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Abstract

The recent fast growth of a population of millisecond pulsars with precisely measured mass provides an excellent op-
portunity to characterize these compact stars at an unprecedented level. This is because the stellar parameter values
can be accurately computed for known mass and spin rate and an assumed equation of state (EoS) model. For each of
——the 16 such pulsars and for a set of EoS models from nucleonic, hyperonic, strange quark matter and hybrid classes, we
numerically compute fast spinning stable stellar parameter values considering the full effect of general relativity. This
"I first detailed catalogue of the computed parameter values of observed millisecond pulsars provides a testbed to probe the

= 'physics of compact stars, including their formation, evolution and EoS. We estimate uncertainties on these computed

values from the uncertainty of the measured mass, which could be useful to quantitatively constrain EoS models. We
note that the largest value of the central density p. in our catalogue is ~ 5.8 times the nuclear saturation density pgat,
which is much less than the expected maximum value 13pg,t. We argue that the p.-values of at most a small fraction
of compact stars could be much larger than 5.8pg,t. Besides, we find that the constraints on EoS models from accurate
radius measurements could be significantly biased for some of our pulsars, if stellar spinning configurations are not used
=—to compute the theoretical radius values.

Keywords: equation of state, methods: numerical, pulsars, stars: neutron, stars: rotation

1. Introduction

Compact stars, commonly known as “neutron stars”,

; .are possibly the densest objects in the universe apart from

black holes. A class of such compact stars, pulsars, show
periodic variation of intensity in their electromagnetic emis-
sion. In fact, compact stars were discovered from such
periodic radio pulses ,[1968). The first re-
ported fast spinning pulsar, i.e., the millisecond (ms) pul-

>< sar, was PSR B1937+21 (Backer et al. |, [1989). It was im-

E mediately proposed that such pulsars could be spun up by

a non-accreting phase. Recently, three such sources, called
transitional pulsars, have been discovered (m,

accretion-induced angular momentum transfer in low-mass
X-ray binaries (LMXBs; i ini
\Alpar et all, l]_%ﬂ) This model was strengthened by the

discovery of an accretion-powered X-ray ms pulsar SAX

,11982;

2009; [Papitto et all, 2013; lde Martino et all,2013). These

findings strongly show that ms pulsars are spun up in
LMXBs. However, the detailed mechanism of this spin
evolution, which depends on accretion processes and the
interaction between the accretion disc and the stellar mag-
netosphere, is somewhat poorly understood. Testing the
models of these physical processes against the precisely
measured parameter values of observed ms pulsars will be
very useful to understand the physics of compact star evo-
lution.

Another poorly understood aspect of compact stars is
their internal composition, especially the physics of their
The densities of these degenerate cores are well

cores

J1808.4-3658 (Wijnands & van der Klis |, [1998; Chakrabarty & Moreap,

). This is because this X-ray pulsar showed that
compact stars could be spun up in LMXBs. However,
a clear evolutionary connection between radio ms pulsars
and LMXBs would be established if a compact star had
shown both LMXB phase and radio pulsations possibly in
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nuclear saturation density psa; =~ 2.6 x 104 g
ecm~3. Consequently (see, e.g., Bombacil, ) various
particle species (apart from neutrons, protons, electrons
and muons) and phases of dense matter are expected in
the stellar interior. Thus different types of compact stars
(nucleonic, hyperonic, strange matter, hybrid) are hypoth-
esized to exist. Therefore compact stars can be considered
as natural laboratories that allow us to investigate the con-
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stituents of matter and their interactions under extreme
conditions that cannot be reproduced in any terrestrial
laboratory. Understanding the nature of supra-nuclear
core matter remains a fundamental problem of physics,
even after almost 50 years since the discovery of the first
pulsar.

The standard way attempted to solve this problem is
the following. Assuming the constituents of the stellar
matter and the interactions among them, an equation of
state (EoS) is computed using different many-body ap-
proaches. The EoS is given by the thermodynamical re-
lation between the matter pressure P, the mass density p
and the temperature T. The temperature could be con-
sidered equal to zero a few minutes after the compact star
birth (Burrows & Lattimer |, [1986; Bombaci et al. |, [1995;
Prakash et al. |,11997). Many such EoS models exist in the
literature.

In order to understand the superdense matter of com-
pact star cores, it is required to identify the “correct”
EoS model. How can one do that? For a proposed EoS
model, one can compute the stable stellar structure. For
doing this, one needs to solve the Tolman-Oppenheimer-
Volkoff (TOV) equations (Oppenheimer & Volkoff|, [1939;
Tolman |, [1939) for nonspinning compact stars. For fast
spinning stars, however, one needs to follow a numerical
formalism described and used in this paper. Once the sta-
ble stellar structure is computed, it is possible to calculate
the values of various stellar parameters, such as mass, ra-
dius, spin rate, etc. One needs to compare these computed
values with the measured values to reject some proposed
EoS models. By rejection of many EoS models, one can
attempt to identify the “correct” EoS model as accurately
as possible. In order to achieve this goal, one needs to mea-
sure three independent parameters of the same ms pulsar.

So far, for no compact star three parameters have been
precisely measured. However, precise measurements of two
parameters, mass and spin rate, have been done for a fast
growing population of ms pulsars in recent years. This,
for the first time, provides a unique opportunity to char-
acterize a number of observed ms pulsars with an unprece-
dented accuracy. Note that previous authors explored the
stable structure of compact stars, which provided general
information about the fast spinning compact star param-
eters (e.g., [Cook et al. |,11994). Some authors went a step
further, considered the measured spin rate of an ms pul-
sar, and computed a constant spin sequence for that pul-
sar (e.g.,[Datta et al. |,[1998; Bhattacharyya et al. |,12016).
But such a sequence gives large ranges of other parame-
ter values for a given EoS model. Therefore, while this
sequence gives an insight about the general properties of
ms pulsars, it does not give very useful additional infor-
mation about the parameters of the considered ms pulsar.
Furthermore, since these large ranges of parameter values
overlap for various EoS models, such spin sequences are not
very useful to constrain EoS models. With two parameters
known, we can now accurately estimate the other param-
eter values of observed ms pulsars for a given EoS model.

In this paper, we do this estimation for 16 ms pulsars and
eight diverse EoS models from four different classes, and
make a catalogue. This catalogue not only will be useful
to constrain EoS models, but also will provide a testbed
to probe the physical processes of compact star evolution.
We also discuss the ways to constrain EoS models using
measured radius values.

In § 2 we mention and discuss the ms pulsars and EoS
models we consider. In §[Bl we describe the procedure to
compute stable fast spinning compact star structure. § (4]
includes our catalogue of computed ms pulsar parameters
and a detailed discussion on their implications. In § Bl we
summarize our results and conclusions.

2. Pulsars and equations of state

As mentioned in §[ in this work we use a special sam-
ple of ms pulsars, that is those with precisely measured
mass values. Here we define pulsars with spin periods less
than 10 ms as ms pulsars. Masses of these pulsars in binary
stellar systems were measured from the estimation of post-
Keplerian parameters or the spectroscopic observations
of the companion white dwarf stars (see Ozel & Freire
(2016) and references therein). We choose ms pulsars with
quoted mass error less than a quarter of a solar mass. We
list the spin rates, measured masses with errors and the
references on spin and mass measurements for these pul-
sars in Table [l It is interesting to see that masses of all
these pulsars are distributed within the 1 — 2M, range.

In this paper, we consider eight EoS models from four
different classes (Table [2). We carefully chose these EoS
models keeping various points in mind. For example, three
of our EoS models are nucleonic, two are hyperonic, two
are strange quark matter and one is hybrid, and hence the
set is truly diverse. Moreover, the discovery of the massive
pulsar PSR, J0348+0432 with a precisely measured mass
(2.01 & 0.04M); [Antoniadis et al. | (2013)) demands that
the “correct” EoS must be able to support this high mass.
All our EoS models pass this test (Figs. [l 2 and Table [2]).
We also note that the discoveries of this pulsar and an-
other massive pulsar (PSR J1614-2230; [Demorest et al.
(2010); see also Table [M)) essentially constrained the ra-
dius space from the lower side. This is because, within
a certain class of EoS models (e.g., nucleonic or strange
matter), a harder EoS which can support a higher maxi-
mum mass gives a higher radius value for a given mass (see
Fig.[l). Therefore, as indicated by this figure, EoS models
with radius values less than a certain limit in the observed
1 —2Mg, mass range (Table[I) may not be able to support
the high mass values of PSR J0348+0432 and PSR J1614-
2230, thus effectively shrinking the radius space. Our EoS
models nicely fill this shrunken radius space (see Fig. [II).

Here we give a brief description for each EoS model.
(1) Nucleonic matter: The first nucleonic EoS model (N1),
denoted by A18+6v+UIX (Akmal et al. | (1998); Table[2]),
is based on the Argonne v1gs model A18 (Wiringa et al. |,
1995) of two-nucleon interaction. The A18 model fits very



well the phase shifts for nucleon-nucleon scattering of the
Nijmegen database (Stoks et al. |,11993). The A18+5v+UIX
model additionally includes three-nucleon interactions de-
scribed by the Urbana IX [UIX] model (Pudliner et al. |,
1995) and the effect of relativistic boost corrections. The
second nucleonic EoS model (N2; [Sahu et al. | (1993); Ta-
ble 2), which is harder (§[]) than N1, is a field theoretical
EoS for nucleonic matter in S-equilibrium based on the
chiral sigma model. The model includes an isoscalar vec-
tor field generated dynamically. The third nucleonic EoS
model (N3;[Sugahara & Toki | (1994); Providencia & Rabhi
(2013); Table[2)) is based on a relativistic mean field (RMF)
approach in which nucleons (n, p) interact via the ex-
change of o, w and p mesons. In particular, in the present
work we use the parameters set denoted as TM1-2 in Table
I of [Providencia & Rabhil (2013). All the nucleonic EoS
models used in our calculations reproduce the empirical
saturation point of nuclear matter ng,; = 0.164+0.01 fm_3,
E/Aln.,, = —16.0£1.0 MeV (e.g., Logoteta et al. |,12015)
and the empirical value of the nuclear symmetry energy
Esym(nsat) = 28 — 33 MeV, at saturation density.

(2) Hyperonic matter: The first hyperonic EoS model (Hp1;
Banik et al. |,12014) is based on a RMF approach in which
nucleons and A hyperons interact via the exchange of o,
w and p mesons with the additional contribution of the
hidden-strangeness meson ¢(1020) and using density de-
pendent coupling constant. The second hyperonic EoS
model (Hp2; Providencia & Rabhi |, [2013) is also based on
a RMF approach, which includes all the members of the
J™ = (1/2)* baryon octet (i.e. n, p, A, ¥=, X0 B+ =~
and =) interacting via o, w, p and hidden-strangeness o*
and ¢(1020) meson exchange. Among the different hyper-
onic EoS parametrizations reported inProvidencia & Rabhi
(2013), in the present work we use the one corresponding
to the TM1-2 parameters set for the nucleonic sector, with-
out o* mesons, with A, = 0 and taking for the potential
energy depths for the A, ¥, and = hyperons in symmetric
nuclear matter at saturation density ng,t with the values
Uy = —28 MeV, Us = 30 MeV, Uz = 18 MeV respectively
(see Table IT in [Providencia & Rabhil, 2013).

(3) Strange quark matter: These EoS models are the sim-
ple version of the MIT bag model, which was extended to
include perturbative corrections due to quark interactions,
up to the second order in the strong structure constant

(Fraga et al. |,2001;|Alford et al. |,2005;Weissenborn et al. |,

2011). These EoS models are characterized with two pa-
rameters: effective bag constant (Beg) and perturbative
QCD corrections term parameter (a4). The value a4 = 1
corresponds to the ideal relativistic Fermi gas EoS. For
the first model (S1), BIA* = 138 MeV, ay = 0.8, while
for the second model (S2), B;f/;l = 125 MeV, a4 = 0.5
(Bhattacharyya et al. |,12016). Note that S2 is harder (§[I)
than S1.

(4) Hybrid (nuclear+quark) matter: In this class of mod-
els, one assumes the occurence of the quark deconfine-
ment phase transition in the neutron star core. Following

Glendenning | (1992, [1996), we model the nuclear to quark
matter transition as a first order phase transition occuring
in a multicomponent system with two conserved “charges”
(the electric charge and the baryon number). The specific
hybrid star matter EoS model (Hbl) considered in the
present paper, has been obtained using the A18+Jv+UIX
EoS (Akmal et al. |, [1998) for the nuclear matter phase
and the extended MIT bag model EoS (Fraga. et al. |,2001;
Alford et al. |,2005; [Weissenborn et al. |,[2011) for the quark

phase with B/A* = 138 MeV, ay = 0.4.

3. Fast spinning stellar structure computation

Here we briefly mention the method to compute fast
spinning stable compact star structures, the corresponding
stellar parameters and the equilibrium sequences. A de-
tailed description of the method can be found inlCook et al.
(1994). Such computation requires a general relativistic
treatment. The general spacetime of such a star is (using
¢ = G = 1;Bardeen! (1970); |Cook et al. | (1994)):

ds? = —e7Pdt? 4 e (dr? 4 r2d6?) + 7 Pr?sin? 0
(d¢ — wdt)?, (1)

where ¢, r and 6 are temporal, quasi-isotropic radial and
polar angular coordinates respectively, v, p, o are met-
ric potentials, and w is the angular speed of the stellar
fluid relative to the local inertial frame. Einstein’s field
equations are solved to compute the r and 6 dependent -,
p, a and w, as well as the stable stellar structure, for a
given EoS model, and assumed values of two parameters,
such as stellar central density (p.) and polar radius to
equatorial radius ratio (Cook et al. |, 11994; [Datta et al. |,
1998; IBombaci et al. |, 2000; Bhattacharyya. et al. |, 2000,
2001a,HJd; Bhattacharyyal, 2002, 2011). This equilibrium
solution is then used to compute compact star parameters,
such as gravitational mass (M), rest mass (Mp), equato-
rial circumferential radius (R.), spin frequency (v), total
angular momentum (.J), moment of inertia (I), total spin-
ning kinetic energy (T') and total gravitational energy (W)
(Cook et al. |,11994; [Datta et al. |, [1998).

The radius rigco of the innermost stable circular or-
bit (ISCO) is calculated in the following way. The radial
equation of motion around such a compact star is i? =
e2t7+e(dr /dr)? =E?—V?, where, dr is the proper time,
E is the specific energy, which is a constant of motion, and
V is the effective potential. The effective potential is given

by V2 = e7tP[1+ l;/fj] +2wEl — w212, Here [ is the specific
angular momentum and a constant of motion. We deter-
mine rgco using the condition \7,” = 0, where a comma
followed by one r represents a first-order partial derivative
with respect to r and so on (Thampan and Datta|, [1998).

We compute the static or nonspinning limit, where
v — 0 and J — 0, for all EoS models (see Figs. [l and [2]).
The main aim of this paper is to compute various param-
eter values of all the 16 pulsars mentioned in Table[Il We
obtain the stable configuration for known mass and spin




rate of each ms pulsar and for each EoS model using multi-
iteration runs of our numerical code. Such multi-iteration
runs include computations of the constant v equilibrium
sequence. Then various parameter values describing this
equilibrium configuration are obtained. It is also useful to
obtain the uncertainties in these parameters. Note that
measurement errors of v values are sufficiently small (e.g.,
spin period ~ 5.7574518191(9) ms for PSR J0437-4715;
Johnston et al. | (1993)). So the uncertainties of the com-
puted parameters essentially come from the measurement
errors of stellar mass values. These errors of Mg for each
ms pulsar, as quoted in Table[I] give lower (M}) and up-
per (Mg ) mass values. We compute the two limits of each
computed parameter for each pulsar and EoS model using
Mg = Mé and Mg = M¢ and the measured v. These
two limits for a parameter give the uncertainties quoted in
Table

4. Results and discussion

4.1. Properties of millisecond pulsars

Here we present our results in Table[3] and discuss their
implications. This table displays a catalogue of numeri-
cally computed parameter values of 16 ms pulsars (from
Table [[)) with precisely measured mass. For each pulsar,
we calculate parameter values with error bars for each of
eight EoS models (Table2]), using the procedure mentioned
in §[3

Since we compute stellar parameter values for diverse
EoS models, the numbers given in Table Bl characterize
observed ms pulsars at an unprecedented level. Moreover,
since our sample pulsars have diverse mass and spin values,
they may be representative enough for using this knowl-
edge to understand other compact stars, including some
of the fast spinning accreting stars in LMXBs. There-
fore, the catalogue will provide a unique testbed to probe
the physics of compact stars, including their formation,
evolution and EoS, specifically for the 16 ms pulsars (Ta-
ble[d). Below we discuss what we learn about a number of
properties of these 16 ms pulsars, and their implications,
based on detailed general relativistic computation of their
structures using their measured masses and spin rates, and
realistic EoS models.

(1) Central density (p.):

The central part of a compact star harbours possibly
the densest matter in the universe, which is not hiding be-
hind an event horizon. So it is tantalizing to know how
dense this matter can be for observed compact stars, espe-
cially those with measured mass values. The knowledge of
the range of this maximum density for compact stars with
known masses should have impact on our understanding of
constituents and physics of the dense matter. Such knowl-
edge will also characterize the compact star populations,
and will be important to understand their formation and
evolution. This is because the p.-value at the birth is
expected to depend on the astrophysical process related

to the compact star formation. Moreover, this initial p.
evolves into our inferred p.-value, because ms pulsars ac-
quire mass and angular momentum during their LMXB
phases (e.g., Bejger et al. |, 2011)).

The issue of the largest possible density pmax in com-

pact stars has been previously investigated in Lattimer & Prakash

(2005), where the authors report the calculated maximum
mass (M&®*) for non-spinning compact stars versus the
corresponding central density for various EoS models. In
addition, they make the conjecture that the analytic Tol-
man VII solution (Tolmanl, 11939) of the TOV equations
marks the upper limit for the density reachable inside a
compact star. The present accurate mass measurements

for PSR J0348+4-0432 with M = 2.014+0.04M, (Antoniadis et al. |,

2013), using the argument of [Lattimer & Prakash| (2005)
(see their Fig. 1), implies pmax ~ 13psat. Here, pgat is
the nuclear saturation density (=~ 2.6 x 10* g cm™3).
More recently, this argument has been also discussed in
Lattimer & Prakash! (2010), where the authors discuss also
the limiting case of the so-called “maximally compact EoS”
(Haensel & Zdunik |, [1989); but again they get pmax ~
13psat-

Table [3] displays the p.-ranges of 16 ms pulsars, each
for eight EoS models. This table shows that a harder EoS
model within an EoS class has a lower p. for given gravi-
tational mass (M) and spin frequency (v) values. This is
because the interaction between the stellar constituents is
more repulsive for harder EoS models and hence it is more
difficult to compress the matter. Here we note that, within
the hyperonic class, Hp2 is harder below a certain density,
and Hpl is harder above this density. This could be pos-
sible because, while Hp1 includes only Lambda hyperons,
Hp2 includes both Lambda and Sigma hyperons. This is
why the p. value is higher for Hpl (compared to that for
Hp2) except for the highest mass pulsar PSR J1614-2230 in
Table[3l This table also shows that a more massive ms pul-
sar has higher p. due to larger gravitational compression
(compare, for example, the numbers for PSR J1946+3417
and PSR J1911-5958A, which have similar v values).

Table[Blshows that the maximum p.-value for our sam-
ple of pulsars and our sample of diverse EoS models is
15137033 x 10" g cm™ or ~ 5.810 ] psat. This value,
which corresponds to the most massive pulsar (PSR J1614-
2230) and a soft EoS model Hb1 of Table[] is significantly
lower than the currently believed highest possible p.-value
(~ 13psat; ILattimer & Prakash | (2005,12010)). Can the p-
value of a compact star be much larger than the maximum
value we find here? We discuss this point below.

Fig. [ shows that the mass (Mg) versus p. curve for
each EoS has a positive slope with two distinct parts: (1)
one with high slope (almost vertical for harder EoS mod-
els), which occupies almost the entire mass range; and (2)
one with low slope (almost horizontal), in which the pc-
value significantly increases in a small mass range near
the maximum mass that can be supported by a given EoS
model. Now let us imagine an EoS model, which is the
“correct” FoS model. This model cannot be much softer



than the soft EoS models of our sample, because then it
would not be able support the mass of the observed most
massive pulsar (PSR J0348+0432; see Fig. [2). Therefore,
Fig. 2] strongly suggests that the high-slope part of the
Mg — pe curve of the “correct” EoS model cannot give a
pe-value much larger than the maximum value (= 5.8psat)
we find here. The low-slope part for the “correct” EoS
model could, however, provide a much larger p.-value. But
since the low-slope part occupies a small mass range, only
a small fraction of all compact stars, which have masses
close to the maximum allowed mass, could have p.-values
much larger than 5.8psa;. However, if the “correct” EoS
model is as hard as one of our harder EoS models (e.g., N2,
S2), which can be confirmed if the mass of a more mas-
sive compact star is precisely measured in the future, then
the p.-value of no compact star can be as high as 5.8pgat.
Therefore, we conclude that the p.-values of at most a
small fraction of compact stars could be much larger than
the maximum value we find here.

(2) Rest mass (Mp):

The rest mass (also referred to as baryonic mass) of a
compact star is an important parameter. It can be written
as My = myNp, where m, = 931.49 MeV is the atomic
mass unit and Np (~ a few 10°7) is the total number of
baryons in the star. For an isolated compact star, as a con-
sequence of the baryon number conservation, My is con-
stant, whereas the corresponding values of the stellar grav-
itational mass Mg and of the total stellar binding energy
B = My — Mg depend on the EoS (Bombaci & Datta
2000) and on the stellar spin frequency. Thus, a non-
accreting compact star evolves conserving its M, value
(Cook et al. |,11994).

The evolution of an accreting compact star depends on
the binary properties and on the accretion processes which
determine the accreted mass AMj in a certain time span
At. However, for a given accreted rest mass AMj, the
increase AM¢ of the stellar gravitational mass will always
be smaller than AMj and will depend on the EoS. In fact,
one has

AMg =AMy — AB < AM(), (2)

where AB is the increase of the stellar binding energy
due to accretion (Bagchil, [2011). This energy can be ra-
diated by the system during the accretion stage not only
as electromagnetic radiation (mostly X-rays), but also via
neutrino emission, since the change in the total stellar rest
mass due to accretion alters the -equilibrium conditions
in the stellar core.

One finds from Table [ that strange matter EoS mod-
els have much higher B values than nucleonic, hyperonic
and hybrid EoS models. Besides, a softer EoS model has
higher B value than a harder EoS model within a class.
We find B in the range ~ 0.1 — 0.5M, for our sample of
pulsars and EoS models. This is ~ 7 — 30% of the Mg
values (~ 6 — 23% of the My values) of our sample pul-
sars, which is consistent with an upper limit of 25% of M,
reported by [Lattimer & Prakash| (2010). This shows that

a significant fraction of the accreted matter (rest-mass en-
ergy) was lost from the binary system via radiation, and
via neutrino emission, for our 16 ms pulsars during their
LMXB phases. This shows the importance of consider-
ing such loss of accreted matter in the modeling of binary
evolution of these ms pulsars.

Since the effect of the total binding energy B on the
evolution of compact star spin rate and other properties
is important, it is useful to have a simple relation be-
tween Mg, My and J to compute the stellar spin evo-
lution. Such a relation was proposed by |Cipolletta et al.
(2015) in their Eq. (20). A similar relation was earlier
given by Eq. (93) of [Prakash et al. | (1997) for the total
binding energy of non-spinning stars. We check that for
our nucleonic, hyperonic and hybrid EoS models, the rela-
tion by [Cipolletta et al) (2015) gives values consistent with
2% accuracy (as claimed by those authors), but the error
is ~ 6 — 12% for our strange matter EoS models. This
relation also usually works better for harder EoS models
within a class.

(3) Radius and oblateness:

Attempts are being made for decades to measure the
radii of compact stars using various spectroscopic and tim-
ing methods (e.g.,lvan Paradijs|,[1978;|Gendre et al. |,12003;
Bhattacharyya et al. |,12005; Bogdanov et al. |,12007). Such
a measurement is expected to be very useful to constrain
EoS models. In Table 3] we list computed equatorial ra-
dius (Re) and polar radius (R,) values with errors of 16
ms pulsars for each of eight EoS models. These values can
be used to constrain these models, if the radius of any of
these pulsars is observationally estimated. Table[3] gives a
radius range of &~ 11 — 16 km for all pulsars and EoS mod-
els, which implies that this is roughly the radius range
which one needs to constrain. This range is consistent
with previous findings (e.g., [Hebeler et al. |, 2013). Be-
sides, note that the knowledge of oblateness of a spinning
compact star may be important to understand its physics,
and to constrain its EoS models using various techniques
(e.g., Miller & Lamb |, 2015; [Baubock et al. |, 12013). The
R, /R, value, which determines the oblateness, decreases
with increasing spin rate. For example, our fastest spin-
ning pulsar has R,/R. ~ 0.89 for our hardest nucleonic
EoS model, and our slowest spinning pulsar has R, /Re
value consistent with 1.00 for the two strange matter EoS
models (Table ). This table gives an idea about typical
R, /R, values of our 16 ms pulsars, which can be incorpo-
rated in techniques to constrain EoS models.

(4) Radius-to-mass ratio (Re/7s):

Measurement of stellar radius-to-mass ratio, which is
the inverse of stellar compactness, is an alternative to ra-
dius measurement for constraining EoS models. Here, 7,
(= GMg/c?) is the Schwarzschild radius. Plausible detec-
tion and identification of an atomic spectral line from the
stellar surface can provide the cleanest way to measure this
parameter, even when the line is broad and skewed due to
spin-induced Doppler effect (Bhattacharyya et al. |,12006).
This is because the surface gravitational redshift depends



on this parameter. The intensity variation due to one or
more hot spots on the spinning stellar surface can also con-
strain R./rs (Bhattacharyya et al. |,12005). Table Bl shows
that this parameter has a larger value for harder EoS mod-
els within a class. This value of the dimensionless Re/7g
is in the range = 3.9 — 8.4 for all 16 ms pulsars and eight
EoS models of our sample (Table B]). This suggests that
these compact stars are not compact enough, i.e., Ro/rg >
3.5. A photon emitted from the stellar surface is de-
flected by more than 180° in the Schwarzschild spacetime
(Pechenick et al. |, [1983) for Re/ry < 3.5, which implies
multiple paths of photons from the surface to the observer.
Such multiple paths can make the numerical computation
of ray tracing, which is required to model the spectral
and timing features of the stellar surface and hence to
constrain EoS models (Bhattacharyya et al. |, 2005), sub-
stantially more complex. Our finding suggests that such
complex modeling may not be required for our sample of
pulsars, and in view of the diversity of our mass and EoS
samples, possibly for most compact stars.
(5) Innermost stable circular orbit (ISCO) radius:

ISCO is a general relativistic prediction, and it is of
enormous interest not only for testing general relativity,
but also for probing accretion processes and stellar evolu-
tion. This is because the accretion disc can extend at most
up to ISCO, and matter has to plunge onto the compact
star beyond that. The ISCO radius is risco = 6GMg/c?
for the Schwarzschild spacetime, and this value is some-
what different for spinning stars (see § Bl for computation
procedure). Note that for R. > risco, the disc can extend
up to the stellar surface, and hence in Table Bl we list the
values of 7o, which is rigco or Re, whichever is bigger
(§B). In this table, we also list 7o, — Re, which is the ex-
tent of the gap between the accretion disc and the compact
star. This gap can be very useful to understand the ac-
cretion process and the resulting stellar evolution, as well
as to interpret the X-ray energy spectrum from accreting
compact stars (Bhattacharyya et al. |, 2000). Therefore,
Torb and 7o, — Re values are important for accreting com-
pact stars. But, since the masses of these accreting stars
have so far not been accurately measured, the estimation
of rorp for them can suffer from large systematic errors.
In Table Bl although we list the 7o, and 7o, — Re values
of non-accreting ms pulsars, these will be useful even to
probe accreting stars, because these ms pulsars were spun
up via accretion in LMXB phases. It is also very important
to know whether the accretion disc terminates at ISCO
(rorb — Re > 0) or at the stellar surface (ro;p — Re = 0),
in order to use relativistic spectral lines observed from the
disc to constrain EoS models (Bhattacharyyal, 2011). Ta-
bleBlshows that, for a given stellar mass, 7o, — Re is larger
for softer EoS models, because R, is smaller. This table
also shows that, unless the stellar mass is high, ro, — Re
is usually consistent with zero, which means that the disc
touches the star.
(6) Angular momentum (J):

The spin-up of a compact star to the millisecond period

(see §[0I) depends on how much J it gained. The J value of
an ms pulsar is essentially equal to this net gain in angular
momentum, because the initial stellar J value is expected
to be small as J is roughly proportional to the spin fre-
quency. Therefore, the J values of 16 ms pulsars for eight
EoS models, which we list in Table 3] also indicate the net
gain in J in their LMXB phase, and may provide a testbed
to understand the torque mechanisms and the accretion
processes in that phase. This is because the net gain in
J depends on the spin-up and spin-down torques and the
specific process of accretion. Here we note that the J value
of a compact star may increase in the accretion phase, and
may decrease in the propeller phase and via electromag-
netic radiation (Ghosh and Lamb/, [1978; |Ghosh |, [1995),
and the nature of the corresponding torques are not yet
fully understood. From Table Bl we find that the J val-
ues are higher for higher stellar mass and spin rate, as
expected. They are also higher (can be by > 50%) for
harder EoS models (Table [3)). This means, in order to at-
tain a given mass and spin rate, a compact star with a
harder EoS model may require a significantly larger angu-
lar momentum transfer. This could, in principle, provide a
way to distinguish between EoS models using computation
of the LMXB evolution.

The dimensionless angular momentum parameter (a =
cJ/GMZ) is very important to model the observable ef-
fects of spin on the spacetime, as well as to compare the
properties of compact stars and black holes (Bhattacharyya,
2011)). Table Bl lists the computed a values for 16 ms pul-
sars for eight EoS models. Some of these compact stars,
having known masses and spin rates, can be promising
sources to constrain EoS models (for example, using a
timing feature from the stellar surface; Bogdanov|, 2013).
Since a affects such a timing feature, it is useful to know at
least a range of a values for these pulsars. Table[3 provides
such a range for each of 16 ms pulsars.

(7) Moment of inertia ([):

Moment of inertia of Pulsar A of the double pulsar sys-
tem PSR J0737-3039 could be measured with up to 10%
accuracy in near future (Lyne et al. |,2004; Kramer & Wex |,
2009; Lattimer & Schutz/,12005). This will be a promising
way to constrain compact star EoS models. Therefore, it
may be interesting to check the I-values and their depen-
dencies on other parameters for the pulsars we consider
in this paper. From Table Bl we find that I is larger for
greater stellar masses and spin rates and for harder EoS
models. This is because I ~ MgR2, and R, increases with
spin rate and EoS hardness. Table[Blshows that I is in the
range of (1.0 — 3.6) x 10% g cm? for our sample of ms
pulsars and EoS models. It can be useful to estimate the
value of A in I = AMgR?, especially for the computation
of evolution of compact stars in the LMXB phase. We
find the average value of A for our sample of ms pulsars
and EoS models is 0.38 £ 0.05. Note that this is consistent
with the value for a uniform sphere. However, the A-values
for our strange matter EoS models are significantly higher
than those for other EoS models in our sample.



(8) Stellar stability:
A gravitational radiation driven nonaxisymmetric in-
stability may set in at a high value of the ratio of the total

spinning kinetic energy to the total gravitational energy
(T/W; ICook et al. | (1994)) of compact stars. This high

value is ~ 0.08 based on Newtonian results (Friedman et al.

1986). Table Bl shows that the upper limit of 7/W for all
16 ms pulsars for all eight EoS models is ~ 0.03. This in-
dicates that none of these pulsars is susceptible to triaxial
instabilities.

4.2. On constraining EoS models

The “correct” EoS model can be narrowed down by
rejecting as many theoretically proposed EoS models as
possible. For this, three independent parameters of the
same compact star are to be measured (see § [I)). In or-
der to check if an EoS model can be rejected, one needs
to compute the stable stellar configuration for that EoS
model using two measured parameter values. Then the
computed value and the measured value of the third pa-
rameter are to be compared. If an appropriate error bar
on the measured value of the third parameter can be as-
signed, then one can estimate the significance with which
the EoS model can be rejected. This way the EoS model
rejection can be quantitatively done by a simple compar-
ison in one-parameter space. This shows why compact
star structure computation using measured parameter val-
ues, as reported in this paper, is essential. However, note
that the error bar on the above mentioned third param-
eter involves two errors: (1) the uncertainty in the third
parameter measurement, and (2) the uncertainties in first
and second parameter measurements, which are converted
into a third parameter uncertainty. The latter is essen-
tial to estimate the significance of EoS model rejection in
one-parameter space. In this paper, we not only demon-
strate how to convert the uncertainty of a measured pa-
rameter (i.e., gravitational mass) into that of other param-
eters (see § B)), but also give the first extensive catalogue
of these parameters with uncertainties (Table B). One of
these “other” parameters (e.g., radius) of some of our sam-
ple compact stars could be measured in the future (e.g.,
with NICER; |Gendreau et al. |, [2012), thus constraining
EoS models quantitatively.

While it is useful to reject individual EoS models as
mentioned above, it may be more important to be able
to reject entire EoS classes. This could be quantitatively
done using the above procedure involving compact star
structure computation, if three parameters for two or more
compact stars are measured. For example, the mass-radius
curves for nucleonic and strange matter EoS models have
usually quite different slopes in most part of the relevant
mass range (see Fig.[I]). Such different slopes imply, while
the mass-radius curves for a nucleonic and a strange mat-
ter EoS models can cross each other at one mass value,
these curves can be far apart in the radius space at a
sufficiently different mass value (e.g., N1 and S2 curves
in Fig. [[l). Therefore, measurement of parameters of two

compact stars with sufficiently different masses could be
useful to distinguish nucleonic EoS models from strange
matter EoS models. This points towards the necessity to
discover many low-mass compact stars, along with high
mass stars.

4.8. Spinning versus non-spinning configurations

We now briefly discuss if it was required to make the
catalogue (Table[3)) computing the spinning configurations
of compact stars, or would the easier computation of non-
spinning configurations be sufficient? This question may
arise because the spin frequency values of the ms pulsars
considered here are in the range ~ 132 — 465 Hz; these
are not as high as those of some of the fastest pulsars and
are well below the mass-shed limits for the considered EoS
models. We note that the precisely measured mass values
of a number of ms pulsars provide a tantalizing opportu-
nity to characterize these compact stars at an unprece-
dented level, and the aim of this paper is to utilize this
opportunity, which requires calculation of spinning config-
urations.

In addition, computation of spinning configurations is
essential to estimate the values of some stellar parameters
given in our catalogue, such as stellar oblateness, total
and dimensionless angular momenta and the stability in-
dicator. The importance of these parameters have been
discussed in § [Tl For example, a knowledge of the total
angular momentum of an observed ms pulsar, which is es-
sentially the angular momentum transferred in the LMXB
phase, can be very useful to understand the stellar and
binary evolution.

For constraining EoS models using the radius measure-
ments of radio ms pulsars, for example with NICER, it is
generally argued that the relatively slow spin rates (al-
though faster than 10 ms period) of such compact stars
minimally affect the radius. However, the amount of the
spin-related systematic error depends on what accuracy
one aims to measure the equatorial radius (R.) with. Such
desired accuracy (§) is about 5% (Lattimer & Prakash |,
2001), and NICER could also measure the stellar radius
with a similar accuracy (e.g.,|Gendreau et al. |,12012). We,
therefore, compute the radius (R) values of our sample of
ms pulsars for all eight EoS models for non-spinning con-
figurations (Table M), and calculate the percentage differ-
ence 1 between R and R, using the Re-values for spin-
ning configurations (Table ). If the EoS models are con-
strained using a R.-value measured with a percentage ac-
curacy of +¢ and using theoretical non-spinning configu-
rations, then there may be (n/2£) x 100% of systematic
error or bias in the allowed EoS models (Table d). This
means, ~ (1/2£) x 100% of the allowed EoS models would
be falsely allowed because of the systematic difference be-
tween R and R, while a similar number of EoS models
would be falsely ruled out. This bias is quite high for the
faster spinning pulsars of our sample for our EoS models
(e.g., 19 — 47% for PSR J19034-0327; Table d). Note that



even though the bias is smaller for slower pulsars, estima-
tion of such a bias, as given in Tabledl will be required to
know the reliability of constraints on EoS models. More-
over, for a given n value, £ is expected to decrease with
the availability of better instruments in the future. This
will increase the bias values given in Table ] which shows
the usefulness of the first extensive tabulation of these val-
ues and the computation of spinning configurations in this

paper.

5. Summary and conclusions

In this paper, we report a catalogue of the computed
parameter values of a number of observed ms pulsars.
This, to the best of our knowledge, is the first such cata-
logue of this kind and extent, and gives the best character-
ization of observed ms pulsars so far. Note that the EoS
models used to make this catalogue are chosen from differ-
ent classes, and they can support the maximum observed
compact star mass. Such a catalogue could be made, be-
cause recent precise mass measurements of a number of ms
pulsars has created a sizable population of compact stars
with two precisely known parameters. From these two pa-
rameters, and an assumed EoS model, we compute other
parameter values of ms pulsars. We also estimate uncer-
tainties of these parameters from the errors in measured
stellar masses. These parameters, which are calculated for
different EoS models, can be useful to constrain these mod-
els. Furthermore, the catalogue may provide a testbed to
probe the physical processes governing the compact star
evolution.

We also discuss how an individual EoS model can be
quantitatively rejected in one-parameter space by convert-
ing the uncertainty of a measured parameter into an un-
certainty of another parameter for that EoS model. In
addition to constraining individual EoS models, it is im-
portant to constrain EoS classes. Here we suggest that
radius measurements with shorter observations of at least
two ms pulsars, ideally one of low mass and another of
high mass, could be more useful to discriminate between
nucleonic and strange matter EoS models than the radius
measurement with observation of one ms pulsar utilizing
the entire observation time. Therefore, while high mass
compact stars are usually searched for to constrain EoS
models, finding a population of low mass ms pulsars can
also be rewarding.

For our sample of ms pulsars and diverse EoS mod-
els, we find that the largest value of the central density is
Pec ~ 5.8psat in the case of PSR J1614-2230, i.e., the ms
pulsar in our sample with the largest gravitational mass.
This is much less than the expected maximum value 13pgat
(seeLattimer & Prakash |, 2005,12010). We argue that the
pc-values of at most a small fraction of compact stars could
be much larger than the largest value found in this paper.
The lower density values favored by our computations can
have implications for stellar formation and evolution, for

the constituents of stellar cores, and for mapping of ob-
servables to the parametrized EoS models in an attempt
to constrain these models (Raithel et al. |, 2016).

An important point of this paper is the computation
of neutron star properties such as oblateness, angular mo-
mentum and the stability indicator that cannot be ob-
tained from computations of non-spinning configurations.
We also compute the bias values in the allowed EoS mod-
els, if the EoS models are constrained using a stellar equa-
torial radius measured with 5% accuracy and using the-
oretical non-spinning configurations. This, to the best of
our knowledge, is heretofore the most detailed study of this
bias, and will be useful to reliably constrain EoS models.
We find that this bias could be significant for certain com-
binations of parameter values. But even when it is smaller,
it should be estimated to know the reliability of constraints
on EoS models. Such estimation requires computation of
stellar spinning configurations.

Acknowledgements

AVT acknowledges funding from SERB-DST (File num-
ber EMR/2016/002033). This work has been partially
supported by the COST Action MP1304 Exploring fun-
damental physics with compact stars (NewCompstar).

References

Abdo A. A., Ackermann M., Ajello M., et al. 2010, ApJS, 188, 405

Akmal A., Pandharipande V. R., Ravenhall D. G. 1998, Phys. Rev.
C, 58, 1804

Alford M., Braby M., Paris M., Reddy S., 2005, ApJ, 629, 969

Alpar M. A., Cheng A. F., Ruderman M. A., Shaham J., 1982, Na-
ture, 300, 728

Antoniadis J., van Kerkwijk M. H., Koester D., Freire P. C. C., Wex
N., Tauris T. M., Kramer M., Bassa C. G., 2012, MNRAS, 423,
3316

Antoniadis J., Freire P. C. C., Wex N., et al., 2013, Science, 340, 448

Archibald A. M., Stairs I. H., Ransom S. M., et al., 2009, Science,
324, 1411

Backer D. C., Kulkarni S. R., Heiles C., Davis M. M., Goss W. M.,
1982, Nature, 300, 615

Bagchi M., 2011, MNRAS, 413, L47

Banik S., Hempel M., Bandyopadhyay D., 2014, ApJS, 214, 22

Bardeen J.M., 1970, ApJ, 162, 71

Barr E. D., Champion D. J., Kramer M., et al., 2013, MNRAS, 435,
2234

Baubéck M., Berti E., Psaltis D., Ozel F., 2013, ApJ, 777, 68

Bejger M., Zdunik J. L., Haensel P., Fortin M., 2011, A&A, 536, A92

Bhattacharyya S., 2002, A&A, 383, 524

Bhattacharyya S., 2011, MNRAS, 415, 3247

Bhattacharyya S., Bhattacharya D., Thampan A.V., 2001a, MN-
RAS, 325, 989

Bhattacharyya S., Bombaci I., Logoteta D., Thampan A. V., 2016,
MNRAS, 457, 3101

Bhattacharyya S., Miller M. C.; Lamb F. K., 2006, ApJ, 644, 1085

Bhattacharyya S., Misra R., Thampan A.V., 2001b, ApJ, 550, 841

Bhattacharyya S., Strohmayer T. E., Miller M. C., Markwardt C.
B., 2005, ApJ, 619, 483

Bhattacharyya S., Thampan A.V., Bombaci 1., 2001c, A&A, 372,
925

Bhattacharyya S., Thampan A.V., Misra R., Datta B., 2000, ApJ,
542, 473

Bogdanov S.; Rybicki G. B., Grindlay J. E., 2007, ApJ, 670, 668



Bogdanov S., 2013, ApJ, 762, 96

Bombaci I., 2007, Eur. Phys. J., 31, 810

Bombaci I., Datta B., 2000, ApJ, 539, L69

Bombaci I., Prakash M., Prakash M., Ellis P. J., Lattimer J. M.,
Brown G. E., 1995, Nucl. Phys. A, 583, C623

Bombaci I., Thampan A.V., Datta B., 2000, 2000, ApJ, 541, L71

Burrows A., Lattimer J. M. 1986, ApJ, 307, 178

Chakrabarty D., Morgan E. H. 1998, Nature, 394, 346

Champion D. J., Ransom S. M., Lazarus, P., et al., 2008, AIP Con-
ference Proceedings, 983, 448

Cipolletta F., Cherubini C., Filippi S., et al., 2015, Phys. Rev. D,
92, 023007

Cook G. B., Shapiro S. L., Teukolsky S. A., 1994, ApJ, 424, 823

Corongiu A., Burgay M., Possenti A., et al., 2012, ApJ, 760, 100

D’Amico N., Lyne A. G., Manchester R. N., Possenti A., Camilo F.,
2001, ApJ, 548, L171

Datta B., Thampan A.V., Bombaci I., 1998, A&A, 334, 943

de Martino D., Belloni T., Falanga M., et al., 2013, A&A, 550, A89

Demorest P., Pennucci T., Ransom S., Roberts M., Hessels J., 2010,
Nature, 467, 1081

Deneva J. S.; Stovall K., McLaughlin M. A., Bates S. D., Freire P.
C. C., Martinez J. G., Jenet F., Bagchi M., 2013, ApJ, 775, 51

Desvignes G., Caballero R. N., Lentati L., et al. 2016, MNRAS, 458,
3341

Edwards R. T., Bailes M., 2001, ApJ, 547, L37

Fonseca E., Pennucci T. T., Elis J. A, et al, 2016
(arXiv:1603.00545)

Foster R. S., Wolszczan A., Camilo F., 1993, ApJ, 410, L91

Fraga E., Pisarki R.D., Schaffner-Bielich J., 2001, Phys. Rev. D, 63,
121702(R)

Freire P. C. C., Bassa C. G., Wex N., 2011, MNRAS, 412, 2763

Friedman J. F., Ipser J. R., Parker L., 1986, ApJ, 304, 115

Gendre B., Barret D., Webb N., A&A, 403, L11, 2003

Gendreau K. C., Arzoumanian Z., Okajima T., 2012, Proc. SPIE
8443, Space Telescopes and Instrumentation 2012: Ultraviolet to
Gamma Ray, 844313

Ghosh P., 1995, JAA, 16, 289

Ghosh P., Lamb F. K., 1978, ApJ, 223, L83

Glendenning, N.K 1992, Phys. Rev. D, 46, 1274

Glendenning, N.K., 1996, Compact Stars: Nuclear Physics, Particle
Physics, and General Relativity, Springer Verlag

Guillemot L., Freire P. C. C., Cognard 1., et al., 2012, MNRAS, 422,
1294

Haensel P. Zdunik J. L., 1989, Nature, 340, 617

Hebeler K., Lattimer J. M., Pethick C. J., Schwenk A., 2013, ApJ,
773, 11

Hewish A., Bell S. J., Pilkington J. D. H., Scott P. F., Collins R. A.,
1968, Nature, 217, 709

Jacoby B. A., Bailes M., van Kerkwijk M. H., Ord S., Hotan A.,
Kulkarni S. R., Anderson S. B., 2003, ApJ, 599, L99

Jacoby B. A., Bailes M., Ord S. M., Knight H. S., Hotan A. W.,
2007, ApJ, 656, 408

Johnston S., Lorimer D. R., Harrison P. A., et al., 1993, Nature, 361,
613

Kramer M., Wex N., 2009, Classical and Quantum Gravity, 26,
073001

Lattimer J. M., Prakash M., 2001, ApJ, 550, 426

Lattimer J. M., Prakash M., 2005, Phys. Rev Lett., 94, 111101

Lattimer J. M., Prakash M., 2010, in From Nuclei to Stars, ed. S.
Lee, Singapore: WorldScientific, 275

Lattimer J. M., Schutz B. F., 2005, ApJ, 629, 979

Logoteta D., Vidana 1., Bombaci I., Kievsky A., 2015, Phys. Rev C,
91, 064001

Lundgren S. C., Zepka A. F., Cordes J. M., 1993, IAU Circ., 5878, 2

Lynch R. S.; Freire P. C. C., Ransom S. M., Jacoby B. A., 2012,
AplJ, 745, 109

Lyne A. G., Burgay M., Kramer M., et al., 2004, Science, 303, 1153

Miller M. C., Lamb F. K., 2015, ApJ, 808, 31

Nicastro L., Lyne A. G., Lorimer D. R., Harrison P. A., Bailes M.,
Skidmore B. D., 1995, MNRAS, 273, L68

Oppenheimer J. R., Volkoff G. M., 1939, Physical Review, 55, 374

Ozel F., Freire P., 2016, ARAA (arXiv:1603.02698)

Papitto A., Ferrigno C., Bozzo E., et al., 2013, Nature, 501, 517

Pechenick K. R., Ftaclas C., Cohen J. M., 1983, ApJ, 274, 846

Prakash M., Bombaci I., Prakash M., Ellis P. J., Lattimer J. M.,
Knorren R., 1997, Phys. Rep. 280, 1

Providéncia C., Rabhi A., 2013, Phys. Rev. C, 87, 055801

Pudliner B. S.,; Pandharipande V. R., Carlson J., Wiringa R. B.,
1995, Phys. Rev. Lett., 74, 4396

Radhakrishnan V., Srinivasan, G., 1982, Current Science, 51, 1096

Ransom S. M., Stairs I. H., Archibald A. M., et al., 2014, Nature,
505, 520

Raithel C. A.,Ozel F., Psaltis D., 2016, larXiv:1605.03591

Reardon D. J., Hobbs G., Coles W., et al., 2016, MNRAS 455, 1751

Sahu P. K., Basu R., Datta B. 1993, ApJ, 416, 267

Segelstein D. J., Taylor J. H., Rawley L. A., Stinebring D. R., 1986,
TIAUC, 4162, 2

Stoks V. G. J., Klomp R. A. M., Rentmeester M. C. M., de Swart J.
J., 1993, Phys. Rev. C, 48, 792

Sugahara Y, Toki H., 1994, Nucl. Phys. A, 579, 557

Thampan A.V., Datta, B., 1998, MNRAS, 297, 570

Tolman R. C., 1939, Physical Review, 55, 364

van Paradijs J., Nature, 274, 650, 1978

Weissenborn S., Sagert 1., Pagliara G., Hempel M., Schaffner-Bielich
J., 2011, ApJ, 740, L14

Wijnands R., van der Klis M., 1998, Nature, 394, 344

Wiringa R. B., Stoks V. G. J., Schiavilla R., 1995, Phys. Rev. C, 51,
38


http://arxiv.org/abs/1603.00545
http://arxiv.org/abs/1603.02698
http://arxiv.org/abs/1605.03591

Table 1: List of ms pulsars with measured gravitational mass and less than 10 ms spin-period (see § [2)).

No. Pulsar Spin-period [frequency] Mass References!
name (ms [Hz)) (Mg)

1 J1903+0327 2.15 [465.1] 1.66770 051 1,2

2 J2043+1711 2.40 [416.7] 1.41702 3,4,5

3 J0337+1715 2.73 [366.0] 1.437805013 6

4 J1909-3744 2.95 [339.0] 1.540100%7 7,8

5 J1614-2230 3.15 [317.5] 192870017 9,5

6 J1946+3417 3.17 [315.5] 1.832700%% 10, 11

7 J1911-5958A 3.27 [305.8] 1.33701 12, 13

8 J075141807 3.48 [287.4] 1.641512 14, 8

9  J2234+0611 3.58 [279.3] 1.39370-013 15, 11
10 J1807-2500B 4.19 [238.7] 1.365570 0031 16
11 J171340747 4.57 [218.9] 1.3370:59 17, 8
12 J1012+5307 5.26 [190.1] 1.83%011 18, 11
13 B1855+09 5.36 [186.6] 1.301075 19,5
14 J0437-4715 5.76 [173.6] 1.4415:07 20, 21
15 J1738+0333 5.85 [170.9] 1. 47+3 o 22, 23
16 J1918-0642 7.60 [131.6] 1.1870-89 24, 5

1[1] [Champion et al. | (2008); [2] [Freire et al. | (2011); [3] [Abdo et al. | (2010); [4] |Guillemot. et al. | (lzmzi) (5]

Fonseca et al. | (2016); [6] Ransom et al. | (2014); [7] |]acobv et al. | (2003); [8 |Desv1qnes et al. | <|2_Oj_d)
Demorest et al. | (2010); [10] Barr et al. | (2013); [11] Ozel & Freire! (2016); [12]|D_Ammﬁ_aLJ ); 13]
\Corongiu et al, | (2012); [14] Lundgren et al. | (1993); [15] Deneva. et al. | (2013); [16] Lynch et al. | ); [17]
[Foster et al. | (1993); [18] Nicastro et al. | (1995); [19] |Segelste1n et al. | (1986); [20] Johnston et al. | (1993); [21]
Reardon et al. | (2016); [22] Jacoby et al. | (2007); [23] [Antoniadis et al. | (2012); [24] Edwards & Bailes] (Izgml).
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Table 2: List of used EoS models and the maximum gravitational mass each model can support in non-spinning configuration (see § [2).

No. EoS Type Brief Maximum References!
model of EoS description non-spinning
mass (Mg)
1 N1 Nucleonic A18+6v+UIX 2.199 1
2 N2 Nucleonic Chiral sigma model 2.589 2
3 N3 Nucleonic Relativistic mean field (RMF) model 2.282 3,4
4 Hpl Hyperonic RMF model: n,p,A 2.099 5
5 Hp2 Hyperonic RMF model: n,p,A, X~ %0 %+ =- =0 1.976 4
6 S1 Strange matter Bl/4 138 MeV, a4 = 0.8 2.093 6,7,8 9
7 S2 Strange matter Bl/4 125 MeV, a4 = 0.5 2.479 6,7,8 9
8  Hbl  Hybrid A18+0v+UIX and B!A* = 138 MeV, ay = 0.4 2.103 1,9, 10, 11
1] |Akmal et al. | (1998); [2] Sahu et al. | (1993); [3] [Sugahara & Tokil d_l_9_9_4ﬂ) Emdﬁmm@@bhﬂ (2013); |
|B_a111k_ei_aiJ (2014); [6 dz&lllégaﬂ_alJ (2001); [7 lAldlégjrju[i_a]lJ (2005); [8 M&&g@mﬂ_au (2011); [
Glﬁndﬁnmng_. 11 |Q1§udﬁnmug_|
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Table 3: Theoretically computed parameter values of pulsars (Table[I]) for different EoS models (§ 2 and M.

EoSt  p.? Mo® R.* Ro/rg®  Rp° Ry/Re 7o' Torb — Re J® cJ/GME® 1V T/wH
(1014 (Mg) (km) (km) (km) (km) (104° (10%
g cm™3) gcm? s71) g cm?)

(1) PSR J1903+0327: Mq %= 1.667"¢ 051 Mg, v'3= 465.1 Hz
N1 11.587 1% 1.897003 11.647005 4.737007 11.227007 0.967000 13.407010 1.767075 051701 0.21%000 1.7470 03 0.017000
N2 4.357000 1.831008 15731001 6.39T0 08 14.247002 0.897000 15.73F0:01 0.001000  0.877 005  0.36F 000 2.99700¢ 0.031000

N3 6.28%0q9 1.8470705 14.95T0705 6077000 13.80% 000 0.91%0700 149570705 0.00% 0700 0.755001 03150700 2.5740:05 0.02% 000
Hpl 7.59%012 1.8670:03 13.657 0705 5.54 070 12,8370 0.9370:00 13.65%0705 0.00%0:00  0.67 0701 0.277 0700 2.28¥0104 0024000
Hp2 6.667017 1.84%y0s 14.92%005 6.067 0100 13.79%00) 0917000 14.92%0705 0.00%0100  0.75 01y 0.31%00 25670705 0.02 00
ST 6.91%010 2.09%008 12155008 4493tg;3§ 11.52%0708 0.94%0700 13.22%012 1.087013  0.6670101  0.277000 2277001 00270700
S2 4.00700; 1.957005 14.127007 5.74F00 12.887001 0.90T0 00 14.127007 0.007000  0.87T05 0367000 2.98T00e 0.03%0 00
Hbl 11741013 1.8970:03 11521008 4.6870:08 11.124007 0.9670:00 13.4170-1% 1.90101% 0501001  0.215000 1735003 0.012500
(2) PSR J2043+1711: Mg = 1417575 M, v = 416.7 Hz
N1 9.80%307 1567037 11.807017 5.67 00 11.377 005 0.96700 11807050 0.00%580  0.367008  0.2170:03 1.397025 0.017700
N2 3.961050 1.5310:37 15421015 7.4170507 14.09103% 0.9170:01 15425015 0.001000 0.607077  0.3470:05 2.30%3%, 0.0310:00
N3 5324082 1537025 15091021 7.24+117 13934000 91+0-01 15094021 0,00t390 0557010 317003 2084937 (. 02+0:00
Hpl 6.20%0¢; 1.547030 13.65700: 6.55703¢ 12.867 0, 0.94001 13.65 001 0.007000  0.47%0:00 0277005 1.80%0:55 0.02000
Hp2 5.32%56) 1537037 15.097050 7.247 1038 139370105 0.9170701 15.097058 0.0070:100  0.55T05¢  0.317 0708 2.08¥055 0.024:00
ST 5950y 1735050 11,6970 5.61 7500 11145055 0.95% 000 11.69%55¢ 0003500 0.46T000  0.26%070; 175553 0.025 00
S2  3.73703) 1.637037 13.4670-07 6.467055 12.4370-32 0.9170 00 13.467045 0.0070-00  0.597515 0347082 2.26705¢ 0.0370-08
Hbl 9.8711 3% 1.5610:37 11.65109% 5.5970:38 11231008 0.9610:01 11.655400 0.00%500 0.36X00¢  0.215002 1.3740-3% 0.014500
(3) PSR J0337+1715: Mg = 1.4378705013 M, v = 366.0 Hz
N1 10.017507 1597000 11.7370-00 5,520 01 11.4070 00 0.977000 11.8270-07 0.0975 0  0.327500  0.187000 1.427050 0.017500
N2 4.031000 1.561000 15271000 7.19T001 14.2810:00 0.93T0:00 15271000 0.001000  0.5470:00  0.2970:00 2.3310-00 0.0210-00
N3 547H000 1.56T000 14.897000 7.0150:01 14.043000 0.9470:00 14.897000 0.001000 0.48T0:00  0.2750:00 2.10%0:00 0.0210-00
Hpl 6.38T070; 1.58T000 13.55T0700 6.38T00; 12.967000 0.95T0:00 13.557000 0.00%000 0.4270:00  0.2370:00 1.84F0-00 0.0170-00

Hp2 5477000 1.56 00 1489700 7.01%0.0; 14.04%0.00 0.94 (0 14.89 00 0.00%0  0.48%0  0.27F%0 2.10%0.60 0.02% 0

S1 6.07T000 1771000 11.68T000 5.50F000 11.307000 0.96F000 11.68T0:00 0.007000 0.41%000  0.23%000 1787000 0.01% 0700
S2 3.807000 1.671000 13.4370:00 6.321000 12.6810:00 0.941000 13.4370:00 0.0010:00  0.5310:00  0.2970:00 2.3010:00 0.0270:00
Hbl 10.107001 1.607008 11581000 5.4570:01 11.277000 0.971008 11.82F0-01 0247051 0.3275:00  0.18F540 1.4070:50 0.0170-09
(4) PSR J1909-3744: Mg = 1.54070557 M, v = 339.0 Hz
N1 10'71J:0,20 1'72J:0,U4 11.634:0‘02 5.124:()‘10 11.38t0‘01 0'97t0.00 12‘694:0'21 1'05J:0,24 0'33t0.01 0‘164:0'00 1'55J:0,U4 O'Olir(),[]()
N2 4997008 | 6003 5 onr008 o o1 F0AT T R85 (0, F000 | p oot 002 o 00 F000 () mpr00] () 9gF000 o s FO0T () 00F0:00
te<—0.04 *¥2—-0.03 <0-0.02 Y-'+-0.11 “*0-0.03 “Y7*-0.00 <1-0.02 Y'Y —0.00 +9Y—0.01 *<¥—0.00 oY —-0.06 “Y-Y<—0.00
o s ooy il sarihy o omtil und ool oy omil st oo
Hpl 6.04%g15 1707, 13.40%p0) 5.08%y) 13.01%0p 0.06%¢p 13.49T00) 0.00%500 0.43%gm  021%pp 201750 0.01%5 0
Hp2 6.011317 1.681005 14727553 6477013 14.08530 0.957000 14.7275:55 0.001000 0.48700  0.231000 2267002 0.0170:
§1 a0l g F00d e FO0T 2o F0T 11 s F00E () grR000 g 4 0BT (a0 F0RT (00T (5000 | g F003 () g 7000
. —0.11 . —0.04 . —0.04 . —0.07 . —0.05 . —0.00 . —0.21 . —0.17 . —0.01 . —0.00 . —0.05 . —0.00

s Soodly bl sl Sl o omrll e ool D el s v
Hb1 10.83%550 1.73%5:03 11.5075:05 5.0575709 11.267507 0.987505 12.697055 1197555 03375001 0167500 15475504 0.0175:00

'Equation of state models (Table 2l and Fig. [).

2Central density.

3Rest mass.

4Equatorial radius.

®Inverse of stellar compactness. Here, 7, is the Schwarzschild radius.

6Polar radius.

"Radius of the innermost stable circular orbit, or the stellar equatorial radius, whichever is bigger.
8Total angular momentum.

9Dimensionless angular momentum parameter; c is the speed of light in vacuum, and G is the gravitational constant.
10Moment of inertia.

HRatio of the total spinning kinetic energy to the total gravitational energy.

12Gravitational mass.

13Spin frequency.

Table 3 is continued on the next page.
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Table [3] (continued)

EoST  p2 BT
(1014 0 R.* R, 5
M 3
g cm) (Mo) (km) o/ Ry° Ry/R
Kk p/ Lle o 7
( Hl) orb T _R
(km) o e J?
(km) (1()49 CJ/G]W(%Q 710 T/W
g cm? 571 (104 /
g Cn12)

(5 PSR 614-2230 F T
) : MG =1.928 0.0 [ =317
04()17]\/ oV 317.5 Hz

N1 1458702
580259 957002
N2 5067000 5T o0s 11197003 F0.05
N3 7.94+003 2167007 15.43+000 3.9370.01 11.057 0, 0.987
945, 9.17+0.02 —0.00 5.4210-05 —g.03 0-98 e 15.9975
Hpl 10.70_'_0,.1311 177008 14'25458'03 50018'% 14.83f8-8} 0.96;888 ‘)‘99,(&? 4797017 U
Hp2 1146071 3?2183% 13.01 7008 570 13.847002 (977008 15'9@833 04708 8'47“18:(5;8 0.13T000  2.0670.05
S1 922@0‘2%8 180705 13 6ol 4 0060 12747003 0.98--0:00 5.76 5015 151;8}3 Tl 0 2788 3 Ther 0000k
297038 5 yrroE 661011 4 g0+008 +0.05 1 gg#0-00 15 w94 o014 0.597001 227000 3.57T0 02 —0.00
S2 4 10:52 To-0% 12171509 Tobs 13.34+5:09 $0:00 80015 2.7970-10 Toor 0.18%000 Sggs 001000
Hb1 157193’+()oq?4 2.31%015 14 oy t:02 §'§7§§?(33 11.95*%{1}5 g'ggiﬁiﬁﬁ 157&3:% 2'2?3‘%3 0.51%0.00 0 16000 3'95$§i33 0~01+§:88
131985 2.250002 27H00 50150703 1 <099 700 15671014 5 020 0544000 16Z500 258703 6.0
005 11084003 003 13.82700% 0 080 - 7HTs 3.5010 1 Too0 016100 “gm 00170
—0.03 3.89+0-05 0.03 967040 15 948 T odd 0.5410-01 900 2.6970 70 3.6
N1 o0 10.95%0-03 000 15.367013 Wit e 0.1620:00 “go 001700
13.3470% 211700 (6) PSR J194 “has 0-99%.00 15,9901 L0950 0727001 16¥0:00 2.69%003 0.0 2066
N2 4.821006 5 04003 11.337507 4.197008 1 6+3417: Mg = R, 4915013 0,41 +0:00 022X 3507008 ¢ 10
N 73210:18 a0 15.39+0:01 4 FOTE 15700 +o_0 83270 0% Vﬁ- 41 0000 0‘12+oj00 -99-0.05 .01710-00
327008 2.0570708 o1 5.691008 O 0.9870 00 1517102 o, v =315.5 Hz oo 203700 0
Hpl 9 088 +0.04 14 3g+0.03 0o 14.781000 o 7058 3.841077 o2 000500
ol 0304w 2074y 1 sl sarhil ol ool 153074 BSOS 0TI 100
07205 2,0570:01 2070705 4.88%0:00 002 0.97H000 14.947000 007600 0.667 06, 13%ate 193700
S1 820+8 38 o1 1413104 o0y 12.901003 79:09 941020 0.5670:20 Toee 0225000 T 000%hn
-20_g’a: 9.33+0.04 13109 5.2010-11 01 0.97T000 15 7933 —0.56 0.55+0-01 22%g00 3315008 T6:00
- 454+8 2 89 54000 HOI1 93 7340.07 +9:99 017923 1.81+0-20 oo 0.197000 T 0.017050
PV e 15001 4 49T 006 +0.07 0.9740.00 15 358 - o8 0.49+0:01 197000 2.7810-02 —0.00
Hbl 13 62050 5 19+0:04 14137008 50T 0:07 11917008 (g +i0 A5T0s 102502, B r R
621032 2.127007 00 5.220000 1 7002 98Tp0 14.8 7031 o033 0.53 00 AT 24700 +08
+0:04 1123088 0-07 13.67F 01 g S99 % (i 97910122 —0.01 0.1819-00 Tooa 0.01 .00
0% 4151058 00s 0.9610:00 14 7588 703 0.50501 Tong 2675008 060
N1 008 11081008 080 1y 5702 (0T (et 0.17+000 5 5T 008 0.01 %009
N 9387008 1.467) 13 (7) PSR J19 “o.03 0.98%555 15171038 0447813 66+001 174500 2.53%0108 0.0 6.9
2 3.89t017 1 4q+013 11735008 5.97705% T 11-5958A: Mg = T30 3.94%057 0.38 001 0227 00 3327007 () 110‘00
N3 5 1410:39. A4F018 15402+0:09 97048 1.497003 +0* B3 iMe, v = - 98 _.01 0,13+0f00 327509 0.01 0.00
141030 1437008 050 7647004 0037 0.98 7000 11 731022 , v =305.8 Hz “oo0 1.92%06s 0:60
Hpl 5 Fod 13 14.8170:05 01 14307015 g 1173000 O e s 00075
Hp2 oy 1457018 13.443888 ZZ?@% 14167001 835185’?’ 150201 000 0247005 01670y 1.2775 o
13-, 1.43+0-13 44705 6.847y To01 0.95T5 0 14.8 7388 O 1808 0.3970-05 A67g g1 1.27 11
Eei—— 1 0I5 1 g1 +008 05 13.0050708 € 800 Lo 1+00e 000000 Thes 02570 s OO g
75 1627072 81% 008 7.547002 008 0.96T000 13 000 oo 0.3675:04 251001 2045038 F3:60
S2 368+8 # 012 11427022 o2 14161501 7380 447501 0.0070-09 Ton 023700 Zoz 00100
Sk g S P 5.810:59 w08 g5 00T 1y 1 008 gy 081 500 188 #0198 0.017000
b1 945+8.%3 01 g3 ogroat oaa 11.151022 +8‘80 817 0.00+0-00 Zooa O 9(0+0-01 —0.20 0.01+0-00
454010 L agroi 065430 64651'0{13 1 ;8.27 .97_0'00 11 42+0j88 Y—=0.00 0.36*0:04 -4Y_0.01 1.6310-20 ;8-00
01 11571008 B8 1o 5y 030 (o608l 150670 0.00+5:00 ottt sl 0.01%80%
08 5.8970-%2 031 09670700 13 793 7888 0.307051 Toon 1887000 6.0
N1 11.51771% o2 11331000 0 +0:00 06 0.0070:00 307001 0.19700; a0 0:017010
5171391 85702 8) P 0.0z 0.9810-00 039 oo 0.38%002 Toor 156705 F0:00
N b e (8) SR JOTS1 1807 P i Rt Loecha 0o
N 63710:71 so+018 15.23+0:0§ 7570753 136707 +()(_ G0N, v = . 2470703 0.15+()f01 +79-0.26 .01710-00
BT 1.817019 090 6.2810%8 00T 0,087 000 1362712 o, v =287.4 Hz Too1 1257075 000
Hpl 7.647 158 019 14 53+012 o9 14707075 0 13 1302 211775 a1é 0000sy
Gari B ggebi8 g liod 6.0079¢5 #0410 9008 1505708 ¢ Tiam o 030500 -
Hp2 6827106 1g1+018 13377008 = po 058 14117007 g7+ 5237017 0.00%1 Tpo 0135
827708 1.817013 0% 5501008 000 0.97T000 14 33 o 1890 0.50007 Tom L6775
S1 696+(1) 93 e 14.5018-18 58 13.0670-05 0 7388 5370-200.007505 Toor 021500 ~gz9 00070
961095 2,05+0:21 50T05e 5997001 0o 0.977000 13.5 3090 0 0o 0.4430:0 2Ty 27875 +0.00
G 416708 (o503 11.94+016 081 1y ggr088 g7+ sarid o grddl 5o+l 0185000 5 yor 03 0.01 609
16105 1.937040 947029 4.9370:32 Too 0.97 000 14 —g1z 10018 0.397001 (7001 242705 068
Hbl 11 65-!91,220 —0.19 13.7610-27 —0.35 11.7219-17 +()'(0]0 50Z¢g00 O 0010-46 -9:9% 0.171001 033 0.01 Zyg
65114 1 g6 r020 s 5.681043 | 293 .98_0»00 13 35+1;2g UV 0 00 0.4310.04 L _g.01 2.1710-23 +9:99
+0:20 11 40+088 043 1334+ " o 13.357 1.41+109 —0.05 0.181+0.01 Tone 0.01 100
+0:09 714038 028 0.97F 00 13 +o'%8 A1 0 0 39+0:05 —0.02 9.4110-21 —0.00
N1 T toos 11.247008 00 13.767050 o R A 0.1610:01 Thgy 00LThe
N2 2.8818@5‘ 1547005 11.6870:01 (9) PSR J2234+(())61111~0}€[8t8288 13‘64{11]:% (2).(2)21?‘2‘1’ 0'50t8'82 02?18:8% 216755 0.01780
001002 1 51+0:02 685001 5.67 000 T Mg = 1.39370018 24513 0305001 217g01 27870 +i8
N3 538+8.8§ 1002 15 011001 e 11.43700T L o01aM, — —0.04 0.1310-01 040 0.01 200
s R 014001 7 30+0:08 o0l 0.98F 0] 018 o, v =279.3 Hz —0.01 1.6610-20 ;8‘00
Hpl 6247000 517005 14.70001 Toog 14,440,650 155 11950 00 0-00T0%0 —
247006 1.5270-02 -0 71500 T0a 0.9670:00 15 3900 - 20.00 0.2470°00 =00
Hp2 538+8.8§ o2 13.4178:00 o 14.2175:00 0 79:09 011008 0.0050-00 Too0  01470%0
3800 151008 A1ER00 6.5270-00 o0 0.9670:90 14 I A 0.38F001 () Tono 1355000
el Bl i e g 1 i 1R L s 0.007088 o 35+0 02248 215708 001 00
ORHO01 1 714002 70%0 01 715100 00 097000 13 2008 890 0.3510.00 000 2187008 70:00
S2 377+8 03 o 11531042 oor 14.21+8-00 7388 417500 0.0075-05 5%0 00 0.20%0:00 T4y 001
7002 1617002 53003 5.607003 T0o 0-9670:00 14 080 000 0307000 207000 197 s +0.80
Hbl 9.8GF0.08 5, +0:03 13107008 o 4qv00d 11.515008 ('gg0:00 70+000 0.000-00 B g r008 gl 0.01 509
8O0 (5008 1) el 6417001 1o 7g 7008 o880 11537888 o A 057l 020700 Lol ool
002 11.5310-09 01 12.7810-02 0 79488 37002 0.0015:59 Tomo 0-20%000 “gm 000
000 5,60+0-08 00s 0.971000 13 003 000000 0 99000 Ton 19700 6:00
N1 +0. —0.05 11.34710-00 000 13.197 .03 2988 orse 0.1710-00 7002 0.01%5:00
N2 38?15%% L5100 11 66+0400(10) PSR J1807-25008 Ojf;Stg:gg 1627 i} 8'8818“1’(‘1; 038 020t Lot ool
. 1.48+0-00 6670-00 5. 78001 Me = 1.365570002T 097060 0.23+0:00 227000 2,140 2909
N3 531+8.8? +0-50 14.90*0-50 PO 1151705009970 55 0.0021M Toon 0147550 Thgy 001
3170 e 901000 7 397001 oo 0.99T 0077 +'0.()(1 o, V=238.7T H —0.00 1.3310.02 509
Hpl 6157001 000 74,64+000 Toor 14505000 0 0:00 66000 0.00T0:00 : fom 0000
54001 1.4970-00 000 7,269 088 g7e 808 14 gr008 oo Fi0B 0.205000 -
Hp2 5.31 7001 o0 13.3610:00 oo 14.287000 0 76:00 90000 0.00%000 Tone 0127000
31001 1487000 o0 6.6270°01 000 0.9710-00 14 3900 2000 0.5150:00 'y g¥0:00 1315000
51 591+8 8} 000 14 537000 001 13.09+0:00 +8‘OO 6475 0 () 9+0-00 Zo0 O 19+0-00 —0.00 0.0070-00
91001 1.68+0-00 63 000 7-2670:01 00 0-98T000 13 +0.99 207-0.00 0.2970:00 To00 2097000 50:00
52 375+8 8 O 11.4470-50 o1 14287000 0.8 .3679-590.0075-09 000 0171000 o 0-01700
75%000 1587000 445000 5.67F00 Foog 0977000 14 7998 0.00 0.257008 (1 5+000 191788 0,017
Hb1 971+8 o o0 13.087041 -0l 11357000 0 79:88 637000 0.0050-00 570 0157000 “on 000
100 151000 08T0-01 648001 +3:90 997000 11.4 7388 7808 0.29+0:00 15%000 1.68%000 000
oo 11.51+5:00 oo 12.7910-01 3000 1o 47000 0.0070:00 o0 017000 “on 0015500
Table 3 i 0.00 000 5 77001 o 098700 13 7380 0F000  0.247000 17000 1915500 .00
is conti o 1137000 000 13.0870-C1 To.0 247080 0.157800 o0 0-0170:00
ntinued on the next 18 000l 1o dR) 8'001888 031588 1518'88 1617888 017858
page. —0.00 .0070:0 0 +()288 197509 2-06+0:01 3008
00 .19 +0.0
by 0127000 1 0% 0.01%700
000 12975700 0‘00+8:80
oo
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Table [3] (continued)

EoST  p2 R —
0
1014 y © Re/rg® 3
( _ (Mo) (km) /T T Ry/Re 7
g cm™3) (km) Torb Torb — Re 78 TICAE®
N ( (km) (km) (10% /GMg I T/WT
1 9.4370735 11) PSR - 10%°
N2 3 318"1‘2 146701 11.677070) 594)+0A40 J1713+0747: Mg = 1.33530 M, g cm? 571) ( 2
N3 592;812 144+8(1)8 14 8318(1% 75518%2 11541’88; 0'99+8'OU 11 67704%85(]67 v =218.9 Hz g cm )
191033 J01] 83Tg.09 7557075 1 +0.09 000 11.677000 0.0070:60 -
N by Mg WSy it Byt e TOTAR IR UITRR DO (I TOER
O1Zg59 1,407 13.33+0:01 0 3175702 0.98 00 4 i ey i 0.1870:01 26010 U-00_¢lp
Hp2 5.2019-32 0.09 002 6.78+0-42 200 o0 14.627 0.0010-00 0.02 18T 2.0110-21 0
201052 144107 14 J0.05 o5 13.1010-05 0.981000 08 0.00%g00  0.2570:03 20 T 308 0.01%0:00
§] 5.8]+028 Tobe 14.62%8-05 7.4470-50 2093 0000 13.3310:0L (5 9o+0-00 e 0167001 1.84701% —0-.00
8102 637012 4y 5% o 14.3170-09 0.9870-50 oy 0.00750  0.2278:02 2098 oo 0.0170-00
S2  3.707012 —oip L3670 5.78+0-27 7308 o 8-98 14.6210-95 .00 t0-00 o2 0.14Tg 0 1 g1t0-16 —0.00
70H012 1 53001 19,94 +0-28 Toe 11.28%015 0.99%000 g5 0007000 0.25%0.05 i i A (S T 0.00%%:00
Hbl 9.5079-56 Toao 12.94755 6.5910-30 7548 o000 11.3679:3L .00*0-13 Zoo2  0.16Zy 1.8410°16 0.00
50709 1464010 11.51%0:02 O30 12.8010-25 0.997060 Tots 0.00%000  0.21%0:03 o1 184015 0.01% 00
T010 11517003 5.8610:5 025 0997000 12.9470-23 70:00 Thos 0147000 1.54%017 758
- 00 (38 11.38*801 0.9 10:00 Toap 0.00Zy 0.27+0:03 Tooo 1.54T 0.00+0:00
o0z 0.99 10.46 0.00 A +0.00 -15 —0.
N1 13417155 2117078 (12) PSR 101245307 Mo = 11514005 0002560 0177008 017700 1957030 0.0170.00
N2 Tolld o 20ds 11.98T0 12 4 17F03T T Mg = 1.8370 11 00 0171007 0115000 1 +0:12 —0.00
N3 488755, 2045575 15 21181(1):? 5.6;:8%2 11.2275:11 0.9970:00 15 ;704101%@ v = 190.1 Hz Too0 1247035 0007560
e W 5 By 1 s e Rt i g e 1297111 0 ‘
Hpl 0.497100 e 14227041 5067058 14 o au 8‘§8§§1§§ 15467070 0.2570%) 8-;31‘5;;% 0.0870 0 1.92701F 0.0070
7113 o1 13.0970-22 Toizs 14.06707; 0.997500 15 ity on: - S : 0.1310-00 <015 V09 o
Hp2 9.99+334 0.14 o 4.8410-36 01 000 15.427 1.00+103 0.04 13T 3.2610:28 00
297331 9 g5H0.14 43 96+0.28 e 12,9805 0.9970:00 oos 1.20%1°03 0.33%0:03 o Ay .1 0.00%000
S1  8.34T129 ot 13.96102 5167020 021 9-9900 15447096 o 35118 0021 H000 9 744018 0,00
34ty 2331070 12 T0.02 To-20 13.8170-28 0.9970-50 T0os 2357705 0.29%002 o s A | 0.0050:00
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Table 4: Theoretically computed radius values of pulsars (Table[I)) for non-spinning configurations, and the corresponding percentage bias in
the allowed EoS models, if the EoS models are constrained using an accurate (£5%) equatorial radius measurement (see § FL3]).
Pulsar’ Mg? V3 EoS models?
no. N1 N2 N3 Hpl Hp2 S1 S2 Hbl
RS Bias R Bias R Bias R Bias R Bias R Bias R Bias R  Bias
(Mo) (Hz) (km) (%) (km) (%) (km) (%) (km) (%) (km) (%) (km) (%) (km) (%) (km) (%)

1 1.667 465.1 11.41 20.0 1499 47.1 14.27 45.1 13.18 33.8 1422 471 1190 199 13.68 31.6 11.29 194
2 141  416.7 11.56 204 14.76 43.0 1442 445 1323 31.0 1442 445 11.50 158 13.12 25.6 11.42 193
3 1.438 366.0 11.55 153 14.79 31.7 1441 324 1323 233 1441 324 1155 109 13.18 184 1141 144
4 1.540 339.0 11.49 120 14.89 248 14.36 24.7 13.23 188 1435 251 11.73 93 1342 149 1137 114
5 1.928 3175 11.11 7.8 15.13 195 14.01 170 1282 144 1332 253 1207 88 14.10 119 1099 7.8
6 1.832 3155 11.24 8.1 15.08 20.1 14.12 178 13.02 14.0 13.84 20.7 12.06 80 1396 11.7 11.14 79
7 1.33 305.8 11.60 11.6 14.67 234 1445 247 1321 17.2 1445 247 11.34 6.8 1291 11.7 11.44 11.0
8 1.64 2874 1143 7.6 1497 16.5 14.29 16.5 13.20 126 14.25 173 1187 59 1362 9.6 1131 7.6
9 1.393 2793 11.57 9.3 14.74 182 1442 188 13.23 139 1442 188 1147 54 13.07 9.5 1143 87

10 1.366 238.7 11.58 6.9 14.71 13.2 1443 137 13.22 103 1443 13.7 1142 1.9 1300 5.7 1143 6.6
11 1.33 2188 11.60 6.1 14.67 11.3 1445 119 1321 88 1445 118 1134 1.6 1291 1.9 1144 57
12 1.83 190.1 11.24 34 15.08 86 14.13 6.8 13.02 53 138 80 1205 21 1396 22 11.14 3.3
13 1.30 186.6 11.61 4.6 1463 83 1446 88 1320 6.6 1446 88 1128 1.1 1283 1.3 1145 44
14 144 1736 11.55 3.8 1479 6.7 1441 70 1323 54 1440 70 1156 1.1 13.18 1.7 1141 34
15 1.47 1709 1153 3.5 1482 6.1 1439 6.7 1324 51 1439 6.6 1161 1.1 1326 1.3 1140 3.3
16 1.18 1316 11.65 2.7 1449 41 1449 55 13.15 3.6 1449 56 11.00 0.5 1249 0.6 1146 25

!Pulsar numbers from Table [I1

2Gravitational mass of pulsars.

3Spin frequency of pulsars.

4Equation of state models (Table 2l and Fig. ).

5Radii of pulsars for non-spinning configurations.

6This quantity gives the percentage bias in the allowed EoS models, if the EoS models are constrained using a stellar
equatorial radius measured with £5% accuracy and using theoretical non-spinning configurations (see § E3).
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Figure 1: Compact star gravitational mass versus radius curves. Eight curves for non-spinning stars (§ [3)) are for eight EoS models (marked
by names given in Table [2). The horizontal band shows the mass (2.01 £ 0.04M) of the relatively slowly spinning (spin period = 39 ms)
pulsar PSR J0348+0432. This figure shows that all our EoS models can support the mass of this massive pulsar (see § [2).
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Figure 2: Compact star gravitational mass versus central density curves. Eight curves for non-spinning stars (§ B]) are for eight EoS models
(marked by names given in Table[2)). The horizontal lines show the mass (2.01 £ 0.04M) of the relatively slowly spinning (spin period = 39
ms) pulsar PSR J0348+-0432.
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