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ABSTRACT

We report new simultaneous X-ray and radio continuum observations of 3FGL J0427.9—6704, a
candidate member of the enigmatic class of transitional millisecond pulsars. These XMM-Newton
and Australia Telescope Compact Array observations of this nearly edge-on, eclipsing low-mass X-ray
binary were taken in the sub-luminous disk state at an X-ray luminosity of ~ 103% (d/2.3kpc)? ergs—!.
Unlike the few well-studied transitional millisecond pulsars, which spend most of their disk state in
a characteristic high or low accretion mode with occasional flares, 3FGL J0427.9—6704 stayed in
the flare mode for the entire X-ray observation of ~ 20 hours, with the brightest flares reaching
~ 2 x 10%* ergs™!. The source continuously exhibited flaring activity on time-scales of ~ 10-100 sec
in both the X-ray and optical/UV. No measurable time delay between the X-ray and optical/UV
flares is observed, but the optical/UV flares last longer, and the relative amplitudes of the X-ray
and optical/UV flares show a large scatter. The X-ray spectrum can be well-fit with a partially-
absorbed power-law (I' ~ 1.4-1.5), perhaps due to the edge-on viewing angle. Modestly variable
radio continuum emission is present at all epochs, and is not eclipsed by the secondary, consistent
with the presence of a steady radio outflow or jet. The simultaneous radio/X-ray luminosity ratio
of 3FGL J0427.9—6704 is higher than any known transitional millisecond pulsars and comparable to
that of stellar-mass black holes of the same X-ray luminosity, providing additional evidence that some
neutron stars can be as radio-loud as black holes.

Subject headings: accretion, accretion disks — binaries: close — pulsars: general — stars: neutron —

X-rays: binaries

1. INTRODUCTION

Transitional millisecond pulsars (tMSPs) are a new
sub-class of neutron star low-mass X-ray binaries (NS-
LMXBs) that becomes observationally known in the last
decade (see Jaodand et al. 2018 for the time-line of some
of the most significant events of the class). Unlike typi-
cal accreting millisecond X-Ray pulsars (AMXPs), these
systems switch between distinct states of being a pul-
sar and an LMXB on time-scales that range from weeks
to ~ 10+ years (Bond et al. 2002; Thorstensen & Arm-
strong 2005; Wang et al. 2009; Archibald et al. 2009;
Patruno et al. 2014; Papitto et al. 2013). As the only-
known bridge between the radio MSPs and LMXBs, they
are widely linked to the standard recycling scenario of
neutron stars (Alpar et al. 1982; Radhakrishnan & Srini-
vasan 1982).

To date, only three tMSPs are known: PSR J1824-
24521 in M28 (a.k.a. M28I; Papitto et al. 2013), PSR
J1023+0038 (Archibald et al. 2009; Patruno et al. 2014),
and PSR J1227-4853 (Roy et al. 2015). They are all
identified as “redback” eclipsing millisecond pulsar bina-
ries, in which the MSP is ablating the low-mass compan-
ion (median mass of 0.36 My; Strader et al. 2019) in a
compact orbit (orbital periods of < 1 day).
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M28I is currently the only known tMSP that showed
a typical X-ray outburst as AMXPs (ie., L, 2
1036 ergs™1). In PSRs J1023+0038 and J1227—4853, the
accretion state is about two orders of magnitude lower
(L, < 10%* ergs™1). In this so-called sub-luminous disk
state, at least three accretion modes, namely the low
(a few x10%2ergs™1), high (a few x10%3ergs™!), and
flare modes (~ 103*ergs™!) are observed (de Martino
et al. 2013; Bogdanov et al. 2015). At least one candi-
date tMSP, 3FGL J1544.6—1125, has been identified via
its display of similar accretion modes and its other op-
tical properties (Bogdanov & Halpern 2015; Britt et al.
2017). Like 3FGL J1544.6—1125, PSR J10234-0038 and
PSR J1227—4853 have been observed to emit GeV v-rays
in the sub-luminous disk states (Stappers et al. 2014;
Johnson et al. 2015). Interestingly, PSR J10234-0038
also exhibited optical pulsations during the sub-luminous
disk state, which makes it the first millisecond pulsar
ever detected in optical (Ambrosino et al. 2017). Papitto
et al. (2019) argued that the pulsed optical emission orig-
inates neither from magnetically channelled accretion nor
rotation-powered pulsar magnetosphere, but synchrotron
emission from the intrabinary shock between the pulsar
wind and the accretion disk. This would imply that the
rotation-powered activity of a pulsar persists in the sub-
luminous disk state.

PSRs J102340038 and J1227—4853 are known to
spend most of the time in the high (e.g., about 70% for
PSR J1023+0038) and low (about 20%) modes during
the sub-luminous disk state. The mode can promptly
switch from high to low in just ~ 10 sec, and then
switch back equally rapidly after 100-1000 sec in the low
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Fic. 1.— (a) The black curve shows the reduced EPIC light
curve of 3FGL J0427.9—6704 (pn + MOS 1/2), while the gray
one indicates the flaring background obtained by pn. (b & ¢) Two
arbitrary zoomed-in views of (a) with 1-o uncertainties of the EPIC
light curve. No correlation is found between the two curves.

mode. X-ray pulsations have only been detected in the
high mode (Papitto et al. 2015; Archibald et al. 2015).
PSR J1023+0038 has also been known to enter an ex-
tended flare mode occasionally. These extended flaring
episodes can last up to & 10 hours in X-rays (Tendulkar
et al. 2014; Li et al. 2014) and ~ 14 hours in optical (Pa-
pitto et al. 2018). Optical pulsations were also detected
when PSR J10234-0038 was in the flare mode (Papitto
et al. 2019), suggesting that the flares are happening near
the neutron star. Recently, Coti Zelati et al. (2019) found
another tMSP candidate, CXOU J110926.4-650224, to
flare in X-rays for up to 4.5 hours. The tMSP identity,
however, remains questionable because of the insignifi-
cant GeV ~-ray counterpart (The Fermi-LAT collabora-
tion 2019; Hui & Li 2019).

In the radio band, the steep spectrum emission and
radio pulsations that were clearly detected in the pulsar
state disappear in the sub-luminous disk state (Archibald
et al. 2009; Papitto et al. 2013; Stappers et al. 2014).
Instead, flat-spectrum radio emission is detected (Hill
et al. 2011; Deller et al. 2015). Recently, Bogdanov et al.
(2018) found a strong anti-correlation between the radio
and X-ray emission in the simultaneous radio and X-
ray observations of PSR J10234-0038—the radio source
is bright in the low mode, and faint in the higher mode.
These data suggest that a synchrotron-emitting outflow
is launched during the low mode.

The subject of this paper, 3FGL J0427.9—6704, is
a vy-ray-loud LMXB with an a 8.8-hour orbital period
and active accretion, making it very likely to be an-
other sub-luminous tMSP (Strader et al. 2016; S16 here-
after). Uniquely among the members of the class, it is
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a nearly edge-on system with an inclination of ¢ ~ 80°.
Since spectral lines from both the secondary and disk
are visible, 3FGL J0427.9—6704 is essentially an eclips-
ing doubled-lined spectroscopy binary, which allowed S16
to measure the masses of both the accreting primary
(M; =~ 1.8Mg) and secondary (Ma =~ 0.6Mg).

3FGL J0427.9—6704 was observed in the X-rays (3—
79 keV) by NuSTAR in 2016. During the 84 kec obser-
vations, a non-thermal hard X-ray source was detected,
accompanied by three X-ray eclipses. The observation
also found strong X-ray variability on time-scales of hun-
dreds of seconds, reminiscent of the mode switching phe-
nomenon seen in tMSPs. In this paper, we report the
results of the follow-up XMM-Newton and ATCA obser-
vations of 3FGL J0427.9—6704, from which we conclude
that 3FGL J0427.9—6704 has X-ray and optical/UV flar-
ing properties distinct from that observed in other tM-
SPs.

2. OBSERVATIONS AND DATA REDUCTION
2.1. XMM-Newton

We carried out a 77.5 ksec XMM-Newton observation
(ObsID: 0801650301; PI: J. Strader), starting from 2017
May 2 at 16:14:17 UT to May 3 at 13:45:57 UT. Dur-
ing the observation, all three European Photon Imaging
Cameras (EPIC: pn, MOS 1, and MOS 2) were oper-
ated under the Full Frame mode (i.e., PrimeFullWindow
mode) with time resolutions of 73.4 msec and 2.6 sec
for the pn and MOS 1/2 cameras, respectively. The
Mediuml filter was used to optimize the X-ray data qual-
ity. For the Optical/UV Monitor Telescope (OM), Fast
mode (time resolution of 0.5 sec) with a “white” filter
(effective wavelength at 406 nm with a 347 nm band-
pass width) was used to obtain high-speed optical/UV
photometry of the system. We did not use the two Re-
flection Grating Spectrometers owing to the faintness of
the source.

We applied the standard analysis tools in the Science
Analysis System (SAS; version 15.0.0) and HEAsoft
(version 6.22) with the calibration files (CCF) obtained
from the on-line cifbuild server® to reduce and analyse
the XMM-Newton data. The SAS task xmmextractor
was used for the EPIC’s reduction processes, with stan-
dard filtering (#XMMEA_EP && FLAG==0 && PATTERN <
4 for pn; and #XMMEA_EM && FLAG==0 && PATTERN <
12 for MOS 1/2). To deal with the high flaring par-
ticle background, exposure periods with count rates of
the pattern zero events higher than 0.4 cts s~' in 10—
12 keV for pn and 0.35 cts s~* in > 10 keV for MOS 1/2
(recommended values in the XMM-Newton user manual)
were removed in the imaging and spectral analyses. The
flaring background heavily contaminated the pn obser-
vation, with an effective exposure time of 24 ksec left
after the filtering. Fortunately, the MOS 1/2 observa-
tions were less affected, with an effective exposure time
70 ksec for each MOS. For the extraction regions, cir-
cular source regions with optimum radii determined by
eregionanalyse were used (r = 26", 24”, and 27" for
pn, MOS 1, and MOS 2, respectively), while source-free
annulus regions with inner/outer radii of 60”/70” were
used for the background. The full energy band of 0.2-

5 https://www.cosmos.esa.int/web/xmm-newton/cifbuild
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Fic. 2.— The X-ray light curve (0.2-10 keV; blue) of 3FGL J0427.9—6704 observed by XMM-Newton in May 2017. The left y-axis shows
the corrected count rate measured by pn and MOS 1/2 (the high flaring background intervals are also included), while the right axis refers
to the X-ray luminosity inferred from the best-fit partially-absorbed power-law model in Averagel (see Table 1 for the best-fit parameters)
with d = 2.3 kpc. The three 2200-sec eclipses are all indicated by the gray shaded regions based on the solution in S16 while the two
vertical dashed lines indicate the inferior conjunction of the binary. The red line is the best-fit Gaussian model for the X-ray flares (see text
for details). Every flare detected is marked with a vertical bar on the top. Red and thicker bars are used to indicate the 16 representative
flares (see Figure 4), and the rest are black in color. The gray narrow curve is the OM light curve scaled to fit the figure (see Figure 3
for the original). The three horizontal green dashed lines represent the X-ray luminosities (0.3-10 keV) of PSR J1023+0038 in the flare
(= 103%ergs™1), high (=~ 3 x 1033 ergs™1), and low (= 5 x 1032 ergs—!) modes, respectively, which are obtained from Bogdanov et al.

(2015).

10 keV was used in the analysis, unless mentioned other-
wise. In Figure 1, we plotted the background-subtracted
light curves of 3FGL J0427.9—6704 together with the pn
flaring background to examine whether the flaring back-
ground can contaminate the reduced light curve signifi-
cantly. It is clearly shown in the figures that the effect
is very minor and therefore the whole period of data will
be used in our light curve analysis.

The OM images and light curves were reduced and
extracted by omfchain. There were 48 exposure seg-
ments taken in a 22 x 23 pixels OM window (plate scale
of about 0748 per pixel). Except for the last one with
2280 sec, every segment has an exposure time of 1200
seconds with a ~ 300-sec observing gap (there is one ex-
ception before the last second exposure, which has a gap
of ~ 2000 sec). Two sources, the optical counterpart
of 3FGL J0427.9—6704 and a faint non-variable source
(5”5 to the north-east of 3FGL J0427.9—6704; about 6
times fainter than the target), were detected and well-
resolved from each other. Aperture photometry with an
aperture size of 6 pixels in radius (about 3 FWHM in
diameter) was applied to extract the OM light curves
of 3FGL J0427.9—6704. An annulus with inner/outer
radii of 7.2 and 15 pixels was used as the background re-
gion, in which the back/foreground faint source was ex-

cluded with a 6-pixel radius circular region. All times are
presented in the frame of Barycentric Dynamical Time
(TDB), converted by the SAS task barycen with the JPL
solar system ephemeris DE200 (Standish 1990).

2.2. Australia Telescope Compact Array

We arranged strictly simultaneous radio observations
of 3FGL J0427.9—6704 using the Australia Telescope
Compact Array (ATCA), observing for as long as the
source was above the horizon, from 18:10 UT on 2017
May 2 to 13:07 UT on 2017 May 3, under project codes
CX364 and C3170. The array was in the extended 6A
configuration, with all six antennas aligned east-west,
with a maximum baseline of 6 km. We used the Com-
pact Array Broadband Backend (CABB; Wilson et al.
2011) to observe simultaneously at central frequencies of
5.5 and 9.0 GHz, with 2048 MHz of bandwidth in each of
the two frequency bands.

We used the standard extragalactic calibrator PKS
B1934—638 as a bandpass calibrator and to set the flux
density scale, and the nearby sources 0355—669 and then
J0425—6646 (after the former calibrator set) to deter-
mine the complex gain solutions. We reduced the data
using standard procedures within the Common Astron-
omy Software Application (CASA; McMullin et al. 2007).
We imaged the calibrated data using Briggs weighting
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Fi1G. 3.— The same as in Figure 2, but for the OM optical/UV observations alone.

with a robust parameter of 0.5, as a compromise be-
tween sensitivity and minimizing sidelobe levels. The
source was detected at high significance in both fre-
quency bands.

We imaged several subsets of data, to determine
whether the radio emission changed when in eclipse, and
how it varied with the changing X-ray count rates de-
fined in Section 3.2. Finally, we made time-resolved light
curves. Since the array was in an east-west configura-
tion, the instantaneous ww-coverage was linear, and not
suitable for imaging. We therefore subtracted out all
other sources in the field, using our best image made
from the entire data set at each frequency, leaving only
3FGL J0427.9—6704 in the visibility data, which we fit
in the wwv-plane using a point source model fixed at the
known source position. We found that ten-minute bins
provided the best compromise between time resolution
and sensitivity.

2.2.1. 2016 Data

We previously obtained ATCA radio data of
3FGL J0427.9—6704 from 22:29 UT on 2016 Aug 27 to
04:38 UT on 2016 Aug 28, under project code CX365 and
in the extended 6C configuration. The receiver setup,
calibrators, and imaging were the same as for the 2017
data. A single image was made at each of the central
frequencies of 5.5 and 9.0 GHz. These radio data were
not simultaneous with any X-ray observations.

3. X-RAY AND OPTICAL/UV RESULTS
3.1. Light curves

3FGL J0427.9—6704 was clearly detected in X-rays
(EPIC) and optical/UV (OM), with net count rates of 0.2

cts s7t (pn + MOS 1/2) and 6 cts s~1, respectively (Fig-
ure 2 & 3). Both light curves are dominated by strong
flares on time-scales of ~ 10-100 sec. In addition, each
light curve shows three eclipses, which perfectly match
the orbital ephemeris presented in S16 (Figure 2 & 3).
During the eclipse phases, the X-ray and optical fluxes
are lower, and the flaring phenomenon is not observed.
We tested both light curves for periodic signals longer
than 1 sec using powspec, with no clear periodicity found
in the frequency range 10~° Hz to 1 Hz.

3.1.1. Flare properties

Here we discuss the detailed properties of the flares.
Except for those X-ray flares detected during the OM ob-
serving gaps, almost every X-ray flare has an optical/UV
counterpart. The converse is not true: some optical/UV
flares are not detected in the X-rays (e.g., the flare at
t ~ 58000 sec in Figure 2).

As a simple initial model for the flares, we fit every
individual flare detected by EPIC and OM with a Gaus-
sian. In the fitting, we did not include the data in the
eclipses, and simply assumed a constant baseline as the
“quiescent” emission. While the choice of a Gaussian
is somewhat arbitrary, it turns out that this model can
describe the flares reasonably well (see Figure 2 & 3).

For the EPIC data, the light curve was binned in 30 sec
intervals to obtain a good balance between the signal-to-
noise and the timing resolution. Using an initial guess
of 0.1 cts s~ as the baseline, we iteratively find new
flares and re-fit the light curve until no data point ex-
ceeds over the model by 20. The same algorithm was
also applied for the OM light curve, but a smaller bin-
ning factor of 20 sec and a higher initial baseline of
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Fic. 4.— The EPIC X-ray (blue and thinner) and optical/UV (red and thicker) light curves of 16 arbitrarily chosen flares to show the
range of relationships between the X-ray and optical flares. Each zoom-in view is centred at the peak of the chosen flare. The optical/UV
light curves shown are scaled linearly to fit the X-ray ones for easier comparison, i.e., Cs = R(C, —O), where C5 is the scaled count rate, C,
is the original count rate, R is the X-ray-to-optical/UV flare amplitude ratio, and O is the minimum count rate of the original optica/UV
light curve in the interval. R and O can be found in the upper right corner of each plot.

4 cts s~ were adopted. A higher detection threshold
of 4.50 was also used to avoid over-fitting. Otherwise,
we found that all residual features were fit with low-
amplitude “flares”. We emphasize that this technique
is not designed to achieve a perfect statistical model of
the data, but instead to give a first-order sense of the
frequency and amplitude of the flares.

As shown in Figures 2 and 3, the X-ray and opti-
cal/UV flares that are visually obvious are all iden-
tified by our technique. Outside of eclipse, on aver-
age we detect an X-ray (optical/UV) flare every 540
(470) sec. The occurrence rate is high compared with
PSRs J1023+0038 and J1227—4853, of which the flare
occurrence rates are just up to a few tens of events
per day on average (de Martino et al. 2013; Bogdanov
et al. 2015; Papitto et al. 2018; Kennedy et al. 2018).
The flaring state of PSR J1023+0038 observed in opti-
cal occupied about 15.6-22% of the time during the Ke-
pler K2 observation (Papitto et al. 2018; Kennedy et al.
2018). Using the FWHM durations of the detected OM
flares, we found that the flaring fraction is ~ 43% for
3FGL J0427.9—6704, which is double the fraction seen
in PSR J10234+0038. We show a selection of 16 pairs of
flares in Figure 4.

Figure 5 shows the best-fit parameters for each de-

tected flare as a function of orbital phase. The median
flare time-scale (defined by the best-fit Gaussian sigma)
for the X-ray (optical/UV) flares is 24 sec (72 sec), equiv-
alent to a FWHM of 57 sec (170 sec). These time-scales
are consistent with some fastest flares seen in the two
tMSPs (i.e., duration of a few minutes or less), but still
significantly shorter than that of the slowest events ob-
served (i.e., &~ 45 min — 14 hours; de Martino et al. 2013;
Bogdanov et al. 2015; Papitto et al. 2018). The typical
uncertainties for the per flare amplitudes and time-scales
for the EPIC (OM) are 0.3 cts s~! (1.0 cts s71) and 13 sec
(15 sec), though the uncertainties for some flares may be
underestimated if the assumed model is a poor fit. This
figure also shows that there is no significant evidence for
a correlation between flare occurrence or properties with
orbital phase. The brightest flares reach Lx (0.2-10 keV)
of ~2x 103 erg s71.

To study the relationship between the X-ray and op-
tical/UV flares, we used the HEAsoft task crosscor
to calculate the cross-correlation function between the
light curves, parameterizing the time delay of the op-
tical/UV emission as Atg. We formally find that the
cross-correlation peaks at Aty = 5 sec: the X-rays lead
the optical/UV emission by about 5 seconds. To deter-
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FiG. 5.— From top to bottom, the figures show the total number (a and b), the best-fit Gaussian amplitudes (¢ and d), and the best-fit
Gaussian sigma (e and f) of the flares detected by EPIC (left) and OM (right) at different orbital phases. In the panels (a) and (b), the step
function shows the distribution of the number of flares normalized by the exposure of each phase bin w.r.t. that of the first bin. Note that
the gaps around phase 0.75 are due to the X-ray/optical eclipses. The vertical bars at the upper right corners show the typical estimates

of the uncertainties.

mine the uncertainty in this value, we simulated 10* pairs
of light curves based on the EPIC and OM data, and
repeated the crosscor calculations with the simulated
data. The distribution of the simulated cross-correlation
peaks (Figure 6) gives Atg = 4.5 £ 6.8 sec (90% confi-
dence interval). Hence there is no strong evidence for a
time delay of the optical/UV emission compared to the
X-ray emission. To put this in context, the light curve
modeling of S16 found that the outer edge of the ac-
cretion disk is ~ 0.98Rq (~ 2.3 light-seconds) from the
neutron star.

In Figure 7 we directly compare the multi-wavelength
properties of 62 optical/UV flares, each of which has

one and only one detectable X-ray counterpart within
460 sec (i.e., equal to two bins of the X-ray light curve
shown in Figure 2). Interestingly, most of the flares have
longer time-scales in optical/UV than in X-rays (e.g.,
Figure 4h), with only 5 counterexamples found. We
checked whether the trend could be affected by the gener-
ous £60 sec matching criterion, by alternatively adopting
+10 and £100 sec as the allowed time offset, but found
similar results.

The average optical-to-X-ray time-scale ratio is 3.5
(with a standard deviation of 2.4), although the sam-
ples do not seem to follow a constant ratio (Figure 7a).
For the five outliers, three of them have time-scale ratios
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F1G. 6.— The cross-correlation function (5-sec resolution) be-
tween the EPIC and the OM light curves computed by crosscor.
The cross-correlations were normalized by dividing by +/NiNa,
where N1 and N2 are the numbers of bins in the two light curves,
respectively. The three eclipse phases were excluded in the cal-
culation. In the function, a positive time delay (Aty) refers an
optical/UV emission delay w.r.t. the X-ray emission. No evidence
of time delay is found in the analysis with Aty = 4.5 4+ 6.8 sec (in-
dicated by the vertical lines in the zoomed-in version in the inset
box).

larger than 0.8 with the X-ray time-scales just < 10 sec
longer. Therefore, their time-scale ratios could be consis-
tent, considering the per-fit uncertainties. The other two
outlier flares have rather low time-scale ratios (< 0.7),
and their zoomed-in light curves can be found in Figure
40 and 4e. The X-ray and optical/UV flare amplitudes
are roughly correlated (larger X-ray flares generally lead
to larger optical/UV flares), but with a large scatter (Fig-
ure 7b). The amplitudes themselves arguably change on
short time-scales (e.g., Figure 4f), which could explain
part of this scatter.

3.2. X-ray Spectral analysis

Since the X-ray data are strongly variable, we sepa-
rated the data into several groups for independent spec-
tral analyses:

o Averagel (MOS 1/2): the out-of-eclipse spectrum,
selected based on the orbital timing solution in S16.

e Highl (MOS 1/2): a subset of Averagel, with EPIC
net count rates > 0.6 cts s~! per 30-sec bin (Figure
2).

o Medium1 (MOS 1/2): similar with High, but with
count rates between 0.3 and 0.6 cts s~1.

e Low! (MOS 1/2): similar with High, but with count
rates < 0.3 cts s~ 1.

e Eclipse (pn and MOS 1/2): data taken during the
three eclipse phases.

As mentioned in §2.1, the pn and MOS 1/2 data have
different time coverages after the flaring background fil-
tering, in which the MOS 1/2 data are less affected.
Therefore, only the MOS 1/2 spectra were used in the
analysis, except for the Eclipse group, in which the pn
data was included. However, we also prepared four addi-
tional data groups with suffix “2” (e.g., Average2), which
contain also the pn spectra. However, the fitting results
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Fic. 7.— The figures show the comparisons between the flare

characteristics observed in X-ray and optical/UV. The upper panel
(a) refers to the flare time-scale comparison, while the lower panel
(b) is for the flare amplitudes. In general, the flares last signifi-
cantly longer in optical/UV than in X-rays (see the dashed line,
which indicates the time-scale ratio as one). No clear relation can
be found between the optical/UV and X-ray amplitudes. The 16
representative flares that are shown in Figure 4 are indicated by
empty circles and labelled accordingly from (a) through (p). The
crosses at the upper right corners show the typical estimates of the
uncertainties.

obtained from these datasets are for reference purposes
only, and the following discussions are all based on the
primary datasets (suffix “17).

All the X-ray spectral fitting processes were done by
XSPEC (version 12.9.1m). The spectra were binned using
grppha to at least 20 counts per bin, and then fit with
given spectral models based on chi-squared statistic (x?),
unless otherwise stated. Various spectral models have
been tested. In these models, two components of hydro-
gen column density (Np) were assumed for the Galactic
foreground and intrinsic absorptions, respectively®. The
Galactic value was fixed to Ny = 3.66 x 10?9 cm—2 ob-
tained from the Leiden/Argentine/Bonn map (Kalberla
et al. 2005), while the intrinsic Ny was allowed to vary.
Besides, an energy-independent multiplicative factor was
employed to the whole physical model to account for
the cross-calibrations among the EPIC detectors (see the

6 Except for the Eclipse data, as the resultant spectrum does not
have a sufficient S/N for modelling an intrinsic X-ray absorption.



8 Li et al.

footnotes in Table 1 for the definitions). Throughout the
analysis, all the listed uncertainties were calculated at
90% confidence level for one interesting parameter (i.e.,
Ax? = 2.71; Avni 1976).

3.2.1. Awverage spectra

We first tried a simple power-law to gain insights into
detailed spectral modelling. The best-fit gives a bad fit-
ting statistic of x2 = 2.4 (188 d.o.f.) with a very hard
photon index of I' & 0.5 and an intrinsic absorption of
Ny ~ 4 x 1022cm™2. In general, the spectral shape is
saddle-like, with a soft X-ray excess below 2 keV, which
is the primary cause of the bad fit. An additional ther-
mal emission component corresponding to the soft ex-
cess was thus considered. Given that the huge intrinsic
absorption for the power-law component would have ab-
sorbed most of the soft thermal X-rays (if any), we once
assumed an independent intrinsic absorption only for the
thermal emission (it would be the case if, e.g., the emis-
sion regions for the thermal and non-thermal components
are different). However, the best-fit value of this extra
Ny always goes to zero (e.g., Ng < 2 x 10 cm=2 for a
blackbody fit with the best-fit value found at zero; the
same situation was also seen in all other data groups).
We therefore removed this absorption component and
left the thermal emission solely absorbed by the Galactic
foreground medium.

Statistically either a single temperature blackbody
(bbodyrad in XSPEC) or a multi-temperature disk black-
body (diskbb) can improve the power-law fit signifi-
cantly. The diskbb model is slightly better in terms of x?
statistics (x2 = 1.17 and 1.09 for bbodyrad and diskbb,
respectively). With a soft thermal component, the best-
fit photon index becomes softer (i.e., I' ~ 0.9-1.1), and
comparable to other redback MSP systems (see, e.g., Lee
et al. 2018). As expected, the thermal component is
very soft with best-fit temperatures of Ty, ~ 0.3 keV
for bbodyrad and Ti, ~ 0.5 keV (the inner disk tempera-
ture) for diskbb. Comparing with the non-thermal X-ray
component, they are very faint. We use the best-fit nor-
malizations and the distance of d = 2.3 kpc estimated by
Gaia (Bailer-Jones et al. 2018), which is consistent with
the distance from modeling the light curve in S16. The
best-fit blackbody emission region is Ry =~ 0.2 km in ra-
dius, and the inner disk radius of the disk is R, ~ 0.1 km
(cosi = 0.18 assumed; S16). Apparently, the inner ra-
dius is much smaller than the size of a typical neutron
star (radius of ~ 10 km), making the diskbb case highly
unlikely. We also fit the spectrum with the neutron star
atmospheric model, nsa, for more realistic estimates on
the temperature and the emission size. In the nsa model,
we assumed a non-magnetized (i.e., B < 10° G) neutron
star of Mng = 1.4Mg and Rns = 10 km. The best-fit
temperature is lower (Tys, ~ 0.2 keV) and the emission
region is significantly bigger (Rpsa & 0.5 km).

Besides an additional thermal component, a partial
covering fraction absorption (pcfabs) with a simple
power-law (hereafter called a partially-absorbed power-
law) can also explain the saddle-shaped X-ray spectrum
very well (x2 = 1.1 with 187 d.o.f.; Figure 8). In the best-
fit partially-absorbed power-law, the intrinsic absorber
only covers about 97% of the X-rays in our line-of-sight,
and 3% of the X-ray emission “leaked” to produce the

observed soft X-ray bump. Comparing with the simple
power-law models with/without a thermal component,
the intrinsic hydrogen column density is significantly
higher (Ng = (10.940.5)x 10?2 cm~2). The photon index
is also much softer (still hard though; I' = 1.44 4+ 0.05)
and closer to that of PSRs J1023+0038 and J1227—4853
during the sub-luminous disk state, which are typically
around I' = 1.6-1.8 (e.g., de Martino et al. 2013; Li et al.
2014; Bogdanov et al. 2015). These high intrinsic Ny and
I’ values lead the inferred non-thermal X-ray luminosity
(0.2-10 keV) to Ly, = (1.7540.05) x 1033 ergs—!, which
is also the highest among all the models. Despite the
highest degree-of-freedom among the fits, the partially-
absorbed power-law fit has the best performance in terms
of x? statistic, indicating that it is a better model for the
Averagel spectrum statistically.

In the 84-ksec NuSTAR observation taken in 2016
May (about 1 year before the XMM-Newton observa-
tion), the photon index (T, = 1.68150%; S16) is much
softer than any of the photon indices obtained in Aver-
agel. The photon index deviation could be due to either
(i) yearly spectral variability of 3FGL J0427.9—6704, or
(i1) a high-energy exponential cut-off at > 10 keV. For
testing the latter case, we performed a joint spectral
fitting of the Averagel and NuSTAR (obtained from

S16) spectra with constant*phabs*pcfabs*cutoffpl,

where cutoffpl can be written as ¥ oc E~Texp(—£).

We fixed the pcfabs absorption component at the best-
fit parameters obtained from Aweragel for simplicity,
and found that a power-law model with F. ~ 30 keV
can fit the joint XMM-Newton-NuSTAR spectrum very
well, yielding a fitting statistic of x2 = 1.1 (471
d.o.f.). However, we noticed that 3FGL J0427.9—6704
was about 40% brighter in the NuSTAR observation
(see the “X+N” row in Table 1), strongly suggesting
3FGL J0427.9—6704 as a long-term X-ray variable (e.g.,
the flare occurrence rate changes over a yearly time-
scale). Therefore, the observed high-energy cut-off may
not be significant.

3.2.2. Flux-resolved spectra

Like Aweragel, the three flux-resolved spectra are
all saddle-like. Nevertheless, their spectral shapes are
slightly different from each other. From Lowi to Highl,
the saddle-shaped feature becomes less obvious (Figure
8). With the same spectral models applied on Averagel,
we characterized the spectral features of these groups.
Except the simple absorbed power-law model, all the ap-
plied spectral models are equally good for the data sta-
tistically”.

Similar to Averagel, the inner disk radii inferred are
all too small for a neutron star system. For the model
composed of power and bbodyrad, the non-thermal X-
ray emission still dominates the entire energy band. Al-
though the photon index does not significantly change,
the intrinsic Ny for the power-law component drops
dramatically as the non-thermal X-ray luminosity in-
creases (i.e., Ny/1022cm~=2: 92 = 6.3 = 4.1 as
Lpn /103 ergs™!: 0.8 = 2.9 = 5.4). For the blackbody

7 In Highl, the diskbb, bbody, and nsa temperatures were all
fixed to the best-fit values obtained from Average. Otherwise, the
fits do not converge.
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Flux—Resolved Spectra of 3FGL J0427.9-6704
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F1G. 8.— Upper: The XMM-Newton (MOS 1/2) phase-resolved spectra of 3FGL J0427.9—6704 with the best-fit partially-absorbed
power-law models (see Table 1 for the best-fit parameters). From bright to faint, the spectra are classified into High! (> 0.6 cts s—1;
black), Medium1 (0.3-0.6 cts s~1; red), and Low! (< 0.3 cts s~1; green). The detailed scheme of classification can be found in §3.2. Lower:
A residual plot with respect to the best-fit simple absorbed power-law models.

component, the temperature stays around 0.2-0.3 keV.
The inferred emission size varies from group to group,
but the changes are not significant as the uncertain-
ties are high, e.g., all the sizes can be consistent with
Ry ~ 0.2 km. Very similar results can be found in the
nsa fits, with lower temperatures (Tpsa =~ 0.1-0.2 keV)
and larger emission regions (Rysa ~ 0.5-1.5 km).

For the partially-absorbed power-law fits, the Ny de-
creasing trend aforementioned is still observed, however,
with higher variability (i.e., Ni/10?2cm™=2: 15 = 10 =
4.9 as Ly, /1033 ergs™!: 1.6 = 4.5 = 5.7). The photon
index also becomes harder as the X-ray luminosity goes
up (i.e., It 1.8 = 1.6 = 1.2). Surprisingly, the cover-
age of the X-ray absorber does not change significantly
among the flux-resolved groups (= 90% roughly). To fur-
ther check whether this relation holds at lower luminosi-
ties, we extracted an extra set of spectra with MOS 1/2

data of <0.1 cts s™1 (labelled as CR<0.1 in Table 1),
which confirms the speculation with an even higher col-
umn density of Ng ~ 2 x 1023 cm 2.

3.2.3. Eclipse spectra

With the orbital solution presented in S16, we selected
data collected in the three eclipse intervals for the fol-
lowing analysis. In addition, we excluded data within
the first and last 200 seconds of the eclipses to avoid any
residual emission in the eclipse ingress and egress (e.g.,
a possible mini-flare is seen in the last ~ 100 seconds of
the third eclipse).

While there was no significant 3-79 keV emission de-
tected by NuSTAR during the X-ray eclipses in 2016
(S16), we detect ~50 net counts in the pn and MOS 1/2
combined image. Given the low source counts and the
high background noise (~50 counts), we used W-statistic
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TABLE 1
SPECTRAL PROPERTIES OF 3FGL J0427.9—-6704
Dataset Model® Nu C,P Fraction T or E. Radius i‘t‘g}t‘ Xi
(1022 cm™2) (%) (keV) (meters) (1033 ergs™1) (%)

Averagel pcfabs*pow 10.9103 11737 96.511 08 o8 197.7/187
phabsspow 3.8710 1070 0.4819 32 : 1.0219:08 450.3/188
diskbb+phabs*pow  7.7720 1.1707 2% 0.521928 84158 29 98  203.3/186
bbody+phabsrpow 6,513 10%01 2 02700 154% 1 9 2173/186
usasphabstpow® 6.8+ Lo*01 B 0asthl 0Tt 1 99 2110/186

Low1 pcfabsxpow 15.479% 1.1 97.979% o8 1.611507 114.4/95
phabs*pow 6.9727 1140 . e 267.4/96
diskbb+phabs*pow 10.4729 1140 S 0421008 113152 1 98 113.2/94
bbody+phabs*pow  9.2727 11497 e 0247002 170158 = 98 118.2/94
nsa+phabs*pow 9‘8t§_1 1_14:(5-& _éi O.16tg:g§ 581tzgg f‘é 98 115.0/94

Medium1 pcfabsxpow 10.4790°% 1.0107  98.07%% 0% 22 51.0/48
phabs+pow 51718 L0% ] 0.77+93} % 112.7/49
diskbbphabskpow  6.817 Lot5n 3o 034705 260795 s 99 49.5/47
bbody+phabs*pow  6.3721 1.0%91 a2 02117907 3741358 S 99 51.9/47
nsa+phabs*pow 6.612-1 1.0%01 a2 0.12799¢ 155012157 2 99 50.1/47

Hight  pctabsxpow 49755 Lotgy 957150 15 36 21.9/33
phabs*pow 2‘7tz)'_§ 1_0453-& ’g‘i cee 'gg 46.9/34
diskbb+phabs*pow  4.471°§ 1.0%01 40 (0.52)¢ 144732 00 99 22.9/33
bbody+phabs*pow  4.1715 1.0707 38 (0.27)9 264141 o6 99 23.2/33
nsa+phabs*pow 41178 1.0107 29 (0.18)4 8557128 or 99 23.4/33

Average?2 pcfabs*pow 10.44:3'_?1 '_i 1.01“&_} 96.54:8'_3 '_gi :gi 320.0/300
phabs*pow 43798 1.0%01  1.0791 e o8 750.0/301
diskbb+phabs*pow  7.9773  1.0101  1.0701 20 0547908 78138 2 98  327.9/299
bbody+phabs*pow  6.775 ¢ 1.0101  1.0%01 18 0271908 156136 e 99 347.6/299
nsatphabsrpow 70710 10701 10791 1 0ast00  aretlys 1 99 338520

Low2  pcfabs*pow 154797 10797 1at9l 977799 o o8 171.4/154
phabs+pou 72720 11l L1t 2 455.5/155
diskbb+phabs*pow 10.6722  1.0701 1.1 32 0.421908 112732 8 98  168.3/153
bhodysphabsrpoy  9.4FFL 10791 11701 o020ty amstE2 B o8 173.9/15
msatphabstpoy  10.0721  10%01 11+ P 01600 srorie % o8 170.7/153

Medium2 pcfabs*pow 10.3%0¢  1.0%91  1.0707  98.2707 06 20 73.5/79
phabs*pow 62575 105G 1.0fgs 8 i 181.3/80
aiskobephabsrpow  8.273L  10t01 10701 0430 1saty B e T59/78
bbody+phabs*pow  7.471%  1.0701  1.0701 BL 0.2310:07 2671139 98 99 80.8/78
matphabsrpow  T.7HLT 10101 10701 30151000 030798 B e 7so/ms

High2  pcfabskpow 37105 1at)l 1afdl 954717 1o e 40.5/56
phabs*pow 2.3t8'_2 1 1 1.1J:([JJ‘_} '_gi e .ﬂ) 69.1/57
diskbb+phabs*pow  3.4799  1.1%01 1,170 2T (0.54)9 1061773 5 99 41.9/56
bbody+phabs*pow 57779  1.1101 11797 o8 1257088 401138 . 90 37.9/55
nsa+phabs*pow 3.2%09  1.1f01 11707 2T (0.18)¢ 638792, o8 99 42.0/56

Eclipse® pow (1.0) :ig 0.034:8:81

X+Nf  pcfabs*cutoffpl (10.9) 14107 (96.5) o stl® o7 502.8/471

CR<0.1 pcfabs*pow 20.87%9 11793 98.2%) ) 1 n 17.0/18

& The models are listed in XSPEC parlance. The cross-calibration factor(s) for different instruments and the Galactic absorption are not
shown for simplicity, and the complete model forms should therefore read constant*phabs#* (<Model>), where Ny = 3.66 x 1029 cm~2 (fixed)
for the Galactic phabs component. The luminosities were computed in the energy range of 0.2-10 keV with d = 2.3 kpc.

b Except for X4+ N, C1 (or C2) is the cross-calibration factor for MOS 1 (MOS 2) w.r.t. pn. (MOS 1 or pn)
¢ For nsa, a non-magnetized (i.e., B < 10° G) neutron star of Mys = 1.4Mg and Rys = 10 km is assumed.

d The temperatures that could not be well converged were fixed to the values obtained from Average/Average2.

¢ As the data quality is low, the cross-calibration factors were both fixed to 1. C statistic was also applied (C' = 124.0 with 132 d.o.f.).

f X4 N is the Averagel and NuSTAR (data taken from S16) joint fit, where C1 and Cs are the cross-calibration factors for the focal
plane modules FPMA an FPMB w.r.t. MOS 1, respectively. The intrinsic Ny, the cross-calibration factor for MOS 2, and the Fraction
parameter for pcfabs were all fixed to the values obtained from Averagel for simplicity.
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(a modified version of C-statistic; Cash 1979), which is
able to handle Poisson-distributed background spectra.
We binned the spectra using grppha to at least one count
per bin as suggested in the XSPEC manual. A simple ab-
sorbed power-law with the hydrogen column density fixed
at the Galactic value of Ny = 3.66 x 1029 cm~2 was used
as a phenomenological model. No intrinsic absorption
is assumed because (i) the limited data quality does not
allow a good probe for an intrinsic absorption, and (ii)
the X-ray emission observed during the eclipse is likely
already scattered away from the absorbing material in
the disk. In addition, no cross-calibration correction was
applied on the spectral model (i.e., the cross-calibration
factors were fixed to one) because of the low S/N. The
best-fit photon index is I' = 1.970-5, with an inferred lu-
minosity of L, ~ 3 x 103t ergs™! (0.2-10 keV), which is
about 2% of the X-ray luminosity in Averagel.

These relatively soft X-rays are possibly scattered from
the atmosphere of the companion, or in an extended ac-
cretion disk corona (ADC; White & Holt 1982). In the
former case, the scattered emission is strong only dur-
ing the eclipse when the pulsar is behind the scattering
medium. The ADC emission, by contrast, is the weak-
est during the eclipse, and can be observed in all other
phases. To examine this possible ADC component, we
added the eclipse emission spectrum (fixed at the best-fit
parameters) to the partially-absorbed power-law model,
and fit the composite model to the flux-resolved spectra
(Table 2). In general, the fits are not improved. For the
best-fit parameters, while there is almost no change on
Highl, the power-law components of Low! and Medium1
are significantly harder than the previous ones. In par-
ticular the pcfabs component of Low! is no longer re-
quired (fraction = 1) as the eclipse emission cancels out
the soft X-ray excess. However, we argue that this is
likely a coincidence. Although an extended ADC is pos-
sibly observable during the eclipse, a large fraction of
it is still occult. Much brighter ADC emission should
therefore be observed in Lowl unless the ADC is ex-
tremely extended. For LMXBs, the ADC can extend up
to 1Rg in the radial direction (Church & Balucinska-
Church 2004), which just slightly exceeds the companion
of 3FGL J0427.9—6704 (R2 = 0.83 Rp; S16), not to men-
tion that such an extended ADC requires a powerful cen-
tral engine of Lx ~ 1038 ergs~! (Church & Balucinska-
Church 2004) that is almost 1000 times higher than that
of 3FGL J0427.9—6704. Thus, the consistency between
the soft X-ray excess in Lowl and the eclipse emission
actually disfavors the ADC scattering scenario. As a
result, we assumed the X-ray scattering off the compan-
ion’s atmosphere as the origin of the eclipse emission,
which would only bring a minor effect to our spectral
analysis.

4. RADIO CONTINUUM RESULTS

Figure 9 shows the 5.5 and 9.0 GHz light curves of
3FGL J0427.9—6704, overlaid on the simultaneous X-ray
light curve for the same time period. As discussed above,
the radio data are binned at time intervals of 10 min
(600 sec).

The main results from the radio data are as follows.
First, 3FGL J0427.9—6704 is well-detected in both fre-
quency bands at all times, with a mean out-of-eclipse flux
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density of 290 + 7 and 300 + 6 Jy at 5.5 and 9.0 GHz,
respectively. For a power-law spectrum with flux density
S, o v®, these values imply a mean o = 0.07 & 0.07.
Second, there is no evidence that the radio emission is
eclipsed, with mean in-eclipse flux densities of 295 + 21
and 334 £ 18y Jy at 5.5 and 9.0 GHz. Hence the radio
emission must primarily arise on size scales larger than
the projected secondary (> 3.5 x 1010 cm, using the pa-
rameters from S16).

Next, while the radio continuum flux density is time-
variable, no obvious flares can be discerned, quite unlike
the X-ray and optical/UV light curves (Figure 9). Given
that the X-ray flares typically last for 1040 sec and the
radio light curve is binned on a time-scale of 600 sec,
the lack of obvious flares in the radio light curves is per-
haps not surprising. However, we do find some evidence
that higher X-ray emission is associated with higher radio
emission. If we consider the radio emission in the Lowl,
Medium1, and Highl X-ray categories described earlier,
the Low! and Mediuml categories have mean radio flux
densities consistent with the full data set, while the Highl
X-ray category is associated with a 5.5 GHz flux density
of 4274+36uJy (brighter at 3.80) and a marginally steeper
radio spectrum of aw = —0.68 + 0.39.

Table 3 shows the flux densities as well as the spectral
indices of these subsets of the radio data.

4.1. Older radio data

Here we briefly discuss the results from the Aug 2016
radio continuum observations of 3FGL J0427.9—6704.
These were not taken simultaneously with any X-ray ob-
servations.

We find a flux densities of 303 + 9 and 337 £ 8uJy at
5.5 and 9.0 GHz, respectively, giving a spectral index of
a = 0.21 £ 0.08. These values are entirely consistent
with those measured in May 2017, and hence show that
at least over the ~ 9 month separation of these epochs
that the radio behavior of the binary is stable.

5. DISCUSSION

Individual X-ray flaring events are not uncommon in
redback and black widow systems, e.g., PSR J1048+2339
(Cho et al. 2018; Yap et al. 2019), 3FGL J0838.8—2829
(Halpern et al. 2017), and PSR J1311-3430 (Romani
2012; Romani et al. 2015; An et al. 2017), but this
paper is the first to show evidence for a system with
a fully flare-dominated accretion mode. Perhaps the
closest comparison is the few flare-dominated epochs of
PSR J1023+4-0038 in its sub-luminous disk state (Ten-
dulkar et al. 2014; Li et al. 2014; Bogdanov et al.
2015; Papitto et al. 2019), though these have typically
been short-lived, and make up only a small fraction of
the observed modes in the current accretion state of
PSR J10234+0038. By contrast, 3FGL J0427.9—6704
maintained this flare-dominated state during the entirety
of our ~ 70 ksec observations in May 2017, and despite
the lower sensitivity of earlier X-ray observations, ap-
pears to have been in a similar state in May 2016 and
likely much earlier (see S16).

5.1. The concurrent optical/UV flares

Given the large dispersion in the flare amplitudes be-
tween X-rays and optical/UV (Figure 7), the emission
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TABLE 2
PCFABS FITTINGS OF 3FGL J0427.9—6704 (ECLIPSE EMISSION SUBTRACTED)
Dataset Model Ny Co Fraction T Lntn X?/
(1022 cm™2) (%) (103 ergs™1)
Lowl pcfabs*pow 11.919% 1.1+ 100 1.2819-10 0.9919-58 117.0/95
Medium1  pcfabs*pow 9.679% 1.0%01 983799 1.42%019 3.861922 50.0/48
Hight pcfabs*pow 48795 1.0t91 96670 1.217013 5.63103% 22.2/33
2See the caption of Table 1 for details.
TABLE 3
ATCA RADIO PROPERTIES OF 3FGL J0427.9—6704 1IN MAy 2017
Dataset 5.5 GHz 9.0 GHz Spectral Index
(1Jy) (1Jy) (o)
In eclipse 295 £21 334+18 0.25 +£0.22
Out of eclipse 290 + 7 300 £6 0.07 £ 0.07
Lowl1 281 £8 302+6 0.15+0.10
Medium1 307 +£20 268 +16 —0.28 £0.22
Hight 427+ 36 305 + 27 —0.68 +0.39

mechanisms of the two bands are probably different. An-
other intriguing property is that the optical/UV flares
are generally longer than the X-ray flares (Figure 7), im-
plying that that the optical/UV flares are emitted from
the more outer region (e.g., the accretion disk).

Perhaps the simplest model is that the optical/UV
flares are the reprocessed emission from the X-rays, for
example, due to “reflection” of the accretion disk. Con-
sidering the light-travel time, there should be a mini-
mum time delay in the optical/UV light curve of at least
~ 2.3 sec to the outer disk. Our analysis found an
insignificant delay of 4.5 + 6.8 sec, which is consistent
with (but does not constrain) this expected delay. We
also note that several optical/UV flares appear to have
started earlier than their X-ray counterpart (see Figures
4h as the most prominent case), which would not be
consistent with this simple model. Coordinated multi-
wavelength observations by an X-ray timing instrument
such as NICER and ground-based telescopes capable of
fast photometry could clarify this in the future.

5.2. Intrinsic X-ray variability or rapidly varying Ny ?

Our flux-resolved X-ray spectral analysis showed an en-
hancement in Ny when the X-ray flux gets faint. This is
reminiscent of variable absorption, instead of an intrinsic
flux change, resulting in the strong variability observed.
The idea has also been used to explain the X-ray vari-
ability of the edge-on LMXB, 47 Tuc-X5, observed by
Chandra (Heinke et al. 2003; Bogdanov et al. 2016). The
variable Ny could be due to a precessing accretion disk
that varies the obscuring gas in the line-of-sight. Optical
emission from the outer disk region would then have a
better chance than the X-rays from the inner part to be
seen through a cloud gap. This naturally explains the
non-symmetric relation between the X-ray and optical
flares as well as the shorter flaring time-scales in X-rays.

The immediate objection is that the spectral fits find
significant variations of the unabsorbed X-ray flux and
the photon index. Although this might be attributed
to imperfect correction for the absorption if each spec-
tral dataset still contains too wide a range of fluxes, it
is questionable whether the effect is sufficient to remove

the variations. Additionally, the X-ray and optical/UV
flares would be at least weakly correlated, if they both
originate from obscuration. However, we find no correla-
tion in Figure 7. The contradiction is better revealed by
Figure 4h and 4i, in which the two optical flares appear
very different in brightness and duration while the X-ray
profiles are nearly identical. It is also unclear how the
absorbing gas becomes so clumpy to form cloud gaps very
frequently. Taken as a whole the variable absorption sce-
nario is unable to explain the flaring state in many ways,
and so we rule the possibility out.

5.3. Thermal scenarios for the soft X-ray excess

As demonstrated in §1, the soft X-ray excess of the
saddle-shaped spectra can be modelled by a single-
temperature blackbody (a multi-temperature disk has
been ruled out as the inferred inner radius is too small).
If this thermal component is genuine, the neutron star
surface will be the most reasonable origin of the emission.
Though it is still unclear whether tMSPs are accretion-
powered (e.g., Bogdanov et al. 2015; Papitto & Torres
2015) or rotation-powered (e.g., Takata et al. 2014; Jao-
dand et al. 2016; Ambrosino et al. 2017; Papitto et al.
2019) during the sub-luminous disk state, such thermal
emission is actually possible in both cases.

For accretion-powered pulsars, hotspots can be formed
on the neutron star surface when the magnetically chan-
nelled accretion flows heat up the magnetic poles. The
temperatures of the hotspots are around 0.1-1 keV,
which are consistent with the thermal component (black-
body or nsa) of 3FGL J0427.9—6704. However, the ap-
parent size of the blackbody (i.e., ~ 0.1 km; Table 1) is
much smaller than the typical size of the hotspots seen in
AMXPs (i.e., radius of a few km; Gierliniski et al. 2002;
Gierliniski & Poutanen 2005) and tMSPs (e.g., ~ 3 km
for PSR J10234-0038 in the high mode; Bogdanov et al.
2015). For the nsa fits, despite the larger emission sizes
inferred, most of them are still less than 1 km. Medium1
is the only dataset that yields an emission region larger
than 1 km, but the statistical uncertainties are also huge
making the case marginal.

For rotation-powered pulsars, X-ray emitting regions
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with temperatures of 0.1-1 keV can be created by po-
lar cap heating (see Harding & Muslimov 2002 and
the references therein). These heated polar cap re-
gions are expected to be large (~ 1 km in radius for
MSPs), which is, again, too big for the thermal com-
ponent of 3FGL J0427.9—6704. Alternatively, the ther-
mal X-rays could be generated by the back-flow of the
primary charged particles from the outer gap. The
heated region would be much smaller in this scenario
(i.e., ~ 0.1 km in radius; Zhang & Cheng 2003). How-
ever, such thermal components should be accompanied
by another slightly cooler (i.e., < 0.1 keV) but larger
(i.e., ~ 1 km) blackbody component, which is not seen
in 3FGL J0427.9—6704.

Apart from the size inconsistency, the weak X-ray ab-
sorption for the thermal component is unexplainable. If
the soft X-ray photons are really coming from the pulsar
surface (the innermost observable region of the system),
the thermal component should be highly absorbed. How-
ever, no intrinsic absorption is observed for the thermal
emission, in contrast to the strong intrinsic absorption
found for the non-thermal component. Besides, the in-
ferred photon indices of the non-thermal component are
significantly harder (I" &~ 0.9-1.1) than that of the two
known tMSPs in the sub-luminous state (I' =~ 1.6-1.8;
de Martino et al. 2013; Li et al. 2014; Bogdanov et al.
2015), while the partially-absorbed power-law gives more
reasonable results in this sense, especially in Low! and
Medium! (I’ =~ 1.8 and 1.6, respectively; Table 1).

Based on the above arguments, we conclude that an
extra thermal component as the origin for the soft X-ray
excess is highly unlikely.

5.4. Non-thermal scenarios

For a more physical picture, we considered the “pro-
peller” scenario (Illarionov & Sunyaev 1975), which has
been widely used to understand the mode switching phe-
nomenon as well as the high-energy emission observed
in tMSPs (Papitto & Torres 2015; Archibald et al. 2015;
Campana et al. 2016). In the so-called propeller regime,
where the accretion disk is truncated by the pulsar mag-
netosphere outside the co-rotation radius (i.e., ry > 7¢),
most of the inflowing material is ejected by the cen-
trifugal barrier, but a small fraction of the gas can still
be accreted onto the neutron star through the mag-
netic field (D’Angelo et al. 2015). Recent magnetohy-
drodynamics (MHD) simulations have shown that this
partial accretion process can be possible for neutron
star systems (Lii et al. 2014). The X-ray pulsations of
PSR J1023+0038 and PSR J1227—4853 detected in the
high mode (Archibald et al. 2015; Papitto et al. 2015)
could be evidence for this partial accretion.

As mentioned in §1, the low, high, and flare ac-
cretion modes are common in PSRs J1023+0038 and
J1227—4853. In Figure 2, we compare the X-ray light
curve of 3FGL J0427.9—6704 with the X-ray luminosities
of PSR J1023+0038 in the three modes (Bogdanov et al.
2015). The “quiescent” state of 3FGL J0427.9—6704 has
a similar luminosity to the low mode of PSR J1023+0038.
No obvious high mode of 3FGL J0427.9—6704 is seen
in the XMM-Newton light curve, but some weak X-
ray flares are comparable to the high-mode flux of
PSR J10234-0038 (e.g., the fourth X-ray flare just after
t = 2500 sec in Figure 2).
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One possibility is that these weak flares represent a
transitory high mode in 3FGL J0427.9—6704. It has been
suggested that the high and low modes are referring to
a tMSP system staying in or away from the propeller
regime, respectively (Campana et al. 2016). In this con-
text, 3FGL J0427.9—6704 might stay in the propeller
regime with a short duration of ~ 1040 sec in typical
flaring episodes. This would also be in agreement with
the likely small inner disk inferred in S16 (an inner radius
of a few tens of kilometers, which is comparable to the
co-rotation radius of a MSP). A relatively weak and/or
unstable accretion flow of 3FGL J0427.9—6704, which
could not support a sustainable propeller state, would
be a possible reason for the transitory high mode.

There are numerous possible counterarguments to this
picture: the concurrent X-ray and optical/UV vari-
ability of 3FGL J0427.9—6704 is quite unlike that for
PSR J1023+0038, where the optical flux has not been
observed to follow the low/high mode switching (Bog-
danov et al. 2015). Optical variability that is analogous
to the X-ray mode switching was found in the light curves
of PSR, J1023+0038 though (Shahbaz et al. 2015, 2018;
Hakala & Kajava 2018). In addition, a negative corre-
lation is seen between the radio and X-ray luminosities
in the low and high modes of PSR J1023+0038 (Bog-
danov et al. 2018), but the correlation is likely positive
in 3FGL J0427.9—6704. The Ny variation could be an-
other issue: strong absorption is generally expected if
the X-ray emission originates from a more inner region
in the high mode, but 3FGL J0427.9—6704 is being the
opposite. Further, the partial X-ray absorption would
be hard to explain, if the emission region is tiny (a few
tens of kilometers)—the emission would likely be “fully”
absorbed.

Alternatively, the absence of the high mode in
3FGL J0427.9—6704 could also mean that the system
did not enter in the propeller regime at all. Provided
that the rotation-powered activity of the radio/~-ray pul-
sar turned on to push the inner edge of the disk away
from the light cylinder during the entire XMM-Newton
observation, the emission coming from the intrabinary
shock between the relativistic pulsar wind and the ac-
cretion flow would take over in the X-ray band (Takata
et al. 2014; Li et al. 2014; Campana et al. 2016). Per-
turbation of the shock front due to the instability in the
accretion flow can produce X-ray variability on a time-
scale of ~ 100 sec (Takata et al. 2014), which could
be the origin of the flares. The concurrent optical/UV
variability could then be attributed to the instability of
the accretion disk that triggers the X-ray flares. De-
pending on the momentum ratio between the accretion
flow and the pulsar wind, the intrabinary shock radius of
PSR J1023+0038 could be ~ 10*° — 10! ¢cm during the
sub-luminous disk state (a few thousands times larger
than the co-rotation radius of a MSP; Takata et al. 2014;
Liet al. 2014). If 3FGL J0427.9—6704 has a similar shock
size, the partial X-ray absorption feature can be under-
stood more easily. However, the large shock requires an
inner disk radius of ~ 10° em (Li et al. 2014), which is
inconsistent with the result of S16 based on the optical
light curve modelling. The problem regarding the Ny
variation also stays unsolved in this theoretical frame.

Models have also posited different explanations for the
(less frequent) flares observed in other tMSPs. For exam-
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ple, in the tMSP model of Veledina et al. (2019), flares
are caused by temporary increases in the cross-section
of the pulsar wind/disk interaction. However, the origin
of these variations is not obvious and does not give a
straightforward prediction for the frequency or length of
the flares observed in 3FGL J0427.9—6704.

5.5. Radio—X-ray correlation

Accreting black holes show nearly ubiquitous radio
continuum emission in their low/hard states, usually as-
sociated with a partially self-absorbed compact jet. How-
ever, our understanding of radio emission from accreting
neutron stars has been slower to develop, with evidence
emerging in the last decade of a much more complex sit-
uation for neutron stars than for black holes. It is clear
that neutron stars do not follow a single relation between
radio and X-ray luminosity, but show a wide range of ra-
dio loudness at all Ly > 103* erg s™! (e.g., Migliari &
Fender 2006; Migliari et al. 2011; Tudor et al. 2017; Gallo
et al. 2018; Gusinskaia et al. 2020).

The radio/X-ray correlation for neutron stars at a
range of Lx can help distinguish among physical models
for the accretion flow. It also bears on the practice of us-
ing the radio loudness of an accreting compact object to
distinguish the nature of the accretor—typically neutron
star vs. black hole—at both low (e.g., Strader et al. 2012)
and high (e.g., Ludlam et al. 2019) X-ray luminosity.

Figure 10 shows the radio/X-ray correlation for known
black holes and neutron stars. Previous radio continuum
studies of tMSPs have shown that these systems reliably
show radio emission in the sub-luminous disk state (Hill
et al. 2011; Papitto et al. 2013; Deller et al. 2015; Jao-
dand 2019). These few published tMSPs appear to sit
on a track which is parallel to the black hole radio/X-ray
correlation, but a factor of few fainter.

Remarkably, 3FGL J0427.9—6704 sits directly on the
black hole correlation rather than the tMSP correla-
tion. Since its radio continuum flux density depends only
weakly on X-ray luminosity, this statement is true both
in the time-averaged sense and for subsets of the data se-
lected by X-ray luminosity. The robustness of its location
is unlike PSR J1023+0038, where the mean radio/X-ray
ratio is consistent with the proposed tMSP correlation,
but the inverse behavior of radio and X-ray during mode
switching means that the source is closer to the black
hole correlation in the low mode, but closer to an ex-
tension of a “hard state” neutron star correlation in the
X-ray high mode (Figure 10).

The only other accreting neutron star shown to sit close
to the black hole radio/X-ray correlation is the AMXP
IGR J17591-2342, but this is at much higher Ly > 103°
erg s~!, and its distance is also not yet well-constrained
(Gusinskaia et al. 2020). This papers points out that
there is no obvious reason why this AMXP should be
much more radio-loud than other similar systems, and
some candidate explanations such as the spin rate of the
neutron star or possible beaming are not consistent with
the data.

While the radio continuum emission in the sub-
luminous disk state of PSR J1023+0038 was initially
mooted as arising in a jet (Deller et al. 2015), the ex-
treme radio variability observed on short time-scales led
Bogdanov et al. (2018) to conclude that a steady jet could
not be present. Instead, they suggest the radio emission

could arise from expanding plasma bubbles at the inter-
face of the pulsar magnetosphere and the inner disk.

By  contrast, the radio  emission  from
3FGL J0427.9—6704 has properties more consistent
with jets observed for black holes of a similar Lyx: it
is comparably radio-luminous, has a flat spectrum, is
of substantial spatial extent (>> 3.5 x 10'° cm), and
is relatively stable on time-scales of hours to months.
While these properties do not prove that the radio
emission arises from a jet rather than some other sort
of sustained outflow, they are consistent with what one
would expect for a jet.

5.6. Other flare-dominated sources?

Here we briefly discuss another system that shares
some properties with 3FGL J0427.9—6704. In the
globular cluster NGC 6652, the second-brightest source

(here referred to as NGC 6652B) has Lx ~ 10%* erg
s~! and shows flare-like variability on time-scales of
a few x100 sec in a 2011 47 ksec Chandra observa-
tion (Stacey et al. 2012). Optical photometry of the
source also displays rapid variability (Engel et al. 2012).
While NGC 6652B is undoubtedly more luminous than
3FGL J0427.9—6704, the phenomenology is sufficiently

similar to be worthy of further study.

6. CONCLUSION

The observed properties of our simultaneous XMM-
Newton and ATCA observations of the edge-on tMSP
candidate, 3FGL J0427.9—6704 are summarised as fol-
lows:

1. The X-ray variability seen in the 2016 NuSTAR ob-
servation is resolved by XMM-Newton EPIC. The
variabilty is caused by vigorous X-ray flaring of the
LMXB. While the flare mode accretion is occasion-
ally seen in PSRs J1023+0038 and J1227—4853, the
accretion state of 3FGL J0427.9—6704 is entirely
flare-dominated at a high flare occurrence rate of
~ 2ks™!. As the flares disappear during the three
pulsar eclipses (Figure 2), we conclude that the flares
originate from the accreting neutron star. Except for
the eclipses, the flares do not show any orbital de-
pendence (Figure 5).

2. The flares are observed simultaneously in X-rays and
optical/UV by XMM-Newton EPIC and OM. Almost
all of the X-ray flares have a corresponding opti-
cal/UV counterpart, but not every optical/UV flare
has an X-ray partner. No significant time offset is
seen between the X-ray flares and their optical/UV
counterparts, with a formal cross-correlation offset of
4.5 + 6.8 sec (Figure 6). For those paired up, the
flare durations in optical/UV are longer than those
in X-rays, and the flare amplitudes are only weakly
correlated (Figure 7). Nevertheless, the optical/UV
emission appears to lead the X-ray emission in a few
cases (e.g., the flares shown in Figure 4h, i, and p).

3. The X-ray spectra (average or flux-resolved) of
3FGL J0427.9—6704 are saddle-like with a significant
soft X-ray bump below 2 keV (Figure 1). This fea-
ture can be modelled either by an ordinary absorbed
power-law with an additional thermal component or
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at Lx ~ 1033 erg s—! and is the only low-Lx neutron star yet observed to do so.

a partially-absorbed power-law (Table 1). We ruled
out multi-component models because of the unphysi-
cally small thermal emission size inferred and/or the
absence of intrinsic absorption for the thermal X-
rays. In the flux-resolved analysis with a partially-
absorbed power-law, 3FGL J0427.9—6704 becomes
spectrally harder (i.e., lower I') with lower Ny at
higher luminosities. There could be a high-energy ex-
ponential cut-off at F. ~ 30 keV based on the joint
XMM-Newton-NuSTAR spectrum, but this conclu-
sive is tentative as the two X-ray datasets were non-
simultaneous.

4. We detect weak X-ray emission during the three X-
ray eclipses, possibly due to X-ray scattering off the
companion’s atmosphere.

5. We consider the X-ray and optical properties of
3FGL J0427.9—6704 in the context of the commonly
discussed propeller and intrabinary shock scenarios
for the known tMSPs, but find that none of these
models does a great job at explaining the observed
phenomenology.

6. Mostly steady radio continuum emission is seen in
all our ATCA observations, and we find that the ra-
dio flux density is positively correlated with the X-
ray luminosity. Unlike for the optical and X-ray, we

observe no radio eclipses. The stable, spatially ex-
tended, flat-spectrum radio emission has properties
consistent with a jet.

7. 3FGL J0427.9—6704 sits precisely on the black hole
radio/X-ray correlation, proving that even at Lx ~
1033 erg s™!, some neutron stars can be as radio-
bright as black holes.
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