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ABSTRACT
We report a 72 ks XMM-Newton observation of the Be/X-ray pulsar (BeXRP) RX
J0812.4-3114 in quiescence (LX ≈ 1.6 × 1033 erg s−1). Intriguingly, we find a two-
component spectrum, with a hard power-law (Γ ≈ 1.5) and a soft blackbody-like excess
below ≈ 1 keV. The blackbody component is consistent in kT with a prior quiescent
Chandra observation reported by Tsygankov et al. and has an inferred blackbody
radius of ≈ 10 km, consistent with emission from the entire neutron star (NS) surface.
There is also mild evidence for an absorption line at ≈ 1 keV and/or ≈ 1.4 keV.
The hard component shows pulsations at P ≈ 31.908 s (pulsed fraction 0.84 ± 0.10),
agreeing with the pulse period seen previously in outbursts, but no pulsations were
found in the soft excess (pulsed fraction . 31%). We conclude that the pulsed hard
component suggests low-level accretion onto the neutron star poles, while the soft
excess seems to originate from the entire NS surface. We speculate that, in quiescence,
the source switches between a soft thermal-dominated state (when the propeller effect
is at work) and a relatively hard state with low-level accretion, and use the propeller
cutoff to estimate the magnetic field of the system to be . 8.4 × 1011 G. We compare
the quiescent thermal LX predicted by the standard deep crustal heating model to
our observations and find that RX J0812.4-3114 has a high thermal LX , at or above
the prediction for minimum cooling mechanisms. This suggests that RX J0812.4-3114
either contains a relatively low-mass NS with minimum cooling, or that the system
may be young enough that the NS has not fully cooled from the supernova explosion.
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1 INTRODUCTION

Be/X-ray pulsars (BeXRPs) are a type of high-mass X-ray
binary (HMXB) where a highly magnetised neutron star
(NS; B ∼ 1011−13 G) regularly passes through the decre-
tion disk expelled by a Be-type optical companion (for a
recent review on Be stars, see Rivinius et al. 2013). These
systems are typically identified by their bright type-I out-
bursts (LX ∼ 1036−37 erg s−1; Reig 2011) that happen during
orbital periastron passages, when the NS ploughs through
the decretion disc around the Be star, leading to a sharp

? E-mail: zhao13@ualberta.ca

increase in mass accretion rate. The high NS magnetic fields
channel accreted matter onto the magnetic poles, producing
hard X-ray emission that pulses at the NS spin period. In-
flowing ionized matter is forced to move along magnetic field
lines when the magnetic pressure equals the ram pressure
of the infalling matter, defining the magnetospheric radius
within which a hot disc will be disrupted. High magnetic
fields in systems with short spin periods may halt or largely
suppress accretion by forming centrifugal barriers when the
magnetospheric radius is larger than the corotation radius
(where the orbital period in the disc matches the NS spin
period). In this situation, material threading onto magnetic
field lines must be accelerated to higher velocities, which
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moves it outward through the disc, inhibiting accretion; this
is known as the “propeller regime” (Illarionov & Sunyaev
1975). As the mass accretion rate falls during an outburst
decline, allowing the magnetosphere to expand, an abrupt
drop in X-ray luminosity has often been observed, suggest-
ing the system has entered the propeller regime (Stella et al.
1986; Campana et al. 2001; Tsygankov et al. 2016).

However, signs of continued accretion are still observed
in some low-luminosity systems that have seemingly tran-
sitioned to the propeller regime. E.g., pulsations from 3A
0535+26 were detected when the source was at LX ≈ 2 −
4 × 1033 erg s−1 (Negueruela et al. 2000; Mukherjee & Paul
2005). Multiple scenarios have been proposed to explain the
mechanisms of matter penetrating the centrifugal barrier
(e.g. Romanova et al. 2004; Doroshenko et al. 2011). Tsy-
gankov et al. (2017a) recently proposed that in systems with
sufficiently long spin period, below a certain accretion rate,
the disc temperature may fall below the hydrogen ionisa-
tion temperature (∼ 6500 K) rendering a recombined neu-
tral “cold disc”, which can penetrate through the centrifugal
barrier of the magnetosphere. Several sources have been ob-
served to maintain quasi-stable accretion at an intermediate
luminosity, higher than the limiting luminosity for the pro-
peller regime (e.g., Rouco Escorial et al. 2018).

X-ray studies of BeXRPs in quiescence (LX <

1034 erg s−1) have revealed hard X-ray spectra, typically best
described by power-laws, suggesting continued accretion
(e.g. Campana et al. 2002; Rutledge et al. 2007; Doroshenko
et al. 2014), and/or soft blackbody-like spectra suggestive
of emission from part of the NS surface (La Palombara &
Mereghetti 2006, 2007; La Palombara et al. 2009a; Reig et al.
2014; Elshamouty et al. 2016). In a recent systematic study
of quiescent BeXRPs by Tsygankov et al. (2017a), X-ray
spectra of quiescent BeXRPs generally showed either a soft
blackbody-like spectrum with an emission region consistent
with a typical NS polar cap size (e.g., 4U 0115+63, with
kTbb ≈ 0.3 keV and Rbb ≈ 0.76 km), or a hard power-law
spectral component (photon index Γ typically ∼ 1-1.5) sug-
gesting an accretion flow (e.g., 4U 0728-25 with Γ ≈ 1.3).
These suggest quiescent states either with (hard) or with-
out (soft) continued accretion.

RX J0812.4-3114 (hereafter J0812) was first identified
by the ROSAT Galactic Plane Survey (Motch et al. 1991)
as an X-ray source that positionally coincides with a Be
star (LS 992, B0.2IVe; see Motch et al. 1997; Reig et al.
2001a). Corbet (1999) reported that the source entered an
active state in early 1998, with a series of prominent out-
bursts. Reig & Roche (1999) reported two observations in
February 1998 with the Proportional Counter Array (PCA)
on the Rossi X-ray Timing Explorer (RXTE), with which
they detected strong X-ray pulsations at a period of 31.885
s. The X-ray pulsar (XRP) nature of J0812 was hence cor-
roborated. Using data from the All Sky Camera (ASM) on
board RXTE, the orbital period was then found to be ≈ 81
days by Corbet & Peele (2000), who used the RXTE/PCA
observation on March 25, 1999 to again confirm the strong
pulsations at a period of 31.88 s. Fig. 1 shows the full ASM
light curve, from which we see that the source stayed in an
active state until early July of 2000, and returned to a rela-
tively low-count state ever since.

The Chandra X-ray Observatory observed J0812 in July
2013, as part of a campaign to systematically study quies-

cent BeXRPs (PI: Wijnands, ObsIDs: 14635-14650), during
which it had a relatively low LX of ∼ 2 × 1033 erg s−1 and a
very soft spectrum. A fit with an absorbed power-law gave
a photon index Γ of ≈ 5.6, which suggests a blackbody-like
fit would be more appropriate. Intriguingly, the blackbody
fit gave an unusually low temperature of kT ≈ 0.1 keV, sug-
gesting thermal emission from a large but poorly constrained
inferred emission radius (up to ∼ 10 km; see Tsygankov et al.
2017b for more details).

In this work, we report results from our recent XMM-
Newton observation of this BeXRP. The paper is organised
as follows: in Section 2, we show observational information,
the methodologies of our data reduction, and the results of
spectral and temporal analyses. In Section 3, we present our
discussions on the possible nature of the source and some
relevant calculations, and in Section 4, we draw conclusions.

2 OBSERVATION AND ANALYSIS

We use data from our 72-ks XMM-Newton observation on
2018-10-09 using the European Photon Imaging Camera
(EPIC; ObsID: 0822050101). Both PN and MOS detectors
used full frame mode, and the source was covered by both de-
tectors (see Fig. 2). To avoid optical contamination, medium
filters were applied to both PN and MOS cameras. We also
made use of the 4.6 ks Chandra ACIS-S observation (ObsID:
14637; PI: Wijnands) taken on 2013-07-13.

For the XMM-Newton observation, we used the event
files from the Processing Pipeline System (PPS) products,
as derived from the Observation Data Files (ODF), for fur-
ther reduction and analyses. We cleaned the flaring parti-
cle background by first generating high energy (10-12 keV),
single event (PATTERN=0) light curves for both PN and
MOS cameras, using the evselect task from the latest
XMM Science Analysis Software (SAS; version 17.0)1.
Based on the light curves, we identified a period of low and
steady background, with count rates ≤ 0.9 counts/s for PN,
≤ 0.2 counts/s for MOS1, and ≤ 0.4 counts/s for MOS2. These
thresholds were then applied to the tabgtigen task to find
good time intervals (GTIs), rendering effective exposures of
≈ 50 ks for PN, and of ≈ 63 ks for MOS1 and MOS2. The
GTI files are then used to create filtered event files that are
used to further generate spectra and time series. The Chan-
dra dataset was reprocessed with the chandra_repro task
from CIAO 4.11 (CALDB 4.8.2)2 to align it with the up-to-
date calibration. The reprocessed level-2 event file was used
for further analyses.

To study the source’s long term accretion history, we
also obtained the RXTE/ASM light curve from the ASM
Data Product page3. The light curve spans from 1996-01-05
to 2011-12-29.

2.1 Spectral Analysis

Spectra extracted from the XMM-Newton and Chandra
datasets were analysed with the HEASoft/Xspec software.

1 https://www.cosmos.esa.int/web/xmm-newton/sas-download
2 http://cxc.cfa.harvard.edu/ciao/
3 https://heasarc.gsfc.nasa.gov/docs/xte/asm_products.

html
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Figure 1. RXTE/ASM 1.3 − 12.1 keV light curve of RX J0812.4-3114, rebinned to 10 days. The red arrows indicate two RXTE/PCA
observations during outburst (two in Feb. 1998 marked with one arrow), and the grey shaded region approximately marks the active

period of the source. The uncertainties increase near the end of RXTE’s mission in 2011, which was before the Chandra and XMM-Newton

observations described here.
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Figure 2. 0.5-7 keV X-ray image from the EPIC-PN camera
on XMM-Newton. The image is 340′′ × 340′′ across. The source

extraction region for J0812 is indicated with a solid red circle.
The background region for extraction is indicated with a dashed

red circle. Other nearby sources are indicated with solid magenta
circles.

The PN and MOS spectra were rebinned to at least 20 counts
per bin for simultaneous fits using χ2-statistics. For each fit,
we report the reduced χ2 (χ2

ν hereafter) together with the
corresponding degrees of freedom (dof) as χ2

ν (dof). Uncer-
tainties and upper (or lower) limits of parameters are re-
ported at the 90% confidence level. The distance used in all
analyses is the distance to the Be star (LS 992; Motch et al.
1997) obtained from the extended Gaia-DR2 distance cata-
logue (d = 6.76+1.20

−0.92 kpc; at the 68% confidence level), where
distances are estimated from Gaia parallaxes by Bayesian
analysis with a weak distance prior (Bailer-Jones et al. 2018;

Gaia Collaboration et al. 2018). Note that the distance es-
timate might be different using different types of measure-
ment. For example, d = 8.6 ± 1.8 kpc according to Coleiro
& Chaty (2013). For all analyses of XMM-Newton spectra,
we use the energy channels between 0.2 and 10 keV while
channels between 0.5 and 10 keV are noticed for Chandra
fits. We accounted for interstellar absorption by convolv-
ing our models with the Tuebingen-Boulder ISM absorption
model (tbabs in Xspec) using wilm abundances (Wilms
et al. 2000). Since we have a moderately large number of
spectral counts in the low energies, we tried fits with a free
nH (hydrogen column density), and fits with nH fixed to the
expected (based on HI) Galactic value (≈ 0.48 × 1022 cm−2;
see Kalberla et al. 2005).

We first tried a simple absorbed power-law (powerlaw
in XSPEC, pow hereafter) fit to the XMM-Newton spectra,
finding a photon index (Γ) of 1.25 ± 0.10. However, the fit
exhibits strong residuals below ∼1 keV that lead to a χ2

ν of
1.68 (95), suggestive of an additional soft component. The
nH from this fit is a factor of ∼ 5 below the Galactic value.
However, if we force nH to the Galactic value, the model
gives a significantly worse fit with χ2

ν = 2.66 (96) .
We proceeded by adding a blackbody component (pow

+ bbodyrad) to account for the soft excess. The fit was
significantly improved to a χ2

ν of 1.003 (93), with a kT =
0.06 ± 0.01 keV, a softer power-law index Γ = 1.74+0.18

−0.17, and

an enhanced absorption column density (nH = 1.25+0.24
−0.23 ×

1022 cm−2). The inferred radius of the blackbody emis-
sion region (Rbb) reached 440.2+1223.6

−317.3 km – too large to be
consistent with the scale of a NS. The fit is significantly
worse (χ2

ν = 1.31 (94)) when nH is fixed to the Galac-
tic value; however this gives a much smaller emission re-
gion (Rbb = 10.3+5.6

−3.6 km) and a slightly higher blackbody
temperature (kTbb = 0.10 ± 0.01 keV), which is consistent
with the results from the 2013 Chandra observation. Sim-
ilarly, a substitute for the soft component with a ther-

MNRAS 000, 1–13 (2018)
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mal bremsstrahlung model (pow + bremss) also suggests
an enhanced nH = 1.36+0.24

−0.23 × 1022 cm−2, giving a good fit

(χ2
ν = 1.02 (93)), while fixing nH to the Galactic value ren-

dered a worse fit (χ2
ν = 1.42 (94)).

The soft component can also be modeled by a Gaussian
emission line (pow + gauss), with the line energy located at
0.63+0.06

−0.08 keV and a broad line width of 0.13+0.04
−0.03 keV when

nH is fixed. This model is acceptable either when nH is free
(χ2
ν = 0.99 (92)) or fixed (χ2

ν = 1.02 (93)); however, no strong
and broad emission features are expected in XRPs around
this energy.

We also tried fits with a magnetic NS atmosphere model
(pow + nsmaxg; see Ho et al. 2008; Potekhin et al. 2014), as-
suming a hydrogen atmosphere on a 1.4 M�, 12 km NS,
for different choices of magnetic field (1010−13 G). Initially,
we assumed emission from the entire NS (normalisation=
(Rem/RNS)2 = 1.0, where Rem is the radius of the emis-
sion region). These fits were not superior to those using a
blackbody. For example, when B = 1012 G, the fit yielded
χ2
ν = 1.61 (94) if nH is freed (nH = 0.26+0.05

−0.06 × 1022 cm−2),

and a worse χ2
ν = 2.00 (95) if nH is fixed. The former re-

sulted in a surface temperature (kTs) of 0.07 ± 0.01 keV,
while the latter gives a slightly higher surface temperature
at 0.082 ± 0.003 keV. We then tried fits with a free normal-
isation and found that they improved (χν = 1.13 (93) for
nH-free v.s. χν = 1.45 (94) for nH-fixed); however, the in-
ferred size of the emission region is too large to be plausible
(Rem/RNS = 812+120

−401 for nH-free fit v.s. Rem/RNS = 6.2+2.9
−2.4

for nH-fixed fit). We obtained better fits with B = 1011 G.
When the normalisation is fixed to unity, χ2

ν = 1.46 (94) for
free nH (= 0.29+0.05

−0.05 × 1022 cm−2) while χ2
ν = 1.86 (95) for

fixed nH. The nH-free fit gives a kT = 0.072+0.005
−0.007 keV while

the nH-fixed fit results in a similar kT = 0.082+0.003
−0.003 keV.

With free normalisations, the fits are somewhat improved
to χ2

ν = 1.13 (93) when nH is free and to χ2
ν = 1.22 (94) when

nH is fixed. The problem with these fits, however, is still that
the normalisations infer larger emission regions than the NS
surface. The nH-free fit (nH = 0.75+0.17

−0.15×1022 cm−2) has quite
a low kT ≤ 0.04 keV that exceeds the allowed lower limit, so
the corresponding inferred emission radius is much greater
than the NS radius (Rem/RNS = 36+40

−23); the nH-fixed fit gives

a slightly higher kT = 0.04+0.01
−0.01 keV yet still yields an emis-

sion radius greater than the NS radius (Rem/RNS = 8+7
−3).

We also tried to fix the normalisation to values smaller than
unity, modelling surface hot spots, but did not find any sig-
nificant improvement in the fits.

We also substituted other physically motivated models
for the power-law component. We first tried a Comptonisa-
tion model (comptt+bbodyrad), assuming that soft photons
from the blackbody component are up-scattered to form the
hard component. We obtained a fair fit (χ2

ν = 1.02 (91)),
with an optical depth (τ) of 0.10+2.94

−0.08, but an unconstrained
plasma temperature kTe ≥ 36.80 keV. The fit also suggests
a higher nH = 1.22+0.28

−0.22 × 1022 cm−2, and gave a poorer fit

(χ2
ν = 1.19 (92)) when nH was frozen at the Galactic value.

We found an equivalently good fit (χ2
ν = 1.01 (92) when

nH is free) using a power-law with an exponential high-
energy cutoff (cutoffpl + bbodyrad). When nH was free,
we found Γ = 1.73+0.18

−0.74 but the cut-off energy was uncon-
strained (Ecut ≥ 5.33 keV). The cutoff energy was better

constrained to 2.97+2.93
−1.06 keV with nH fixed to the Galactic

value, but the fit itself became worse (χ2
ν = 1.19 (93)).

The pow+bbodyrad, comptt+bbodyrad, cut-

offpl+bbodyrad, and some of the pow+nsmaxg fits all
statistically suggest an nH above the Galactic value, but,
with the high nH, infer a very high intrinsic luminosity of
∼ 1035 erg s−1, which seems unlikely for a quiescent system.
For example, the pow+bbodyrad fit would give a blackbody
component with LX (0.4 − 1 keV) ∼ 1035 erg/s, while the
power-law component has a much smaller contribution
(LX (1 − 10 keV) ∼ 1033 erg/s). As the soft component must
come from either reprocessed accretion energy (through
either the NS surface, or an accretion disk), or other
stored heat in the NS, it seems quite unlikely that the
soft component could reach ∼ 1035 erg/s, while the hard
component remains at ∼ 1033 erg/s. For this reason, we
prefer the fits with fixed nH on physical grounds.

Further investigation of the fixed-nH fits indicates that
the main reason for the poor fits is that the models
are above the data at around 1 keV, which leaves ap-
parent residuals that resemble an absorption feature, in
both the PN and MOS spectra. We thus tried incorpo-
rating a Gaussian absorption line component (gabs) into
these models (pow+bbodyrad, comptt+bbodyrad, and cut-

offpow+bbodyrad) to compensate for the residuals. We
found that the fits were significantly improved (e.g., the
pow+bbodyrad fit was improved from χ2

ν = 1.31 (94) to
χ2
ν = 1.09 (91); ∆χ2 = 23.95), so the absorption feature might

be genuine. The resulting kTbb from each model is slightly
higher than in the original model without the gabs compo-
nent (0.12±0.01 keV v.s. 0.11±0.01 keV for pow+bbodyrad fit).
The absorption line is regularly found between 0.99 and 1.02
keV. As a point of comparison, we also added a gabs com-
ponent to the corresponding fits in which nH was free, but
found no clear improvement (χ2

ν = 1.00 (93) to χ2
ν = 0.91 (90);

∆χ2 = 11.01).

The nsmaxg models intrinsically include red-shifted cy-
clotron lines. For B = 1011 G, the line is approximately at
0.94 keV (assuming a 1.4-M�, 12-km NS; this nsmaxg model
is henceforth referred to as # 1), which can partially com-
pensate for the residual at 1 keV, so the pow + nsmaxg fit
is slightly better than the pow+bbodyrad fit (χ2

ν = 1.31 (94)
vs. χν = 1.22 (94)). The fit can be further improved by ad-
justing the line location; for example, one can use a larger
radius to reduce the redshift and therefore elevate the line
energy. We do find a better fit (χ2

ν = 1.08 (94)) when we in-
crease RNS from 12 km to 14 km. A more physical approach
might be using a model with the same mass and radius but
a magnetic field slightly above 1011 G such that the intrin-
sic line locates exactly at kT = 1.01 keV (as suggested by
our gabs*(pow+bbodyrad) fit, corresponding to a magnetic
field of 1.07 × 1011 G; this nsmaxg model is henceforth re-
ferred to as # 2). This also significantly improved the fit to
χ2
ν = 1.04 (94). However, either approach results in a nor-

malisation greater than unity (Rem/RNS = 6+6
−3 vs. 3.8+0.2

−0.3 for
the former and latter cases, respectively). This model shows
residuals at ≈ 1.36 keV, resembling a second absorption fea-
ture. We thus also tried convolving a gabs component to the
pow + nsmaxg models. With the introduction of 3 more free
parameters, the fits did not become any better but did yield
more reasonable normalisations. For example, χ2 = 0.95 (91)

MNRAS 000, 1–13 (2018)
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for model # 2, with Rem/RNS = 1.3+2.9
−0.7. Introducing a sec-

ond absorption line at a higher energy might be a result of
variation of magnetic field due to complex distribution of
the magnetic across the NS surface.

We also fit the Chandra spectrum of RX J0812.4-3114
presented by Tsygankov et al. (2017a) to a bbodyrad model.
For this purpose, this low-count spectrum was binned to
at least 1 count per bin, and we used C-statistics (Cash
1979). Because of the poorer calibration at low energies,
all channels below 0.5 keV were ignored during the fit. We
fixed nH to the Galactic value, considering the discussion
above, and the low-count statistics in this spectrum. The
best-fitting model is a blackbody with a low temperature
(kTbb = 0.13+0.03

−0.02 keV) and an unconstrained blackbody ra-
dius (Rbb ≤ 11.6 km). Adopting the Gaia-estimated distance
of 6.76 kpc (Bailer-Jones et al. 2018; Gaia Collaboration
et al. 2018), we found an unabsorbed 0.5-10 keV luminos-
ity of 5.5+5.2

−2.7 × 1032(d/6.76 kpc)2 erg s−1. We also tried the
nsmaxg fits to the Chandra data, using both models # 1
and # 2, with free normalisations. We noted that there
is no sign of absorption feature as in the XMM-Newton
spectra. As a result, either model gives an equally fair fit
(goodness= 47.4% vs. goodness= 40.6% for the # 1 and
# 2, respectively). However, due to low counting statistics,
we cannot get proper constraints on the normalisations. To
make sure that the absence of a hard component in the
Chandra spectrum is not due to low counting statistics, we
include a hard power-law component, with the power-law
index (Γ = 1.32) from the gabs*(pow+bbodyrad) fit, and fit
the normalisation parameter (with kTbb and Rbb free) of the
power-law. We found an upper limit for the power-law flux
to be ≈ 2 orders of magnitude lower than the flux of the
blackbody component (F2−10 . 7.94× 10−15 erg s−1 cm−2, or
L2−10 . 4.34 × 1031 × (d/6.76 kpc)2 erg s−1), suggesting that
the Chandra spectrum is genuinely soft.

In summary, solely based on the fit quality, it seems
that the XMM-Newton spectrum can be well-fit by either
an absorbed soft model (which could be bbodyrad or ns-

maxg) plus a hard component (which could be pow, cut-

offpl, or comptt) with increased absorption, or by the
same model but with the nH fixed to the Galactic value
and modified by an absorption line (at ≈ 1.0 keV for
bbodyrad and ≈ 1.3 keV for nsmaxg). However, consid-
ering the physical implications, the latter model is more
favourable (see also Sec. 3). The inferred kTbb, Rbb (or kT
and Rem inferred from the nsmaxg model), and thermal LX

from the XMM-Newton data are consistent with the results
from the Chandra data. We summarise all relevant XMM-
Newton spectral fitting parameters in Tab. 1, and the Chan-
dra parameters in Tab. 2. In Fig. 3 we show the XMM-
Newton spectra with the tbabs*gabs*(bbodyrad+pow) and
tbabs*gabs*(nsmaxg+pow) models, with fixed nH, overplot-
ted. For comparison, we also show the Chandra data and
their best-fitting model (tbabs * bbodyrad) and plot the
upper limit of a possible hard component for the Chandra
spectrum.

2.2 Temporal Analyses

The PN camera has sufficiently high timing resolution (73.4
ms in full-frame mode) to search for pulsations in this sys-
tem. For that purpose, we first applied barycentric correc-

Models Parameters

name free nH fixed nH

tbabs*pow

nH (1022 cm−2) 0.11+0.04
−0.03 0.48†

Γ 1.25+0.10
−0.10 1.64∗

FX (10−12 erg cm−2 s−1) 0.15+0.01
−0.01 0.16∗

LX (1033 erg s−1) 0.81+0.36
−0.23 0.89+0.34

−0.23
χ2
ν (dof) 1.684 (95) 2.660 (96)

tbabs*(pow+bbodyrad)

nH (1022 cm−2) 1.25+0.24
−0.23 0.48†

Γ 1.74+0.18
−0.17 1.31+0.11

−0.11
kTbb (keV) 0.06+0.01

−0.01 0.10+0.01
−0.01

Rbb (km) 440.2+1223.6
−317.3 10.3+5.6

−3.6
FX (10−12 erg cm−2 s−1) 39.77+1.81

−1.81 0.36+0.02
−0.02

LX (1033 erg s−1) 217.41+97.58
−62.27 1.95+0.88

−0.56
χ2
ν (dof) 1.003 (93) 1.308 (94)

tbabs*(pow+gauss)

nH (1022 cm−2) 0.89+0.35
−0.34 0.48†

Γ 1.58+0.21
−0.21 1.37+0.10

−0.10
Egauss (keV) . 0.62 0.63+0.06

−0.08
σgauss (keV) 0.19+0.08

−0.06 0.13+0.04
−0.03

FX (10−12 erg cm−2 s−1) 0.44+0.02
−0.02 0.22+0.01

−0.01
LX (1033 erg s−1) 2.43+1.09

−0.70 1.23+0.55
−0.35

χ2
ν (dof) 0.990 (92) 1.018 (93)

tbabs*(pow+bremss)

nH (1022 cm−2) 1.36+0.24
−0.23 0.48†

Γ 1.78+0.18
−0.18 1.30+0.11

−0.11
kTbremss (keV) 0.08+0.01

−0.01 0.18+0.02
−0.02

FX (10−12 erg cm−2 s−1) 252.34+11.41
−11.41 0.50+0.02

−0.02
LX (1033 erg s−1) 1379.35+618.21

−394.82 2.73+1.23
−0.78

χ2
ν (dof) 1.018 (93) 1.415 (94)

tbabs*(pow+nsmaxg) #1

nH (1022 cm−2) 0.75+0.17
−0.15 0.48†

Γ 1.51+0.15
−0.16 1.36+0.11

−0.12
kT (keV) . 0.04 0.04+0.01

−0.01
B (G) 1011 1011

Rem/RNS 36.4+40.0
−23.0 7.8+7.4

−3.3
FX (10−12 erg cm−2 s−1) 1.40+0.07

−0.06 0.40+0.02
−0.02

LX (1033 erg s−1) 7.67+3.45
−2.21 2.19+0.99

−0.63
χ2
ν (dof) 1.130 (93) 1.217 (94)

tbabs*(pow+nsmaxg) #2

nH (1022 cm−2) 0.52+0.09
−0.08 0.48†

Γ 1.27+0.11
−0.10 1.27+0.10

−0.10
kT (keV) . 0.29 . 0.29
B (G) 1.07 × 1011 1.07 × 1011

Rem/RNS 4.2+0.8
−0.8 3.8+0.2

−0.3
FX (10−12 erg cm−2 s−1) 0.38+0.02

−0.02 0.34+0.02
−0.02

LX (1033 erg s−1) 2.10+0.94
−0.60 1.88+0.84

−0.54
χ2
ν (dof) 1.047 (93) 1.043 (94)

tbabs*(comptt+bbodyrad)

nH (1022 cm−2) 1.22+0.28
−0.22 0.48†

kT0 (keV) 0.17∗ 0.43+0.15
−0.10

kTe (keV) & 36.8 . 235.92
τ 0.10+2.94

−0.08 9.24+1.31
−7.89

kTbb (keV) 0.06+0.01
−0.01 0.11+0.01

−0.01
Rbb (km) 440.6+1199.1

−332.0 8.3+4.3
−2.7

FX (10−12 erg cm−2 s−1) 39.94+1.80
−1.80 0.32+0.01

−0.01
LX (1033 erg s−1) 218.36+97.87

−62.47 1.75+0.78
−0.50

χ2
ν (dof) 1.023 (91) 1.188 (92)

tbabs*(cutoffpl+bbodyrad)

nH (1022 cm−2) 1.24+0.20
−0.15 0.48†

Γ 1.73+0.18
−0.74 0.26+0.53

−0.58
Ecut (keV) & 5.33 2.97+2.93

−1.06
kTbb (keV) 0.06+0.01

−0.01 0.11+0.01
−0.01

Rbb (km) 427.4+226.9
−339.7 8.7+4.7

−2.9
FX (10−12 erg cm−2 s−1) 38.13+1.72

−1.72 0.32+0.01
−0.01

LX (1033 erg s−1) 208.44+93.42
−59.66 1.76+0.79

−0.50
χ2
ν (dof) 1.014 (92) 1.191 (93)

Table 1. Best-fitting parameters to the XMM-Newton data. FX

is unabsorbed flux over 0.2-10 keV, and LX is the corresponding

luminosity. A † indicates parameters that were fixed during the

fits, and a ∗ marks parameters for which no valid constraints were
found, thus should be taken with care. The strength in the gabs

model is related to the σ and the optical depth (τgabs) of the line

by Strength =
√

2πστgabs. All nsmaxg models assume a 1.4M�,
12 km NS. All kTbbs, Rbbs (kTs and Rems for nsmaxg models), and

Egabss are redshifted quantities as observed by distant observers.

MNRAS 000, 1–13 (2018)
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fixed nH fixed nH 

tbabs*pow

tbabs*(pow+bbodyrad)

tbabs*gabs*(pow+bbodyrad)

tbabs*(pow+nsmaxg) #1

tbabs*(pow+nsmaxg) #2

tbabs*gabs*(pow+nsmaxg) #2

B = 1011 G

B = 1.07 × 1011 G

B = 1.07 × 1011 G

Figure 3. XMM-Newton spectra of PN (blue) and combined MOS (red) camera plotted together with the Chandra data (green). The

orange bars with downward arrows on the two top panels mark the upper limit for the hard component in the Chandra spectrum as

discussed in Sec. 2.1. The green solid lines in both of the top panels depict the best-fit tbabs * bbodyrad model from the 2013 Chandra
observation, consistent with the soft component alone from the XMM-Newton data. Left panels: XMM-Newton spectra with the soft

excess modelled by bbodyrad while nH is fixed to the Galactic value. The top panel shows the best-fit model (tbabs * gabs * (pow +

bbodyrad); solid black line), indicating the blackbody component (dashed-dotted) and a power-law component (dashed) separately. The
lower panels show residuals resulting from attempted fits to different models. Right panels: XMM-Newton and Chandra spectra with

the soft excess modelled by nsmaxg at a fixed nH. The top panel shows the best-fitting model (tbabs * gabs* (pow+nsmaxg); solid black

line), where the nsmaxg and the power-law component are indicated with dashed and dashed-dotted black lines, respectively. The panels
below show residuals from attempted fits to different models.

tion for the arrival times of photons in the flare-cleaned event
lists, and then extracted PN light curves with SAS evtse-

lect task over a soft band that primarily covers the soft
excess (0.4-1.0 keV), a band covering the hard spectral com-
ponent (1-10 keV), and a broad band (0.4-10 keV). These
time series were then rebinned to 1 s time bins, which are
short enough to search for the expected pulse period (≈ 31.88
s; see Corbet & Peele 2000).

Timing analyses were performed with tasks from the
HEASARC/Xronos software package4. We searched for
pulsations by running the powspec task on the rebinned PN
light curve in each band using a total of 32768 frequency
bins between 1.52× 10−5 and 0.5 Hz. A clear periodicity was
revealed at ≈ 0.031 Hz in the hard band power spectrum, rep-
resented by a prominent peak (power≈ 72.53; see left panels
of Fig. 4). The noise in a power spectrum is expected to fol-
low a χ2 distribution with 2 degrees of freedom (Leahy et al.
1983), from which we derived a 5σ significance level given
the number of frequency bins in our analysis. To search for

4 https://heasarc.gsfc.nasa.gov/xanadu/xronos/xronos.

html

the exact period, we used the efsearch tool, which rebins
and folds the light curve over a range of period and searches
for best period by finding the maximum χ2 from fitting a
constant to the folded light curves (see Fig. 5). We then
folded the light curves at the best period with the efold

task to create pulse profiles (see right panels of Fig. 4).

We found a best pulse period in the hard-band light
curve at 31.908 ± 0.009 s (upper and lower bounds corre-
spond to periods with χ2 values at half of the maximum).
Compared to the pulse period (P1999 ≈ 31.8856 ± 0.0001 s)
found by Corbet & Peele (2000), this indicates a spin-down
( ÛP) of 3.63 × 10−11 s s−1. This spin-down is rather slow,
but not particularly unusual in BeXRPs. For example, SAX
J0635+0533 was observed to have a long-term spin down of
> 3.8×10−13 since its discovery (La Palombara & Mereghetti
2017). However, the difference in spin period could have been
affected by the orbital Doppler effect. To estimate the max-
imal magnitude of the orbital Doppler effect, we assume the
system is edge-on, and use the primary mass of 17 M� from
Reig et al. (2001b). The resulting Lorentz factor due to or-
bital motion (≈ 4×10−4) introduces an uncertainty of 0.013 s
in the spin period. This is comparable to the spin difference
we have measured, so, without further knowledge of the or-

MNRAS 000, 1–13 (2018)
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Figure 4. Left: power spectra of PN time series. The frequency that corresponds to the best period (≈ 31.908 s) found by efsearch is

indicated with an arrow in each panel; no signal is present in the soft band (top). The dashed line in each panel depicts the 5σ level.

Right: Corresponding light curves folded at the best period. In the top panel (also 0.4-1.0 keV), for the soft excess, the dashed horizontal
line depicts the best-fitting constant to the light curve.

Figure 5. χ2s of fitting folded EPIC-PN light curves to constants

calculated by efsearch vs. the periods used for folding. The best
period found by efsearch is indicated with a dashed red line.

bital ephemeris and inclination, the spin-down reported here
should be interpreted with caution.

We found no clear signs of pulsations in the folded light
curve of the soft excess, to which we fitted a constant and
found a χ2

ν = 0.76. However, clear sharp dips are present in
the folded hard and broad band light curves (see Fig. 4),
which were previously suggested by Galloway et al. (2001)
to be partial eclipses of the emitting region by the channeled
accretion column.

To quantify the light curve modulation, we calculated
the pulsed fraction, which is defined as

PF =
Cmax − Cmin
Cmax + Cmin

, (1)

where Cmax and Cmin are the maximum and the minimum
count rates, respectively. We found PF = 0.84 ± 0.10 for the
hard band, whereas the pulse fraction for the soft band is
more uncertain but could be very low (PF = 0.37±0.18). Non-
detection of pulsations in the soft excess could be a result
of the relatively low counting statistics (≈ 323 counts), or
due to the fact that the pulsed fraction is genuinely too low.
To test this, we generated a series of simulated light curves
that are modulated by sinusoidal functions at the observed
pulsed period (31.908 s) but with different pulse fractions
(up to 0.99). Using the observed counts in the soft excess,
we generate 100 lightcurves for each pulsed fraction. For each
pulsed fraction, pulsations are considered to be detectable
if more than 90% of the realisations result in powers at the
expected pulsed period that are 3 σ above the corresponding
noise levels. With the given counts in the soft excess, we
found that the pulsed fraction has to be & 31% for a pulsed
signal to be detected. In other words, if the pulsation is not
detected, the pulsed fraction is then at most 31%.

To check for long-term variability, we rebinned the light
curves to 500 s time bins, using the same set of soft (0.4-1
keV), hard (1-10 keV), and broad (0.4-10 keV) bands while
defining a hardness ratio with

Hardness = log10

(
C0.4−1
C1−10

)
. (2)

We then fitted these rebinned light curves to constants and
used the resulting reduced χ2s as a measure of variability.
Fig. 6 shows the rebinned light curves and the corresponding
time series of hardness ratios.

The result implies strong variability in the hard band

MNRAS 000, 1–13 (2018)
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tbabs*gabs*(pow+bbodyrad)

nH (1022 cm−2) 1.01+0.25
−0.22 0.48†

Γ 1.60+0.19
−0.17 1.32+0.12

−0.12
kTbb (keV) 0.08+0.01

−0.01 0.12+0.01
−0.01

Rbb (km) 88.7+249.5
−61.8 6.8+4.0

−2.2
Egabs (keV) 1.00+0.03

−0.02 1.02+0.03
−0.04

σgabs (keV) 0.02+0.02
−0.01 0.05+0.04

−0.03
Strength 0.22+0.65

−0.14 0.15+0.08
−0.06

FX (10−12 erg cm−2 s−1) 4.96+0.22
−0.22 0.32+0.01

−0.01
LX (1033 erg s−1) 27.09+12.13

−7.75 1.78+0.80
−0.51

χ2
ν (dof) 0.914 (90) 1.085 (91)

tbabs*gabs*(comptt+bbodyrad)

nH (1022 cm−2) 0.86+0.32
−0.27 0.48†

kT0 (keV) 0.13∗ 0.43+0.15
−0.10

kTe (keV) . 80.98 0.50+0.19
−0.12

τ 9.28+0.10
−7.82 8.66+1.82

−7.11
kTbb (keV) 0.09+0.03

−0.02 0.13+0.01
−0.01

Rbb (km) 36.8+138.5
−28.8 5.3+2.6

−1.8
Egabs (keV) 0.99+0.02

−0.02 1.00+0.04
−0.03

σgabs (keV) 0.008+0.003
−0.003 0.05+0.04

−0.03
Strength & 0.59 0.16+0.08

−0.06
FX (10−12 erg cm−2 s−1) 1.77+0.08

−0.08 0.28+0.01
−0.01

LX (1033 erg s−1) 9.68+4.34
−2.77 1.55+0.70

−0.44
χ2
ν (dof) 0.910 (88) 0.963 (89)

tbabs*gabs*(cutoffpl+bbodyrad)

nH (1022 cm−2) 0.86+0.30
−0.25 0.48†

Γ 0.94+0.73
−0.82 0.89+0.64

−0.73
Ecut (keV) & 2.51 2.68+2.79

−0.99
kTbb (keV) 0.09+0.02

−0.01 0.13+0.01
−0.01

Rbb (km) 39.9+76.5
−18.2 5.6+3.4

−1.9
Egabs (keV) 0.99+0.02

−0.02 1.01+0.04
−0.03

σgabs (keV) 0.010+0.003
−0.004 0.05+0.04

−0.03
Strength & 0.59 0.16+0.08

−0.06
FX (10−12 erg cm−2 s−1) 1.94+0.09

−0.09 0.29+0.01
−0.01

LX (1033 erg s−1) 10.59+4.74
−3.03 1.56+0.70

−0.45
χ2
ν (dof) 0.903 (89) 0.96 (90)

tbabs*gabs*(pow+nsmaxg) # 2

nH (1022 cm−2) 0.58+0.16
−0.11 0.48†

Γ 1.58+0.54
−0.21 1.49+0.18

−0.19
kT (keV) . 0.09 0.09+0.01

−0.02
B (G) 1.07 × 1011 1.07 × 1011

Rem/RNS 2.7+2.5
−1.4 1.3+2.9

−0.7
Egabs (keV) 1.37+0.15

−0.84 1.37+0.11
−0.15

σgabs (keV) 0.39+0.25
−0.10 0.34+0.20

−0.07
Strength 0.52+0.51

−0.25 0.65+0.37
−0.42

FX (10−12 erg cm−2 s−1) 0.42+0.02
−0.02 0.30+0.01

−0.01
LX (1033 erg s−1) 2.28+1.02

−0.65 1.64+0.74
−0.47

χ2
ν (dof) 0.941 (90) 0.954 (91)

Table 1 – continued

light curve (χ2
ν ≈ 2.27), while the soft excess shows no sign of

variability (χ2
ν ≈ 1.09). Due to the large error bars, variabil-

ity in the hardness ratio is hard to determine solely based
on the χ2

ν (≈ 0.82); however, the best-fitting hardness ratio
(≈ −0.32+0.04

−0.04) suggests that the soft excess contributes less
than 50% of the total observed flux (F0.4−1/F0.4−10 ≈ 32.3%).
To further explore a possible correlation between the soft
and hard counts, we calculated a correlation coefficient de-
fined as

ρ =
Cov(Csoft,Chard)

σsoftσhard
, (3)

where Cov(Csoft,Chard) is the covariance between the soft and
hard count rates, while σsoft and σhard are standard devi-
ations in soft and hard rates, respectively. |ρ| = 1 corre-
sponds to linear correlation, and ρ = 0 corresponds to non-
correlation. We found ρ = 0.15 ± 0.14 (the uncertainty is
propagated from the data), suggesting very weak or no lin-
ear correlation between the soft and hard count rates. The
soft counts might therefore have a completely distinct origin
from the hard counts. A plot of soft count rates against their
corresponding hard count rates can be found in Fig. 7.

Model Parameters Values

tbabs*bbodyrad

nH (1022 cm−2) 0.48†
kTbb (keV) 0.13+0.03

−0.02
Rbb (km) . 11.6

FX (10−12 erg s−1 cm−2) 0.10+0.04
−0.03

LX (1033 erg s−1) 0.55+0.52
−0.27

Goodness 17.0%

tbabs*nsmaxg #1

nH (1022 cm−2) 0.48†
kT (keV) 0.06+0.02

−0.01
B (G) 1011

Rem/RNS . 10.4
FX (10−12 erg s−1 cm−2) 0.12+0.05

−0.04
LX (1033 erg s−1) 0.67+0.64

−0.33
Goodness 47.4%

tbabs*nsmaxg #2

nH (1022 cm−2) 0.48†
kT (keV) . 0.10
B (G) 1.07 × 1011

Rem/RNS 5.6∗
FX (10−12 erg s−1 cm−2) 0.10+0.04

−0.03
LX (1033 erg s−1) 0.54+0.53

−0.27
Goodness 40.6%

Table 2. Best-fitting parameters to the 2013 Chandra spectrum.
The notations for subscripts and superscripts are the same as in

Tab. 1. FX is the unabsorbed flux over 0.5-10 keV, and LX is the

corresponding unabsorbed luminosity.

To see if the source returned to quiescence after the
active state, we also compared the powspec and efsearch

results on the ASM light curve during the active state (be-
tween 1997-12-05 and 2000-07-02) with those on the light
curve after the active state. We found a clear periodicity
only in the former case. The best period was found to be
Porb = 80.39+3.00

−2.18 days for the active epoch with a maximum
power of 73.06 (uncertainties in the period are estimated us-
ing periods with χ2 values that are half of the maximum;
see Fig. 8). This is consistent with the ∼ 81.3-day orbital
period found by Corbet & Peele (2000). Because the ASM
light curves are background-subtracted, some phases contain
negative count rates. We approximated a backgrond level by
fitting the quiescent light curve to a constant. This gives a
best-fit value at −0.11 counts/s with χ2

ν = 1.77, indicating
variability possibly due to some minor source activity. We
then applied this background level to the light curves to shift
them to unsubtracted levels. The power spectra of the ac-
tive and quiescent epochs are shown in the left panels of Fig.
9 (the 5σ level is calculated using the same method as for
the PN power spectra), while the corresponding light curves
folded at the best period are shown in the right panels.

3 DISCUSSION

3.1 Soft Excess

The 2013 Chandra observation revealed a very soft
(F2−10/F0.5−10 . 4.1 × 10−4) spectrum which makes RX
J0812.4-3114 the coolest (kTbb ∼ 0.1 keV) among all known
quiescent BeXRPs (Tsygankov et al. 2017a) that share sim-
ilar spectral shapes. Although not well constrained due to
low counting statistics, the fit to the Chandra data does

MNRAS 000, 1–13 (2018)
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Figure 6. Time series rebinned to 500 s time bins. Light curves
in soft (0.4-1.0 keV), hard (1-10 keV) and broad (0.4-10 keV)

are shown in the first, second and third panels, respectively. The
bottom panel presents the time series of the hardness ratio defined

by eq.(1). Errors in the hardness ratio are propagated from errors

in the soft and hard count rates. The dashed line in each panel
marks the best-fitting constant.

Figure 7. Hard count rates v.s. the corresponding soft count

rates. No clear correlation was found between the hard count
rate and the soft count rate, so the soft emission might have a

completely different origin from the hard emission.

suggest a blackbody spectrum with a large emitting region
(Rbb ∼ 10 km), which has never been observed in any other
quiescent BeXRP.

However, soft excesses have been observed in some lu-
minous (LX & 1037 erg s−1) XRPs. Particularly in high-
inclination systems, soft X-rays are thought to originate
from reprocessing of hard X-rays by the optically-thick inner
disc region, which leads to a larger effective Rbb (e.g., Endo

Figure 8. χ2s of fitting folded RXTE/ASM light curves (during

the active period) to constants calculated by efsearch vs. the

periods used for folding. The best period found by efsearch is
indicated with a dashed red line.

et al. 2000). Hickox et al. (2004) have estimated that the
corresponding blackbody temperature (Tbb) is related to LX

by Tbb ∝ L11/28
X

, so in faint XRPs (LX . 1036 erg s−1), given
that LXs are low, the majority of the reprocessed hard X-
rays would instead shift into the EUV regime. Reprocessing
of hard X-rays is therefore not likely to be the mechanism
at work for the soft excess in J0812. It might seem to be
possible that the intrinsic absorption suggested by the nH-
free fits might arise from an obscured inner disc region. The
high unabsorbed luminosity mentioned in Sec. 2.1 for these
fits might therefore favour this scenario. However, because
the soft excess is powered by the hard X-rays, the scenario
is valid only when the hard component is brighter or at least
comparable to the soft excess (e.g., Burderi et al. 2000 found
a soft excess in Cen X-3 that takes ≈ 58% of the total un-
absorbed flux). Moreover, Endo et al. (2000) showed that
the cooling timescale of the irradiated inner disc should be
only a fraction of a second, so the soft excess should also be
pulsed in accordance with the hard component. Therefore,
the above discussion strongly disfavours the nH-free fits with
their enhanced absorption.

The companion Be star may partially contribute to the
soft X-rays. According to Nazé et al. (2011), we can roughly
estimate the expected LX from the companion star adopt-
ing the reported B0.2IVe spectral type (Sec. 1), which sug-
gests that the companion’s X-ray luminosity should lie in
the range of 1031−31.5 erg s−1. This is ∼ 2 orders of magnitu-
ides lower than the observed luminosity, so unlikely to be a
significant contributor to the soft component.

Soft X-ray emission in quiescence has typically been as-
cribed to thermal emission from the NS, either from small
regions of higher temperature – hot spots – or, although not
previously detected in a quiescent BeXRP, from the entire
NS surface. Hot spots can either be formed externally as
channeled accretion columns heat up the polar caps (e.g.
pulsed soft excess was noted in the BeXRP RX J1037.5-
5647 by La Palombara et al. 2009b with Rbb ∼ 128 m), or
intrinsically as heat from the core is channeled toward parts
of the surface by strong internal magnetic fields (Green-
stein et al. 1983; Potekhin & Yakovlev 2001; Geppert et al.
2004). The large inferred Rbb from our analyses therefore
indicates a rather large hot spot. The former is then not
likely the mechanism at work since the spot size in this

MNRAS 000, 1–13 (2018)
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Figure 9. Left: ASM power spectra calculated with data from the active epoch (top) and data from the quiescent epoch (bottom). The
dashed line in each panel depicts the 5σ level. The best period (≈ 80.393 days) is indicated with a blue arrow. Right: corresponding light

curves folded at the best period found by efsearch.

source is actually predicted to be ∼ 0.1 km (following
Rpc = (2πRNS/(cP))1/2RNS, e.g. Lyne & Graham-Smith 2006,
Forestell et al. 2014). Large hot spots of radius several km
have indeed been detected in some NSs (e.g., Gotthelf &
Halpern 2009). However, absence of pulsations in the soft
excess weakens the hot spot scenario, although it is still pos-
sible to have a relatively small pulsed fraction with a par-
ticular observer geometry. The large inferred Rbb ∼ 10 km in
our source suggests that the soft X-ray photons might have
primarily originated from the whole NS surface. Even our fits
with the smallest Rbb (e.g., Rbb ≈ 5.3+2.6

−1.8 km in the bbodyrad

+ comptt fit) are much larger than predicted hot spot sizes,
indicating that the observed spectrum might be comprised
of a hot spot plus emission from the overall surface (see e.g.
Elshamouty et al. 2016.)

Heat thermally radiated during quiescent states is
thought to be principally deposited during the previous ac-
cretion episodes, especially the bright outbursts. After out-
bursts, NSs cool via thermally radiating away the heat from
the surface, and/or through either slow (e.g., modified Urca)
or fast (e.g., direct Urca) neutrino emission processes in the
core (Potekhin et al. 2015, and references therein). Heat is
generated both by pycnonuclear reactions in the deep crustal
regions (“deep crustal heating”; see Brown et al. 1998), which
leaks out over long (∼ 105 year) timescales, and by several
processes in the outer crust, which leak out of the NS on
shorter (months to decades) timescales (Rutledge et al. 2002;
Shternin et al. 2007; Brown & Cumming 2009; Deibel et al.
2015). It is usually assumed that the NS crust and core re-
turn back to thermal equilibrium several years after the out-
bursts (see the review by Wijnands et al. 2017). The heating
rate (H) in this case is then simply related to the quiescent
luminosity (Lq) and the neutrino cooling rate (Lν) by

H = Lq + Lν . (4)

Here, H depends on the average mass accretion rate of the
system:

H =
〈 ÛM〉
mu

Qnuc, (5)

where Qnuc is the amount of energy generated by pycnonu-
clear reactions per accreted nucleon (≈ 1 − 2 MeV; see
Haensel & Zdunik 2008) and mu is the atomic mass unit.

We first note that, given the last recorded outburst
in 2000 (Fig. 1), and the dates of the Chandra (2013)
and XMM-Newton (2018) observations, that shallow crustal
heating is unlikely to explain the observed thermal lumi-
nosity. We then try to test the deep crustal heating sce-
nario. Since we have some knowledge of the outburst his-
tory of our source (Fig. 1), we can make a rough calcula-
tion of the average mass accretion rate and compare the in-
ferred Lq predicted by the deep crustal heating model with
our observations. We extrapolated the Chandra LX down to
0.01 keV for bolometric correction, which gave us an Lq of

1.23+1.66
−0.65 × 1033 erg s−1 (note that uncertainties in distance

are not included in this result).
We estimate the average mass accretion rate of the

source based on the observed LX during the outbursts,

〈LX 〉 = 4πd2〈FX 〉 ∼
GM 〈 ÛM〉

R
. (6)

Using the folded light curve during the active epoch,
we obtained a phase-averaged ASM count rate of 0.14 ±
0.06 counts/s. We convert this count rate to X-ray flux using
the WebPIMMS tool5 and account for bolometric correction
by assuming a power-law model between 0.1 keV and 12 keV,
and adopting the best-fitting power-law index Γ ∼ 1 and the

5 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/

w3pimms.pl
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e-folding energy Efold ∼ 12 keV (for the upper limit of bolo-
metric correction) from Reig & Roche (1999). To account
for uncertainty in the bolometric correction due to the un-
known spectral shape, we extended the power-law to 30 keV
and calculated the combined error. The resulting ASM flux
is 6.46+10.15

−2.54 × 10−11 erg cm−2 s−1. If we only account for er-
rors in the flux, and assume a 12-km NS with MNS = 1.4M�,
we then have 〈 ÛM〉active ≈ 3.62+5.69

−1.42 × 10−11 M� yr−1. This is
only the accretion rate over the active period. To convert it
to cover the whole period of ASM observations, we calculate
the weighted mean,

〈 ÛM〉 =
Tactive〈 ÛM〉active + Tquiescent〈 ÛM〉quiescent

Tactive + Tquiescent

≈ 〈 ÛM〉active
Tactive

Tactive + Tquiescent

≈ 5.82+9.16
−2.29 × 10−12 M� yr−1,

(7)

where we have assumed that 〈 ÛM〉active � 〈 ÛM〉quiescent.
To compare with other quiescent systems, we plot ob-

served quiescent NSs in LMXBs on a Lq − 〈 ÛM〉 plot (Fig. 10)
with tracks for possible cooling mechanisms indicated. The
theoretical tracks are calculated assuming the BSk24 equa-
tion of state (Pearson et al. 2018) with a maximum mass of
2.28M� and a mass threshold for rapid cooling of 1.595M�;
for modified-Urca processes, we included in-medium effect
following Shternin et al. (2018). We used the MSH and
BS gap models from Ho et al. (2015) and accounted for
effects of triplet superfluidity following Ding et al. (2016).
J0812 likely lies above the minimum cooling curves for NSs
with iron heat-blanketing envelopes (for a definition of heat-
blanketing envelope, see Gudmundsson et al. 1983), but is
consistent with low-mass (1.0-1.2 M�) NSs with accreted
heat-blanketing envelopes.

J0812’s position above some of the minimum cooling
tracks may require explanation. We speculate that this NS
might be relatively young, so that the NS has not yet lost
the internal heat deposited in its supernova explosion. Ref-
erence to, e.g., Page et al. (2004) shows that the thermal
LX from the supernova should fall below ∼ 1033 erg/s after
105 years. J0812’s companion’s B0 spectral type indicates
a ∼ 20M� mass, and thus a . 2 Myr lifetime, suggesting a
& 5% chance of observing a NS in this HMXB before it has
lost its supernova heat.

We can attempt to estimate the age since the SN from
its height above the Galactic Plane, and proper motion.
J0812 would take 108 years, at its Gaia-measured proper
motion (Gaia Collaboration et al. 2018), to reach its location
≈ 1.◦54 above the Galactic Plane. However, considering the
much shorter lifetime of the companion star, it was almost
certainly born near its current location, and this method
cannot constrain this hypothesis.

3.2 Hard component: stable low-level accretion

The hard (power-law) component in quiescent accreting NSs
is generally thought to originate from low-level accretion
(e.g. Wijnands et al. 2015). In high-B systems, the accre-
tion columns are channeled down to the magnetic poles, so
the hard component is likely to be pulsed (e.g., in Cep X-
4; see McBride et al. 2007). Theoretically, accretion onto

Figure 10. Observations of the quiescent thermal luminosities of

low-mass X-ray binaries (qLMXB, black) and RX J0812.4−3114
(red), compared to theoretical predictions of the thermal lumi-

nosities (red-shifted as seen by a distant observer) produced by

deep crustal heating for different time-averaged accretion rates.
Theoretical models for neutron stars of different masses and dif-

ferent heat-blanketing envelope compositions (either iron or ac-

creted helium and carbon), as well as the qLMXB data, are taken
from Potekhin, Chugunov, & Chabrier (2019, submitted). The

relatively low-mass neutron stars in qLMXBs (upper curves) un-

dergo the minimal cooling (e.g., Page et al. 2004), whereas the
high-mass neutron stars (lower curves) undergo rapid cooling via

direct Urca process. The observational accretion rates are scaled
from the canonical R = 10 km in Potekhin et al. to the more prob-

able R = 12 km in the present paper. RX J0812.4−3114 lies at or

above the minimal cooling tracks.

the NS poles is only possible when the rotational velocity
of the magnetic field lines is lower than the local Keplerian
velocity. Otherwise, matter from the accretion disc would
be spun away by the centrifugal barrier, making the system
enter the propeller regime. Observationally, the onset of the
propeller regime is marked by an abrupt drop in accretion
luminosity (Lacc) when the luminosity decays below a lim-
iting level (Lprop). The limiting luminosity is estimated by
equating the magnetospheric radius (Rm) with the corota-
tion radius (Rc), where the local Keplerian velocity equals
the rotational velocity of the NS. One can then derive the
following6

Lprop ≈ 4 × 1037ξ7/2B2
12P−7/3M−2/3

1.4 R5
6 erg s−1, (8)

where ξ is a parameter that defines the accretion geome-
try (ξ = 0.5 for accretion from a disc; ξ = 1 for accretion
from winds; Ghosh & Lamb 1978); B12 is the magnetic field

6 Notice that the magnetic field here is the dipolar strength at
the magnetic poles, which is a factor of 2 higher than that at the
equator.
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strength in units of 1012 G; P is the spin period of the NS;
M1.4 is the mass of the NS in units of 1.4M�, and R6 is the
NS radius in units of 106 cm.

We do not know Lprop for J0812, its magnetic field
is unknown. However, it is plausible to assume that the
source was in the propeller regime (Lacc . Lprop) during
the 2013 Chandra observation, based on the fact that the
source possessed a very soft spectrum (consistent with emis-
sion of stored heat from the NS with no active accretion),
and assume that the source in 2018 had left the propeller
regime and was accreting (Lacc & Lprop), based on the fact
that a pulsed hard power-law component is present. We es-
timate the 2018 Lacc by using the power-law component
(Γ = 1.49) from the gabs*(pow+nsmaxg) # 2 fit and extrap-
olate it to 0.1-30 keV for bolometric correction. This yields
an L0.1−30 = 1.80× 1033 erg s−1, which is then adopted as an
upper limit on the propeller luminosity (Lprop). With this
constraint on Lprop, we can then place an upper limit on the
magnetic field strength of the NS using eq.(8). We assumed
an NS of 1.4M� and RNS = 12 km. J0812 has been quies-
cent for many years, so it might seem plausible to assume
accretion from the winds of the Be star (i.e. ξ = 1). How-
ever, a disc may still form in even wind-fed systems (Karino
et al. 2019) or systems fed by a companion star’s circum-
stellar disc (Klus et al. 2014). We therefore calculated for
cases of ξ = 0.5 and ξ = 1 and found B12(ξ = 1) . 0.24
while B12(ξ = 0.5) = 0.81, corresponding to cyclotron en-
ergies . 2.81 keV and . 9.44 keV, respectively. A recent
study by Campana et al. (2018) on different classes of ob-
jects subject to the propeller effect found a best fit with
ξ = 0.49 ± 0.05, which results in a different scaling factor of
≈ 3.3×1036 erg s−1 for eq.(8)7. Using this factor, we obtained
B12 . 0.84 and cyclotron energies . 9.78 keV. It should be
noted that this is a rough estimate on the magnetic field,
subject to errors in distance and fluxes, but the possible
absorption line, either the one at 1 keV indicated from the
gabs*(pow+bbodyrad) fit or the one at 1.4 keV suggested
by the gabs*(pow+nsmaxg) fit, might then be real, as the in-
ferred upper limit from the propeller argument (in the case
of ξ = 1) is very close to what we found in the spectrum.
Therefore the inferred B-field from this line, ∼ 1011 G, might
be the magnetic field of this system. Verification of this rela-
tively low B field for a HMXB NS could be confirmed by fu-
ture high-sensitivity observations that cover a broad energy
range, e.g. observations with NICER and NuSTAR during
outburst.

4 CONCLUSION

Our 72 ks XMM-Newton observation of the quiescent
BeXRP RX J0812.4-3114 revealed a spectrum best de-
scribed by a soft blackbody component plus a hard power-
law, with an absorption component at ≈ 1 keV and/or at
≈ 1.4 keV. The blackbody component implies a large emis-
sion region, which we argue likely originates from the whole
NS surface. The hard component can be described by a hard
power-law (Γ ∼ 1.3−1.5), likely caused by low-level accretion.

7 This scaling factor is different from eq.(7) in Campana et al.

(2018) because we write M in units of 1.4M� and use B as the

field strength at the magnetic poles, to be consistent with eq. (8)

Temporal analyses reveal that the hard component is
pulsed at a period of 31.908 ± 0.009 s, slightly longer than
the previous studies, from which we estimated a spin-down
rate of ≈ 3.63 × 10−11 s s−1, which might just be due to or-
bital Doppler effect. We did not find pulsations in the soft
excess (PF . 31%), indicating the soft emission has a differ-
ent origin from the hard emission (consistent with emission
from the full NS surface). Long-term lightcurves reveal vari-
ability in the hard component; however no sign of variability
was found in the soft excess. Temporal analysis of the ASM
light curves confirms the previously measured orbital period
of ≈ 81.3 days, and that the source returned to a quiescent
state after the active epoch between 1997-12-05 and 2000-07-
02. Based on the accretion history, we estimated the time-
averaged mass accretion rate (〈 ÛM〉). Assuming the quiescent
thermal luminosity is produced by deep crustal heating, we
found that J0812 lies above some of the minimum cooling
tracks, though with large uncertainty in 〈 ÛM〉. The NS in
J0812 may yet agree with minimum cooling processes. How-
ever, it is also possible that the NS in J0812 is too young
to have fully cooled after its supernova explosion – a possi-
bility which we estimate to have a & 5% chance, given the
estimated lifetime of the B0 companion and the timescale
for NS cooling.

J0812 seems to have two distinct X-ray spectral states in
quiescence: a soft, or thermally dominated state as observed
by Chandra, versus a harder state with possible on-going
accretion as observed by our XMM-Newton observation. We
suspect the source lies in the propeller regime during the soft
state, while it is out of the propeller regime and accreting
during the hard state. With these assumptions, we estimate
the magnetic field strength of the system to be . 8.4×1011 G.
Should the ≈1 keV or ≈ 1.4 keV absorption feature be real,
and represent an electron cyclotron line, then we may fur-
ther estimate B ∼ 1011 G, unusually low for BeXRPs, but
consistent with the estimate from the propeller arguement.
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Geppert U., Küker M., Page D., 2004, A&A, 426, 267

Ghosh P., Lamb F. K., 1978, ApJ, 223, L83

Gotthelf E. V., Halpern J. P., 2009, ApJ, 695, L35

Greenstein J. L., Dolez N., Vauclair G., 1983, A&A, 127, 25

Gudmundsson E. H., Pethick C. J., Epstein R. I., 1983, ApJ, 272,
286

Haensel P., Zdunik J. L., 2008, A&A, 480, 459

Hickox R. C., Narayan R., Kallman T. R., 2004, ApJ, 614, 881

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

Ho W. C. G., Elshamouty K. G., Heinke C. O., Potekhin A. Y.,
2015, Phys. Rev. C, 91, 015806

Illarionov A. F., Sunyaev R. A., 1975, A&A, 39, 185

Kalberla P. M. W., Burton W. B., Hartmann D., Arnal E. M.,
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