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ABSTRACT
We re-analysed numerous archival Chandra X-ray observations of the bright super-
nova remnant (SNR) 1E 0102.2-7219 in the Small Magellanic Cloud, to validate the
detection of a neutron star (NS) in the SNR by Vogt et al. (2018). Careful attention
to the background is necessary in this spectral analysis. We find that a blackbody
+ power-law model is a decent fit, suggestive of a relatively strong B field and syn-
chrotron radiation, as in a normal young pulsar, though the thermal luminosity would
be unusually high for young pulsars. Among realistic NS atmosphere models, a car-
bon atmosphere with B = 1012G best fits the observed X-ray spectra. Comparing its
unusually high thermal luminosity (Lbol = 1.1+1.6

−0.5 × 1034 ergs s−1) to other NSs, we
find that its luminosity can be explained by decay of an initially strong magnetic field
(as in magnetars or high B-field pulsars) or by slower cooling after the supernova ex-
plosion. The nature of the NS in this SNR (and of others in the Magellanic Clouds)
could be nicely confirmed by an X-ray telescope with angular resolution like Chandra,
but superior spectral resolution and effective area, such as the Lynx concept.

Key words: X-rays: stars – X-rays: individual objects: SNR 1E0102.2-7219 – stars:
neutron

1 INTRODUCTION

The detection of the Crab (Staelin & Reifenstein 1968) and
Vela pulsars (Large et al. 1968) within supernova remnants
(SNRs) verified the theory that neutron stars (NSs) are pro-
duced in these supernova explosions (Baade & Zwicky 1934).
However, not all likely core-collapse SNRs contain pulsars;
some contain NSs in other manifestations, while some show
no known compact object at their centres. Failures to de-
tect NSs in deep X-ray surveys of nearby Galactic SNRs
suggest that these SNRs produced black holes, exception-
ally cold young NSs, or no compact remnant at all (Kaplan
et al. 2004, 2006). Thus, searching for and identifying NSs in
young SNRs is essential to understand supernovae in more
detail.

X-ray studies have been one of the most effective means
to find NSs in SNRs, as NSs can generate bright X-ray
emission through magnetosphere processes, or simply by re-
radiating heat retained since their formation (which does
not require that they be radio pulsars). X-ray observations
by Chandra and XMM-Newton have helped reveal that NSs
in young SNRs form a very diverse population. Of order 1/3
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of young core-collapse SNRs have proposed evidence of as-
sociated NSs (Kaspi & Helfand 2002). Considering selection
effects, it is plausible that a majority of core-collapse SNRs
may contain radio pulsars. A significant number of young
SNRs, however, contain central X-ray sources that do not
show any signs of radio pulsar activity. These include anoma-
lous X-ray pulsars (AXPs) and soft gamma ray repeaters
(SGRs), now understood to be manifestations of high-B
(B ∼ 1014–1015 G) NSs known as magnetars (Thompson
& Duncan 1995, 1996; Woods & Thompson 2006). At least
nine magnetars are now confidently associated with super-
nova remnants, roughly 1/3 of known magnetars (Olausen
& Kaspi 2014; Gavriil et al. 2008; Rea et al. 2016; D’Aı̀
et al. 2016). The central X-ray sources in SNRs also include
central compact objects (CCOs), showing purely thermal
(blackbody-like) X-ray emission without radio or gamma-
ray counterparts (Pavlov et al. 2004). Three CCOs with de-
tectable pulsations now have estimated B fields (from spin-
down) in the range 3 × 1010 < B < 1011 G (Gotthelf et al.
2013). Nine to eleven CCOs are now known in SNRs (e.g.
Gotthelf et al. 2013; Klochkov et al. 2016).

Rapidly rotating pulsars produce energetic charged par-
ticles, typically detectable in both radio and X-ray via syn-
chrotron emission, as pulsed emission and/or as an extended
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2 Hebbar, Heinke & Ho

pulsar wind nebula (Gaensler & Slane 2006; Kaspi et al.
2006; Li et al. 2008). The X-ray spectra of young radio pul-
sars (τ / 103 yr) generally include a primary non-thermal
component, along with blackbody (BB)-like X-ray emission
from the surface, often dominated by the hotter parts of the
surface near the magnetic poles (e.g. Pavlov et al. 2001a; De
Luca et al. 2005; Manzali et al. 2007). These spectra gen-
erally have temperatures between 40 and 200 eV when fit
by BB models, and inferred radii between 1 and 10 km (e.g.
Page et al. 2004). For old pulsars (τ ' 106 yr), the NS sur-
face becomes cool, and the X-ray emission is primarily due
to thermal radiation from heated magnetic polar caps, with
weak non-thermal components (e.g. PSR J0437-4715, Zavlin
et al. 2002; Bogdanov et al. 2006). CCO X-ray spectra can be
fit by exclusively thermal spectra, with blackbody tempera-
tures of a few hundred eV (Pavlov et al. 2002), while mag-
netars have more complex spectra (see below), that may be
parametrised (below 10 keV) as hot (0.3-0.5 keV) BB plus
a hard power-law contribution (e.g. Kaspi & Beloborodov
2017).

The thermal radiation of the NS is significantly affected
by its gravitational mass, radii, magnetic field, surface tem-
perature and the composition of the NS atmosphere (see
Potekhin 2014, for a review). Thus modelling the effects of
these parameters on the NS X-ray spectra are essential to
learn the properties of the NSs. Strong magnetic fields in-
crease the binding energy of atoms and molecules (e.g. Lai
2001), affecting the thermal radiation from the NS atmo-
sphere and lead to cyclotron resonance scattering that mim-
ics a separate power-law component (Lyutikov & Gavriil
2006). The assumption of a hydrogen atmosphere should be
valid for most NSs where fall-back or accretion has occurred,
since the elements stratify quickly to leave the lightest (gen-
erally H) on top (Alcock & Illarionov 1980; Romani 1987;
Brown et al. 1998). Thermonuclear burning of light elements
on the hot young NS surface may remove H and He, pos-
sibly leaving a C (or higher-Z) atmosphere, if fallback and
accretion are kept to very low rates (Chang et al. 2004, 2010;
Wijngaarden et al. 2019). The heavy elements in such a mid-
Z atmosphere can lead to detectable spectral features (Ho &
Heinke 2009; Mori & Ho 2007). If such features can be confi-
dently identified, the gravitational redshift of these spectral
features would be a crucial constraint on the NS mass and
radius, and thus on the dense matter equation of state.

1.1 SNR 1E 0102.2-7219

The SNR 1E 0102.2-7219 (hereafter, E0102), discovered by
the Einstein observatory (Seward & Mitchell 1981), is the
second brightest X-ray source in the Small Magellanic Cloud
(SMC, we assume a distance of 62 kpc to SMC). The high
X-ray flux from E0102 and its strong emission lines of O, Ne
and Mg make it an ideal calibration source in soft X-rays
for instruments aboard Chandra, Suzaku, Swift and XMM-
Newton (Plucinsky et al. 2017). Optical analysis of this SNR
and the filaments in its ejecta have revealed the SNR to be an
oxygen-rich (Dopita et al. 1981; Tuohy & Dopita 1983) SNR
with an age of 2050 ± 600 years (Finkelstein et al. 2006; Xi
et al. 2019). Blair et al. (2000) suggested it to have been pro-
duced by a Type Ib supernova, based on the non-detection
of emission from O burning products (S, Ca, Ar). However,
the recent detections of [S II], [S III], [Ar III] and crucially

Table 1. List of observations used for our analysis. All observa-

tions were taken with the ACIS-S aimpoint in the TE VFAINT

mode.

ObsID Exposure(ks) Start time

3519 8.01 2003-02-01 04:35:57
3520 7.63 2003-02-01 07:09:04

3544 7.86 2003-08-10 16:08:11

3545 7.86 2003-08-08 15:18:06
5130 19.41 2004-04-09 13:07:53

5131 8.01 2004-04-05 4:48:28

6042 18.9 2005-04-12 1:40:38
6043 7.85 2005-04-18 8:43:17

6075 7.85 2004-12-18 1:22:38
6758 8.06 2006-03-19 4:29:32

6759 17.91 2006-03-21 23:29:49

6765 7.64 2006-03-19 18:52:07
6766 19.7 2006-06-06 13:25:56

8365 20.98 2007-02-11 17:16:39

9694 19.2 2008-02-07 8:05:46
10654 7.31 2009-03-01 0:05:34

10655 6.81 2009-03-01 2:25:44

10656 7.76 2009-03-06 9:34:35
10657 7.64 2009-03-06 12:09:44

11957 18.45 2009-12-30 7:49:44

13093 19.05 2011-02-01 2:40:10
14258 19.05 2012-01-12 5:07:31

15467 19.08 2013-01-28 16:33:52
16589 9.57 2014-03-27 9:49:15

18418 14.33 2016-03-15 16:54:42

19850 14.33 2017-03-19 2:27:32

Hα by Seitenzahl et al. (2018) in the fast-moving ejecta of
the SNR provide support for a Type IIb nature. Regardless,
E0102 is certain to be a SNR formed by the core collapse of
a massive star, and thus is expected to have left a compact
object.

Recently, Vogt et al. (2018) reported the detection of
a compact object in E0102, from Chandra X-ray observa-
tions (Rutkowski et al. 2010; Xi et al. 2019), supported by
MUSE identification of a low-ionisation nebula surrounding
the X-ray point source. However, they did not report a di-
rect, detailed spectral analysis of the X-ray point source, in
part due to the complexity of the X-ray background in this
region. Density and temperature variations within the SNR
can make it difficult to subtract the background directly,
leading to large residuals in the background-subtracted spec-
trum. However, the analysis by Vogt et al. (2018), using only
4 spectral bins and only rough comparison between simple
models and the X-ray data, does not allow discrimination be-
tween different possible models for the X-ray emission from
NSs.

In this paper, we re-analysed the X-ray data used by
Vogt et al. (2018), to verify the presence of a NS, and study
the properties of this NS. In Section 2, we describe our data
reduction methods and how we extracted the X-ray spec-
tra. The details of the spectral analysis – the comparison
between different models and the effects of background, and
the search for pulsations are discussed in Section 3. In Sec-
tion 4, we discuss the implications of these results on the
properties of the neutron star.

MNRAS 000, 1–16 (2018)



SNR 1E 0102.2-7219 X-ray spectra 3

Figure 1. (Left) X-ray image of SNR 1E 0102.2-7219. (Right) Magnified image showing the position of the candidate NS within the

SNR. The solid red circle (radius 1′′) is our source extraction region. The dashed blue labelled circles denote background regions used in
our study (see Section 3.3). Background emission from the SNR contributes significantly to the flux from the source region.

2 OBSERVATIONS AND DATA REDUCTION

The supernova remnant E0102 has been extensively ob-
served by Chandra, and used as a calibration source to
model the response of the CCD instruments (Plucinsky et al.
2017; Alan et al. 2019). However, the background X-ray flux
from E0102 around the compact object reported by Vogt
et al. (2018) is extremely strong, necessitating the high an-
gular resolution of the Chandra X-ray Observatory. We used
Chandra ACIS-S VFAINT observations taken in timed expo-
sure mode, and pointed within 1.2′ of SNR 1E 0102.2-7219
(α = 01h04m02.s4; δ = −72◦01′55.′′3). We excluded observa-
tions with signs of background flaring. We provide the list
of all observations used for our analysis in Table 1. We point
the readers to Plucinsky et al. (2017); Vogt et al. (2018);
Alan et al. (2019) for detailed comments on these observa-
tions.

We reprocessed all the data according to CALDB 4.7.6
standards using the command chandra_repro in CIAO 4.10
(Fruscione et al. 2006). We extracted events from a 1′′ region
around the point source (α = 01h04m02.s7; δ = −72◦02′00.′′2)
as a compromise between encompassing as large a fraction as
possible of the point-spread function (PSF) of the Chandra
ACIS-S instrument, and reducing the contribution from the
background. This region captures about 90% of energy from
a point source at ∼ 1.5 keV. The source and the background
regions used for the analysis are shown in Fig 1. These re-
gion files were shifted manually for individual observations
to account for shifts in the astrometry.

We extracted the spectra from each observation sepa-
rately using the CIAO tool specextract, which considers
the PSF and the encircled energy fractions while construct-
ing the effective area files for the spectral analysis. The in-
creasing contamination of the ACIS detectors has resulted in
degradation of their low-energy quantum efficiency over the

years1 (Marshall et al. 2004). Thus, individual observations
have different effective areas and response matrix files. As-
suming a linear response of the instruments, the spectra from
these observations can be combined using combine_spectra.
The combine_spectra tool of CIAO 4.10 also generates ex-
posure weighted response matrix and ancillary response files
(RMFs and ARFs respectively) for proper spectral analysis
2. The combined spectra have more counts and better statis-
tics, allowing us to resolve narrow lines and test the quality
(“goodness”) of different models. We grouped the X-ray pho-
tons of the combined spectra so that each spectral bin has
a width of at least 50 eV (∼ 0.5 times the spectral reso-
lution of Chandra ACIS) and contains at least 15 photons.
As uncertainties in the bright background radiation from
the supernova remnant itself dominate our uncertainties, we
modelled the source spectra along with the background, in-
stead of subtracting the background. We only considered the
interval 0.5–10.0 keV, where the Chandra ACIS-S instrument
is most responsive. We used XSPEC v12.9.1m for spectral
analysis. We adopted C-statistics3 (Cash 1979) for spectral
fitting since it has been shown to be relatively unbiased,
compared to χ2 statistics, to fit Poissonian data (Humphrey
et al. 2009).

We also verified our primary spectral results from the
methods above by modelling all the spectra simultaneously,
rather than combining them and modelling the combined
spectrum. For this purpose, we combined the spectra from
observations in a given year (within each year, the responses
change only slightly) using combine_spectra and loaded
each of these separately into XSPEC. We then modelled
these spectra simultaneously by linking the corresponding
parameters for each data set. Grouping the spectra to 15

1 http://cxc.harvard.edu/ciao/why/acisqecontamN0010.html
2 http://cxc.harvard.edu/ciao/ahelp/combine spectra.html
3 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node304.html

MNRAS 000, 1–16 (2018)



4 Hebbar, Heinke & Ho

photons per bin leads to large bins and would miss narrow
emission features. Therefore, we grouped the spectra such
that each bin contains a minimum of 1 photon, and used
C-statistics for our analysis.

In both cases, we compared the quality of different mod-
els using the Akaike Information Criterion (Akaike 1974)
with correction for small sample sizes (AICc; see Cavanaugh
1997).

AICc = 2k + cstatmin +
2k2 + 2k
n − k − 1

, (1)

where k is the number of parameters and cstatmin is the neg-
ative of twice the logarithm of the likelihood of the model,
with best-fitting parameters assuming Poisson statistics. A
smaller AICc value indicates a better likelihood. The quan-
tity exp((AICci - AICcj)/2) gives the relative likelihood of
model j with respect to model i (smaller AICc values are
better fits). However, AICc cannot comment on the absolute
quality of the fit of a given model. For this purpose, we used
the χ2 test for the combined spectrum, and the “goodness”
simulations of XSPEC, using the Cramer-Von Mises (CvM)
statistic (Cramer 1928) for individual spectra analysed si-
multaneously. XSPEC’s “goodness” simulations report the
fraction of simulations having a CvM statistic smaller than
that for the observed spectrum. A large value of this fraction
(e.g. 99%) indicates that the observed spectrum is unlikely
to be produced from the given model, and hence the model
can be rejected (with 99% confidence).

3 RESULTS

Given the high background flux, we use a detailed approach
to model the background and the source spectra. In Sec-
tion 3.1, we perform our primary spectral analysis on the
combined spectra of E0102. In Section 3.2, we check the role
of changing ACIS-S response on our results by loading spec-
tra from each year separately and simultaneously modelling
them. In Section 3.3, we also verify our results by using dif-
ferent background models for our analysis. We search for
pulsations in E0102 in Section 3.4.

3.1 Analysis of combined spectra

We first confirm the presence of a compact object in the
supernova remnant. Plucinsky et al. (2017) and Alan et al.
(2019) do not consider regions near the candidate compact
object in their spectral analysis. We analysed spectra de-
rived from six different nearby background regions, and find
that all six regions have similar spectra. Therefore we use
these regions together to model the background flux. We fit
the background using an empirical model consisting of a hot
collisionally ionised plasma model (apec) with no lines (this
was achieved in XSPEC using the command xset APEC-

NOLINES yes) for the continuum and four Gaussian lines
(gaussian) to model the emission line complexes from O,
Ne, Mg and Si. We used two components for absorption —
wabs (which uses the Anders & Ebihara (1982) abundances)
for absorption within the Milky Way, and tbabs with SMC
abundances (Russell & Dopita 1992) for absorption by gas
in the SMC. (We note that since the absorption within the
Milky Way towards the SMC is small, using wabs instead

Figure 2. Empirical spectral fit to the background spectrum

(data and model in top panel, residuals to the fit in units of the
data uncertainties below). Our model consists of a thermal plasma

with kT = 1.2±0.3 keV and gaussian lines at E1 = 0.60±0.01 keV,

E2 = 0.95 ± 0.01 keV, E3 = 1.32+0.02
−0.01 keV & E4 = 1.88 ± 0.03 keV,

corresponding to the emission lines of O, Ne, Mg and Si respec-

tively. With χ2/d.o.f = 10.64/16, the model is a good fit to the
observed background spectrum.

Figure 3. Source spectrum without background subtraction,
fit with the scaled background model alone. The χ2-test gives
χ2/d.o.f = 132.17/19, resulting in a null hypothesis probability

of p ∼ 10−16. The large residuals require an additional component

along with the background.

of tbvarabs with Wilms et al. (2000) parameters doesn’t
change our results significantly.) We fixed the absorption
column of the Milky Way in this direction to 5.36 × 1020

cm−2, and that of the SMC to 5.76 × 1020 cm−2 (Plucinsky
et al. 2017) (allowing these to vary doesn’t change the C-
statistics or χ2 significantly, as they are small). Thus our
background model was wabs * tbabs * (apec + gaussian

+ gaussian + gaussian + gaussian).
Fitting this model gave kT = 1.2± 0.3 keV and gaussian

lines at E1 = 0.60 ± 0.01 keV (O complex, σ = 0.065+0.008
−0.007

keV), E2 = 0.95 ± 0.01 keV (Ne complex, σ = 0.084+0.008
−0.007

keV), E3 = 1.32 ± 0.02 keV (Mg complex, σ = 0.07 ± 0.02)

MNRAS 000, 1–16 (2018)



SNR 1E 0102.2-7219 X-ray spectra 5

Table 2. Background model used for the spectral analysis of the
compact object in SNR 1E 0102.2-7219.

Parameters Parameter Values

NH,MW 5.36 × 1020 cm−2

NH,SMC 5.76 × 1020 cm−2

kT 1.2 ± 0.3
Fluxapec 1.5+0.4

−0.3 × 10−14 ergs cm−2 s−1

EO 0.60 ± 0.01 keV

σO 0.065+0.008
−0.007 keV

FluxO 4.4+0.2
−0.3 × 10−14 ergs cm−2 s−1

ENe 0.95 ± 0.01 keV

σNe 0.084+0.008
−0.007 keV

FluxNe 2.1+0.1
−0.2 × 10−14 ergs cm−2 s−1

EMg 1.32+0.02
−0.01keV

σMg 0.07 ± 0.02
FluxMg 3.7+0.8

−0.7 × 10−15 ergs cm−2 s−1

ESi 1.88 ± 0.03keV
σSi < 0.07

FluxSi 5+3
−2 × 10−16 ergs cm−2 s−1

Note: Our background model is wabs*tbabs*(apec + gaussian

+ gaussian + gaussian + gaussian). We use NH,MW and
NH,SMC values reported in Plucinsky et al. (2017) for our analy-

sis. The tbabs component utilises the SMC values given in Russell

& Dopita (1992) to model intrinsic absorption in the SMC. We
report the unabsorbed flux in each of these emission lines between

0.5 and 10 keV
∗ Lower error bound reaches the lower hard limit.
∗∗ Upper error bound exceeds the upper hard limit.

keV) & E4 = 1.88 ± 0.03 keV (Si line, σ < 0.07 keV)
and a C-statistic value of 10.64 for 16 degrees of freedom
(d.o.f). Using this simple empirical model, we found χ2/d.o.f
= 10.64/16. This corresponds to a null hypothesis probabil-
ity4 of p = 0.87, indicating that our background model is a
good fit to the observed background spectrum as shown in
Fig. 2. We also check the fits to individual background re-
gions using this model and find that all the parameters are
similar within their error limits.

In order to check if the source emission can also be ex-
plained as only a spatial concentration of the same emis-
sion as the background, we fit this background model to the
source spectrum (without background subtraction), permit-
ting scaling of the background normalisation. We also al-
low for slight changes in the central energies of the emission
lines, which could be due to different radial velocities. Fit-
ting our background model alone to the source spectrum
gives C-statistic/d.o.f. = 132.17/19 (χ2 = 119.15). This is a

4 The null hypothesis probability indicates the fraction of sim-
ulated data sets drawn from the model that would have larger

(worse) statistics than the real data; thus, p = 0.01 would indi-
cate only a 1% probability of obtaining such a poor statistic by
chance, and thus that the real data is probably not drawn from

the model.

very poor fit (p ∼ 10−16) (shown in Fig. 3), indicating that
additional components are required.

We also check the validity of our method by applying
this analysis technique for individual background regions.
We extract a spectrum from each background region, and
see if each spectrum can be fit by a simple scaling of the
combined background model discussed in Table 2. We find
that the χ2/d.o.f for background regions 1-6 are 15.24/13,
6.38/12, 22.67/10, 21.81/16, 9.87/13 & 22.41/11, respectively.
These fits are much better than our fit of the source spec-
trum with the combined background model (p & 0.15, except
for regions 3 and 6 which have p = 0.01, 0.02, respectively.)

We next analyse the source spectrum by adding differ-
ent models to our background model. We maintain the two-
component absorption model, with fixed Galactic absorption
(wabs)(to 5.36× 1020 cm−2), but allow the SMC (tbabs) ab-
sorption to vary. The results of our analysis are summarised
in Table 3. The simple power-law gives NH,SMC = 9+8

−4×1021

cm−2 and Γ = 4.6+0.9
−0.5, with a C-statistic value of 22.66.

Though this model is a better fit to the data with χ2/d.o.f.
= 23.93/16 (p = 0.091), such a large value of Γ has not been
seen for non-thermal emission from pulsars or pulsar wind
nebulae (Li et al. 2008), but is typical of the values found
when power-law models are fit to spectra better described by
low-temperature blackbody (BB) or BB-like spectra, typical
of NSs.

We therefore consider BB and BB-like models for the
spectral fit. We first fit with the bbodyrad model in XSPEC.
This gives NH,SMC = 2+8

−2 ×1021 cm−2, TBB = (2.9±0.6)×106

K, RBB = 3+4
−1 km and C-statistic value of 34.89. This model

has χ2/d.o.f. = 32.41/16 (p = 0.0088), a poor fit, and fails to
explain the emission at higher energies.

Many pulsars show comparable non-thermal X-ray
emission, from a magnetosphere and/or pulsar wind neb-
ula (PWN), as thermal X-ray emission from the NS surface
(e.g. Pavlov et al. 2004). Therefore, we add a power-law with
Γ fixed to 2 (typical of pulsar wind nebulae, Li et al. 2008)
to include possible non-thermal emission from the magne-
tosphere and/or PWN. (We also tried allowing the power-
law index to vary, but this led to the fitting parameters
being poorly constrained, without improving the final fit.)
As the black body fit is consistent with X-ray emission from
a NS, we constrain the maximum radius of the emitting re-
gion to 15 km. The best fitting model, shown in Fig. 4a,
has NH,SMC = 5.6+10.7

−5.1 × 1021 cm−2, TBB = 2.1+0.4
−0.8 × 106

K, RBB = 8+7
−4 km. The flux from the power-law compo-

nent, Fluxpl = (3 ± 1) × 10−15 ergs cm−2 s−1 between 0.5
and 10 keV, and the C-statistic value is 18.11. This model
gives χ2/d.o.f = 17.33/15 i.e. p = 0.30, indicating an ade-
quate fit. The unabsorbed 0.5-10 keV thermal luminosity,
LBB = 6+11

−2 × 1033 ergs s−1, is greater than the non-thermal

luminosity, Lpl = (1.4 ± 0.4) × 1033 ergs s−1.

The harder X-ray component could also be fit with a
hotter blackbody of temperature, TBB,h = 6+8

−1 × 106 K and
radius, RBB,h = 0.05 − 0.6 km. This model could be inter-
preted as indicating the presence of hotspots at the magnetic
poles of the NS. This model has similar C- & χ2 statistics
as the BB+PL model, but a higher AICc statistic due to
one additional fitting parameter. We note that the best fit
temperature is at the high end of the observed temperatures

MNRAS 000, 1–16 (2018)



6 Hebbar, Heinke & Ho

Table 3. Summary of modelling the combined spectrum of the compact object in SNR 1E 0102.2-7219

Model Parameters Parameter Values C-statistic AICc
χ2/d.o.f

(p-value)

wabs*tbabs*bbodyrad

f 0.21+0.03
−0.04

34.89 60.49 32.41/16
(0.0088)

NH,SMC 2+8∗
−2 × 1021 cm−2

TBB (2.9 ± 0.6) × 106 K

RBB 3+4
−1 km

wabs*tbabs*(bbodyrad
+ pegpwrlw)

f 0.19 ± 0.04

18.11 48.97 17.33/15
(0.30)

NH,SMC 5.6+10.7
−5.1 × 1021 cm−2

TBB 2.1+0.4
−0.8 × 106 K

RBB 8+7∗∗
−4 km

Γ 2.0
Fluxpl (3 ± 1) × 10−15 ergs cm−2 s−1

wabs*tbabs*(bbodyrad

+ bbodyrad)

f 0.20 ± 0.03

16.72 53.64 16.30/14
(0.30)

NH,SMC 1.0+0.6
−0.9 × 1022 cm−2

TBB,c 1.8+0.6
−0.1 × 106 K

RBB,c 15+0.0∗∗
−10 km

TBB,h 6+8
−1 × 106 K

RBB,h 0.29+0.30
−0.24 km

wabs*tbabs*(nsmaxg)
(H atmosphere,

B = 1010G)

f 0.20 ± 0.03

30.46 56.06

30.43/16
(0.016)

NH,SMC 2+4∗
−2 × 1021 cm−2

Te f f 1.70.4
−0.1 × 106 K

(Rem/RNS ) 1.0+0.0∗∗
−0.5

wabs*tbabs*(nsmaxg

+ pegpwrlw)
(H atmosphere,

B = 1010G)

f 0.20 ± 0.03

25.40 56.25
26.25/15
(0.036)

NH,SMC 1+4∗
−1 × 1021 cm−2

Te f f 1.6+0.2
−0.1 × 106 K

(Rem/RNS ) 1.0+0.0∗∗
−0.3

Γ 2.0

Fluxpl (1.6+1.4
−1.2) × 10−15 ergs cm−2 s−1

wabs*tbabs*(nsmaxg)

(H atmosphere,
B = 1012G)

f 0.20 ± 0.03

31.64 57.24 31.67/16
(0.011)

NH,SMC 2+4∗
−2 × 1021 cm−2

Te f f 1.74+0.42
−0.06 × 106 K

(Rem/RNS ) 1.0+0.0∗∗
−0.5

wabs*tbabs*(nsmaxg

+ pegpwrlw)
(H atmosphere,

B = 1012G)

f 0.200.03
−0.04

26.86 57.72 27.87/15
(0.022)

NH,SMC 1+4∗
−1 × 1021 cm−2

Te f f 1.7+0.2
−0.1 × 106 K

(Rem/RNS ) 1.0+0.0∗∗
−0.3

Γ 2.0

Fluxpl (1.6 ± 1.3) × 10−15 ergs cm−2 s−1

Note: All the above models were added to the previously specified background model and fit to the observed X-ray spectra without

background subtraction. “f” represents the normalisation constant multiplied to the background model before being added to the above
models. “Fluxpl” represents the unabsorbed flux from the power-law component between 0.2 and 10.0 keV. We fixed the absorption

column due to Milky way in the direction of SMC to 5.36× 1020 cm−2 (Plucinsky et al. 2017). We see that the source is best modelled by
a neutron star with a carbon atmosphere, or a simple black body with a harder power-law or a hotter black body component. However,
due to the high contribution from the background, we cannot conclusively reject other models used in our analysis.
∗ Lower error bound reaches the lower hard limit.
∗∗ Upper error bound exceeds the upper hard limit.

MNRAS 000, 1–16 (2018)
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Table 3 – continued Summary of modelling the combined spectrum of the compact object in SNR 1E 0102.2-7219.

Model Parameters Parameter Values C-statistic AICc
χ2/d.o.f

(p-value)

wabs*tbabs*(nsmaxg)
(H atmosphere,

B = 1013G)

f 0.20+0.03
−0.04

28.99 54.49 29.47/16
(0.021)

NH,SMC 2+4∗
−2 × 1021 cm−2

Te f f 1.8+0.3
−0.1 × 106 K

(Rem/RNS )2 1.0+0.0∗∗
−0.4

wabs*tbabs*(nsmaxg

+ pegpwrlw)
(H atmosphere,

B = 1013G)

f 0.19 ± 0.03

25.52 56.37 26.37/15
(0.034)

NH,SMC 2+3∗
−2 × 1021 cm−2

Te f f 1.74+0.19
−0.08 × 106 K

(Rem/RNS ) 1.0+0.0∗∗
−0.3

Γ 2.0

Fluxpl (1.4+1.4
−1.3) × 10−15 ergs cm−2 s−1

wabs*tbabs*(nsmaxg)

(C atmosphere,
B = 1012G)

f 0.21+0.03
−0.04

19.08 44.69 18.85/16
(0.28)

NH,SMC 9+12
−7 × 1021 cm−2

Te f f 3.0+0.5
−0.4 × 106 K

(Rem/RNS ) 0.5+0.5
−0.2

on NS (see Sec 4). Similar to the previous case, the softer
component (with luminosity, Lx,c = 1.3+0.8

−0.9 × 1034 ergs s−1)
tends to be more luminous than the harder component (with
luminosity, Lx,h = 1.0+0.6

−0.5 × 1033 ergs s−1).

To constrain the range of possible natures of this NS, we
then try fits with a variety of NS atmosphere models. We use
the nsmaxg model in XSPEC which has spectral templates
for different magnetic fields for hydrogen atmospheres, as
well as for heavier elements (Mori & Ho 2007; Ho et al. 2008).
We fix the NS mass to 1.4 M� and radius to 12 km and vary
the temperature and the normalisation of the NS to fit the
spectra. We fix the upper limit of the normalisation param-
eter to 1, indicating emission from the entire surface. We
tried models with magnetic fields B = 1010, 1012, and 1013

G. These models fail to explain the emission at hard X-rays
(E > 2 keV; p ∼ 0.01−0.02 for all NS H atmosphere models).
Therefore we add a power-law component with fixed photon
index, 2, to the spectra to model possible magnetospheric or
PWN emission. Adding a power-law reduces the C-statistic
by ∼ 4 while decreasing one degree of freedom (i.e. no sig-
nificant change in AICc statistic, as seen in Table 3). With
the power-law, the best fitting models with different B have
similar C-statistic values (∼ 25 − 27 for 15 d.o.f), NH,SMC

(∼ 2 × 1021 cm−2), effective temperatures, (Te f f ∼ 1.7 × 106

K) and radius of the emitting region (Rem/RNS ∼ 1). These
models give a thermal luminosity LX,th ∼ 4 × 1033 ergs s−1

in the 0.5−10.0 keV range. The large χ2 ∼ 26−27 values for
15 d.o.f (i.e p ∼ 0.02 − 0.03) indicate that NS H atmosphere
models do not fit the data well, even after the addition of
a non-thermal power-law component. We show the spectral
fit with B = 1013 G in Fig. 4b, and residuals to the spectral
fits for all three models in Fig. 4c.

Note that a NS H atmosphere spectrum with a given
effective temperature, Te f f , is much harder than that of a
BB with the same BB temperature TBB, since the emission
at higher energies is from hotter layers of the hydrogen at-
mosphere (e.g. Zavlin et al. 1996). Thus, while the BB fit

has a higher temperature and might indicate the presence
of hotpots, the NS hydrogen atmosphere fits have a lower
temperature and suggest emission from the complete NS sur-
face. All the hydrogen atmosphere models leave significant
residuals around 1 keV. As the hydrogen atmosphere models
have broader spectra than the blackbody models (which are
more sharply curved), this may be indicating a preference
for a blackbody-like shape over the hydrogen atmosphere
model shapes. However, considering the complex and bright
background, we should consider whether these residuals are
caused by complexities in the background subtraction (see
§ 3.3).

If these spectral residuals at ∼ 1 keV are indeed due to
a sharper peak in the data than that of the absorbed NS H
atmosphere model, they cannot be explained using multiple
NS H atmospheres. Allowing for a lower temperature, Te f f ∼
8×105 K and larger absorption can replicate a narrower peak,
but such a model would require an emitting region of Rem >

25 km, which is not feasible for a neutron star. Since heavier
element atmospheres can have different spectral slopes (for
example, a C atmosphere shows a sharper decline at ∼ 1− 2
keV as compared to the H atmospheres; Mori & Ho 2007),
we try to fit the observed spectrum using the C, O and Ne
templates provided in nsmaxg.

We find that a carbon atmosphere with B = 1012 G
fits the X-ray spectrum best. This model can also explain
the emission at the higher energies without an additional
power-law component. Fig. 4d shows the best fitting C at-
mosphere model. This model gives NH = 9+12

−7 × 1021 cm−2,

Te f f = 3.0+0.5
−0.4 × 106 K and Rem/RNS = 0.5+0.5

−0.2 with a

C-statistic value of 19.08. With χ2/d.o.f = 18.85/16, i.e.
p = 0.28 (which is comparable in quality to the black-

body+pegpwrlw fit), this model is an adequate fit. This model
gives a thermal luminosity, LX,th = 1.1+1.6

−0.5×1034 ergs s−1 be-
tween 0.5 and 10 keV. This fit is ∼ 70 times better than the
fit with the B = 1013 G hydrogen atmosphere model, and ∼ 8
times better than the fit to the blackbody+pegpwrlw model,

MNRAS 000, 1–16 (2018)
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(a) Blackbody + power-law fit to the observed spectrum. The

source and background are modelled simultaneously. The best
fitting model gives NH,SMC = 5.6+10.7

−5.1 × 1021 cm−2, TBB =

2.1+0.4
−0.3×106 K, RBB = 8+7

−4 km. The power-law photon index is

fixed to 2.0. The model gives χ2/d.o.f = 17.33/15, and p = 0.30,

indicating a good fit.

(b) NS H atmosphere + power-law fit to the source spectrum

and background. We use MNS = 1.4 M�, RNS = 12 km, B =

1013 G, and photon index Γ = 2.0 for this spectral fit. The best
fit has NH,SMC = 2+3

−2 × 1021 cm−2, Te f f = 1.74+0.19
−0.08 × 106 K,

and Rem/RNS = 1.0+0.0
−0.3. With χ2/d.o.f = 25.52/15, giving p =

0.034, this is a poor fit.

(c) Residuals to fits with a thermal NS H atmosphere and

non-thermal power-law, for three different surface magnetic
fields (B = 1010, 1012, 1013 G). The three models have similar
residuals (at ∼1 and ∼1.8 keV), AICc values (∼ 57), and χ2

(∼ 27 for 15 d.o.f, i.e. p-value ∼ 0.02 − 0.03).

(d) NS C atmosphere fit to the source spectrum on top of the

background model. We use MNS = 1.4 M�, RNS = 12 km,

and B = 1012 G. The best fitting model has NH,SMC = 9+12
−7 ×

1021 cm−2, Te f f = 3.0+0.5
−0.4 × 106 K, and Rem/RNS = 0.5+0.5

−0.2.

This model does not need a power-law component to explain
emission at high energies. With χ2/d.o.f = 19.08/16, giving

p = 0.22, this is a good fit.

Figure 4. Spectral analysis of thermal component in E0102 using (a) BB+PL, (b) and (c) NS H atmosphere and (d) NS C atmosphere

models. BB+PL and NS C atmosphere at B = 1012 G best fit the observed spectra, while NS H atmosphere models give a poor fit.

based on AICc statistics. Using a non-magnetic carbon at-
mosphere model (e.g., carbatm; Suleimanov et al. 2014), or a
B = 1013 G carbon atmosphere worsens the fit. Using heavier
elements like Ne or O gives no improvement over the hydro-
gen atmosphere models. Thus the spectral analysis favours
a NS with a 1012 G carbon atmosphere for the compact
object in this SNR, though the complexities of background
subtraction must be carefully considered (see § 3.3).

3.2 Simultaneous spectral analysis for individual
years

We also check if the changing response of the Chandra ACIS
instrument over time affects the results of our spectral anal-
yses significantly. As the ACIS instrument changes slowly
over time, we sum spectra within each calendar year to re-
tain sufficient statistics. We load the spectra from individual
years separately into XSPEC, and fit them simultaneously
using the models discussed above. We summarise the results
of our simultaneous spectral analysis in Table 4.

MNRAS 000, 1–16 (2018)
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Table 4. Summary of spectral analysis by simultaneously modelling the the individual spectra of compact object in SN 1E 0102.2-7219.

Model Parameters Parameter Values
C-statistic

(d.o.f)
AICc

log (CvM)

(goodness)

wabs*tbabs*bbodyrad

f 0.20+0.04
−0.02

577.56
(675)

593.77 −10.80
(3%)

NH,SMC < 3∗ × 1022 cm−2

TBB 3.1+0.6
−0.4 × 106 K

RBB 3 ± 1 km

wabs*tbabs*(bbodyrad

+ pegpwrlw)

f 0.16+0.05
−0.04

557.27
(674)

575.54 −10.85
(2%)

NH,SMC 3+11∗
−3 × 1021 cm−2

TBB 2.1+0.5
−0.4 × 106 K

RBB 7+8∗∗
−3 km

Γ 2.0
Fluxpl (5 ± 2) × 10−15 ergs cm−2 s−1

wabs*tbabs*(bbodyrad
+ bbodyrad)

f 0.16+0.05
−0.04

560.97
(673)

581.29 −10.83
(2%)

NH,SMC 2+10∗
−2 × 1021 cm−2

TBB,c 2.2+0.6
−0.5 × 106 K

RBB,c 6+5
−1 km

TBB,h > 5 × 106 K

RBB,h < 0.29 km

wabs*tbabs*(nsmaxg)

(H atmosphere,
B = 1010G)

f 0.19+0.04
−0.03

573.32
(675)

589.53

−10.82
(2%)

NH,SMC < 5∗ × 1021 cm−2

Te f f 1.8+0.5
−0.2 × 106 K

(Rem/RNS ) 0.9+0.1∗∗
−0.3

wabs*tbabs*(nsmaxg +

pegpwrlw)
(H atmosphere,

B = 1010G)

f 0.18+0.04
−0.02

562.42
(674)

580.69
−10.78
(3%)

NH,SMC < 3∗ × 1021 cm−2

Te f f 1.6+0.3
−0.1 × 106 K

(Rem/RNS ) 1.0+0.0∗∗
−0.3

Γ 2.0

Fluxpl (3 ± 2) × 10−15 ergs cm−2 s−1

wabs*tbabs*(nsmaxg)

(H atmosphere,
B = 1012G)

f 0.19+0.04
−0.03

574.35
(675)

590.56 −10.82
(2%)

NH,SMC 2+4∗
−2 ) × 1021 cm−2

Te f f 1.8+0.6
−0.1 × 106 K

(Rem/RNS ) 1.0+0.0∗∗
−0.6

wabs*tbabs*(nsmaxg +
pegpwrlw)

(H atmosphere,
B = 1012G)

f 0.18+0.04
−0.03

563.66
(674)

581.92 −10.75
(3%)

NH,SMC (1+3∗
−1 ) × 1021 cm−2

Te f f 1.7+0.3
−0.1 × 106 K

(Rem/RNS ) 1.0+0.0∗∗
−0.3

Γ 2.0

Fluxpl (3 ± 2) × 10−15 ergs cm−2 s−1

Note: Variables and notations used have the same meaning as in Table 3. The last column indicates the value of the Cramer von-Mises

statistic (Cramer 1928; Von Mises 1928) and the goodness value corresponding to it. The goodness value indicates the fraction of the

realisations of the model which have a CvM statistic smaller than that of the data. A large value (say 95%) indicates that the observed
spectrum can be rejected (with 95% confidence). We note that the best fitting values of the parameters are similar to their corresponding
values in Table 3.
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Table 4 – continued Summary of spectral analysis by simultaneously modelling the the individual spectra of compact object in SN 1E
0102.2-7219.

Model Parameters Parameter Values
C-statistic

(d.o.f)
AICc

log (CvM)
(goodness)

wabs*tbabs*(nsmaxg)

(H atmosphere,
B = 1013G)

f 0.19 ± 0.04
571.99
(675)

588.20 −10.82/16
(2%)

NH,SMC 1+5∗
−1 × 1021 cm−2

Te f f 1.9+0.4
−0.1 × 106 K

(Rem/RNS )2 0.9+0.1∗∗
−0.4

wabs*tbabs*(nsmaxg +

pegpwrlw)
(H atmosphere,

B = 1013G)

f 0.180.04
−0.03

561.78
(674)

580.04 −10.79
(3%)

NH,SMC (4+15
−4 ) × 1021 cm−2

Te f f 1.7+0.3
−0.1 × 106 K

(Rem/RNS ) 1.0+0.0∗∗
−0.3

Γ 2.0

Fluxpl (3 ± 2) × 10−15 ergs cm−2 s−1

wabs*tbabs*(nsmaxg)

(C atmosphere,
B = 1012G)

f 0.18+0.05
−0.04

560.44
(675)

576.65 −10.82/16

(2%)
NH,SMC 3+17

−3 × 1021 cm−2

Te f f 3.4+0.3
−0.7 × 106 K

(Rem/RNS ) 0.3+0.4
−0.1

We note that both methods of spectral analysis (fitting
the combined spectrum, and simultaneously fitting spectra
loaded separately) result in similar parameter values for the
different models used. The AICc statistics for the models
used follow a similar trend, with the (BB+PL), and NSMAXG

with B = 1012G C atmosphere, giving the best fits (both
these models have similar AICc values). We also note that
the change in the C-statistics by the addition of a PL or hot-
ter BB to the single BB model is roughly equal in both cases
(∼ 17). The best fitting C atmosphere model is ∼ 6 times bet-
ter than the 1013 G H atmosphere model with a power-law
(and ∼ 200 times better than the H atmosphere NS model
alone). Thus, a blackbody plus non-thermal power-law, or
a neutron star with a carbon atmosphere, are the most
favourable fits. However, this method of spectral analysis
doesn’t give much insight into the quality of the individual
fits, as XSPEC’s goodness simulations indicate that < 5%
of the realisations have CvM statistics smaller than the best
fitting model in all cases. Another difference between the two
methods of fitting is that adding a power-law to the H atmo-
sphere models doesn’t change the C-statistics and the AICc
value appreciably (∆cstat ∼ 5, ∆AICc < 1 corresponding to
< 1.5 times better) while analysing the combined spectrum,
but when simultaneously modelling the individual spectra,
∆ AICc ∼ 8; i.e. adding a power-law improves the model by
a factor of ∼ 50.

3.3 Effects of altering background selection

Given the bright background, it is important to study
how our choice of background spectrum affects our spec-
tral modelling. To study the effect of changes in the back-
ground on the spectral parameters, we first model the
spectra of each individual background region shown in
Fig. 1. We use the background model described above
(i.e., wabs*tbabs*(apec + gaussian + gaussian + gaus-

sian + gaussian)) to model the individual background
spectra. We find that grouping the background spectra such
that each bin consists of at least one photon per bin, and
fitting them using C-statistics, gives the best constraints on
the parameter values. We then use these various background
models to analyse the combined source spectrum (mod-
elling the background and source simultaneously). Using
these different background models, we analyse the change
in the best fitting parameters when the source is modelled
using — wabs*tbabs*bbodyrad, wabs*tbabs*(bbodyrad +

pegpwrlw), wabs*tbabs*(nsmaxg + pegpwrlw) (H atmo-
sphere, B=1013G) and wabs*tbabs*nsmaxg (C atmosphere,
B=1012G). Our results are summarised in Table 5.

In general, we notice that all the best fitting param-
eters stay within the same error limits even when the un-
derlying background is modelled differently. However, we do
notice that the C-statistics and χ2 of the best fitting mod-
els change significantly. Inspecting the source spectra where
BB + PL and nsmaxg with B = 1012G C atmosphere models
are not good fits, shows that varying the normalisation and
width of the background emission lines near the residuals
significantly changes the fit quality. For example, when the
background is modelled from region 1 alone, fixing σMg to
0.07 (from Table 2) and allowing FluxMg to vary reduces
the C-statistic by 12.72, while decreasing d.o.f by 1 (i.e ∼ 50
times better according to AICc), giving χ2/d.o. f = 19.02/15
(p-value = 0.21, i.e. a good fit). This signifies that properly
modelling the background is crucial to understand the qual-
ity of a spectral fit. However we do notice that in all cases, a
blackbody model with a power-law and a neutron star with
a C atmosphere are still better fits than a simple BB or a NS
with a H atmosphere. The NS H atmosphere plus power-law
model has a reduced χ2 (χ2

ν ) > 1.5 for all the different back-
ground models used, due to residuals at ∼ 1 keV. Thus these
residuals seem to be real, and not due to incorrect modelling
of the background.

MNRAS 000, 1–16 (2018)
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Table 5. Best fitting spectral parameters for different background regions

Model Parameters
Parameter values on modelling background from

Region 1 Region 2 Region 3 Region 4 Region 5 Region 6

wabs*tbabs*bbodyrad

f 1.6 ± 0.3 1.4 ± 0.2 1.5 ± 0.2 0.8 ± 0.1 1.3 ± 0.2 1.1+0.2
−0.1

NH,SMC 3+22∗
−3 × 1021 cm−2 2+6∗

−2 × 1021 cm−2 1+4∗
−1 × 1021 cm−2 < 8∗ × 1021 cm−2 1+6∗

−1 × 1021 cm−2 < 4∗ × 1021 cm−2

TBB 2.5+0.5
−0.9 × 106 K (3.1 ± 0.6) × 106 K 3.1+0.4

−0.3 × 106 K 2.8+0.7
−0.5 × 106 K (2.6 ± 0.4) × 106 K (3.3 ± 0.4) × 106 K

RBB 4+7
−2 km 2+3

−1 km 3+2
−1 km 3+3

−1 km 4+4
−1 km 2.4+1.1

−0.7 km

C-statistic 30.05 37.47 57.28 33.29 38.16 44.45
χ2/d.o.f 30.18/16 36.74/16 56.92/16 29.93/16 36.55/16 44.29/16

wabs*tbabs*(bbodyrad +

pegpwrlw

f 1.4+0.4
−0.3 1.3+0.2

−0.3 1.4+0.2
−0.3 0.6+0.2

−0.1 1.1+0.2
−0.3 1.0+0.2

−0.3
NH,SMC 2+13∗

−2 × 1021 cm−2 8+8
−7 × 1021 cm−2 1.0+0.4

−0.6 × 1022 cm−2 2+7∗
−2 × 1021 cm−2 2+6∗

−2 × 1021 cm−2 4.1+8.6
−3.5 × 1021 cm−2

TBB 2.3+0.3
−0.5 × 106 K 1.9+0.6

−0.2 × 106 K 1.9+0.3
−0.1 × 106 K (2.2 ± 0.4) × 106 K 2.1+0.4

−0.3 × 106 K 2.2+0.3
−0.4 × 106 K

RBB 6+9
−3 km 11+4∗∗

−7 km 15+0∗∗
−8 km 6+7

−3 km 7+5
−3 km 7+5

−3 km

Fluxpl,Γ=2 (2 ± 1) × 10−15 3+2
−1 × 10−15 4+2

−1 × 10−15 s−1 (3 ± 1) × 10−15 (3 ± 1) × 10−15 4+1
−2 × 10−15

(ergs cm−2 s−1)

C-statistic 24.04 19.18 21.94 18..24 23.59 20.39
χ2/d.o.f 25.03/15 18.36/15 21.30/15 17.30/15 23.83/15 19.85/15

wabs*tbabs*(nsmaxg +

pegpwrlw)

(H atmosphere, B = 1013G)

f 1.5+0.3
−0.2 1.4+0.2

−0.1 1.4+0.3
−0.2 0.7 ± 0.1 1.2 ± 0.2 1.0 ± 0.2

NH,SMC 1+3∗
−1 × 1021 cm−2 2.5+3.8

−2.3 × 1021 cm−2 2.3+2.7
−1.8 × 1021 cm−2 1+3∗

−1 × 1021 cm−2 < 2∗ × 1021 cm−2 (2 ± 2∗) × 1021 cm−2

Te f f 1.7+0.2
−0.1 × 106 K 1.74+0.20

−0.08 × 106 K (1.8 ± 0.1) × 106 K 1.7+0.2
−0.1 × 106 K 1.75+0.15

−0.07 × 106 K 1.8+0.2
−0.1 × 106 K

(Rem/RNS ) 1+0.0∗∗
−0.3 1+0.0∗∗

−0.3 1+0.0∗∗
−0.2 10.0∗

−0.3 1+0.0∗∗
−0.2 1+0.0∗∗

−0.2
Fluxpl,Γ=2 (1 ± 1∗) × 10−15 1.5+1.5

−1.2 × 10−15 1.8+1.4
−1.3 × 10−15 s−1 1.6+1.4

−1.2 × 10−15 (1 ± 1∗) × 10−15 1.7+1.5
−1.3 × 10−15

(ergs cm−2 s−1)

C-statistic 29.03 26.47 38.71 23.19 32.80 28.48
χ2/d.o.f 31.56/15 27.48/16 41.57/16 23.18/15 36.32/16 30.04/16

wabs*tbabs*nsmaxg

(C atmosphere, B = 1012G)

f 1.6+0.2
−0.4 1.4 ± 0.2 1.5 ± 0.2 0.9+0.1

−0.3 1.2 ± 0.2 1.0+0.2
−0.1

NH,SMC 3+8∗
−3 × 1021 cm−2 9+9

−7 × 1021 cm−2 7+7
−4 × 1021 cm−2 2.11+0.55

−2.06 × 1022 cm−2 3+7∗
−3 × 1021 cm−2 6+6

−4 × 1021 cm−2

Te f f (3.3 ± 0.4) × 106 K 3.0+0.4
−0.3 × 106 K 3.1+0.4

−0.2 × 106 K 2.55+0.88
−0.09 × 106 K (3.2 ± 0.3) × 106 K 3.2+0.3

−0.2 × 106 K

(Rem/RNS ) 0.3+0.2
−0.1 0.4+0.5

−0.1 0.4+0.3
−0.1 1.0+0.0∗∗

−0.7 0.3+0.3
−0.1 0.4+0.2

−0.1
C-statistic 31.37 18.03 26.03 17.38 26.57 25.12
χ2/d.o.f 30.99/16 17.89/16 25.58/16 16.88/16 27.10/16 24.36/16

Note: We use the same notations as in Table 3. Refer Fig. 1 for the locations of the different background regions considered. Though the continuum thermal emission, position, strength
and width of emission lines is similar within the error limits, the central values of these parameters can vary for different background regions. Since the thermal emission and the lines
are fixed while fitting the source, these differences lead to varying goodness of the fits. For example, for “Region 1” the best fitting width of Mg line is 0+0.8

−0 as compared to 0.07 ± 0.03
for the combined spectrum. Using zero width for the Mg emission line complex when fitting the source leads to residuals at ∼ 1.3 keV, and thus bad fits. However, allowing all the
background parameters to vary would increase the degrees of freedom reduce our confidence in the best fitting models.
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3.4 Search for X-ray pulsations

Pulsations in the X-ray light curve would reveal the pres-
ence of hotspots and their geometry. We check for periodic-
ity in individual observations where the time difference be-
tween successive frames (i.e. the time resolution) is ∆t < 1 s.
Since the X-ray spectrum indicates a dominant single ther-
mal component, we do not expect the pulse (if any) to have
significant harmonics. In addition, the ∼ 1 s time resolution
of the ACIS observations used does not allow us to iden-
tify harmonics within a single time period (note that even
magnetars have spin period of only a few seconds). For 13
observations, ∆t = 0.84 s, allowing us to probe frequencies
up to 0.6 Hz. We extract barycentre-corrected light curves
from each of these observations with the smallest allowed
bin time (=∆t) using the CIAO 4.10 tools axbary and dmex-

tract. We then construct power spectra using the tool apow-
erspectrum of CIAO 4.10 and normalise them according to
Leahy et al. (1983). Leahy-normalised power-spectra follow
a χ2 distribution with two degrees of freedom. We find a
strong pulsation candidate at 0.44 Hz (P = 2.28 s) for Ob-
sID 6765 (Fig. 5). This frequency has a Leahy-normalised
power of 24.7. The single-trial probability of having Leahy-
normalised power > 24.7 is 4.27 × 10−6 (∼ 4.6σ). Given that
this power spectrum has 5573 frequency bins, this corre-
sponds to a false alarm probability of 0.024. However, we
do not find any similarly strong signal in the remaining 12
power spectra (i.e all signals in the remaining 12 power spec-
tra have false alarm probability > 0.35, indicating that these
are likely due to Poisson noise). Considering searches over
all these power spectra, the false-alarm probability of the
0.44 Hz pulsation candidate rises to 0.31. We also ran a Z2

n
test on the ObsID 6765 using the phase calculated with a
constant period P = 2.28s, but do not find clear rotational
variability (significance of variability < 2σ). A single long-
exposure observation of this source would allow a deeper
search for pulsations.

4 DISCUSSION

4.1 Absorption

Most of our fits prefer a larger inferred absorption column
(up to ∼ 1022 cm−2 in some cases) than observed for SNR
1E0102.2-7219 (5.76 × 1020 cm−2 of SMC absorption, plus
5.36×1020 cm−2 of Galactic absorption Plucinsky et al. 2017,
consistent with the more recent analysis of Alan et al. 2019,
which gives NH,Gal = 4.5 × 1020 cm−2, NH,SMC = 8 × 1020

cm−2). Recent calculations of the likely internal absorption
column to the central NS produced by a ∼ 2000-year-old
SNR are much smaller (Alp et al. 2018). However, we iden-
tify three caveats to this apparent discrepancy. First, the
constraints on NH are generally quite weak, such that the
observed SNR NH cannot be ruled out. Second, any con-
tribution by SNR ejecta to the absorption will have much
higher abundances than the SMC in general. Third, the low-
ionisation gaseous ring (shell?) around the NS discovered
by Vogt et al. (2018) may be thick enough to provide sub-
stantial extinction, though its nature and density have not
yet been quantified. Such an optical feature/nebula has only
been suggested around one other CCO, CXOU J085201.4-
461753 in SNR G266.2-1.2/Vela Jr. (Pavlov et al. 2001b; Pel-

Figure 5. Leahy normalised power-spectrum of ObsID 6765

showing a peak at 0.44 Hz. The single trial probability of hav-
ing a Leahy normalized power ≥ 24.7 is 4.27 × 10−6. With 5573
frequency bins in this power spectra, this corresponds to a false
alarm probability of 0.024.

lizzoni et al. 2002; Mignani et al. 2019). However, whether
this optical nebula is even associated with the CCO in Vela
Jr. is not certain.

4.2 Atmosphere

We found significant residuals when fitting the NS with
any hydrogen atmosphere model. However, we found sig-
nificantly better fits when using a (1012 G) C atmosphere,
or a blackbody plus power-law. This suggests that either
this NS hosts a C atmosphere, or that the atmosphere is
described by some combination of composition, depth (e.g.
an optically thin H atmosphere, which could have accumu-
lated over 2000 years), and/or magnetic field, which we have
not tried, and which might be reasonably represented by a
blackbody. (Although we have tried a number of models, we
cannot claim to have exhausted all the possibilities, espe-
cially if the surface is not homogeneous.)

A (non-magnetic) carbon atmosphere spectrum is a
good description of the spectrum of the youngest known
NS, the CCO in the Cassiopeia A SNR (Ho & Heinke 2009).
Similarly, a carbon atmosphere spectrum can fit the spec-
trum of three other CCOs (see Section 4.3), two with ages of
1–2 kyr and one much older at 27 kyr (Klochkov et al. 2013,
2016; Doroshenko et al. 2018). As shown recently by Wijn-
gaarden et al. (2019), a carbon atmosphere can be present
on a NS of sufficient youth (. 1000 yr), as its high tem-
perature burns any surface hydrogen or helium. After this
age, the temperature becomes low enough to allow accumu-
lation of hydrogen even at very low accretion rates from the
interstellar medium and thus formation of a hydrogen at-
mosphere. With an age of 2050± 600 yr, E0102 may be near
the transition between a carbon atmosphere and a thin hy-
drogen atmosphere, when the latter approaches an optical
thickness τν ∼ 1, such as that which seems to exist on (much
older) X-ray isolated NSs such as RX J0720.4−3125 (Motch
et al. 2003) and RX J1856.5−3754 (Ho et al. 2007).

In contrast to the above CCOs that are fit with a car-
bon atmosphere spectrum which assumes no or low magnetic

MNRAS 000, 1–16 (2018)
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Figure 6. Thermal luminosity versus age of E0102 (black star)

with respect to known pulsars (green crosses), CCOs (blue cir-
cles) and magnetars (red triangles). The shaded region shows the

cooling scenario for M = 1.4M�, R = 11.6 km and a light ele-

ment envelope. The upper bound of this region is obtained by
only considering superconducting protons, while the lower bound

is achieved including superfluidity of neutrons as well. The solid

line is the same cooling scenario as the upper bound but with
M = 1.2M� and an iron envelope. E0102 is brighter than CCOs

and pulsars, but less luminous than magnetars of similar age.

fields, our best-fit carbon spectrum assumes B = 1012 G.
The spin and spectral properties of three other CCOs
(Mereghetti et al. 2002; Sanwal et al. 2002; Halpern & Got-
thelf 2010a; Gotthelf et al. 2013) indicate these three CCOs
have B ∼ 1010−1011 G (see Section 4.3). A low magnetic field
currently could be due to a stronger field that was buried
by initial fallback of supernova material and is only now
emerging at the surface (Ho 2011, 2015). The emergence
timescale depends on the amount of material accreted, such
that E0102 could have accreted less and thus its field has
already emerged to values typical of pulsars. Alternatively,
E0102 could be a magnetar with a subsurface field that is
& 1014 G and a surface field that is still emerging. If E0102
is a magnetar, it may undergo a magnetar outburst in the
future. This is an interesting prospect given the extensive
monitoring of SNR 1E 0102.2−7219 as a calibration source
for telescopes such as Chandra and NICER.

4.3 Nature of the neutron star:

We also look into the general properties of CCOs, magnetars
and young pulsars to further study the nature of E0102 and
classify the NS.

De Luca (2008, 2017); Halpern & Gotthelf (2010a) sum-
marise all known CCOs5. We see that most CCOs have
thermal luminosities ∼ 1033 ergs s−1). XMMU J173203.3-
344518 in SNR G353.6-0.7 has a thermal luminosity, 1.3 ×
1034 ergs s−1, comparable with that of E0102, though it
requires relatively extreme cooling parameters (Klochkov
et al. 2015). Its X-ray spectrum can be best fit using a
two temperature blackbody (kT1 ≈ 0.4 keV, R1 ≈ 1.5 km,
kT2 ≈ 0.6 − 0.9 keV, R2 ≈ 0.2 − 0.4 km; Halpern & Got-
thelf 2010b) or a non-magnetic NS with a C atmosphere
(kT ≈ 0.19 keV, R ≈ 13 km; Klochkov et al. 2013). The ob-
served lack of pulsations supports the C atmosphere model
where the entire NS surface emits radiation. Such a non-
magnetised carbon atmosphere, with kT ∼ 0.15 keV and
emission from the entire NS, has also been proposed for the
CCOs CXOU J232327.9+584842 (in the SNR Cas A, Ho
& Heinke 2009), CXOU J160103.1-513353 (in G330.2+1.0,
Doroshenko et al. 2018) and CXOU J181852.0-150213 (in
G15.9+0.2, Klochkov et al. 2016). X-ray emission of other
CCOs can be adequately fit (χ2

ν ≤ 1.1) using a BB (kT ∼
0.5 keV) or a non-magnetic NS atmosphere (NSA) model
(kT ∼ 0.3 keV) (Gotthelf et al. 2013; Halpern & Got-
thelf 2010a; Lovchinsky et al. 2011). However, a second BB
(kT1 = 0.2 − 0.4 keV, R1 = 2 − 4km, kT2 = 0.5 − 0.9 keV,
R2 . 1km) or NSA component often improves the fit.

Timing solutions of CCOs showing rotational variabil-
ity (PSR J0821-4300, PSR 1852+0040 and 1E 1207.4-5209)
reveal periods between 0.1 & 0.4s, and surface B < 1011 G,
indicating that CCOs have relatively low B fields (Gotthelf
et al. 2013; Halpern & Gotthelf 2010a). The E0102 NS can-
not be fit using a single BB or NSA model (χ2

ν ∼ 2), and the
C atmosphere fit needs a higher magnetic field (B = 1012)
and relatively high temperature (kT ∼ 0.3 keV) for a good
fit. Although other CCOs show no indications of radio pul-
sations or synchrotron nebulae, it is not clear whether their
observed spindowns correctly indicate their surface B fields.
For example, the high pulsed fraction of the NS in Kes
79 strongly indicates a high surface B field, possibly in a
strongly multipolar configuration (Bogdanov 2014). It has
been suggested that the low measured fields in CCOs are
due to burial of the field by fallback (e.g. Ho 2011), in which
case a normal B field for E0102 would not be truly unusual
(though it would raise questions about why it has not shown
radio pulsar behaviour).

The thermal emission of magnetars with B ∼ 1014−1015

G in their quiescent state is very similar to that of CCOs and
generally cannot be distinguished by X-ray spectra alone.
We use the McGill online magnetar catalogue6 (Olausen &
Kaspi 2014) to study and compare the X-ray properties of
magnetars. Magnetars of age O(103 yrs ) have thermal X-
ray luminosities, L2−10keV ∼ 1033−1035 ergs s−1 during their
quiescent state, nicely encompassing the E01012 NS’s lumi-
nosity (see Fig.6). Like CCOs, the X-ray spectra of mag-
netars can be fit using two BB components, or a BB+PL.
The observable differences between magnetars and CCOs
comes from X-ray variability — magnetars typically show
fast, bright outbursts, and/or show pulsations (with periods

5 see http://www.iasf-milano.inaf.it/~deluca/cco/main.htm for
the updated list.
6 http://www.physics.mcgill.ca/ pulsar/magnetar/main.html

MNRAS 000, 1–16 (2018)



14 Hebbar, Heinke & Ho

∼ 2 − 12 s) revealing rapid spindown indicative of high B
fields. Our tentative 2.28 s periodic signal is near the lower
limit of the rotation period for known magnetars. We did
not identify any long-term X-ray variability from E0102 over
the years 2003-2017. From Viganò et al. (2013), we see that
the expected outburst rate for magnetars of age 2000 years
is ∼ 0.05/yr. Thus the non-detection of an X-ray outburst
doesn’t rule out the possibility that E0102 could be a mag-
netar in quiescence.

A thermal component has been detected in very few
young (ages below 104 years) pulsars with “normal” B-field
strengths, B ∼ 1012 G, due in part to the bright non-thermal
pulsed and pulsar wind X-ray emission. Only four radio
pulsars have measured thermal X-ray spectral components
(each also has nonthermal components) and inferred ages
< 104 years; these are PSR J1119-6127 (Gonzalez et al.
2005, τ=1600 years), PSR J1357-6429 (Zavlin 2007, τ=7300
years), PSR J1734-3333 (Olausen et al. 2013, τ=8100 years),
and PSR B1509-58 (Hu et al. 2017, τ=1700 years). Interest-
ingly, these four young pulsars all show high magnetic fields;
estimating B from P and ÛP, B = 4×1013 G, 8×1012 G, 5×1013

G, and 1.5×1013 G respectively. Blackbody fits to their ther-
mal components give T = 2.4+0.3

−0.2 × 106 K, R = 3.4+1.8
−0.3 km,

LX,bb = 2+2.5
−0.4 × 1033 ergs s−1 for J1119, T = (1.7 ± 0.2) × 106

K, R = 2.5 ± 0.5 km, LX,bb ∼ 2 × 1032 ergs s−1 for J1357,

T = (3.5 ± 0.7) × 106 K, R = 0.45+0.55
−0.20 km, LX,bb ∼ 2 × 1032

ergs s−1 for J1734, and T = (1.7 ± 0.1) × 106 K, R ∼ 9 km,
LX,bb ∼ 9 × 1033 ergs s−1 for B1509. Unusually, the ther-
mal components show extremely strong pulsations in two
of these (48–74% pulsed fraction for J1119 Gonzalez et al.
2005; Ng et al. 2012, >50% pulsed fraction for J1357; J1734
has only an upper limit on the pulsed fraction of <60%, and
pulsation searches on B1509’s thermal component were not
possible due to the strong pulsed nonthermal emission). Such
strong pulsations cannot be achieved for any hotspot geom-
etry without substantial radiative beaming, which requires
higher B fields > 1014 G (Bogdanov 2014). Indeed, J1119
(estimated B = 8 × 1012 G) underwent a series of transient
magnetar bursts (Archibald et al. 2016), strongly indicating
that J1119, and possibly the others, have magnetar-strength
internal B fields (e.g. Ho 2011, 2015; Viganò & Pons 2012;
Bernal et al. 2013). The E0102 NS has a higher thermal
luminosity than these high-B young pulsars, and an appar-
ently larger emitting radius. It appears that if E0102 NS is
a radio pulsar, it is likely to resemble these high-B pulsars,
and may be a hidden magnetar.

In Figure 6, we show the luminosity and age of E0102,
as well as those of CCOs (see Reynolds et al. 2006; Klochkov
et al. 2016, and references in Luo et al. 2015) and magnetars
and rotation-powered pulsars (Chang et al. 2012; Olausen
et al. 2013; Viganò et al. 2013; Hu et al. 2017). The shaded
region indicates luminosity as a function of age for theo-
retical models of NS cooling, assuming a 1.4M� NS built
using the APR equation of state and a light element enve-
lope. The upper boundary considers slower cooling due to
superconducting protons, while the lower boundary consid-
ers more rapid cooling due to Cooper pair formation and
breaking of superfluid neutrons. Meanwhile, the solid line is
for the same model as the upper boundary, but with an iron
envelope and 1.2M� NS (see Luo et al. 2015, and references
therein, for details).

Figure 7. Comparison of kTBB and RBB on fitting a BB model to

different classes of NS. Magnetars are usually hotter and brighter
than CCOs and high-B pulsars. The leftmost magnetar (RBB ∼
0.2 km, kT ∼ 0.3 keV is a low magnetic field (B = 6 × 1012 G)
faint (Lbol ∼ 4 × 1031 ergs s−1) system, SGR 0418+5729 (Rea

et al. 2013). The position of E0102 is consistent with that of

some CCOs, high-B pulsars, and magnetars.

.

Regardless of the atmosphere model we use, we find
a very high thermal luminosity for the E0102 NS, which
might be explained either through slow loss of heat from the
supernova explosion, or decay of an initially strong mag-
netic field. Our carbon atmosphere NS spectral model gives
a bolometric thermal luminosity Lbol = 1.1+1.6

−0.5 × 1034 ergs

s−1. Comparing E0102’s parameters to other known young
NSs, we are struck by E0102’s relatively high inferred tem-
perature and thermal luminosity. E0102’s thermal luminos-
ity is larger than most rotation-powered pulsars. Only young
CCOs like PSR J1852+0040 (in the SNR G33.6+0.1), PSR
J0821-4300 (in the SNR Puppis A) and PSR J1210-5226 (in
the SNR G296.5+10.0), the young high-B pulsars B1509-
58 and J1119-6127, and magnetars have thermal emission
within the error limits of E0102’s luminosity.

We compare the emitting radius and temperature of
the observed blackbody radiation from CCOs, high-B pul-
sars, and magnetars in Fig. 10. Unfortunately, this does
not clearly distinguish between the three groups of NSs–
although E0102’s properties are somewhat unusual for each
class, there are members of each class with similar proper-
ties.

5 SUMMARY AND CONCLUSIONS

In this work, we used the combined spectra from the Chan-
dra ACIS-S observations of SNR 1E 0102-7219 to argue that
the compact object detected by Vogt et al. (2018) in the
SNR is a neutron star and to constrain its nature and prop-
erties. The observed X-ray spectrum of this source cannot
be explained as a concentration of SNR emission, clearly
requires an additional soft blackbody-like source, and con-
firms the detection by Vogt et al. (2018) of a neutron star in
this SNR. The emission at higher energies cannot be mod-
elled by a simple BB and requires an additional non-thermal
power-law component. Among the NS models, we see that
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H atmosphere models at any B-field strength fail to fully
model the X-ray spectra. Adding a power-law component
successfully models the emission at higher energies, but the
residuals around ∼ 1 keV are still not explained. A 1012 G
carbon atmosphere NS model better fits these residuals, as
well as emission at the higher energies.

The best fit temperature and luminosity of this compact
object in E0102 is higher than most NSs observed. Compar-
ing the thermal luminosity to other pulsars indicates that
it is unlikely that this compact object is powered by rota-
tion. The high temperature and the presence of hotspots sug-
gest that this source is powered by its high magnetic fields,
like the magnetars and some high-B radio pulsars. However,
there are a few observed low-B NSs with inferred ages < 104

years and similar temperatures, so the emission we see may
be heat from the supernova explosion that formed this NS.
Identifying and studying young neutron stars like this one is
essential to understand the physical mechanisms responsible
for the high thermal luminosity.

The greatest challenge in studying this NS is the bright
background emission from the SNR itself. Though the pa-
rameter values do not change significantly when using dif-
ferent background models, the C-statistic and the χ2 value
indicate the quality of the fits change significantly. The pro-
posed Lynx (The Lynx Team 2018) X-ray mission, with
higher effective area, greatly improved spectral resolution,
and similar angular resolution as Chandra, would permit a
more powerful analysis of such compact objects in bright
SNRs. Lynx’s high spectral resolution would allow us to
identify and filter out the background emission lines from
the source spectra. It is also possible that Lynx could mea-
sure spectral features (e.g. edges) in NS spectra, identifying
the nature of the NS atmosphere. Lynx’s higher effective
area could also detect X-ray pulsations (if present), permit-
ting the measurement of P and ÛP, and thus constraining the
magnetic field strength. The expansion of the study of NS
surfaces to nearby galaxies would add greatly to our under-
standing of NSs.

ACKNOWLEDGEMENTS

We thank E. Bartlett and F. Vogt for discussions. We also
thank the referee for a thoughtful report and suggestions.
COH is supported by NSERC Discovery Grant RGPIN-
2016-0460 and a Discovery Accelerator Supplement. WCGH
acknowledges support from the Science and Technology Fa-
cilities Council through grant number ST/M000931/1.

REFERENCES

Akaike H., 1974, IEEE Transactions on Automatic Control, 19,

716

Alan N., Park S., Bilir S., 2019, ApJ, 873, 53

Alcock C., Illarionov A., 1980, ApJ, 235, 534

Alp D., Larsson J., Fransson C., Gabler M., Wongwathanarat A.,

Janka H.-T., 2018, ApJ, 864, 175

Anders E., Ebihara M., 1982, Geochimica et Cosmochimica Acta,

46, 2363

Archibald R. F., Kaspi V. M., Tendulkar S. P., Scholz P., 2016,

ApJ, 829, L21

Baade W., Zwicky F., 1934, Proceedings of the National Academy

of Science, 20, 254

Bernal C. G., Page D., Lee W. H., 2013, ApJ, 770, 106

Blair W. P., et al., 2000, ApJ, 537, 667

Bogdanov S., 2014, ApJ, 790, 94

Bogdanov S., Grindlay J. E., Heinke C. O., Camilo F., Freire

P. C. C., Becker W., 2006, ApJ, 646, 1104

Brown E. F., Bildsten L., Rutledge R. E., 1998, ApJ, 504, L95

Cash W., 1979, ApJ, 228, 939

Cavanaugh J. E., 1997, Statistics & Probability Letters, 33, 201

Chang P., Arras P., Bildsten L., 2004, ApJ, 616, L147

Chang P., Bildsten L., Arras P., 2010, ApJ, 723, 719

Chang C., Pavlov G. G., Kargaltsev O., Shibanov Y. A., 2012,

ApJ, 744, 81

Cramer H., 1928, Scandinavian Actuarial Journal, 1928, 13

D’Aı̀ A., et al., 2016, MNRAS, 463, 2394

De Luca A., 2008, in Bassa C., Wang Z., Cumming A.,
Kaspi V. M., eds, American Institute of Physics Confer-

ence Series Vol. 983, 40 Years of Pulsars: Millisecond Pul-

sars, Magnetars and More. pp 311–319 (arXiv:0712.2209),
doi:10.1063/1.2900173

De Luca A., 2017, in Journal of Physics Conference
Series. p. 012006 (arXiv:1711.07210), doi:10.1088/1742-

6596/932/1/012006

De Luca A., Caraveo P. A., Mereghetti S., Negroni M., Bignami

G. F., 2005, ApJ, 623, 1051

Dopita M. A., Tuohy I. R., Mathewson D. S., 1981, ApJ, 248,

L105

Doroshenko V., Suleimanov V., Santangelo A., 2018, A&A, 618,

A76

Finkelstein S. L., et al., 2006, ApJ, 641, 919

Fruscione A., et al., 2006, in Society of Photo-Optical Instru-
mentation Engineers (SPIE) Conference Series. p. 62701V,

doi:10.1117/12.671760

Gaensler B. M., Slane P. O., 2006, ARA&A, 44, 17

Gavriil F. P., Gonzalez M. E., Gotthelf E. V., Kaspi V. M., Liv-
ingstone M. A., Woods P. M., 2008, Science, 319, 1802

Gonzalez M. E., Kaspi V. M., Camilo F., Gaensler B. M., Pivo-
varoff M. J., 2005, ApJ, 630, 489

Gotthelf E. V., Halpern J. P., Alford J., 2013, ApJ, 765, 58

Halpern J. P., Gotthelf E. V., 2010a, ApJ, 709, 436

Halpern J. P., Gotthelf E. V., 2010b, ApJ, 710, 941

Ho W. C. G., 2011, MNRAS, 414, 2567

Ho W. C. G., 2015, MNRAS, 452, 845

Ho W. C. G., Heinke C. O., 2009, Nature, 462, 71

Ho W. C. G., Kaplan D. L., Chang P., van Adelsberg M., Potekhin

A. Y., 2007, MNRAS, 375, 821

Ho W. C. G., Potekhin A. Y., Chabrier G., 2008, ApJS, 178, 102

Hu C.-P., Ng C. Y., Takata J., Shannon R. M., Johnston S., 2017,

ApJ, 838, 156

Humphrey P. J., Liu W., Buote D. A., 2009, ApJ, 693, 822

Kaplan D. L., Frail D. A., Gaensler B. M., Gotthelf E. V., Kulka-
rni S. R., Slane P. O., Nechita A., 2004, ApJS, 153, 269

Kaplan D. L., Gaensler B. M., Kulkarni S. R., Slane P. O., 2006,
ApJS, 163, 344

Kaspi V. M., Beloborodov A. M., 2017, ARA&A, 55, 261

Kaspi V. M., Helfand D. J., 2002, in Slane P. O., Gaensler B. M.,

eds, ASP Conf. Series Vol. 271, Neutron Stars in Supernova
Remnants. p. 3 (arXiv:astro-ph/0201183)

Kaspi V. M., Roberts M. S. E., Harding A. K., 2006, in Lewin
W. H. G., van der Klis M., eds, Compact stellar X-ray sources.

pp 279–339
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