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Viewpoint
Sonic booms at 10'2 kelvin
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Energetic particle jets created in relativistic heavy-ion collisions might create detectable shock waves as they

travel through the quark-gluon plasma.
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The Relativistic Heavy Ion Collider (RHIC), now in
its eighth year of running, provides the means to cre-
ate and study “super-hadronic” matter, whose energy
density far exceeds that of the interior of a proton. At
temperatures above 2 x 10'2 K, the nucleons melt into
a plasma of quarks and antiquarks. The super-hadronic
state created in a central collision of the 100-GeV Auions
lasts about 1023 s, before cooling to the point where
thousands of hadrons appear and are finally emitted ap-
proximately 10722 s after the initial collision. Strong
collectivity dominates phenomena at RHIC. The angu-
lar distribution of emitted particles, arising from the
anisotropic pressure gradients caused by the elliptic
anisotropy of the initial collision region in noncentral
collisions, is consistent with nearly zero viscosity and
has inspired the phrase “perfect fluid” [1, 2]. Hydro-
dynamic behavior is especially remarkable for glancing
collisions where the transverse diameter is only ~ 5 fm

and the quasiparticle density is ~ 1 fm™>. In a pa-
per in Physical Review C, R. B. Neufeld and B. Miiller
(Duke University) and ]. Ruppert (Goethe University
and McGill University) analyze whether one of the most
dramatic hydrodynamic phenomena—acoustic shock
waves (sonic booms) and the resulting Mach cones—can
occur in the quark matter produced at RHIC [3].

Hydrodynamic behavior implies low viscosity. Pri-
marily based on the analysis of elliptic flow at RHIC,
an upper limit for the viscosity-to-entropy ratio of the
partonic phase (i.e., the fluid of quarks and gluons) ap-
pears to be 17/s ~ 0.3[4], while theoretical limits suggest
alower limit of 1/47[5]. Even at the upper limit, the vis-
cosity of the partonic liquid would be the lowest of any
known liquid. The unique nature of the partonic fluid
derives from the strong coupling and from the large
number of partonic degrees of freedom. Whereas a rel-
ativistic gas of electrons is made of two species (spin-up
and spin-down), partons effectively have ~ 40 species
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once one accounts for quarks and gluons with degen-
eracies related to spin, particle-antiparticle, flavor, and
color. A partonic fluid thus has dozens of strongly in-
teracting quasiparticles within a volume defined by the
thermal wavelength.

The existence of Mach cones would be even more sur-
prising in such small systems [6, 7]. Mach cones orig-
inate from supersonic disturbances (Fig. 1, left) with
sound waves being emitted at the Mach angle 0, =
sin~! ¢s /v, for velocity v in a medium with sound speed
¢s. In this case, the disturbance is a jet moving with
velocity v &~ ¢ (where c is the speed of light) and the
speed of sound is cs ~ 0.5c. “Jets” refers to partons
created by hard collisions during the initial touching of
the nuclei. Jets occur infrequently and have energies
many times larger than the partons in the thermalized
medium. Since jets are strongly damped in the RHIC
environment [8, 9], the observation of a high-energy jet
signals that the production point was near the surface.
From momentum conservation, every jet is accompa-
nied by an away-side jet, which in a proton-proton col-
lisions is roughly 180° opposite the triggering jet. How-
ever, due to strong jet quenching, the initially supersonic
away-side jet is absorbed into the medium in heavy-ion
collisions. Double peaks in the away-side spectrum are
observed at appropriate angles for a Mach cone [10, 11].
The away-side jet is absorbed by the medium, and the
remnants produce the double-peaked structure in the
opposite direction, consistent with the shape expected
from a Mach cone.

The paper by Neufeld et al.[3] addresses whether the
concept of a Mach cone is applicable for jets at RHIC.
The hadron jet is treated as a driving source in the hy-
drodynamic equations of motion where the color fields
generated by the jets impart energy and momentum to
the fluid. The source term is proportional to the square
of the QCD color field and extends a distance deter-
mined by the color screening length ~ 0.3 fm (also
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FIG. 1: (Left) The shock wave and Mach cone associated with
an F-18 Hornet jet fighter aircraft breaking the sound barrier.
(Right) The same phenomenon might occur when a fast par-
ton moves faster than the speed of sound through the partonic
fluid at RHIC. The perturbation to the energy density, as cal-
culated in [3], is shown for a particle moving in the z direction.
(Mustration: (Left) John Gay, U.S. Navy photograph; (Right)
Adapted from [3])

known as the inverse Debye mass). Whereas an ideal-
ized Mach cone is driven by a point-like disturbance,
Neufeld et al.[3] solve for the detailed space-time struc-
ture of the source term, with the screening length pro-
viding the critical length scale, which determines the
sharpness of the pulse (Fig. 1, right). This picture cor-
responds to collisional energy loss, whereas radiation is
considered to be the greater source of the stopping.

The authors consider the response of the fluid to the
perturbing source, then follow the medium assuming
viscous equations of motion. The second length scale
that appears is the length A over which the sound modes
of wave number k decay, which is a function of shear
viscosity 77, and the energy density € and the pressure
of the medium P. The characteristic wave number is
determined by the distance over which the jet travels
before quenching. When A falls below the characteristic
size of the medium, damping and spreading of the wave
become important, and if A comes close to the screen-
ing length, the structure of the shock becomes com-
pletely washed out. The sonic perturbation is strongly
damped if % is near the upper limit #7/s ~ 0.3, but prop-
agates smoothly at the Kovtun-Son-Starinets [5] limit,
n/s = 1/4mn. Thus, validation of shock waves would
provide the strongest and most dramatic evidence for
the nearly perfect nature of the partonic fluid created at
RHIC.

The new work by Neufeld et al.[3] demonstrates that
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shock waves should exist at RHIC, but by no means
proves that the observations at RHIC are due to Mach
cones. A host of other explanations exist: Cerenkov ra-
diation [12, 13], large-angle gluon radiation [14, 15], de-
flection by collective radial flow [16], and path-length
dependent energy loss [17]. First, the cone-like cor-
relations involved particles with momenta near 1-2
GeV—several times higher than the thermal momen-
tum. Since Mach cones are a hydrodynamic phenom-
ena, the structure needs to be verified for particles
with thermal energies. Furthermore, realistic three-
dimensional models of the partonic fluid evolution need
to be developed. It is not yet known how collective ex-
pansion and the traversal through the hadronic phase
(which has a much slower speed of sound) modifies the
behavior of the Mach cone, or modifies any of the other
explanations listed above.
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