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1 INTRODUCTION

ABSTRACT

Millisecond pulsars (MSPs) and normal non-recycled pulsars are both detected in y-rays.
However, it appears that a much larger fraction of known energetic and nearby MSPs are
detected in y-rays, in comparison with normal pulsars, thereby making undetected y-ray
MSPs exceptions. In this paper, we demonstrate that the viewing angles (i.e. between the
pulsar spin axis and the line of sight) are well described by the orbital inclination angles
which, for binary MSPs with helium white dwarf companions, can be determined using the
relationship between the orbital period and the white dwarf mass. We use the predicted viewing
angles, in complement with values obtained from other constraints when available, to identify
the causes of non-detection of energetic and nearby MSPs from the point of view of beaming
geometry and orientation. We find evidence for slightly different viewing angle distributions,
and postulate that energetic and nearby MSPs are mainly undetected in y-rays simply because
they are seen under unfavourable (i.e. small) viewing angles. We finally discuss the magnetic
fields of y-ray detected pulsars and show that pulsars which are efficient at converting their
rotational energy into y-ray emission may have overestimated dipolar magnetic field strengths.

Key words: stars: neutron —pulsars: general —pulsars: individual: J0218+4232 —pulsars: in-
dividual: J0034—0534 —pulsars: individual: J1327—0755 —pulsars: individual: B1855+09 —
gamma-rays: general.

LAT Second Source Catalog (Nolan et al. 2012), and for which
y-ray pulsations were later revealed by folding the LAT data using

In its first five years of activity, the Large Area Telescope
(LAT), main instrument of the Fermi Gamma-ray Space Telescope
(Atwood et al. 2009), has detected pulsed y -ray emission from more
than 130 pulsars,' revolutionizing our understanding of high-energy
emission from pulsars. More than a third of these y-ray pulsars are
millisecond pulsars (MSPs), i.e. neutron stars with short rotational
periods (P < 30 ms), thought to have been spun up by the transfer
of angular momentum via accretion of matter from a binary com-
panion (Alpar et al. 1982; Bhattacharya & van den Heuvel 1991;
Tauris & van den Heuvel 2006). y-ray MSPs are detected either
by folding the y-ray photon arrival times using ephemerides from
radio timing measurements (e.g. Abdo et al. 2009; Guillemot et al.
2012b; Espinoza et al. 2013) or discovered through radio searches
of unassociated y-ray sources, such as those listed in the Fermi-
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radio ephemerides of such newly discovered pulsars (e.g. Ransom
et al. 2011; Guillemot et al. 2012a; Barr et al. 2013). A first direct
discovery of an MSP in the Fermi LAT data has also been reported
(Pletsch et al. 2012). MSPs thus represent an important subpopula-
tion among y-ray pulsars, the dominant class of GeV y-ray sources
in our Galaxy (see the Second Fermi Large Area Catalog of y-ray
pulsars; Abdo et al. 2013).

As is also the case for the normal population of pulsars, the
detected y-ray MSPs tend to be nearby and energetic objects,
with large values of the spin-down luminosity £ = —IQQ =
471 P/ P3, where I denotes the moment of inertia, generally as-
sumed to be 10% gem?, Q = 27t/ P is the angular velocity, and P
is the spin-down rate. However, one important difference between
the two pulsar populations resides in the much larger fraction of
MSPs with high values of E/d? that are detected in y-rays, com-
pared to the normal pulsar population. This large fraction of nearby
and energetic radio MSPs detected in y-rays, and also the lack of
radio-quiet y-ray MSPs, are interpreted as being due to the radio
and y-ray beams covering large and comparable fractions of the
sky, in contrast to normal pulsars which have narrow radio beams
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(Abdo et al. 2013). Radio and y-ray detectabilities of pulsars and
their dependence on beaming and E have also been discussed in
e.g. Ravi, Manchester & Hobbs (2010), Watters & Romani (2011),
and Takata, Wang & Cheng (2011).

Nevertheless, some high E /d? MSPs escape detection in y-rays,
despite deep pulsation searches in the LAT data using highly precise
radio ephemerides. For these undetected MSPs the distance may be
larger than estimated; this can be the case for distances derived from
models of the column density of free electrons in the Galaxy such as
the NE2001 model (Cordes & Lazio 2002; Deller 2009). They may
also have unfavourable orientations, preventing the y-ray beams
from crossing our line of sight.

In this paper, we discuss the latter possibility by studying and
comparing the viewing geometry of two samples of radio MSPs
that are either detected or undetected in y-rays, respectively. Pulsar
geometry angles (namely the magnetic inclination angle between
the spin axis and the magnetic dipole axis, «, and the viewing
angle between the spin axis and the line of sight, ¢) are usually
extracted from fits of radio polarization with the rotating vector
model (RVM; Radhakrishnan & Cooke 1969), or from joint fits
of radio and y-ray pulse profiles in the context of geometrical
models of emission from pulsars (e.g. Pétri 2011; Venter, Johnson
& Harding 2012). The former method generally does not work for
MSPs, which exhibit complex polarization position angle variations
that cannot be modelled with the RVM (e.g. Yan et al. 2011; Keith
et al. 2012), while the latter technique is only applicable to pulsars
detected in both radio and y-rays.

Here, we estimate viewing angles ¢ of radio MSPs with helium
white dwarf (He WD) companions based on binary evolution ar-
guments. Including this novel method strongly increases the total
number of pulsars with estimated ¢ angles and thus allows for a
robust statistical analysis of y-ray emitting MSPs in view of the
¢ values. In Section 2, we present our method for estimating the
¢ angle for MSPs in binary orbits with He WD companions and
test the validity of this method. In Section 3, we present our main
results and investigate potential differences in the viewing angles
of MSPs detected or undetected in y-rays. Furthermore, we high-
light a few individual MSPs and place interesting constraints on
their masses or distances. Finally, we analyse and comment on the
inferred dipole magnetic fields (B-fields) of efficient y -ray emitting
pulsars in Section 4. The latter sections are followed by a discussion
of our results, and we summarize our findings in Section 5.

2 ESTIMATING THE VIEWING ANGLES

2.1 Predictions based on binary evolution

It is well established that MSPs originate from low-mass X-ray bi-
naries (LMXBs; Alpar et al. 1982; Bhattacharya & van den Heuvel
1991; Wijnands & van der Klis 1998; Archibald et al. 2009). In
LMXBs with initial orbital periods larger than a few days, the
donor star will not fill its Roche lobe until it is in the Hertzsprung
gap or has moved up the red giant branch (RGB). For low-mass
stars (<2.3 M) on the RGB, there is a well-known relationship
between the mass of the degenerate helium core and the radius of
the giant star — almost entirely independent of the mass present
in the hydrogen-rich envelope (Refsdal & Weigert 1971; Webbink,
Rappaport & Savonije 1983). This relationship is very important for
the formation of binary MSPs because it results in a unique relation-
ship between their final orbital period (P,,) and white dwarf mass
(Mwp) following the mass-transfer phase (Joss, Rappaport & Lewis
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1987; Savonije 1987; Rappaportetal. 1995; Tauris & Savonije 1999;
De Vito & Benvenuto 2010; Shao & Li 2012). The companions of
these MSPs are He WDs with masses 0.13 < Mwp/Mg < 0.46.
The predicted correlation between Myp and P, has previously
been somewhat difficult to verify observationally since few MSPs
had accurately measured masses of their companion star. However,
over the past decade the correlation has been confirmed from mass
measurements obtained from e.g. pulsar timing (Shapiro delay) or
optical observations of He WD companions (e.g. van Kerkwijk
et al. 2005). This verification motivates us to apply the method pre-
sented in this study. As a consequence of loss of orbital angular
momentum due to magnetic braking (e.g. van der Sluys, Verbunt
& Pols 2005), LMXB systems with initial Py, < 2d are expected
to be dragged towards each other and end up as close-binary MSPs
with P, as short as a few hours (Ergma, Sarna & Antipova 1998;
Podsiadlowski, Rappaport & Pfahl 2002; Deloye & Bildsten 2003).
Therefore, due to the still unknown strength of magnetic braking,
the Mwp— Py relation is less trustworthy for binary pulsars with
Po, < 1d (where He WDs have masses between 0.13—0.18 M¢y;
the lower value is related to the Chandrasekhar—Schonberg limit),
albeit still in accordance with observations. Some LMXB donor
stars remain hydrogen rich and bloated which prevents them from
terminating their mass-transfer process and forming a detached He
WD. These donors, which often suffer from ablation via the pul-
sar wind, can have their masses reduced significantly, leading to
black-widow-type MSP systems (Chen et al. 2013; Roberts 2013),
or even complete evaporation and formation of an isolated MSP, in
some cases possibly surrounded by an asteroid belt (Shannon et al.
2013).

The long time-scale (103-10° yr) of mass transfer in an LMXB is
expected to cause the spin axis of the MSP to align with the orbital
angular momentum vector of the system (Hills 1983; Bhattacharya
& van den Heuvel 1991). Therefore, for such recycled pulsars the
viewing angle is assumed to be equivalent to the orbital inclination
angle, i.e. { = i. Observations of the Doppler-shifted pulse signal
yield the so-called mass function, f, of a binary pulsar obtained from
P, and the projected semimajor axis of the pulsar orbit, a, sini.
This mass function provides a relation between Myp, the MSP mass
(Mys), and the orbital inclination angle of the system, i = ¢:

47 (ay sini)® (Mwp sini)?

S(Mxs, Myp, i) = —— = .
G P, (Mns + Myp)?

ey

Here, we use the Mwp— Py, relation of Tauris & Savonije (1999),
hereafter TS99, to estimate Myp from the observed P, of binary
MSPs in the Galactic disc? and thereafter obtaining ¢ values, using
either measured constraints on Mys or an assumed range of most
probable values for Mys (see Fig. 1). The results from this method
can be tested directly against the ¢ values obtained from the mod-
elling of the radio and y-ray profiles, as described below. As we
shall now demonstrate, these two completely independent methods
yield comparable results, which is not only another validation of the
Mywp— Py, relation but also justifies calculating ¢ values of MSPs
for which no y-ray pulsations are observed. In addition, it gives
support to the hypothesis of MSP spin axes being aligned with their
orbital angular momentum vectors.

2We do not include MSPs in globular clusters since these binaries are
embedded in a dense stellar environment and thus suffer from frequent
exchange collisions and other encounters perturbing their orbits (Heggie
1975).
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Figure 1. For any given MSP orbiting an He WD, and with measured
mass function, fiMwp, Mns, i), we can constrain the orbital inclination
angle, 7, of the system using the Mwp— Py relation of TS99 for an as-
sumed range of reasonable neutron star masses. Here is plotted the solu-
tion for PSR J0218+4232. The measured Py, = 2.03d yields the narrow
interval of possible WD masses (0.207—0.225M(,)), as indicated by the
orange horizontal band, from which we obtain 48°8 < i < 72°7, assum-
ing Mns = 1.32—1.74 M (blue lines outlining the 1o interval centred on
(Mns) = 1.53M(y). See the text for further discussions.

2.2 Viewing angle predictions for a sample of MSPs

To demonstrate that the TS99 relation provides a good estimator of
pulsar viewing angles, ¢, and to study the influence of ¢ in the de-
tectability of radio MSPs in y -rays, we started by selecting Galactic
disc MSPs (here defined as pulsars with P < 30 ms) from the 1.47
version of the Australia Telescope National Facility (ATNF) pulsar
catalogue® (Manchester et al. 2005). We selected MSPs in binary
systems and likely to be orbiting He WD companions, using the
‘BinComp’ parameter, based on the criteria defined in the appendix
of Tauris, Langer & Kramer (2012). For each of the selected MSPs,
spin-down rates P, distances* d, and transverse proper motions i
were taken from the catalogue. For the y-ray MSPs J17414-1351
and J1902—5105, no P value is available in the ATNF catalogue,
and we have thus used the values reported in Abdo et al. (2013).
For pulsars with known transverse proper motions, we corrected the
P values from the kinematic Shklovskii effect (Shklovskii 1970),
which acts to make the observed P values greater than the intrinsic
ones by ~2.43 x 1072 57! Py dpc ui, where P is the MSP spin
period in ms, d, is its distance in pc, and (i is its proper motion in
arcsecyr~!. In a few cases, the corrections exceeded the observed
P values, leading to negative corrected spin-down rates. For these
pulsars, we kept the uncorrected P values, keeping in mind that the
intrinsic spin-down rates are likely to be significantly smaller. The
values of P and P were then used to compute spin-down luminosi-
ties E = 4m*1 P/ P?, and the quantity E/d?, which can be seen as
a figure of merit for y-ray detectability. We also compiled values of
the pulsar mass, Mys, and of sin i, available in the literature.

3 http://www.atnf.csiro.au/people/pulsar/psrcat/
4 Using the ‘DIST1” parameter of the ATNF pulsar catalogue.

On the non-detection of y-ray MSPs 2035

For the selected MSPs, we computed the viewing angles via
the TS99 relationship, following the prescriptions described in
Section 2.1 and using the measured Mygs values when known,
or assuming pulsar masses of 1.53 £ 0.21 M, (this value cor-
responds to the average mass observed for Galactic disc MSPs
with He WD companions; for a recent compilation see table 4
of Tauris et al. 2012). We note that in a few cases, namely
for PSRs J1125—6014, J1400—1438, J1709+2313, J1811-2405,
J1933—6211, and J2215+5135, no solutions were found for the in-
clination angle i assuming a pulsar mass of 1.53 M, indicating that
these pulsars could either have smaller masses or could originate
from intermediate-mass X-ray binaries for which the Mwp— Po,
relation does not apply. We discarded these pulsars from our anal-
ysis. The selected pulsars and the associated measured and derived
quantities are listed in Table 1.

As mentioned in the introduction, the viewing angle ¢ can be
estimated by fitting the radio and y-ray profiles of MSPs in the
context of theoretical models of emission from pulsars. Numerous
modelling efforts have been conducted, using a variety of emission
geometries (e.g. Venter, Harding & Guillemot 2009; Du et al. 2010;
Johnson 2011; Pétri 2011; Venter et al. 2012). Detailed comparisons
of theoretical treatments and results between these studies are be-
yond the scope of this paper. However, among published modelling
studies, Johnson (2011) has the largest number of consistently anal-
ysed radio and y-ray pulsars, and therefore, for simplicity we use
the preferred {i.c modeliing Values obtained from this study. We com-
plemented the list of {1.¢ modelling Values quoted in Table 1 by adding
the results of other recent modelling analyses using similar models
(e.g. Guillemot et al. 2012a), for pulsars not covered by Johnson
(2011).

Finally, we completed the list of MSPs with viewing angle esti-
mates in Table 1 by adding other MSPs with constraints on sini or
{LC Modeliing (i.€. MSPs without an He WD companion). Examples
include PSR J0737—3039A in the double pulsar system, for which
Kramer et al. (2006b) put strong constraints on the orbital incli-
nation angle, i, through radio pulsar timing observations, and the
isolated MSP J0030+0451, for which radio and y-ray light-curve
modelling analyses constrained the viewing angle, ¢ (e.g. Johnson
2011).

A plot of the predicted viewing angles, ¢ predicted, @S @ function
of the viewing angles determined from the modelling of radio and
y-ray pulse profiles, {1c Modeliing, 18 shown in Fig. 2. For pulsars
with sini constraints, we used the measured orbital inclination an-
gle as the viewing angle prediction. For other pulsars, the angle
estimated by the TS99 relation was used. With the exception of
PSR J0218+-4232, for which ¢1.¢ modelling and ¢ prediciea are markedly
different (this specific MSP will be discussed later, cf. Section 3.3),
the predicted and modelled viewing angles appear to be in good
agreement. Excluding PSR J0218+4232, we find an average dif-
ference between the two angles of (|{Lc Modelling — {Predicted ) 2= 8°,
with an rms of ~8°. Furthermore, we find a Spearman rank coeffi-
cient for this data set of r, ~ 0.88, close to 1, and therefore indeed
suggesting a positive correlation between {i.c Modeliing a0d ¢ predicted
values. A probability of chance correlation of only 8 x 107 is
found for this value of r;. Including PSR J0218+4232, the aver-
age difference becomes 11° with an rms of 13° and therefore also
consistent with 0. We conclude that the procedure described in this
section provides a reliable method for estimating the true viewing
angle of a pulsar. In the following, we use the ¢ angles determined
for the selected sample of MSPs to search for a possible relation
between MSP viewing angles and y-ray detectability.

MNRAS 439, 2033-2042 (2014)
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Table 1. Properties of radio MSPs likely to be orbiting He WD companions, according to the criteria defined by the appendix in Tauris et al. (2012). Also
included are MSPs with direct observational constraints on their orbital inclination, or with viewing angle constraints obtained from the joint modelling of
radio and y-ray emission profiles. For each pulsar, we quote the rotational period P, the observed spin-down rate P, and the orbital period P, and projected
semimajor axis ap sini for pulsars in binary systems. Distances d are taken from the ‘DIST1" column of the ATNF pulsar catalogue, as well as transverse
proper motions 1 | . For pulsars with known p | values, the spin-down luminosities E and E/d* quantities were corrected for the Shklovskii effect. In some
cases, the corrections exceeded the values themselves; for these pulsars, we give the uncorrected £ and E /d? values, and mark them with a t symbol. The ‘y’
column indicates whether the pulsar is detected in GeV y-rays, and the ‘n’ column reports the measured efficiencies of conversion of E into y-ray emission
(the assumed E and distance values may differ from the ones given in this table). Measured neutron star masses and orbital inclination constraints are given
in the Mys and sini columns. The following two columns list viewing angle constraints obtained from the modelling of radio and y-ray light curves in the
context of geometrical models of emission from MSPs and the corresponding model assumed. The ‘{7599’ column gives the viewing angles as expected from
the TS99 relation, using the measured neutron star mass when available (values marked with a * symbol) or assuming a mass of 1.53 M¢. The last column
lists the references for the quoted 1, Ms, sini, and ¢L.c Modelling Values: (1) — Abdo et al. (2013), (2) — Guillemot et al. (2013), (3) — Hou et al. (2013), (4) —
Kaplan et al. (2012), (5) — Verbiest et al. (2008), (6) — Nice, Stairs & Kasian (2008), (7) — Kramer et al. (2006b), (8) — Lange et al. (2001), (9) — Deller et al.
(2012), (10) — Thorsett & Chakrabarty (1999), (11) — Demorest et al. (2010), (12) — Splaver et al. (2005), (13) — Antoniadis et al. (2012), (14) — Ferdman et al.
(2010), (15) — Gonzalez et al. (2011), (16) — Nice et al. (2003), (17) — Freire et al. (2011), (18) — Hotan, Bailes & Ord (2006), (19) — Deneva et al. (2012), (20)
— Nice, Splaver & Stairs (2001), (21) — Guillemot et al. (2012a), (22) — Kasian (2012), (23) — Callanan, Garnavich & Koester (1998), (24) — Verbiest et al.
(2009), (25) — Lohmer et al. (2005), and (26) — Johnson (2011).

Pulsar P P Pop apsini d wi E E/d* y Mns Sini £1C Modelling Model 1599 Refs
(ms) (1072%) (d) (It-s) (kpc) (mas yr—") (103 ergs™!) (10¥ ergs~' kpc™2)  (per cent) M@) ©) ©)

J0030+0451 487 1.02 - - 03 57 3.5 44.0 Y 16 - - 6675 OG - - 26
J0034-0534 1.88 050 1.6 14 0S5 - 29.6 101.6 Y 33 - - 6977 alTPC 47.97%3 1,-,-,26
J0101-6422 257 052 18 17 06 156 10.0 31.8 Y 38 - - - S K P
J0218+4232 232 774 20 20 27 - 2437 34.2 Y 16 - - 8T TPC 58474 1,26
J0407+1607 2570 7.90 669.1 106.5 1.3 - 0.2 0.1 - - - - - - 29.653% -
J0437-4715 576 573 57 34 02 1413 2.6 101.8 Y 17 1767030 0.674(3) 6572 TPC 452M%%x 1,5.5.26
J0613—0200 3.06 096 12 1.1 09 108 12.1 15.0 Y 241 - - 427 TPC 442771 1,-,-,26
J0614—3329 315 175 53.6 276 19 - 22.1 6.1 Y 215 - - 76Y,  TPC 71.67%¢ 1,--26
J0621+1002 28.85 473 83 120 14 35  7.6x 1072 41x1072 - - 1701519 0.4(4) - - - - 6,22, -
J0737-3039A 22.70 17599 0.1 14 11 44 5.9 4.9 Y 10 13381700007 0.99974(39) 8673,  TPC - 2,7,7,2
J0751+1807 348 078 03 04 04 - 73 45.6 Y 35 1267000 0.94(4) 73t 0G 443%30% 1,6,6,26
J1012+5307 526 171 06 06 07 253 3.1 6.3 - - L6402 0.78(4) - - 40373%% 8,23,
J1017-7156 234 026 65 48 3.0 - 8.0 0.9 - - - - - L 1 L——
J1022+1001 1645 433 7.8 168 0.5 - 04 L4 - - - 0.7(1) - - - - 18,-
J1023+0038 1.69 120 02 03 14  18.0 83.6 44.5 - - L717018 0.67(3) - - 6347 % 9,9, -
J1045-4509 747 177 41 30 02 80 1.6 31.1 - - 119703 - - - 41278 % 10, -
J1125-5825 3.10 596 764 336 26 - 78.9 115 Y o9l - - - - 609T82 1, -
J1216—-6410 354 0.16 40 29 13 - 14 0.8 - - - - - - 484t -
J1231-1411 368 228 19 20 04 1044 18.01 93.0f Y 459 - - 69t]  TPC 69.577%7 1,-,-.26
J1327-0755 2.68 177 84 66 17 9838 36.4t 12.0% - - - - - R XA S
J1455-3330 7.99 243 762 324 05 245 L4 5.0 - - - - - - 5TATY -
J1543-5149 206 1.61 81 65 24 - 73.0 12,5 - - - - - e (O B S

JI600—-3053 3.60 095 143 88 24 72 7.1 1.2 Y 23 - 0.8(2) - - 5T.600% 124,
J1603-7202 1484 156 63 69 12 1718 0.2 0.1 - - - 0.89(7) - - - - 18,-
J1614-2230 3.5 096 87 113 13 - 12.1 7.5 Y 326 L97100: 09998945 78%¢  OG - LILIL26
J1618-39 1199 - 228 102 27 - - - - - - - - - 43377 -
J1622—-6617 23.62 640 16 1.0 22 - 0.2 38x 1072 - - - - - - 29609 -
J1640+2224  3.16 028 1755 553 12 114 2.1 L5 Y 14 - 0.995(5) - - 481 305
J1643—1224 462 1.85 1470 251 04 73 73 413 - - - - - - 2889 -
J1708-3506 451 230 149.1 33.6 238 - 9.9 13 - - - - - - 309M% -
JI71340747 457 085 67.8 323 1.1 6.3 33 3.0 Y 39 1537008 0.95(1) 735 0G 67.370%% 1,12,12,26
J1732-5049 531 142 53 40 14 - 37 1.9 Y 45 - - - — 55.80%0 3, -
J1738+0333 585 241 04 03 14 69 4.6 22 - - 1475000 0.539(15) - - R0k - 13,13,
J174141351 375 - 163 11.0 09 - 21.8 18.7 Y 15 - - - - 732ns -
J1744—1134 407 089 - - 04 210 4.1 235 Y 165 - - 85t3, PSPC - 1,-—26
J1745-0952 1938 925 49 24 18 239 0.2 7.0 x 1072 - - - - - 312M7 -
J1748-3009 9.68 - 29 13 5.1 - - - - - - - - S S H——
J1751-2857 391 L13 1107 325 L1 - 74 6.1 - - - - - - 3900 -
J1801-3210 745 027 208 78 4.0 - 0.3 L6x 1072 - - - - - - 3428y -
J1802-2124 12,65 726 0.7 37 29 49 1.4 0.2 - - 12475010 0.984(2) - - - - 14,14, -

MNRAS 439, 2033-2042 (2014)
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Table 1 — continued

On the non-detection of y-ray MSPs 2037

Pulsar P P Powy, apsini d ny E E/d2 y n Mns sini LC Modelling Model £T899 Refs
(ms) (1072°) (d) (t-s) (kpc) (masyr—') (103 ergs™') (103 ergs'kpc™2)  (per cent) Mp) ©) ©)
J1804-2717 934 409 111 73 08 - 2.0 33 - - 1.3704 - - 5091135 % 10, -, -
J1816+4510 320 4.10 04 06 24 - 49.4 8.6 Y 25 - - - - 68.6T% 4
J1835-0114 5.12 070 6.7 47 27 - 2.1 0.3 - - - - - B K A a————
J1841+0130 29.77 817.00 105 3.5 3.6 - 122 0.9 - - - - - B A ———
J1844+0115 4.19 1.07 50.6 142 4.0 - 5.8 0.4 - - - - - - 30678 -
J18504+0124 3.56 1.09 849 340 3.4 - 9.5 0.8 - - - - - 7 S T ———
J1853+1303 4.09 0.87 1157 408 2.1 34 4.9 1.1 - - 1.4707 - - — 46TTREx 15, -
JI857+0943 536 178 123 92 09 6.1 4.5 5.5 - - L5700 0.9990(7) - 90.0190, % -, 16,24, -
J1900+0308 4.91 059 125 67 58 - 2.0 58x107% - - - - - - 45910
J1902-5105 1.74 - 20 1.9 12 - 68.6 493 Y 52 - - 427 alTPC 55.30%%  1,-,-26
J1903+0327 2.15 1.88 952 1056 6.4 5.6 70.6 1.7 - = L66TT0 0.9760(15) - - - - 17,17, -
J1909-3744 2.95 140 1.5 1.9 13 371 25 1.6 - - L4710 0.9980(1) - - 79.65% % -, 18,24, -
J1910+1256 498 097 585 21.1 23 7.3 2.6 0.5 - - 1.670¢ - - — 44.0M87% 15— -
JI911—-1114 3.63 142 27 18 12 238 6.7 45 - - - - - - 3737 - - -
J1918—-0642 7.65 257 109 84 12 9.2 2.1 1.4 - - - - - - 82078, -
J193541726 420 - 908 320 32 - - - - - - - - - 4657 -
J193942134 1.56 1051 - - 50 08 1097.6 439 Y 13 - - 828, alITpC - 1,-,-26
J194943106 13.14 939 1.9 73 65 59 15 35x102 - - 147508 0.985(6) - - - - 19,19, -
J195542908 6.13 297 1173 314 46 42 4.9 0.2 - - - - - - 35607 -
J195942048 1.61 1.69 04 01 25 304 75.0 12.1 Y 165 - - 8317 alTPC - 1,-,-26
J20174+0603 2.90 0.83 22 22 16 - 13.5 55 Y 755 - - 6818 0G 6248 1,-,-,26
J2019+2425 3.93 070 76.5 388 15 226 4.6t 2.1% - = 1205703% - - - 62381 % -20,— -
J2033+1734 595 1.11 563 202 20 125 12 0.3 - - - - - Y (A
J2043+1711 238 052 15 16 18 13.0 103 3.3 Y 79 1.857013  0.990(8) 7872 TPC 81.57%2 % 1,21,21,21
J2124-3358 493 206 - - 03 523 35 39.3 Y 108 - - 203 PSPC - 1,-,-26
J2129-5721 373 209 66 3.5 04 133 15.4 96.4 - - - - - - 3767 -
J221443000 3.12 140 04 01 15 - 18.2 7.7 Y 484 - - 1448 aTPC - 1, - 26
1222942643 2.98 0.15 930 189 14 170 2.2t 1.0% - - - - - - 24908 -
J2302+4442 519 133 1259 514 12 - 3.8 2.7 Y 162.6 - - 4677 TPC 642715 1,-,-,26
1231741439 345 024 25 23 08 76 1.9 2.8 - - - - - - I a———

3 RESULTS

3.1 The distribution of MSP viewing angles

We assign viewing angles, ¢, to the MSPs in our sample in the
following priority order:

(i) for MSPs with viewing angle constraints obtained from light-
curve modelling analyses, the best-fitting ¢ value is used,

(ii) if ¢ constraints from light-curve modelling studies do not ex-
ist, but the quantity sin i has been measured from e.g. determination
of the Shapiro delay or optical observations of the companion, we
use i for the viewing angle, assuming that it is equivalent to ¢ in
these systems, as discussed in Section 2.1,

(iii) if the above measurements do not exist, we calculate ¢ using
the TS99 relation, as described in Section 2.1.

Fig. 3 displays the distribution of viewing angles for our total
sample of 70 MSPs. A x? test shows that the derived distribution is
consistent with that expected for an isotropic (sine-like) distribution
at the 85 per cent confidence level, which supports our trust in the
applied methodology presented here in determining the ¢ values.

It is interesting to note that the distribution of viewing angles
shown in Fig. 3 does not appear to favour any particular direction.
An anisotropy in the viewing angle distribution could for example

result from the alignment of the magnetic axis with the spin axis
(Tauris & Manchester 1998, and references therein). Thus, assuming
that radio emission beams are produced above the magnetic poles
and have a certain width would make pulsars seen under large
viewing angles unlikely to be detected if the angles, o, between the
spin axis and the magnetic axis were preferentially closer to 0. With
an isotropic distribution of viewing angles, we could infer that the
distribution of o angles is also isotropic for this sample, or only
weakly directional. This conclusion must at present be taken with a
grain of salt as the number of pulsars in the sample is very limited.

3.2 y-ray detectability of radio MSPs

In Fig. 4, we show a plot of E/d? as a function of the rota-
tional period for the MSPs in our sample. As expected, y-ray de-
tected MSPs occupy the upper part of the plot which confirms that
E/d? is a good measure of potential detectability in y-rays. Two
thirds of the MSPs in our sample with E/d? values larger than
~3 x 10% erg s~ kpc~? are detected in y-rays, and the 50 per cent
detection level corresponds to E/d? ~ 8 x 103 ergs™' kpc 2. It
should be noted that nearly all MSPs in our sample with E/d>
values above 8 x 10%?ergs™' kpc=2 have spin-down luminosities
E larger than a few times 10% ergs~' and are therefore potential
y-ray emitters: the least energetic y-ray MSPs detected to date by
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Figure 2. Predicted viewing angles as a function of the values determined
from the joint modelling of radio and y-ray light curves, for MSPs detected
in both radio and y-rays. The filled symbols indicate MSPs with directly
measured constraints on the orbital inclination angle, i, and open symbols
represent predictions based on the TS99 relation. See Section 2.2 for addi-
tional details on the determination of ¢ predicted and {LC Modelling- A discussion
of the two solutions shown for PSR J02184-4232 is given in Section 3.3.
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Figure 3. Distribution of viewing angles, ¢, for MSPs with radio and y -ray
light-curve modelling constraints (blue, cross-hatched), with orbital incli-
nation measurements (purple, hatched), or with viewing angle predictions
based only on the TS99 relation between Mwp and Py, (grey shaded). See

Section 3.1 for details on the construction of the histogram. The dashed blue
line indicates the expectation of an isotropic distribution of viewing angles.
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Figure 4. Spin-down luminosity, £, normalized by the square of the dis-
tance, d, as a function of the rotational period, P, for the sample of MSPs
selected in Section 2.2. MSPs detected as pulsed sources of y-rays are
shown as green stars, while red circles represent undetected ones. Whenever
possible (filled symbols), the E values were corrected for the Shklovskii
effect. The right-hand panel shows the fraction of y-ray-detected MSPs
in the sample, as a function of decreasing values of E/d?. The horizon-
tal dashed blue line, at E/d? = 8 x 10’2 ergs~! kpc™2, indicates the limit
above which 50 per cent of MSPs in this sample are detected in y-rays.

the LAT have E values close to 10% erg s ' (see e.g. fig. 9 of Abdo
etal. 2013). These sources with £ /d*> > 8 x 102 ergs~! kpc 2 can
therefore be used to identify the causes of non-detection of certain
MSPs in y-rays.

In Fig. 5, we show the distributions of viewing angles for
MSPs with E/d? > 1.5 x 10* ergs™' kpc™? and with E/d? >
8 x 10°? ergs~! kpc 2, respectively. In the former sample, 75 per
cent of the pulsars are seen in y-rays, while half of the objects in the
second sample are y-ray pulsars. We denote the two MSP samples
as S75 and Sso, respectively. Taken together, the distributions of ¢
angles for y-undetected and y -detected pulsars do not deviate much
from sine-like, isotropic distributions. Nevertheless, MSPs that are
not detected in y-rays appear to be distributed, on average, towards
smaller ¢ values compared to the detected ones: 38° versus 59° for
sample S75 and 53° versus 62° for sample Sso. A one-dimensional
Kolmogorov—Smirnov (KS) test (Press et al. 1992) indicates that
the probability that the y-detected and non-detected ones originate
from the same parent distribution is only about 3 per cent for each
of the two MSP samples. We note that the conclusion is the same
when only considering our predicted ¢ values and thus not using the
¢ values obtained from light-curve modelling studies: the average
¢ values for the various distributions are consistent with the ones
listed above to within 3° in all cases, and the KS test again indi-
cates a small probability of about 5 per cent that the y-detected and
non-detected pulsars originate from the same parent distribution for
both samples.

As can be seen from the modelling presented in e.g. Venter et al.
(2009) or Takata et al. (2011) for the outer gap and the two-pole
caustic emission geometries, y-ray detectability is determined by
the combination of the magnetic inclination angle, «, and the view-
ing angle, ¢. Pulsars with small viewing angles or small magnetic
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Figure 5. The distribution of viewing angles, ¢, for E/d?> > 1.5 x 10** ergs~! kpc™2 (left-hand panel) and for E/d? > 8 x 10°% ergs~! kpc™2 (right-hand
panel). The y-detected and undetected MSPs are marked in green and red, respectively. It is noted that the ratio of y-ray detected-to-undetected MSPs is about
3:1 for the very energetic, nearby MSPs in the left-hand panel and about 1:1 for MSPs with smaller values of E/d? in the right-hand panel.

inclination angles are often not expected to produce detectable
y-ray emission, either because of their emission beams not crossing
the line of sight to the Earth or as a result of weak modulation in
the emission making them difficult to detect. In contrast, under con-
figurations with large « or ¢ values, one generally expects marked
y-ray signal modulation with sharp peaks that are easily detected.
The present observational analysis supports these theoretical hy-
potheses: we find that there is a slight difference in the viewing
angle distributions for the y-ray MSPs and the non-detected MSPs,
although only at a marginally significant level, such that MSPs that
are non-detected in y-rays tend to have smaller viewing angles in
general. Therefore, we conclude that small values of the viewing
angle ¢ are at least partly responsible for the non-detection of MSPs
with large values of E /d?. Furthermore, we postulate that small val-
ues of o and/or the possibility of overestimated values of E /d? play
arole as well.

Our method for estimating the angles under which the MSPs
in binary systems are likely seen may be even more useful in the
future when significantly more pulsars are detected in the radio
and the y-ray domains. Thereby, this method, together with simple
statistical arguments based on beaming directions with respect to
the line of sight, can hopefully help to understand the causes of the
non-detection of some energetic pulsars in y-rays.

3.3 PSR J0218+4232

As noted from Fig. 2, PSR J0218+4232 (Navarro et al. 1995) is
quite an outlier with respect to the prediced = SLC Modelling diagonal.
The predicted value from the TS99 relation is roughly ¢rso9 &
60° £ 10°, depending on the assumed pulsar mass, Mys (see Fig. 1).
The most likely viewing angle suggested by Johnson (2011) from
modelling of radio and y-ray pulse profiles is much smaller, about
$LC Modelling = 8° & 6°. However, from the measured mass function
of the radio pulsar, it is highly unlikely that the orbital inclination
angle is that small. From a statistical point of view, the probability is

small: a random (isotropic) distribution of orbital inclination angles
would yield a probability of less than 1 per cent for the case that i
< 8° (and <3 per cent for i < 14°). More importantly, such a small
inclination angle of i = 8° would imply a WD mass of 1.9 M (or
Mwp = 0.81 M, for i = 14°) even for the smallest value of Mg
(here assumed to be 1.11 M)). Such a high WD mass is unrealistic
and is clearly in contradiction with the optical observations by
Bassa, van Kerkwijk & Kulkarni (2003), who find evidence for a
~0.2 M He WD companion, in nice agreement with TS99. A low-
mass He WD (~0.2 M) requires i > 45° for Mns > 1.11 M@ It
is worth noting that Johnson (2011) finds an alternative solution of
CLC Modelling Under the outer gap model at 32fé2 °, whose 1o upper
limit is just in agreement with this requirement on i (see the dashed
alternative solution for PSR J0218+4232 in Fig. 2).

3.4 PSR J0034—-0534

PSR J0034—0534 (Bailes et al. 1994) is an MSP orbiting a WD
with an orbital period of Py, = 1.59 d. The TS99 relation predicts
0.202 < Mwp/M@ < 0.220 which results in i = {99 A~ 48° £ 8°
(the actual 1o error bars are slightly asymmetric, see Table 1) if
Mys =1.53 £0.21 M. The radio and y -ray light-curve modelling
yields &i.cModelting & 69f; °. If indeed i > 69°, it would require a
massive pulsar of Mxs > 2.0 M, according to the TS99 relation.
PSR J0034—0534 is therefore an interesting target for a future
precise Mys measurement.

3.5 PSR B1855+09 (J1857+0943)

This pulsar has a measured mass of 1.577( |7 Mg, according to

Nice, Splaver & Stairs (2003). Using the TS99 relation, we constrain
this 12.3 d binary MSP to have an He WD companion with a mass
of Myp < 0.275Mg, which yields an upper limit on the pulsar
mass of 1.54 M (for i = 90°). Future timing and improvements of
its Shapiro delay measurement may confirm this Myg limit.

MNRAS 439, 2033-2042 (2014)
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3.6 PSR J1327-0755

While checking for kinematic corrections of the MSPs presented
in Table 1, we noticed a very significant discrepancy for the es-
timated distance to PSR J1327—0755. This source was recently
discovered by Boyles et al. (2013) and has an estimated dispersion
measure distance of d >~ 1.7 kpc which, according to the authors,
could be an overestimate when applying the NE2001 model for the
Galactic electron density distribution along a line of sight off the
Galactic plane. The pulsar has a large measured proper motion of
99 4 47 mas yr~!, which we find must require a huge reduction in
its true distance by a factor of ~6. Otherwise, when correcting for
kinematic effects due to the Shklovskii effect, as well as vertical
and differential rotational acceleration in our Galaxy (e.g. using
an expression analogous to equation 16 in Lazaridis et al. 2009),
we find a negative value for the intrinsic P, which is not possible.
Alternatively, the discrepancy is solved if the proper motion, u, is
smaller by a factor of 2.4 (which is not impossible given the large
error bar on this number).

4 ON THE B-FIELDS OF y-RAY MSPS

Among the population of y-ray MSPs, there is a handful of sources
that are very efficient at converting spin-down luminosity into emis-
sion, i.e. they have large n =L,/ E values, where 7 denotes the
y-ray efficiency and L, is the y-ray luminosity. For rotation-
powered pulsars (where no other energy sources are available), only
values of n < 1 are possible. Note, magnetars have X-ray luminosi-
ties exceeding the loss rate of rotational energy (n, = L,/ Ero > D).
This is possible if the emission is powered by the instability and
decay of their strong B-fields (Thompson & Duncan 1995). For the
y-ray emitting MSPs, however, this is not possible given their weak
B-fields. Hence, their y-ray emission must be powered by spin-
down energy. For some MSPs, the 1 parameter is found to be close
to 100 per cent or larger (Abdo et al. 2013). However, overestimated
distances could be responsible for some of the large 1 values. For ex-
ample, as discussed in Abdo et al. (2013) and Espinoza et al. (2013),
material in the direction of PSR J0610—2100 unaccounted for in
the NE2001 model could make its predicted distance significantly
smaller, which would in turn decrease its currently (unrealistic)
very large y-ray efficiency of ~1200 per cent. Nevertheless, it is
still possible that some of the MSPs are genuinely very efficient at
converting their energy budget into y-ray emission. In this section,
we investigate the physical properties of MSPs with large 1 values
approaching 1 and demonstrate that their surface B-fields can be
much weaker than derived from the classical dipole formula.

The loss of rotational energy of a non-accreting MSP is caused by
a combination of magnetic dipole radiation (Pacini 1967), the pres-
ence of plasma currents in the magnetosphere (the Goldreich—Julian
term; Goldreich & Julian 1969), and gravitational wave radiation
(e.g. Wade et al. 2012):

Erol = Edipole + EGJ + ngs (2)
where

; 2 .5 . 302 o

Edipole = _37|m| A |m| = ByR’Q" sina, (3)

and Eg; is found by considering the outward Poynting energy flux
S ~ ¢B? /47 crossing the light cylinder 7y, giving rise to the ob-
served high-frequency radiation as well as emission of relativistic
particles. Assuming a dipolar form of the B-field within this zone,
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i.e. Bl o< Bo(R/r\¢)?, one finds the well-known expression
|Egy| ~ 4rrl S ~ BIRQ* /%, “)

where By is the magnetic flux density at the surface of the neutron
star, R is its radius, 2 = 27t/ P is its spin angular velocity, o is
the magnetic inclination angle, and m is the magnetic moment of
the neutron star. In the following, we assume ng < Emt (Abbott
et al. 2010) and disregard the third term in equation (2). We also
disregard a recently suggested term related to quantum vacuum
friction (Dupays, Rizzo & Bignami 2012).

The dipole component of pulsar B-fields is traditionally found
simply by equating the loss rate of rotational energy (E =
—47* I P/P?) to the energy loss caused by magnetic dipole
radiation (Edip(,]c):

Biipotle =C - V PP, Q)

where the constant is taken to be C = 3.2 x 10" Gs~!/? for the
equatorial B-field strength (assuming R = 10km, / = 10% gcm?,
and o = 90°).

Defining x and y = 1 — x in the following manner

Edipole =X Er«)t A EGJ =) Eml (6)

and introducing the parameters « and 7

Ly =« -|Eq| =&y |Ew|=1"|Ewl )
allows us to write

Espoc = (1= 1) En. ®)

This leads to a revised expression for the surface B-field strength of
the pulsar:

B,=C- (1-%)1)1’3. )

The conclusion from equation (9) is that pulsars which are very
efficient at converting rotational energy into y-rays (large values of
n) may have B, < Bipolc- Even pulsars with small values of  could
also have B-fields which are significantly smaller than the value
derived from the classical formula in equation (5) if their y-ray
emission is inefficient (n < k¥ < 1) despite a large value of Eg.In
Fig. 6, we illustrate this point by plotting B, /Buipole as a function of
n and . MSPs with n values close to 1 may thus have considerably
smaller B-fields than inferred from the classical formula, e.g. by a
factor of 2-5 (in principle, possibly even more), see Fig. 6.

Although the dipole torque dependence on the magnetic in-
clination angle, «, is cancelled out when considering the ratio
B, /Bipole, We notice that the relative proportion of Edipole and EGJ
to the total Erol (i.e. x and y) depends on « (e.g. Spitkovsky 2006;
Kalapotharakos et al. 2012; Li, Spitkovsky & Tchekhovskoy 2012).
Hence, naively, one might expect less efficient production of y-rays
for more orthogonal rotators, where the relative importance of the
plasma term is smaller, thus resulting in smaller values of L, for
pulsars with a large viewing angle, ¢. The reason is that, on average
for a large sample of pulsars, ¢ is expected to trace o for a given
distribution of impact parameters, 8, within the beam boundary.

3 After the discovery of intermittent pulsars (Kramer et al. 2006a), there have
been attempts in the literature to take into account the j x B force exerted
by plasma currents in the magnetosphere to yield a combined spin-down
torque (e.g. Spitkovsky 2006) and thus a revision of the expression for By
(e.g. Tauris et al. 2012).
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Figure 6. The reduction factor of the derived B-field strengths in units of
the classical, pure dipole field spin-down estimate, plotted as a function of
the efficiency parameters « and 7, defined in equation (7). The various curves
are plotted for 0.1 < n < 0.9, in steps of 0.1. The B, /Bgipole ratio is marked
for various values of y = n/«k. The filled green circle at the upper-left corner
is for a pure dipole torque. The open red circle at the lower-right corner is
unphysical (n =« = 1).

However, the picture is more complicated, not only in terms of the
different morphology for the emitting radio and y-ray beams but
also in relation to the interesting related question of the efficiency of
the torque produced by the currents as n — 1. The answer seems to
depend on where the dissipation into y-rays is occurring. If it hap-
pens in the current sheet outside the light cylinder, the torque may
be larger than if the emission occurs well inside the light cylinder
(e.g. Kalapotharakos et al. 2012, and references therein).

The increasing number of intermittent pulsars (Kramer et al.
2006b; Lorimer et al. 2012; Young et al. 2013) may enable the pos-
sibility to set constraints on x and y = n/k based on measurements
of the different spin-down torques acting on pulsars in their on and
off states, respectively. Although the phenomenon has not yet been
observed for MSPs, there may be possibilities to estimate the re-
duced B-fields from equation (9) in the near future. We strongly
encourage further investigations of MSP emission properties, the
energy budget involved for the different torques in action, as well
as the structure and surface strength of the MSP B-fields.

5 SUMMARY

(i) We have demonstrated that the viewing angles of binary MSPs
(as inferred from y-ray light-curve modelling) are well described
by their orbital inclination angles (estimated from the Mwp— Porp,
relation), which confirms that pulsar spin axes do indeed align with
the orbital momentum vector during recycling. This has been an
important assumption in LMXB modelling for many years, but
hitherto not verified from a systematic investigation of viewing
angles and orbital inclinations.

(ii) From our extended sample of predicted viewing angles, in
complement with values obtained from other constraints when avail-
able (yielding a total of 70 MSPs), we have been able to study the
non-detection of energetic and nearby MSPs in view of beaming
geometry and orientation. We find evidence for slightly different
viewing angle distributions for y-ray detected and non-detected
MSPs. Although marginally significant, this result suggests that en-
ergetic and nearby MSPs are mainly undetected in y-rays simply

On the non-detection of y-ray MSPs 2041

because they are seen under unfavourable (small) viewing angles,
such that their emission beams do not cross the line of sight to the
Earth, or the modulation of the y-ray emission is very limited.

(iii) We have discussed the B-fields of pulsars with high y-ray
luminosities and pointed out that pulsars that are efficient at con-
verting their rotational energy into y-ray emission may have sig-
nificantly overestimated dipolar B-field strengths. We encourage
further studies on this issue.

ACKNOWLEDGEMENTS

We thank Axel Jessner, Alice K. Harding, David A. Smith, Tyrel
J. Johnson, Richard N. Manchester, and Ramesh Karuppusamy for
discussions or comments on the manuscript. We thank the anony-
mous referee for constructive suggestions. TMT gratefully acknowl-
edges financial support and hospitality at both the Argelander-
Institut fir Astronomie, Universitat Bonn and the Max-Planck-
Institut fiir Radioastronomie. We made extensive use of the ATNF
pulsar catalogue (Manchester et al. 2005). We also made exten-
sive use of the list of neutron star masses assembled by James M.
Lattimer and Andrew W. Steiner® (Lattimer 2012).

REFERENCES

Abbott B. P. et al., 2010, ApJ, 713, 671

Abdo A. A. et al., 2009, Science, 325, 848

Abdo A. A. et al., 2013, ApJS, 208, 17

Alpar M. A, Cheng A. F., Ruderman M. A., Shaham J., 1982, Nature, 300,
728

Antoniadis J., van Kerkwijk M. H., Koester D., Freire P. C. C., Wex N.,
Tauris T. M., Kramer M., Bassa C. G., 2012, MNRAS, 423, 3316

Archibald A. M. et al., 2009, Science, 324, 1411

Atwood W. B. et al., 2009, ApJ, 697, 1071

Bailes M. et al., 1994, ApJ, 425, L41

Barr E. D. et al., 2013, MNRAS, 429, 1633

Bassa C. G., van Kerkwijk M. H., Kulkarni S. R., 2003, A&A, 403, 1067

Bhattacharya D., van den Heuvel E. P. J., 1991, Phys. Rep., 203, 1

Boyles J. et al., 2013, ApJ, 763, 80

Callanan P. J., Garnavich P. M., Koester D., 1998, MNRAS, 298, 207

Chen H.-L., Chen X., Tauris T. M., Han Z., 2013, Apl, 775, 27

Cordes J. M., Lazio T. J. W., 2002, preprint (astro-ph/0207156)

De Vito M. A., Benvenuto O. G., 2010, MNRAS, 401, 2552

Deller A. T., 2009, PhD thesis, Swinburne University

Deller A. T. et al., 2012, Apl, 756, L25

Deloye C. J., Bildsten L., 2003, ApJ, 598, 1217

Demorest P. B., Pennucci T., Ransom S. M., Roberts M. S. E., Hessels J. W.
T., 2010, Nature, 467, 1081

Deneva J. S. et al., 2012, ApJ, 757, 89

Du Y. J., Qiao G. J., Han J. L., Lee K. J., Xu R. X., 2010, MNRAS, 406,
2671

Dupays A., Rizzo C., Bignami G. F., 2012, Europhys. Lett., 98, 49001

Ergma E., Sarna M. J., Antipova J., 1998, MNRAS, 300, 352

Espinoza C. M. et al., 2013, MNRAS, 430, 571

Ferdman R. D. et al., 2010, ApJ, 711, 764

Freire P. C. C. et al., 2011, MNRAS, 412, 2763

Goldreich P., Julian W. H., 1969, ApJ, 157, 869

Gonzalez M. E. et al., 2011, ApJ, 743, 102

Guillemot L. et al., 2012a, MNRAS, 422, 1294

Guillemot L. et al., 2012b, ApJ, 744, 33

Guillemot L. et al., 2013, ApJ, 768, 169

Heggie D. C., 1975, MNRAS, 173, 729

Hills J. G., 1983, ApJ, 267, 322

6 http://stellarcollapse.org/nsmasses

MNRAS 439, 2033-2042 (2014)

9T0Z '/ 8unC uo spUe|d o1jg1g e /B10'S [euIno(puoxo'seauw//:dny woJj pepeojumod


http://arxiv.org/abs/astro-ph/0207156
http://stellarcollapse.org/nsmasses
http://mnras.oxfordjournals.org/

2042 L. Guillemot and T. M. Tauris

Hotan A. W., Bailes M., Ord S. M., 2006, MNRAS, 369, 1502

Hou X., Smith D. A., Reposeur T., Rousseau R., 2013, preprint
(arXiv:1310.5481)

Johnson T. J., 2011, PhD thesis, Univ. Maryland

Joss P. C., Rappaport S., Lewis W., 1987, ApJ, 319, 180

Kalapotharakos C., Kazanas D., Harding A., Contopoulos I., 2012, ApJ,
749, 2

Kaplan D. L. et al., 2012, ApJ, 753, 174

Kasian L. E., 2012, PhD thesis, Univ. British Columbia

Keith M. J. et al., 2012, MNRAS, 419, 1752

Kramer M., Lyne A. G., O’Brien J. T., Jordan C. A., Lorimer D. R., 2006a,
Science, 312, 549

Kramer M. et al., 2006b, Science, 314, 97

Lange C., Camilo F., Wex N., Kramer M., Backer D. C., Lyne A. G.,
Doroshenko O., 2001, MNRAS, 326, 274

Lattimer J. M., 2012, Ann. Rev. Nucl. Part. Sci., 62, 485

Lazaridis K. et al., 2009, MNRAS, 400, 805

Li J., Spitkovsky A., Tchekhovskoy A., 2012, ApJ, 746, 60

Lohmer O., Lewandowski W., Wolszczan A., Wielebinski R., 2005, ApJ,
621, 388

Lorimer D. R., Lyne A. G., McLaughlin M. A., Kramer M., Pavlov G. G.,
Chang C., 2012, ApJ, 758, 141

Manchester R. N., Hobbs G. B., Teoh A., Hobbs M., 2005, AJ, 129, 1993

Navarro J., de Bruyn A. G., Frail D. A., Kulkarni S. R., Lyne A. G., 1995,
ApJ, 455,155

Nice D. J., Splaver E. M., Stairs I. H., 2001, ApJ, 549, 516

Nice D. J., Splaver E. M., Stairs I. H., 2003, in Bailes M., Nice D. J., Thorsett
S. E., eds, ASP Conf. Ser. Vol. 302, Radio Pulsars. Astron. Soc. Pac.,
San Francisco, p. 75

Nice D. J., Stairs I. H., Kasian L. E., 2008, in Bassa C., Wang Z., Cumming
A., Kaspi V. M., eds, AIP Conf. Ser. Vol. 983, 40 Years of Pulsars:
Millisecond Pulsars, Magnetars and More. Am. Inst. Phys., New York,
p- 453

Nolan P. L. et al., 2012, ApJS, 199, 31

Pacini F.,, 1967, Nature, 216, 567

Pétri J., 2011, MNRAS, 412, 1870

Pletsch H. J. et al., 2012, Science, 338, 1314

Podsiadlowski P., Rappaport S., Pfahl E. D., 2002, ApJ, 565, 1107

Press W. H., Teukolsky S. A., Vetterling W. T., Flannery B. P., 1992, Numeri-
cal Recipes in FORTRAN. The Art of Scientific Computing. Cambridge
Univ. Press, Cambridge

Radhakrishnan V., Cooke D. J., 1969, Astrophys. Lett., 3, 225

Ransom S. M. et al., 2011, ApJ, 727, L16

MNRAS 439, 2033-2042 (2014)

Rappaport S., Podsiadlowski P., Joss P. C., Di Stefano R., Han Z., 1995,
MNRAS, 273, 731

Ravi V., Manchester R. N., Hobbs G., 2010, ApJ, 716, L85

Refsdal S., Weigert A., 1971, A&A, 13, 367

Roberts M. S. E., 2013, in van Leeuwen J., ed., Proc. IAU Symp. 291,
Neutron Stars and Pulsars: Challenges and Opportunities after 80 Years.
Cambridge Univ. Press, Cambridge, p. 127

Savonije G. J., 1987, Nature, 325, 416

Shannon R. M. et al., 2013, AplJ, 766, 5

Shao Y., Li X.-D., 2012, ApJ, 756, 85

Shklovskii I. S., 1970, SvA, 13, 562

Spitkovsky A., 2006, ApJ, 648, L51

Splaver E. M., Nice D. J., Stairs I. H., Lommen A. N., Backer D. C., 2005,
AplJ, 620, 405

Takata J., Wang Y., Cheng K. S., 2011, MNRAS, 415, 1827

Tauris T. M., Manchester R. N., 1998, MNRAS, 298, 625

Tauris T. M., Savonije G. J., 1999, A&A, 350, 928 (TS99)

Tauris T. M., van den Heuvel E. P. J., 2006, in Lewin W., van der Klis M.,
eds, Cambridge Astrophysics Series, No. 39, Formation and Evolution
of Compact Stellar X-ray Sources. Cambridge Univ. Press, Cambridge,
p. 623

Tauris T. M., Langer N., Kramer M., 2012, MNRAS, 425, 1601

Thompson C., Duncan R. C., 1995, MNRAS, 275, 255

Thorsett S. E., Chakrabarty D., 1999, ApJ, 512, 288

van der Sluys M. V., Verbunt F., Pols O. R., 2005, A&A, 431, 647

van Kerkwijk M. H., Bassa C. G., Jacoby B. A., Jonker P. G., 2005, in Rasio
F. A., Stairs I. H., eds, ASP Conf. Ser. Vol. 328, Binary Radio Pulsars.
Astron. Soc. Pac., San Francisco, p. 357

Venter C., Harding A. K., Guillemot L., 2009, ApJ, 707, 800

Venter C., Johnson T. J., Harding A. K., 2012, Apl, 744, 34

Verbiest J. P. W. et al., 2008, ApJ, 679, 675

Verbiest J. P. W. et al., 2009, MNRAS, 400, 951

Wade L., Siemens X., Kaplan D. L., Knispel B., Allen B., 2012, Phys. Rev.
D, 86, 124011

Watters K. P., Romani R. W., 2011, ApJ, 727, 123

Webbink R. F., Rappaport S., Savonije G. J., 1983, Apl, 270, 678

Wijnands R., van der Klis M., 1998, Nature, 394, 344

Yan W. M. et al., 2011, MNRAS, 414, 2087

Young N.J., Stappers B. W., Lyne A. G., Weltevrede P., Kramer M., Cognard
1., 2013, MNRAS, 429, 2569

This paper has been typeset from a TEX/IATEX file prepared by the author.

9T0¢ ‘/ dunr uo sPue|d o1jgig e /610°seulnolployxoseuw//:dny woly papeo jumoq


http://arxiv.org/abs/1310.5481
http://mnras.oxfordjournals.org/

