Research in Astron. Astrophys2011 Vol. 11 No. 12, 1457-1468

R hi
http://www.raa-journal.org  http://www.iop.org/jourtsraa esearch in

Astronomy and
Astrophysics

On pulsar-driven mass g ection in low-mass X-ray binaries *

Lei Fu and Xiang-Dong Li

I Department of Astronomy, Nanjing University, Nanjing 2930 China;
fl19821110@yahoo.com.cn; lixd@nju.edu.cn

2 Key Laboratory of Modern Astronomy and Astrophysics, Miniof Education, Nanjing
210093, China

Received 2011 February 23; accepted 2011 August 16

Abstract There is accumulating evidence for mass ejection in lowsasay bina-
ries (LMXBs) driven by radio pulsar activity during X-ray gscence. We consider
the condition for mass ejection by comparing the radiatimsgure from a millisec-
ond pulsar, and the gas pressure at the inner Lagrange poatttbe surrounding
accretion disk. We calculate the critical spin period of plusar below which mass
ejection is allowed. Combining with the evolution of the mé&mnsfer rate, we present
constraints on the orbital periods of the systems. We sheaivrttass ejection could
happen in both wide and compact LMXBs. It may be caused bysieah accretion
due to thermal instability in the accretion disks in the ferprand irradiation-driven
mass-transfer cycles in the latter.
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1 INTRODUCTION

Currently there are 144 millisecond pulsars (MSPs) (puesgopsp < 10ms) in the ATNF pulsar
database, 86 of which are located in binary systems. MSPsaatiionally considered as the de-
scendants of old neutron stars which were spun up by acoretm their companions in low-mass
X-ray binaries (LMXBs) (Bhattacharya & van den Heuvel 1961 & review). Typically, accretion
of AM ~ 0.1 Mg mass is sufficient to accelerate a slowly rotating neutran tst milliseconds
(Burderi et al. 1999).

More recent investigations demonstrate that perhaps nidlsé @urrent LMXBs have evolved
from systems with intermediate-mass (.5 M) donor stars, i.e. intermediate-mass X-ray binaries
(IMXBs) (Davies & Hansen 1998; King & Ritter 1999; Podsiadkki et al. 2002; Pfahl et al. 2003).
Because the donor star is initially more massive than theaestar, mass transfer proceeds rapidly
on a timescales 10° yr. Little mass is accreted during this phase since the niassfer rate is
usually much higher than the Eddington limit for the neutstar, until the donor mass becomes
comparable with the neutron star mass and the binary evtdvies an LMXB (Tauris & Savonije
1999; Podsiadlowski et al. 2002). It is believed that in thier phase the neutron star accretes
sufficient mass and experiences the recycling process.

There is evidence that mass transfer in the LMXB phase islatgady nonconservative. The
companion star of MSPs is usually a white dwarf with mas$).1 — 0.4 M, the progenitor of
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which is expected to be a star with initial masd M, (Tauris & Savonije 1999; Pfahl et al. 2003).
So the lost mass from the companion is alibat- 0.9 M. If the mass transfer is conservative, the
expected minimum mass of the MSPs would exceaéd.. However, measurements of the pulsar
masses suggest that only part of the transferred mass wagextby the neutron stars (Thorsett &
Chakrabarty 1999; Zhang et al. 2011; Kiziltan et al. 201@ &so Table 1 for a list of binary MSPs
with measured masses), except that in a few cases the m&$48&se are as high as 2 M, (e.g.
PSRs B1957+20, van Kerkwijk et al. 2011; J0751+1807, Nic&.€2005; J1614 2230, Demorest
et al. 2018). So in most of these systems, the mass transfer must hamenbeeonservative.

The mechanism of mass ejection in X-ray binaries was firsbéhtced by lllarionov & Sunyaev
(1975) as the “propeller” effect, i.e. the accretion flow eéntrifugally prohibited at the magneto-
sphere of the neutron star, at the cost of the slow down ofttr& spin. As pointed out by Burderi
et al. (2001), the efficiency of the propeller effect is at mes50%, and the pulsars should still be
more massive than observed. It was later suggested thhg ihass transfer rate varies by a large
amplitude, the neutron star may become an MSP when the &xtrate is very low, and the ener-
getic pulsar wind may disrupt the accretion disk around #hgnon star, so that the transferred mass
will escape from the binary across the inner Lagrangiantpinwhich we call pulsar-driven mass
ejection (Burderi et al. 2001, 2002). Since this processicatL, at which the binding energy is
very small, the efficiency of ejection may reach unity. Aregliative mechanism is that the energetic
wind or hard X-ray radiation from the MSP may evaporate ¥g-lnass companion (van den Heuvel
& van Paradijs 1988; Ruderman et al. 1989; Shaham & Tavari ;1P@dsiadlowski 1991).

Direct observational evidence for mass ejection inducedlgar activity may come from the
“black widow pulsars.” They are MSPs in binary systems, ugdi&g a very wide eclipse, implying
obscuration by intense wind from the secondary (Fruchtak. €9988). Another interesting example
is PSR J17465340, an eclipsing MSP with a spin period of 3.65ms and drpi¢aiod of 32.5
hr, located in the globular cluster NGC 6397 (D’Amico et @02). Long lasting, and sometimes
irregular radio eclipses, and the shape of the optical igihhte demonstrated the presence of matter
around the system (Ferraro et al. 2001), suggesting thatIRB#3-5340 is an example of a system
in the pulsar-induced ejection phase.

In this paper we investigated the conditions for mass ejadti LMXBs caused by the turn-on
of pulsar activity. The basic idea is similar to that in Buiidet al. (2001). However, we consider
direct mass ejection at botty and L, which requires that the pulsar’s radiation pressure @nstr
enough to drive material out of these points, which was igdan Burderi et al. (2001). For mass
ejection due to disruption of the accretion disks by the gndgpressure, we adopt a more realistic
accretion disk model to evaluate the disk pressure. In @e&iwe calculated the critical periods
Per, at which the pulsar wind pressuRg, equals the donor’s gas pressutg, at theL; point and
Pk in the accretion disk. The condition for outflow frohy is also considered. In Section 3 we
put possible constraints on the orbital periods by comigitive evolution of LMXBs. We briefly
discuss the implications of our results in Section 4.

2 THE CRITICAL PERIODS
2.1 MassFlow Through the Inner Lagrange Point L

We consider a semi-detached binary containing a neutrorastha donor star that fills its Roche
lobe. The atmospheric material is overflowing throughtowards the neutron star. At; the gas

flow is confined in a “nozzle” with radiu&l and moves with a speed close to the sound speed (Frank
et al. 2002). The mass transfer rate is expressed as

M ~ wH?cs(Ly)p(Ly), 1)

1 In a recent paper, Tauris et al. (2011) suggested that PSR-I2830 must have been born with a mass which signifi-
cantly exceed$.4 M.
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Table 1 Properties of Binary MSPs with Measured Masses

PSR Name p (ms) Porp,n (M) M, (Mg) Ma(Mg) Ref.
B151602B 7.95 164.6 2.08 4 0.19 0.13* [1]
B1855+09 5.36 295.2 1.64£0.2 0.2587002 2]
B1957+20 1.61 9.17 2.40 £+ 0.12 0.0357003 [3]
J0024-7204H 3.21 60.9 1417508 0.181059 [4]
J0437-4715 5.76 137.8 1.76 4 0.20 0.254 4 0.018 5]
JO7514+1807 3.48 6.3 1.26 & 0.14 0.19 4 0.03 6]
J1012+-5307 5.26 14.5 1.68 4 0.22 0.16 + 0.02 [7]
J1614-2230 3.15 208.8 1.97 £ 0.04 0.4* 8]
J1713+-0747 457 1627.8 1531058 0.33 £ 0.04 9]
J1738+-0333 5.85 8.52 1.55 4 0.55 0.2+ 0.05 [10]
J1740-5340A 3.65 32,5 1.53 4 0.19 0.22* [11]
J1903+0327 2.15 2284.2 1.74 4 0.04 1.05 + 0.02 [12]
J1909-3744 2.95 36.7 1477508 0.2038 + 0.0022 [13]
J1911-5958A 3.27 20.6 147518 0.18 £ 0.02 [14]
J1748-2446 9.57 31.87 1.877052 0.24* [15]
J1045-4509 7.47 97.92 < 1.48 0.13 [16]
J1804-2718 9.34 266.4 <173 0.2 [16]
J2019+-2425 3.93 1836 <151 0.32 - 0.35 [17]
J1023+0038 1.69 4.75 1.0 — 3.0 0.14 — 0.42 [18]
J1738+-0333 5.85 8.50 1.6 £ 0.2 0.2 [19]
J0024-7204 3.49 5.52 1.44 0.15 [20]
J1518+0204B 7.95 164.64 2.08 +0.19 >0.13 [21]
J1824-2452C 4.16 193.87 < 1.367 > 0.26 [21]
J0514-4002A 4.99 450.96 < 1.52 > 0.96 [22]
J1748-2021l 9.57 31.87 1.3+0.02 0.24 [15]

*: Medium companion mass from ATNF pulsar database. [1]rEret al. (2008b); [2] Splaver (2004); [3]
van Kerkwijk et al. (2011); [4] Freire et al. (2003); Mancterset al. (1991); [5] Verbiest et al. (2008); [6]
Nice et al. (2008); [7] Lange et al. (2001); [8] Demorest ef{2010); [9] Splaver et al. (2005); [10] Freire
etal. (2008a); [11] Kaluzny et al. (2003); [12] Championle{2008); [13] Jacoby et al. (2005); Hotan et al.
(2006); [14] Bassa et al. (2006); [15] Ransom et al. (200Bj] [Thorsett & Chakrabarty (1999); [17] Nice
et al. (2001); [18] Archibald et al. (2009); [19] Jacoby (290[20] Manchester et al. (1991); [21] Zhang
et al. (2011); [22] Freire et al. (2007).

wherecs(L1) andp(L4) are the local sound speed and the gas density respectiviblg Af point.

To estimate the magnitude &f, we consider the balance between the Roche potential amdethr
kinetic energy of the material, and find that matter escapegpatch of radius (see also Frank et al.
2002; Li et al. 2010)

Cs(Ll)
H ~ , 2
N (2)
where
_ 1 1 q _
hla) = 2 [(14¢)(0.5—0.227log,( q)3 + (1+¢)(0.5+0.2271ogy )3 ok ®)

whereg is the mass ratio of the donor and the neutron star, rangamg4¥ 0.1 to ~ 3 for I/LMXBs.
The mass transfer rate can then be written as

M =1.03 x 10P2, , c2(L1)p(L1) f1 '(q)gs ™, (4)

where P, 1, is the orbit period of the system in units of hour. Consedlyetite gas pressure at
L4 is

T )

Pry = p(L1)c2(Ly) = 6.15 x 10°M 1P, 2 e fr dynem™? (5)
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whereM_1o = M /10710 My yr~!, andeg = /106 cm s™1.

2.2 Equilibrium at L; and Lo

Once the material from the donor star is captured by the apdtar at the circularization radius,
an accretion disk will form due to dissipative processesiatainal torque. A sufficiently long time
for accretion onto the neutron star can spin it up to milliisetperiods. If the accretion rate drops
for some reason, the inner radius of the accretion disk mayeratside of the light cylinder (with
a radiusRy,¢) of the neutron star, and the neutron star changes from aetagr X-ray source to
become a rotation-powered pulsar, emitting radio, optiXalay, v-ray photons and high energy
particles. If this process is dominated by the magneticldipadiation, the pulsar wind pressure at
L, can be expressed as

!

Poor(L1) = 8.23 x 10° B P, 2 pt RS gm ™/ £37%(q) dynem ™2, (6)

wherem; and R, are the mass and radius of the pulsar in units of solar mas$(#mn respec-
tively, B.s the surface magnetic field in units t® G, p.,s the pulsar period in units of millisecond,
and

folq) = (1 +¢)'/*(0.5 — 0.2271og, ). (7)

When the pulsar wind pressure is larger than the gas pre@Buteat L1, the accretion process is
prohibited, and mass ejection will happen. Combining Eiguat(5) and (6) we can get a critical
period at which material flowing through, will be ejected,

—1/4 ,—1/2 y,—1/4 1/4 1/2 51/6 3/2
Per ~ (0.61ms) f; / f / M—lo/ Cé Bs8/ Por/b,hRn/G m~/S, (8)

When the secondary star evolves to very low mass, it may beulter Lagrangian poini.
rather thanl; with the lowest potential, due to the pulsar’s radiationsgree force on the Roche
potential of the secondary. In this case, Roche-lobe owerfldl not occur towards the pulsar, but
into a circum binary disk/outflow (as is indeed observed f8RPL957-20). According to Phillips
& Podsiadlowski (2002), the condition for outflow frof, can be defined a&,.x = ¢L/Lgaa
becoming larger than a critical valdg.;; (whereL and Lgqq are the irradiating pulsar’s luminosity
and the Eddington luminosity of the secondary, respegtjyel equivalently

Lk
m_écrita (9)
where ,
6
L (Hn) g2 () (10)
3¢3 P

andx is the mean photospheric opacity. The resulting critical pgriod is

kB2 2RS\'*4
e =27 [ ————— ) 11
Per,L2 T <47TCGM6CM 303) (11)
or
PerLo ~ (0.48ms) ro/im~YABY? R, (12)

with §c.i = 0.0564 wheng = 0.1 (Phillips & Podsiadlowski 2002). Herey 4 = /0.4 cm? g~ !
may be much larger than unity for the photosphere of veryhaass stars, so Equation (12) presents
a lower limit of the critical period. Obviously, depending the mass ratio, this criterion may be
more relevant for very low-mass binaries.
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2.3 Equilibrium with the Disk

Now we consider possible disruption of the accretion diskh®y pulsar's pressure. The standard
geometrically thinn-disk model was established by Shakura & Sunyaev (1973).ddewthere is
observational evidence showing deviation from the thémabpredictions — in cataclysmic variables
(CVs) and LMXBs the outer disk’'s edge seems to be thick andtatred (Shafter & Misselt 2006;
Hakala et al. 1999). Begelman & Pringle (2007) argued thabthgnetorotational instability (MRI),
which successfully accounts for angular momentum trarisparccretion disks (Balbus & Hawley
1998), can amplify the toroidal magnetic field to a point atakimagnetic pressure far exceeds the
combined gas and radiation pressure in the disk. This ad@itipressure support makes the disk
thicker than in thex-disk model, in accordance with observations. In this mégrgominated disk
model, the Alfvén speed associated with the toroidal fisldbughly the geometric mean between
the Keplerian speed;, and the sound speeq. Thus the magnetic pressurefy ~ pcyuy. The
total disk pressure can be derived to be (see appendix)

1/2, _
Paisie ~ Pp = 1.02 x 1013 17/18,61/36 ) 819 p=91/36 o [1 _ (%) } 2 ymem-2,

Rg
(13)

whereRg is the disk radius in units af0® cm. As pointed out by Burderi et al. (2001), if the spun-
up pulsar is switched on, the accretion disk may be truncattedadiusis., due to the energetic
pulsar wind. OnceRp, is smaller than the outer radiug,,; of the accretion disk, the material
overflowing throughl.; will be ejected, i.e. the system will enter the mass ejegpioase.

Traditionally the outer radius of the disk is approximatedbe~ 70% — 90% of the Roche
lobe radiusRy; of the primary (Frank et al. 2002). Here we takg,; ~ 0.8R;;. Combining
Equations (6) and (13), the critical pulsar spin period fassejection is

Pl = (1.94ms) o 17/72 1/24R7/4Bl/21V[ 2/9 Oli/ilﬁf& (14)

where
91/144

1/3
fz = (1 + ¢)t9/432 [1 —0.462 <1qTq) ] (0.5 — 0.227log;, q) /2.

2.4 Accretion Equilibrium Period

In the above subsections we show that mass ejection can kaée @nly when the spin period of
the neutron star is shorter than eithgr or p.,. The neutron star’s spin is accelerated by both mass
accretion and magnetic field-disk interaction during thessnaansfer process, until an equilibrium
period is reached, at which time there is no net torque exemtethe neutron star. According to
Ghosh & Lamb (1979), the spin-up/down rate depends on thedss parameter, = Q. /Qx (o),

i.e. the ratio of the spin angular velocity of the neutrom stad the Keplerian velocity of plasma at
the inner disk radiusy. Whenw, approaches the critical fastness parametethe torque is zero
and the spin-up process ceases. Assugne 0.5Ra, whereR, is the traditional Alfvén radius for
spherical accretion

BQRﬁ 2/7
Ra = [ ——2s—n ’
A (M\/2GM)
and the equilibrium spin period is
Peq ~ (1.95ms) wy LRI BY Tm5/Th =37, (15)

wherewg 7 = w./0.7. The conditionp., < p., or p, will constrain the systemic parameters that
allow mass ejection to happen in LMXBs.
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The neutron star will reach its equilibrium only when the maansfer rate stays constant for
a sufficiently long time. When the mass transfer rate chartbesspin period will evolve to a new
equilibrium on a time scale,i, ~ 2rlv,/M(GMR)'/? ~ 2.3 x 109 M~},, where[ is the
moment of inertia of the pulsar. Roughly speaking, if thesiwale of the change of the mass transfer
ratet,; > tspin, the spin period of the neutron star is always close to thdiegum period with
currentM. If M varies witht ;;, < tspin, the spin period remains close to the previous equilibrium
value.

3 BINARY MSP SYSTEMSTHAT FAVOR MATERIAL EJECTION
3.1 Mass Transfer M echanisms

In this section we investigate the possible influence of tssrransfer rate. As mentioned above,
recent studies showed that most LMXBs are likely to origegniom IMXBs. During the initial
“IMXB to LMXB” phase, the mass transfer process proceeds ¢sud)thermal timescale and the
average mass transfer rate is very high (often super-Etitirfgr relatively massive companions),
so the mass transfer is highly nonconservative and thetadameass by the neutron star is very small.
Thus the recycling process should mainly occur in the laMKB phase. From Equations (8), (12)
and (14) one can see that mass ejection due to pulsar adasityake place only when the neutron
star’s spin period is less than a few milliseconds. Thisfificdilt to achieve except for LMXBs and
close IMXBs (with Case 1 mass transfer); the outcome of WMXB evolution is mildly recycled
MSPs with CO white dwarf companions (Tauris et al. 2011)hinformer case the LMXB evolution
from IMXBs is similar to that of original LMXBs (Podsiadlowset al. 2002). For these reasons we
only consider the evolution of the mass transfer rate in LMXB

It is well known that mass transfer in LMXBs is driven by nual@xpansion of the donor and
orbital angular momentum loss due to magnetic braking aaditgtional radiation. By comparing
the nuclear evolution time of the dongy, and the angular momentum loss timesdalg, we can
divide the evolutionary tracks of LMXBs into the followingses (King et al. 1996).

Case 1, < t.mi: In this case the donor has evolved off the main sequencedafgular
momentum loss shrinks the orbit sufficiently to cause massster. So the donor must be a giant or
subgiant, with mass 0.8 M, in order to evolve off the main sequence within the Hubblestithis
known that the structure of a low-mass giant is determinettheymass of its helium core (Webbink
et al. 1983). The mass transfer rate can be expressed bylliheifg relation (King 1988),

M_1g =~ 0.21 P93 m"47q" 47, (16)

Substituting Equation (16) into Equations (8), (11) and)(I#henp., = peq @andpl, = peq, We
obtain the minimum of the orbital period for mass ejection

—2.94,_—2.40 —0.78 51.08 £0.76 £1.50 .—0.76 3.21
FPorbn = 75.96 wy 77"m q B i fa e TRy (7)
and
—3.45 —0.83 —1.07 p2.83 p1.24, —3.78 p—3.45
PC’)rb_’h =322w,7 " q Ryg”" B~ m fa . (18)

Figure 1 shows the minimu,,., , and P, , , against the mass ratipin the solid and dashed
lines, respectively. Note that the minimum orbit period tilbows direct mass ejection &t is~ 5d,
while mass ejection with disk disruption can occur in refelyy compact systems. The final product
of this kind of evolution is a wide binary with an MSP and a lovass helium white dwarf.

We also plotp.,, p., andpe, for constant orbital period with solid, dashed and dottaddiin
Figure 2 as a function of mass ratjoNote that in the cases @t,,;, , = 100 (thin lines) and 1000
(thick lines),p.., is always larger thap,.,.
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Fig.1 Relation betweerP,,, » and the mass ratig for LMXBs in Case 1 evolution when mass
ejection occurs. The solid and dashed lines ar@for= p.q andp;, = p.q. Above the curves the
mass ejection may happen. The dotted line represents tlitioorwhen the donor fills its Roche

lobe on the main sequence. Here and in the following we adopt 1.4, R.s = 1, Bss = 5 and
a = 0.1.

p(ms)

Fig.2 Relation between critical spin period and the mass rafiar LMXBs in Case 1 evolution.

The solid, dashed and dotted lines descyibe p.. andp.q, respectively. The thin and thick lines
are for orbital periods”,, , = 100 and 1000, respectively.

Case 2t ~ tam andt,, > t.m: In these situations the mass transfer is driven by angular
momentum loss of the system, and
My, J
T
whereJ and J are the orbital angular momentum and its derivative, respyg. In the case of
tau ~ tam) the donoris mildly evolved when it fills its Roche lobe, and tiadius is slightly larger
than during the main sequence. The orbit period of the systéihmot change much during the

whole evolution. Whe,,, > t..,1, the angular momentum loss of the system is so rapid that mass
transfer occurs when the secondary is still on the main sexgyand further nuclear evolution of the
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Fig.3 This figure compareg.., p... andp.q as a function of orbital period in Case 2 mass transfer.
Herepe:, pi, andp.q are plotted in solid, dashed and dotted lines, respectifély thin and thick
lines are forg = 0.5 and 0.1, respectively. The dot-dashed line repregents; for ¢ = 0.1.

secondary is frozen. In this condition the binary orbit whirink due to the angular momentum loss
by magnetic breaking and gravitational radiation. Heneedtbital periods are generally smaller
than in Case 1 where the secondary is a (sub)giant.

Using the standard forms of gravitational radiation los@emdau & Lifschitz 1975) and of
magnetic braking (Verbunt & Zwaan 1981), the mass trangt can be written as (King et al.
1996)

M_19 = 552.81P, 2 %q7/*m®/® +130.65P, ) ¢*m®/?, (19)

where the first and second terms on the right hand side aredgnatic braking and gravitational
radiation, respectively.

Figure 3 shows.,, p., andp., as a function ofP,,, in solid, dashed and dotted lines, with
the mass transfer rate given by Equation (19). The thin aictt times are forg = 0.5 and0.1 re-
spectively. In the case af = 0.1 we use Equation (19) with donor mass0.3 M, to calculate
Peqs DUt remove the first term (i.e. corresponding to magnetiking) in calculatingy., andpy,.
The reason is that magnetic braking is assumed to vanistpipmhen the secondary mass de-
creases te- 0.3 M, (i.e. becomes fully convective), and the subsequent geolig only driven by
gravitational radiation. However, it will take a long timg (L0° yr) for the pulsar to reach the new
equilibrium period because of the reduced mass transter®atthe spin period remains close to the
previous one. We have set the limitation on the orbital mebid1 Py, 1, > mo to guarantee that the
secondary fills its Roche lobe before it evolves to be a sultdtdgure 3 shows thak., < peq < Py
which means that mass ejection via disk disruption mightin¢¢owever, a firm conclusion is diffi-
cult to reach, because of the uncertainties in estimatiagtitical periods. By the way, outflow from
L, seems to require spin periods considerably lower thaffor ¢ = 0.1, disfavoring this possibility
for LMXBs. However, this scenario might work in binaries kviéxtreme mass ratiog 1, like
PSR B195%20), in which the value od.,;; is much smaller (Phillips & Podsiadlowski 2002).

Note thatp.q < pe, Or p., is the necessary condition for mass ejection, while switclof pul-
sar emission is critical for expelling the matter overflogfrom the Roche lobe. This occurs with a
temporary reduction of the mass accretion rate, so thatdbeting plasma moves out beyond the
light cylinder of the neutron star, and the neutron star bexoa generator of magneto-dipole radi-
ation and relativistic particles. The thermal disk inslifpmodel (Lasota 2001) is usually invoked
to trigger the X-ray outbursts in LMXBs, which may cause thétsh-on of the radio pulsar during
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X-ray quiescence. According to King et al. (1996), longipeéMXBs are likely to be transient;
for LMXBs with P,,;, < 2d, most neutron star systems will be persistent X-ray sauioéess they
have extreme mass ratios (i< 0.18 P, 1). Considering the calculated results in Figures 1-3,
we conclude that mass ejection is more likely to occur in vagstems with light secondary (or in
the late the evolution of long-period LMXBSs) via disruptiohthe accretion disk inside the Roche
lobe of the primary.

4 SUMMARY AND DISCUSSION

We can summarize the above results for the conditions ofpualdven mass ejection as follows.

(1) Pulsar-driven mass ejection is likely to occur in wide XBk (in Case 1 evolution), in which
the thermal instability in the accretion disk can resuliargk variations in the accretion rate.

(2) LMXBs in Case 2 evolution may barely be subject to masstigje.

(3) If there is mass ejection, it may be caused by the dissaopdif the accretion disk leading to
outflow through thel.; point. When the secondary has extremely low mass, outflom tree
Lo point is also possible.

An important factor that was neglected in the above seci®imsadiation in LMXBs caused by
accretion-generated X-rays. It was realized that irrémhatf the donor star or the accretion disk can
not only change the optical appearance of LMXBs (King & Rift899), but also their outburst prop-
erties (van Paradijs 1996), and possibly the long-termugigoi of the donor (Podsiadlowski 1991).
Irradiation of the donor star can especially destabilizerttass transfer, and lead to mass transfer
cycles (Hameury et al. 1993), which differ drastically frtime evolution we considered above: mass
transfer is spasmodic with phases of high mass transfegrhy the thermal expansion of the con-
vective envelope of the irradiated donor alternating whages with low or no mass transfer, during
which the donor readjusts towards thermal equilibrium &f tim-irradiated star (Buning & Ritter
2004). As pointed out by Ritter (2008), the effect of irrdidia may be important in compact rather
than long-period LMXBs, since in the later the irradiati@sulting from accretion is intermittent
due to disk instability. However, even in the former systethe details of how irradiation of the
donor influences the mass transfer process are very corngulicand have not been included in the
calculations of the secular evolutions of I/LMXBs in a setfnsistent way (Pfahl et al. 2003). It
is then difficult to estimate the efficiency of mass ejectioe do irradiation. On one hand, during
the short “high” state the mass transfer rate is enhancedeager than the secular one, leading to
shorterp.q, which is in favor of mass ejection (In Fig. 3, if the mass #fan rate is increased by a
factor 0f 100, bothpeq < per andpeq < p., Will be satisfied). On the other hand, during the long
“low” state, the mass transfer rate becomes much lower thasecular one so that less mass can
be blown off. This is in contrast to the limit cycles due tokdisstability, in which the accretion rate
varies by a large factor but the mass transfer rate remaaryynenchanged.

The current masses of MSPs may reveal possible evidencessfawaretion and ejection during
the previous LMXB evolution. In Table 1 we list the paramstef binary MSPs with measured
masses In general, long-periodH,;, = 20 — 30 d) MSPs have masses around M, suggesting
that a large amount of the transferred mass was lost. Inwaystems P,,1, < 2 — 3d) the pulsar
masses are distributed from 1.3 M, to ~ 2.4 M, indicating that both efficient mass accretion
and mass ejection are possible, depending on the propefttee individual sources. However, a
large fraction of them also have masses not far fiot\/. We speculate that irradiation-driven
mass transfer cycles may help drive off the transferred ifnasstheir companions in these systems.

Besides the standard recycling scenario, another possidyefor mass ejection to occur in
short-period LMXBs is companion exchange. This should leagmly in an environment with high

2 PSR J1903-0327 is a peculiar MSP with a main-sequence companion staisanot considered here.
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stellar density like globular clusters. The incidence afdid widow pulsars in globular clusters is
known to be far higher than in the field. This leads King et 20Q3) to suggest that the MSPs in
dead wide binaries with white dwarf companions have excediigem for normal stars. Encounters
and tides bring these new companions into tight orbits. Duetense accretion during the first mass
transfer phase, the neutron star’s spin period may satigfyconditionp., < pc or p,. with the
current mass transfer rate, resulting in mass ejection fhanbinary.

Finally, the condition for mass ejection may be satisfiechd@ aiccreting star in LMXBs is a
strange star rather than a neutron star. In the former casspih periods could be submillisecond
(e.g. Frieman & Olinto 1989; Gourgoulhon et al. 1999; Posstal. 1999), and less than the critical
period given by Equations (8) and (14). These exotic obj@ight be formed by accretion-induced
collapse of white dwarfs in binary systems (Du et al. 2009).
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Appendix A: CALCULATION OF THE DISK PRESSURE

In the model of a magnetic dominant disk Begelman and Pri(@)7) argued that the amplified
toroidal magnetic field pressureds pc,v;,. They calculated the density inside the disk as

2 3/2 : —9/4
p= 2 ~ 2 c < .M al E ) (A1)
2H 3GMEk \ ¢4 Mgad R,
wherek is the opacityMEdd = 47GM /kc is the Eddington accretion rate aft} = GM/c?. In

this model the viscosity and scale height of the disk is glvgn = aHva andH/R ~ (¢, /v;,)'/?

instead ofy = aHc, andH/R = (2 + ¢2)'/? /v; in the Shakura & Sunyaev (1973) model. After
these replacements, we can then then use the equation daangumentum

R\ /2
! ( *)
R

R, 1/2
- (%) ] , (A3)
to calculate the disk pressure as

—1/18 —2/9 1/27—1/9
Pdisk_an/lg(GMW%( 3n > / M8/9( k ) g [1_<%>/ |

M

" 37

vy , (A.2)

and energy

oy _ 3GMM
3r ¢ STR3

6me? 32n%0 R, \um,
(A.4)
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