Vol 16 No 11, November 2007
1009-1963/2007/16(11)/3290-07

Chinese Physics

© 2007 Chin. Phys. Soc.
and IOP Publishing Ltd

Hyperon coupling dependence of hadron matter
properties in relativistic mean field model*

Mi Ai-Jun(CKEZE )T, Zuo Wei(Z£ 4E)»P), and Li Ang(ZE &)%)

a) School of Nuclear Science and Technology, Lanzhou University, Lanzhou 730000, China
b) Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
<) School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China

(Received 19 December 2006; revised manuscript received 22 February 2007)

The properties of hadronic matter at § equilibrium in a wide range of densities are described by appropriate

equations of state in the framework of the relativistic mean field model. Strange meson fields, namely the scalar meson

field 0*(975) and the vector meson field ¢(1020), are included in the present work. We discuss and compare the results

of the equation of state, nucleon effective mass, and strangeness fraction obtained by adopting the TM1, TMA, and GL

parameter sets for nuclear sector and three different choices for the hyperon couplings. We find that the parameter set

TM1 favours the onset of hyperons most, while at high densities the GL parameter set leads to the most hyperon-rich

matter. For a certain parameter set (e.g. TM1), the most hyperon-rich matter is obtained for the hyperon potential

model. The influence of the hyperon couplings on the effective mass of nucleon, is much weaker than that on the nucleon

parameter set. The nonstrange mesons dominate essentially the global properties of dense hyperon matter. The hyperon

potential model predicts the lowest value of the neutron star maximum mass of about 1.45 Mgun to be 0.4-0.5 Msun

lower than the prediction by using the other choices for hyperon couplings.
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The properties and composition of dense hadronic
matter at supranuclear densities are crucial to the
static and dynamical behaviour of stellar matter. It
is universally received that at extremely high densi-
ties, strangeness may occur in the form of hadrons
(such as hyperons and/or a K~ meson condensation)
or in the form of strange quarks. Since the strong in-
teraction plays an important role in determining the
structure of hadronic matter at high densities, the the-
oretical models used to describe it should reflect the
main feature of the theorem of strong interaction pre-
dicted by quantum chromodynamics (QCD). Along
this line, the relativistic mean field (RMF) model was
used first by Glendenning for describing the matter
with hyperons!" =3 and improved later. In addition to
the usual o, w and p mesons!*~1% two strange mesons
o* and ¢ have been introduced™ =4 to reproduce the
experimental hyperon—hyperon interactions.

In the framework of the RMF model, many stud-
ies have been done.™' =24 Authors in Ref.[15] demon-

strated the importance of the ¢* and ¢ mesons by
investigating the influence of strange mesons on the
equation of state (EOS) and properties of neutron
star matter. They also found that the inclusion of
the hyperon—hyperon interaction makes the onset of
the kaon condensation less favourable. The studies in
Refs.[21, 23] show that the effects of hyperon couplings
are significant only at densities much larger than the
nuclear matter saturation density. In Ref.[22], it is
shown that the contribution from hyperons is quite
sensitive to the hyperon couplings. Since all these
studies indicate that the hyperon-hyperon interac-
tions play an important role in predicting the prop-
erties of hadronic neutron star matter, a systemic in-
vestigation of the effect of the hyperon couplings is

necessary.

The onset of hyperons depends on not only the
conditions of chemical equilibrium and charge neu-
trality discussed below but also the meson—hyperon
coupling constants, which are still very controversial
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There
are several ways to introduce the meson—hyperon cou-

due to the rare hyperon experimental data.

pling constants, i.e. to obtain the following quantities:
To = 9vo/9No» Tw = 9vw/9INw and x, = gy,/gn,
(where gpum is the coupling constant of the baryon B
with the meson M, and gnum refers to the nucleon—
meson couplings.). Choosing the scalar coupling con-
stants fixed to hypernuclear data, Schaffner et al have
performed a full investigation of the phase transition
to hyperonic matter and the EOS of hyperon-rich
matter in neutron stars.'3=16] The value of ., de-
termined in this way, is about 0.62, and the vector
coupling constants are chosen according to the quark
model. The so-called quark counting choice (z, =
2/3) has been widely used in Refs.[17-
20] to study the properties of strange hadronic mat-
In Ref.[21], the

authors have explored the matter properties beyond

Ty =T, =
ter containing hyperons (A, X, =).

this scale, that is z, = z, = z, = 1, the univer-
sal coupling. In addition, the hyperon coupling con-
stants constrained by quark model are also commonly
used.??) The big difference between the definitions of
the meson—hyperon couplings in the literature has mo-
tivated us to investigate the potentially crucial influ-
ences of it. We address here this crucial problem by ex-
amining specifically the hyperon-coupling dependence
of the matter properties for three different sets of the
hyperon couplings, namely the quark counting choice,
the universal coupling choice and the hyperon poten-
tial model choice. In the first two cases we extend
the former rule and let the value of o* (¢) meson cou-
plings equal those of the o (w). For the hyperon poten-
tial model choice, the coupling constants of hyperons
with the scalar ¢ and ¢* mesons are constrained by
the hyperon potentials compatible with hypernuclear
data:16:24 (M () = —30MeV, UL (pg) = 30 MeV,
UéN) (po) = —18MeV, and UéE) (po) =~ Ul(\E)(po) ~
2UM (po) ~ 2UM (po) ~ —40MeV. Here UY) de-
notes the potential well depth of a baryon species ¢ in
the matter made up of a baryon species j. The cou-
pling constants of hyperons with the vector mesons w,
p, ¢ are fixed by using SU(6) symmetry. 2%

We first review briefly the extended RMF model
including hyperons adopted in our calculation, then
apply it to the study of the properties of strange
hadronic matter. Finally a summary of the present
work is given.

The Lagrangian of the theory is

Ly =Y ¥p(iv" O — 9uBy" Vi — 9687" bu
B

—9pBY TPy, — MB + gsp0 + 9o 50" )YB
1 1 1
—ZGWG”“ + 5mfjvﬂw + 463 (V,VH)?

1 1 1
-I—gaﬂaa”a — §mga2 — gggag — 19304

1 a apy 1 a a
_ZR}LU’R " + §m§pﬂp "

1 L1
_ZSMUSM + §m<2b¢u¢u

—|—% (8U0*8V0* - m3*0*2) , (1)
where G, = 0.V, — 0V, S = Ou¢py — 0u¢,, and
R}, = Oupy, —BUpZ—i—gpsabcpr,ﬁ are the w field, ¢ field
and p field strength tensors, respectively. We take
three parameter sets (namely, TM1,[25:26] TMA,[27]
GLm) as the nuclear sector in the above Lagrangian,
which are expected to provide reasonable descriptions
of the properties of dense matter in a wide range of
densities relevant to astrophysical interests.

For an infinite matter, one may introduce the
mean field approximation. Under the mean field ap-
proximation, the meson fields are replaced by their
mean values and the equations of motion can be sim-
plified into

205 +1
myo + gao? + gzo® = ZB:QUBBTHB, (2)
2 3 _ 3 2
miw +esw’ =) gup (2J5 + 1)k /(67%), (3)
B
mip = ngBI3B (2Jp + 1) ki / (67%), (4)
B
. 2Jp+1
mi.o :gga*BBTnB’ (5)
mio = gon (2Jp + 1) kp/(67°), (6)
B

where kp is the Fermi momentum of the baryon
species B, and Jp and I3p denote the spin and the
isospin z-projections of the baryon B, respectively.
The baryon scalar density n is defined as

Lok 2 mp
ny = — [ dpki—B 7
where
m*B =mpB —goBO — gU*BU* (8)

is the effective mass of the baryon species B. The
w, p and ¢ fields can be obtained respectively by ex-
pressions (3), (4) and (6). The scalar fields o and o*
can be determined by solving iteratively the coupled
expressions (2), (5), (7) and (8).

For a neutron star matter with uniform distribu-
tions, the composition is determined by meeting the
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requirements for charge neutrality and S-equilibrium
conditions. The charge neutrality requires

Np + Mg+ = Ne + Ny + Np- + Nz-, (9

and the (-equilibrium conditions in the weak processes

(B; and By denote baryons) are
B — By+ L, and By + L — By,

which lead to the following relations among the in-
volved chemical potentials:

Hp = fist+ = Hn — fle, KA = fix0 = =0 = [in,

s = p- = fin + fle, fp = fle- (10)
Specially, one can define the parameter fs to specify
the strangeness content in the system

Ng na +nx + 2n=

fo=Ta _IATTETME

ny ny

(11)

which may be regarded as another important degree of
freedom, similar to the nuclear asymmetry 8 = N/Z.
The total energy density € and the pressure P of the
uniform matter are given respectively by

2Jp+1 [F» . 1 1 1
£ = 27/ \/ k2 +mi? k2dk+§m§02+59203+19304
B

0

Lo 3 4 1 oo 1 5 o 1 55, 1 /kl

- = - —mZ.o*? 4 = >y = k2 4+ m? k*dk 12
+2mww +403w +2mpp +2ma o +2m¢¢ + : 7, +m; , (12)
1 —2Jp+1 [ k*dk 1y, 5 .

P= - S

3 ; 272 0 g n m*32 2mgU 3920 4930

1o, 1 401 50 1 5 w0 1 55 1 1/’“1 k*dk

- - - — —m2. - s ——. 13
L E R LU U LA UL L ~ % Jo K2 +m] "

We begin with the discussion of the influence
of the nucleon—meson couplings on the composition
of neutron star matter. Figure 1 shows the rela-
tive populations of nucleons, hyperons, electrons, and
muons in B-equilibrium neutron star matter obtained
by adopting the three different parameter sets TM1

(top panel), TMA (middle panel), and GL (lower
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Fig.1. Relative population for quark counting choice with
three nucleon parameter sets TM1, TMA, and GL.

panel) for the nucleon interaction and the quark
counting choice for the hyperon interaction. One can
see clearly that both the thresholds and populations
of hyperons predicted by the TM1, TMA and GL pa-
rameter sets are quite different from each other. The
negatively charged ¥~ with a mass of 1193 MeV and
the neutral A with a mass of 1116 MeV appear first,
at densities of 0.25-0.35fm =2 for all the three kinds
of parameter sets. Their onsets appear to be slightly
earlier in the case of using the TM1 parameter set.
The negatively charged ¥~ is the main reason for
te to fall with density (shown clearly in Fig.3 be-
For the TM1 and TMA parameter sets, the
3~ population grows faster than the A population.

low).

The ¥~ population is saturated at p ~ 0.55 fm ™3 for
the TM1 case and at p ~ 0.64fm™* for the TMA
case. Whereas, for the GL parameter set, the A hy-
peron becomes the most abundant hyperon in the den-
sity region of p > 0.64 although the ¥~ hyperon is
more abundant than the A at lower densities. Fur-
thermore, another negatively charged Z~ with a mass
of 1313 MeV appears at almost the same density value

(p ~ 0.62fm™?) for the TMA and GL parameter sets,
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but at a lower density (p ~ 0.54fm™?) in the case
of the TM1 parameter set. The presence of the =~
makes the p. drop even faster. The baryon and lep-
ton populations for TM1 and GL parameter sets es-
sentially agree with the results displayed in Ref.[15]
although the hyperon coupling used was different. To
summarize, only for the TM1 parameter set all the
eight lightest baryons are present before 1.0fm=3, so
it seems that the parameter set TM1 favours the pres-
ence of hyperons. We obtain similar results for the
other two choices for hyperon coupling.

For a certain RMF parameter set TM1, we
present in Fig.2 the relative fractions predicted by
adopting the three choices of hyperon coupling,
namely the hyperon potential model (top panel), the
quark counting (middle panel) and the universal cou-
pling (lower panel). The threshold densities of the
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Fig.2. Relative population with nucleon parameter set
TM1 for three kinds of hyperon coupling choices.

first-appearing two hyperons ¥~ and A are affected
only slightly by different choices for hyperon cou-
plings. In the hyperon potential model, the A frac-
tion turns greater than the X~ fraction at p ~
0.4fm~3, therefore it becomes the most abundant hy-
peron species at high densities. Whereas in the other
two cases of adopting the quark counting and the uni-
versal coupling, the A population never grows greater
than the X~ population. For the quark counting and
the universal coupling choices, the population of nu-
cleons is shown to dominate in the whole density re-
gion. But in the hyperon potential model, the popula-
tions of ¥~ and A can excess the neutron population,
and the ¥~ and A become the dominating particles at
high densities. Particularly the A population can at-
tain to 1.5 times the neutron population. It is worth

mentioning that under the universal coupling choice
the Z~ hyperons become the dominant hyperons at
p > 0.88fm~>, while the A and the ¥~ are the most
abundant hyperons at high densities for the other two
choices of hyperon coupling. For the GL and the TMA
parameter sets, we find similar results at high densi-
ties although they are not shown in the figure. In gen-
eral, the hyperons come about at lower densities and
their populations are most abundant at high densities
for the hyperon potential model choice. The hyperon
couplings from the hyperon potential model are more
favourable for the presence of hyperons than the other
two adopted hyperon coupling choices.

More massive and more positive charged particles
appear at higher densities, and their sequence is much
more sensitive to the hyperon coupling. The most
massive hyperon = appears much earlier for the quark
counting choice and the universal coupling choice than
for the hyperon potential model because the hyperon
couplings from the hyperon potential model always
lead to a smaller value of ue especially at high densi-
ties. While in the two other cases of the quark count-
ing and the universal coupling choices, the predicted
lle Tises monotonically as a function of density, how-
ever, with a reduced slope. Therefore, the lepton con-
centration is more abundant than that obtained by
the hyperon potential model choice (see Fig.3). The
rapid building-up of hyperons with increasing density
makes the matter very strangeness-rich at high densi-
ties, with almost as many protons as neutrons.
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Fig.3. Electrochemical potential with three nucleon pa-
rameter sets TM1, TMA, and GL for three kinds of hy-
peron coupling choices.
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The hyperonization of matter in the present mod-
els can also be analysed through the density depen-
dence of the strangeness fraction. The density depen-
dence of the fs parameter is depicted in Fig.4. For
a certain choice (as an example for the quark count-
ing choice, we find similar results for the other two
choices) of hyperon couplings, at moderate densities
the strangeness content is highest by adopting the
TM1 parameter set, while at high densities the GL
parameter set leads to the most hyperon-rich matter.
The same result can also be found in Fig.1. On the
other hand, for a certain parameter set TM1, the most
hyperon-rich matter is obtained by adopting the hy-
peron potential model when the density increases up
to 0.4fm~3, which implies that the A hyperon plays
a dominant role in hyperonization of matter in this
case. From the figure we may also conclude that the
hyperon potential model is the most favourable hy-
peron coupling choice for the presence of hyperon.

1.0 —}'lypcr'on p(’)tcnti’al ‘model
E - -quark counting
-------- universal coupling
0.8}
0.6}
0.4r
0.2}
i /]
1 . !
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0 . L L L 0 L L L s
0 0204060810 1.2 0 020406081012
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Fig.4. Strangeness fraction with three nucleon parameter
sets TM1, TMA, and GL or for three kinds of hyperon
coupling choices.

The effective mass of nucleon, obtained with the
three nucleon parameter sets TM1, TMA, and GL
for the three hyperon coupling choices, is presented
in Fig.5. We see clearly its strong dependence on
the adopted parameter sets. For the two parameter
sets TM1 and TMA with vector self-interaction, the
predicted effective masses approach to zero at high
enough densities, while for the GL parameter set the
effective mass of nucleon is still about 30% of the rest
mass of nucleon. Similar results have been shown
in Ref.[20]. In fact, the GL parameter set was pro-
posed by Glendenning for investigating the neutron
star properties. The influence of the hyperon cou-
plings on the effective mass of nucleon is shown to

be much weaker than that of the nucleon couplings.

This can be readily understood since the effective
mass of nucleon is related directly to the nucleon cou-
plings, whereas the hyperon couplings affect the ef-
fective mass of nucleon only through their effects on
the scalar-isoscalar potentials indirectly and thus their
effects are relatively weak.

1.0 T r T T :
hyperon potential model
----- quark counting
0.8F \ [ o universal coupling 1
0.6
=
~ L
*
= 04r
0.2
0 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0 1.2

Baryon density/fm 3

Fig.5. Effective of mass nucleon with three nucleon pa-
rameter sets TM1, TMA, and GL for three kinds of hy-
peron coupling choices.

We show in Fig.6 the dependences of the meson
fields on the nucleon parameter sets and the hyperon
couplings. Initially the w field always rises linearly for
all the three model parameter sets of TM1 TMA and
GL, but slows down when hyperons are present due
to the vector self-interaction for the TM1 and TMA
parameterizations. The strange fields are developed
rapidly with increasing density after their onset be-
cause of the presence of hyperons. For a certain pa-
rameter set TM1, the influence of hyperon couplings
on the attractive o field is less pronounced than on the
repulsive w field. The universal coupling choice leads
to the strongest w field in the whole density region, so
the resulting EOS for the universal coupling choice is
stiffest in spite of another vector field ¢ being weak-
est at high densities, therefore the nonstrange mesons
still roughly dominate the global properties of the
dense hyperonic matter. The result obtained by the
quark counting choice is close to that by the univer-
sal coupling choice. For the hyperon potential model
choice, the strength of the strange scalar o*-field,
which provides the attraction for hyperon interaction,
But the strengths of
the vector p-field, which gives rise to a repulsive po-

is strongest at high densities.

tential in the isovector interaction channel, and vec-
tor w-field, which brings about a short-range repul-
This

sion in nucleon interaction, both are weakest.
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choice results in very different field strengths as com-
pared with the other two choices and consequently the
EOS obtained by the hyperon potential model choice
differs remarkably from those by the quark counting
choice and the universal coupling choice (see Fig.7).
Being different from the other two hyperon coupling
choices, under the hyperon potential model choice the
contribution of the strange mesons is comparable with
that of nonstrange mesons at high densities. That can
be easily understood since for the hyperon potential
model choice, the strength of strange meson field is
strong enough and the hyperons may play an impor-
tant role at high densities.
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o y
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Field potential/MeV
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Baryon density/fm™3

Fig.6. Field strength with three nucleon parameter sets TM1,
TMA, and GL or for three kinds of hyperon coupling choices.

Figure 7 shows the effects of model parameter set
and hyperon coupling on the EOS of hadronic mat-
ter at (-equilibrium. For a given hyperon coupling
choice, the GL parameter set leads to the stiffest EOS
in the high density region, since the vector field w is
strongest for the GL parameter set among the three
adopted parameter sets. Due to a similar reason, the
TMA set gives the softest EOS. For a certain param-
eter set TM1, the hyperon potential model provides
an much softer EOS than the other two choices for
the hyperon couplings since the attractive potential is
strongest and the repulsive potential is weakest under
the hyperon potential model choice. The investiga-
tion of the neutron star matter properties is one of the
most interesting subjects in astrophysics.[2=32] For a
given EOS the global properties of neutron stars can
be obtained from the hydrostatic equilibrium equa-
tion of Tolman!®? and Oppenheimer and Volkoff.[4
Figure 8 shows the mass of neutron star as a func-
tion of the radius of neutron star corresponding to the
EOS shown in Fig.7. In the case of quark counting

choice, GL parameter set predicts the biggest max-

imum mass of 1.86 Mgy, (Msun stand for the mass
of sun) which is about 0.2 My, larger than the pre-
dicted maximum mass by adopting the TMA param-
eter set. For the TM1 parameter set, hyperon poten-
tial model choice predicts the lowest maximum mass
of 1.47 Mgy, which is lower than prediction of quark
counting choice 1.85 Mg, and that of universal choice
2.0 Mgyn. It is consistent with the result in Fig.7
that the hyperon potential model has the softest EOS
among three hyperon coupling model choices.

400 T T - 7
—hyperon potential model/ ;
350 GL quark counting
""" TM1 universal coupling
............... TMA

| quark counting

150}

Pressure/(MeV /fm—3)
)
S
S

50F

800 1200 O 400 800 1200
Energy density/(MeV/fm—3)

0 400

Fig.7. Equations of state with three nucleon parameter sets
TM1, TMA, and GL or for three kinds of hyperon coupling
choices.

[ TM1

0.2 quark counting =T

--------- universal coupling

%70 12 14 16 18 10 12 14 16 18 20
R/km

Fig.8. The mass-radius relation calculated for the three nu-

cleon parameter sets TM1, TMA, and GL or for three kinds

of hyperon coupling choices.

In summary, we have studied the effects of model
parameter set and hyperon coupling choice on the
properties of hadron matter at (-equilibrium. We
find that the parameter set TM1 may favour the pres-
ence of hyperons most, while at high densities the pa-
rameter set GL provides the most hyperon-rich mat-
ter. As for the changing of effective mass of nucleon,
the hyperon coupling influence is much weaker than

that when adopting the RMF parameter set. The
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nonstrange mesons still roughly dominate the global
properties of the dense hyperon matter. We also find
that the TMA parameter set predicts the lower max-
imum mass of the neutron star than other parame-
ter sets. For a certain parameter set TM1, the most
hyperon-rich matter is obtained for the hyperon po-
tential model. It means that the hyperon potential

model favours the transition from a neutron star to a
hyperon star in which the hyperons are dominant. 3!
The hyperon potential model also predicts the maxi-
mum mass of 1.47 My,, which is about 0.38 Mg, lower
than the prediction with quark counting choice and
0.53 Mgun lower than the prediction with universal

choice.
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