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Nuclear matter equation of state based on effective nucleon-nucleon interactions
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A comparison of the nuclear matter equations of state based on Skyrme, Myers-Swiatecki, and Tondeur
interactions is given. It is shown that the difference among these equations of state is not significant in most of
the relative neutron excess range which is of interest for both heavy ion collisions and supernova explosion
calculations. However, if the equation is fitted to the same standard state, the equation based on the Tondeur
interaction is softer than others provided the relative neutron excess is not close to 0.

PACS numbd(s): 21.65+f, 21.30.Fe

The nuclear equation of staé€p, 9), which is the energy  For the MS interaction, the parametersB, y (the y in Ref.
per nucleon of nuclear matter as a function of the nucleo2]), ¢ and¢ appear in the EO$4,5], while the Yukawa
densityp and the relative neutron excessis a fundamental range of forcea does not. In the TO interaction, the param-
quantity in theories of neutron stars and supernova explogtersa, b, ¢, andy are relevant to the EOS, whitkand » are
sions, as well as in theories of nucleus-nucleus collisions ajqt.
energies where nuclear compressibility comes into play. The The EOS based on these interactions can be written for-
main measured quantities which can provide informationmally as
about the equation of statEOS are the binding energies
and other data of finite nuclei. As the finite nuclei are in p |\ p\%°
states near the standard nuclear matter state with normal 6(9’5):1—[[)2(5)(,)_0) _D3(5)(p_0)
nucleon densitypy and zero neutron exces$=0, our 5
knowledge about the EOS can be confirmed experimentally p\”
only in a small region around~ po and 5~0. D 5)(5 DA 5)(5) } @

However, there is currently considerable interest in the
very neutron rich nuclei and energetic heavy ion collisionsThe equilibrium conditionde/ dp|o=0, by which the stan-
where the nuclear matter state is beyond this region. As angtard statep=p, at =0 is defined, gives the following re-
direct information beyond this region is difficult to come by, lationship:
extrapolation is inescapable and, in this case, a nuclear
model is required. The model is fitted to binding energies 2D;(0)—3D3(0)+5D5(0) + yD,(0)=0. ©)
and other data of finite nuclei at first, then applied to nuclear
matter to derive the EOS. In this way, the obtained EOS caffOr nuclear matter close to the standard staged), the EOS
be considered as being fitted indirectly to a region around th€&n be written approximately as
standard state, but its prediction of states beyond this region 2
should be regarded as an extrapolation. In this case, it is e(p,d)=—a +i(K +K 52)(m>

p! 1 0 S

worthwhile to make a comparison between the extrapolations 18 Po

5/3

given by different EOS. L/ p—
The purpose of this Brief Report is to discuss the EOS +J+ = P~ Po }52, (4)
given by Skyrme(SK) [1], Myers-Swiatecki(MS) [2], and 31 po

Tondeur(TO) [3] interactions. This is a very specific family
of effective NN interactions which should not be confused
with more realistic models diIN interactions which are fit-
ted to describeNN scattering data. We will discuss the re-
striction of equilibrium condition on the properties of stan-
dard nuclear matter at first, and then present the predictio

which is specified by the volume energy, symmetry en-
ergy J, incompressibilityKy, density symmetry, and sym-
metry incompressibilityKs. They can be expressed in terms
of D;p=D;(0), Dij,=(1/2)[ 4°D;/96%],, i =2,3,5;, and the
fpllowing formulas can be derived:

for nuclear matter away from the standard state, based on _ _ _
these EOS. Ko=15a;+[3Dot (y=5)(y=3)D o] T
For the SK interaction, the parametégs t;, Xq, X3, S1, =3ya;+[(y—2)Dyy—2(y—5)Dsg] T, (5)

s,, and y appear in the EOS whilé/, does not, where
whereT is a constant with dimension of energy.

For the SK interaction, Eq23) yields

51: [t1(1+X1/2) +t2(1+X2/2)]/4,
poto v P3ts ( 3772) 2353l 1 6

@ g—+— —| —=|si1t5S:|]+tz==0.
8 T 16 T 2 T\ 2725

Szz[tz(X2+ 1/2)—t1(X1+ 1/2)]/4 (6)
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TABLE I. Readjusted SK interaction parameters. Input valuesrgrel.140 fm,a,;=15.97 MeV,K,
=236.07 MeV,J=29.25 MeV,L=58.50 MeV, andK = —67.92 MeV.

Force Slil Ska SkM SkM RATP

y 6 4 712 712 18/5

to (MeV fmd) —1405.521 —1792.320 —2372.518 —2372.518 —2179.119

t3 (MeVim?) —14402.55 12 794.56 12584.33 12584.33 11 940.95

Xo 0.069 56 0.13735 0.197 59 0.19759 0.18018

X3 0.38368 0.38368 0.38368 0.38368 0.38368

s; (MeV fm®) 642.825 —42.389 71.813 71.813 55.499

s, (MeV fm®) —473.186 84.802 —8.196 —8.196 5.090
Therefore, among seven parametgysts, Xg, X3, S1, Sy, 3poa 7P3/3b § -

andy, only six of them are free. Considering this relation, it 0. (13)

can be shown that;, Ko, J, L, andKg are independent of
each other, in the SK EQS. Besides, a relation connetting Therefore, there are only three independent interaction pa-
to a, andK, can be obtained from Ed5), rameters in the TO EQS, e.@, ¢, andy. Correspondingly,
9 (y=5)(y—3) there are only three free variablesan, Kgy, J, L, andKg,
Ko=15a;+ T+ %pg)ﬁt& 7) e.g.,a;, Kq, andJ, as it can be shown that

T "1 75

L=2J, K.=-2J. (12)
If t3=0, asa;~16 MeV andT~37 MeV are well known » . . i
from measurements, this formula gives the estimatign !N addition, the following relationship amortg,, a;, andy
~306 MeV. Hence, in order to havi, lower than 306 Ccan be written for the TO EOS from E¢p):
MeV, the fourth term p/p,)” in the SK EOS is needed. 3

For the MS interactionD'%(5)=0, the equilibrium con- Ko=3va,+ = (y—2)T. (13)
dition (3) can be transformed into the following relation S

amonga, B, andy: From a;~16 MeV, T~37 MeV, andK,~220 MeV, the

_ appropriate integer is found to he=4, as given by Ref.3].
Sa—10B—-4(1-y)=0. (8 If y=4 is chosen, there are only two interaction parameters
to be freely adjusted in the data fit, e.gandc. Correspond-
In this case, there are only four independent interaction paingly, there are only two independent variablesin Ko, J,
rameters in the MS EOS, B, &, and{, if vy is solved from L, andK, e.g.,a; andJ, whenK, is calculated by Eq(13).
Eq. (8) as a function ofx andB. Correspondingly, there are Froma;~16 MeV, T~37 MeV, andy=4 we can evaluate
only four independent variables amoag, K,, J, L, andK;  Ko~236 MeV[3].
in the MS EOS. Actually, the following relationship can be  Using the interaction parameters and the nuclear radius

derived: constant  given in Refs[1-3], which will be referred to as
the original interaction parameters thereafter, and the physi-
K. 4B(1++) 1B+ v 3J—L cal constantsf2c=197.32891 MeVfm, m=938.905 95
Ks_ 48l _y) 1— Y , (99  MeV/c?, the calculated values @, Kq, J, L, andK are
T 4B+y 2B(1+y) T close to each other for the SK, MS, and TO interactions,

except SlIl where the values &f, andKg are far away from
where B=5(K,—6a,)/18T and y=1-5(K,—15a,)/9T.  others. The average values of these coefficients over Ska,
Furthermore, formuld5) for the MS EOS becomes SkM, SkM*, RATP, MS and TO interactions are;
=15.97 MeV,Ky=234.4 MeV,J=29.25 MeV, L=48.63
9 o MeV, andK = —126.9 MeV.
Ko=15a,+ 5(1_ v)T. (10 The nuclear matter state with zero pressure and minimum
energy per nucleon can be solved from the equafiefip
_ =0. Its solution gives density as function @ i.e., p,
For y=0, the MS interaction is reduced to the Seyler-=p_(5). For §=0, we havep,,(0)=p,. The incompress-
Blanchard interactiofi6] and this formula gives the estima- ibility of nonequilibrium nuclear matter can be defined as
tion Ky~306 MeV, trf same as that discussed for the SKK(p,8)=9dP/dp, whereP = p?gel dp is the pressure. Along
interaction. Thereforey-dependent terms in the MS EQOS are the line of minimumpy,(5), this K(p,5) becomesK,(9)

required, in order to obtaiK, lower than 306 Me\{4]. =9p2[5%el9p?],n. At the standard statepf,0) we have
For the TO interactionDg(5) =0, the equilibrium condi- K,,(0)=K,. At the critical point @.,d;), where the maxi-
tion (3) now is a relation among, b, and y: mum and the minimum are coincident, the curvature of
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e(p,d.) versusp changes sign an#l,,(5;)=0. SoK,(9) 0.20
starts withKy and ends at 0 whea increases along the line
of minimum.

Using Eq.(4), the following approximate solutions can be 0.15
obtained: —
po=pol1—(3LIKg) 82], ey~—a,+J82 £ o0
(14 oF

Ky~ Ko+ K62,
0.05

where only the linear term ia? is kept. The systematics of
nuclear central densiti¢d] based on elastic electron scatter-

ing data and muonic atom spectroscopy data provide a direct 0.00 Frrrrrrrrr T T
evidence for the first equation of Eg&l4). In the plot 000 020 040 060 080 1.00
e(p, S) versusp, the standard state is at the minimum point o

Pm=po With deptha; and curvature proportional t&,. 5.0

When the minimum is moved with increasi@gfrom 0, the
decrease op,, is controlled by 2/K,, and the increase of

depth is controlled by, while the decrease of curvature is 0'0_5
controlled by—Kg. In this way, the interaction with differ- — 3
ent value of these quantities will predict different properties % -5.03
of nuclear matter that are not far away from the standard =
state. By this understanding, the difference among the EOS ~ 0.0
based on SK, MS, and TO interactions, except Slll, is not o 3
significant at states not far away from the standard one, as 3
their values ofa;, Ky, J, L, andK; are close to each other. 13.03
The exact solutiop,(5) depends on the interaction. The
analytic solution is possible for Slll, Ska, MS, and TO inter- -20.0 T
actions, while the numerical solution is appropriate for SkM, 000 020 040 060 080 1.00
SkM*, and RATP interactions. A natural question is, what is
the difference among these EOS, if the standard state is the 2505
same with same locatiop,, deptha,, curvature~K,, and 3
so on? In order to make this comparison, the interaction pa- E
rameters should be readjusted according to chegera,, 200—;
Kg, and so on. For the value pf), we choose ;=1.140 fm ~ ]
determined by the data fit to nuclear charge rd8ii In = 1503
addition, we can choose the valueayf, Ky, J, L, andKg in = 3
an appropriate way. In this case, E§) should be fulfilled ~ 100_2
for the MS interaction, while Eqg12) and (13) should be ME E
fulfilled for the TO interaction. The chosen values used to E
calculate the interaction parameters are as followas: 503
=15.97 MeV, K;y=236.07 MeV, J=29.25 MeV, andL
=58.50 MeV; in additionKs= —67.92 MeV for the SK and 0 ZFrerrrrrrrrrrrrrerr
MS interactions while—=58.50 MeV for the TO interaction. 000 020 040 060 080 1.00

Among these valuesy; andJ are the average values men-
tioned aboveK, andL are calculated by Eq$12) and(13).
K, is calculated by Eq(12) in TO’s case while by Eq9) in FIG. 1. (8 pm versus, (b) ep versusd, and(c) Ky, versuss.

MS'’s case. In SK's cas& can be chosen from either MS's jtference among these EOS for 8:4/p,< 1.6. Using these
or TO's value; there is no significant difference in the calcu-parameters, we can calculaig,(8), en(d), and K (9)
lated result. _ , . along the equilibrium line. Figure 1 display® p., versuss,
The calcula_ted SK interaction parameters are given Np) e, versuss, and(c) K, versuss calculated by readjusted
Table I. MS interaction parameters are calculateda@s parameters for various SK interactiofslid lines, the MS
=2.01774, B=1.03979, y=1.07728, {£=—-0.17012, {  interaction(dot-dashed ling and the TO interactiofdashed
=0.47555. TO interaction parameters wigl=4 are calcu- line). The solid lines denoting SK interactions, from top to
lated asa= —672.13 MeV fnf, b=799.71 MeV fn4, andc bottom, correspond t@) Ska, RATP, SkM, SkM*, and SllI
=99.116 MeV fnf. These parameters will be referred to asinteractions, respectively; SkM and SkM* are the same
readjusted interaction parameters hereafter. whereas RATP, SkM, and MS almost overlép; Slil, SkM,
The plote versusp/p, for 6=0, calculated by these re- SkM*, RATP, and Ska interactions, respectively, where SkM
adjusted interaction parameters, shows that there is almost amd SkM* are the same; SkM, RATP, and Ska are almost
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TABLE Il. The critical point values f., ;) predicted by SK, MS, and TO interactions. For each item,
the first(secondl line is given by originalreadjustedlinteraction parameters.

Sl Ska SkM Sk RATP MS TO
ro (fm) 1.180 1.154 1.142 1.142 1.143 1.140 1.145
1.140 1.140 1.140 1.140 1.140 1.140 1.140
O¢ 0.8385 0.8647 0.8390 0.8421 0.8303 0.8213 0.8732

0.8772 0.8980 0.8908 0.8908 0.8920 0.8988 0.7697
pe (fm~3) 0.07173 0.024 16 0.02345 0.024 20 0.038 92 0.03039 0.03081

0.027 32 0.029 69 0.028 25 0.028 25 0.028 51 0.026 43 0.03131
e. (MeV) 3.9019 1.5852 1.2572 1.2814 1.9898 1.1031 2.6142

1.8894 1.8505 1.7025 1.7025 1.7311 1.1280 2.6304

coincident; (c) Ska, RATP, SkM, SkM*, and SlII interac- choice ofy in the SK interaction. On the other hand, TGs
tions, respectively; SkM and SkM* are the same. The criticalis well below others. This is because the value of T®;s
point values p.,d;) are listed in Table II. depends sensitively on the interaction parameters. In this
Most of the discussion about the nuclear EOS, up to nowgontext, in order to make a choice among these interactions
concentrates on states around the standard one, i.e., about fbe the extrapolation, experiments which can provide direct
quantitiesa,, J, L, Ky, andKg, especiallyK, in supernova or even indirect information about nuclear matter with large
explosion and neutron star calculations ahdin heavy ion  asymmetry$ and low densityp are required.
collisions. However, even these quantities or equivalently the In summary, a comparison of nuclear matter EOS based
interaction parameters were well determined by the meaen SK, MS, and TO interactions is given in this Brief Report.
sured data of nuclei, the extrapolation to states far away fronit is shown that the difference among these EOS is not sig-
the standard one is still an open problem. The numericahificant in most of the relative neutron excess range which is
result given above presents an example which shows that thef interest for both heavy ion collisions and supernova ex-
asymmetry dependence of the critical point depends on thplosion calculations. However, if the equation is fitted to the
model used to perform the extrapolation. When the EOS isame standard state, the equation based on the TO interaction
fitted to same standard state, SK's and M&:sare close to is softer than others provided the relative neutron excess is
each other; especially. does not depend sensitively on the not close to 0.
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