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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 ∼ 1033 (d/2.3 kpc)2 erg s−1.
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 × 1034 erg s−1. 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 (Γ ∼ 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-
2452I 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 0.36M⊙; 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 (i.e., Lx &
1036 erg s−1). In PSRs J1023+0038 and J1227−4853, the
accretion state is about two orders of magnitude lower
(Lx . 1034 erg s−1). In this so-called sub-luminous disk
state, at least three accretion modes, namely the low
(a few ×1032 erg s−1), high (a few ×1033 erg s−1), and
flare modes (∼ 1034 erg s−1) 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 J1023+0038 and
PSR J1227−4853 have been observed to emit GeV γ-rays
in the sub-luminous disk states (Stappers et al. 2014;
Johnson et al. 2015). Interestingly, PSR J1023+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 J1023+0038 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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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.,
∆χ2 = 2.71; Avni 1976).

3.2.1. Average 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 χ2

ν = 2.4 (188 d.o.f.) with a very hard
photon index of Γ ≈ 0.5 and an intrinsic absorption of
NH ≈ 4 × 1022 cm−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
NH always goes to zero (e.g., NH < 2 × 1020 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 χ2

statistics (χ2
ν = 1.17 and 1.09 for bbodyrad and diskbb,

respectively). With a soft thermal component, the best-
fit photon index becomes softer (i.e., Γ ≈ 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 Tbb ≈ 0.3 keV
for bbodyrad and Tin ≈ 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 Rbb ≈ 0.2 km in ra-
dius, and the inner disk radius of the disk is Rin ≈ 0.1 km
(cos i = 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 < 109 G) neutron
star of MNS = 1.4M⊙ and RNS = 10 km. The best-fit
temperature is lower (Tnsa ≈ 0.2 keV) and the emission
region is significantly bigger (Rnsa ≈ 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 (χ2

ν = 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 (NH = (10.9±0.5)×1022 cm−2). The photon index
is also much softer (still hard though; Γ = 1.44 ± 0.05)
and closer to that of PSRs J1023+0038 and J1227−4853
during the sub-luminous disk state, which are typically
around Γ ≈ 1.6–1.8 (e.g., de Martino et al. 2013; Li et al.
2014; Bogdanov et al. 2015). These high intrinsic NH and
Γ values lead the inferred non-thermal X-ray luminosity
(0.2–10 keV) to Lnth = (1.75±0.05)×1033 erg s−1, 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 χ2 statistic, indicating that it is a better model for the
Average1 spectrum statistically.

In the 84-ksec NuSTAR observation taken in 2016
May (about 1 year before the XMM-Newton observa-
tion), the photon index (Γnu = 1.68+0.09

−0.08; S16) is much
softer than any of the photon indices obtained in Aver-
age1. The photon index deviation could be due to either
(i) yearly spectral variability of 3FGL J0427.9−6704, or
(ii) a high-energy exponential cut-off at & 10 keV. For
testing the latter case, we performed a joint spectral
fitting of the Average1 and NuSTAR (obtained from
S16) spectra with constant*phabs*pcfabs*cutoffpl,
where cutoffpl can be written as dN

dE
∝ E−Γ exp(− E

Ec
).

We fixed the pcfabs absorption component at the best-
fit parameters obtained from Average1 for simplicity,
and found that a power-law model with Ec ≈ 30 keV
can fit the joint XMM-Newton-NuSTAR spectrum very
well, yielding a fitting statistic of χ2

ν = 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 Average1, the three flux-resolved spectra are
all saddle-like. Nevertheless, their spectral shapes are
slightly different from each other. From Low1 to High1,
the saddle-shaped feature becomes less obvious (Figure
8). With the same spectral models applied on Average1,
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-
tistically7.

Similar to Average1, 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 NH for the power-law component drops
dramatically as the non-thermal X-ray luminosity in-
creases (i.e., NH/1022 cm−2: 9.2 ⇒ 6.3 ⇒ 4.1 as
Lnth/1033 erg s−1: 0.8 ⇒ 2.9 ⇒ 5.4). For the blackbody

7 In High1, 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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TABLE 1
X-ray spectral properties of 3FGL J0427.9−6704

Dataset Modela NH C1
b C2

b Fraction Γ T or Ec Radius Lnth
Lnth
Ltot

χ2
ν

(1022 cm−2) (%) (keV) (meters) (1033 erg s−1) (%)

Average1 pcfabs*pow 10.9+0.5

−0.5
· · · 1.1+0.1

−0.1
96.5+1.0

−1.2
1.44+0.05

−0.05
· · · · · · 1.75+0.05

−0.05
· · · 197.7/187

phabs*pow 3.8+1.0

−1.0
· · · 1.0+0.1

−0.1
· · · 0.48+0.22

−0.22
· · · · · · 1.02+0.08

−0.07
· · · 450.3/188

diskbb+phabs*pow 7.7+2.0

−1.6
· · · 1.1+0.1

−0.1
· · · 1.07+0.28

−0.26
0.52+0.23

−0.12
84+55

−41
1.32+0.29

−0.17
98 203.3/186

bbody+phabs*pow 6.5+1.5

−1.2
· · · 1.0+0.1

−0.1
· · · 0.91+0.26

−0.23
0.27+0.05

−0.04
154+56

−46
1.20+0.19

−0.12
99 217.3/186

nsa+phabs*powc 6.8+1.4

−1.3
· · · 1.0+0.1

−0.1
· · · 0.95+0.25

−0.24
0.18+0.05

−0.04
507+328

−195
1.22+0.19

−0.13
99 211.0/186

Low1 pcfabs*pow 15.4+0.9

−0.8
· · · 1.1+0.1

−0.1
97.9+0.8

−1.2
1.75+0.05

−0.05
· · · · · · 1.61+0.07

−0.07
· · · 114.4/95

phabs*pow 6.9+2.7

−2.3
· · · 1.1+0.1

−0.1
· · · 0.75+0.43

−0.39
· · · · · · 0.71+0.18

−0.10
· · · 267.4/96

diskbb+phabs*pow 10.4+2.9

−2.5
· · · 1.1+0.1

−0.1
· · · 1.17+0.43

−0.39
0.42+0.13

−0.08
113+64

−47
0.90+0.40

−0.18
98 113.2/94

bbody+phabs*pow 9.2+2.7

−2.3
· · · 1.1+0.1

−0.1
· · · 1.04+0.42

−0.38
0.24+0.04

−0.03
170+61

−49
0.82+0.29

−0.14
98 118.2/94

nsa+phabs*pow 9.8+2.7

−2.4
· · · 1.1+0.1

−0.1
· · · 1.11+0.42

−0.38
0.16+0.04

−0.03
581+366

−226
0.86+0.33

−0.16
98 115.0/94

Medium1 pcfabs*pow 10.4+0.8

−0.7
· · · 1.0+0.1

−0.1
98.0+0.9

−1.8
1.60+0.07

−0.08
· · · · · · 4.53+0.25

−0.25
· · · 51.0/48

phabs*pow 5.1+1.8

−1.6
· · · 1.0+0.1

−0.1
· · · 0.77+0.41

−0.39
· · · · · · 2.59+0.55

−0.34
· · · 112.7/49

diskbb+phabs*pow 6.8+2.4

−1.8
· · · 1.0+0.1

−0.1
· · · 1.05+0.45

−0.39
0.34+0.23

−0.09
269+301

−178
2.98+1.08

−0.49
99 49.5/47

bbody+phabs*pow 6.3+2.1

−1.7
· · · 1.0+0.1

−0.1
· · · 0.98+0.42

−0.38
0.21+0.07

−0.04
374+266

−182
2.86+0.84

−0.43
99 51.9/47

nsa+phabs*pow 6.6+2.1

−1.7
· · · 1.0+0.1

−0.1
· · · 1.02+0.42

−0.39
0.12+0.06

−0.04
1550+2162

−943
2.93+0.92

−0.46
99 50.1/47

High1 pcfabs*pow 4.9+0.6

−0.5
· · · 1.0+0.1

−0.1
95.7+2.2

−3.4
1.22+0.12

−0.13
· · · · · · 5.69+0.36

−0.36
· · · 21.9/33

phabs*pow 2.7+1.1

−0.8
· · · 1.0+0.1

−0.1
· · · 0.86+0.34

−0.31
· · · · · · 4.63+0.80

−0.59
· · · 46.9/34

diskbb+phabs*pow 4.4+1.6

−1.2
· · · 1.0+0.1

−0.1
· · · 1.20+0.40

−0.36
(0.52)d 144+22

−26
5.55+2.00

−0.97
99 22.9/33

bbody+phabs*pow 4.1+1.5

−1.1
· · · 1.0+0.1

−0.1
· · · 1.16+0.38

−0.34
(0.27)d 264+41

−49
5.38+1.66

−0.87
99 23.2/33

nsa+phabs*pow 4.1+1.5

−1.1
· · · 1.0+0.1

−0.1
· · · 1.15+0.39

−0.34
(0.18)d 855+134

−158
5.37+1.67

−0.87
99 23.4/33

Average2 pcfabs*pow 10.4+0.4

−0.4
1.0+0.1

−0.1
1.0+0.1

−0.1
96.5+0.8

−0.9
1.43+0.04

−0.04
· · · · · · 1.74+0.04

−0.04
· · · 320.0/300

phabs*pow 4.3+0.8

−0.7
1.0+0.1

−0.1
1.0+0.1

−0.1
· · · 0.69+0.16

−0.16
· · · · · · 1.03+0.08

−0.07
· · · 750.0/301

diskbb+phabs*pow 7.9+1.4

−1.2
1.0+0.1

−0.1
1.0+0.1

−0.1
· · · 1.18+0.20

−0.18
0.54+0.15

−0.09
78+34

−28
1.39+0.25

−0.17
98 327.9/299

bbody+phabs*pow 6.7+1.1

−0.9
1.0+0.1

−0.1
1.0+0.1

−0.1
· · · 1.03+0.18

−0.17
0.27+0.03

−0.03
156+36

−31
1.25+0.16

−0.12
99 347.6/299

nsa+phabs*pow 7.0+1.0

−1.0
1.0+0.1

−0.1
1.0+0.1

−0.1
· · · 1.07+0.18

−0.17
0.18+0.03

−0.03
476+186

−126
1.28+0.17

−0.13
99 338.5/299

Low2 pcfabs*pow 15.4+0.7

−0.7
1.0+0.1

−0.1
1.1+0.1

−0.1
97.7+0.6

−0.9
1.74+0.04

−0.04
· · · · · · 1.58+0.06

−0.06
· · · 171.4/154

phabs*pow 7.2+2.0

−1.8
1.1+0.1

−0.1
1.1+0.1

−0.1
· · · 0.85+0.31

−0.29
· · · · · · 0.69+0.15

−0.10
· · · 455.5/155

diskbb+phabs*pow 10.6+2.2

−2.0
1.0+0.1

−0.1
1.1+0.1

−0.1
· · · 1.24+0.32

−0.29
0.42+0.08

−0.06
112+42

−34
0.92+0.31

−0.17
98 168.3/153

bbody+phabs*pow 9.4+2.1

−1.8
1.0+0.1

−0.1
1.1+0.1

−0.1
· · · 1.12+0.31

−0.28
0.24+0.03

−0.02
175+42

−36
0.83+0.23

−0.14
98 175.9/153

nsa+phabs*pow 10.0+2.1

−1.9
1.0+0.1

−0.1
1.1+0.1

−0.1
· · · 1.18+0.30

−0.29
0.16+0.03

−0.02
579+238

−161
0.87+0.26

−0.15
98 170.7/153

Medium2 pcfabs*pow 10.3+0.6

−0.6
1.0+0.1

−0.1
1.0+0.1

−0.1
98.2+0.7

−1.0
1.58+0.06

−0.06
· · · · · · 4.62+0.20

−0.20
· · · 73.5/79

phabs*pow 6.2+1.5

−1.3
1.0+0.1

−0.1
1.0+0.1

−0.1
· · · 1.07+0.30

−0.28
· · · · · · 2.92+0.71

−0.44
· · · 181.3/80

diskbb+phabs*pow 8.2+2.1

−1.6
1.0+0.1

−0.1
1.0+0.1

−0.1
· · · 1.32+0.33

−0.30
0.43+0.28

−0.12
153+144

−94
3.54+1.41

−0.71
99 75.9/78

bbody+phabs*pow 7.4+1.7

−1.4
1.0+0.1

−0.1
1.0+0.1

−0.1
· · · 1.23+0.31

−0.29
0.23+0.07

−0.04
267+140

−107
3.27+1.03

−0.58
99 80.8/78

nsa+phabs*pow 7.7+1.7

−1.5
1.0+0.1

−0.1
1.0+0.1

−0.1
· · · 1.26+0.31

−0.29
0.15+0.06

−0.04
939+915

−469
3.36+1.10

−0.62
99 78.0/78

High2 pcfabs*pow 3.7+0.4

−0.3
1.1+0.1

−0.1
1.1+0.1

−0.1
95.4+1.9

−3.0
1.02+0.10

−0.10
· · · · · · 4.58+0.23

−0.23
· · · 40.5/56

phabs*pow 2.3+0.7

−0.6
1.1+0.1

−0.1
1.1+0.1

−0.1
· · · 0.78+0.25

−0.24
· · · · · · 4.14+0.47

−0.40
· · · 69.1/57

diskbb+phabs*pow 3.4+0.9

−0.8
1.1+0.1

−0.1
1.1+0.1

−0.1
· · · 1.00+0.27

−0.25
(0.54)d 106+15

−18
4.50+0.72

−0.51
99 41.9/56

bbody+phabs*pow 5.7+7.9

−1.9
1.1+0.1

−0.1
1.1+0.1

−0.1
· · · 1.10+2.68

−0.40
1.25+1.85

−0.98
40+143

−19
4.36+2.46

−1.88
90 37.9/55

nsa+phabs*pow 3.2+0.9

−0.7
1.1+0.1

−0.1
1.1+0.1

−0.1
· · · 0.98+0.27

−0.25
(0.18)d 638+92

−108
4.46+0.68

−0.49
99 42.0/56

Eclipsee pow · · · (1.0) (1.0) · · · 1.90+0.45

−0.43
· · · · · · 0.03+0.01

−0.01
· · · · · ·

X+N f pcfabs*cutoffpl (10.9) 1.4+0.1

−0.1
1.4+0.1

−0.1
(96.5) 1.43+0.07

−0.07
31+13

−7
· · · 1.76+0.07

−0.07
· · · 502.8/471

CR<0.1 pcfabs*pow 20.8+3.0

−2.4
· · · 1.1+0.2

−0.2
98.2+1.4

−4.2
1.75+0.13

−0.13
· · · · · · 0.91+0.11

−0.11
· · · 17.0/18

a 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 NH = 3.66×1020 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 X+N, C1 (or C2) is the cross-calibration factor for MOS 1 (MOS 2) w.r.t. pn. (MOS 1 or pn)
c For nsa, a non-magnetized (i.e., B < 109 G) neutron star of MNS = 1.4M⊙ and RNS = 10 km is assumed.
d The temperatures that could not be well converged were fixed to the values obtained from Average/Average2.
e 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 X+N is the Average1 and NuSTAR (data taken from S16) joint fit, where C1 and C2 are the cross-calibration factors for the focal

plane modules FPMA an FPMB w.r.t. MOS 1, respectively. The intrinsic NH, the cross-calibration factor for MOS 2, and the Fraction
parameter for pcfabs were all fixed to the values obtained from Average1 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 NH = 3.66×1020 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 Γ = 1.9+0.5

−0.4, with an inferred lu-

minosity of Lx ≈ 3 × 1031 erg s−1 (0.2–10 keV), which is
about 2% of the X-ray luminosity in Average1.

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
High1, the power-law components of Low1 and Medium1
are significantly harder than the previous ones. In par-
ticular the pcfabs component of Low1 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 Low1 unless the ADC is ex-
tremely extended. For LMXBs, the ADC can extend up
to 1R⊙ in the radial direction (Church & Ba lucińska-
Church 2004), which just slightly exceeds the companion
of 3FGL J0427.9−6704 (R2 = 0.83R⊙; S16), not to men-
tion that such an extended ADC requires a powerful cen-
tral engine of LX ∼ 1038 erg s−1 (Church & Ba lucińska-
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 Low1 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

density of 290 ± 7 and 300 ± 6µ Jy at 5.5 and 9.0 GHz,
respectively. For a power-law spectrum with flux density
Sν ∝ να, these values imply a mean α = 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 ± 18µ 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 × 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 10–40 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 Low1,
Medium1, and High1 X-ray categories described earlier,
the Low1 and Medium1 categories have mean radio flux
densities consistent with the full data set, while the High1
X-ray category is associated with a 5.5 GHz flux density
of 427±36µJy (brighter at 3.8σ) and a marginally steeper
radio spectrum of α = −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 ± 8µJy at
5.5 and 9.0 GHz, respectively, giving a spectral index of
α = 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+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 J1023+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 NH C2 Fraction Γ Lnth χ2
ν

(1022 cm−2) (%) (1033 erg s−1)

Low1 pcfabs*pow 11.9+0.8

−2.6
1.1+0.1

−0.1
100 1.28+0.10

−0.11
0.99+0.53

−0.05
117.0/95

Medium1 pcfabs*pow 9.6+0.8

−0.7
1.0+0.1

−0.1
98.3+0.9

−1.6
1.42+0.10

−0.10
3.86+0.22

−0.22
50.0/48

High1 pcfabs*pow 4.8+0.6

−0.5
1.0+0.1

−0.1
96.6+1.7

−3.0
1.21+0.13

−0.14
5.63+0.36

−0.36
22.2/33

aSee the caption of Table 1 for details.

TABLE 3
ATCA radio properties of 3FGL J0427.9−6704 in May 2017

Dataset 5.5 GHz 9.0 GHz Spectral Index
(µJy) (µJy) (α)

In eclipse 295 ± 21 334 ± 18 0.25 ± 0.22
Out of eclipse 290 ± 7 300 ± 6 0.07 ± 0.07
Low1 281 ± 8 302 ± 6 0.15 ± 0.10
Medium1 307 ± 20 268 ± 16 −0.28 ± 0.22
High1 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 NH?

Our flux-resolved X-ray spectral analysis showed an en-
hancement in NH 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 NH 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; Gierliński et al. 2002;
Gierliński & Poutanen 2005) and tMSPs (e.g., ≈ 3 km
for PSR J1023+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 (Γ ≈ 0.9–1.1) than that of the two
known tMSPs in the sub-luminous state (Γ ≈ 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 Low1 and
Medium1 (Γ ≈ 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., rm > rc),
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 J1023+0038 (e.g., the fourth X-ray flare just after
t = 2500 sec in Figure 2).

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 ∼ 10–40 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 NH 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/γ-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 ∼ 1010 – 1011 cm during the
sub-luminous disk state (a few thousands times larger
than the co-rotation radius of a MSP; Takata et al. 2014;
Li et 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 ∼ 109 cm (Li et al. 2014), which is
inconsistent with the result of S16 based on the optical
light curve modelling. The problem regarding the NH

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 LX > 1034 erg s−1 (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 LX & 1035

erg s−1, 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 LX : it
is comparably radio-luminous, has a flat spectrum, is
of substantial spatial extent (>> 3.5 × 1010 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 ∼ 1034 erg
s−1 and shows flare-like variability on time-scales of
a few ×100 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
∼ 2 ks−1. 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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