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Systematics of Nuclear Matter Properties
[le] .

in a Non-Linear Relativistic Field Theory

J. Boguta and H. Stécker

" Abstract - | ,

The propérties'of symmetrié nuclear matter are,investigated iﬁ.a
renofma]izab]e non-linear relativistic fie]d:theorquf nuclear maftef. A
mean fie1a ébbroximation~is made. We find that the eqqation of state over
a considerable density range is determined by the nuclear matter |
compressibility modulus. A family of equations of state is considered
that fit all known bulk properties of nuclear matter, int]uding the energy
dependence of the optical potential.’ The.importanCé ofﬁnon—Yukawé type

nuclear interactions is discussed.

* This work was supported by the Director, Office of Energy Research,

Division of Nuc]earvPhysics of. the Office of High Energy and Nuclear

Physics of the U.S. Department of Energy'undek'cdntract W-7405-ENG-48. -
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- One of the central aims of nuclear physics is to determine the
equation of state of nuclear mattek at all physica]]y.interesting
densities. Thus far the equatiqn of state is‘known at only one density
value. This can be inferred from the structure of finite nuclei. It
reveals that nuclear matter saturates at a density of about °o &
0.145/fm3 with a binding energy per particle of B, ~ -16 Mev. !
Analysis of the nuclear monopole vibration allows one to infer- the

combréssibi]ity modulus to be K = 210 # 30 Me‘-V.2

'Another known property
of nuclear matter in its ground'stafe is the energy'deﬁéndence oflthe
nuclear optfcal potential. Any reasonable thedry of nuclear matter must
either predict these four established properties of nuclear matter from
first pnincip]es'or‘élse incorporate them in a,se]f;consistent

phenomenological app"rbach.3

The question_Whether‘the equation of state
is well detérmined by fixing a few paraméteré has not been investigated.
Indeed, it is still not known what are the necessary and sufficient
physical ingrediénts of a many-body'theory that will account for the known
properties of the equafion of state. | |

A large number of theoretical attempts have been made to calculate
~the equation ofvstate at low and high densitfés qsing two-body potentials
adjusted to fit the experimehta] nucleon-nucleon scatteriné data;4
Thése calculations are very dificult, invoTving a certain amount of
uncertainty aé to the type and origin of inferactfon to be used. For
exémp1e, the importance of fhe three;body interaction is receiving new
attention.5 These calculations make it difficu1t to see possible simple
1nterre]ation$ between physically interesting quantities. For example,

one of the major results of the present work is the discovery that in

self-consistent relativistic mean field models, the low density equation
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self-consistent relativistic field theory proposed by Boguta and Bodmer.
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of state is almost completely determined by the compressibility modulus K.

The aim of the present work is to explore these interconnections in a
6
This theory allows for nuclear interactions that are not stritt]y two-body.
Yukawa. type.

The nucleon ¥ is assumed to interact with a scalar field ¢ and a

vector field w, = (m,iwo) through the following Lagrangian:

| ) |
— 3 1/ 50 -1
L = “‘“Yus—x; * my) 7(37:) - Ule) =F  Foy

1.2 .
- e e *oig Py Yo - 9.To _ _ | (1)
where
3 3
Fuv - axv o BXu ©y (2)

the potential functional U(g) is taken to be quartic polynomial in the

field o.6 The theory is perturbatively renormalizable.

2
m : 3
s2.,b c 4
U(o) = 50" + 30 * 0 (3)
For trans]ationa]]y and rotationé]]y invariant infinite nuclear
matter, the field equations in the mean field approximation, o > <o> =
Ops ), > <w> = iauowo’ are
2 3
Mo, + bo_ + Coy = ~94Ps (4a)
Mo = IyPy _ ~ (4b)
w=0 | : | (4c)

where



OV = 3 2 kF (Sa)
i
K
F *
oy = — f dd —m (5b)
(27) ", 2+m*2
me = my * go, | | (5¢)

The energy density e, pressure P, and compressibility modulus K at zero

absolute temperature are

. g F )
€ =%—V o2+ A kK2 + ml + U(o) (6a)
m v 3
v (2n) .
2 d € |
P = Py K (‘5\7) (6b)
) _
K = 9\2/ d_2 £ (6c)
dpV v _ ' , S _ '

The energy of a particle moving through matter with momentum k is given by

2 2

EF = 9,%, +Nk™ + m* (7a)

‘/kz + mﬁ Uy er | " (7b)

where U cc is the nuclear optical potential. At saturationvdensity‘

F=
N

From the field equation Eq. (4a) one sees fhat the density dependence
of the équationbof state will be determined not only by the Lorentz scalar
source term Py = VY, which leads to a Yukawa type two-body 1n£eréction,
but also by the non-linear terms bo2 and Co3, which can be interpreted

as many body 1nteractions.7

E_ = ;— = -15.96 MeV (7¢)
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The necessity for these non-linear interactions is
phenomeno]ogica].3 The relativistic field theory of matter that
contains only Yukawa type interactions predicts an incorrect energy
debendence of the'optica1 potential and a cohpressibility modulus that‘is
much too large (k = 550 MeV).8 |
. In the ﬁon—]inear relativistic field theory discussed here, the

properties of infinite nuclear matter will depénd on two dimensionless
constants CS‘; (%i)nw, C, =,<%§)nw and on E = b/gg‘and T =

c/gg.

For every choice of CS and CV, the values of ¢ and b can

be determined so that symmetric nuclear matter éaturafes at a density of
°0 = 0.145/fm3 with the binding energy of -15.95 MeV/particle. An
important quantity to constrain is the compressibility modulus K. As
mentioned before, the Yukawa type field theory predicts K = 550 MeV. 1In
Fig. la we show constant compressibility cohtours of K = 180 MeV, 210 MeV,
240 MeV in the'CS and.(v_lV plane. This covers the limits K = 210 * 30

MeV of the compressibility modulus deduced from nuclear monopole |
vibration. An interesting question is how does the equation of state vary
as a function bf CS and CV but constrained to give a fixed |
compressibiiify, say K = 210 MeV. In_Fig. 2 we show these equations of
state for quite different values for the (CS,CV).pair and for

physically interesting values of m*., We varied the efféctive'mass m* /m
from 0.85 to 0.6 and the equations of state are almost identical for
densities below the saturating density and slightly above it. The high
density behavior is not detefmined by the compressibi1ity modulus.

Another important quantity to determine fs the energy dependence of

the optical potential. In the relativistic mean field theory the

Hugenhd]tz-Van Hove Theorem implies that the effective mass m* completely
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determines the energy dependehce of the‘obtica] potential for.nuc1ear
matter at fixed saturation density and binding energy.3 ‘From Eq.

(7a-7c) we see that the energy dependence of the optical potential in this
theory is comp]ete]y determined by the value of CV and independent of

Cs‘ This means .that the energy dependence of the opticé1 potential is

not uniquely related to the equation of state. A theoretically reasonable
range of the effective mass is 0.65 S:m*/mN < 0.75, a value qf O.7ior
slightly less-being most consistent with the knbwn energy dependence of

3,9 In Fig. la we show the value of m* as a.

the optical potential.
function of Cv_and in Fig. 1b we have the constant compressibility
contours. We are now in the position to choose7judiciously thé values of
CS and CV that-are»consistent with the known bulk properties of

matter. This range we show in the shaded area of Fig. 1b.

There are two interesting questions to answer. Firsf, how doeslthe
équation of state at 1ow_densities vary as one varies the interaction
parameters inside the shaded region’ of Fig. 1b. The second question is
how does the equation ofvstate vary at high densities The answer is
shown in Fig. 3a and Fig. 3b. The equation of state at low density is
quite 1nsensﬁt1ve to the variation of compressibi1ity, while the equation
of state at high densities can VAry_substantially, We can conclude that
the extrapolation of the equation of state from known nuclear broperties
at normal dénsities cannot be reliable. The dots in Fig. 3a and Fig. 3b
rebresent the results of many body variatibna] calculation of Friedman and

10

Pandharipande. At low densities the agreemeht is very good. At high

densities the best agreement is obtained for m*/my= 0.75. This effective mass,

we believe, is too large for the mean field theory. As already notéd, a

value of m*/my=~ 0.7 is in best agreement with the energy dependence of the

]

W
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nuclear obtfca1_potentia1. There is no reason to believe that the
nonrelativistic variational calculations at high nuclear density should be
reliable. In Fig.'3b we_show the corresponding préssdres as a function bf
density. |

The above results demonstrate that even a precise determination of

the nuclear equation of state at densities p < 1.2 °0 does not enable us

to predict the high density behavior with reasonable accuracy. A
theoretical determination is also very difficult in view of the fact that

5,10 Experiments must

many body forces can play an essential role.
reinvigorate the quest for the high density equation of state.

We have shown that the equation of state at Tow densities in

non-linear relativistic mean field theory is determined by the

compressibility modulus for a fixed saturation density and binding
energy.' The precise mechanism (i.e. the}magnitude of b and‘c) for
saturation is unimporfant. Furthemore, the value of the effective mass is
not uniquely ré]ated to the equation of state but is an additional
quantity that hés to be determined. Its value can be extracted from the
energy dependence of the optical potential, A signjficant shortcoming of
the Yukawa type field theory proposed by Walecka8 is its incorrect

energy dependence of the optical potential at low energies.

One would have expected that a theory of nuc]ear‘hatter that does not
contain_many well-accepted aspects of many body theory cannot be a
reaéonabTe stafting point in the study of nuclear properties. By explicit
calculation and comparison'we showed that this expectation is indeed

3

false.” In fact, the agreement between the non-linear relativistic mean

" field theory and many body. calculations is easily understood. We have

shown that once one has predicted, or fitted, a few known nuclear matter



: _8; |

properties, therequétion of state at Tow densities as well as the'energy
dependence of thevoﬁtiCallpotentia]vare determined. As far as the
equation of state is concerned, its Tow denéity behaviorvis‘determined by
the value of nuclear compressibility modulus at saturation and independent
of the precise way nuclear saturation is achieved. This suggests that
nucleon-nucleon interaction in matter cannot be uniquely extracted from
the knowledge of the equation of state at Tow (p < 1.2 po)vdensities.
v The converse is aléo true, because of the freedom to choose the strength
of.the non—linearifies; This, we believe, is a stfong motivation for an
experimental effort to study high density phenomena achievable in |
intermediate and high energy_heavy_ioh collisions. In this wéy, much more
will be known about’the equation‘of state and this knoWTedge will shed 1ight on the
essential properties a-many body theory must have.

This work was supported by fhe_Director, Office of Energy Reséarch,
Division of Nuclear Physics of the Office of High Energy and_Nuc1eak

Physics of the U.S. Department of Energy under Contract W-7405-ENG-48.
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Figuke Captions .
Fig. la shows the contours of constant compressibility for K = 180, 210
and 240 MeV in the CS, CV plane for nuclear matter

saturating at a density o = 0.145 fri3

with a binding‘
energy B, = -15.96 MeV. The shaded area indicates the narrow
range of C§’Cv values consistent with the known bﬁ]k
properties of nuc]ear matter and with an effective mass m*/my=
0.7 = 0.05. | | \ |
Fig. 1b. shows the effective mass m* at saturation vs. C,o The
effective mass at saturation is independent of CS for fixed

saturation density and binding energy.



Fig., 2.

Fig. 3a.

Fig. 3b
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The energy per particle ié shown és a function of the baryon
density o, for a fixed compressibility modulus K = 210 MeV, .
but for three different va]ues of.CS,Cv pair corresponding

to effective masses m*/mN= 0{65, 0.70, 0.75 respectively. For

densities below o, the three different equations of state

differ by 1ess.thah one percent, while the high density behavior
is not Uniquely determined by K.

The energy per partic]e is shown as a function of baryon densfty
for the corner points of the shaded area of Fig. la; The dots’
represent the results of Friedman and Pandharipande calculation

using the variational method.

shows the density. dependence of the pressure for the same models

as in Fig. 3a. Also the pressure:for the best choice Q%
parameteks, K ='210 MeV, m*/mN= 0.7 is shown. The dots indicate

the résu]ts-of Friedman and Pahdharipande.
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