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NICER analysis on millisecond pulsars

• arXiv:2406.14466 →J0740+6620 (update of high-mass ms pulsar)

• arXiv:2407.06789 → J0437-4715 (nearest & brightest ms pulsar)

• arXiv:2409.14923 →J1231-1411 (complex case)



NICER and millisecond pulsars
• NICERでこれまで観測したミリ秒パルサー


• https://arxiv.org/abs/1912.05705


• PSR J0030+0451（~1.4M⨀）→ single


• https://arxiv.org/abs/2105.06979


• PSR J0740+6620（~2.1M⨀）→ binary


• の2つ。今回新しく2つ追加。

https://arxiv.org/abs/1912.05705
https://arxiv.org/abs/2105.06979


been limited to modeling the emission of two nonoverlapping
hot spots, which we label as primary and secondary hot spots.
If the two hot spots describing the emitting surface pattern of
our model can assume the same range of shapes, we add: -S if
all of the parameters of the two hot spots are dependent on each
other; and -U if they are all independent of each other.
Otherwise, the two- or three-letter acronyms of each hot spot,
separated by a plus, are used to label the model.

All of the two-hot-spot models adopted so far for NICER
analyses include the parameters reported below (parentheses
clarify the components in cases for which two spherical caps
are used to describe a hot spot):

1. mass M [Me]: the mass;
2. radius Req [km]: the equatorial radius;8

3. distance D [kpc]: the distance between the Earth and
PSR J0030+0451;9

4. inclination i [rad]: the angle between the spin axis and
line of sight;

5. column density NH [cm−2]: the neutral hydrogen column
density. Following the TBabsmodel (Wilms et al. 2000,
updated in 2016), we derive the abundances of all other
attenuating gaseous elements, dust, and grains from the
value of NH;

6. temperature of the (emitting, superseding) primary
component Tp [K];

7. temperature of the (emitting, superseding) secondary
component Ts [K];

8. radius of the (emitting, superseding) primary component
ζp [rad]: the angular opening from the center of the NSs to

the center of the (emitting, superseding) primary spherical
cap and its circumference;

9. radius of the (emitting, superseding) secondary comp-
onent ζs [rad]: the angular opening from the center of the
NS to the center of the (emitting, superseding) secondary
spherical cap and its circumference;

10. colatitude of the (emitting, superseding) primary comp-
onent θp [rad]: the angle between the north pole, defined
by the spinning direction through the right-hand rule, of
the NS and the center of the (emitting, superseding)
primary spherical cap;

11. colatitude of the (emitting, superseding) primary comp-
onent θs [rad]: the angle between the north pole of the NS
and the center of the (emitting, superseding) secondary
spherical cap;

12. primary phase shift fp [cycles]: the phase shift of the
center of the primary prioritized component (omitting or
emitting) compared to the reference phase set by the data;

13. secondary phase shift fs [cycles]: the phase shift of the
center of the secondary prioritized component (omitting or
emitting) compared to the reference phase set by the data;

14. energy-independent scaling factor α: which multiplies the
reference instrument response (more on this in what
follows; see footnote 8).

In general, our models suffer from many degeneracies (see
Section 2.5 of R19, for more details).
Motivated by the findings in R19, in this work we apply two

different models: ST-U and ST+PST. In R19, ST-U was
disfavored compared to more complex models in view of their
correspondent evidences. However, this model was not flagged by
any anomaly in the residuals (see Section 3 of R19) and therefore
represents the simplest and least computationally demanding
model able to reproduce the PSR J0030+0451 NICER data. ST
+PST was preferred and one of the most complex models

Figure 1. Schematic representation of naming convention adopted within X-PSI. Note that the protruding P configurations include the eccentric E ones, which, in turn,
include the concentric ones C. In the case of antipodal symmetry (-S in the table), the lightest hot spot indicates that it is located on the hemisphere opposite to the
observer. The dots in the last row of the table suggest how additional models could be built, allowing for different geometries for the two hot spots.

8 As in R19, we adopt a flat prior in the joint mass and radius parameter space
(see Section 2..4.1of R19, for more details) to facilitate subsequent EoS
analyses (Riley et al. 2018).
9 Note that, as mentioned in Section 2, α and D are not always independently
parameterized.
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Figure 1. Schematic representation of naming convention adopted within X-PSI. Note that the protruding P configurations 
include the eccentric E ones, which, in turn, include the concentric ones C. In the case of antipodal symmetry (-S in the 
table), the lightest hot spot indicates that it is located on the hemisphere opposite to the observer. The dots in the last row of 
the table suggest how additional models could be built, allowing for different geometries for the two hot spots. 
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Model explanation
• ST-U: The Single Temperature – Unshared (ST-U) model consists of two 

independent spherical caps with uniform effective temperature. The spot at the 
lower colatitude is the primary, and the parameters of each spot are independent.


• ST+PDT: In addition to the primary ST spot, there is a secondary Protruding Dual 
Temperature (PDT) spot with two overlapping spherical components. In the 
overlap, only one component’s emission, called the superseding component, is 
considered.


• CST+PDT: In this model, the primary is a Concentric Single Temperature (CST) 
spot, made up of two spherical components: one emitting and one masking, 
forming a ring. The masking component, also called the omitting component 
(Vinciguerra et al. 2023, 2024), is concentric with the emitting one. The secondary 
spot is a PDT.

arXiv:2407.06789

https://arxiv.org/abs/2407.06789


PSR J0740+6620: basics
• PSR J0740+6620


• A high-mass pulsar


• Previously analyzed and updated with 3.6 yr of data from NICER and XMM-Newton


• M > 2.0 M⨀

arXiv:2406.14466

https://arxiv.org/abs/2406.14466


PSR J0740+6620: pulse profile
arXiv:2406.14466
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dense matter models (see, e.g., M21; Raaijmakers et al.
2021; Biswas 2022; Annala et al. 2023; Takátsy et al.
2023). These results have also triggered studies on the
magnetic field geometries and how non-antipodal they
can be (see, e.g., Bilous et al. 2019; Chen et al. 2020;
Kalapotharakos et al. 2021; Carrasco et al. 2023).
In this work, we use a new NICER data set (with in-

creased exposure time) to analyze the high-mass pulsar
PSR J0740+6620, previously studied in M21; R21; S22.
In those works, the NS mass had a tight prior from radio
timing (2.08 ± 0.07 M� from Fonseca et al. 2021), and
the NS radius was inferred to be, using both NICER and
XMM-Newton data, 12.39+1.30

�0.98 km in R21 and 13.7+2.6
�1.5

in M21. However, the results were slightly sensitive to
the inclusion of the XMM-Newton data (used to better
constrain the phase-averaged source spectrum and hence
– indirectly – the NICER background) and assumptions
made in the cross-calibration between the two instru-
ments. In S22, the use of NICER background estimates
(such as “3C50” from Remillard et al. 2022) was shown
to yield results similar to the joint NICER and XMM-
Newton analysis, giving confidence in the use of XMM-
Newton data as an indirect method of background con-
straint.
In this paper we use a new NICER data set with more

than 1 Ms additional exposure time and more than 0.5
million additional observed counts, a ⇠ 90% increase
in the counts, compared to the data sets used in M21;
R21. This is expected to reduce the uncertainties in the
inferred NS parameters (Lo et al. 2013; Psaltis et al.
2014), and we explore whether this is indeed the case.
We also look in detail at the influence of sampler settings
on the credible intervals.
The remainder of this paper is structured as follows.

In Section 2.1, we introduce the new data set used for
PSR J0740+6620. In Section 2, we summarize the mod-
eling procedure, and in Section 3 we present the results
for the updated analysis. We discuss the implications of
the results in Section 4 and conclude in Section 5. Infer-
ence results using simulated data, resembling our new
data, are shown in Appendix A.

2. MODELING PROCEDURE

The modeling procedure is largely shared with that of
Bogdanov et al. (2019), Riley et al. (2019), Bogdanov
et al. (2021), R21, and S22. We use the X-ray Pulse
Simulation and Inference1 (X-PSI, Riley et al. 2023)
code, with versions ranging from v0.7.10 to v1.2.12

for inference runs (v1.2.1 used for the headline results),

1
https://github.com/xpsi-group/xpsi

2
The versions are practically identical for the considered models;

the only actual di↵erence is the fix of a numerical ray tracing

issue since v0.7.12, a↵ecting only a few parameter vectors with

emission angles extremely close to 90
�
(https://github.com/xpsi-

group/xpsi/issues/53). This is not expected to alter the inferred

radius.

Figure 1. The new phase-folded PSR J0740+6620 event

data for two rotational cycles (for clarity). The top panel

shows the pulse profile summed over the channels. As in

Figure 1 of R21, the total number of counts is given by the

sum over all phase-channel pairs (over both cycles). For the

modeling all the event data is grouped into a single rotational

cycle instead.

and v2.2.1 for producing the figures. Complete infor-
mation of each run, including the exact X-PSI version,
data products, posterior sample files, and all the analy-
sis files can be found in Zenodo repository of Salmi et al.
(2024). In the next sections we summarize the modeling
procedure and focus on how it di↵ers from that used in
previous work.

2.1. X-ray Event Data

The NICER X-ray event data used in this work were
processed with a similar procedure as the previous data
reported in Wol↵ et al. (2021) and used in M21, R21, but
with some notable di↵erences (note that a completely
di↵erent 3C50-procedure was applied in S22). The new
data were collected from a sequence of exposures, in the
period 2018 September 21 � 2022 April 21 (observation
IDs, hereafter obsIDs, 1031020101 through 5031020445),
whereas the period of the previous data set began on the
same start date but ended on 2020 April 17 (using the
obsIDs shown in Wol↵ et al. 2021). After filtering the
data (described below), this resulted in 2.73381 Ms on-
source exposure time, compared to the previous 1.60268
Ms.
The filtering procedure di↵ered slightly from that used

in earlier work. First, similarly to the previous work, we
rejected data obtained at low cut-o↵ rigidities of the
Earth magnetic field (COR SAX < 2 GeV/c

3) to mini-

3
Note this number was reported incorrectly in M21 and R21 but

this had no e↵ect on the outcome of the analysis.

Figure 1. The new phase-folded PSR J0740+6620 
event data for two rotational cycles (for clarity). The 
top panel shows the pulse profile summed over the 
channels. As in Figure 1 of R21, the total number of 
counts is given by the sum over all phase-channel 
pairs (over both cycles). For the modeling all the 
event data is grouped into a single rotational cycle 
instead. 
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Figure 2. Radius, compactness, and mass posterior distributions using the new NICER data set and ST-U model in the

NICER-only analysis (left panel) and in the joint NICER and XMM-Newton analysis (right panel) compared to the old results

from R21. Here “C10” refers to ±10.4 % calibration uncertainty in the overall e↵ective area scaling factors, “new” and “old”

without qualification have SE = 0.1 and “HR” refers to the new Headline Results with SE = 0.01. Dash-dotted functions

represent the marginal prior probability density functions (PDFs). The shaded vertical bands show the 68.3% credible intervals

(for the posteriors corresponding to the red curves), and the contours in the o↵-diagonal panels show the 68.3%, 95.4%, and

99.7% credible regions. See the captions of Figure 5 of S22 and Figure 5 of R21 for additional details about the figure elements.

constraints given the tight geometric prior on observer
inclination for this source (Fonseca et al. 2021). How-
ever the likelihood surface for radii above the maximum
at ⇠ 11 km is very flat, making it harder to constrain the
upper limit. In addition, as one approaches the highest
radii, there are more solutions with hot spots that are
smaller, hotter, and closer to the poles (see Figure 3).
The likelihood surface in the space of spot size and tem-
perature has a sharp point in this region of parameter
space, and it is therefore important to resolve it well. In
moving from SE = 0.1 to SE = 0.01 we observed that
this region was sampled more extensively, and it appears
to be this change that leads to the increase in the upper
limit of the radius credible interval as SE gets smaller.
The computational cost for the smaller SE, however,
is much higher, and further increases in live points or
reductions in SE to check convergence of the credible
interval were not feasible.
To check whether we had now mapped the likelihood

surface in spot size/temperature space su�ciently well
to determine exactly how the likelihood falls o↵, we per-
formed an additional high resolution (40k live points,
SE = 0.01) run, but restricting the prior on the sec-

ondary spot temperature to log10Ts[K] > 6.15. The
sharp end of the likelihood surface was much more thor-
oughly sampled, with the drop-o↵ in likelihood now well-
characterized. The inferred radius for the restricted
prior run is 12.61+1.25

�0.87 km, but with overall maximum
likelihoods lower than those in the full prior run. This
suggests that any further increase of the upper limit of
the radius credible interval in the full prior run (using
more computational resources) is unlikely to be more
than ⇠ 0.1 km. We take this as an estimate for the
systematic error in the full prior run.
As in R21 and S22, the inferred radius for the joint

NICER and XMM-Newton case is larger than for the
NICER-only case. However, this time the median values
from the joint analyses are slightly closer to the NICER-
only result. The new radius results are also slightly more
constrained than in S22, where the inferred radius was
12.90+1.25

�0.97 km using 3C50-filtered NICER data set (with
a lower background limit) and XMM-Newton data. The
inferred values for all of the parameters for the HR run
are shown in Table 1, and the remaining posterior dis-
tributions are shown in Figure 3. From there we see
that, compared to the old R21 results, consistent but

Figure 2. Radius, compactness, and mass posterior distributions using the new NICER data set and ST-U model in the NICER-only 
analysis (left panel) and in the joint NICER and XMM-Newton analysis (right panel) compared to the old results from R21. Here 
“C10” refers to ±10.4 % calibration uncertainty in the overall effective area scaling factors, “new” and “old” without qualification 
have SE = 0.1 and “HR” refers to the new Headline Results with SE = 0.01. Dash-dotted functions represent the marginal prior 
probability density functions (PDFs). The shaded vertical bands show the 68.3% credible intervals (for the posteriors corresponding 
to the red curves), and the contours in the off-diagonal panels show the 68.3%, 95.4%, and 99.7% credible regions. See the captions 
of Figure 5 of S22 and Figure 5 of R21 for additional details about the figure elements.

XMMと組み合わせるとシステマティックに 
半径が大きく見積もられる

https://arxiv.org/abs/2406.14466


PSR J0740+6620: M-R (updated)
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Radius of PSR J0740+6620 9

Figure 5. The new NICER count data, posterior-expected

count numbers (averaged from 200 equally weighted poste-

rior samples), and (Poisson) residuals for ST-U model in the

joint NICER and XMM-Newton analysis (for the HR run).

See Figure 6 of R21 for additional details about the figure

elements.

wave observations favor smaller stars for intermediate
(⇠ 1.4 M�) mass NSs (Abbott et al. 2018, 2019) the
two measurement techniques provide tight and comple-
mentary bounding constraints on EoS models. Tighter
lower limits on the radius of such a high mass pulsar
should be more informative regarding, for example, the
possible presence of quark matter in neutron star cores
(see e.g., Annala et al. 2022).
Comparison to the older results is complicated by the

fact that changes have been made to both the data
set and the analysis methods. The old headline results
from R21, with radius of 12.39+1.30

�0.98 km, were obtained
using a larger e↵ective area scaling uncertainty than
in this paper. Using compressed e↵ective area scaling
uncertainties (as used in this paper), and importance-
sampling the original results with a new prior, R21 re-
ported 12.71+1.25

�0.96 km as the radius. However, in this
paper we also use more extensive sampler settings than
before (see Section 2.4), and this also contributes to the
di↵erences in the new reported headline values. The
lower limit for the radius credible intervals seems largely
insensitive to sampler settings, whereas the upper limit
is more sensitive due - in large part - to flatness of the

Figure 6. Posterior distributions for the space-time pa-

rameters using the new NICER data set and ST-U model in

the joint NICER and XMM-Newton analyses, with di↵erent

assumptions for the e↵ective area scaling uncertainty and the

used energy channels. Here “C15”, “C10”, “C6” refer to runs

with ±15 %, ±10.4 %, and ±5.8 % uncertainties in the over-

all e↵ective area scaling factors, respectively, and “C10b” to

a run with ±10.4 % uncertainty and an alternative channel

choice (see text at the end of Section 3.2). The contours for

the three latter cases are almost exactly overlapping. See the

caption of Figure 2 for additional details about the figure el-

ements.

likelihood surface at high radii. While we are not able
to formally prove convergence of our inferred radius we
have investigated the factors driving the upper limit of
the credible interval, and on the basis of the analyses
carried out do not expect substantial further broaden-
ing (for details see Section 3.2). We note that Dittmann
et al. (2024) obtain a ⇠ 0.5 km higher upper limit for the
radius (when limiting the radius to be below 16 km as
we do); possible reasons for this are discussed in Section
4.3.
Inspecting the posterior distributions in Figure 3, one

can see that most of the large-radius solutions (explored
better by the HR run) are on average connected to
smaller and hotter regions closer to the rotational poles.
The pointy ends of the curved posteriors seen in the
radius-colatitude and spot size - temperature planes can
be challenging for samplers to explore, hence our use in
this paper of more extensive MultiNest settings and

Figure 6. Posterior distributions for the space-time 
parameters using the new NICER data set and ST-U model in 
the joint NICER and XMM-Newton analyses, with different 
assumptions for the effective area scaling uncertainty and the 
used energy channels. Here “C15”, “C10”, “C6” refer to runs 
with ±15 %, ±10.4 %, and ±5.8 % uncertainties in the overall 
effective area scaling factors, respectively, and “C10b” to a 
run with ±10.4 % uncertainty and an alternative channel 
choice (see text at the end of Section 3.2). The contours for 
the three latter cases are almost exactly overlapping. See the 
caption of Figure 2 for additional details about the figure 
elements. 
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PSR J0437-4715: basics
• PSR J0437−4715


• The nearest and brightest millisecond pulsar observed in X-rays


• A binary system with a 0.2 M⨀ helium-core white dwarf


• Spin frequency of 174 Hz


• A well-constrained distance of 156.98 ± 0.15 pc


• Shapiro delay provides independent mass constraints: 1.418 ± 0.044 M⨀

arXiv:2407.06789

https://arxiv.org/abs/2407.06789


PSR J0437-4715: pulse profile
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Figure 1. Phase-folded PSR J0437�4715 (3C50) event data

shown over two rotational cycles. We use 32 phase intervals

(bins) per cycle and the count numbers in bins separated

by one cycle are identical for a given channel(s). The sum

over all phase-channel pairs yields the total counts. The top

panel displays the waveform obtained by summing the chan-

nels in the contiguous subset [30, 300). The bottom panel

displays the phase-channel-resolved count numbers for the

same channel subset, where the color bar represents counts

per channel per two cycles.

istered below channel 30 altogether. The contribution
of PSR J0437�4715 hot regions to the counts registered
above channel 300 are negligible compared to the counts
generated by background processes, and are therefore
also neglected.
All the registered events accounted for are phase-

folded based on the ephemeris obtained from the PPTA
radio timing solutions (Reardon et al. 2024), using the
PINT3 photonphase tool. A corresponding pulse pro-
file thus generated (using methods described in Sec-
tion 2.1.2) is shown in Figure 1. Beside a prominent
pulse, the profile also features a di↵use hump around
phases 0.5–0.7 which Bogdanov (2013) suggests is a con-
sequence of non-antipodal hot regions on the surface.
This possibility is explored in our models.

2.1.1. Delta dataset, space weather background estimate,

and AGN spectrum

The “Delta” dataset (consisting of all NICER point-
ings in the time range 2017 July 6 to 2021 July 31). was
constructed using HEASoft version 6.29c and CALDB

3
https://github.com/nanograv/PINT

version xti20210707. We first applied the standard
NICER L2 processing, which applies basic filters ensur-
ing that NICER is pointed at the target, is outside the
South Atlantic Anomaly (SAA) region, and not pointed
within 15� of the Earth limb or within 30� of the bright
Earth, as well as standard cuts on the overshoot rate
to remove time intervals with high particle background.
As this analysis is sensitive to the background rate and
optical loading, we applied further cuts including: (1)
cuto↵ rigidity (COR SAX) > 1.5 GeV/c, (2) mask DET ID
34, (3) planetary K index (Kp) < 5, (4) undershoot rate
< 200 counts s�1. Lastly, we removed time intervals
based on count rates, first by filtering out times where
DET ID 14 had a count rate greater than 1.0 counts s�1

in 8.0 s bins, then by filtering on total X-ray count rate
(0.25–8.0 keV) above 6.0 counts s�1 in 2.0 s bins. This
catches times of high background that are not caught
by proxies such as Kp or high overshoot rate. The final
good time in this dataset is 2.32 Ms.
For this dataset, we generated a background estimate

using an internal version of the ‘Space Weather’ back-
ground estimator tool4. This model uses a library of
blank sky observations taken over a range of conditions
of space weather (Kp) and the magnetic cuto↵ rigidity
(COR SAX) which are combined to match the conditions
of the observation in question. To this, a soft component
representing the optical loading contamination is added
based on the sun angle distribution in the observation.
This background estimate represents the blank sky and
does not include any contribution from contaminating
sources in the field of view or non-spot emission from
the pulsar.
For this dataset, we also made an estimate of the con-

tribution to the spectrum from the AGN. To do this, we
created a new response matrix using the same method
above but specifying the AGN position instead of the
pulsar. The e↵ective area for the AGN is a factor of 30–
50 less than for the pulsar, depending on the individual
detector misalignments. We constructed a model spec-
trum of the AGN from an absorbed double powerlaw fit
to XMM-MOS1 data5 (NH = 1.9(5)⇥1020 cm�26, �1 =
2.9(1), N1 = 1.7(2) ⇥ 10�3 photons/keV/cm2/s, �2 =
1.4(1), N2 = 6.6(17) ⇥ 10�4) photons/keV/cm2/s. We
also extracted spectra of the AGN from 45 NICER Ob-
sIDs where the AGN was the target. We fit one long ob-
servation (ObsID 4060180109, 8.9 ks of good exposure)
to an absorbed powerlaw (NH = 1.8(4) ⇥ 1020 cm�2,
� = 2.42(5), N = 1.84(6) ⇥ 10�3 photons/keV/cm2/s)
and measured the flux. Using the measured XMM and

4
https://heasarc.gsfc.nasa.gov/docs/nicer/tools/

nicer bkg est tools.html

5
We used the XMM MOS1 imaging data from ObsID

0603460101, acquired on 2009-12-15 at 19:41:41 for a total filtered

exposure of 119.1 ks.

6
The numbers in the parentheses represent the uncertainty in

the last digit.

Figure 1. Phase-folded PSR J0437−4715 (3C50) event 
data shown over two rotational cycles. We use 32 phase 
intervals (bins) per cycle and the count numbers in bins 
separated by one cycle are identical for a given 
channel(s). The sum over all phase-channel pairs yields 
the total counts. The top panel displays the waveform 
obtained by summing the channels in the contiguous 
subset [30, 300). The bottom panel displays the phase-
channel-resolved count numbers for the same channel 
subset, where the color bar represents counts per 
channel per two cycles. 
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Figure 8. Mass, radius and compactness posteriors inferred

by the high MultiNest resolution CST+PDT runs, both in

the absence of any background constraints, and in the pres-

ence of lower and upper background constraints involving

the instrument background and 3C50 AGN spectrum. The

2-D marginalized posteriors of the latter model, that consti-

tutes our headline result, are shaded in blue. Both runs in-

fer highly consistent radius posteriors, with the background-

constrained run consisting of a distribution tail that extends

slightly more towards higher radii.

yond the limits we consider, particularly in the lower
energy channels (Figure 12). Upon imposition of the
lower and upper constraints, the inferred background is
rather high (within the bounds) for some of the lowest
channels (⇠ 30� 40) where it pushes against the upper
limit, and then slowly drops and gets rather low for the
channel range ⇠ 80 � 150, pushing against the lower
limit. The background-constrained model compensates
for the lower overall inferred background (compared
to the unconstrained case) by inferring the position
of the PDT spot such that it is never eclipsed, which
contributes significantly to the unpulsed emission, and
lowers the pulse amplitude.
The residuals show no distinctly identifiable system-

atic structures for either high-res run (Figure 13), indi-
cating the model is generally capable of explaining the
data, both in the presence and absence of background
constraints.
In order to gauge improvement in model performance

with respect to the corresponding runs of ST+PDT,
we first compare the default resolution CST+PDT runs

against ST+PDT, both of which use PPTA-DR2.5 radio
priors, to strictly isolate the performance gain by the
model alone. Then we compare the default resolution
CST+PDT run against the high-res runs to understand the
di↵erence in performance in light of the latest PPTA-
DR3 radio priors30.
When imposing no background constraints, the de-

fault resolution CST+PDT run has a higher log-evidence31

than the ST+PDT run by 3.889 units, which is not a very
large di↵erence based on the scale provided by Kass &
Raftery (1995). However, given the larger model space
of CST+PDT which encompasses ST+PDT, we select the
former as our headline model. The high-res run only
nominally improves the log-evidence value by another
0.257 units. Similar trends are also observed for the runs
with both lower and upper background limits in place.
The default resolution CST+PDT run is higher by 1.395
units of log-evidence compared to the ST+PDT runs, and
the high-res run improves the log-evidence by a further
1.230 units.

6.2. E↵ect of XMM-Newton constraints

We also tested the CST+PDT joint fits using NICER
and XMM-Newton. We place both upper and lower
background constraints on the NICER data, with XMM-
Newton providing e↵ectively an additional constraint on
the background. This run was performed using the de-
fault resolution settings and the PPTA-DR2.5 radio pri-
ors. The computational expense of a high resolution
joint NICER/XMM-Newton run was estimated to be
prohibitive given available resources; taking this into ac-
count and the additional cross-calibration uncertainty
introduced by the joint fit, we treat this lower resolu-
tion run only as a cross-check (particularly since our
high resolution NICER-only headline result run already
includes background constraints).
In Figure 14, we show the inferred mass, radius, and

compactness for this run, compared against the default
resolution NICER-only run with both lower and upper
background constraints. The NICER+XMM run infers
a radius CI68 of 10.04+0.67

�0.57 km, which overlaps with the
results of the default resolution NICER-only run includ-
ing both background limits, but does not with the re-
sults of the corresponding high-res run. The median also
shifts to a lower value with respect to the NICER-only
run for this model. Given the observed trend of moving
towards higher radii upon using the latest PPTA-DR3
radio priors, we expect a similar shift upwards for this
run, especially considering the drop in the inferred mass,

30
The X-PSI resolution settings also a↵ect the likelihood, and

consequently the evidence calculation too. While it is not possible

to disentangle the e↵ects of updating the priors from the e↵ect

of resolution changes, the latter is expected to only nominally

influence the evidence calculation.

31
All log-evidence values reported in the letter are in natural

log units.

Figure 8. Mass, radius and compactness 
posteriors inferred by the high MultiNest 
resolution CST+PDT runs, both in the 
absence of any background constraints, and in 
the presence of lower and upper background  
constraints involving the instrument 
background and 3C50 AGN spectrum. The 2-
D marginalized posteriors of the latter model, 
that constitutes our headline result, are shaded 
in blue. Both runs infer highly consistent 
radius posteriors, with the background-
constrained run consisting of a distribution 
tail that extends slightly more towards higher 
radii.
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ment, possibly explaining the di↵erence in radius with
the one in the present work. In an e↵ort to mitigate
this bias, a re-analysis of the FUV + X-ray spectrum
of PSR J0437�4715 was performed (Stammler et al., in
prep) excluding the ACS-SBC data, and only using data
from the HST Space Telescope Imaging Spectrograph
FUV Multi-Anode MicroChannel Array for which the
calibration has not been revised. In addition, this new
analysis used an updated, much tighter prior than pre-
viously on the extinction E (B � V ), obtained from the
GAIA datasets (Vergely et al. 2022). The full priors34

on the mass and on the source distance were also used
in that recent analysis, instead of fixed values. Finally,
the phase-averaged contribution of the hot spots was
modeled realistically with atmosphere models, instead
of assuming blackbody emission. Overall, the new, up-
dated, radius of PSR J0437�4715 measured from the
FUV and soft X-ray data, is 12.3 ± 0.9 km (Stammler
et al., in prep.), which is compatible with the radius
presented in this work.
We can also compare the mass and radius inferred

for PSR J0437�4715 to the masses and radii in-
ferred for other NICER sources. For the heavy pulsar
PSR J0740+6620, the current best X-PSI result35 is
M = 2.073+0.069

�0.069 M� and R = 12.49+1.28
�0.88 km (Salmi

et al. 2024). This means that �R = R2.0 � R1.4 =
1.13+1.59

�1.08 km. The implications of this change in radius
over this mass range are discussed in more detail in
Section 7.3.
For PSR J0030+0451 the picture is more complex

(Vinciguerra et al. 2024): the current best NICER-
only (with no background constraints) results are M =
1.37 ± 0.17 M�, R = 13.11 ± 1.30 km for the ST+PST
model, consistent with the earlier results of Riley et al.
(2019)36. However when taking into account XMM-
Newton data to provide constraints on background,
two di↵erent solutions are preferred, with masses and
radii of [M = 1.40+0.13

�0.12 M�, R = 11.71+0.88
�0.83 km] and

[M = 1.70+0.18
�0.19 M�, R = 14.44+0.88

�1.05 km], depending on
the assumed surface pattern model (Vinciguerra et al.
2024). The mass and radius for the first mode identified
in the joint NICER-XMM analysis are extremely consis-
tent with our findings for PSR J0437�4715; the NICER-
only solution (which also has a similar mass but a higher
radius) less so. The higher mass, higher radius NICER-
XMM mode of PSR J0030+0451 (although favored ac-
cording to the evidence calculation) is also harder to
reconcile with our new findings.

34
In that analysis, the priors used were: E(B � V ) = 0.005 ±

0.003, M = 1.44± 0.07 M� and d = 157± 0.2 pc

35
See Dittmann et al. (2024) for analysis using an independent

PPM pipeline for this source.

36
See also Miller et al. (2019) for analysis using an independent

PPM pipeline for this source.

Figure 16. Inferred mass and radius posteriors for the

di↵erent capable models explored in this paper, compared

to mass-radius curves from EoS models. The shaded con-

tours are the 68% and 95% credible regions for the high-

res CST+PDT runs, and the remaining contours represent the

68% credible regions for the default resolution CST+PDT and

ST+PDT runs. The colored dash-dot lines are example mass-

radius curves generated using one of the families of EoS mod-

els explored in Rutherford et al. (2024). It employs the

Baym-Pethick-Sutherland crust EoS (Baym et al. 1971) at

densities less than 0.5 times the nuclear saturation density

ns; the N3LO �EFT band from Keller et al. (2023) at densi-

ties 0.5-1.5 ns; and a parametrized piecewise polytropic (PP)

model (Hebeler et al. 2013) at higher densities. The parame-

ters for the mass-radius relations shown here have been cho-

sen to span the range of sti↵ness allowed by this model that

is also compatible with the existence of ⇠ 2.0 M� neutron

stars.

Note that while rotation does increase the equatorial
radius of a neutron star (and the resulting oblateness
is incorporated into our ray-tracing models), the change
for a 1.4 M� neutron star as one goes from zero ro-
tation to 174 Hz is at most ⇠ 0.2 km (for the sti↵est
EoS with the largest radii), see Figure 5 of Raaijmak-
ers et al. (2019). For lower radii, such as we infer for
PSR J0437�4715, the di↵erence is much smaller than
our inferred credible intervals.

7.3. Equation of State implications

A full EoS analysis of the implications of our mass and
radius for PSR J0437�4715 is presented in a companion
letter by Rutherford et al. (2024). In this Section we
therefore highlight only a few key points.

Figure 16. Inferred mass and radius posteriors for the different 
capable models explored in this paper, compared to mass-
radius curves from EoS models. The shaded contours are the 
68% and 95% credible regions for the high-res CST+PDT runs, 
and the remaining contours represent the 68% credible regions 
for the default resolution CST+PDT and ST+PDT runs. The 
colored dash-dot lines are example mass-radius curves 
generated using one of the families of EoS models explored in 
Rutherford et al. (2024). It employs the Baym-Pethick-
Sutherland crust EoS (Baym et al. 1971) at densities less than 
0.5 times the nuclear saturation density ns; the N3LO χEFT 
band from Keller et al. (2023) at densities 0.5-1.5 ns; and a 
parametrized piecewise polytropic (PP) model (Hebeler et al. 
2013) at higher densities. The parameters for the mass-radius 
relations shown here have been chosen to span the range of 
stiffness allowed by this model that is also compatible with the 
existence of ∼ 2.0 M⊙ neutron stars. 
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PSR J1231-1411: basics
• PSR J1231-1411


• A rotation-powered millisecond pulsar in a binary system


• Spin frequency of 271 Hz


• It's surface regions are thermally emitting, likely heated by magnetospheric return 
currents
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Previously, X-ray pulses of three NSs have been
modeled using Neutron Star Interior Composition Ex-
plorer (NICER; Gendreau et al. 2016) observations:
PSR J0030+0451 (Miller et al. 2019; Riley et al. 2019;
Salmi et al. 2023; Vinciguerra et al. 2024), the mas-
sive pulsar PSR J0740+6620 (Miller et al. 2021; Ri-
ley et al. 2021; Salmi et al. 2022, 2023; Dittmann
et al. 2024; Salmi et al. 2024), and the bright pulsar
PSR J0437�4715 (Choudhury et al. 2024a). These have
already provided useful constraints on dense matter
models (see e.g., Miller et al. 2021; Raaijmakers et al.
2021; Biswas 2022; Annala et al. 2023; Han et al. 2023;
Takátsy et al. 2023; Rutherford et al. 2024). However,
measuring masses and radii for a larger set of NSs and
over a broad range of masses is expected to allow both
tighter and more robust constraints.
PSR J1231�1411 is a rotation-powered millisecond

pulsar (RMP, discovered by Ransom et al. 2011), like
many NSs previously analyzed with NICER. Its ther-
mally emitting surface regions are expected to be heated
by the bombardment of charged particles from a magne-
tospheric return current (see, e.g., Ruderman & Suther-
land 1975; Arons 1981; Harding & Muslimov 2001). Soft
X-ray pulsations at the known spin frequency of 271
Hz were found by Ray et al. (2019) and further an-
alyzed in Bogdanov et al. (2019a). The pulsed emis-
sion shows a broad and slightly asymmetric main pulse
and a much fainter secondary interpulse (see Figure
1). This feature di↵ers from those seen in NICER
RMPs analyzed so far (see Bogdanov et al. 2019a for
PSR J0030+0451 and PSR J0437�4715, and Wol↵ et al.
2021 for PSR J0740+6620). Similar to PSR J0740+6620
and PSR J0437�4715, PSR J1231�1411 is located in a
binary system, allowing radio timing measurements to
constrain the NS mass and observer inclination based
on the relativistic Shapiro delay (Fonseca et al. 2021;
Reardon et al. 2024). However, the obtained con-
straints in the preliminary radio timing results (avail-
able at the time of this work) are far less restrictive for
PSR J1231�1411 (Cromartie et al. 2024) compared to
PSR J0740+6620 and PSR J0437�4715. In this work,
we use these measurements as prior distributions and
explore the robustness of NS parameter inference for
PSR J1231�1411.
The remainder of this paper is structured as fol-

lows. In Section 2, we introduce the NICER and XMM-
Newton data sets used for PSR J1231�1411. In Section
3, we summarize the modeling procedure, and in Section
4 we present the results. We discuss the implications of
the results in Section 5 and conclude in Section 6.

2. X-RAY EVENT DATA

2.1. NICER

Figure 1. The phase-folded PSR J1231�1411 event data

for two rotational cycles (for clarity). The top panel shows

the pulse profile summed over the channels. The total num-

ber of counts is given by the sum over all phase-channel pairs

(over both cycles). For the modeling all the event data are

grouped into a single rotational cycle instead, and thus each

phase-channel bin has twice the number of counts shown

here.

The NICER dataset for this work was produced us-
ing HEASoft 6.32.11 (Nasa High Energy Astrophysics
Science Archive Research Center (Heasarc) 2014) and
CALDB xti20221001. We selected data from the full
NICER mission up through 2023 May 14 (ObsID
6060060730), which is before NICER was a↵ected by
the light leak2. After standard L2 processing with the
task nicerl2, but before any of our filtering, the ini-
tial dataset contained about 3.53 Ms of exposure time.
We applied further cuts to exclude data with magnetic
cuto↵ rigidity < 1.5 GeV/c; planetary K-index Kp > 5;
overshoot rate3 > 1.5 counts per second (cps) per Focal
Plane Module (FPM); or a median undershoot rate4

> 200 cps/FPM. These cuts reduce the exposure to
81% of the L2 exposure. Subsequently, we generated
a background lightcurve using only 2–10 keV photons
(where the pulsar flux is small so the count rate is
background dominated) with 16-second bins and dis-
carded times where that rate exceeded 1.25 cps. This
removes the times polluted by high levels of trapped
electron (TREL, in the nomenclature of the SCOR-
PEON background model, see below) and low energy

1
https://heasarc.gsfc.nasa.gov/ftools

2
https://heasarc.gsfc.nasa.gov/docs/nicer/analysis threads/

light-leak-overview/

3
https://heasarc.gsfc.nasa.gov/docs/nicer/analysis threads/

overshoot-intro/

4
https://heasarc.gsfc.nasa.gov/docs/nicer/analysis threads/

undershoot-intro/

Figure 1. The phase-folded PSR 
J1231−1411 event data for two rotational 
cycles (for clarity). The top panel shows 
the pulse profile summed over the 
channels. The total num- ber of counts is 
given by the sum over all phase-channel 
pairs (over both cycles). For the modeling 
all the event data are grouped into a single 
rotational cycle instead, and thus each 
phase-channel bin has twice the number 
of counts shown here. 
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Figure 5. Radius, mass, compactness and inclination posterior distributions using the NICER and XMM-Newton data sets

for the PDT-U model. The results with three di↵erent radius priors are shown, but the run with widest radius prior (Req 2 [8, 16]

km) seems not converged as it finds only significantly worse fits to the data than the others. Dash-dotted curves represent the

marginal prior probability density functions (PDFs). The vertical dashed orange line shows Req = 14 km to guide the eye. The

shaded vertical bands show the 68.3% credible intervals (for the posteriors corresponding to the red curves), and the contours

in the o↵-diagonal panels show the 68.3%, 95.4%, and 99.7% credible regions. See the captions of Figure 5 of Riley et al. (2021)

for additional details about the figure elements.

Figure 5. Radius, mass, compactness and inclination posterior 
distributions using the NICER and XMM-Newton data sets for 
the PDT-U model. The results with three different radius priors 
are shown, but the run with widest radius prior (Req ∈ [8, 16] 
km) seems not converged as it finds only significantly worse 
fits to the data than the others. Dash-dotted curves represent the 
marginal prior probability density functions (PDFs). The 
vertical dashed orange line shows Req = 14 km to guide the 
eye. The shaded vertical bands show the 68.3% credible 
intervals (for the posteriors corresponding to the red curves), 
and the contours in the off-diagonal panels show the 68.3%, 
95.4%, and 99.7% credible regions. See the captions of Figure 
5 of Riley et al. (2021) for additional details about the figure 
elements. 

これは推定できていると言えるのか。。。？
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Summary of M-R
• PSR J0740+6620 (update of high-mass ms pulsar)


• 


• 


• PSR J0437-4715 (nearest & brightest ms pulsar)


• 


• 


• PSR J1231-1411 (complex case)


•  (!?)


•

M = 2.073+0.069
−0.069 M⊙

R = 12.49+1.28
−0.88 km

M = 1.418+0.037
−0.037 M⊙

R = 11.36+0.95
−0.63 km

M = 1.04+0.05
−0.03 M⊙
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Table 1 EOS parameters adopted in this study, K0, L, and ⌘, and the maximum mass,

Mmax, for the NS constructed with each EOS.

EOS K0 (MeV) L (MeV) ⌘ (MeV) Mmax/M�
SLy4 230 45.9 78.5 2.05

SKa 263 74.6 114 2.22

SkI3 258 101 138 2.25

SkMp 231 70.3 105 2.11

DD2 243 55.0 90.2 2.41

Shen 281 111 151 2.17

Togashi 245 38.7 71.6 2.21
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Fig. 2 The constraints derived from the nuclear experiments are put on the bottom-

right part, where the constraining region in the order from left to right corresponds to

RCNP, S⇡RIT, and PREX-II. For reference, the fiducial region is also shown, assuming

that L = 60± 20MeV and K0 = 240± 20MeV. In addition, we show the astrophysical and

theoretical constraints are shown (see text for details). For reference, NS mass and radius

relations constructed with five di↵erent EOSs listed in Table 1 are also shown. The constraint

from MSP J0740+6620 is shown by the shaded region (68%) and the enclosed region with

solid line (95%).

in the NS mass and radius relation is allowed by using the recent constraints on the density-

dependence of nuclear symmetry energy obtained via S⇡RIT and PREX-II together with

the experiment by RCNP. Compared to the other astrophysical constraints on the NS mass

and radius, the allowed region we gave in this study, based on the nuclear experiments, still

seems to be consistent, but the improvement of terrestrial experiments certainly helps us

to understand the equation of state for NS matter. A number of future experiments are

planned, which are expected to provide a further constraint on the NS mass and radius

relation. For example, CREX measurement with 48Ca has already been done, which may
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