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Abstract. We study the spin-down of a neutron star atmosphere during the type | X-ray burst in low mass X-ray binaries. Using
polar cap acceleration models, we show that the resulting stellar “wind” torque on the burning shell due to the flowing charged
particles (electrons, protons and ions) from the star’s polar caps may change the shell’s angular momentum during the burst.
We conclude that the net change in the angular momentum of the star's atmosphere can account for rather large frequency drifts
observed during type | X-ray burst.
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1. Introduction alone cannot account for explaining rather large frequency
rifts (Av/vo ~ 1.3%) observed in some bursts (Galloway

t al. 2001; Wijnands et al. 2001). As pointed out by Galloway
?et al. (2001), the required expansion by these frequency drifts
: . . C is 4-5 times larger than the one predicted by Cumming &
(B < 107 S) accre_nlng (at intermediate rate O Mo yr* < . Bildsten (2000), see Table 1. In order to achieve the rather large
M < 10°% Mo yr ).neutron stars in low mass Xjray b."frequency shift, Cumming et al. (2001) improved the calcula-
naries (LMXBs) has issued many new puzzles for mvestlgﬁ\fmS done by Cumming & Bildsten (2000) by including the

tors. An initial puzzle seen in the observations was that tE)%neral relativistic corrections for either slowly or rapidly ro-

oscillation frequency increases tzty ~ a few Hz during the tating star. They found that the general relativity has small ef-
burst. Strohmayer et al. (1997) firstly proposed that this fr?e'ct on the angular momentum conservation lavé<10%).

guency shift is due to the conservation of angular mome omparing with the data. for a riaidlv rotating atmosphere
tum of the decoupled burning shell from the neutron star F paring ' gicty g P ’

i ined that th in- is a f f
which the shell undergoes spin changes as it expands and ¢ gy obtained that the expected spin-down is a factor of two

tracts during the t | X bursts. Motivated by thi three less than the actual observed values. In another at-
racts during the type 1 A-ray bursts. Viotivated Dy this prot'empt, Spitkovsky et al. (2001) considered a two-dimensional

posal, Cumming & Bildsten (2000) studied the rotational EVe; drodynamics model that the burning spots can spread over

lution of the n_eutr_on star a’Fmosp_here d“”F‘g a thermongclq £ neutron star surface. Due to the combination of the radial
burst by considering one-dimensional vertical hydrostatic €X%pansion of the burning shell and rotation of the star, they
pansion. By assuming conservation of the angular moment\&rljg '

hat hori Ih ics fl ise in th
of the shell, they showed that a hot burning shell might expa gposedt at horizontal hydrodynamics flows may arise in the

. . ] utron star burning ocean during the type | X-ray burst. By
hydrostatically DyAR ~ 20 m (Ayasli & Joss 1982; Hanawa &taking into account the action of the Coriolis force due to the

ﬁrpid rotation of the star, they showed that the horizontal flows
may explain many features of observed bursts such as the very
short rise time of X-ray bursts and the lack of burst oscillations
iWseveral bursts. Further, they argued that during cooling the
hot ashes left by burning front, there is temperature gradient
Between equator and pole, increasing toward the pole, which

The discovery of high coherence, large modulation ampE
tudes, and stable frequency oscillations in the range~
270-620 Hz during type | X-ray bursts in weakly-magneti

by Av ~ v¢(2AR/R) ~ 1 Hz(vs/300 Hz)(AR/20 m)(10 km'R)

wherevs is neutron star spin frequency aRdhe radius. As the
shell cools down and contracts, the rising oscillations due
a temperature inhomogeneity, drifts upward as we seefwby
of few Hertz. By assuming that the burning shell rotates rigid|

they found rough agreement with the observed values with fr%‘ﬁves a zonal thermal wind directéackwardto the neutron

tional frequency shiftav/vo < 0.8%. star rotation! They found thabnly if the frequency drift due

However, recent observations suggested that purely raqia o 1o dial expansion is combined with the geostrophic drift
hydrostatic expansion and angular momentum conservation

Send gprint requests toV. Rezania, 1 Actually they showed that due to the hydrostatic balance the ma-
e-mail:vrezania@bhys.ualberta.ca terial will likely ignite sooner at the equator rather than the pole. As a

* Present addressDepartment of Physics, University of Alberta,result, one would expect the burning front cools down at the equator
Edmonton AB, Canada T6G 2J1. firstly.
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Table 1. In this table we obtain the lowest radius expansidr (based on hydrostatic expansion models) and the scaled magnetigBield
(based on the polar cap particle acceleration models) for some X-ray bursts in LMXBs. We calculate these quantities for two chosen valut
the star spin frequencys = 300 Hz andvs = 600 Hz, such that the corresponding frequency shift is comparable with observagiomthe
oscillation frequency andy its corresponding shift seen during the burst. The valugBois based on the assumed valueAd® ~ 20 m for

both spin frequencies, see Eg. (9).

Object Time Vo Av/vo ARs00 ARs00 (1B)300 (7B)s0o
(Um (H2) (10%) (m) (m) (10°G) (10° G)
4U 1636-54 1996 Dec. 28 (22:39:2’?) 580.5 ~2-4 >40 >20 >3 >1
1996 Dec. 29 (23:26246§ 581.5 ~3 >40 >20 ~2 <0.01
1996 Dec. 31 (17:36:52] 581. -3 >40 20 2 <0.01
4U 1702-43 1997 Jul. 26 (14:04:79) 329.85+ 0.1 7.7+ 0.3 >50 - >6 —
1997 Jul. 30 (12:11:58) 33055+ 0.02  4.8:03  >30 - >2 -
4U 1728-34 1996 Feb. 16 (10:00:4‘5) 364.23+ 0.05 6.6+ 0.1 >50 - >5 -
1997 Sep. 9 (06:42:56) 364.10+ 0.05 5.9+ 0.2 >45 - >4 -
Agl X-1 1997 Mar. 1 (23:27:39)  549.76+ 0.04 43 >50  »25 >3 -1
4U 1916-053 1998 Aug. 1 (182232@5) 269-272 13.0 >70 - ~12.5 -
MXB 1658-298 1999 Apr. 14 (1124425%) 567 9.0 >100 >50 ~10 ~7.5

References: (1) Strohmayer et al. (1998); (2) Miller (2000); (3) Strohmayer (1999); (4) Strohmayer & Markwardt (1999); (5) Strohmayer et
(1996); (6) Zhang et al. (1998); (7) Fox et al. (2000); (8) Galloway et al. (2001); (9) Wijnands et al. (2001).

caused by backward zonal flows, one may expect to obselight cylinder (of radiug . ~ 5x 10°/vs cm, wherevs in Hertz),
the rather large frequency drifts of burst oscillations in tails @nd form a relativistic stellar wind. Several kind of acceleration
some bursts. mechanisms has been developed (Mestel 1998), however, the
Because of no coherent pulsations seen in persistent emige proposed by Arons (1979, 1981) may apply likely to X-ray
sion from the majority of neutron stars in LMXBs, it is bedburst pulsars that we will consider here. Arons assumed that
lieved that they are weakly magnetizeB € 10° G). So, in charged particles (electrons and ions) flow freely from the neu-
previous studies thefiect of magnetic field of the neutron staitron star surface due to the thermal activities. Freely escaping
was ignored in the rotational evolution of burning atmospheparticles from the neutron star surface depends on the bind-
during the X-ray bursts. In this paper we study the changeiitg energy (referred as the cohesive energy for ions and as the
the angular momentum of the burning shell during the typenlork function for electrons) and the surface temperature. For
X-ray burst. This study is based on polar cap particle acceléypical magnetic field of a neutron star in LMXBs{(® G),
ation models in the pulsar polar cap regions. Due to the stdle threshold temperature for thermionic emission of electrons
rotation and magnetic field an electric field must be inducedigTe ~ 10* K and for ions isT; ~ 10° K (Luo et al. 2000) that
magnetosphere, i.& = —(Qs x r) x B/c, that has non-zero are 16-10° lower that surface temperature of the neutron star
component along the magnetic field lin€s & E - B) (see for in LMXBs. Further, due to the thermonuclear activities on the
recent review Mestel 1998¥); is the angular velocity of the surface of the star during the X-ray burst, the particles’ kinetic
star, and is a distance outside of the star. The parallel eleenergy would increase significantly. Therefore, freely flowing
tric field accelerates charged particles along the open magngtieticles is very likely from the surface of such a pulsar.

field lines above the polar caps up to ultrarelativistic energies o nvard flowing charged particles above the pul-

toward the star's light cylinder Qs = c). Here, we argue that, s5r  polar caps along the open magnetic field lines

for typical magnetic field ~ 1% G, the net charged particles,;uses the Goldreich-Julian (corotation) charge den-

flowing from star surface to infinity in the pulsar polar CaPSity py ~ Qs- B/27c cannot be kept balanced (Harding
would exert a stellar wind torque on the burning shell that M3y n1uslimov 1998). As a result, a strong electric field de-

cause the angular momentum of the shell to change during fag,s along the magnetic fields, above the magnetic
burst. We show that the net change in the angularmomentunbgfes due to the departure of total charge dengityfrom

the shell during the burst can account for rather large frequeRg¥ Goldreich-Julian charge density, starts from zero at the

drifts of burst oscillations. surface and grows with distance above the surface. Even
thoughpe = pcy and thereforegy = O at the surface, the
2 The model curvature of the field lines causes the area of the open-field
' region to increase, so thag increases faster tham;, and then
The theory of particle acceleration in pulsar magnetospherecharge deficit grows with distance (Harding & Muslimov
has been studied for three decades, after pioneering wd®98). Calculation of the parallel electric field is so com-
by Goldreich & Julian (1969) on pulsar electrodynamicglicated and depends on several mechanisms that work to
The charged particles accelerated by the parallel electric fieladhance or screen the field. In a series of papers Harding &
(relative to the magnetic field lines) escape from the surfabtuslimov (1998, 2001, 2002); and Harding et al. (1998)
along the open field lines which extended beyond the staliave extensively studied the influence of pair production,
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inertial frame-draggingféect, curvature radiation, and inverseneutron stars in LMXBs with an ocean of accumulated hot mat-
Compton scattering on thg,. They showed that for the unsat+ers, the value of must be greater than 1, due to the free ejec-
urated region with altitude in rangefz <« (QsR/c)? ~ 0.1 tion of particles from the front surface of the ocean. Further,
(for Qs = 6007(vs/300 Hz) rags andR ~ 10° cm) above during bursting the accumulated materials with> 108 K on

the stellar surface, the parallel electric field grows linearthe neutron star surface, the kinetic energy of particles inside
with height asE;(6, ¢,2) = Eo(6, ¢)z, while for the saturated the ocean abruptly increases and then, the space charge density
region withz > (QsR/c)¥?, the parallel electric field that is would increase significantly in regions with non-zero parallel
nearly constant respect to the altitude, drops by three orderetéctric field. As a result, one would expect that the number par-
magnitudes. Her®d and ¢ are spherical polar and azimuthaticles that may leave the shell would increase during the burst.
angles, andz is the altitude in units of stellar radius. The It is necessary to note that for neutron stars in LMXBs
amplitudeEq(6, ¢) depends on magnetic field strendthspin  with intermediate accretion rate, #6 M, yr! < M <
frequencyvs, and orientation of the magnetic field symmetria0-8 M, yr-2, the existence of pulsar wind torque might not
axis relative to the star spin axjs In a simple form, one can be consistent with accretion. One would expect the motion of
estimateE; when the charged particles flow freely from thehe accreting materials to oppose and shiittioe radio pul-
neutron star surface (see Arons 1981; Usov & Melrose 199%&ir wind, and contribute to the angular momentum of the sys-

Harding & Muslimov 2001) as tem. This scenario is unlikely “during the X-ray burst” due
52 52 to the following reasons: before the burst the accretion disk
E, ~ 82x10°V/m ( Vs ( R ) extends down to the neutron star’s surface. When the burst
300H 1¥cm stars, a huge thermonuclear explosion on the surface of the
B 7 star causes the explosive eruption of the accumulated materi-

X (m)(rﬂ) (1) als from the surface during the burst with bulk velocity close

to the speed of light. The resulting luminosity due to the ex-
Note we calculate&; here for a typical neutron star in LMXBs plosion exceeds the Eddington limit at this time. As a result,
with nearly perpendicular field orientation relative to the spite inner part of the accretion disk is swept away by the burst
axis. The relative fraction of electric force to the gravity forceadiation pressure. As a result, one would expect the action
above the burning front during the burst, iz~ 1073, for of accretion to more or less shuffan this period due to the
electrons and protons are8 x 10* and~42, respectively. As strong interaction of the expanded shell with the inner accre-
a result, electrons, protons, and even ionized helium atoms tian disk. Interestingly, Shaposhnikov et al. (2003) used the
be accelerated easily along the magnetic field lines by padatter mechanism to explain why the emitted flux from neu-
lel electric field presented in the polar caps of neutron starstinn star in the X-ray source 4U 1728-34 is not constant during
LMXBs. Since the magnetic field lines in the polar cap regioribe expansion stage. Furthermore, it has been suggested the ac-
are not closed and extended beyond the star’s light cylindéon of accretion torque is balanced by the gravitational radia-
the accelerated particles in these regions may leave the neuti@am torque in neutron stars in LMXBs, see Bildsten (1998a,
star magnetosphere. The resulting flow of particles from t2802) for details. Therefore, the increased angular momen-
polar caps to infinity produces a relativistic “stellar wind”, thattum due to accretion is lost to gravitational radiation. The
exerts a “stellar wind torque” (Michel 1991) on the shell, anktter mechanism provides a natural explanation for the rota-
then causes the net angular momentum of the shell to chatiga of stars in a narrow range of frequencies,~ 300 Hz.
during the burst. The net wind torque exerted on the shell demally, the magnitude of accretion torqlig~ M(GMsR)Y? =~
to the out flowing charged particles from the star polar caps$ x 10°2 dyne cm (M/10° M, yrl) (for Ms = 1.4 M,
is estimated by Michel (1991) for the Goldreich-Julian chargdR = 10 km) is one order of magnitude smaller than that

density to be of the wind torqueT,, ~ 9.32 x 10* dyne cm forp ~ 1000
andB ~ 10 G, see Eq. (3) and the discussion below Eq. (9).
Tw = 17/4cQs () By replacingl in Eq. (2) we obtain
wherel = nngevApc is the total current of the charged particles , o[ Ms -2/3
flowing from the polar caps with the arég, ~ 1.62R¢/R. that Tw = 9.32x 10°’ dyne cmy (W)
. o)

is 10% of total star’s area £R?). Hereng; ~ 0.36Q<B/2rec~

7.5 x 10%(vs/300 Hz)B/1C® G) cnt? is the Goldreich-Julian vs \/3/ R \¢/ B \?
charge number density,= 4.8 x 107 esu,R. = (GMs/Q2)1/3 X (300 H (10 km) (103 G) ‘
is the corotation distance for a star with maés andv > 0.1c

is average speed of particleszat 10~3. The velocity of parti- Equation (3) gives the exerted torque on the neutron star sur-
cle grows up quickly to-catz ~ 0.1 as it is accelerated ;.  face due to the flowing charged particles from the pulsar polar
n > 1is a dimensionless factor (free parameter of the modeBps. Therefore, the burning shell of the neutron star will ex-
such that the quantityng; represents the actual number densitgerience this torque as it expands during the burst. The angular
of particles that accelerated and left the star due to the parafigimentum of the shell at a distanRdrom the center of the
electric field. The value of ~ 1 for old and isolated neutronstar in Newtonian dynamics can be written as

stars (with no observed bursts), i.e. the space charge density

is nearly Goldreich-Julian charge density for these stars. Butfie: kMR?Q, 4

3)
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where constantk = (I/MR?)gher depends on the equa-2.2. The rising time
tion of state and« < 2/3 (an uniform spherical
shell). Here M and | are the mass and moment iner
tia of the shell. Equation (4) may be corrected By =
kMR sir? 6Qs/(1 — 2GMs/R)Y2 for a relativistic spherical star
and by¢ = kMRZ sir? 6(Qs — w)/(1 — 2GMs/R)Y/2 for a rotat-
ing relativistic star (see Cumming et al. 2001). Here Js/R?
where Js is the total angular momentum of the star. Howevet, ) .
as shown by Cumming et al. (2001), the relativistic correctiorqgarly mdepend_ent of the star !tself.. .

have small contributions to the final results, and so we ignore As we mentioned before, in this period due to the huge

them. The time evolution of the angular momentum of the Shélnermonuclear explosmn on the_ surface of the star, the ac-
cumulated materials are explosively erupted out of the star

This period starts with abruptly thermonuclear ignition of the
accumulated hydrogens and heliums during the recurrence
time. The burning shell expands in less thah s up toz =

2 x 1073 (Ayasli & Joss 1982; Hanawa & Fulimoto 1984;
Bildsten 1998). In this period, as in the hydrostatic models, we
(gssume that the rotational evolution of the expanding shell is

ill be
W with a mass bulk velocity close to the speed of light. The
A(Rzg)muz —Tuw/kM, (5) outgoing plasma density within period of timd ~ 1s,is
At ~[(Apc/4nR%) Mghel] /Apc that is 10 times (or more) larger than
or infalling plasma densityn.cc/A,c due to the accretion flow at

6) the same period of time (note that as mentioned by Strohmayer
& Bildsten (2003), the bursts occur when the accretion rate is
Therefore, the change in the angular velocity of the burnitgarly less than 16° M, yr=1.). Heremyc = MAt is the av-
shell will be erage mass of accreting materials duriktg As a result, the
expanding shell sweeps away the inner part of accretion disk
(AQ/Q)shen = ~2AR/R - (Tw/«MREQ) At. () and then one would expect the action of accretion to more or

Here we assumed that the change in the mass of the slf§$ shut & during this period.

is order of or less thanAR/R)Z and then we neg'ect it (See The parallel electric force at he|ghtl’ 2x 10_3 is 80 times
Cumming et al. 2001). Equation (7) represent the changehigger than gravitational force for hydrogen atoms, see Eq. (1).
angular velocity of the shell during the burst. Now we discuddierefore, the charged particles that rise with the expanding
the change in angular velocity in three stages, before the X-gjell will be accelerated toward the outside of light cylinder by

burst or the recurrence period, the rising period, and after #¢ strong parallel electric field along the open magnetic field
burst. lines. Further, the sudden thermonuclear explosion of the ac-

cumulated materials in the ocean causes the thermal energy of

the charged particles to increase. Consequently, we expect that
2.1. Before the X-ray burst the number density of particles that may leave the magneto-
In this period the neutron star accrets materials from its cosRn€reme,in this period increases significantly. The resulting
panion star and accumulates them in the ocean that more or ¥4 torque forp ~ 10° will give a net change in angular ve-
rigidly corotates with the star (Cumming et al. 2001). The pafcity of the shell as
allel electric field inside the ocean is nearly neutralized due

i

shell

(RQ)shel( 2AR/R + AQ/Q)shel = —(Tw/kM)AL.

redistribution of charge particles of the ocean. Further, due —-2AR//R - (Tw/kMR2Q) At,
the large plasma density of infalling matters, the electric fie

outside of the ocean would be shorted out. Therefore, the po- 2% 103(%)

lar cap acceleration is more or less suppressed due to strongly 10-

. . - - - 2 -2/3 -1
accreting plasma in this period. As a result, the pulsar wind 749 10—3(L) Mg M
torque would be negligible. ' 103/ \1.4 M, 1071 g

Furthermore, because of nearly rigid rotation of the ocean

1R

4

. . . : . . . . R Vs 4/3 B \? Atyise
with star the net wind torque (if exists) during this period will X (10 km) (300 Hz) (108 G) ( Ts ) 9
be acted more or less on the star itself. Therefore, Eq. (7) should
be corrected for this period as wherex = 2/3 andAR ~ 10 m is the average change in
AQ thickness of the burning shell during a burst. kot 10° and
(6) = —(Tw/K MsR2Q) At, B ~ 10® G (4B ~ 10'* G), the net change in angular velocity
shell of the shell given by Eqg. (9) is in good agreement with large
~ —4.44x 1Ul7(i)2( Ms )_5/3 frequency shifts seen in observations. We note thag ferl 0°,
N : 100/ \1.4 M, the number of particles that left the staN ~ 4anngRPAR

R VY v V3, B \2[Atec is much smaller than total number of particles in the_ ocean
X(lO km) (300 Hz) (107 G) (104 S) . (8) N~ M/m, i.e. AN/N = 1077, As a result, the change in the
mass of the shel{M/M) is negligible. In Table 1 we calculate
that is extremely small. Her&t. is the burst recurrence timethe quantityyB for both 300 Hz and 600 Hz spin frequencies
and«’ = 2/5. As is clear, the net wind torque on the sfetlir (for those which applicable), to produce the frequency shifts
in this period and so the change in angular velocity of thabserved in various systems. As a result, the suggested mag-
shel)star is negligible. netic fields are in range-110x 10® G for » ~ 100-1000. This
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—~ Beforetheburst — burst =—— After the burst —

AQ

(Cumming et al 2001)

AQ

(Particle wind model)

Fig. 1. In this figure we schematically compare the change in angular velocity of the expanding shell and then oscillations’ frequency during
the type | X-ray burst suggested by Cumming et al. (2001) (dotted line) and the one proposed here (solid line). Due to the exerted torque on the
shell by the particle wind from the magnetic polar cap regions during the burst, we expect a larger deptiaiher than the model discussed

by Cumming et al. (2001). As a result, the larger drift would be expected in the burst tail. The solid and dotted curve after the burst are drawn
schematically to show star-shell recoupling in this period.

is consistent with other observational evidences about the m#ge various mechanisms such as magnetic field winding, see for
netic field of neutron stars in LMXBs. more detail Cumming & Bildsten (2000). The angular velocity
of the star changes bi2s = (M/Ms)AQ =~ 107?AQ which is
negligible. As a result, one would expect that the oscillations’
2.3. After the X-ray burst frequency will increase as the shell spins upNwyvy ~ AQ/Q.
At final stage, after the thermonuclear flash, the expansion wilkerestingly, the magnetically recoupling of the star-shell sys-
be stopped by the star’s gravity force, and then the expandeth may explain why the burst oscillations, as seen in the ob-
shell starts to contract as they cool down. Because of the chaggevations, reach to their maximum frequencies (i.e. the star
redistributions during the expansion, the original induced elezpin frequency) before the shell completely contracted.
tric field is neutralized inside the expanded shell. So the mag- In Fig. 1, we compare the corresponding changes suggested
nitude of the parallel electric field inside the ocean will dropy previous studies (Strohmayer et al. 1997; Cumming et al.
to zero, and then the electrostatic acceleration will cease insi@®1) and the one we discussed here. As is clear, due to the
the ocean. Due to the lack of outward electrostatic accelegxerted torque by the particle wind in polar cap regions, the
tion, the ocean’s particles are mostly accelerated downwardghell’s spin frequency, and then the oscillations’ frequency de-
strong gravity. Furthermore, the action of accretion plasmadegase more than in the calculation by Cumming et al. (2001)
starting to recover, and as a result, the polar cap acceleratipiing the rising time. Therefore, we expect to observe larger
will shut down in this period. Although, because of new charg#ange in oscillations’ frequency during the burst tail.
distribution, a new parallel electric field may develop above the
burned front we expect that the polar cap particle accelerati?nD. :
L . iscussion

mechanism is more or less unlikely after the burst. As a result,
the number of particles that may leave the star will decrea&mong the~50 known Galactic LMXBs, the highly coherent
as well, i.e.p < 10. Further as the shell cools down, it getburst oscillations with large modulation amplitudes and stable
closer and closer to the star, and then its coupling to the staguencies in range) ~ 270-620 Hz are seen in ten LMXBs
gets stronger and stronger. This can be understood by notihging type | X-ray bursts. These oscillations are most com-
the magnetic field near the star’s surface opposes ffereln- monly seen during tails of bursts, when the burning is thought
tial rotation arising between shell and surface of the star duritghave spread over the whole surface and obviously asymme-
the burst (otherwise the magnetic field inside of the shell willy is no longer present, are not observed in all type | X-ray
be wound up and intensified due to the shearing layers — thests from the same source. While it is believed that the os-
winding of the magnetic field). Therefore, the net wind torgueHllation frequency is closely related to the neutron star spin
will be acting more and more on the whole star again rathieequency due to the observation of the kHz quasi-periodic os-
than shell itself, and so we can neglect it, see Sect. 2.1. cillations in the persistent emission (van der Klis 2000), there

The magnetic recoupling of the shell forces the shell to spim still an ambiguity that whether the oscillation frequency is
up until it achieves the star’s spin frequency. The shell gainsite spin frequency or twice the spin frequency. Further, as
angular momentum deficiMRZAQ)sher, from the star through seen in observations, the oscillation frequency increases by
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a few Hz during the burst. This frequency shift is firstly exdistributions and screen the electric field (see for more detalil
plained by Strohmayer et al. (1997) that the burning shell ddarding & Muslimov 2001). In millisecond pulsars (with no
couples from the star, and undergoes spin changes due tolihest activities) the polar cap particle acceleration mechanism
conservation of angular momentum of the shell as it expandas studied by Luo et al. (2000). They showed that in these
and contracts during the type | X-ray bursts. Further obseryauilsars this mechanism, which is relativeBi@ent in acceler-
tions and studies suggested that purely radial hydrostatic exing charged particles in the star’s polar caps, mostfiess
pansion and angular momentum conservation alone cannotemxergy loss from the radiation of accelerated particles along
plain rather large frequency drifta\¢/v ~ 1.3%) observed the field lines (curvature radiation). So the maximum energy
in some bursts (Cumming et al. 2001; Galloway et al. 2004attainable by the particle is limited by energy loss through the
Wijnands et al. 2001). For recent review on the thermonucleadiation reaction. They found that the maximum Lorentz fac-
bursts and their properties see Strohmayer & Bildsten (2003pr that might be achieved by an individual particlezat 0.1

In this paper, we addressed the latter problem by studyirsg" = (6reoE02/€)Y* ~ 107, however, the Lorentz factor for
the evolution of angular momentum of the burning shell durirtpe bulk pair plasma is much smallet00. The latter may ex-
the type | X-ray bursts in LMXBs. Based on particle acceleplain the lack of detection of high energyrays in these stars.
ation models near a pulsar polar cap region (Mestel 1998), Were E; is given by Eq. (1) anghe ~ (4/3)(CR/2mvgY? ~
studied the change in the angular momentum of the burnifigc 104300 Hz/vs)/?(R/10° cm) m is the curvature radius of
shell during the type | X-ray burst. The net charged particléise field lines.
that accelerated by parallel electric field in star’s polar caps, For neutron stars in LMXBs with intermediate accretion
flow from the star surface to infinity through open magnetiate, however, the polar cap acceleration mechanism mostly
field lines, would exert a torque on the burning shell (callesuffers from the action of accretion plasma. Because of the
wind torque) and cause the angular momentum of the shielige plasma densityrc/Anc) Of the accretion flow toward
changes during the burst. We introduced a dimensionless fatar’'s polar caps, the parallel electric field in the polar cap
tor n that the quantityjng; represent the number density of theegions would be shorted out and the polar cap acceleration
ejected particles from the burning shell above the pulsar potaechanism would be suppressed. We note that, this scenario is
caps. We showed that fgr~ 100-1000 (during X-ray bursts) not likely during X-ray bursts due to the explosive eruption of
and a typical magnetic fiel8 ~ 1-10x 10’ G in the pulsar materials from the surface and possible evacuation of part of
polar caps, the rather large observed frequency drifts of buirster disk. In this period witiAt ~ 1 s, the eruptive plasma
oscillations can be explained by the resulting wind torque edensity is 10 times larger that the accreting plasma density, i.e.
erted on the burning shell. In Table 1, we obtained the vaIue[s(Apc/47rR2)Msheu]/ApC ~ 10 Mace/Apc.
for nB for both 300 Hz and 600 Hz spin frequencies that causes Itis necessary to note that the polar cap acceleration mecha-
the corresponding frequency drift observed in each burst. Aqiism requires the observation of radio pulsed signals from neu-
clear, the resulting magnetic fields’ strength is in a good agrémsn stars in LMXBs. Recently Burgay et al. (2003) carried out
ment with other observations from the neutron stars in LMXBebservations, searching for radio pulsed emission at 1.4 GHZ
such as the lack of coherence pulsations in persistent emissfoam six soft X-ray transient sources (weakly magnetic accret-

Above the neutron star’s polar caps particles flow outwaidg neutron stars) during their X-ray quiescent phase. No such
along the open magnetic field lines and a steady charge denaisignal was detected. However, they discussed several mech-
cannot be maintained at the Goldreich-Julian density evearisms such as free-free absorption from the ejected materials
where. Consequently, a strong electric field develops along theing the burst that can hamper the detection and explain the
magnetic field, extracts the “primary” charged particles withull result. In particular, they showed that during the quiescent,
densityn ~ ng; (for a star with no burst activity, see Sect. 2Jhe amount of the gas lost by the neutron star’'s companionis in-
from the surface and accelerate them to high Lorentz facgufficient to quench the radio emission, but ifigient to com-
(~10"). According to the polar cap models, the predicted rgletely absorb the radio signal. Therefore, one cannot generaly
diation luminosity for a typical millisecond pulsar would beule out the polar cap acceleration mechanism (and its resulting
& ~ 10%3(vs/300 HzP/?8(B/10® G)V/7 erggs that is compa- pulsar wind) based on the lack of the radio pulsed signals from
rable toy-ray luminosities. So, one may expect to obsertbese sources. However, further observartions, particularly dur-
v-rays in millisecond pulsars that has been detected onlyiing the burst activity, are needed to be done in order to decide
PSR J02184232 by EGRET (Kui et al. 2000). However, posuch a mechanism is irrelavent or not.
lar cap particle acceleration is limited by various energy loss Finally, it is interesting to mention that the very recent
mechanisms such as curvature radiation, resonant and nonrebgervation done by Chakrabarty et al. (2003) form the tran-
nant inverse Compton scattering, and pair production. The a@@&nt X-ray source SAX J1808.4-3658 shows that, as expected,
celerated particles along the magnetic field lineestenergy the burst oscillation frequencies are directly related to the star
loss and emit photons through the curvature radiation. Furthgpjn frequency. However, it reveals some unusual behaviors
these particles scattered by soft thermal X-ray photons emitted. They observed a rather large frequency diift ¢ 5 Hz,
from the hot surface and loss energy via inverse Compton scat/v ~ 1%) with a time scale one order of magnitude faster
tering. In addition, the high energy photons resulted from tlilean in other neutron stars. Surprisingly, the oscillation reaches
curvature radiation aridr inverse Compton scattering producéo its maximum frequency~( star spin frequency) during the
a cascade of “secondary* @air particles with a number den-burst rise. This is completely inconsistent with conservation
sity ne- ~ 10°n above polar cap region that change the chargé angular momentum of a expandjagntracting shell which
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requires the oscillation slows down (drifts from star spin fredyasli, S., & Joss, P. C. 1982, ApJ, 256, 637

guency) during the burst rise. Bhattacharya, D. 1995, in X-ray Binaries, ed. W. H. G. Lewin, J.
Although the magnitude of magnetic field of the neutron van paradijs, & E. P. J. van den Heuvel (Cambridge: Cambridge

star in SAX J1808.4-3658 source is not clear, one may explairJniversity Press), 233

the observations by assuming a larger magnetic field and usfgSte": L. 1998, in The Many Faces of Neutron Stars, ed. R.

both polar cap acceleration model and winding of the magne d:t‘;%h?_”'lgs’gn;iras‘gf’ f‘sg/" A. Alpar Dodrecht: Kluwer), 419

field. The winding of magnetic field lines due to the shea T ’ Y

. . . Eildsten, L. 2002, to appear in Radio Pulsars (ASP Conf. Ser.), ed. M.
ing shell would halt the dierential rotation of the decoupled g ies D. 3. Nice gf)g E. Thorseu$troph/(®212®®4] )

shell in a period comparable to the burst duration (1-2's), $8&gay, M., Burderi, L., Possenti, A., et al. 2003, ApJ, 589, 902
Cumming & Bildsten (2000). This is also in a good agreemeghakrabarty, D., et al. 2003, Nature, 424, 42

with most observations that the oscillation frequencies reacimming, A., & Bildsten, L. 2001, ApJ, 559, 127

to their maximum sooner than shell contracted completely. Gumming, A., Morsink, S. M., Bildsten, L, Friedman, J. L., & Holz,
somehow one may say that the magnetic field transports anguP. E. 2002, ApJ, 564, 343

lar momentum from the star to the shell. However, this mecHgex, D. W., Muno, Lewin, W. H. G., M. P., Morgan, E. H., & Bildsten,
nism (wrapping of the field lines) more or lesdfeus fromthe L. 2001, AAS, 198, 270

several instabilities (with chaotic behaviors, of course) impos&&!loway, D. K., Chakrabarty, D., Muno, M. P., & Savov, P. 2001,
by nuclear explosigiburning of the accreted materials during3 ApJ, 549, L85

the burst in the shell. These instabilities would prevent frowglndgvev';h%P‘égl‘:jﬁ:'naorl’oWMH\'(lfgg AAFE)A]’S?;??ZQ

t_he field wrapping process (e.g. by teayimegombining field Harding, A. K., & Muslimov, A. G. 1998, ApJ, 508, 346
lines) unless they are more or less settled down by decreasip@qing, A. k., & Muslimov, A. G. 2001, ApJ, 556, 987
nuclear fuels (at the end of the burst rise period) or by a rathgfrding, A. K., & Muslimov, A. G. 2002, ApJ, 568, 877
large magnetic fieldg > 10'° G, Cumming & Bildsten 2000). Harding, A. K., Muslimov, A. G., & Zhang, B. 2002, ApJ, 576, 366
The former that is more suitable for other observed bursts,Ksiper, L., et al. 2000, A&A, 359, 615
not applicable to the case SAX J1808.4-3658. Luo, Q., Shibata, S., & Melrose, D. B. 2000, MNRAS, 318, 943
Not only may a larger magnetic field overcome thogddestel, L. 1998, Stellar Magnetism (Oxford: Oxford Univ. Press)
chaotic instabilities, but also it will provide a consistent expldfichel, F. C. 1991, Theory of Neutron Star Magnetosphere (Chicago:
nation for the rather large drift observed in SAX J1808.4-3658 The University of Chicago Press)
through the pulsar wind mechanism. As is clear from Eq. (3§1e" M. C. 2000, ApJ, 515, L77
. . . Miller, M. C. 2000, ApJ, 531, 458
the stronger magnetic field the larger frequency dri 4

L . uno, M. P., Chakrabarty, D., Galloway, D. K., & Savov, P. 2001,
Therefore, qualitatively, one may say: at the time of shell—starApJ 553 L157

decoupling, the shell will be experienced a larger torque aRfino, M. P., Fox, D. W., Morgan, E. H., & Bildsten, L. 2000, 542,
then will be spun down faster (in a shorter time than the rising 1016

time, say 001-0.1 s). But, because of the field winding, theshaposhnikov, N., Titrachk, L., & Hhaberl, F. 2003, ApJ, 593, L35
risen toroidal fieldB, ~ 2QstB grows very fast. By consider- Smith, D. A., Morgan, E. H., & Bradt, H. 1997, ApJ, 479, L137

ing a larger magnetic field seed, the new toroidal field may ha$egitkovsky, A., Levin, Y., & Ushomirsky, G. 2002, ApJ, 566, 1018
enough energy to halt theftérential rotation, spin up the shellStronmayer, T. E. 2001, Adv. Space Res., 28, 511
to catch the star spin frequency during the burst rise. Thereaftedastro-ph/0012516]

the pulsar wind torque will be acting more or less on the whofdrohmaver, T. E. 1999, ApJ, 523, L51

star rather than shell itself, and so we can neglect it. HowevéVOhmayer' T.E., &Bildsten, L. 2003 tro-ph/0301544]

further theoreticgbbservational investigations are needed to bet"fgén aegréT' E., Zhang, W., Swank, J. H., & Lapidus, I. 1998, Ap),

done in order to get better understanding of physical Processgsmayer. T. E., Jahoda, K., Giles, B. A., & Lee, U. 1997, ApJ, 486
that are involved. 355 ' ' K , ) , , , ,
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