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Accretion-powered millisecond X-ray pulsations have bdetected in only 13 of more than
130 known neutron stars in low-mass X-ray binary systemsXB¥). Pulsations have been
detected only intermittently in three of these accretiompred millisecond X-ray pulsars. We
show that the failure to detect accretion-powered pulsatitom most neutron-star LMXBs, and
the intermittent detection of pulsations in a few, can battekplained if the emitting regions of
accreting neutron stars with millisecond spin periods gpéctlly close to their spin poles and
move in response to changes in the accretion flow. This nadigped moving spot model is
consistent with the small observed amplitudes and nearlissidal waveforms of most accreting
millisecond X-ray pulsars, and the large, rapid phase tiaria of several.
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1. Introduction

The unique capabilities of the Rossi X-ray Timing ExplorBIX{TE) have led to the discov-
ery of thirteen neutron stars in low-mass X-ray binary syst€LMXBs) that produce accretion-
powered X-ray oscillations at their millisecond spin pddo Oscillations have been detected only
intermittently from three of these accretion-powered isgitond X-ray pulsars (APMXPs), with
duty cycles as low as 0.03% [4]. At present, accretion-pedgulsations have not been detected
in the vast majority of more than 130 known neutron-star LMXB the Galaxy [10], including a
dozen in which the neutron star spin rate is known from itdearepowered oscillations (see [7]).

The pulsations of APMXPs share several characteristiceirms amplitudes are usually
only a few percent (although a few stars sometimes produgditades as large as 19% [13])
and the profiles of most are nearly sinusoidal (the rms aogditof the first overtone of the spin
frequency is typically less thar 3% [15]). A notable exception is the profile of the recently
discovered APMXP SWIFT J1749-£2807, which sometimes has fundamental and first overtone
amplitudes as large as 29% and 23% respectively [2]. In saang, she pulse arrival time varies
erratically by as much as 0.3 cycles [14]. The pulsationsefthree intermittent APMXPs have
amplitudes< 3% and are nearly sinusoidal (a first overtone has been ddtecily once, in an
observation of HETE J1900-122455, with an amplitude of 0.4% [6]). For comparison, peesis
pulsations with amplitudes as low as0.5% can be detected in some stars using RXTE; the upper
limits on pulsation amplitudes in stars in which they havele®n detected range up to 10%.

APMXPs are thought to be weakly magnetic stars that have fmamup by accreting angular
momentum (see [7] and references therein). The similagtwben accretion-powered oscillations
and burst oscillations in sources that show both [1] in@i¢hat many other neutron stars in LMXBs
have been spun up to millisecond spin periods. During thegpiphase, the star's magnetic poles
are thought to migrate toward its spin poles [5]. The magmnatles of a star that has been spun up
to a high spin frequency will therefore be close to its spifep@nd accretion to the surface near
the magnetic poles will therefore produce weak pulsatidnscontrast, the magnetic poles (and
hence the emitting regions) of a star that is spinning dowsabse it has a low average accretion
rate are likely to be farther from the spin poles, so its gidsa will be stronger. This is consistent
with the low average accretion rates of all known APMXPs.

Several ideas have been proposed to explain the failuretéotdeulsations in many neutron
stars in LMXBs (see, e.g., [12]). Only the nearly aligned imgvspot model [8] explains natu-
rally the appearance and disappearance of pulsations esdates as short as a few minutes. In
this model, the closeness of the X-ray emitting areas topireaxis means that small motions in
response to variations in the structure and accretion fateealisk can produce large changes in
the observed amplitude and phase of the pulsations. Herbovethat the model can also explain
the non-detection of accretion-powered pulsations in mestron-star LMXBs using current in-
struments. The reason is that emitting areas that are vesg ¢b the star’s spin poles produce
pulsations that are very weak. The much larger timing noieelyced by movement of high-
latitude emitting areas can further reduce the pulse anugit As a result, pulsations will only
sporadically exceed the detection limit, when changesearatttretion flow cause the the emitting
areas to move away from the spin poles by a few degrees.
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2. Pulse profile modeling

We used the ray-tracing code described in [8] to calculagthse profiles produced by emit-
ting spots at various rotational latitudes when viewed fi¢dint inclinations. This code uses the
Schwarzschild plus Doppler (S+D) approximation [11], whileats the special relativistic Doppler
effects (such as aberrations and energy shifts) associatiedhe rotational motion of the stellar
surface exactly, but treats the star as spherical and us&stiwarzschild spacetime to compute the
general relativistic redshift, trace the propagation ghtifrom the stellar surface to the observer,
and calculate light travel-time effects. For the stellardels we consider, rotational distortion of
the star and frame dragging can be neglected [3]. The codbdwsvalidated by comparing its
results with analytical results for special cases and widvipusly reported numerical results.

Pulse profiles are determined by folding X-ray data over timervals long enough that the
profiles are stable. The required intervals are typicalflP—1(f times the~1 ms dynamical
timescale near the neutron star. The emission and beamitggnsaused in computing pulse pro-
files therefore represent averages of the patterns overititeivals like these. We assume radia-
tion from the stellar surface reaches the observer withdetacting with any intervening matter.
Guided by the observations summarized in the Introducti@assume that X-ray pulsations will
be detected if the fractional amplitude of any harmonic ieast 0.5%.

3. Results of pulse profile computations

We have performed several hundred million pulse profile agsatpons, which we summarize
below. Here we present results for an isotropically engtpot of 25 radius on a 1.4 M reference
star with circumferential radius d® = 5GM/c? (10.36 km) and a spin rate of 400 Hz as seen at
infinity. We also discuss the effects of deviations from éhealues. We consider emission from
a single spot, two antipodal spots, and two spots at the satihgde but separated in azimuth by
160°. Although these computations were performed with APMXPmind, they can also be used
to describe the oscillations produced by X-ray burst emisfiom a spot on the stellar surface.

3.1 Persintently detected oscillations

Figure 1 shows how the fractional amplitude produced by gisigpot varies with the inclina-
tions of the observer and the spot. Unless all APMXPs arerebdat inclinations less than 1,0
which is highly improbable, the small pulse amplitudes2%) that are observed occasionally in
essentially all APMXPs are possible only if the spot is withi 15° of the spin pole. Amplitudes
as high or higher than 50% have not been observed from any ARNIKis behavior is natural
in the nearly aligned moving spot model. The emitting spoatsilel be nearly aligned if a star’s
magnetic poles move toward its spin axis as the star spinSJup [

The nearly aligned moving spot model also explains how thglitudes of APMXP pulsations
can vary from as low as 2% to as high as 19% within a few houran@és in the accretion flow
can cause the centroid of the emitting region to move sedegkees further from the spin pole on
this timescale, increasing the pulsation amplitude by atsuibial factor (see Figure 1). This model
can also explain the observed changes in the arrival timpslsés by up te- 0.3 cycles on short
timescales. Small displacements of a spot that is near thepsfe can easily produce changes in
the arrival time this large. In contrast, a spot that is mwther from the spin pole would have to
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Figure 1: Contours showing the fractional amplitude of the fundarmeodmponent of the pulse profile
produced by a single spot on our reference star, as a funatitne observer and spot inclinations.

move~ 10 kilometers in order to change the pulse arrival time byragarable amount. Finally,
spots at small inclinations naturally produce nearly siide pulse profiles like those observed.
The results for two spots at similar latitudes but separatedimuth by~ 160° —180 are sim-

ilar to the results for a single spot. The small observed @nuas of the first overtone components
of APMXP pulse profiles restrict the inclination of antipbdaots to small values. These results
depend only weakly on the size of the spot and the compacameisspin frequency of the star. Our
simulations show that the results are qualitatively sinfiba other radiation beaming patterns. See
[8] for detalils.

3.2 Intermittently detected oscillations

Emitting regions that are close to the spin axis can alsoa@gxplaturally how accretion-
powered oscillations can appear and disappear on shoddates. As Figure 2 shows, movement
of a spot center by a small amount, e.g., fromi@8°, can cause the pulsations seen by an observer
inclined at, e.g., 6Q to change from being undetectable by RXTE to being eastigatable, with
an amplitude of 3%. In this example, the first overtone woeltain undetectable. Behavior like
this occurs naturally for a variety of spot geometries anahfiag patterns, and a wide range of
spot radii, stellar masses and radii, and observer inaingt provided the emitting region is close
to the spin axis.

Changes in accretion rate are expected in connection wetimibnuclear X-ray bursts, which
could explain the apparent association in time of X-ray tsuasd intermittent accretion-powered
oscillations. The nearly aligned moving spot model alsogests the possibility of pulsation
dropouts: when the accretion rate changes, the pulsing APAWXP that typically produces low-
amplitude pulsations may temporarily become undetect&se [9] for details.

3.3 Undetected oscillations
The nearly-aligned moving spot model may also explain wigreton-powered X-ray pul-
sations have been detected in so few accreting neutrontbdrare thought to have millisecond
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Figure 2: Fractional rms amplitude of the funda+figure 3: Contours showing the fractional ampli-
mental component of the pulse profile produced hyde of the fundamental component of the pulse pro-
antipodal spots on our reference star as a functionfdé produced by antipodal spots on our reference
the observer inclination, for various small spot inclistar, as a function of stellar compactness and spot
nations. inclination.

spin periods and magnetic fields strong enough to channeldtretion flow, at least to some ex-
tent. The radiation pattern of a spinning neutron star cabhagerfectly axisymmetric and such a
star must therefore produce pulsations at some level. Vieker, the emitting area is very close
to the spin axis and remains there, the amplitude of the poitsamay be so low that they are
undetectable with current instruments (see Figure 3).

The range of inclinations that produce pulsations too wealket detected using current in-
struments is likely to be larger than the range indicated igyfé 3. The reason is that when the
emitting area is near the spin axis, its azimuthal motiomseio produce large phase variations
that reduce the amplitude that is obtained when the waveifoaweraged by folding or by Fourier
transforming the X-ray flux time series. Motions of the emdtarea on timescales shorter than the
interval used to construct a pulse profile can neverthelestetected indirectly, because they will
produce excess background noise in the power spectrum.tigmgth of this excess noise should
be correlated with the amplitude and harmonic content opthse profile. Motions of the emitting
area on timescales longer than the intervals of data usemh&iract pulse profiles can be inferred
directly from the correlated changes in the amplitude amthbaic content of the pulse profile that
they produce.
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