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Abstract. We perform evolutionary calculations for a binary system to produce observed binary parameters for the
PSR J1740-5340. Our calculations support the model proposed by D’Amico et al. (2001) in which this binary may be the
progenitor of a millisecond pulsar + helium white dwarf system. We propose an observational test to verify this hypothesis. We
propose that observations of abundances of C, N, O elements in the spectra of the optical companion of PSR J 1740-5340 may
give additional information about the nature of the secondary being either i) a perturbed low—mass main—sequence star or ii) an
evolved star with helium core and thin hydrogen envelope which has lost its main envelope during semi—detached evolution.
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1. Introduction

The millisecond pulsar PSR J1740-5340 (Ppuq = 3.65 ms)
was discovered during a systematic search of Galactic globu-
lar clusters using the Parkes radio telescope (D’ Amico et al.
2001a,b). PSR J1740-5340 in the globular cluster NGC 6397
is a member of a binary system with a relatively wide orbit
of period 1.35 days, a companion with mass M, > 0.19 M,
and at a frequency of v = 1.4 GHz is eclipsed for about
40% of its orbit. The spin—down age of PSR J1740-5340
(tsa = Ppur/ 2Ppu|) is ~350 Myr and its surface magnetic field is
B =3.2x10"(PpyPpu)'/? ~8x 10* G. Ferraro et al. (2001) re-
port the optical identification of the companion to the millisec-
ond pulsar (MSP). They found that the observed modulation is
just ~0.2 mag; this can be reproduced only if the companion
has almost filled its Roche lobe and the orbital plane is nearly
edge—on (i ~ 90°). These two requirements are met by a com-
panion of mass in the range 0.19-0.22 M, whose Roche lobe
radius (1.32-1.42 Ry) just matches the lower limit for the ob-
served radius R. ~ 1.3-1.8 Ry. D’Amico et al. (2001a,b) and
Ferraro et al. (2001) propose two hypotheses for the origin of
this system.

To explain the large mass loss rate they proposed that the
companion is an evolved star that spun up the pulsar to its mil-
lisecond period. The mass accretion and spinning up of the
pulsar would now be inhibited by the pulsar wind flux which,
could expel the matter overflowing from the Roche lobe of the
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companion. This would be the first confirmed example of a re-
cently born MSP.

Another hypothesis is that the optical companion is a Main—
Sequence (M-S) star perturbed by the energetic flux emit-
ted from the millisecond pulsar. Only 5% of the impinging
power would be needed to sustain the inferred mass loss rate
of M < 2x 107" Mg yr™! (D’ Amico et al. 2001b). This model
should be more easily applicable to a M-S star, because a large
convective envelope favours bloating of the star.

Grindlay et al. (2002) propose another interesting hypothe-
sis that it appears plausible that a typical old (7 > 1 Gyr) MSP in
a dense cluster core might undergo one or more MSP-LMXB
transformation cycles. PSR J1740-5340 in NGC 6397 has the
advantages of having been recently scattered out of a still
higher density (~10° pc=3) core collapsed cluster and possible
having exchanged its companion (Ferraro et al. 2001; Grindlay
et al. 2001). So they proposed that this system need not just
“born”, it may instead have just been reborn.

In this research note we shall show that it is possi-
ble to reproduce the observational parameters for the sys-
tem PSR J1740-5340 and that the hypothesis proposed by
D’Amico et al. (2001a) and Ferraro et al. (2001) really may
work. If so, we are observing a binary right before the forma-
tion of a detached He white dwarf + millisecond pulsar system.
We also propose an observational test to distinguish between
the two hypotheses (M-S star vs. evolved star).

While the manuscript was reviewed, two papers were pub-
lished that are relevant for our manuscript (Katuzny et al. 2003;
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Orosz & van Kerkwijk 2003). We have not incorporated these
papers in ours but conclude that they describe results consistent
with our conclusion.

2. The evolutionary code

The evolutionary sequences we have calculated consist of two
main phases:

(i) detached evolution lasting until the companion fills its
Roche lobe (RLOF);

(ii) semi—detached evolution.

2.1. Detached phase

The duration of the detached phase is somewhat uncertain; it
may be determined either by the nuclear time—scale or by the
much shorter time—scale of the orbital angular momentum loss
caused by a magnetized stellar wind.

2.2. Semi—detached phase

In our calculations we assume that the semi—detached evolution
of a binary system is a combination of an accretion phase dur-
ing which the neutron star will spin-up and its mass increases,
and a non—conservative phase, i.e. the total mass and angular
momentum of the system are not conserved (during “propeller”
and “magneto-dipole radiation” phases). The formalism which
we have adopted is described in Muslimov & Sarna (1993,
1995). We introduce the parameter, fj, characterizing the loss
of mass from the binary system and defined by the relations

M = M fi

and My = ~M,(1 - f1), (1)

where M is the mass—loss rate from the system, MSg is the rate
of mass—loss from the donor (secondary) star, and M, is the
accretion rate onto the neutron star (primary). The matter leav-
ing the system will carry away its intrinsic angular momentum
according to the
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where M, M, and M, are the total mass of the system, and
the masses of the neutron star and donor star respectively. At
the beginning of mass transfer matter will accrete onto neutron
star and spin it up (f; = 0). After accretion of 0.2-0.25 M, the
binary enters into a “propeller phase”, which is followed by
the magneto—dipole radiation phase. During these two phases
the evolution is non-conservative (f; = 1).

We also assume that the donor star, possessing a convective
envelope, experiences magnetic braking (Mestel 1968; Mestel
& Spruit 1987), and as a consequence of this, the system loses
orbital angular momentum at the rate

J 1 MR
S = 3B3x107T—— ! 3)
JMsw K? Moo My A3

where the value of K /Mg, corresponds to the parameter A of
Verbunt & Zwaan (1981).
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The angular momentum losses that accompany the mass
loss due to “propeller” and magnetic braking angular momen-
tum loss have comparable efficiencies. For illustration we es-
timated the characteristic time—scales [t = (J/J)™!] for both
mechanisms. We assume a binary system at the beginning of
the “propeller” stage with components of 0.6 and 1.65 M,
and orbital period 1.24 d. The secondary has a radius 1.88 Rg;
fi = 1 and the mass transfer rate from the secondary to neu-
tron star is 5x10™° Mg yr~'. We obtain Tysw ~ 2 x 101 s
and Tprop ~ 5 x 10 5.

In the semi—detached (magneto—dipole radiation) phase we
have also included the effect of illumination of the donor star by
the millisecond pulsar. In our calculations we assume that the
illumination of the component by the hard (X-ray and y-ray)
radiation from the pulsar leads to additional heating of its pho-
tosphere (Muslimov & Sarna 1993). The effective temperature,
T, of the companion during the illumination stage is deter-
mined from the relation

R 2
Lin+ f> (Z_(Jg) Lot = 47TO_R52'gT:ﬁ" “)

where Li, is the intrinsic luminosity corresponding to the
radiation flux coming from the stellar interior o is the Stefan—
Boltzmann constant and Ry, is the stellar radius, Ly is the “ro-
tational luminosity” of the neutron star due to magneto—dipole
radiation (plus a wind of relativistic particles)

2 o \*
Frou = 33 5 Fo (P pul)
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where R, is the neutron star radius, B is the value of the mag-
netic field strength of the neutron star and Py, is the pulsar spin
period. f> is a factor characterizing the efficiency of transfor-
mation of irradiation flux into thermal energy (in our case we
take f» = 2 x 107%). Note that in our calculations the effect of
irradiation is formally treated by means of modification of the
outer boundary condition, according to the above relation (4).

We have not included X-ray heating during the accretion
stage — low—mass X-ray binary phase (LMXB). Spherically
symmetric illumination in LMXBs can have a strong effect on
the structure of low—mass secondaries, leading to a stellar ex-
pansion, which affects the mass transfer rate (Podsiadlowski
1991; Harpaz & Rapppaport 1991; Ergma & Fedorova 1992).
In reality, the illumination will not be spherically symmetric
and its effect will depend on the optical depth at which energy
is deposited and how fast is it can be transported to the cool
side of the star. This problem is still open.

2.3. Pulsar spin evolution

We also follow the rotational evolution of the neutron star,
which is determined mainly by the accretion rate and the tem-
poral evolution of the magnetic field of the neutron star. For the
temporal evolution of the magnetic field the model by Urpin &
Muslimov (1992) has been used.
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As the neutron star spins up, the net accretion torque gradu-
ally decreases and the spin period reaches its equilibrium value
given (see e.g. van den Heuvel 1977) by

-3/7

M,
Pey = 2.138/7(.—*’) ms (6)
Meaa
where By = B/10° G and M.y is the Eddigton mass accretion
rate.
The accretion phase onto a rotating neutron star is centrifu-

gally inhibited when the Alfvén radius (Ry ~ 2.2 x 10° 13/

(ReL37)~2"" M,llf cm where Rg is the neutron star radius
in 10 km, w6 is the neutron star magnetic moment in units
of 10% G cm® and Lj; is the accretion luminosity in units
of 10%7 erg s7') is larger than the corotation radius R., = 2.6 X
106‘M¥3P§fl ?(—?) cm. In this case the accreting matter could be
ejected from the system — the “ propeller” phase (Illarionov &
Sunyaev 1975). Recently Burderi et al. (2001) used a Shakura—
Sunyaev accretion disk model to determine the critical orbital
period value P crit, such that, if Poy > Porp crie then the radio
ejection phase starts in which the mechanism that drives mass
overflow through L1 is still active, while the pulsar radiation
pressure prevents mass accretion. According to Burderi et al.
(2002) this condition is satisfied for an orbital period longer
than

Porb crit = 0.750_54/25;1_]2/5M1?7/50M_1/2

0.615 ns
—1.5, -24/5 p48/5 151/25
9(Mys, Msg) Hog Ppul(—S)M—IO hr (7)

where « is the Shakura—Sunyaev viscosity parameter (=1),
noers = nf0.615 ~ 1, g(Mys, Myy) = 1-0.462 (Mo/M)'7,
M_1p = My, /107! Mo/yr, and Ppy_3) is the neutron star spin
period in milliseconds.

2.4. Nuclear network

Our nuclear reaction network is based on that of Kudryashov
& Ergma (1980), who included the reactions of the CNO tri—
cycle in their calculations of hydrogen and helium burning in
the envelope of an accreting neutron star. We have included the
reactions of the proton—proton (PP) chain. Hence we are able to
follow the evolution of the nuclei: 'H, 3He, *He, "Be, '2C, 13C,
BN, 4N, I5N, 140, 150, 100, 70 and '"F. We use the reaction
rates from: Fowler et al. (1967, 1975), Harris at al. (1983) and
Pols et al. (1995).

3. Results of calculations

We perform calculations for the following system parameters:
Mg = 0.85 Mo, My i = 1.4 Mo, Por, i(RLOF) = 1.17d Mg ; =
0.8 Mgy, Mys; = 1.4 Mg, Por i(RLOF) = 1.14d and chemical
composition: X = 0.7, Z = 0.003. In Fig. 1 we show the mass—
loss rate from the donor star versus secondary mass for My, =
0.85 M, (a similar picture is found for Mz = 0.8 My). The
small jump in mass loss rate near My, = 0.6 My is connected
with transformation from the accretion phase (f; = 0) to the
non—conservative approach (f; = 1). Just near this mass condi-
tion Ry > R, is fulfilled. Near to Mgz ~ 0.21 Mg Pory> Porcrit
and the radio ejection phase starts.
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Fig. 1. The evolution of the mass transfer rate versus secondary mass.
To the right of the second vertical line the pulsar is in the “propeller
phase” which is followed by the “magneto—dipole radiation phase”.

If (like in the case of study) Roche lobe filling of sec-
ondary occurs near the bifurcation period (the bifurcation pe-
riod separates the formation of the converging systems: Py <
Pow i(RLOF) from the diverging systems: Py > P (RLOF),
where Pr and Poy, ;(RLOF) are the final and initial orbital peri-
ods, respectively) then, as was already found by Tutukov et al.
(1985), the orbital evolution is quite different from the case
when the secondary Roche lobe filling occurs far from bifur-
cation period. At the beginning, the mass loss rate is high and
the pulsar will spin up its to current spin period; then the mass
loss rate quickly decreases. Near the bifurcation period the nu-
clear time—scale of the secondary and the angular momentum
loss time—scale are very close to each other. Therefore, dur-
ing the binary evolution orbital period changes are insignifi-
cant in comparison with the initial orbital period (Tutukov et al.
1985; Ergma et al. 1998). In Fig. 2 we show the orbital pe-
riod evolution versus pulsar spin period. During evolution the
current orbital period value is achieved twice: the first time
when Mg, ~ 0.35 My and a second time when Mg, ~ 0.2 M.

During semi—detached evolution, near Py = 1.35 days
the secondary mass has decreased to My, ~ 0.2 Mo, My =
1.65 Mo, and the total evolutionary time is ~10'* yr (NGC 6397
age is 11.4 + 1.1 Gyr by Rakos et al. 2001), the secondary
radius is ~1.38 R, and its effective temperature 5700 K.
Both values fit well with observed values (D’Amico et al.
2001a; Ferraro et al. 2001). From Taylor et al. (2001) we
know that m, = 16.66 mag for the optical component
of PSR J1740+5340. From Harris (1996) we find that the dis-
tance modulus to NGC 6397 is 12.25 mag. These numbers
give an absolute magnitude M, = 4.41. From our theoretical
temperature and radius determination we calculated My, =
4.11. The bolometric correction from Houdashelt et al. (2000)
is BC = 0.272 + 0.007 for an assumed metallicity of the cluster
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Fig. 2. The evolution of the orbital period versus pulsar spin period.

[Fe/H] = —2.0. The theoretical value of M, = 4.38 agree well
with the Taylor at al. (2001) determination.

Figures 3a and b depict the temporal behaviour of the neu-
tron star spin period, Ppy and Pg, in the cases when B = 5X 108
and 8 x 10® G, respectively, at the beginning of the accretion
stage.

Note also, that for binary system parameters as above, the
pulsar spin period is 2.5 and 3.5 ms for 5 x 108 and 8 x 103 G,
respectively.

4. Observational test

We propose that observations of abundances of C, N, O
elements in the spectra of the optical the companion of
PSR J1740-5340 may give additional information about the
nature of the secondary, being either i) a perturbed low—mass
M-S star or ii) an evolved star with helium core and thin hy-
drogen envelope which has lost its main envelope during the ac-
cretion phase. In Fig. 4 we present the evolution of the surface
chemical composition of the optical companion as a function
of the secondary mass (for case ii)). Near orbital period Py =
1.35 d, for the evolved star carbon is depleted by 2.6 dex in
comparison to cosmic abundances. The abundance of oxygen
will remain at the level of a metal poor star. In fact in Fig. 4 the
abundance of oxygen does not change during semi—detached
evolution. The abundance of oxygen is due to the assumed
Population II chemical composition. Only nitrogen lines will
show cosmic abundances (see Fig. 4). In the case of the low—
mass M-S star the C, N, O abundances will be as for the halo
and disc metal-poor ([Fe/H] < —1.5) dwarfs (Carretta et al.
2000 and references therein). In the case of the evolved star
(helium) N will be overabundant (approximately solar) when
O abundance will be as for metal poor dwarfs. There will be
lack of carbon lines in the evolved star spectrum.
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Fig. 3. The evolution of the spin period (Pp,) of the pulsar and equi-
librium period (P.q) versus the mass of the secondary for two values
of magnetic field strength: 5x 10® G a) and 8 x 108 G b). The horizon-
tal dotted line shows the spin period of PSR J1740-53. The vertical
dotted lines show the mass range of the secondary star (Ferraro et al.
2001) and the dashed and long—dashed lines are an upper limits for
the secondary mass according to Katuzny et al. (2003) and Orosz &
van Kerkwijk (2003), respectively.

5. Discussion and conclusions

After we sent the first version of our paper to A&A we learnt
that Burderi et al. (2002) have discussed a similar evolution-
ary scenario for this system. Unfortunately they present their
results in a very abbreviated way and it is difficult to compare
our and their results.

We accept the D’ Amico et al. (2001a) hypothesis that the
eclipsing binary millisecond pulsar PSR J1740-5340 may be
regarded as a recently born binary millisecond pulsar sys-
tem. Our calculations show that it is possible to build an
evolutionary scenario for the binary system with orbital pa-
rameters, secondary mass and radius which fit well those
for PSR J1740-5340 (D’ Amico et al. 2001a,b). In fact, recent
photometric and spectroscopic observations by Katuzny et al.
(2003) give upper limits for the masses: My, = 1.53 £0.19 M¢,
M, = 0.296 + 0.034 M. Also, Orosz & van Kerkwijk (2003)
give limits for the masses: 1.2 < My /My < 2.4, 0.14 <
Mg /Mo < 0.38. These are in good agreement with our pre-
dictions. We also suggest that the observed abundances of C,
N, O elements in the spectra of the optical companion of the
millisecond pulsar can tell us about the evolutionary stage of
the secondary. Lack of carbon lines and presence of strong ni-
trogen lines may tell us that we really have a unique situation
involving a pre—He white dwarf + millisecond pulsar system.
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Fig. 4. The evolution of the red giant surface abundances of H, He,
C, N and O as a function of the subgiant mass M,,. X; is the mass
fraction of H, He, C, N, O. Note, that the starting values of the abun-
dances are those of a metal poor stars. The vertical dotted lines show
the mass range of the secondary star (Ferraro et al. 2001) and the
dashed and long—dashed lines are an upper limits for the secondary
mass according to Katuzny et al. (2003) and Orosz & van Kerkwijk
(2003), respectively.
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