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Spectator response to the participant blast
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The interplay between spectator and participant matter in heavy-ion collisions is investigated in the context
of a microscopic transport model. Transport simulations show that flow patterns for the participant matter are
strongly influenced by the presence of the nearby spectator matter. However, the influence is mutual. During
the explosion of the participant zone, the spectator matter acquires a transverse mogi&ajnthat shows
sensitivity to the nuclear incompressibility and to the momentum dependence of the nuclear me@mRjeld
An observed change in the net average momentum per nudé@®,A)|, can be associated with the momen-
tum dependence of the MF. For a momentum-dependent MF and a low impact parameter in a heavy system,
the spectators may emerge faster than in the initial state, accelerated by the violent participant explosion. The
average excitation energy and the mass of the spectators, in contrast to the momentum, show little sensitivity
to the nuclear equation of state.
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I. INTRODUCTION stage compression and an expangib®—14], and can carry
information on the initial high-density phase. The relation

One of the major goals of intermediate and high-energybetween the nuclear EOS and the flow phenomena has been
heavy-ion collision studies is the determination of theexplored extensively in simulations and a recent example is
nuclear equation of stattEOS. The EOS constrains the the analysis of the transverse-momentum dependence of the
nucleon-nucleon interactions in nuclear mafterand is an elliptical flow [15]. The elliptical flow is shaped by an inter-
important ingredient for a detailed understanding of the suplay of geometry and mean field and, when gated by the
pernovae explosiong2], the structure of neutron staf8],  transverse momentum, reveals the momentum dependence of
and the evolution of the early Univerpg]. While the precise mean field at supranormal densities.
relationship between the EOS and the nucleon-nucleon inter- The elliptical flow pattern of the participant matter is af-
action remains complicatgd ], the EOS continues to be an fected by the presence of the cold spectafbds-16, as will
important ingredient for developing an understanding for &e reiterated. When nucleons are decelerated in the partici-
range of nuclear processes including many heavy-iompant region, the longitudinal kinetic energy associated with
reaction-phenomend]. the initial colliding nuclei is converted into the thermal and

Phenomenological parametrizations of the EOS are usipotential compression energy. In a subsequent rapid expan-
ally constrained with the properties of nuclear-matter at norsion or explosion, the collective transverse energy develops
mal densityp, and diverge at much higher densities that can12,13,10,1] and many particles from the participant region
be probed in energetic heavy-ion reactions. An importanget emitted in the transverse directions. The particles emitted
complication for heavy-ion collisions results from the fact towards the reaction plane can encounter the cold spectator
that the duration of the initial high-density stage of the col-pieces and, hence, get redirected. In contrast, the particles
lision is very short compared to the time scale for the wholeemitted essentially perpendicular to the reaction plane are
reaction process. For example, in an 800 MeV/nucleon largely unimpeded by the spectators. Thus, for beam energies
=5 fm collision of '?*Sn+1%/Sp, the high-density stage leading to a rapid expansion in the vicinity of the spectators,
with a central density.>1.50, lasts about 13 fn@, while  elliptic flow directed out of the reaction plariequeeze-olit
the elapsed time from the initial impact to the complete sepais expected. This squeeze-out is related to the pace at which
ration of target and projectile is-40 fm/c. The spectator the expansion develops, and is, therefore, related to the EOS.
properties continue to develop well beyond this tifita. On the other hand, since the spectators serve to deflect
Given the short duration of the high-density stage, signalgarticle emissions toward the reaction plane, their properties
which carry information about the high-density phase of themay be significantly modified. This prompts us to analyze
collision could be easily washed out by other signals generthe characteristics of the spectators resulting from the colli-
ated at a later stage. In consequence, reaction simulations a®n process. In one sense, the spectators can be viewed as
needed to provide guidance for the measurement of signafrobes which were present at the site of the nuclear explo-
which not only probe the high-density stage but survivesion leading to the rapid particle emission. Thus a careful
through the entire duration of the collision process. study of their characteristics could complement the results

The collective flow of participants has been observed foifrom the elliptic flow and provide further information on the
a long time[7-9]. The flow is believed to result from early properties of high-density nuclear matter.
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Long-time evolution of spectators has been studied in re- TABLE I. Parameter values for the different mean fields utilized
cent past by Gaitanost al. [6]. A comprehensive summary in the simulations. The first three columns refer to &4).and the
of experimental results for spectators produced in reactiongext two to Eq.(6). The last column gives the Landau effective
at different centralities has been presented by Pochodzalf@@ss in normal matter at Fermi momentum.
[17]. In particular, universal features of spectator multifrag-

mentation has been well documen{dd,24]. The transverse a b

momentum change of the spectator during a semicentral cof©S (MeV)  (MeV) v c A m*/m
lision, to be addressed here, was looked at in the past vig 187.24 102.623 1.6340 0.98
emulsions by Bogdanoet al. [18] (see alsd19]). The sys- gv 20979 69757 1.4623 064570 095460 0.70
tematics of the longitudinal momentum transfer to spectatorg, 121.958 52102 2.4624 0.98

in energetic reactions induced by light projectiles can bq_"vI
found in Ref.[20].
In this paper, we present an analysis of the interplay be-

tween participant and spectator matter during the violenfyherem,(po)=my+AxU(ps), Ay is baryon number ang
stage of a heavy-ion reaction. We examine the impact of thgs scalar baryon density. The single-particle energy is then
interplay on the evolution of different physical characteris-

tics within the two reaction zones. We investigate .whether ex(P,ps) = /—pz +m§<( o), 3)
the spectator properties can be related in any fashion to the

high-density EOS. , . and we parametrize the scalar fidldwith
The paper is organized as follows. A brief description of

122.785 20.427 2.7059 0.64570 0.95460 0.70

our transport model is given in Sec. Il. The reaction process —a(ps/po) +b(ps/po)”

and the participant-spectator interaction are described in Sec. U(ps) = T , (4
lll. The sensitivity of the emerging spectator characteristics 1+ Ps )

to the nuclear EOS is investigated in Sec. IV. The paper is 2.5p¢

summarized in Sec. V. ) ]
where pg is the normal density and, b, and v are param-

eters. In the calculations with MD MFs, the energy density is
Il. TRANSPORT MODEL represented in the local baryon frame as

In this work, we utilize a set of transport equations of the d
Boltzmann-Uhlenbeck-Uehling(BUU) type to simulate ezz gxf _pgfx(p)
semicentral heavy-ion reactiofs]. Within the approach, the X (2m)
reacting system is represented by quasiparticles with definite
momentum and energy. Those quasiparticles move within the + fpdp,U(p/). (5)
mean field(MF) produced by other quasiparticles and un- 0
dergo collisions that represent fluctuations in the interaction
with the medium beyond the mean field. With this, the The adopted form fotJ(p) is the same as in E¢4) and the
phase-space distributions of quasiparticlég=f,(p,r,t), local particle velocity is parametrized with
follow the set of equations:

p
My -+ fodp’vi(p’,p))

p
v(p.p)= . (6)

TEXIIX IEXTIX _e<iq— > m2
e e am ~RAATR K. (@ o 2 2
my  Ax(p/po) )

C_—
My (1+Ap?/m3)?

The left-hand side(LHS) in the above accounts for the
changes in the distribution caused by the MF and the RHS
for the changes in the distribution due to collisions. Thewith the above, the single-particle energy in the local frame
single-particle energiesy are variational derivatives of the s

total system energy with respect to the phase-space distribu-

tion. The dependence of the total energy on phase-space dis- P 1 dv*
tributions yields in the equilibrium the system EOS. ex(p,p)=my+ fo dp'vx+Ax|p fo dp p +U(p) |.
We carry out our calculations utilizing strongly 7

momentum-dependentMD) and momentum-independent
(MI) MFs. In the calculations with the MI MFs, the energy

S X The parameters for the MFs are given in Table I. Other
density in the system is

details of our calculations, such as concerning the initializa-
tion of nuclei and the lattice Hamiltonian method for inte-

dp — Ps o, grating the equations, can be found in R&6]. For nucleon-
e=; gxf (2m)3 fx(P) NP+ mi(ps) + fo dpsU(ps) nucleon collisions, a moderated elastic in-medium cross
section is utilized through out this papesame as Ref15)),
—psU(ps), (2)  unless otherwise indicated.
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Ill. SPECTATORS AND PARTICIPANTS ¥ Au+'""Au T,,,=1GeV/nucleon b=Bfm

The important concept of spectators and participants in 3F(a) ' ' ' M
collisions was first introduced by Bowmeat al. [21] and
later employed for the description of a wide-angle energetic
particle emission by Westfalet al. [22]. The two nuclei
slamming against one other can be viewed as producing cy-
lindrical cuts through each other. The swept-out nucleons or
participants(from projectile and targeétundergo a violent
collision process. The remnants of the projectile and target, 0.0

p/Po

—_—V
the spectators, continue in the meantime with largely undis- \\ - — - : (p,>0.55GeV/c)
turbed velocities, and are much less affected by the collision 5 —0af \ — -
process than the participant nucleons. On one hand, this pic- N - --7
ture is supported by features of the data and, on the other, by ~ ~0-2[ (all at midrapidity) 7
dynamic simulationg23,12,13,. During the violent stage o1 | I |

of a reaction the spectators can influence the behavior of (c) cascade

participant matter. Specifically, the spectators can inhibit the
collective transverse expansion of the decompressing partici-> 00
pant matter and effectively shadow particle emission directed
toward the reaction plane. A consequence of this shadowing  _g 4 [ (all at midlrapidity) | b
is the observation of preferential squeeze-out of particles per- I I I
pendicular to the reaction plane as illustrated below. 0.0 (d) HM
Figure 1 summarizes the results obtained from simula-
tions of 1%Au+*°"Au collisions at a beam energy,,=1 O N e — ————— e
GeV/nucleon and an impact parameler 8 fm. Unless in- —_— v
dicated otherwise, a hard momentum-dependkiM) EOS I (emitted) — — - vz (p>0.55GeV/c)
(cf. Table ) was used. Figure(d) shows the time evolution 0 1'0 2'0 3'0 40
of the density of both participant and spectator matter. The
solid and dashed curves show, respectively, the baryon den-

sity p. at the center of the collision systeparticipantg and FIG. 1. Results from a BUU simulation of th€’Au+1%"Au
the baryon density in the local frame at the geometric centegollision at 1 GeV/nucleon and=8 fm, as a function of timea)

of the spectator matter,... Here, the operational definition the central densities of the participant and the spectator matter
of spectator matter is that the magnitude of the local longip,,..; (b)—(d) the midrapidity elliptical flow parametes,. The
tudinal velocity exceeds half of the velocity in the initial results are from a simulation with the HM mean field, except for
state and that the local density exceeds one-tenth of the nathose in the paneic) which are from a simulation with no mean
mal density. The solid line in Fig.(&) clearly illustrates the field. The panelgb) and(c) show the elliptic flow parameter for all
rapid density build-ugfor t<5 fm/c) followed by expan- particles in the system whil@) shows the elliptic flow for particles
sion of the participant matter. The dashed line also points temitted in the vicinity of a given time. In the case of the HM
a weak compression of the spectator matter during the exalculations, also shown is, when a high-momentum gate;
pansion phase of the participants. The latter observation i$0.55 GeVt is applied to the particles.

consistent with the expected delay associated with the time it

takes a compression wave to reach the center of the specta@?d- Nence, to give rise to positive valuesgf If the spec-
matter, starting from an edge. tators are nearby during the expansion phase, they can serve

Figure Ab) shows the time evolution of the elliptic flow t© Stall the expansion in th¥ direction and a compression

parametew, for all midrapidity particles. The parameter is Wave then develops within the spectator maftef. Fig.
defined as 1(a)]. The resulting dominant expansion of participant matter

in the Y direction gives rise to negative valueswof. Figure
v,=(C0g2¢)), (8) 1(b) indicates that this preferential out-of-plane emission pat-

tern begins after-7 fm/c. The time correlation between the
whereg is the azimuthal angle in the€-Y plane perpendicu- change in sign of, and the decrease in the magnitude of the
lar to the beam axig; the X-Z plane defines the reaction central density should be noted in the figure. The central
plane. The value af, conveys information about the pattern density of participant mattep. begins to drop at about
of particle emission from the central participant region. The7 fm/c and the most rapid declines ends-at6 fm/c; dur-
hot participant region has an initial elliptical shape in theing this time the elliptical flow drops from its maximum
X-Y plane due to the overlap geometry. Since the long angositive value to its maximum negative value.
short axes of the ellipse point in thédirection and in theX A comparison of Figs. (b) and Xc) illustrates the impor-
direction, respectively, the matter starts out with stronger MRant role of the MF in shaping the elliptical flow magnitude.
and pressure gradients in tXedirection. Given the shape of Figure Xc) shows the time dependencewf obtained when
the emission source and the gradients, the matter is first exhe calculations are performed without the inclusion of a MF
pected to develop a stronger expansion in ¥éirection (cascade modeln contrast to the evolution with the mean

t (fm/c)
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245n+'%3n T,,,=800MeV/nucleon b=5fm SM EOS
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FIG. 2. Contour plots of the system-frame baryon dengitjop row), local excitation energf*/A (middle row), and of the density of
bound baryong,q (bottom row, in the 2Sn+124Sn reaction afl|,,=800 MeV/nucleon and=>5 fm, at timest=0, 5, 10, 15, and
20 fm/c (columns from left to right The calculations have been carried out employing the soft momentum-dependent EOS. The contour
lines for the densities correspond to the values, relative to the normal dengitytayh 0.1 to 2.1 with increment of 0.4. The contour lines
for ppngare from 0.1 to 1.1 with increment of 0.2. The contour lines for the excitation energy correspond to the v&tiés at 5, 20, 40,
80, 120, and 160 MeV. For statistical reasons, contour plots for the energy have been suppressed for the baryom dénsitieNote,
regarding the excitation energy, that the interior of the participant region is hot while the interior of the spectator matter is cold.

field [cf. Fig. 1(b)] wherewv, first achieves significant posi- the statistical behavior of spectator matter have been carried
tive and then negative values, Figcllindicatesv, values out[17,24 for time scales which are long compared to the
which stay close to zero over the entire time evolution of thecollision time. Such studies do not address the dynamical
system. This trend is related to the fact that in the cascadenpact of the violent reaction stage on spectators. During the
model the transverse expansion is slow compared to the timéolent stage of a collision, the spectators remain close to the
duration for which the spectators are in close proximity toparticipant matter, so they might serve as a good sensor for
the participant matter, or compared to the time required fothe explosion. Thus, we proceed to take a closer look at the
longitudinal motion to thin the matter. The important role of changes which may occur in the spectator matter following
the MF for the generation of elliptic flow and the sensitivity their interaction with the participants. In addition we inves-
of this flow to the EOS has been stres$g@d—1§. tigate whether or not such changes have a connection to the
The temporal difference af, for all midrapidity particles EOS.
in the system, and for those particles that have left the sys- Figure 2 shows contour plots of different quantities within
tem can be observed by comparing Fig&)Jand Xd). Fig-  the reaction plane now from?Sn+12Sn reaction simula-
ure 1(b) shows the change im, with time as discussed tions at the beam energy @f,,=800 MeV/nucleon, at the
above. On the other hand, Fig(dl indicates little or no impact parameterb=5 fm, carried out with a soft
change ofv, (over time for midrapidity particles that have momentum-dependerfSM) mean field. The columns from
left the system. That is, out-of-plane emission is favoredeft to right represent the reaction at 5 fntime incre-
(negativev,) for all emission times. Figures(d) and Xd) ments. The top and middle rows show the baryon density in
also showv, as a function of time for particles with trans- the system frame and the local excitation enerdgy* /A,
verse momenturp,>0.55 GeVE; these panels indicate that respectively. The bottom row shows the densgity, of bary-
faster particles are more sensitive to the obstructions as wetins that are bound in their local frameg< my). As may be
as to any directionality in the collective motion. expected, the excitation energies reach rather high values in
The analyses of elliptical flow and related works havethe participant region but remain low within the spectator
established connections between features of the participanégion throughout the violent stage of the reaction. Most of
matter resulting from the participant-spectator interactiorthe particles in the participant region are found to be un-
and the nuclear EOR2,10,11,15,14,16On the other hand, bound, i.e.,ppyq iS low. On the other hand, most of the par-
it is not known whether the same interacti¢during the ticles within the spectator region are bound. They move with
violent stage of a reactigrieaves any lasting effects in the velocities that are close to each other, and this kegps
spectators that could be related to EOS. Extensive studies sfzable throughout the violent collision stage.
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the subset of particles that are bound in the local frames
(solid line). The averages, obviously, approach the same
e =2 asymptotic value over time, but the approach is faster for the
2 bound-particle average. Note that the extra lines in Fig) 3
represent the evolution of the average momenta past the
40 fm/c of the abscissa. Calculated in either manner, the
O 0 spectator average momentyR*/A) reaches its magnitude
N during the high-density stage in the participant matter and
% 100 only somewhat reduces to stable during the expansion that
A follows. This suggests that the spectators can, indeed, pro-
T 50 K . . - K ..
3 vide information on the high-density stage of the collision.
v Figure 3c) shows the average excitation energy per
—_ 0 nucleon{E*/A) of the spectator as a function a time. Within
E 50 the studied time interval, the excitation energy rapidly rises
= and decreases and then changes at a slower pace. During the
N violent reaction stage, some patrticles traversing from the par-
2 ticipant into the spectator matter contribute to the excitation
M of the spectator matter. As time progresses, some of those
0 : )
100 particles will travel _through the matter and Igaye the specta-
tors. Some other will degrade their energy within the specta-
A tor frame. (Note: we consistently continue with definition
V50 ssag  izeg T,,,~B00MeV,/nucleon 3 where the spectator matter is that for which the c.m. local
b=5fm SM EOS velocity is larger than half the beam velocity and the local
0 ! ) ! ! density exceeds the tenth of normal.
] 10 20 30 40 Figure 3d) shows the mass number of a spectator region
t (fm/c) as a function of time. The spectator mass number decreases

rapidly as particles dive into the participant region and then
FIG. 3. Evolution of selected quantities in th&Sn+12%Sn re-  the mass recovers somewhat, around the time of 2Qc,fay

action at 800 MeV/nucleon aro=5 fm, from a calculation Wlth a some partides get through the opposite moving corona mat-
soft momentum-dependent EOS. The paagkhows the density at  ter and join the bulk of the spectator matter moving along the
the center of a spectatpg,e.(dashed lingtogether with the density  heam direction. Later, a gradual deexcitation slowly reduces
at the system center;. (solid line). The panelb) shows the average the spectator mass.
in-plane transverse momentum per nucleon of the spedatanA) We have demonstrated in this section the interplay be-
calculated using all spectator p‘"’.‘rt'dém“d ling .and using only  yveen the participants and spectators. We have shown how
bound spect.ator particlédashed ling Two extra lines in the panel the elliptic flow is generated due to that interplay and how
show evolution of the momenta past the 40 énof the abscissa. the interplay affects the spectator characteristics. In the next

The paneldc) and (d) show, respectively, the spectator excitation section we explore the sensitivity of spectator characteristics
energy per nucleodE*/A) and the mass numbéA) from all hl EVCV)S pr h | luvity of sp lisi ISt
spectator particles. to the or the nuclear matter in collision.

Figure 3 proyiples nexta detailed time developmleznt ofthe |/ SPECTATOR SENSITIVITY TO THE NUCLEAR
selected quantities in the 800 MeV/nucledf'Sn+ 24Sn EQUATION OF STATE

system for which the contour plots were given. Figufe) 3
displays the evolution of baryon density at the system center, In the light that the changes of the spectator properties
pe, and of baryon density at the center of the spectator recould probe the compression and explosion of the participant
gion, pspec- The high-density stage for the participant mattermatter, we follow the reaction simulations till a clear separa-
in Fig. 3(a), characterized by.> p,, lasts over a time that is tion of the spectators from the participant matter and a sta-
short in comparison to the time needed for a clear separatiopilization of the spectator characteristics. We explore the sen-
of the target and projectile spectators from the participansitivity of the emerging spectator properties to different
zone, cf. Fig. 2. To observe a stabilization of the spectatorssumptions on the nuclear EOS. The results could serve to
properties we needed to follow the particular reaction up tdnitialize statistical decay calculations for a complete de-
~60 fm/c. Longer-term studies of the spectator develop-scription of a reaction.
ment have been carried out within the BUU approféh In the following, we shall present a sample of our specta-
However, as the spectators approach equilibrium, they migHor investigations, within the'?’Sn+'2“Sn system in the
be described in terms of the statistical decay method ownineam energy range of 250 MeV/nucleon to 1 GeV/nucleon at
at this stage advantages over the BUU equation. impact parameterb=5-7 fm. We shall also quote results
Figure 3b) shows the average transverse momentum pefrom 9/Au+2%"Au at 1 GeV/nucleon. We utilized four dif-
nucleon of the spectator, in the reaction plane, as a functioferent EOS explored in the past, of which the parameters are
of time. In calculating the average, we can include all specgiven in Table I. We concentrated on the quantities that could
tator particles as specified befqdashed line in the panedr ~ be experimentally determined for the spectator, and thus the
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FIG. 4. Spectator properties in the 800 MeV/nucletisn FIG. 5. Spectator properties in tHé*Sn+124sn collisions ab

+1245n collisions, as a function of the impact parameter, for four=5 fm, as a function of the beam energy, for four representative
representative EOS: hard momentum-dependédt), soft EOS: hard momentum-dependéhiV), soft momentum-dependent
momentum-dependef®M), hard momentum-independeit), and  (SM), hard momentum-independertH), and soft momentum-
soft momentum-independe(f). The panel(a) shows the average independen{S). Panel(a) shows the average in-plane transverse
in-plane transverse momentum of the spectator per nu¢RHMA). momentum of the spectator per nucle@@/A). Panel(b) shows

The panelb) shows the change in the average net c.m. momentunthe change in the average net c.m. momentum per nucleon
per nucleonA|[(P/A)|. The panelic) shows the average excitation A|(P/A)|. Panel (c) shows the average excitation energy per
energy per nucleodE*/A), and, finally, (d) shows the average nucleon(E*/A). Finally, panel(d) shows the average spectator
spectator masgA). Open symbols represent results obtained withmass(A).

reduced in-medium nucleon-nucleon cross sections; filled symbols ] ] ) L
represent results obtainedtat5 fm with free cross sections. it was possible to exploit the latter in the determination of the

mean-field momentum dependence at supranormal densities
average transverse momentum per nucldéi/A), the [15,16.
Change in the average c.m. momentum per nucleon The final momentum of the $pectat0r reflects the momen-
A|(P/A)|, the average excitation energy per nucleontUm exchanges with the participant zone throughout the re-
(E*/A), and the average mag@\) following the violent action. Initially, the. nucleons from the opposmg.nucleus
stage of the reaction. The change in the average c.m. mdl0Vve nearly exclusively along the beam axis relative to the
mentum isA|(P/AY| = \/WWJF—(PZW—(P/A% spectators. As eqU|I|b_rat|on progresses, the momenta in the
The above mentioned quantities, towards the end of ougartmlpant zone acquire a level of randomness. Random ex-
. : ) . hanges of momentum between spectators and participants
2;”_?_“'“%3% ?\;Z\i?novt\;lnegi ?nfl::?ctlzn Sf t:ee';nga;tb%?;ar;ﬁéeéeneralIy would drive the spectator momentum towards the
25 & Tunction of the beam energy BE5 1M 10 Fig. 5, nideans seach (e Spectacrs moving sy Tomt b syoiom
respectively. The resulting specta{@”/A) exhibits a clear  center, coming with momentum directed on the average out-
SenSitiVity to the stiffness of EOS. We can see in both figure%ard, de"vering an outward push to the spectator piecesl
that a stiffer EOS results in a stronger sidewards push to the The order of magnitude for the transverse push may be
spectator. However, even more prominent is the sensitivity t@btained from a simple estimate. Thus, in+S8n at 800
the momentum dependence of the mean field. A strong mavieV/nucleon, taking for the pressure in the compressed re-
mentum dependence results in a stronger push to the spectfion from the nonrelativistic ideal-gas estimate,
tor than the lack of such dependence. Recall that the inter-
play between the spectator and the participant matter _ %T JAA 9)
generates also the elliptic flow for the participant matter and P P3 T
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with p~2py~2/6 fm~3, we getp~40 MeV/fm3. The size T [ T T
of the high-density region in th&-Z plane for SA-Sn at 245n+'%*3n T, =800MeV/nucleon b=5fm
mediumb is ~4 fm, cf. Fig. 2. The push to the spectator is
then of the order of

PX~pSAt, (10)

p/Po

whereSis the transverse area pushed by the participant mat-
ter andAt is the duration of the push. Wit= 7R?/4~13
fm?2 andAt~5 fm/c, cf. Figs. 2 and 3, we get

PX 40 MeV/fm13 fm? 5 fm/c 5 MeV 1
A 50 - o @

>
o

t (fm/c)

This appears to agree as to the general magnitude with whau
is found in the simulations. When the impact parameter in- £ 6. Baryon density as a function of time at the center of the
creases, the fireball pressure decreases while the spectatesgy 124gp, system af,,=800 MeV/nucleon and=>5 fm, for
mass increases. Thus, the momentum per nucleon decreasgerent MFE's.
With regard to the beam energy variation in the simulations,
at low energies the pressure in the fireball region drops, redence plays a similar role to the stiffness of nuclear matter; it
sulting in smaller push to the spectators, with some compenenders the matter less compressible in a dynamic situation.
sation coming from a longer time for the spectators in the Figure 7 shows next the spectator transverse momentum
reaction zone and a longer fireball lifetime. With the rise inin the X direction as a function of time. As we have already
the beam energy from the low energy end, the rise in thointed out before, the spectator transverse momentum per
transverse fireball pressure is moderated by the pion produgucleon rises within a relatively short time interval. The rise
tion and an increasing transparency. The spectator time in thstarts about at the time when the maximal density is reached
vicinity of the explosion continuously drops resulting in a at the participant center; the rise stops due to combined ef-
level of saturation in the spectator momentum per nucleon fects of the spectator passing by and of the dilution of the
With regard to the changes in the magnitude of the c.mparticipant zone. While there are up to 2 tdifferences in
momentum per nucleoA [(P/A)|, we see in Figs. 4 and 5 the start and end of the rise interval in Fig. 7, it is apparent
that the results for MD MFs significantly differ from the that the differences in the findP*/A) must be due to the
results for MI MFs for Sr-Sn, with the latter MFs giving differences in magnitude of the transverse presstrens-
more momentum loss. The spectator mass and excitation egerse momentum flowfor the different EOS and not in the
ergy, in contrast to the momentum, are rather insensitive tguration of the rise. In fact, the slopes of the dependence of
the MF in the present system. transverse momentum on time differ considerably more than
While the results discussed till now have been obtainedio the final transverse momenta. A faster dilution for the
with reduced in-medium nucleon-nucleon cross sectiongnore incompressible EOS shuts off the momentum rise
[15], we also carried out calculations with the free nucleon-sponer than for the more compressible EOS and moderates
nucleon cross sections. The latter calculations for the samge differences in the final spectator momenta. Figure 8
system afl,,=800 MeV/nucleorb=5 fm, are represented
by filled symbols in Fig. 4. With free cross sections, the 150
remnant masses are a bit lower, the excitation energies are
higher, and so is the transverse push. The transverse pushi 125
more sensitive to the change in the EOS, than to the change_

245n+'%45n T,,,=800MeV/nucleon b=5fm

) : : . -~ HM
in cross section, as evident in the figure. Contrary to what € 190 o
one might naively expect, less momentum per nucleon is losts o H

in the free cross section case. We will come back to the last~ g

issue later. 4

In investigating the differences in results for the different E« 50
EOS, we obviously looked at the details in the time devel- v TN TS - ]
opment of the systems for the different EOS. Figure 6 shows o5 s e _ T
the central participant density as a function of time. For the P T~

hard momentum-independent EOS a maximal density is
reached earlier and the expansion sets faster than for the sof 0 10 20 30 40
momentum-independent EOS. The S EOS allows for a t (fm/c)

higher compression than the H EOS. An MD EOS allows for
a lower compression than a corresponding MI EOS. More- FIG. 7. Average in-plane transverse momentum per nucleon of a
over, the expansion develops earlier for an MD EOS than &pectator inb=5 fm ?‘Sn+124Sn collisions atT,,,=800 MeV/
corresponding MI EOS. Evidently, the momentum depen-nucleon, as a function of time, for different EOS.
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FIG. 8. Landau effective masm*=p/v, in units of free FIG. 9. The change in the net average c.m. momentum per
nucleon mass, as a function of momentum at several densities iucleonA|(P/A)| of the spectator in thé®’Au+'9’Au system at
cold nuclear matter for S and SM MF’s. Tiab=1 GeV/nucleon. Open symbols represent results obtained

with reduced in-medium nucleon-nucleon cross sections; filled

h diff in the Land ffecti S—ply i symbols represent results obtaineat6 fm with free cross sec-
shows differences in the -andau e ect!\{e Mass=p/v, In tions. A negative value oA|(P/A)| indicates a spectator decelera-
cold nuclear matter at different densities for Ml and MD tion, while a positive value indicates a net acceleration.

MFs. Lower masses for the MD MF means that particles

move out faster at same momenta. on the spectator zone. The difference betweer Sm and
The change in the magnitude of the c.m. momentum pepy+Au is in the equilibration time scale relative to the du-
nucleonA[(P/A)| is generally dominated by the change in ration of the fireball. Differences in the net final momentum
the longitudinal momentum per nucleon. In Figs. 4 and 5 thgyer nucleon between different MFs for both systems, with
net momentum per nucleon is seen to decrease in the&S8n  sjgnificantly higher net momenta for the MD than MI MFs,
reactions under all conditions. That change in the momenturmay be understood in terms of the violence of the explosion
might be considered a measure of the friction involved in thghat accelerates the spectator.
interaction of the spectator with the participant zone. The An important aspect of the spectator momentum per
friction is due to mentioned random changes of momenta itycleon, underscoring the interpretation above, is its depen-
collisions between participants and spectators that, besidgfnce on the nucleon-nucleon cross section. In Fig. 9, the
knocking particles off spectators, over time drive the averaggesults ofb=6 fm Au+Au simulation with the free cross
momentum towards the system average of zero. When exangections are represented by filled symbols. With the larger
ining the net spectator momentum per nucleon as a functioftee cross sections, the spectator remnants emerge even
of time in the Sn-Sn reactions, the momentum is first found faster from the reaction than with the lower cross sections.
to decrease but then found to recover somewhat. The latehjs is because for higher cross sections, the equilibration is
increase and part of the early momentum decrease coul@ster, which allows the participant to explode more violently
partly be attributed to our inability of cleanly separating theyhen the spectators are still nearby. Quantitatively, inkthe
spectators from the participants, other than by a convention.- g fm HM free cross-section case, the gain in the longitu-
the particles are intermittently intermixed and then separateyinal momentum per nucleon contributes as much as 17 out
The above view on the net spectator momentum, howevept 24 MeV/c of the gain in the net spectator momentum per

needs to be revised once the changes in the momentum aggcleon in Fig. 9. In thé=6 fm HM reduced cross-section
examined in the AsrAu system. The change in the net mo- case  the longitudinal gain contributes about 4 out of

mentum per nucleon is shown for 1 GeV/nucleon reaction ag pMev/c of the net momentum gain per nucleon.

a function of the impact parameter in Fig. 9, by open sym-  The mass and the excitation energy of the spectator in

bols for the in-medium reduced cross section. For low IM-Figs. 4 and 5 do not exhibit a sensitivity to the EOS likely

pact parameters and MD MFs, the average spectator momeBacayse they are determined by the geometry and the capa-

tum per nucleon increases in the reaction simulations. bility of matter to retain the energy, respectively. As to the
The speeding up of the spectator at Ibwn Au+Aumay  moementum changes, though, we have demonstrated that they

be, again, understood in terms of the explosion of the parzan provide information on the violent stage of energetic

ticipant zone. On one hand, the spectator acquires the trangsactions and constrain the properties of high density nuclear
verse momentum. On the other, in the longitudinal directionaiter.

the explosion acts more on the rear of the spectator piece
than on the front. If the explosion is strong enough, the or-

dered push may overcome the friction effects, producing a
net longitudinal acceleration for a piece. There is no issue of Within semiclassical transport simulations of energetic
energy conservation since the work is done by the participargemicentral collisions of heavy ions, we have carried out an

V. SUMMARY AND CONCLUSION
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investigation of the interplay between the participant anddependence of the MFs in the reactions. The signatures in the
spectator regions. The spectators pass by the participant repectator momenta per nucleon rise with the lowering of the
gion when the participant matter undergoes a violent exploimpact parameter, but at the cost of the lowering of a spec-
sion. On one hand, the spectators block the expansion of thator mass, reducing the chances of identifying the spectator
participant matter in the in-plane direction producing the el-remnants. Significantly, for most repulsive MFs and low im-
liptic flow for the participant matter. On the other hand, thepact parameters in a heavy system, spectators may emerge

explosion pushes the spectators giving them transverse M@pm the reaction with a higher net average momentum per
mentum pointed away from the reaction zone. The momennycleon than the original momentum.

tum transfer to the spectators and the shadow left in the

pattern of the participant emission depend on the speed of

the explosion. The speed,_ in turn, depends on the EOS of the ACKNOWLEDGMENTS
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