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Mach cones in the quark-gluon plasma: Viscosity, speed of sound, and
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I use the space-time distribution of energy and momentum deposited by a fast parton traversing a perturbative
quark-gluon plasma as a source term for the linearized hydrodynamical equations of the medium. A method of
solution for the medium response is presented in detail. Numerical results are given for different values of the
shear viscosity to entropy density ratio, 7/s, and speed of sound, c,. Furthermore, I investigate the relevance of
finite source structure by expanding the source term up to first order in gradients of a § function centered at the
fast parton and comparing the resulting dynamics to that obtained with the full source. It is found that, for the
source term used here, the medium response is sensitive to the finite source structure up to distances of several

femtometers from the source parton.
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I. INTRODUCTION

A relatively new and exciting problem in quark-gluon
plasma (QGP) physics is to determine the response of the
medium to the passage of a fast parton. Fast partons are
created by hard transverse scattering in the early moments
of a heavy-ion collision and have long been considered a
useful probe in understanding the QGP. The primary emphasis
has focused on the process of jet quenching in which fast
partons lose energy and momentum by interacting with the
surrounding medium (see, for instance, Refs. [1-8]). Recently,
the question of how the energy and momentum deposited
by the fast parton affects the bulk behavior of an evolving
QGP has gained attention (see, e.g., Refs. [9-18]). Interest in
understanding the medium’s response to the passage of a fast
parton has been spurred on by experimental measurements
at the Relativistic Heavy-Ion Collider (RHIC) [19-21] of
hadron correlation functions, which suggest the fast parton
may produce a propagating Mach cone in the medium.

There is strong evidence [22,23] that the matter produced
at RHIC obeys the hydrodynamic assumption of local thermal
equilibrium. For this reason, the common theoretical approach
to examining the QGP’s response to a fast parton has been to
treat it as a source of energy and momentum coupled to the
hydrodynamic equations of the medium. This makes sense
provided the medium maintains local thermal equilibrium
following the passage of a fast parton. Assuming the medium
does respond hydrodynamically to a fast parton then raises the
question of what the distribution of energy and momentum
deposited is. It has been observed [9,11,17] that the medium’s
response to fast partons is sensitive to the specific form of
energy and momentum deposition, creating the need for a
hydrodynamic source term derived from first principles.

It is instructive to consider the mechanism of energy and
momentum deposition and the different scales involved. In a
quantum chromodynamic (QCD) plasma fast partons interact
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with the medium at a distance scale of the order of the inverse
Debye mass, (m p)~ L. This interaction creates a disturbance,
which in turn interacts with the surrounding medium, creating
a new disturbance at some larger distance scale. The new
disturbance again interacts with the surrounding medium, and
eventually the initial disturbance propagates outward to some
arbitrarily large distance scale. At distances much greater than
the mean free path, A, the medium’s response to the initial
disturbance can be accurately described by hydrodynamics.
Thus an effective QCD hydrodynamic source term should
include the medium’s response up to distances of order A,
at which point the system evolves hydrodynamically. Whether
the plasma is weakly or strongly coupled, the initial energy and
momentum deposition occurs at a distance scale of the order
of the inverse Debye mass, although the specific value of the
Debye mass depends on the strength of the coupling. However,
in a strongly coupled plasma, the concept of a mean free path
loses meaning, and instead the de Broglie wavelength sets the
minimum scale at which the hydrodynamical description is
valid. In general, the application of hydrodynamics is valid on
shorter distance scales for more strongly coupled mediums.
Recently, Neufeld [24] presented a derivation of the
hydrodynamic source term expected from a fast parton moving
through a perturbative QGP, both with and without including
the effect of color screening, by including the medium response
at a distance scale of the order (m p)~'. Using the unscreened,
relativistic form of this source term coupled to the linearized
hydrodynamical equations of the medium the authors of
Ref. [18] showed that the medium response includes a
propagating sound wave with the shape of a Mach cone and
a diffusive wake. In this work, I will use a slightly modified
form of the relativistic limit of this source term in the linearized
hydrodynamical equations of the medium. A detailed solution
of the equations of motion will be presented along with the
resulting dynamics for a range of values of the shear viscosity
to entropy density ratio, n/s, and speed of sound, c,. I will
also expand the source term up to first order in a series of
gradients of a § function and compare to the full result, in an
effort to understand the relevance of finite source structure.

©2009 The American Physical Society
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Distance scales in weakly coupled QGP

Debye | Boltzmann | Hydro —p
> X

(gm? (g'm*

FIG. 1. Some of the distance scales relevant to the hydrodynamic
response of a weakly coupled QGP to fast partons.

It will be shown that the medium response is sensitive to the
finite source structure up to distances of several femtometers
from the source parton for the source term used here.

In a weakly coupled QCD plasma at high temperature
T, the inverse Debye mass is of order (gT)’l, where g
is the running coupling, whereas the transport mean free
path is of order (g*T)~' [25]. The medium’s response to
disturbances at distance scales between (¢7)~" and (g*T)~!
is accurately described by the Boltzmann equation (see
Fig. 1). The hydrodynamic source term examined here includes
the medium’s response at a distance scale of the order
of the inverse Debye mass, at which point the medium’s
hydrodynamic response is invoked. This is a simplification
of the true QCD evolution, where the medium’s evolution
between (g7)~! and (g*7T)~! should be described by the
Boltzmann equation, after which the hydrodynamic response
can be invoked. However, in the QGP produced at RHIC, it
is likely that the mean free path is comparable in size to the
inverse Debye mass (compare, for instance, Refs. [26] and
[27]). Thus, from a phenomenological point of view, physics
at a distance scale of the order (mp)~' may be relevant to the
specific structure of the medium’s hydrodynamic response to
fast partons. However, this also suggests the QGP produced
at RHIC may be strongly coupled, limiting the application of
perturbation theory.

The paper is structured as follows. In Sec. II I consider
the general form of linearized hydrodynamics with a source
term. I then introduce the specific source term studied here. In
Sec. III the source term is expanded in terms of gradients of a
6 function up to first order. Both the full source term and the
6 function expanded form are then Fourier transformed into
momentum space. In Sec. IV the hydrodynamic equations are
solved in terms of a one-dimensional numerical integration.
In Sec.V results are given for both the full source and the §
function expanded version, as well as different values of the
viscosity and speed of sound. In what follows I choose units
suchthath =c =k, = 1.

II. LINEARIZED HYDRODYNAMICS WITH
A SOURCE TERM

The first-order hydrodynamical equations for a medium
with nonzero shear viscosity 1 in the presence of a source
term JV are given by

9, TH =", (1)
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where 7"V is the energy-momentum tensor of the system. If
one assumes that the energy and momentum density deposited
by the fast parton is small compared to the equilibrium energy
density of the medium, the hydrodynamical equations [Eq. (1)]
can be linearized. Defining T+’ = TO’W + 8T*", where §TH"
is the perturbation of the energy-momentum tensor resulting
from the source in an otherwise static medium, one has

9, 8TH = J", 2)
where 9, 73" = 0 and §T™" is given by [9]
ST =8¢, 6T =g,
8TY = 8;;c28e — 3T, (9'g/ + 3/ — 25,;V - g). @
In Egs. (3) ¢; denotes the speed of sound, I'y = 3(631%) =
;—"T is the sound attenuation length, and €y and p, are the

unperturbed energy density and pressure, respectively.
By introducing the general rule for Fourier transforms

F(x,1) = ﬁ / &’k / do e**"F(k, w), (4)

the equations given by Eq. (2) are written in momentum space
as
J = —iwde + ik - g, )
J = —iwg+ikelde + 3T (KPg+ 5(k-g). (6
Solving for k - g in Eq. (6) allows for ¢ to be determined from
Eq. (5):
k-J—ik*c2se

7
—iw + k2 @

k-g=kg =

and hence

ikJ (K, @)+ JOK, o)(iw — T k%)
de(k, @) = ? — c2k? 4+ il wk? ’ ®

where the source and perturbed momentum density vectors
are divided into transverse and longitudinal parts: g = kg; +
gr and J = ﬁJL + Jr, with k denoting the unit vector in the
direction of k. Similarly, one has from Egs. (5) and (8)

kg, = —iJ° + wle, ©)
yielding

iokJp(k, w) +i2kJO(k, ®)

w? — c2k? + iT wk? (10

gk, ) =kg, =
The transverse part of g can be obtained from Eq. (6). The
calculation is simplified by considering that any part of g
proportional to K is a part of g; . This leaves

iJT(kv CL))

—_— . 11
o+ 2ilk2 (v

grk,w)=g—g. =

Equation (11) is a diffusion equation and the quantity gr

is interpreted as diffusive momentum density generated by the
fast parton. Equations (8) and (10) describe damped sound
waves propagating at speed cy; it follows that §e¢ and g,
are interpreted as the energy and momentum density carried
by sound generated by the fast parton. The importance of
the explicit form of the source term can be readily seen. In
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a homogeneous medium symmetries ensure that the source
vector, J, can be written generally as

Jx, 1) =up@) + Vq@r), (12)

where u is the velocity of the source particle and p(r) and
q(r) are scalar functions of the (possibly Lorentz-contracted)
magnitude r = /(x — ur)?. If we instead write Eq. (12) in
momentum space we have

Jk w)=u / d*x ¢ p(r) + ik / d*x e*q(r) (13)

and J7 is found to be

k(k -
Jr(k,0) =J - %
2 _— .
= (W) / dix e p(r),  (14)

so that g () does not contribute to Jr. If one chooses the source
[Eq. (12)] such that p(r) = 0O then there is no excitation of the
diffusive momentum density. It is clear that the hydrodynamics
of the system are sensitive to the specific form of the source
term. In particular, terms that are in the form of a gradient only
generate sound.

As mentioned previously, in this work I use the source term
derived in Ref. [24]. There, the fast parton was treated as the
source of an external color field interacting with a perturbative
QGP through a Vlasov equation. For a gluonic medium at
temperature 7 in the presence of a parton moving with velocity
u = uZ at position r = u¢Z in the relativistic limit [y = (1 —
u?)~172 > 1], the source is given by

JU'(x) = [J°(x0), ul’(x) = J,1, (15)
where
0,20 =d(p, 2,y [ 1 = == |, (16)
Vv + p?
4
u
JU(IOa th) Z(X_ut)d(pa Z7t)—7 (17)
Vv + p?
and
a 2 2
i oty = — 22 (18)

8 (p? + y272)3/2

In these expressions, (Q‘[’,)2 = 3 fora gluon and 4/3 for a quark,
p = (x2 + y»)'/? is the radius transverse to the z axis, o, =
g2 /4m is the strong coupling constant, mp = g7, and z_ =
(z — ut). In what follows any numerical coefficient suppressed
by powers of 32 will be dropped. For instance, terms such as
y? + 1 will be taken as 2.

The vector part of the source, J = uJ? — J,, is explicitly

2
_ as(Q‘;) mau® yu B
- 8 @2 y?+p?)2

] u(x, y, ZV2)> 7

(Z2y? + p?)?
(19)
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which, as one can verify, can be rewritten in the form of
Eg. (12),

K A
8 @y2+p)¥2 0 2@y 400/
(20)

J=

III. DELTA FUNCTION EXPANSION AND MOMENTUM
SPACE REPRESENTATION OF THE SOURCE

At distances increasingly far from the fast parton, one
expects that the source term will begin to look like a § function.
Since hydrodynamics is a long-distance effective theory, the
hydrodynamic solutions (in the range of validity) should be
dominated by the lowest order terms in an expansion of
gradients of a § function centered at the location of the source
parton. (A detailed discussion of this is given in Ref. [16].)
Higher order terms in the expansion, which are sensitive to
the detailed structure of the source term, will become less
important at larger distances. In this section, I will expand the
source term, as given by Egs. (16) and (20), up to first order in
gradients of a § function. Later, the hydrodynamic equations,
Egs. (8), (10), (11), will be solved for both the full source term
and the truncated series. A comparison of the solutions will
highlight at what distance scales the detailed structure of the
source term becomes negligible. It will prove convenient to
Fourier transform the source into momentum space, which
I will also do in this section, before attempting to solve
the hydrodynamic equations. The effect of color screening,
which is absent in Egs. (16) and (20), will be modeled by
including a damping factor of the form e=”™, where m~! is
a typical screening scale. In a perturbative QGP the inverse
screening scale is given by mp = gT, which appears as a
coefficient in front of the source term used here. However, in
principle, at higher orders the screening scale may be different
than what appears as the coefficient of the source term. It is
thus instructive to keep m arbitrary; however, in solving the
hydrodynamical equations in Sec. IV I will setm = gT'. Also,
when necessary, a short-distance cutoff will be used to regulate
ultraviolet divergences. A common choice, which will also be
used here, for the short-distance cutoff in collisional energy
1088 1S Pmin = (2W/EpT)‘1, where E, is the energy of the fast
parton (see, for instance, Ref. [28]).

Consider Eq. (16), which can be expanded as

J%p, 2, 1) = Cod(x_) + C1 - V8(x_) +---, (1)
where I have used the shorthand notation
3(x_) = 8(x)8(y)8(z — ut). (22)

The coefficients Cy and C; are found by taking the appropriate
moment of J%(p, z, t). Introducing the damping factor e="™,
one has, for Cop,

Co = /d3x10(,0,z,t)e_pm

a2
d3x as(Ql’) sz)/uz e Pm
87 (p? 4 y2z2)3/2

_ aS(Q‘;)zm%)uz m
= 7 Go 2ET) (23)
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where (2,/F pT)‘1 has been introduced as a short-distance
cutoff and Gy is a representation of the incomplete Gamma
function

o] e—t
Go(z) = / dt —. (24)
. t
The coefficient given by Eq. (23) gives the total energy

deposited into the medium per unit time.
Similarly, C; can be obtained as

- f dx(x,y,z-)0%p, z, e "™

22,23
_ /dsxas(Q(,i) mpYU 2 (6,32 om

C =

87 (p* +y222)
o, (0%) myu
_ —(Q )2 D (o, 0, 4’”‘ ) (25)
my

The results from Egs. (23) and (25), together with Eq. (21),
give

a,(Q4)?mpu*

2
Gol —— ) + ™™ 5 ) scx) +

X . X_ cee,
\2yE,T) " 4my "™

(26)

where the subscript , is meant to indicate the expansion in
gradients of a § function. Proceeding in an analogous manner
yields for Eq. (20), we have

o, (05 i <G< m )
2 2,/E, T

”V u*V + u(u - V») S+, (27

Ip(p,z, 1) =

JD()O, <5 [) =

+8m

Equations (26) and (27) provide the expansion of the full
source, Eqs. (16) and (20), up to first order in gradients of
a § function.

As previously mentioned, it is easiest to solve for the
hydrodynamics in Fourier space. To do this, it is necessary
to first transform the source terms into momentum space,
following the general rule given by Eq. (4). The details of
the Fourier transforms of Eqgs. (16) and (20) are give in the
Appendix, and the result is

JOk, w) = %(2 ¥(w — uk,)
(m—i-kr) i7(u-k)
Gy + ,
ZW 4y /k2 4+ m?
a\2,2 2
3k o) = S 50—k

VK2 4+ m?2—m

. .
x |uG, (DEEL) 2 (VT
2,/E, T 4y k.

(28)
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These equations should be compared to the Fourier transforms
of Egs. (26) and (27), which are found by making the
replacements §(z—) — (27)8(w — uk;) and V — ik:

a2, 2 2
JO(k, ) = o (Q5) Mo ) e — uk)
m(u~k)
Zﬁ dmy |’
2 9 9
P AL L

x (uGo ( ) (u2k +u(u - k)))
2,/E, T

(29)

One can verify that Eq. (28) reduces to Eq. (29) by
taking the kr — O limit in the coefficients of 1 and k.
Equations (28) and (29) will be used in the next section to
solve for the hydrodynamic variables of the medium.

As discussed at the beginning of the section, at distances
increasingly far from the fast parton the source term is
dominated by the lowest order terms in an expansion of
gradients of a § function. It is clear from inspection that
the detailed structure of the full source term, given by
Eq. (28), becomes important at a momentum scale k ~ m
This could have been anticipated, since the full source term is
calculated up to distances of the order of the screening length.
A quantitative comparison of the effects of Egs. (28) and (29)
requires solving the hydrodynamic equations. This will be
done in the next section.

IV. SOLVING THE EQUATIONS

The result given by Eq. (28) is combined with Egs. (8),
(10), and (11) to yield ée(k, w), g1 (k, w), and g7 (K, w). These
are then transformed back to position space using Eq. (4). In
de(k, w) and g; (K, w), one can find J; by taking k- J, which
is written conveniently as

Jr = %(271)8((0 — uk;)
mp + kg im(ua-Kk)
x |-k G0< )
WET ) 4y i +m3,
)
imu
+ =, Wk +mh —mp)
a)2,2 .2 .
_ (u-k)J° Ols(Qp) mpu imu?
= X + % Q2m)s(w — uk;) 1

x (18 +m2 —mp), (30)
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where I am now taking m = m p. After integrating out §(w —
uk,) and using Eq. (A5), the expression for §e(x, t) is given by

a,(04) miu*a? kr Jo(pkr)e=)
Se(x, 1) = ! dkrdk
€. 1) = 8 cf / et k2 — )sz% +io

G (mD—}—kT) in’ukz
2VE 4y,/k% +m2D
2
. Tu
x (2iuk, — Tsk*) — W(,/k% +m3—mp) |,

€29

where A2 = ¢2/(u® — ¢2), 0 = Tu(A?/chk (k} + k2), and 1
am again working in plane polar coordinates. The integral
over k, can be performed by using contour integration.
Poles are located at k, = £(k?A*> Fi|o|)!/?, where |o] is
itself a function of k,. When evaluating the residues at
these poles I make the approximation o (k;) =~ o (ZkyA). This
approximation is valid at momentum scales for which the
sound attenuation is small (k7 < c? / T's), which should be
reasonable in the hydrodynamic limit. Both poles are located in
the lower complex plane so that the integration only contributes
for z < ut (i.e., behind the source parton). Performing the
integration yields

otS(QZ) mDuzk2

4 c?

«Re /dk l-JO(ka)eikTVAz—ikT(x(z—ut)
T
RV )\,2 — ikT()l

wu?
X 1 (,/k2 + m% — mD)
G (mD +kT) + inukT\/ )\2 — ikT(X
0
2JE,T 4y, Jk3 + m?,
x (2iuky /22 —ikro—T k3 (141> —ikra))| | .

de(x,t) =

(32)
where o = [uA3/[c2(A? 4 1)]. The final integration over kr
is performed numerically. The analogous expression resulting
from Eq. (29) is given by
o (Q‘;,) mu?i?

4 c?

/ iJo(ka)eik74/Az—ikra(z—uz)
dkr
RV )\2 — ide

(nu2k% ( ( mp )
X — | Go| —
8ymp 2,JE, T
imukr/ A2 — ik
+ T : T“)(ziukp/ﬂ—ikm

dymp

SGD(Xv t) =

— k21 + A% — ikm))>]. (33)
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The same approach is applied to g, (x, ¢). The contour
integration proceeds in the same manner as in Eq. (31) with
the exception that one term has additional poles at k, = Fiky.
The additional pole at k, = ik allows for some contribution
in the region in front of the source parton. The result is

aS(Q‘;,)2m%u2)\2
7t =
gr(x, 1) 42
ey etk /R ikratz—ur)
x Re /dkT
)\2 - ikTOt
X . . ;
x (;m(pkn, %ul(plw), \/)»z—lkrafo(pkr)>
« [ Go mp +kT 2()»2—1./.(7'()() —i—C?
2./E 14+ 22 —ikra)
n iJTl/lkT \/)\. — ikT()l
4y | /k% + m%
) 5 usz(mD—,/k%—i—m%)
X (u +C§) + 3 3 -
k(1 4+ A% —ikra)
n (Qa) mpu’ /dkTe—kT|z—m|
8
X Yy
X <——J1(,0kT), —=Ji(pkr), JO(PkT)>
P P
mp +kT
X | krGy | —
b I—L for z < ut,
4y Sk +m2)
4 m5u
gL(x,1) = ——(Q Sy /dkrefkrlzfml
8
X y
X (‘Jl(PkT)v =Ji(pkr), Jo(PkT)>
P P
mp +kT
X | krGy | —
Tmp mp
— e ———— for z > ut,
4y Sk +m?,
(34)

which must be done numerically. The analogous expressions
resulting from Eq. (29) are given by

o (Q‘;,) miu’i?
47 c?

kTeier/)\z—ikTa(z—ut)
x Re /dkT
vV )»2 — ikT()l

gLD(Xs t) =
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X
X (;iJl(,OkT), %i-ll(ka), v)»z—ikrafo(pkr))

% mp ( uz(k2 — ikTOl) 2)
C
2/E, T ] \(1 + 22 —ikra) =
+ inukT vV Az — ikT()l

4ymD

2
S L
X <(u +eg) + 2(1 + A2 — ikTOl))

+M/dk76k7'2”f

y ( % Ik, ——Jl(pkr) Jo(,OkT)>

e

S(Qp) mpu’ /dk o rle—utl

gLD(Xa t) =

y (’;Mpkr) Y Jioko), Jo(ﬂkr))

k2
x(kTG()( T>_8nT) for z > ut.
ymp

(35)

Combining Eq. (14) with Eq. (11) and following the same
approach just used allows for the determination of g7 (X, ).
The denominator of Eq. (11) has a simpler structure than in
Egs. (8) and (10), which allows the contour integration to be
performed exactly. Defining €2 = 4u /3T I find that

k%eiAﬂZ—uﬂ

gr(x, 1) =
7

% mD+kT
2‘/
anA¥ \/k%—}_sz_mD
4
Y k2 Jk3 +m?,

X
x (h(pkﬂ—ﬁ, Jl(ka)%Aﬁ Jo<pkr>kT>

fdk 7kT\Z7ut\

X
x (ﬂl (okp) K, £ (Pkr)%kr, —JO(PkT)kT>

2
21+ %

(Q4") mi /dkT(

o,(04)’m
16urm

) nkz )
for z < ut,
8ymp
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X G L—i_kT
"\ 2/E,T
ampkr V k’%‘_i_m%)_mD
+ 4y 2 /12 2 ’
k7 ky +m7,

where F refers to the sign of (z — ut) and

2
A]Fzg 1F 1+ﬁ 37
2 Q2 |

The analogous result from Eq. (29) is given by

(36)

k%e:tAﬂzfut\

grp(x. 1) = (Qn) /dk 4
(k7 — (AFP) 1+ 5F
2‘/EPT 8ymD

X
X <J1(ka)—A:F, Jl(pkr)%A;, Jo(,OkT)kT>

/ dk —kr|z—ut|

X
x (ih(ka);kT, ifl(PkT)%kT,—Jo(,OkT)kT>
mp /g kT
X . 38
( (21/E T):FS)/WID> 58

V. NUMERICAL RESULTS AND DISCUSSION

o (Q5)'m

:}: S\=p) 7D
16urn

Having obtained expressions for the hydrodynamic quan-
tities de(x, 1), g1 (X, 1), and gr(X, ) I now consider the results
of numerical integration. All calculations are performed for a
gluon moving along the positive z axis at position uf and speed
u = 0.99955c¢ (y ~ 33). The strong coupling constant, oy, is
chosen to be 1/, the temperature is taken tobe 7 = 350 MeV,
and E, = 16 GeV. As mentioned in Sec. I, I will compare
the solutions resulting from the full source term and the §
function expanded source term, given by Eqgs. (28) and (29),
respectively. I will also make a comparison of the results for a
range of values of the shear viscosity to entropy density ratio,
n/s, and speed of sound, c;.

The solutions resulting from the the full source term and
the § function source are shown in Figs. 2 and 3. In both
figures the results are plotted for /s = 1/4m and ¢; = ¢/~/3.
Figure 2(a) shows a contour plot of §e(x, t) for each source. In
both cases a well-defined Mach cone is visible in the trailing
medium. Figure 2(b) shows the result for the magnitude of
the momentum density, |g| = |g.(X, t) + gr(X, ¢)|. One now
sees both a sound contribution from g (x, ¢), which excites a
Mach cone, and a diffusive contribution from gr(x, t), which
is excited in the region directly behind the source gluon. The
diffusive momentum density produces flow almost exclusively
in the direction of the source parton’s velocity, whereas the
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FIG. 2. (Color online) Plots of (a) the perturbed energy density and (b) the perturbed momentum density for both the full source term and
the § function expanded source term. Here, /s = 1/4m and ¢, = 0.57. The direction of the momentum density is indicated by the arrows.

Mach cone generates flow outward and perpendicular to its
boundary, as indicated by the arrows. One can see from Fig. 2
that the full source term and the § function expanded source
term provide qualitatively similar results, particularly in the
region far from the source parton. In the region near z_ = 0,
the full source solution has a noticeably larger transverse extent
than the corresponding § source result. A more quantitative
comparison can be made by examining Fig. 3, where de(x, t)
is plotted as a function of z_ for fixed p. Here one sees that
the two results converge at a distance of about 5-6 fm behind
the source parton for the chosen p values.

Results are next presented for three different values of the
shear viscosity to entropy density ratio, n/s. The first value
chosen for /s is 1/4mw = 0.08, which has been proposed [29]
as a universal lower bound for all relativistic quantum field

de[GeV]at p =1 fm
2 T T T U 1

— Full Source
1.5k - = Delta Source

(@

S TR T T T S
(z-ut) [fm]

theories and is calculated in the strongly coupled limit. The
other two values for n/s are multiples of the previous value,
3/4m and 6/4s, and are more consistent with the application
of perturbation theory, which is the method used to calculate
the source used in this paper. For example, Arnold et al. [30]
found for the leading order result n/s = 0.48 for a gluonic
plasma with «; = 0.3. More recently, Xu and Greiner found
n/s = 0.13 for a gluonic plasma with the same value of «; by
going beyond leading order in the diluteness of the medium
[31]. A small value of the shear viscosity, which is required
by the RHIC data [32], is not necessarily incompatible with
perturbation theory, especially if the viscosity is lowered by
anomalous contributions [33].

The results for §e(x, ¢t) and |g| = |gL(X, ) + gr(X, t)| forall
three viscosities are shown in Figs. 4 and 5, where ¢; = ¢/+/3.

de[GeV]at p =2 fm

— Full Source =y
- = Delta Source " g

Y% % 35 %

(z-ut)[fm]

FIG. 3. (Color online) A comparison of the perturbed energy density generated by the full source term and the § function expanded source
term for two different values of p. The two results converge at a distance of about 5-6 fm behind the source parton for the chosen values of p.
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FIG. 4. (Color online) Plots of (a) the perturbed energy density and (b) the perturbed momentum density for different values of the shear
viscosity to entropy density ratio, n/s. The black lines in (a) are drawn where one would expect to find the boundary of a Mach cone in the
absence of dissipative effects. Plots scaled by the radius p, which factor in the conical broadening of the cone, are shown in Fig. 5.

n 1
27p x 6¢ [GeVffm?] for - = —
s 4z

FIG. 5. (Color online) Plots of (a) the total perturbed energy density and (b) the total perturbed momentum density, contained at a given
radius in the p-z_ plane for different values of 1/s. As one can see in (b) the total perturbed momentum density carried by the sonic Mach

cone exceeds that contained in the diffusive wake.
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FIG. 6. (Color online) Plots of (a) the perturbed energy density and (b) the perturbed momentum density for different values of the speed
of sound, c,. Plots scaled by the radius p, which factor in the conical broadening of the cone, are shown in Fig. 7.

The black lines in the contour plots of Fig. 4(a) are drawn
along the slope x = +A(z — ut), which is where one would
expect to find the boundary of a Mach cone in the absence of
dissipative effects. Figure 5 shows the total energy density (a)
and magnitude of momentum density (b), contained at a given
radius. It is clear from the plots that the Mach cone broadens
and weakens as the viscosity is increased.

Finally, results are shown for three different values of
the speed of sound, c¢;. The first value is ¢; = 0.57, which
is the the limiting value for a conformal ideal relativistic gas;
the other two values are ¢, = 0.45 and 0.3. It is likely that the
QGP produced at RHIC experiences a speed of sound close to
all three of these values during its evolution [34]. The results
are shown in Figs. 6 and 7, where I have chosen /s = 1/4m.
One should note that the diffusive contribution, gr(Xx, t), is
independent of the speed of sound.

It is interesting to consider how the results presented here
compare to experimental data. In the dihadron correlation
functions measured at RHIC there is a double-peak structure
in the back-jet (source parton) distribution, which has been
interpreted by some as the result of Mach-cone-generated
flow. In the spectrum presented here one indeed finds Mach-
cone-generated flow but also finds a substantial diffusive flow,
which seems to be missing from the RHIC data. To make
a comparison, however, one must consider that the matter
created in heavy-ion collisions at RHIC rapidly expands, in
contrast to the static background assumed here. The diffusive
momentum is deposited locally and is thus probably difficult
to observe in an expanding medium. However, the Mach
cone propagates at the speed of sound, which is of the
same order of magnitude as the expansion velocities in the
matter produced at RHIC and is likely more readily observed
experimentally.

Care should be taken when examining the azimuthal particle
spectrum generated by a fast parton using an isochronous
Cooper-Frye freeze-out from a static medium, such as in the
work done by Betz et al. [35]. In their paper, the authors
compared the perturbative-QCD-based source term studied
here with one derived in the strongly coupled Ads/CFT
correspondence [16]. Their conclusion was that the anomalous
azimuthal hadron correlations observed at RHIC are likely the
result of flow generated by the nonequilibrium neck zone in
the Ads/CFT case, a contribution that does not obey Mach’s
law [36]. In the isochronous Cooper-Frye freeze-out scenario
the entire volume of matter is assumed to hadronize at the same
time, independent of physical processes. This is in contrast to
the freeze-out in a heavy-ion collision, which occurs as the
result of an expanding and cooling medium. The effect of
an isochronous freeze-out scenario is that any cylindrically
symmetric, or conical, contributions tend to be washed out
(see the discussion in Ref. [37]). Any rigorous comparison
to experimental results will require incorporating a realistic
source term in an expanding medium.

In summary, I have here presented in detail a method of
solution for the linearized hydrodynamical equations of a
QGP coupled to the source term generated by a fast parton.
The solution has been examined for different values of the
shear viscosity to entropy density ratio and speed of sound.
Additionally, the relevance of finite source structure has been
investigated by performing an expansion in gradients of a
8 function centered at the location of the source parton.
Comparison of the medium response generated by the full
source with that generated by the § expanded one shows that
the result is sensitive to the finite structure up to distances
of several femptometer from the fast parton for the source
examined here.
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FIG. 7. (Color online) Plots of (a) the total perturbed energy density and (b) the total perturbed momentum density, contained at a given
radius in the p-z_ plane for different values of ¢;. The magnitude of the Mach cone, when integrated, is similar for the different plots.
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APPENDIX: OBTAINING THE FOURIER
REPRESENTATION OF EQS. (16) AND (20)

In Sec. III the explicit determination of the Fourier
transform of the full source was put off to this Appendix.
Including the damping factor, e=*™, one has for the inverse
Fourier transforms of Egs. (16) and (20),

Jk, ) =

a\2,.2 2
O‘S(Qp) mpi /d4xeik~x7pm
8

< re Ly ) (AD)
X
@Ey2+p)¥2 2@y + )

and

a\2, 2 .,.2

o m2yu .

JOk, w) = —S(Qp; p¥ /d4xe’k'x_pm
T

( 1 yuz_
% _
(P y2 40232 (2y2+p2)?

) . (A2)

After an integration by parts, the second term in Eq. (A1) takes
the form
. M2 ei k-x—pm
d"x —————[ik + m(cos ¢, sin¢p, 0)], (A3)
/ 22y + 0%
where [ am working in plane polar coordinates, p and ¢, such
that x = pcos¢ and y = psin¢.
It is clear that there are three distinct integral forms that
need to be evaluated. After (trivially) integrating out the ¢

dependence to bring down a factor of 27w §(w — uk,), the three
distinct integral forms are

(1, cos ¢, sin ¢)

. Z Al
dx e—lk-x—pm
B — (22y?% + p?) = A (A4)
24,2 2
(Z*y* +p7) 1 As

/2292 + p2
The exponential dependence upon the variable ¢ is in the
term —ip(k; cos ¢ + ky sin¢). By rewriting this term as
—ipkr cos[¢p — a], where k, = kr cosa and k, = kr sina,
the ¢ integration can be done using the relations

2 1
/ d—¢ cos ¢ | exp [Eikrp(cos [¢p — a])]
o 2m | .
sin ¢
Jo(pkr)
= | £iJi(pkr)cosa |, (AS)
:EiJ](ka) sin o
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where J;(x) is the Bessel function of the first kind of order i.
The final result for A, is obtained by using the relation

o % emitkTem Jo(pkr)z p
dz dp 2L 200
—~ Jo (p*+v°z%)

ik,

=— , (A6)
27/2\/kz2 + (k + m?)y? + 2my k.|
which gives, in the large-y limit,
2m)ik
A2 - _ ( 7T)l ZjT (A7)

2y3,/k% + m?

The first component of Aj, denoted by A;,, requires

evaluating
[e'e] o] e—izkf—pmJ k
/ dz / dp i ogp2 )P
—o0 Jo (p* +y?2%)
B i
R+ (8 +m2)y? + 2my k.|

The second two components of A, denoted by Aj,, can be
determined after evaluating

o) oo —izk;_—pmJ k
/ dz/ dpe 1(pkt) p
—00 0

(A8)

(p* +v?2?)
k
e (@ m)y 4 2my ik
Again, working in the large-y limit, this gives for A;
272
Alﬂ = —’
Y/ k3 + m?
(A10)
2m%i m ,
Ay = — — ——— | (cosa, sina).

vkr /k% + m?
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To determine Aj it is necessary to evaluate

—ooJo (22y? + p?)?
This form of (All) is difficult to evaluate analytically.
However, it can be made more manageable by including the
screening factor in the z, rather than p, integration. In this case,
one has in the large-y limit

/ " / * T ook o
oo 0 @2y + p2)2

(A11)

“ v "\2yET)
where Zmin = (2y/E,T)™" has been used as a short distance
cutoff in the z integration. This gives for A3

4 k
As = il Go mKr )
1% 2,JE, T
Itis now possible to write down the final result for Egs. (A2)

and (A1). Remembering to include the factor of 27w §(w — uk;)
from the ¢ integration, one has

a2, 2 2
w@”)@(a)—”k&

(A13)

IOk, w) =

ir(u-Kk)

G (m+kT)+
X 0 s
2\E,T 4y /k7 + m?

a\2 2 2
Ik, ) = w(zn)a(w — uky) (uGo (m +kr >

2 2/E,T
+i71 VKt +m? —m 4 u(u - k)m
— —2 u — .
4)/ kT /k% + m2
(A14)

which is the result quoted in Eq. (28).

[1] X. N. Wang and M. Gyulassy, Phys. Rev. Lett. 68, 1480
(1992).
[2] R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigne, and
D. Schiff, Nucl. Phys. B484, 265 (1997).
[3] B. G. Zakharov, JETP Lett. 65, 615 (1997).
[4] M. Gyulassy, P. Levai, and 1. Vitev, Phys. Rev. Lett. 85, 5535
(2000).
[5] X. Guo and X. N. Wang, Phys. Rev. Lett. 85, 3591 (2000).
[6] R. Baier, D. Schiff, and B. G. Zakharov, Annu. Rev. Nucl. Part.
Sci. 50, 37 (2000).
[7] N. Armesto, C. A. Salgado, and U. A. Wiedemann, Phys. Rev.
Lett. 94, 022002 (2005).
[8] P.Jacobs and X. N. Wang, Prog. Part. Nucl. Phys. 54,443 (2005).
[9] J. Casalderrey-Solana, E. V. Shuryak, and D. Teaney, J. Phys.
Conf. Ser. 27, 22 (2005).
[10] H. Stocker, Nucl. Phys. A750, 121 (2005).
[11] A. K. Chaudhuri and U. Heinz, Phys. Rev. Lett. 97, 062301
(2006).

[12] L. M. Satarov, H. Stocker, and I. N. Mishustin, Phys. Lett. B627,
64 (2005).

[13] J. Ruppert and B. Miiller, Phys. Lett. B618, 123 (2005).

[14] T. Renk and J. Ruppert, Phys. Rev. C 73, 011901(R) (2006);
Phys. Lett. B646, 19 (2007); Phys. Rev. C 76, 014908 (2007);
Int. J. Mod. Phys. E 16, 3100 (2008).

[15] J. J. Friess, S. S. Gubser, G. Michalogiorgakis, and S. S. Pufu,
Phys. Rev. D 75, 106003 (2007).

[16] P. M. Chesler and L. G. Yaffe, Phys. Rev. D 78, 045013
(2008).

[17] B. Betz, M. Gyulassy, D. H. Rischke, H. Stocker, and G. Torrieri,
J. Phys. G 35, 104106 (2008).

[18] R. B. Neufeld, B. Muller, and J. Ruppert, Phys. Rev. C 78,
041901(R) (2008).

[19] J. Adams er al. (STAR Collaboration), Phys. Rev. Lett. 95,
152301 (2005).

[20] S. S. Adler et al. (PHENIX Collaboration), Phys. Rev. Lett. 97,
052301 (2006).

054909-11



R. B. NEUFELD

[21] J. G. Ulery (STAR Collaboration), Int. J. Mod. Phys. E 16, 2005
(2007).

[22] T. Ludlam, Nucl. Phys. A750, 9 (2005).

[23] M. Gyulassy and L. McLerran, Nucl. Phys. A750, 30 (2005).

[24] R. B. Neufeld, Phys. Rev. D 78, 085015 (2008).

[25] P. Arnold, G. D. Moore, and L. G. Yaffe, J. High Energy Phys.
03 (2003) 030.

[26] O. Kaczmarek and F. Zantow, Phys. Rev. D 71, 114510 (2005).

[27] D. Molnar and M. Gyulassy, Nucl. Phys. A697, 495 (2002);
A703, 893(E) (2002).

[28] M. H. Thoma, Phys. Lett. B273, 128 (1991).

[29] P. K. Kovtun, D. T. Son, and A. O. Starinets, Phys. Rev. Lett.
94, 111601 (2005).

PHYSICAL REVIEW C 79, 054909 (2009)

[30] P. Arnold, G. D. Moore, and L. G. Yaffe, J. High Energy Phys.
05 (2003) 051.

[31] Z. Xu and C. Greiner, Phys. Rev. Lett. 100, 172301 (2008).

[32] P. Romatschke and U. Romatschke, Phys. Rev. Lett. 99, 172301
(2007).

[33] M. Asakawa, S. A. Bass, and B. Miiller, Phys. Rev. Lett. 96,
252301 (2006).

[34] F. Karsch, Nucl. Phys. A783, 13 (2007).

[35] B. Betz, M. Gyulassy, J. Noronha, and G. Torrieri,
arXiv:0807.4526 [hep-ph].

[36] J. Noronha, M. Gyulassy, and G. Torrieri, Phys. Rev. Lett. 102,
102301 (2009).

[37] R. B. Neufeld, arXiv:0810.3185 [hep-ph].

054909-12



