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Abstract
The nuclear equation of state (EoS) plays an important role in understanding the for-
mation of compact objects such as neutron stars and black holes. The true nature of
the EoS has been a matter of debate at any density range not only in nuclear physics
but also in astronomy and astrophysics. We have constructed a database of EoSs by
compiling data from the literature. Our database contains the basic properties of the
nuclear EoS of symmetric nuclear matter and of pure neutron matter. It also includes
detailed information about the theoretical models, for example the adopted methods
and assumptions in individual models. The novelty of the database is to consider new
experimental probes such as symmetry energy, its slope with respect to the baryon den-
sity, and incompressibility, which enables users to check their model dependence. We
demonstrate the performance of the EOSDB through examinations of model dependence
among different nuclear EoSs. It is revealed that some theoretical EoSs, commonly used
in astrophysics, do not satisfactorily agree with the experimental constraints.
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1 Introduction
The nuclear equation of state (EoS) describes the properties
of dense nuclear matter with typical densities in the range
109!15 g cm!3. It plays an important role both in nuclear
physics and astrophysics, because the EoS of dense matter

* "http://aspht1.ph.noda.tus.ac.jp/eos/#

is directly related to heavy nuclei as well as dense matter
in compact objects such as neutron stars and the black
holes following supernovae (SNe) explosions. For example,
simulations of neutron star mergers and/or SNe have been
performed to constrain nuclear models (Hotokezaka et al.
2013; Bauswein et al. 2012). Furthermore, in an effort to
connect nuclear EoSs and the hydrodynamical simulations
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How to constrain nuclear EoSs?
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SHARE the information on nuclear EoSs
among various scientific backgrounds
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Online-database
for nuclear EoSs

EOSDB
EOSDB (C. Ishizuka, T. Suda, et al.)
http://aspht1.ph.noda.tus.ac.jp/eos/
collaborating with
CompOSE (S.Typel, M. Dutra, T. Klaen et al.)
http://compose.obspm.fr/
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Construction of data table

Bibliography
Data attribution (Theo./Expr. analysis/Obs.)
Constituents (N/Y/α/A/Q/L)
Method (Model/Approx.)
Physics constants
EoS for Sym. nucl. matter (E/P/S)
EoS for Pure neutron matter(E/P/S)
Symmetry energy (Esym/L/K) 
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Fig. 1. Screen snapshot of the top page of the search and plot system for the EOSDB. (Color online)

related to the axes of the diagram. The first line specifies
the category of the search. In the current version, users
can specify “symmetry energy” or “thermodynamic vari-
ables,” which is used to help to specify the axes of the
graph depending on the properties of EoSs, but this option
is currently under construction and will be used in a future
update. The next two lines are used to specify the quan-
tities to draw in the graph. Users can select from the fol-
lowing quantities for each axis in the first column: baryon
density, !B, symmetry energy, Esym, slope coefficient,
L, incompressibility, K, energy, pressure, and entropy.
Users can also enter one of these quantities in the text box in
the second column. All these variables are given as a func-
tion of !B in the database. Therefore, the default option for
the quantity on the x-axis is set at !B. Those who are inter-
ested in symmetry energy should choose Esym, K, or L for
the y-axis, while users interested in thermodynamic vari-
ables should choose energy, pressure, or entropy. The third
column gives the option to specify the value of the charge
ratio (YC = 0.0 or 0.5). This should be specified unless
the graph axis is set at !B. As described in subsection 2.4,
the option YC = 0.0 means pure neutron matter or charge
neutral matter. It is recommended to check which condition
is realized in the compiled data by tracing the links to the
individual text data as described in section 2. The fourth and
fifth columns set the range of the values for each selected

quantity, with the option in the sixth column of whether to
include or exclude data that report the quantity with only an
upper limit. In the fourth line, users can specify the required
range in the data, if necessary, to select or remove the data
from plotting, e.g., by setting 0 ! E/B ! 500 MeV. The
number of criteria can be extended to as many as desired
by the user.

The second section of the form is used to extract the
specified papers. Through the use of these options, one can
extract data relating to a specific author, journal, or range
of year of publication.

Retrieval options are set in the third section, such as the
number of responses to display in the resulting list and the
ordering of the list.

A screen snapshot of an example of a retrieved set of
records is shown in figure 2. The retrieved records are dis-
played in table format in the browser. The columns rep-
resent, from left to right, a checkbox to select data to be
plotted, the reference ID, and the minimum and maximum
values for the quantities selected as the x-axis and y-axis
of the plotted diagram, respectively. By using the provided
links to the reference ID, one can trace the information on
the data stored in text format as listed in section 2. For
the selected data, a diagram is drawn in the web browser
according to the choice of options, using the publicly avail-
able graphic software Gnuplot (see figure 3). Graphs drawn
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Fig. 2. Screen snapshot of the search results for the search and plot
system of the EOSDB. In this case, the x-axis and y-axis are set to !B

and E/B (energy per baryon), respectively, for the category of thermo-
dynamic variables. See the text for the meanings of the columns in the
table. (Color online)

in the browser are equipped with simple functions for
editing. The standard options are to change the labels, the
position of the legend, and the scales and ranges of the
graph. Users can also download the figures in various for-
mats (png, eps, ps, and pdf, in color or in black and white).
The numerical data plotted, as well as a script to reproduce
the figure on the screen, can be downloaded from the server
if one wishes to edit the graph in more detail. Numerical
data are also accessible by tracing the link to each data set
in the list. Users can upload their own data to the server to
compare with the plotted data.

It is recommended to refer to the detailed information
when one compares the plotted data with the system. In
particular, assumptions and methods adopted in theoretical
models should be checked so that the comparison is based
on appropriate conditions. In a future update of the system
this information will be added as a criterion for choosing
the data.

4 Application to model analysis
We demonstrate how the data in the EOSDB can be used
to analyze theoretical models. First, the EoSs widely used in
astrophysics community are examined using the symmetry

energy registered in the EOSDB. Second, theoretical models
are compared using the density dependence of energy.

In figure 4, we compare energy per baryon (E/B) and
symmetry energy as a function of baryon densities using
two EoSs, Lattimer and Swesty’s EoS (hereafter LS EoS,
Lattimer & Swesty 1991) and Shen’s EoS (hereafter Shen
EoS, Shen et al. 1998), both of which are commonly used in
astrophysical studies of neutron stars, SNe, and black holes.
These data are also compared with experimental data in the
bottom panel. Here, the datasets LS180, LS220, and LS375
denote the LS EoS at incompressibility values of 180, 220,
and 375 MeV, respectively.

Each dataset is obtained by the following procedure.
The LS EoS has been compiled using the analytic equa-
tions in Lattimer and Swesty (1991) that describe energy
as a function of baryon densities at T = 0 MeV. It should
be noted that this EoS is only for uniform matter. This
is due to a problem in computing an EoS using the dis-
tributed version of the program that was supposed to give
a table with nucleons including leptons and photons at low
temperatures and low YC. The LS375 data provides the
best consistency with the parameter set for Skyrme force,
whose symmetry energy is consistent with experimental
constraints. The Shen EoS data is taken from their EoS
tables using the RMF parameter set, TM1. In the tables,
the inhomogeneous phase under !0 is treated by Thomas–
Fermi approximation. The EoSs with this parameter set
give generally lower energy than those for uniform matter.
In both types of EoSs, the symmetry energy is defined as
the energy difference between pure neutron matter and
symmetric nuclear matter. We compare the dataset labeled
“Nikšić (Nikšić et al. 2002)” with LS and Shen EoSs in the
bottom panel of figure 4. The data provides constraints on
the EoS from experiments and are compiled from Fuchs
and Wolter (2006) using GSYS. We represent the con-
straint on the symmetry energy with error bars, while it
is shown as a shaded area in the original figure. The con-
straint on the symmetry energy is obtained experimentally
from 208Pb and " inelastic scattering data for iso-vector
giant dipole resonance using a density-dependent relativistic
mean field (DDRMF) parameter set, DD-ME1 and PRA,
for excited modes. As shown in table 1, the basic prop-
erties of these EoSs are (Esym, K, MMax

NS ) = (29.3 MeV,
220 MeV, 2.06 M!) for LS220 and (37.9 MeV, 281 MeV,
2.18 M!) for TM1. These are in good agreement with
the recent experimental constraints on the value of K
of 230–270 MeV.

The large discrepancy between these two EoSs can be
understood as follows, speculating from the differences in
their theoretical models. The major difference in models
between the LS EoS and Shen EoS is the condition assumed
for a nuclear system. In the LS EoS, a modified Skyrme I
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Fig. 3. Screen snapshot of a data plot from the search and plot system of the EOSDB. Three sets of data were selected from the list shown in figure 2.
See the text for the use of this system and the options to edit the diagram on the browser. (Color online)

force (SkI) (Vautherin et al. 1970) is used. SkI can reproduce
the properties of closed shell nuclei such as 16O, 40, 48Ca,
90Zr, and 208Pb. They adjusted the incompressibility by
adding a three-body interaction parameter. Adding the
three-body interactions in the Skyrme forces can be jus-
tified only if they can reproduce experimental values. The
dataset TM1, on the other hand, is produced by a param-
eter set of relativistic mean field (RMF) that is adjusted to
reproduce both the binding energies and the charge radii
of proton-rich and neutron-rich nuclei as well as repre-
sentative closed shell nuclei such as 8–20C, 14–22O, 28, 34Si,
40, 48Ca, 90Zr, 116, 124Sn, and 184–214Pb. The RMF models
naturally involve the relativity effect that is known to make
an EoS stiffer than non-relativistic EoSs. Shen EoS covers
nuclear matter at high densities and various YC, which is
useful in applications to astronomical phenomena such as
supernovae and the formation of neutron stars.

It is also to be noted that there is a limitation in the
application of the Skyrme Hartree–Fock and RMF models.
Both the Skyrme Hartree–Fock and the RMF models
are based on experimental analyses of the HIC data to

constrain the symmetry energy and its slope with respect
to !B. The Skyrme Hartree–Fock models can describe well
various finite nuclei at low energy, although they should be
applied below E/B < 50 MeV because it is difficult to deter-
mine a Skyrme parameter that can reproduce both Pb and
Sn at the same time (Stone et al. 2003). This appears to be in
conflict with the fact that heavy ion collisions at high ener-
gies are required to derive the symmetry energy above !0.
On the other hand, the RMF models can explain p-induced
reactions even at high energies but they show poor repro-
ducibility of experimental data such as binding energy and
charge radius for light nuclei. We should also note that the
RMF includes only direct interaction, and that the exchange
interaction (the Fock term) might be necessary in a dense
many-body system. Thus these major models have their
advantages and disadvantages. However, Skyrme Hartree–
Fock models have been widely used in analysis of the sym-
metry energy thanks to their plentiful variety. Some Skyrme
forces have a peak in the symmetry energy at around the
saturation density, others show almost mono-topical
increase of Esym as the density rises, while that of the RMF
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Can you see that the position of labels changed from previous image to the “Outside” of the figure? Then next, we’ll 
show you the way to change the plot range. As shown in pink box, you can arrange it 
at the right bottom “Range” panels. 
Now put “2.0” as “X High” and “1000” as “1000” for example. 
We change the “SCALE” from “X:Linear” to “X: Log-scale” as well.  Then what happens?
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Fig. 4. Comparisons of energy per baryon or symmetric energy as a
function of baryon density for different sets of nuclear EoSs. The upper
and middle panels show the energy densities of pure neutron matter
and symmetric nuclear matter, respectively. Note that the Shen EoS
includes an inhomogeneous phase at lower densities than the satura-
tion, while the others are calculations for simple uniform matter. In the
upper and lower panel, the red solid line is the Lattimer–Swesty EoS
with an incompressibility of K = 375 MeV, while the green dashed line
represents the Shen EoS only with nucleons. In the middle panel, the
three options of the Lattimer–Swesty EoS are plotted in the red solid
line (K = 375 MeV), the green dashed line (K = 220 MeV), and the blue
dotted line (K = 180 MeV) in comparison with the Shen EoS. The blue
error bar in the lower panel shows the experimental error. (Color online)

models mono-topically rises as a function of the density, in
general. As shown in the bottom panel of figure 4, there is
an increasing discrepancy of Esym with increasing density
between these two models. Experiments to constrain the
symmetry energy are ongoing in such a high-!B region.

The above discussion tells us why we need careful treat-
ment of the saturation property and symmetry energy. At
around !B = 0.1 fm!3, both LS and Shen EoSs show rea-
sonable agreement with the experimental constraint on the
symmetry energy. Particularly at around !0, LS375 satis-
fies the constraint. However, it has too large a value for the
incompressibility compared with that constrained by exper-
iments, i.e., 230–270 MeV. As for the other datasets, LS220
and LS180, they also show reasonable agreement with the
symmetry energies around the saturation density. However,
they do not provide the best fit with the result with the
SkI" force, which is fitted to reproduce various closed shell
nuclei with its incompressibility K = 370 MeV. In addition,
the incompressibility is smaller for LS220 and LS180 than
that constrained by experiments. The saturation property
of the Shen EoS is similar to the softer EoSs like LS220
and LS180. In the Shen EoS, the symmetry energy seems
to be larger by a few MeV than the constraint around !0,
even though it agrees well with the recent experimental con-
straint for the symmetry energy, 31 ± 3 MeV at the satura-
tion density, !0. Its incompressibility K = 281 MeV is also
slightly large compared with 230–270 MeV. In conclusion,
it is difficult to satisfy the constraints on both the incom-
pressibility and the symmetry energy simultaneously for
the EoSs widely accepted by the astrophysics community.
This may be caused by the model dependence contained in
the constraint itself, because the experimental analysis has
been performed with various models for which the analysis
should not be applied.

Figure 5 demonstrates another advantage of using the
EOSDB. It compares energy as a function of baryon densi-
ties for results with different theoretical models. We present
the models of the RMF based on a phenomenologial frame-
work, and those of variational methods based on ab initio
calculations.

Along with the different characteristics of the theoret-
ical models, the compiled models of nuclear matter can be
divided into two groups as shown in tables 3, 4, and 5.
Each table has a list of models and characteristics, and the
mass and radius of neutron stars together with the corre-
sponding data ID and the reference ID in our database.
In both tables, the symbol MMax

NS in the last column is the
maximum mass of neutron stars in each model, and R is
the radius at MMax

NS . We should note that the radius could
vary according to treatment of the neutron star crust. We
calculated the radii of E0002 and E0012 using the Shen EoS
table for the crust. As for the other entries, detailed infor-
mation on the crust treatment can be seen in the references
(Krastev & Sammarruca 2006; Schwenk 2013; Bauswein
& Janka 2012; Ban et al. 2004).

In table 3, the first column denotes the adopted frame-
work which is either relativistic or non-relativistic. The

 at Tokyo Institute of Technology on June 4, 2015
http://pasj.oxfordjournals.org/

D
ow

nloaded from
 

Lattimer&Swesty (LS)

Standard EoS for Astro. Use

Esym for LS 180/220/375@ρ0 = 29.3MeV
LS 375 (K=375MeV) Best consistency with Niksic2002

Basic interaction: SKI (Vautherin+1970)
16O, 40,48Ca, 90Zr and 208Pb
Modification: Adding Three-body int. to SKI

Adjusting K withTBI
It changes EoS itself

Property of Finite Nuclei?
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models mono-topically rises as a function of the density, in
general. As shown in the bottom panel of figure 4, there is
an increasing discrepancy of Esym with increasing density
between these two models. Experiments to constrain the
symmetry energy are ongoing in such a high-!B region.

The above discussion tells us why we need careful treat-
ment of the saturation property and symmetry energy. At
around !B = 0.1 fm!3, both LS and Shen EoSs show rea-
sonable agreement with the experimental constraint on the
symmetry energy. Particularly at around !0, LS375 satis-
fies the constraint. However, it has too large a value for the
incompressibility compared with that constrained by exper-
iments, i.e., 230–270 MeV. As for the other datasets, LS220
and LS180, they also show reasonable agreement with the
symmetry energies around the saturation density. However,
they do not provide the best fit with the result with the
SkI" force, which is fitted to reproduce various closed shell
nuclei with its incompressibility K = 370 MeV. In addition,
the incompressibility is smaller for LS220 and LS180 than
that constrained by experiments. The saturation property
of the Shen EoS is similar to the softer EoSs like LS220
and LS180. In the Shen EoS, the symmetry energy seems
to be larger by a few MeV than the constraint around !0,
even though it agrees well with the recent experimental con-
straint for the symmetry energy, 31 ± 3 MeV at the satura-
tion density, !0. Its incompressibility K = 281 MeV is also
slightly large compared with 230–270 MeV. In conclusion,
it is difficult to satisfy the constraints on both the incom-
pressibility and the symmetry energy simultaneously for
the EoSs widely accepted by the astrophysics community.
This may be caused by the model dependence contained in
the constraint itself, because the experimental analysis has
been performed with various models for which the analysis
should not be applied.

Figure 5 demonstrates another advantage of using the
EOSDB. It compares energy as a function of baryon densi-
ties for results with different theoretical models. We present
the models of the RMF based on a phenomenologial frame-
work, and those of variational methods based on ab initio
calculations.

Along with the different characteristics of the theoret-
ical models, the compiled models of nuclear matter can be
divided into two groups as shown in tables 3, 4, and 5.
Each table has a list of models and characteristics, and the
mass and radius of neutron stars together with the corre-
sponding data ID and the reference ID in our database.
In both tables, the symbol MMax

NS in the last column is the
maximum mass of neutron stars in each model, and R is
the radius at MMax

NS . We should note that the radius could
vary according to treatment of the neutron star crust. We
calculated the radii of E0002 and E0012 using the Shen EoS
table for the crust. As for the other entries, detailed infor-
mation on the crust treatment can be seen in the references
(Krastev & Sammarruca 2006; Schwenk 2013; Bauswein
& Janka 2012; Ban et al. 2004).

In table 3, the first column denotes the adopted frame-
work which is either relativistic or non-relativistic. The
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K=281MeV

Basic interaction:  TM1(Sugahara&Toki)
Fitting with major nuclei and unstable nuclei (p-rich/n-rich)

Spurious shell closures
at Z=58 and 92

in Major RMF models 
Fock term(TBI or Tensor)?

Rotation of deformed nuclei?

C. Ishizuka NuSYM 2015, Krakow, Poland

L. S. Geng+ Chin. Phys. Lett 23 (2006) 1139

RMF
Good explanation of p-induced reaction even at high E
For light nuclei, it is difficult to produce B.E. rch, etc.
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M. Dutra + 2012, P. D. Stevenson + 2012
Only 16/240 Skyrme HF models satisfy nuclear experimental constraints.
These 16 can NOT commonly reproduce finite nuclei,
(1) B.E. of Even-Even Doubly -(Semi)-Magic Nuclei 
(16O, 34Si, 40Ca, 48Ca, 48Ni, 56Ni, 68Ni, 78Ni, 80Zr, 90Zr, 100Sn, 114Sn, 146Gd, and 208Pb)
(2) Fission Barriers in heavy nuclei
(3) Isotope shift 

M. Dutra +2013
Only 9/147 RMF models (linear, non-linear σ3+σ4, σ3+σ4+ω4, σ and ω-mixing, 
density-dependent, point coupling) satisfy nuclear experimental constraints.
BSR, DD-F, FSUGold, TW99
Geng + 2006
RMF models (TMA, NL3, PKDD, DD-ME2) have spurious shell closures 
at Z=58 and 92.
The above 9 models may have the same property.

The other parameter sets of SHF and RMF models

J.R. Stone & M. Dutra plan to provide these 240+147=387 EoSs
for CompOSE/EOSDB after NuSYM’15.

C. Ishizuka NuSYM 2015, Krakow, Poland
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Table 5. Table for classification of phenomenological theoretical models.

Phenomenological

Rel. / Non-rel. Method Interaction Reference Data ID Comment

Rel. RMF TM1(Only N) HShenNPA1998 E0002 Thomas-Fermi apprx.

for inhomo. phase.

(MMax
NS , R) = (2.18M!, 12.5 [km]).

Rel. RMF TM1(Only N) HShenAPJS2011 N E0003 Di!erent from E0002 at (T,Yp) = (0,0).

(MMax
NS , R) = (2.18M!, 12.5 [km]).

Rel. RMF TM1(Only N) FurusawaApJ2011 E0011 NSE for inhomo. phase

Rel. RMF TM1(Only N) BotvinaNPA2010 E0010 NSE for inhomo. phase

Rel. RMF TM1(with Y) HShenAPJS2011 Y E0004 Only " included as hyperons.

MMax
NS = 1.75M!.

Rel. RMF TM1(with Y) IshizukaJPG2008 SR30 E0012 Full Baryon Octet.

(MMax
NS , R) = 1.63M!, 13.26 [km]).

Rel. RMF TMA HempelNPA2010 TMA E0008 NSE for infomo. phase

(MMax
NS , R) = (2.04M!, 12.43 [km])

Rel. RMF(RHF+QMC) — MiyatsuPLB2012 E0009 Full Baryon Octet. MMax
NS = 1.95M!.

Rel. DD RMF DD-TW TypelNPA1999 E0023 (MMax
NS , R) = (2.2M!, 11.2 [km]).

Rel. DD RMF DD-ME1 NiksicPRC2002 E0024 (MMax
NS = 2.47M!, 11.9 [km]).

Rel. DD RMF FSUgold GShenPRC2011 FSUgold2.1 E0001 Adjusted to support 2.1M! NS.

+ Polytrope (MMax
NS , R) = (2.1M!, 12.2 [km])

26

Please note MNR & RNS ambiguity listed in 
C. Ishizuka et al., PASJ 67 (2015) 13,
ArXiv: 1408.6230v2

C. Ishizuka NuSYM 2015, Krakow, Poland
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R=12.5km ± 0.5km
@1.4Msolar

[Ref] C.Ishizuka et al., PoS (NIC XIII) 2015 
in print
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http://aspht1.ph.noda.tus.ac.jp/eos/
Online Database for nuclear EoSs, EOSDB

Basic Structure: 
EOSDB following SAGA database (Suda + 2008, 2011) :MySQL/CSV
Search&Plot system: Perl/CGI/Java  
         
Aim:
Sharing Basic EoS Properties with all scientists
Development of a “Feel & Think” system
for various models and interactions used to derive nuclear EoSs

Strong Point:                  
Useful to assess the validity of each EoS
Including used assumptions and approximations in each EoS 

Application suggestion:
Checking the correlation among Esym, L, K and so on. 
∵)E/P/S/Esym/L are compiled as a function of ρB

Checking the NS properties

C. Ishizuka NuSYM 2015, Krakow, Poland
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Open EoSs for NS core and crust 

Crust EoS Core EoS

MYN[2] ρB<ρ0 RHF(MYN)[2]

BBP[5] ρB<0.8ρ0 RMF(TM1)[3]

NGB[6] ρB<0.5ρ0 Ab initio (FPS)[4]

HZ[7] ρB<0.1ρ0 Skyrme HF (SLy) [4]

Figure from Oyamatsu & Iida 2007 [9]

II. Calculation Details
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We solve the Tolman-Oppenheimer-Volkoff (TOV) equation,

Connection of core and crust EoS:  (1) Smooth connection using cubic spline interpolation avoiding 
negative-gradient pressure.  (2) Simple connection between crust and core tables.

Phase Structure of Isolated Cold NS
Case-1: With Pasta Phase
Within observational and 
experimental constraints
on L (30 < L/MeV < 110),
nuclear pasta can exist around 
ρB<0.5ρ0[9] in the crust.

Case-II: Without Pasta Phase
If pasta phase does not exist
in the crust, the core-crust
boundary will be determined 
by the edge of spinodal region.
In the NS matter at T=0 MeV,
ρBND ~ 0.8ρ0 at highest [10].In the spinodal region,

mixed matter state is 
thermodynamically more 

stable than the uniform state.

RNS-ambiguity about the treatment of core-crust boundary and crust models are shown in the following panels. 

(1)The same crust & core with ρBND = (0.1, 0.2, ...,  0.9,1.0)xρ0.

(2)Simply connect crust EoS (ρB<0.8ρ0) and core EoS (ρB>ρ0)
The effect of using different crusts with ρBND = 0.5ρ0 are shown 
as well as that of using different cores.

The RNS gives us better constraints on EoS models than MNS. 
In this study, we investigated the influence of the core-crust 
boundary on RNS, compared with the observational ambiguity. We 
also systematically studied the ambiguity of the crust EoSs.

As a result, we find the followings:
Most of the existent crust EoSs contain data only for ρB < 0.5ρ0.
Obtained ΔR could be as large as difference among EoS models.
The ΔR(Crust) can be removed by crust-oscillation [8].
As the criterion to select ρBND, we use nuclear pasta & spinodal 
phase. The magnitude of ΔR depends on the criterion.

Crust - Core 
 BBP - TM1 
MYN - TM1
MYN - MYN

(2)

(1)

Crust - Core  
MYN - TM1

Observational efforts to determine RNS with ~0.5km accuracy presume that the ambiguity of 
theoretical models must be smaller than observational constraints. However, this is not necessarily 
guaranteed. In this study[1], we systematically investigate the influence of core-crust EoSs on RNS for 
isolated cold NS without rotation, because the radius is related with the EoS around ρ0.

ΔR(Obs.) ~0.5km

                           

PoS2 015 in press

In this paper, we discuss the influence of the sub-nuclear EoS on the radius of a neutron

star, by changing the crust-core boundary density and connection methods within the ambiguity

of the inhomogeneous phase below the nuclear saturation density. Our survey adopted open

EoS tables both for the crust and for the core of a neutron star. We connected these EoSs

by avoiding negative pressure-gradient around the boundary. The adopted EoSs are based on

the ab initio calculation, the Skyrme Hartree-Fock(SHF), the relativistic mean field (RMF)

and the relativistic Hartree-Fock(RHF) of a quark-meson coupling model(QMC). We find that

the boundary changes the neutron star radius by about 2 km at the maximum. The change

is comparable with the di!erence among nuclear models. The boundary e!ect together with

the influence of the nuclear symmetry energy on the radius may explain the gap among the

estimated radial constraints with the observational masses and radii of neutron stars by a few

groups. The paper is organized as follows: The calculation details are explained in §2 and its

result is given in §3. Discussion and summary follow in §4.

2. Method

NS radii can constrain nuclear models as well as NS masses by solving the Tolman-

Oppenheimer-Volko! (TOV) equation.

dP (r)

dr
= !G

r2

!

!(r) +
P (r)

c2

"!

M(r) + 4"r3P (r)

c2

"!

1! 2GM(r)

cr2

"!1

(1)

The radii are known to be sensitive to the EoS around the nuclear saturation density (!B <"!0),

though the sensitivity has not been quantitatively evaluated. In the density region around !0,

several states are mixed. For example, spinodal unstable region, liquid-gas phase transition

which are found in the experiments, and nuclear pasta phase which existence has been suggested

by many prior researches. Thus the treatment of the subnuclear density is still opaque. The

boundary between crust and core has been expected in such densities. In general, the influence,

which comes from the treatment of the boundary, is assumed to be negligible. Astronomers

connect EoS tables of crust and core at the boundary which is automatically decided by provided

data set (the data at lowest density in the crust table and the data at highest density in the

core table). However, there is no theoretical criteria. The selecting method and treatment of

the boundary is non-trivial. We systematically examine the sensitivity of the radius to the

treatment of the boundary by the following procedure.

2.1. Selection of the crust and core models

We assume that the nuclear model in the crust can be di!erent from that in the core.

It is true that both nuclear EoS should be the same, once the EoS (the nuclear interaction)

is uniquely determined. However, for a practical reason, they are not always consistent. We

consider it as an appropriate treatment, because the crust phase which contains nuclei could

reflect the characteristics of finite nuclei such as clustering structures. On the other hand, the

3

MNS and RNS can be  obtained from the TOV equation 

Data from EOSDB
http://aspht1.ph.noda.tus.ac.jp/eos/index.html
C. Ishizuka et al., PASJ 67 (2015) 13

C. Ishizuka NuSYM 2015, Krakow, Poland
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Linear Scale Log Scale

Connection method between NS core and crust

Connecting data smoothly using 10 data points before/behind the boundary
i.e.) Interpolation depending the data-grids

Interpolation method#2

Interpolation method#1

without interpolation

C. Ishizuka NuSYM 2015, Krakow, Poland
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Result #1
Connection between Core and Crust 

with interpolation independent of given data-grids

[ref] TM1Y: C. Ishizuka et al., J. Phys G 35 (2008) 08521

Boundary between Crust-Core 
Larger ρBND→Shrink RNS

ΔR～0.5km@1.4MSun

Max. RNS＠Small ρBND

ρBND=0.3ρ0

Min. RNS＠Large ρBND

ρBND=0.8ρ0
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Result #2

(1)The same crust & core with ρBND = (0.1, 0.2, ...,  0.9,1.0)xρ0.

(2)Simply connect crust EoS (ρB<0.8ρ0) and core EoS (ρB>ρ0)
The effect of using different crusts with ρBND = 0.5ρ0 
are shown as well as that of using different cores.

Interpolation depending the data-grids

 RNS ambiguity due to the connection method ΔR~1.0 km＠1.4MSun 

 ΔRNS between different crust model >> ΔRNS between different core model
   but not always! 　Figure from Oyamatsu & Iida 2007 [9]
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Most of the existent crust EoSs contain data only for ρB < 0.5ρ0.
Obtained ΔR could be as large as difference among EoS models.
The ΔR(Crust) can be removed by crust-oscillation [8].
As the criterion to select ρBND, we use nuclear pasta & spinodal 
phase. The magnitude of ΔR depends on the criterion.

Crust - Core 
 BBP - TM1 
MYN - TM1
MYN - MYN

!R(Crust) = 0.5 km

!R(Core) = 1.5 km

(2)

(1)

Crust - Core  
MYN - TM1

Observational efforts to determine RNS with ~0.5km accuracy presume that the ambiguity of 
theoretical models must be smaller than observational constraints. However, this is not necessarily 
guaranteed. In this study[1], we systematically investigate the influence of core-crust EoSs on RNS for 
isolated cold NS without rotation, because the radius is related with the EoS around ρ0.

ΔR(Obs.) ~0.5km

[Ref] C. Ishizuka et al., PoS 2015 in press

Min. ρBNDMax. ρBND ρBND=0.8ρ0 without smoothing 
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Sumary
★Systematical Investigation of Ambiguity of RNS due to ρBND treatment

0.1ρ0 ≦ ρBND < (upper limit defined by Crust-EoS data), by 0.1ρ0 
☆Smooth connection below the upper-limit ρB of the given crust (Case-1)

　ΔR～- 0.5km＠1.4MSun

☆Smooth connection above the upper-limit ρB of the given crust (Case-II)

　ΔR > +0.5km@1.4MSun depending the upper limit of the crust EoS

☆Connection at ρBND=0.8ρ0(Spinodal region) without smoothing (Case-III)　
　Diff. between Case-I and III   ΔR～1.0km@1.4MSun

 MNS,RNS are determined by high ρB EoS
   Non-negligible the ambiguity caused by the 
treatment of  the crust-core boundary ρBND

 Small ΔR＠Large mass NS

ΔR～1.0km@1.4MSun  

 If ρBND is given by observation, 
 We can make ΔR much smaller.
Possible determination of the boundary using  
crust oscillation!?
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Fig. 17.— Figure showing the constraint on the dEoS imposed by the radius measurement obtained in this work: RNS = 9.1+1.3
!1.5 km

(90%-confidence). The dark and light shaded areas show the 90%-confidence and 99%-confidence constraints of the RNS measurement,
respectively. The mass measurement of PSR J1614-2230 is shown as the horizontal band (Demorest et al. 2010). “Normal matter” EoSs
are the colored solid lines. Other types of EoSs, such as the hybrid or quark-matter EoSs are included for comparison, with dashed lines.
As mentioned in Section 5, the present analysis only places constraints on the “normal matter” EoSs since they are the only family of EoSs
included in our assumptions. Among them, only the very soft dEoSs (such as WFF1, Wiringa et al. 1988) are consistent with the radius
obtained here. The EoS are obtained from Lattimer & Prakash (2001, 2007).

distribution, i.e., with the fewest assumptions, that can
be produced. Also, the progressive relaxation of the as-
sumptions throughout the analysis demonstrated that no
unexpected behavior was present in the final MNS–RNS
distributions of Run #7 and that the resulting low-value
of RNS was not a!ected by systematics.
Previous works reported low values of NS radii, but

these measurements have high uncertainties due to low
S/N, leading to poorly constrainedRNS andMNS (e.g., in
NGC 2808, Webb & Barret 2007; Servillat et al. 2008).
Another qLMXB in NGC 6553 was identified with a
small radius, RNS = 6.3+2.3

!0.8 km (90%-confidence) for
MNS = 1.4M" (Guillot et al. 2011b). However, low-
S/N Chandra observations demonstrated that the XMM
spectra of the source was a!ected by hard X-ray contami-
nation from a marginally resolved nearby source. Higher-
S/N observations with Chandra are necessary to confirm
the qLMXB classification and produce the uncontami-
nated spectrum necessary for its use in the present anal-
ysis.
In addition to qLMXB RNS measurements, low radii

were found from the analysis of photospheric radius ex-
pansion type-I X-ray bursts. A review of the method
used to determine RNS from these sources can be found
in the literature (Özel 2006; Suleimanov et al. 2011b).
The LMXBs EXO 1745-248, 4U 1608-52, and 4U 1820-
30 were found to have respective radii in the 2! ranges
RNS = [7.5 ! 11.0] km (Özel et al. 2009), RNS = [7.5 !
11.5] km (Güver et al. 2010a) and RNS = [8.5 ! 9.5] km
(Güver et al. 2010b), respectively. While these results
are on a par with what is found in this paper, controversy
emerged with the realization that the analysis presented
in the cited works was not internally consistent because
the most probable observables (from Monte-Carlo sam-

pling) led to imaginary masses and radii (Steiner et al.
2010). Relaxing the assumption that the photospheric
radius equals the physical radius RNS at touchdown led
to real-valued solutions of MNS and RNS, and to larger
upper limits for the radius. Furthermore, it is argued
in a later work that the short bursts from EXO 1745-
248, 4U 1608-52 and 4U 1820-30 are not appropriate for
such analysis because the post-burst cooling evolution
of these sources does not match the theory of passively
cooling NSs (Suleimanov et al. 2011a). Therefore, the
MNS–RNS constraints from type I X-ray bursts should
be considered with these results in mind.
More recently, distance independent constraints in

MNS–RNS space were produced from the analysis
of the sub-Eddington X-ray bursts from the type I
X-ray burster GS 1826-24 (Zamfir et al. 2012). That
analysis, performed for a range of surface gravities
(log10 (g) = 14.0, 14.3, 14.6) and a range of H/He abun-
dances (0.01 Z", 0.1 Z" and Z") led to radii RNS "<
11.5 km. While distance-independent, the results are
highly influenced by the atmosphere composition and
metallicity. For pure He composition, the upper limit
of RNS becomes RNS "< 15.5 km (Zamfir et al. 2012).
Finally, the multiwavelength spectral energy distri-

bution of the isolated neutron star RX J185635-3754
was analyzed to produce small values of RNS and MNS
with no plausible dEoS consistent with these values:
RNS " 6 km and MNS " 0.9M" for d = 61 pc
(Pons et al. 2002). A recent distance estimation to the
source d = 123+11

!15 pc (Walter et al. 2010) led to revised
values: RNS = 11.5±1.2 km and MNS = 1.7±1.3M"
(Steiner et al. 2012). While this result is consistent with
the RNS measurement obtained in this paper and with
the other works reporting low-RNS values, it has to

Please note MNR & RNS ambiguity listed in 
C. Ishizuka et al., PASJ 67 (2015) 13,
ArXiv: 1408.6230v2          
RNS +/-0.5km @1.4MSun
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