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Strangeness in astrophysics: Theoretical developments
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Abstract. In this conference proceeding, we review important theoretical developments related to the production of strangeness in astrophysics. This includes
its effects in supernova explosions, neutron stars, and compact-star mergers.
We also discuss in detail how the presence of net strangeness affects the deconfinement to quark matter, expected to take place at large densities and/or
temperatures. We conclude that a complete description of dense matter containing hyperons and strange quarks is fundamental for the understanding of
modern high-energy astrophysics.

1 Historical Background
The history of strangeness in dense matter astrophysics started in the early 80’s with a paper
from Glendenning describing the role played by hyperons in neutron stars [1]. In this seminal
work, it is discussed how as “the density of matter rises, the Fermi energy of the neutrons
will eventually exceed the threshold for decay, first to protons and then to the hyperons” and
that these decays are not forbidden, since astrophysical timescales are orders of magnitude
larger than the one characteristic of the weak interaction. The baryon octet is described by
a modified Wallecka model and strange particle populations are shown to occupy most of
the neutron star radii for massive stars, which could in this approach reach 1.8 M . A few
years latter, a very famous paper was written by Witten describing the possibility of stable
strange quark stars [2]. In this work, the quarks are described as a free gas of massless
quarks stabilized by a vacuum pressure, which is introduced to take into account the nonperturbative effects of QCD. Under an adequate choice of choice bag constant, 2 solar mass
stars could easily be reproduced. In the 90’s, the possibility of having kaons (and their further
condensation) in neutron stars were also studied [3]. It was found that, it is hard to support
anything larger than 1.44 M neutron stars in the presence of a large strangeness content.
The numbers stated above immediately point out to what later became know as the hyperon puzzle [4]. This relates to the fact that the softening caused by the new strange degrees
of freedom turns the equation of state softer and reproduces lower neutron-star masses. Initial
attempts to parametrize very stiff equations of state in order to compensate for the softening
due to the strange degrees of freedom reproduced larger neutron-stars, in disagreement with
laboratory and observational data. In reality, equations of state do not have to be overall soft
or stiff, but can be a mixture of both by being fitted to different data at different densities. This
can be constructed by tuning the strength of the attractive and repulsive interactions, and also
exploring the nature of different couplings [5, 6]. In addition, it was shown that including not
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Figure 1: Speed of sound squared for the following models as a function of baryon number
density in nuclear saturation units: SLy [20], QHC19 [10], CMF [6, 14–16], QMC-A EoS
[11, 12], and Triplets [13]. Figure modified from Ref. [9].

only hyperons, but also their respective negative parity states could still be consistent 2 M
neutron stars (and other laboratory and observational data), if a crossover transition to quark
matter is allowed [7, 8].

2 Different Scenarios
The aforementioned softening of the equation of state caused by the appearance of strange
hadronic and quark degrees of freedom can be seen for a few different models in Fig. 1, which
was modified from Ref. [9]. Note that equations of state constructed from state of-the-art
models for neutron stars generically lead to characteristic non-trivial, non-monotonic structure in the speed of sound [6, 10–16]. In the particular case of Ref. [16], a phase transition
associated with the amount of strangeness was found to be associated with the appearance of
twin stars. But is is very important to keep in mind that observational constraints for neutron
stars can still be fulfilled by models that present "bumps" in this speed of sound. This is
illustrated in Fig. 2, where parametric equations of state [17] produce mass-radius diagrams
and tidal deformability-mass diagrams showing curves that are in agreement with NICER and
LIGO/VIRGO data. Furthermore, bumps that present an early raise in the speed of sound (before 2 times saturation density) can generate massive stars beyond 2.5 M , which points out
to the possibility of the secondary object observed gravitationally in the merger GW190814
[18] being a neutron star (and not a black hole). Other approaches have also been able to
describe the secondary object in GW190814, in spite of its strange content (see for example
Refs. [6, 19]).
In supernova explosions, the presence of s-quarks were shown to turn non-explosive
massive-star 3-dimensional simulations into successful ones, as strangeness affects neutrino
interactions, reducing neutrino opacity, and generating higher luminosities and mean energies
of neutrino emission [21]. Hyperons were also shown to affect both the density and temperature profiles inside massive exploding stars [22]. In neutron-star mergers, it was shown that
similar changes in neutrino luminosity are not expected to be distinguishable before high
temperature regions are swallowed into the black hole, but the changes in gravitational wave
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Figure 2: Speed of sound, mass-radius diagram, and tidal deformability for a family of equations of state with double peaks in the speed of sound at different locations. Symbols show
the central density for the most massive star of the sequence. Figure modified from Ref. [9]

frequency and amplitude before and after merger could signal hyperons [23], that could lead
to a faster collapse of hypermassive stars into black holes [24]. The densities and temperatures found in mergers when allowing for exotic (hadronic and quark) degrees of freedom
[25] are actually ideal conditions to generate hadronic and quark strangeness, as shown in
Fig. 6 of Ref. [26].
The final scenario we describe is the matter generated in particle collisions. Although
net strangeness (difference between content of strange particles and strange anti-particles) is
not produced in the time frame involved in these collisions, strange and anti strange particles
are produced and measured. For example, recent results from ALICE experiment in CERN
give very good estimates for the Λ, Σ, and Ξ hyperon potentials in medium [27]. Using
these results, it was shown that that neutron stars with masses larger than 2.1 M can still be
reproduced when the isovector coupling is rescaled [28, 29].
Concerning deconfinement to (strange) quark matter, the presence of net strangeness can
affect the position of the phase transition, as shown in the left panel of Fig. 3. A calculation using the Chiral Mean Field (CMF) [15, 30–32] model showed that the effect of net
strangeness can affect the position of deconfinement (with respect of free energy per baryon

µ = µB + YQ µQ + YS µS or baryon chemical potential µB ) by more than 40 MeV, depending on
the temperature T and charge fraction YQ (or isospin fraction YI ), being larger for larger temperatures. Note that the free energy per baryon is only equal to the baryon chemical potential
when either the charge fraction or charge chemical potential µQ and either the strangeness
fraction YS or chemical potential µS are zero. For zero and low temperature, the effect of
strangeness is larger for lower charge (or more negative isospin fraction), corresponding to
conditions achieved in chemically equilibrated neutrons stars or their mergers. Larger charge
or zero/slightly positive isospin fraction are achieved in situations where beta-equilibrium
hasn’t taken the system away from a more energy favorable (under normal conditions of density and temperature) isospin symmetric case, corresponding to the case of particle collisions
or supernova explosions. Note that the relation between charge and isospin chemical potential is not trivial (meaning always differing by exactly 0.5) in the presence of strangeness, as
seen in the deconfinement curves shown in the right panel of Fig. 3 for the zero temperature
case. The relation between isospin and charge fractions depends on the strangeness fraction,
which again is larger for lower charge/isospin fractions YI = YQ − 21 + 12 YS .
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Figure 3: Phase diagrams for deconfinement to quark matter calculated from the CMF model
for non-strange (color), and strange matter (black) calculated for charge fraction varying from
zero to YQ = 0.5. Left panel shows temperature (only until 60 MeV), free energy per baryon
µ̃, and charge fraction YQ . Right panel shows free energy per baryon µ̃, baryon chemical
potential µB (in either side of the phase transition), and isospin fraction YI . Figure modified
from Ref. [30].

2.1 Conclusions

Give our current understanding of astrophysical environments, strangeness is not ruled out
in dense matter and it is expected to appear in significant quantities already in supernova
explosions, remaining present in cold catalyzed neutron stars, and generated in large amounts
in hot neutron-star mergers. In this way, strangeness is expected to be important for several
dynamical processes and could generate neutrinos, electromagnetic and gravitational signals
expected to be measured in the near future.
Although comparisons with particle collisions could give us insight into high-energy matter, the conditions produced in this case are quite different from astrophysical scenarios,
even considering that low-energy collisions overlap in temperature with neutron star mergers.
These differences include the amount of charge/isospin and strangeness, both of which affect
the deconfinement to quark matter. In this sense, deconfinement signals from neutron-star
mergers could give us additional information about the amount of strangeness inside compact stars.
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