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Abstract. The recent finding by Chevalier & llovaisky (1998)1. Introduction

fromHipparcosobservations that OB-supergiant X-ray bma”?\_high-mass X-ray binary (HMXB) consists of a massive OB-

, . _ : tar and a compact X-ray source, a neutron star or a black
tial velocit ) =42+ 14k 1y whereas Be/X-ray bi- YP€S ) : ) :
ial velocity” (v) ms ), W y D! hole. The X-ray source is powered by accretion of wind mate-

naries have low runaway velocitie =15+ 6kms '), . .
y ) ms ) rial, though in some systems mass transfer takes place through

provides confirmation of the current models for the formatio ) .
. . oche-lobe overflow; the compact stars in the latter systems are
of these two types of systems. These predict a difference In . . . . .
rrounded by an accretion disk. Since wind accretion plays an

runaway velocity of this order of magnitude. This differenca”

basically results from the variation of the fractional helium cord’ portant role, in practice only an OB supergiant or a Be-star

. . L . companion have a strong enough stellar wind to result in ob-
mass as a function of stellar mass, in combination with the cofn- P 9 9

servation of orbital angular momentum during the mass trans?grrvable X-ray emission. In a Be/X-ray binary the X-ray source

phase that preceded the formation of the compact object in gnly observed when the neutron star moves through the dense

system. This combination results into: (i) Systematically n r_e-star disk at periatron passage. About 75% of the known
' ) XBs are Be/X-ray binaries, although this is a lower limit

rower pre-supernova orbits in the OB-supergiant systems th . .
P P Perg Y Iven their transient character.

in the Be-systems, and (ii) A larger fractional amount of ma$d . ) . .
ejected in the supernovae in high-mass systems relative to salgécr:;\;ag?rl_l&w:I;:éi'?gn(ﬁ?pgp?rgg;%eedatshuersrrgsst;m?ﬂgr]l(s):c:r
tems of lower mass. Regardless of possible kick velocities irB- '

parted to neutron stars at birth, this combination leadsto a c B-supergiant HMXBs for which proper motions are available

siderable difference in average runaway velocity between thzré1 alt.4-;|65|,a(r)9e()0;0 I'[;/retlZnX-elrk';F%?c_)?:Z':;dsgrxr:% i(c;rlr)e::]?gr?s
two groups. If one includes the possibility for non-conservative o Vel 1arge pecul gentialv ues. !

mass transfer the predicted difference between the runawayR? the values given by these authors are needed (cf. Steele et

locity of the two groups becomes even more pronounced. T%I.e1998, Kaper_et al. 1999)' Taking these Into account (I?ble 1

" - thé mean peculiar velocity of these system#2ig- 14 km s
observed low runaway velocities of the Be/X-ray binaries COIL o already known that the OB-superaiant svstem of 1538-
firm that in most cases not more than 1 tb[2 was ejected in Y berg Y

. . . —1
the supernovae that produced their neutron stars. This, in com5t§—(QV Nor) has a peculiar radial velocity of aboutlaq s

nation with the —on average-— large orbital eccentricities of thevé/gh respect to its local standard of rest (Crampton et al. 1978;

systems, indicates that their neutron stars must have receiv% @ .& Bo_lton 1986; van Oijen 1989)' For the_ 13 Be/X-_ray
Lo 1 . . inaries with measured proper motions Chevalier & llovaisky
velocity kick in the range 60—25Rm s~ at birth. The consid- . X o .

. -~ -1, found peculiar tangential velocities ranging fragy = 3.3 +
erable runaway velocity of Cygnus X-&{ = 50+ 15km s™ ) 71091 & TAkms-! with an average o 114+
shows that also with the formation of a black hole considerat%e 1 Km s, Wi 1 averag fow) = 11. .
mass ejection takes place. .6km s~ . Again, after corrections (see Sect. 2) and excluding

the Oe systems X Per (0352+309) and V725 Tau (0535+262),
Key words: stars: binaries: close — stars: early-type — stamsne finds for the genuine Be/X-ray binary a slightly higher value

emission-line, Be — stars: evolution — stars: supernovae: genefak,, = 15+ 6 km s~ .

have relatively large runaway velocities (mean peculiar tang

— X-rays: stars We would like to point out here that these mean values are
in good agreement with the runaway velocities of these two

Send offprint requests 18.F. Portegies Zwart types of systems predicted on the basis of simple “conserva-
“ Hubble Fellow tive” evolutionary models (van den Heuvel 1983, 1985, 1994;
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1 The values given here are not identical (though similar) to tho
listed in Chevalier & llovaisky (1998). The corrections we applied al
outlined below.

Habets 1985; van den Heuvel & Rappaport 1987) and even bet-
t&r agreement is obtained when mass is not conserved in the
Fansfer process (Portegies Zwart 2000). The effect of sudden
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mass loss during the supernova explosion is taken into accorgating for the peculiar solar motion and differential galactic
and in a massive binary this is the dominant contribution totation (see also Moffat et al. 1998) thigoparcosproper mo-
the runaway velocity; a random kick velocity of a few hundretions result in the peculiar tangential velocities listed in Table 1.
km s~ ' imparted to the neutron star at birth (see e.g. Hartm&@hevalier & llovaisky give a mean peculiar tangential veloc-
1997) has only a small effect, as the kick’s impulse has to be diis of v, = 41.5 + 15km s~ *. We derive a similar value of
tributed over the entire massivg (15 M) system. (See Porte-42 + 14 km s *.
gies Zwart & van den Heuvel 1999, for arguments in favor of For the Be-systems, Chevalier & llovaisky use Hippar-
kicks). Therefore, in first-order approximation, these kicks camsparallaxes to determine the distances. For some systems this
be neglected in calculating the runaway velocities of HMXB#ads to very surprising results. In particular, Steele et al. (1998)
but notin calculating their orbital eccentricities (see Sects. 3pbint out that for the system of 0236+610 (LSA#°303) the
and 3.5). Hipparcosparallax leads to a ten times smaller distance than the
The aim of the present paper is to give a quantitative assedistance estimated from the spectral type and reddening. These
ment of the above-mentioned conjectures. It should be notmathors convincingly show that for this system the distance es-
here that five Be-star systems in the Be/X-ray binary samgimate based on thiipparcosparallax cannot be correct; the
studied by Chevalier & llovaisky (1998) are of spectral typdistance of the system must be of order 1.8 kpc instead of the
B4 Ve or later (masses 6M ). The companions of these stard77 pc determined from théipparcosparallax. Similarly, from
might be white dwarfs instead of neutron stars. Thereforeaavariety of criteria they find that for A0535+262 the distance
supernova explosion is not necessarily the reason for their (exast be> 1.3 kpc, instead of the 300 pc determined from the
cess) space velocity, which, in any case, is relatively small.Hipparcosparallax. Steele et al. point out that for both systems
may be due to the typical random velocities observed in youtige Hipparcosparallaxes are smaller than 3 times their proba-
stellar systems. Leaving these late-type Be/X-ray binaries dalé (measurement) error, and are therefore not reliable. In such
does not result in a significant change in the observed mean pease one cannot reliably use thipparcosparallax to deter-
culiar velocity of the Be-systems. Furthermore, there is someéne the distance. With thelipparcosdistances the OB-star
doubt concerning the use of the distances basedipparcos companions of 0236+610 and 0535+262 would become highly
parallaxes of several of the other Be-systems, as these distanceerluminous for their spectral types, and would be very pe-
differ very much from the distances determined in other waysjliar stars, as was already noticed by Chevalier & llovaisky
e.g. by using reddening etc. (Steele et al. 1998). In Sect. 2 {#898). On the other hand, using alternative distance criteria,
therefore critically examine the distances and proper motiotheir absolute luminosities become perfectly normal for their
of all the systems with Be companions. spectral types. This gives confidence that the latter distances
In Sects. 3.1 and 3.2 we present an analytical calculatiare more reliable.
of the expected runaway velocities and orbital eccentricities of The systems including a Be star with spectral type later
typical OB-supergiant and Be HMXBs, on the basis of the statitan B4 V (mass< 6M) may well have white dwarfs in-
dard evolutionary models for these systems, adopting consersi@ad of neutron stars as companions (Portegies Zwart 1995).
tive mass transfer during phases of mass exchange, and incltiierefore, their space velocity is not necessarily caused by a
ing the effects of stellar-wind mass loss for the OB-supergiastipernova explosion, which is the scenario we exploit in this
systems. In Sect. 4 we discuss the effect of non-conservatpaper. Excluding these systems, the observed mean peculiar ve-
mass transfer on the runaway velocity and in Sect. 5.1 for theity hardly changes({;,) = 14.4 + 6.6 km s~1 in stead of
Be/X-ray binaries with known orbital eccentricities. We calcutb + 6, excluding X Per and V725 Tau), and since the nature of
late which kick velocities should be imparted to the neutron stdteir compact companions is not known anyway (e.g. no X-ray
of Be/X-ray binaries in order to produce their, on average, largelsations observed which would identify the compact star as
orbital eccentricities (since the mass-loss effects alone canaateutron star), we decided to leave them in the calculation of
produce these). In Sect. 5.2, as an alternative, we comparettieemean peculiar velocity. The peculiar tangential velocities
observed runaway velocities and orbital eccentricities of tié X Per (0352+309, 09 Ill-IVe, 2&m s~ ') and V725 Tau
Be/X-ray binaries with those expected on the basis of symmé&535+262, 09.7 lle, 9%m s~ *) are relatively high; their early
ric mass ejection and show that without kicks their combinati@pectral types suggest that they have masses comparable to those
of high orbital eccentricities and low space velocities cannot béthe OB supergiants, so that, like the OB-supergiant systems,
explained. Our conclusions are summarized in Sect. 6. they would also originate from relatively massive binary sys-
tems. In Table 1 we list the peculiar tangential velocity for each
individual system and calculate the average for different sub-
samples. We left out the Be staCas, because its X-ray binary
The 4 OB-supergiant systems in tHipparcossample of Cheva- nature is not clear; furthermore, its X-ray spectrum is consistent
lier & llovaisky (1998) have distances larger than 1 kpc, whiclith that of a white dwarf (Haberl 1995).
is too remote for a reliable parallax determination. For these Forthe systems 0236+610, 0535+262, 1036-565 and 1145-
systems they estimated the distances based on the spectral §p@ theHipparcosparallaxes yield absolute visual magnitudes
visual magnitude and reddening, and eventually the strenygiy different from those expected on the basis of the OB-
and velocity of interstellar absorption features, etc. After cospectral types of the stars. In these casedithparcosparallax

2. The observed peculiar tangential velocities of HMXBs
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Table 1. Peculiar transverse velocities (with respect to the local standard of rest) of the HMXB sample of Chevalier & llovaisky (1998), after
correcting the distances of the four Be-systems for whichHipparcosparallaxes are not significant (see text). For all systems we recalculated
the corrections for solar motion and Galactic rotation.

X-ray source Name Spectral type Distante Ve [km 871

[kpc] d/1.4 d 1.4d
0114+650 V662Cas BO.51b 3.8 14.2 26.4 43.6
0900-403 GP Vel BO.51b 1.8 22.7 34.0 50.0
1700-377 V884Sco 06.51f+ 1.7 46.0 58.0 74.8
1956+350 V1357Cyg 09.7 lab 25 35.3 47.4 64.5
0236+610 LSI61°303 BOllle 1.8 2.6 9.0 19.4
0352+309 X Per 09lll-IVe 0.8 23.6 27.3 334
0521+373 HD34921 BO IVpe 1.05 18.4 23.4 321
0535+262 V725 Tau 09.7lle 2.0 73.2 96.5 129.1
0739-529 HD63666 B7IV-Ve 0.52 9.7 12.2 16.9
0749-600 HD65663 B8llle 0.4 6.9 9.9 16.0
1036-565 HD91188 B4llle 0.5 18.3 20.4 23.4
1145-619 V801 Cen B1lVe 11 7.9 5.8 6.1
1249-637 BZ Cru BOllle 0.3 12.9 13.6 16.3
1253-761 HD109857 B7 Ve 0.24 17.6 23.7 33.8
1255-567 ©? Cru B5 Ve 0.11 125 135 16.9

measurements are less than three times their probable errorsdimaass transfer (cf. Pacigki 1971; van den Heuvel 1994, but

thus not reliable. For these stars we therefore used the distarssasWellstein & Langer 1999). In case B the mass transfer starts

determined from spectral type and reddening, which yield abfter the primary has terminated core-hydrogen burning, and

solute visual magnitudes consistent with their spectral typesbefore core-helium ignition. After the mass transfer in this case
We rederived the peculiar tangential velocities relative to tiilee remnant of the primary star is its helium core, while its entire

local restframe from thelipparcosproper motions (cf. Kaper et hydrogen-rich envelope has been transferred to the secondary,

al. 1999). Table 1 lists the peculiar tangential velocity correctachich due to this became the more massive component of the

for the peculiar solar motion and differential galactic rotatiogystem. There is a simple relation between the mass of the he-

for three different distanceg/(1.4, d, 1.4d, following Gies & lium core My, and that of its progenitoi/,(see for example

Bolton 1986). The uncertainty in distance (and thus in pecuan der Linden 1982; Iben & Tutukov 1985). We adopt here the

liar motion) is difficult to estimate; therefore, we calculated theelation given by Iben & Tutukov (1985):

space velocity for different values of the distance. The pecuy- 157

liar tangential velocities for the HMXBs discussed in Clark & ¢ — 0.058Mo ", (1)

Dolan (1999) are identical to ours for the OB-supergiant sy&hich results in a fractional helium core masgiven by:

tems, though they find different values for the Be/X-ray binaries 0.57

X Per (15+3km s, d = 700 pc), V725 Taug7+ 14 km s}, P = Mue/Mo = 0.058M7" (2)

d = 2 kpc), and 1145-6191¢ + 7 km's ™', d = 510 pc). Ob- The change in orbital period of the system in case of con-

viously, the precise values for the peculiar motion depend g8rvative mass transfer (i.e.: conservation of total system mass

the adopted model for the galactic rotation; we used the formal, ; and orbital angular momenturh) and initially circular

ism employed in Comén et al. (1998). For the OB-supergianbrbits is (Paczfiski 1971; van den Heuvel 1994):

systems in the sample of Chevalier & llovaisky (1998) also the 3

radial velocities are available from literature. This is not the cadyr _ ( Momeo ) 3)

for the Be/X-ray binary systems. Therefore, we only considéf, Mymy

the two components of the tangential velocity for the COMP&LhereP,. M. andm, = M, — M, denote the orbital period

ison of the kinematic properties of the two groups. The tab(lﬁld component masses before the mass transfetPanl/;
shows that, leaving the two O-emission systems out the Be/%dmf = Mo — M; are the orbital period and component

ray binaries have low space velocitigs:+ 6 km s™". masses after the transfer. The transformation between orbital
separation and the orbital period is given by Kepler’s third law.
3. Runaway velocities expected on the basis of models Introducing the initial mass ratigq, = m./M, and using
with conservative mass transfer Eq. (2), Eq. (3) can be written as
and symmetric mass ejection P, 0 3
3.1. Change of orbital period due to mass transfer P, - <p(q0 +1— p)> ‘ (4)

We only consider here so-called case B mass transfer since forSince according to Eq. (2),increases for increasing stellar
the evolution of massive close binaries this is the dominant maai@ss, one observes that, due to the third power in Eqg. (4), for the
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sameg, the orbital period of a very massive system increases Thus, at the moment of the supernova explosion the collaps-
much less as a result of the mass transfer, than for systemsgfcores of these stars will have masses df5and 8.0M),
lower mass. (The terrty, + 1 — p) changes much less than respectively. To keep the same notation we will express the rel-
itself for increasing stellar mass, so for a givgrthis term has ative mass loss in the stellar wind with= A Mi,q/M,. The

only a modest effect.) This is the main reason for the systemalue ford is 0.16 for a primary with a mass of 2%, and 0.21
atically longer orbital periods of the Be/X-ray binaries (alwayfr a 35M, primary star. In the cases of no wind mass loss (in
> 16 days) relative to those of the OB-supergiant HMXBs (ifower mass primariesy. = 0.

all but one case: between 1.4 days and 11 days, cf. van denThe wind massloss will change the post-mass-transfer orbits
Heuvel, 1983, 1985, 1994). This is illustrated in Table 2 wheees follows (van den Heuvel 1994):

we list the relative post-mass-transfer peridglg P, for typi-

cal Be/X-ray binary progenitor systems, with, = 10 M, and dloga = —dlog Mo, (5)
12M,,, respectively, and for two typical OB-supergiant HMXB, 14

progenitors with\/, = 25 M and 35V, respectively, for,

values ranging from 0.4 through 0.8. dlog P = —2dlog M., (6)
whereq is the orbital separation and,, the total system mass.
3.2. Possible effects of further mass transfer Eq. (6) results in:
and stellar winds on the orbits
M/, \*
3.2.1. Case BB mass transfer P/P" = (MO ) , (7)
tot

The helium cores left by the 0, and the 12, stars have where P and P correspond to the system masss,, and

masses of 2.15l; and 2.8, respectively. During helium- respectively.M,. is the total mass at the beginning of

. i : .
shell burning, when these stars have CO-cores, thewouterlayt QS)WR phase andlf/,, the total system mass at the end of this

may expand to dimensions of a few to several tens of solar radii . : .
ase, just prior to the supernova explosion of the WR Star. The
and a second, so-called Case BB, mass transfer may ensuefe : "

) rbital separation after mass transfer and additional WR mass
fore their cores collapse to neutron stars (Habets 1985,1986%b 5 phase is expressed as:
However, since the radius of the 2B, helium star will not P P '
exceed SR, a second mass transfer phase is unlikely to occyr ay d % 2 5 -1
here. In the case of the 2.35,, helium star, which does attaina— = — — = ( ) (1 - > 8

. e Qo Qo Gf p(l+go —p) 14+ ¢

large radius, the amount of mass that is in the extended envelope
is not more than 0.1 . For these reasons, we will neglect here o
the effects of Case BB mass transfer, and will assume that thdse Runaway velocities induced

helium stars do not lose any mass before their final supernova PY Symmetric supermnova mass ejection

eXp|OSi0n. Th|S means, that we W|“ Sl|ght|y OVereStimate thﬂ']e runaway Ve|0city imparted to the System by the Supernova
imparted runaway velocities (as the orbits at the time of the exzss loss is calculated from the loss of momentum of the system
plosion will be slightly wider than we assume, and the eject@qmng the explosion:Vo,p, 1 A My, whereV,,, 1 is the orbital
amounts of mass will be somewhat smaller than we assumeye|ocity of the helium star prior to the explosion and\/,,, is

the amount of mass ejected in the supernova.
3.2.2. Stellar-wind mass loss in massive stars We assume all compact remnants to be&Mg neutron

) ) star. ThenA My, is given byAM, = (p — 0)M, — 1.4Mp.
Since wind mass-loss rates from Wolf-Rayet (WR) stars the remaining mass of the system is:

massive helium stars— are much larger (viz.10~° Mayr—1)
than the mass-loss rates of lower-mass main-sequence stars\fgy = my + 1.4Mg = (¢o + 1 — p) M, + 1.4M,. 9)
the sake of argument (in order to include only the largest effects) __, . . : . .
we take into account the effects of the wind mass loss durin This yields a recoil velocity (or runaway velocity) of the
the WR phase. The effects of these winds are: (1) to Widgﬁstem of:

the orbits, and (2) to considerably decrease the mass of the he- v AMg,

lium (=WR) star before its core collapses. In the cases of theee = Vorba (¢o + 1 — p)M, + 1.4M;,
25Mg and 35V, primary stars, the masses of the helium cores ) ) o
are 9.1M, and 15.4\,, respectively. Such stars ligex 10° Here the second tgrm in the right argu_mer_u is simply the post
years and.5 x 10° years, respectively, and are expected to loS&/Permova eccentricity and we may write simply

about 4.M, and 7.4M, through their wind during this phasevreC — eVorns (11)

of their evolution, respectively i

(10

rates (cf. Leitherer et al. 1995), but are lower than the rates adopted

2 We assumed here wind mass-loss ratés®k 107> Moyr ! for by Woosley et al. (1995), whicimay overestimate the real mass-loss
the 9.1M, star andl0~® M yr~* for the 15.4M, star, respectively. rates, since they give for all initial helium star masses, final masses
These rates are in good agreement with observed WR-wind mass-lsfore core collapse of only aboubM,.




E.P.J. van den Heuvel et al.: Runaway velocities of X-ray binaries 567

75

systems with neutron stars. Thus one expects average transverse
velocities of order 10.%m s~ and 45km s~ * for the Be/X-
ray binaries and OB-supergiant systems, respectively. For both
the Be/X-ray binaries and the OB-supergiant systems Be/X-ray
the predicted and observed mean transverse runaway velocities
agree well:15 + 6 km s~ 'and42 + 14, respectively.

As Eg. (14) shows, the dependence of the recoil velocity on
P, is rather weak, so for initial orbital periods between a few
days and 10 daysthese results don’t change by more than a factor
1.5. Therefore, certainly qualitatively, Fig. 1 is representative for
the two types of systems. Eq. (14) further shows that the large
difference in runaway velocity between the two types of systems
0 e is due to a combination of two factors, as follows: (1) the larger

fractional helium core masses) (n the more massive systems,
q., which cause their pre-supernova orbital periods to be shorterand

Fig. 1. The recoil velocity of X-ray binaries induced by the supernovtatt1us their pre-supernova orbital velocities to be larger than those

as a function of the initial mass ratio. The initial orbital period is 5 day%]c the lower-mass systems; and (2) the much lower amounts of

for all binaries. From bottom to top the solid lines represent the recO12SS ejectedﬁ(Msn) in the Iowgr mass systems compqred to
velocities for binaries with an initial primary mass of XDy, 12 M, the systems of higher mass, which |ead§ to a lower recoil .effeCt'
25 M, and 35M, respectively. The numbers printed aboven Relaxing the assumption that mass is conserved during the
the curves indicate the mass of the runaway staviip. Mass loss phase of mass transfer changes little, which we will discuss now.
in the Wolf-Rayet phase is taken into account for the top two curves

(25 Mg and 35M zero-age primaries). The dotted lines show thﬁ' The effects of non-conservative mass transfer
same evolutionary calculations but relaxing the assumption that mass

is conserved during transfer (see Sect. 4). In the above it was assumed that the case B mass transfer was
conservative in all systems. For the Be-systems this “conser-
é/ative“ assumption seems confirmed quite straightforwardly as

[km s~ 7]

The relative orbital velocity before the explosion i

\/W- One therefore has: the Be nature is interpreted by the accretion of angular momen-
tum and thus of mass. On the other hand, for the OB-supergiant
GM, 1/2 p(1+q, —p)? X-ray binaries several authors (starting with Flannery & Ulrich
Vorb,1 = ( o > TR (12) 1977 for the Cen X-3 system) have pointed out that certainly in
part of the systems the mass transfer has been non-conservative,
Substitution of Eqg. (11) into Eq. (10) results now in and there is a considerable evolution for massive close binaries
1/2 altogether (De Loore & De Greeve 1992). Indeed, close Wolf-
Viee = <GM0) Rayet binaries with high mass ratigs= Mwr /Mo g such as
o CQ Cep P = 1.64 days,q = 1.19) and CX Cep P = 2.22

P(l+go—p)® (p—0—1.4Mg/M,)
qo(l + (10)1/2 (qo + 1- p + 14]\/[®/M0)

which in numerical form becomes:

days,q = .44) cannot have been produced by conservative
evolution, and just these systems are the progenitors of the OB-
supergiant X-ray binaries (cf. van den Heuvel 1994).

The amount of mass lost from the system during the transfer
M, [days] 1/3 will depend on_the in_itial mass rf'itig of the system. For small
.] P, ) ¢o the companion will accrete little and most of the envelope
9 mass of the primary will be lost from the system. On the other

P(do +1=p)°(p =6 = 1.4Mo/Mo)(1 + ¢o — 9) (14) hand, for large little mass will be lost from the system. There-
Go(1+¢0)*3(qo + 1 — p+ 1.4Me /M,) fore, in order to study the effect of mass and angular momentum

Fig. 1 shows folP, = 5 days the values df;.. as a function loss on the runaway velocity, we assume as a first approximation
of g, for the four primary masses of Table 2, using the,, that the fraction_f of the primary’s _envelope whic_h is accreted_
andA M,,;q as given above. The figure shows that for the «gdly the companion star is proportional to the initial mass ratio
systems” (initial primary masses 30, and 12\, yielding ¢ (Portegies Zwart 1995)

Be-star masses ranging from 11M5, to 18.7M) the ex-  _
- . _1 /' =. (15)
pected recoil velocities range from 5 tol&h s~ , whereas for
the “OB-supergiant systems” (with OB-companions befweéﬁter mass transfer the secondary mass then becomes
25Mg and 40M ) they range between 21 and 80 km s™ -, _ _
respectively. These velocities correspond to transverse veloct. Mo+ fMo(1 = p) = Moo (2 = p). (16)
ties that arer/4 times these values, i.e.: 3.9 to ki s~ for The gas lost by the donor leaves with low velocity but gains
the Be-systems, and 16.51071 km s~ for the OB-supergiant angular momentum via the interaction with the companion star.

(13)

Viee = 212.9[km 5] (
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Table 2. Resulting orbital parameters and runaway velocities for a number of characteristic initial primary masses (first column) and mass ratios
(second column). The increase in orbital perf®d P, due to the mass transfer and the mass of the OB-component of the resulting X-ray binary

are listed in columns 3 and 4, respectively. Columns 5, 6, 7, 8 and 9 list for the case of symmetric supernova mass ejection: the resulting runaway
velocity of the systenV;.. (for an assumed initial orbital perial, = 5%), V;.. expressed as a fraction of the relative orbital velogityin

the initial orbit, the orbital eccentricity, the post-supernova orbital peRfdP,, and the runaway velocity in the postsupernova sysjemas

defined by Eqg. (22), respectively.

M, i = my Vie® Vieo/ Vo e P{/P. f

[Mo] [Mo] [kms™']

10 0.8 12.93 15.8 5.33 0.022 0.045 14.2 0.045
0.6 8.18 13.8 6.64 0.027 0.051 9.1 0.050
0.4 3.86 11.8 9.18 0.036 0.060 4.4 0.060
0.3 2.13 10.8 11.64 0.046 0.065 2.4 0.065

12 0.8 9.84 18.7 10.20 0.040 0.073 11.4 0.073
0.6 6.26 16.3 12.70 0.048 0.083 7.4 0.083
0.4 2.99 13.9 17.55 0.065 0.096 3.7 0.096
0.3 1.65 10.7 22.25 0.082 0.104 2.0 0.104

25 0.8 3.61 35.9 22.70 0.069 0.098 5.3 0.098
0.6 2.38 30.9 28.01 0.083 0.114 3.8 0.115
0.4 1.20 25.9 38.23 0.111 0.135 2.0 0.136
0.3 0.69 23.4 48.07 0.140 0.148 1.2 0.149

35 0.8 2.39 47.6 38.00 0.112 0.136 4.1 0.137
0.6 1.62 40.6 46.52 0.139 0.158 2.9 0.160
0.4 0.85 33.6 62.76 0.201 0.190 1.8 0.193
0.3 0.50 30.1 78.29 0.250 0.211 1.2 0.213

*for P, = 54

It finally leaves the binary system via the second Lagrangismainly caused by the smaller orbital separation at the mo-
point Ly, carrying specific angular momentum with it (de Loorenent of the supernova. We thus see, from this simple numerical
& De Greve 1992). The specific angular momentum of this loskperiment, that non-conservative mass transfer makes the dif-
matter is considerably larger than what is lost in the specifierence in runaway velocity between the two types of high mass
amount of angular momentum in the stellar wind (given by-ray binaries considerably larger.
Eq.5), see for example Soberman et al. (1997).

We assume that the mass that leaves the system carrigs Rredicted and observed orbital eccentricities
fraction 3 of the specific angular momentum of the binary. We of the Be/X-ray binaries: evidence for kicks
can then write the change in orbital separation due to mass

transfer as 5.1. _Orbital eccentricitigs o.f Bg/x-ray binaries
in case of symmetric ejection

/ -2 28+1
@ _ (Mfmf> (Mf + mf) . (17) In the case of spherically symmetric mass ejection the orbital
o Momeo Mo +mo eccentricity induced by the mass loss is (cf. Hills 1983):
and useitas an alternative for Eq. (7). Following Portegies Zwaert: A Mgy, _ AM, (19)
(1995) we uses = 3. M, — AMg, — M~

Eq. (8) then becomes: One expects that because of the extensive mass transfer and the

, 9 261 fact that before the mass transfer the primary was a (sub)giant,
L < 1 > ( 1+ ) the orbits just prior to the explosions are circular. Hence, in
ao qop(2 — p) p+qo(2—p) case of spherically symmetric mass ejection, one expects the

5 -1 eccentricities of the Be/X-ray binaries simply to be given by
X <1 — 1 +qo) (18) Eq.(19).

Table 3 shows that for the Be/X-ray binaries resulting from
The result of this calculation is presented as the dotted lirgsstems with an initial primary mass of M), the orbital ec-

in Fig. 1. The small number near eaglindicates the mass of centricities expected on the basis of Eq. (19) range from 0.045
the visible component, which is smaller than if mass transfer 0.060. For systems resulting from binaries with primaries of
would proceed conservatively. One observes that for the sab#M ., the eccentricities range from 0.073 to 0.096. It should
mass of the visible component of the binary, the runaway Jee noted that these are, in fact, overestimates, since we ignored
locity of the OB-system is between 50 and 100 per-cent larggase BB mass transfer, which would still have somewhat re-
than in the conservative case. The higher velocity of the binatyced these values.
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Table 3. Orbital parametres of the seven Be/X-ray binaries with known orbital periods and measured or estimated orbital eccentricities, together
with those of the two radio pulsars with B-type companions. Column 5 gives an estimate of the recoil velocity of the binary assuming symmetric
mass loss. Columns 6 and 7 indicate the orbital eccentricities which would have been induced by symmetric supernova mass ejection that
imparted runaway velocities of 10 and Réh s~ to the systems, respectively. Column 8 lists the minimum kick velocities, that should have
been imparted to their neutron stars to produce their actually observed orbital eccentricities without imparting a runaway velocity larger than
20km s~ to the systems. References to the orbital parameters of the systems: (1) van Paradijs (1985); (2) Corbet at al. (1986); (3) Priedhorsky
& Terrell (1983); (4,5) Parmar et al. (1989a, 1989b); (6) Johnston et al. (1992); (7) Kaspi et al. (1994); (8) Kaspi et al. (1996a); (9) Kaspi et al.
(1996b).

System Porb e (Vorb)? Viee? ‘symmetric’ e-expected for required Ref.
[days] (observed) Kms™'] [kms™'] Vie =10 Viec = 20 minimum
[km s™1] [kms™!] Videx [km s

X0115+634 24.3 0.34 60.1 182.8 0.06 0.11 66 1)
X0331+53 34.3 0.31 535 162.7 0.06 0.12 53 1,3)
X0535+26 111.0 >04 42.8 108.4 0.09 0.18 47 1)
X0535-67 16.7 > 0.7 184 207 0.05 0.10 203 1)
X1145-619 187.5 >0.7¢ 82.3 924 0.11 0.21 90.5 (1)
X1258-613 133 >0.7° 92.7 103.9 0.10 0.19 102.0 (2,3)
EX02030+375 46 0.38 55.1 147.6 0.07 0.13 60.6 (4,5)
PSRJ125963 1236.8 0.87 79.1 49.3 0.20 0.39 87 (6)
PSRJ00457319 51.17 0.81 179 142.5 0.07 0.14 195.4 (7,8,9)

# As defined by Eq. (20)
> From Eq. (22)
¢ Estimated in the text

Orbital eccentricities are known for only five Be/X-ray bi-its on a timescale considerably shorter than the lifetimes of the
naries, as is listed in Table 3. They range from 0.3 1.7, with  components of the binary, whereas in wider systems they appar-
an average of about 0.5. For the two long-period systems, 11486tly are not. Since the Be/X-ray binaries are detached systems
619 and 1258-613, the orbital eccentricities have not yet bgeh van den Heuvel & Rappaport 1987; van den Heuvel 1994)
measured, but a rough estimate of their values can be madard have orbital periods longer than 16 days, it is not surprising
follows. Both systems are recurrent transients, with outburstet their orbits have not yet been circularized.
occurring once per orbit, when the Be star is active, presum- The lifetime of a Be/X-ray binary is expected to be of the or-
ably when the stars are near periastron. The same is true fordeeof a few million years up to about 10 Myr, the lifetime of the
systems 0115+63, V0331+53 and EX02030+375 when th8ie companion of the neutron star. The timescale for tidal circu-
Be-stars are in an active phase. For the latter systems one leaization for main-sequence binaries with orbital periods6
culates from their orbital periods and eccentricities that withotays is at least a few tens of Myr (see Zahn 1977, Kochanek
20 percent their periastron distances are the same. Appareri®92). Therefore it is unlikely to catch the binary in the circu-
this is the periastron distance required for triggering an outbulatization process. Therefore, we expect that the eccentricities
when the Be-star is in an active phase. It thus seems reasondni¢he Be/X-ray binaries in Table 3 are still close to those just
to assume that the same is true for 1145-619 and 1258-64af8er the supernova explosion. The orbits of the high-mass X-
Using this, one finds the latter systems to have eccentricitidy binaries with orbital periods. 10 days are all practically
of between 0.75 and 0.83, and between 0.70 and 0.80, respéwularized by tidal effects.
tively. To be conservative, we have indicated this in Table 3 as: It should be noted that if the eccentricities of the Be-systems
e > 0.70. had resulted from spherically symmetric supernova mass ejec-

Two more systems consisting of a B-star and a neutron stian, the amounts of mass ejected in their supernovae should
are known: the binary radio pulsars PSRJ 1259-63 and PSRJe been very large, of order 4 to over 7 solar masses (see for
0045-7319. These have very eccentric orbits as indicated in @ample Iben & Tutukov 1998). Since in the case of symmetric
ble 3. So, in total we have nine B-star plus neutron star systemass ejection the orbital eccentricity and runaway velocity are
with measured or estimated orbital eccentricities. Referenabieectly proportional to each other (see Egs. [10] and [14]), also
to the orbital parameters of these systems are indicated in the induced runaway velocities should have been much larger
table. than observed. For example, induction of an eccentricity 0.5

Observations show that all binaries —including detach&dth a symmetric explosion requires 1/3 of the system mass to
ones— with orbital periods shorter than 10 days have circulze ejected in the explosion. With a Be star ofM2, as is rep-
orbits, whereas detached systems with longer orbital periodsrdeentative for a typical B0.5 Ve star, and a neutron star mass
not. This suggests that in systems with orbital periods shortérl.4Mg, the initial system mass in this case must have been
than 10 days tidal forces are effective in circularizing the o20.1M 4, implying an ejected amount of mass of BI£. In or-



570 E.P.J. van den Heuvel et al.: Runaway velocities of X-ray binaries

der to obtain a post-supernova orbital period of about 30 dagsbital eccentricity provides unequivocal evidence for the exis-
as is typical for many Be/X-ray binaries, the initial orbital petence of velocity kicks imparted to neutron stars at their birth.
riod in this example must have been around 11 days. With this An alternative way to approach the problem of the orbital
initial period, and 6. M, explosively ejected, the induced run-eccentricities is to calculate, from the measured mean runaway
away velocityV,.. would be~ 87km s~ !(see the equations invelocities of Be/X-ray systems, what orbital eccentricity these
Sect. 3.2), which is advariant with the observed velocities. systems should have had, were this runaway velocity imparted
Similarly, if the induced eccentricity would be 0.3, one findby purely symmetric mass ejection. This is the topic of the next
that for the same final system mass and orbital period, the rgection.
away velocity induced by the explosion would have been about

-1
451{21 ih . lociti 5 tively 2.5 ti | 5.2. Predicted relation between orbital eccentricity
s these velocities are some 5, respectively 2.5 times larger ;4 1 naway velocity expected in case

than the mean excess space velocity ok ' [(4/7) x ; : ; : ;
AN . of symmetric explosions — comparison with observations
15km s~ '] of the Be/X-ray binaries, it is clear that the orbital y P P

eccentricities of the Be/X-ray binaries cannot be due purely Eg. (11) yields:

symmetric mass ejection in the supernova explosion. . AM.
The only way to obtain both a low runaway velocity of them =7 =, (20)
system and the high orbital eccentricities listed in Table 3 is tot
by having a small amount of mass ejected in the superno@ombination of Egs. (10) and (20) yields:
in combination with a velocity kick of order 60 to 2% s~ !
imparted to the neutron star at birth. We describe below hgw _  [GM{,, my e 21)

these required kick velocities were calculated. The randomly~ o M 1+e

directed kick hardly changes the runaway velocity of the SYhered’ is the pre-supernova orbital radius. The semi-major
tem, as the impulse of the kick imparted to the neutron st%;is after the supernova follows from:

is shared by the entire system (with a mass of order 15 solar '

masses in the case of the Be/X-ray binaries), and thus the k@ 4 A Mg, 22)
velocity is “diluted” to an extra velocity of the system of onlya” ML
4 to 16km s, in a random direction. Adding this velocity nd by writin
quadratically (because of its random direction) to the veloci?y y 9
of between 5 and 24m s~ imparted to the systems purely by, " ” AMs,
the mass loss (Fig. 1), one obtains mean runaway velocities ofet — My + AMg, = Mg (1 + M7 )- (23)
between 6 and 2dm s~ ' for a 60km s~ * kick and between 17 . . . . _
and 26m s for a 250km s~ kick. One obtains after insertion of Eq. (8) in Eq. (13):
These values are in good agreement with the observed | GM/ 1+ AMy /M, [ ms \> [ e \°
mean excess space velocities of Be/X-ray binaried®f:  Viec” = m 77 77 - (24)
1 . . . . . a 1- A‘7\4SI1/‘]\4"cot Mtot 1 +e
8km s " (r/4 times their average peculiar tangential veloci-
ties). Defining now the presently observed mean orbital velocity
We calculated the minimum kick velocities that have to by
imparted to the neutron star during the supernova explosion in GM
order to obtain the presently observed orbital eccentricities @f.,)> = — ¢, (25)

the Be-systems in Table 3. We used the equations derived by a

Wijers et al. (1992). The minimum required kick velocitiy isand substitutingA My, / M, from Eq. (19) one obtains:
the one that is imparted in the orbital plane in the directio M e
of motion of the pre-supernova star (assuming the initial orbjt—— —** = i (26)
was circular). We assumed in these calculations that the B st r§rb> s (1—e¢?)
have a mass df5 M, as corresponds to a BO-1 main-sequendehis defines, in the case of symmetric supernova-mass ejection
star, and that the neutron star has a mass.4oMy. (For B- the relation that is expected to be found between the observed
star masses in the randé — 20 M, the required minimum system runaway velocify,.. and the observed orbital eccentric-
runaway velocities do not differ by more than 10 per cent ity e, for a system with a Be/X-ray star of masg, and observed
from the values foi5M). The table shows that the requirednean orbital velocityV;,1,). SinceM/!, = my + 1.4 Mg, and
minimum kick velocities range from about & s~ * to about since in generat; > 10 Mg, the quantityM/; /my is close
200km s~ *. Assuming the real kick velocities to be randomlyo unity. Defining:
distributed, the required kicks beconyé3 /2 times larger, and Vo M
range from about 60 to about 25 s~ *. fo= —=5 tot ¢ , (27)
We conclude from the above that the combination of low ~ Verb (1—e?)t/2

mean space velocity of the Be/X-ray binaries and large mearne obtains a simple relation betwegrande, the plotted curve

in Fig. 2. In the case of symmetric supernova mass ejection, the
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10 ¢ The combination of a high orbital eccentricity with a low

space velocity observed for the Be type X-ray binaries can only
be understood if a kick with appreciable velocity —in the range
60 to 250km s~ '— is imparted to the newly born neutron star.
Such a kick tends to only slightly affect the space velocity of the
binary system since the neutron star has to drag along its mas-
sive companion. The orbital eccentricity, however, is strongly
affected by such a asymmetric velocity kick. If the supernova
explosions in these systems had been symmetric, the high or-
bital eccentricities observed in the class of Be X-ray binaries
are impossible to reconcile with their on average low runaway
velocities.
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