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Recycled pulsars: spins, masses and ages
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Abstract.

Recycled pulsars are mainly characterized by their spin periods, B-fields and

masses. All these quantities are affected by previous interactions with a companion star in
a binary system. Therefore, we can use these quantities as fossil records and learn about binary
evolution. Here, I briefly review the distribution of these observed quantities and summarize
our current understanding of the pulsar recycling process.
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1. Introduction

Recycled pulsars, or millisecond pulsars
(MSPs), represent the advanced phase of stel-
lar evolution in close, interacting binaries.
Their observed orbital and stellar properties are
fossil records of their evolutionary history and
thus one can use these systems as key probes of
stellar astrophysics (Bhattacharya & van den
Heuvel|[1991} Tauris| 20115 [Tauris, Langer &
Kramer [2012). The recycled pulsar is an old
neutron star and the first formed compact ob-
ject in the present-day observed binary system.
This neutron star was spun up to a high spin
frequency via accretion of mass and angular
momentum once the secondary star evolved.
In this recycling phase the system is observ-
able as a low-mass X-ray binary (LMXB, e.g.
Bhattacharya & van den Heuvel| 1991} [Patruno
& Watts| [2012). Over the last four decades,
the number of known recycled pulsars has in-
creased to > 300 (Manchester et all[2005), of
which ~ 200 are in binaries. The remaining
~ 100 isolated recycled pulsars have evapo-

rated their companion (Fruchter, Stinebring &
Taylor 1988}, [Podsiadlowski|[1991)), lost it in a
supernova explosion (Tauris & Takens!1998) or
in an exchange encounter in a globular cluster
(Ransom et al2005; [Freire et al[2008)).

2. Spins of recycled pulsars

The observed spin periods of recycled pulsars
span between 1.4 ms (Hessels et all2006) and
about 200 ms (e.g.|Swiggum et al.[2015)). There
is a clear correlation between these spin pe-
riods and the nature of the companion star
responsible for the recycling process (Tauris,
Langer & Kramer 2012). The more massive
and evolved the companion star is at the on-
set of the mass transfer, the slower is the final
spin rate of the recycled pulsar. The reason is
that the duration of the mass-transfer (X-ray)
phase is much shorter for massive and/or giant
stars, which therefore leads to less efficient re-
cycling. [Tauris, Langer & Kramer] (2012)) also
derived a correlation between the final equi-
librium spin period of a recycled pulsar and
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Fig. 1. Observed spin period distribution of MSPs.
Where are the sub-ms MSPs? ([Tauris et al.[2015].

the (minimum) amount of accreted material
needed for spin-up. Consider a pulsar with a
typical mass of 1.4 Mg and a recycled spin
period of either 2, 5, 10 or 50 ms. To obtain
such spins requires accretion of (at least) 0.10,
0.03,0.01 or 1073 M, respectively. Therefore,
it is no surprise that observed recycled pulsars
with massive companions (CO/ONeMg white
dwarfs or neutron stars) are much more slow
rotators, in general, compared to MSPs with
He white dwarf companions

An interesting question is why we don’t de-
tect any MSPs spinning faster than 1.4 ms (cf.
Fig.[T). Answering this question is not only im-
portant for understanding magnetosphere and
accretion physics, but could also be relevant
for constraining the equation-of-state of neu-
tron stars (Ozel & Freire 2016). Previously, the
missing sub-ms MSPs were suspected to be re-
lated to Doppler smearing of radio pulsations
in tight binary orbits, which could cause a se-
lection bias against detection of sub-ms MSPs.
However, this issue is less serious in present-
day acceleration searches (at least for disper-
sion measures, DM < 100). Three other ideas
have been proposed to explain the saturation of
MSP spin rates:

i) emission of gravitational waves (Bildsten
100Q., 0 o lecande cocatn s ot o1 ’\f\n’)\
1770}, p11amauaxty vl aljicuvo),

ii) [imited accretion torques in the pulsar
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Fig.2. Mass measurements and 68% uncertainty
intervals for binary pulsars with white dwarf com-
panions (purple, top) and neutron star companions
(blue, bottom). From Antoniadis et al.((Z016].

iii) spin-down at Roche lobe decoupling
(Tauris|Z012).

Comparison of spin rates of accreting MSPs
and radio MSPs (Papitto et a[ 20T4] gives some
support for the latter hypothesis, although no
firm conclusions can be drawn. It is possible
that more than one effect is at work.

Finally, the concept of a spin-up line in the
PP-diagram cannot be uniquely defined, and
instead one should consider a broad spin-up
valley for the birth location of recycled pulsars
(Tauris, Langer & Kramer|2012).

3. Masses of recycled pulsars

In Fig. Z] we have plotted the distribution of
rather precisely measured masses of pulsars
with white dwarf and neutron star compan-
ions. These mass measurements span between
1.17 + 0.01 M, (Martinez et all 2015) and
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Fig. 3. Evolutionary tracks of characteristic ages, 7, calculated as a function of true ages, #, for recycled
pulsars evolving with a constant braking index of n = 2, 3 and 5. In all cases, we assumed constant values
of mass, M = 1.4 M, magnetic inclination angle, sin @ = 1, moment of inertia, /, and for n = 5 we applied
a constant ellipticity, € # 0. We assumed an initial spin period of Py = 3.0 ms and varied the value of
the initial surface magnetic flux density, By. The dotted line shows a graph for 7 = ¢ and thus only pulsars
located on (near) this line have characteristic ages as reliable age indicators. Recycled pulsars with small
values of Py, resulting from small values of By, tend to have 7 > t, even largely exceeding the age of the

Universe. See legend for identification of the various curves. From|Tauris, Langer & Kramer (2012).

2.01 £ 0.04 M, (Antoniadis et alll2013)). The
largest spread in pulsar masses is seen in sys-
tems with white dwarf companions. For the
combined sample of masses, lAntoniadis et al.
(2016) argue in favor of a bimodal distribution
with a low- and a high-mass mass peak cen-
tered at ~ 1.39 My and 1.81 M., respectively.
For binary pulsars with He white dwarf com-
panions (the descendants of LMXBs), one can
apply the white dwarf mass—orbital period rela-
tion (e.g.|Tauris & Savonijefl1999) to help con-
strain the mass of the neutron star.

In recent years, evidence has accumulated
that accreting neutron stars are very inefficient
accretors (e.g. lAntoniadis et alli2012, 12016).

Therefore, we are inclined to believe that the
observed mass distribution is closely resem-
bling the birth distribution of neutron stars in
these two different classes of pulsar binaries.
In particular, for pulsars with neutron star com-
panions, the typical amount of accreted mass
obtained from numerical modelling (Tauris)
Langer & Podsiadlowski 12015) of Case BB
Roche-lobe overflow is only ~ 1073 M.

4. Ages of recycled pulsars

To understand the formation and evolution of
recycled pulsars, it is of uttermost importance
to determine their true ages. Only when trues
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ages of MSPs are established, is it possible
to gain knowledge of pulsar evolution from
the observed distribution of MSPs in the PP—
diagram. The characteristic age, T = P/(2P) is
in many cases a bad estimate of true age, cf.
Fig.[3l This is particularly the case for recycled
MSPs with small values of the magnetic field.
Since the locations of these pulsars in the PP—
diagram are basically frozen on a Hubble time,
they could in principle have been recycled just
a few years ago — yet they have characteristic
ages approaching 100 Gyr.

The only way to more accurately estimate
the age of a recycled pulsar is by determin-
ing the cooling age of its white dwarf compan-
ion (e.g. [van Kerkwijk et al.|2005; [Istrate et al
2014, and references therein).

5. Conclusions

In this summary, I only very briefly touched on
the spins, masses and ages of recycled pulsars.
New exciting pulsar discoveries at an ever-
increasing rate, e.g. triple MSPs (Ransom et al
20145 Tauris & van den Heuvel|2014)), eccen-
tric MSPs (Champion et al.|2008; [Freire et al.
20115 [Deneva et al.| 2013), and transitional
MSPs (Archibald et all2009; [Papitto et al|2015))
keep driving this field forward with fruitful re-
sults and interesting lessons to be learnt on
close binary evolution for the next many years
to come. And with an almost certain guarantee
for more surprises.
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