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Problems arising in viscous nuclear fluid dynamical models of high-energy heavy-ion col-
lisions are discussed. The importance of an accurate treatment of the transport properties
of the hot and dense nuclear matter is pointed out.
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In a recent publication,! a detailed analysis of

central heavy-ion collisions in terms of a fluid
dynamical model was presented. An interesting
feature of the calculations was the inclusion of the
transport processes of the fluid into a two-
dimensional model after the previous one-
dimensional approaches.>~* However, the results
and conclusions presented in Ref. 1 are questionable
because the following problems were present in the
calculations’:

(1) Equations (3.11), (3.13), and (3.14) of Ref. 1 are
incorrect. The shear viscosity coefficient 7 must
enter into these equations with a factor +% [see
e.g., Ref. 5, Eq. (77.6)] instead of the factor ——-;—
used in Ref. 1. Consequently, the fitted value for
the bulk viscosity coefficient, Eq. (3.15), is in-
correct. Also the relative magnitude of the shear
and the bulk viscosity, 171=0.75 MeV/(fm%)
<<£=18.76 MeV/(fm’c), is questionable. If one
assumes that the matter consists of pointlike parti-
cles without internal degrees of freedom, the bulk
viscosity coefficient will vanish, ie., 7>>&°
Hence, the damping of the giant monopole reso-
nance may be caused exclusively by the shear
viscosity 7, in contrast to the assumptions made in
Ref. 1. There the shear viscosity even acts against
the damping.

(2) The particular volume and temperature depen-
dence of the shear viscosity % chosen in Ref. 1 is
questionable. The fixed value of 7=0.75
MeV/(fm?%) corresponds to a temperature T =30
MeV, while it is used later to obtain the value of the
bulk viscosity from a process at T'=~0, where the

25

applied expression diverges. Since this equation de-
scribes the low-temperature behavior of the matter,
where the particle-particle interactions are impor-
tant but the kinetic energies are small, its applicabil-
ity to relativistic heavy ion collisions might be lim-
ited. Considerations based on kinetic theory® yield
a value of 7 that is about ten times higher. Other
considerations’~° based on fission studies also re-
sult in essentially larger viscosity values [p=3—15
MeV/(fm?c)]. The temperature dependence
7 ~T~? described by Eq. (3.7) of Ref. 1 is valid
only for a Fermi liquid at moderate temperatures.

The constant, small viscosity coefficient used in
Ref. 1 results in shock front thicknesses equal to the
computational mesh size (0.6—1.2 fm, see Sec. VA
of Ref. 1), which causes severe numerical problems
(see below). An increase of the viscosity with tem-
perature is necessary'® to obtain a realistic shock
front width.

(3) In the solution of fluid dynamical equations
using Eulerian methods, a “numerical viscosity” ar-
ises,!! which should be smaller than the physical
viscosity investigated. However, this condition
seems not to be fulfilled in Ref. 1. Although we
can not evaluate accurately the value of the numeri-
cal viscosity present in Ref. 1, since detailed results
of the numerical calculations are not available to us,
one may estimate the numerical viscosity in the fol-
lowing way: The thickness of the shock front is
proportional to the viscosity.”!® If the viscosity
tends to zero, the shock front becomes infinitely
sharp. Then the total viscosity (i.e., the sum of the
physical and “numerical” viscosities) can be meas-
ured directly by the thickness of the shock front.
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TABLE I. Total number of nucleons obtained from the cross section tables in Ref. 1.

Number of table Input nucleon

Observed outgoing

Number of

in Ref. 1 number nucleon number missing nucleons
Ia 217 208.1 —8.9 (—4%)
Ib 217 2159 —1.1 (—=0.5%)
Ila 416* 56.1 —359.9 (—86.5%)
IIb 416* 84.3 —331.7 (—=79.7%)
IIIa 217 200.4 —16.6 (—7.7%)

IIIb 217 220.9 + 3.9 (+1.8%)

2Apparently there is a misprint in the table caption of Table II in Ref. 1: “Ne+ Au” should

be replaced by “Pb+Pb.”

This value never tends to zero because of the finite
mesh size used in the Eulerian method. This im-
plies that the total viscosity in Ref. 1 has been only
slightly larger than the numerical viscosity, since
the shock-front thickness is close to the mesh size
(Sec. V A of Ref. 1).

On the basis of a similar numerical method,'? we
can estimate the numerical viscosity in the calcula-
tion of Ref. 1 to be about 5—25 MeV/(fm%c)
depending on the mesh size and the details of the
numerical procedure. Hence, the use of the terms
“small” and “normal” viscosity in Ref. 1 is
misleading, since, in fact, both the normal and, in
particular, the small viscosity values are negligible
in comparison to the numerical viscosity. To actu-
ally investigate small viscosity values, a much
smaller mesh size must be used.

(4) From the tabluated cross sections, Tables
I—III in Ref. 1, the total number of emitted nu-
cleons can be calculated (see Table I). For the case
208pp 1 298pp, (Tables ITa and IIb in Ref. 1), we ob-
serve that more than 80% of the particles do not
appear in the calculated cross sections.

(5) The same tables in Ref. 1 give the opportunity
to calculate the energy of the outgoing particles in

the laboratory system (see Table II). For all cases
we find that more than 90% of the incident bom-
barding energy has disappeared after the collision.
Even when we assume that the whole projectile and
target breaks up into single nucleons, so that the to-
tal binding energy [ ~8(4r+A4p) MeV] is subtract-
ed from the incoming projectile energy, the outgo-
ing particles still carry only a small part of the then
available energy.

This colossal energy loss might be caused by the
numerical method: In Ref. 1, thermal energy can
only be produced via the viscous effects taken into
account in Eq. (2.3) of Ref. 1. The much larger en-
ergy dissipation caused by the sharp shock fronts
(“shock heating”) has not been included in Ref. 1:
Although the physical viscosity and the numerical
viscosity both absorbed the incident kinetic energy,
only little thermal excitation energy has been pro-
duced [a total of 1400 MeV in the “viscous” case
(see Sec. V A in Ref. 1)]. These problems are usual-
ly>11=17 avoided by integrating the total (instead of
the thermal) energy conservation equation, which
takes the shock heating into account appropriately.
The so-called “nonviscous” calculations in Ref. 1
did not include any mechanism for heat production

TABLE II. Total energies of emitted nucleons obtained from the cross section tables in
Ref. 1.

Number of table Input Observed outgoing Max. binding Missing

in Ref. 1 energy (MeV) energy (MeV) energy (MeV) energy (MeV)
Ia 5000 362 1736 > —2902 (—58%)
Ib 5000 380 1736 > —2885 (—58%)
IIa 20800 1800 3328 >—15672 (—75%)
IIb 20800 2574 3328 >—14898 (—72%)
IIla 8000 443 1736 > —5821 (—73%)
1IIb 8000 579 1736 > —5685 (—71%)
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TABLE III. Relative velocities between target and projectile obtained graphically from

the density contour plots in Ref. 1.

Input Corresponding  Observed Corresponding
Number of laboratory relative relative “observed” laboratory
figure bombarding velocity® velocity® bombarding
in Ref. 1  energy [MeV/nucleon] [c] [c] energy [MeV/nucleon]
2 250 0.733 0.356 59.0
4 250 0.733 0.366 62.4
6 100 0.462 0.193 17.3
8 100 0.463 0.204 19.4
16 50 0.328 0.143 9.5

2As the calculations in Ref. 1 are nonrelativistic, v /¢ =(2E /m,c*)'/% with m,c?=931 MeV.
®Typical error in the graphical determination of the relative velocity is Av/c =~ +0.02.

[see also Sec. V A of Ref. 1: In the small viscosity
case, the thermal energy remains negligible (about 1
MeV at most) throughout the entire interaction].
However, a nonviscous, i.e., perfect fluid is also
subject to strong energy dissipation and shock heat-
ing once sharp discontinuities develop in supersonic
flow. The predicted strong dependence of the cal-
culated maximum density on the transport coeffi-
cients (see Fig. 15 of Ref. 1) is in contradiction to
previous calculations,*!%12 where the viscosity
lowered the density only by a few percent compared
to the corresponding exact calculation for a perfect
fluid.>!%® In contrast to Ref. 13, the angular distri-
butions shown in Figs. 3, 5, 7, and 9— 14 of Ref. 1
exhibit sharp sidewards peaks with a small peak
width (A6~10°—20°), in agreement with the early
data and predictions based on the Mach shock wave
model'® and fully three-dimensional fluid dynami-
cal calculations.”* However, the sharp forward
(615=0°) and backward (6,,=180°) peaks,! which

v={0.192 2)¢
'’

i
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FIG. 1. Distance D (t) between opposite points of tar-
get and projectile (see insert in figure) at different time
moments for the reaction Pb (100 MeV/nucleon) + Pb
shown in Fig. 6 of Ref. 1. The error bars represent the
uncertainty in the graphical determination of D (z).

contain most of the matter in the system (see Tables
I and III of Ref. 1), have not been observed in other
calculations.!*!®!7 We also do not agree with the
authors of Ref. 1 that the inclusion of the thermal
velocities into the calculation of the cross sections
would cause only negligible changes (see Sec. V A of
Ref. 1): If the heat production is properly included,
the thermal smearing® in the late “breakup” stages
of the reaction is very important'>!”: It changes
not only the peak width in the angular distributions
dramatically, but also the peak heights and their po-
sitions.

(6) The durations of the collisions depicted in the
density contour plots and the interaction times
quoted in Sec. II of Ref. 1 seem to be much longer
than those usually expected for collisions at these
high energies. This point can be checked by reading
the approximate values of the relative velocity of
projectile and target off the density contour plots
(Figs. 2, 4, 6, 8, and 16) shown in Ref. 1 using the
time moments and length scales in the figures. The
resulting relative velocities (see our Table III and
Fig. 1) are actually less than half of the correct
values, i.e., the calculations in Ref. 1 correspond to
about % of the claimed bombarding energies. When
this lowered energy scale is considered, the
compression in the nonviscous case is tremendous:
For Pb+Pb, the calculations in Ref. 1 predict a
compression n /ng~4 at E;,;, ~90 MeV/nucleon.

(7) From the time dependence of the distance
D(t) between the projectile and target nuclei plotted
in Fig. 1 for the “inviscid” reaction Pb(100

MeV /nucleon) + Pb, one observes that the projectile
and the target are accelerated towards each other
during the collision. This acceleration may be re-
sponsible for the increased compression rates in the
inviscid case, but it seems to be unphysical and, in
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our opinion, requires explanation.

Most of the above listed problems seem to be of
computational origin. However, since the transport
coefficients of nuclear matter are not small, an ac-
curate treatment of these effects is necessary. Care-
ful fluid dynamical calculations with a realistic
treatment of viscosity and thermoconductivity are
necessary to investigate other properties of hot
dense nuclear matter in high energy heavy ion colli-
sions: In particular, the influence of the transport
properties on the reaction dynamics is of similar
importance as the influence of the nuclear equation

of state,'® which in turn is one of the most impor-
tant motivations for doing high energy heavy ion
physics.
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