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Since their discovery in the late 1960’s the population of known neutron stars has grown to�2500.
This sample has yielded many surprises and demonstrated that the observational properties of
neutron stars are remarkably diverse. The surveys that will be performed with the SKA will
produce a further tenfold increase in the number of Galactic neutron stars known. Moreover,
the SKA’s broad spectral coverage, sub-arraying and multi-beaming capabilities will allow us
to characterise these sources with unprecedented ef�ciency, in turn enabling a giant leap in the
understanding of their properties. We review the neutron star population and outline strategies for
studying each of the growing number of diverse classes that are populating the �neutron star zoo�.
Questions that will be addressed by the much larger statistical samples and vastly improved timing
ef�ciency provided by SKA include: (i) the spin period and spin-down rate distributions (and thus
magnetic �elds) at birth, and the associated information about the supernovae wherein they are
formed; (ii) the radio pulsar�magnetar connection; (iii) the link between normal radio pulsars,
intermittent pulsars and rotating radio transients; (iv) the slowest possible spin period for a radio
pulsar (revealing the conditions at the pulsar death-line); (v) proper motions of pulsars (revealing
supernova kick physics); (vi) the mass distribution of neutron stars; (vii) the fastest possible spin
period for a recycled pulsar (constraining magnetosphere-accretion disc interactions, gravitational
wave radiation and the equation-of-state); (viii) the origin of high eccentricity millisecond pulsars;
(ix) the formation channels for recently identi�ed triple systems; and �nally (x) how isolated
millisecond pulsars are formed. We can also expect that the �rst phase of the SKA (SKA1), and in
particular the full SKA (SKA2), will break new ground unveiling exotic and heretofore unknown
systems that will challenge our current knowledge and theories, thus fostering the development
of new research areas. Some possibilities for future landmark discoveries representing signi�cant
milestones in the astrophysics of compact objects include: (i) sub-millisecond pulsars; (ii) neutron
stars born as millisecond pulsars; (iii) neutron stars with masses below 1.1 or above 2:5 M�; (iv)
neutron star-black hole binaries; and (v) a triple system containing a pair of neutron stars.
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1. Introduction

The recent era of multi-wavelength observations has revealed a greater variety of possibly dis-
tinct observational classes of neutron stars (NSs) than ever before. In addition to isolated NSs,
these compact objects are found in binaries and even triple stellar systems which demands theo-
retical research on their origin and evolution, besides enabling precise mass measurements. With
emission spanning the entire electromagnetic spectrum and some NSs showing strange transient
behaviour and even dramatic high-energy outbursts, such incredible range and diversity was not
only unpredicted, but in many ways astonishing given the perhaps naively simple nature of the NS
� the last stellar bastion before the total collapse to a black hole. But why do NSs exhibit so
much ‘hair’? Even within the �eld there is confusion about the sheer number of different NS class
nomenclature. For a recent review on the members of the NS zoo and the possible uni�cation of
the various �avours, we refer to Kaspi (2010) and references therein. An overview of the formation
and evolution of NSs in binaries is given, for example, in Bhattacharya & van den Heuvel (1991);
Tauris & van den Heuvel (2006).

In Figure 1 we have plotted all currently known radio pulsars with measured values of spin
period (P) and its time derivative ( �P). The differences in P and �P imply fundamentally different
magnetic �eld strengths and ages for each sub-group of the population. Treating the pulsar as a

Figure 1: All currently known pulsars with measured P and �P. Data from the ATNF Pulsar Catalogue
(Manchester et al. 2005) � April 2014. Lines of constant characteristic age and constant B-�eld are marked.
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rotating magnetic dipole, one may show (e.g. Lorimer & Kramer 2004) that the surface magnetic
�eld strength B ∝ (P �P)1=2 and de�ne a characteristic age τc = P=(2 �P). The classic radio pulsars
(red dots) are concentrated in the region with P ’ 0:2� 2 sec and �P ’ 10�16� 10�13. They have
magnetic �elds of the order B’ 1010�1013 G and a lifetime as a radio source of a few 107 yr. The
population plotted in blue circles are binary pulsars and clearly indicate a connection to the rapidly
spinning millisecond pulsars. The pulsars marked with stars indicate young pulsars observed in-
side, or near, their gaseous supernova (SN) ejecta remnants. Then there are the �drama queens� of
the NS population: the magnetars which undergo high-energy bursts and are powered by their huge
magnetic energy reservoirs. Also plotted are the mysterious rotating radio transients (RRATs), the
isolated X-ray dim NSs (XDINS) and the compact central objects (CCOs). In addition, we brie�y
discuss other exotic radio pulsars such as the intermittent pulsars, the black widows and redbacks,
and pulsars in triple systems.

A main challenge of the past decade was � and continues to be � to �nd a way to unify
this variety into a coherent physical picture. The NS zoo raises essential questions like: What
determines whether a NS will be born with, for example, magnetar-like properties or as a Crab-
like pulsar? What are the branching ratios for the various varieties, and, given estimates of their
lifetimes, how many of each are there in the Galaxy? Can individual NSs evolve from one species
to another (and why)? How does a NS interact with a companion star during and near the end
of mass transfer (recycling)? And what limits its �nal spin period? Ultimately such questions
are fundamental to understanding the fate of massive stars, close binary evolution and the nature
of core-collapse SNe, while simultaneously relating to a wider variety of interesting fundamental
physics and astrophysics questions ranging from the physics of matter in ultra-high magnetic �elds,
to the equation-of-state of ultra-dense matter and details of accretion processes.

In this chapter we address the many faces of NSs with a strong emphasis on radio pulsars
and how the SKA will push this research area further to the forefront of modern astrophysics.
The structure of the chapter follows the NS population from its very youngest sources, that still
bear the imprint of their birth conditions, to the oldest recycled millisecond pulsars, resulting from
interactions with a companion star on a Gyr timescale. The bulk of the NSs are somewhere in the
middle of their evolutionary journey, so that ultimately detailed population synthesis studies of the
full bounty offered by future SKA searches will be key to a complete picture. Whereas the chapter
on �A Cosmic Census of Radio Pulsars� (Keane et al. 2015) addresses more technical aspects and
emphasizes what sources might be found, this chapter has more speci�c focus on the consequences
of these discoveries and how they would relate to the general population of neutron stars and our
understanding thereof.

2. Magnetars

Without doubt the most dramatic and radiatively unpredictable of NSs are the so-called �mag-
netars,� believed to be very young and the most highly magnetized of the population. These objects,
of which 26 are currently known (Olausen & Kaspi 2014)1, have as their hallmark emission bright
occasional super-Eddington bursts of X-rays and soft gamma rays. The energy source for these

1See online magnetar catalogue at http://www.physics.mcgill.ca/ pulsar/magnetar/main.html
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bursts, as well as for the luminous X-ray pulsations observed from many in this class of objects, is
believed to be the decay of an intense internal magnetic �eld, which causes stresses and fractures
of the stellar crust (Thompson & Duncan 1995, 1996). These �elds are inferred from a variety
of different arguments (see, Thompson & Duncan 1996) but arguably most commonly from the
spin period and period derivative measured from the X-ray pulsations via the conventional dipole
spin-down formula: B = 3:2�1019

p
P �P G, often yielding dipolar B-�elds > 1014 G. Outstanding

questions regarding magnetars include the origin of such high magnetic �elds (Damour & Tay-
lor 1992), what fraction of the NS population is born as magnetars (Keane & Kramer 2008), and
whether there is an evolutionary relationship between magnetars and other NSs, such as high-
magnetic-�eld radio pulsars (see Section 3 below) or isolated NSs (Turolla 2009). Recently, Klus
et al. (2014) have suggested that magnetars may populate a group of high-mass X-ray binaries
observed in the Small Magellanic Cloud.

Of the 26 known magnetars, only four have been radio-detected thus far (Camilo et al. 2006,
2007a; Levin et al. 2010; Eatough et al. 2013) in spite of sensitive searches of many others (Bur-
gay et al. 2006; Crawford et al. 2007; Lazarus et al. 2012). The four solidly detected magnetars
show interesting radio properties. The �rst radio-detected magnetar, XTE J1810�197 (Camilo
et al. 2006), became a bright radio pulsar only after its 2003 X-ray outburst, and showed a re-
markably �at radio spectrum, at some point being the brightest known radio pulsar above 20 GHz.
Extreme variability as well as a very high degree (� 100%) of linear polarization were also ob-
served (Kramer et al. 2007; Camilo et al. 2007b) as well as dramatic pulse pro�le changes (Camilo
et al. 2007c). Meanwhile, the second-detected radio magnetar, 1E 1547.0�5408 (Camilo et al.
2007a), has shown properties quite similar to those of XTE J1810�197. A third radio-loud mag-
netar, PSR J1622�4950, was discovered (Levin et al. 2010) in apparent X-ray quiescence during
a standard survey for radio pulsars, hence making it the �rst radio-discovered magnetar. It too
was characterized by extreme variability, with epochs during which it was undetectable, and a �at
or even inverted radio spectrum. Subsequent X-ray observations suggest that it is likely recover-
ing from an earlier X-ray outburst (Anderson et al. 2012), further suggesting that magnetar radio
emission is associated with post-outburst events.

Very recently, a fourth radio magnetar, SGR J1745�29, was discovered via its X-ray emission,
only 300 from the Galactic Centre (Mori et al. 2013). The subsequent radio detection (Eatough
et al. 2013; Shannon & Johnston 2013) showed again high linear polarization, and the largest
dispersion and rotation measures for any known pulsar. In contrast to the other three radio-detected
magnetars, this source appears to be far less radio variable, even as the X-ray emission fades (Kaspi
et al. 2014; Lynch & Kaspi 2015). Interestingly, the high Faraday rotation as inferred from radio
observations argues for a dynamically signi�cant magnetic �eld near the central super-massive
black hole, relevant to the physics of the accretion �ow (Eatough et al. 2013). Importantly, a multi-
wavelength pulse pro�le study (Spitler et al. 2014) shows the pulse is scatter-broadened by an
order of magnitude less than was predicted by the in-standard-use Cordes & Lazio (2002) model,
a conclusion supported by radio angular broadening measurements (Bower et al. 2014). This is
signi�cant for potential SKA pulsar searches of the Galactic Center region (see, Eatough et al.
2015; Keane et al. 2015), as it implies pulsars may be easier to �nd there than has been previously
thought (Chennamangalam & Lorimer 2014), particularly at high radio frequencies such as SKA1-
MID band 5, even in spite of the very few detections thus far in relatively high-frequency surveys
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(Bates et al. 2011). The radio detections of pulsars within the central parsec of the Galaxy could
allow unique dynamical tests that could constrain properties of the central super-massive black hole
as well as test theories of gravity (Pfahl & Loeb 2004; Liu et al. 2012; Eatough et al. 2015).

2.1 The contribution of SKA

The SKA will be of great use for the radio study of magnetars. Current upper limits on radio
observed, but yet undetected, sources are in the range of 0.01�0.04 mJy for periodic emission and
0.1�10 mJy for single pulses, depending on pulse width (e.g. Lazarus et al. 2012). SKA sensitivities
are up to an order of magnitude better than was previously possible, thereby greatly increasing the
available phase space for detection at a wide range of frequencies. The detection and/or improved
upper limits for additional sources will help determine if the bulk are indeed radio quiet, as might
be expected in some models of pulsar emission (Baring & Harding 2001) or due to small beaming
angles (Lazarus et al. 2012). The SKA detection of radio emission from a magnetar which previ-
ously appeared to have faded beyond observability in the radio band could demonstrate persistent
low-level radio emission. A comparison of the radio properties of such a source in radio quies-
cence with those when it was in outburst may be further constraining of models. Differences in
polarization pro�les between these two states could prove to be highly effective diagnostics of geo-
metric differences expected in twisted magnetosphere models (Thompson et al. 2002; Beloborodov
& Thompson 2007). Regular monitoring of magnetars with SKA-type sensitivities could help de-
termine whether their hallmark bursts are present in the radio band as has been suggested in some
burst models (Lyutikov 2002). Furthermore, some authors have suggested fundamental physics
experiments with magnetar radio emission, such as axion detection using photon beam splitting
(Guendelman & Chelouche 2011), which may be facilitated with more sources detected.

3. High B-Field Radio Pulsars

One question regarding the NS population is what distinguishes magnetars from otherwise
apparently conventional radio pulsars which appear, from their P and �P, to have magnetar-strength
B-�elds. Indeed currently there are 9 known, otherwise conventional radio pulsars, having spin-
inferred surface dipolar magnetic �eld strengths above 4:4� 1013 G (a somewhat arbitrary limit
derived from the so-called �quantum critical �eld� B = m2c2=flhe), with the highest known being
B = 9:4� 1013 G for PSR J1847�0130. Such �elds clearly overlap, and in some cases exceed,
those of magnetars, for which the smallest spin-inferred dipolar magnetic �eld is a paltry B =

6:1�1012 G (Rea et al. 2013). Therefore, there is reason to expect potential magnetar-like behavior
in high-B radio pulsars. Indeed, PSR J1846�0258 in the SN remnant Kes 73 has shown magnetar-
like phenomenology (Gavriil et al. 2008) in the form of a short-lived X-ray outburst simultaneous
with a large rotation glitch. Deep X-ray observations of high-B radio pulsars using telescopes like
Chandra and XMM-Newton have also shown strong evidence for enhanced thermal X-ray emission
from high-B radio pulsars relative to that seen in lower-B radio pulsars of comparable age (Kaspi
& McLaughlin 2005; Zhu et al. 2011; Olausen et al. 2013). This could be understood in terms of
magneto-thermal evolution in NSs, in which B-�elds decay internally, releasing energy and keeping
the NS hot (Aguilera et al. 2008; Perna et al. 2013).
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3.1 The contribution of SKA

The discovery of new high-B radio pulsars in surveys with the SKA has the potential to make
important progress in this �eld, primarily because of the paucity of high-B pulsars currently known.
With new examples, together with follow-up X-ray observations, particularly with future high-
throughput X-ray missions such as ATHENA2, additional data points can be added on NS cooling
curves (Olausen et al. 2013). Given the expectations for the numbers of pulsars to be discovered
with SKA, and assuming the current ratio of high-B radio pulsars to the rest of the population
(�0.4%) continues to hold, SKA should discover 50�100 new high-B sources for X-ray follow-up.

Moreover, regular monitoring of these high-B radio pulsars for timing purposes is likely to
reveal many spin glitches, particularly given how ubiquitous and dramatic such events are in mag-
netars (Dib et al. 2008; Dib & Kaspi 2014): spin-up and -down glitches have been observed and
are generally accompanied by �ux enhancements as well as pulse pro�le changes and bursts. The
timely detection of a glitch in a high-B radio pulsar could yield an opportunity for rapid X-ray
follow-up observations to search for an X-ray outburst. Indeed, there already exist three examples
of high-B radio pulsars exhibiting interesting pulse variability at glitch epochs (Gavriil et al. 2008;
Weltevrede et al. 2011; Keith et al. 2013). The discovery of new, young high-B radio pulsars could
permit the measurement of more braking indices. The young radio pulsar PSR J1734�3333 has
B = 5� 1013 G, and a braking index of only n = 0:9� 0:2 (Espinoza et al. 2011), the lowest yet
measured for any radio pulsar and well below the canonical n = 3 expected for magnetic dipole
radiation in a vacuum. Such a low braking index can be interpreted as resulting from magnetic-�eld
growth, suggesting that magnetars could be descendants of high-B radio pulsars.

4. Central Compact Objects and Neutron Stars in Supernova Remnants

Another group of NSs are the central compact objects (CCOs; see e.g. Pavlov et al. 2002).
These are isolated, non-variable point sources associated with supernova remnants (SNRs), seen
in thermal X-rays. So far they are without optical or radio counterparts (although the latter are
single-dish limits). CCOs have low X-ray luminosities (� 1033 ergs�1) and do not have associated
pulsar wind nebulae, suggesting that these stars are NSs which may not yet be active as pulsars.
There are currently eight con�rmed CCO sources plus three candidates3 (Weisskopf et al. 2006; de
Luca 2008; Gotthelf et al. 2013) and multi-wavelength observing campaigns have been undertaken
to search for more sources in nearby SNRs (Kaplan et al. 2006). For three of the CCOs, the spin
characteristics (P and �P) are known (see Figure 1) from X-ray timing observations and indicate
surprisingly low magnetic �elds (� 1010 G, now in two cases, e.g. Gotthelf et al. (2013)).

Despite the small number of known CCOs it is possible to estimate a minimum Galactic
birth rate of these sources using the ages estimated from the SNR expansion times. This yields
βCCO � 0:5 century�1 (Gaensler et al. 2000). CCOs are thus a signi�cant contributor to the so-
called �NS birthrate problem� (Keane & Kramer 2008): the problem that arises if one assumes all
of the various NS manifestations discussed in this chapter are evolutionarily independent. Their cu-
mulative birthrate does not tally with the estimated core-collapse SN rate for the Galaxy and so the

2http://www.the-athena-x-ray-observatory.eu/
3Some authors also de�ne 1E 161348�5055, the variable X-ray source associated with the RCW 103 SNR as a

CCO. However here we follow the de�nition of Halpern & Gotthelf (2010) and take CCOs as having steady X-ray �ux.
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various groups must evolve into one another along as yet uncertain evolutionary sequences. More-
over, the spin-inferred magnetic �elds of CCOs are so small that their expected lifetimes above
the death-line in the P- �P diagram are tens to hundreds of millions of years; this con�icts strongly
with the apparent paucity of sources in this region of the P- �P diagram, if the typical CCO is a radio
emitter. CCOs are thus a very important part of the puzzle on NS evolutionary pathways.

4.1 The contribution of SKA

A deep investigation with both SKA1 and SKA2 could determine once and for all whether
CCOs are radio emitters. In addition to the CCOs, there are currently 55 pulsars with SNR associa-
tions. Figure 1 shows that these sources are predominantly �young� with τc = 104�5 yr, consistent
with the short lifetimes of visible SNRs. The �older� sources with SNR associations are either
chance superpositions (Bogdanov et al. 2014) or are in fact young, i.e. having been born with a
slow birth period causing their characteristic age to be much larger than their true age. The SKA
will enable unprecedented deep searches of all of the Galactic SNRs visible in the SKA-sky and
will �rmly detect all of those showing even minute levels of radio pulsar emission. Timing these
pulsars with the SKA will allow measurement of their spin characteristics and thence enable us to
�rewind� the spin history of these stars to determine a more realistic birth period distribution for
pulsars, a notoriously dif�cult aspect of pulsar evolution to model (Faucher-GiguŁre & Kaspi 2006;
Noutsos et al. 2013).

5. Rotating Radio Transients

Rotating radio transients (RRATs) are a class of pulsars from which pulses are only sporadi-
cally detectable (McLaughlin et al. 2006). The appropriate de�nition of this class of objects, and
indeed whether a de�nition is even necessary, has been debated (Keane & McLaughlin 2011). Here,
we de�ne RRATs as NSs which were originally detectable only through their single pulses and not
through a periodicity search (though we exclude the �rst pulsars discovered before the regular ap-
plication of periodicity searches). Using this de�nition, there are roughly 100 known RRATs4.
Their periods range from 0.125 s to 7.7 s, with a mean of 2.6 s. A fraction (�20%) of the RRATs
do not yet have determined periods due to a small number of detected pulses. These periods show
some evidence of being longer than those of other pulsars. It is unclear if longer-period pulsars
become sporadic emitters, or if this is a selection effect due to the smaller number of pulses in an
observation � and hence, for longer period pulsars, higher likelihood of being more detectable in
a single-pulse search.

Measuring period derivatives for RRATs often requires much more observing time than for
normal pulsars due to their sporadic emission. Therefore, only�25% of the RRATs have measured
period derivatives (cf. Figure 1). These do not appear to be signi�cantly different than the period
derivatives of other pulsars, but due to the longer periods, the inferred surface dipole magnetic
�elds of the RRATs are possibly higher than for other pulsars, with a mean of 3�1012 G.

When the discovery of the RRATs was �rst announced (McLaughlin et al. 2006), it was be-
lieved that they were a new class of radio-emitting NSs. Under this assumption, their sporadic

4See the online catalogue of RRATs at http://astro.phys.wvu.edu/rratalog
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properties imply that for each detected RRAT, there are many more undetected objects, leading
one to infer a very large population of these sources, and hence NSs, in the Galaxy (McLaughlin
et al. 2006). This issue was further explored and Keane et al. (2010) found that, assuming that
the RRATs form a population distinct to other NSs, the total inferred number of Galactic NSs is
discrepant with Galactic SN rate estimates. One solution to this problem is if RRATs are a part of
the same population as other pulsars.

This assumption seems reasonable, given the similarity between the properties of RRATs and
other pulsars, and the apparent continuum in intermittency bridging these two (perhaps not distinct)
populations. Studies of the single pulses of RRATs indicate that their brightness temperatures are
no greater than the single-pulse brightness temperatures for other pulsars. In addition, the pulse
shapes and widths of RRAT pulses are similar to those of other long-period pulsars. Furthermore,
some RRATs were initially detectable only through their single pulses, but with observations at a
lower frequency or with a more sensitive telescope, they are detectable through periodicity searches
like normal pulsars. It is therefore plausible to assume that RRATs are simply pulsars which sit on
the tail end of a continuous intermittency spectrum and are not part of any special population.

6. Intermittent Pulsars

While there has been progress in the theoretical understanding of the magnetospheric pro-
cesses in pulsars (e.g. Contopoulos et al. 1999; Spitkovsky 2006), some of the most important ex-
perimental insight comes from the study of a class of NSs called intermittent pulsars. The archetype
of this relatively recently discovered class is radio pulsar B1931+24 (Kramer et al. 2006a; Young
et al. 2013), which is only active for a few days between periods of roughly a month during which
the pulsar is not detectable. The fact that pulsars are able to switch on and off is something that
has been known for a long time and is often observed at much shorter timescales, in which case it
is known as nulling (e.g. Backer 1970; Wang et al. 2007). The exciting result for the intermittent
pulsars is that these sudden switches are accompanied by changes in the spin-down rate of the NS
rotation, suggestive of signi�cant changes in the torque generated by magnetospheric currents. For
PSR B1931+24 the spin-down was shown to be 50% larger when the radio emission of the pulsar
is in the on-state compared to the off-state (Kramer et al. 2006a), explaining at the same time the
seemingly noisy timing behaviour for this source (see Figure 2).

Besides PSR B1931+24, there are only two other intermittent pulsars known which change
their spin-down rate. For PSR J1832+0029 (Lorimer et al. 2012) the spin-down rate changes by
a factor of 1.8, while for PSR J1841�0500 (Camilo et al. 2012) the spin-down rate changes by a
factor of 2.5. All three intermittent pulsars appear to be part of the bulk of the pulsars in the P- �P di-
agram. At �rst, it may seem somewhat surprising that radio emission is linked to the spin-down
rate of pulsars. The amount of energy in the radio emission is tiny in comparison to the total loss
rate of the rotational energy of the NS (i.e. �E), so one could expect the radio emission to be an in-
dicator of higher order effects rather than fundamental processes within the pulsar magnetosphere.
Nevertheless, the radio emission appears to be a tracer of powerful currents in the magnetosphere.

The behavior of intermittent pulsars can be explained by a relatively simple two-state magne-
tospheric model (Kramer et al. 2006a; Li et al. 2012). In one of the states the open �eld line region
is �lled with a co-rotating plasma which as a consequence should have the Goldreich�Julian den-
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