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Figure 2. Time-resolved spectra of PRE burst in 4U 1746-37 (ObsID 30701-11-03-000). The red dashed line labels the touchdown moment. The 1σ errors are
displayed. For some data, the errors are smaller than the symbols.
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Figure 3. Time-resolved spectra of PRE burst in 4U 1746-37 (ObsID 30701-11-04-00).

disk. For the first scenario, the difference between Fp and FTD
is due to the extra contribution from the far-side disk reflection
at the peak flux moment. Thus, the touchdown flux exactly
corresponds to its Eddington flux. For the second scenario,

it is the anisotropies of persistent and burst emission, which
have been discussed for a long time (Lapidus & Sunyaev 1985;
Fujimoto 1988; Zamfir et al. 2012). If the geometrically thin
accretion disk extends close to the NS surface, it will intercept
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Figure 2. Time-resolved spectra of PRE burst in 4U 1746-37 (ObsID 30701-11-03-000). The red dashed line labels the touchdown moment. The 1σ errors are
displayed. For some data, the errors are smaller than the symbols.
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Figure 3. Time-resolved spectra of PRE burst in 4U 1746-37 (ObsID 30701-11-04-00).

disk. For the first scenario, the difference between Fp and FTD
is due to the extra contribution from the far-side disk reflection
at the peak flux moment. Thus, the touchdown flux exactly
corresponds to its Eddington flux. For the second scenario,

it is the anisotropies of persistent and burst emission, which
have been discussed for a long time (Lapidus & Sunyaev 1985;
Fujimoto 1988; Zamfir et al. 2012). If the geometrically thin
accretion disk extends close to the NS surface, it will intercept
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fraction of burst emission at the peak flux moment is much
smaller than the one at the touchdown moment (Galloway
et al. 2008b). Hence, in this circumstance, the touchdown
flux and emission area in the cooling tail should be corrected
to larger values with the factor Fp/FTD. Here Fp/FTD is
2.0 ± 0.3 for 4U 1746-37, which is consistent with the above-
mentioned prediction. We considered these two geometric
effects separately.

3. THE CONSTRAINING OF M AND R

In PRE bursts, the mass and radius of NSs are constrained
from the relations (Özel et al. 2009)

FTD = GMc
kesD2

!
1 − 2GM

Rc2

"1/2

(6)

and

A = R2

D2f 4
c

!
1 − 2GM

Rc2

"−1

, (7)

where kes = 0.2(1 + X) cm2 g−1 is the opacity to electron scat-
tering and fc is the color correction factor. In order to constrain
the mass and radius of NSs properly, the uncertainties of photo-
sphere composition (X), distance, and the color correction factor
should be taken into account together. Özel et al. (2009) pro-
posed a Bayesian framework to estimate the mass and radius
of NSs. They set each quantity with independent probability
distribution functions, and then the joint probability density of
mass and radius is expressed as

P (D,X, fc,M,R) = 1
2
|J

!
FTD, A

M,R

"
|P (D)P (X)

P (fc)P (FTD)P (A)dDdXdf cdMdR, (8)

where the Jacobian of the transformation from the pair (FTD, A)
to (M,R) is supposed to be
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= 2GcR

kesD4f 4
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"−3/2

.

(9)

Özel et al. (2012) made a correction for this expression com-
pared to Equation (9) in Özel et al. (2009), but a factor of two
is still missing. However, the mass–radius confident regions are
not affected by the constant factor in Equation (8) when the
joint probability density is normalized. Integrating Equation (8)
over distance, the joint probability distribution of M and R is
obtained.

In this work a Monte Carlo method is applied to con-
strain M and R of NSs, which shows high efficiency (Li et al.
2012). We produce two series of simulated F ′

TD and A′, which
satisfy F ′

TD ∼ N (FTD,obs, σ
2
FTD

) and A′ ∼ N (Aobs, σ
2
A), re-

spectively. Here N (FTD,obs, σ
2
FTD

) denotes that F ′
TD is a nor-

mally distributed random value with expectation FTD,obs and
standard deviation σFTD . N (Aobs, σ

2
A) has a similar definition.

We also assign flat distributions for X, fc, which are corre-
spondingly represented as X′ ∼ U [X − dX,X + dX], f ′

c ∼
U [fc − dfc, fc + dfc]. Especially, the distance to the source
has asymmetric errors. In order to simplify the simulation, we
adopt D′ ∼ {N (D0, σ

2
D1

)1[D0,∞)(D) +N (D0, σ
2
D2

)1(−∞,D0)(D)},
where 1[D0,∞)(D) denotes the indicator function of set [D0,∞),

D0 = 11 kpc, σD1 = 0.9 kpc, and σD2 = 0.8 kpc.6 The hy-
drogen mass fraction and the color correction factor are set
as 0.35 ± 0.35 and 1.35 ± 0.05, respectively (Suleimanov et al.
2011; Güver et al. 2012b). For each pair of (F ′

TD, A′,D′, f ′
c , X

′),
the M and R of NSs are solved from Equations (6) and (7), if the
solutions exist. For certain large samples (i.e., 107), the confi-
dence regions of M and R are obtained.

4. RESULTS

We applied a Monto Carlo simulation to constrain the mass
and radius of NSs in 4U 1746-37. The typical distributions of
the color correction factor and hydrogen mass fraction were
utilized. The results are shown in Figures 6 and 7. The left panel
in Figure 6 displays the 1σ , 2σ , and 3σ confidence regions
of the mass and radius of 4U 1746-37, if the touchdown flux
exactly corresponds to the Eddington flux. That is, the peak flux
contained a significant fraction component from the reflection
of the far-side disk. If the accretion disk obscured a portion
of emission area at the touchdown moment and in the cooling
tail, FTD and A should be corrected with the factor Fp/FTD;
here, the factor 2.0 ± 0.3 was adopted. The confidence regions
are displayed in the left panel of Figure 7. Ten EoSs are also
plotted. It should be mentioned that in each case two regions
are preferred. In Figure 6, the mass and radius of NSs are
0.63 ± 0.18M⊙ and 2.14 ± 0.61 km for the upper left part, or
0.21 ± 0.06M⊙ and 6.26 ± 0.99 km for the lower right part. In
Figure 7, the mass and radius of NSs are 0.99 ± 0.29M⊙ and
3.55 ± 1.14 km for the upper left part, or 0.41 ± 0.14M⊙ and
8.73 ± 1.54 km for the bottom right part.

We also checked the prior and posterior distributions of
all related parameters. From Figures 6 and 7, the posterior
distributions are well consistent with prior ones.

The left contours cannot be reproduced by any EoS, because
the mean densities of NSs are much larger than the nuclear
matter saturation density, and they are close to the Schwarzschild
radius. The results show that 4U 1746-37 contains a very low-
mass NS in the range 0.21–0.41M⊙. If only the reflection of
the far-side disk effect existed, the touchdown flux is equal to
its Eddington flux. Then, we conclude the presence of an ultra-
low-mass and small-radius NS inside 4U 1746-37.

Steiner et al. (2010) proposed that the photosphere could still
be extended at the touchdown moment. At the extreme case, the
photosphere radius is much larger than the radius of NSs, and
then the Eddington flux in Equation (6) is reduced to

FTD = GMc
kesD2

; (10)

the expression of apparent area in Equation (7) remains un-
changed. The simulation results are shown in Figures 8 and 9.
Each mass of an NS corresponds to two different radius so-
lutions. Compared with Figures 6 and 7, the left contours are
shrunk in Figures 8 and 9, and the right contours are shifted
negligibly.

5. DISCUSSION AND CONCLUSIONS

Plenty of theoretical NS EoSs were proposed. The hadron
star and hybrid/mixed star are gravity bound and covered by
crusts with nuclei and electrons, whereas the quark star and

6 A flat distribution of D is also attempted. The M–R confidence contours are
shifted negligibly.
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fraction of burst emission at the peak flux moment is much
smaller than the one at the touchdown moment (Galloway
et al. 2008b). Hence, in this circumstance, the touchdown
flux and emission area in the cooling tail should be corrected
to larger values with the factor Fp/FTD. Here Fp/FTD is
2.0 ± 0.3 for 4U 1746-37, which is consistent with the above-
mentioned prediction. We considered these two geometric
effects separately.

3. THE CONSTRAINING OF M AND R

In PRE bursts, the mass and radius of NSs are constrained
from the relations (Özel et al. 2009)
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2011; Güver et al. 2012b). For each pair of (F ′

TD, A′,D′, f ′
c , X

′),
the M and R of NSs are solved from Equations (6) and (7), if the
solutions exist. For certain large samples (i.e., 107), the confi-
dence regions of M and R are obtained.

4. RESULTS

We applied a Monto Carlo simulation to constrain the mass
and radius of NSs in 4U 1746-37. The typical distributions of
the color correction factor and hydrogen mass fraction were
utilized. The results are shown in Figures 6 and 7. The left panel
in Figure 6 displays the 1σ , 2σ , and 3σ confidence regions
of the mass and radius of 4U 1746-37, if the touchdown flux
exactly corresponds to the Eddington flux. That is, the peak flux
contained a significant fraction component from the reflection
of the far-side disk. If the accretion disk obscured a portion
of emission area at the touchdown moment and in the cooling
tail, FTD and A should be corrected with the factor Fp/FTD;
here, the factor 2.0 ± 0.3 was adopted. The confidence regions
are displayed in the left panel of Figure 7. Ten EoSs are also
plotted. It should be mentioned that in each case two regions
are preferred. In Figure 6, the mass and radius of NSs are
0.63 ± 0.18M⊙ and 2.14 ± 0.61 km for the upper left part, or
0.21 ± 0.06M⊙ and 6.26 ± 0.99 km for the lower right part. In
Figure 7, the mass and radius of NSs are 0.99 ± 0.29M⊙ and
3.55 ± 1.14 km for the upper left part, or 0.41 ± 0.14M⊙ and
8.73 ± 1.54 km for the bottom right part.

We also checked the prior and posterior distributions of
all related parameters. From Figures 6 and 7, the posterior
distributions are well consistent with prior ones.

The left contours cannot be reproduced by any EoS, because
the mean densities of NSs are much larger than the nuclear
matter saturation density, and they are close to the Schwarzschild
radius. The results show that 4U 1746-37 contains a very low-
mass NS in the range 0.21–0.41M⊙. If only the reflection of
the far-side disk effect existed, the touchdown flux is equal to
its Eddington flux. Then, we conclude the presence of an ultra-
low-mass and small-radius NS inside 4U 1746-37.

Steiner et al. (2010) proposed that the photosphere could still
be extended at the touchdown moment. At the extreme case, the
photosphere radius is much larger than the radius of NSs, and
then the Eddington flux in Equation (6) is reduced to

FTD = GMc
kesD2

; (10)

the expression of apparent area in Equation (7) remains un-
changed. The simulation results are shown in Figures 8 and 9.
Each mass of an NS corresponds to two different radius so-
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fraction of burst emission at the peak flux moment is much
smaller than the one at the touchdown moment (Galloway
et al. 2008b). Hence, in this circumstance, the touchdown
flux and emission area in the cooling tail should be corrected
to larger values with the factor Fp/FTD. Here Fp/FTD is
2.0 ± 0.3 for 4U 1746-37, which is consistent with the above-
mentioned prediction. We considered these two geometric
effects separately.
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ABSTRACT

The mass and radius of neutron star in 4U 1746–37 was previously estimated as unusually light and
small in comparison with a normal neutron star. By using the photospheric radius expansion (PRE)
behavior, Li et al. calculated the mass and radius as (0.41M�, 8.7 km) or (0.21M�, 6.3 km). Two
estimated values were obtained by considering the contribution from the accretion disk to observed
flux di↵erently. We pay attention to the possibility that the globular cluster NGC 6441, to which
4U 1746–37 belongs, can contain multiple point-like X-ray sources some of which may be identified as
low-mass X-ray binaries (LMXBs) just like 4U 1746–37. If the observed flux and spectra had additional
contribution from a hypothetical quiescent LMXB in NGC 6441, the mass and radius of neutron star
in 4U 1746–37 could be changed to Numbers from the calculations. Future X-ray observations
with high spatial resolution will be able to test this new estimation.

1. INTRODUCTION

A history of estimating mass and radius of neutron star from PRE XRBs.
Summary of Li et al. 2015
Motivation of this work. Galloway et al. pointed out the possibility that the observed X-ray from 4U 1746–37 (or

NGC 6441) can come from multiple X-ray sources.
Layout of this paper.

2. MODEL

Summarize how to estimate mass and radius of neutron star from the PRE XRB. Provide the data set of the target
and values obtained from Li et al.
We assume that two X-ray sources are detected at the same time, one of which (we call this source Source 1) is PRE

XRB. The other source (Source 2) is qLMXB and does not have any bursting phase in its lightcurve. When PRE occurs
in Source 1, the flux during PRE of Source 1 is much larger than that of Source 2. Therefore, the observed touchdown
flux FTD,obs is similar to that of Source 1 FTD,1. However, Source 1 has a smaller flux and a cooler temperature at its
quiescent phase than Source 2 does, i.e., F1,1  F1,2 and Tbb,1  Tbb,2. This could occur when Source 1 cools very
rapidly and its flux at the quiescent phase is much smaller than that of Source 2. In this case, the e↵ective area Aobs

calculated from the observed flux F1,obs and temperature Tbb,obs is not the same as that calculated from F1,1 and

Tbb,1. The e↵ective area of Source 1 is then calculated as A1 = F1,1

�T 4
bb,1,1

where � is the Stefan-Boltzmann constant.

Because F1,1 and Tbb,1 are not directly measured by the observed flux and spectrum, A1 vary depending on them.
For example, if both the flux and temperature of Source 1 at the quiescent phase are 10% of the observed ones, i.e.,
F1,1 = 0.1F1,obs and Tbb,1 = 0.1Tbb,obs, then A1 = 1000Aobs. This increased A1 results in the new estimation of mass
and radius as (3.88M�, 11.5 km) or (0.214M�, 210 km).
A1 is allowed to vary in comparison with Aobs but constrained by the fact that Source 2 must be a reasonable X-ray

source that has F1,2 = F1,obs �F1,1 and Tbb,2 = Tbb,obs � Tbb,1. From F1,2 and Tbb,2, A2 the emitting size of Source
2 can be estimated and must be consistent with the known X-ray source. So, it needs to be done to calculate A2

corresponding to A1 that results in the canonical values of mass and radius of neutron star.

3. RESULTS

Corresponding author: Kyujin Kwak

kkwak@unist.ac.kr
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Table 1
PRE Bursts in 4U 1746-37

Obs_ID Touchdown Flux Peak Flux DCORa PCU onb M–R
(10−9 erg s−1 cm−2) (10−9 erg s−1 cm−2)

30701-11-03-000 2.86 ± 0.16 4.84 ± 0.25 1.028-1.035 All 0.21 ± 0.06M⊙, 6.26 ± 0.99 kmc

30701-11-04-00 2.21 ± 0.14 5.23 ± 0.26 1.023-1.030 All 0.41 ± 0.14M⊙, 8.73 ± 1.54 kmd

60044-02-01-03 3.01 ± 0.13 5.84 ± 0.23 1.015-1.026 0,2,4

Notes.
a Dead-time correction factor (DCOR) range. The exposure time of each burst spectrum is divided by DCOR.
b The active Proportional Counter Units (PCUs) during the burst epoch.
c The 1σ confidence level of mass and radius NS in 4U 1746-37, corresponding to Figure 6.
d The 1σ confidence level of mass and radius NS in 4U 1746-37, corresponding to Figure 7.

2.3. Fitting the Burst Spectra

The net burst spectrum can be represented by a pure black-
body with interstellar absorption. Worpel et al. (2013) intro-
duced an fa-model to account for the variation of persistent
emission amplitude, which is presented as

S(E) = A(E) × B(E; TBB, ABB) + fa × P (E) − b(E)inst, (2)

where A(E) is the absorption correction, B(E; TBB, ABB) is the
blackbody spectrum with temperature TBB and normalization
ABB, P (E) is the persistent emission, and b(E)inst is the
instrumental background. The parameter fa accounts for the
contribution from the persistent emission, i.e., fa = 1 means
that the amplitude of persistent emission is exactly the same
as the moment before the X-ray burst trigger. Note that the fa
model is applied, assuming that only the amplitude of persistent
emission can change. The fadistribution of type I X-ray bursts
from the Galloway et al. (2008a) catalog peaks at 1 and is biased
toward higher values (Worpel et al. 2013). This implies that the
accretion rate increases during X-ray bursts, analogous to the
Poynting–Robertson effect.

We also attempted to find whether the persistent emission
varied or not in 4U 1746-37. When the fa model was used,
we applied the f-test to check the requirement of adding this
extra parameter. We found that the fa model cannot produce
distinctly better reduced χ2. It implies that even if the accretion
rate increased during type I X-ray bursts in 4U 1746-37,
its contribution to the burst spectrum can be neglected. We
generated the time-resolved spectra of three PRE bursts in
Figures 2–4. The bolometric flux, the blackbody temperature,
the blackbody normalization, and the reduced χ2 are shown. The
bolometric flux was calculated from Equation (3) in Galloway
et al. (2008a). The error of bolometric flux was estimated from
the uncertainty propagation. All quoted errors are at the 68%
confidence level.

In Figure 2 the reduced χ2 on the cooling tail are relatively
large compared with the expansion phase and contraction phase,
as with the famodel. The touchdown fluxes are (2.86 ± 0.16) ×
10−9 erg s−1 cm−2, (2.21 ± 0.14) × 10−9 erg s−1 cm−2, and
(3.01 ± 0.13) × 10−9 erg s−1 cm−2. The corresponding peak
fluxes are (4.84 ± 0.25) × 10−9 erg s−1 cm−2, (5.23 ± 0.26) ×
10−9 erg s−1 cm−2, and (5.84 ± 0.23) × 10−9 erg s−1 cm−2.
Meanwhile, the factor Fp/FTD is 2.0 ± 0.3. If the cooling tails
were truncated at 0.5 × 10−9 erg s−1 cm−2, we obtained the ap-
parent area during the cooling tail 10.9 ± 4.2 (km/10 kpc)2,
which is smaller than 15.7 ± 2.4 (km/10 kpc)2 provided by
(Güver et al. 2012b), but with a larger error, since we only
used three PRE bursts and did not group the apparent areas as a
function of flux.

Suleimanov et al. (2011) proposed that the color correction
factor apparently changes when the luminosity is close to its
Eddington limit. In Figure 5, the A−1/4–flux correlation is
shown and fitted by three theoretical models (Suleimanov et al.
2012). The data are well fitted at high flux (FTD = 2.65 ×
10−9 erg s−1 cm−2 and [R(1 + z)/D10]−1/2 = 0.35 for pure H,
FTD = 2.7 × 10−9 erg s−1 cm−2 and [R(1 + z)/D10]−1/2 = 0.36
for pure He, FTD = 2.65 × 10−9 erg s−1 cm−2 and [R(1 +
z)/D10]−1/2 = 0.37 for a mixture of H/He). At low flux,
the data deviate from the prediction of models, which also
appears in GS 1826-24 (Zamfir et al. 2012). Güver et al. (2012b)
calculated fc for different X-ray burst atmosphere models and
concluded that fc is weakly dependent on the temperature if
the blackbody temperature is less than 2.5 keV. From the time-
resolved spectra of 4U 1746-37, the blackbody temperatures are
all in the range 1–2 keV. Hence, the color correction factor is
chosen as 1.3–1.4 to account for the different theoretical model
predictions.

The standard deviations of FTD and A contain three
parts: the observed errors (σFTD,obs, σAobs ), the systematic errors
(σFTD,sys, σAsys ), and the absolute calibration errors (σFTD,cal, σAcal ),
which are

σ 2
FTD

= σ 2
FTD,obs

+ σ 2
FTD,sys

+ σ 2
FTD,cal

(3)

and
σ 2

A = σ 2
Aobs

+ σ 2
Asys

+ σ 2
Acal

, (4)

if these errors are independent of each other. Here the 10%
absolute calibration errors are applied (Tsujimoto et al. 2011).
Since the systematic errors were 3%–8% for apparent radii
(Güver et al. 2012b) and ∼10% for touchdown fluxes (Güver
et al. 2012a), we adopted 8% and 10% systematic errors for
apparent radius and touchdown flux, respectively. Thus, the
mean touchdown flux and apparent area are (2.69 ± 0.57) ×
10−9 erg s−1 cm−2 and 10.9 ± 4.4 (km/10 kpc)2 for these PRE
bursts. We note that two PRE bursts were observed by EXOSAT
with peak fluxes (1.0 ± 0.1)×10−8 erg s−1 cm−2 and touchdown
fluxes of about (2.2–4.2) × 10−9 erg s−1 cm−2 (Sztajno et al.
1987). The touchdown flux observations of RXTE and EXOSAT
for 4U 1746-37 were consistent with each other. It should be
mentioned that Sztajno et al. (1987) treated the peak flux as
the Eddington flux. Here we adopted the touchdown flux as its
Eddington flux as suggested in Özel et al. (2009).

4U 1746-37 has a high system inclination angle (i ∼ 90◦). In
such systems, the touchdown fluxes were systematically smaller
than the peak fluxes. Galloway et al. (2008b) found that the
ratios between the peak flux (Fp) and the touchdown flux (FTD)
are larger than ∼1.6 in dipping binaries. They discussed two
geometric interpretations of this ratio, the reflection of the far-
side accretion disk and the obscuration of the near-side accretion
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Figure 6. Left panel: 1σ , 2σ , and 3σ M–R confidence regions of 4U 1746-37, which are based on the assumption that the touchdown flux corresponded to the
Eddington flux. The dashed line denotes two observed near 2M⊙ NSs. The left black lines show the general relativity limit and the central density limit, respectively.
Theoretical mass–radius relations for several NS EoS models are displayed, which were introduced by GS1 (Glendenning & Schaffner-Bielich 1999), AP4 (Akmal &
Pandharipande 1997), MPA1 (Müther et al. 1987), PAL1 (Prakash et al. 1988), MS2 (Müller & Serot 1996), GLX123 (Guo et al. 2014), and LX12 (Lai & Xu 2009;
Lai et al. 2013). The purple dot–dashed line represents the bare strange stars obtained from the MIT bag model EoS. In order to reach Mmax = 2M⊙, the bag constant
must equal 57 MeV fm−3. The first five gravity-bound NSs describe the same as in Lattimer & Prakash (2007). Right panel: prior (black lines) and posterior (red lines)
distributions of all relative parameters. In order to show the flux and distance distributions clearly, the total numbers of posterior distributions in both subgraphs are
divided by a factor of two, because the prior and posterior distributions are quite similar. The simulation contains 107 samples.
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Figure 7. Same as Figure 6, but based on the assumption that the touchdown flux and emission area were partially obscured by the accretion disk. For 4U 1746-37,
the obscuration factor Fp/FTD is 2.0 ± 0.3, and its error is accounted for in the contours of M–R.

quark-cluster star are strongly self-bound on the surface. In
order to reduce them, searching for very high-mass NSs is
an essential method, since the maximum mass of NSs deter-
mines the stiffness of the EoS. Very recently, the discoveries
of two ∼2M⊙ NSs ruled out all soft EoSs (Demorest et al.
2010; Antoniadis et al. 2013), in which the predicted maxi-
mum masses of NSs were lower than 2M⊙. On the other hand,
searching for very low mass NSs is also an attractive method,
because the EoS of self-bound NSs predicted distinct radii at
low mass compared with ones by the EoS of gravity-bound
NSs. Moreover, gravity-bound NSs have minimum mass, while
self-bound NSs do not. Thus, theoretical NS EoSs could be ef-
fectively tested from the accurate measurement of the radius for
low-mass NSs.

EXOSAT and RXTE observed very low touchdown fluxes in
PRE bursts from 4U 1746-37 (Sztajno et al. 1987; Galloway
et al. 2008a). During the cooling tail in its PRE bursts, the

emission area remained nearly constant (Güver et al. 2012b).
Sztajno et al. (1987) assigned the peak fluxes as its Eddington
flux. However, we assume that the Eddington luminosity was
reached at the touchdown moment in 4U 1746-37’s PRE bursts,
similar to other sources. We also checked the persistent emission
variations during X-ray bursts in 4U 1746-37. The fa model does
not provide better-fitting results. After applying the Monte Carlo
simulation, we propose that a low-mass NS (0.21 ± 0.06M⊙
or 0.41 ± 0.14M⊙, depending on accretion disk geometric
effects) may exist in 4U 1746-37. Combining the above two
possibilities, the mass of 4U 1746-37 is 0.41+0.70

−0.30 M⊙ at 99.7%
confidence. The peak fluxes in PRE bursts were not always
consistent with touchdown fluxes. Two geometric effects, the
reflection of the far-side accretion disk and the obscuration of
the near-side accretion disk, were possible attributes. In the
case of accretion disk reflection, the derived mass and radius of
NSs in 4U 1746-37 could be reproduced in the framework of

7

The Astrophysical Journal, 798:56 (9pp), 2015 January 1 Li et al.

0 2 4 6 8 10 12 14 16
0

0.5

1

1.5

2

2.5

3

3.5

4

AP4

GS1 MPA1

MS2

PAL1

R / km

M
/M

GLX12

GLX3

LX1

LX2

R
=

2G
M

/c
2

ρ→
∞

MIT BAG

0 2 4 6 8
0

1

2

Flux (10 −9  erg/cm2 /s)

N/2

−10 0 10 20 30 40
0

1

2

A

5 10 15 20
0

1

2

D (kpc)

N
 (1

06 )

N/2

0.2 0.4 0.6
0.8

0.9

1

X

1.3 1.35 1.4

0.8
0.9

1

f
c

Figure 6. Left panel: 1σ , 2σ , and 3σ M–R confidence regions of 4U 1746-37, which are based on the assumption that the touchdown flux corresponded to the
Eddington flux. The dashed line denotes two observed near 2M⊙ NSs. The left black lines show the general relativity limit and the central density limit, respectively.
Theoretical mass–radius relations for several NS EoS models are displayed, which were introduced by GS1 (Glendenning & Schaffner-Bielich 1999), AP4 (Akmal &
Pandharipande 1997), MPA1 (Müther et al. 1987), PAL1 (Prakash et al. 1988), MS2 (Müller & Serot 1996), GLX123 (Guo et al. 2014), and LX12 (Lai & Xu 2009;
Lai et al. 2013). The purple dot–dashed line represents the bare strange stars obtained from the MIT bag model EoS. In order to reach Mmax = 2M⊙, the bag constant
must equal 57 MeV fm−3. The first five gravity-bound NSs describe the same as in Lattimer & Prakash (2007). Right panel: prior (black lines) and posterior (red lines)
distributions of all relative parameters. In order to show the flux and distance distributions clearly, the total numbers of posterior distributions in both subgraphs are
divided by a factor of two, because the prior and posterior distributions are quite similar. The simulation contains 107 samples.
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Figure 7. Same as Figure 6, but based on the assumption that the touchdown flux and emission area were partially obscured by the accretion disk. For 4U 1746-37,
the obscuration factor Fp/FTD is 2.0 ± 0.3, and its error is accounted for in the contours of M–R.

quark-cluster star are strongly self-bound on the surface. In
order to reduce them, searching for very high-mass NSs is
an essential method, since the maximum mass of NSs deter-
mines the stiffness of the EoS. Very recently, the discoveries
of two ∼2M⊙ NSs ruled out all soft EoSs (Demorest et al.
2010; Antoniadis et al. 2013), in which the predicted maxi-
mum masses of NSs were lower than 2M⊙. On the other hand,
searching for very low mass NSs is also an attractive method,
because the EoS of self-bound NSs predicted distinct radii at
low mass compared with ones by the EoS of gravity-bound
NSs. Moreover, gravity-bound NSs have minimum mass, while
self-bound NSs do not. Thus, theoretical NS EoSs could be ef-
fectively tested from the accurate measurement of the radius for
low-mass NSs.

EXOSAT and RXTE observed very low touchdown fluxes in
PRE bursts from 4U 1746-37 (Sztajno et al. 1987; Galloway
et al. 2008a). During the cooling tail in its PRE bursts, the

emission area remained nearly constant (Güver et al. 2012b).
Sztajno et al. (1987) assigned the peak fluxes as its Eddington
flux. However, we assume that the Eddington luminosity was
reached at the touchdown moment in 4U 1746-37’s PRE bursts,
similar to other sources. We also checked the persistent emission
variations during X-ray bursts in 4U 1746-37. The fa model does
not provide better-fitting results. After applying the Monte Carlo
simulation, we propose that a low-mass NS (0.21 ± 0.06M⊙
or 0.41 ± 0.14M⊙, depending on accretion disk geometric
effects) may exist in 4U 1746-37. Combining the above two
possibilities, the mass of 4U 1746-37 is 0.41+0.70

−0.30 M⊙ at 99.7%
confidence. The peak fluxes in PRE bursts were not always
consistent with touchdown fluxes. Two geometric effects, the
reflection of the far-side accretion disk and the obscuration of
the near-side accretion disk, were possible attributes. In the
case of accretion disk reflection, the derived mass and radius of
NSs in 4U 1746-37 could be reproduced in the framework of
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Figure 8. Same geometric effect as Figure 6. The radius of the photosphere at the touchdown moment is much larger than R.
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Figure 9. Same geometric effect as in Figure 7, but based on the assumption that the touchdown flux and emission area were partially obscured by the accretion disk
and the photosphere is extremely extended at the touchdown moment.

self-bound NS EoSs, including quark-cluster stars and bare
strange stars (Lai & Xu 2009; Lai et al. 2013; Guo et al. 2014).
In the case of accretion disk obscuration, the self-bound NSs
and gravity-bound NSs (Akmal & Pandharipande 1997; Müther
et al. 1987) are acceptable in 1σ and 2σ confidence levels of
the mass and radius of NSs in 4U 1746-37, respectively. Three
gravity-bound NS EoSs (Prakash et al. 1988; Müller & Serot
1996; Glendenning & Schaffner-Bielich 1999) can survive at
the 3σ confidence level.

Steiner et al. (2010) discussed the possibility that the photo-
sphere is still extended at the touchdown moment. In the extreme
case, the Eddington flux is only dependent on the stellar mass.
In Figure 8, the contours of M– R constrain the same EoS as in
Figure 6. Again, self-bound NSs are acceptable at the 1σ confi-
dence level. Two gravity-bound EoSs (Akmal & Pandharipande
1997; Müther et al. 1987) and another three gravity-bound EoSs
are possible at 2σ and 3σ confidence levels.

Several low-mass NSs (near or below 1M⊙) were also
discovered in other binary systems, e.g., 1.07 ± 0.36M⊙ for
Her X-1 (Rawls et al. 2011), 1.04 ± 0.09M⊙ for SMC X-1
(van der Meer et al. 2007; Rawls et al. 2011), 0.87 ± 0.07M⊙
(eccentric orbit) or 1.00 ± 0.01M⊙ (circular orbit) for 4U 1538-

52 (Rawls et al. 2011), and 0.72+0.51
−0.58 M⊙ for PSR J1518+4904

(Janssen et al. 2008), but without radius measurement. A low-
mass NS may be difficult to form from the collapse of a massive
star. However, an extremely low-mass, self-bound star (strange
quark or quark-cluster star), even as low as planet mass (Xu
& Wu 2003; Horvath 2012), could exist through the accretion-
induced collapse of a white dwarf (Xu 2005; Du et al. 2009).

The EoS of cold matter at supranuclear density, which is
essentially related to the challenging nonperturbative behavior
of quantum chromodynamics, is far beyond solved even nearly
half a century after the discovery of pulsars. Based on different
manifestations of pulsar-like compact stars (e.g., the featureless
thermal X-ray spectrum and the free precession), Xu (2003)
conjectured that pulsars could be so-called solid quark stars, a
kind of condensed object composed of quark-cluster stars. The
state of such quark-cluster matter is very stiff, and the resultant
maximum mass of the quark-cluster star would be even larger
than 2M⊙ (Lai & Xu 2009), which is consistent with the later
discoveries of massive pulsars (Demorest et al. 2010; Antoniadis
et al. 2013). Additionally, pulsar glitches (sudden spin-up) can
also be well understood in the regime of the quark-cluster star
model (Zhou et al. 2014).
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self-bound NS EoSs, including quark-cluster stars and bare
strange stars (Lai & Xu 2009; Lai et al. 2013; Guo et al. 2014).
In the case of accretion disk obscuration, the self-bound NSs
and gravity-bound NSs (Akmal & Pandharipande 1997; Müther
et al. 1987) are acceptable in 1σ and 2σ confidence levels of
the mass and radius of NSs in 4U 1746-37, respectively. Three
gravity-bound NS EoSs (Prakash et al. 1988; Müller & Serot
1996; Glendenning & Schaffner-Bielich 1999) can survive at
the 3σ confidence level.

Steiner et al. (2010) discussed the possibility that the photo-
sphere is still extended at the touchdown moment. In the extreme
case, the Eddington flux is only dependent on the stellar mass.
In Figure 8, the contours of M– R constrain the same EoS as in
Figure 6. Again, self-bound NSs are acceptable at the 1σ confi-
dence level. Two gravity-bound EoSs (Akmal & Pandharipande
1997; Müther et al. 1987) and another three gravity-bound EoSs
are possible at 2σ and 3σ confidence levels.

Several low-mass NSs (near or below 1M⊙) were also
discovered in other binary systems, e.g., 1.07 ± 0.36M⊙ for
Her X-1 (Rawls et al. 2011), 1.04 ± 0.09M⊙ for SMC X-1
(van der Meer et al. 2007; Rawls et al. 2011), 0.87 ± 0.07M⊙
(eccentric orbit) or 1.00 ± 0.01M⊙ (circular orbit) for 4U 1538-

52 (Rawls et al. 2011), and 0.72+0.51
−0.58 M⊙ for PSR J1518+4904

(Janssen et al. 2008), but without radius measurement. A low-
mass NS may be difficult to form from the collapse of a massive
star. However, an extremely low-mass, self-bound star (strange
quark or quark-cluster star), even as low as planet mass (Xu
& Wu 2003; Horvath 2012), could exist through the accretion-
induced collapse of a white dwarf (Xu 2005; Du et al. 2009).

The EoS of cold matter at supranuclear density, which is
essentially related to the challenging nonperturbative behavior
of quantum chromodynamics, is far beyond solved even nearly
half a century after the discovery of pulsars. Based on different
manifestations of pulsar-like compact stars (e.g., the featureless
thermal X-ray spectrum and the free precession), Xu (2003)
conjectured that pulsars could be so-called solid quark stars, a
kind of condensed object composed of quark-cluster stars. The
state of such quark-cluster matter is very stiff, and the resultant
maximum mass of the quark-cluster star would be even larger
than 2M⊙ (Lai & Xu 2009), which is consistent with the later
discoveries of massive pulsars (Demorest et al. 2010; Antoniadis
et al. 2013). Additionally, pulsar glitches (sudden spin-up) can
also be well understood in the regime of the quark-cluster star
model (Zhou et al. 2014).
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Issues for 4U 1746-37

• X-ray dipping source
• Shows a regular period (~5.2 hrs) in the X-ray light curve
• May be caused by the accretion disk
• Could affect the light curve of PRE XRB

• Disk scatters (case 1) or blocks (case 2) the emitted light:
• Case 1:   A = A_obs F_TD = F_TD_obs
• Case 2:    

• Belongs to globular cluster (GC) NGC 6441 that is far (~ 11 kpc) 
and very crowded, having the 2nd highest stellar encounter rate 
among all the Galactic GCs
• Galloway+ 2008 suggested two bursting sources co-exist within NGC 6441 

based on two different (regular bright and out-of-phase faint) bursts 
observed simultaneously 
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TABLE 2
Monte Carlo realization with fixed values of hydrogen mass fraction (X) for four PRE XRBs in Table 1

EXO 1745–248 4U 1608–522 4U 1820–30 4U 1746–37

X = 0.1

↵̂ 0.143 0.192 0.192 0.033 / 0.044
�̂ (km) 88.85 115.13 94.24 151.72 / 152.79
R̂1 (km) 13.10 16.30 15.12 6.09 / 8.72
Acceptance rate 98.9% 37.0% 68.8% 99.9% / 99.9%

X = 0.3

↵̂ 0.192 0.192 0.192 0.039 / 0.052
�̂ (km) 77.67 98.88 83.32 128.26 / 128.50
R̂1 (km) 13.11 15.18 14.80 6.56 / 8.68
Acceptance rate 82.5% 17.1% 14.7% 99.9% / 99.8%

X = 0.7

↵̂ 0.192 0.192 � 0.051 / 0.068
�̂ (km) 70.05 81.01 � 98.85 / 98.01
R̂1 (km) 12.69 15.17 � 6.51 / 8.84
Acceptance rate 12.9% 15.2% � 99.9% / 98.7%

Note. — For each case, we simulated 5 million realizations and the most probable values for ↵, �, and R1 = ↵� are presented. The acceptance rate is calculated
based upon the same restrictions ↵  3�3/2 ⇡ 0.192 and � < 1/2.94 ⇡ 0.34 as used in Steiner et al. (2010). Two values for 4U 1746–37 correspond to two cases
which consider the fact that the peak flux is much larger than the touchdown flux for this this target in comparison with others. Left values are calculated by using
the values of A and FTD given in Table 1 while right values by using the modified values, Amod = f Aobs and FTD,1,mod = f FTD,1,obs, where Aobs and FTD,1,obs
are values given in Table 1 and f = Fpeak/FTD = 2.1 ± 0.9. See the text for more details.

TABLE 3
Most probableMass and Radius estimated viaMonte Carlo Simulations with fixed HydrogenMass Fraction (X)

Mass (M�) Radius (km)
Object X = 0.1 X = 0.3 X = 0.7 X = 0.1 X = 0.3 X = 0.7

EXO 1745–248 1.24±0.018 1.43±0.020 1.57±0.032 10.38±0.084 9.58±0.1208 8.29±0.171
4U 1608–522 1.37±0.040 1.60±0.031 1.92±0.018 11.62±0.600 11.36±0.385 9.77±0.1611
4U 1820–30 1.80±0.023 1.91±0.022 � 11.67±0.115 10.16±0.100 �
4U 1746–37 a 0.15±0.003 0.18±0.003 0.24±0.005 6.26±0.118 6.05±0.085 5.99±0.125
4U 1746–37 b 0.23±0.009 0.27±0.014 0.35±0.015 7.54±0.152 7.50±0.133 7.28±0.209

aThis corresponds to the first case (left values) in Table 2. Mass and radius are calculated by using the values of A and FTD given in Table 1.
bThis corresponds to the second case (right values) in Table 2. Mass and radius are calculated by using the modified values, Amod = f Aobs and FTD,1,mod =

f FTD,1,obs, where Aobs and FTD,1,obs are values given in Table 1 and f = Fpeak/FTD = 2.1 ± 0.9.

TABLE 4
Mass and radius algebraically calculated with propagation of errors

Mass (M�) Radius (km)
Object X = 0.1 X = 0.3 X = 0.7 X = 0.1 X = 0.3 X = 0.7

EXO 1745–248 1.31±0.25 1.54±0.30 � a 10.7±1.8 9.74±2.0 �
4U 1608–522 � � � � � �
4U 1820–30 1.91±0.33 � � 10.5±2.6 � �
4U 1746–37 b 0.173±0.045 0.204±0.054 0.267±0.070 6.88±1.7 6.83±1.7 6.72±1.7
4U 1746–37 c 0.363±0.18 0.429±0.22 0.561±0.28 9.78±3.3 9.66±3.3 9.41±3.4

Note. — Mass and radius are calculated algebraically by solving equations (10) and (11) for given D, FTD, A, fc, and X. X is fixed at a given value as shown
in the table and means and errors in mass and radius are obtained with propagation of errors assuming that all four variables ( D, FTD, A, and fc) are independent
of each other. Mean and error for D, FTD, and A are taken from Table 1 and fc has 1.4 ± 0.07 for its mean and error.

aThe symbol ”�” indicates that no solution is found, i.e., ↵ > 3�3/2 ' 0.192. Whenever the solution is found, there also exists a second solution that corresponds
to �2 in equation (9). This second solution results in a smaller radius with the same mass than the first solution, that corresponds to equation (8), does. However,
for all cases in the table, the second solution cannot satisfy the causality limit, i.e., �2 � 1/2.94 and it is not presented in the table. All the radii in the table are
obtained from the first solution �1.

bThis corresponds to the first case (left values) in Table 2. Mass and radius are calculated by using the values of A and FTD given in Table 1.
cThis corresponds to the second case (right values) in Table 2. Mass and radius are calculated by using the modified values, Amod = f Aobs and FTD,1,mod =

f FTD,1,obs, where Aobs and FTD,1,obs are values given in Table 1 and f = Fpeak/FTD = 2.1 ± 0.9.
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Question: Can two XRBs detected at the same time 
change the estimated mass and radius?

• One shows PRE XRB
• The other shows quiescent emission only
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ABSTRACT

The mass and radius of neutron star in 4U 1746–37 was previously estimated as unusually light and
small in comparison with a normal neutron star. By using the photospheric radius expansion (PRE)
behavior, Li et al. calculated the mass and radius as (0.41M�, 8.7 km) or (0.21M�, 6.3 km). Two
estimated values were obtained by considering the contribution from the accretion disk to observed
flux di↵erently. We pay attention to the possibility that the globular cluster NGC 6441, to which
4U 1746–37 belongs, can contain multiple point-like X-ray sources some of which may be identified as
low-mass X-ray binaries (LMXBs) just like 4U 1746–37. If the observed flux and spectra had additional
contribution from a hypothetical quiescent LMXB in NGC 6441, the mass and radius of neutron star
in 4U 1746–37 could be changed to Numbers from the calculations. Future X-ray observations
with high spatial resolution will be able to test this new estimation.

1. INTRODUCTION

A history of estimating mass and radius of neutron star from PRE XRBs.
Summary of Li et al. 2015
Motivation of this work. Galloway et al. pointed out the possibility that the observed X-ray from 4U 1746–37 (or

NGC 6441) can come from multiple X-ray sources.
Layout of this paper.

2. MODEL

We assume that two X-ray sources are detected at the same time, one of which is PRE XRB. The other source is
qLMXB and does not have any bursting phase in its lightcurve. Source 1 that shows PRE XRB can have a smaller
flux and a cooler temperature at its quiescent phase than Source 2 that does not show PRE XRB, i.e., F1,1  F1,2

and Tbb,1  Tbb,2. If this is the case, the e↵ective area calculated from the observed flux F1,obs and temperature Tbb

is not the same as that calculated from F1,1 and Tbb,1.

2.1. General Methodology

2.2. TML Simulations: Physical Parameters and Domain Geometries

2.3. HVC Simulations: Physical Parameters and Domain Geometries

2.4. Spectral Calculations

3. RESULTS

3.1. HVC Line Intensities

4. CONCLUSION

The FLASH code used in this work was in part developed by the DOE-supported ASC/Alliance Center for Astrophys-
ical Thermonuclear Flashes at the University of Chicago. The simulations were performed at the Research Computing
Center (RCC) of the University of Georgia. This work was supported through grant NNX13AJ80G through the NASA

Corresponding author: Kyujin Kwak

kkwak@unist.ac.kr

Draft version January 6, 2019

Typeset using LATEX default style in AASTeX62

Estimation of Mass and Radius of Neutron Star in 4U 1746–37

Kwang Hyun Sung,
1
Young-Min KIM,

1
Kyujin Kwak,

1
Myungkuk Kim,

2
and Chang-Hwan Lee

2

1Department of Physics, Ulsan National Institute of Science Institute (UNIST), Ulsan, 44919, Korea
2Department of Physics, Pusan National University, Busan, 46241, Korea

ABSTRACT

The mass and radius of neutron star in 4U 1746–37 was previously estimated as unusually light and
small in comparison with a normal neutron star. By using the photospheric radius expansion (PRE)
behavior, Li et al. calculated the mass and radius as (0.41M�, 8.7 km) or (0.21M�, 6.3 km). Two
estimated values were obtained by considering the contribution from the accretion disk to observed
flux di↵erently. We pay attention to the possibility that the globular cluster NGC 6441, to which
4U 1746–37 belongs, can contain multiple point-like X-ray sources some of which may be identified as
low-mass X-ray binaries (LMXBs) just like 4U 1746–37. If the observed flux and spectra had additional
contribution from a hypothetical quiescent LMXB in NGC 6441, the mass and radius of neutron star
in 4U 1746–37 could be changed to Numbers from the calculations. Future X-ray observations
with high spatial resolution will be able to test this new estimation.

1. INTRODUCTION

A history of estimating mass and radius of neutron star from PRE XRBs.
Summary of Li et al. 2015
Motivation of this work. Galloway et al. pointed out the possibility that the observed X-ray from 4U 1746–37 (or

NGC 6441) can come from multiple X-ray sources.
Layout of this paper.

2. MODEL

We assume that two X-ray sources are detected at the same time, one of which is PRE XRB. The other source is
qLMXB and does not have any bursting phase in its lightcurve. Source 1 that shows PRE XRB can have a smaller
flux and a cooler temperature at its quiescent phase than Source 2 that does not show PRE XRB, i.e., F1,1  F1,2

and Tbb,1  Tbb,2. If this is the case, the e↵ective area calculated from the observed flux F1,obs and temperature Tbb

is not the same as that calculated from F1,1 and Tbb,1.

2.1. General Methodology

2.2. TML Simulations: Physical Parameters and Domain Geometries

2.3. HVC Simulations: Physical Parameters and Domain Geometries

2.4. Spectral Calculations

3. RESULTS

3.1. HVC Line Intensities

4. CONCLUSION

The FLASH code used in this work was in part developed by the DOE-supported ASC/Alliance Center for Astrophys-
ical Thermonuclear Flashes at the University of Chicago. The simulations were performed at the Research Computing
Center (RCC) of the University of Georgia. This work was supported through grant NNX13AJ80G through the NASA

Corresponding author: Kyujin Kwak

kkwak@unist.ac.kr



Case 1

• F_TD_1 = F_TD = F_TD_obs A_1 = f_A * A_obs



Case 2
F_TD_1 =
A_1 = f_A * Amod,
f = 2.0  
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based upon the same restrictions ↵  3�3/2 ⇡ 0.192 and � < 1/2.94 ⇡ 0.34 as used in Steiner et al. (2010). Two values for 4U 1746–37 correspond to two cases
which consider the fact that the peak flux is much larger than the touchdown flux for this this target in comparison with others. Left values are calculated by using
the values of A and FTD given in Table 1 while right values by using the modified values, Amod = f Aobs and FTD,1,mod = f FTD,1,obs, where Aobs and FTD,1,obs
are values given in Table 1 and f = Fpeak/FTD = 2.1 ± 0.9. See the text for more details.
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Most probableMass and Radius estimated viaMonte Carlo Simulations with fixed HydrogenMass Fraction (X)
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EXO 1745–248 1.24±0.018 1.43±0.020 1.57±0.032 10.38±0.084 9.58±0.1208 8.29±0.171
4U 1608–522 1.37±0.040 1.60±0.031 1.92±0.018 11.62±0.600 11.36±0.385 9.77±0.1611
4U 1820–30 1.80±0.023 1.91±0.022 � 11.67±0.115 10.16±0.100 �
4U 1746–37 a 0.15±0.003 0.18±0.003 0.24±0.005 6.26±0.118 6.05±0.085 5.99±0.125
4U 1746–37 b 0.23±0.009 0.27±0.014 0.35±0.015 7.54±0.152 7.50±0.133 7.28±0.209

aThis corresponds to the first case (left values) in Table 2. Mass and radius are calculated by using the values of A and FTD given in Table 1.
bThis corresponds to the second case (right values) in Table 2. Mass and radius are calculated by using the modified values, Amod = f Aobs and FTD,1,mod =

f FTD,1,obs, where Aobs and FTD,1,obs are values given in Table 1 and f = Fpeak/FTD = 2.1 ± 0.9.

TABLE 4
Mass and radius algebraically calculated with propagation of errors

Mass (M�) Radius (km)
Object X = 0.1 X = 0.3 X = 0.7 X = 0.1 X = 0.3 X = 0.7
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Note. — Mass and radius are calculated algebraically by solving equations (10) and (11) for given D, FTD, A, fc, and X. X is fixed at a given value as shown
in the table and means and errors in mass and radius are obtained with propagation of errors assuming that all four variables ( D, FTD, A, and fc) are independent
of each other. Mean and error for D, FTD, and A are taken from Table 1 and fc has 1.4 ± 0.07 for its mean and error.

aThe symbol ”�” indicates that no solution is found, i.e., ↵ > 3�3/2 ' 0.192. Whenever the solution is found, there also exists a second solution that corresponds
to �2 in equation (9). This second solution results in a smaller radius with the same mass than the first solution, that corresponds to equation (8), does. However,
for all cases in the table, the second solution cannot satisfy the causality limit, i.e., �2 � 1/2.94 and it is not presented in the table. All the radii in the table are
obtained from the first solution �1.

bThis corresponds to the first case (left values) in Table 2. Mass and radius are calculated by using the values of A and FTD given in Table 1.
cThis corresponds to the second case (right values) in Table 2. Mass and radius are calculated by using the modified values, Amod = f Aobs and FTD,1,mod =

f FTD,1,obs, where Aobs and FTD,1,obs are values given in Table 1 and f = Fpeak/FTD = 2.1 ± 0.9.
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TABLE 2
Monte Carlo realization with fixed values of hydrogen mass fraction (X) for four PRE XRBs in Table 1

EXO 1745–248 4U 1608–522 4U 1820–30 4U 1746–37

X = 0.1

↵̂ 0.143 0.192 0.192 0.033 / 0.044
�̂ (km) 88.85 115.13 94.24 151.72 / 152.79
R̂1 (km) 13.10 16.30 15.12 6.09 / 8.72
Acceptance rate 98.9% 37.0% 68.8% 99.9% / 99.9%

X = 0.3

↵̂ 0.192 0.192 0.192 0.039 / 0.052
�̂ (km) 77.67 98.88 83.32 128.26 / 128.50
R̂1 (km) 13.11 15.18 14.80 6.56 / 8.68
Acceptance rate 82.5% 17.1% 14.7% 99.9% / 99.8%

X = 0.7

↵̂ 0.192 0.192 � 0.051 / 0.068
�̂ (km) 70.05 81.01 � 98.85 / 98.01
R̂1 (km) 12.69 15.17 � 6.51 / 8.84
Acceptance rate 12.9% 15.2% � 99.9% / 98.7%

Note. — For each case, we simulated 5 million realizations and the most probable values for ↵, �, and R1 = ↵� are presented. The acceptance rate is calculated
based upon the same restrictions ↵  3�3/2 ⇡ 0.192 and � < 1/2.94 ⇡ 0.34 as used in Steiner et al. (2010). Two values for 4U 1746–37 correspond to two cases
which consider the fact that the peak flux is much larger than the touchdown flux for this this target in comparison with others. Left values are calculated by using
the values of A and FTD given in Table 1 while right values by using the modified values, Amod = f Aobs and FTD,1,mod = f FTD,1,obs, where Aobs and FTD,1,obs
are values given in Table 1 and f = Fpeak/FTD = 2.1 ± 0.9. See the text for more details.

TABLE 3
Most probableMass and Radius estimated viaMonte Carlo Simulations with fixed HydrogenMass Fraction (X)

Mass (M�) Radius (km)
Object X = 0.1 X = 0.3 X = 0.7 X = 0.1 X = 0.3 X = 0.7

EXO 1745–248 1.24±0.018 1.43±0.020 1.57±0.032 10.38±0.084 9.58±0.1208 8.29±0.171
4U 1608–522 1.37±0.040 1.60±0.031 1.92±0.018 11.62±0.600 11.36±0.385 9.77±0.1611
4U 1820–30 1.80±0.023 1.91±0.022 � 11.67±0.115 10.16±0.100 �
4U 1746–37 a 0.15±0.003 0.18±0.003 0.24±0.005 6.26±0.118 6.05±0.085 5.99±0.125
4U 1746–37 b 0.23±0.009 0.27±0.014 0.35±0.015 7.54±0.152 7.50±0.133 7.28±0.209

aThis corresponds to the first case (left values) in Table 2. Mass and radius are calculated by using the values of A and FTD given in Table 1.
bThis corresponds to the second case (right values) in Table 2. Mass and radius are calculated by using the modified values, Amod = f Aobs and FTD,1,mod =

f FTD,1,obs, where Aobs and FTD,1,obs are values given in Table 1 and f = Fpeak/FTD = 2.1 ± 0.9.

TABLE 4
Mass and radius algebraically calculated with propagation of errors

Mass (M�) Radius (km)
Object X = 0.1 X = 0.3 X = 0.7 X = 0.1 X = 0.3 X = 0.7

EXO 1745–248 1.31±0.25 1.54±0.30 � a 10.7±1.8 9.74±2.0 �
4U 1608–522 � � � � � �
4U 1820–30 1.91±0.33 � � 10.5±2.6 � �
4U 1746–37 b 0.173±0.045 0.204±0.054 0.267±0.070 6.88±1.7 6.83±1.7 6.72±1.7
4U 1746–37 c 0.363±0.18 0.429±0.22 0.561±0.28 9.78±3.3 9.66±3.3 9.41±3.4

Note. — Mass and radius are calculated algebraically by solving equations (10) and (11) for given D, FTD, A, fc, and X. X is fixed at a given value as shown
in the table and means and errors in mass and radius are obtained with propagation of errors assuming that all four variables ( D, FTD, A, and fc) are independent
of each other. Mean and error for D, FTD, and A are taken from Table 1 and fc has 1.4 ± 0.07 for its mean and error.

aThe symbol ”�” indicates that no solution is found, i.e., ↵ > 3�3/2 ' 0.192. Whenever the solution is found, there also exists a second solution that corresponds
to �2 in equation (9). This second solution results in a smaller radius with the same mass than the first solution, that corresponds to equation (8), does. However,
for all cases in the table, the second solution cannot satisfy the causality limit, i.e., �2 � 1/2.94 and it is not presented in the table. All the radii in the table are
obtained from the first solution �1.

bThis corresponds to the first case (left values) in Table 2. Mass and radius are calculated by using the values of A and FTD given in Table 1.
cThis corresponds to the second case (right values) in Table 2. Mass and radius are calculated by using the modified values, Amod = f Aobs and FTD,1,mod =

f FTD,1,obs, where Aobs and FTD,1,obs are values given in Table 1 and f = Fpeak/FTD = 2.1 ± 0.9.



Conclusion and ongoing work

• By considering observational uncertainty, it is possible to estimate 
new mass and radius of a neutron star in 4U 1746-37 which is 
close to the canonical value.
• Other cases are currently under investigation. 
• Need to check whether f_A for Source 1 (showing PRE XRB) results 
in reasonable X-ray source for Source 2 (emitting just a 
background X-ray flux). 
• Need to check whether our (M1, R1) solutions violate the causality 
limit. 
• X-ray observation with high spatial resolution will reveal the 
population of X-ray sources in NGC 6441, but this observation is 
challenging due to the distance to this GC.  



Thank you from Jin- Kyum, Seo, and Woo!


