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Abstract. We review recent results from the X-ray timing of accreting millisecond pulsars in
LMXBs. This is the first time a timing analysis is performed onaccreting millisecond pulsars, and
for the first time we can obtain information on the behavior ofa very fast pulsar subject to accretion
torques. We find both spin-up and spin-down behaviors, from which, using available models for
the accretion torques, we derive information on the mass accretion rate and magnetic field of the
neutron star in these systems. We also find that the phase delays behavior as a function of time in
these sources is sometimes quite complex and difficult to interpret, since phase shifts, most probably
driven by variations of the X-ray flux, are sometimes present.
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INTRODUCTION

According to the recycling scenario (see e.g. [1] for a review), there exists an evolution-
ary connection between the so-called Low Mass X-ray Binaries(LMXBs) containing a
neutron star and Millisecond Radio Pulsars (MSP). The first class of sources consists of
old systems where a low magnetized (∼ 108−109 Gauss) neutron star accretes matter
from a low mass (usually less or of the order of M⊙) companion. The weak magnetic
field of the neutron star allows the matter to be accreted veryclose to the compact object;
the accretion radius is indeed the magnetospheric radius (the radius at which the mag-
netic pressure due to the assumed dipolar magnetic field of the neutron star is balanced
by the ram pressure of the accreting matter) which, for typical values of the magnetic
field and the mass accretion rate, can be quite close (a few neutron star radii) to the
compact object. In this situation, the neutron star can be accelerated by the accretion of
matter and angular momentum from a (Keplerian) accretion disk to very short periods,
in principle up to the limiting period (usually of the order of or below 1 ms), which
depends on the mass-radius relation of the neutron star, andtherefore on the equation of
state of ultra-dense matter. At the end of the mass transfer phase, these systems will be
observed as low magnetized, very fast (millisecond) pulsars in a binary system with a



very low mass (if any) companion star; these systems are indeed observed in radio and
form the class of MSP.

This evolutionary scenario was spectacularly confirmed by the discovery of millisec-
ond coherent pulsations in LMXBs; this important discovery arrived recently, in 1998,
when coherent millisecond pulsations with a period of 2.5 mswhere discovered in the
transient LMXB SAX J1808.4–3658 [2], thanks to the large effective area (∼ 6000 cm2)
and high time resolution (up to 1µsec) of the Proportional Counter Array (PCA) on
board theRossiX-ray Timing Explorer (RXTE). SAX J1808.4–3658, for the resta quite
common LMXB, belongs to a close binary system,Porb ≃ 2 h [3]. We now know ten
accreting millisecond pulsars (see [4], [5] for reviews); all of them are X-ray transients
in very compact systems (orbital period between 40 min and 9 h), the fastest of which
is IGR J00291+5934, with a spin period ofPspin≃ 1.7 ms, and the slowest of which is
XTE J0929–314, with a spin period ofPspin≃ 5.4 ms.

In this paper we review recent results from timing analysis of a sample of accreting
millisecond pulsars. The timing analysis we have applied isbased on standard timing
techniques that are fully described in [6].

IGR J00291+5934

IGR J00291+5934 was discovered by theINTEGRALsatellite in December 2005,
when it showed an X-ray outburst which lasted from December 3to 21. X-ray pulsations
were significantly detected only during the first 12 days of the outburst. With a spin
period of 1.7 ms is the fastest among the known accreting millisecond pulsars and
belongs to a binary system with orbital period∼ 2.5 h [7]. Falanga et al. [8] report
for this source the presence of a constant spin-up of∼ 8×10−13 Hz/s. Burderi et al. [6]
re-analysed these data and, in particular, fitted the phase delays vs. time with physical
models taking into account the observed decrease of the X-ray flux as a function of time
during the X-ray outburst, in order to get a valuable estimate of the mass accretion rate
onto the compact object. In fact, in the hypothesis the the spin-up of the source is caused
by the accretion of matter and angular momentum from a Keplerian accretion disk, the
mass accretion rate,̇M onto the neutron star can be calculated by the simple relation
2πI ν̇ = Ṁ(GMR)1/2, whereI is the moment of inertia of the neutron star,ν̇ the spin
frequency derivative,G the Gravitational constant,M the mass of the compact object,
R the accretion radius, and(GMR)1/2 the Keplerian specific angular momentum at the
accretion radius. Since we are neglecting any threading effect of the magnetic field in
the accretion disk outside the accretion radius, the estimate of Ṁ derived in this way
should be considered as a lower limit.

Because the X-ray flux, which is assumed to be a good tracer of the mass accretion
rate, is observed to decrease along the outburst, this has tobe taken into account in order
to obtain the correct value of the mass accretion rate at the beginning of the outburst
as well as its temporal evolution (note that the accretion radius also depends on the
mass accretion rate,R ∝ Ṁα whereα is usually assumed to be 2/7, and therefore is
a function of time). The X-ray light curve of the source showsthat the flux, in good
approximation, decreased linearly with time, and we adopted the following dependence:



Ṁ(t) = Ṁ0[1−(t−T0)/tB], whereT0 is the time at the beginning of the observation (Dec
7), andtB = 8.4 days. We can therefore derive the following expression forthe expected
evolution of the phase delays vs. time:

φ = −φ0−∆ν0(t −T0)−
1
2

ν̇0(t −T0)
2
[

1−
(2−α)(t −T0)

6tB

]

, (1)

whereφ0 is a constant,∆ν0 is the linear correction to the value of the spin frequency
adopted to produce the pulse profiles, andν̇0 is the frequency derivative att = T0. For the
fit we used three possible values forα, i.e. a) the standardα = 2/7 which corresponds to
assuming that the accretion radius is proportional to the Alfven radius, b)α = 0 which
corresponds to an accretion radius equal to the corotation radius (the radius at which the
Keplerian frequency equals the neutron star spin frequency, that is the maximum radius
at which accretion can occur), and c)α = 2 which corresponds to a simple parabolic
function, that is to a constant mass accretion rate. For all the assumed values ofα we
obtained acceptable fits, and we have calculated the lower limit to the mass accretion
rate at the beginning of the outburst, that is obtained in thecaseα = 0:

Ṁ−10 = 5.9× ν̇−13I45m−2/3, (2)

whereṀ−10 is Ṁ0 in units of 10−10M⊙ yr−1, ν̇−13 is ν̇0 in units of 10−13 s−2, I45 is I in
units of 1045 g cm2, andm is the mass of the neutron star in units of M⊙. We adopt the
FPS equation of state for the neutron star matter form= 1.4 and the spin frequency of
IGR J00291+5934 which givesI45 = 1.29 andRNS= 1.14×106 cm (see e.g. [9]).

From the fitting of the phase delays with these relations we find ν̇−13 = 11.7, and
a lower limit to the mass accretion rate ofṀ−10 ∼ 70± 10 (caseα = 0). This would
correspond to a bolometric luminosity of∼ 7× 1037 ergs/s. This is about an order of
magnitude higher than the X-ray luminosity inferred from the observed X-ray flux and
assuming a distance of 5 kpc. Burderi et al. [6] have argued that, since the pulse profile
is very sinusoidal with negligible harmonic content, we probably just see only one of the
two emitting polar caps, and therefore the observer intercepts just half of the total emitted
X-ray luminosity. In this way, we can reduce the discrepancybetween the bolometric
luminosity inferred from the mass accretion rate and the observed X-ray luminosity, but
still we need to place the source to a quite large distance of 7.4−10.7 kpc (note that
10 kpc is close to the edge of the Galaxy in the direction if IGRJ00291+5934). Other
possible explanations for the discrepancy between the massaccretion rate inferred by the
timing and the observed X-ray luminosity can be that the energy released by accretion
is not completely converted into X-ray luminosity, but a non-negligible fraction of this
energy is used to spin up the neutron star. (We thank W. Kluzniak for useful discussions
on this topic during the conference). It is interesting to note that IGR J00291+5934
shows the largest spin up rate and also the largest discrepancy between the observed
X-ray flux and the inferred mass accretion rate.



XTE J1751–305

XTE J1751–305 was first detected monitoring the Galactic bulge region with the
PCA on board the RXTE. Subsequently, pointed observations in 2002 April allowed the
detection of an X-ray periodic modulation at a frequency of about 435 Hz, establishing
that this source belongs to the class of accreting millisecond X-ray pulsars [10]. The
duration of the X-ray outburst was quite short, with the X-ray light curve decaying
exponentially with a characteristic time of∼ 7.2 days; this exponential decay became
faster (τ ∼ 0.63 days) towards the end of the outburst. The timing behaviorof this source
is very similar to the one previously described of IGR J00291+5934, with a clear spin-
up trend in the phase delays, with an average rate ofν̇ = (3.7±1.0)×10−13 Hz/s. We
applied different accretion torque models to fit the observed phase delays, but we did not
succeed in having a significant improvement of its description with respect to a constant
spin up model, either when implying a dependence of the spin frequency derivative
on the instantaneous accretion rate or when discriminatingbetween different scenarios
of interaction between the accretion disc and the rotating magnetosphere. Applying an
Alfenic toque model, we derived a spin-up rate ofν̇0 = (5.6± 1.2)× 10−13 Hz/s for
the spin frequency derivative one day after the first observation available. The measured
value of the spin frequency derivative implies a peak accretion rate of at least 15% of the
Eddington limit. Such a high accretion rate indicates that XTE J1751–305, as already
noted for IGR J00291+5934, accretes matter during outbursts at a much higher rate
than that usually considered typical (a few per cent of LEdd)for accreting millisecond
pulsars. We have therefore discussed the possibility that the mass accretion rate is a
factor between 1 and 2 higher than the one inferred by the X-ray luminosity, if the
emission of the antipodal polar cap is not visible due to the occultation by a thick
absorber and re-emission of this energy is out of the considered band. Defining the
parameterη as the fraction of the accretion luminosity effectively emitted by the NS
in the 0.7−200 keV energy band, with respect to the one observed, we get adistance
estimate< 8.5 kpc whenη > 1.2, while a lower limit of 6.7 kpc is obtained in the case
η = 2.

SAX J1808.4–3658

SAX J1808.4–3658 is the most studied among accreting millisecond pulsars since it
has shown four X-ray outbursts observed by RXTE; it goes into outburst roughly every
two years (in 1998, 2000, 2002, and 2005 up to date). We have performed a timing
analysis of the 2002 outburst, which lasted about 40 days from October 15 to November
26, one of the most extensively covered by RXTE observations (see details in [11];
see also the timing analysis of all the four outburst from SAXJ1808.4–3658 in [12]
with a different interpretation of the results). In this case, the pulse profile shows the
presence of a significant harmonic, and we therefore studiedboth the phase delays of
the fundamental and the phase delays of the harmonic as a function of time. The phase
delays derived from the fundamental show a very puzzling behavior, since a rather fast
phase shift is present at day 14 from the beginning of the outburst. Interestingly, as it



can be easily seen from the X-ray light curve of the outburst,day 14 corresponds to an
increase in the rapidity of the exponential decay with time of the X-ray flux. On the other
hand, the phase delays of the harmonic do not show any evidence of this phase jump.
This is not an effect of the worse statistics we have for the phase delays derived from the
harmonic, which of course show larger error bars. We have to conclude that the phase
jump in the fundamental is not related to an intrinsic spin variation (which would have
affected the both the harmonic components), but is instead caused by a change of the
shape of the pulse profile (probably caused by the same mechanism causing the increase
of the steepness of the exponential decay of the X-ray flux).

Given the regular behavior of the phase delays of the harmonic, we tried to fit these
to an appropriate model. As in the case of IGR J00291+5934, weconsidered a varying
with time mass accretion rate, that in this case is exponentially decreasing during the
outburst:Ṁ(t) = Ṁ0exp(t −T0)/τ, whereτ = 9.27 days can be derived from a fit of
the (first 14 days) light curve. Again we can derive the expected variation of the phase
delays for the case of an exponentially decreasing mass accretion rate:

φ(t) = φ0−B(t −T0)−Cexp(t −T0)/τ, (3)

whereC = 1.067×10−4I−1
45 P1/3

−3 m2/3τ2Ṁ−10, P−3 is the spin period in millisecond, and
B = ∆ν0 +C/τ. However, we obtained a poor fit both using the expression above or
using a simple parabolic trend. Indeed, with the model of eq.3 we can obtain a good fit
of the first 14 days of the outburst, but, with respect to this fit, we observe a flattening
of the phase delays after day 14. To describe this flattening we therefore added to eq. 3
a quadratic term corresponding to a constant spin-down.

From this best fit we can derive a spin-up at the beginning of the outburst of
ν̇0 ∼ 4.4× 10−13 Hz/s, corresponding to a mass accretion rate ofṀ−10 = 18, and a
(marginally significant1) constant spin-down oḟνsd∼−7.6×10−14 Hz/s. In the case of
SAX J1808.4–3658 the distance to the source is known and is about 3.5 kpc [13]; there-
fore we can check if also in this case there is a discrepancy between the mass accretion
rate inferred from the timing results and the observed X-rayluminosity. We still find
a discrepancy, but, in this case, the mass accretion rate inferred from timing is only a
factor of 2 larger than the observed X-ray luminosity, sincethis is about 1×1037 ergs/s
(see [11]). The spin-down observed at the end of the outburstcan be explained, for in-
stance, by a threading of the accretion disk by the neutron star magnetic field outside the
corotation radius. Of course, in agreement with what we observe, we expect that such a
threading effect will be observable at the end of the outburst, when the mass accretion
rate significantly decreases (see [14]). We can therefore evaluate the magnetic moment,
µ, of SAX J1808.4–3658 from our measured value of the spin-down, using the relation
µ2/(9R3

CO) = 2πI ν̇sd, whereRCO is the corotation radius. The magnetic field found in
this way isB∼ (3.5±0.5)×108 Gauss, perfectly in agreement with previous constraints
[15].

1 Due to the uncertainty in the modelization of the X-ray flux behavior vs. time in the second half of the
outburst



XTE J1814–338

XTE J1814–338 was discovered in 2003 by RXTE [16]; the X-ray outburst started
on June 5 and lasted about 53 days. The spin period is∼ 3.14 ms and the binary orbital
period,Porb = 4.275 h, is the largest in our sample of accreting millisecond pulsars.
We have performed a timing analysis of this source (see [17])finding that the neutron
star shows a global spin-down,ν̇sd ∼ (−6.7± 0.7)× 10−14 Hz/s, during the whole
outburst. Again this source shows a puzzling behavior of thephase delays; for this
source the harmonic contain in the pulse profile is quite high. In particular we detect
the fundamental and the first harmonic, whose amplitudes areboth quite large. We have
therefore studied the phase delays of the fundamental and the harmonic, finding in this
case that both show the same trend when plotted vs. time. Thistrend is approximately
parabolic and indicates a global spin-down of the pulsar. However, superposed to this
general trend we find oscillations of the phase delays.

Differently from previous cases, the X-ray flux in this source does not monotonically
decay during the outburst; instead the flux is observed to oscillate around a mean value
during the first 30 days of the outburst, and then it fast decays to quiescence. We find
that the oscillations observed in the phase delays of the fundamental and the harmonic
are very well anticorrelated with the oscillations presentin the X-ray flux. We have
therefore interpreted these oscillations as phase shifts induced by small movements of
the accretion column footpoint on the neutron star surface driven by variations of the
X-ray flux.

Also in this case, we can try to get an estimate of the neutron star magnetic field from
the observed global spin-down trend and using the threadingof the accretion disk model
(as in [14]). We get a quite large value for the magnetic field of ∼ 8×108 Gauss.2

XTE J1807–294

XTE J1807–294 was discovered by RXTE in February 2003, when itshowed a very
long X-ray outburst that lasted from February 28 to June 22 (more than 110 days, the
longest outburst ever observed for an accreting millisecond pulsar). Fitting the whole
outburst timespan in which X-ray pulsations were clearly visible (first 90 days) Riggio
et al. [18] were able to find a very precise orbital solution. Using this orbital solution
Riggio et al. [19] studied the temporal evolution of the phasedelays along the outburst.
Also in this case, both the fundamental and the harmonic are clearly present and show a
strong erratic behavior superposed on what appears to be a global spin-up trend. The
erratic behavior of the pulse phases is strongly related to rapid variations of the X-
ray flux, making it very difficult to fit these phase delays witha simple formula. As
in previous cases, we therefore separately analyze the phase delays of the fundamental
and of the harmonic of the spin frequency, finding, as in the case of SAX J1808.4–3658,

2 The magnetic field has been evaluated using for the average mass accretion rate during the first 35 days
of the outburst, when the mass accretion rate can be considered almost constant, the value∼ 5.4×10−10

M⊙/yr, and assuming a distance to the source of 8 kpc.



that the phases of the second harmonic are far less affected by the erratic behavior.
Under the hypothesis that the second-harmonic pulse phase delays are a good tracer
of the spin frequency evolution, we give for the first time an estimate of the (average)
spin frequency derivative for this source. XTE J1807–294 shows an average spin-up rate
of ν̇ = 2.5(7)× 10−14 Hz/s (1σ confidence level). The majority of the uncertainty in
the value of the spin-up rate is due to the uncertainties in the source position on the sky.
Considering the exponential decay of the mass accretion ratealong the outburst (which is
particularly important in this case because of the long duration of the outburst), we obtain
a statistically better fit of the phase delays and a value for the spin frequency derivative
at the beginning of the outburst ofν̇0 = 1.2(3)×10−13 Hz/s. The values reported above
already include the systematic errors induced by the poorlyconstrained source position.

From the fit of the phase delays of the second harmonic of XTE J1807–294 with the
model including the exponential decay of the mass accretionrate discussed above, we
find a mass accretion rate at the beginning of the outburst of 4(1)× 1010 M⊙/yr. This
mass accretion rate can be compared with the X-ray flux of the source at the beginning
of the outburst, which was 2×10−9 ergs/cm2/s (see [20]), from which we can derive an
X-ray luminosity of 4.7×1036 ergs/s and a distance to the source of 4.4(6) kpc. Clearly,
this is only a crude estimate of the distance on the basis of our timing results, and future
independent estimates are needed in order to confirm or disprove our hypothesis.

XTE J0929–314

XTE J0929–314 is a high-latitude source and was discovered by RXTE in 2002,
when it showed an X-ray outburst which started on May 2 and lasted for about 53
days. Galloway et al. [21] provided an orbital solution for this source, reporting a
quite short period of∼ 44 min. With a spin period of∼ 5.4 ms this is the slowest
among the known sample of accreting millisecond pulsars. They also performed a timing
analysis of the pulse phase delays, showing that the source underwent a steady spin-
down while accreting oḟν = −9.2(4)× 10−14 Hz/s. We have re-analysed these data,
using an improved source position on the sky, and basically confirm the already reported
results, although with a revised spin-down rate ofν̇ = −5.5(4)×10−14 Hz/s.

Although the timing results seem quite simple in this case, indeed XTE J0929–314
shows the most puzzling behavior with respect all the sampleof accreting millisecond
pulsars discussed here. In fact, as in the case of IGR J00291+5934, XTE J0929–314
shows an almost linear decrease of the X-ray flux during the outburst, with a decay
time tB ≃ 58.5 days. This means that, along the outburst, the expected spin-up should
decrease, and the global derivative of the spin frequency (that is the sum of the spin-up
and spin-down rates) should show an increasing global spin-down along the outburst.
However, the pulse phase delays do not show any increasing spin-down, since the best
fit suggests a constant (or at most decreasing) spin-down. Ifthe decreasing of the X-ray
flux does not affect the behavior of the phase delays, this means that the corresponding
spin-up rate should be always negligible with respct to the observed spin-down, i.e.
ν̇su << −ν̇sd ∼ 5.5×10−14 Hz/s. If we assume, in agreement with the request above,
that the spin-up is at least a factor of 5 lower than the spin-down rate, we find a



TABLE 1. Summary of timing results for our sample of accreting millisecond pul-
sars; references are given in the text.

Source Porb (h) Pspin (ms) ν̇ (Hz/s)

IGR J00291+5934 2.456692(2) 1.66974977466(5) 1.2 (2)×10−12

XTE J1751–305 0.7070394(5) 2.2971712972(2) 5.6 (1.2)×10−13

SAX J1808.4–3658 2.01365469(3) 2.4939197632(4) 4.4 (8)×10−13

SAX J1808.4–3658 −7.6 (1.5)×10−14

XTE J1814–338 4.27464525(5) 3.1811056697(1) −6.7 (7)×10−14

XTE J1807–294 0.6678935(1) 5.245942728(1) 1.2 (3)×10−13

XTE J0929–314 0.7263183(8) 5.4023317862(3) −5.5 (4)×10−14

corresponding mass accretion rate ofṀ < 6×10−11 M⊙/yr, which would correspond to
a quite low bolometric luminosity of< 6×1035 ergs/s. If we compare this luminosity
with the observed X-ray luminosity,LX ∼ 1.0× 1037 d2

5 kpc ergs/s where d25 kpc is the
distance to the source in units of 5 kpc, we find an upper limit to the source distance
of about 1.2 kpc, that is less than the lower limit of 5 kpc derived by the expected
secular mass accretion rate (driven by gravitational radiation) and a supposed outburst
recurrence time> 6.5 yr [21].

A distance of∼ 1 kpc is unlikely to be correct, although we have to note that
XTE J0929–314 is a high latitude source, and therefore the closer is the source, the
smaller will be the height of the source above the Galactic plane. Otherwise, the reason
of this discrepancy may be in the used model for the threading(spin-down) torque; in
most of the models this depends only on the magnetic field strength and should therefore
remain constant along an X-ray outburst. However, the pulsephase delays seem to
suggest that the spin-down in XTE J0929–314 may decrease at the end of the outburst.
We note that results of MHD simulations on the interaction between the accretion disc
and the magnetosphere of a NS in the propeller regime (i.e. when the accretion radius
is larger than corotation radius) presented by [22]; see also [23]) show that the spin
down torque resulting from this interaction may decrease with decreasing accretion
rate, with the material torque owing to the accreted matter relegated to a marginal
role in building the overall torque. This behavior is related to the weaker coupling
between the magnetosphere and the disc matter corresponding to a lower accretion
rate, which has the effect to weaken the toroidal component of the magnetic field in
the magnetosphere, which is the one responsible for the spinning down of the pulsar. An
alternative explanation may be that the X-ray source is overluminous with respect to the
effective mass accretion rate because of the neutron star spin-down energy released in
the disk.

DISCUSSION AND CONCLUSIONS

In this paper we review the results of a timing analysis performed over a sample of
accreting millisecond pulsars (a summary of these results is shown in Tab. 1). We have
showed that a few accreting millisecond pulsars, which are supposed to accrete from
a Keplerian accretion disk, show steady spin-down while accreting. The only (thus far)



FIGURE 1. Phase delays vs. time for the 5 sources of our sample.Top Left: IGR J00291+5934
(phase delays and residuals).Top Right: XTE J1751–305 (phase delays and residuals).Upper Middle:
SAX J1808.4–3658 (left: fundamental, right: harmonic).Lower Middle: XTE J1814–338 (phase delays
and residuals, left: fundamental, right: harmonic).Bottom: XTE J1807–294 (left: fundamental, right:
harmonic - phase delays and residuals). References are given in the text

available explanation for this is in terms of the magnetic field - accretion disk interaction,
that is a threading of the accretion disk by the magnetic fieldoutside the accretion
radius. However, this predicts a quite low luminosity in thecase of XTE J0929–314, and
therefore a quite small distance to the source. Independentmeasurements of the distance
to XTE J0929–314 will give important information on the torque acting on the neutron
star and its response. Most of our results are puzzling but many of them are exactly as
expected: IGR J00291+5934 shows the strongest spin-up, in agreement with the fact



that it is the fastest accreting millisecond pulsars; slower pulsars show less spin-up or
spin-down. In SAX J1808.4–3658 we observe a shift in phase ofthe fundamental at day
14, the same day at which is observed a steepness of the exponential decay of the X-ray
flux, and again around that day there seems to be a change from spin-up to spin-down
of the pulsar. These facts are in agreement with a scenario where some sort of ejection
mechanism becomes important in the disk when the mass accretion rate is sufficiently
low; this explains the increased steepness in the flux decay and the possible change from
global spin-up to global spin-down. This may also be responsible of movements of the
footpoints of the magnetic field onto the neutron star surface, and therefore of the change
of the shape of the pulse profile, that is observed as a shift inphase of the fundamental,
although the detailed mechanism is not clear yet.
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