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Abstract. Microscopic composition and properties of matter at super-saturation
densities have been a subject of intense investigations for decades. Experimen-
tal and observational data and fundamental laws of physics indicate that heavy
strange baryons and mesons are essential components of the matter. The Quark-
Meson-Coupling-Model (QMC) is well suited for such a study. The model
is based on interaction between quarks in individual baryons instead between
the baryons as entities without internal structure. This approach significantly
increases transparency and reduces the number of variable parameters of the
model, thus offering deeper insight into the physics of high density hadronic
matter. In this contribution, we review the effect of hyperons on neutron star
(NS) properties, the speed of sound and the symmetry energy, both at zero and
finite temperature. The QMC results are contrasted with the outcome of the
traditional relativistic mean field DD2Y model. The (lack of) the so-called ‘hy-
peron puzzle’ in both models is discussed.

1 Introduction

Recent advances in detection and data analysis techniques in further exploration of hypernu-
clei and their properties, stimulated development in theoretical interpretation of the new data.
More detailed information on Λ, ΛΛ and, more recently, Ξ hypernuclei, and their excitations,
as well as studies of the role of kaons in heavy-ion reactions is being obtained or is in an
advanced planning stage. Theoretical interpretation and reliable prediction of the outcome of
experiments is provided by several classes of models, based on various physical assumptions
(e.g. realistic or density dependent NN potentials) used in different mathematical frameworks
such as Bruckner G-matrix theory, chiral effective field theory and (non)relativistic mean-field
models. As discussed, for example, by the author in [1], the main reason for existence of such
a variety of theories is that the hadronic interactions in free space and, more importantly, in
nuclear medium, is not known from first principles and has to be modelled. Models based
on different physics and mathematical schemes yield similarly reasonable fit to data provided
they have enough variable parameters, thus preventing identification of a model closest to true
microscopy of hadronic interactions. Growing popularity of statistical approaches especially
in astrophysical applications, taking advantage of multimessenger data, does not help in the
quest for fundamentals of hadronic interactions. The consequence of this situation that we

∗e-mail: jirina.stone@physics.ox.ac.uk

https://doi.org/10.1051/epjconf/202227109003EPJ Web of Conferences 271, 09003 (2022) 

HYP2022

  © The Authors,  published  by EDP Sciences.  This  is  an  open  access  article  distributed  under  the  terms  of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/). 



can obtain a reasonable reproduction of existing data but the predictive power of the models
is limited, to say the least.

In this contribution we review the latest outcome of the Quark-Meson-Coupling-Model
(QMC) for hyperonic matter. This model differs from the traditional relativistic mean-field
models (RMF) in that that it is based on interaction between quarks in individual baryons
instead between the baryons as entities without internal structure. Such approach leads to a
significant reduction of variable parameters of the model as compared to traditional models,
thus aiming to a well constraint parameter space. Most of the review is based on an extensive
study of hadronic matter in the framework of the QMC-A variant of the model [2, 3], where
more details can be found. Here we focus on effects of the hyperons on basic properties of
cold and hot high-density matter and NS. The QMC results are contrasted with the outcome
of the traditional RMF DD2Y model (labeled DD2 from now on) [2, 4].

2 The QMC model

2.1 The basics

The QMC is a phenomenological relativistic mean-field model of hadronic matter with a
non-relativistic extension for finite systems, not discussed here. The key ideas of the model,
here outlined for nucleons but valid for any baryons, are: (i) nuclear matter is a collection
of quark bags with light quarks confined by attachment to a Y shaped colour string, moving
in a non-perturbative QCD vacuum [5], (ii) quarks from different nucleons can come close
enough to generate vacuum fluctuations, represented by scalar and vector meson fields - the
origin of the nucleon-nucleon (NN) interaction in nuclear medium (see Fig. 1). The QMC

Figure 1: Mechanism of NN interaction in the QMC model (top) and in traditional RMF models which
ignore the internal structure of the baryons (bottom). Adapted from Ref. [3] under Creative Commons
Attribution License.

model was constructed by Guichon [6] and further developed in later years (see e.g. [7] and
Refs. therein). The MIT bag is used as an effective realization of confinement for practical
purposes. Although the bag strictly prevents quarks from crossing the boundary, it needs to
be seen as an average representation of a more complex situation and the size and surface
of the bag should not be given a deep physical meaning. The dynamical mass of the bag,
immersed in a constant scalar σ field in a general case of the baryon octet (labeled by the
index i for brevity) can be conveniently written as a function of the nucleon-meson coupling
in free space gσN (for details see Appendix in Ref. [8])

Mi(σ) = Mi − wσi gσN σ +
d
2
w̃σi(gσN σ)2. (1)
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The coupling strength gσN is a variable parameter of the model and is related to the quark-
meson couplings as

gσN = 3gq
σ

∫
Bag

d~r q̄q(~r), (2)

with q and q̄ being the quark wavefunction and its conjugate.
The flavour dependence of the dynamical mass is controlled only by the weights wσi

and w̃σi are fixed within the model (see Table 2 [7] and Appendix A in the Ref. [8]). The
coefficient d in the third term in Equation 1, is known as the “scalar polarizability”. This
term is a natural consequence of the quark structure of the nucleon and is sufficient to lead
to nuclear saturation. The scalar polarizability is related to the radius of the bag RB as [7]
d = 0.0044 + 0.211 ∗ RB − 0.0357R2

B.
The total energy of a classical system of baryons at zero temperature, modeled as non-

overlapping bags coupled to meson fields σ, ω and ρ is expressed as [7]

EQMC =
∑

i=1,...

√
P2

i + M2
i (σ(~Ri)) + gi

ωNω(~Ri) + gρN~Ii.~B(~Ri) + Eσ + Eω,ρ, (3)

with ~Ri and ~Pi are the position and momentum of a baryon i and ~I is the isospin matrix. ~B
stands here for the isovector ρ field to avoid a confusion with the baryon number density ρ [7].
The contributions of the quark-meson couplings are dependent on two more model variable
parameters, gωN = 3gq

ω and gρN = g
q
ρ. The meson contributions, Eσ and Eω,ρ are obtained by

solution, in the mean field approximation, of the meson field equations of motion. The model
is then quantized by replacement ~Pi → −i~∇i. The three variable parameters, conveniently
written as effective coupling constants Gσ=g2

σN /m2
σ, Gω=g2

ωN /m2
ω and Gρ=g2

ρN /m2
ρ, are fitted

to properties of nuclear matter at saturation. The fixed parameters of the model, used in this
work, are the free ω and ρ meson masses, the σ mass equal to 700 MeV, the bag radius RB

= 1 fm, and σ self-interaction parameter, λ3, which appears to be needed in finite nuclei [9],
equal to zero.

2.2 Applications

Starting with the equation of state (EoS), shown in Fig. 2, we observe that there is a threshold
density for appearance of hyperons at T=0; at non-zero temperature hyperons appear at all
densities. The onset of hyperons at T=0 MeV, manifests itself by separation of the EoS for
nucleon only (np) matter from the EoS for hyperonic matter (npY) which softens at densities
above the threshold (left panel). At finite T, shown for β-equilibrated matter with entropy
density S/A=2 kB, labeled by NS(β), corresponding to temperatures between about 20 - 50
MeV [2], this kink disappears. As expected, the pressure increases with temperature, more
markedly in the np matter. Comparing the results of the QMC and DD2 models at T=0 MeV,
they differ significantly both in the hyperon onset density and hyperon content (see Fig. 2).
The Λ hyperons appear in both models but at different thresholds; in addition, in the QMC
model only both cascades are present. In the DD2 model, only the negatively charged Σ and
Ξ hyperons appear.

Figure 3 illustrates the NS masses vs radius and central density of cold and hot stars, in
comparison of the latest observational results. It demonstrates that neither model suffers from
the so called ’hyperon puzzle’ despite the sensitivity of the EoS to the hyperonic content.
Naturally, the only np matter stars achieve higher maximum mass but the maximum mass
of the npY stars are still within the observational limits. In the non-zero temperature case,
shown for two proto-neutron stars scenarios, one with the fixed lepton fraction, S/A=1 kB
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Figure 2: (a) Equations of state of the QMC and DD2 models at T=0 MeV (left) and warm NS(β)
matter (right), for full baryon octet (solid) and for only nucleons (dashed). (b) Relative population of
nucleons and hyperons in units of the total baryon number density at T=0 MeV (left) and NS(β) matter
(right). Only populations higher than 0.01% in the region of 0.1 - 1 fm−3 are shown (right). The figure
is adapted from [2].
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Figure 3: (a) NS masses vs the central baryon density (left) and radius (right) computed with the QMC-
A and DD2 models for hyperonic (solid line) and nucleonic (dashed) matter. Observational limits on
the maximum mass configuration are illustrated by black dashed [10], green dot-double dash [11], red
dot-single dash [12] and solid blue [13] rectangles. The NICER limits on the radius of a ∼1.4 M� PSR
J0030-0451 [14] (magenta full triangles) and [15] (dark green full circles) are added for completeness.
The coloured full circles in the left panel indicate the maximum mass. (b) Illustration of search for the
surface of a hot star with fixed Yp and S/A=1 kB (left) and the for NS in β (right). The figure is adapted
from [2].

and trapped neutrinos, and the other with the neutrinoless NS(β) matter, the maximum mass
is somewhat higher, as expected. Note that at finite T the surface of the star is diffused and
has to be determined by search for a close-to-zero surface pressure as a function of radius [2].

Finally, we show in Fig. 4 two other examples, not directly related, of applications of the
models. The single-particle potentials of hyperons in high-density matter determine their ap-
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Figure 4: (a) Single-particle potentials UΛ (grey), UΣ (red) and UΞ (green) as a function of the symmetry
energy coefficient J for the saturation densities ρ0 between 0.14 and 0.17 fm−3. The filled width of
the rectangles depicting the potentials represents the uncertainty due to the spread in the saturation
energy E0 /A between -15.0 and -18 MeV. The dashed blue rectangle around UΛ represents the region of
experimental values reported in the literature. The horizontal black dashed line guides the eye to zero,
dividing positive and negative values of UΣ. No established experimental constraint on UΞ is available.
Taken from Ref. [3] under Creative Commons Attribution License. (b) The adiabatic index Γ and the
square of speed of sound in units of c for T=0 MeV (left top and bottom) and for NS(β) (top and bottom
right). Predictions of the QMC-A model (black) and the DD2 model (green) are shown, both for npY
(solid) and np (dashed) matter. The blue horizontal line indicates the conformal limit (cs/c)2 = 1/3. The
figure is adopted from [2].

pearance in NS. These potentials are dependent on the nucleon-hyperon and hyperon-hyperon
interactions, calculated within the QMC model, but treated as variable parameters in tradi-
tional RMF models. Specifically, the appearance of Σ hyperons in T=0 MeV models has
been an issue for many years and both positive and negative UΣ values have been considered
[2, 3]. Here we show, in the left panel of Fig. 4, the relation of the potentials to saturation
properties of nuclear matter as calculated in QMC-A. The positive UΣ, consistent with the
absence of Σ hyperons below ∼1 fm−3, and unbound Σ hypernuclei, together with UΛ being
within a better known limit, places a strong constraint on the symmetry energy coefficient J.
For this result being confirmed, data on UΞ are urgently needed, offering compelling support
for experiments at JPARC.

In the right panel of Fig. 4 we show the density and temperature dependence of the adia-
batic index Γ and the square of speed of sound as calculated in both QMC-A and DD2 models.
Both quantities are directly related to the hyperonic content of the matter (see Fig. 2). The
large drop in Γ at density 0.5-0.6 fm−3 for QMC-A takes place because the Λ and Ξ− hyperons
appear at almost the same density and the next drop is clearly related to appearance of the Ξ0.
The DD2 model predicts very close density thresholds for the Λ , Σ− and Ξ− hyperons, which
can be associated with the large unresolved drop below 0.4 fm−3 (for more detail see [2]). At
finite T, In the density dependence of Γ is smooth in both models, reflecting the absence of the
thresholds, present in the T=0 MeV case. The speed of sound exhibits sensitivity to hyperon
presence as well. In cold matter, (cs/c)2 decreases below the conformal limit with the onset
of hyperons in the QMC-A model, but increases with density in DD2 (with a minimal glitch
around 0.3 fm−3). In warm matter, (cs/c)2 remains below the limit at all densities in hyper-
onic matter in QMC-A; in the DD2 model, it increases monotonically with density above the
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conformal limit for densities higher than about 0.4 fm−3. Naturally, there is no structure in
density dependence of either Γ or (cs/c)2 in np matter.

3 Summary and outlook

In summary, we have explored the complex effects of hyperon presence in high-density matter
in the cores of cold and warm NS. Starting with the EoS and the composition of the core, fol-
lowing through the NS gravitational mass vs radius and central energy density dependences,
to the relation between of the hyperon single-particle potentials and nuclear matter saturation
properties and to the adiabatic index and the speed of sound, we conclude that the hyperons
play a multifaceted role in the physics of high density matter and NS. The QMC model is
one of the possible avenues to finding answers to the problem of hyperonic interactions in
medium. However, it is also a phenomenological model and does not provide a full answer
to the microscopy of baryon interactions which is still waiting to be discovered.
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