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ABSTRACT

Accreting millisecond X-ray pulsars are an important subset of low-mass X-ray binaries in which
coherent X-ray pulsations can be observed during occasional, bright outbursts (X-ray luminosity
Lx ~ 10%¢ergs™). These pulsations show that matter is being channeled onto the neutron star’s
magnetic poles. However, such sources spend most of their time in a low-luminosity, quiescent state
(Lx < 10%*ergs™!), where the nature of the accretion flow onto the neutron star (if any) is not
well understood. Here we report that the millisecond pulsar/low-mass X-ray binary transition object
PSR J1023+0038 intermittently shows coherent X-ray pulsations at luminosities nearly 100 times
fainter than observed in any other accreting millisecond X-ray pulsar. We conclude that in spite
of its low luminosity PSR J10234-0038 experiences episodes of channeled accretion, a discovery that
challenges existing models for accretion onto magnetized neutron stars.

Subject headings: accretion — pulsars: individual (PSR J102340038) — X-rays: binaries

1. INTRODUCTION

Accretion is an important and ubiquitous process in
astrophysics, but the nature of accretion flows is of-
ten puzzling. Low-mass X-ray binaries (LMXBs) are
transient objects in which material from a low-mass
stellar companion accretes onto a compact object, ei-
ther a black hole or a neutron star. At high accretion
rates (Lx = 10%°ergs™!), a small subset of neutron-
star LMXBs, called accreting millisecond X-ray pulsars
(AMXPs), show coherent X-ray pulsations. These pul-
sations provide a powerful probe of the accretion pro-
cess and allow measurements of the neutron-star spin pe-

riod, rotational torques, and system geometry (Patruno|

2012)). Along with the detection of thermonu-
clear bursts in LMXBs (Strohmayer & Bildsten| [2006),

the presence of X-ray pulsations from AMXPs has shown
that matter can be channeled down to the neutron star
surface during periods of vigorous accretion.

In contrast to these energetic episodes, most LMXBs
spend the majority of their lives in quiescence, with
Lx <10%**ergs~!. None of the known AMXPs are close
enough to Earth to easily establish whether channeled
accretion can occur during this state, and accretion-
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induced pulsations have not previously been observed in
any quiescent LMXB. The nature of the accretion flow,
if any, under these circumstances is therefore poorly con-
strained by observations. Generally, a strong magnetic
field and rapid rotation would be expected to eject inflow-
ing material from the system before it reaches the star,
thus strongly suppressing both pulsations and luminosity
(Campana et al.|[1998; [Illarionov & Sunyaev|[1975). Al-
though the neutron-star LMXB Cen X-4 shows evidence
for accretion-induced heating of the neutron star even in
quiescence, the absence of pulsations suggests that this is
due to a very low neutron-star magnetic field that cannot
inhibit accretion (D’Angelo et al.|[2015]).

The recent transformation of the PSR J1023+0038 sys-
tem from a rotation-powered millisecond pulsar (RMSP)
back to an LMXB state (Patruno et al.|[2014) provides a
unique opportunity to study accretion processes at low
X-ray luminosity. The PSR J1023+0038 system, located
only 1370440 pc from Earth (parallax distance measured
in radio; [Deller et al.|[2012), consists of a neutron star
in a 0.198-day orbit with a 0.2 My main-sequence-like
companion (Archibald et al.,|2009). The observational
history is complex, but PSR J1023+40038 appeared to
have an accretion disk in 2000/2001 (Archibald et al.
. However, the X-ray luminosity of the system re-
mained relatively low at that time (< 10%%ergs™1!), in-
dicating the absence of a strong accretion-powered out-
burst (Archibald et al|[2009). The 1.69-ms radio pul-
sations were discovered in 2008 (Archibald et al./[2009)),
and up until 2013 the system was observed as a RMSP,
during which time all the basic system parameters were
determined (Archibald et al.[2013). Sometime in 2013
June, PSR J1023+0038 changed state, disappearing as
an observable RMSP (Stappers et al[2014) and brighten-
ing substantially in y-rays (Stappers et al.|2014), optical
(Halpern et al]2013), and UV (Patruno et al|2014). In
X-rays, the binary underwent an increase in mean X-ray
luminosity from 1032 to ~3 x 1033 ergs™! (0.3-10 keV).
From then until at least 2014 November, it has had an
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accretion disk (Halpern et al[2013)) and an X-ray lumi-
nosity comparable to the known quiescent LMXBs (Coti
Zelati et al.|2014).

Here we present XMDM-Newton observations which
show that PSR J10234-0038 intermittently produces co-
herent, apparently accretion-induced X-ray pulsations
during its LMXB state. In Section [2| we present the ob-
servations and data analysis. The results are presented
in Section [3] and these are discussed in Section [4

2. OBSERVATIONS AND ANALYSIS

Motivated by this remarkable state change, we ob-
served PSR J10234-0038 with the X-ray Multi-Mirror-
Newton telescope. Specifically, PSR J1023+0038 was
observed with XMM-Newton on two separate occasions:
starting on 2013 November 10 for 134 kiloseconds (Ob-
servation ID 0720030101) and again on 2014 June 10 for
115 kiloseconds (0742610101). For both observations, the
European Photon Imaging Camera (EPIC) pn detector
was used in fast timing mode, which permits a 30 us time
resolution but at the expense of one imaging dimension,
which is used for fast read-out. Both EPIC MOS cam-
eras were employed in small window mode to minimize
the deleterious effect of photon pile-up. For all three
detectors, the thin optical blocking filter was in place.

The data reduction and extraction were performed
with the Science Analysis Software (SA version
xmmsas_20130501_1901-13.0.0. The EPIC events were
filtered using the recommended flag and pattern values.

The source events from the EPIC pn fast timing data
were extracted using a region of half-width 6.5 pixels
in the imaging (RAWX) direction centered on row 37.
This translates to an angular size of 27", which encir-
cles ~87% of the energy from the point source at 1.5
keV. The MOS1/2 source events were obtained from cir-
cular regions of radius 36", which enclose ~88% of the
total point source energy at 1.5 keV. For the variabil-
ity analysis and pulsation searches, the photon arrival
times were translated to the solar system barycenter us-
ing the DE405 solar system ephemeris and the pulsar
position with right ascension 10:23:47.687198 and decli-
nation +00:38:40.84551 calculated from the astrometric
solution given in [Deller et al.| (2012)).

The individual binned, background-subtracted,
exposure-corrected light curves for the MOS1/2 and PN
were extracted using the SAS command epiclccorr.
The total EPIC light curve was then obtained by
summing the three light curves during the periods when
all three telescopes acquired data simultaneously. Both
the 2013 November and 2014 June data exhibit multiple
instances of enhanced background due to soft proton
flares. Since PSR J10234-0038 is on average relatively
bright in its accreting state, the intervals of high
background were not discarded. Instead the flares were
removed in the background subtraction. Comparison
between the final source light curve and the background
light curve revealed that the background flares were
no longer present in the data. This indicates that any
remaining bright flares are not due to background but
are intrinsic to the source. For the fast timing photon

9 The XMM-Newton SAS is developed and maintained by the
Science Operations Centre at the European Space Astronomy Cen-
tre and the Survey Science Centre at the University of Leicester.

lists, we determined time ranges corresponding to soft
proton flares by thresholding a 10-s binned light curve
extracted from an off-source region; photons arriving
during these time ranges were not used in pulsed flux
and profile calculations.

PSR J102340038 has a precisely known rotational
ephemeris, which predicts the pulsar’s rotational phase
(Archibald et al||2013)). However, the pulsar exhibits
non-deterministic orbital period variations (Archibald
et al.|[2013). We therefore computed photon arrival
phases for a sequence of ephemerides, each constructed
from the last known radio ephemeris by varying time of
the ascending node (T, ) within a range of £20s in steps
of 0.1s, and then applied the H test (de Jager et al.|[1989)
to each set of phases. We searched in the pulsar’s spin pe-
riod as well, but obtained only marginal improvements in
detection significance. Uncertainties in the relative tim-
ing aboard XMM-Newton (Martin-Carrillo et al.|2012])
make it impossible to provide physically interesting con-
straints on the spin period using the existing data.

Further results from these X-ray observations, com-
bined with other multiwavelength data, will be presented
in (Bogdanov et al.|[2014). There we also describe in de-
tail the spectral fitting and flux calculations. Briefly, we
classified the photons based on luminosity mode (see sec-
tion [3)) and carried out spectral fitting in each mode and
for each of our two epochs. We found very similar results
in the two epochs, and all three modes were adequately
fit with power laws (although there is some evidence for a
more complicated spectrum in the high mode) with inter-
stellar absorption (Ng) of 3.1(2) x 1072% cm™2. For the
low, high, and flare modes in the 2013 November epoch
we found photon indices of 1.82(3), 1.71(1), and 1.66(2),
respectively; the three modes differ chiefly in their lu-
minosities Ly, which are 5.4(1) x 1032, 3.17(2) x 1033,
and 1.09(2) x 10%*ergs™! respectively. For the 2014
June epoch, the photon indices were 1.80(4), 1.75(1),
and 1.74(2), while the luminosities were 4.6(1) x 1032
3.06(2) x 1033, and 9.6(1) x 1033 ergs~! respectively.

The above luminosities are computed for the 0.3—
10 keV energy range observed with XMM-Newton. For
theoretical purposes it would be valuable to estimate the
bolometric luminosity of PSR J10234-0038, at least in
its high mode. Given the power-law models we obtain
from spectral fitting, one must assume spectral cutoffs
to obtain a finite bolometric luminosity. Unfortunately
no such cutoffs have been observed. Hard X-ray observa-
tions with NuSTAR show there is no cutoff below 79 keV,
and vy-ray observations with Fermi show there must be
a break of some kind below about 100 MeV (Tendulkar
et al.[2014]). Assuming that the power law begins in the
optical and ends somewhere between these two, we com-
pute a range of possible bolometric luminosities in the
high mode, from 1.4 x 1034 to 1.1 x 10%° ergs~!. It may
be possible to narrow this range somewhat by using the
companion as a bolometer. Thorstensen & Armstrong
(2005) studied the companion irradiation in the MSP
state and found that the amount of heating seen then
was consistent with a 2 Lg isotropic irradiation flux. In
the accretion-disk state, the companion heating is pre-
sumably due to the emission from the disk and pulsar.
The light curves in [Coti Zelati et al.| (2014)) give us a
measurement of the companion brightness (plus a con-
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stant contribution from the disk). If we treat the V' and
g filters as roughly equivalent, assume that the dark side
of the companion has not brightened, and assume that
the companion’s total brightness is proportional to the
flux in these filters, then we find that the companion’s
bright-side heating has increased by a factor of ~3. This
corresponds to a bolometric luminosity from the accre-
tion disk and pulsar of ~2 x 103* erg s—!, placing it to-
wards the lower end of the above range. Given the very
considerable uncertainty in the bolometric luminosity of
J1023, in Section [4] we will compare X-ray luminosities
(rather than bolometric) to other sources where possible
(for example, in Figure [5)).

We also observed PSR J10234-0038 with the Karl G.
Jansky Very Large Array (VLA) a total of 13 times under
the project codes 13B-439 and 13B-445, at frequencies
ranging from 1 to 18 GHz. A standard phase referencing
setup (using the calibrator source J1024—0052) was used
for all observations, and data reduction was performed
with the standard VLA pipeline in the Common As-
tronomy Software Applications (CASA; [McMullin et al.
2007) package. PSR J10234-0038 was detected in all
epochs except one, appearing as an unresolved, vari-
able, flat-spectrum (—0.5 < a < 0.5, where luminosity
x v¥) source. Along with the flat radio spectrum, the
rapid variability observed (factor-of-ten change in flux
density in 30 minutes) is indicative of outflowing mate-
rial; similarly variable, flat-spectrum emission in other
LMXB systems is attributed to a partially self-absorbed
synchrotron emission from a compact jet (for example
Migliari & Fender|[2006). Further results from these ra-
dio observations will be presented in (Deller et al.|2014)).

3. RESULTS

A primary goal of our observations was to search for
coherent X-ray pulsations. The pulsar’s orbital period
variations made it necessary to search a modest number
of possible orbital phase shifts (in the form of changes of
T.sc) for each observation. At the best values of Ty for
our two observing epochs, the (single-trial) false positive
probability for each was less than 107°%° (~33¢), indicat-
ing a statistically unambiguous detection of pulsations in
each observation. The changes in T,s. we obtained are
large but not unreasonable compared to those observed
while the pulsar is in its RMSP state (see Figure [I).

We obtained the pulse profile shapes in our two ob-
servations and found them remarkably similar (Figure [2))
but subtly different from (as well as much brighter than
the X-ray pulse profile seen in the source’s previous
RMSP state, where the pulsations are thought to be
due to return current heating of the magnetic poles
(Archibald et al|2010]) rather than heating by channeled
accretion.

Examination of the combined XMM-Newton light
curves revealed three distinct luminosity modeﬂ (Fig-
ures and , all of which are present dur-
ing the LMXB state. Similar behavior is seen from
PSR J10234-0038 at the higher energies observed with
NuSTAR (Tendulkar et al.|[2014)), as well as during the

10 The PSR J102340038 system has been observed to switch
between RMSP and LMXB states. To describe the different X-
ray luminosities observed during the LMXB state, we use the term
mode, that is, low, high and flare mode.
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Figure 1. Variations in the time of the ascending node of the bi-
nary orbit, Thsc. Blue points are measurements made by |[Archibald
et al.| (2013) based on radio timing; horizontal bars indicate the
span of time over which the orbit was fit, and vertical bars reflect
an uncertainty in the fitted values that includes unmodelled orbital
deviations. The green curve is a best-fit parabola through these
blue points, reflecting a long-term average binary period and binary
period derivative. The gray vertical bar indicates when the radio
disappearance occurred (Stappers et al.[2014)). The red points are
obtained from the two XMM-Newton observations presented here
by optimizing the detection significance; their uncertainties are too
small to see on this scale. The top panel was computed using a con-
stant binary period of 0.198096315day, obtained from long-term
radio timing (Archibald et al.|2013). The bottom panel shows the
residuals after subtraction of the green parabola, corresponding to
a steady orbital period derivative of —9.05 x 10~ 12,

LMXB states of the two other known transitional RM-
SPs: PSR J1824—24521 and XSS J12270—4859 (Linares
et al. 2014; |de Martino et al|2013} Linares|2014). In
the 0.3-10 keV photon energy range, our XMM-Newton
observations show a steady ‘low’ mode with luminos-
ity ~ 5 x 1032 ergs™!, a steady ‘high’ mode with lumi-
nosity ~ 3 x 10% ergs™!, and occasional, more erratic
‘flares” during which the luminosity typically exceeds
5 x 1033 ergs™!, and reaches as high as 3 x 10%* ergs—!.
The three modes have similar hard power-law spectra
(photon index ~1.7; Tendulkar et al.|2014). The low,
high, and flare modes occupy roughly 20%, 80%, and 1—
2% of the data, respectively, in both the 2013 November
and 2014 June data sets. Switching between the low and
high modes appears to occur within 10 — 30s, while the
flares have a more complex structure. The low and high
mode durations are typically tens of seconds up to tens
of minutes long, and the distribution of their durations
follows a power law (Tendulkar et al[2014). No obvious
periodicity or other discernible regular pattern is present.
Moreover, the luminosity in low/high mode appears to
be nearly constant and equal in both the 2013 November
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Figure 2. Top panel: the LMXB-state pulse profiles com-

puted from the 2013 November (blue, top) and 2014 June (red,
bottom) observations, when the radio pulsar was unobservable.
Two rotational cycles are shown for clarity, with both a his-
togram and a multiple-sinusoid representation (see appendix for
details). The 2014 November observation has rms amplitude
0.236(6) s~ (5.58(13)% modulation) and the 2014 June obser-
vation has rms amplitude 0.233(6)s™' (5.81(14)%). Second
panel: the difference between the scaled LMXB-state profiles.
Third panel: the X-ray pulse profile observed during the 2008
November observation reported in |Archibald et al.| (2010), during
which PSR J10234-0038 was in the RMSP state (RMS amplitude

0.0099(18) s~1, 8.8(1.6)%). Bottom panel: the difference between
the LMXB-state profile (from 2014 June) and a suitably scaled ver-
sion of that observed during the RMSP state (in 2008 November).

and 2014 June observations.

The majority of the photons were collected during the
high mode, where we find that the 0.3-10 keV X-rays
are pulsed with a root-mean-square pulsed fraction of
8.13(14)% (count rate 0.311(5)s™!; see also Figure .
In the low mode we detect no significant pulsations, and
set a 95% confidence upper limit on the pulsed fraction
of 2.4% (count rate 0.016s~!). This implies that if any
pulsations are present in the low mode, they must form
a substantially smaller luminosity fraction (and much
smaller absolute luminosity) in the low mode than they
do in the high mode. Pulsations are also not detected
during the flares, with a 95% upper limit on the pulsed
fraction of 1.4% (count rate 0.15s~1): if any pulsations
are present during the flares, they must be weaker in ab-
solute luminosity than during the high mode. In other
words, the flares are not simply the addition of unmod-
ulated emission to the high mode; the pulsations appear
to be suppressed during flares.

4. DISCUSSION

The detection of X-ray pulsations strongly suggests
that PSR J10234-0038 undergoes channeled accretion

onto the stellar surface (at the magnetic poles) but at
an X-ray luminosity of 3 x 1033 ergs™! — a level that
is considered quiescent for normal LMXBs, and which
is close to two orders of magnitude less than the lu-
minosities at which AMXPs have previously been seen
to pulsate (= 1035 ergs™!; see Figure [5| and Table .
The observed pulse profile shapes in AMXPs are a con-
sequence of the hot spots on the surface of the rotat-
ing star or shocks barely above it. PSR J1023+0038’s
pulsation characteristics are strikingly similar to other,
higher-luminosity AMXPs: namely, a low pulsed frac-
tion, roughly sinusoidal pulse shape, and a fairly hard
spectrum (Patruno & Watts|[2012). The large duty cy-
cle of the high-luminosity mode (~70%), the only one
to exhibit X-ray pulsations, suggests that the channeled
accretion flow in PSR J10234-0038 is able to reach the
magnetic polar caps on the stellar surface the majority
of the time, but with frequent, short interruptions.

This unusual combination of phenomena appears not
to be unique. While this paper was in the refereeing pro-
cess, [Papitto et al.|(2014) reported the discovery of coher-
ent X-ray pulsations from another transitioning RMSP,
XSS J12270—4859, with very similar behaviour: presence
in the high but not low or flare modes, system X-ray lu-
minosity of 103-103* ergs—!, double-peaked profile, and
pulsed fraction of 7.7(5)%.

Theoretical models of accretion onto a magnetized
neutron star must therefore account for the entirety
of the rich phenomenology of PSR J1023+0038 and
XSS J12270—4859: the rapid, stochastic switching be-
tween the three discrete luminosity modes — low, high,
and flare — two of which maintain a fairly narrow range
of luminosities on time scales ranging from minutes to
several hours (and are also remarkably similar between
observations separated by 7 months), and only one of
which permits detectable X-ray pulsations.

The simplest model for accretion regulated by a stel-
lar magnetic field assumes that a geometrically thin
disk is truncated at the ‘magnetospheric radius’, where
the ram pressure of the gas balances the pressure
of the magnetic field (Pringle & Rees| [1972): rp =~
(B.R)Y7(GM,/2)"/"M~2/7. This radius is compared
with the ‘co-rotation radius’ (r. = GM,/Q2 = 24km
for PSR J1023+0038), the location where the orbital
velocity matches the star’s spin. When r, > 7,
the star spins faster than the flow and inhibits ac-
cretion, instead expelling incoming gas from the sys-
tem (the ‘propeller’ regime; Illarionov & Sunyaevi||1975)).
For PSR J10234-0038, the transition to the propeller
regime occurs at ~ 5 x 1071 My yr~! and 8 x
10% erg s—! — substantially higher than the luminos-
ity of PSR, J1023+0038 in its high-luminosity mode. For
comparison, assuming the entire high mode X-ray flux
comes from accretion onto the star’s surface, we obtain
a mass flow rate of 9 x 1073 M, yr~!, almost three or-
ders of magnitude lower and only ~ 10~ of the Edding-
ton accretion rate. Even the highest plausible high-mode
bolometric luminosity, 103% ergs™!, corresponds to only
1071 Mg yr=1, still insufficient to permit accretion onto
the surface in this model.

Our detection of pulsations at quiescent luminosities
shows that the simple accretion/propeller picture is in-
complete. There are several possible theoretical resolu-



Pulsations in a Quiescent LMXB 5

50 T T

40

30 |

Rate (s71)

20 |

10

— !

100

ol ey ok

110

Time since observation start (ks)

Figure 3. A short section of the combined XMM-Newton light-curve, showing the low (green), high (black), and flare (red) modes. Times
at which the mode is indeterminate are marked in grey, and times excluded from pulsation searching because of background flaring are
marked in yellow. See Figure [AT] for how the thresholds were set, and Figure [A2] for the whole light curve.

tions, each of which suggests intriguing new insights for
accretion physics at low luminosities. The first is that
the inner accretion flow could be ‘radiatively inefficient’,
meaning that the accretion flow changes from an opti-
cally thick disk to an optically thin, geometrically thick
disk and most of the accretion energy
goes into the kinetic energy of ejected material rather
than being radiated away (so the accretion rate is much
higher than the luminosity would suggest). In this case
the accretion rate could be high enough to put 7, near rc,
so that in the high mode some small fraction of the ma-
terial can accrete onto the star. Alternately, the coupling
between magnetic field lines and the highly conducting
accretion flow may not be efficient. This can lead to
diffusion of gas inward via Rayleigh-Taylor instabilities
(Kulkarni & Romanoval[2008)), or a large-scale compres-
sion of the magnetic field, both of which have been seen
in numerical simulations (Romanova et al.|[2005} [Ustyu-|
igova et al.|2006; Zanni & Ferreira/[2013). As a result, al-
though the naively-computed magnetospheric radius re-
mains well outside the corotation radius, a fraction of the
gas is nevertheless able to overcome the magnetic field’s
centrifugal barrier and accrete onto the star.

Finally, a propeller may not form at all. Propeller-
mode accretion can only eject infalling material if the
magnetic field at ry, rotates significantly faster than the
disk, which occurs well beyond the co-rotation radius
(Spruit & Taam||{1993)). If this is not the case, gas stays
confined in the inner part of the flow, and r, is ‘trapped’
near corotation (D’Angelo & Spruit||2010, [2012; Siuniaev|
& Shakura||1977). The gas flow serves as a large reser-

voir of matter whose mass provides the inward pressure
to balance the magnetic stress and results also in accre-
tion episodes in spite of a low net accretion rate. The
switching between low and high mode might be the re-
sult of transitions between a non-accreting pure propeller
mode and an accreting trapped-disk mode.

While the high-mode luminosity provides a bound on
how much matter reaches the neutron star, it is more dif-
ficult to measure the amount of material flowing into the
inner regions if some of this matter is ejected. Our radio
continuum observations have detected a flat-spectrum ra-
dio source, which is strong evidence for an outflow, and
which may be driven either by a strong propeller (Ro-

manova et al|2005}; [Ustyugova et al|2006} [Zanni & Fer-

reira [2013) or by the intrinsic accretion flow properties
as in black holes). Further modeling is required to see
whether propeller-mode accretion can, with minimal ra-
diation, eject the vast majority of the inflowing material,
leaving less than 1% to fall on the neutron-star surface.
For comparison, the accreting white dwarf AE Aquarii,
considered to be the clearest example of propeller-mode
accretion, appears to be allowing only 0.3% of the in-
coming material to reach the surface, but on the other
hand most of the soft X-ray luminosity is produced in
the inflow before ejection or accretion onto the surface

(Oruru & Meintjes||2012)).
PSR J1023+0038 likely still has more to offer in the

quest to unravel the true nature of low-level accretion
onto neutron stars; in particular, continued observations
yielding a measurement of the change in spin-down rate
caused by this current episode will be crucial in revealing
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Figure 4. X-ray pulse profiles during the low, high, and flare
modes. Each contains background-subtracted combined data from
both 2013 November and 2014 June observations. The top panel
shows all three normalized by count rate, while the bottom panel
shows all three normalized to the same mean value. In the low
mode, pulsations are not detected: the H test reports a false pos-
itive probability of 0.2; a 95% confidence upper limit on the plau-
sible pulsed fraction is about 2.4% (that is, if the pulsed fraction
were 2.4% we would obtain a false positive probability smaller than
this 95% of the time). This corresponds to a maximum possible

pulsed flux in the low mode of 0.016s~!. In the high mode, the
pulsed flux (fraction) is 0.311(5)s~1 (8.13(14)%). In the flare mode
we also do not detect pulsations with a false positive probability
of 0.2, giving an upper limit on the pulsed fraction of 1.4% and
the pulsed flux of 0.15s~1; note that this 95% upper limit on the
pulsed flux is less than the pulsed flux during the high mode.

the ratio between accreted and ejected material.
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Figure 5. Approximate X-ray fluxes of AMXPs. Large circles
connected by solid lines indicate the range of fluxes at which co-
herent X-ray pulsations have been detected, while dotted lines and
small circles indicate the range of quiescent flux levels (arrows in-
dicate where only an upper limit on quiescent flux is available).
Stars indicate X-ray fluxes during a RMSP state. The horizontal
axis is distance, generally the largest uncertainty, and the dashed
diagonal lines show constant luminosities. Marked in red is the
transition system PSR J1824—2452I (also called M28I), and in
blue is PSR J102340038 (in both cases the distances are well
known). For PSR J102340038, the large circle shows the high-
state flux (where pulsations were detected) and the small circle
shows low-state flux (where no pulsations were detected). Cen X-4
is marked in green. AMXPs with relatively good distance esti-
mates are marked in black, whereas those where the distance is
more uncertain are marked in grey. For details and references see
Table [

Facilities: XMM VLA

APPENDIX
PULSED FLUXES AND FRACTIONS.

The H test is an effective tool for detecting the pres-
ence of pulsations, but we would often like to quantify
the pulsations in order to describe the degree of mod-
ulation of the X-ray flux. The obvious approach is to
choose the minimum of the light curve as an estimate of
the constant background flux and then give the fraction
of photons above that minimum as the pulsed fraction.
Unfortunately this suffers from a potentially serious sta-
tistical bias: the process of choosing the minimum of a
noisy light curve unavoidably tends to underestimate the
minimum of the true light curve. The uncertainty on the
pulsed fraction is also large, since it is set by the un-
certainty on the minimum of the light curve. We there-
fore use another way to describe the pulsed flux: we re-
port the root-mean-squared modulation. If the true light
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Table 1
AMXP flux ranges and distances

Name d Observed pulsation flux Quiescent flux Refs.
(kpc) (10~ 1%%rgs~l cm—2) (10~ ergs™1 cm™2)
PSR J10234-0038 1.4 0.14 @ 229.3 @ This work
Cen X-4 0.9-1.2 (?) 100.0 ® (1)
IGR J00291+5934 2.5-5.0 (?) 0.70 — 6.00 © 7.0° (2),(3)
IGR J17498-2921 7.6 1.00 - 6.00 ¢ 3.0° (4),(5)
IGR J17511-3507 < 6.9 (?) 2.00 - 8.00 © <75.0°% (6),(7)
PSR J1824-24521 (M281) 5.5 0.20 — 8.00 ® 13.0 f (8),(9)
NGC6440 X-2 8.1-8.9 0.90 — 4.00 9 <03°% (10),(11)
SAX J1808.4-3658 2.5-3.5 1.00 — 27.00 © 4.0° (12),(3)
Swift J1749.4-2807 5.4-8.0 0.20 — 2.00 9 13.0° (13),(5)
Swift J1756.9-2508 8.0 (?) 0.80 — 4.00 » <13.0f (14),(15)
XTE J0929-314 > 5.0 (?) 0.80 — 4.00 ¢ 09°% (16),(17)
XTE J1751-305 > 6.3 (?) 0.80 — 13.40 ¢ <2.7? (18),(17)
XTE J1807-294 8.0 (?) 0.90 — 7.00 ¢ <4.0° (19),(20)
XTE J1814-338 8.0 (7) 0.90 — 5.00 © <0.7°% (21),(3)
Note. — AMXP parameters used in Figure[ﬂ Distances with a question mark indicate distance estimates highly dependent on assumptions.

Energy ranges are indicated by superscript letters: a: 0.3 — 10.0, b: 0.5 — 10.0, ¢: 2.5 — 25.0, d: 2.0 — 10.0, e: 2.0 — 25.0, f: 0.3 — 8.0, g: 2.0
— 16.0, and h: 2.5 — 16.0 keV. No pulsations have been detected from Cen X-4, so it is not an AMXP; it is included because accretion onto the
surface has been detected. References: (1) |Cackett et al. (2013), (2) [Hartman et al|(2011), (3) |Heinke et al.| (2009), (4) [Papitto et al|(2011), (5)
Degenaar et al.| (2012), (6) |[Riggio et al.| (2011b), (7) [Haskell et al| (2012), (8) |[Ferrigno et al| (2014), (9) |Linares et al. (2014)), (10) [Patruno &|
|D’Angelol (2013)), (11) [Heinke et al.| (2010)), (12) [Hartman et al.| (2008), (13) |Altamirano et al.| (2011), (14) |[Patruno et al|(2010), (15) [Papitto et al.

(2007), (16) |Galloway et al.| (2002), (17) |Wijnands et al|(2005)), (18) [Riggio et al.|(2011a)), (19) |[Riggio et al.| (2008), (20) |Campana et al| (2005),

(21) |[Haskell & Patruno| (2011

curve is f(¢), we report
Frms = /(f((b) - f_)2d¢7

where f is the mean of f(¢). The relationship between
this and the above definition is a scaling that depends on
the pulse profile shape.

The rms pulsed flux can be reliably estimated from the
Fourier coefficients of the profile using Parseval’s theo-
rem, with correction terms to reduce the bias, as

m
2 _ 2 2 2 2
Frms - 2 :a’j +b] _O.GJ - abyj’
Jj=1

where a; and b; are the jth Fourier coefficient, o, ; and
op,; are their uncertainties, and m is a suitable number of
harmonics. If a; and b; are normally distributed around
the true values, then an easy computation shows that
the expected value of F?_ is the true rms pulsed flux; in
other words this is an unbiased estimator. Unfortunately
taking the square root introduces a small amount of bias,
and in fact since F2, . can turn out to be negative one
must report zero in some cases, but this provides a way
of computing the pulsed flux that has low uncertainty
and little bias.

A priori m can be chosen freely without biasing the
result, but too small an m will distort the estimated pro-
file by failing to include real structure, while too large an
m will distort the estimated profile by including Fourier
coefficients dominated by noise. There is a simple cri-
terion for choosing m: select the value m that maxi-

mizes (Z;nzl(aj/aad)z + (bj/ab,j)z) — 4m. This crite-
rion asymptotically selects the m that minimizes the ex-
pected mean integrated squared error between the esti-

mated profile and the true profile (de Jager et al.||1986).
This is also the value of m used in the H test, and it

3.5 ]
3.0 |
2.5 |

2.0 |

15k O

1.0 |-

— Nov

logo number of 10-s bins

0.5

T

— June

0.0 Il Il A Il : Il
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

log;, count rate (s™1)

Figure Al. Distribution of fluxes in the 2013 November and 2014
June observations. All pn and MOS photons from both observa-
tions were combined to form an exposure-corrected light curve with
10-second time bins, and histograms of the resulting count rates
are plotted. Horizontal error bars show the horizontal smearing
due to Poisson noise in the light curve bins. Vertical dotted lines
show the cuts we chose between low, high, and flare modes.

is suitable for graphical profile representations as well as
choice-free pulsed flux estimation.

To construct the smooth profile approxmations in Fig-
ures 2 and [4] we computed the empirical Fourier coeffi-
cients of the set of photon phases (A, = Y, e?™m®k),
truncated them at the value of m obtained from the
above procedure, and plotted the resulting curve.

PROFILE COMPARISON.

For the purposes of comparing the X-ray profiles be-
tween our two LMXB-state observations and to the
RMSP-state X-ray profile, we formed profiles using the
above optimal numbers of harmonics and aligned all
three using cross-correlation. To form the difference pro-
files in Figure |2| we also scaled and offset one of the pro-
files to the least-squares best-fit values. We formed the
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smoothed profiles in Figure [4] using the same Fourier-
domain approach.
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