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The maximal gravitational mass of nonrotating neutron stars (MTOV) is one of the key parameters of
compact objects and only loose bounds can be set based on the first principle. With reliable measurements of
the masses and/or radii of the neutron stars,MTOV can be robustly inferred from either the mass distribution
of these objects or the reconstruction of the equation of state of the very dense matter. For the first time we

take the advantages of both two approaches to have a precise inference of MTOV ¼ 2.25þ0.08
−0.07M⊙ (68.3%

credibility), with the updated neutron star mass measurement sample, the mass-tidal deformability data of
GW170817, the mass-radius data of PSR J0030þ 0451 and PSR J0740þ 6620, as well as the theoretical
information from the chiral effective theory and perturbative quantum chromodynamics (pQCD) at low- and
very high-energy densities, respectively. This narrow credible range is benefited from the suppression of the
highMTOV by the pQCD constraint and the exclusion of the lowMTOV by the mass function. Three different
EoS reconstruction methods are adopted separately, and the resultingMTOV and RTOV are found to be almost

identical, where RTOV ¼ 11.90þ0.63
−0.60 km is the radius of the most massive nonrotating neutron star. This

precisely evaluated MTOV suggests that the EoS of neutron star matter is just moderately stiff and the
∼2.5–3M⊙ compact objects detected by the second-generation gravitational wave detectors are most likely
the lightest black holes.

DOI: 10.1103/PhysRevD.109.043052

I. INTRODUCTION

For a given equation of state (EoS) of the ultradensematter,
themaximumgravitationalmass of a nonrotating neutron star
MTOV is uniquely determined by the well-known Tolman-
Oppenheimer-Volkoff (TOV) equations [1]. A MTOV, if
known experimentally or theoretically, would in turn play
a crucial role in reconstructing the EoS of the ultradense
matter [2]. However, the actual value of MTOV remains
uncertain. Onewidely adopted theoretical upper limit, which
bases on the general relativity, the principle of causality,
and Le Chatelier’s principle, is MTOV ≤ 2.9M⊙ [3,4].
Observationally, the most massive neutron star (NS) mea-
sured so far imposes a lower limit onMTOV. So far, among the
accurate measurements, the record is held by PSR J0740þ
6620 with a mass of 2.08� 0.07M⊙ [5]. Throughout this

work, the error bars are for 68.3% confidence level unless
specifically mentioned.
One interesting possibility to infer the MTOV is via the

modeling of short gamma-ray bursts (GRBs) that have been
widely believed to be formed by double NS mergers [6]. A
MTOV ∼ 2.3M⊙ is preferred in the supramassive neutron
star model for some short GRBs with a peculiar x-ray
plateau [7]. Assuming a black hole or a long-lived NS
central engine for short GRBs, MTOV ∼ 2.2M⊙ or ∼2.5M⊙
is needed [8]. After the discovery of GW170817/GRB
170817A [9,10], the application of the above ideas have
yielded a constraint of MTOV ≤ 2.2–2.3M⊙ (e.g., [11–15]).
A MTOV ¼ 2.17� 0.09M⊙ has been inferred [16,17] via
modeling the multimessenger data of GW 170817/GRB
170817A/AT 2017gfo [9,10,18]. Though attractive, such a
result relies on two strong assumptions; the central engine
of GRB 170817Awas a black hole formed in the collapse of
a supramassive NS at t ∼ 0.8 s after the merger, and the so-
called universal relationships among the parameters of the
cold NSs are still applicable to the nascent remnants formed
in the NS mergers with a temperature of tens of MeV (the
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second uncertainty also applies to other upper bounds on
MTOV set with the data of GW170817).
A reliable inference ofMTOV, which does not suffer from

the above uncertainties, can be achieved in reconstructing
the EoS of the ultradense matter with the multimessenger
data of NSs. This has been extensively investigated in the
literature but the uncertainties are still high [e.g., [19–22] ].
The perturbative quantum chromodynamics (pQCD) inputs
impact the inference of the neutron-star-matter EoS [23,24]
and can effectively narrow down the posterior distribution
ofMTOV [25,26]. Very recently, a Bayesian inference of the
EoS via a single-layer feed-forward neural network (FFNN)
yields MTOV ¼ 2.18þ0.27

−0.13M⊙ (90% credibility; [26]), where
just the direct mass/radius measurements of GW170817,
PSR J0030þ 0451, and PSR J0740þ 6620 as well as the
theoretical constraints from chiral effective theory (χEFT)
and pQCD have been taken into account and hence does not
suffer from serious observational bias. Anyhow, the credible
range of the resulting MTOV is still relatively broad and a
considerable improvement will be essential for distinguish-
ing the EoSs proposed in the literature. It is also crucial to
check whether the bounding on MTOV is sensitively
dependent of the (non)parametrization methods of EoS
and the density to impose the pQCD constraint (nL) or
not. Moreover, the growing population of the NSs with
reliable mass measurements makes it feasible to statistically
infer the features of the distribution, and a cutoff at the high
end of the mass distribution (Mmax) can be reasonably
interpreted as MTOV [27–30].
In order to get a precise and model-insensitive value

of MTOV we have the following novel treatments: (i) The
maximum cutoff of the mass distribution of the NSs
measured so far is taken as a likelihood function of
MTOV in the analysis to narrow down the parameter
space; (ii) The EoS of the NS matter is reconstructed
with three very different (non)parametrization models;
and (iii) The choice/influence of nL is examined. Our main
finding is the precision inference of MTOV ¼ 2.25þ0.08

−0.07M⊙

and RTOV ¼ 11.90þ0.63
−0.60 km.

II. METHODS

Benefiting from the progresses made on pulsar radio
timing and x-ray observations, the growing population of
the neutron stars with reliable mass measurements within
decades makes it feasible to statistically infer the features of
the mass distribution. A cutoff at the high end of the mass
distribution, most likely representsMTOV, has been reported
in the literature [27,28]. In this work we simultaneously
constrain the NS mass distribution and the maximum mass
cutoff with the latest sample (see Table I in the Appendix).
We infer the mass distribution parameters and the maximum
mass cutoff using the hierarchical Bayesian inference [31]
with the following likelihood:

Lðdjθ⃗Þ ∝
YN
i¼1

�
1

ni

Xni
k

Pðmk
i jθ⃗Þ
�
; ð1Þ

where N is the size of NS sample, Pðmk
i jθ⃗Þ is a two-

component Gaussian mixture mass distribution model para-

metrized with θ⃗ [see Eq. (1) in [28] ], and mk
i is the kth

sample of the ith mass measurement. The samples for each
mass measurement are randomly generated by approximat-
ing the reported error bar with an asymmetric normal
distribution [32]. The priors of mass distribution parameters
are uniform with ranges identical to those used in [28]. We
have further examined the effects of employing a Gaussian

+Cauchy-Lorentz distribution model for Pðmk
i jθ⃗Þ and the

exclusion of certain high-mass NSs and the results are found
to be similar, as elaborated in the Appendix. The resulting
maximum mass cutoff distribution is taken as an additional
likelihood in our further EoS reconstruction.
The data set included in our EoS inference is the same as

that of [26] since there are no new direct simultaneous mass/
radius measurements of the NSs from either LIGO/Virgo/
KAGRA network or Neutron Star Interior Composition
Explorer (NICER). Again, in the low density regime, we
match the constructed EoS to the NS crust EoS [33] down to
0.3ns, where ns denotes the nuclear saturation number
density. At higher densities, the EoS is modeled in three
different ways to proceed the Bayesian inference. The high-
precision [i.e., the next-to-next-to-next-to leading order
ðN3LO)] χEFT calculation results [34] serve as the con-
straint, i.e., we exclude the EoS that exceeds the 3σ range of
χEFT for the FFNN and flexible piecewise linear sound
speed (PWLS) methods [35], while for GP method we take
it as the training data for conditioning the GP process (see
below for more information about these three methods). At
the very high-density regime (i.e., ≥ 40ns), the pQCD
calculation provides reliable information. The correspond-
ing causality driven constraint from pQCD can be pushed to
a considerably lower density nL [24]. One widely adopted
approach is to extrapolate the χEFT and NS data bounded
EoS to nL ≥ 10ns and then reject the models violating the
pQCD constraints [e.g., [23,24,26,35–37] ]. Such an
approach yields a very soft core in the most massive
NSs, indicating the presence of quark matter [23,26]. The
impact of pQCD constraints on the EoS properties, in
particular in the core of the most massive NSs, is found to
depend sensitively on the choice of nL [38,39]. This is
anticipated since the pQCD constraints were extrapolated
into low densities from n ≥ 40ns with some general con-
ditions and become much less constrainable at central
density nc;TOV ∼ 5ns (see Fig. 1 of [24] for demonstration)
of nonrotating NS with maximum mass. We thus still adopt
nL ¼ 10ns for a fiducial choice, as validated in Sec. III C
(Taking nL ¼ nc;TOV just moderately broadens the uncer-
tainty range of MTOV to ≈0.1M⊙).
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Once the EoS is constructed, the relations between the
macroscopic properties of NS is predicted and can be used
to carry out the Bayesian inference for the observation data
to obtain the posterior distributions of the EoS. The overall
likelihood of the Bayesian inference, which is rather similar
to that of [26], is expressed as

L ¼ LGW × LNICER × LpQCD × LMmax
; ð2Þ

where LGW ¼ Pðm1; m2;Λ1ðm1; θEoSÞ;Λ2ðm1; θEoSÞÞ is
the marginalized likelihood of the GW170817 [40] (m1;2

and Λ1;2 are the mass and tidal deformability of the
primary/secondary NS in GW170817), and θEoS is the
set of parameters used to determine the EoS; LNICER ¼Q

i PiðMðθEoS; hiÞ; RðθEoS; hiÞÞ is the likelihood of the two
NICER observations (M, R, and h are the mass, radius, and
core pseudo enthalpy of the NS, respectively), and we use
the Gaussian kernel density estimation (KDE) of the public
posterior samples of the data from two observations, PSR
J0030þ 0451 [41] and PSR J0740þ 6620 [42]; LpQCD ¼
PðnL; εðnL; θEoSÞ; pðnL; θEoSÞÞ is the likelihood of the
pQCD constraints implemented at nL ∼ 10ns [24], where
ε and p are the energy density and the pressure, respec-
tively; LMmax

¼ PðMTOVðθEoSÞÞ is the marginalized pos-
terior distribution of the NS maximum mass cutoff adopted
from the Bayesian analysis of NS mass distribution.
To check the model-dependence of our result, the EoS

inference is performed in three different ways. The first is
following [26], where the neutron star EoS is represented
by the 10-node (N ¼ 10) single-layer FFNN expansion
that is capable of fitting theoretical EoSs very well [43],
which reads

c2s ðρÞ ¼ S

 XN
i

w2iσðw1i ln ρþ b1iÞ þ b2

!
; ð3Þ

where c2s ¼ dp=dε is the squared sound speed, σð·Þ is the
activation function, w1i, w2i, b1i, and b2 are weights/bias
parameters of the FFNN. ρ is the rest-mass density (to
obtain the baryon number density, the average mass of a
baryon is taken to be 1.66 × 10−24 g). SðxÞ ¼ 1=ð1þ e−xÞ
ranges from 0 to 1, guaranteeing the microscopical stability
and causality condition. We consider two types of activation
functions, including the sigmoid of 1=ð1þ e−xÞ and the
hyperbolic tangent of ðex − e−xÞ=ðex þ e−xÞ. The model
with sigmoid prefers the monotonically increasing sound
speed or with a gentle peak, while the model with hyper-
bolic tangent is more likely to generate the EoSs with an
exotic structure like the vanishing sound speed or a sharp
peak. Therefore, a combination of these two models
considerably enlarges the prior space [note that the weights
and biases parameters are uniformly sampled in ð−5; 5Þ].
The inferred properties of NSs with each activation function
are consistent, we thus combine the two sets of posteriors to

obtain the results. This approach is distinguished by its
capability of generating some physically motivated EoSs,
such as the hadronic, the first-order phase transition, and the
quark-hadron crossover, efficiently. The EoS with MTOV
beyond 1.4–3M⊙ is discarded during the inference. The
second is the piecewise linear sound speed (PWLS) method
detailed in Jiang et al. [35]; the EoS below densities 0.5ns
are described by the BPS EoS. Beyond this range, it is
divided into 11 segments. The first segment is represented
by a single polytrope, while the others are characterized by
linear segments of μ − c2s relations, with parameters c2s;i at
logarithmically separated fixed chemical potential positions,
where μ represents the chemical potential. The likelihood
construction follows the same approach as the first method
to ensure comparability of results. The pQCD constraints, as
described previously, are slightly different from that of Jiang
et al. [35]. We use the Bayesian inference library Bilby [44]
with the sampling algorithm PyMultiNest to obtain the
posterior samples of the EoSs in these two EoS construction
methods. The third is the widely used Gaussian process
(GP) regression introduced in Landry et al. [19] and Essick
et al. [20]. Unlike these twoworks, we useϕ as a function of
the baryon number density n to describe the NS EoS, where
the ϕ is an auxiliary variable defined as

ϕ ¼ − lnð1=c2s − 1Þ; ð4Þ
which can guarantee the microscopic stability and the
causality simultaneously, i.e., 0 ≤ c2s ≤ 1. A GP can be
considered as a multivariate Gaussian distribution with
infinite dimensions, and it is controlled by several hyper-
parameters. The GP of ϕðnÞ can be described as

ϕðnÞ ∼N ð− lnð1=cs2 − 1Þ; Kðni; njÞÞ; ð5Þ

where Kðni; njÞ ¼ η2e−ðni−njÞ2=2l2 is the kernel function of
the GP, and c̄2s ; η2; l are the hyperparameters; the mean of
squared sound speed, the variance, and the correlation
length, respectively. Our choice of the hyperparameters
mainly follows Gorda et al. [25], which are randomly
drawn from the hyperpriors, i.e., c̄2s ∼N ð0.5; 0.252Þ; η2∼
N ð1.25; 0.22Þ, and l ∼N ð0.5ns; ð0.25nsÞ2Þ. We choose the
mean of l to be l̄ ¼ 0.5ns rather than 1ns used in [25], since
the current uncertainty of nc;TOV is about 1ns and a smaller l̄
may be helpful to better trace the possible change of the
matter properties at n ∼ nc;TOV. The EoS posterior of GP
method is selected according to their likelihoods (or weights)
from the generated sample.

III. RESULTS

A. The Mmax inferred in the mass function modeling

In [28] we have collected the masses for 103 NSs. Up to
April 2023, there are 34 new measurements and 16 out of
the previous NS mass sample have been updated with the
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more accurate data. Therefore, the current NS mass sample
summarized in Table I of the Appendix consists of 136
objects, including 23 double NS binary systems, 68 NS-
white dwarf binary systems, and 23 x-ray binary systems.
We adopt the two-component Gaussian mixture model with
a maximum mass cutoff Mmax (see Sec. II B of [28] for the
details) to fit these NS mass data. We show in Fig. 1 the
best-fit result and a visual impression of the uncertainties
on the shape of the distribution with 1000 independent
posterior samples found in our modeling. The inset presents
PðMmaxÞ, the posteriori distribution of Mmax, and the
68.3% and 90% credible regions are 2.33þ0.30

−0.10M⊙ and
2.33þ0.49

−0.15M⊙, respectively. For the impact of different mass
distribution models or NS sample on the Mmax, please see
the Appendix, where we find that the mass distribution
models have minor influence on the overall results. The
Mmax obtained in this work is slightly larger than our
previous finding Mmax ∼ 2.26M⊙ [28], which is primarily
attributed to the enlargement of the data sample.

B. The EoS reconstruction results with different (non)
parametrization approaches

With the radius/mass data of PSR J0030þ 0451, PSR
J0740þ 6620 and the double NSs involved in GW170817,
we have reconstructed the EoS of the dense matter with
three (non)parametrization methods summarized in Sec. II,
in which the theoretical χEFT and pQCD (nL ¼ 10ns)
constraints and the information of PðMmaxÞ have been
incorporated.
In Fig. 2 we present the EoS reconstruction results with

three different (non)parametrization methods. The data sets
for the three constraints are the same, including the latest
calculation results of the χEFT and pQCD (extrapolated to

10ns), the four neutron stars with mass and radius/tidal
deformability, and the information on the possibility of
MTOV inferred from the mass distribution of the neutron
stars with measured gravitational masses. The 90% credible
regions are similar, in particular in the density region of
≤ nc;TOV, which can well explain the almost identicalMTOV

as well as RTOV shown in Fig. 3.

C. The constraints on MTOV and the role
of the choice of nL

Here we focus on the constraint onMTOV. Figure 3 shows
the posterior distributions ofMTOV and RTOV found in three
independent EoS reconstruction approaches in different
colors. These approaches yield almost identical results on
both MTOV (2.25þ0.08

−0.07M⊙) and RTOV (11.90þ0.63
−0.60 km), i.e.,

they are model insensitive. At 95% confidence level we
have MTOV ≤ 2.4M⊙, which is well consistent with that
found in a semianalytical study [45].
In Fig. 4 we show the roles of different sets of data or

conditions in narrowing down the range ofMTOV. The blue
dashed curve, characterized by a broad distribution (i.e., it is
loosely constrained), represents the posterior of MTOV
bounded with the mass/radius of the four NSs as well as
the theoretical χEFT constraint. Thanks to the additional
input of the pQCD likelihood, the posterior of MTOV gets
effectively suppressed in the high mass range (see the black
dotted curve), in agreement with that found in [25,26]. The
further inclusion of the PðMmaxÞ likelihood in the constraint
narrows the allowed low mass range of MTOV, which is
anticipated since PðMmaxÞ concentrates in the relatively
high mass range. Consequently, the MTOV is precisely
inferred (see the red line in Fig. 4).

FIG. 1. The red line represents the best-fit mass distribution,
i.e., a two-component Gaussian mixture with a sharp cutoff of
Mmax ¼ 2.28M⊙, of the 136 neutron stars with gravitational mass
measurements. Here we take 1000 independent posterior samples
(the gray lines) to give a visual guide for the uncertainties. The
inset shows PðMmaxÞ, the posterior distribution of Mmax.

FIG. 2. The EoS reconstruction results for the single-layer
FFNN model of Han et al. [26] (the blue dash-dotted curve), the
Gaussian process method mainly following Gorda et al. [25] (the
orange dash-dotted line), and the flexible piecewise method of
Jiang et al. [35] (the purple dashed curve) in the case of
nL ¼ 10ns. In the plot the regions are for 90% confidence level
(the vertical lines mark the regions of inferred nc;TOV).
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It has been pointed out that the impact of pQCD
constraints on the EoS properties, in particular in the core
of the most massive NSs, depends sensitively on the choice
of nL [38,39]. This is because that the pQCD constraints
were extrapolated into low-energy densities from n ≥ 40ns
with some general conditions and become much less
constrainable at nc;TOV ∼ 5ns. Though we think it is
reasonable to take nL ¼ 10ns to get tight constraints, as
a check here we also take nL ¼ nc;TOV to infer MTOV.
Again, the three EoS (non)parametrization methods men-
tioned in Sec. II are adopted. The results are shown in
Fig. 5. In general, the resulting MTOV are still well-
consistent with each other and we do not see strong model
dependence. We also present the averaged posterior (red
curve in both top and middle panels of Fig. 5) resulting
from three different methods when applying pQCD con-
straints at nL ¼ 10ns. Now we find a bit higher median
value of MTOV and a moderately broadened error bar of
≈0.1M⊙. This broadening can be understood since the
pQCD constraint at nL ¼ nc;TOV is weaker than that
at nL ¼ 10ns.
In the above paragraph we have examined how MTOV

would be influenced by the choice of nL ¼ nc;TOV in
comparison to the case of nL ¼ 10ns. Then what would
happen beyond the density of nc;TOV? At densities of
n ≤ nc;TOV, we simply fix the EoS reconstructed with
nL ¼ nc;TOV, and then constrain the EoS beyond nc;TOV
with the pQCD likelihood at 10ns. For simplicity, at the
densities of n ≤ nc;TOV we adopt the GP method, otherwise
we take the constant sound speed approach (three segments
are assumed). In comparison to the case of simple extrapo-
lation of EoSs obtained for nL ¼ nc;TOV, within the density
range between nc;TOV and 10ns, the c2s found in our current
approach is characterized by a discontinuity, i.e., there is a
sudden drop to a low value, likely indicating a strong phase
transition (see the middle panel of Fig. 6). This is anticipated
since for nL ¼ nc;TOV the c2s at the high densities can reach
∼1 (see the top panel of Fig. 6), which can not smoothly
connect to the pQCD constraint at 10ns, in contrast with that
for a direct constraint with nL ¼ 10ns (see the bottom panel
of Fig. 6). In reality, it is lack of convincing reason why a
sudden transition takes place exactly at nc;TOV rather than at
higher densities. A simple but likely reasonable empirical
treatment on the problem may be to set the pQCD constraint
at a density uniformly distributed between nc;TOV and 10ns
(i.e., the random check). The bounds on MTOV set by such
an approach are stronger than the case of nL ¼ nc;TOV and
are similar to the case of nL ¼ 10ns, as shown in the middle
panel of Fig. 5. In view of the above facts, we conclude that
the MTOV value reported in this work is robust.
As for the GP method, one of the important parameters is

the correlation length. Gorda et al. [25] has taken the mean
of the correlation length to be l̄ ¼ 1ns, while we take l̄ ¼
0.5ns as our fiducial correlation length. To check whether
the constraint on MTOV is sensitively dependent of the

FIG. 3. Almost identical posterior distributions of MTOV and
RTOV found in three independent EoS reconstruction approaches
for nL ¼ 10ns, where we have taken into account the mass/radius
data of four NSs (including PSR J0030þ 0451, PSR J0740þ
6620 and the two involved in GW170817), the posterior
distribution of the maximum cutoff of the neutron star mass
function, as well as the theoretical χEFT and pQCD constraints.
The orange, purple and blue lines represent the results for the GP,
PWLS, and FFNN models, while the black gives their average.

FIG. 4. MTOV obtained with different data sets and/or con-
ditions. The gray dash-dotted line represents PðMmaxÞ. The black
dotted line represents that deduced from the χEFT constraint as
well as the four NSs with both mass and radius measurements.
The blue dashed curve employs also the pQCD constraint. The
red solid line further takes into account the information of the
mass distribution of NSs. The last three lines are calculated with
the FFNN approach.
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FIG. 5. Top panel: The posterior distributions of the MTOV
found in the three EoS reconstruction approaches in the case of
nL ¼ nc;TOV, which are moderately weaker than the case of nL ¼
10ns (i.e., the red line). Middle panel: The posterior distribution
of MTOV obtained in setting the pQCD constraint at a density
uniformly distributed between ρTOV and 10ns (i.e., the random
check). Bottom panel: The posterior distribution of MTOV

obtained in the GP model with different l̄.

FIG. 6. The top panel is the reconstructed c2s as a function of
n=nc;TOV for nL ¼ nc;TOV, where the part of n > nc;TOV is a
simple extrapolation of the low density EoS. The left part of the
middle panel is the same as that of the top panel, while the right
part is derived by requiring the extrapolated EoS at higher
densities (i.e., ≥ nc;TOV) to also satisfy the pQCD likelihood at
10ns with three constant-sound-speed segment approximation
(i.e., a specific PW approach). The bottom panel shows the
constrained EoS with the pQCD likelihood at nL ¼ 10ns for a
comparison. The red dash-dotted curves and orange dashed
curves denote the 50% and 68.3% intervals, respectively.
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correlation length, we have also reproduced the calculation
with the mean of the correlation length of l̄ ¼ 1ns and
l̄ ¼ 0.2ns, respectively. As shown in the bottom panel of
Fig. 5, the results are insensitive of the choice of l̄.

IV. CONCLUSION AND DISCUSSION

MTOV is one of the key parameters of the compact
objects. Its value, however, can not be directly/accurately
informed from the first principle and is still uncertain. Most
estimates made in the literature are sensitively dependent
on the model assumptions. Two approaches do not suffer
from such a problem, including the cutoff modeling of the
mass function of the NSs, and the EoS reconstruction with
the multimessenger data of NSs as well as the theoretical
χEFT and pQCD constraints. In this work for the first time
we take the advantages of these two approaches to jointly
yield the precision inference of MTOV ¼ 2.25þ0.08

−0.07M⊙ and
RTOV ¼ 11.90þ0.63

−0.60 km, with the NS mass measurement
sample updated till April 2023, the reliable mass/radius
data of four NSs (including PSR J0030þ 0451, PSR
J0740þ 6620, and the two involved in GW170817) as
well as the theoretical χEFT (pQCD) constraints at low
(very high) energy densities. Such a precise value is thanks
to the suppression of the high MTOV by the pQCD
constraint and the exclusion of the low MTOV by the mass
distribution information. We have adopted three very
different EoS (non)parametrization approaches, including
the single-layer feed-forward neural network model devel-
oped in [26], the flexible piecewise linear sound speed
method of [35], and the Gaussian process widely used in
the literature [19,20,25]. The resulting MTOV and RTOV are
found to be almost exactly the same (see Fig. 3), suggesting
that our result is robust.
We have also tested the case of nL ¼ nc;TOV and found a

bit higher median value of MTOV and a ≈0.1M⊙ error bar.
However, such a “conservative” approach yields a discon-
tinuity of c2s at the density of nc;TOV to satisfy the pQCD
limit at 10ns and a more reasonable/empirical approach of
nL ∼ Uniformðnc;TOV; 10nsÞ would yield MTOV rather sim-
ilar to that of nL ¼ 10ns (see Fig. 5 for the details). We
conclude that the parameter MTOV is indeed precisely
constrained with the current multimessenger data of NSs
and the information of the latest theoretical calculations,
and the stiff EoS models withMTOV ≥ 2.4M⊙ is disfavored
at a confidence level above 95%. Consequently, the
2.5–3M⊙ compact objects detected by the LIGO/Virgo
gravitational wave detectors [46] strongly suggest the
presence of a group of very light black holes and hence
the absence of the so-called mass gap between NSs and
black holes.
One straightforward application of our results is to esti-

mate the fate of the remnant of double NS mergers with
a total mass of mT. With Eqs. (7) and (8) of [28],

we need mT ≥ MTOV½1.036þ 0.081ðMTOV=1M⊙Þ�½1 −
0.091ðmloss=1M⊙ÞÞ þmloss ≈ 2.76M⊙ to yield a black
hole, and mT < MTOV½0.903þ 0.079ðMTOV=1M⊙Þ�½1 −
0.091ðmloss=1M⊙ÞÞ þmloss ≈ 2.46M⊙ to result in a stable
massive neutron star, otherwise a supramassive neutron star
will be formed, where mloss ≈ 0.05M⊙ is the typical mass
lost apart from the remnant core. For the binary NS systems
summarized in Table I, the mergers of the heaviest ones
would yield black holes while the others would form
supramassive NSs, in agreement with the indications of
current observations of some gamma-ray bursts likely from
double NS mergers [47]. The accurate estimation of MTOV
can be utilized to ascertain the nature of binary coalescence
events detected by LIGO/Virgo, facilitating the differ-
entiation between NS and BH, particularly if a mass gap
exists between the two entities. Furthermore, our findings
have implications for the determination of the Hubble
constant, as the mass cutoff for neutron stars to be detected
by GWs should align with MTOV, which is invariant with
respect to redshift. The mass cutoff as inferred from the
source-frame mass distribution of NSs is associated with
both the redshifted mass and the redshift as predicted by the
cosmological model and luminosity distance, thus offering
a method to test the underlying cosmological model. The
systematic investigation of this implication will be a focus
of our future research.
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APPENDIX

1. The sample of neutron stars with a measured mass

We summarize the up-to-date (till April 2023) measure-
ments of the neutron star masses, totally 136 items classified
into nine types. Among them, 113 items are the individual
estimates of masses (mp) of neutron stars, while 17 of them
are the measurements of mass function (f) and total mass
(mT) of binary systems. The other 6 items are the mea-
surements of mass function and mass ratio (q) of the binary
systems. The details on the proper inclusion of such events
in the mass function modeling can be found in Alsing et al.
[27] and Shao et al. [28]. Please bear in mind that for some
rapidly rotating pulsars, the rotation may have enhanced
the gravitational mass by a factor of 0.01 or higher. To get
the reasonable mass distribution of the non-rotating objects,
in our analysis we have made the corrections on the
gravitational masses of the PSR J0952-0607 (spin period
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TABLE I. Catalog of neutron stars with mass measurements.

ID Type mp (M⊙) f (M⊙) mT (M⊙) q References

J0453þ 1559 NS-NS 1.559� 0.005 [49]
J0453þ 1559 companion NS-NS 1.174� 0.004 [49]
J0509þ 3801 NS-NS 1.34� 0.08 [50]
J0509þ 3801 companion NS-NS 1.46� 0.08 [50]
J0514-4002A NS-NS 1.25þ0.05

−0.06 [51]
J0514-4002A companion NS-NS 1.22þ0.06

−0.05 [51]
J0737-3039A NS-NS 1.338185þ0.000012

−0.000014 [52]
J0737-3039B NS-NS 1.248868þ0.000013

−0.000011 [52]
J1018-1523 NS-NS 0.238062 2.3� 0.3 [53]
J1325-6253 NS-NS 0.141517 2.57183� 0.06 [54]
J1411þ 2551 NS-NS 0.122390 2.538� 0.022 [55]
J1518þ 4904 NS-NS 0.115988 2.7183� 0.0007 [56]
B1534þ 12 NS-NS 1.3330� 0.0002 [57]
B1534þ 12 companion NS-NS 1.3455� 0.0002 [57]
J1756-2251 NS-NS 1.341� 0.007 [58]
J1756-2251 companion NS-NS 1.230� 0.007 [58]
J1757-1854 NS-NS 1.3406� 0.0005 [59]
J1757-1854 companion NS-NS 1.3922� 0.0005 [59]
J1759þ 5036 NS-NS 0.081768 2.62� 0.03 [60]
J1807-2500B NS-NS 1.3655� 0.0021 [61]
J1807-2500B companion NS-NS 1.2064� 0.0020 [61]
J1811-1736 NS-NS 0.128121 2.57� 0.10 [62]
J1829þ 2456 NS-NS 1.306� 0.007 [63]
J1829þ 2456 companion NS-NS 1.299� 0.007 [63]
J1906þ 0746 NS-NS 1.291� 0.011 [64]
J1906þ 0746 companion NS-NS 1.322� 0.011 [64]
J1913þ 1102 NS-NS 1.62� 0.03 [65]
J1913þ 1102 companion NS-NS 1.27� 0.03 [65]
B1913þ 16 NS-NS 1.4398� 0.0002 [66]
B1913þ 16 companion NS-NS 1.3886� 0.0002 [66]
J1930-1852 NS-NS 0.346908 2.54� 0.03 [67]
J1946þ 2052 NS-NS 0.268184 2.50� 0.04 [67]
B2127þ 11C NS-NS 1.358� 0.010 [68]
B2127þ 11C companion NS-NS 1.354� 0.010 [68]
GW170817A NS-NS 1.47þ0.09

−0.07 [69]
GW170817B NS-NS 1.27þ0.06

−0.07 [69]
GW190425A NS-NS 1.56þ0.06

−0.08 [70]
GW190425B NS-NS 1.74þ0.10

−0.06 [70]
GW191219 NS-BH 1.17þ0.07

−0.06 [46]
GW200105 NS-BH 1.91þ0.33

−0.24 [46]
GW200115 NS-BH 1.44þ0.85

−0.29 [46]
J0024-7204H NS-WD(?) 0.001927 1.665� 0.007 [71]
J0337þ 1715 NS-WD 1.4359� 0.0003 [72]
J0348þ 0432 NS-WD 2.01� 0.04 [73]
J0437-4715 NS-WD 1.44� 0.07 [74]
J0621þ 1002 NS-WD 1.53þ0.10

−0.20 [75]
J0740þ 6620 NS-WD 2.072þ0.067

−0.066 [42]
J0751þ 1807 NS-WD 1.64� 0.15 [76]
J0955-6150 NS-WD 1.71� 0.02 [77]
J1012þ 5307 NS-WD 1.72� 0.16 [78]
J1017-7156 NS-WD 2.0� 0.8 [79]
J1022þ 1001 NS-WD 1.44� 0.44 [79]
J1125-6014 NS-WD 1.5� 0.2 [79]

(Table continued)
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TABLE I. (Continued)

ID Type mp (M⊙) f (M⊙) mT (M⊙) q References

J1141-6545 NS-WD 1.27� 0.01 [80]
B1516þ 02B NS-WD 2.08� 0.19 [81]
J1528-3146 NS-WD 1.61þ0.14

−0.13 [82]
J1600-3053 NS-WD 2.3þ0.7

−0.6 [80]
J1614-2230 NS-WD 1.908� 0.016 [80]
J1713þ 0747 NS-WD 1.35� 0.07 [80]
J1738þ 0333 NS-WD 1.47þ0.7

−0.6 [83]
J1740-5340 NS-WD(?) 0.002644 5.85� 0.13 [84]
J1741þ 1351 NS-WD 1.14þ0.43

−0.25 [80]
J1748-2021B NS-WD 0.000226624 2.69� 0.071 [85]
J1748-2446am NS-WD 1.649þ0.037

−0.11 [86]
J1748-2446an NS-WD 0.02420 2.97� 0.52 [87]
J1748-2446I NS-WD 0.003658 2.17� 0.02 [88]
J1748-2446J NS-WD 0.013066 2.20� 0.04 [88]
J1750-37A NS-WD 0.0518649 1.97� 0.15 [81]
B1802-07 NS-WD 1.26þ0.08

−0.17 [89]
J1802-2124 NS-WD 1.24� 0.11 [90]
J1811-2405 NS-WD 2.0þ0.8

−0.5 [91]
J1823-3021G NS-WD(?) 0.0123 2.65� 0.07 [87]
J1824-2452C NS-WD(?) 0.006553 1.616� 0.007 [92]
B1855þ 09 NS-WD 1.37þ0.13

−0.10 [80]
J1909-3744 NS-WD 1.492� 0.014 [93]
J1911-5958A NS-WD 1.34� 0.08 [94]
J1918-0642 NS-WD 1.29� 0.1 [80]
J1946þ 3417 NS-WD 1.828� 0.022 [95]
J1949þ 3106 NS-WD 1.34þ0.17

−0.15 [96]
J1950þ 2414 NS-WD 1.496� 0.023 [96]
J2043þ 1711 NS-WD 1.38þ0.12

−0.13 [80]
J2045þ 3633 NS-WD 1.251� 0.021 [97]
J2053þ 4650 NS-WD 1.40þ0.21

−0.18 [98]
J2140-2311B NS-WD(?) 0.2067 2.53� 0.08 [99]
J2222-0137 NS-WD 1.831� 0.010 [100]
J2234þ 0611 NS-WD 1.353þ0.014

−0.017 [101]
B2303þ 46 NS-WD 1.3þ0.13

−0.46 [89]
J0952-0607 BW 2.35� 0.17 [102]
J1301þ 0833 BW 1.6þ0.22

−0.25 [103]
J1311-3430 BW 2.22� 0.1 [103]
J1555-2908 BW 1.67þ0.07

−0.05 [104]
J1653-0158 BW 2.15� 0.16 [103]
J1810þ 1744 BW 2.11� 0.04 [103]
J1959þ 2048 BW 1.81� 0.07 [105]
3FGL J0212.1þ 5320 RB 1.85þ0.32

−0.26 [106]
3FGL J0427.9-6704 RB 1.86þ0.11

−0.10 [107]
2FGL J0846.0þ 2820 RB 1.96� 0.41 [108]
J1023þ 0038 RB 1.65þ0.19

−0.16 [109]
J1048þ 2339 RB 0.01 5.15� 0.19 [109]
1FGL J1417.7-4407 RB 1.62þ0.43

−0.17 [110]
J1431-4715 RB 0.000885 10.42� 0.11 [109]
J1622-0315 RB 0.000436 14.29� 0.20 [109]
J1628-3205 RB 0.00171 8.33� 0.21 [109]
J1723-2837 RB 1.22þ0.26

−0.2 [111]
J1816þ 4510 RB 0.0017607 9.54� 0.21 [112]
4FGL J2039.5-5617 RB 1.3þ0.155

−0.10 [113]

(Table continued)
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of 1.4 ms), PSR J2215þ 5135 (2.61 ms), and PSR J0740þ
6620 (2.89 ms), which are −ð0.065; 0.024; 0.021ÞM⊙,
respectively, using the universal relation of Konstantinou
and Morsink [48] assuming a neutron star radius of
R ¼ 12 km.

2. The impact of different mass distribution
models and NS sample

In this subsection, we detail the results of the NS mass
distribution derived from various models and datasets. The
code for reproducing these findings is available on the
GitHub page. Initially, we modified the bimodal Gaussian
mixture model by substituting its second component with a
Cauchy-Lorentz distribution. Additionally, we investigated
the impact of omitting certain NS sources on the robustness

of our results by excluding specific datasets. The first
group of sources omitted includes GW170817, PSR
J0030þ 0451, and PSR J0740þ 6620. While the second
group of omitted sources consists of certain NSs (i.e., PSR
J2215þ 5135, PSR J0952-0607, PSR J1311-3430, and PSR
J1748-2021B) characterized by high mass and relatively
smaller measurement errors, a combination anticipated to
exert more impact on the determination of Mmax. As
depicted in Figs. 7 and 8, our analyses reveal that different
models yield consistent parameter distributions. However,
the removal of high-mass NSs results in a lower maximum
mass (Mmax) estimate, as expected. Furthermore, with
respect to the impact on the MTOV, we illustrate using the
GP method as an example. As shown in Fig. 9, we find that
the main findings reported in the main text are demonstrated
to be substantially robust against the choice of models.

TABLE I. (Continued)

ID Type mp (M⊙) f (M⊙) mT (M⊙) q References

3FGL J2039.6-5618 RB 2.04þ0.37
−0.25 [109]

J2129-0429 RB 1.74� 0.18 [114]
J2215þ 5135 RB 2.28þ0.10

−0.09 [115]
J2339-0533 RB 1.47� 0.09 [115]
J0030þ 0451 INS 1.34þ0.15

−0.16 [41]
J0045-7319 NS-MS 1.58� 0.34 [116]
J1903þ 0327 NS-MS 1.666þ0.010

−0.012 [80]
4U1538-522 HMXB 1.02� 0.17 [117]
4U1700-377 HMXB 1.96� 0.19 [117]
Cen X-3 HMXB 1.57� 0.16 [117]
EXO 1722-363 HMXB 1.91� 0.45 [117]
Her X-1 HMXB 1.07� 0.36 [118]
J013236.7þ 303228 HMXB 2.0� 0.4 [119]
LMC X-4 HMXB 1.57� 0.11 [117]
OAO 1657-415 HMXB 1.74� 0.3 [117]
SAX J1802.7-2017 HMXB 1.57� 0.25 [117]
SMC X-1 HMXB 1.21� 0.12 [117]
Vela X-1 HMXB 2.12� 0.16 [117]
XTE J1855-026 HMXB 1.41� 0.24 [117]
2S 0921-630 LMXB 1.44� 0.1 [120]
4U 1608-52 LMXB 1.57þ0.30

−0.29 [121]
4U1702-429 LMXB 1.9� 0.3 [122]
4U 1724-207 LMXB 1.81þ0.25

−0.37 [121]
4U 1820-30 LMXB 1.77þ0.25

−0.28 [121]
Cyg X-2 LMXB 1.71� 0.21 [123]
KS 1731-260 LMXB 1.61þ0.35

−0.37 [121]
EXO 1745-248 LMXB 1.65þ0.21

−0.31 [121]
SAX J1748.9-2021 LMXB 1.81þ0.25

−0.37 [121]
X 1822-371 LMXB 1.96� 0.36 [124]
XTE J2123-058 LMXB 1.53� 0.42 [125]

aTypes: NS-NS, double neutron star system; NS-WD, neutron star-white dwarf binary; NS-BH, neutron star-black hole system; BW,
black widow millisecond pulsar system; RB, redback millisecond pulsar system; INS, isolated neutron star; NS-MS, neutron star-main
sequence star system; HMXB, high mass x-ray binary; LMXB, low mass x-ray binary. The question mark means the nature of the
companion is uncertain.

FAN, HAN, JIANG, SHAO, and TANG PHYS. REV. D 109, 043052 (2024)

043052-10



FIG. 7. Similar to Fig. 1. The top row presents the outcomes derived from the two-component Gaussian mixture model, whereas the
bottom row corresponds to the results utilizing the Gaussian+Cauchy-Lorentz model. The left column excludes the data from
GW170817, PSR J0030þ 0451, and PSR J0740þ 6620, whereas the right column presents the results obtained after omitting some
high-mass NSs.
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FIG. 8. Posterior distribution of mass distribution parameters derived from various tests. The parameters μ1 and σ1 represent the
location and scale, respectively, for the first component, whereas μ2 and σ2 correspond to those for the second component. The variable r
denotes the weight attributed to the first component.
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