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1. Introduction

The properties of compact stars, their formation as well as binary medlgpend on many
different physical ingredients, among them the thermodynamic propeftibe involved matter
comprised in the equation of state (EoS). There is an intrinsic connectiordetive properties
of matter contained in the EoS for the macroscopic description of astrophydifects and the
underlying fundamental interactions between particles on the microscopic [Ehis makes the
study of the aforementioned systems very rewarding as they challengedenstanding of nature
on both scales.

It is not an obvious task to construct such an EoS. The main difficultysafieen the fact
that very large ranges of (baryon number) densities Y43 < ng < 1 fm~3), temperatures
(0 < T £ 150 MeV) and hadronic charge fractions<€0Y; = nq/ng < 0.7) have to be covered.
nq here denotes the total hadronic charge density, which in many casesds/grsby the proton
density. Within this range, the characteristics of matter change dramatically,an ideal gas of
different nuclei up to uniform strongly interacting matter, containing in the kstrase just free
nucleons and potentially other components such as hyperons, nudeaanees or mesons. Even
a transition to deconfined quark matter cannot be excluded.

For core collapse matter, the full density, temperature Ygrakpendence have to be included
within the EoS. This complexity is the main reason why until recently only a fewdmscl E0Ss
existed for core collapse simulations. These are the one by HillebrantiValffd1], used by some
groups performing supernova simulations, that by Lattimer and SwestpXjraally that by Shen
et al.[3]. The two latter, publicly available, are most commonly used in core-calajsulations.
They use different nuclear interactions, but are based on the same linsSagaptions: they take
into account non-interacting-particles, a single heavy nucleus and free nucleons in addition to
the electron, positron and photon gas.

Several minutes after their birth, the temperature of neutron stars (andtipthyeexisting
quark or hybrid stars) has sufficiently decreased such that for tBe fBatter can be considered
as cold. In addition, weag-equilibrium is achievet] determining the charge fraction. Therefore
those EoS are functions of only one parameter, commonly chosen @bere is a large variety of
EoSs available for cold, dens@-equilibrated matter (see for example [4] and references therein),
employing different techniques, different nuclear interaction modelsldfetent possible compo-
sitions, including hyperons, quarks or mesons.

After a brief summary of experimental, theoretical and observationatr@nts on the EoSs,
within this contribution 1 will highlight some recent developments, for neuttanas well as core
collapse and neutron star merger EoS.

2. Brief summary of experimental, theoretical and observational constraints

Since dense and hot matter can (presently) not be described fromriirsiples, i.e. start-
ing from the theory of strong interactions, QCD, many uncertainties exisst kodels rely on

1This means that the reaction+ ve — p—+eis in equilibrium, thus the respective chemical potentials should fulfill
the conditionuin + ty = Hp + He. In a cold neutron star neutrinos can freely leave the system and tfesponding
chemical potential thus vanishgs, = 0.
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phenomenological interactions, whose parameters have to be adjustestittgeaxperimental or
observational data. Microscopic many-body calculations (BruecKaetree-Fock, Monte Carlo
techniques, renormalisation group,) starting from the fundamental two- and three-body forces
can to some extent constrain the phenomenological models, too. But sincepbissible to solve
the strongly interacting many-body problem exactly, these calculationsiepimaddition to the
uncertainties on the fundamental forces, more or less controlled apptaxisiand the constraints
have to be regarded with some care.

On the experimental side, different coefficients of the Taylor expansidhe energy per
baryon of symmetric nuclear matter (i.e. same number of protons and neutamnise determined
from nuclear experiments. In particular these are the binding energgatheation density, the
compression modulus and the symmetry energy. It is very challenging teesthar coefficients,
such as the slope of the symmetry energy, and the corresponding arsaare very large. From
heavy ion collisions, flow data and meson production data, where the snafjsin a transport
model is reinterpreted as model for the equation of state, can give somatiodjdoo, see [5] for
a discussion.

On the astrophysical side, the main present constraint stems from atiseswof neutron star
masses in different binary systems, see e.g. [6] for a compilation. In sbthern the masses can
be precisely determined from the orbital parameters of the system withohtmmael dependence
in the analysis. In particular, precise masses are known for some bieation star systems giv-
ing masses close to the canonical value ofMl.4 Recently, two precise mass determinations in
neutron star-white dwarf systems have been carried out. For the ftsinsythe precise determi-
nation is based on Shapiro delay, a general relativistic effect, givingsa ofal97+ 0.04M, for
the neutron star [7]. The second one combines a well-known model favtifie dwarf with an
analysis of orbital data to obtain a mass @2+ 0.04M, for the neutron star [8]. These two solar
mass neutron stars are probably not the end of the story since theraliaations of even more
massive ones in neutron star-brown dwarf systems [9].

For pulsars, the rotation frequency can be determined very preciselyubfor the moment
the fastest known pulsar, PSRJ1748-2446ad, rotates at a frgoufefits Hz [10], well below the
Kepler frequency for almost all EoS. Thus the constraint induced oEtigeis very weak. An
observation of 1.4 kHz, on the other hand, would constrain the radiusafiaotating 1.M,, star
to be below 9.5 km, very difficult to obtain for most existing EoS.

The ultimate constraint on the EoS would be a determination of radius and miessaime
object, see e.g. [11]. So far, radius observations are, howeveh mae model dependent than
mass measurements. They contain in general different assumptions &@.camposition of the
atmosphere or the distance of the object and it is difficult to estimate the systamation the
given values. In addition, for a rotating star due to its deformation thereusambiguous relation
between the observed quantity and the radii determined theoretically.

There are other observations with possible impact on the EoS, but for tremither the
analysis is very model dependent or the observations have largebarsyrsuch that not relevant
constraint on the EoS can be obtained for the moment. Examples are the mdinentia deter-
minations or asteroseismology from the observation of quasi-periodic disciia It is of course
possible that in the future interesting constraints can come from these stidittial gravita-
tional wave observations, in particular of neutron star mergers, cowagdrmfieresting constraints in
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Figure 1: Mass-radius relations for spherically symmetric neutramsswithin two relativistic mean field
models with different hyperonic interactions.

the future, too [12, 13].

3. Some recent developments

3.1 The hyperon puzzlein neutron stars

The recent discovery of two neutron stars with a mass of abdut £7, 8] triggered intensive
discussions about the composition of matter at the center of neutron sthtkea&oS at these
very high densities. In particular, the so-called “hyperon puzzle” eeter§ylost models predict
hyperons to appear &g ~ 2— 3ng but lead at the same time to maximum neutron star masses
of ~ 1.4M.,, well below the highest observed ones. It is thus obvious that additsbat-range
repulsion is needed to stiffen the high-density EoS.

Different solutions have been proposed to overcome this problem. Bheffie is that a tran-
sition to quark matter appears at densities low enough such that hypensnadt yet softened the
EoS too much. The phenomenological quark models can easily be suppldmétht¢he neces-
sary repulsion at high densities, and maximum neutron star masses dlgweaB be obtained,
see e.g. Refs. [14, 15, 16].

Another possibility is to modify the hyperonic interactions at high densities. eSéxperi-
mental data are scarce and furnish therefore only weak constraints amtehactions at densities
below nuclear matter saturation density, not much is known about the mypexdeon Y N) and
hyperon-hyperonYY) interactions at the relevant densities in the center of neutron starenilyes
several phenomenological models exist (see e.g. [17, 19, 18, 20fnining hyperons in the core
and producing maximum neutron star masses in agreement with observatiensrucial point is
that the interaction is adjusted to provide the necessary repulsion. Asarpkx the mass-radius
relation for spherically symmetric neutron stars is shown in Fig. 1 for two réifferelativistic
mean field models, varying the hyperonic interaction in agreement with expeehuata.

In Brueckner-Hartree-Fock calculations, using a more microscopiomapp which starts from
a fundamental two- and three body interaction, this seems, however, torbblam [21, 22]. Due
to the lack of relevant experimental data on thid andY'Y two-body interactions, there are still
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large uncertainties. Hyperonic three-body interactions as input havwgehbdeen fully explored
neither and relativistic effects could additionally play a role. The last wotlgLis not said.

Finally, A-resonances could replace hyperons without a transition to quark nfafiest study
in this direction leads, however, to a maximum neutron star mass below thevethsares, thus
here again the interaction is not sufficiently repulsive [23].

3.2 Nuclear abundancesin core-collapse matter

In the standard EoS for hot and dense matter [2, 3], the single nuclpusxapation (SNA)
is used, meaning that not the full distribution of nuclei is taken into accaurthé EoS, but only
one (representative) heavy nucleus angarticles representing light nuclear clusters. Although
the nuclear composition is certainly more complicated, the general assumptiothataSNA,
following [24], is a fair approximation for thermodynamic quantities such assure and energy
density entering the hydrodynamic equations in the simulations.

Recently, different groups have started to work on improved EoS inguthe full nuclear
distribution. At very low density, a simple nuclear statistical equilibrium apgrda sufficient,
treating matter as an ideal gas of different clusters neglecting all interadieween them. At
higher densities the interaction inside clusters and with the surrounding mexdiojrhowever
not be neglected, see [25] for a comparison of several differgmtoaphes. The conclusion is
that the nuclear distribution is very different from SNA. In particular, lightsters other thano-
particles, such as deutons and tritons can become abundant and théégapen “heavy” and
“light” clusters is filled up. Except in some small density and temperature regibe effects
on global thermodynamic remains, however, small and the effect on oclepse simulations is
visible, albeit not enormous, see e.g. [26]. The effect could be morertargan deleptonisation
and neutrino interaction rates, see the contribution by T. Fischer to thesegglings.

3.3 Hot and dense matter at supra-saturation densities

In stellar core-collapse events and neutron star mergers, matter is hedtedrapressed to
densities above nuclear matter saturation density. The temperatures aiticslgeached can
become so high that a traditional description in terms of electrons, nucleietebns is no longer
adequate. Compared with the cold neutron star EoS, temperature effentshia appearance of
additional particles such as pions and hyperons and they become abumttas regime.

As an example, in Fig. 2, pressure, energy density and sound spesldaavn as functions of
temperature for different models, comparing the classical Shen [3] attaler-Swesty [2] E0S
to the corresponding versions including additionailhyperons [27] or the full baryon octet and
pions and muons [20]. All models including additional particles are compatiiheexperimental
data and although the first versions produced too low maximum neutron staesyaow different
models exist with a hyperonic interaction that allows for neutron stars ireaget with observa-
tions [20, 28], see the discussion in the previous section, too.

As can be seen from Fig. 2, the effect of the additional particles on thettynamic quan-
tities is not negligible for high density and temperature. During a core collypsedensities and
temperatures are reached within the central region, i.e. the contractitwyr@otron star. As a
consequence, among others, the time for collapse to a black hole is redeeeel.g. [29], upon
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Figure 2: Thermodynamic quantities as functions of temperaturenfpe= 0.15 fm3 (right) andng =

0.3 fm~2 (left), corresponding roughly to once and twice nuclearteraaturation density, and a charge
fraction of Y; = 0.1. The upper panels show the pressure, the middle ones treahenergy per baryon
with respect to the proton mass and the lower ones the sowed sguared. The curves labelled “HShen +
L” and “HShen” correspond thereby to the EoS model by Sheih,ghaluding/A-hyperons [27] or not [3],
respectively. The remaining curves have been calculatddna non-relativistic potential model similar to
the LS E0S [2], but containing hyperons, pions and muonsReég20] for details.

considering hyperons or pions in the EoS. During a neutron star mengéer is heated up, too,
and the change in the EoS due to the additional particles could influenceutnmoend gravita-
tional wave signal [12, 13].

4. Summary and Outlook

As well as for the description of dense cold matter in neutron stars, muchhasrkeen done
recently on EoS for hot and dense matter. Concerning the former, tastreloservation of two
neutron stars with a mass of abol 2 has triggered intensive discussion on the composition of
matter in the central part of neutron stars and its EoS. In contrast to whaeen conjectured in the
beginning, these observations do not exclude the existence of otlietgsathan neutrons, protons
and electrons in the core. This observation, however, puts stringastramts on the respective
interaction. Different solutions with hyperonic and/or quark matter haes Ipgoposed without
any definite conclusion.

Concerning the latter, several new models have been constructedyiregltve variety of
nuclear interaction models. This helps to estimate the uncertainty on astraglsysialations in-
duced by our limited knowledge about the interaction in hot and dense mapirt ffom employ-
ing different models, mainly two aspects have been addressed. Firgi|lthediear distribution at
sub-nuclear densities has been included within different approasi@sing considerable differ-
ences to that obtained via the single nucleus approximation in the standaehtpd&/ed in core
collapse simulations [2, 3]. The effect on thermodynamic quantities is smallfahtlee moment
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the influence on simulations is not large, but a consistent treatment of dakgiton and neutrino
interaction rates has still to be tested. Second, additional particles havedesdered for the
high density and temperature part, such as hyperons and mesonska. dulaas been shown, that
this has an influence in particular for black hole formation and in neutromrstegers.
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