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Abstract

Traditional methods for determining the radius of a 1.4 M., neutron star (R, 4) rely on specific equation-of-state
(EOS) models that describe various types of dense nuclear matter. This dependence on EOS models can introduce
substantial systematic uncertainties, which may exceed the measurement uncertainties when constraining R 4. In
this study, we explore a novel approach to constraining R, 4 using data from Neutron Star Interior Composition
Explorer observations of PSR J0030+0451 (J0O030) and PSR J0437-4715 (J0437). However, this work presents a
more data-driven analysis framework, substantially decreasing the need for EOS assumptions. By analyzing the
mass—radius measurements of these two neutron stars, we infer R, 4 using statistical methods based mostly on
observational data. We examine various hotspot configurations for JO030, along with new J0437 observations, and
their effects on the inferred radius. Our results are consistent with X-ray timing, gravitational-wave, and nuclear
physics constraints, while avoiding EOS-related biases. The same method has also been applied to a simulated
mass—radius data set, based on our knowledge of future X-ray telescopes, demonstrating the model's ability to
recover the injected R, 4 value in certain cases. This method provides a data-driven pathway for extracting neutron

star properties and offers a new approach for future observational efforts in neutron star astrophysics.

Unified Astronomy Thesaurus concepts: Neutron stars (1108); Bayesian statistics (1900)

1. Introduction

The mass of a typical neutron star ranges from 1 to several M.,
Investigating the upper mass limit of neutron stars can provide
strong constraints on the equation of state (EOS) for dense matter,
as demonstrated by X-ray observations of PSR J0740+4-6620
(M. C. Miller et al. 2021; T. E. Riley et al. 2021; T. Salmi et al.
2022, 2024; A. J. Dittmann et al. 2024) and radio observations
(E. Fonseca et al. 2021). However, it is also important to precisely
compute or measure the radius of a neutron star with a mass around
14M. (R,4), as this value corresponds to the pressure of
neutron-rich matter at approximately twice nuclear saturation
density (J. M. Lattimer & M. Prakash 2001; J. M. Lattimer
& Y. Lim 2013; C. Drischler et al. 2021; Y. Lim &
A. Schwenk 2024). Accurate determination of R;4 can provide
critical insights into the properties of medium-mass neutron stars.
Moreover, R4 is closely linked to neutron skin thickness
measurements obtained from nuclear experiments, such as
C-REX (D. Adhikari et al. 2022) and P-REX (D. Adhikari et al.
2021) and the gravitational-wave constraint (B. P. Abbott et al.
2017, 2018). Recent discrepancies between the results of C-REX
and P-REX highlight the importance of independent constraints on
R 4 from direct astrophysical constraint, which could help resolve
the tension between the C-REX and P-REX data; see, e.g.,
P.-G. Reinhard et al. (2013, 2021), B. T. Reed et al. (2021), and
M. Kumar et al. (2023).

Typically, modeling the radius of a 1.4 M. neutron star
(Ry4) from nuclear or astrophysical constraints require
selecting a specific EOS model (e.g., E. Annala et al. 2018;
M. Kumar et al. 2023; N. Rutherford et al. 2024). Bayesian
inference techniques are then applied to infer the posterior
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distribution of the EOS parameters, from which the distribution
of R, 4 is computed. Previous studies have explored various
EOS models constraining from astrophysical observations or
nuclear experiments, including some metamodels such as
polytrope (PP) and speed of sound (CS) and physics-based
approaches such as relativistic mean field (RMF) theory (e.g.,
G. Raaijmakers et al. 2019, 2020, 2021; C. Huang et al.
2024c, 2024d; N. Rutherford et al. 2024).

Recent advancements in observational techniques, however,
have made it possible to achieve considerably precise mass—
radius measurements via detailed pulse profile modeling on
X-ray observation data. For instance, NASA's Neutron Star
Interior Composition Explorer (NICER; K. C. Gendreau et al.
2016) can simultaneously model both the mass and radius of a
neutron star through X-ray timing while also determining the
star's surface hotspot configuration (see M. C. Miller et al.
2019, 2021; T. E. Riley et al. 2019, 2021; D. Choudhury et al.
2024; A. J. Dittmann et al. 2024; T. Salmi et al. 2024,
S. Vinciguerra et al. 2024). In addition, gravitational-wave
detectors like LIGO have provided valuable constraints on the
EOS through observations such as the neutron star merger
event GW170817 (see B. P. Abbott et al. 2017, 2019;
B. Abbott et al. 2018), which revealed information on the
stars’ masses and tidal deformabilities.

In this study, we focus primarily on NICER observations,
particularly the recent third observation of the millisecond
neutron star PSR J0437-4715 (J0437; D. Choudhury et al.
2024), whose mass has been precisely measured via radio
observations to be 1.44 4+ 0.07 M, (D. J. Reardon et al. 2024).
NICER's first observation target, PSR J0030+0451 (JO030;
M. C. Miller et al. 2019; T. E. Riley et al. 2019), initially
lacked a mass measurement. Two independent groups working
with NICER provided separate mass—radius measurements for
this source. T. E. Riley et al. (2019) reported a mass of
1.34%313 M, while M. C. Miller et al. (2019) determined a
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mass of 1.44J_r8j}i M, and they both also provided constraints
on the star's radius. Subsequent refinements have shown that
different hotspot configurations can significantly influence the
inferred mass—radius measurement for JO030 (See S. Vincigu-
erra et al. 2024), which brings a new question of how to
correctly model the hotspot configuration. Introducing a more
physics-motivated hotspot configuration could be one choice,
and this will be studied in C. Huang & A. Chen (2024, in
preparation).

As discussed earlier, most modeling work of the 1.4 M,
neutron star radius (R, 4) relies on a specific EOS framework.
However, with the recent NICER observations of J0437 and
detailed analysis of J0030, both stars close to 1.4 M, it is
possible statistically to extract R, 4 information directly from
observational data and substantially decrease the dependence of
specification on EOS model choices. We must note that the
NICER inference results are not entirely EOS independent. For
instance, as discussed in S. Bogdanov et al. (2019), the
assumption of an oblate neutron star surface in the analyses is
based on a preselected set of EOSs. Although this effect is
estimated to be minor for NICER sources, which do not rotate
too rapidly, it nonetheless introduces a degree of dependence.
In this study, we focus on NICER's observations of JO030 and
J0437 to derive R4 purely from the data. We compare
different mass—radius possibilities for JO030 by exploring
various hotspot configuration models.

We consider two cases: first, treating JO030 and J0437 as
stars with two different masses, and second, assuming both
stars have the same mass of 1.4M. but excluding the
discussion on the twin star. This approach offers a novel,
data-driven method for constraining EOS-related observables,
establishing a new framework for using NICER and future
telescopes to extract R;4 directly from the mass—radius
measurements that are close to 1.4 M.

The Letter is structured as follows: Section 2 introduces the
methodology and data used; Section 3 presents the current
NICER observation—based inference results under the two
different scenarios; in Section 4, we discuss the limitations of
current observations and present a future case study to
demonstrate the effectiveness of this method; and Section 5
discusses the implications of these methods for current
observation and compares them with results from other
observations and experiments.

2. Methodology and Implemented Data

In this section, we will outline our methodology with
statistical rigor, clearly defining the assumptions and presenting
two distinct scenarios. The data used in this analysis are
primarily drawn from NICER observations, with a particular
focus on the combined insights from JO030 and J0437 in
determining the R, 4. This section will emphasize the synergy
between these two sources in constraining R;4 through
observational data, independent of EOS modeling.

2.1. Inference Methodology

Two different scenarios will be explored. The first scenario
considers the possibility that JO030 and J0437 are distinct stars
with different masses and radii. The second scenario examines
the case where JO030 and J0437 have the same mass. These
two cases complement each other, covering a broad range of
possibilities for the actual masses and radii of J0030 and J0437,
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thereby providing a more comprehensive analysis. In the first
scenario, we treat PSR J0030+0451 and PSR J0437-4715 as
separate observations, each providing mass (M) and radius (R;)
measurements with associated uncertainties. The posterior
distributions of mass and radius for each neutron star i (where
i=1 for JOO30 and i=2 for JO437) are derived from their
respective observational data O,. These posterior distributions
are converted into continuous probability density functions
(PDFs) using kernel density estimation (KDE) in Python:

P(M;, Ri|0;) ~ KDE(M;, R;). ey

We then generate 10° random samples of (M;, R;) (after
excluding the equal-mass ones) for each neutron star from their
respective PDFs. Since both neutron stars have mass measure-
ments near 1.4 M., we exclude pairs where M; = M,, as this
would suggest the presence of “twin stars”—neutron stars with
the same mass but different radii. Such a scenario would imply
a phase transition in the neutron star EOS, which is beyond the
scope of this analysis (EOS phase transitions constrained by the
J0437, JO030, and other NICER observations will be studied in
C. Huang 2024, in preparation).

For each remaining sample pair where M; = M,, we
randomly select those in which one mass is below 1.4 M, and
the other is above; that is, we select pairs such that
M, < 14M. < M, or M, < 1.4M. < M,. In this case, we
test the condition M, = M, with a precision of 1073 M., which
corresponds approximately to the observational precision. If the
mass differences of generated mass—radius samples fall below
this threshold, we conclude that a strong phase transition is still
required to explain this sample (unless the radii are almost
equal as well). Consequently, we exclude such cases from our
discussion.

We then apply linear interpolation between the selected pairs
to estimate the radius R;4 at a mass of 1.4M.. The
interpolation is expressed as

R, — R
M, — M,

This approach allows us to estimate the radius for a neutron
star of 1.4 M, using purely observational data. It avoids the
need to depend on a specific EOS model. However, it still has a
few assumptions, like assuming the mass—radius relation to be
linear like between these two sources. We argue for these two
sources that are close enough in mass differences, this
approximation could be reasonable.

By applying the interpolation method to all suitable sample
pairs, we obtain a distribution of R, 4 values, representing the
possible radii of a neutron star with a mass of 1.4 M, inferred
solely from the observational data of JO030 and J0437.

In the second scenario, we consider the case where both
JO030 and J0437 have masses of 1.4 M. This assumption is
particularly relevant for J0437, whose measured mass of
1.4 M, lies within the 68% uncertainty interval. Under this
scenario, we employ a Bayesian inference framework.

We define a model with two variables, R, and R,
representing the radii of JO030 and J0437, respectively, while
assuming both stars have a mass of exactly 1.4 M. For both
radii, we assign uniform prior distributions Pr(R;) over the
range of 6 to 16 km:

Pr(R;) ~ U6 Kkm, 16 km), i=1,2. 3)

This range is sufficiently broad to allow the posterior
distributions to converge. Using the mass—radius pairs (M;, R)),

Ris=R + ( ) x (1.4My — M)). 2)
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with M; = 1.4 M., in conjunction with the previously established
KDE function, we compute the likelihood of each star's radius.
The likelihood function for each star is defined as

Li(R)) = P(Oi|R;, M; = 1.4 M), “)

where O; denotes the observational data for star i. Since all
mass—radius measurements are, in principle, independent, the
total likelihood of this inference is simply the product of the
individual likelihoods.

The posterior distributions of R; and R, reflect the radius of
each neutron star under the assumption of a 1.4 M., mass:

PRi|O;, M; = 1.4M) o< Li(R) - Pr(R), i=1,2. (5)

Since we avoid considering twin star scenarios, we assume
the two stars share the same radius, Ry = R, = Rj4.
Accordingly, we construct a joint posterior distribution for
R, 4 by taking the product of their posterior distributions while
enforcing equality of the radii:

P(R1'4) (0.8 P(R]lOl, Ml = 14Mf))
P(R;|0y, M, = 1.4M)-
PM, = 1.4M3)|0y)-
P(M, = 1.4M:)|0y). 6)

Here, P(M; = 1.4M|0;) represents the likelihood of star i
having a mass of exactly 1.4 M, based on its observational
data. The prior Pr(R,4) is uniform over the range from 6 to
16 km. This joint posterior distribution represents the inferred
radius of a 1.4 M, neutron star, based on the combined data
from JOO30 and J0437 under the assumption that both stars
have the same mass and therefore same radius. All Bayesian
inferences in this study were conducted using the nested-
sampling package UltraNest (J. Buchner 2021). For each
inference, we employed 50,000 live points to ensure conv-
ergence. All likelihood and computation algorithms are
implemented in the CompactObject package (C. Huang et al.
2024a), an open-source, full-scope Bayesian inference frame-
work developed by the author, specifically designed for neutron
star physics.

By combining the individual posterior distributions and
accounting for the likelihood of each star having a mass of
exactly 1.4 M., we obtain a statistically robust posterior
distribution for R;4. This approach integrates the data from
both JO030 and J0437, yielding a good estimate of the neutron
star radius at 1.4 M, under the specified assumptions.

We comment on these two methods as follows. For Scenario
1, due to the limitations of its linear interpolation approach, it is
challenging to extend this method to more than two sources,
which restricts its constraining power. Scenario 2, on the other
hand, can be more readily extended to several observations,
particularly those near 1.4 M. Here, we propose a potential
approach to combine Scenario 1 with Scenario 2 to handle
more than two sources: if three or more sources with mass
measurements close to 1.4 M. are available, they can be
grouped into pairs. For each pair, Scenario 1 can be applied to
estimate R; 4. This would yield multiple R, 4 estimations, one
from each pair. These estimations can then be combined by
computing their joint probability distribution, providing a
unified treatment of the sources.

The remaining EOS model dependence of these two methods
primarily arises from the assumption of no phase transition in
Scenario 1. Specifically, this scenario assumes a smooth linear
interpolation between two generated mass—radius points,
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leading to a smooth mass—radius relation without any
discontinuities. Similarly, in Scenario 2, we explicitly exclude
the possibility of twin stars, as their inclusion would prevent
combining information from two sources into a single
distribution of R; 4. A detailed discussion of cases involving
phase transitions and twin stars is beyond the scope of our
analysis here.

2.2. Implemented Dataset

In this Letter, we investigate the synergy between PSR J0437-
4715 and PSR J0030+-0451. For J0437, we use posterior samples
from the recent NICER observations reported by D. Choudhury
et al. (2024). The case of JO030 is more intricate: the
original analysis by T. E. Riley et al. (2019) suggested a single-
temperature circular hotspot in combination with an arch-like
hotspot configuration (ST+PST); based on this configuration,
they reported a measurement as M = 1.34013 M, and R =
12.71]-13 km, based on NICER observation data. S. Vinciguerra
et al. (2024) refined the analysis by including ST+PDT and PDT-
U for the mass-radius measurement of JO030 and updated the ST
+PST inference result. In this study, the ST+PST case we use
corresponds to the mass—radius measurements reported in
T. E. Riley et al. (2019).

For detailed explanations of these hotspot models, refer to
S. Vinciguerra et al. (2024). The ST+PDT and PDT-U
configurations are favored in the joint analysis of NICER and
XMM-Newton data. Although the PDT-U model has stronger
Bayesian evidence, ST-PDT configuration aligns more closely
with the gamma-ray emission of this source. In the current
study, however, we focus only on the mass—radius posteriors
informed solely by the NICER data set, since, as discussed in
S. Vinciguerra et al. (2024) and D. Choudhury et al. (2024), the
joint analysis of the XMM-Newton and NICER data sets either
has not been proven robust under different inference settings or
has been inferred at very low resolution due to expensive
computational requirements. The NICER-only result has been
extensively explored with different inference settings. While
this may not yet be fully convincing in proving the result's
robustness across different setups, excluding the choices of
hotspot geometry models setup, the scatter in results from
varying modeling methods is not significant enough based on
current observational precision. In this study, these minor
discrepancies are well contained within our inference uncer-
tainty region. This approach differs from that of N. Rutherford
et al. (2024), where the joint NICER and XMM-Newton results
were directly considered in several new scenarios, with
subsequent discussion of their implications for neutron star
EOS constraints. As a result, these configurations of JO030
hotspots warrant individual discussion to demonstrate how
different model setups influence predictions of the radius of a
neutron star with a mass of 1.4 M, (R; 4). This approach also
enables us to quantify the impact of different hotspot modeling
methods and assess the robustness of our results based on
varying mass-radius measurements for the same star, as
reported from different hotspot models.

3. Inference Result

In this section, we discuss the inference of R; 4 based on the
NICER-only inference data set from the two different methods
described above. For each scenario, we compare the results
across various hotspot configuration choices for J0030, as



THE ASTROPHYSICAL JOURNAL LETTERS, 978:L14 (8pp), 2025 January 01

Huang

Ry.4 in PDT-U model

0.7 R 4 in ST+ FST model 0.7 Ry 4_‘in ST+P[])T model 0.7
| —— Density Function | | —— Density Function } —— Density Function
0.6 1-d Histogram 0.6 1-d Histogram 0.6 i 1-d Histogram
----- 16%: 10.81 km - 16%: 10.93 km ; - 16%: 11.22 km
107 (R N | N o 50%: 11.66 km 205 g ----- 50%: 11.67 km 205 Y B 50%: 11.99 km
g ----- 84%: 12.54 km @ .- 84%: 12.38 km a0 84% : 12.75 km
80.4 i S04 i g %
Z Z z
503/ 503 3
2 3 3
< < 2
@ 0.2 a 0.2 o
0.1 0.1
1 12 16 . 1 12 13 14 15 16 11 12 13 14 15 16

R [km)

R [km]

R [km]

Figure 1. The 1D distribution of 1.4 M, star radius R; 4 from joint JO030 and J0437 inference results, with mass—radius measurements of J0030 resulting from (a) ST
+PST model, (b) ST+PDT model, and (c) PDT-U model. The dashed lines represent the quantiles of each distribution at 16%, 50%, and 84%. The density function is

computed using KDE estimation.

different hotspot maps result in distinct mass—radius measure-
ments for JO030, which in turn affect the prediction of R 4.

3.1. Scenario 1

In the first scenario, we treat JOO30 and J0437 as two distinct
neutron stars, each with independent mass and radius
measurements. We then perform random sampling to inter-
polate the radius of a 1.4 M., neutron star. The resulting radius
distributions vary depending on the choice of hotspot
configurations for JO030.

In Figure 1, we present the 1D distribution of the 1.4 M, star
radius based on results from JO030 and J0437 using different
hotspot maps. For the ST-+PST model, the central value is
11.66 km, with the 16% quantile at 10.81 km and the 84%
quantile at 12.54 km. This 1D histogram is divided into 1000
bins. With this choice, the fluctuations are already quite small.

In comparison, the posterior result for R, 4 using the ST+PDT
configuration, shown in middle panel of Figure 1, is more
concentrated, with a narrower 68% credible interval. This reflects
the fact that the ST4-PDT configuration for JOO30 produces a mass—
radius measurement with smaller uncertainty compared to other
measurements, as M = 1.2070- 1M, R = 11.16705) km.

In contrast, in the rightmost panel of Figure 1, the R;4
distribution derived from the PDT-U model has the largest
central value. This makes sense given that the mass—radius
measurement for JOO30 under the PDT-U configuration is
significantly different from other setups and favors a mass range

of M = 1.417339 M., which is located around the 1.4 solar mass

region, and a large radius region of R = 13.12f}j§? km,

quoting the 68% credible interval here.

Remarkably, despite the variations in the hotspot configura-
tion models for JO030, the central values of all the radius
distributions fall within each other's 68% credible intervals.
The primary differences across the configurations are reflected
in the widths of the 68% credible intervals.

3.2. Scenario 2

Under the assumption that both J0030 and J0437 have a
mass of 1.4 M, we first apply Bayesian inference to determine
the radius distribution for each source. In Figure 2, we present
the posterior distributions of R; and R,, filtered by the
measurements from JO030 and JO437. Here, we present the
joint distribution of R; and R,, which serve as the model
parameters in this Bayesian inference. In our model, the two

mass—radius points are fixed at 1.4 M, with R, and R, as free
parameters. These two parameters are individually fit to the
likelihoods of the JO030 and J0437 observations, respectively,
resulting in posterior distributions for each parameter. We note
that R, and R, are independent from each other (by definition)
and therefore show no correlation in the 2D posterior. For
J0437, the hotspot choice of JO030 cannot influence the R,
posterior, and this is also seen in Figure 2 (the small differences
are due to sampling fluctuations between different runs). The
results show that, since the same mass—radius measurement for
J0437 is used across all models, the R, distributions for the
three hotspot configurations overlap significantly. For JO030,
however, the center of these radius posteriors shifts to larger
values as we move from ST+PDT to ST-PST. The uncertain-
ties increase from ST+PDT model to the PDT-U model and
then to the STH+PST model, reflecting the variation in posterior
uncertainty among different models. Table 1 presents the
Bayesian evidence for each configuration, indicating that
among the models considered, the PDT-U model most closely
represents a 1.4 M, star, yielding a mass estimate of
M = 1417339 M., compared to the ST+PST model, which
yields 1.347012 M,,. Consistent with the observational data, the
ST+PDT measurement is the least favored to represent a
1.4 M., star in this NICER-only posterior, with the mass
estimate being M = 1.20°51 M.

If we assume both sources have a mass of 1.4 M., we can
calculate the joint posterior using Equation (6). The R;4
distribution is shown in Figure 3, which includes the
probabilities that JO030 and J0437 are indeed 1.4 M, stars.
The plausibility of this inference is further reinforced, as deriving
the distribution of R4 with mass measurements significantly
different from 1.4 M. could lead to misleading results. In
Figure 3, comparing the different probability distributions, we
find that the PDT-U model yields a probability distribution for
R; 4 that is higher than that derived from the STH+PDT mass—
radius measurements, while the ST+PST model yields a
distribution that is lower than that of ST4+PDT. This pattern is
consistent with the fact that the PDT-U model produces a mass—
radius result for JO030 that is closest to 1.4 M.

The values for R4 reported in the ST+PDT case are
12.09798!  km, for ST+PST they are 12.677:% km, and for
PDT-U, 12.297}92  km. The uncertainties for these quantities
are reflected in the posteriors shown in Figure 2. Note the
uncertainties of R, 4 quoted here are for the 95% interval.



THE ASTROPHYSICAL JOURNAL LETTERS, 978:L14 (8pp), 2025 January 01

Ry = 12.2139}3:47%

I

I

| ST+PST
i —— PDT-U

i —— ST+PDT
!

I

I

I

Sy ==y gy P

I
I
|
I
|
I
I
|
I
I
I
I
I
I
I
1

T T

i IR, = 11.6799+3:83%

R>

Figure 2. The posterior of R, and R, in Scenario 2 under different hotspot
configuration choices of JO030 after applying the condition that all the sources
are 1.4 M, stars. The numbers reported above each 1D marginal distribution
refer to the STH+PDT result. Lime green is the ST+PST choice of JO030 plus
J0437 resulted posterior, blue is the one from PDT-U, and the red posterior is
the result from ST4+PDT. The contour levels in the corner plot, going from
deep to light colors, correspond to the 68%, 84%, and 98.9% levels. The
dashed line in the 1D corner plots represents the 68% credible interval, and the
title of this plot indicates the median of the distribution as well as the range of
the 68% credible interval.

Table 1
This Table Gives the Global Log Evidence (InZ), as Returned by Ultranest, for
the Likelihood of JO030 Mass—Radius Measurements from Different Hotspot
Models: PDT-U, ST+PST, and ST+PDT, Together with J0437 Mass—Radius
Measurement—All These Are in Scenario 2

JO030 Hotspot Model Choice In(Z)
PDT-U —1.53
ST+PST —1.66
ST+PDT —2.44

All the results from the direct extraction of R;4 in both
scenarios are summarized in Table 2. Notably, all Scenario 2
results are highly consistent with each other within the 95%
credible range, preferring values larger than 12 km. In contrast,
for Scenario 1, all predictions are smaller than those in Scenario
2; however, the central values in Scenario 2 are still well within
the uncertainty range of Scenario 1. Given the lower posterior
uncertainty in radius applied in Scenario 2 with the ST+PDT
hotspot model for JO030, this configuration produces the
narrowest 95% credible interval. Overall, since the PDT-U
model predicts a mass for JO030 that is closest to 1.4 M, this
setup yields the best prediction for R, 4 in this study, with the
highest normalized Gaussian-like peak.

Notably, the estimations of R;4 from Scenario 1 and
Scenario 2 exhibit an inconsistent pattern, particularly with
Scenario 1 providing a significantly larger estimation of R; 4
when using the PDT-U hotspot model. This can be understood
by comparing the left panel of Figure 10 in S. Vinciguerra et al.
(2024), which shows the NICER-only inference result for
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Figure 3. The joint posterior distribution of R;4 under different hotspot
configuration choices of JO030 after applying the condition that all the sources
are 1.4 M., stars. Lime green is the ST+PST choice of JO030 plus J0437
resulted posterior, blue is the one from PDT-U, and the red posterior is the
result from ST+PDT. The dashed line with same color as the distribution plots
represents the corresponding 95% credible interval.

Table 2
This Table Summarizes All The Predictions for R, 4 from Different Scenarios
and Different JO030 Hotspot Models and the Interpolated Tidal Deformability
Derived from Empirical Relation A(R; 4) = 2.88 x 107%(R; 4 km~Y in
E. Annala et al. (2018)

Scenarios J0030 Hotspot Model R4 Aig

1 PDT-U 11997182 km Ay = 355535
1 ST+PST 11667177 km A4 = 2887783
1 ST+PDT 11677182 km Ay = 2901398
2 PDT-U 12207592 km Ay = 429733
2 ST+PST 12675 9% km A, = 5407357
2 ST+PDT 12.09758  km Ay = 379738

Note. The R, 4 values demonstrated as the upper and lower limits correspond to
the 95% credible intervals.

PDT-U, with the ST4+PST and ST+PDT NICER-only results
(see Figures 7 and 8 in the same paper). The mass—radius range
for the PDT-U result is significantly broader and shifted toward
the higher end. Consequently, when generating the pairs, more
points fall into the larger mass—radius range, which generally
leads to an increased prediction of R;,4. Therefore, it is
expected that the PDT-U result is larger than the ST+PDT and
ST+PST results.

However, this trend is not observed in Scenario 2. This is
because, in Scenario 2, the mass is fixed at 1.4 M., meaning
that the radius distribution of JO030, under a specific hotspot
configuration and the 1.4 M, condition, primarily determines
the central value of R, 4. Since the same J0437 result is used in
both cases, this explains the absence of a similar trend in
Scenario 2.

4. Future Case Study: Simulated Dataset

Currently, this study still suffers from systematic uncertain-
ties in the inference. Compactness is the main factor
influencing the X-ray pulse profile, so modeling this data
results in a linearly correlated mass—radius measurement. This
correlation is intrinsic to the modeling method of the
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Figure 4. The 1D distribution of 1.4 M, star radius R 4 from injected data set: (1) NL3wp and (2) TM1-2wp. The injected R 4 value from the chosen EOS is shown
by the black dashed line. The red dashed lines represent the quantiles of each distribution at 16%, 50%, and 84%. The density function is computed using KDE

estimation.

observation itself. To overcome this, one possible approach is
to introduce a strong mass prior, which would decouple this
dependence, as in the case of J0437 (D. Choudhury et al.
2024).

To showcase the power of our modeling method and to
quantify to what extent our method can reproduce the
underlying R; 4, we extend our study to focus on simulated
data. A similar simulation procedure has been discussed in
C. Huang et al. (2024c). We simulate two neutron star sources
near the 1.4 M., mass with the precision expected from future
X-ray telescopes like Athena, STROBE-X, and eXTP
(D. Barret et al. 2013; A. L. Watts et al. 2016, 2019; P. S. Ray
et al. 2019; C. S. Froning et al. 2024).

To simulate the mass—radius observations, we inject an EOS
model to produce the mass—radius observation data set. For
comparison purposes, we choose two RMF-based EOSs as the
injected EOS: NL3wp and TM1-2wp (C. m. c. Providéncia &
A. Rabhi 2013; L. Scurto et al. 2023). This choice could vary
with different EOS frameworks, but since RMF naturally
embeds causality and has been extensively explored to fit
current astrophysical observations and nuclear experiments, it
is appropriate for our study.

Two sources are selected to represent future mass—radius
observations of two stars near 1.4 M. In the NL3wp model, we
select two mass—radius pairs: M; = 1.37 M., R = 13.75 km and
M, = 151 M., R, = 13.83km. For TM1-2wp, the simulated
mass—radius pairs are M; = 1.21 M., Ry = 13.18km and
M, = 142 M., R, = 13.34km. All the mass—radius pairs are
simulated with a +5% uncertainty band as their 68% range,
which is a reasonable uncertainty level expected to be achievable
within 5-10 yr of future X-ray telescope observations.

In both of the injected EOS models, R, 4 is well defined,
providing a reference for comparison with our inference results,
allowing us to assess how well our method can recover R 4.

The results are presented in Figure 4. Here, we implemented
the Scenario 1 method to infer R, 4 from the simulated data set.
The injected value is indicated by the black dashed line, which
closely overlaps with the peak of our inference result. In both
the NL3wp and TM1-2wp cases, the residuals between our
posterior peak value and the injected value are approximately

0.02 km, with a ~4% uncertainty level. This demonstrates that
if we can achieve high-quality measurements of stars mass—
radius around 1.4 M, with a 5% uncertainty level, the method
described in this work is capable of recovering the underlying
R, 4 with considerable accuracy.

Typically, traditional EOS inference methods predict R, 4
with additional systematic errors arising from different choices
in the underlying EOS construction. However, since the
method presented here is largely EOS independent—except
for the systematic errors introduced by the observations and the
theoretical modeling process of the mass—radius posterior from
pulse profile modeling—it has been shown, in limited cases, to
be capable of recovering R, 4 from underlying injected mass—
radius measurements.

5. Discussion
5.1. Comparison with Astrophysical Constraints

In recent studies, the radius of a 1.4 M, neutron star (R, 4) is
constrained through an EOS-dependent approach based on
astrophysical observations. Typically, the EOS parameters are
first constrained, and then the corresponding radius range for a
1.4 M, star is reconstructed. In a recent study by N. Rutherford
et al. (2024), the most up-to-date constraint on R;, was
reported by combining all existing astrophysical data, including
X-ray timing observations from NICER (J0030, J0437, and the
2.1 M, star PSR J0740+4-6620), gravitational-wave constraints,
and new YEFT calculations up to 1.5 times nuclear saturation
density. This combined data set produced a much narrower
95% credible interval for R, 4. However, it is important to note
that these results remain EOS model dependent. Under the
same observational data set, different EOS models in this study,
such as CS and PP, result in different central values and
credible intervals for R 4.

The key advantage of the present study is its ability to mostly
avoid dependence on specific EOS models. By improving the
sampling method used here, we substantially decreased the
need to explore the many degrees of freedom in EOS modeling.
A notable difference is that the central values for the radius
predictions obtained from multimessenger constraints are
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generally larger than those reported in this work. This
difference can be attributed to the fact that our analysis only
weights the observations of JO030 and J0437 in determining
Ry 4, while the multimessenger approach incorporates addi-
tional observational factors. The internal theoretical structure of
the EOS, which limits the possible shapes of the mass—radius
curve, also likely contributes to the tighter constraints on R 4.
Here, since the inference result is mostly EOS independent, the
systematic error introduced by choosing different EOS models
has already been naturally absorbed into the reported
uncertainty. This partly explains why the uncertainty in our
results is generally larger than reported by EOS-based inference
methods.

In comparison with the posterior predictions of R, from
X-ray observations constrained by EOS models that include
first-order phase transitions, as will be discussed in C. Huang
(2024, in preparation), the values of R, 4 reported are 12.32f8:33
and 11.927 % km in the cases with and without phase
transitions. These constraints are based on the inclusion of
one more observations from PSR J0740+6620 and use the ST
+PDT model for JOO30 only. The predictions within the 95%
credible interval for the model without a phase transition are
consistent with the results from Scenario 1 and Scenario 2
using the ST+PDT model for J0030. When a first-order phase
transition is included in the neutron star, it predicts a larger
central value for R, 4, primarily because the phase transition
softens the EOS around the relevant density, allowing it to
better match the observational data.

5.2. Comparison with C-REX and P-REX Experiments and
Gravitational-wave Detection

The radius of a 1.4 M, neutron star (R;4) can be directly
related to results from nuclear experiments, such as C-REX and
P-REX. Notably, the P-REX experiment, as discussed in
D. Adhikari et al. (2021), suggested a relatively large R, 4
value, with estimates of R;4 = 13.25km (B. T. Reed et al.
2021). However, other studies (R. Essick et al. 2021;
P.-G. Reinhard et al. 2021; T.-G. Yue et al. 2022) have
reported smaller values for R 4. As noted by P.-G. Reinhard
et al. (2021, 2022) and C. Mondal & F. Gulminelli (2023), a
tension remains between experimental results and theoretical
predictions. C-REX predicts a smaller and more comparable
radius for a 1.4 M, neutron star compared with the result in this
current study, highlighting the ongoing debate between
different experimental approaches. This further underscores
the importance of independently extracting R4 from the
astrophysics side, mostly excluding the dependence on any
specific EOS model, as done in this study, to provide a useful
point of comparison.

We also computed the tidal deformability (A 4) corresponding
to the R;4 values. Using the empirical formula provided by
E. Annala et al. (2018), A(R, 4) = 2.88 x 107%(R, 4 km~1Y, we
estimated A, 4 values and listed them in Table 2. The GW170817
event reported Ay 4 = 190f‘?§8 . Our computed values for A 4 are
largely consistent with this range, suggesting that our results align
with gravitational-wave data. Furthermore, our findings, particu-
larly for JO437, point toward a smaller radius and a softer EOS,
consistent with results from C. Huang (2024, in preparation) and
N. Rutherford et al. (2024).

Huang

6. Conclusion

In conclusion, this study presents a data-driven approach to
determining the radius of a 1.4 M. neutron star (R;4) by
leveraging new NICER observations of PSR J0030+4-0451 and
PSR J0437-4715. Unlike traditional methods that rely on a
predefined EOS, we demonstrate that R,4 can be inferred
directly from observational data, mostly independent of specific
EOS models. This approach not only offers a novel way to
constrain canonical neutron star properties but also provides
insights into the tension surrounding neutron skin thickness
measurements from nuclear experiments like C-REX and
P-REX by comparing the R;, predictions from these
collaborations, even though the results could be model
dependent. By conducting the future case study presented in
this work, we show that, in selected cases, the method we
report can provide a reasonable prediction of R, 4 that closely
matches the underlying injected R; 4.

Our analysis highlights that different hotspot configurations
for JOO30 influence the mass—radius measurements and the
inferred R; 4. However, by comparing these configurations, we
obtain consistent estimates of R;4 across multiple scenarios.
Furthermore, our results remain in agreement with constraints
from gravitational-wave data (e.g., GW170817) while provid-
ing a more flexible framework free from EOS assumptions.
This work opens a new avenue for future observations, offering
a robust method to extract neutron star properties directly from
astrophysical data.

7. Software and Third Party Data Repository Citations

CompactObject package: a full-scope open-source Bayesian
inference framework especially designed for Neutron star physics
Version 2.0.0 (C. Huang et al. 2024b), Github: https://github.
com/ChunHuangPhy/CompactOject, documentation: https://
chunhuangphy.github.io/CompactOject/. UltraNest: J. Buchner
(2021), https://github.com/JohannesBuchner/UltraNest.
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