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Abstract. The observed characteristics of the PSR J0737−3039 system ap-
pear to confirm the “standard” evolutionary model for the formation of close
double neutron stars. In this model the immediate progenitor of the double
neutron star was a very close binary consisting of a helium star and a neutron
star, which in turn descended from a wide X-ray binary consisting of a Be star
and a neutron star. The helium star was the immediate progenitor of the pul-
sar B in the system, whereas the pulsar A was the first-born neutron star, which
underwent a complex history with accretion of mass and angular momentum,
first from the Be star and later, by Roche-lobe overflow, from the helium star.
This accretion made its magnetic field decay and caused its spin to become very
rapid. Pulsar B, being the second-born neutron star, never underwent accretion
and resembles, as expected, the “normal” single strong-magnetic-field pulsars in
the Galaxy.

1. Introduction

After the discovery of the first double neutron star (DNS), PSR B1913+16 (Hulse
& Taylor 1975), a number of studies have been performed to explain the for-
mation of these systems. Flannery & van den Heuvel (1975) and de Loore et
al. (1975) proposed that DNSs are the descendants of High-Mass X-ray Bina-
ries (HMXBs) following a spiral-in phase in which the orbital separation of the
system was drastically reduced, as had been predicted by van den Heuvel & de
Loore (1973). This resulted in a very close binary consisting of a helium star
(the helium core of the mass-donor in the HMXB) and a neutron star. Sub-
sequently, the helium star exploded as a supernova, leaving a close eccentric
binary consisting of an old neutron star and a newborn neutron star.

Smarr & Blandford (1976) added an important new ingredient to this model,
namely that the older of the two neutron stars in PSR B1913+16 had been spun
up by accretion of mass with angular momentum during the X-ray and spiral-in
phases and in this way had reached its present short spin period of 59ms. At
that moment only an upper limit to the magnetic field strength of this pulsar
was known, of 1011G, which suggested that its field strength might be on the
low end of field strengths known for pulsars.

117



118 Dewi and van den Heuvel

Srinivasan & van den Heuvel (1982) carried this model one step further. By
that time it was known that the magnetic field strength of B1913+16 is only
∼ 1010G, which, assuming spontaneous magnetic field decay in neutron stars on
a timescale of order ten million years (at that time generally believed), indicated
an “old age” for this star and allowed it, thanks to this weak field, to have been
spun up by accretion to a very short rotation period (as the shortest spin period
to which a neutron star can be spun up is a strong function of the field strength,
represented by the “spin-up line”). Srinivasan & van den Heuvel (1982) pointed
out that, on the other hand, the second-born neutron star never underwent
accretion and therefore should have been or still be a strong-field pulsar very
similar to the “normal” single pulsars. It should therefore spin down much more
rapidly than the recycled short-period weak-field pulsar in the system, which
in principle may need hundreds of millions of years to spin down to a period
of a few seconds and turn off as a pulsar. As the second-born neutron star
disappears much more rapidly into the “graveyard” of pulsars than the recycled
pulsar, the predictions of this model for the formation of DNSs are: (a) the
orbits of the DNS are eccentric, due to the second supernova explosion (before
the second explosion, as a result of the spiral-in, the orbit was circular), and (b)
it is much more likely to observe the long-lived recycled “old” pulsars in these
systems than the short-lived second-born pulsar. The implication is that, if one
observes a pulsar with an abnormally weak magnetic field and abnormally rapid
spin in a close binary with an eccentric orbit, then the only possibility is that the
companion of this pulsar is also a neutron star, since the observed pulsar must
have been recycled and thus it was not its supernova explosion that made the
orbit eccentric. Therefore the detection of a recycled pulsar in an eccentric orbit
is proof that the companion of that pulsar is itself a neutron star (Srinivasan &
van den Heuvel 1982).

The above outlined model for the formation of the DNS in which the rapidly-
spinning weak-field pulsar is the first-born and recycled component, has become
the “standard model” for the formation of these systems, which is illustrated in
Figure 1 (see Bhattacharya & van den Heuvel 1991 for a review). Since 1986
much evidence has arisen indicating that the magnetic fields of isolated neutron
stars do not decay (e.g., Kulkarni 1986) and that most probably the reduction of
the magnetic field strength in recycled neutron stars is related to the accretion
process itself. This was already suggested by Bisnovatyi-Kogan & Komberg
(1975) and strong semi-empirical evidence for this was presented by Taam &
van den Heuvel (1986).

Six double neutron star systems have been discovered so far in the Galaxy.
Among them, PSR J0737−3039A has the shortest spin period (22ms), shortest
orbital period (0.d102), and the smallest orbital eccentricity (0.088) (Burgay
et al. 2003). All six DNSs share the characteristics of having eccentric orbits
(e ∼> 0.08), short pulse periods (22 – 104 ms) and low period derivatives (∼
10−18 s s−1), implying a weak surface magnetic field (∼ 1010 G), confirming that
they have been recycled. The prediction of the standard model is that in all these
systems the companion is a strong-field “normal” (non-recycled) neutron star.
The discovery of the second pulsar in the PSR J0737−3039 system provides a
very nice confirmation of this prediction: indeed, while pulsar A in this system is
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Figure 1. The standard evolutionary model for the formation of DNS, start-
ing from a binary system with component masses 14M¯ and 10M¯. MS =
main-sequence star; RG = red giant; He = helium star; NS = neutron star. In
stage IV the system is a Be X-ray binary. In stage VI it is a close He-star plus
neutron star binary, resembling Cyg X-3 (van den Heuvel & de Loore 1973).
Between phases VI and VII the He-star loses a few solar masses by Roche-lobe
overflow before it explodes as a supernova (Dewi & van den Heuvel 2004).
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clearly a recycled pulsar, pulsar B has all the characteristic of a normal newborn
pulsar: Ps = 2.77 s, Ṗ = 0.88× 10−15 s s−1, B = 1.2× 1012G (Lyne et al. 2004).

2. The Formation of J0737−3039

The standard scenario allows at most a ∼ 10Myr difference between the ages
of the two pulsars (the time required for the secondary to evolve off the main
sequence, become a giant, and eventually collapse). Certainly, the 150-Myr
difference in the characteristic ages of pulsars A and B is a puzzle. One should
note, however, that the characteristic age is derived by assuming that a pulsar
was born with zero pulse period, and therefore only gives an upper limit to the
true age of the pulsar. Lorimer et al. (in this volume) found that the spinning-
up of pulsar A ceased 30–70Myr ago. This termination may be related to the
collapse of the progenitor of pulsar B, and the timescale is in agreement with
the characteristic age of pulsar B, which is about 50Myr (Lyne et al. 2004).

Before this meeting, two studies of the formation of J0737−3039 had been car-
ried out (Dewi & van den Heuvel 2004, hereafter DvdH, and Willems & Kalogera
2004, hereafter WK). The two groups found that J0737−3039 must have gone
through a mass-transfer phase by Roche-lobe overflow from a helium star. This
makes J0737−3039 the only DNS which cannot have been formed without a
phase of mass transfer from the He star. For different reasons, these two studies
found a similar pre-SN mass range for the He star. WK took the threshold
helium-star mass for the formation of a neutron star, 2.1M¯, as the lower limit,
and the maximum helium-star mass for which delayed dynamical instability is
avoided, 3.5M¯, as the upper limit. DvdH derived a range of 2.3−−3.3M¯ for
the post-RLOF mass in helium star – neutron star binaries which do not expe-
rience a further common-envelope (CE) phase or a dynamically unstable mass-
transfer phase. Within this mass range, a minimum kick velocity of 70 km s−1

is needed to explain the observed orbital parameters of J0737−3039. The max-
imum mass gives a maximum kick velocity of 230 km s−1 if the kick is directed
in the orbital plane (DvdH) or 1,560 km s−1 if it is directed outside the plane
(WK). A symmetric explosion is possible only if stars with masses less than
2.3M¯ do not go through a CE phase or do not have time to complete the
spiral-in process (DvdH). However, Ransom et al. (2004) found a velocity com-
ponent perpendicular to the orbital plane of 103.1 km s−1, which excludes a zero
kick velocity.

The publication of the discovery of pulsar B appeared only one working day be-
fore this meeting, after the works of DvdH and WK had been completed. For the
purpose of these proceedings, we derived the pre-SN parameters of J0737−3039,
using the characteristic spin-down age of pulsar B. With this age we calculated
the orbital eccentricity and separation just after the second supernova explosion
(due to gravitational-wave emission the orbit shrinks and its eccentricity decays
— knowing the age of pulsar B one can calculate the eccentricity and separation
just after the explosion). We then found a pre-SN mass range of 2.3 − 3.2M¯,
shown as the region between the dotted and dash-dotted lines in Figure 2. The
figure also shows that a minimum kick velocity of 74 km s−1 is required to ob-
tain this eccentricity. The maximum mass yields a maximum kick velocity of
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Figure 2. The possible pre-SN separation of J0737−3039 is limited between
the two horizontal lines. To the left of the dash-dotted line, systems undergo
a CE phase and may evolve to extremely short orbital periods. The dotted
line shows the minimum separation as a function of stellar mass allowed for
a helium star to undergo a stable mass-transfer phase. To the right of this
line runaway mass transfer occurs, probably leading to coalescence. The solid
circle marks the pre-SN mass and separation in case of a symmetric SN ex-
plosion at the birth of pulsar B. The thin lines give the magnitude of the kick
velocities required for obtaining the post-SN orbital parameters (the corre-
sponding kick velocities in km s−1 are presented at the top of the horizontal
line).
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1 540 km s−1. We found that the pre-SN parameters derived from the character-
istic age of pulsar B do not differ significantly from our previous results (DvdH,
WK) which were obtained using a much larger age.

The amount of matter accreted by the first-born neutron star during the B-
emission phase and the Roche-lobe overflow of the helium star is sufficient to
reduce its surface dipole magnetic field strength by some two orders of magnitude
and to spin up its rotation to its presently observed spin period of 22ms (DvdH).

3. Conclusions

The double pulsar PSR J0737−3039 nicely confirms the standard evolutionary
model for the formation of DNS systems. This system is the only DNS for which
it is certain that the helium star in the progenitor system went through a phase
of mass transfer by Roche-lobe overflow to the first-born neutron star, which
may explain the very fast spin of pulsar A in this system.
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