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Abstract. We have investigated the formation of the binariManchester et al. 2000). It is the formation of WDNS systems
radio pulsars PSR B2303+46 and PSR J1141-6545 via Mowtieich is of interest in this paper. For a review on the formation
Carlo simulations of a large number of interacting stars in binaaynd evolution of binary pulsars in general, see Bhattacharya &
systems. PSR B2303+46 has recently been shown (van Ker&n den Heuvel (1991).
wijk & Kulkarni 1999) to be the first neutron star —white dwarf ~ Millisecond pulsars in the NSWD systems are characterized
binary system observed, in which the neutron star was &abrn by short rotational periods,i» < 90 ms) and relatively weak
ter the formation of the white dwarf. We discuss the formatiosurface magnetic fieldd < 10'° G) and are therefore fairly
process for such a system and are able to put constraints ongagy to distinguish observationally from young non-recycled
parameters of the initial ZAMS binary. pulsars expected to be found in the WDNS systems. Further-
We present statistical evidence in favor of a white dwanfiore, one expects the NSWD systems to have circular orbits
companion to the binary pulsar PSR J1141-6545, just recern{ly 0.1) since tidal forces will have circularized the orbit very
discovered in the Parkes Multibeam Survey. If this is confirmeddficiently in the final mass-transfer process (Verbunt & Phin-
by observations this system will be the second one knownrigy 1995) — as opposed to the high eccentricities expected in
which the neutron star was born after its white dwarf compagystems where the last formed degenerate star is a neutron star
ion. We also predict a minimum space velocity of 150 kmh s born in a supernova explosion (Hills 1983).
for PSR J1141-6545, and show it must have experienced anHowever, it is difficult to determine from radio pulses alone
asymmetric SN in order to explain its low eccentricity. whether an observed non-recycled pulsar belongs to a WDNS
Finally, we estimate the birthrate of these systems relativesgstem, or if it is the last formed neutron star in a NSNS sys-
other binary pulsar systems and present the expected distributem. The reason for this is the unknown inclination angle of
of their orbital periods, eccentricities and velocities. the binary orbital plane, with respect to the line-of-sight, which
allows for a wide range of possible solutions for the mass of the
Key words: stars: binaries: general — stars: evolution — stangnseen companion. This is why PSR B2303+46 was considered
mass-loss — stars: neutron — stars: white dwarfs — methods: asia candidate for a double neutron star system since its discov-
merical ery (Stokes et al. 1985). Only an optical identification of the
companion star could determine its true nature (van Kerkwijk
& Kulkarni 1999). The very recently discovered non-recycled
binary pulsar PSR J1141-6545 (Manchester et al. 2000) has a
massive companion in an eccentric orbif{ > 1.0 M and

Recent observations by van Kerkwijk & Kulkarni (1999) givee = 0.17). This system must therefore be a new candidate for a
evidence for a binary (PSR B2303+46) in which the white dwa¥¥DNS system. Only a deep optical observation will be able to
was formed before the neutron star (hereafter a WDNS systefgtinguish it from the NSNS alternative.

as opposed to the normal case in which the neutron star is formedThe identification of PSR B2303+46 as a WDNS binary
first (NSWD). There are at present40 systems known in the iS very important for understanding binary evolution, even
Galactic disk of the latter case. These are the millisecond ptflough its existence already had been predicted by most bi-
sar binaries in which an old neutron star was “recycled” vi2ary population synthesis codes (e.g. Tutukov & Yungelson
accretion of angular momentum and mass from the giant pA293). Below we will demonstrate how to form a WDNS sys-
genitor of the white dwarf (e.g. Alpar et al. 1982; van den Heuvt&Mm and put constraints on the initial parameters of the progen-
1984). The third type of compact binaries in which a pulsar h§er of PSR B2303+46. It should be noted that the formation
been detected, is the double neutron star systems (NSNS). Ti#éi@SR B2303+46 has also recently been discussed by Porte-

are at present- 5 of these systems known (Nice et al. 199agies Zwart & Yungelson (1999) and Brown et al. (2000).
In Sect. 2 we briefly introduce our evolutionary code, and in

Send offprint requests ttauris@astro.uva.nl Sect. 3we outline the formation of a WDNS binary. In Sect. 4 we

1. Introduction
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discuss our results and in Sect. 5 we compare with observ.  t£= 0.0 Myr My M.
of PSR B2303+46 and PSR J1141-6545. The conclusior  P=10.0 days i T O0Mg 5.0Mg

summarized in Sect. 6.

2. A brief introduction to the population synthesis code 10.0 Z

Monte Carlo simulations on a large ensemble of binary sys 47 6
enables one to examine the expected characteristics of a 113.6 1.45 10.5%2
binary pulsar population and the physics behind the interac 3
during their evolution. We have used an updated version ¢
numerical population synthesis code used by Tauris & B 55 B
(1996). This code follows the evolution of a binary system f 125 3
the zero-age main sequence (ZAMS) to its “final” state, ¢
stages keeping careful track of the mass and orbital sepa
of the two stars. A large number of outcomes is possible
massive binary evolution (see Dewey & Cordes 1987) rar .5
from systems which merged in a common envelope or be 126.3
disrupted at the time of the supernova explosion, to binary
sars with white dwarf, neutron star or black hole compan
Inthese computations we restrict our attention to systems\
are likely to form WDNS binaries.

To simulate the formation of WDNS binaries, we ass
that the initial system consists of two ZAMS stars in a ci
lar orbit. In our code we used a flat logarithmic initial s
aration distribution {(a) o« a~!) and assumed a Salpe 70.51
initial mass function for the ZAMS primary stellar mas .19
of N(m) o m_22'35 combined with a mass-ratio func}i( 130 I/ w= 300 kns
flq) = 2/(1 + q)* (Kuiper 1935). We adopt the term “p : . " &= 105"
mary” to refer to thenitially more massive star, regardles: 0.13 8 / -ll‘\ p= 90°
the effects of mass transfer or loss as the system evolves

In our simulations we used interpolations of .th_e. evolut £=73.0 lMyr Q Myp= 0. 86 Mg
ary grids of Maeder & Meynet (1988, 1989) for initial mas Bz 2 D q Mye= 1. 30 Mg
below 12M,. These grids take into account stellar-wind n ’ e =10 764
loss in massive stars and giant-branch stars, and also ir Vene = 200 kn/s

. . Sys

a moderate amount of overshooting from the convective
For helium stars, we used the calculations of Paczynski (197#ip. 1. Rough illustration of the formation of a typical WDNS system.
Erom these models of stellar evolution we estimate the radilge neutron star is formed last and is therefore not recycled — see text.
and age of the primary star at the onset of the mass transfer. Us-
ing other models with different chemical composition and con-
vective overshooting may have changed these values slightlyFig. 2). On the other hand a minimum mass-of5 M, is
but would not have had any significant effect on the parametexseded for the primary, since it has to transfer sufficient mass
of the final population of WDNS systems. We refer to Tauris §o the secondary (which is initially lighter than the primary)
Bailes (1996) and Tauris (1996) for a more detailed descriptitmorder for the latter to explode in a supernova (SN) once its
of the binary interactions and the computer code. nuclear burning has ceased. The requirement of substantial mass
accretion onto the secondary means that the progenitor binary
can not evolve through a common envelope (CE) in the first
phase of mass transfer (cf. stage 2 in Fig. 1). The reason is that
In Fig. 1 we depict the scenario for making a WDNS system atite timescale for the CE-phase is very sha@3(— 10* yr)
in Fig. 2 we have shown the masses of the initial ZAMS stacedmpared to the duration of a dynamically stable Roche-lobe
which evolve to form WDNS systems. The allowed parameteverflow (RLO) which lasts for- 1 Myr. In such a short time
space is constrained by 4 boundaries described below. In ordardly any mass can be accreted. We assumed in our calculations
to successfully form a WDNS system we found it necessaryttte RLO to be conservativeé €. total mass and orbital angular
choose primary masse¥; inthe intervab—11 M, secondary momentum remains constant). In order to avoid a CE-phase we
masses)M, between3 — 11 M, and initial separationsy, requiredq = Ms/M; > 0.4 (cf. boundary Il in Fig. 2). Hence
betweerb — 600 R . In order for the primary to end its life as M- is constrained from this requirement in combination with:
a white dwarf we must requirg/; < 11 My (cf. boundary | Ms+ AMgro > Mscf\}t, WhereMSC’fNit is the threshold mass for

0.26 10 52

0.86 10 52

n.86 2.895

3. Formation of a white dwarf — neutron star binary
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dwarf, the orbit will shrink upon mass transfer. Furthermore, if
the secondary star is a red giant at this stage (which is almost
always the case) it has a deep convective envelope and will ex-
pand in response to mass loss. This enhances the mass-transfer
rate, which in turn causes the orbit to shrink faster. This leads
to a run-away event and the transferred material piles up and is
heated in a cloud around the white dwarf. The white dwarf will
be embedded in a CE with the secondary star (stage 6 in Fig. 1).
In this dynamically unstable situation drag forces causes the
white dwarf to spiral-in toward the core of the giant companion
(e.g. Iben & Livio 1993). In this process orbital energy is con-
verted into kinetic energy which provides outward motion and
possibly ejection of the envelope. Here we assumed an efficiency
parameter oficg = 2.0. If there is not enough orbital energy
available to expel the envelope (i.e. the binary is too tight), the

Mw/Me result is that the white dwarf will merge with the core of the gi-
Fig. 2. Areain the ZAMS (\,, Ms) plane with progenitor systems forant — perhaps leading to a type la SN and total disruption of the
WDNS binaries — see text for a discussion. binary (in any case we terminated our calculations for binaries

with merging stars). This puts some constraints on the orbital
separation at the moment of mass transfer. If the envelope is

undergoing a supernova explosion ahd/yc is the amount .o .o successfully (stage 7), the helium core will collapse af-
of matter accumulated by the secondary from the primary s[ér

. - crit ¢ : - r a short while and explode in a type Ib/c supernova (stage 8).

T'ilrjl\;g tt?tft Sé‘oérf;'sbg:;gigg Inlqna;g}g\isﬁ q iltsszsgiili)é?]ar Also here we have ignored the expansion of the helium star as

© P He Y aresult of large uncertainties in the orbital evolution caused by
status at the onset of the mass transfer (e.g. Bhattachary

van den Heuvel 1991). It should therefore be noted that the id mass transfer of 0.3 — M3 from the helium star — cf.

L . . ct.5.3.2.
boundariesin Fig. 2 depend éh,1, since the evolutionary status There is plenty of evidence from observations (e.g. Lyne

ha : N
of a donor star is important in order to determihi.*. Also & Lorimer 1994; Tauris et al. 1999) that a momentum kick

e e o JFmparted to newbor neuon stars. T isprobably de
Y 9 10 some asymmetry in the neutrino emission driving the ex-

for further discussion). The last boundary (IV) in Fig. 2 resul%ﬁosion. We assumed an isotropic distribution of kick direc-

frj\/«ljm<th]\e4tr|wal requirement that the secondary star initially h fons and used a Gaussian distribution for its magnitude with
2 1-

After the primary star has lost its envelope to the seconda‘?‘l mean value{w) = 500 km s~ and standard deviation,
P Y P oy’: 200 km s~!. We assumed the neutron star to be born

the helium core will eventually settle as a white digstage 3 with a mass of\xs = 1.3 M. Given the pre-SN separation

anq 4, respectively in Fig. 1). To calculate the final mass of tg%d the mass of the collapsing star and its white dwarf compan-
white dwarf we assumed:

ion, as well as the kick magnitude and direction, we are able to
Meon — Mipe Mipe < 0.45 Mg (1) calculate the final orbital period?,,1, and eccentricitye of the
WD 0.27 Mg 4+ 0.40 Mige  Mipe > 0.45 Mg, WDNS system (cf. stage 9 in Fig. 1).

(unlessMiye > Mg in which case the mass of primary he-
lium core is above the threshold limit 2.5 M, and it collapses 4. Results
in a supernova leaving behind a neutron star remnant). All ﬂ’ll

V&hlﬁrﬂga(;ﬁ;?frws: ga\éVgI\D/[NS b;ngré%sj\zv il gz@;gtﬁ;x:\éeéhows distributions of the parameters of both the ZAMS pro-
9 WD ) o eHitor binaries (panels a—c) and the observable parameters of

above ad hoc formula does not exactly represent the obserﬁ;l-:‘e final WDNS binaries (panels e-h). Each panel shows four
distribution of binary white dwarf masses which depend on th ffferent distributions of a given param-eter for 10000 systems
orbital period as well. The subsequent evolution is now reverse iich successfully evolved to a WDNS binary. These distribu-

The secondary fills its Roche-lobe and initiates mass transti%rnS are represented by a thin black, gray th-in gray and thick
onto the white dwarf (stage 5 in Fig. 1). This class of binarie[ﬁ ck histogram, respectively. ' '

is referred to as symbiotic stars in the literature (a sub-class o? ' '
cataclysmic variables). Now because of the extreme mass ratio

between the secondary star (the donor) and the accreting wHite The thin black curve: asymmetric SN

fie results of our computations are summarized in Fig. 3 which

1 |t should be noted here, that we have neglected the expansionl 8€ thin black curve represents our standard simulation where

the naked helium star which might otherwise have caused a subsequégrassumedw) = 500 km s™*, with ¢ = 200 km s™*, for the
rapid mass-transfer phase (cf. discussion in Sect. 5.3.2). magnitude of kicks in the SN, and a CE efficiency parameter
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Fig. 3. Distributions of parameters for the initial ZAMS systems (panels a—c) which evolved to form WDNS binaries. The final parameters of
these WDNS systems are plotted in panels e—h. See text for further explanation of the different curves.

of ncg = 2.0. We now describe the distribution of parameterisput distribution (which is somewhat unknown ad hoc — see
represented by this thin black curve in each panel. e.g. Hartman et al. 1997 for a discussion). It is also seen that

From panels a—c we conclude that in order to form a WDN8e distribution of kicks imparted in binaries which form bound
binary one must have a ZAMS binary withd < M; /Ms; < WDNS systems is slightly shifted towards smaller values com-
10.8, 3.0 < My /Mg < 10.8 anday < 600 Rg. We note that pared to the trial distribution (i.e. on average the WDNS systems
the distribution of kicks in panel d closely follows our assumelaave received a kick of 439 knt$ £ 500 km s™1). The reason
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T T T TR

is simply that, on average, a system has a higher probability of
surviving the SN if the kick is small. The maximum kick pos-
sible in the SN appears to be 1000 km sHowever, this is an g -
artifact from our trial distribution of kicks. Applying unlimited L
values for the magnitude of the kicks it is in principle possiblé' © |
to form a WDNS system using a kicky > 1700 km s™! — 2 ©
resulting in space velocities of,; > 1300 km s L -

The expected orbital parameters of the formed WDNS sys- 5 -
tems are shown in panels e-h. The WDNS systems can be |
formed with any eccentricitye — though the distribution in- o |
creases monotonically with increasing valuesoThe simu- ©
lated systemic 3-D velocities of the WDNS systems (panel f) are
simply correlated to the distribution of kicks. When comparing ©
with future observations of 2-D transverse velocities one has to
multiply this simulated 3-D distribution by a factor af/4 in log P_. (days)
order to separate out the unknown radial velocities.

The distribution of orbital periods?,,., of the WDNS bina- Fig. 4. Eccentricity versus final orbital period for the simulated WDNS
ries is highly concentrated towards small value®gf, (notice SyStems. The curve gives the probability tHats, for a simulated
we have not shown the first two bins ofthe distribution in panel §/ DNS system is less than the corresponding value on the x-axis. We
which reach values of 6500 and 1100, respectively). Thisis a SC)Sumed hergw) = 500 km s~ o = 200 km s andnog = 2.0.
seen in Fig. 4 where we have plotted the eccentricity versus I és(t)el\T sr ;Osr Zigstﬁt?fe :zt,titgii;?;%?:\?: ?al(;?:ti (\)'\;:ll_csc;aeli;f within
final orbital period for the simulated WDNS systems. The cu- Y g '
mulative probability curve fof,,,, is also shown in the figure.

The distribution of calculated white dwarf masses (in panel . . .
Dby ! white dw (in p be a future detection of a WDNS system with< 0.45 (in

of Fig. 3) is seen to be in the intenvids < Mwp /Mg < 1.4. : :
We will now briefly describe what happens when we choo eect. 5.3.2 we discuss the effects of a possible case BB RLO

other input distributions governing the two most important b rom the helium star prior to the SN, in which case the minimum

nary interactions: the SN and the preceding CE-phase. eccentricity for_ symmetric SN _becomes_ smaller)._ The reason
why asymmetric SN can result in more circular orbits is a result

_ ofthe expected randomness in the direction of the kicks. Hence a
4.2. The gray curve: symmetric SN system which would otherwise have been highly eccentric after

The gray curve in each panel shows the distribution of a givgﬁymmetrlc SI.\I (1.e. due to.the effect of sudden mass IO.SS alone)
parameter assuming a purely symmetric SN. This assumptffH! €"d up being almost circular when momentum is imparted
apparently does not significantly change the distributions of inf tf|1e r;}ew:) dort:? neutr(()jn f]tar 'E a partlgul\llar dt;rectl(;nh WDNS
tial parameters for the binaries ending up as WDNS systems. It ts ou'd be npte t. at the post- >IN O Its of the )
has only a moderate effect on the distributionéf and Mxyp, systgms W!|| not C|rcular.|ze later on, since tidal effects are in-
(leading to slightly lower values), but a more significant ef“fe(,":‘fgn'f',Cant in systems with ,tWO deggnerate st'ars.' Only in bina-
onao and the distribution of finaP,,,, which tend to be higher "€S With Por, 5 0.6 days will the orbit circularize in less than
without the asymmetry in the SN. This is expected, since in tﬁéﬁubble-nme —mainly as a result of general relativistic effects
cases where a kick is added on top of the effect of sudden m&%lgapwo & Teukolsky 1983).

loss, the pre-SN orbit must, on average, be more tightin order to

survive the SN. However, most important differences are se€8. The thin gray curve: high efficiency in ejection of the CE

in the distributions of the eccentricity and the systemic veIociQﬂ,I thi line i h | sh . distributi
The shift to smaller values for the latter distribution (the meal € thin gray fine In €ach panei Snows a given distribution as-

value ofuvsy decreases from 393 to 137 km'swith no kicks) sgm;_ngn?hE - 8'0'| This _'?ha raft;l_u:_al chanfge n th?. eﬁ|0|ir_1tc3|/ of
follows naturally, since now = 0 andwys is therefore only €jecting the envelope. The etliciency of converting orbital en-

arising due to the sudden mass loss in the SN. erQVA'g“_’ k|n_et|c eAn%rgy, wlﬁg'eip]zz;he e.nvelope, is defined
In the case of post-SN eccentricities, we now only forfV: AEbind = 7ce AEor, (Webbin ), or.

PSR B2303+46

entri

o e PSR J1141-6545

] | | Ll Lo

0.01 0.1 1 10 100 1000

h Another proof of asymmetric SN in nature would therefore

WDNS systems witle > 0.5. The existence of a minimum ec-G My Ms™ GMwpMone  GMwp M, 3)

centricity for systems undergoing a symmetric SN follows from \aq;r;, ¢ 2a¢ 2a;

celestial mechanics (e.g. Flannery & van den Heuvel 1975):Which yields the following change in orbital separation:

e — Mope — Mys (2) [ Mwp Mope 1 (4)
Mwp + Mns a; o Ms Mwp + 2M2env/(7]ce)\rL)

Since we have assumetlop. > Mg ~ 2.5M; and wherery, = Ry, /a; is the dimensionless Roche-lobe radius of
MFH < 1.4 Mg it follows thate > 0.45. the donor star is a weighting factor £ 1.0) for the binding
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energy of the core and envelope of the donor star and, finaffgble 1. Observed parameters of the WDNS system PSR B2303+46
where Msye, Maoeny, a; anda; are the mass of the core andand the WDNS candidate PSR J1141-6545. Weldse = 1.3 M.
hydrogen-rich envelope of the evolved companion star, and the

pre-CE and post-CE separation, respectively. We notice that th&R Py, My5  ecc.  Papin  Pepin

large change imcg barely changes our results. The thin grag2303+46 123 02464 1.13 0.658 1066 0.57
curve seems to follow the thin black curve closely in most gfi141-6545 0.198 0.177 0.97 0.172 394 431
the panels. Only the findP,,,, are higher in this case — though days Mg Mo ms 1015

the shape of the distribution remains the same. This resultis

expected since in this case the envelope is ejected more eas-

ily in the CE, resulting in larger pre-SN separations. One can

easily show that roughly speakin@i/a;) oc nck and hence of the ZAMS binaries in the intervalt60 < ao/Re < 600.

we expect the pre-SN binaries to have much wider orbits in thig test whether or not the resulting,,;, distribution for the

case wherejcg = 8.0 (by a factor of 4). However, many of WwpNS systems simply reflects our initial trial distribution fQr

the wide pre-SN binaries do not survive the SN, so the overglihich is flat inlog ao), we tried to run our code with a constant

final Py, distribution only differs slightly from the case withgjstribution function (i.e. all values of, are a priori equally

nce = 2.0. This also explains why the selectedand resulting probable). This however, does not change our conclusions and

Usys are slightly lower, since binaries are more easily disruptege infer that the distribution of,,,, is highly concentrated

having wider orbits. Thusy andwvsy of the binaries which do toward small values.

survive the SN are smaller in this case whegg = 8.0. For the expected value of the recoil velocity of
We also experimented with different initial mass functionssr B2303+46 we find it must be in the interva: < Vays <

(IMF) but conclude that our simulated results for the WDN$40 km s, with a mean value of 181 knT4.

systems are quite robust against changes in the IMF, the mass-

ration functionf (¢) or the initial separation function far, (see

below).

5.2. PSR J1141-6545

This interesting binary radio pulsar was recently found in the
ongoing Parkes Multibeam Survey (Manchester et al. 2000).
The high value oﬂbspin in combination with its relatively slow
The observed parameters of the binary radio pulsagationrate fspin = 394 ms) and non-circular orbie(= 0.17)
PSR B2303+46 and PSR J1141-6545 are given in Table 1. identifies this pulsar as being young and the last formed member
of a double degenerate system. Giver;,, = 0.198 days it
is evident that a non-degenerate star can not fit into the orbit
without filling its Roche-lobe. The minimum companion mass
Knowing the observed parameters for the orbital period, eccei-0.97 M, (assumingMys = 1.3 Mg) and its location in
tricity and mass functionf we have investigated which initial the (P,,,, ¢) diagram makes this binary a good candidate for
ZAMS binaries would form a system like PSR B2303+46 aral WDNS system. We note, thdt,,, = 0.198 days is right
also constrained its systemic velocity. at the mean value of the simulated distribution — though the
The distribution of parameters for 3000 WDNS systeneccentricity is lower than average for this orbital period. We
which resemble PSR B2303+46 are shown as the thick black hizdst however, beware of selection effects at work here. Itis well
tograms in Fig. 3. We define a WDNS system to roughly reselkmown that it is much more difficult to detect a periodic signal
ble PSR B2303+46 it0 < P, < 14 days,0.60 < e < 0.72 emitted from an accelerated pulsar in a narrow orbit compared
and Mwp > 1.1 Mg. The minimum white dwarf mass givento a wide orbit (e.g. Ramachandran & Portegies Zwart 1999). It
in Table 1 is obtained from its observed mass function. Hous therefore expected that future detections of WDNS systems
ever a tighter constraint is found in combination with the meaull fill up mainly the area to the right side of the curve in Fig. 4.
surement of the general relativistic rate of periastron advangthough some WDNS systems should be found in very tight
(Thorsett et al. 1993; Arzoumanian 1995) which yields a solorbits from improved future acceleration searches, it should also
tion for the total system mas&ins +Mwp = 2.53+£0.08 My, be noted that tight binaries cannot avoid merging as a result of
and henceMwp > 1.20 M. In order to produce such aemission of gravitational waves (Landau & Lifshitz 1958; Peters
high mass for the white dwarf we need a minimum mad964). Given the values af,,;, and M, PSR J1141-6545
M, > 8.8 M, for its progenitor, but notice that the wide rangevill merge within~ 590 Myr (a spectacular event for LIGO).
of possible secondary masses remains. However, the average lifetime of a non-recycled pulsar is only
The most distinct feature of PSR B2303+46 is its very wide 10 Myr (Taylor et al. 1993). In Fig. 4 we have shown with
orbit: P,,, = 12.3 days. It is evident from Fig. 4, and panel ca dashed line WDNS systems which will merge on a timescale
in Fig. 3, that such a large value fét,,, is very rare. We find of ~ 10 Myr, assumingVns = 1.3 Mg and Mwp = 1.0 M.
that only~ 5% of all WDNS systems are formed witR,.;, > Hence binaries found to the left of this lin€4;, < a few hr)
12.3 days (see the cumulative probability curve in Fig. 4). Thare most likely to coalesce within the lifetime of the observed
large observed value d?,,;, leads to a large initial separationradio pulsar.

5. Comparison with observations

5.1. PSR B2303+46
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As shown in Sect. 4.2 we conclude that the SN forming thiable 2. Estimated relative formation rates as well as simulated and
observed pulsar in PSR J1141-6545 must have been asymmiegerved Galactic disk abundances of WDNS, NSNS and NSWD bi-
ric, given the low eccentricity of the system. We find a minimurfaries. The observed globular cluster pulsars are not included since
kick of 100 km s°! necessary to reproduee= 0.17 for a sys- they are formed via exchange collisions in a dense environment.
tem with similarP,,;,. More interesting, we are able to constrain

the minimum space velocity of PSR J1141-6545, and we firftipary __rel. birthrate Tpsr  Nsim  Nobs
vsys > 150 km s71. A future proper motion determination andWDNS 0.00567 10 Myr  1.37 2
a possible detection of a spectral line from the white dwarf wiNSNS 0.00032 10Myr  0.08 0
be able to verify this result. — — 1000 Myr  7.75 5

NSWD 0.00052 3000 Myr  37.8 40

5.3. On the relative formation rates of WDNS, NSNS

and NSWD systems
correct for other important effects, such as the different beam-

We have used our population synthesis code to generate a I§fg€actors (i.e. the area on the celestial sphere illuminated by
number of compact binaries using wide initial trial distributiong, o pulsar) between recycled and non-recycled pulsars. Slow
forthe ZAMS binaries. In Table 2 we show the relative formatioﬁon-recycled pulsars usually have much more narrow emission
rates of these systems (normalized to the number of trial Sifsams than those of the recycled pulsars and hence they are
ulations). The remaining binaries either evolved into WDWER, e unlikely to be observed. On the other hand their pulse
systems, coalesced, became disrupted in a SN or formed a bﬁ‘?ﬁiles are less likely to be smeared out.
hoIt_—z binary. .It shopld be npted that many of the parameters gov- \yse find thebirth rate of WDNS systems to be considerably
erning the binary interactions are not very well known, and thﬁfgher than that of the NSNS systems (by more than an order
the relative formation rates are sensitive to these parametggSnagnitude). In a recent paper Portegies Zwart & Yungelson
However, the aim of this litle exercise is to demonstrate it {§999) also investigated the formation of WDNS binaries. They
possible to match the present observations with the results;gfj 4 roughly equal birth rate of WDNS and NSNS systems.
simple evolutionary simulations. _ The reason for the discrepancy with our results is mainly that
To estimate the relative Galactic abundanciesaofive hey assume the initial mass-transfer process (stage 2 in Fig. 1)
WDNS, NSNS and NSWD binaries, we have weighted eaghipe non-conservative so the majority of the transfered matter is
of the formation rates by the observable lifetime of the pulsafgg; from the system. Therefore much fewer secondary stars in

Tpsr- o their scenario accrete enough material to collapse to a neutron
For non-recycled pulsars we chose a lifetime of 10 Myr. FQkar |ater in the evolution.

the recycled pulsars,s, depends on the mass-transfer timescale
and the amount of material accreted (and hence on the mass of o
the progenitor of the last formed degenerate star). The mass1- The onset criteria of a common envelope

transfer causing the recycling in the NSNS systems takes plg¢&hnis work we assumed all binaries will avoid evolving into
on a sub-thermal timescale. Hence the rejuven#tad rela- 5 cg during the initial mass-trasnfer phase (stage 2) i
tively large ¢ 10~'%) and these pulsars are expected to termi:4. This is, of course, only a rough boundary condition which
nate their radio emission in less than about one Gyr. Hence Mg uires a much more careful investigation of the evolutionary
choser;,s: = 1000 Myr for the NSNS binaries with an observedstatys of a given binary followed by detailed hydrodynamical
recycled pulsar. The situation is similar for the NSWD systemg|culations of the mass-transfer process (Iben & Livio 1993).
with heavy CO/O-Ne-Mg white dwarf companions. Howevegye also simulated the formation of WSNS systems using a
the binary NSWD systems with low-mass helium white dwafiniting value ofg < 0.7 for the formation a CE. In this case we
companions are expected to have been recycling over a |Ciﬂ8duce relatively more NSWD systems (by a factoroR)
interval of time ¢~ 100 Myr) and exhibit long spin-down agesang fewer WDNS and NSNS (also by a facter 2 in each

of 5-10 Gyr. We therefore chose an overall average valuecggse)_ This can be seen by moving up the boundary Il in Fig. 2.

Tpse = 3000 Myr for the entire NSWD population consisting ofjowever, it is important that the birth ratio of WDNS to NSNS
both systems with a CO or a low-mass helium white dwarf. systems remains about the samel(8:1).

For these values af,,, in combination with our simulated
relative birthrates, we find the relative number of such systems ) _
expected to be observed;,, (normalized to the total actual®-3-2- The evolution of naked helium stars

number of binary pulsars detected so far). We see that our simplg outer radii of low-mass helium starel{. < 3.5 M) may

estimates matches well with the observations —\&f,, and  pecome very large during the late evolutionary stages (Paczyn-

Nobs in Columns 4 and 5, respectively in Table 2. skj1971; Habets 1985) and could initiate a second phase of mass
The actual values of;,, are uncertain, and a weightingtransfer (so-called case BB mass transfer, Delgado & Thomas

factor should also be introduced to correct for the number pbg1).

different systems merging from gravitational wave radiation. ¢ Mye = 2.5 Mg the helium stars will develop a core

Furthermore, when comparing with observations one must al@ss larger than the Chandrasekhar limit at the onset of central
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or off-center convective core-carbon burning. These stars &eConclusions
therefore expected to explode in a SN and leave neutron StErWe have adapted a simple numerical comouter code to stud
remnants. However, the masses of such collapsing stars may,[he formationp (0CesS gf WDNS s stemspan d have demon}/
have been reduced by some 10-20 % as a result of mass transfer process Y : .
. ) , . strated that many initial ZAMS binary configurations can
in a close binary and a strong stellar wind when the helium stars . .
" . . result in the formation of such systems.
expanded. Notice, that helium stars only lose a fraction (30— We have constrained the parameters for the brogenitor svs-
50 %) of the envelope mass outside their carbon cores in case P prog y
tem of PSR B2303+46.

BB RLO, as opposed to normal giants which usually lose their We have presented evidence in favor of a white dwarf com-

entire (hydrogen) envelopes in RLO. Therefore, if the minimum . .
mass of a collapsing star is assumed to be M. the panion (rather than a neutron star) to the newly discovered
bsing iy binary pulsar PSR J1141-6545.

_resultmg minimum post-S_N eccentricity will be 0'2.6 (cf. Eq.2)_ We have also demonstrated that an applied kick was neces-
in the case of a symmetric SN — instead of 0.45 in the case of . . . .
sary in the formation scenario of this system.

a2.5 Mg exploding star. However, this value is still larger than . . -

¢ = 0.172 observed in PSR J1141-6545 which indicates a kick - maY: We 'predllct PSR ‘]1141_k654it0 have a minimum
was involved in its formation. Even if the mass of the collapsing 3-D systemic veloCityp.ys > 150 km s~
star would be as low as8 M, a kick would still be necessary.
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