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Abstract. The theoretical concepts of «a chirally symmetric meson field theory
are reviewed and an overview of the most relevant. applicailions in nnelear pliysies is
given. This includes a unified description of the vacuum properties of hadrons. finit e
nuclei and hot, dense and strange nuclear matter in an extended chiral SU(3),, ~
SU(3)r o — w model.

1 General Ideas

Quantum chromodynamics (QCD) is the accepted theory of strong inter-
actions, but for low energies it is not perturbatively solvable. One idea to
overcome this problem is lattice gauge theory, where QCD is solved numeri-
cally on a finite space-time lattice. So far, lattice gauge theory is not able to
describe finite nuclei or dense nuclear matter (finite chemical potential) [1].
A different approach has been followed in nuclear physics for several years
that is well known from other disciplines, the idea of constructing effective
theories. In this concept only the relevant degrees of freedom for the problemn
are considered to construct a simplified model which is solvable, but contains
the interesting and essential characteristics of the full theory. For the case
of strong interactions this means that one considers the hadrons as relevant
degrees of freedom instead of quarks, and the bosonic fields are mesons in-
stead of gluons. There exist several models which successfully describe nuclear
matter and finite nuclei in such a way [2-4]. Especially the Walecka model
(QHD) and its extensions (QHD II, non-lincar Walecka model) have been
very successful and widely used for the description of hadronic matter and
finite nuclei. These models are relativistic quantum field theories of baryons
and mesons, but they do not consider some of the essential features of QCD,
like approximate SU(3) x SU(3) chiral symmetry or broken scale invariance.
This lead us to construct an extended chiral SU(3) o — w model of hadrons
and mesons, which on the one hand incorporates the successful idea that the
strong interaction is mediated by scalar and vector mesons and which on the
other hand contains the relevant symmetries of QCD. In this chapter the ba-
sic concepts, the Lagrangian and the main applications of this model will be
reported. In Sect. 2 we discuss the motivation for using chiral symmetry in
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effective models for strongly interacting matter. Section 3 shows the represen-
tations and transformations of the chiral SU(3) x SU(3) group. The non-linear
realization of chiral symmetry and the resulting transformation properties of
the relevant degrees of freedom are considered in Sect. 4. The chiral SU(3)
Lagrangian is constructed and discussed in Sect. 5. The equations of motion
are solved in the mean-field approximation (Sect. 6). In Sect. 7 we demon-
strate that vacuum properties of hadrons and nuclear matter ground-state
properties can be described satisfactorily in the chiral SU(3) model. Finally,
two main applications are presented. Section 8 shows the results for nuclei,
hypernuclei and superheavies and in Sect. 9 the extension to hot and dense
hadronic matter is discussed. The conclusions are drawn in Sect. 10.

2 Why Chiral Symmetry?

Recently, the general principles of chiral symmetry and broken scale invari-
ance in QCD have received renewed attention at finite baryon densities. There
are several reasons for this. First of all in an effective theory of strong interac-
tions, the main features of QCD should be implemented. One important part
of these features are symmetries. Lorentz invariance, parity invariance and
more are already incorporated in QHD. But chiral symmetry and the broken
scale invariance have not been accounted for, even though SU(2) x SU(2)
chiral symmetry is a very good symmetry of QCD and SU(3) x SU(3) chiral
symmetry, even though it is more strongly broken due to the strange-quark
mass, can still be considered as an explicitly broken symmetry. In this spirit,
models with SU(2); x SU(2)g symmetry and scale invariance were applied
to nuclear matter at zero and finite temperature and to finite nuclei [5-9]. As
a new feature, a glueball field y, the dilaton, was included, which accounted
for the broken scale invariance of QCD at tree level through a logarithmic
potential [10]. The success of these models established the applicability of this
approach to the relativistic description of the nuclear many-body problem.
Chiral SU(3) models have been quite successful in describing hadron interac-
tions, e.g.. meson—meson interactions can be described very well by using the
linear SU(3) o model [11] and kaon-nucleon scattering can be well described
using a chiral effective SU(3) Lagrangian [12,13]. But these models lack the
feature of including the nucleon-nucleon interaction on the same chiral SU(3)
basis and therefore do not allow a consistent extrapolation to finite density.
Therefore we have extended the chiral effective model to SU(3);, x SU(3)r
[14,15]. This approach will provide a basis to shed light on the properties of
strange hadrons, such as the in-medium properties of the hadrons and the
properties of strange hadronic matter, by pinning down the nuclear force in a
chirally invariant way. It has been found that hadronic masses of the various
SU(3) multiplets, the nuclear-matter equation of state, finite nuclei, hypernu-
clei and excited nuclear matter can simultaneously be described reasonably
well within a model respecting chiral symmetry.
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3 SU(3) x SU(3)

The ¢ model has been used extensively in exploring the implications of chiral
symmetry in low-energy hadron dynamics. Most of these investigations have
employed the SU(2) model with mesons and nucleons and the SU(3) o madel
with mesons only. We require the effective model for hadronic matter to be
approximately SU(3) x SU(3)-chirally invariant and to include baryons, spin-()
and spin-1 mesons, where the latter are necessary for non-zero baryon densi-
ties. Therefore, in this section we will discuss the transformation properties
of spin-0 and spin-1 mesons as well as of the baryons. First, we determine
the group representations to the various hadronic multiplets.

3.1 Representations

For determining the representations to which the hadrons are assigned. we
will look at their quark content. The representations of the hadrons result
from the direct product of the quark representations. However, in the La-
grangian, there will be no explicit reference to quarks. For our purpose, they
are only used as a pedagogical and mnemonic tool. In the chiral limit, the
quarks are massless. Therefore, it is sufficient to consider the two-component

spinors
1
g = 5(1 -v)g ~ (3,0),

tr=(1+w) ~ (0,3, ()

Since the quarks are massless, the chirality of the spinors is linked to their
spin. On the right-hand side, the quark representations are symbolized by
the number of flavors, which is placed left (right) from the comma between
the brackets for the left (right) subspace.

Mesons

The mesons visualized as a hound system of a quark and an antiqark cor-
respond to the bilinear form §Og where the 12 x 12 matrix O is the direct
product of the 4 x 4 Dirac matrices and the 3 x 3 unitary spin matrices
(O = I'® )). For the discussion of the representations we will first suppress
the explicit reference to the Gell-Mann matrix A.
First, consider the spin-0 mesons. Assuming that they are s-wave bound
states, then the only spinless objects we can form arc

grqL, 4L9R- (2)
The combinations §;qr, and Grgg vanish, since the left and right subspaces
are orthogonal to each other. The resulting representation is (3.3%) and
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(8*,3), respectively- (the antiparticles belong to the conjugate representa-
tion). We are thus led to consider nonets of pseudoscalar and scalar particles.
For the vector mesons, we have to construct vectorial quantities out of ¢y,
and gr. Again, if we assume that s-wave bound states are involved, the only
vectors which can be formed are

9rY9L » JrRVu4R - (3)
This suggests assigning the vector and axial vector mesons to the represen-
tation (3 x 3%, 0) @ (0, 3 x 3*) = (8, 1) @ (1, 8), coinciding with the tensor
properties of the currents conserved in the SU(3) x SU(3) limit [16,17].

Baryons

The representation of spin-3/2 baryons can be obtained from the symmetric
coupling of three left- or right-handed quarks, (3x3x3, 0) = (10, 0) or (0, 3x
3 x.3) = (0, 10). For spin-1/2 particles the construction of baryon multiplets
from the basic fields gz and gg is not unique. The reason is that a left-
or right-handed quark can be added to the spin-0 diquark of one subspace.
Consequently, the baryons can be assigned to the representation (3, 3*) and
(3*, 3) or (8, 1) and (1, 8), respectively. For an explicit construction in terms
of quark fields see [18,19].

3.2 Transformations

Once the chiral transformation properties of the elementary spinors are known
it is straightforward to derive the corresponding transformation properties of

the composite fields.
An arbitrary element of SU(3) x SU(3) can be written as

Ula, ,3) = e(—[iauQ“-l-iﬁuQ"’"]) = g(~il{e+8)-QL+(a—B)-Qrl) , (4)
where o and  are eight-component vectors, and Q, Q° are the vector and

axial generators, respectively. The spinor g, transforming under SU(3), gen-
erated by Qr, and gr of SU(3)g generated by Qg, transform infinitesimally

as
a— g +illa+p)- Mg, , ()
g g +ille-pB)- Mg (6)
Here, the (un-)barred indices belong to the (right) left subspace. Since the
Gell-Mann matrices are Hermitian, the complex-conjugate spinor transforms
as
¢ — ¢ =ig [(a+B)- M2} . (7)
Knowing the.representatibn of the mesonic and baryonic fields, it is straight-
forward to derive their transformation properties. They are summarized in
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Table 1, where we conveniently express the ficlds in a basis of 3 x 3 Gell-Manu
matrices. For example, the spin-0 mesons may be written in the compact form

8 &
Z(GL/\”‘(]R F LA s = Z(g,,,,\,,_ Cimha) X1l M
a=0 a=0

8 8 .
Z(?R/\GQL +ApAv50L) = Z(fa/\a —imaAy) =X — il =AM
a=0 a={

The first and second rows are connected by the parity transformation. which
transforms left-handed quarks to right-handed ones. In the matrix formula-
tion this is achieved by taking the adjoint of the expression. Therefore. since
scalar and pseudoscalar particles have opposite paritv. an imaginary unit i is
attached Lo the psendosealar matrix 7.

Table 1. Chiral transformations of spin-0 mesons (M = X + i/T), spin-1 mesons
(Vu=1l,+7r, and Ay = [, — r,) and baryons

Hadrons Je Transformations
Spin-0 mesons 0%, 0" LMR! RMTLY
Spin-1 mesons 17,1% Ll Lt Rr, R}
Baryons (spin-3-nonet) i Lo R RERL'
Baryons (spin-1-octet) %+ Lo Lt RUrR!
Baryons (spin- %-decuplet} 2 * LLLAL RRRAR

4 The Non-linear Realization of Chiral Symmetry

In some neighborhood of the identity transformation, every group clement
¢'(z) of a compact, semi-simple group G with a subgroup H can he decom-
posed uniquely into a product of the form [20]

g (z) = exp [12{43;)1‘,,} exp [12 Hb(m)tl,J =u(&(z)) h(B(z)) . (8)

where h(6) is an element of H, £, and 8, are parameters of the symmne-
try transformation which are generally space—time-dependent, and z, and #,
represent the generators of the group G.

For the case of SU(3), xSU(3) g symmetry, the generators arc the vectorial
(t; = @;) and axial (z; = QP) charges, respectively, and the subgroup is

H = SU(3)y.
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For our model, we assume invariance under global SU(3) 1, x SU(3) g trans-
formations :

g=exp[iY afAsa] exp [iza%ARb] = L(oz) R(ag) - ©

Here, the representation of Gell-Mann matrices A;, = A(1 — 5)/2 and Ag =
A(1 4 v5)/2 with space-time-independent parameters ¢z, and ap is used.
The product g u(éa(z)) is still an element of G and can be written as

g exp [iZ€aza] = exp [iZ€£(g,£a2za] exp [izez’,(g,ﬁa)tb] ., (10)

where, in general, both ¢/, and 6] depend on g and &,. Let

§— D(h)§ (11)
be a linear representation of the subgroup H of G. Then the transformation
g:&—}&’,cj—}D(exp [iZH{,thcj (12)

constitutes a non-linear realization of G.

The local parameters of the axial charges are identified with the fields of
the pseudoscalar mesons [21]. In the representation of Gell-Mann matrices
one has (see also the Appendix)

u(ma()) = exp [Qi—owa(z)ms] . (13)

This assignment has the advantage that the pseudoscalar mesons are the
parameters of the symmetry transformation. They will therefore only appear
if the symmetry is explicitly broken or in terms with derivatives of the fields.

The composition of hadrons in terms of its constituents, the quarks, has
to be determined in order to build models with hadronic degrees of freedom.
This strategy has been followed, e.g. in [14], and is adopted also here. The
transformation properties of the hadrons in the non-linear representation can
be derived if the ‘old’ quarks g are related to the ‘new’ quarks § of the non-
linear representation.

The quarks of the non-linear representation transform with the vectorial
subgroup SU(3)y in accord with (8). Splitting the quarks into left- and right-
handed parts, they can be written as

a=ud,, qr=uldr. (14)

These equations are connected by parity. The ambiguity in the choice of A is
avoided by setting h = 1. The transformation properties of the pions and the
new quarks are found by considering how the old quarks transform

¢ = Lqr + Rgg = Ludr, + Rulgr . (15)

Chiral Symmetries in Nuclear Physics 135

According to (10) (set g = L)

Lu=uh Rul =ul'h, (16)

where the right-hand cquation is the parity-transformed left-hand eqnation,
Here and in the following, the abbreviations u = u(m,(x)) and v’ = u(n,(x))
are used. By inserting these relations into (15), one sees that § transforms
with SU(3)y as

qr=hir ; qr=nhir. (17)

According to (10), in general the vector transformation is a local, non-lincar

function depending on pseudoscalar mesons, h = h{g, 7,(x)). Followiug (16).
the pseudoscalar mesons transform non-linearly as

v’ = Luh! = huR", (18)
uT' = !l = Rutit. {119)

The second set of equalities are again due to parityv. In contrast to the linear
realization of chiral symmetry, there is no distinction hetween the left and
right space. Therefore, only the representations 8 and 1 of the lowest-Iving
hadrons are possible. The various octets transform accordingly, r.g. for the
scalar (X), vector (V,, = l, + r,.), axial vector (A, =1, —7,) and barvon
(B, D) matrices one has

X' = hXhl, VI = WV, hf, A, = hAhT, B = hBhT, D' = hihD . (20)

The present, non-linearly transforming, hadronic fields can be obtained from
the linearly transforming ones described in [14] by multlplylnn thenm with

u(w(z)) and its conjugate (see also [22])

X = E(uTMuT +uMtu), Y= 5(ufMuf —uMtu) . (21)
l, = ullu, .= uf,‘uJr , (22)
B, =ulWu, Br= ulI/RuT , (23)
Dy, = wuuldr, Dr= wiultultAg . {21)

Here, M = X + il and its conjugate contains the noncts of the lincarly
transforming scalar (X) and pseudoscalar (IT) mesons, whereas l,,, 1 VL,
A, and Ag are the left- and right-handed parts of the spin-1 mesons, spiu-1/2
baryons and spin-3/2 baryons in the linear representation, respectively.

5 Lagrangian

In this section, the various terms of the Lagrangian

L= Lyn + Z

W=X,Y,V,A,u

Law + Lyp + Lyec + Lo + Lsp (25)
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are discussed in detail. Lyin is the kinetic-energy term of baryons (spin-1/2
and spin-3/2) and mesons (spin-0 and spin-1), Lzw includes the interaction
terms of the different baryons with the various spin-0 and spin-1 mesons, L.
generates the masses of the spin-1 mesons through interactions with spin-0
mesons, and Lo gives the meson-meson interaction terms which induce the
spontaneous breaking of chiral symmetry. It also includes the scale-breaking
logarithmic potential. Finally, Lgp introduces an explicit symmetry breaking
of the U(1) 4, the SU(3)y and the chiral symmetry.

5.1 Baryon—Meson Interaction

The various interaction terms of baryons with mesons are discussed in this
section. The SU(3) structure of the the spin-1/2 baryon-meson interaction
terms is the same for all mesons, except for the difference in Lorentz space.
For a general meson field W they read

Low = ~V298s (cow[BOBW)r + (1 — cow)[BOBW| )

wlmoms

with [BOBW)p := Tr(BOWB — BOBW) and [BOBW]p := Te(BOWB +
BOBW)—(2/3)Tr(BOB)TxW. The different terms to be considered are those
for the interaction of spin-1/2 baryons, with scalar mesons (W = X, 0 = 1),
with vector mesons (W = V,, O = v, for the vector and W = V,,,, 0 = o4
for the tensor interaction), with axial vector mesons (W = A,,O0 = y,7s)
and with pseudoscalar mesons (W = u,,O = 7,7s), respectively. For the
spin-3/2 baryons one can construct a coupling term similar to (26)

Lpw = ~V29%cpw [DEFOD,W| - g% [DEOD,|TYW (27)

where [DFOD, W] and [DFOD, W] are obtained from coupling [10] x [10] x (8]
and [10] x [10] X [1] to an SU(3) singlet, respectively.

In the following we will discuss the couplings of the baryons to the scalar
and vector mesons. For the pseudoscalar mesons only a pseudovector coupling
is possible, since they only appear in the exponentials. Pseudovector and axial
mesons have a vanishing expectation value at the mean-field level, so that
their coupling terms will not be discussed in detail here.

Scalar Mesons

The baryons and the scalar mesons transform equally in the left and right
subspaces. Therefore, in contrast to the linear realization of chiral symmetry,
an f-type coupling is allowed for the baryon octet-meson interaction. In
addition, it is paossible to construct mass terms for baryons and to couple
them to chiral singlets.
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After insertion of the vacuum matrix (X), (54), one obtains the baryon
masses as generated by the vacuum expectation value (VEV) of the two

meson fields
mN =mo — %988(4%5 ~1)(V2% - 0),
ma = mo — 2g8s(a0s = (VE —a)
m = mo + 208a(c0s ~ NV - ),

ms = mg + %988(20@5 +1)(V2¢ - 5) .
with mg = g‘gl(\/io +¢)/V/3. The parameters g3, g5g and cros can be nsed
to fit the baryon masses to their experimental values. Besides the current
quark-mass terms discussed in Sect. 5.2, no additional explicit svinmetry-
breaking term is needed. Note that the nucleon mass depends on the strunge
condensate (1 For ( = rr/\/§ (i.e. [x = [ic) the masses are degenerate,
and the vacuum is SU(3)y--invariant. For the spin-3/2 baryons the proceduore
is similar. If the vacuum matrix for the scalar condensates is inserted one
obtains the dynamically generated vacuum masses of the baryon decuplet

ma = g8 [(3 - aps)o +aps V(] |
mg- = g3 [20+ \/EC] ,
me- = g3 [(1 + aps)o + (2 - aDs)ﬁc] -
mo = gp [2aD50' +(3- aos)\/QC] :

The parameters g3, and apg are fixed to reproduce the masses of the baryon
decuplet. As in the case of the nucleon, the coupling of the A to the strange
condensate is non-zero.

Tt is desirable to have an alternative way of baryon-mass generation, where
the nucleon and the A mass depend only on o. For the nucleon this can he
accomplished for example by taking the limit ooy = 1 and aiy = VG
Then, the coupling constants between the baryon octet wud the two sealay
condensates are related to the additive quark model. This leaves only one con-
pling constant to adjust for the correct nucleon mass. For a fine-tuning of the
remaining masses, it is necessary to introduce an explicit. symmetry-breaking
term, that breaks the SU(3) symmetry along the hypercharge direction. A
possible term already discussed in [14,23), which respects the Gell-Mann
Okubo mass relation, is

LAm = —~1TL1'I‘I‘(§B — _EBS) - 'ITLQ'I\I(ESB) . (28}

where Sp = —~—é—[\/§()\g)§ ~ 82]. As in the first case, the three coupling con-
stants gy, = ngs, my and my are sufficient to reproduce the experimentally
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known baryon masses. Explicitly, the baryon masses have the values

MmN = =gNo0 ,

1 2
Mz = —2gNg0 — §gNa\/§C +my +mg,

3
2 1 my + 2m
mA = —3gNe0T = "'gNo"\/2—C + UL Sl s
3 3 3
2 1
Mg = ~20Ne0 ~ 3gNoV2 +mi

For the baryon decuplet one can choose apg = 0 to obtain coupling constants
related to the additive quark model. We introduce an explicit symmetry-
breaking proportional to the number of strange quarks for a given baryon
species. Here we need only one additional parameter mp, to obtain the
masses of the baryon decuplet

ma = gaes [30] ,
My = JAa [20 + \/2_4‘] +mpy ,

mg+ = JAc [10' + 2\/2-C] +2mp; ,
Mo = GAs [00 + 3\/'24] +3mps, .

For both versions of the baryon—meson interaction the parameters are fixed
to yield the baryon masses of the octet and the decuplet (Tables 2 and 3).

Vector Mesons

For the spin-1/2 baryons two independent interaction terms with spin-1
mesons can be constructed in analogy to the interaction of the baryon octet
with the scalar mesons. They correspond to the antisymmetric (f-type) and
symmetric (d-type) couplings, respectively. From the universality principle
[24] and the vector meson dominance model one may conclude that the
d-type coupling should be small. For most of the fits ay = 1, Le. f-type
coupling, is used. However, a small admixture of d-type coupling allows for
some fine-tuning of the single-particle energy levels of nucleons in nuclei [15].
As for the case of scalar mesons, for g¥; = V695, the strange vector field
$u ~ Syus does not couple to the nucleon. The remaining couplings to the
strange baryons are then determined by symmetry relations

gNw = (4av - l)g(‘)’S 3
2 V2
JAw = §(5av —2)98s » gAp = ~T(2av +1)g5s »

95w =20vgss,  gze=—V2(2av - 1)gbs
gsw=(2ov —1)g8s,  g=¢ = —2V2avghs .
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Table 2. Hadron masses (in MeV) for the different fits €, Cz, Cy

Spin-0 particle masses

My myg My Myt May Ty Mo mf,

(139) (495) (547) (958) (980)  (900) (980)

C1 139.0 498.0 5745 969.2 953.5 995.7 473.32 1030.1
Cy 139.0 498.0 574.5 969.2 953.5 995.7 475.55 1039.1
C: 139.0 498.0 5745 969.2 953.5 9957 47856 824.17

Spin-1 particle masses Spin-1/2 particle masses

My Mg+ mp me mny mA msg ms
(783) (892) (770) (1020) (939) (1115) (1193) (1315)

C; 783.0 863.7 770.0 1019.0 939.0 1115.0 1196.0 1331.5
C, 783.0 863.7 770.0 1019.0 939.0 1115.3 1196.0 1331.5
Cz 783.0 863.7 770.0 1019.0 939.0 1115.0 1196.0 1331.5

Table 8. Vacuum masses of baryon resonances and baryonic potential depths in
nuclear matter

ma myee ms- mao %ﬁ K (MeV) Un Ua

Cy 1232.0 1380.0 1527.9 1675.8 0.61 276.3 -71.0 -28.2
C, 1232.0 1380.2 1528.4 1676.6 0.64 266.1 —68.8 305
Cs 1232.0 1380.0 15279 1675.8 0.61 285.3 —-71.1 -28.61

In the limit ay = 1, the relative values of the coupling constants are related
to the additive quark model via

9=9 V2

2
o = 950 = 2950 = S0Nw = 2055+ UAp = U5p = o= N

Note that all coupling constants are fixed once, e.8., gnw is specified.

For the coupling of the baryon resonances to the vector mesons we obtain
the same Clebsch—Gordan coefficients as for the coupling to the scalar mesons.
This leads to the following relations between the coupling constants

gaw=(B—-apv)gpv,  gas=V2apvgpy .

95w = 29DV , 95-p = \/QQDV )
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g9z+w = (1+ apv)gpv , g4 = V2(2 - apv)gpv ,

99w = CDVIRy s 904 = V2(3 — apv)gpv -

To obtain the coupling of the baryon decuplet to the spin-1 mesons we set
A barven

ve —= 0 eineca tha etrahn‘n vector meson +h c]qon]r] naot connla to +ha ’.
&R v, SH1CE Lile Strallge vector meson ¢ SiowiG oL Ccoup.e 1o tite 4 baryon,

in analogy to the octet case. The resulting coupling constants again obey the
additive quark model constraints : '

]
9aw = 595w =3gs~w =3gpv,  gaw=0,
3
904 = 5957¢ = 3954 = V294w,  Gap =0. (29)

This means that in the case of the baryon decuplet all coupling constants
are again fixed if the overall coupling gpy is specified. Since there is not a

wrn avieren pacdksiadias aa dha AL e aaeae i 1810 2 L1 e ~E th- crnnlat v aman o
ValUuulll 1EOLLICLIVLL Ol LIIE ™ W LUU.PLI..LLB 1IKE 111 LIS Cddt UL € SCauar 111CdOILLD,

we have to consider different constraints. This will be discussed in Sect. 9.

5.2 Meson—Meson Interactioh

Vector Meson Masses

Here we discuss the mass terms of the vector mesons. The simplest scale-
invariant form
2

” ___1 2X MYr T g A srr 77’4\2 reynn
Fvee = 5Ty g LIV VS + agg LV V), (V)
Xo

implies a mass degeneracy for the meson nonet. The first term of (30) is made
scale-inveriant by multiplying it with an appropriate power of the glueball
field y (see Sect. 5.2 for details). To split the masses, one can add the chiral
invariant [25,26]

vec

£ = _}”Tr [V#VV[JVX2] . : (31)

A detailed description can be found in [15]. The axial vector meson masses can
be described by adding terms analogous to (31). We refrain from discussing

Y o2l . [ar ol
UIICILI TUL'LIIET, SEE [4u,4( .

Scalar Mesons

The non-linear realization of chiral symmetry offers many more possibilities to
form chiral invariants: the couplings of scalar mesons with each other are only
gaverned by SU(3)yv symmetry. However, only three kinds of independent

invariants exist, namely

L=TxX, L=TX?, L=detX. (32)
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All other invariants, TrX™, with n > 3, can be expressed as a function of
the invariants shown in (32), see {15]. For our calculafions, the invariants of

(32) are considered as building blocks, from which the different forms of the
meson—meson interaction can be constructed. In this chapter we will only
discuss the potential of the SU(3) linear ¢ model [28]. The connection to the

models [5,29] and [2—4] is discussed in detail in [15].

The concept of broken scale invariance leading to the trace anomaly in (mass-
less) QCD, 0 = (Bqcn/(29))G5,G* (G, is the gluon field-strength tensor
of QCD), can be mimicked in an effective Lagrangian at tree level [10] through
the introduction of the pgtent.jal

. 1 40Xt ; I3
Lscale = —kax" = 2x"In =g + ox*In = . (33)
Xa

The effect! of the logarithmic term ~ x* In y is to break the scale invariance.
This leads to the proportionality 84 ~ x*, as can be seen from

oL oL
e _ . —_— = 4 24y
b =4L— X5 20“X;)(;) — =X (341
UX YlouX)

whinh ic a con r\f t+the Anﬁnif—ion of the scale trancformatinns ()
walc 1S & Con ol tne gennition oI the scale rransiormarinis st .

This holds only if the meson-meson potential is scale-invariant, wlich can be
achieved by multiplying the invariants of scale dimension less than four with
an appropriate power of the dilaton field .

The comparison of the trace anomaly of QCD with that of the effective

allows for the identification of the v feld with the sluon condensate
allOWS 10T ul1€ 1aenclincacion o1 tuc X el wilbll LIl€ &IUOU. COMAEHSALL

usnee
(53918

/ A\

© ngCD a ouv\ — _ 4 35
0 = (TpgGwoe” ) = (10" (35)

The parameter J originates from the second logarithmic term with the chiral
invariant I3 (see also [5] for the chiral SU(2) linear o model). An orientation

fnr f'he vahie of & mav he taken from Aaces ol the one-loon level with A
or fhne value oI ¢ may de taxen Irom Moo ot Lhe one-loop oven, wilh J\,

colors and N¢ flavors

_1LNeg® [, 2N:
487\~ 1IN,

Bqep = +0(g°) . (36)
Here the first number in parentheses arises from the (antiscreening) sell-
interaction of the gluons and the second term, proportional to Np, is the
(screening) contribution of quark pairs. Equation (36) suggests the valuce

1 According to [10], the argument of the logarithm has to be chirally and parity
invariant. This is fulfilled by the dilaton, y, which is both a chiral singlet as well

as a scalar.
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¢ = 2/11 for three flavors and three colors. This value gives the order of
magnitude about which the parameter § will be varied.

For simplicity, we will also consider the case in which x = xo, where the
gluon condensate does not vary with density. We will refer to this case as the
frozen glueball limit.

Explicitly Broken Chiral Symmetry

In order to eliminate the Goldstone modes from a chiral effective theory,
explicit symmetry-breaking terms have to be introduced. Here, we use

1 1

The first term, which breaks the U(1) 4 symmetry, gives a mass to the pseu-
doscalar singlet. The second term is motivated by the explicit symmetry-
breaking term of the linear o model

—;—'I&'AP(M + M) =Trd, (w(X +iY)u + (X - iV)ul) | (38)

with A, = 1/v2 diag(m? fy, m2 fa, 2m3 fxc — m2fy) and m, = 139 MeV,
mg = 498 MeV, Inserting the spin-0 meson matrix one obtains

—csa—x—:( ,fw0+(\/— mi fxc — ﬁ wa) c) : - (39)

From this the VEV of ¢ and ¢ are fixed by the PCAC relations for the 7 and
K mesons

00 = ~fa o = 75 (fr = 2f10). (40)
For simplicity, 10/1s mixing is neglected through omitting ¥ from the second
term of (37). If this term is included, we get a mixing angle of 6 = 16° for
parameter set Cp [15], which agrees well with experiment, fexp, =~ 20° from
up 77 -+ 77

In the case of SU(3)V symmetry, the quadratic Gell-Mann-Okubo mass
formula, 3m2, +m2 — 4m% = 0, is satisfied.

The third term breaks SU(3)y symmetry. 4; = diag(z,z,y) can be used
to remove the vacuum constraints on the parameters of the meson—meson
potential by adjusting z and y in such a way that the terms linear in ¢ and

¢ vanish in the vacuum.

6 Mean-Field Approximation

The terms discussed so far involve the full quantum operator fields which
cannot be treated exactly. To investigate hadronic matter properties at fi-
nite baryon density we adopt the mean-field approximation. This is a non-
perturbative relativistic method to solve approximately the nuclear many
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body problem by replacing the quantum field operators by their classical ex-
pectation values (for a recent review see (31]), i.e. the fluctuations around
constant vacuum expectation values of the field operators are neglected

o(z) = (o) +é0 = (o) =0, ((z)=()+d{—=(()=(,
wu(z) = (W)doy + dwy — (wo) =w,
45/.;(-'1’) = (925)‘50;1 + ‘545# — (¢o) = ¢

The fermions are treated as quantum-mechanical one-particle operators. The
derivative terms can be neglected and only the time-like component of the
vector mesons w = (wg) and ¢ = (¢o) survive if we assume homogenecous and
isotropic infinite baryonic matter. Additionally, due to parity conservation
we have (m;) = 0. After performing these approximations, the Lagrangian
(25) becomes

Ly +Lpy = — Za{giw')'own + gigY0¢° +mili
Lowe = = m2 X2 4 L2 X ¢+g(w +2¢%),
ve 9 wX(Z) 9 (] 2 4
1 . ot
Vo= ghorllo? + ) = k(o + O -k (G 4 )
ksxo?( + k 7
—ksxo®¢ + kax* +4 Y6*3103C0’
2
X
YV = | — mejx0 + '\/—m - —=m 7r> ] '
sB <Xo) [ i < K fr \/5 f

with m; the effective mass of the baryon ¢, which is defined according to
Sect. 5.1, and i = N, A, X, =, A, 2*, =%, 2.

Now it is straightforward to write down the expression for the thermo-
dynamical potential of the grand canonical ensemble 2 per volume V at a
given chemical potential 1 and zero temperature

Q 1 * *
= _‘Lvec - LO - LSB - vvac - Z (27!’)3 /dsk[Ei (k) - :u'i] . (41)

|4

The vacuum energy V.. (the potential at p = 0) has been subtracted in
order to get a vanishing vacuum energy. -y; denote the fermionic spin-isospin
degeneracy factors. The single-particle energies are Ef (k) = (k? + m;?)1/?
and the effective chemical potentials read pf = p; — guiw — ggidh-

The mesonic fields are determined by extremizing 2/V(u, T = 0)

3(9/V) w2 2 X

B +k0X(O’ +C )—}"OUC

2

) ;
+<4k4+1+41n—-—47 "2C>X-‘
Xn 3 75Cn
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2% [mifwa " (\/im?(fk . %mﬁfw> c] ~0, @

a(2/v) 8
5o = 0o = dka (0% + (%) — 2o’ ~ Do — 2% (43)
2
XY 2 g+ 5000 e
+(X0) Mxfa ¥ i oo S

4

?(QT?Q = koxC — 4k1 (0% + C2)¢ — 4kn(® — hxo® — %

C(2) [ - ]+ S o,
W_gc{)_"_u_(%o)mw 4gw3+zgﬁw= (45)
(géV) _ GO) mA g — 8gh® + ; %‘;ﬁ =0. | (46)

The scalar densities pj and the vector densities p; can be calculated analyti-
cally for the case T = 0, yielding

s d’k m; _ iy * kp; + F%;
P; ='Yi/(_27r—)3E* = i -z [kF‘LEF‘L m;?In (—m:—F')J , o (47)
ri &%k vk,
., = Yifpi
p‘l. ’Y‘L/ (27r)3 671'2 (48)

The energy density and the pressure follow from the Gibbs—Duhem relation,
e=2/V+p;p* and p = —2/V. Applying the Hugenholtz—van Hove theorem
[32], the Fermi surfaces are given by B*(kr;) = (k%; + my?)V/? = ¥ .

7 Nuclear Matter

Here we discuss how the parameters of the effective model are fixed to vacuum
and nuclear-matter ground-state properties. Furthermore predicted observ-
ables will be discussed.

7.1 Fixing of Parameters

The elements of the matrix A, are fixed to fulfill the PCAC relations of
the pion and the kaon, respectively. Therefore, the parameters of the chirally
invariant potential, kp and kg, are used to ensure an extremum in the vacuum.
As for the remaining constants, k3 is constrained- by the 7/ mass, and ki is
varied to give a o mass of the order of m, = 500 MeV. The VEV of the
gluon condensate, xp, is fixed to fit the binding energy of nuclear matter
€o/p —mpy = —16 MeV at the saturation density py = 0.15 fm™3. The VEVs
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of the fields og and (y are constrained by the decay constants of the pian and
the kaon, respectively, see (40). As stated before, the coupling constants of
the baryons to the scalar mesons are fitted to the experimental values of their
vacuum masses. The coupling constant of the spin-1 mesons to the spin-1/2’
baryons is chosen to ensure that the nuclear-matter ground-state pressure
vanishes. The coupling of the baryon resonances to the spin-1 mesons will he
discussed in Sect. 9.

7.2 Vacuum and Nuclear-Matter Properties

We will mainly concentrate on the results obtained using three different pa-
rameter sets:

s C;: frozen glueball, baryon masses without additional symmetry-breaking:
e (y: frozen glueball, baryon masses including additional symmetry-breaking:
e (5: non-frozen glueball, baryon masses like Cj.

The values of the parameters can be seen in Table 4.

Table 4. Parameters of the fits (see text)

ko k1 Ko ks Kan, k4 335
C 2.37 1.40 —5.5h —2.65 0 -0).23 2
Cs 2.36 1.40 -5.55 —2.64 0 —-0.23 2
Cs 2.35 1.40 ~5.55 -2.60 0 —0.23 2

The hadronic masses in the vacuum have reasonable values for all fits
(Tables 2 and 3).

According to Table 3, the values of the effective nucleon mass and the
compressibility in the medium (at pg) are reasonable. To obtain these values
the inclusion of a quartic term for vector mesons (see (30)) was nccessary.
Table 3 shows the nucleon and A potential in saturated nuclear matter. which
are in good agreement with extrapolations from binding energies in nuclei.
Using different forms for the mesonic potential one can obtain other successful
models for the description of nuclear matter and finite nuclei. This has been
done for the Minnesota model [5] and the Walecka model [15].

8 Nuclei and Hypernuclei

As was pointed out in [33], reproducing the nuclear-matter equilibrium point
is not sufficient to ensure a quantitative description of nuclear phenomenol-
ogy. For this, one has to study the systematics of finite nuclei. To apply the
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model to the description of finite nuclei, we also adopt the mean-field ap-
proximation. Compared to nuclear matter one has to take additional terms
into account for the description of finite nuclei.

e Since one considers now a finite system, the spatial derivatives of the
fields have to be taken into account. :

e Since the system is not isospin-symmetric any more, the expectation value
for the p meson does not vanish any more.

o Electromagnetic interactions have to be taken into account.

This leads to the following additional terms for the Lagrangian

Z vz‘Pvz‘P ’

p=0,(,X,w,PA

v =—Ny [ngTSPO + %6(1 + Ts)AO} N,
2

—X—sz,pz + g4 (6w?p? + p%) . (49)

0

The resulting Dirac equation for the nucleon and the equation for the photon
field are of the form given, e.g., by Reinhard [34]. The densities p, = (INN),
pB = (NyoN) and p3 = (Nyp73N) can be expressed in terms of the compo-
nents of the nucleon Dirac spinors in the usual way {31]. The set of coupled
equations is solved numerically in an accelerated-gradient iteration following
[35]. Without changing the parameters of the model, the properties of nuclei
can readily be predicted.

The charge densities of 160, 4°Ca and 208Pb are quite close to experiment.
They exhibit relatively small radial oscillations (Figs. 1, 2 and 3), though such
oscillations are not seen in the experimental data.? The experimental charge
densities are obtained from [37], where a three-parameter Fermi model was
used.3 The charge radii are close to the experimental values. Figure 4 shows
the charge form factor of 2%8Pb for parameter set C, in momentum space.
For small momenta the agreement with experiment {37] is very good, only
for larger momenta are deviations observable but at the same scale as in
the non-linear Walecka model [29]. The binding energies of 160, Ca and
208PD are in reasonable agreement with the experimental data (see Table 5).
Nevertheless they are off by approximately 0.5 MeV. To correct this, a direct
fit to nuclear properties has to be done [38].

i(in = _iN.'Y#a#N - %

L:I 1X

vec — 5

2 Similar problems exist also for non-chiral models; for a discussion see [33,36].

3 A more sophisticated model-independent analysis by means of an expansion of
the charge distribution as a sum of Gaussians would lead to an even closer cor-
respondence between our results and the experimental data.
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Table 5. Bulk propertics of nuclei: Prediction aned experimental values for binding
energy E/A, charge radius rey, and spin-orbit, splitting of oxygen ('O with ap

psj2 — p1y2), caleium (*°Ca with 6d = dsjz — dajg) and lead (*™Ph with ad -
2ds 2 — 2d3/2)

IGO 4OCa QDSPb

E[A  7Ten op E/A  ren od E/A  ren ad
Exp. -7.98 2.73 5.5-6.6 —8.55 3.48 5.4-8.0 —7.86 5.50 0.9-1.9
&) —-7.30 2.65 6.05 —-7.98 342 6.19 —7.56 5.49 1.59
Ca -7.40 2.65 5.21 —-8.07 3.2 5.39 -7.61 550 1.1
Cs -7.29 2.65 6.06 =798 342 6.22 -7.51 54%  1.6]
My -7.19 2.68 5.60 —-7.93 345 5.83 —-7.56 553  1.53
M —-7.34 2.67 5.90 —-8.03 344 6.08 -7.61 552 1.38
Wi —8.28 2.63 5.83 -8.63 3.42 5091 —-7.71 5.51 143
Wa —8.23 2.63 584 —8.60 3.42 594 —-7.75 551 145
W3 ~7.98 2.67 5.23 —8.47 3.44 545 ~-7.72 5.55 1.33

As can be seen from Table 5, models C; and C; exhibit a spin-orbit
splitting that lies within the band of the experimental uncertainty given in
[39). The single-particle energies of 2°®Pb are close to those of the Walccka
model extended to include non-linear ¢® and o* terms [4] or the model [3].
both for neutrons (Fig. 5) and for protons (Fig. 6). This is encouraging since
neither the nucleon/scalar meson nor the nucleon/p meson coupling constants
can be adjusted to nuclear matter or nuclear properties, in contrast to the
Walecka model [4]. Figure 7 shows the binding energy per nucleon, the two-
nucleon separation energy and the two-nucleon gap for a nucleus with 126
neutrons and different numbers of protons (left) as well as a nucleus with
82 protons and varying numbers of neutrons (right). One perceives that the
model fitted to infinite nuclear-matter properties correctly predicts 2°5Ph
to be a doubly magic nucleus. All these results show that a satisfactory
description of finite nuclei is possible within the chiral SU(3) model fitted to
nuclear-matter properties. Fits to properties of finite nuclei promise to yield

even better results [38].

8.1 Superheavy Nuclei

Starting from the well-known magic proton and neutron numbers, the ques-
tion for the next, so far unknown, magic numbers is very important. Accord-
ing to [40] most relativistic mean-field models find the doubly magic nuclei
for Z=120, N=172 and some predict a doubly magic nucleus with N=1%4
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Fig. 5. Single-particle energies of neutrons near the Fermi energy in 208pp. Exper-
imentally measured levels are compared with predictions from various potentials

and Z=120. Figure 8 shows the binding energy per particle, the two-nucleon
separation energy.and the two-nucleon gap around N=172 and Z=120. The
chiral SU(3) model predicts Z=114 as a shell closure for a neutron number of
172. One detects a peak at a proton number of 120 as well, but this nucleus is
beyond the drip line. Figure 9 shows the same observables like Fig. 8 but for
N=184 (left) and Z=120 (right). One recognizes two possible magic numbers
in that region for protons, namely Z=114 and Z=120. The neutron-shell clo-
sures are N=172, N=184 and N=198. These results should only be seen as
preliminary, since on the one hand an improved fitting to doubly magic nuclei
and on the other hand the usage of other pair interactions than constant-gap
pairing should yield better results.
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8.2 Hypernuclei

We want to compare the experimental hypernuclear data with the results
obtained using parameter set C;. Table 6 shows the experimental A — n-hole
one-particle-energy differences for the nuclei 2C, 1fO and 4°Ca from [41,42].
These values are compared to the results from the chiral SU(3) model nsing
parameter set Cp. One can see that the deviations in most eases are smaller
than experimental crrors. This is even more remarkable, since the coupling
constants g4, and g4, have not been fitted to any hypernuclear data. But
the inclusion of an explicit symmetry-breaking term was necessary to fix the
potential depth of a A particle in infinite nuclear matter to U,y = —28 MeV.
Table 6 also shows the results for a Walecka model that was extended to the
strange sector [35]. This model yields even better agrecment with experiment.
but here the coupling constants of the A were fitted to hypernuclear data.
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Table 6. Experimental A-n-hole one-particle-energy-gaps of the nuclei }2C, YO
and 4°Ca compared to calculations in the Walecka model [35] and parameter set
Ci of the chiral SU(3) model. The experimental data was obtained from excitation
spectra from [41,42)

Experiment Walecka model €, prediction
Kern Niveaus E AE E AE E AE

#C  (1s1/2,1p55)an 672 2 5.02 1.70  7.76 —-1.04

(1psse, 1p5)an 1848 2 17.21 1.27 15.78 2.7
$O  (1ps2, 1p;/12),m 19.20 2 18.88 0.32 19.29 -0.09
(1p1/2, 1p;/12)An 13.20 2 13.89 —0.69 14.36 —1.16
(1s1/2,1p55)4n 990 2 9.46 0.44 11.28 —1.38
(1s1/2,1p]/5)an 835 2 353 —-018 516 —1.81
©Ca  (1pyyz,1d3)an 579 2 740 -161 814 -—2.35
(ds/2,1d; ) an 1447 2 1548 —1.01 1558 -L.11
(ds/2,1d5j)an 19.35 2 2071 —1.36 20.31 —0.96
(1fr/2:1d5)an 2824 2 27.14 110 2649 175

Figure 10 shows energy levels of A hyperons in various nuclei, as a function of
A~2/3 and these are compared to calculated A one-particle levels for nuclei
with A — 1 nucleons. It can be seen that the results agree well with the
experimental data. Furthermore it can be seen that all levels converge to the
point 28 MeV for increasing A. From this extrapolation the potential depth
of the /4 in nuclear matter was first deduced [43]. As a further application
of the chiral SU(3) model in the strange sector, Fig. 11 shows the binding
energy of baryons in nuclei with different numbers of A hyperons. It can be
seen that with increasing number of A’s, the binding energy first decreases
and then rises again. That is not astonishing, since with adding hyperons
a new degree of freedom is introduced. The A’s are deeper bound than the
lowest-bound nucleons.

9 Hadronic Matter at High Temperature and Density

9.1 Extrapolation to Higher Densities

Once the parameters have been fixed to nuclear matter at py the condensates
and hadron masses at high baryon densities can be investigated.
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In Fig. 12 we display the scalar mean fields o, ¢ and yx as a function of
the baryon density for vanishing strangeness using parameter set C3. One
sees that the gluon condensate y stays nearly constant when the density in-

LIld ne g1

creases, implying that the approximation of a frozen glueball is reasonable.
The strange condensate ¢ is only reduced by about 10% from its vacuum
expectation value. This is not surprising since there are only nucleons in the
system and the nucleon— coupling is fairly weak. The main effect occurs for
the non-strange condensate ¢. The field has dropped to 30% of its vacuum
expectation value at 4 times normal nuclear density. If we extrapolate to even
higher densities one observes that the o field does not change significantly.
which means all fields saturate around 4pg. Since the baryon masses arc gen-
erated by the condensates o and (, the change of these scalar fields canses

the change of the baryon masses in the medium. The density dependence of
the effective spin-1/2 baryon masses is shown for Ci in Fig. 13. When the
density in the system increases, the masses drop significantly up to 4 times
normal nuclear density. This corresponds to the above-mentioned behavior

of the condensates. Furthermore, one observes that the change of the baryon

b o wle mnn ia io eotieesd

mass depends on the strange-quark content of the baryon. This is caused by
the different coupling of the baryons to the non-strange and strange conden-
sates. Figure 14 shows the masses of the vector mesons. They are predicted
to stay nearly constant if the density increases. As a further approximation

we show in Fig. 15 the nucleon and anti-nucleon potentials as a function of
density. Here one can see the very important influence of the quartic vector
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Fig. 13. Effective baryon masses as a function of the baryon density for zero net
strangeness
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Fig. 14. Vector meson masses as a function of density

meson self-interaction. Including this term, the anti-nucleons become over-
critical at densities around 12py. If the w* term is neglected, anti-nucleons
already become critical for p = 5p9. But since this term is essential for the
chiral SU(3) model to obtain reasonable values for the effective nucleon mass

- and the compressibility, this model predicts overcriticality only at very high
densities.
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Fig. 15. Nucleon and anti-nucleon energy at p = 0 as a function of barvon density.
On the left-hand side parameter set C1 was used, while on the right-hand side the
coupling constant g4 for the quartic vector meson interaction was set to zero

Now we want to discuss the inclusion of baryonic spin-3/2 resonances and
how these affect the behavior of dense hadronic matter. For the following
investigations we consider the two parameter sets C) and Cs,, which satisfac-
torily describe finite nuclei (Sect. 8). As stated before, the main difference
between the two parameter sets is the coupling of the strange condensate
to the nucleon and the A. While in C; this coupling is set to zero, in the
case of C] the nucleon and the A couple to the ¢ field. This leads to very
different predictions for the behavior of dense nuclear matter. In the RMF
models both coupling constants of the A baryon are freely adjustable. They
can be constrained by the fact that there should be, e.g., no 4’s in the ground
state of normal nuclear matter and a possible second minimum in the nuclear
equation of state should lie above the saturation energy of normal nuclear
matter. Furthermore QCD sum-rule calculations suggest that the net attrac-
tion for A’s in nuclear matter is larger than that of the nucleon. From these
constraints one can extract a ‘window’ of possible parameter sets gag. 94w
[44]). If the masses of the resonances are generated dynamically by the scalar
condensate, like in the chiral model, then this coupling constant can be fixed.
The vector coupling stays unfixed, but using the constraints from above one
gets only a small region of possible values for ga,. In Fig. 19 we varied 1he
A-w coupling to show the possible range for this value. In all other figinres
the ratio of the NV—w coupling to the A-w coupling is set to one. In Fig. 16 wr
show the equation of state for nuclear matter with and without the A barvons
for different parameter sets. One sees that at around twice normal miclear
density the resonances influence the equation of state. But the strength of
the influence depends on the strength of the coupling of the nucleon to the
strange condensate (. This can be understood from Fig. 17 where the ratio of
the effective A mass to the effective nucleon mass is displayed. If there is no
coupling of the nucleon to the ¢ field (Cy), the mass ratio stays constant but
if the nucleon couples to the strange condensate (C) the situation chauges.
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Fig. 16. Equation of state for infinite nuclear matter for the parameter sets C; and
Ca. In the left-hand picture resonances are neglected while they are included in the
right-hand picture. If the strange condensate couples to the nucleon and the A, the
influence of the A resonance

s on the equation of state is much weaker
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9.2 Extrapolation to Finite Temperatures

The extrapolation to finite temperatures is straightforward by using the grand

canonical ensemble. Now the scalar densities p{ and the vector deusities p,
have the form

101113

[ B3k m: [ 1

My 1 ]
=% @R B e (B - m)/T] 41 exp (B +p)/T] +1)'
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These have to be calculated numerically and inserted in the field equations
(42)—(46) to determine the mesonic fields, the grand canonical potential and
the thermodynamic quantities for given temperature and chemical potentials.

In Fig. 20 we show the behavior of the strange and non-strange conden-
sates as functions of temperature for vanishing chemical potential with and
without baryon resonances. One sees the important influence of the addi-
tional degrees of freedom, since through the inclusion of the resonances the
ways the chiral condensates change at high T are different. In the case that
no resonances are included, one observes a smooth transition to small ex-
pectation values of the condensates, while for the case of included resonances
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both scalar fields jump to lower values. This is due to the much larger amount
of degrees of freedom which accelerate the process of dropping condensates
and increasing scalar density, which leads to further dropping condensates
and again increasing scalar density. This scenario finally leads to a first-order
phase transition (actually there are two transitions, one for each scalar ficld,
but they are in such a small region, that we will speak only of onc transi-
tion). The resulting hadron masses as a function of temperature are shown
in Figs. 21 and 22. As a final application we use the obtained temperature
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and chemical potentials for S 4 Au collisions at an energy of 200 A GeV/c
as obtained from a thermal model [45] and insert these to obtain the result-
ing particle ratios. The results in the chiral model, compared to the thermal
model and the experimental yields, are shown in Fig. 23. The resulting devi-
ations are enormous. The change of the masses in the hot and dense medium
(especially the baryon masses) leads to drastically altered particle ratios, and
this raises the question of whether at temperatures of more than 150 MeV
the thermal model assumptions may be valid.
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Fig. 23. Particle ratios for 200 A GeV/c S+Au collisions using T=160MeV and
tq = 5TMeV, u; = 24 MeV

10 Conclusions

We have reviewed the comstruction and application of an effective chiral
SU(3) model, which is based on QCD symmetries, namely chiral symme-
try and scale invariance. The masses of the hadrons are generated by chiral
condensates through the principle of spontaneous symmetry-breaking. Only
the pseudoscalar mesons (Goldstone bosons) acquire their mass by explicit
symmetry-breaking, Most of the meson~meson and baryon-meson coupling
constants are constrained by some hadron masses and basic nuclear-matter
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saturation propertics. As has heen shown, this leads to a model that offers the
possibility to reproduce the full range of hadron mnasses and predicl, the prop
erties of finite nuclei and excited nuclear matter. Since the model Incorporate:
the SU(3) hadronic multiplets, the extrapolation of the calculations inte the
strange sector is straightforward for all cases. The quantitative results for fi-
nite nuclei are being improved by a direct fit to finite nuclei. Further stndies
are underway to investigate the influence of the predicted hehavior of hor
and dense nuclear matter on ohservables in relativistic heavy-ion collisions.
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Appendix
The SU(3) matrices of the hadrons are (suppressing the Lorentz indices)

(a8 + o)/ V2 ay Kt

X = g, = 6 (~a§+VIR |, (50)
V2 K~ K0 ¢
1
P=—m\°
V2
1 (.0 s + K
V2 (ﬂ + \/TZW) ” 2T
= T ﬁ(—w“+—’—h:;w,‘) 2% , (51)
9 K~ 5 XK° V2
w+1 w1 VIF2 w2
. (MR +w)/V2  pg K+
V="t = I (=P +w)/V2 K |, (52)
V2 K*- Ig«0 ¢
2, A +
1 \/f + \/6 HE An p
B=—=b), = 2T —24 L n (53)
\/5 == \/Z:'O ve _QA'.’.
- - V6

for the scalar (X), pseudoscalar(P), vector (V), baryon (B) and similarly for
the axial vector meson fields. A pseudoscalar chiral singlet Y = /2/3npll can
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E)eg;ldded separately, since only an octet is allowed to enter the exponentlal
1

The notation follows the convention of the Particle Data Group (PDG)
[46], though we are aware of the difficulties of directly identifing the scalar
mesons with the physical particles [47]. However, note that there is increasing
evidence that supports the existence of a low-mass, broad scalar resonance,
the o(560) meson, as well as a light strange scalar meson, the %(900) (see [48]
and references therein).

The masses of the various hadrons are generated through their couplings
to the scalar condensates, which are produced via spontaneous symmetry
breaking in the sector of the scalar fields. Of the nine scalar mesons in the
matrix X only the vacuum expectation values of the components proportional
to Ao and to the hypercharge ¥ ~ Ag are non-vanishing, and the vacuum
expectation value (X) reduces to

(X)= \/_(0'0/\0 + 08)g) = diag ( 7 \/_ , C) (54)

in order to preserve parity invariance and assuming, for simplicity, SU(2)
symmetry* of the vacuum.
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