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Heavy neutron star phenomenology with an H dibaryon
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The equation of state for dense nuclear matter in 8 equilibrium is explored including the possibility of a doubly
strange H particle. Consistent with experimental constraints, the mass of the H in free space is taken to be near
the A A threshold. Within the quark-meson coupling model, which we use, no new parameters are required to
describe the interaction between the H dibaryon and the other baryons. Compared with the case where only

octet baryons are included, the maximum mass is only slightly reduced and the tidal deformability is essentially
unchanged with this addition. In heavy neutron stars the H is abundant and extends nearly 6 km from the center

of the star.
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I. INTRODUCTION

New observations by NICER and the gravitational wave
detectors make this an exciting time to study neutron stars
(NS). Theoretical predictions which can be compared with
these observations are hampered by our lack of understanding
of matter at the extreme densities expected in these stars.
Apart from the usual suspects, namely neutrons, protons, elec-
trons and muons, one expects to find hyperons in the heavier
stars and many authors have suggested other exotic particles
may also appear; such as A baryons and dibaryons. There
is also a possibility that the cores of the heavier stars may
contain deconfined quarks and gluons.

Our focus is the potential role of an H dibaryon. This par-
ticle with quantum numbers spin and isospin zero, B = 2 and
S = —2, was first proposed in 1977 as a deeply bound, exotic
six-quark bag [1]. This inspired a large number of experiments
aimed at finding this particle with negative results [2-8]. A
particularly interesting experimental search for the H involves
the examination of double A hypernuclei [9,10]. Here, a nu-
cleus is formed with two A hyperons in an emulsion. If the H
were deeply bound, the double A hypernucleus should decay
into the original nucleus plus the H dibaryon. A few double A
nuclei have been reported through E capture; !’ Be [11,12],
or interpreted as '3, B [13-15], and § ,He [7,16]. No such
decay of A A nuclei has been found, ruling out a deeply bound
H. The NAGARA event at J-PARC (§ ,He) yields the most
stringent constraint, namely, My > 2224 MeV [7].

While disappointing, the absence of a deeply bound H is
consistent with the analysis of Mulders and Thomas [17], who
showed that the larger size of the six-quark bag would reduce
the pion self-energy leading to a mass prediction around the
mass of two A hyperons. Uncertainties in that calculation
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meant that one could not be sure whether the H would be
slightly bound or within a few 10s of MeV of that threshold.

Lattice quantum chromodynamics (QCD) calculations
from the HAL [18] and NPLQCD [19] collaborations found
a bound H close to the A A threshold but with heavy u and
d quarks. This motivated studies of the extrapolation to the
physical u and d masses. For example, Shanahan et al. [20]
used a chiral extrapolation to show that if it is indeed an exotic
six-quark state the H is unbound by about 26 & 11 MeV. If
this is the case, one might expect that in dense matter in S
equilibrium the H might appear soon after the A hyperon.
Then the H might well exist inside the cores of heavier NS
where the central core density is many times the saturation
density of normal nuclear matter [21].

The temperature of NS is so low that it is natural to assume
that it is below the critical temperature for Bose-Einstein con-
densation of the H particles. In the condensate all the particles
are in the lowest state and therefore the kinetic energy is so
low that it can barely resist to any attractive H-H interaction.
The condensate then may collapse. However, this instability is
unlikely in the H system because, at the density where the H
can appear, the attractive H-H interaction due to ¢ exchange
is balanced by the repulsive w exchange [22]. Moreover in
the quark-meson coupling (QMC) model that we use here
the scalar polarizability effect reduces the o-H coupling at
high density. This is one more support to the H condensate
hypothesis.

The early calculations of the role of the H in NS generally
worked with the hypothesis that it was deeply bound. Further-
more, the strength of its coupling to the relativistic mean fields
was not well understood. Typically, the w coupling is fixed,
which may be achieved by counting the number of nonstrange
quarks [23], while the strength of the o coupling was varied
subject to the constraint that the H does not appear at ordinary
saturation density. In one study the potential of the H at satu-
ration was slightly attractive [23]. This is in contrast to a more
recent study which suggested that a more repulsive interaction
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is necessary for the H if one is to generate sufficiently heavy
stars [24].

Here, we consider the role of the H dibaryon using the
QMC model, which has been successfully applied to heavy
NS, even when hyperons are included [25-28]. The unique-
ness of QMC stems from the coupling of the mesons directly
to the confined quarks, leading to important changes in the
structure of the baryons in-medium [29,30]. While the model
was originally based upon the MIT bag model [31], similar
features have been demonstrated within the Nambu—Jona-
Lasinio (NJL) model [32-34]. Because it is the couplings of
the mesons to the light quarks which are fundamental to this
approach, the meson couplings to all hadrons are known for a
given model of baryon structure with no new parameters. In
particular, the meson couplings to the H dibaryon are not free
parameters. In contrast with the situation for A hypernuclei,
there have been very few observations of E hypernuclei. In
any case, the QMC predictions of the binding energies of
the known hypernuclei are in reasonable agreement with data
[35-38]. The advantage of using QMC to model the H is that
there is no a posteriori fitting of the meson couplings of the H
to fit NS observations. Either the H exists in NS and matches
heavy NS observations, or it is not present in heavy NS.

In Sec. II we summarize the additions to the published
QMC formalism necessary to include the H dibaryon. The
results for the equation of state (EoS) and the properties of
NS are described in Sec III, while Sec. IV presents some
concluding remarks.

II. H DIBARYON IN THE QMC EQUATION OF STATE
AND PARAMETRIZATIONS

A comprehensive review of the QMC model may be found
in Refs. [25,29]. The QMC EoS, and its parametrizations, are
provided in Ref. [27]. There we included a phenomenological
“overlap” term to model possible short-distance repulsion at
high densities not accounted for by the w mean field. The
QMC couplings are set to reproduce ng = 0.16 fm 3, Ez/A =
—15.8 MeV, and § = 30 MeV. The slope of the symmetry
energy and incompressibility are calculated to be 53 MeV and
260 MeV, respectively.

In this model the coupling of the baryon to the scalar mean
field yields an effective mass which can be parametrized in
terms of o [38] [see Eq. (1)]:

d
Mi(o) =My — wsgoo + a)fz(gaa)z. )

Here g, (g.,) is the free space coupling of the o (w) meson
to the nucleon. The flavor dependent weightings, w; and @y,
depend on the choice of R, the MIT bag radius in free space
[38]. R}‘;ee = 1.0 fm is used here. The number of nonstrange
quarks in the H dibaryon is twice that in the A. Since the scalar
field in the QMC model couples only to the light quarks, the
weightings wy and Wy are approximatively twice that of the
A hyperon. The nonlinear term in Eq. (1) is a feature of QMC
related to the response of the internal structure of the baryon
to the applied scalar field. It is the origin of the many body
force, with its strength encoded by the scalar polarizability, d.

This scalar polarizability is sensitive to Rf\iee but to a good
approximation the bag radius is the same for all baryons in

the octet. However, because of the increase in the number
of confined quarks in the H dibaryon, Mulders and Thomas
found an increase by around 20% in the free bag radius for
the H particle [17]. Here, we take Ry = 1.2 x R};r,ee. Thus the
in-medium mass of the H particle is

M, = My — 2 x [0.6672 + 0.04638Ry; — 0.0022R;*1g,0
+2 x [0.00146 + 0.0691Ry — 0.00862Ry>1(g,0)>.
(2)

The only free parameter when incorporating the H into
QMC is therefore its free mass, My. As discussed in the
previous section, this mass is currently unknown. The best
experimental lower bound suggests that it cannot be bound by
more than about 10 MeV with respect to the A A threshold.
My is given in Eq. (3):

My =2M, — By. 3)

We presume that the H is unbound and use as guidance the
result from Shanahan et al. that By = —26 &+ 11 MeV [20].
The Lagrangian density for the H dibaryon is

Lp=D,H*D"H — M};’H"H, )

where D, = 0, + igomw, includes the coupling to the w
vector field [22,23]. Since H is a boson with zero isospin the
p does not couple to it.

The Euler-Lagrange equation is then

(D, D" +M};*)H = 0. 5)

The H particle is a boson and hence forms a condensate with

k = 0. At mean-field level one can show that for an s-wave
condensate the chemical potential is

wa =My + 8o H®. (6)
It follows that the density is simply
ny = 2M;;H*H. @)
The H modifies the mean-fields as follows:
myo + )\3%02 = an‘ - 8§f’ ny, ®)
f
my o = Z 8. fNy + 8o HNH - ©)

f

Here, A3 = 0.02 fm ™! is the coefficient of the self-interaction
of the o field, which is needed to reproduce the giant
monopole resonance energies in finite nuclei [42]. »n® and
n' are the scalar and vector densities, respectively, and the
summation is over n, p, A, 20, and E~. The last terms in
Egs. (8) and (9) is the contributions of the H to the respective
mean fields [23]. Finally, the H contribution to the energy is

ey = 2M3H*H = Miny. (10

We note that the theory outlined above is thermodynami-
cally consistent [22,23,43]. In Ref. [23] the authors observed
that there is no direct contribution from the H to the pressure.
However, the pressure does change indirectly because of the
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FIG. 1. In (a) the energy of the H particle in SNM (dashed line) and NS matter at 8 equilibrium (solid line) are presented. In (b) the mean
fields with nucleon couplings in NS matter are shown with (solid line) and without (dotted line) the H dibaryon. Since the neutron has isospin
of —1/2, the isovector p is inverted to present positive values. Both results in this figure are for My = 2247 MeV.

modifications of the mean-fields, as we can see from Egs. (8)
and (9).

As discussed in detail in Ref. [27], we account for the po-
tential additional short-distance repulsion that may be present
at high densities by incorporating the overlap term. This is
dependent on the total number density, ng = > ry =+ 2ny.
In this case the H does change the pressure through both
the modification of the mean fields and the overlap mech-
anism. Tamagaki suggested that the hard-core radius of the
H dibaryon should be between 0.5-0.7 fm [21]. The range
parameter in the overlap model used here is consistent with
this. For simplicity we presume that the H has the same hard-
core radius as the rest of the baryons. In Appendix the reader
will find a brief additional discussion on the short-distance re-
pulsion interaction incorporated here, which is complimentary
to that presented in Ref. [27].

III. RESULTS

In Fig. 1(a) the energy of the H dibaryon is presented in
the case of symmetric nuclear matter (SNM) and NS matter
in B equilibrium. The minimum energy of the H is found
close to the saturation density of SNM. The H is bound by
82 MeV in NS matter and 77 MeV in SNM. The difference
is accounted for by the small change in the o field associated
with the additional neutrons in NS matter [see Eq. (8)]. For
reference, the A is bound by around 38 MeV. The solid line
representing the energy of the H in matter in 8 equilibrium, as
shown in Fig. 1(a), starts to diverge from SNM when the H
appears because of the modifications of the mean fields.

Figure 1(b) shows the magnitudes of the mean fields ex-
perienced by nucleons in NS matter. The H particle appears
at around 0.6 fm > [see Fig. 3(a)] and is subject to an overall
repulsive interaction which allows the H condensate to be sta-
ble. After the H appears the strength of the w field is weakened
in accordance with Eq. (9). The weakening to the isovector
vector p, which the H does not couple to, is primarily caused
by the decrease in neutron density. In Fig. 2 we show the
effective mass of the H, M}, which is reduced in response
to the scalar attraction.

The H particle is electrically neutral but carries baryon
number 2. Thus, the only modification to 8 equilibrium is to

—— My =2247 MeV
— My =2258 MeV
— My =2269 MeV

0.50 0.75
ng (fm=3)

1.00

FIG. 2. The effective mass of the H as given by Eq. (2).
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FIG. 3. Species fractions for §-stable matter. In (a) My = 2247 MeV and (b) My = 2269 MeV, we show the particle fractions as a function
of total number density. n,. denotes the central number density for the maximum mass NS as depicted by the black dashed vertical line with
the precise values listed in Table 1. The lower free mass of the H in (a) means it appears before E~, which no longer appears in the EoS.

the conservation of baryon number. Figure 3 shows the species
fractions for a) My = 2247 MeV and b) My = 2269 MeV.
The H particle always appears after the A, given that we
have chosen My such that H lies above the A A threshold.
The threshold density of the H is increased with increasing
My . The H is in competition with the hyperons and besides a
reduction in the abundance of the other baryons, the presence
of the H increases the threshold density at which any new
hyperon appears after the H. In this case, those hyperons are
the £~ and E°. Without the H, the E° baryons were present
in the QMC EoS at high densities [27] but once the H is
included the E° does not appear at all. For My = 2247 MeV,
E~ also does not appear. In Fig. 3 the central density for
the maximum mass star is indicated by the black dashed line
for My = 2247 MeV and 2269 MeV. Near this threshold the
H is abundant, indicating that the cores of heavy NS may
contain a sizable fraction of H-matter condensate. Figure 4
depicts the population of baryons and the H dibaryon in the
interior of a maximum mass star for My = 2258 MeV. The
maximum mass, radius and central energy density, pressure,
and number density are located in Table I. The H particle is
highly abundant in the center of the star and extends out to a
radius of around 5.7 km.

The EoS is presented in Fig. 5(a). The low density EoS
presented by Hempel and Schaffner-Bielich was used to ac-
curately model the crustal regions of the NS [44,45]. The
EoS for the case with no H is indicated with the dotted black
line. As expected, the appearance of the hyperon and the H
particle softens the EoS as each of their threshold densities
are reached. The overlap interaction mitigates the softening

of the EoS normally associated with hyperons due to the
loss of neutron degeneracy pressure. The same is also true of
the H.

As we see in Fig. 5(b), the presence of the H does slightly
reduce the maximum mass predicted by the QMC model.
Nevertheless, the maximum masses obtained with all three
choices of My exceed Mys > 2.0 M, (see Table I). Although
the choice of My changes the density at which the H dibaryon
appears, there is no great reduction in the maximum mass of
the NS, with a larger value of My yielding a smaller reduction
in the maximum mass. We further note that with the H parti-
cle, the radius at maximum mass is larger. Larger choices for
My correspond to larger radii at maximum mass.

In the past, canonical mass stars were thought to have
a radius R < 12 km [46,47]. Recent NICER missions fa-
vor stiffer EoS with increased radii. PSR J0030 4 0451 has

TABLE I. The maximum mass (Mys, M) and corresponding
radius (R, km), for each choice of My (MeV) is presented along
with the central number density (n,, fm™3), energy density (e,
MeV fm‘3), and pressure (P., MeV fm ™). For reference, the case
with no H dibaryon is presented at the top of the table [27].

My Mys R ne & P,

- 2.12 10.94 1.03 537 1309
2247 2.07 11.02 1.04 489 1308
2258 2.08 11.11 1.02 467 1268
2269 2.10 11.12 1.01 467 1230
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FIG. 4. Particle population within the interior core of a maximum mass NS when My = 2258 MeV. The species fractions is truncated at

the crust-core boundary.

M = 14470 M and R = 13.021] 3¢ km [41] (Riley et al. is
consistent with this [48]). The H particle modeled in QMC
plays no role in low mass stars, but the particular QMC
parametrizations to produce a heavy mass NS is consistent
with the radius of low mass NS. For heavier mass stars, the
radii found here are consistent with the observation of PSR
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JO740 + 6620, as depicted in Fig. 5(b) [40] (see also [49-53]).
This mass is similar to that of the first heavy NS discovered,
PSR J1614-2230 by Demorest et al. [54].

Potentially the heaviest known pulsar, PSR J0952-0607,
has a mass of M =2.35+0.17Mg, at 1o [39]. The cen-
tral value would challenge all hyperonic QMC EoS, with or
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FIG. 5. (a) The QMC EoS for difference masses of H. In the dotted black line we show the EoS without the H dibaryon [27]. The curves
begin to deviate once the H appears. (b) The resultant mass-radius curves calculated using the TOV equation. Romani et al. depicts the heaviest
known NS, PSR J0952-0607 [39]. The observation of PSR J0740 4 6620 is extracted from analysis performed by Salmi et al. [40]. Miller
et al. is the NICER estimation for the canonical mass star from PSR J0030 + 0451 [41].
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without the H particle; see Table I, which also displays the
central density, energy, and pressure for no H, and each choice
of My at maximum mass. On the other hand, at 3o the
lower bound of the mass of PSR J0952-0607 is 2.09M, [39].
PSR J0952-0607 is a rapidly rotating pulsar, spinning at ap-
proximately 700 Hz [55]. The Tolman-Oppenheimer-Volkoff
(TOV) equation used here assumes a nonrotating or slowly
rotating spherically symmetric NS. Because PSR J0952-0607
spins so rapidly, it can support additional mass, as well as
an increase in equatorial radius. Although the spin is well
below the Kepler limit (mass shedding), it is non-negligible
with the rotation possibly requiring a 5-10 % correction to
Moy [56,57]. Within the QMC model it has previously been
demonstrated that it can yield a 2.22My star [28], which
is not inconsistent with PSR J0952-0607. Given that the H
particle only slightly reduces the maximum mass of a star,
it is possible that PSR J0952-0607 may contain a bosonic
H-particle core.

Finally around the canonical mass value, Mys = 1.4 Mg,
QMC EoS does not contain any hyperons, or H, and therefore
the tidal deformability for A4 =~ 430 remains the same as
previously reported by Leong et al. [27].

IV. CONCLUSION

We have examined the effects on the EoS of dense matter
in B equilibrium when one includes the possibility of an H
dibaryon with mass somewhat higher than the A A threshold.
The QMC model was chosen because all the meson couplings
to the H are predicted within the model, rather than being
free parameters. The version of the model chosen successfully
describes the binding energies, deformations, and charge radii
of even-even nuclei across the periodic table [42,58], with
just five parameters. It includes a term involving the scalar
field cubed, which is necessary to describe the energies of
the giant monopole resonances. Then, in order to generate
stars with masses of order 2M,, one needs additional repul-
sion at densities well above nuclear matter density. Following
Ref. [27], we use a phenomenological term which depends
on the extent to which baryons overlap and with a strength
chosen to yield heavy NS when octet hyperons are included.
This term was chosen so as not to change the properties
of finite nuclei and the EoS it yields was shown (see the
Appendix) to be consistent with constraints from heavy ion
collisions.

The TOV equation was then solved to obtain the masses
and radii of NS generated by the new EoS. When the H
dibaryon is included in addition to the octet hyperons, it tends
to slightly lower the central energy density and pressure for
the heaviest stars. The maximum masses remain above 2 M.
In addition, because the H dibaryon only appears well above
three times the saturation density of nuclear matter, the suc-
cessful predictions for tidal deformability reported in earlier
work remain unchanged.

We have shown that including the H dibaryon yields re-
sults which are compatible with observations of heavy NS
and the observed tidal deformability. The mass-radius rela-
tion is not altered sufficiently that one could distinguish its
presence, as opposed to a star containing only octet baryons.

Nevertheless, it is remarkable that if the H dibaryon does
exist the particle content of the core of a heavy NS will
be very different, with the H dibaryon being the dominant
component other than neutrons in regions where the density
exceeds 3—4ny.
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APPENDIX: PNM AND SNM HEAVY ION CONSTRAINTS

The phenomenological overlap term from Ref. [27] is
independent of the particle species. Because of this the H
particle has a direct influence on the pressure at high densities
through the short-distance repulsion phenomenological term.
The overlap term is

ng=/3 2
Eongexpy — b .

Ey = 5500 MeV and b = 0.5 fm are used here, which has
been chosen to only affect the EoS at suprasaturation densities
(see [27] for details).

Figure 6 displays the EoS for pure neutron matter (PNM)
and symmetric nuclear matter (SNM), along with heavy ion
collision analysis from Refs. [60] and [61]. Heavy ion colli-
sion data is difficult to interpret given the model dependent
uncertainty in the density and the high temperatures reached.
Furthermore, the timescales involved do not allow for
equilibrium to be established; unlike the formation of NSs.
Nevertheless, the QMC EoS is consistent with both Ref. [60]
and earlier work of Ref. [61].

Note that in Refs. [52] and [62], analysis from NS obser-
vations, favor a stiffer EoS. NICER measurements of PSR
J0437-4715 is M = 1.418 £0.037M and R = 11.36]05°
[63]. Both GW 170817 and PSR J0437-4715 favor a soft
EoS, whilst the existence of NS with masses greater than
2.0M, favors a stiff EoS. It is difficult to reconcile both of
these within a single EoS. However, one could demand that
at low/intermediate densities the EoS is soft to satisfy low
radius canonical mass stars before stiffening greatly at higher
densities to support heavy mass stars. A phenomenological
overlap term, such as that in Eq. (A1) models this scenario.
In particular, it is suggested that when the baryons begin
to overlap at high densities, the quark cores may generate
additional strong repulsion brought about by the Pauli ex-
clusion principle and a multiquark environment. The QMC
model has five model parameters plus an additional two when
using the phemenological overlap interaction to model high
density repulsion. This is in contrast, for example, to Kumar
et al. who constructed nucleon-only EoS using up to 12 model

(AD)
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FIG. 6. (a) PNM and (b) SNM EoS from QMC with the overlap interaction used here is shown in red. References [60] and [61] are shown

in green (Oliinychenko) and blue (Danielewicz), respectively.

parameters [64], which may be even stiffer than the SNM and
PNM EoS from Danielewicz et al. [61]. Our intention here is

not to explore the parametrization of the overlap interaction
but the possible role of the H at supranuclear densities.
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