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ABSTRACT
We report on the discovery of four millisecond pulsars (MSPs) in the High Time Resolution
Universe (HTRU) pulsar survey being conducted at the Parkes64-m radio telescope. All four
MSPs are in binary systems and are likely to have white dwarf companions. In addition, we
present updated timing solutions for 12 previously published HTRU MSPs, revealing new
observational parameters such as five proper motion measurements and significant temporal
dispersion measure variations in PSR J1017−7156. We discuss the case of PSR J1801−3210,
which shows no significant period derivative(Ṗ ) after four years of timing data. Our best-
fit solution shows aṖ of the order of10−23, an extremely small number compared to that
of a typical MSP. However, it is likely that the pulsar lies beyond the Galactic Centre, and
an unremarkable intrinsiċP is reduced to close to zero by the Galactic potential acceleration.
Furthermore, we highlight the potential to employ PSR J1801−3210 in the strong equivalence
principle test due to its wide and circular orbit. In a broader comparison with the known
MSP population, we suggest a correlation between higher mass functions and the presence
of eclipses in ‘very low-mass binary pulsars’, implying that eclipses are observed in systems
with high orbital inclinations. We also suggest that the distribution of the total mass of binary
systems is inversely-related to the Galactic height distribution. Finally, we report on the first
detection of PSRs J1543−5149 and J1811−2404 as gamma-ray pulsars.

Key words: stars: neutron - pulsars: general - pulsars: individual: PSR J1017−7156 - pulsars:
individual: PSR J1543−5149 - pulsars: individual: PSR J1801−3210 - pulsars: individual:
PSR J1811−2405

1 INTRODUCTION

The bulk of the known pulsar population falls into two distinct
groups when plotted on a period-period derivative diagram (P -
Ṗ diagram). The normal or slow pulsars typically have spin peri-
ods between 0.1 and a few seconds, and have derived surface mag-

netic field strengths of1011 to 1013 G. The second group has much
lower magnetic field strengths of108 to 109 G and rapid spin pe-
riods measured in milliseconds. Members of this latter population
are often referred to as the millisecond pulsars or MSPs. It is be-
lieved that MSPs are formed in binary systems in which the pulsar
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accretes matter from a companion star, gaining mass and angular
momentum during the accretion process (e.g., Alpar et al. 1982;
Tauris & van den Heuvel 2006). The pulsar is thus recycled and
spun up to a very short spin period. At the same time the strength
of its magnetic field is reduced, resulting in the typically small ob-
served period derivative (e.g., Bhattacharya 2002). This formation
scenario holds for most of the Galactic-field MSPs, whereas MSPs
found in globular Clusters (GC) have more complicated histories,
due to the significant probability of multiple exchange interactions
with other cluster stars. In this paper we focus only on MSPs in the
Galactic field.

MSPs are of particular interest mainly because of their typi-
cally high rotational stability, which combined with theirshort spin
periods and narrow profile features, enable them to be timed pre-
cisely. This is in contrast to the younger group of normal or slow
pulsars, which often show timing noise manifested as quasi-random
variations in the rotational behaviour. MSPs are thus reliable and
precise timing tools for a variety of astrophysical applications. For
instance, MSPs have been employed in tests of gravity (e.g.,Stairs
2003; Freire et al. 2012), for the detection of low frequencygravi-
tational waves in Pulsar Timing Arrays (PTAs; Yardley et al.2011;
van Haasteren et al. 2011), to provide measurements of neutron star
masses to constrain the Equation of State (Demorest et al. 2010;
Antoniadis et al. 2013), as precise clocks (Hobbs et al. 2012), in
an array to constrain the Solar System ephemeris (Champion et al.
2010), and as an aid for the folding of gamma-ray photons to study
the high-energy emission mechanism of pulsars (e.g., Abdo et al.
2009; Espinoza et al. 2013). At the same time, unique systemsare
constantly being discovered, including triple systems (Lynch et al.
2013), a highly-eccentric system (Champion et al. 2008) andthe
MSP J1719−1438 with an ultra-low mass companion (Bailes et al.
2011), challenging our theories of MSP formation and binaryevo-
lution.

To discover more MSPs and to improve our understanding of
the MSP population as a whole, we began the High Time Res-
olution Universe (HTRU) survey in 2008. The HTRU is a blind
pulsar survey of the Southern sky with the 64-m Parkes telescope
(Keith et al. 2010) complemented by a twin survey in the northwith
the 100-m Effelsberg radio telescope (HTRU-North; Barr et al.
2013). The surveys have benefited from recent advancements in
technology and provide unprecedented time and frequency resolu-
tion, making them more sensitive to MSPs than previous efforts at
these two telescopes. To date, the HTRU survey at Parkes has dis-
covered more than 150 pulsars, of which 27 are MSPs.

The discovery of pulsars is however just a first step and,
in fact, interesting science can usually only be revealed when a
follow-up timing campaign is carried out. For MSPs, a coherent
timing solution (i.e. when the number of rotations between every
observation is well-determined) can be achieved typicallywithin
a few weeks of intense timing observations, providing preliminary
determination of the rotational and orbital parameters, ifany, of the
MSP. This is the case for four newly-discovered MSPs presented in
this paper. On the other hand, a timing campaign with a longertime
baseline is necessary for improving the uncertainties of the timing
solution and uncovering subtle details of each MSP system, such as
proper motion, parallax, and possibly post-Keplerian binary param-
eters. This is demonstrated here by the further timing of 12 HTRU
MSPs, the discoveries of which were first published two yearsago
(Bates et al. 2011; Keith et al. 2012; Bailes et al. 2011).

In this paper we describe the observations and analysis proce-
dures used for obtaining the timing solutions (Section 2). We report
on the discovery of four MSPs and present their initial timing so-

Table 1. Specifications of the observing system employed for the timing
observations in this work.G represents the antenna gain andTsys is the
receiver system temperature.fc represents the central frequency in MHz
andB is the bandwidth in MHz.

Receiver G
(K Jy−1)

Tsys

(K)
Backend fc

(MHz)
B
(MHz)

10/50CM 0.74 40 Parkes DFBs 732 64
Parkes APSR 732 64
Parkes CASPSR 728 64

Multibeam 0.74 23 Parkes DFBs 1369 256
Parkes BPSR 1382 300
Parkes APSR 1369 256
Parkes CASPSR 1382 320†

Single-pixel 1.00 28 Jodrell DFB 1532 384
Jodrell ROACH 1532 400

10/50CM 0.74 30 Parkes DFBs 3094 900

† CASPSR has a bandwidth of 400 MHz, but only 320 MHz can be used due to
the Thuraya-3 filters.

lutions in Section 3, which include a discussion on the nature of
the binary companions. We present the updated timing parameters
for 12 further MSPs in Section 4, followed by a detailed discussion
on various scientific implications arising from our measurements.
Finally in Section 5 we present our conclusions.

2 OBSERVATIONS AND ANALYSIS

All 16 MSPs presented in this paper were discovered in 540-s-long
integrations as part of the medium-latitude section (−120◦ < l <
30◦, |b| < 15◦) of the HTRU survey. Survey observations were
made using the 13-beam Multibeam receiver (Staveley-Smithet al.
1996) on the 64-m Parkes radio telescope. Full details of thesurvey
parameters are given in Keith et al. (2010).

Follow-up timing observations were made at Parkes initially
with a setup similar to that of the survey, employing the central
beam of the same 13-beam Multibeam receiver at a centre fre-
quency near 1.4 GHz and the Berkeley-Parkes-Swinburne Recorder
(BPSR) with 1024 frequency channels incoherently dedispersed at
a time resolution of 64µs. Later when the pulsar parameters were
identified with sufficient accuracy, observations were carried out
using the Digital Filterbank systems (DFBs) which are basedon
the implementation of a polyphase filter in FPGA processors with
incoherent dedispersion. Coherently dedispersed data arecollected
by the CASPER Parkes Swinburne Recorder1 (CASPSR) and the
ATNF Parkes Swinburne Recorder2 (APSR). Pulsars with decli-
nation above−35◦ are also being timed at the Jodrell Bank Ob-
servatory with the Lovell 76-m telescope, using a DFB backend
and a ROACH backend. The latter is based on the ROACH FPGA
processing board3 and coherently dedisperses the data. Refer to Ta-
ble 1 for the specifications of all observing systems employed.

Observations have also been taken at different frequenciesat
Parkes using the 10/50 cm receiver (Granet et al. 2005), to allow for
precise dispersion measure (DM) measurements and to study any
variations of pulsar profiles across frequencies. The various combi-
nations of receivers and backends had central frequencies as listed

1 http://astronomy.swin.edu.au/pulsar/?topic=caspsr
2 http://astronomy.swin.edu.au/pulsar/?topic=apsr
3 https://casper.berkeley.edu/wiki/ROACH
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in column 3 of Table 1. Note that predetermined offsets were ap-
plied to the observational data from Parkes to account for instru-
mental delay across observations with different backends in accor-
dance with Manchester et al. (2013).

Timing observations of these 16 pulsars have first been made
with an intense timing campaign within roughly their first year of
discovery, and gradually decreased to weekly observation for the
case of Jodrell Bank observations, whereas Parkes observations are
more irregular with gaps ranging from days to months depending
on telescope availability. Integration times vary from a few minutes
to more than 2 hours, with longer observations for weaker pulsars
to achieve adequate signal-to-noise (S/N) of at least 10.

We have used thePSRCHIVE data analysis package
(Hotan et al. 2004) for data reduction. Each observation is cor-
rected for dispersion and folded at the predicted topocentric pulse
period, before finally summing over both frequency and time to
produce an integrated profile. We align these profiles from each
observation using an ephemeris created from the initial timing so-
lution. This forms the basis of a noise-free analytic reference tem-
plate, and we convolve the template with each individual profile to
produce a Time of Arrival (TOA) (Taylor 1992). The DE421 Solar
System ephemeris of the Jet Propulsion Laboratory (Folkneret al.
2009) was used to transform the TOAs to the Solar System barycen-
tre. TheTEMPO2 software package (Hobbs et al. 2006) was then
used to fit a timing model to all TOAs, taking into account the as-
trometry, spin, and orbital motion of the pulsar. This process of
cross-correlating a template with individual profiles can then be
iterated to improve the quality of the model fit. We generate multi-
ple TOAs per observation when possible, especially for the pulsars
with small orbital periods. This is to make sure each TOA does
not cover more than one tenth of an orbit, to avoid masking orbital
information within a seemingly high S/N TOA. If simultaneous ob-
servations with different backends were taken, we include only one
of the observations to avoid otherwise over-weighting duplicated
TOAs.

All 16 MSPs in this work are in binary systems. The
Damour-Deruelle (DD) timing model (Damour & Deruelle 1986)
in TEMPO2 is a theory-independent description for eccentric binary
orbits. However, for binaries with small eccentricities the location
of periastron is not well-defined and using the DD timing model re-
sults in a high covariance between the longitude of periastron (ω)
and the epoch of periastron(T0). A useful quantity to help choos-
ing the best timing model isxe2, wheree is the eccentricity andx
is the projected semi-major axis of the pulsar orbit as defined by:

x ≡ ap sin i

c
, (1)

with ap being the semi-major axis,i the orbital inclination and
c the speed of light. For pulsars withxe2 smaller than the tim-
ing precision as represented by the RMS, we use the ELL1 timing
model (Lange et al. 2001) alternatively. The ELL1 timing model
avoids the covariance by using the Laplace-Lagrange parameters
(ǫ1 = e sin ω andǫ2 = e cosω) and the time of ascending node
passage(Tasc) instead ofT0 as in the DD timing model.

Towards the end of the timing analysis procedure when the
respective reducedχ2 comes close to one, we can then assume a
reliable fit is achieved which is only influenced by the presence of
radiometer noise in the template. As a last step, we compensate for
these systematic effects by calculating dataset-specific calibration
coefficients (also known as ‘EFAC’ inTEMPO2). These coefficients
are applied to scale the TOA uncertainties such that each final re-
spective reducedχ2 is unity.

In addition, full flux density and polarisation calibrationare
implemented for the four newly-discovered MSPs, in order tostudy
their polarisation profiles. This analysis is not repeated for the rest
of the 12 MSPs in this paper since their polarisation properties are
already presented in Keith et al. (2012). With the only exception of
PSR J1017−7156, a high-precision timing pulsar which is notice-
ably polarised in both linear and circular sense, we have fully cali-
brated the data to correctly assess the uncertainties on theTOAs.

To carry out the calibration we make use of Parkes DFB obser-
vations which record the four Stokes parameters in each frequency
channel. We calibrate each observation for the differential gain and
phase between the feed with an observation of the noise diodecou-
pled to the receptors in the feeds. This calibration observation trig-
gers a square-wave signal which is used to retrieve the true Stokes
parameters, and it is important that this calibration is taken adja-
cent to the targeted pulsar observations. In addition, we correct for
the non-orthogonality of the receptors in the Multibeam receiver by
computing a model of the Jones matrix for the receiver using an av-
eraged observation of the bright pulsar J0437−4715, in accordance
with the ‘measurement equation modelling’ technique described in
van Straten (2004), and we calibrate the flux density by usingan
averaged observation of Hydra A.

3 DISCOVERY OF FOUR MILLISECOND PULSARS

We present the discoveries of four MSPs in the HTRU sur-
vey, namely PSRs J1056−7117, J1525−5545, J1528−3828 and
J1755−3716. They all have observations spanning more than one
year, and their coherent timing solutions are shown in Table2. All
four are in binary systems.

3.1 On the nature of the binary companions

PSR J1528−3828 and PSR J1056−7117 are likely to be formed
from wide-orbit low mass X-ray binaries (LMXBs), leading to
the formation of classic MSPs with Helium white dwarf (He-WD)
companions. According to Tauris (2011), wide-orbit LMXBs with
Porb > 1 day lead to He-WDs with masses between about0.15 to
0.46M⊙.

PSR J1755−3716 has a relatively high median companion
mass of0.35M⊙. Although this would fit in the above classifica-
tion, the fact that PSR J1755−3716 has a spin period of 12.8 ms im-
plies that the system is only mildly recycled. This, combined with
its Porb of just 11.5 days (which is too short for LMXB evolution
to produce a0.35M⊙ WD, Tauris & Savonije (1999)), indicates
that its evolutionary track is more likely to have started from an
intermediate mass X-ray binary pulsar (IMXB) accreting viaearly
Case B Roche-lobe overflow (RLO) (Tauris 2011). The companion
of PSR J1755−3716 is probably a CO-WD.

PSR J1525−5545 has a solar mass companion with a median
mass of 0.99M⊙ and anPorb of 0.99 days. These fit the typical
characteristics of binary evolution from a wide-orbit IMXBvia
Case C RLO and common envelope evolution (Tauris 2011). The
companion is likely to be a massive CO-WD, or an ONeMg-WD if
the orbital inclination is low.

3.2 Polarisation Profiles

Figure 1 shows the integrated polarisation profiles of the four MSPs
in total intensity, linear and circular polarisation. We measure the
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(a) (b)

(d)

(e)

(f) (g)

(c)

Figure 1. Polarisation profiles of PSRs J1056−7117 at (a) 1369 and (b) 732 MHz, J1525−5545 at (c) 1369 and (d) 732 MHz, J1528−3828 at (d) 1369 MHz,
and J1755−3716 at (e) 3100 and (f) 1369 MHz. The upper panel shows the RM-corrected P.A. variation in longitude with respect to the celestial north. The
lower panel shows the integrated profile where the black solid line, red dashed line and blue dotted line represent total intensity, linear and circular polarisation
respectively.
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Faraday rotation observed towards each pulsar by fitting thepo-
sition angle (P.A.) variations across the 256 MHz band centred at
1369 MHz, and the plots shown here have their rotation measure
(RM) corrected with the respective RMs as listed in Table 2. Multi-
frequency data are included only if the S/N ratio is high enough,
and are plotted here with an arbitrary alignment. None of thefour
MSPs are detectable at 3100 MHz with at least 1 hour of observa-
tion, except a tentative detection of PSR J1755−3716. At 732 MHz
only PSRs J1056−7117 and J1525−5545 are detectable, both with
limited S/N. Although pulsars typically have steep spectral indexes
and thus higher flux at lower observing frequencies, our receiver
system at 50 cm has a reduced sensitivity due to its higher sys-
tem temperature and narrow bandwidth (Table 1). Hence we cannot
comment if there is any profile evolution across frequency.

PSR J1056−7117 has a profile comprising three components.
The emission of the middle component changes handedness in
circular polarisation, whereas the S/N of the other two compo-
nents are not sufficient for identifying the polarisation fraction.
Linear polarisation is present in the middle component, although
noisy. PSR J1525−5545 has a simple, single peak profile. It is
almost completely unpolarised, and such low polarisation profile
is typically associated with aligned gamma-ray and radio profiles
(Espinoza et al. 2013). Although noFermi Gamma-ray Space Tele-
scope (Fermi)association has been reported for PSR J1525−5545
yet, it is worth following-up as the radio ephemeris improves with
longer timing baseline. PSR J1528−3828 has a broad single peak
profile with a hint of interpulse, and the P.A. is relatively flat over
the profile. PSR J1755−3716 also has a profile formed of three
components with some degree of linear polarisation in the middle
component which is narrower compared to the total intensity, and
the P.A. seems to show an ‘S-shaped’ swing.
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Table 2. TEMPO2 best-fit parameters for the four newly-discovered MSPs. Values in parentheses are the nominal 1-σ uncertainties in the last digits. The last
panel shows derived parameters, the respective equations for which can be found in Lorimer & Kramer (2004), except for the DM distance which is derived
according to Cordes & Lazio (2002).

Parameter J1056−7117 J1525−5545 J1528−3828 J1755−3716
Right ascension,α (J2000) 10:56:45.980(4) 15:25:28.1340(2) 15:29:15.1066(10) 17:55:35.4462(4)
Declination,δ (J2000) −71:17:53.394(14) −55:45:49.842(5) −38:28:45.85(3) −37:16:10.78(4)
Galactic longitude,l (◦) 293.933 323.439 333.886 353.882
Galactic latitude,b (◦) −10.458 0.851 14.728 −6.041
Spin frequency,ν (Hz) 38.0088284880(10) 88.02908501431(14) 117.8372326493(7) 78.2101189443(6)
Spin period,P (ms) 26.3096769823(7) 11.359881791766(18) 8.48628211573(5) 12.78606928998(9)
Frequency derivative,̇ν (s−2) −9.1(9)×10−17 −1.018(4)×10−15 −3.75(18)×10−16 −1.9(2)×10−16

Period derivative,Ṗ 6.3(6)×10−20 1.313(5)×10−19 2.70(13)×10−20 3.1(3)×10−20

Dispersion measure, DM(cm−3 pc) 93.04(4) 126.934(7) 73.62(2) 167.603(19)
Orbital period,Porb (days) 9.1387994(5) 0.9903149542(7) 119.674809(16) 11.5156057(3)
Projected semi-major axis,x (lt-s) 4.14855(2) 4.710520(6) 29.34054(2) 10.645131(12)
Epoch of ascending node,Tasc (MJD) 57436.53532(7) 55891.5285616(2) 55941.60(16)† 55958.790341(9)
e sinω, ǫ1 (10−6) 6(8) −4.4(17) − † −7(2)
e cosω, ǫ2 (10−6) −12(10) −1.8(16) − † 12(3)
Inferred eccentricity,e (10−6) 14(10) 4.8(17) 168.6(14)† 14(3)
Longitude of periastron,ω (◦) 150(30) 247(19) 282.2(4) 329(9)
Minimum companion mass∗, mc,min (M⊙) 0.13 0.81 0.16 0.30
Median companion mass∗∗, mc,med (M⊙) 0.15 0.99 0.19 0.35
Binary model ELL1 ELL1 DD ELL1
First TOA (MJD) 55954.5 55987.6 55905.0 56053.9
Last TOA (MJD) 56491.1 56510.5 56510.5 56510.6
Timing epoch (MJD) 57436.5 55891.5 55847.0 55958.8
Points in fit 24 25 31 27
Weighted RMS residuals (µs) 41 8.3 51 19
Reducedχ2 ‡ 0.9 0.9 2.0 0.7
Mean flux density at 1.4-GHz,S1400 (mJy) 0.34 0.33 0.16 0.53
Pulse width at 50% of peak,W50 (◦) 69 17 52 110
Rotation measure, RM(radm−2) −22(8) −19(9) −29(9) 54(3)
DM distance (kpc) 2.6 2.4 2.2 3.9
Characteristic age,τc (Myr) 6.6×103 1.4×103 5.0×103 6.4×103

Spin down energy loss rate,̇E (1033 erg s−1) 0.14 3.5 1.7 0.57
Ė/d2 (1033 erg kpc−2 s−1) 0.021 0.62 0.36 0.037
Characteristic dipole surface magnetic field
strength at equator,Beq (108 G)

13 12 4.9 6.5

∗ mc,min is calculated for an orbital inclination ofi = 90◦ and an assumed pulsar mass of1.35M⊙.
∗∗ mc,med is calculated for an orbital inclination ofi = 60◦ and an assumed pulsar mass of1.35M⊙.
† For PSR J1528−3228 the DD model is used. We quoteT0 instead ofTasc. e is directly fitted for and not inferred from theǫ parameters.
‡ The reducedχ2 stated here represents the value before the application of EFAC. Note that the rest of the timing solutions have EFACs incorporated, bringing
the reducedχ2 to unity.
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Table 3. TEMPO2 best-fit parameters using the ELL1 timing model. Values in parentheses are the nominal 1-σ uncertainties in the last digits. If only an upper limit is constrained, we quote it at the 2-σ level. The
last panel shows derived parameters, the respective equations for which can be found in Lorimer & Kramer (2004), except for the DM distance which is derived according to Cordes & Lazio (2002).

Parameter J1337−6423 J1446−4701 J1502−6752 J1543−5149
Right ascension,α (J2000) 13:37:31.883(2) 14:46:35.71391(2) 15:02:18.615(2) 15:43:44.1498(2)
Declination,δ (J2000) −64:23:04.915(9) −47:01:26.7675(4) −67:52:16.759(18) −51:49:54.685(2)
Galactic longitude,l (◦) 307.889 322.500 314.798 327.920
Galactic latitude,b (◦) −1.958 +11.425 −8.067 +2.479
Spin frequency,ν (Hz) 106.11873496995(19) 455.644016442381(13) 37.39097199147(8) 486.15423208300(13)
Spin period,P (ms) 9.423406717796(17) 2.19469577985000(6) 26.74442376699(6) 2.0569603924156(5)
Frequency derivative,̇ν (s−2) −2.78(2)×10−16 −2.0367(4)×10−15 −4.397(19)×10−16 −3.819(3)×10−15

Period derivative,Ṗ 2.47(2)×10−20 9.810(2))×10−21 3.145(13)×10−19 1.6161(14)×10−20

Dispersion measure, DM(cm−3 pc) 259.2(13) 55.83202(14) 151.2(18) 50.93(14)
Proper motion inα, µα (masyr−1) −6(6) −4.0(2) −6(9) −4.3(14)
Proper motion inδ, µδ (masyr−1) −7(5) −2.0(3) −14(16) −4(2)
Orbital period,Porb (days) 4.785333912(5) 0.27766607732(13) 2.48445723(18) 8.060773125(9)
Projected semi-major axis,x (lt-s) 13.086505(5) 0.0640118(3) 0.31754(2) 6.480288(2)
Epoch of ascending node,Tasc (MJD) 55234.7703674(6) 55647.8044392(2) 55421.21199(3) 54929.0678261(11)
e sinω, ǫ1 (10−6) 18.3(8) 18(8) 21(140) 20.8(5)
e cos ω, ǫ2 (10−6) 7.7(9) −11(9) −23(150) 5.3(6)
Inferred eccentricity,e (10−6) 19.8(8) 21(8) <330 21.5(5)
Longitude of periastron,ω (◦) 67(2) 120(20) 130(260) 75.6(16)
Minimum companion mass∗, mc,min (M⊙) 0.78 0.019 0.022 0.22
Median companion mass∗∗, mc,med (M⊙) 0.95 0.022 0.025 0.26
Binary model ELL1 ELL1 ELL1 ELL1
First TOA (MJD) 55540.0 55460.0 55360.4 55540.8
Last TOA (MJD) 56510.2 56497.2 56510.3 56510.3
Timing epoch (MJD) 55234.7 55647.8 55421.2 55522
Points in fit 76 154 57 52
Weighted RMS residuals (µs) 26 2.1 87 6.9
Reducedχ2 ‡ 0.9 1.0 1.0 1.2
Mean flux density at 1.4-GHz,S1400 (mJy) 0.29 0.40 0.69 0.55
Pulse width at 50% of peak,W50 (◦) 28 18 40 49
DM Distance,d (kpc) 5.1 1.5 4.2 2.4
Transverse velocity,VT (km s−1) 230(140) 32(8) < 960 70(30)
Intrinsic period derivative,Ṗint (10−20) 1.0(13) 0.972(2) 15(14) 1.54(3)
Characteristic age††, τc (Myr) 1.4×104 3.6×103 2.7×103 2.1×103

Spin down energy loss rate††, Ė (1033 erg s−1) 0.51 36 0.32 70
Ė/d2 †† (1033 erg kpc−2 s−1) 0.020 16 0.018 12
Characteristic dipole surface magnetic field strength at equator††, Beq (108 G) 3.2 1.5 21 1.8

∗ mc,min is calculated for an orbital inclination ofi = 90◦ and an assumed pulsar mass of1.35M⊙.
∗∗ mc,med is calculated for an orbital inclination ofi = 60◦ and an assumed pulsar mass of1.35M⊙.
‡ The reducedχ2 stated here represents the value before the application of EFAC. Note that the rest of the timing solutions have EFACs incorporated, bringing the reducedχ2 to unity.
†† These parameters are derived from the intrinsic period derivativesṖint. For the derivation ofṖint refer to Section 4.3.
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Table 4. TEMPO2 best-fit parameters using the ELL1 timing model. Values in parentheses are the nominal 1-σ uncertainties in the last digits. The last panel shows derived parameters, the respective equations for
which can be found in Lorimer & Kramer (2004), except for the DM distance which is derived according to Cordes & Lazio (2002).

Parameter J1622−6617 J1719−1438 J1801−3210 J1811−2405
Right ascension,α (J2000) 16:22:03.6681(4) 17:19:10.07293(5) 18:01:25.8896(2) 18:11:19.85315(2)
Declination,δ (J2000) −66:17:16.978(6) −14:38:00.942(4) −32:10:53.714(17) −24:05:18.365(11)
Galactic longitude,l (◦) 321.977 8.858 358.922 7.073
Galactic latitude,b (◦) −11.56 +12.838 −4.577 −2.559
Spin frequency,ν (Hz) 42.33082901464(2) 172.707044602370(13) 134.16363857901(4) 375.856014397575(9)
Spin period,P (ms) 23.623444739389(12) 5.7901517700238(4) 7.453584373467(2) 2.66059331683918(7)
Frequency derivative,̇ν (s−2) −1.054(4)×10−16 −2.399(2)×10−16 8(7)×10−19 −1.8898(2)×10−15

Period derivative,Ṗ 5.88(2)×10−20 8.044(8)×10−21 −4(4)×10−23 1.33780(16)×10−20

Dispersion measure, DM(cm−3 pc) 88.024(9) 36.862(4) 177.713(4) 60.6005(17)
Proper motion inα, µα (masyr−1) −3(2) 1.9(4) −8(2) 0.53(13)
Proper motion inδ, µδ (masyr−1) −6(4) −11(2) −11(10) − ¶

Orbital period,Porb (days) 1.640635150(8) 0.0907062900(12) 20.77169942(8) 6.2723020692(12)
Projected semi-major axis,x (lt-s) 0.979386(5) 0.0018212(7) 7.809317(4) 5.7056616(3)
Epoch of ascending node,Tasc (MJD) 55253.087283(2) 55235.516505(8) 55001.934484(2) 55136.16862345(7)
e sinω, ǫ1 (10−6) −4(12) −700(700) 1.7(11) 1.46(10)
e cosω, ǫ2 (10−6) 14(11) 400(700) 1.0(10) 0.75(10)
Inferred eccentricity,e (10−6) 14(11) 800(700) 2.0(11) 1.64(10)
Longitude of periastron,ω (◦) 340(40) 300(50) 50(30) 62(3)
Minimum companion mass∗, mc,min (M⊙) 0.092 0.0011 0.14 0.23
Median companion mass∗∗, mc,med (M⊙) 0.11 0.0013 0.16 0.27
Binary model ELL1 ELL1 ELL1 ELL1
First TOA (MJD) 55256.9 55237.0 54996.4 55136.1
Last TOA (MJD) 56510.3 56491.6 56485.7 56411.2
Timing epoch (MJD) 55253.1 55235.5 55001.9 55208.5
Points in fit 86 236 135 97
Weighted RMS residuals (µs) 31 10 37 2.8
Reducedχ2 ‡ 1.3 2.1 1.6 2.6
Mean flux density at 1.4-GHz,S1400 (mJy) 0.60 0.42 0.32 0.37
Pulse width at 50% of peak,W50 (◦) 12 19 30 16
DM Distance,d (kpc) 2.2 1.2 4.0 1.8
Transverse velocity,VT (km s−1) 40(20) 60(20) 270(170) − ¶

Intrinsic period derivative,Ṗint (10
−20) 5.0(8) 0.54(11) −2.7(17)† 1.284(15)¶

Characteristic age††, τc (Myr) 7.5×103 1.7×104 >1.5×104 † 3.3×103

Spin down energy loss rate††, Ė (1033 erg s−1) 0.15 1.1 < 0.78 † 27
Ė/d2 †† (1033 erg kpc−2 s−1) 0.031 0.76 < 0.048 † 8.3
Characteristic dipole surface magnetic field strength at equator††, Beq (108 G) 11 1.8 < 2.5 † 1.9

∗ mc,min is calculated for an orbital inclination ofi = 90◦ and an assumed pulsar mass of1.35M⊙.
∗∗ mc,med is calculated for an orbital inclination ofi = 60◦ and an assumed pulsar mass of1.35M⊙.
‡ The reducedχ2 stated here represents the value before the application of EFAC. Note that the rest of the timing solutions have EFACs incorporated, bringing the reducedχ2 to unity.
†† These parameters are derived from the intrinsic period derivativesṖint. For the derivation ofṖint refer to Section 4.3.
† For PSR J1801−3210 the potential causes of this apparent negativeṖint is discussed in Section 4.3.2. The period derivative related parameters are derived with the 2-σ upper limit ofṖint < 8.1× 10−21 .
¶ For PSR J1811−2405 we have fixed the unconstrainedµδ at zero because this pulsar is very close to the ecliptic plane. ItsVT is therefore also not measurable. The derivedṖint only symbolises a lower limit
without correcting for any Shklovskii contribution inµδ .
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Table 5.TEMPO2 best-fit parameters using the DD timing model, except in thecase of PSR J1731−1847, for which we have instead used BTX model to accommodatethe higher order orbital period changes. Values
in parentheses are the nominal 1-σ uncertainties in the last digits. The fifth panel shows derived parameters, the respective equations for which can be found in Lorimer & Kramer (2004), except for the DM distance
which is derived according to Cordes & Lazio (2002).

Parameter J1017−7156 J1125−5825 J1708−3506 J1731−1847
Right ascension,α (J2000) 10:17:51.32828(2) 11:25:44.36564(5) 17:08:17.62215(10) 17:31:17.609823(17)
Declination,δ (J2000) −71:56:41.64586(11) −58:25:16.8798(4) −35:06:22.640(4) −18:47:32.666(3)
Galactic longitude,l (◦) 291.558 291.893 350.469 6.880
Galactic latitude,b (◦) −12.55 +2.602 +3.124 +8.151
Spin frequency,ν (Hz) 427.621905105409(6) 322.350432991279(16) 221.96775106948(3) 426.51934403983(2)
Spin period,P (ms) 2.33851444011854(3) 3.10221391893416(16) 4.5051589484588(6) 2.34455954688563(11)
Frequency derivative,̇ν (s−2) −4.0584(12)×10−16 −6.3280(2)×10−15 −5.627(5)×10−16 −4.6220(8)×10−15

Period derivative,Ṗ 2.2193(6)×10−21 6.0899(2)×10−20 1.1421(11)×10−20 2.5407(4)×10−20

Dispersion measure, DM(cm−3 pc) 94.22407(3)♣ 124.7946(8) 146.732(2) 106.4711(6)
Proper motion inα, µα (masyr−1) −7.31(6) −10.0(3) −5.3(8) −1.7(3)
Proper motion inδ, µδ (masyr−1) 6.76(5) 2.4(3) −2(3) −6(3)
Parallax,π (mas) 3.9(12)♦ − − −

Orbital period,Porb (days) 6.511905(2) 76.40321683(5) 149.1332226(4) 0.3111341185(10)
First derivative of orbital frequency,̇nb (Hz s−1) − − − 1.50(9)×10−19

Second derivative of orbital frequency,n̈b (Hz s−2) − − − −5.0(2)×10−27

Projected semi-major axis,x (lt-s) 4.83004509(11) 33.6383599(8) 33.584236(2) 0.1201611(6)
Epoch of periastron,T0 (MJD) 55335.0641(3) 55181.5562(15) 55206.801(10) 55132.4363(10)
Eccentricity,e 0.00014204(2) 0.00025724(3) 0.00024449(10) 2.9(6)×10−5

Longitude of periastron,ω (◦) 329.682(18) 260.128(7) 180.00(2) 144(12)
Minimum companion mass∗, mc,min (M⊙) 0.19 0.26 0.16 0.033
Median companion mass∗∗, mc,med (M⊙) 0.22 0.31 0.19 0.039
Change inx, ẋ 9.1(17)×10−15 − − −

Variation inω, ω̇ (◦ yr−1) 0.022(9) − − −

Binary model DD DD DD BTX
First TOA (MJD) 55343.2 55131.8 55129.1 55138.1
Last TOA (MJD) 56480.0 56510.0 56491.5 56302.1
Timing epoch (MJD) 55329.1 55126.3 55132.9 55215.1
Points in fit 332 181 99 196
Weighted RMS residuals (µs) 0.8 5.5 7.4 3.7
Reducedχ2 ‡ 2.0 1.5 0.7 1.9
Mean flux density at 1.4-GHz,S1400 (mJy) 1.00 0.86 1.31 0.37
Pulse width at 50% of peak,W50 (◦) 10 36 44 20
DM Distance,d (kpc) 3.0♦ 2.6 2.8 2.5
Transverse velocity,VT (km s−1) 140(30) 120(30) 70(20) 80(40)
Intrinsic period derivative,Ṗint (10

−20) 0.12(2) 5.94(3) 0.85(9) 2.40(7)
Characteristic age††, τc (Myr) 3.1×104 8.3×102 8.4×103 1.5×103

Spin down energy loss rate††, Ė (1033 erg s−1) 3.7 79 3.7 74
Ė/d2 †† (1033 erg kpc−2 s−1) 0.41 12 0.47 12
Characteristic dipole surface magnetic field strength at equator†† , Beq (108 G) 0.53 4.3 2.0 2.4

∗ mc,min is calculated for an orbital inclination ofi = 90◦ and an assumed pulsar mass of1.35M⊙.
∗∗ mc,med is calculated for an orbital inclination ofi = 60◦ and an assumed pulsar mass of1.35M⊙.
‡ The reducedχ2 stated here represents the value before the application of EFAC. Note that the rest of the timing solutions have EFACs incorporated, bringing the reducedχ2 to unity.
♣ Temporal DM variations have also been taken into account in the model fit, see explanation in Section 4.1.
†† These parameters are derived from the intrinsic period derivativesṖint. For the derivation ofṖint refer to Section 4.3.
♦ We disregard the 3-σ π measurement when deriving the distance of PSR J1017−7156, as it is likely to be influenced by the Lutz-Kelker bias for example discussed in Verbiest et al. (2010).
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4 UPDATED TIMING OF 12 HTRU MILLISECOND
PULSARS

We have achieved considerable improvement in the timing accu-
racy for 12 HTRU MSPs compared with results published in their
respective discovery papers (Bates et al. 2011; Keith et al.2012;
Bailes et al. 2011). This is thanks to the now longer timing base-
line of more than three years in all cases, and only slightly less for
PSR J1337−6423 which has 2.7 years of timing data. The timing
parameters resulting from the best fits to the expanded set ofTOAs
are presented in Tables 3 and 4 for pulsars fitted with the ELL1
timing model and in Table 5 for pulsars fitted with the DD timing
model.

In the following we discuss the physical implications aris-
ing from our timing measurements, including DM variations (Sec-
tion 4.1), proper motion and transverse velocities (Section 4.2),
intrinsic period derivatives (Section 4.3), binary companions and
mass functions (Section 4.4), Galactic height distributions (Sec-
tion 4.5), orbital eccentricities (Section 4.6), change inpro-
jected semi-major axis (Section 4.7), orbital period variation (Sec-
tion 4.8), variation in the longitude of periastron (Section 4.9), and
gamma-ray associations (Section 4.10).

4.1 Dispersion measure variations

Temporal variations in DM, due to turbulence in the ionised in-
terstellar medium (ISM) and the changing line-of-sight to the pul-
sar, are in theory present in the TOAs of every pulsar (see e.g.,
Petroff et al. 2013). However this is typically not observable in
slow pulsars since they have limited timing precision. In contrast,
for MSPs such variations in DM can become significant and thus
require special data treatment (You et al. 2007).

Indeed for the high-precision timing of PSR J1017−7156 we
identified significant temporal variations in its DM measurement,
implying changes in the electron density in the ISM along theline-
of-sight over a time scale of a few months. We have attempted to
model this variation via three correction methods, firstly by fitting
DM variations across short ranges of TOAs while holding fixedall
other parameters, secondly by including higher order DM deriva-
tives and thirdly by the DM model described in Keith et al. (2013).
In Figure 2 we plot the manually identified values of DM acrossev-
ery few TOAs in black. We plot the best-fit curve from the timing
solution ofTEMPO2, employing up to eight DM-derivatives as the
green dashed line. We plot the DM model derived using the method
outlined in Keith et al. (2013) as red crosses, and the red solid line
joining them shows the resulting DM model. It can be seen thatthe
DM derivatives provide a smooth fit to the DM variations, however
there are still small scale variations that are not properlyaccounted
for. On the other hand, the DM model essentially creates a linear in-
terpolation between DM offsets identified at specific epochs(note
that here we have adopted a gap of 50 days between successive DM
offsets), and hence can be tailor-made to follow more closely vari-
ations on all scales. We conclude that the DM model of Keith etal.
(2013) gives a more successful fit and hence have adopted thisfor
the timing solution of PSR J1017−7156.

4.2 Proper motion and transverse velocities

The proper motion(µ) of a pulsar introduces a positional offset
over time and is measurable from pulsar timing data. Within our
sample of 12 MSPs with extended timing solutions, we have mea-
sured five new proper motions with significances greater than3-σ,
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Figure 2. DM for J1017−7156 with time. The manually identified DM
variations across every few TOAs are plotted as black filled circles. The
green dashed line shows the best-fit curve from timing solution generated
in TEMPO2, employing DM-derivative terms up to the eighth order. Thered
crosses are the DM offsets identified by applying the method in accordance
with the description in Keith et al. (2013) and the red solid line joining them
shows the resulting DM model.

for PSRs J1017−7156, J1125−5825, J1446−4701, J1708−3506
and J1719−1438. PSR J1811−2405 is very close to the ecliptic
plane with(λ, β) = (272.586◦,−0.675◦) which means its proper
motion in ecliptic latitude (µβ) cannot be well-constrained. With
a λ so close to 270◦, the translation from ecliptic frame to equa-
torial frame would have almost no rotation. This implies that the
large uncertainty associated withβ is only inherited in the declina-
tion, δ, without also contaminating the right ascension,α. Hence
for PSR J1811−2405 we can choose to continue using the equato-
rial coordinates and we fixedµδ at zero for the rest of the analysis.
For the four newly-discovered MSPs in this paper, their timespans
are not yet long enough for proper motion to be detected with sig-
nificance.

Fromµ and their respective pulsar distances,d, we can derive
their corresponding transverse velocities,VT, with the following
equation,

VT = 4.74 kms−1 ×
(

µ

mas yr−1

)

×
(

d

kpc

)

. (2)

In this work we have calculated pulsar distances based on the
NE2001 electron density model (Cordes & Lazio 2002) and we as-
sume an associated uncertainty of 25% for each DM-derived dis-
tance. MSP proper motion measurements are relatively rare and
hence there are not many derived velocities (only about 40 cur-
rently published values in the literature), making it difficult to
place constraints on MSP velocity distribution models. Thelatest
MSP velocity discussions can be found in Toscano et al. (1999)
and Hobbs et al. (2005), proposing an average velocity for recy-
cled MSPs of85 ± 13 kms−1 and87 ± 13 km s−1 respectively.
Hobbs et al. (2005) also quoted a median velocity for recycled
MSPs of73 km s−1. Our newVT measurements largely agree with
these previous results (refer to Table 3 to 5). Note that we believe
the high VT of 670 and 350kms−1 reported for PSRs J1708−3506
and J1731−1847 in Bates et al. (2011) should in fact be corrected
to more modest values of70±20 and80±40 kms−1 respectively.



HTRU X: Timing solutions for 16 MSPs 11

Table 6. Table listing the derivedṖshk and Ṗgal for the 12 MSPs with
updated timing solutions. The final column shows the inferred Ṗint. Values
in parentheses are the nominal 1-σ uncertainties in the last digits.

PSR Ṗobs Ṗshk Ṗgal Ṗint

(10−20) (10−20) (10−20) (10−20)
J1017−7156 0.22193(6) 0.16(4) −0.067(15) 0.12(2)
J1125−5825 6.0899(2) 0.20(5) −0.066(19) 5.94(3)
J1337−6423 2.47(2) 1.8(13) −0.40(15) 1.0(13)
J1446−4701 0.9810(2) 0.016(4) −0.007(2) 0.972(2)
J1502−6752 31.45(13) 16(14) −0.8(3) 15(14)
J1543−5149 1.6161(14) 0.06(3) 0.0124(13) 1.54(3)
J1622−6617 5.88(2) 1.0(8) −0.17(7) 5.0(8)
J1708−3506 1.1421(11) 0.14(7) 0.14(4) 0.85(9)
J1719−1438 0.8044(8) 0.23(10) 0.028(9) 0.54(11)
J1731−1847 2.5407(4) 0.08(6) 0.048(14) 2.40(7)
J1801−3210 −0.004(4) 2.3(16) 0.41(15) −2.7(17)∗

J1811−2405 1.33780(16) 0.00035(18)† 0.052(15) 1.284(15)

∗ The potential causes of this apparent negative period derivative are
discussed in the main text of Section 4.3.2.
† This is a lower limit ofṖshk since PSR J1811−2405 is very close to the
ecliptic plane (refer to Section 4.2). Itsµδ cannot be constrained and is
fixed to zero.

4.3 Observed and inferred intrinsic period derivatives

The vast majority of pulsars are rotation-powered objects and hence
their respective period derivatives(Ṗ ) are fundamental to their
identities. The observed period derivatives(Ṗobs) however contain
a contribution from kinematic effects (Shklovskii 1970) and accel-
eration due to the Galactic potential (Damour & Taylor 1991). De-
termination of the intrinsic period derivative is important for prop-
erly placing pulsars in theP -Ṗ diagram from which physical con-
clusions (such as magnetic field strength, characteristic ages) may
be drawn. To obtain the intrinsic period derivative(Ṗint) we em-
ployed the following equation,

Ṗint = Ṗobs − Ṗshk − Ṗgal . (3)

The termṖshk accounts for the apparent acceleration that arises
from the transverse motion of the pulsar. It is related to thepulsar
spin period,P , the proper motion,µ, and the pulsar distance,d, by
the following equation from Shklovskii (1970),

Ṗshk =

(

P

c

)

d µ2 . (4)

The termṖgal accounts for difference in the line-of-sight compo-
nents of the acceleration of the pulsar and the Solar System under
the influence of the Galactic gravitational potential. There exist sev-
eral Galactic potential models in the literature, and we have chosen
the one described in Paczynski (1990). This model reproduces a flat
rotation curve and uses a Solar Galactocentric distanceR0 of 8 kpc
and a Solar Galactic rotation velocity of220 kms−1.

Table 6 lists theṖ contributions as calculated for the 12 MSPs
with updated timing solutions in our sample. Monte Carlo simula-
tions with 1,000,000 runs per pulsar have been used to estimate the
associated error. Note that the errors inṖshk and Ṗgal do not re-
flect the effect of errors in the distance estimates. The results are
illustrated in Figure 3, which is aP -Ṗ diagram around the region
where MSPs are located. ThėPobs and the correcteḋPint of the 12
MSPs studied in this paper are plotted, together with other known
pulsars in this region.

Some of the results (noticeably those of PSR J1337−6423
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Figure 3.TheP -Ṗ diagram plotted for the region of MSPs. Black open cir-
cles show theṖobs for all 16 MSPs in this work, except PSR J1801−3210
for which a 2-σ upper limit is shown because we have a measuredṖobs

value consistent with zero within 1-σ even with 4 years of timing data.
For the 12 MSPs in this work with updated timing solutions, weare able
to plot also their corrected locations oḟPint in the P -Ṗ diagram repre-
sented by black filled circles with associated error bars. Two of the MSPs
(PSRs J1337−6423 and J1502−6752) have unconstraineḋPint, hence we
plot the 95% confidence upper limit. Note that PSR J1801−3210 has an
apparent negativėPint even at the 95% confidence upper limit therefore we
show only itsṖobs. The red dotted lines correspond to characteristic ages
of 109 and 1010 years respectively, whereas the blue dashed lines show
derived surface magnetic field strength at the equator(Beq) of 107, 108

and109 G. Both of these sets of lines are derived according to equations in
Lorimer & Kramer (2004). The green dot-dashed lines plot thethree pul-
sar death lines as described in Chen & Ruderman (1993), derived from the
theoretical relationship between surface magnetic field strength at the polar
region(Bp) and pulsar spin period (P ).

and J1502−6752) have large associated errors and should be con-
sidered with caution. One reason is thatṖshk relies on the square
of VT, which is in turn dependent on proper motion as seen from
Equation (2). HencėPshk is only meaningful for MSPs with well-
constrained proper motion measurements. Additionally,Ṗgal is de-
pendent on the distance of the pulsar,d. As mentioned in Sec-
tion 4.2, the DM-derived distance is thought to have∼ 25% error,
and can be much larger for individual pulsars.

4.3.1 PSR J1017−7156

Disregarding these two unconstrained measurements,
PSR J1017−7156 stands out with one of the smallest inferred
intrinsic Ṗ at a value of1.2 × 10−21. We are aware that if red
noise is present in the data this could potentially also contaminate
our Ṗ measurement. However if we include the frequency second
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derivative in the model fit in an attempt to whiten the data with
a quadratic component, thėP measurement remains statistically
consistent. PSR J1017−7156 is thus located at the bottom left of
theP -Ṗ diagram, which yields a characteristic age,τc ≡ P/(2Ṗ ),
of 31 Gyr, i.e. larger than the Hubble age. Note thatτc is by no
means a reliable age indicator for MSPs, since it is only applicable
for pulsars which have a braking indexn = 3 and an initial spin
period (P0) much less than the current spin period, which is not
thought to be the case for MSPs. However for MSPs with such
small Ṗobs like that of PSR J1017−7156, we can deduce that
the MSP was probably born with small initial period derivative
and must not have moved very far from its current location on
theP -Ṗ diagram since its birth (Tauris et al. 2012). The derived
surface magnetic field strength at the equator4 of PSR J1017−7156
is also at one of the lowest known at5.3 × 107 G.

4.3.2 PSR J1801−3210

There is one peculiar case, PSR J1801−3210, for which no signif-
icant period derivative has been measured, even with more than 4
years of timing data. The best-fit solution inTEMPO2 shows aṖobs

of −4 ± 4 × 10−23, an extremely small number compared to that
of typical MSPs (Ṗobs of the order of10−19 to 10−20). A 2.7-σ
Ṗ value of0.265(97) × 10−20 was presented in the initial discov-
ery paper by Bates et al. (2011) which at that time had just over
one year of timing data, however this value is inconsistent with our
current longer time baseline TOAs. Shortening our data spanto the
same epoch as that in Bates et al. (2011) results in an unconstrained
Ṗobs measurement of 0.2(20)×10−20, eliminating the possibility
of an actual change in period derivative over time.

Referring again to Equation (3), proper-motion-inducedṖshk

has an always positive contribution toṖobs, so thatṖint will be even
smaller.Ṗgal however could have a positive or negative contribution
depending on the relative location of the pulsar in the Galaxy with
respect to the Earth.

PSR J1801−3210 has a proper motion measurement of
15(7)mas yr−1, corresponding to a positivėPshk of the order of
10−20. The Paczynski (1990) Galactic potential model shows that
at the NE2001 DM-derived distance of 4 kpc PSR J1801−3210
would be accelerated away from the Sun, giving a positiveṖgal

of the order of10−21 (Table 6) to further decrease the already neg-
ative Ṗobs. Even if we assume the proper motion to be zero to get
the smallest possible contribution froṁPshk, we still cannot over-
come this apparent negativėPint at the given DM distance of 4 kpc,
since theṖgal is positive and dominates the tinẏPobs of 10−23. We
acknowledge that the Paczynski (1990) model consists basically
of only three elements: a bulge, a disk and the surrounding halo.
However this is considered a valid approximation, and for example
the effect of spiral arm structure should not significantly skew the
model.

In the following we consider other potential explanations to
this apparent negativėPint, i.e. effects that would have contributed
to theṖobs but are not yet accounted for in Equation (3). We discuss
the cases of (a) acceleration due to local stars; (b) acceleration due
to giant molecular clouds (GMCs); and (c) acceleration due to a
third orbiting object if PSR J1801−3210 is in a triple system.

If there exists a third body (with massM3) located near

4 Note throughout the paper we differentiate between the derived surface
magnetic field at the polar region (Bp), and that of the equatorial region
(Beq) which is only half the strength comparing to the polar region.

the pulsar, in a direction towards the Earth and close to the
line-of-sight, it will potentially cause a radial acceleration of
PSR J1801−3210 towards the Earth. We can express the mass of
the third body required to produce ȧP contribution ofṖM3

as,

M3 =

(

ṖM3

Pspin

)(

c r2

G

)

(cos θ)−1 , (5)

wherer is the distance between the third body and the pulsar,G
is Newton’s gravitational constant andθ is the angle between the
direction from the pulsar to the third body and the directionfrom
the pulsar to the Sun. We imagine the scenario ofθ ≈ 0◦ where the
line-of-sight acceleration induced on the pulsar is the largest, and
we first examine the potential contribution from stars located near
the pulsar. The probability distribution of fluctuation in Galactic ac-
celeration due to local clustering centres has been studiedin the lit-
erature (see e.g., Holtsmark 1919), and based on Equation (3.1) and
(3.5b) in Damour & Taylor (1991) one finds for PSR J1801−3210
at 1-σ confidence level,

∣

∣

∣
Ṗ∗

∣

∣

∣

1−σ
= 3.3× 10−24

(

M̂

M⊙

)1/3
(

ρ

ρ⊙

)2/3

, (6)

where Ṗ∗ is the potential period derivative contribution from
nearby stars,M̂ is the average of mass taken over the mass spec-
trum of the attracting centres and we use the same value of 1M⊙ as
in Damour & Taylor (1991). The local stellar-mass density,ρ⊙, has
a value of 0.06M⊙ pc−3 according to Mihalas & Binney (1981)
and the stellar-mass density,ρ, can be extrapolated by,

ρ = ρ⊙ × exp

(

R0 −R

Ldisk

)

exp

(

− z

zh

)

, (7)

whereR0 is the aforementioned Solar Galactocentric distance at
8 kpc.Ldisk is the stellar disk scale length andzh is the scale height
of the stellar disk component, which from the most recent litera-
ture by Bovy & Rix (2013)Ldisk = 2.15 kpc andzh = 0.4 kpc.
R is the distance of the pulsar from the Galactic Centre, and for
the case of PSR J1801−3210 it is approximately 4 kpc as derived
from the NE2001 model. This corresponds to a Galactic height,
z, of 0.32 kpc. Substituting these into Equations (7) and (6) gives
ρ = 0.17M⊙ pc−3 and a tinyṖ∗ of the order of10−24 which
is unlikely to have led to the negativėPint. To appreciate the im-
probability of this scenario we can also hypothesise a nominal Ṗ∗

of the order of−10−21. From Equation (6) this would requireρ
to be more than 300M⊙ pc−3 and nowhere along the line-of-sight
direction of PSR J1801−3210 has such high stellar-mass density.

Alternatively let us consider the contribution from GMCs, and
again we assume that there exists such an acceleration acting upon
the pulsar towards the Earth which induces a nominalṖGMC of
the order of−10−21. GMCs typically have masses between103 to
107 M⊙; substituting this into Equation (5) corresponds to a dis-
tance,r, of about 2 to 190 pc from the pulsar. No GMCs are known
to exist near PSR J1801−3210, but not all GMCs have necessarily
been detected, so this possibility cannot be ruled out. It may also
be that multiple smaller molecular clouds (also known as Bokglob-
ules) act together to accelerate PSR J1801−3210 in our direction.

Another possible candidate of this third body could be a ter-
tiary star or an exoplanet orbiting PSR J1801−3210 in a weakly-
bounded hierarchical triple orbit. This third component would ac-
celerate the pulsar system towards it, and hence if the thirdcompo-
nent happened to provide a net acceleration on PSR J1801−3210
towards the Earth it would lead to the negativeṖint like in the
case of a GMC as mentioned above. We can achieve the same
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Figure 4. Plot showing variousṖ contributions for PSR J1801−3210. The
black dotted line is theṖgal as a function of distance and is independent
of proper motion. The two blue dashed lines show theṖshk caused by a
proper motion(µ) of 0 and 15mas yr−1 respectively. The two red solid
lines show the resultinġPint. In the case ofµ = 15mas yr−1 the cor-
respondingṖint,µ=15 is always negative. In the case of no proper motion
(µ = 0mas yr−1) the correspondinġPint,µ=0 can become positive only
after a distance of at least 8 kpc.

Ṗexo of the order of−10−21, for example with an Earth-sized
exoplanet at distance of∼20 AU in an orbit of∼70 years around
PSR J1801−3210, or a Jupiter-sized exoplanet at a distance of
∼400 AU in a large orbit of∼6000 years, assuming circular orbit.

The relative motion between the pulsar system and the ex-
oplanet would have induced variations in the acceleration,as
well as variations in the second derivative of spin frequency, ν̈
(Backer et al. 1993). We do not have a significant measurementof
ν̈ except a 2-σ upper limit of8×10−26 s−3. This thus excludes the
existence of a nearby exoplanet and favours the case of a further-
out heavier object. However at the same time, for a third orbiting
object to stay bound with the pulsar system, a very strict limit on
the post-supernova (SN) recoil velocity of the inner binaryis re-
quired (Hills 1983). Precisely, the recoil velocity has to be no more
than30 kms−1 and 7kms−1 for the case of an Earth-mass and a
Jupiter-mass exoplanet respectively. According to simulations by
Tauris & Bailes (1996), the recoil velocity of any survivingbinary
is expected to be larger than 20kms−1, even for a symmetric SN
explosion, unless the pulsar formed via an accretion-induced col-
lapse of a white dwarf (Nomoto et al. 1979). Hence, we are in-
clined to exclude a very distant third body with a Jupiter mass, and
notice that a closer Earth-mass object would require quite some
fine-tuning in the SN event to remain bound. To summarise, we
conclude that this scenario of an exoplanet is possible but unlikely.

Finally, we consider the possibility that the NE2001 DM-
derived distance of 4 kpc is significantly wrong, hence locating
PSR J1801−3210 in a different quadrant of the Galaxy which
would reverse the direction of the Galactic potential and the sign of
Ṗgal. In Figure 4 we plot the variouṡP contribution as a function
of distance along the line-of-sight of PSR J1801−3210. It can be
seen that in the limiting case oḟPshk being zero, we can achieve a
positive period derivative beyond a distance of 8 kpc, and can reach
an upper limit ofṖint of 3×10−20 at a distance of 8.5 kpc. At a dis-
tance of 8 kpc, the NE2001 model requires a corresponding DM of
326.1cm−3 pc which is inconsistent with the well-constrained DM
measurement of PSR J1801−3210 of only 177.713(4)cm−3 pc.
However other electron density models give very different results.
For example the TC93 model (Taylor & Cordes 1993) requires a

corresponding DM of only 227.0cm−3 pc, whereas including a
thick disk component to the TC93 model (Schnitzeler 2012) pre-
dicts an even smaller corresponding DM of 185.5cm−3 pc, which
is only a factor of 1.07 from our measured value. These large
discrepancies between various models reflect uncertainties in the
electron density distribution along this line-of-sight, and thus it
seems plausible that the DM-derived distances of PSR J1801−3210
have been underestimated. PSR J1801−3210 is located at(l, b) =
(358.922◦,−4.577◦), a distance of at least 8 kpc in this direc-
tion would put PSR J1801−3210 just beyond the Galactic Centre,
hence reversing the direction ofṖgal. In any case, we suggest that
PSR J1801−3210 would serve as an important test pulsar for im-
proving future electron density models.

Otherwise, if PSR J1801−3210 has indeed an extremely
small Ṗint it would imply an exceptionally small surface magnetic
field. Popular theories on the pulsar emission mechanism require
electron-positron pair production, and the longer the spinperiod
of the pulsar, the larger the potential needed to power the particle
acceleration (see for example Beskin et al. 1988). The following
implication is known as the ‘pulsar death line’, which predicts for
a particular pulsar spin period, there exists a lower limit of period
derivative and surface magnetic field for which radio emission can
be produced. Therefore, we can derive a lower limit ofṖint for
PSR J1801−3210 to stay above the pulsar death line. We adopt the
theoretical study from Chen & Ruderman (1993) which described
three possible death lines also plotted in Figure 3. If we take the
lowest limiting case imposed by death line B, we derive a lower
limit of Ṗint = 7.9 × 10−24 and a corresponding surface mag-
netic field at the equator (Beq) of 7.8 × 106 G. We note that this
derivation assumes a contribution only from a model of a vacuum
magnetic dipole. However as discussed by Tauris et al. (2012), if
the spin-down torque caused by the plasma current in the magne-
tosphere (Spitkovsky 2006) is also taken into account, the realistic
surface magnetic field would even be lower, by at least a factor of√
3.

4.4 Binary companions and mass functions

A plot of mass function versus orbital period is a standard way of
distinguishing different types of binary systems and can beused to
gain insight into the nature of the binary companion, as shown in
Figure 5. Indeed it can be seen immediately that PSR J1719−1438
occupies an otherwise empty region in the bottom left cornerof this
figure, as a result of its uniquely light, planet-mass companion. This
has been extensively discussed in the literature (e.g., Bailes et al.
2011; van Haaften et al. 2012) so will not be further elaborated in
this paper.

A cluster of pulsars can be seen in the left side of Figure 5,
with Porb 6 1 day and mass functions between10−7 to 10−4 M⊙.
They are considered descendants of close LMXB systems, result-
ing in the formation of a binary with an ultra-light companion
(Tauris 2011), also known as the ‘very low-mass binary pulsars’
(VLMBPs). In our sample we have three MSPs that fit into this cat-
egory, namely PSRs J1446−4701, J1502−6752 and J1731−1847.

Some of the VLMBPs exhibit eclipses and are typically re-
ferred to as black widow pulsars (BW; Roberts 2013). Eclipses have
already been reported for PSR J1731−1847 by Bates et al. (2011),
but not for PSRs J1446−4701 nor J1502−6752. Freire (2005) pro-
posed a correlation between the possibility of observing eclipses
and orbital inclination for these VLMBPs in GC. The essence of the
idea is that the companions of these VLMBPs have a narrow intrin-
sic mass distribution, and subsequently whether a VLMBP shows
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eclipses or not, becomes exclusively dependent on its orbital incli-
nation. In other words, a VLMBP viewed relatively face-on (low
inclination) is less likely to be observed as an eclipsing system and
will also have a smaller mass function, and vice versa.

While this hypothesis seems to work well in GCs, there has
not yet been a similar study on the non-GC associated VLMBP
population. We have compiled all related literature, and colour-
coded in Figure 5 the known ‘eclipsers’ as red circles and the
‘non-eclipsers’ as blue diamonds. Two distinct groups composed of
‘eclipsers’ and ‘non-eclipsers’ do seem to exist, with onlyone out-
lier, PSR J1311−3430, which is the tightest binary pulsar known
with a Porb of just 93 minutes (Romani et al. 2012; Pletsch et al.
2012; Ray et al. 2013). But this pulsar may have evolved from an
ultra-compact X-ray binary (UCXB), hence belonging to a differ-
ent population (van Haaften et al. 2012) and might not be applica-
ble to the hypothesis as mentioned above. Disregarding thissystem,
it is striking to see a bimodal distribution. Particularly interesting
is that there is no non-eclipsing system found within the redclus-
ter of ‘eclipsers’, although from a pulsar searching point-of-view
these kinds of systems should in fact be easier to detect due to their
non-eclipsing nature.

Plotted as a dotted line in the zoomed-in panel of Figure 5 is
our nominal split between the ‘eclipsers’ and the ‘non-eclipsers’,
representing a dividing mass function of6.7 × 10−6 M⊙. We as-
sume a pulsar mass of1.7M⊙, and an orbital inclination of 70◦

to postulate a lower limit on inclination which eclipses canbe
observed. This dividing mass function would then correspond to
mc = 0.029M⊙, which is also within the range of typical com-
panion masses of BWs as shown in Chen et al. (2013). Indeed or-
bital eclipses are observed for PSR J1731−1847 which has a me-
dianmc of 0.0385M⊙ and lies above the dotted line, whereas no
eclipse is observed for PSRs J1446−4701 and J1502−6752 with
lower companion masses (medianmc of 0.022M⊙ and 0.025M⊙

respectively) located below this line. These measurementsare in
agreement with Freire (2005).

4.5 Galactic height distribution

Based on theoretical grounds we expect an anti-correlationbetween
the absolute Galactic height and the inferred mass functionof bi-
nary pulsars. The reason is the following: assuming that themo-
mentum kick imparted to a newborn neutron star during the SN ex-
plosion is independent of exterior parameters, such as the mass of
the companion star, the resulting systemic recoil velocityis larger
for systems with smaller companion star masses (and thus smaller
mass functions) as a simple consequence of conservation of mo-
mentum. Since the acquired amplitude of the Galactic motionof the
system only depends on the systemic recoil velocity, we therefore
expect the above mentioned anti-correlation between the distribu-
tion of observed Galactic heights and the measured mass functions
of pulsar binaries. Some theoretical studies (e.g., Tauris& Bailes
1996) have suggested the possibility of a weak relation between
orbital period and systemic recoil velocity of pulsar binaries. How-
ever, Gonzalez et al. (2011) found no observational evidence for
such a relation based on the 2D velocities of binary MSPs. Thus
we disregard orbital periods in the following discussion.

Our sample of 16 MSPs has a wide distribution of mass func-
tions, from PSR J1719−1438 with an ultra-low mass compan-
ion and a mass function of 7.8×10−10 M⊙ to PSR J1525−5545
with a massive WD companion and a mass function of 0.11M⊙.
With the addition of these systems, we investigate whether there
exists a correlation between mass function and vertical distance
from the Galactic plane(|d sin b|). We have taken our sample of
MSPs from theATNF Pulsar Catalogue5 (Manchester et al. 2005)

5 http://www.atnf.csiro.au/people/pulsar/psrcat/
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Figure 6. Mass function vs absolute Galactic height from the plane, |d sin b|. We derived the distances,d, according to the Cordes & Lazio (2002) NE2001
model of the Galactic electron density, except for 19 binarysystems for which independent distance measurements existed. In those cases we used the
independently-measured distances instead of the DM-derived distances. Ultra-light systems are plotted as green circles, binaries with He-WD companions as
red squares, massive CO or ONeMg-WD companions as blue diamonds, and main-sequence star companions as purple stars. The16 MSPs in this work are
also plotted with the same scheme, but emphasised by filling the symbols with the relevant colours. NS-NS systems are plotted as grey crosses but since they
have received two kicks from SN explosions they are not considered further in this discussion.

and an online MSP catalogue maintained by Lorimer6. We have
included the 16 MSPs in this work and also six additional newly-
discovered HTRU MSPs (Ng et al. in prep; Thornton et al. in prep).
All recycled MSPs in binary systems are considered, provided that
they are not associated with a GC or extragalactic, which amounts
to 164 MSPs in total. We continue to use the Cordes & Lazio
(2002) model of Galactic electron density to derive the distances
of all known pulsars in order to calculate their respective Galac-
tic heights. Independent distance measurements are available for
19 binary systems and we use these, instead of the DM distances,
when calculating their Galactic heights. In Figure 6 we plotthe
absolute Galactic heights against mass functions, and we classify
the nature of each of the binary companions in accordance with
the description in Tauris et al. (2012). This results in five binary
groups, namely those with ultra-light (UL) companions, with He-
WD companions, with massive CO or ONeMg-WD companions,
neutron-star−neutron-star (NS-NS) systems and those with main-
sequence star (MS) companions. For the rest of the discussion we
set aside the nine NS-NS systems, since they were born with two
SN explosions (hence received two kicks) and would complicate
our discussion.

Table 7 summarises the statistical distribution of Galactic
height for each of the binary groups mentioned above, from which
we draw two main interpretations. Firstly, the heavier systems tend
to stay closer to the plane, as seen for example from the MS systems
with a mean Galactic height of only 0.06 kpc, whereas the lightest
UL systems tend to be found at a higher Galactic height with a
mean of 0.52 kpc. Secondly there is a larger scatter in the height
distribution of the lighter systems, whereas the heaviest MS system
are found almost exclusively within the Galactic plane. We note
that a potential caveat here is that the ages of the MSPs mightalso
have an influence on the Galactic height scattering. For example
the fully-recycled He-WD binaries are generally older and hence
might have more time to scatter away from the Galactic plane,

6 http://astro.phys.wvu.edu/GalacticMSPs/GalacticMSPs.txt

Table 7.A summary of the statistical distribution of Galactic height for each
binary group, classified in accordance with the descriptionin Tauris et al.
(2012).N is the number of pulsar systems in each group. The average
(|zmean|) and the median (|zmed|) Galactic heights in kpc are listed, as well
as the corresponding standard deviation (σ).

Binary group N zmean

(kpc)
zmed

(kpc)
σ

UL 22 0.52 0.55 0.22
He-WD 99 0.32 0.23 0.26
Massive WD 29 0.21 0.20 0.15
NS-NS 9 0.23 0.09 0.24
MS 5 0.06 0.04 0.04

whereas the less-recycled binaries with heavier companions tend to
be younger. In addition, there is also a longer time intervalbetween
the SN explosion and the formation of the MSP for systems with
UL and with He-WD companions, because their low-mass progen-
itors have much longer nuclear evolution timescales. Nonetheless,
this does not change the outcome of the overall picture in Figure 6,
explicitly that the distribution of the total mass of binarysystems is
inversely-related to the Galactic height distribution.

We are aware that the MSP distribution depicted in Figure 6 is
skewed by another observational bias. That is from a pulsar search-
ing point-of-view, pulsars with shorter spin periods, meaning the
more recycled UL and He-WD systems, are more difficult to be
discovered at higher DM regions, for example deep in the Galactic
plane. This is because short spin period pulsars are more vulnera-
ble to dispersion smearing and interstellar scattering. However, the
less recycled massive WD and MS systems have longer spin peri-
ods, and we should have a relatively more uniform ability to detect
them whether they are in the Galactic plane where DM is high or
out of the plane.

This leads to two further implications. The first is that the
smaller Galactic heights of the heavier systems are genuine, since if
massive WD or MS systems exist at high Galactic heights we would
have been more likely to have discovered them, given that we
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have detected the in-theory more difficult He-WD at those Galactic
heights. The second is that this gives an explanation to the lack of
light systems at small Galactic heights in the Galactic plane, result-
ing in the sparsely populated region in Figure 6 below 0.2 kpcand
for mass function less than10−3 M⊙. Indeed a large number of the
UL systems at high Galactic heights are only discovered thanks to
theFermi Large Area Telescope (LAT; Atwood et al. 2009), which
has much less ability to detect pulsars in the Galactic planedue to
confusion with background emission.

These results show that the observed MSP distribution
is not as isotropic as previously thought (see for example
Johnston & Bailes 1991) prior to the latest generation of pulsar sur-
veys with improved backends, which have allowed us to probe a
much bigger volume within the Galaxy. Conventional MSP pop-
ulation synthesis using the scale factor method typically takes
into consideration only the pulsar luminosities (see for example
Levin et al. 2013), and we suggest that including the mass function
as an extra parameter could be a potential improvement for future
population studies.

4.6 Orbital eccentricity

We have measured initial eccentricities for the four newly-
discovered binary MSPs and improved precision for the ec-
centricities of the 12 previously published MSPs, except for
PSRs J1502−6752 where only upper limits can be achieved. Fig-
ure 7 shows a plot of orbital period versus orbital eccentricity and
the 16 MSPs in this work are marked together with 1- and 2-σ
uncertainties of their eccentricities. The dotted lines denote the ec-
centricity predicted by the convective fluctuation-dissipation the-
ory of Phinney (1992), applicable to binary systems formed by
stable mass transfer from a Roche-lobe filling red giant. It can
be seen that our MSPs with He-WD companions (plotted as red
stars in Figure 7) largely agree with the predictions of Phinney
(1992). Within the 2-σ eccentricity measurement uncertainties,
only PSRs J1017−7156, J1811−2405 and J1801−3210 lie outside
the 95% confidence-level range (the first one above and the latter
two below). However as seen in Figure 7 they have the same scatter
as the rest of the MSP population. In addition, these three pulsars
have typical He-WD companions and their spin periods indicate
highly recycled systems. Therefore, we find little evidencefor un-
usual evolutionary scenarios for these three pulsars.

The low eccentricity of e = 2.1 ± 1.1 × 10−6 of
PSR J1801−3210 combined with its large orbital period of
Porb = 21 days makes it a ‘wide-orbit binary millisecond pul-
sar’ (WBMSP), and an interesting object to be employed for
tests of the strong equivalence principle (SEP) as described in
Damour & Schäfer (1991); Stairs et al. (2005); Freire et al. (2012).
The basic idea being that in the case of SEP violation, the extreme
difference between the gravitational binding energy of theheavy
neutron star and its much less compact companion star implies that
they would experience different accelerations in the presence of an
external gravitational field (Nordvedt effect). This translates to an
observable effect, most prominent in systems with small eccentric-
ity and wide orbits, that the eccentricity would oscillate between
the minimum and maximum value. The dashed line overplotted on
Figure 7 indicatese ∝ Porb

2, a figure-of-merit for a SEP test. With
a Porb

2/e ratio of 2.1 × 108 day2, PSR J1801−3210 thus pro-
vides the best test for SEP together with PSRs J1835+1303 and
J0407+1607 as detailed in Gonzalez et al. (2011). Note that al-
though PSR J1711−4322 appears to lie close to the figure-of-merit
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Figure 7.Plot of eccentricity vs. orbital period(Porb). Known pulsars with
He-WD companions are plotted as red circles, CO-WD companions in blue
diamonds, and ultra-light companions in green squares. The16 MSPs stud-
ied in this work are plotted with star symbols filled with the respective
colour according to their companion types, together with the 1- and 2-σ
uncertainties of the eccentricity measurements. We plot a 2-σ upper limit
for PSR J1502−6752 where the eccentricity is not constrained. The solid
line illustrates the median eccentricity predicted by Phinney (1992). The
dot-dashed line and the dotted line are predicted to contain68% and 95%
of the final eccentricities respectively. The dashed line indicatese ∝ Porb

2.

in Figure 7, it is in fact not usable for this SEP test (Kehl & Krieger
2012).

4.7 Change in projected semi-major axis,̇x

For PSR J1017−7156 we determine a change in projected semi-
major axis(ẋ) of 9.1 ± 1.7 × 10−15. The projected semi-major
axis,x, is related to the semi-major axis,ap, and the inclination,i,
by Equation (1). Hence a measurement ofẋ could be due either to
a physical change of the intrinsic orbit size as measured byap, or
to a change ini, or both.

In the case of an actual change inap due to gravitational wave
emission, we would expect this to also be reflected in a detection
of Ṗorb (Peters 1964). From this we can predict the corresponding
observable change inap sin i/c to be of the order of10−21 for
PSR J1017−7156, which is many orders of magnitude too small
to be observed. So we conclude that the observedẋ is most likely
due to an apparent change in the orbital inclination as a result of
proper motion affecting the viewing geometry. This effect has been
first proposed by Arzoumanian et al. (1996) and Kopeikin (1996)
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using,

ẋ = 1.54× 10−16x

(

µ

mas yr−1

)

cot i sin(Θ− Ω) . (8)

In this equation proper motion has a total magnitude ofµ and a
position angle ofΘ, whereasΩ is the position angle of the line of
nodes.

To assess if any physical constraints of the orientation of the
line of nodes in relation to the direction of the proper motion (i.e.
Θ − Ω) can be subsequently drawn, one must compare the un-
certainty of the measureḋx with the product ofµ and x. For
PSR J1017−7156 we haveµx = 7.6 × 10−15, which is indeed in
the same order of magnitude as compared to ourẋ measurement,
and can already provide constraints to the possible ranges of Ω. Fu-
ture improved timing precision and additional information, such as
constraints on or detection of a Shapiro delay, will allow usto ex-
tract more information on the binary systems, including mass mea-
surements. None of the other MSPs in this paper have a detectable
ẋ yet and are unlikely to be measurable in the near future. Withthe
possible exceptions of PSRs J1125−5825 and J1708−3506, which
both haveµx of the order of10−14, we can quote a marginalẋ
limit of 1.6±2.0×10−14 and−9±6×10−14 respectively. Hence
they might achieve reliablėx measurements with additional timing
data.

4.8 Orbital period variation, Ṗorb

We measure an orbital period variation(Ṗorb) in
PSR J1731−1847. However rather than due to gravitational-
wave damping, thėPorb observed in this case is more likely due to
the eclipsing nature of PSR J1731−1847, a BW system, inducing
orbital interaction. We refer to Lazaridis et al. (2011) fora detailed
discussion of such orbital period variations caused by changes in
the gravitational quadrupole moment of a tidally interacting BW
system. For the case of PSR J1731−1847, a straight-forward fit
of Ṗorb is not adequate, since the orbital period exhibits quadratic
changes over the last three years. We have achieved the best fit
using the BTX model (Nice, D., unpublished) implemented in
TEMPO2, taking into account the orbital frequency changes up to
the second order term (i.e.nb, ṅb, n̈b). The phase(φ) of the orbit
is thus a function of the binomial expansion of then(k)

b terms,
wherek denotes thekth derivative with respect to time. At any
particular time,t, the phaseφ can be represented by,

φ(t) =
K
∑

k=1

(

n
(k)
b

k + 1!

)

(

t− T0

s

)k+1

/nb . (9)

To get a better visualisation of the change of the orbit over
time, we express this phase shift as the shift of the epoch of perias-
tron (T0). One can consider that a positive phase shift corresponds
to an earlier arrival of the observed periastron,T0,obs, as compared
to the predicted arrival of the periastron,T0,pre. The result is a neg-
ative∆T0, which also symbolises a decrease inṖorb,

∆T0 = T0,pre − T0,obs = ∆φ× Porb . (10)

Figure 8 shows this∆T0 as derived from then(k)
b terms of

the BTX model fit in TEMPO2. It can be seen that the orbit of
PSR J1731−1847 shrinks until approximately MJD 55800 but gets
wider after. We identified manually a value ofT0 across every few
TOAs, while holding fixed all other parameters (shown by black
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Figure 8. A plot of ∆T0 as a function of time for PSR J1731−1847. The
dashed line shows the best-fit curve from the timing solutiongenerated with
the BTX model inTEMPO2, employing up to the second orbital frequency
derivative terms.

points in Figure 8). The BTX model results in a close agreement.
We remark, however, that this model has no predictive power for
the orbital period variations outside of the current TOA timeline.

4.9 Variation in the longitude of periastron, ω̇

We measured a marginally significant variation in the longitude
of periastron(ω̇) for PSR J1017−7156 with a value of0.022 ±
0.009 ◦ yr−1. If we assume a typical pulsar mass of 1.4M⊙ and an
orbital inclination of 60◦, using Equation (2) of Weisberg & Taylor
(1981) we obtain a predicteḋω in general relativity of 0.012◦ yr−1,
which agrees with our measured value within 1.1-σ. In generalω̇ is
a useful Post-Keplerian (PK) parameter as it can be used to calcu-
late the total mass of the binary system, from which a measurement
of the pulsar mass may be extracted. The variation inω̇ is the easi-
est to measure for orbits with significant eccentricities. In the case
of PSR J1017−7156 withe = 1.4 × 10−4 and an already good
timing residual RMS of 1.3µs, we expect itṡω measurement to be
much improved with another 5 years of timing data.

4.10 Gamma-ray pulsation searches

Among the pulsars in our sample, PSRs J1125−5825 and
J1446−4701 have been observed to emit> 0.1GeV pulsations
by Keith et al. (2012), through the analysis of data taken by the
FermiLarge Area Telescope (LAT; Atwood et al. 2009), with post-
trial significances just under 5-σ. High confidence detections of
these two MSPs in gamma rays were later presented in Abdo et al.
(2013).

To determine whether other MSPs in our sample also emit
gamma-ray pulsations, we analysed LAT photons recorded be-
tween 2008 August 4 and 2013 May 1, with energies from 0.1 to
100 GeV, and belonging to the ‘Source’ class of the reprocessed
P7REP data, a version of Pass7 data7 reprocessed with improved
calibrations. Events with zenith angles larger than100◦ were ex-
cluded, to reject atmospheric gamma rays from the Earth’s limb.

7 See Bregeon et al. (2013) and http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass7REP_usage
for more information.
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Table 8.Gamma-Ray Emission Properties of PSRs J1125−5825, J1446−4701, J1543−5149, and J1811−2405. The weightedH-test parameters were calcu-
lated by selecting photons found within 5◦ of the pulsars, with energies larger than 0.1 GeV and weightslarger than 0.01. See Figure 9 for the corresponding
gamma-ray light curves under the same selection cuts. Details on the measurement of the spectral parameters can be foundin Section 4.10.

Parameter J1125−5825 J1446−4701 J1543−5149 J1811−2405
WeightedH-test 100.7 165.4 65.1 37.9
Spectral index,Γ 1.6± 0.5 1.3± 0.4 2.3± 0.3 1.6± 0.4
Cutoff energy,Ec (GeV) 8± 7 4± 2 6± 3 3± 2
Photon flux above 100 MeV,F100 (10−8 cm−2 s−1) 0.8± 0.7 0.6± 0.2 5.4± 0.4 2± 2
Energy flux above 100 MeV,G100 (1011 erg cm−2 s−1) 0.9± 0.3 0.7± 0.1 2.4± 0.2 1.4± 0.8
Luminosity,Lγ = 4πG100d2 (1033 erg, s−1) 7.1± 2.4 1.9± 0.3 17± 1 5.5± 3.1

Efficiency,η = Lγ/Ė 0.09± 0.03 0.05± 0.01 0.23± 0.02 0.2± 0.1
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Figure 9. Radio and gamma-ray light curves for the four MSPs in our sample with Fermi LAT detections. Two pulsar cycles are shown for clarity. The
radio profiles are based on 1.4 GHz observations conducted atParkes, while the gamma-ray profiles were obtained by selecting Fermi LAT photons with
reconstructed directions found within5◦ of the MSPs, and with energies larger than 0.1 GeV. The photons were weighted by the probability that they originate
from the pulsars as described in e.g. Kerr (2011). Photons with weights smaller than 0.01 were rejected. Horizontal dashed lines show the estimated background
levels, obtained by following the method described in Guillemot et al. (2012). The grey shaded regions indicate the OFF-pulse intervals used for the spectral
analyses presented in Section 4.10, the ON-pulse regions being defined as the complementary intervals.
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In addition, events recorded when the instrument was not oper-
ating in nominal science operations mode, when the limb of the
Earth infringed upon the regions of interest (see below for the def-
inition of these regions), or when the data were not flagged as
good were excluded. These cuts were made using theFermi Sci-
ence Tools8 (STs) v9r32p5, and the selected photons were assigned
pulse phases using the ephemerides listed in Tables 3 and 5 and the
Fermi plug-in for TEMPO2 (Ray et al. 2011; Hobbs et al. 2006).

Weighting each event by the probability that it originates from
a pulsar has been shown to make pulsation searches more sensi-
tive (e.g., Kerr 2011). We calculated these weights by performing
binned maximum likelihood analyses for each pulsar, using the
pyLikelihoodpython module distributed with the STs. For each
MSP we selected photons found in a region of radius 15◦ cen-
tred on the pulsar, and built a spectral model for this regionby
including sources within20◦, from a preliminary list based on
four years of LAT data. The Galactic diffuse emission was mod-
elled using thegll_iem_v05.fitmap, and the isotropic diffuse emis-
sion and residual instrumental background were modelled using the
iso_source_v05.txttemplate. We used the P7REP_SOURCE_V15
instrument response functions, and followed the analysis prescrip-
tions described in Abdo et al. (2013). However, in a first iteration
of the analysis the MSPs were modelled with simple power lawsof
the formN0 (E/GeV)−Γ, whereN0 is a normalisation factor,E
denotes the photon energy andΓ the photon index. A test statistic
(see Nolan et al. 2012, for a definition) larger than 40 was found for
PSRs J1125−5825, J1446−4701, J1543−5149, and J1811−2405,
indicating the presence of significant gamma-ray emission.No ev-
idence for gamma-ray emission from any of the other pulsars was
found. For these pulsars, we have conducted an unweighted search
for pulsations, testing a range of angular and energy cuts tothe LAT
data to optimise theH-test statistic (de Jager & Büsching 2010).
We did not find evidence for gamma-ray pulsations with signifi-
cance greater than 3-σ in any of the data selection cuts used, for
these pulsars without significant continuous emission.

For the four MSPs with gamma-ray detections, we com-
puted the weights using the STgtsrcprob and the best-fit spec-
tral models as obtained from the preliminary likelihood analyses.
For PSRs J1125−5825, J1446−4701, and J1543−5149, we found
spectrally-weightedH-test significances (Kerr 2011) above 5-σ,
while for J1811−2405 we obtained a 4.4-σ detection, suggest-
ing that J1543−5149 and J1811−2405 are indeed gamma-ray pul-
sars. In order to improve the quality of the spectral resultsand
thereby increase the weighted pulsation significances we inspected
the preliminary light curves for the four MSPs visually to deter-
mine ON-pulse regions, that we refit withgtlike, this time mod-
elling the MSPs with exponentially cutoff power laws of the form
N0 (E/GeV)−Γ exp (−E/Ec), whereEc is the cutoff energy.
The best-fit spectral parameters obtained from this second itera-
tion are listed in Table 8, and the spectrally-weighted light curves
are shown in Figure 9 along with the ON-pulse intervals chosen
for this analysis. For all four pulsars, theH-test parameters using
a minimum weight cut of 0.01 all indicate> 5-σ detections, even
after accounting for the trial factor due to the two analysissteps.

The spectral parameters listed in Table 8 for
PSRs J1125−5825 and J1446−4701 are consistent with those
reported in Abdo et al. (2013) to within uncertainties. The param-
eters for PSRs J1543−5149 and J1811−2405 are only weakly
constrained at present, but are reminiscent of those of known

8 http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/overview.html

gamma-ray MSPs (Abdo et al. 2013). Also listed in Table 8 are
the gamma-ray luminositiesLγ deduced from the energy flux
measurements, and the efficiencies of conversion of spin-down
power into gamma-ray emission,η = Lγ/Ė, calculated using
the Shklovskii-correcteḋE values and the DM distances given in
Tables 3 and 5. The uncertainties reported in Table 8 are statistical.
Studies of systematic uncertainties in the effective area suggest a
10% uncertainty at 100 MeV, decreasing linearly in Log(E) to5%
in the range between 316 MeV and 10 GeV and increasing linearly
in Log(E) up to 10% at 1 TeV9.

The two newly-identified gamma-ray pulsars,
PSRs J1543−5149 and J1811−2405, bring the total number
of MSPs with detected gamma-ray pulsations to 53 objects. Itis
unlikely that theFermi LAT will detect many of the remaining
MSPs presented in this paper. Assuming an average gamma-
ray efficiency for MSPs of 0.245 following the prescription of
Johnson et al. (2013), we derive expected energy fluxes for these
pulsars much smaller than the lowest value reported in Abdo et al.
(2013) for an MSP, because of the generally large distance values;
with the notable exception of PSR J1731−1438. The latter MSP
may be inefficient at converting its spin-down power into gamma-
ray emission, or its gamma-ray beams may not cross the Earth’s
line-of-sight. The highĖ but distant MSPs in this sample could
contribute to the diffuse emission seen by theFermi LAT around
the Galactic plane.

5 CONCLUSION

The High Time Resolution Universe survey for pulsars and fast
transients has discovered 27 MSPs to date, of which four are an-
nounced in this work. All four MSPs have phase-coherent timing
solution with RMS already of the order of tens ofµs. We have pre-
sented their pulse profiles and polarimetric properties at different
frequencies. PSRs J1528−3828 and J1056−7117 are likely to be
formed from wide-orbit LMXBs, leading to the formation of clas-
sic MSPs with He-WD companions. PSR J1755−3716 is likely to
have evolved from an IMXB and possesses a CO-WD companion.
PSR J1525−5545 is likely to have a massive CO-WD companion,
or an ONeMg-WD companion if the orbital inclination angle islow.

In addition, we present updated timing solutions for 12 previ-
ously published HTRU MSPs, as compared with results in theirre-
spective discovery papers (Bates et al. (2011), Keith et al.(2012),
Bailes et al. (2011)), thanks to the now longer timing baseline of
over three years in all cases, except one with 2.7 years of timing
data.

We measure 5 new proper motions with significance greater
than 3-σ, from PSRs 1017−7156, J1125−5825, J1446−4701,
J1708−3506 and J1719−1438. Their derived transverse velocities
are all consistent with previous MSP velocity distributionstudies.
In turn, with the proper motion measurements, we are able to con-
strain the period derivative contribution from the Shklovskii effect.
In addition, we take into account the acceleration due to theGalac-
tic potentials and correct for the intrinsic period derivatives for the
12 MSPs in this work. PSR J1017−7156 has one of the smallest in-
ferred intrinsic period derivatives at 1.2×10−21, hence also one of
the lowest derived surface magnetic field strength within the known
MSP population at a value of5.4× 107 G.

We further discuss the case of PSR J1801−3210 for which

9 see http://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_caveats.html
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no significant period derivative can be measured, even with more
than 4 years of timing data. The best-fit solution inTEMPO2 shows
a Ṗobs of −4 ± 4 × 10−23, an extremely small number compar-
ing to that of a typical MSP. The both positivėPshk and Ṗgal of
the order of10−20 and10−21, respectively, act to further decrease
the already negative period derivative. It seems unlikely that the
DM-derived distance is significantly wrong and hence reversing the
direction of Galactic potential. Alternatively we consider the pres-
ence of a third body near PSR J1801−3210 which might be accel-
erating the pulsar towards Earth. Giant molecular clouds seem to be
a plausible scenario, whereas an exoplanet orbiting in a large hier-
archical orbit seems unlikely due to the small probability of surviv-
ing the SN, as well as the fact that we do not measure any signifi-
cant second derivatives of spin frequency. Based on radio emission
theory, we derive a theoretical lower limit of period derivative of
7.9×10−24 and a corresponding surface magnetic field strength at
the equator of7.8 × 106 G for PSR J1801−3210, in order for it to
stay above the pulsar death line. We also highlight the potential of
PSR J1801−3210 to be employed in the SEP test due to its wide
and circular orbit.

We have undertaken a comparison study between MSPs in
our sample and the complete known pulsar population. We point
to a strong dependence on inclination for eclipses to be observed
in VLMBPs, as indicated by an apparent bimodal distributionof
eclipsing and non-eclipsing systems separated by a companion
mass of about0.027M⊙. We also suggest that the distribution of
the total mass of binary systems is inversely-related to theGalactic
height distribution. In other words, MSPs with the heaviestcom-
panions have larger tendencies to stay close to the Galacticplane,
whereas lighter systems with smaller mass functions show larger
mean value and larger scatter in the Galactic height distribution.

A change in the projected semi-major axis (ẋ) is observed in
PSR J1017−7156 at9.1 ± 1.7 × 10−15. Rather than due to grav-
itational wave emission, thiṡx is likely due to an apparent change
in the orbital inclination as a result of proper motion affecting the
viewing geometry. We also report anω̇ of 0.022(9)◦ yr−1, and we
highlight the potential of measuring more relativistic orbital param-
eters with PSR J1017−7156. Together with its small period deriva-
tive and the corresponding low derived magnetic field as mentioned
above, this makes PSR J1017−7156 a very interesting pulsar to be
closely followed-up with further timing campaign, and indeed it is
already being monitored by the Parkes Pulsar Timing Array Project
(Manchester et al. 2013). Although we stress the importanceof a
careful dispersion measure variation treatment as discussed in Sec-
tion 4.1 and a proper polarisation calibration to correctlyassess the
uncertainties on the TOAs for the high-precision timing required
for PSR J1017−7156. Furthermore, orbital period variations are
observed in the BW system PSR J1731−1847. We present the tim-
ing solution with the BTX timing model which demonstrate the
quadratic changes in orbital period over the last three years.

We detected highly significant gamma-ray pulsations from
PSRs J1125−5825 and J1446−4701, confirming the results of
Keith et al. (2012) and Abdo et al. (2013). PSRs J1543−5149 and
J1811−2405 were identified for the first time as gamma-ray pul-
sars: after folding theFermi LAT photons with radio timing
ephemerides, we obtained> 5-σ detections of these two MSPs,
bringing the total number of MSPs with detected gamma-ray pul-
sations to 53 objects.
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