gluons and spin sum and average for heavy quark.

Doing so, matrix element squared becomes

164*

2 __
S ~ 8N(N? -1

)73 l’ ’fcdef ghfd’c’fe Jhg
(M2~ ) (M — ) ) -
. (<t+<m,%>mzcd><r+<m%>m/l/c/df> - &9

The corresponding interference terms among Compton
scatterings are given in the Appendix A. To that the total
scattering amplitude of Compton scattering that enters
in Eq. (14) for evaluation of the drag and the diffusion
coefficients is | MplZ, = |[M* + M, [> + M, +
MM+ MM+ MM+ MM+
IM,|T|IM,| + |M,|T|M],. For computational simplifica-
tion, we shall use the leading order contribution in the
Debye mass that appears in the ¢ channel scatterings.

VI. RESULTS AND DISCUSSIONS

With the scattering amplitude for the processes /Q — [Q
(where [ stands for light quark/antiquark and gluon and Q
stands for HQ) as evaluated in the previous section, we
numerically compute the drag and the diffusion coefficients
using Eq. (14) and incorporate the dissipative effects in the
quark/antiquark and gluon color distribution functions as
defined in Eqgs. (43) and (44). For this purpose, we use
charm quark mass M = 1.27 GeV and the two loop
running coupling constant [55]

1 1
“ T 4z 2p, L+ Ein(2In(zD) (60)
where
ﬁo_@(“‘?) (61
o 38N,
b= (1672)> (102_T> (62)

with A = 260 MeV and light quark flavor N, = 2. We also
evaluate the HQ transport coefficients in pQCD by evaluating
scattering amplitude squared within the pQCD framework.

In general, there are two factors that essentially affect the
heavy quark transport properties. One is the Debye mass
that appears in the evaluation of the matrix elements and the
other is the Polyakov loop dependent distribution functions
of quark/anti-quark and gluon. At low temperature, a lower
value of the Debye mass increases the transport coeffi-
cients. On the other hand, the distribution function with the
nontrivial ¢ tend to reduce it. Apart from these, a third
factor that plays an important role here is the momentum
dependence of departure 6/, /.5 in Eqs. (43) and (44) of the
distribution function from the equilibrium distribution
function. Now let us examine the results in some detail.
In Fig. 3, we show the dependence of the drag coefficient as
a function of temperature. In the left panel, we have plotted
the drag coefficient [Eq. (15)] for a constant value of 7/s
and £/s = 0 normalized to the drag coefficient for /s = 0,
&/s =01ie., A(n)/A(n = 0). In both the figures of Fig. 3,
we have taken 7= 0.3 fm™! and the HQ momentum
p =1 GeV. The blue curve corresponds to the pQCD
results and the red curve corresponds to the effect of the
Polyakov loop within the matrix model. It is clear that at
low temperature, for /s = 0.1 and 7 = 0.3 fm~!, the drag
coefficient is small within the matrix model compared to
pQCD. As the temperature increases the suppression in the
drag coefficient decreases and approaches the perturbative
value at high temperature beyond which it decreases similar
to the perturbative results. This nonmonotonic behavior is
mainly because of the negative contribution from the
momentum factor (q*/3 — ¢2) in 6f,/,» and can be under-
stood as follows. In the Polyakov loop background, a
smaller value of the Debye mass at low temperature lead to
more negative contribution due to the momentum factor in
0fa/ap and hence smaller drag coefficient with finite /.
Another reason for more suppression in the drag coefficient
within the matrix model is due to the distribution function
i.e., colored particles are suppressed due to small value of
Polyakov loop compared to pQCD. In the right panel of
Fig. 3, the temperature behavior of the normalized drag
coefficient (A(£)/A(¢ = 0)) is shown for £/s = 0.03 and
n/s = 0. It can be observed that with the inclusion of the
bulk viscosity the drag coefficient is large compared to
the £/s = 0 case. The drag coefficient within the matrix
model is large compared to pQCD. This is because the &/s
term in 6/, is always positive so the smaller value of the
Debye mass within the matrix model enhances the drag
coefficient.

The ratio A(n)/A(n =0) of the drag coefficient as
defined in Eq. (15) is plotted as a function of temperature
for HQ momentum p = 1 GeV in Fig. 4 for various value
of 17/ and 7 to see the effect of both (7/s, 7) the quantities.
Here the scattering amplitude squared for the relevant
scatterings are evaluated within the matrix model. As
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Left panel: The ratio of the drag coefficient i.e., A(17)/A( = 0) is shown as a function of temperature for p = 1 GeV,

n/s =0.1, z=0.3 fm~! and &/s = 0. The blue curve represents the perturbative QCD result while the red curve corresponds to
including Polyakov loop within the matrix model. Right panel: The ratio A(£)/A(E = 0) is shown as a function of temperature for
£/s =003, p=1GeV,7r=0.3fm™! and 5/s = 0. Similar to the left panel, the blue curve corresponds to pQCD results and the red

curve corresponds to including Polyakov loop within the matrix model.

A(n)/IA(n=0)

(nls,7)=(0.1,0.3[fm™"]) ]
[ / (nls,7)=(0.1,0.5[fm™"])
0-705 L (nls,7)=(0.17,0.3[fm™"])
200 250 300 350 400
T[MeV]

(EI;,r)=(0.03,0.;$[im"]) |
[ (615,1=(0.03,0.5im™"]) |
1200 N\ 2 ----- (§/s,7)=(0.015,0.3[fm™"]) |
s
3 =1 GeV
& 1.15} P ]
"
&
<
1.10
1.05]
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T[MeV]

FIG. 4. Left panel: The ratio A(n)/A(n = 0) as a function of temperature for HQ momentum p = 1 GeV and &/s = 0. The topmost
curve is for /s = 0.1, 7 = 0.3 fm~!, bottom-most, i.e., dashed black curve is for /s = 0.17, ¢ = 0.3 fm~! and the blue curve is for
n/s = 0.1,z = 0.5 fm~'. Right panel: The ratio of the drag coefficient A(£)/A(£ = 0) as a function of temperature for HQ momentum
p =1GeV and 5/s = 0. The blue curve corresponds to £/s = 0.03, 7 = 0.3 fm™!, the red curve corresponds to &/s = 0.03, 7 =
0.5 fm~! and the dashed black curve corresponds to &/s = 0.015, z = 0.3 fm~!.

anticipated from the effect of phase space (momentum
dependent term in 6f,/,), Polyakov loop dependent
distribution functions of quark/antiquark and gluon, and
the Debye mass, with an increase in 5/s the HQ drag
coefficient decreases as shown by the black dashed and the
blue curves on the left panel of Fig. 4. Here the blue line is
for /s = 0.1 and black dashed line for /s = 0.17 with
7= 0.3 fm~!. With increase in the proper time the drag
coefficient increases which is shown by the red and the blue
curve of the same figure. This can be understood from 1/
factor in Egs. (25) and (26). It is also observed that, for
small value of #/s and sufficiently large value of 7, the
effect of /s on the HQ drag coefficient is weak. On the

right panel of Fig.(4), the effect of £/s and 7 on the drag
coefficient is shown. As expected, with an increase in &/ s,
the drag coefficient increases as shown by a dashed black
and the blue curve i.e., £/s = 0.015 (dashed black lines)
and £/s = 0.03 (blue lines) for 7 = 0.3 fm~'. Same as
earlier, with an increase in 7z, the drag coefficient decreases.

Drag coefficient A(n) normalized with A(y =0) as a
function of HQ momentum p for 7' = 220 MeV is shown
in Fig. 5. Here, we have also shown the results for HQ
momenta p ~ M. The extrapolated results for higher
momenta will not be reliable as we have not taken
contribution from gluon radiation. As may be observed
from the left panel of the same figure, for finite /s, the
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FIG. 5.
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Left panel: Variation of A(#)/A(n = 0) as a function of momentum for £/s = 0 and 7 = 220 MeV. The red curve corresponds

to /s = 0.1, = 0.5 fm™!, the blue curve corresponds to n/s = 0.1, 7 = 0.3 fm~! and the dashed black curve corresponds to
n/s =0.17,7 = 0.3 fm~!. Right panel: Variation of A(£)/A(¢ = 0) as a function of momentum for /s = 0 and T = 220 MeV. The
blue curve corresponds to £/s = 0.03, 7 = 0.3 fm™!, the red curve corresponds to &/s = 0.03, 7 = 0.5 fm~! and the dashed black curve

corresponds to £/s = 0.01, 7 = 0.3 fm~!.

drag coefficient increases with an increase in the HQ
momentum. However, with an increase in 7/s, the drag
coefficient decreases as shown by the black dashed curve
(n/s = 0.17) and the blue curve (/s = 0.1). As earlier,
this behavior can be explained by taking account of phase
space suppression (momentum dependent term in 5f, /4p)-
Same as earlier, with an increase in 7, the drag coefficient
decreases. On the right panel of the same figure, the effect
of bulk viscosity on the HQ drag coefficient is shown. Here,
the drag coefficient decreases with an increases in the HQ
momentum. Note that unlike /s, with increase in £/, the
drag coefficient increases. Same as earlier, with an
increases in 7 the drag coefficient decreases.

1.00}
)

N
< 0.95+
L L
g [
%2 0.90}
S b

< j

L —— 1/s=0.20,§/s=0.035 |

0-85f — nis=0.15,/$=0.020 |

— 1ls=0.10,§/s=0.010

200 250 300 350 400
T[MeV]

On the left panel of Fig. 6, the effect of both the bulk
viscosity (£/s) and the shear viscosity (n/s) for 7=
0.3fm™! on the normalized drag coefficient (A(y, &)/
A(n=0,£=0)) as a function of temperature is shown.
At low temperature, shear viscosity dominates due to the
phase space suppression so the drag coefficient decreases.
At moderate temperature, i.e., around 250 MeV, the bulk
viscosity dominates so the drag coefficient increases, again
at high temperature, i.e., around 320 MeV, as seen earlier in
Fig. 4, both /s and &/s decreases the drag coefficient. As
can be noted, for a smaller value of /s and &/s e.g.,
n/s = 0.1, £/s = 0.01, the dependence of the drag coef-
ficient on temperature is somewhat weak, however, the

1.10F T T T T T T ™

— nls=0.10,£/s=0.01 1

—— nls=0.16,£/s=0.02 ]

1.05F __ nis=0.22,§/s=0.04 ]

S ]
< 1.00F 1
o ]
L ]
E 0.95F <
& ]
£ 0.90+ 1
< ]
0.85} ]

0.0 02 04 06 08 1.0 1.2 1.4
p[GeV]

FIG. 6. Left panel: The ratio A(, £)/A(n = 0, & = 0) as a function of temperature for HQ momentum p = 1 GeV and 7 = 0.3 fm~!.
The blue curve corresponds to n/s = 0.2, £/s = 0.035, the red curve corresponds to 7/s = 0.15, £/s = 0.020, and the black curve
corresponds to /s = 0.1, £/s = 0.01. Right panel: The ratio A(5,&)/A(n = 0,& = 0) as a function of heavy quark momentum for
T =220 MeV and 7 = 0.3 fm~!. The blue curve corresponds to /s = 0.1, £/s = 0.01, the red curve corresponds to /s = 0.15,
£/s = 0.020, and the black curve corresponds to 1/s = 0.22, £/s = 0.04.
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FIG. 7. Left panel: The ratio By(n,&)/By(n = 0,& = 0) of diffusion coefficient as a function of temperature for HQ momentum
p=1GeV and 7 = 0.3 fm~!. The black curve corresponds to 7/s = 0.1, £/s = 0.01, the red curve corresponds to #/s = 0.15,
£/s = 0.03, and the blue curve corresponds to 7/s = 0.2, £/s = 0.05. Right panel: The ratio By(1,£)/By(n = 0, & = 0) of diffusion
coefficient as a function of HQ momentum for temperature T = 220 MeV and 7 = 0.3 fm~!. The black curve corresponds to /s = 0.1,
&/s = 0.01, the red curve corresponds to /s = 0.15, £/s = 0.03, and the blue curve corresponds to 1/s = 0.2, £/s = 0.05.

dependence is strong for a larger value of /s and £/s. On
the right panel of Fig. 6 the same ratio as a function of
momentum is plotted. Similar to the case of temperature
behavior, for smaller values of 5/s and &/s the drag
coefficient is somewhat weakly dependent on the HQ
momentum (see blue curve; /s = 0.1, /s = 0.01), how-
ever, it strongly depends on the same for larger values 7/s
and &/s. Also note that at low momentum, for finite value
of n/s and &/s, the drag coefficient is small and increases
with an increase in the HQ momentum.

The ratio By(n,&)/Bo(n = 0,& = 0) of diffusion coef-
ficients as defined in Eq. (16) is plotted as a function of
temperature and momentum in Fig. 7. On the left panel of
Fig. 7, the black curve corresponds to #7/s =0.2,
&/s =0.05, the red curve corresponds to #/s = 0.15,
&/s = 0.03 and the blue curve corresponds to 7/s = 0.1,
&/s = 0.01. Here, we have taken 7 = 0.3 fm~! and the HQ
momentum p = 1 GeV. Itis observed that with an increase
in n/s, £/s and temperature, the diffusion coefficient
increases. However, for smaller values of n/s and &/s
e.g.,n/s = 0.1, /s = 0.01, the diffusion coefficient is not
affected much. Note also that at low temperature for a
smaller value of /s and &/, e.g., blue curve, the diffusion
coefficient is smaller as compared to the case of 7/s = 0,
£/s = 0. Similarly, as can be seen in the right panel of the
same figure, with as increase in the HQ momentum the
diffusion coefficient decreases. For the HQ momentum
p < M, with an increase in /s and &/s, the diffusion
coefficient increases. In pQCD, the results for the drag and
the diffusion coefficients for various values of 77/s, &/, T as
a function of temperature and momentum that are presented
here are similar as pointed out in Ref. [41]. However, the
differences are due to the effect of the Polyakov loop.

It may be noted that with the Fokker-Planck formalism,
one can relate the momentum diffusion coefficient By(p) as

estimated here to the spatial diffusion coefficient D, that
appears, e.g., in the Ficks diffusion law. The diffusion
coefficient D, is also estimated in the lattice QCD
simulation. The two coefficients are related as [56]

T2

D, =——.
By(p = 0)

(63)

In Fig. 8, we have plotted the quantity 2zD, T from leading
order (LO) pQCD along with the lattice simulations and

o7

[ © lattice

[ommnnee pQCD, a.=0.4 1
60j ----- - n/s=0.0,§/s=0.0 i

[ ===== nls=0.1,§/s=0.01

H nis=0.2,£/s=0.05 1
40+ k!

2D, T

TIT,

FIG. 8. The spatial diffusion 27D, T as a function of temper-
ature scaled by 7, and z = 0.3 fm~!. The blue curve (dashed
dotted) corresponds to 5/s = 0.0, £/s = 0.0, the red curve
(dashed) corresponds to /s = 0.1, £/s = 0.01, and the black
curve (solid) corresponds to /s = 0.2, /s = 0.04. Here, the
lattice data for Polyakov loop is taken from Ref. [44] and
the QCD running coupling constant o, as defined in Eq. (60).
The brown curve (dotted) are LO pQCD results for constant
coupling a; = 0.4 [43] and the green (dots) are lattice results
taken from the Ref. [18].
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within the matrix model for various values of /s, £/s and
7 =0.3 fm™! as a function of 7/T... The brown dotted line
is LO pQCD result for constant coupling a, = 0.4. The
blue (dashed dotted), red (dashed) and black (solid) lines
are within the matrix model respectively for /s = 0, 0.1,
0.2 and &/s = 0, 0.01, 0.05. The green dots are the lattice
results from Ref. [18]. The main observations in this
figure are the following. The spatial diffusion coefficient
is smaller compared to the perturbative QCD estimate.
Inclusion of the viscous effect makes the coefficient even
smaller. However, even with the inclusion of viscous effects
as well as Polyakov loop, the spatial diffusion coefficient is
still larger being almost about three times the correspond-
ing lattice estimate. This indicates that there could be other
nonperturbative effects possibly the contribution of finite
light quark mass and also the radiative corrections for the
estimation of diffusion coefficients.

VII. SUMMARY

In the present work, we have computed the corrections
due to the effects of the shear and the bulk viscosities on the
HQ drag and diffusion coefficients within the matrix model
of semi-QGP. To incorporate the viscous corrections we
first write the distribution function of quark and gluon
(fajed = fojea+ Fajea> Where 3, is equilibrium distri-
bution function and &f /., summarizes the effect of shear
and bulk viscosities) as defined in Eqgs. (43) and (44). We
next calculate the color dependent scattering amplitudes of

|

HQ from the light thermal partons in the bulk medium
within the matrix model of semi QGP. Nonperturbative
effects are included via the Polyakov loop in quark/
antiquark and gluon distribution functions as well as in
the Debye mass. In all the calculations, we have taken the
constant values for the viscosity to entropy density ratio,
i.e., without their temperature dependence. With a reason-
able constant value of #/s for the temperature range we
have considered, we find that the drag coefficient within the
matrix model is small compared to that of perturbative
QCD. Similarly, for a constant value of &/s, the drag
coefficients is large within the matrix model compared the
pQCD results. Furthermore, with an increase in temper-
ature and momentum the drag coefficient increases, how-
ever, the diffusion coefficient increases with an increase in
temperature and decreases with an increase in momentum.
The spatial diffusion coefficient decreases with increase in
the n/s and &/s. For a small value of 77/s and &/, both the
drag and the diffusion coefficients have a weak dependence
on temperature and momentum for all range of temperature
and momentum considered here.

APPENDIX: INTERFERENCE TERMS IN THE
SCATTERING AMPLITUDE

In this section, we shall discuss the interference ampli-
tudes of s, #, and u channel scatterings contributing to
Compton scattering. For s and u channel of the scatterings,
the interference term can be written as

Tr[(p" + M)y (P + 4+ M) (P+ M)y (P —q" + M)y len(a)es(a)er (q)ea(d')

MsMuT = 94(tef)ac(tgh)cb(tgh)ac’ (tef)c’b

(s = M%) (u— M)

where the trace is over Dirac matrices and the terms like (#%?),, are generators of the group which can be written in terms of
projection operators as given in Eq. (19). Using the polarization sum for massless gluons, and spin sum/average of final/

initial quark, one can simplify Eq. (A1) to yield

4

MM =N V=)

J PPy PPl (

—8M?(t — 4M?) > (A2)

(s = M2)(u — M)

As earlier, color index ef/gh of incoming/outgoing gluon will be summed with the statistical distribution function while
evaluating the drag and the diffusion coefficients using Eq. (14). Similarly, another term that contributes to the amplitude,

ie., MIMM of the interference of the same scattering channels is given as

4

T _ g
MMy = 16N (N2 - 1)

PPy PPl <

—8M?(t — 4M?) ) (A3)

(s = M2)(u — M)

For s and ¢ channel scatterings, the matrix element squared of the interference term can be given as

M‘YMfT = 94(t6f)uc(tgh)ch(tlm)bafdc'fe.hg

Tr[(’ﬁ/ + M)yb (ﬂ + % + M)]/”(ﬂ + M)ylca/}ﬂ(q - q/7 =P, p/)g(lﬁ]eﬂeaeljje:’

)

(s = M2)(t + (mB) ica)
(A4)
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where C*° is defined in Eq. (58). With the polarization sum of massless gluon and trace over Dirac space, the scattering

amplitude can be simplified to

V2

MM, = MM, = 16N (N2 1)

ef pghpim pdc,fe.h
“C,Pcblpbﬁf Lfe g(

16M?*s — 8M* —
s us > (AS)

(S - Mz)(t + (sz)mlcd)

The last term contributing to the scattering amplitude of the interfering diagrams comes from the # and s channel scatterings

and can be given as

MM, = G (1) (1) (£ 1

Te[(f + M) (p' — g + M)y (P + M)y CP (q — 4. —q. —4') gia)€ € uCi €

Similar to Egs. (Al) and (A4), Eq. (A6) can be simplified to

MM, = MIM, =

h : .
PhePeaPiyfelehs (

(= M?)(t + (mD) pica) } '
(A6)

8(M* — 2M?u + us) >
(= M) ((t + (M) mica))
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