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ABSTRACT

The transitional millisecond pulsar (MSP) binary system PSR J1023+0038 re-entered an accreting state in 2013
June in which it bears many similarities to low-mass X-ray binaries (LMXBs) in quiescence or near-quiescence. At
a distance of just 1.37 kpc, PSR J1023+0038 offers an unsurpassed ability to study low-level accretion onto a
highly magnetized compact object. We have monitored PSR J1023+0038 intensively using radio imaging with the
Karl G. Jansky Very Large Array, the European VLBI Network and the Low Frequency Array, seeing rapidly
variable, flat spectrum emission that persists over a period of six months. The flat spectrum and variability are
indicative of synchrotron emission originating in an outflow from the system, most likely in the form of a compact,
partially self-absorbed jet, as is seen in LMXBs at higher accretion rates. The radio brightness, however, greatly
exceeds extrapolations made from observations of more vigorously accreting neutron star LMXB systems. We
postulate that PSR J1023+0038 is undergoing radiatively inefficient “propeller-mode” accretion, with the jet
carrying away a dominant fraction of the liberated accretion luminosity. We confirm that the enhanced γ-ray
emission seen in PSR J1023+0038 since it re-entered an accreting state has been maintained; the increased γ-ray
emission in this state can also potentially be associated with propeller-mode accretion. Similar accretion modes can
be invoked to explain the radio and X-ray properties of the other two known transitional MSP systems XSS
J12270–4859 and PSR J1824–2452I (M28I), suggesting that radiatively inefficient accretion may be a ubiquitous
phenomenon among (at least one class of) neutron star binaries at low accretion rates.

Key words: accretion, accretion disks – pulsars: individual (PSR J1023+0038) – radio continuum: stars –
X-rays: binaries

1. INTRODUCTION

Pulsars are rotating neutron stars, spinning down as they lose
their rotational energy in the form of a pair-plasma wind, γ- and
X-rays, and radio waves. Millisecond pulsars (MSPs), with
periods 20 ms and fields ~108 G, have long been thought to
be old pulsars spun up by a “recycling” process (Smarr &
Blandford 1976; Alpar et al. 1982; Radhakrishnan &
Srinivasan 1982) in low-mass X-ray binaries (LMXBs). During
this process, material from a lighter companion is transferred to
the pulsar via an accretion disk, spinning it up. This general
model is well-supported by observations of neutron star
LMXBs, which in a few cases actually show millisecond
X-ray pulsations as the accreting material forms hotspots at the
magnetic poles of the neutron star (the so-called accreting
millisecond X-ray pulsars or AMXPs; Wijnands & van der
Klis 1998; Patruno & Watts 2012, and references therein). That
said, the end of this recycling process, when accretion stops
and the radio pulsar becomes active, remains mysterious: why
and when does accretion stop? How does the episodic nature of
LMXB accretion affect the spin frequency of the neutron star?
What happens when the accretion rates are too low to
overcome the “centrifugal barrier” imposed by the pulsar’s
magnetic field and spin? What happens to the accretion stream
when the pulsar becomes active, producing a powerful pair-
plasma wind? What is the ultimate fate of the companion in
such a system?

A range of ideas have been put forward to answer these
questions, but they have been very difficult to test against
observations due to the lack of systems known to be in such
transitional states. Recently, however, three systems have been
observed to transition between an (eclipsing) radio pulsar state
and an LMXB state where an accretion-disk is present: PSR
J1023+0038 (hereafter J1023; Archibald et al. 2009; Patruno
et al. 2014; Stappers et al. 2014), PSR J1824–2452I (M28I;
Linares et al. 2014; Papitto et al. 2013), and XSS J12270–4859
(hereafter XSS J12270; Bassa et al. 2014; Roy et al. 2015). A
fourth system, 1RXS J154439.4–112820, is also suspected to
be a member of this same class of transitional systems, but has
not yet been seen as a radio pulsar (Bogdanov & Hal-
pern 2015).
It is already clear that the end of accretion is an episodic

process. During the episodes where an accretion disk is present,
several possible inner-disk behaviors are suggested by X-ray
observations. M28I exhibited millisecond X-ray pulsations and
thermonuclear bursts at relatively high X-ray luminosities
( ~L 10X

36 erg s−1), attributes consistent with AMXPs during
outburst. J1023 and XSS J12270, however, have never been
observed by X-ray all-sky monitors to exceed ~L 10X

34.5

erg s−1, and the nature of these relatively faint X-ray states is
unclear. One possibility would be so-called “propeller-mode
accretion,” in which material from the companion forms an
accretion disk extending down into the pulsar’s light cylinder
and shorting out the radio pulsar activity (Illarionov &
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Sunyaev 1975; Ustyugova et al. 2006). In propeller-mode
accretion, the pressure of infalling material is balanced by the
magnetic field of the neutron star outside the corotation radius;
as a result, the neutron star’s rotation accelerates the inner edge
of the disk and material cannot fall further inward (the
“centrifugal barrier”), instead being ejected in polar outflows. If
the gas cannot be expelled from the system (for example,
because the centrifugal barrier is insufficient to bring the gas to
the escape velocity; Spruit & Taam 1993) then the inner
accretion disk regions can become a “dead disk” (Syunyaev &
Shakura 1977) and remain trapped near co-rotation (D’Angelo
& Spruit 2010, 2012). In this case, episodic accretion onto the
neutron-star is still possible. Eksi̧ & Alpar (2005) suggest that
there may even be a narrow window in which a disk can remain
stably balanced outside the pulsar’s light cylinder, in which
case excess material might be expelled from the system by the
wind from the active pulsar. Very recently, the detection of
X-ray pulsations in J1023 has shown that a trickle of matter is
reaching the neutron star surface during the LMXB state
(Archibald et al. 2015), ruling out models in which none of the
accreting material manages to pass the centrifugal barrier. After
submission of this manuscript, coherent X-ray pulsations from
XSS J12270 were also found (Papitto et al. 2015), highlighting
the remarkable similarity between these two systems.

Radio imaging observations provide a complementary
viewpoint on the accretion processes in LMXBs, since the
radio emission is thought to be primarily generated in
outflowing material. The most luminous (as measured from
their X-ray emission) neutron star LMXBs, known as the “Z-
sources,” have all shown radio continuum emission, which in a
number of cases has been resolved into collimated jets (e.g.,
Fender et al. 1998; Fomalont et al. 2001; Spencer et al. 2013).
Several of the more numerous, lower-luminosity “atoll
sources” have also shown continuum radio emission, although
other than a marginal detection in Aql X-1 (Miller-Jones
et al. 2010), these have not been spatially resolved, and their
intrinsic radio faintness has typically precluded detailed study.
black hole LMXBs show significantly brighter radio continuum
emission than their neutron star counterparts (Migliari &
Fender 2006), which at high luminosities has been spatially
resolved into extended jets (Dhawan et al. 2000; Stirling
et al. 2001). At lower luminosities, the continuum radio
emission from black hole systems is attributed to conical,
partially self-absorbed jets (Blandford and Königl 1979),
owing to the flat radio spectra, the high radio brightness
temperatures, and the unbroken correlation between radio and
X-ray emission ( µL Lr X

0.7; e.g., Corbel et al. 2000; Gallo
et al. 2003). While this correlation is seen to hold down to the
lowest detectable X-ray luminosities in the black hole systems
(Gallo et al. 2006, 2014), the radio behavior of neutron stars
has not been studied to-date at X-ray luminosities
1035 erg s−1. The solid surface of a neutron star should make
the accretion flow radiatively efficient, in contrast to the
radiatively inefficient accretion flows around quiescent black
holes, and simple accretion theory then predicts a steeper
radio/X-ray correlation index for neutron star systems, of

µL Lr X
1.4 (e.g., Migliari & Fender 2006). While possible

correlations between the radio and X-ray emission have been
reported for two systems (Migliari et al. 2003; Tudose
et al. 2009), they were only derived over a small range in
X-ray luminosity, and differ markedly in the reported
correlation indices. Deep radio imaging observations of low-

luminosity neutron star systems would ascertain whether they
are also able to launch jets when accreting far below the
Eddington luminosity, and via comparisons with the behavior
of their black hole counterparts, could determine the role
played by the event horizon, the depth of the gravitational
potential well, and the stellar magnetic field, in launching jets.
A study of J1023 has the potential to answer several of the

outstanding questions concerning pulsar recycling and neutron
star accretion physics posed above. The system consists of PSR
J1023+0038, a “fully” recycled MSP (where fully recycled is
usually defined as P 10 ms) with P = 1.69 ms, plus a stellar
companion with a mass of 0.24Me(Archibald et al. 2009;
Deller et al. 2012). Multiple lines of evidence point to the fact
that J1023 is a transitional object; the companion appears to be
Roche-lobe-filling, and the MSP exhibits timing variability
consistent with the presence of substantial amounts of ionized
material in the system (Archibald et al. 2009, 2013). Moreover,
archival optical and ultraviolet data from the period 2000 May–
2001 January, combined with the knowledge that J1023
harbours a neutron star, showed that J1023 possessed an
accretion disk during this time (Thorstensen & Armstrong 2005;
Archibald et al. 2009).
Recently, the transitional nature was spectacularly confirmed

when J1023 abruptly returned to an LMXB-like state, complete
with double-peaked emission lines and optical and X-ray
flickering, indicating an accretion disk, and the disappearance
of radio pulsations (Halpern et al. 2013; Patruno et al. 2014;
Stappers et al. 2014). Archibald et al. (2015) show that
coherent X-ray pulsations are (intermittently) present in the
LMXB state, indicating that material is being accreted onto the
neutron star surface, in contrast to most theoretical models.
These coherent X-ray pulsations are present while X-ray
luminosity is a factor of 10–100 lower than that at which
pulsations have been seen in other AMXPs (Archibald et al.
2015, particularly Figure 5). This implies that channeled
accretion similar to that seen in higher-luminosity AMXPs is
occurring at a much lower accretion rate in J1023 (the amount
of material reaching the stellar surface must be in the range of

-- -10 1013 11 Me yr−1; Archibald et al. 2015), offering the
opportunity to develop a more complete understanding of the
accretion process across the whole population of LMXBs.
Since J1023 is relatively nearby (d = 1.37 kpc; Deller
et al. 2012), it is an excellent testbed for studying the accretion
process at very low mass-transfer rates, and the fact that the
system parameters are precisely known from its time as a radio
pulsar (Archibald et al. 2013) is an added bonus.
The X-ray luminosity (measured in the 1–10 keV band)7 of

J1023 in the LMXB state is ~ ´2.3 1033 erg s−1 (Bogdanov
et al. 2015, converted from the reported 0.3–10 keV value
using webPIMMS),8 substantially brighter than the
9× 1031 erg s−1 observed in the radio pulsar state (Archibald
et al. 2010, converted from the reported 0.5–10 keV value
using webPIMMS). Optical observations (Halpern et al. 2013)
make it clear that a disk is present, but the details are unclear.
Particularly puzzling is a five-fold increase in the system’s γ-
ray luminosity (measured in the 0.1–300 GeV range; Stappers
et al. 2014) relative to its radio pulsar state (when the γ-rays are
thought to be produced directly in the pulsar magnetosphere;
Archibald et al. 2013). No radio pulsations have been detected

7 Throughout this paper, we use the 1–10 keV band to compare X-ray
luminosities between different systems (as used by, e.g., Gallo et al. 2014).
8 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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from the system in the LMXB state (Stappers et al. 2014), but
even in its radio pulsar state the signal is eclipsed for ∼50% of
the orbit at observing frequencies 1.4 GHz by ionized
material in the system (Archibald et al. 2013). Given the clear
evidence for accreted material reaching the neutron star surface
provided by the X-ray pulsations, it seems inescapable that the
radio pulsar mechanism is unable to function, at least a
majority of the time, during the LMXB state (Archibald et al.
2015). However, the balance between accreted and ejected
material remains unknown, while the possibility remains that
the radio pulsar mechanism and associated pulsar wind could
reactivate during the brief cessations of X-ray pulsations—but
only if the radio emission is then being scattered or absorbed in
intervening ionized material, to remain consistent with the non-
detection of radio pulsations.

To investigate the scenarios presented above, radio imaging
observations can be employed. A compact jet launched by the
accretion disk would exhibit a flat to slightly inverted radio
spectrum in the centimeter range (  a0 0.5, where α is the
spectral index and flux density nµ a), due to the superposition
of self-absorbed synchrotron components originating in
different regions along the jet (Blandford and Königl 1979).
Depending on the conditions in the jet, optically thin
synchrotron emission could also be (intermittently) dominant,
with a spectral index of  a- -1 0.5. A typical example is
the black hole LMXB GX 339–4, whose radio spectral index,
as monitored over 10 years, is consistently bounded by the
range  a-0.2 0.5, but showed one excursion into an
optically thin regime with a = -0.5 (Corbel et al. 2013). If the
radio pulsar mechanism remained active, this could be clearly
differentiated from jet emission by its much steeper spectrum
(a = -2.8; Archibald et al. 2009). A potential complication is
the presence of free–free absorption in intervening material,
which could have originated from the companion’s Roche-lobe
overflow. This would lead to a suppression of the lower
frequency emission, and could make the interpretation of
spectra with a limited fractional bandwidth difficult.

In order to determine the presence and nature of any jet
launched by accretion onto J1023 and to determine whether the
radio pulsar remains (intermittently) active while the disk is
present, we made observations with the Karl G. Jansky Very
Large Array (VLA), the European VLBI Network (EVN), and
the Low Frequency Array (LOFAR) to cover a wide range of
timescales, frequencies, and angular resolutions. We support
these radio observations with X-ray monitoring from the Swift
telescope, and an analysis of the publically available Fermi γ-
ray data. These observations are described in Section 2, and the
results are presented in Section 3. Our interpretation of the
nature of the radio emission from the system, as well as the
implications for our general understanding of accreting
compact objects, are presented in Section 4.

2. OBSERVATIONS AND DATA PROCESSING

We observed J1023 in the radio band a total of 15 times
between 2013 November and 2014 April. These observations
are summarized in Table 1. For all observations, the position
for J1023 was taken from the VLBI ephemeris presented in
Deller et al. (2012). During this period, J1023 was also
monitored in the X-ray band with the Swift satellite. The X-ray
observations are described in Section 2.4 below.

2.1. VLA Observations

Our VLA observations were made using Director’s Discre-
tionary Time (DDT) under the project codes 13B-439 and 13B-
445. All VLA observations made use of the source J1024–0052
as a gain calibrator, with a calibration cycle time ranging from
10 minutes at the lower frequencies to 2.5 minutes at
12–18 GHz. Pointing solutions were performed every hour
during the observation on MJD 56679 (which included
12–18 GHz scans). The source 1331+305 (3C286) was used
as both the bandpass and the primary flux reference calibrator
at all frequencies. Additionally, from the third VLA epoch
onward, a scan of J1407+2827 was included to calibrate the
instrumental polarization leakage. The VLA observations were
reduced in CASA (McMullin et al. 2007), using a modified
version of the standard VLA pipeline9 which incorporated
additional steps for the calibration of instrumental polarization,
following standard procedures and using J1331+3030 as the
polarization angle calibrator. After an initial pipeline run, the
data were inspected and additional manual editing was
performed to remove visibilities corrupted by radio frequency
interference, after which the basic calibration was re-derived.
For each frequency, a concatenated data set, including all data
at that band, was produced in order to make the most accurate
possible model of the field.
The brightest source in the field surrounding J1023 is

J102358.2+003826, a galaxy at redshift 0.449 (obtained with
SDSS spectroscopy; Ahn et al. 2014) with a flux density of
30 mJy at 5 GHz and a steep spectral index (α = −0.8). At
frequencies above 2 GHz it dominates the field model we
construct for self-calibration. It is resolved by the VLA at all
frequencies and in all configurations, and the use of a multi-
frequency, multi-scale clean (nterms = 2 in the clean method of
CASA) was essential to obtain an acceptable Stokes I model
with the wide bandwidths available to the VLA. This model
reveals that the bright core is less steep (α ∼ −0.4) than the

Table 1
Radio Imaging Observations of J1023

Start MJD Duration (hr) Instrumenta Frequency Range (GHz)

56606.68 2.0 VLA (B) 4.5–5.5, 6.5–7.5
56607.18 5.0 LOFAR 0.115–0.162
56607.57 1.0 VLA (B) 2.0–4.0
56609.09 7.5 EVN 4.93–5.05
56635.52 1.0 VLA (B) 8.0–12.0
56650.39 1.0 VLA (B) 8.0–12.0
56664.31 1.0 VLA (B) 8.0–12.0
56674.40 1.0 VLA (B) 8.0–12.0
56679.46 2.5 VLA (BnA) 1.0–2.0, 4.0–8.0, 12.0–18.0
56688.38 1.0 VLA (BnA) 8.0–12.0
56701.21 1.0 VLA (BnA)b 8.0–12.0
56723.35 1.0 VLA (A) 8.0–12.0
56735.28 1.0 VLA (A) 8.0–12.0
56748.06 1.0 VLA (A) 8.0–12.0
56775.20 1.0 VLA (A) 8.0–12.0

Notes.
a VLA = The Karl G. Jansky Very Large Array, configuration indicated in
parentheses; EVN = The European VLBI Network; LOFAR = The Low
Frequency Array.
b Observation made during the move from BnA to A array, and hence had
reduced sensitivity and sub-optimal uv coverage.

9 https://science.nrao.edu/facilities/vla/data-processing/pipeline
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surrounding arcsecond-scale extended emission (α  −1.0), as
shown in Figure 1. An iterative procedure of self-calibration
and imaging was used at all bands. Depending on the frequency
(and hence the field of view), a number of other background
sources are visible; the source J102348.2+004017 (intrinsic
flux density ∼200 μJy at 10 GHz, intrinsic spectral index −0.7)
is separated from J1023 by 2 arcmin and is visible in all
epochs. We refer to this source hereafter as the “check” source;
the fitted brightness of this source (which should not vary in
time during an observation) is used to ensure that our absolute
flux calibration is adequate.

With the Stokes I field model and calibrated data sets in
hand, the following self-calibration and imaging procedure was
followed for each epoch.

1. The data were self-calibrated and all sources, except for
J1023 and the check source, were subtracted. At
frequencies of 8 GHz and above, a solution interval of
75 s for phase calibration and 45 minutes for amplitude +
phase calibration was used; at 4–8 GHz, the phase self-
calibration interval was 30 s and the amplitude self-
calibration interval was 10 minutes, and below 4 GHz the
self-calibration interval was 15 s and the amplitude self-
calibration interval was 5 minutes.

2. In the 8–12 GHz epochs, the amplitude self-calibration
was inverted and the inverted solutions applied to the
subtracted data set, to undo the effects of the amplitude
self-calibration. This was necessary due to the location of
the source J102358.2+003826 at or beyond the half-
power point of the antenna primary beam, meaning that
pointing errors dominated the amplitude self-calibration
solutions. Application of these solutions to the target or
check source direction would be counter-productive, so

they were only used to obtain an accurate subtraction of
J102358.2+003826. At lower frequencies, J102358.2
+003826 is well inside the primary beam and this
inversion is unnecessary.

3. Multi-frequency clean with nterms = 2 was used to
derive the average brightness and spectral index of J1023
and the check source over the entire observation in Stokes
I. When cleaning, a clean box with the same size as the
synthesized beam was placed on the known source
position. The reference frequency was set to 1.5, 3, 6, 10,
or 15 GHz, depending on the recorded band.

4. If J1023 was not detected, an estimate of the noise σ was
made using a 60 × 60 pixel area in the center of the
residual image, and a 3σ upper limit was recorded.

5. If J1023 was detected, then a point-source model was fit
to the image using the task imfit and the flux density
(taken from the fitted peak brightness, since the source is
unresolved), spectral index, and spectral index error were
recorded. This step was also always performed for the
check source.

6. For the epochs when J1023 was brightest, we reimaged
the data in Stokes I, Q, U, and V, using nterms = 1 since
multi-frequency deconvolution with multiple Taylor
terms cannot be performed on multiple Stokes
parameters.

7. Additionally, a light curve was made in Stokes I by
cleaning short segments of time. The granularity of the
light curve depended on the flux density during the
epoch, and ranged from 30 s during the brightest epochs
to ∼8 minutes (the scan duration) during the faintest
epochs. As will be shown below, the spectral index of

Figure 1. VLA image of the source J102358.2+003826, which dominates the field at frequencies above 2 GHz. The grayscale shows 4–8 GHz emission on a
logarithmic scale, while the contours show the emission at 8–12 GHz. The first contour is at 3σ (8 μJy beam−1) and the contours increase by factors of two. Much of
the extended emission is lost in the 8–12 GHz image, due to a combination of higher resolution and the steep spectrum ( a -1) of the extended emission. An
accurate model of this source was necessary to avoid sidelobe contamination at the position of J1023.
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J1023 was typically very flat, and, accordingly, this step
was performed with a simple clean (nterms = 1).

8. For both J1023 and the check source, the flux density was
estimated for each time slice using the task imfit as in
point 5 above. The error in the flux density was estimated
from the rms in an off-source box, as the brightness error
reported by imfit is typically underestimated unless a
large region is included in the fit (in which case the
convergence of the fit was often unreliable).

9. The measured flux densities and spectral indices were
corrected for the effects of the primary beam, using a
simple Airy disk model of the beam, which assumed an
effective diameter of 25 m.

Using the check source, it was possible to examine the
consistency of both the overall amplitude scale between epochs
and the amplitude scale within an epoch. For every epoch, we
compared the fitted flux density of the check source (with
errors) at each time slice to the average value over the whole
epoch, and computed the reduced c2 assuming a constant
value. The reduced c2 obtained in this manner ranged between
0.7 and 1.6 for the 10 GHz observations, consistent with a
constant flux density to within the measurement error given the
small sample size of 10–35 measurements per epoch.
Accordingly, the amplitude scale within a single observation
at 10 GHz is reliable. For the single observation on MJD56606
at 5 and 7 GHz, the reduced chi-squared of the check source
amplitude is 2.1, which may be indicative of an incomplete
model for J102348.2+004017 at this frequency, and means that
the flux density errors in this observation are possibly slightly
underestimated. However, this does not affect the conclusions
that follow.

Between epochs, however, the measured flux density of the
check source at 10 GHz varied between 90 and 160 μJy, and is
inconsistent with a constant value, indicating an epoch-
dependent absolute flux calibration error of up to ∼25% in
several epochs (although 8 of the 10 epochs fall within the
range of 110–130 μJy). This can be readily understood by
inspecting Figure 2, which shows that the check source is close
to the half-power point of the antenna primary beam, and so
pointing errors of tens of arcseconds (typical for the VLA
without pointing calibration) will lead to considerable ampli-
tude variations (25% for a pointing error of 30″). However,
these pointing errors would not lead to similarly dramatic
amplitude calibration uncertainties at the position of J1023,
since it is much closer to the pointing center (up to a maximum
of 10% for a pointing error of 30″). We estimate that the
absolute calibration of the J1023 flux values varies betweeen
epochs by 5%–10%, and include a 10% error contribution in
quadrature when quoting average flux density values for an
epoch.

2.2. EVN Observations

J1023 was observed with the very long baseline interfero-
metry technique (VLBI), with the EVN in real-time e-VLBI
mode on 2013 November 13 between 2:00 and 10:00 UT. The
following telescopes of the e-EVN array participated: Jodrell
Bank (MkII), Effelsberg, Hartebeesthoek, Medicina, Noto,
Onsala (25 m), Shanghai (25 m), Toruń Yebes, and the phased-
array Westerbork Synthesis Radio Telescope (WSRT). The
total data rate per telescope was 1024Mbit s−1, resulting in a
total bandwidth of 128 MHz in both left- and right-hand

circular polarization spanning 4.93–5.05 GHz, using 2 bit
sampling. Medicina and Shanghai produced the same band-
width using 1 bit sampling and a total data rate of 512 Mbit s−1

per telescope. The target was phase-referenced to the nearby
calibrator J1023+0024 in cycles of 1.5 minutes (calibrator)–
3.5 minutes (target). The position of J1023+0024 was derived
from the astrometric solution of Deller et al. (2012). Check
scans on the calibrator J1015+0109, with coordinates taken
from the NASA Goddard Space Flight Center (GSFC) 2011A
astro solution, were also included.
The data were correlated with the EVN Software Correlator

(SFXC; Pidopryhora et al. 2009) at the Joint Institute for VLBI
in Europe in Dwingeloo, the Netherlands. The data were
analyzed in the 31DEC11 version of AIPS (e.g., Greisen 2003)
using the ParselTongue adaptation of the EVN data calibration
pipeline (Reynolds et al. 2002; Kettenis et al. 2006). Imaging
was performed in version 2.4e of Difmap (Shepherd
et al. 1994) using natural weighting. J1023 was tentatively
detected with a peak brightness of 50 ± 13 μJy beam−1 (3.8σ
significance) at the expected position (which is known to an
accuracy much better than the synthesized beam size (Deller
et al. 2012), making a 3.8σ result significant).
To assess the quality of phase-referencing in our VLBI

experiment, we compared the phase-referenced and phase self-
calibrated e-EVN data on J1015+0109. This revealed that the
amplitude losses due to residual errors in phase-referencing did
not exceed the 10% level. The difference between the phase-
referenced and the a priori assumed coordinates were 0.25 mas
in right ascension and 2.5 mas in declination; the latter slightly
exceeds the 3σ error quoted in the GSFC astro solution, and it
is probably because of the difference between the true and the
assumed tropospheric zenith delay during the correlation. This

Figure 2. Location of the target source, the brightest source in the field
(J102358.2+003826) and the “check” source, for the 8–12 GHz VLA
observations. The pointing center was slightly offset from J1023 to ensure
that the response in the direction of J102358.2+003826 was not too greatly
attenuated, while maintaining near-optimal sensitivity at the position of J1023.
The dashed and dotted lines show the half power point of the VLA primary
beam at 8 GHz and 12 GHz respectively. Both J102358.2+003826 and the
check source sit close to the edge of the primary beam, and hence their
measured flux density can be substantially affected by pointing errors (see the
text for details).

5

The Astrophysical Journal, 809:13 (17pp), 2015 August 10 Deller et al.



source position shift is nevertheless within the naturally
weighted beamsize of 6.1 × 3.1 mas, and the major axis
position angle of 81°. Finally, in addition to the e-EVN data,
we also processed the WSRT local interferometer data in AIPS.
Comparison of WSRT and e-EVN flux densities of compact
calibrators showed that the absolute calibration of the VLBI
amplitudes was accurate to ∼4%.

2.3. LOFAR Observations

J1023 was observed by LOFAR (van Haarlem et al. 2013)
for 5 hr on 2013 November 13, between 04:22 and 09:19 UT
(and hence spanning more than one full orbit), in a DDT
observation. The observing bandwidth was 48MHz, spanning
the frequency range of 114–162MHz. All Dutch stations were
included, for a total of 60 correlated elements. 3C196 was used
as a calibrator source and was observed for 1 minute every
15 minutes. The field centered on J1023 was iteratively self-
calibrated, beginning with a model built from the revised VLSS
catalog (Lane et al. 2014), followed by imaging at low
resolution, further self-calibration, and finally imaging at high
resolution (using a maximum baseline length of 25 km). For the
results described below, only the bandwidth range of
138.5–161.7MHz was used.

When in the radio pulsar state, J1023ʼs rotation-powered
radio pulsations were easily detectable using LOFAR’s high-
time-resolution beam-formed modes (Stappers et al. 2011) and
would have been similarly obvious in imaging observations,
with a period-averaged 150MHz flux density of ∼40 mJy
(V. Kondratiev et al. 2015, in preparation). In our observations,
J1023 was not detected, with a 3σ upper limit of
5.4 mJy beam−1. The attained image rms is a factor of 10
higher than the predicted thermal rms, and is limited by
sidelobes from bright sources in the field which are corrupted
by direction-dependent gain errors. The observation spanned
local sunrise, which is a time of rapid ionospheric variability
and hence worse than usual direction-dependent errors.
Improvements in LOFAR data reduction techniques since the
time of these observations, including direction-dependent gain
calibration, mean that images that closely approach the thermal
noise are now becoming possible, and we therefore anticipate
being able to improve upon these limits in a future analysis.

2.4. Swift X-Ray Observations

We analyzed 52 targeted Swift observations taken between
2013 October 31 and 2014 June 11, most of which were also
presented in Coti Zelati et al. (2014). We used all data recorded
by the Swift X-ray-Telescope (XRT) which always operated in
photon-counting mode (PC mode), with a time resolution of
2.5 s. The cumulative exposure time was»87 ks. The data were
analyzed with the HEASoft v.6.14 and xrtpipeline and
we applied standard event screening criteria (grade 0–12 for
PC data).

We extracted the photon counts from a circular region of a
size between 20 and 40 arcsec (depending on the source
luminosity). The background was calculated by averaging the
counts detected in three circular regions of the same size
scattered across the field of view after verifying that they did
not fall close to bright sources. The 1–10 keV X-ray counts
were then extracted and binned in 10 s intervals with the
software xselect. The X-ray counts were then corrected with
the task xrtlccorr, which accounts for telescope vignetting,

point-spread function corrections and bad pixels/columns and
rebinned the counts in intervals of 50 s.

2.5. Fermi γ-Ray Monitoring

We examined the Fermi data on J1023 up to 2014 October
20, extending the light curve shown in Stappers et al. (2014) to
a time baseline in the LMXB state of almost 16 months. As in
Stappers et al. (2014), we carried out the analysis in two ways.
First, we selected a spectral model for J1023 and all sources
within 35°. We then divided the time of the Fermi mission into
segments of 5 × 106 s in length, and using the 0.1–300 GeV
photons within 30° of the position of J1023 from each time
segment, we fit for the normalizations of all sources within 7°
of J1023 (we followed the binned likelihood tutorial on the
Fermi Cicerone).10 The normalization of J1023 serves as an
estimate of background-subtracted γ-ray flux. Because this
method depends on complex spectral fitting procedures, we
estimated the flux using a simple aperture photometry method
as well: we selected all photons within one degree of J1023 and
1–300 GeV (since photons with lower energies have a
localization uncertainty greater than a degree), then used their
exposure-corrected flux.

3. RESULTS

3.1. Radio Spectral Index

Figure 3 illustrates the instantaneous radio spectrum
obtained for J1023 in three different observations: the
4.5–7.5 GHz observation on MJD 56606, the 8–12 GHz
observation on MJD 56674 (when the source was brightest),
and the three-frequency observation on MJD 56679. Table 2
lists the spectral indices obtained from all of the VLA
observations where J1023 was detected. The median value of
α from the 12 observations with a spectral index determination
is 0.04. The limited precision of the spectral index determina-
tion during the fainter epochs makes it difficult to say with
certainty within what range the spectral index varies;
considering only the reasonably precise measurements (with
an error <0.3) yields a range of a- < <0.3 0.3. In any case, it
is certain that there is some variability: the reduced c2 obtained
when assuming a constant spectral index across all 12 epochs is
3.0, and some of the better-constrained epochs differ at the 3σ
level. Within a single epoch, we were able to test for spectral
index variability on timescales down to ∼5 minutes only for
the few observations where J1023 was brightest; here, variation
at the 2σ level ( aD  0.3) was seen on timescales of ∼30
minutes. This variability on timescales of minutes to months
would be expected if the emission originated in a compact jet
because the observed spectrum is made up of the sum of
individual components along the jet (which have different
spectra) whose presence and prominence changes with time.
We examined the possibility of a spectral turnover of J1023

at frequencies below 4 GHz, as is expected theoretically for a
partially self-absorbed compact jet (e.g., Markoff et al. 2001),
but not unambiguously detected to date in any compact jets
from an LMXB. Although relatively few deep, low-frequency
observations have been made of LMXBs, we note that the
bright black hole high mass X-ray binary Cygnus X-1 has been
detected at frequencies as low as 350MHz (G. de Bruyn,
private communication) Only two observations of around

10 http://tinyurl.com/fermibinnedtutorial

6

The Astrophysical Journal, 809:13 (17pp), 2015 August 10 Deller et al.

http://tinyurl.com/fermibinnedtutorial


40 minutes on-source each were made of J1023 below 4 GHz,
and the sensitivity is somewhat poorer than at the other
frequencies due to reduced bandwidth. In the three-frequency
VLA observation of MJD 56679, the flux density of J1023 was
relatively low, and the 1–2 GHz upper limit of 72 μJy (3σ) is
consistent with the extrapolated flux density from the higher
frequencies (30–50 μJy). In the 2–4 GHz observation of MJD
56607, J1023 was not detected in the average image, with a 3σ
upper limit of 30 μJy beam−1. However, in the corresponding
light curve of the 2–4 GHz observations, ∼3σ peaks at the
∼60 μJy beam−1 level are seen at the position of J1023 in two
of the eight scans, and we treat these as possible detections. In
any case, the average flux density during this observation must
be considerably lower than the minimum value of ∼45 μJy
seen at higher frequencies in any 40 minutes period; if there is

no spectral turnover, then J1023 must have been a factor of ~2
fainter in this epoch than in any other observation. More low-
frequency (preferably simultaneous) observations would be
needed to definitively determine whether a spectral turnover is
present.

3.2. Radio Variability

In the 15 radio observations made in the period of 2013
November to 2014 April, the flux density of J1023 varies by
almost two orders of magnitude, with factor-of-two variability
within 2 minutes and order-of-magnitude variability on time-
scales of 30 minutes. Figures 4 and 5 show the radio light curve
over this six-month period; note the rapid variability and high
flux density during the observation of MJD 56674. From light
travel time arguments, we can therefore constrain the maximum
source size to be 120 light-seconds, ∼30 times the binary
separation of 4.3 light-seconds (Archibald et al. 2013),
although it could of course be considerably smaller. Given
the observed flux density of 1 mJy, the brightness temperature
must reach at least 3× 108 K. If we neglect the effects of
relativistic beaming (the system inclination is known to be 42°;
Archibald et al. 2013), then under the typical assumption of a
maximum brightness temperature of 1012 K (as expected for
unbeamed, incoherent, steady-state synchrotron emission) we
can calculate the minimum source size to be ∼2 light-seconds:
around half the binary separation, and 7500 times larger than
the pulsar light cyclinder (81 km; Bogdanov et al. 2015).
We also searched for a frequency-dependent time delay in

our VLA light curves. For the observation of MJD 56674
where the source was brightest and shows the most rapid
variability, we imaged the data from 8 to 10 GHz and 10 to
12 GHz separately with a time resolution of 30 s. We then
performed a cross-correlation analysis to determine if any time
lag was present at the lower frequency, as might be expected
for a jet in which the lower frequency emission primarily
originates further from the origin. No significant offset was
detected, which is unsurprising given the 30 s time resolution
(the shortest timescale at which we still obtain detections of a
reasonable significance) and the source size limits derived
above.

Figure 3. Radio spectrum of J1023, as seen at 4.5–7.5 GHz during a period of
typical flux density (MJD 56606, top), 8–12 GHz during a period of enhanced
flux density (MJD 56674, middle), and 1–18 GHz during a period of relatively
low activity (MJD 56679, bottom). The gray shaded region shows the 1σ error
region (including the fitted errors on reference flux density and spectral index).

Table 2
Per-epoch Average Flux Density and Spectral Index Values for J1023

Start MJD
Reference Fre-
quency (GHz)

Flux Den-
sity (μJy) Spectral Index

56606.68 6 122 ± 12 0.09 ± 0.18
56607.18 3 <30 K
56635.54 10 85 ± 9 0.93 ± 0.48
56650.41 10 428 ± 43 −0.18 ± 0.10
56664.34 10 160 ± 16 −0.02 ± 0.24
56674.42 10 533 ± 53 −0.27 ± 0.07
56679.50 10 70 ± 7 0.27 ± 0.12
56688.41 10 101 ± 10 0.15 ± 0.34
56701.23 10 78 ± 9 0.82 ± 0.64
56723.37 10 76 ± 8 0.49 ± 0.47
56735.30 10 100 ± 10 −0.23 ± 0.35
56748.09 10 54 ± 6 −0.31 ± 0.61
56775.22 10 45 ± 6 −0.93 ± 0.73

Note. The quoted uncertainties for the average flux density include statistical fit
errors and the estimated 10% uncertainty in the absolute flux density scale; the
latter dominates.
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The radio flares seen with the VLA (Figure 5) could be
related to the observed X-ray flaring activity, but the radio
emission from J1023 does not appear to exhibit the short,
sharply defined excursions to a lower luminosity mode that
are seen in X-ray observations (Bogdanov et al. 2015).
Although we lack the sensitivity to probe the radio emission
to very faint levels on minute timescales, in the periods of the
brightest radio emission (MJD 56650 and 56674), we can
exclude sharp “dips” in flux density on timescales of two
minutes. In general, the variation appears to be slower in
radio than X-ray, and this slower variation implies that the
radio emission region is more extended than the region in
which the X-rays are produced.

Table 2 shows the mean flux density (at the central
frequency of 3, 6, or 10 GHz as appropriate) and spectral
index observed for J1023 at each epoch.

3.3. Radio Polarization

Our best constraints on the fractional polarization of the
radio continuum emission come from the two epochs when
J1023 was brightest (MJD 56650 and 56674). Although linear
polarization was detected from J102358.2+003826 (which,
given its location beyond the half-power point of the primary
beam, could be instrumental), J1023 showed no evidence for
significant linear polarization in either epoch, down to a 3σ
upper limit on the fractional polarization of 3.9%. To get the
best possible limit, we selected only the time periods when the
Stokes I emission from J1023 exceeded 500 μJy beam−1 in
each epoch, stacked those data from the two epochs, and made
a combined image in Stokes I, Q, U, and V. This allowed us to
reduce our s3 limit on the fractional polarization to
24 μJy beam−1 (3.4%). While the data from MJD 56674
showed possible evidence for Stokes V emission at
23 μJy beam−1 (4.1%), the check source showed a consistent
level of Stokes V emission at that epoch (9.1 μJy beam

=- 4.6%1 ), strongly suggesting that this could be caused by
errors in the gain calibration or instrumental leakage correction.

Linear polarization has been detected in compact jets from
hard-state black hole X-ray binaries (e.g., Corbel et al. 2000;
Russell & Shahbaz 2014), at levels of up to a few percent.

Therefore, while our limits on the polarization of J1023 are
consistent with the levels expected from a partially self-
absorbed compact jet, they can neither definitively confirm nor
rule out this scenario.

3.4. X-Ray Variability

Figure 6 shows the X-ray light curve of J1023 as observed
by Swift. Figure 7 shows two epochs, each with a duration of
∼20 minutes, to highlight the variability seen on short time-
scales. We note that higher sensitivity X-ray observations of
J1023 made with XMM-Newton reveal much shorter-timescale
structure in the X-ray light curve, showing that J1023 spends
most of its time in a stable “high” mode, with brief drops down
to a lower-luminosity “low” mode and infrequent higher-
luminosity “flares” (Bogdanov et al. 2015). The switches
between the modes occur on a timescale of tens of seconds, and
the duration of the modes typically ranges from tens of seconds
to tens of minutes. This trimodal X-ray behavior seen in J1023
(and also, very recently, in XSS J12270; Papitto et al. 2015)
differs markedly from the behavior of black hole LMXBs,
where variability of comparable magnitude and timescale has
been seen in quiescence but without the quantization into
distinct modes (e.g., V404 Cygni, Bradley et al. 2007). While
some other black hole LMXBs such as A0620–00 and V4641
Sagitarii have shown distinct optical modes that indicate
changing accretion properties (e.g., Cantrell et al. 2008;
MacDonald et al. 2014), the timescales over which these
persist are far longer—weeks to months.
We converted the Swift XRT count rate to 1–10 keV

luminosity using webPIMMS and a power-law model with
= ´N 5 10H

20 cm−2 and photon index G = 1.56, as obtained
by an analysis of Swift data on J1023 by Coti Zelati et al.
(2014). The median luminosity seen in the Swift observations is

´2.0 1033 erg s−1, in agreement with the “high” mode
luminosity of ´2.3 1033 erg s−1 measured by Bogdanov
et al. (2015) and the mean luminosity of ´2.4 1033 erg s−1

measured by Coti Zelati et al. (2014), where the luminosity was
converted to 1–10 keV in both cases.

Figure 4. Radio light curve of J1023 from the VLA and EVN observations. The points show the median values at each epoch, with the error bars encompassing the
maximum and minimum values seen within the epoch. The short timescale variability within an epoch is shown in Figure 5.
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3.5. Fermi γ-Ray Increase

Stappers et al. (2014) showed that the γ-ray flux of J1023
increased by a factor of ∼5 in the LMXB state compared to the
radio pulsar state, but were able to include only a few months
of LMXB-state data. Our analysis of the longer span of data
now available confirms their result, showing a sustained
increase in the 0.1–300 GeV flux by a factor of 6.5± 0.7.
Figure 8 shows the γ-ray photon flux of J1023 in both the MSP

and LMXB state; no trend or variability within the LMXB state
is obvious.

3.6. Comparison of the X-Ray and Radio Light Curves

In Figure 9, we show the median luminosity of J1023 at each
epoch in the radio and X-ray bands. The median flux density
for both the X-ray and radio emission remains remarkably
constant over time, indicating that the system is in a relatively

Figure 5. Light curves from the 13 VLA observations (where J1023 could be detected on a sub-observation timescale). The colors representing different frequencies
are the same as those used for Figure 4. Factor-of-two variations are common within minutes, and the flux density increases by an order of magnitude within half an
hour in one case (MJD 56650).
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stable configuration during the LMXB state (on timescales of
months to over a year), as noted by Archibald et al. (2015) and
Bogdanov et al. (2015).

The lack of sufficient simultaneity between the radio and X-ray
observations prevents us from drawing conclusions as to whether
the variability is correlated. There are no simultaneous VLA and
Swift data, and only a 15 minute overlap between the first VLA
observation and the aforementioned XMM-Newton observation
(discussed separately by Bogdanov et al. 2015). For the purposes
of the discussion below, we do not assume any correlation
between the radio and X-ray variations and simply use the
median value of radio luminosity and the median value of X-ray
luminosity, along with error bars encompassing the most compact
67% interval for both quantities.

4. DISCUSSION

4.1. A Jet Origin for the Radio Emission of J1023

The radio flux density and spectral index, and the time
variability thereof, seen for J1023 are indicative of synchrotron
emission originating in material outflowing from the system.
No evidence is seen from the radio spectral index (down to

timescales of 5 minutes) of steep spectrum emission that would
be indicative of radio pulsar emission. We cannot categorically
rule out intermittent bursts of radio pulsar activity, but such
periods would have to be both sparse and brief in order to
remain consistent with our results, or else completely absorbed
by free–free absorption by dense ionized material surrounding
the neutron star. Taken together with X-ray pulsations reported
by Archibald et al. (2015) that indicate near-continual accretion
onto the neutron star surface, and the lack of radio pulsation
detections reported in Bogdanov et al. (2015), the ubiquitous
flat-spectrum radio emission makes an (even intermittently)
active radio pulsar in J1023 in the present LMXB state appear
unlikely.
In analogy to other LMXB systems, the most obvious

interpretation of our data is that J1023 in its present state hosts
a compact, partially self-absorbed jet powered by the accretion
process. The presence of collimated outflows has previously
been directly confirmed via high-resolution imaging in a
number of cases for both neutron star and black hole LMXBs
(Dhawan et al. 2000; Fomalont et al. 2001; Stirling et al. 2001;
Fender et al. 2004). In the case of black hole systems, the
evidence for jets is compelling even down to extremely low

Figure 6. X-ray light curve of J1023. The points show the median value at each epoch, with the error bars showing the range encompassing 67% of the points in the
observation. Examples of the short-term variability within an observation are shown in Figure 7.

Figure 7. Light curves from two arbitrarily selected Swift observations, showing the variation in the count rate on minute timescales.
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accretion rates: V404 Cygni is believed to host a jet in
quiescence with ~L 10X

32.5 erg s−1 (e.g., Miller-Jones et al.
2008; Hynes et al. 2009), while A0620–00 (Gallo et al. 2006;
Russell et al. 2013) and XTE J1118+480 (Russell et al. 2013;
Gallo et al. 2014) also show radio emission at <L 10X

32

erg s−1 and evidence supportive of a jet break between the
radio and optical bands (Gallo et al. 2007). For neutron star
LMXBs, however, direct evidence of jets (and other supporting
evidence such as optical/near-infrared excesses that are most
consistent with jet emission; Russell et al. 2007) has come only
from systems that are undergoing accretion at much higher
rates. The X-ray luminosity of J1023 is more than two orders of
magnitude lower than for any other neutron star system for
which a jet had previously been inferred (Migliari et al. 2011).

Alternative explanations for the flat spectral index
(  a-0.3 0.3) and high brightness temperature limit
( ´T 3 10b

8 K) for J1023 are, however, difficult to imagine.
Optically thin free–free emission could provide a ~ -0.1, but
would require an extremely hot population of electrons to
match the observed brightness temperature, as t=T Te b and in
the optically thin regime t  1. For optically thin synchrotron
emission, obtaining a flat spectral index of a ~ 0 requires an
extremely hard electron population, with a power-law distribu-
tion index of ~p 1. Such a hard distribution of electrons
would be strongly at odds with the commonly assumed process
of shock acceleration, which produces < <p2 2.5 (Jones &
Ellison 1991). We consider both of these scenarios (optically
thin free–free emission and optically thin synchrotron

emission) to be unlikely, and note that definitive proof of a
jet in the J1023 system could be provided in the future by
resolved VLBI imaging with a very sensitive global VLBI
array. Other strong, albeit not definitive, supporting evidence
for the jet interpretation could come from the detection of a
frequency dependent time delay in the J1023 light curve (where
the magnitude of the delay implied a relativistic velocity), the
detection of linear polarization (implying synchrotron emis-
sion), or the detection of a spectral break.

4.2. A Possible Radio/X-Ray Correlation
for Transitional MSP Systems

In Figure 10, we show the radio and X-ray luminosity of
J1023 along with the two other known transitional MSP
systems XSS J12270 (de Martino et al. 2013; Bassa et al. 2014)
and M28I (Papitto et al. 2013) and most of the published black
hole and neutron star LMXB systems (Gallo et al. 2006, 2014;
Corbel et al. 2008, 2013; Brocksopp et al. 2010; Soleri
et al. 2010; Coriat et al. 2011; Migliari et al. 2011; Jonker
et al. 2012; Ratti et al. 2012; Russell et al. 2012). The radio
luminosity shown in Figure 10 is defined as p n= nL d S4R

2 ,
where d is the distance, n is the reference radio frequency (in
this case, 5 GHz) and nS is the flux density at this frequency.
Where necessary, a flat spectral index is assumed to convert
measured flux densities to the reference frequency of 5 GHz;
for J1023, we take the median 10 GHz flux density of 87 μJy
and use a flat spectral index (as noted in Section 3.1, the
median spectral index is very close to 0).

Figure 8. Fermi γ-ray light curve of J1023, extended from that presented in Stappers et al. (2014). Top panel: γ-ray photon fluxes obtained by fitting for the
normalization of a spectral model. Bottom panel: γ-ray photon fluxes obtained by measuring numbers of counts within a one-degree aperture; this panel considers only
photons>1 GeV since lower-energy photons are too poorly localized. The vertical line marks the disappearance of radio pulsations from J1023 in 2013 June (Stappers
et al. 2014). In both panels, the red line shows average γ-ray flux (with the dotted red line showing the 1σ errors) before and after the 2013 June state transition.
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Figure 9. X-ray and radio light curves from VLA and Swift, where the median value of each observation is plotted as a single point. Swift observations that were
shorter than 15 minutes and hence unlikely to sample a representative range of the X-ray emission were excluded from the plot. For both the radio and X-ray panels,
the central 67% range is shown as the gray region. A few outlier points notwithstanding, the median X-ray luminosity remains exceedingly stable, within
approximately ±20%. The radio is somewhat more variable, which may be due to the fact that the individual radio measurements generally required longer averages
(up to 480 s, compared to 50 s for the Swift samples). This yields a smaller number of time samples in the radio light curve, a considerable fraction of which would
include times corresponding to two different X-ray modes averaged together, whereas the X-ray observations have more time points (with a cleaner separation
between modes). Since a 45 minute radio observation would sample a number of mode changes, this could lead to an increased scatter for the median radio points.

Figure 10. Radio and X-ray luminosity of known LMXB systems, including black hole systems (small black points) and neutron star systems (small magenta stars for
AMXPs, small cyan squares for hard-state LXMBs, and large blue symbols for transitional MSP systems). The best-fit correlation for the black hole systems from
Gallo et al. (2014) is shown with a black dashed line, and the “atoll/Z-source” and “hard-state” correlations for the neutron star systems presented in Migliari &
Fender (2006) and Migliari et al. (2011) are shown by the cyan dotted line and the cyan dashed–dotted line respectively. J1023 (blue circle symbol) and the other two
known transitional MSP systems XSS J12270 (blue square symbol; de Martino et al. 2013; Bassa et al. 2014) and M28I (blue triangle symbol; Papitto et al. 2013) are
highlighted. For J1023, we show an error box that spans the 67% range of luminosity seen in our radio and X-ray monitoring (taking the median value from each
observation, as shown in Figure 9); the limited radio monitoring for XSS J12270 and M28I precludes such error bars for these sources, but we note that, for M28I,
variability was seen within the single radio observation (Papitto et al. 2013), and so similar uncertainties could be expected for these sources. The transitional MSP
systems appear to exhibit a similar scaling of radio luminosity with X-ray luminosity to the black hole systems, but sit in between the black hole systems and the
neutron star systems.

12

The Astrophysical Journal, 809:13 (17pp), 2015 August 10 Deller et al.



The dashed line shows the well-established correlation
between radio and X-ray luminosity for black holes
( µL LR X

0.61, Gallo et al. 2014, black line), as well as the two
postulated correlations for neutron star systems ( µL LR X

0.7,
“atoll/Z-source” correlation (blue dotted line); Migliari &
Fender 2006, and µL LR X

1.4, “hard-state” correlation (blue
dashed–dotted line); Migliari et al. 2011). We note that studies
have differed on the exact correlation index for black hole
LMXBs, finding values ranging between 0.6 and 0.7 (Gallo
et al. 2003, 2012, 2014) and that a tighter correlation between
radio and X-ray luminosity is generally seen for individual
sources compared to the population as a whole (Gallo
et al. 2014). Furthermore, some black hole systems on the
so-called “outlier track” (visible in Figure 10 as the cluster of
X-ray underluminous points at  L10 1036

X
37.5 erg s−1,

which extend down toward the neutron star systems) have
been seen to exhibit a correlation index of 1.4 in some cases,
which could be taken as evidence that some black hole LMXBs
enter a radiatively efficient accretion regime under certain
circumstances (Coriat et al. 2011). The discussion that follows
focuses on lower accretion rates, where no evidence for
radiatively efficient accretion in black hole systems has been
seen, and is insensitive to changes in the correlation index for
black hole LMXBs in the range of 0.6–0.7.

The three transitional MSP systems appear to be over-
luminous in the radio band (or underluminous in the X-ray
band) compared to either postulated correlation for the neutron
star systems; they appear to follow the same relationship as the
black hole sources and the “atoll/Z” neutron star sources, but
with a radio luminosity approximately a factor of five fainter
than the black hole sources, and an order of magnitude brighter
than the “atoll/Z” neutron star sources. M28I occupies a point
on the L LR X space that is encompassed by the AMXP
population (the magenta stars in Figure 10); AMXPs appear to
be on average radio-overluminous when compared to other
neutron star LMXBs of similar X-ray luminosity (Migliari
et al. 2011). Thus, the transitional MSP sources are clearly
distinct from the hard-state neutron star LMXBs, and the
AMXPs appear to straddle the two classes. Below, we examine
what processes could lead to this observational differentiation.

4.3. Jet-dominated States in LMXB Systems

A variety of jet production mechanisms could potentially
operate in LMXB systems. Blandford & Payne (1982) and
Blandford & Znajek (1977) describe two models that have been
widely applied to black hole systems, in which the disk
magnetic field enables the collimation of the material emitted in
the jet. The former model, in which the jet is collimated by
magnetic field lines anchored in the accretion disk, can be
applied directly to neutron star systems. The latter model
extracts energy from the black hole spin and requires that disk
magnetic field lines be anchored to the black hole ergosphere;
as such it cannot be directly applied to neutron star systems, but
the coupling of material in an accretion disk to a neutron star
magnetosphere can still drive collimated outflows via a
“propeller” mode (e.g., Romanova et al. 2005; Ustyugova
et al. 2006; Romanova et al. 2009).

Where radio emission in an LMXB system is thought to
originate in a jet, it can be used as a proxy for the jet power. For
typical jet models, the observed radio luminosity LR is related
to the total jet power Lj by µL LR j

1.4 (e.g., Blandford and
Königl 1979; Falcke & Biermann 1996; Markoff et al. 2001).

The observed scaling of µL LR X
0.7 highlighted in Figure 10 for

black hole LMXBs and (potentially) for transitional MSPs then
implies that µL Lj X

0.5. If the accretion power L tot is assumed to
be liberated only via radiation (traced by LX) or the jet (Lj), then
we have = +L L Ltot X j, and, by substitution,

= +L L ALtot X X
0.5 (Fender et al. 2003). A boundary between

two regimes occurs when = =L L ALX j X
0.5; at higher accretion

rates, the accretion is radiatively efficient and dominated by the
X-ray output ( ~L LX tot, µL MX ˙ , and µL Mj

0.5˙ ), while
below this value, the accretion is radiatively inefficient and
the system is jet-dominated ( L LX tot, µL MX

2˙ , and
µL Mj ˙ ). For a number of black hole LMXBs, the coefficient

A has been estimated to range between 0.006 and 0.1 (where all
luminosities are given in Eddington units), based on quasi-
simultaneous measurements of Lj and LX at a given accretion
rate (Fender 2001; Corbel & Fender 2002; Fender et al. 2003;
Migliari & Fender 2006). A key reason for this wide range of
allowed values for A is uncertainty in the ratio of radiated
luminosity to total luminosity in the jet, because only the
radiated component can be directly measured—this ratio is
generally assumed to be0.05 (e.g., Fender 2001), but remains
poorly constrained. Proceeding under the assumption that these
values of A are representative for all black hole LMXB systems
leads to the determination that all quiescent black hole LMXBs
are accreting below the threshold level and hence in a jet-
dominated state (Fender et al. 2003; Migliari & Fender 2006),
although with a sufficiently low value of A it would be possible
for a system to remain radiatively efficient even down to
quiescent luminosities. The potential for advection of energy
across the black hole event horizon complicates this simple
interpretation, adding a new “sink” for some fraction of L tot
and meaning that a system could be radiatively inefficient and
yet not jet-dominated; however, this process cannot operate in
the neutron star LMXBs.
If the difference in radio luminosity between neutron star

LMXBs and black hole LMXBs is due purely to a difference in
jet power, then the representative values of A calculated for
black hole LMXBs can be scaled to calculate the accretion rate
at which neutron star LMXBs will transition into a radiatively
inefficient, jet-dominated regime. Measurements of neutron star
LMXBs at higher accretion rates (small cyan squares in
Figure 10) show an average radio luminosity 30 times below
that given by the black hole L LR X relationship, meaning this
transition would occur around or below the lowest accretion
rates inferred based on X-ray measurements (Fender et al.
2003). Such an interpretation assumes a scaling of µL LR X

0.7

that holds down to quiescence, since previous observations
have not been sensitive enough to make radio detections at
lower accretion rates. For systems that exhibit µL LR X

1.4, as
has been suggested by Migliari et al. (2003) for 4U 1728–34
and shown by the cyan dashed–dotted line in Figure 10, the
system will remain radiatively efficient at all accretion rates
( µ µL L mj X ˙ ; <L Lj X).
The higher-than-expected radio luminosity of the three

transitional MSP systems indicates that they become radiatively
inefficient and jet-dominated at low (but observable) accretion
rates. The factor-of-five difference in radio luminosity
compared to the black hole LMXBs implies a coefficient A
for the transitional MSP systems that is only three times lower
than that of the black hole LMXBs, meaning that the transition
to radiatively inefficient accretion occurs at an accretion rate
that is 10 times lower (in Eddington units). Assuming that for
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the black hole systems A lies somewhere in the range 0.006–0.1
as described above, this corresponds to an X-ray luminosity of
7 × 1033–2 × 1036 erg s−1 for a 1.4 M neutron star. J1023,
with a 1–10 keV luminosity of 2 × 1033 erg s−1, appears
therefore to be jet-dominated. XSS J12270 is likewise very
probably jet-dominated, but in contrast, the observations of
M28I at 1 × 1036 erg s−1 (around 1% of the Eddington
luminosity) are more likely to be in the radiation-dominated,
radiatively efficient regime.

There are a number of influences on the radiative efficiency
of the accretion flow and radiative efficiency and power of the
jet that could lead to the observed offset between the
transitional MSPs and the black hole LMXBs in the -L LR X
correlation. First, the mass of the compact object is likely to
affect the jet properties. The “fundamental plane” relationship
for accreting black holes shows, for a fixed X-ray luminosity, a
dependence of radio luminosity on the black hole mass MBH of
the form µ bL MR BH, where b - 0.6 0.8 (Merloni et al. 2003;
Falcke et al. 2004; Plotkin et al. 2012). Based on this
relationship, a “typical” stellar-mass black hole of ∼8 M
(Kreidberg et al. 2012) would already be three to four times
more radio-luminous than a neutron-star mass (1.4 M ) black
hole with the same X-ray luminosity. Interaction with the
neutron star magnetic field could also affect the efficiency of jet
formation. The radius at which the accretion disk transitions to
a radiatively inefficient flow (at a given accretion rate) could
differ, altering the radiative efficiency of the disk. Finally, the
small amount of material that reaches the neutron star surface
will also contribute to the radiated energy in the transitional
MSP case, whereas this energy could be removed by advection
in the case of a black hole LMXB. The exact contribution of
material accreting onto the neutron star surface to the X-ray
luminosity of J1023 is unclear; only in the high mode do we
have a lower limit of 8% from the detection of coherent
pulsations (Archibald et al. 2015; Bogdanov et al. 2015). This
value is a lower limit because the total X-ray emission
originating from the hotspots will exceed the observed 8%
pulsed fraction, due to the finite hotspot size and propagation
effects such as gravitational bending (Beloborodov 2002).

4.4. The Influence of Propellor-mode Accretion

We speculate that the (at least intermittent) activation of a
propeller-style accretion mode is a key reason for the
apparently higher-efficiency jet formation in the transitional
MSP systems, compared to other neutron star LMXBs. This is
an attractive proposition in that (1) it naturally explains the
transition to a jet-dominated regime at lower accretion rates
(and hence X-ray luminosities), since the propeller-mode can
only operate at these lower accretion rates (Ustyugova
et al. 2006), (2) simulations have shown that the high-velocity,
low-density, collimated axial outflow dominates the energetics
of the expelled material (Romanova et al. 2009), and (3) a large
majority, but not all, of the material is ejected, leaving a small
fraction able to reach the neutron star surface (Ustyugova et al.
2006; Romanova et al. 2009). This offers the possibility of
explaining the X-ray pulsations observed by Archibald et al.
(2015) and the radio emission reported here, as well as the
similar results for XSS J12270 (Papitto et al. 2015). However,
we caution that the results of Romanova et al. (2009) are based
exclusively on magnetohydrodynamic modeling, and so the
radiative processes that could lead to the observed radio
emission still need to be carefully modeled.

Finally, propeller-mode accretion could also explain the
high-energy properties of J1023. The marked increase in γ-ray
luminosity in the LMXB state seen by Stappers et al. (2014),
and confirmed here to be roughly constant throughout the
LMXB state, has previously been hypothesized to be powered
by a pulsar wind interaction (Coti Zelati et al. 2014; Stappers
et al. 2014). Based on our radio imaging data, however, we
determine it to be unlikely that the radio pulsar ever becomes
active during the current LMXB state. In the propeller-mode
accretion scenario, the γ-ray luminosity increase can instead be
explained by synchrotron self-Compton emission from elec-
trons accelerated at the inner edge of the accretion disk by the
pulsar’s magnetic field. Such a model was developed by Papitto
et al. (2014) to explain the high-energy emission of XSS
J12270; if it is correct, and if (as we predict) all transitional
MSP objects undergo propeller-mode accretion at low accre-
tion rates, then it is to be expected that J1023 would produce
γ-ray emission via the same mechanism.
However, also in this case there are a few caveats to

consider. The model proposed by Papitto et al. (2014) assumes
the presence of a Fermi acceleration process occurring at the
disk/magnetosphere boundary, which, although plausible, has
not been previously demonstrated to occur in LMXB systems.
Furthermore, as noted by Papitto et al. (2014), the emission
region responsible for the high-energy emission cannot also
produce the observed radio emission; as we have shown, the
size of the radio-emitting region in J1023 must be in the range
of 0.5–30 times the binary separation of 4.3 light-seconds.
Finally, the Papitto et al. (2014) model does not include
accretion onto the neutron star surface, though they note that
this is a possibility if the amount of inflowing material is very
small. The X-ray pulsations seen by Archibald et al. (2015) for
J1023 show that at least some of the X-ray luminosity of J1023
is powered by accretion onto the neutron star surface. After
submission of this manuscript, the discovery of X-ray
pulsations with similar properties for XSS J12270 was also
published (Papitto et al. 2015), reinforcing the necessity of
considering the flow of material to the neutron star surface.
Accordingly, the model of Papitto et al. (2014) would need
further development to reach a self-consistent description of the
properties of J1023 from optical to γ-rays, and further
extension (ideally incorporating radiative modeling based on
the magnetohydrodynamic models of Romanova et al. 2009) to
cover the radio emission. Given the wealth of multiwavelength
data that has been assembled for J1023 (Bogdanov et al. 2015),
such a detailed analysis should be feasible in a future work.
An analysis of the accretion physics of J1023 is complicated

by the fact that J1023 has been seen to switch between three
distinct X-ray luminosity modes while in its current LMXB
state (the “low,” “high,” and “flare” modes; Archibald et al.
2015; Bogdanov et al. 2015) on timescales ranging from tens of
seconds to hours. Very similar X-ray modality has also recently
been seen in XSS J12270 (Papitto et al. 2015). The jet
production mechanism in J1023 might operate in only one of
the three X-ray modes, or in several (or indeed all) modes;
alternatively, a jet may be present in all modes but with
substantially changing properties. As with the radio emission,
the γ-ray production could differ between the observed modes.
Useful extra information could be provided by truly con-
temporaneous and high-sensitivity radio and X-ray observa-
tions, allowing a cross-correlation analysis of the radio and
X-ray light curves. If a time delay and smoothing time for the
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radio emission could be measured, this could provide useful
information on the jet velocity, the size of the radio emitting
region, and its separation from the neutron star. Resolving the
jet and tracking the motion of jet components using VLBI
imaging (ideally in conjunction with X-ray observations)
would offer a different, similarly powerful handle on the jet
physics; however, as our EVN observations showed, this would
require an extremely sensitive VLBI array, as well as the good
fortune to observe during a period of above-average radio
luminosity.

4.5. Expanding the Study of Jets in Neutron Star
LMXBs at Low Accretion Rates

In addition to ongoing investigation of J1023 in the LMXB
state, the identification of additional members of this apparent
source class of jet-dominated neutron star LMXBs would be
extremely helpful in furthering our understanding of the
accretion process(es) in this regime. This is especially true
since the current single L LR X data points for J1023 and XSS
J12270 cannot reveal the correlation index for the individual
sources, whereas several black hole LMXBs have had
measurements made over several orders of magnitude in
X-ray luminosity (and hence accretion rate), which allow this
estimation to be made for individual sources in addition to the
population as a whole (Gallo et al. 2014). Several other known
LMXBs display X-ray properties more or less similar to the
transitional MSP systems: variable X-ray luminosities, which
cluster above their quiescent values at around 1033 erg s−1 for
extended periods of time, and a spectrum with a hard power-
law component (G < 2). A summary of such known systems is
given in Degenaar et al. (2014). However, with one exception,
all are considerably more distant than J1023, making the task of
identifying any flat-spectrum radio emission challenging.

The nearest and most promising source is Cen X–4 ( ~d 1.2
kpc; Chevalier et al. 1989). While the X-ray luminosity and
variability are similar to J1023, Chakrabarty et al. (2014) and
D’Angelo et al. (2015) show that the X-ray spectrum is
considerably different, with a significant thermal component
and a cutoff of the power-law component above 10 keV. In
contrast, Tendulkar et al. (2014) find no such cutoff for J1023.
Bernardini et al. (2013) suggest that the X-ray emission of Cen
X–4 is derived primarily from accretion onto the neutron-star
surface and find it unlikely that a strong, collimated outflow
would be present. Given the proximity of Cen X-4, confirming
or denying the presence of an outflow should be relatively
straightforward with a combined radio/X-ray observing
campaign. Other sources include XMM J174457–2850.3
(d = 6.5 kpc; Degenaar et al. 2014), SAX J1808.4–3658 (a
known AMXP at = -d 2.5 3.5 kpc that has been detected
several times in the radio during outburst; Gaensler et al. 1999;
Rupen et al. 2005; Galloway & Cumming 2006; Campana
et al. 2008), EXO 1745–248 ( ~d 8.7 kpc Wijnands
et al. 2005), and Aql X–1 (an atoll source at ~d 5 kpc which
has once shown coherent X-ray pulsations and has been
detected in radio continuum at higher luminosities; Rutledge
et al. 2002; Casella et al. 2008; Tudose et al. 2009). However,
while all of these are strong candidates for propeller-mode
accretion, their distance means that the expected average radio
flux density would be of the order of 3–25 μJy, making a
detection challenging to near-impossible, even with very deep
VLA imaging. The identification of new transitional MSP
systems (either found in the LMXB state, such as the system

described by Bogdanov & Halpern 2015, or objects from the
known population of “redback” or “black widow” pulsars that
transition to the LMXB state) is an alternate possibility for
providing new data points on the radio/X-ray correlation. A
third option is a radio survey of other neutron star LMXB
systems that display a hard X-ray spectrum at intermediate
X-ray luminosities ( < <L10 1034

X
35 erg s−1). In these sys-

tems, the radio emission should be brighter and hence easier to
detect at large distances in a reasonable observing time. Some
candidate intermediate luminosity sources are listed in
Degenaar et al. (2014).

4.6. Flat-spectrum Radio Sources in Globular Clusters

Finally, we consider the implications of this result for
observations of accreting sources in globular clusters. As
shown in Figure 10, the three known transitional MSP systems
all exhibit higher radio luminosity than models based on
neutron star binaries with higher accretion rates had predicted.
Rather than being two or more orders of magnitude fainter in
the radio band than black hole systems with an equivalent
X-ray luminosity, the difference appears to be closer to a factor
of five, which is comparable to the scatter around the
correlation (in the case of the black hole correlation; the
statistics for the transitional MSP sources are too low to
estimate the scatter). This relative radio brightness invites a re-
examination of globular cluster black hole candidates in M22
(Strader et al. 2012) and M62 (Chomiuk et al. 2013), where the
ratio of X-ray to radio luminosity was a key element in the
interpretation.
The M62 candidate source falls exactly on the -L LR X

correlation for black holes, and so a black hole interpretation
must still certainly be favored. However, if the scatter around
the transitional MSP correlation is comparable to that of the
black hole correlation, then from the point of view of the X-ray
and radio luminosity it is certainly plausible that the M62
source is actually a transitional MSP. The likely association of
a giant star as the companion object (Chomiuk et al. 2013)
would, however, mean that the orbital period of the system
would be longer than that of a typical “redback” MSP. Of order
10 redback MSPs are known in globular clusters,11 indicating
the potential for transitional systems to be found. In light of the
rapid variability demonstrated by J1023, the fact that the radio
and X-ray observations of M62 were not contemporaneous is
particularly important, as it suggests that a single measurement
of radio luminosity and a single measurement of X-ray
luminosity may not be robust.
The two M22 sources fall well above the -L LR X correlation

for black holes (that is, they are even more radio bright than
predicted by the best-fit correlation for black hole systems). At
face value, that argues against a transitional MSP interpretation.
However, as with the M62 candidate, the observations were not
simultaneous, which offers both the potential for “normal”
variability or a change in the state of the system. In this
scenario, the radio observations of the source would have been
carried out during the LMXB state, and the X-ray observations
during the radio pulsar state. While the probability of both
sources changing state between the X-ray and radio observa-
tions is unlikely (with the caveat that our knowledge of how
long transitional MSPs spend in the LMXB state per transition

11 A list of known redback pulsars is maintained at http://www.naic.edu/∼
pfreire/GCpsr.html.

15

The Astrophysical Journal, 809:13 (17pp), 2015 August 10 Deller et al.

http://www.naic.edu/~pfreire/GCpsr.html
http://www.naic.edu/~pfreire/GCpsr.html


is limited), the fact that the sources fall quite far from the
-L LR X correlation for black hole LMXBs also requires

explanation. For both M22 and M62, truly simultaneous radio
and X-ray observations (or a quasi-simultaneous, extended
monitoring campaign such as that undertaken for J1023) would
give much more certainty about whether a transitional MSP
system could be responsible.

5. CONCLUSIONS

We have monitored the transitional MSP J1023 in its current
LMXB state over a period of six months, detecting variable
X-ray emission and variable, flat-spectrum radio emission that
is suggestive of a compact jet. In both the radio and X-ray
bands, the average luminosity over months to a year is quite
stable, despite variability of two orders of magnitude in
luminosity on timescales of seconds to hours. When J1023 is
compared to the other two known transitional MSPs and other
black hole and neutron star LMXBs, it appears that the
transitional MSPs exhibit a different correlation between radio
and X-ray luminosity than either the black hole LMXB systems
or the relationships previously proposed for neutron star
LMXB systems accreting at higher rates (Migliari &
Fender 2006; Migliari et al. 2011). The apparent correlation
seen for the transitional MSP systems does, however, extend to
a subset of the AMXP sources, which were already known to
be the most radio-loud (for a given X-ray luminosity) of the
neutron star LMXB systems (Migliari et al. 2011). We
hypothesize that the transitional MSPs are jet-dominated
accretion systems operating in a propeller mode, where only
a fraction of the mass transferred from the secondary reaches
the neutron star surface and the majority is ejected in a jet. The
similarity to AMXP systems implies that they, too, may
become jet-dominated in some cases. In this scenario, the γ-ray
emission seen from J1023 in the LMXB state originates from
the acceleration of particles at the inner edge of the accretion
disk by the pulsar magnetic field, and the radio emission is
generated in the collimated outflow. We predict that neutron
star systems accreting in propeller-mode will generically show
radio jets and γ-ray emission, and will follow a radio–X-ray
correlation of µL LR X

0.7, which will break down at a
sufficiently high mass accretion rate (and hence X-ray
luminosity), when accretion can no longer proceed via a
mechanism where the majority of the material is expelled. It
remains unclear whether the transition to a jet-dominated
regime is a common occurrence for neutron star LMXBs at
sufficiently low mass transfer rates, or if a property intrinsic to
the transitional MSPs/AMXPs such as magnetic field strength
and/or spin period is important in enabling jet formation. The
Papitto et al. (2014) model of propeller-mode accretion predicts
that γ-ray emission is strongly dependent on the neutron star
period and magnetic field strength, and it is likely that these
parameters are also important for the generation of the jet that
powers the radio emission. Deep radio observations of a wider
range of neutron star LMXB systems in quiescence would be
desirable to answer these questions. Finally, we note that future
searches for black holes in globular clusters should make use of
contemporaneous radio and X-ray observations to distinguish
black hole systems from transitional MSP systems similar to
J1023.
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