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lear 
olle
tive 
ow is a motion 
hara
terized by spa
e-momentum 
orrelations of dynami
al origins. It revealsitself in various forms in nu
lear rea
tions. The study of several 
omponents/forms of the 
olle
tive 
ow in heavy-ionrea
tions has been found very useful for extra
ting information about the Equation of State (EOS) of symmetryi
nu
lear matter[1{5℄. The isospin 
ow refers to the dependen
e of the 
olle
tive 
ow on the isospin-asymmetry of therea
tion system and/or of the rea
tion produ
ts. This isospin dependen
e of 
olle
tive 
ow has been found usefulfor studying the isospin asymmetri
 part of the EOS, namely, the symmetry energy, of neutron-ri
h matter. In thisreport, we review the isospin-dependen
e of various 
omponents/forms of 
olle
tive 
ow in heavy-ion rea
tions. Theemphasis will be on dis
ussing its appli
ations/potentials in exploring dire
tly the underlying isove
tor potential andthus the EOS of asymmetri
 nu
lear matter. We begin by reviewing brie
y our 
urrent understanding about theEOS of isospin asymmetri
 matter. Several 
omponenets/forms of the 
olle
tive 
ow will then be introdu
ed. E�e
tsof the symmetry energy/potential on the 
olle
tive 
ow will be examined in the following se
tions. We also dis
ussforth
oming 
hallenges and opportunities provided by high energy radioa
tive beams.II. EQUATION OF STATE OF ISOSPIN-ASYMMETRIC NUCLEAR MATTERHere we brie
y review the EOS of isospin asymmetri
 matter and the related symmetry energy problem. Inasymmetri
 matter the energy per nu
leon, i.e. the equation of state, will be a fun
tional of the total (� = �n + �p)and isospin (�3 = �n � �p) densities. In the usual paraboli
 form in terms of the asymmetry parameter I � �3=� =(N � Z)=A we 
an de�ne a symmetry energy EsymA (�):EA (�; I) = EA (�) + EsymA (�) I2: (1)The symmetry term gets a kineti
 
ontribution dire
tly from the basi
 Pauli 
orrelations and a potential 
ontributionfrom the properties of the isove
tor part of the e�e
tive nu
lear intera
tions in the medium. Sin
e the kineti
 part
an be exa
tly evaluated we 
an separate the two 
ontributions, redu
ing the dis
ussion just to a fun
tion F (u) ofthe redu
ed density u � �=�0 linked to the intera
tion:�sym � EsymA (�) � �sym(kin) + �sym(pot) = �F (�)3 + C2 F (u); (2)with F (1) = 1, where �0 is the saturation density and the parameter C is of the order C ' 32MeV to reprodu
ethe a4 term of the Bethe-Weisz�a
ker mass formula. The major un
ertainties about the EOS and the symmetryenergy are due to both our poor knowledge about the isospin dependen
e of nu
lear e�e
tive intera
tions and thelimitations of existing many-body te
hniques. Shown in Fig.1 are the density-dependent symmetry energies predi
tedby some of the most widely used mi
ros
opi
 many-body theories. It is seen that at both sub-saturation and supra-saturation densities the predi
tions diverge very widely. We note that within ea
h approa
h the predi
tion alsodepends on the two-body e�e
tive intera
tion used and whether/what three-body for
es are in
luded. To illustratethe dependen
e on the e�e
tive intera
tions used shown in Fig.2 are some typi
al EOS's obtained from Hartree Fo
k
al
ulations. It is ne
essary to stress that they all have the same saturation properties for symmetri
 NM (top):SKM� [8, 9℄, SLy230b (SLy4) [10{12℄ and BPAL32 [13{16℄. However, their predi
tions on the EOS of asymmetri
matter, espe
ially their 
ontributions to the potential part of the symmetry energy, are very di�erent. The major
hallenge is thus to 
onstrain experimentally the potential part of the symmetry energy and the asso
iated symmetry
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FIG. 1: Overview of several theoreti
al predi
tions for the symmetry energy S: Brue
kner-Hartree-Fo
k (
ontinuous 
hoi
e)with Reid93 potential (
ir
les), self-
onsistent Green fun
tion theory with Reid93 potential (full line), variational 
al
ulationfrom with Argonne Av14 potential (dashed line), Dira
-Brue
kner-Hartree-Fo
k 
al
ulation (triangles), relativisti
 mean-�eldmodel (squares), e�e
tive �eld theory (dash-dottedline). Taken from [7℄.potential. The ultimate goal is to pin down the isospin dependen
e of nu
lear e�e
tive intera
tions that is alsoreponsible for the stru
ture of rare isotopes.In Fig.2 (bottom) the density dependen
e of the potential symmetry 
ontribution for the three di�erent e�e
tiveintera
tions are reported. While all 
urves obviously 
ross at normal density �0, quite large di�eren
es are presentfor values, slopes and 
urvatures in low density and parti
ularly in high density regions. Moreover even at therelatively well known \
rossing point" at normal density the various e�e
tive for
es are presenting 
ontroversialpredi
tions for the momentum dependen
e of the �elds a
ting on the nu
leons and 
onsequently for the splitting ofthe neutron/proton e�e
tive masses, of large interest for nu
lear stru
ture and dynami
s. In the re
ent years under thestimulating perspe
tives o�ered from nu
lear astrophysi
s and from the new Radioa
tive Ion Beam (RIB) fa
ilities arelevant a
tivity has started in the �eld of the isospin degree of freedom in heavy ion rea
tions, see the refs. [21{24℄.A traditional expansion to se
ond order around normal density is used [19, 25, 26℄�sym � EsymA (�) = a4 + L3 ��� �0�0 �+ Ksym18 ��� �0�0 �2; (3)in terms of a slope parameter L � 3�0�d�symd� ��=�0 = 3�0Psym(�0) (4)simply related to the symmetry pressure Psym = �2d�sym=d� at �0, and a 
urvature parameterKsym � 9�20�d2�symd2� ��=�0 ; (5)a kind of symmetry 
ompressibility. We remark that our present knowledge of these basi
 properties of the symmetryterm around saturation is still very poor, see the analysis in ref.[27℄ and refs. therein. In parti
ular we note theun
ertainty on the symmetry pressure at �0, of large importan
e for stru
ture 
al
ulations.Asymmetry brings an extra pressure Psym = �2d�sym=d�. For the 
olle
tive 
ow dis
ussion it is instru
tive toevaluate the density gradient of the symmetry pressure as a fun
tion of the slope and 
urvature of the symmetry
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FIG. 2: EOS for various e�e
tive for
es. Top: neutron matter (up), symmetri
 matter (down); Bottom: potential symmetryterm.term: dd�Psym = �23L+ 19Ksym�I2; (6)that around normal density gives dd�Psym = �1027�F + Ch ddu + 12 d2du2 iF (u)���u=1�I2: (7)The 
ompressibility of the matter is also modi�ed by the asymmetry [24, 28℄. For the 
ompressibility shiftat equilibrium we have, after some algebra,�KNM (I) = 9�0h�0 d2d�2 � 2 dd�i�sym(�)����=�0I2= [Ksym � 6L℄I2 < 0: (8)We note the di�erent interplay between slope and 
urvature of the symmetry term for 
ows, Eqs.(6,7), and monopole,Eq.(8), observables. In order to have a quantitative idea, we now show expli
itly the in
uen
e on the L;Ksymparameters of a di�erent density dependen
e in the potential part of the symmetry energy around saturation, i.e. ofthe fun
tion F (u) of Eq.(2): L = 23�F + 32C dduF (u)���u=1Ksym = �23�F + 92C d2du2F (u)���u=1We obtain the rather instru
tive Table I for various fun
tional forms F (u); u � �=�0; around �0.A sti�er symmetry term in general enhan
es the pressure gradient of asymmetri
 matter. We 
an expe
t dire
te�e
ts on the nu
leon emissions in the rea
tion dynami
s, fast parti
les and 
olle
tive 
ows. Moreover due to thedi�erent �elds seen by neutrons and protons, we shall observe even spe
i�
 isotopi
 e�e
ts.



4TABLE I: Symmetry term at saturationF (u) L Ksym [Ksym � 6L℄
onst = 1 +25MeV �25MeV �125MeVpu +49MeV �61MeV �355MeVu +75MeV �25MeV �475MeVu2=(1 + u) +100MeV +50MeV �550MeV

FIG. 3: Symmetry 
ontribution to the mean �eld at I = 0:2 for neutrons (upper 
urves) and protons (lower 
urves): dashedlines "asy-soft", long dashed lines "asy-sti�", solid lines "asy-supersti�"In Fig. 3 we report, for an asymmetry (N � Z)=A = 0:2 representative of 124Sn, the density dependen
e of thesymmetry 
ontribution to the mean-�eld potential for the di�erent e�e
tive intera
tions in the isove
tor 
hannel. Itis seen that in regions just o� normal density the �eld \seen" by neutrons and protons in the three 
ases is verydi�erent. We thus expe
t important isospin e�e
ts on nu
leon transport during rea
tions at intermediate energies(prompt parti
le emissions, 
olle
tive 
ows, n=p interferometry) where the intera
ting asymmetri
 nu
lear matter willexperien
e 
ompressed and expanding phases. These points have been analysed in some detail using isospin-dependenttransport simulations for the rea
tion dynami
s. We always 
ompare results obtained with for
es that have the samesaturation properties for symmetri
 NM . We will refer to an "asy� stiff" EOS (e.g. like BPAL32 of Fig.2). whenwe are 
onsidering a potential symmetry term linearly in
reasing with nu
lear density and to a "asy � soft" EOS(e.g. like SKM� of Fig. 2) when the symmetry term shows a saturation and eventually a de
rease above normaldensity. In some 
ases, in order to enhan
e the dynami
al e�e
ts, we will 
onsider also "asy�superstiff" behaviours,i.e. with a roughly paraboli
 in
rease of the symmetry term above normal density [16, 29, 30℄.Colle
tive Flows: de�nitionsThe 
olle
tive motion 
an be 
hara
terized in several ways that pin down di�erent spa
e-momentum 
orrelationsthat 
an be generated by the dynami
s. The kind of 
olle
tive 
ows that have been suggested and employed toget information on the equation of state 
an be divided into three 
ategories: radial, sideward and ellipti
. Thesideward and ellipti
 
ow have been and are 
urrently useful tools for the study of the 
ompressibility of symmetri
nu
lear matter. In the sear
h for the density behaviour of the symmetry energy similar 
on
epts 
an be exploited buthighlightening the di�eren
e between neutrons and protons or light 
lusters with di�erent isospin. We will de�ne thedi�erent types of 
olle
tive 
ow and we will dis
uss the 
urrent status of the e�e
ts expe
ted due to di�erent Esym(�),and related momentum dependen
e. We will see that �rst experimental results with stable beam already show hint of



5the e�e
t of the symmetry energy. Thus future, more ex
lusive, experiments with radioa
tive beams should be ableto set stringent 
onstraints on the density dependen
e of the symmetry energy far from ground state nu
lear matter.The sideward (transverse) 
ow is a de
e
tion of forwards and ba
kwards moving parti
les, within the rea
tion plane[31℄. It is formed be
ause for the 
ompressed and ex
ited matter it is easier to get out on one side of the beam axisthan on the other. The sideward 
ow is often represented in terms of the average in-plane 
omponent of the transversemomentum at a given rapidity < px(y) >: F (y) � 1N(y) N(y)Xi=1 pxi � hpxA i (9)The parti
ular 
ase in whi
h the slope of the transverse 
ow is vanishining in a region around midrapidity is referredas balan
e energy. It 
omes out from a balan
e between the attra
tion of the mean �eld and the repulsion of thetwo-body 
ollisions.The build up of sideward and ellipti
 
ow is realized around the higher density stage of the rea
tion and thusit is a powerful tool for the sear
h of the high density behaviour of the symmetry energy. It represents a meanof investigation very general, giving information on the dynami
al response of ex
ited nu
lear matter in heavy-ion
ollisions, from the Fermi energies up to the ultrarelativisti
 ones, in the sear
h for a phase transition to QGP, [1{6℄.For the isospin e�e
t the sum over the parti
les in Eq.9 is separated into protons and neutrons. In Refs.[30, 32℄ alsothe neutron-proton di�erential 
ow F pn(y) has been suggested as a very useful probe of the isove
tor part of theEOS sin
e it appears rather insensitive to the isos
alar potential and to the in medium nu
lear 
ross se
tion and, aswe will dis
uss, it 
ombines the isospin distillation e�e
ts with the dire
t dynami
al 
ow e�e
t. The de�nition of thedi�erential 
ow Fpn(y) is Fpn(y) � 1N(y) N(y)Xi=1 pxi�i � NnN(y)Fn(y)� NpN(y)Fp(y) (10)where N(y) is the total number of free nu
leons at the rapidity y (Nn;p, neutron/proton multipli
ities) and pxi isthe transverse momentum of parti
le i in the rea
tion plane (�i is +1 and -1 for protons and neutrons). The 
owobservables 
an be seen respe
tively as the �rst and se
ond 
oeÆ
ients from the Fourier expansion of the azimuthaldistribution [33℄: dNd� (y; pt) = 1 + V1
os(�) + 2V2
os(2�)where pt =qp2x + p2y is the transverse momentum and y the rapidity along beam dire
tion. The transverse 
ow 
anbe also expressed as: V1(y; pt) = hpxpt iIt provides information on the azimuthal anisotropy of the transverse nu
leon emission and has been used to studythe EOS and 
ross se
tion sensitivity of the balan
e energy [32℄.The se
ond 
oeÆ
ient of the expansion de�nes the ellipti
 
ow v2 that 
an be expressed asV2(y; pt) = hp2x � p2yp2t iIt measures the 
ompetition between in-plane and out-of-plane emissions. The sign of V2 indi
ates the azimuthalanisotropy of emission: parti
les 
an be preferentially emitted either in the rea
tion plane (V2 > 0) or out-of-plane(squeeze� out; V2 < 0) [33, 34℄. The pt-dependen
e of V2, whi
h has been re
ently investigated by various groups[5, 34{36℄, is very sensitive to the high density behavior of the EOS sin
e highly energeti
 parti
les (pt � 0:5) originatefrom the initial 
ompressed and out-of-equilibrium phase of the 
ollision, see e.g. ref.[36℄. Also at high energy it isallowing to get insight of the partoni
 stage and hadronization me
hanism in ultrarelativisti
 heavy-ion 
ollisions [6℄.III. COLLECTIVE FLOWS AT THE FERMI ENERGIES: ISOSPIN EFFECTS AROUND THEBALANCE ENERGYThe Fermi energy range (roughly from 20 to 100 AMeV beam energies), transitional region from a mean �eld toa NN -
ollision dynami
s with the related building up of density gradients, represents a kind of threshold for out-of-plane 
ows (radial and ellipti
). Meanwhile the transverse 
ow shows the Balan
e e�e
t, i.e. it 
hanges from negative
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FIG. 4: Flow parameters for the rea
tions of 58Fe +58 Fe and 58Ni +58 Ni as a fun
tion of the redu
ed impa
t parameter at abeam energy of 55 MeV/nu
leon. Taken from Ref. [39℄.to positive due to the 
ompetition between the attra
tive mean �eld and the repulsive NN 
ollisions (plus Coulomb),see [3℄: dF (y)dy (Ebal)y=0 = 0:Due to this deli
ate balan
e one would expe
t isospin e�e
ts on the mean �eld to be relevant.The isospin dependen
e of the transverse 
olle
tive 
ow near the balan
e energy was �rst pointed out in Ref.[37℄,where it is stressed that the rea
tions involving neutron-ri
h nu
lei should have a signi�
ant stronger attra
tive 
owand 
onsequently a higher balan
e energy. Shown in Fig.4 are the impa
t parameter dependen
e of the 
ow parameterfor the rea
tion of 58Fe +58 Fe and 58Ni +58 Ni at a beam energy of 55 MeV/nu
leon from experiments done atMSU[38{40℄. It is interesting to see that the 
ow parameter for the neutron-ri
her system is 
onsistently higher andis in agreement with transport model predi
tions[37℄. Pak et al. have also studied the 
ow parameter as a fun
tion ofthe isotope ratio of the 
omposite proje
tile plus target system for three di�erent fragment types from three isotopi
entran
e 
hannels. Shown in the upper window of Fig. 5 is the mean transverse momentum in the rea
tion planeversus the redu
ed 
.m. rapidity for Z=2 fragments from impa
t-parameter-in
lusive 58Mn +58 Fe 
ollisions at 55MeV/nu
leon. The 
ow parameter extra
ted for the impa
t-parameter-in
lusive events is plotted in the lower windowof Fig. 5 as a fun
tion of the ratio of neutrons to protons of the 
ombined system (N=Z)
s. The 
ow parameterin
reases linearly with the ratio (N=Z)
s for all three types of parti
les.In spite of the low 58F asymmetry (I = 0:1), in the iso-transport simulations of ref.[41℄ the shift of the balan
eenergy is getting a noti
eable 
ontribution from the sti�ness of the symmetry term. This is shown in Fig.6, wherethe 
ow slope at midrapidity vs. beam energy is reported: an asysti� behavior, more attra
tive for protons abovenormal density for the Fe asymmetri
 
ase, gives a 
lear shift in the balan
e energy as well as a larger (negative) 
owat 55 AMeV . i.e. below the balan
e. Both e�e
ts are in agreement with the data and are disappearing in the asysoft
hoi
e. Of 
ourse also the isospin and density dependen
e of the NN 
ross se
tions is important (see the (
) plots)but we note that a good sensitivity to the isove
tor part of the EOS is still present. In parti
ular we 
an see that theisospin dependen
e of the mean �eld is able to keep the transverse 
ow di�eren
e between protons in Fe � Fe andNi�Ni. However a systemati
 study over di�erent systems with more \exoti
" isospin 
ontent is ne
essary to 
on�rmthis result. An important e�e
t predi
ted by the simulations is the 
lear di�eren
e between neutron and proton 
ows.Due to the diÆ
ulties in measuring neutrons this should be seen in a detailed study of light isobar 
ows. Moreover
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FIG. 5: (Upper window) Mean transverse momentum in the rea
tion plane versus the redu
ed 
.m. rapidity for Z=2 fragmentsfrom impa
t-parameter-in
lusive 58 +58 Fe 
ollisions at 55 MeV/nu
leon. (Lower window) Isospin dependen
e of the 
owparameter for in
lusive 
ollisions at a beam energy of 55 MeV/nu
leon. Taken from Ref. [39℄.we like to re
all that 
lusters are better probing the higher density regions. This point is quantitatively shown in theFig.7 where we present the transverse momentum vs. rapidity distributions for 3He� Triton 
lusters in semi
entralFe � Fe 
ollisions at 55 AMeV , i.e. below the balan
e energy [41℄. We 
an estimate a 20% larger (negative) 
owfor the 3He ions, just opposite to what expe
ted from Coulomb e�e
ts. This appears to be a 
lear indi
ation of the
ontribution of a mu
h redu
ed (negative) neutron 
ow in the 
ase of an asysti� for
e, i.e. a more repulsive symmetryterm just above �0. The e�e
t would disappear in an asysoft 
hoi
e.For heavier systems, with mu
h larger Coulomb repulsion, the 
ow balan
e is at lower energies. The Iso � EOSe�e
ts are less evident for two main reasons: i) the smaller relative weight of symmetry vs. Coulomb 
ontributions; ii)the redu
ed 
ompression in the intera
ting region. This is 
learly shown in Fig.8, from the iso-transport simulationsof ref.[43℄, where the proton transverse 
ows for the 124Sn +124 Sn 
ase at 50 AMeV (semi
entral) are reported.There is no appre
iable di�eren
e in the evaluations with two quite di�erent density dependen
ies of the symmetryterm, F (u) = u
 ; u � �=�0, 
 = 0:5 (rather asy-soft) and 
 = 2 (asy-supersti�).Moreover at the Fermi energies free nu
leons 
an be emitted from various sur
es, from the early high density stage aswell as in the expansion phase, when fragments are formed (isofra
tionation or isodistillation) and �nally from ex
itedprimary 
lusters. For the Iso � EOS studies more ex
lusive 
ow data are needed. In parti
ular a good sele
tionfor the sour
e density 
ould be based on the transverse momentum of the nu
leons emitted at a given rapidity. Theproton ellipti
 
ow appears very sensitive to this analysis, see Fig.8 for the same Sn+Sn n-ri
h system [43℄. At highpt's the Iso � EOS di�eren
es are evident, with a redu
ed squeeze� out 
ow in the 
 = 2 
ase. Now protons seea larger symmetry attra
tion potential at high density, Fig.3, they stay longer in the intera
ting zone and so theyexperien
e a redu
ed shadowing e�e
ts from the \spe
tators". Finally we note that high momentum parti
les willbetter probe the momentum dependen
e of the mean �eld, in
luding its isospin dependent part. This is the subje
tof the next Se
tion.Despite the possibile interpretation, in order to make the analisis of 
olle
tive 
ow more sensitive to the symmetrypotential, the neutron�proton di�erential 
ow, de�ned in Eq.10, has been introdu
ed [32℄. In su
h a way one 
ombines
onstru
tively the di�eren
e in the neutron-proton 
olle
tive 
ow and the di�eren
e in the number of protons andneutrons emitted. At the same time the in
uen
es of the isos
alar potential and the in-medium nu
leon-nu
leon 
rossse
tions are also redu
ed. However the measurement of su
h a di�erential 
ow demands not only for the measurementof neutron 
olle
tive 
ow but also for a pre
ise assessment of their number, whi
h most likely is impossible. On theother hand the idea to 
ombine more than one isospin 
ontribution in one observable is 
ertainly important for elusivee�e
ts as those 
oming from the symmetry energy. In thie respe
t we like to note that the usual problems 
aused
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FIG. 6: Energy dependen
e of 
ows at bred = 0:45 [42℄: (full 
ir
les) Fe�Fe protons; (open 
ir
les) Ni�Ni protons; (squares)Fe� Fe neutrons - (a) asysti�; (b) asysoft; (
),(d) same for �NN = 2fm2 no isospin dep. - The full diamonds in (a) representthe proton balan
e energy data of ref.[38℄ for the Fe� Fe (right) and Ni �Ni systemsby the neutrons 
an be overtaken looking at 
lusters. For example one 
an use the de�nition of di�erential 
olle
tive
ow and apply it to the 3H �3 He isospin doublet, see previous dis
ussion.IV. EFFECTIVE MASS SPLITTING AND COLLECTIVE FLOWSThe problem of momentum dependen
e in the isospin 
hannel is still very 
ontroversial and it would be extremelyimportant to get more de�nite experimental information, see the re
ent refs. [44{49℄. Intermediate energies areimportant in order to have high momentum parti
les and to test regions of high baryon (isos
alar) and isospin(isove
tor) density during the rea
tions dynami
s. Now we present some qualitative features of the dynami
s in heavyion 
ollisions in higher energy regions, of large interest for the RIA fa
ility, related to the splitting of nu
leon e�e
tivemasses.Colle
tive 
ows are very good 
andidates sin
e they are expe
ted to be very sensitive to the momentum dependen
eof the mean �eld, see [24, 34℄ and refs.therein. We have then tested the isove
tor part of the momentum dependen
ejust evaluating the Differen
e of neutron/proton transverse and ellipti
 
owsV (n�p)1;2 (y; pt) � V n1;2(y; pt)� V p1;2(y; pt)at various rapidities and transverse momenta in semi
entral (b=bmax = 0:5) 197Au +197 Au 
ollisons at 250AMeV ,where some proton data are existing from the FOPI 
ollaboration at GSI [54, 55℄.We report here on expe
ted e�e
ts of the isospin MD, studied by means of the Boltzmann-Nordheim-Vlasov BNVtransport 
ode, ref. [50, 51℄, implemented with a BGBD � like [52, 53℄ mean �eld with a di�erent (n; p) momentumdependen
e, see ref.[44, 47℄, that allow to follow the dynami
al e�e
t of opposite n/p e�e
tive mass splitting whilekeeping the same density dependen
e of the symmetry energy.Transverse 
owsFor the di�eren
e of nu
leon transverse 
ows, see Fig. 9, the mass splitting e�e
t is evident at all rapidities, andni
ely in
reasing at larger rapidities and transverse momenta, with more neutron 
ow when m�n < m�p. Just to showthat our simulations give realisti
 results we 
ompare in lower right panel of Fig. 9 with the proton data of the FOPI
ollaboration for similar sele
tions of impa
t parameters rapidities and transverse momenta. The agreement is quite
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FIG. 7: Mean transverse momentum in the rea
tion plane vs. redu
ed rapidity for light 3He�3H isobars in the Fe�Fe 
ollisionsat 55 AMeV beam energy (i.e. below the balan
e) for semi
entral impa
t parameter, bred = 0:6. Asysti� parametrization.
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FIG. 8: (left) Mean transverse momentum in the rea
tion plane vs. redu
ed rapidity for protons in the 124Sn�124 Sn 
ollisionsat 50 AMeV beam energy (i.e. just above the balan
e) for semi
entral impa
t parameter, bred = 0:6. (right) Ellipti
 
ow formidrapidity protons as a fun
tion of transverse momentum. Two di�erent symmetry energy parametrizations, see text Twodi�erent symmetry energy parametrizations, see text. From ref.[43℄.satisfa
tory. We see a slightly redu
ed proton 
ow at high transverse momenta in the m�n < m�p 
hoi
e, but the e�e
tis too small to be seen fron the data. Our suggestion of measuring just the di�eren
e of n/p 
ows looks mu
h morepromising. Similar 
al
ulations have been performed in ref.[45℄ for the 132Sn �124 Sn system at 400 AMeV beamenergy. The Differential transverse 
ow, Eq.(10) is shown in Fig.10 with and without the Iso �MD of the mean�eld. The e�e
t of the nu
leon mass splitting is less evident. This 
ould be related to the 
hoi
e m�n > m�p in this
al
ulation, whi
h tends to redu
e symmetry e�e
ts on high momentum parti
les.
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FIG. 9: Di�eren
e between proton and neutron V1 
ows in a semi-
entral rea
tion Au+Au at 250 AMeV for three rapidityranges. Upper Left Panel: jy(0)j � 0:3; Upper Right: 0:3 � jy(0)j � 0:7; Lower Left: 0:6 � jy(0)j � 0:9. Lower RightPanel: Comparison of the V1 proton 
ow with FOPI data [54℄ for three rapidity ranges. Top: 0:5 � jy(0)j � 0:7; 
enter:0:7 � jy(0)j � 0:9; bottom: 0:9 � jy(0)j � 1:1. Ellipti
 
owsThe same analysis has been performed for the di�eren
e of ellipti
 
ows, see Fig. 11. Again the mass splittinge�e
ts are more evident for higher rapidity and tranverse momentum sele
tions. In parti
ular the di�erential ellipti

ow be
omes sistemati
ally negative when m�n < m�p, revealing a faster neutron emission and so more neutron squeezeout (more spe
tator shadowing). In the lower right panel we also show a 
omparison with re
ent proton data fromthe FOPI 
ollaboration. The agreement is still satisfa
tory. As expe
ted the proton 
ow is more negative (moreproton squeeeze out) when m�n > m�p. It is however diÆ
ult to draw de�nite 
on
lusions only from proton data.Again the measurement at least of a n/p 
ow di�eren
e appears essential. This 
ould be in fa
t an experimentalproblem due to the diÆ
ulties in measuring neutrons. Our suggestion is to measure the di�eren
e between light isobar
ows, like triton vs. 3He and so on. We expe
t to 
learly see the e�e
tive mass splitting e�e
ts, maybe even enhan
eddue to larger overall 
ows shown by 
lusters, see[24, 41℄.V. COLLECTIVE FLOWS AS PROBES OF THE HIGH DENSITY SYMMETRY ENERGYRelativisti
 heavy ion 
ollisions open the unique possibility to explore the Equation of State (EOS) of nu
learmatter far from saturation, in parti
ular the density dependen
e of the symmetry energy [24℄. The ellipti
 
ows ofnu
leons and light isobars appear to be quite sensitive to mi
ros
opi
 stru
ture of the symmetry term, in parti
ularfor parti
les with large transverse momenta, sin
e they represent an earlier emission from a 
ompressed sour
e. Thusfuture, more ex
lusive, experiments with relativisti
 radioa
tive beams should be able to set stringent 
onstraints onthe density dependen
e of the symmetry energy far from ground state nu
lear matter. In re
ent years some e�ortshave been devoted to the e�e
ts of the s
alar-isove
tor 
hannel in �nite nu
lei. Su
h investigations have not shown a
lear eviden
e for the Æ-�eld and this 
an be understood 
onsidering that in �nite nu
lei one 
an test the intera
tionproperties mainly below the normal density, where the e�e
t of the Æ�
hannel on symmetry energy and on thee�e
tive masses is indeed small [19℄ and eventually 
ould be absorbed into non linear terms of the � �eld. Moreovereven studies of the asymmetri
 nu
lear matter by means of the Fermi Liquid Theory [19℄ and a linear response analysis
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FIG. 10: Neutron-proton di�erential transverse 
ows vs. redu
ed rapidity with (upper panel) and without (lower panel) themomentum dependen
e of the symmetry potential for 132Sn �124 Sn 
ollisions at 400 AMeV beam energy for semi
entralimpa
t parameter, bred = 0:6. Two di�erent symmetry energy density-parametrizations, see text.

FIG. 11: Upper (left and right) and lower left panels: Di�eren
e between proton and neutron ellipti
 
ows for the same rea
tionand rapidity ranges as in Fig. 9. Lower right panel: Comparison of the ellipti
 proton 
ow with FOPI data [55℄ (M3 
entralitybin, jy(0)j � 0:1).have 
on
luded that some properties, like the borderline and the dynami
al response inside the spinodal instabilityregion, are not a�e
ted by the Æ �eld [20℄. Here we show that heavy-ion 
ollisions around 1AGeV with radioa
tivebeams 
an provide instead a unique opportunity to spot the presen
e of the s
alar isove
tor 
hannel [56℄ . In fa
t, dueto the large 
ounterstreaming nu
lear 
urrents one may exploit the di�erent Lorentz nature of a s
alar and a ve
tor�eld. Oversimplifying the HIC dynami
s we 
onsider lo
ally neutrons and protons with the same 
 fa
tor (i.e. withthe same speed). Then nu
leon equations of motion 
an be expressed approximately by the following transparent
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FIG. 12: Di�erential neutron-proton 
ows for the 132Sn+124 Sn rea
tion at 1.5 AGeV (b=6fm) from the three di�erent modelsfor the isove
tor mean �elds. Top: Transverse Flows. Bottom: Ellipti
 Flows. Full 
ir
les and solid line: NL�Æ. Open 
ir
lesand dashed line: NL�. Stars and short dashed line: NL �D�. Error bars: see the text and the previous 
aption.
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ow at RIA and GSI energies, (lower window) symmetry energy used inobtaining the above results.form (�S3 = M�E� �3), [56℄: d~p �pd� � d~p �nd� ' 2 �
f� � fÆ
 � ~r�3 (11)where 
 is the Lorentz fa
tor for the 
olle
tive motion of a given ideal 
ell. Keeping in mind that NL�Æ has athree times larger � �eld, [19℄, it is 
lear that dynami
ally the ve
tor-isove
tor mean �eld a
ting during the HIC ismu
h greater than the one of the NL�;NLD� 
ases (NLD� is built with the same density dependen
e of the NL�Æsymmetry energy, but without the Æ 
oupling). Then the isospin e�e
t is mostly 
aused by the di�erent Lorentzstru
ture of the \intera
tion" whi
h results in a dynami
al breaking of the balan
e between the � ve
tor and Æ s
alar�elds, present in nu
lear matter at equilibrium. The Catania group has performed a set of relativisti
 transportsimulations for the realisti
 132Sn+124 Sn rea
tion at 1.5 AGeV (b=6fm), that likely 
ould be studied with the new



13planned radioa
tive beam fa
ilities at intermediate energies. The transverse and ellipti
 di�erential 
ows are shown inFig.12. The e�e
t of the di�erent stru
ture of the isove
tor 
hannel is quite 
lear. Parti
ularly evident is the splittingin the high pt region of the ellipti
 
ow. From Fig.12 we see that, in spite of the statisti
al errors, in the (� + Æ)dynami
s the high-pt neutrons show a mu
h larger squeeze�out. This is fully 
onsistent with an early emission (morespe
tator shadowing) due to the larger repulsive �-�eld. We 
an expe
t this appre
iable e�e
t sin
e the relativisti
enhan
ement dis
ussed above is relevant just at the �rst stage of the 
ollision. The v2 observable, whi
h is a good
hronometer of the rea
tion dynami
s, appears to be parti
ularly sensitive to the Lorentz stru
ture of the e�e
tiveintera
tion. We expe
t similar e�e
ts, even enhan
ed, from the measurements of di�erential 
ows for light isobars,like 3H vs: 3He.Predi
tions have also been made with sverel other transport models. Shown in Fig.13 is the n-p di�erential 
owfor the rea
tion of 132Sn+124 Sn at a beam energy of 400 MeV/nu
leon and an impa
t parameter of 5 fm[57℄. E�e
tsof the symmetry energy are 
learly revealed by 
hanging the symmetry energy labled the parameter x in Fig.13.It is worth mentioning that the isospin dependen
e of radial 
ow at RIA energies has also been investigated veryre
ently[58℄. The di�eren
e in the radial 
ow velo
ity for neutrons and protons is the largest for the sti�est symmetryenergy as one expe
ts. As the symmetry energy be
omes softer the di�eren
e disappears gradually. However, theoverall e�e
t of the symmetry energy on the radial 
ow is small, even for the sti�est symmetry energy with x = �2 thee�e
t is only about 4%. This is be
ause the pressure of the parti
ipant region is dominated by the kineti
 
ontribution.Moreover, the 
ompressional 
ontribution to the pressure is overwhelmingly dominated by the isos
alar intera
tions.For protons, the radial 
ow is a�e
ted mu
h more by the Coulomb potential than the symmetry potential. In fa
t,the Coulomb potential almost 
an
els out the e�e
t of the symmetry potential at x = �2. As the symmetry energybe
omes softer, the radial 
ow for protons be
omes higher than that for neutrons. The radial 
ow thus seems to beless useful for studying the EOS of neutron-ri
h matter.VI. CONCLUSIONSThe EOS of neutron-ri
h matter has been a long-standing fundamentally important topi
 in both nu
lear physi
sand astrophysi
s. Nu
lear rea
tions indu
ed by netron-ri
h nu
lei provide a great opportunity to pin down the EOSof neutron-ri
h matter. In parti
ular, the isospin dependen
e of various 
omponents/forms of nu
lear 
olle
tive 
ow isvery useful for extra
ting interesting information about the EOS of neutron-ri
h matter. Some experimental eviden
eindi
ating the isospin dependen
e of 
olle
tive 
ow has been obtained from heavy-ion rea
tions at the Fermi energies.In parti
ular, it was shown both theoreti
ally and experimentally that the 
ow strength of 
harged parti
les dependon the isospin asymmetry of the rea
tion system. Moreover, the balan
e energy where the 
olle
tive 
ow vanish isalso isospin dependent. A number of intereting predi
tions regarding the isospin 
ows have been made using isospin-dependent transport models. However, there are 
urre
tly very few experimental data available to be 
ompared with.Be
ause of the fa
t that the isove
tor potential is rather small 
ompared to the isos
alar potential during heavy-ionrea
tions, many of the sensitive observables use di�eren
es between neutrons and protons, su
h as the neutron-protondi�erential transverse and/or ellipti
al 
ow. They thus require the dete
tion of neutrons simultaneously with 
hargedparti
les. Although it is 
hallenging to measure low energy neutrons a

urately, the transverse 
ow and squeeze-outof neutrons have been measured at both GSI and the Bevala
. In fa
t, neutron dete
tors have been built/planned atseveral radioa
tive beam fa
ilities. One 
an thus expe
t to see high quality neutron-proton di�erent 
ow data 
omingin the next few years. In the meantime, observables using di�eren
es of light isobari
 nu
lei 
an also provide someuseful information albeit less sensitive than neutrons and protons.While we have 
on
entrated on the 
olle
tive 
ow observables in this report, the readers are kindly remindedthat there are many other equally useful observables, su
h as, the n=p ratio of pre-equilibrium nu
leon emissions,��=�+ and K0=K+ ratio as well as neutron-proton 
orrelation fun
tions, for studying the EOS of isospin asymmetri
matter. Correlations of multi-observables are 
riti
al for �nally determining the EOS of neutron-ri
h matter. Basedon transport model simulations, several interesting predi
tions were made in the literature. Our review here on theisospin 
ows serve as an example of a broad s
ope of interesting physi
s one 
an study with nu
lear rea
tions indu
edby neutron-ri
h nu
lei. With the 
onstru
tion of various radioa
tive beam fa
ilities around the world, we expe
t that
omparisons of theoreti
al predi
tions will future data will allow us to better understand the isospin dependen
e ofin-medium nu
lear e�e
tive intera
tions. In parti
ular, high energy radioa
tive beams to be available at some of thefa
ilities provide us a great opportunity to explore the EOS of dense neutron-ri
h matter that is of vast interest toastrophysi
s. Well 
on
erted 
olle
tive a
tions by both experimentalists and theoreti
ians will 
ertainly move this�eld forward qui
kly.We would like to thank the organizers and parti
ipants of the past three WCI 
onferen
es in Catania, Smith Collegeand Texas A&M University for their great e�orts in generating the 
olle
tive 
ow of ex
itement and interest in thestudy of isospin physi
s with heavy-ions. The work of M. Di Toro was supported in part by INFN Italy. The work
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