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A comprehensive knowledge of properties of dense matter is essential for many
applications in astrophysics and nuclear physics. Various models have been developed in
the past, but their results are often not accessible in a simple or standardized way. The
CompOSE database (compose.obspm.fr) provides a web-based repository of equation of
state tables in a common data format. They contain information on the thermodynamic
properties, the chemical composition and microphysical quantities of nuclear and stellar
matter. This manual explains the basic features and options of the CompOSE database
as well as the accompanying programs for storing, handling and extracting the data. The
notation and conventions for the tabulation are established and presented extensively. The
derivation of thermodynamic quantities from basic potentials is displayed and characteristic
nuclear matter parameters are discussed. Technical details of the interpolation scheme are
given in Appendixes.
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IIOTE€HOHU JIOB, T KX€ OGCy)KH I0TCA 11 p METPBI smepHoﬁ M TE€pHUU. TexHuveckue aeT JIu
CXEMbl UHTEPIIOIALUNU ITPUBEACHDI B IIPUTOKEHUU.

PACS: 05.70.Ce; 21.65.Mn; 26.60.Kp; 95.30.Tg

Part I. INTRODUCTION

1. WHAT CompOSE CAN DO AND WHAT NOT

The online service CompOSE provides information and data tables for differ-
ent equations of states (EoS) ready for further use in astrophysical applications,
nuclear physics and beyond. This service has three major purposes:

e CompOSE is a repository of the EoS tables in a common format for
direct usage with information on a large number of thermodynamic properties,
on the chemical composition of dense matter and, if available, on microphysical
quantities of the constituents.

e CompOSE allows one to interpolate the provided tables using different
schemes to obtain the relevant quantities, selected by the user, for grids that are
tailored to specific applications.

e CompOSE can provide information on additional thermodynamic quantities,
which are not stored in the original data tables, and on further quantities, which
charactize an EoS such as nuclear matter parameters and compact star properties.

The format of the files as well as the calculational mesh is mainly deter-
mined according to the needs of scientific groups performing extensive numerical
simulations of astrophysical objects.

We cannot offer an online service for all features of CompOSE, e.g., to run all
codes online. This is mostly due to limitations in storage and computation times
but also gives better control on avoiding unphysical input parameters. However,
we offer several computational tools that allow the user to extract the data from
the tables that are relevant for her/him. We try to provide the tables in a large
parameter space to cover most applications.

If you make use of the tables provided, you will be guided on the CompOSE
web pages to the scientific publications where the particular EoS models have
been described in detail. Please cite them when using the tables for scientific
purposes.

CompOSE is designed in a modular way, thus allowing to extend the service
over time. More and more models and parameter sets will be provided in time.
It is foreseen that additional features will be added in the future, too.
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2. HOW TO READ THIS DOCUMENT

While reading this document please always keep in mind: this document was
written by physicists for physicists. It is divided into three major parts.

The first one is relevant both to providers and users of equations of state
since it serves as a basis for the discussions in the following parts of the manual
and the web site. Both, contributors and users, should first of all have a look
at the introductory Sec.3, where we will discuss general conventions and the
notation used throughout CompOSE. In addition, we give definitions and details
on the system of units that is used within CompOSE and on physical constants
that should be used in order to standardize the generation of new equations
of state.

The second part concerns those persons who wish to contribute to an exten-
sion of the CompOSE data base by active development of an EoS. CompOSE
allows them to make their favourite EoS available for a broad range of astrophys-
ical and nuclear physics applications. In part II, detailed instructions, minimal
requirements and recommendations are specified for the preparation of the EoS
tables that can be incorporated in future versions of the CompOSE data base.
If you plan to contribute your EoS, you should contact the CompOSE core team,
see Appendix B. A summary of possible future extensions of the CompOSE data
base are summarized in Sec. 5.

Part III concerns the users of the EoS data, that are provided by CompOSE,
who want to test various equations of state in their simulations of core-collapse
supernovae, neutron-star mergers and other scenarios. In general, they can safely
skip the second part and go directly to the third one. This part gives a brief
introduction on nuclear matter properties relevant for the construction of an EoS
as well as a classification of different types of the EoS models. The models can be
distinguished either by using different techniques to treat the many-body system
of strongly interacting particles or by assuming a different particle composition.
The main aim is to give the relevant information for the interpretation of the data
sheets, provided with each available EoS table on the web site.

On the latter, you will find remarks on the range of applicability of the various
models, i.e., the range of parameters where the code is tested and/or the made
approximations are still valid. Characteristic parameters of each model will be
specified. For more detailed information about the physics behind each model, we
refer to the original references. In addition, the third part of the manual explains
how to proceed in order to download the EoS table and the computational tools.
The latter allow, in particular, the generation of tables with a mesh different
from the original one via interpolation, in order to adapt the table to the need of
the user. In addition, several thermodynamic quantities can be calculated which
are not contained in the original tables. The use of the online service and web
interface is described in Sec. 7.
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3. DEFINITIONS AND NOTATION

The equations of state in the CompOSE data base are provided under some
common assumptions on the physical conditions of the matter that are specified
in this Section. In order to fix the notation in the present document, the definition
of all relevant quantities is given.

3.1. Units and Conventions. We use natural units A = ¢ = kg = 1
throughout this document as is customary in nuclear physics. Energies and
temperatures are measured in MeV; lengths, in fm. Units are given in paren-
theses [...] for all quantities when they are defined within this Section. For
conversion, among your favourite units the use of the CODATA values [1]
(http://physics.nist.gov/cuu/Constants/index.html, www.codata.org) is recommen-
ded, see Table 1*. They should also be used in the preparation of new EoS tables
to be incorporated in the CompOSE data base.

Table 1. Recommended values for physical constants from the 2010 CODATA evalua-
tion. The elementary charge is denoted by the symbol e

Quantity Symbol Value Unit
Speed of light in vacuum c 299792458 m-s~!
Planck’s constant 1.054571726 - 10734 J-s
6.58211928 - 10722 MeV s
197.3269718 MeV -fm- ¢!
Boltzmann’s constant ks 1.3806488 - 10~2® J.KH
8.6173324 - 10~ ¢ MeV -K™*
Gravitational constant G 6.67384 - 10~ m? - kg™!-s7?
6.70837 - 107%° GeV~2.c*
Fine structure constant a = e*/(hc) 1/137.035999074 —
Neutron mass M, 939.565379 MeV . ¢~ ?
Proton mass mp 938.272046 MeV . ¢~ ?
Electron mass Me 0.510998928 MeV.c~?
Muon mass my 105.6583715 MeV-c¢™2

For experimental binding energies of nuclei, the values of the 2012 Atomic
Mass Evaluation [2] (AME2012, http://amdc.impcas.ac.cn) or corresponding up-
dates are recommended. Ground state spin assignments should be taken from
the Nubase2012 [3] evaluation of nuclear properties (http://amdc.impcas.ac.cn) or
corresponding updates.

*The compilation on physical constants by the Particle Data Group, pdg.lbl.gov, contains the
CODATA values together with some additional constants concerning the interaction of elementary
particles.
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3.2. Physical Conditions. Predictions for the properties of dense matter can
differ considerably depending on the employed model, the considered constituents,
and interactions. In the CompOSE data base, the equation of state is considered
to describe dense matter in thermodynamic equilibrium that is defined as follows.
It is assumed that all the constituents are in chemical equilibrium regardless of the
time scales and reaction rates for the relevant conversion reactions mediated by
strong and electromagnetic interactions. This condition leads to relations between
the chemical potentials of all particles.

In contrast, an equilibrium with respect to weak interaction reactions, in
particular (3-equilibrium, is not supposed in general. Similarly, the chemical po-
tentials of the massive leptons of all generations, i.e., electrons and muons (tauons
are irrelevant for the considered conditions) cannot assumed to be equal. There
is an option available such that the EoS tables can be provided in particular cases
which also take (-equilibrium into account, reducing the number of independent
parameters. Assumptions on the relation between the electron and muon chemical
potentials are discussed in the description of each model separately.

For the EoS models with strangeness bearing particles, e.g., hyperons or
kaons, it is assumed that the strangeness chemical potential vanishes. This means
that we assume the strangeness changing weak interactions to be in equilibrium.
Note that this is not the case in heavy-ion collisions, where, on the contrary,
strangeness is conserved, i.e., there is no net strangeness.

Except for the tables of pure hadronic or quark matter without massive lep-
tons, also local charge neutrality is assumed to hold. Neutrinos and their contri-
bution to thermodynamic properties are never included in the present tables since
they are usually treated independently of the EoS in astrophysical simulations
because a thermodynamic equilibrium cannot be assumed in general.

Photons are usually included in equations of state for astrophysical applica-
tions. Their treatment is discussed in Subsec. 3.8.

3.3. Particle Number Densities and Particle Fractions. Particle number
densities of all particles ¢ are given by

n; = — [fm~?], (1)

where N; [dimensionless] is the particle number inside the volume V' [fm?]. Note
that for particles with half-integer spin, n; represents the net particle density, i.e.,
it is the difference between the particle and antiparticle density. For example, for
electrons we have n, = n.- — n.+. For particles with integer spin, e.g., mesons,
particle and antiparticle densities are distinguished and given separately.

From the individual particle number densities several new composite number
densities can be deduced that are convenient to characterize the state of the
system. The baryon number density n, and the total number of baryons NNV,
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[dimensionless] are given by
N, _
ny = 7” = ;Bmi [fm ] )

with the baryon number B; [dimensionless] for a particle . The baryon number
of a nucleus 7 is just the mass number A; [dimensionless] and for a quark 7 one
has B; = 1/3.

Warning. In many astrophysical applications, a mass density o0 = mmny
is introduced as a parameter with m representing, e.g., the neutron mass or the
atomic mass unit. But, g is not identical to the total mass (= total internal energy)
density. Hence, oV is not a conserved quantity.

The strangeness number density ns and total strangeness number Ng

Ng = % = zl: Sing; [fmf?’] 3)

and the lepton number densities 7., 1, and number of leptons N;., Ny,

Nie . -
&zZ@mmﬂ, 4)

Nie =
N, ;
Ny = % = Z Ln; [fmf‘S] 5)

with strangenes numbers S; [dimensionless] and lepton numbers L, Lﬁ‘ [dimen-
sionless], respectively, are defined similar to the baryon number density. Since
neutrinos are not included in the CompOSE EoS, n;. = n. and n;, = n,. We also
consider the charge density of strongly interacting particles n, and corresponding
charge number N,
m—%—;@mmﬂ ©)

with charge numbers @); [dimensionless]. The prime at the sum symbol indicates
that the summation runs over all particles (including quarks) except leptons. For a
nucleus 4¢Z;, the baryon number B; and the charge number Q; are simply given
by the mass number A; and atomic number Z;, respectively. Table 2 summarizes
baryon, strangeness, charge and lepton numbers of the most relevant particles that
appear in the definition of the composite number densities.

Corresponding to the particle number densities n;, the particle number frac-
tions

Y, =4 [dimensionless] 7
np
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are defined. Due to this definition with n; we have the normalization condition

ZBm =1, (8)

with a summation over all particles. Note that Y; is not necessarily identical to
the particle mass number fraction

X; = B;Y; [dimensionless] 9)

that are often introduced. We prefer to use Y; and not X, since the latter quantity
is zero for all particles with baryon number B; = 0, e.g., mesons.

Because of the imposed physical conditions (see Subsec. 3.2), the state of the
system is uniquely characterized by the three quantities: temperature 7' [MeV],
baryon number density 1, [fm~3] and charge density of strongly interacting
particles n, [fm—3]. Charge neutrality implies n, = nj. +ny, and the strangeness
number density n, is fixed by the condition s = 0. Instead of ng, it is more
convenient to use the charge fraction of strongly interacting particles

Mg

Y, = — [dimensionless] (10)
np

as the third independent quantity. The choice of Y, instead of the electron fraction

Y, = fle [dimensionless] (11)
Np

as a parameter is motivated by the following facts. In pure hadronic (quark)
equations of state (i.e., without leptons) only Y, and not Y, is defined. In the EoS
models with the condition of charge neutrality that contain electrons as the only
considered charged lepton, the charge fraction of strongly interacting particles Y,
is identical to the electronic charge fraction Y,. In models with electrons and
muons, charge neutrality requires

with the muon fraction

Y, = Z—” [dimensionless] (13)
b

and the total lepton fraction Y; [dimensionless]. In this case, the balance between
the electron and muon densities depends on the assumed relation of the electron
and muon chemical potentials.
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Table 2. Baryon (B;), strangeness (S;), charge (Q;), and lepton (L§, L!) numbers and
indices /; of the most relevant particles ; in dense matter

Particle class o fspyarrrili)c(ifa ; B; | S; Qi | LY | LY ilaé.tal)fl;
Leptons e 0 0 -1 1 0 0
wo 0 0| -11]0 1 1
Nuclei (A > 1) ZA A 0 Z 0 0 |1000 A+ Z

Baryons n 1 0 0 0 0 10
p 1 0| +1 ] 0 0 11

A~ 1 0| -11]0 0 20

A° 1 0 0 0 0 21

AT 1 0| +1 ] 0 0 22

AT 1 0| +2 1] 0 0 23

A 1 | -11] o0 0 0 100

> 1 =1 =110 0 110

>0 1 | -1 0 0 0 111

»t 1 | =1 411 0 0 112

=" 1 -2 =110 0 120

=0 1 | =2 0 0 0 121

Mesons w 0 0 0 0 0 200

o 0 0 0 0 0 210

n 0 0 0 0 0 220

n' 0 0 0 0 0 230

- 0 0| =110 0 300

p° 0 0 0 0 0 301

ot 0 0| +1 ] 0 0 302

5~ 0 0| =110 0 310

5° 0 0 0 0 0 311

5T 0 0 +1 0 0 312

7 0 0| =110 0 320

70 0 0 0 0 0 321

ot 0 0 +1 0 0 322

& 0 0 0 0 0 400

Os 0 0 0 0 0 410

K- 0 | -1] =110 0 420

K° 0 | +1 0 0 0 421

K° 0 | -1 0 0 0 422

KTt 0 | +1| +1 | 0 0 423

Quarks u 1/31 0 |+2/3]| 0 0 500

d /3] 0 |-1/3| 0 0 501

s 1/3| =1 |-1/3| 0 0 502

Photon ~ 0 0 0 0 0 600
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3.4. Particle Indexing. The composition of dense matter can rapidly change
with temperature 7' [MeV], baryon number density ng [fm—3] and the charge
fraction of strongly interacting particles Y, [dimensionless]. We introduce an
indexing scheme for the particles that allows one to identify them uniquely in
order to store only the most abundant particles in the EoS tables. In Table 2,
an overview of indices for most of the relevant particles is presented. Indices of
missing particles can be added on request.

Table 3. Baryon (B;), strangeness (5;), and charge (Q);) numbers and indices /; of the
most relevant two-particle correlations i in dense matter. The lepton numbers L{ and
L! are always zero for these correlations

Correlation Particles | Channel | B; Si Qi Index [i.
class of correlation
Two-body nn 1S 2 0 0 700
np 150 2 0 1 701
pp 150 2 0 2 702
np 38 2 0 1 703

In addition to the various particles that can appear in dense matter, there is
the possibility of strong two- or even three-particle correlations such as pairing
of nucleons or quarks and phenomena such as superfluidity can arise. Hence, an
indexing scheme for identifying these channels is introduced, too. In Table 3,
the notation is given for these correlations. Again, indices of missing particle
correlations can be added on request.

3.5. Thermodynamic Potentials and Basic Quantities. All thermodynamic
properties of a system are completely determined if a thermodynamic potential
is known as a function of its natural variables. In the general case, this can be
formulated as follows. The properties can be derived from the thermodynamic
potential = = Z(x;,&;) depending on n natural variables x;, ¢ = 1,...,n; and
&, 7 =1,...,n9 with ny +ny = n. The quantities z; and &; represent extensive
and intensive variables, respectively. The relations

o=
&= 3 = &i(x4,&5) (14)
Ti |y, kise;
and
zj=— 9= = 2(24, &) (15)
98 |y hpjia:

are the thermodynamic equations of state and define the variables &; that are
conjugate to x; as first partial derivatives of =, and vice versa. Due to Euler’s
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theorem on homogeneous functions, the thermodynamic potential is given by the

sum
ni

E(zi,&) = &imi (16)
i=1
running over all ¢ = 1,...,ny intensive variables. Thus, the knowledge of all

relevant equations of state or first derivatives is sufficient to recover the thermo-
dynamic potential = completely. For the mixed second partial derivatives of a
thermodynamic potential = the result is independent of the order of differentiation,
and the Maxwell relations

23

9% _ %
8.131

oxy, a7

xj,J#k xj,J7#l

are obtained. For a more detailed discussion of these and further aspects we refer
the reader to standard text books on thermodynamics.

In the most models for the EoS of dense matter, the temperature 7' [MeV],
the volume V [fm3], and the individual particle numbers N; [dimensionless] are
selected as natural variables. This case corresponds to the (Helmholtz) free energy
F = F(T,V,N;) [MeV] as the relevant thermodynamic potential that contains all
information. Note that we assume that the free energy includes contributions by
the rest masses of the particles. Keeping the volume V fixed, it is convenient to
define the free energy density

F
f(T,n;) = v [MeV - fm ™3], (18)
and the entropy density
0 -
s(T,n;) = 8_1f” y [fm~?] (19)
with the entropy
oF : .
S(T,V,N;) =Vs(T,n;) = — 5= [dimensionless). (20)
or' |y y,

The chemical potential of a particle ¢ is given by

_ OF _of
ONilr v, jpi O

i [MeV] 1)

Tnj j#i
including the rest mass m; [MeV]. The pressure is obtained from

__OF _ 9 O(f/m)
Pem vy " o

= Z“i”i —f [MeV-fm~3. (22
T,Yq 7
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Each of the composite densities ny, 1, Nge, My, Mg 1S accompanied by
a corresponding chemical potential, i.e., we have the baryon number chemical
potential p; [MeV], the strangeness number chemical potential ps [MeV], the
electron lepton number chemical potential p;. [MeV], the muon lepton number
chemical potential 1, [MeV], and the charge chemical potential p, [MeV]. The
chemical potential of the particle ¢ is then given by

ni = Biﬂb + Qiuq + Siﬂs + Lfﬂle + L?/Jflu [MGV], (23)

€.g., [n = by Mp = My + g, and pe = pye — pg. Note again that we use
the relativistic definition of chemical potentials including rest masses. It has to
be mentioned that ny, n,, N, and ny, are conjugate to [y, fis, tie, and fig,,
respectively. However, this is not true for n, and p, if leptons are included in
the EoS. In general, it is assumed that ps = O since strangeness changing weak
interaction reactions are in equilibrium. Nevertheless, the strangeness density n
can be nonzero if particles with strangeness are considered in the EoS.

In addition to the free energy density, several other thermodynamic potentials
can be defined by applying Legendre transformations, e.g., the internal energy

E=E(S,V,N;,)=F+TS [MeV], (24)
the free enthalpy (Gibbs potential)

G=G(T,p,N;))=F+pV =Y uN; [MeV], (25)

the enthalpy
H=H(S,p,N;)=FE+pV [MeV], (26)

and the grand canonical potential

Q=Q(T, V) =F =Y piN;=—pV [MeV] 27)

(2

with the corresponding densities ¢ = E/V, g = G/V, h = H/V, and w =
Q/V [MeV - fm~?], respectively.
It is convenient to define the free energy per baryon

7

=—="— [MeV 28
Fegp=a Mev) 28)
the internal energy per baryon
E
E=— =52 |Mev], (29)

Ny  ny
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the enthalpy per baryon

H h
=—=— [MeV 30
and the free enthalpy per baryon
G g
=— == [MeV 31
g Nb ny [ ¢ ] ( )

by dividing the corresponding thermodynamic potential by the total number of
baryons
Ny =npV  [dimensionless]. (32)

3.6. Thermodynamic Coefficients. In many applications, tabulated values
of the thermodynamic potentials and their first derivatives are not sufficient and
additional quantities that depend on second derivatives of the thermodynamic po-
tentials are needed. In general, the relevant thermodynamic potential can depend
on a large number of independent variables such as temperature, volume, and
particle densities or chemical potentials. In applications, however, this number
often reduces due to physical constraints. For example, the condition of chemical
equilibrium between certain particle species reduces the number of independent
chemical potentials. In a simular way, the condition of charge neutrality relates
the particle numbers of charged constituents. In the following, we consider only
systems that are completely determined by the temperature 7', the volume V, the
total number of baryons Ny, = n;V/, and the charge number N, = Y, N, = Y;n,V,
or, in the case of an equation of state where leptons are present, by the number of
charged leptons, which are equal to N, due to charge neutrality. Then we have
with the free energy per baryon F(T,ny,Y,) [MeV] the specific heat capacity at
constant volume

T dS O*F
cy = — — =T — [dimensionless], (33)
Ny dT ViNu, N, o1? Yo
the tension coefficient at constant volume
dp dS 2 82.7 -3
b =ar vn, AV, L OTOmly. [fm ]

the isothermal compressibility

1 dV
Kp = —— —

V dp

dp
= nb _—
T,Ny,N, Ony

-1
T,Yq>

- ) MeV~!.fm?%, (35)
T,Y,
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the expansion coefficient at constant pressure

1 4dv

=V 35 = KBy [MeV™, (36)

P, Np,Ng

Qp

the specific heat capacity at constant pressure

T dS T
Cp = — — =cy + —a,f dimensionless|, (37)
4 Nb dT p’Nb’Nq Vv e pPV [ ]
the adiabatic index c
I'= = [dimensionless], (38)
Cvy
and the adiabatic compressibility
]. dV RT —1 3
Kg = —— — =— [MeV™"-fm~|. (39)
Vidpisn,n, T | |

The square of the speed of sound (isoscalar longitudinal compression wave) in
the medium for a one-fluid flow is given by the relativistic definition

1
——  [dimensionless] (40)

2 _ dp _
C e =
SNy, N, S

S de

with the enthalpy density h = e + p [MeV - fm~3]. Alternatively, the expression

dp
Yy Ode

2 ny Op

= hom [dimensionless] (41)

Np,Ng

can be used. All of the above quantities can be calculated with the help of the
second derivatives of F or f with respect to the parameters T, n;p, and n,.

3.7. Microscopic Quantities. Most EoS models are based on more or less
microscopic models that can give information on microscopic particle properties
in addition to the thermodynamic and compositional quantities. Only a few
models are just simple parameterizations of thermodynamic quantities without
recurrence to the underlying microphysics. The CompOSE database allows one
to store these microscopic values, too, such that they can be used in applications.
In the present version, we consider a small set of quantities that are discussed in
the following. It can be easily extended if required.

In particular, we consider the effective masses of the particles where one has
to distinguish between different definitions. The effective Landau mass

mP  [MeV] (42)
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of the particle 7 is related to the single-particle density of states and defined as

1 1 dE;
mE " PF | @
g t P=D;

where pf” denotes the respective Fermi-momentum and F; is the single-particle
energy. In nonrelativistic Skyrme—Hartree—Fock models it appears in the kinetic

energy contribution
P2
T, = —
! 2miL

[MeV] (44)

to the total single-particle energy. In addition to the kinetic single-particle energy
T;, a single-particle potential
U, [MeV] (45)

contributes to the single-particle energy
E, =T, +U; +my (46)
in nonrelativistic models. The effective Dirac mass
mP =m; —S; [MeV] (47)

is found in the single-particle Hamiltonian of relativistic models, such as rela-
tivistic mean-field approaches. This quantity does not reflect directly the density
of single-particle states. At zero temperature, the corresponding effective Landau
mass can be obtained from

mi =1/ (mP)? + (pf)2. 48)
The effective Dirac mass depends on the scalar self-energy
Si=1%; [MeV] (49)

that enters the relativistic single-particle Hamiltonian together with the vector
self-energy
V=% [MeV] (50)

that is the time-component of the general four-vector self-energy X/

In certain parameter regions of an EoS, the phenomena of superconductivity
or superfluidity can be found. In this case it is worthwhile to know the size of
the pairing gaps

A; [MeV], (62))

e.g., in the i = nn(1Sy) channel in case of neutron pairing.
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3.8. Contribution of Photons. If photons are considered in an EoS, they are
treated as a gas of massless bosons with simple analytical expressions for the
relevant basic thermodynamic quantities. The contribution of the photon can be
simply added to the thermodynamic quantities of the other constituents. We have
the photon free energy density

2
i _
f(T) = =T [fm™7), (52)
the photon entropy density
4% . _
5,(T) = 4—5T‘3 [fm 2], (53)
and the photon pressure
™ 4 -3
p(T) = 4—5T [MeV - fm™°] (54)

depending only on the temperature. The chemical potential of the photon vanishes
py =0 [MeV] (55)

since it is its own antiparticle. From these quantities, all other relevant photon
thermodynamic quantities can be derived.

Part II. FOR CONTRIBUTORS

The success of the CompOSE data base depends on the support of nuclear
physicists providing tables with their favourite EoS. Some well-known EoS used
extensively in astrophysical applications are already incorporated in the CompOSE
data base and are ready for use. However, a larger collection of EoS from different
models is highly desirable. In order to be suitable for a simple usage, contributors
should follow the guidelines specified in this part of the manual.

4. HOW TO PREPARE EoS TABLES

In general, tables with the EoS data contain a wealth of information on the
thermodynamic properties, the composition of dense matter and on the micro-
physical properties of the constituents. In order to minimize the memory size,
only the essential thermodynamic quantities should be stored in the tables that are
used in the CompOSE data base. These quantities are selected such that they are
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sufficient to calculate a particular thermodynamic potential, here the free energy
F [MeV], and its first derivatives with respect to the parameters that correspond
to the natural variables of F, i.e., temperature 7' [MeV], volume V' [fm3] and par-
ticle numbers N; [dimensionless]. However, it is worthwhile to have redundant
information in order to check the consistency of the EoS tables or to simplify the
determination of additional quantities. Further, thermodynamic quantities relevant
for astrophysical applications can, if not directly available, be generated with the
help of thermodynamic identities and, for quantities depending on higher deriv-
atives, by using appropriate interpolation schemes. The organization of the data
concerning composition, etc., depends on the particular EoS. Thus it is required
that three separate tables are provided with unique formats that contain the ther-
modynamic quantities, the information on the composition of matter (depending
on the choice of the constituents of the model) and the microscopic properties
of the particles, respectively. Details of the employed discretization mesh of
the parameters have to be supplied in additional tables. Additional information
that is not contained in the Eos tables has to be provided by the contributor. It
will appear in the data sheet that accompanies each EoS and is available on the
CompOSE web site.

4.1. Tabulation of Quantities. 4.1.1. Parameters and Parameter Ranges.
Because of the imposed physical conditions, see Subsec.3.2, the state of the
system is uniquely characterized by only three quantities, see Subsec. 3.5, that are
used as parameters in the EoS tables with the properties of dense matter:

1) temperature 7' [MeV],

2) baryon number density n [fm 3],

3) charge fraction of strongly interacting particles Y, [dimensionless].

In order to be useful in many applications, the parameter ranges should be
chosen as wide as possible and the mesh spacing as fine as possible, i.e., the
number of grid points as large as possible. In some cases it might be useful
to adapt the resolution of the tables, in particular for the baryon density, to the
physical situation and occurring phenomena. For example, a rapid change in some
quantities or a phase transition can occur. For this purpose, several tables for
different blocks in density with different resolution can be supplied for a single
EoS model.

The recommended discretization scheme for a general purpose EoS table
depends on the parameters:

1. Temperature. In this case, two standards are suggested:

a) linear mesh in InT, i.e.,

T(ir) =T (fr)'"~",  fr=10"M7, ip = NP NP™ 41, Npe
(56)
with parameters Tref > 0 MeV, 1 < lel“i“ < NpFp** < 101, and M7 > 1 points
per decade in temperature;
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b) a mesh that is linear in 7" at low temperatures and linear in In7T" at high
temperatures, i.e.,

ref sinh (fTZ'T)
sinh (fT) ’

with parameters 77! > 0 MeV, 1 < N®in < Nmax < 101 and fr > 0. The
resolution parameter Mr > 0 determines fr = In (10)/Mry.

In both cases the index 77 = 0 is reserved for 7' = 0 MeV.

2. Baryon Number Density. Linear mesh in Inny, i.e.,

T(ir)=T ip = N Nmin 0 ymax o (57)

(i) = 5 ()0 ™1 fy = 101 Mo iy = NP NI 1 N

(58)

with parameters nief >0fm3, 1< N;L‘;in < N;l‘;ax < 401 and M,, > 1 points
per decade in the baryon number density.

3. Charge Fraction of Strongly Interacting Particles. Linear mesh in Y,

ie., )
Y,(iv,) = —22, iy, = N@in N@minq | Nmex (59)
MYq a q q q

with parameters 0 < N{}(‘;n < N{}(‘f" < 100 and My, > N{};a" with a resolution
in Y, of ]./Myq; the indices iy, = 0, and 7y, = 100 should correspond to Y, = 0
and Y, = 1, respectively.

Each grid point in the table is identified with the triple (ir,in,,iy,) of in-
dices. The recommended values for the parameters are given in Subsubsec.4.2.1.
Actually used meshes for particular EoS are specified in the online documentation
for each individual EoS table.

4.1.2. Thermodynamic Consistency. The equations of state included in the
CompOSE data base are required to fullfill some basic thermodynamic consistency
relations. Of course, the consistency can only hold up to some numerical level.
Measures of the thermodynamic consistency are included in the characterization
of the EoS tables on the web site.

Because the free energy density is considered in the present case as the basic
thermodynamic potential, the homogeneity condition, cf. Eq. (16),

F(Tynp, Yy) = —p + ppny + pig (ng — nie — up) + flietie + puny, — (60)

with the pressure p, the chemical potentials (i, f4g, ftie, iy, and corresponding
densities ny,, 1g, e, 1y, should hold. Note that n, contains only the contribution
of strongly interacting particles to the charge density, that a fixed relation between
Hie and gy, is assumed, and that n. + ng, = ng = Yyn, due to local charge
neutrality if leptons are considered in the equation of state. Additionally, in
Eq. (60) it was assumed that the strangeness chemical potential p, is zero.
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It is convenient to define the effective lepton density as
ng = mnge +mny  [fm7 (61)

and the effective lepton chemical potential

= Hiete TR ey ©2)
ny
such that
f(T7 Ty, Y(]) =-p+ (/J’b + YZI/J’(I) np (63)
in case of an EoS without leptons and
F(Tne, Yg) = —p+ (o + Yiu) ne (64)

in the case with leptons and charge neutrality (Y; = Y,), respectively. The
tabulated values for the entropy density, pressure, and chemical potentials should
be given by the first partial derivatives as

of
ST ar Yy (©
_ ng 8(f/nb) 7 (66)
8nb TY,
0
o+ Yipi = 8—7{;, ; (67)
T,Y,
1 0
pi = — 8f ) (68)
np Ty

where i = [(q) if leptons are (not) included in the EoS. These relations will
be used to derive the first derivatives of f from the tabulated thermodynamic
quantities s, p, (y, [4q, and p; in some particular interpolation schemes.

For a mixed second partial derivative, the Maxwell relations

o O(s/m)|  _ 9p

—-n, = , 69

’ 87’1}) T,Y, or ny,Yq ( )
ds Oty

- = ; (70)
ong Ty ysta oT

Ty
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0 0

b =y 2 , (71)
N |1, yta b |17, 2

Oty 0

o = 3 , (72)
Ony T\nz,z7y Mg Tz, z#w

where x,y,z € {b,q,le,lu}, should hold.

The knowlegde of three functions p = p(T,np, Yy), o = pp(T, np, Yy), and
pq = pg(T,me, Yy) or py = (T, ny, Yy) is sufficient to recover the free energy
density f = f(T,n,Y;) for the particular physical conditions of Subsec.3.2
(s = 0 and ny = ng). Further quantities can be derived by partial derivatives
with respect to the parameters T', np, and Y.

Thus, it would be convenient to store only these three quantities in the
EoS table for the thermodynamic properties in order to reduce the memory size.
However, we require that the pressure, the entropy, the three chemical potentials
and also the free and internal energy densities should be provided independently
in the EoS tables for checking purposes. It is also allowed to store more than
these seven basic quantities.

4.2. Structure of Tables. The CompOSE data base contains for each EoS
model data tables that specify the used parameter grid and tables that contain the
thermodynamic properties, the compositional information, and the microscopic
information, respectively.

4.2.1. Types of the EoS Tables. In general, three types of the EoS input tables
should be available for each EoS model in order to address different applications:

1. Three-Dimensional Tables. These tables depend on all three indepedent
parameters T, ny, and Y,. There is only one case:

e General Purpose EoS Table. The recommended parameter values for
the definition of the grid are given in Table 4. This choice of discretization
corresponds to a table with N7™* x N&* x Nyax = 1119720(1462860) data
points for the case a (b) in the T grid. The table includes neither points with
T = 0 MeV nor with Y, = 0.

Table 4. Parameter values for the recommended discretization in 7', n, and Y, for a
general purpose EoS table

Reference Minimum Maximum Resolution

uantit . .
Q Y value(s) index index parameter

T,casea | T =01MeV | N®n=1 | NE&X_=8] | Mr=25
T,caseb | T'f ' =01MeV | N®n =1 | NE&X=62 | Mr=25
b ' =107 fm™® | N2 =1 | N2> =301 | M,, =25
Y, N/A N = NP =60 | My, =100
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2. Two-Dimensional Tables. These tables depend on two of the three inde-
pedent parameters 7', ny,, and Y;. Four cases are considered here:

o Zero-Temperature EoS Table. The recommended parameter values for
the definition of the grid are given in Table 5. This choice of discretization
corresponds to a table with Ni x (Ny!®* + 1) = 18361 data points. Only
T = 0 MeV is considered. Data points for Y, = 0, i.e., pure neutron matter, are
included in this EoS table.

Table 5. Parameter values for the recommended discretization in n;, and Y, for a
zero-temperature EoS table

. Reference Minimum Maximum Resolution
Quantity . .

value index index parameter

ny ngt =107 fm™® | Nt =1 | NP =301 | M,, =25

Y, N/A Ngi“ =0 | Ny =60 | My, =100

o Symmetric Matter EoS Table. The recommended parameter values for
the definition of the grid are given in Table 6. This choice of discretization
corresponds to a table with N7 x N* = 18963(24381) data points for the

case a (b) in the 7' grid. Only Y, = 0.5 is considered. 7" = 0 MeV, i.e., the
zero-temperature case, is (not) included in this EoS table for case b (a).

Table 6. Parameter values for the recommended discretization in 7" and 7, for EoS
tables of symmetric matter, neutron matter, or 3-equilibrated matter

Reference Minimum Maximum Resolution

value index index parameter
T,casea | TP =01MeV | NPR=1| N@P*=81 | Mpr=25
T,caseb | T =01MeV | NP =0| NF*=62 | Mr=25
e gt =107 fm™? | Npt =1 | Np® =301 | M,, =25

Quantity

o Neutron Matter EoS Table. The recommended parameter values for the
definition of the grid are given in Table 6. This choice of discretization corre-
sponds to a table with N7 x N** = 18963(24381) data points for case a (b).
Only Y, = 0 is considered. T' = 0 MeV, i.e., the zero-temperature case, is (not)
included in this EoS table for case b (a).

e FoS Table of [3-Equilibrated Matter. The recommended parameter values
for the definition of the grid are given in Table 6.