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ABSTRACT

We report the discovery of an episode of coherent millisdcémay pulsation in the neutron star low-mass
X-ray binary Agl X-1. The episode lasts for slightly more thE50 seconds, during which the pulse frequency
is consistent with being constant. No X-ray burst or othedence of thermonuclear burning activity is seen
in correspondence with the pulsation, which can thus betifilsth as occurring in the persistent emission.
The pulsation frequency is 550.27 Hz, very close (0.5 Hz &ijgto the maximum reported frequency from
burst oscillations in this source. Hence we identify thexfiuency with the neutron star spin frequency. The
pulsed fraction is strongly energy dependent, ranging feciio at 3-5 keV ta>10% at 16-30 keV. We discuss
possible physical interpretations and their consequéiocesir understanding of the lack of pulsation in most
neutron star low-mass X-ray binaries. If interpreted aset@mmn-powered pulsation, Agl X-1 might play a key
role in understanding the differences between pulsatidg@m-pulsating sources.

Subject headinggulsars: individual (Agl X-1) — stars: neutron — X-rays: bies

1. INTRODUCTION ences between the sources showing pulsation and those that

Accretion-powered millisecond X-ray pulsars (hereinafte do not, in order to test different theoretical hypothesess-P

AMSPs) had been predicted in the early 1980s as the pro-SiPle observed differences so far are the orbital perioddfwh
genitors of millisecond radio pulsars (Backer etlal. 1982; IS On average shorter in AMSPs than in other LMXBs, see

Alpar et all 1982). The first observational indication thetin  €-9--Kaaretetal. 2006) and the time-averaged accretten ra
tron stars in low-mass X-ray binaries (LMXBs) rotate rapid| (which is considered to be on average smaller in AMSPs than

came in 1996 with the discovery of slightly drifting in fre- 1N Other LMXBs, see e.gl, Galloway 2006). -However, al-
quency millisecond oscillations during thermonuclearag-r ~ though it is probable that orbital period and time-averaged
bursts (for a review see Strohmayer & Bildsten 2006). How- 2ccretion rate play an important role in the determinatibn o
ever it was not until 1998 that the first AMSP was discovered AMSP properties, the reason for the lack of pulsation in most

Wiinands & van der Kli$ 1998). Since then, a total of eight ©f LMXBs still hastobe found.
,(AM'SPS have been found out o)f the150 LMXBs known upg The properties of the seventh discovered AMSP (HETE
to date [(Liu et al. 2007). J1900.1-2455, Kaaret etlal. 2006; Galloway et al. 2007) gave

Since the theoretical prediction of the existence of AM- NEW insights to this issue. This source has a much higher in-
SPs was made, the main issue remained to explain the lac erred time-averaged accretion rate than in the other AMSPs
of pulsation in the persistent X-ray emission of the major- | "€ Pulsation became undetectable after two months from the
ity of LMXBs. In recent decades many theoretical efforts 2€dinning of the outburst, at strong variance with the other
have been made to explain this, the main question remainAMSPs in which pulsations were always detectable until the
ing whether the pulsation is hidden from the observer or not €nd of the outbursts. This has been interpreted as evidence f
produced at all. At present, the scenarios most often censid Purying of the magnetic field by the accreted material during

ered are: (a) the magnetic field in non-pulsating LMXBs is th€ outburst(Galloway et al. 2007).

too weak to allow channeling of the matter onto the magnetic. 1'ansient highly coherent pulsations were also observed
poles; (b) the magnetic field has comparable strength insiddn 4Y 1636-53 (Strohmayer & Markwardt 2002) during an
most LMXB neutron stars, but in the large majority of them ~800 s interval. However, the pulsations were detected at the

it has been “buried” by accretion, resulting in a very low-sur flux maximum of a superburst, hence they were likely nuclear-

face magnetic field (e.d.. Cumming et/al. 2001) which again POWered. This is different compared to the seven AMSP,
is too weak to allow channeling of matter. After the accretio WNere pulsations were interpreted in terms of an hotspot re-
stops, the magnetic field eventually emerges from the ney-sulting from magnetic channeling of matter onto the neutron

tron star surface and assumes its intrinsic value; (c) folsm  St&f surface. . . o
are produced in all LMXBs, but in most of them they are , Ve are searching the full Rossi X-ray Timing Explorer
attenuated by a surrounding scattering medium that washeéRXTE) archive data for coherent pulsations (see also
out the coherent beamed pulsation (Brainerd & Lamb 1987; Altamirano etal. 2007). In this letter we report the disagve
Kylafis & Klimis 1987; Titarchuk et al. 2003); (d) the pulsa- of an episode of coherent millisecond X-ray pulsarions & th
tions are attenuated by gravitational lensing from themggut ~ Neutronstar binary Aql X-1. The LMXB recurrent X-ray tran-
star (e.g/, Meszaros et l. 1988). sient Agl X-1 is an atoll source (Reig et al. 2000) wich shows
From an observational point of view, since the discovery of kKHZ quasi-periodic oscillations, X-ray bursts and burstles

the first AMSP efforts have been focused on finding differ- 12tions (Zhang etal. 1998b). An orbital period of 18.95 hr
was obtained by optical measurments (Chevalier & llovaisky

1 Astronomical Institute, “Anton Pannekoek”, University @fmster- 1991] Welsh et al. 2000). The presumed onset of the propeller
dam, Kruislaan 403, 1098 SJ Amsterdam, The Netheriands. aiE-m  effect (lllarionov & Sunyaev 1975; Stella etial. 1986) alev
casella@science.uva.nl Campana et al! (1998) to estimate a value for the magnetic
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FiG. 1.— Power spectrum of the last 128s data interval of obsierva
30188-03-05-00 (see Fid.l 2). The power spectrum was oltdioen the
full bandpass event mode data. The frequency resolutiofl281Hz. The
pulse is clearly visible a&-550 Hz. In the inset we plot the 2-60 keV light ‘ ‘ ‘ ‘
curve folded at the pulsation period. Two cycles are plottectlarity. The
solid line shows the best sinusoidal fit.
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field of 1 — 3 x IOS(T’:;W) G, consistent with the magnetic

field expected (and later on measured) in AMSPs (see also
Zhang et al. 1998a). ‘ ‘ ‘ ‘
We analyzed RXTE archive data of Agl X-1 and found that 0 500 1000 1500
the source showed coherent pulsation at a frequency near the Time (s)
neutron star spin frequency (as inferred from burst oscilla Fic. 2.— Top panel 2-60 light curve with 16 seconds bin siz&ottom
tions) in its persistent emission for 150 seconds during thegsgrelsléfgggéun%i (fcisddlt?n zndvgwesse%?t;%m I%deep:% fo:ggge Leact%ng}nude
pe?‘k of its 1998 (.)UtburSt‘. T.he dlscovery of this pulsation ~14)C/)Osare consistent with those expectec?from Poissgniaa.no
episode may provide new insights on the issue of why some
LMXBs pulse and some do not, after many years of debate. servation is shown in the top panel of Figlie 2.
The high power was detected in the last 128s interval of the
2. DATAANALYSIS observation. By using an epoch folding technique we obtain
We analyzed the whole PCA public archive of Agl X-1, a period estimate of 1.8172746 ms. The folded profile was
searching for coherent pulsation in its persistent emissio ~ Well modeled with a sinusoidal component with @2 %
total of 363 observations were analysed. In additiontowre t ~ amplitude (see inset of Fifg] 1). No second harmonic could be
Standard Modes always present, the PCA data in different ob-detected, with a 95% upper limit on the amplitude of 0.8 %.
servations were obtained in two different high-time resou ~ To study the evolution and the properties of the signal we ex-
modes (either Event Mode (125) or GoodXenon{ 1us)); tracted a light curve with maximum time resolution, divided
to all data we applied barycenter correction for Earth and into 16-second segments and determined the pulsation-ampli
satellite motion. For each observation we computed fasttude and phase in each segment by an epoch folding technique
Fourier transforms from 128s data intervals (after filtgrior (see Fig[R). The pulsation is detected forl 50 seconds at
the presence of X-ray bursts) and obtained power spectha wit the end of the observation; its amplitude gradually incesas
a Nyquist frequency of 4096 Hz and a frequency resolution of and then decreases again over these 150 seconds. To esti-
1/128 Hz. We searched all power spectra for significant powermate the accuracy of our period measurement we performed
at frequencies close to the expected pulse frequer&bQ a linear fit to the phases in the interval where pulsations are
Hz). Only one detection was found with a Leahy power of detected. Over this interval the phase is consistent withgoe
120 [Leahy et dl. 1983), corresponding to a single trial cean ~ constant. From a 3 upper limit of 10% s' on the slope,
probability of9 x 10~27 at a frequency of 550.27 Hz (see Fig. Wwe derive a best period measurement of 1.817275(3) ms. The
) short duration of the pulsation did not allow us to obtain any
The single trial significance of the pulsation is 41Once useful upper limit on the frequency drift. From the number of
we take into account the number of trials (i.e. the number of cycles we were able to phase connect, we can estimate the co-
frequency bins times the number of 128 s power spectra weherence of the pulsation asX08 x 10*. No correction for the
searched) the significance becomes @ x 10~!7 chance binary orbital motion was possible, given the small expacte
probability). Combined with its frequency being near thfat o  drift (< 2 mHz in 150 seconds) and the large uncertainity on
the previously observed burst oscillations, we conclude th the orbital phase~80%, applying the orbital solution from
the pulsation is real and intrinsic to Agl X-1 and repres¢imés ~ \Welsh et al. 2000).
spin of the neutron star in this source. A full descriptiomtie In order to study the energy dependence of the pulsation we
total data analysis is beyond the scope of this letter anid wil extracted light curves with maximum time resolution in dif-
be the subject of a forthcoming publication. Here we focus ferent energy ranges and determined the pulsation amelitud
on the detailed analysis performed of the single obsemvatio and phase in each of them. In Figlie 3, we show the ampli-
where pulsation was discovered. tude vs. energy diagram. The pulsations have a strong energy
The pulsation was detected at the end of a 1600-second longlependence, being not detected at low energies (with an up-
observation starting on 1998 March 10 at 22:28 UT (Obsld: per limit on its amplitude of-1% below 5 keV) and strong at
30188-03-05-00). All five proportional counter units wece a  high energies.
tive during the whole observation, with a total 2-60 keV cbun
rate varying between 4500 and 5500 counts/sec. During this 3. DISCUSSION
observation high-time resolution data were available iarv We discovered millisecond X-ray pulsations in the persis-
Mode with 125.s time resolution and 64 energy channels over tent X-ray emission of the LMXB Aql X-1. The pulsation
the 2-60 keV instrument bandpass. The light curve of the ob-is transient, present for onk¢150 seconds and has an aver-
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tions to disappear (unless the electron temperature idowry
see also Titarchuk et al. 2007).

This issue appears to be difficult to resolve, mainly because
of a substantial degeneracy between optical depth and elec-
tron temperature in the spectral fits. However, the pulsatio
episode in Agl X-1 now allows us to provide new insights
into this issue. Even though, because of their degeneracy,
N ‘ ‘ the absolute values of spectral parameters can not be prop-
10 erly constrained, one would expect them to change when the

Energy (keV) pulsation appears. In particular, the appearance of treapul
FiG. 3.— Amplitude of the pulsation as a function of energy arrors are  tioN, if caused by a temporary (total or local) decrease ef th
shown. optical depth of the scattering media, is expected to beraeco
. . . anied by a decrease of the comptonization parameter, hence
age fractional amplitude (over the full 2-60 keV instrumant Ey a softgning of the energy specE[)rum. HoweF\)/er, our spectral
bandpass) 0#-2%, increasing up to-10% at energies above fiis show that a two-component model (disk plus boundary
~16 keV. It appears and disappears gradually, on a time scalgyyer) is sufficient to fit the data, without the need for any
of a few tens of seconds, with as3upper limit on its ampli-  aqgitional comptonized component. Moreover, neither spec
tude of 0.7% during the-128 seconds before its appearance. 5| fitting nor analysis of hardness light curves show any ev

This pulsating episode appears to be unique in the wholejjence of spectral variability associated with the appeega
RXTE archive of Agl X-1 observations. In one third of the ob- ¢ the pulsation. Furthermore, the similarities between th
servations (corresponding to an exposure of 500 ks) thetcoungpectral properties of Agl X-1 and many other LMXBs would
rate is high enough to allow the detection{3single trial)  |ead one to expect similar episodes of pulsation in most of
of a similar pulsating episode as the one we observed. Ever \ixBs. On the other hand, the very hard spectrum of the ob-
considering only these data (instead of the total analyged e ggpyeq pulsation (see Figl 3) suggests that the beamed radia
posure of 1300 ks) we obtain a recurrence rate smaller thanjon is strongly comptonized (for a discussion on the exgect
310" Such extreme rarety in itself is extremely informa-  gnergy dependence in the case of the screening scenario see
tive. Any physical interpretation must not only in fact exiol Falanga & Titarchuk 2007).
the appearance of the pulsation, but also its extremely Bw 0 A ajternative could be to assume a non-isotropic screen-
currence rate. o ing medium: an occasional and rare hole in the medium or

_The frequency of the pulsation is 550.27 H20.53 Hz 5 reflecting cloud could have allowed the radiation from the
higher than the reported asymptotic frequencies for busst 0 ot pot to avoid the screening medium, thus becoming visi-
cillations in this sourcel (Zhang et'al. 1998Db). The lighveur e Finally, the hot spot itself could have moved becoming
shows no evidence of an X-ray burst or other obvious featureiemporarily visible, either because of a different absorpt
within 1500 seconds before the appearance of the pulsationinrgygh the line of sight or because of a change in the rota-
Together with its high coherence, this leads us to concludeijona|of gravitational lensing geometry. We note thatladise
that the observed pulsation arises from a hot spot spinningnynotheses could in principle be consistent with the ofekrv
with the neutron star. This makes Agl X-1 the millisecond X- graqual increase and decrease of the pulsation amplitude, b
ray pulsar with the longest orbital period and with the higthe require very special and fine-tuned geometries.
time-average accretion rate known at present. . o

The detection of this fast appearing pulsation in a LMXBs 3.1.1. Estimate of the magnetic field
leads once again to the same question: is the pulsation in Agl Under the standard dipolar magnetic channeling hypothe-
X-1 usually hidden from the observer, by some scattering or sjs for creating the hot spot, we can give an estimate of the
screening medium that very rarely disappears (or stroregly r  magnetic field. The magnetic field must be strong enough
duces its otpical thickness) fer150 seconds? Or is the pul-  to |ocally disrupt the disk flow. The pulsation episode hap-
sation usually absent, the episode we discovered beingthe r pens when the source is in the soft state, close to the peak
sult of an occasional and rare asymmetry on the neutron stabf the outburst. The 2-10 keV flux is* 8.8 x 1079 erg
surface? _ ) _ ) s~! cm~2 which corresponds, assuming a distance of 5 kpc

In the following we analyse different possible scenarios:  (Jonker & Nelemans 2004) and a bolometric correction of

. 1.4 (Migliari & Fendell 2006), to a bolometric luminosity of
3.1. Permanent pulsation ~ 3.7x10% erg s' ~ 0.15Lg. Given the relatively

If a hot spot is normally present on the neutron star sur- high luminosity, by imposing that the radius at which this
face, the question is what made it observable only~§@60  happens is larger than the neutron star radius we can de-
seconds. Different authors have argued against or in favorfive a stringent lower limit on the magnetic dipole moment
of the hypothesis that in non-pulsating sources the poisati (Psaltis & Chakrabarty 1999) as > 0.47 x 10* G cn?®
is washed out by some optically thick scattering media. The which corresponds to a magnetic field-efL0® G at the pole.
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main issue is the value of the optical deptheeded to atten- This lower limit is consistent with the upper limit of
uate the beamed oscillations._Psaltis & Chakrabarty (1999)1.8 x 10° G obtained by Di Salvo & Burderi (2003) from the
discuss the apparent similarities between values iof pul- quiescent luminosity and with the estimate2of 6 x 10° G

sating and non-pulsating sources, and discard this hypisthe obtained by Campana et/al. (1998, assuming a corrected dis-
Titarchuk et al.|(2003) report spectral fits giving otherued tance of 5 kpc instead of 2.5 kpc) from the reported onset of
of  (for different sources), and conclude that the ditaup- the propeller effect. Furthermore, our lower limit rulest ou
port this hypothesis. More recently, Gogus etlal. (2007) re- the hypothesis of residual accretion onto the neutron etar t
port new, independent spectral fits and conclude that in non-explain the quiescent X-ray luminosity in Agl X-1, for which
pulsating LMXBs is not large enough to cause the pulsa- an upper limit for the magnetic field ef 4 x 107 G had been



4 P.Casella et al.
derived (hypothesis al bf Di Salvo & Burderi (2003)). covery of a very coherent pulsation during a superburst in 4U
1636-53|(Strohmayer & Markwardt 2002) showed that long-
lived, very coherent pulsations might arise due to nuclear
burning. However the lack of any other X-ray signature of
nulcear burning (such as an X-ray burst) associated with the
pulsation in Agl X-1 strongly argues against this hypothesi

| €) Surface wave

An asymmetry on the neutron star surface might result
from an unstable surface mode, as the ones suggested to
explain burst oscillations (see e.@., Piro & Bildsten 2004;
Narayan & Cooper _2007). Since the amplitudes of sur-
face modes have been predicted to increase with energy
(Piro & Bildsten 2006), the hard energy dependence observed
in Agl X-1, more similar to that of burst oscillations tharath
of accretion-powered pulsations, supports this possibili
d) Other possibilities

The extreme rarity of this pulsation episode leads us to ex-
amine also more exotic physical explanations. Possible ori
gins for a transient hot spot could be a self-luminous magnet
event on the neutron star surface, as magnetic reconngction
or annihilations, or a sudden release of potential enertlyan
deep crust during a starquake.

Finally, we mention the possibility that some of the dis-
cussed instabilities could arise due to a collision with &n e
ternal body (see e.q., Colgate & Petschek 1981). The fluence
of the observed pulsation is 10%>ergs, which corresponds
to the free fall kinetic energy of a mass ofL5 kn¥ of iron.
However, the observed gradual increase in the pulsation am-

3.2. Transient pulsation

The second possibility is that of a temporary asymmetry on
the neutron star surface. Let us examine possible causes:
a) Magnetic channeling

Accretion rate and magnetic field are the two key physical
quantities playing a role in channeling of matter. A transie
episode of channeling of matter could arise due to a temporar
change in the accretion rate (although the X-ray flux, which

is thought to be a good indicator @ff, does not show any
variability correlated with the appearance of the pulsgtir
a change in the accretion geometry.

An alternative is the occurrence of some variability of the
magnetic field. In the “burying” scenario, timescales fog th
magnetic field to emerge are set by the Ohmic diffusion time
and are at least of the order of 100-1000lyr (Cumming et al.
2001), obviously far larger than the few tens of seconds ob-
served in Agl X-1. However a local temporary decrease of the
Ohmic diffusion timescale could in principle let the magoet
field emerge. Possible causes could be a temporary local dis
ruption of the screening currents, a starquake, or magreetic
connections. Perhaps, a temporary local magnetic looptmigh
form, somewhat similar to those observed in the solar cqrona
where hot coronal plasma “populates” different field lines.
The magnetic field in this loop might becally strong enough
to disturb the flow of matter onto the neutron star surface Th

resulting hot spot (non necessarily on the magnetic poi) cr iy, 4e would be difficult to explain within this scenariohd
ates the observed pulsation. However multipolar magnetic

. : L > probability to have such an impact is presumably extremely
felds in neuton stars have not boen studed in detal, 2w, On thecthe nand, theobserved evanery rare

I P dicted v u wiedg " Whatever is the physical origin of the observed pulsations,
cally predicted. their discovery implies the possible occurrance of tramsie

b) Nuclear burning : X i :
The hot spot might be associated to a confined nuclear bum_pulsatlons in any of thapparentlynon-pulsating LMXBs.

ing event. After its onset, nuclear burning is expected to

spread over the neutron star surface in a very short timescal

Hence one would not expect the resulting pulsation to last The authors would like to thank A. Girkan, G. Israel, and L.
more than a few seconds. However the burst oscillationsStella for very useful comments and stimulating discussion
observed in many sources during the decay of X-ray burstsWe also thank L. Bildsten and R. Cooper for pointing out the
strongly challenge this simplified picture. Moreover, the d  surface mode possibility.
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