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ABSTRACT

The highly stable spin of neutron stars can be exploited for a variety of (astro)physical investi-
gations. In particular, arrays of pulsars with rotational periods of the order of milliseconds can
be used to detect correlated signals such as those caused by gravitational waves. Three such
“‘pulsar timing arrays’ (PTAs) have been set up around the world over the past decades and col-
lectively form the “International” PTA (IPTA). In this paper, we describe the first joint analysis
of the data from the three regional PTAs, i.e. of the first IPTA data set. We describe the avail-
able PTA data, the approach presently followed for its combination and suggest improvements
for future PTA research. Particular attention is paid to subtle details (such as underestimation
of measurement uncertainty and long-period noise) that have often been ignored but which
become important in this unprecedentedly large and inhomogeneous data set. We identify and
describe in detail several factors that complicate IPTA research and provide recommendations
for future pulsar timing efforts. The first IPTA data release presented here (and available on-
line) is used to demonstrate the IPTA’s potential of improving upon gravitational-wave limits
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placed by individual PTAs by a factor of 2 and provides a 26 limit on the dimensionless
amplitude of a stochastic gravitational-wave background of 1.7 x 10~ at a frequency of
1yr~t. This is 1.7 times less constraining than the limit placed by Shannon et al., due mostly
to the more recent, high-quality data they used.

Key words: methods: data analysis— pulsars: general.

1 INTRODUCTION

The stable and regular rotation of pulsars, combined with their
lighthouse-like radiation beams enable a wide variety of pulsar tim-
ing experiments of (astro)physical interest (see Lorimer & Kramer
2005, for an overview). Of particular interest is the use of pulsar tim-
ing arrays (PTAs) to detect correlated signals, such as those caused
by gravitational waves (GWSs). In the following, the technique of
pulsar timing is explained in some detail (Section 1.1), followed by
the potential sources of GWs that our experiment might be expected
to be sensitive to (Section 1.2). The sensitivity scaling laws for such
GW-detection efforts are described in Section 1.3 and this provides
a clear case for combining data from as many telescopes as possible,
which is the subject of this paper, introduced in Section 1.4.

1.1 Pulsar timing

The process of pulsar timing is fundamentally dependent on an
accurate description of everything that affects the times of arrival
(ToAs) of the pulsed radiation at the telescope. In addition to a
time standard and the Solar-system ephemerides (which predict the
positions and masses of the Solar-system bodies at any given point
in time, to the degree this information is available), pulsar timing
requires knowledge of the pulsar’s spin and spin-down, its position
and proper motion, its distance, the number of dispersing electrons
in the interstellar medium along the propagation path of the radio
waves and (unless the pulsar is solitary) multiple orbital parameters.
All of these parameters are included in a so-called ‘timing model’,
which can be used to predict the phase of the pulsar’s periodic signal
at any point in time. For a full description of the technique of pulsar
timing, we refer the interested reader to Lorimer & Kramer (2005)
and for a complete derivation of the formulae included in pulsar
timing models, Edwards, Hobbs & Manchester (2006) is recom-
mended. In the following, we will merely highlight the aspects that
are directly relevant to the further analysis presented in this paper.
To determine the arrival times from the observations, a high
signal-to-noise ratio (S/N) ‘template’ profile (i.e. phase-resolved
pulse shape) is constructed through coherent addition of the highest
quality data. This template (or an analytic version derived fromit) is
then used as a phase reference against which all other observations
are timed through cross-correlation (Taylor 1992). The differences
between the measured ToAs and those predicted by the timing model
are the ‘timing residuals’, which are the unmodelled difference
between the observations and the theory. It is the investigation of
these timing residuals that allows additional science (i.e. all the
science that is not yet included in the timing model) to be derived.
The amount of information that can be derived from the timing
residuals of any given pulsar varies strongly. In particular, some
binary pulsars are more interesting as they may yield information
on the binary system, such as the pulsar and companion masses,
whereas solitary pulsars can typically at best provide their spin pe-
riod, spin-down, parallax and proper motion. Non-pulsar-specific
correlated signals, however, should be encoded in the timing resid-
uals of all pulsars. Three such signals are of particular interest to
PTA experiments (Foster & Backer 1990; Tiburzi et al. 2016).

MNRAS 458, 1267-1288 (2016)

(i) A monopolar signal, which affects all pulsars equally, would
be caused by an error in the Earth-based time standards.! Recently,
Hobbs et al. (2012) used PTA data to constrain this signal.

(ii) A dipolar signal, which would be caused by an imperfection
in our models of the Solar system. Since the ToAs are necessarily
corrected for the Earth’s motion around the Solar-system barycentre,
incomplete information on the masses and positions of Solar-system
bodies would cause errors in the timing residuals. Champion et al.
(2010) made a first attempt at measuring such a signal in PTA data.

(iii) A quadrupolar signal, as would be caused by GWSs, which
distort space-time in a quadrupolar fashion and therefore affect the
ToAs of pulsar signals in a quadrupolar way (Hellings & Downs
1983).2 An overview of recent analyses on such signals is given in
Section 1.2.

In order to detect the extremely weak effects listed above in the
timing residuals, it is important to have very high precision and
accuracy in the measured ToAs. Two sources of white noise in the
pulse observations determine this precision and accuracy. The first
of these is radiometer noise, which affects ToA precision and can
be quantified (in the case of a simple Gaussian or rectangular pulse
shape) with the radiometer equation for pulsar timing (after Lorimer
& Kramer 2005):

SqysP 3%/
Smean tintnpol f'

ORadiom = K (1)
with k a correction factor accounting for digitization losses (k =
1 for modern systems, but for some of the older, one- or two-
bit systems k = 1.2); Sgys = Tsys/G = 2kgTsys/Acrr the system
equivalent flux density which depends on the system temperature
Tsys, the telescope’s effective collecting area Aesr and Boltzmann’s
constant, kg. P is the pulse period of the pulsar, 8 = W/P is the
pulsar’s duty cycle (pulse width W divided by pulse period), Smean
is the flux density of the pulsar averaged over its pulse period,
Npol is the number of polarizations observed and tj,; and f are,
respectively, the duration and bandwidth of the observation. The
second white-noise contribution is pulse-phase jitter, also known as
SWIMS (Ostowski et al. 2011, 2013) and affecting both the ToA
accuracy and precision. SWIMS are relevant in any system that has
sufficient sensitivity to detect individual pulses from pulsars, as it
quantifies the stability of pulsar pulse shapes on short time-scales,
given by

FiWes 1+ m,2

N, : @

Olitter

1 See Khmelnitsky & Rubakov (2014) and Porayko & Postnov (2014) how-
ever for a potentially different origin.

2 Hellings & Downs (1983) also showed that the effect of the GWSs on the
timing is fully characterized by their effect at the time the pulsar signal is
emitted (the so-called ‘pulsar term”) and at the time the signal is received
(the so-called “Earth term’). In the absence of highly precise information on
the distances of the pulsars in the array, only the Earth term is correlated,
in which case the GW effect is not a purely quadrupolar signal, but a
quadrupolar signal with an equally strong white-noise component.
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First IPTA data release

Table 1. Sources of IPTA data. For each regional PTA the telescopes used in the current data set are listed, along with the typical time between
observations, the number of pulsars observed at each telescope and the observing frequencies used (rounded to the nearest 100 MHz and limited to a
single band per GHz interval). The final two columns give the MJD range over which observations are included in the current combination. The Kaspi,
Taylor & Ryba (1994) data set is not part of a PTA as such, but refers to the publicly available data sets on PSRs J1857+0943 and J1939+2134, which
have also been included in the combined IPTA data. Note that all three PTAs are ongoing efforts that continue to extend their data sets. Because the
present IPTA combination did not run in parallel to these individual efforts and took significantly more time than a data combination at the level of an
individual PTA, these constituent data sets are often significantly outdated. A follow-up effort to create a second IPTA data combination containing all

1269

the most recent data available to the three individual PTAs is ongoing.

PTA Telescope (code) Typical ~ Number Observing Earliest Latest
cadence of frequencies date date
(weeks) pulsars (GHz) (MJD, Gregorian) (MJD, Gregorian)
EPTA Effelsherg (EFF) 4 18 14,26 50360 (1996 Oct 04) 55908 (2011 Dec 13)
Lovell (JBO) 3 35 14 54844 (2009 Jan 13) 56331 (2013 Feb 08)
Nancay Radio Telescope (NRT) 2 42 14,21 47958 (1990 Mar 08) 55948 (2012 Jan 22)
Westerbork (WSRT) 4 19 0.3,14,22 51386 (1999 Jul 27) 55375 (2010 Jun 28)
NANOGrav Green Bank Telescope (GBT) 4 10 08,14 53216 (2004 Jul 30) 55122 (2009 Oct 18)
Arecibo (AO) 4 8 0.3,04,1.4,23 53343 (2004 Dec 04) 55108 (2009 Oct 04)
Zhu et al. (2015) GBT & AO 2 1 0.8,14,23 48850 (1992 Aug 16) 56598 (2013 Nov 02)
PPTA Parkes (PKS) 2 20 0.6,1.4,3.1 49373 (1994 Jan 21) 56592 (2013 Oct 27)
Kaspi et al. (1994)  Arecibo (AO) 2 2 14,23 46436 (1986 Jan 06) 48973 (1992 Dec 17)

with f; the jitter parameter, which needs to be determined experi-
mentally (Liu etal. 2012; Shannon et al. 2014); W the pulse width;
m; = og/Me the modulation index, defined by the mean (uig) and
standard deviation (og) of the pulse-energy distribution; and N, =
tine/P the number of pulses in the observation, which equals the total
observing time divided by the pulse period.

Consequently, the highest precision timing efforts ideally require
rapidly rotating pulsars (P 0.03 s) with high relatively flux den-
sities (Spacrz 0.5 mJy) and narrow pulses (6 20 per cent) are
observed at sensitive (Aer/Tsys) telescopes with wide-bandwidth
receivers ( f) and for long integration times (tiy 30 min).

1.2 GW detection with pulsar timing

In order to detect the correlated signals in pulsar timing data,
an array of millisecond pulsars (MSPs) must be observed with
large, sensitive telescopes. Such a ‘PTA’® (Romani 1989; Foster &
Backer 1990) has currently been set up in three different places.
Specifically, the Australian Parkes PTA (PPTA; Manchester et al.
2013) is centred on the Parkes radio telescope (PKS); the Euro-
pean PTA (EPTA,; Desvignes et al. 2016) uses the five* major Euro-
pean centimetre-wavelength telescopes (see Table 1 for details); and
the North-American Nanohertz Observatory for GWs (NANOGrav;
Arzoumanian et al. 2015) uses the Robert C. Byrd Green Bank Tele-
scope (GBT) and the 305-m William E. Gordon Telescope of the
Arecibo Observatory (AO). Combined, these three PTAs form the
International PTA (or IPTA, as previously described by Hobbs et al.
2010a; Manchester & IPTA 2013) and presently observe 49 pul-
sars (see Table 2 for details) in the quest for the aforementioned
correlated signals and for GWSs in particular.

The search for GW signals in pulsar timing data is pursued along
several lines, according to the types of predicted GW sources. In

3 Where originally the acronym ‘PTA’ was purely defined as the set of
pulsars that comprise the experiment, more recently the same acronym has
been used to refer to the collaborations that carry out these experiments. We
continue this convention of having one acronym to refer to both the set of
pulsars and the scientific collaboration.

4 The Sardinia Radio Telescope in Italy is also part of the EPTA collabora-
tion, but had not yet commenced routine scientific observations during the
timespan covered by the data presented in this work.

the past (see e.g. Hellings & Downs 1983; Foster & Backer 1990;
Kaspi et al. 1994; Jenet et al. 2005), isotropic and incoherent GW
backgrounds (GWB) were considered in a pulsar timing context.
Such a GWB could arise in three different ways. First, it could be
the gravitational equivalent to the cosmic microwave background:
a GWB arising from the era of graviton decoupling in the early
Universe [Grishchuk 2005; Boyle & Buonanno 2008 or from phase
transitions in the early Universe (Schwaller 2015)]. Secondly, var-
ious processes involving cosmic strings could cause a GWB at
frequencies detectable by PTAs (Sanidas, Battye & Stappers 2012,
and reference therein). Finally, hierarchical galaxy-formation mod-
els predict a large number of supermassive black hole (SMBH)
binaries in the Universe’s history. This population would produce
a GWB of particular astrophysical interest and its predicted ampli-
tude and frequency range may well lie within reach of current PTA
sensitivity (Rajagopal & Romani 1995; Sesana 2013).

In addition to stochastic sources of GWs, several types of single
sources could be detectable by PTA efforts as well. Clearly nearby
SMBH binaries would be detectable if they stand out above the
aforementioned background (Sesana, Vecchio & Volonteri 2009),
but in addition to those, bursts of GWSs might be detected as well,
arising from a periastron passage in a highly eccentric SMBH bi-
nary (Finn & Lommen 2010), cusps in cosmic strings (Damour &
Vilenkin 2000) or single SMBH merger events (Seto 2009; Pshirkov,
Baskaran & Postnov 2010; van Haasteren & Levin 2010). Interest-
ingly, in the case of a single SMBH merger, the merger event itself
is likely undetectable to PTAs, but its gravitational memory effect
(Favata 2009) might be detectable.

At present, the most constraining limit from pulsar timing on the
stochastic GWB, is a 95 per cent-confidence upper limit of 1.0 x
10715 on the dimensionless strain amplitude,® that was obtained
by Shannon et al. (2015) and based on data from the PPTA. Com-
petitive limits of 1.5 x 1075 and 3 < 107'° have been placed by
Arzoumanian et al. (2016) and Lentati et al. (2015), respectively,

5 Note that all limits quoted here are at a reference frequency of 1yr—!
or 32nHz and where needed assume a spectral index for the characteristic
strain spectrum of —2/3, as expected from an incoherent superposition of
SMBH binary signals.

MNRAS 458, 1267-1288 (2016)
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Table 2. The pulsars in the first IPTA data release with their basic properties. Given are the name in the J2000 system (note the following pulsars also have
B1950 names: PSRs J1824—2452A, J1857+0943, J1939+2134 and J1955+2908 are, respectively, known as PSRs B1821—24A, B1855+09, B1937+21 and
B1953+29), the pulse period in milliseconds, the orbital period in days, the dispersion measure in cm=3 pc, the flux at 1.4 GHz in mJy (if available) and the
most likely distance in kpc, either from distance measurements compiled by Verbiest et al. (2012) or (indicated by ) from the Galactic electron density model
of Cordes & Lazio (2002), assuming a 20 per cent uncertainty. The next three columns indicate by ‘X’ the PTAs in which the pulsar is observed and the final
column gives the relevant references for the given data, typically including the discovery paper, the most recent timing analysis and where relevant a paper
with the very long baseline interferometry astrometry or flux density measurement. The references are as follows: (1) Lommen et al. (2000), (2) Abdo et al.
(2009), (3) Lommen et al. (2006), (4) Bailes et al. (1994), (5) Abdo et al. (2010), (6) Hobbs et al. (2004b), (7) Toscano et al. (1998), (8) Navarro et al. (1995),
(9) Kramer et al. (1998), (10) Du et al. (2014), (11) Verbiest & Lorimer (2014), (12) Johnston et al. (1993), (13) Verbiest et al. (2008), (14) Manchester et al.
(2013), (15) Deller et al. (2008), (16) Burgay et al. (2006), (17) Lorimer et al. (1995), (18) Verbiest et al. (2009), (19) Camilo et al. (1996b), (20) Splaver et al.
(2002), (21) Bailes et al. (1997), (22) Lundgren, Zepka & Cordes (1995), (23) Nice et al. (2005), (24) Nicastro et al. (1995), (25) Lazaridis et al. (2009), (26)
Hotan, Bailes & Ord (2006), (27) Jacoby et al. (2007), (28) Lorimer et al. (1996), (29) Lohmer et al. (2005), (30) Foster, Wolszczan & Camilo (1993), (31)
Edwards & Bailes (2001), (32) Janssen et al. (2010), (33) Jacoby (2004), (34) Freire et al. (2012), (35) Stairs et al. (2005), (36) Faulkner et al. (2004), (37)
Lorimer et al. (2006), (38) Lyne et al. (1987), (39) Hobbs et al. (2004a), (40) Ferdman et al. (2010), (41) Gonzalez et al. (2011), (42) Segelstein et al. (1986),
(43) Frail & Weisherg (1990), (44) Jacoby et al. (2003), (45) Toscano et al. (1999), (46) Backer et al. (1982), (47) Boriakoff, Buccheri & Fauci (1983), (48)
Nice, Taylor & Fruchter (1993), (49) Nice, Splaver & Stairs (2001), (50) Ray et al. (1996), (51) Splaver (2004), (52) Camilo (1995), (53) Wolszczan et al.
(2000), (54) Camilo, Nice & Taylor (1993), (55) Camilo, Nice & Taylor (1996a), (56) Nice & Taylor (1995), (57) van Straten (2013).

J2000 Pulse Orbital Dispersion Flux density Distance EPTA NANOGrav PPTA Reference(s)
name period period measure at 1.4 GHz (kpc)

(ms) (d (cm™3 pc) (mJy)
J0030-+0451 4.865 - 4.33 06  0.2873% X X 1,2,3)
J0034—0534 1.877 16 13.77 06  05+01 X (4,5,6,7)
J0218+4232 2.323 2.0 61.25 09 32702 X (8,6,9,10,11)
J0437—4715 5.757 57 2.64 1490 0.156 +0.001 X (12,13, 14, 15)
J0610—2100 3.861 03 60.67 04  35+07 X (16)
J0613—0200 3.062 1.2 38.78 23 0973 X X X (17,18, 14)
J0621+1002 28.854 8.3 36.60 19  14%03 X (19, 20)
J0711—6830 5.491 - 18.41 14  09%02 X (21, 18, 14)
J0751+1807 3.479 03 30.25 32 0432 X (22,23,9)
J0900—3144 11.110 18.7 75.70 38  05+01 X (16)
J1012+5307 5.256 0.6 9.02 30 07702 X X (24,25, 9)
J1022+1001 16.453 7.8 10.25 15 052705 X X (19,18, 57)
J1024—0719 5.162 - 6.49 15 049707 X X (21,18, 14, 26)
J1045—4509 7.474 4.1 58.17 22 023738 X (4,18, 14)
J1455—3330 7.987 76.2 13.57 12 0501 X X (17,6, 7)
J1600—3053 3.598 143 52.33 24 24757 X X X (27,18, 14)
J1603—7202 14.842 6.3 38.05 42 12+02 X (28, 18, 14)
J1640+2224 3.163 1755 18.43 20 12+02 X X (29,9)
J1643—1224 4622 147.0 62.41 50  0.4273% X X X (17,18, 14)
J1713+0747 4.570 67.8 15.99 74 105590 X X X (30, 18, 14)
J1721—2457 3.497 - 4776 06  13+03 X (31, 32)
J1730—2304 8.123 - 9.62 39  05+01 X X (17,18, 14)
J1732—5049 5.313 53 56.82 13 14+03 X (31, 18, 14)
J1738+0333 5.850 04 33.77 - 15%01 X (33, 34)
J1744—1134 4.075 - 3.14 33 042002 X X X (21, 18, 14)
J1751—2857 3.915 110.7 42.81 01  11%02 X (35)
J1801—1417 3.625 - 57.21 02  15+03 X (36, 37)
J1802—2124 12.648 07 149.63 08 29+06 X (36, 40)
J1804—2717 9.343 111 24.67 04  08%02 X (28,6,9)
J1824—2452A 3.054 - 120.50 16 5x1 X (38, 18, 14)
J1843—1113 1.846 - 59.96 01  17+03 X (39)
J1853+1303 4.092 115.7 30.57 04  209+04 X X (36, 41, 35)
J1857+0943 5.362 12.3 13.30 59 0902 X X X (42, 18, 14, 43)
J1909—3744 2.947 15 10.39 26 126003 X X X (44, 18, 14)
J1910+1256 4.984 58.5 38.06 05 2305 X X (36, 41, 35)
J1911+1347 4,626 - 30.99 01  12+02 X (28,45, 9)
J1911-1114 3.626 27 30.98 05 2104 X (36, 37)

MNRAS 458, 1267-1288 (2016)
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Table 2 - continued
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J2000 Pulse Orbital Dispersion Flux density Distance EPTA NANOGrav PPTA Reference(s)
name period period measure at 1.4 GHz (kpc)

(ms) () (cm™* pc) (mdy)
J1918—-0642 7.646 10.9 26.55 0.6 1.2+0.2 X X (31,32)
J1939+2134 1.558 - 71.04 13.8 Sfi X X (46, 18, 14, 43)
J1955+2908 6.133 117.3 104.58 11 4609 X X (47,41, 9)
J2010—1323 5.223 - 22.16 1.6 1.0+0.2 X (27)
J2019+2425 3.935 76.5 17.20 - 1.5+03 X (48, 49)
J2033+1734 5.949 56.3 25.08 - 20+04 X (50, 51)
2124—3358 4.931 - 4.60 24 0.305%¢ X X (21,18, 14)
J2129-5721 3.726 6.6 31.85 16 0.4302 X (28, 18, 14)
J2145—0750 16.052 6.8 9.00 9.3 0.5740% X X X (4,18, 14)
J2229+2643 2.978 93.0 23.02 0.9 1.5+03 X (52,53,9)
J2317+1439 3.445 25 21.91 4.0 08+0.2 X X (54, 55, 9)
J2322+2057 4.808 - 13.37 - 0.8+0.2 X (48, 56)

based on the NANOGrav and EPTA data. Single-source limits have
recently been derived by Babak et al. (2015) from the EPTA data,
by Arzoumanian et al. (2014) from the NANOGrav data and by Zhu
et al. (2014) from the PPTA data, in all cases showing that all pro-
posed binary SMBH systems are still well below current sensitivity
levels. Similar conclusions were reached for GW burst events (Wang
et al. 2015). Most recently, Taylor et al. (2015) used the quadrupo-
lar correlation signal to probe the anisotropy and granularity of the
background and placed the first constraints on this.

1.3 PTA sensitivity

Because the GWB from SMBH binaries is better-founded and pre-
dicted to be stronger than the other backgrounds; and because the
burst events are predicted to be extremely rare (Seto 2009; Pshirkov
et al. 2010; van Haasteren & Levin 2010), PTA research has so far
focused on detecting single SMBH binaries or a stochastic back-
ground composed of these. In the low-S/N regime where the GWB
contributes less power to the data than the other noise sources out-
lined in Section 1.1, Siemens et al. (2013) derived that the S/N of a
PTA’s detection sensitivity scales as

S/N  NCA?T¥3/g2, €)

where N is the number of pulsars in the array, C the cadence (i.e.
the inverse of the typical observing periodicity), A the expected
amplitude of the GWB, T the length of the pulsar timing data set
and ¢ the root mean square (rms) of the timing residuals. Clearly
the length of the data set is of great importance, as is the timing
precision (hence further strengthening the requirement for large,
sensitive radio telescopes). In the intermediate regime, where GWs
start to stand out beyond the noise, this scaling law changes and the
number of pulsars becomes far more relevant:

S/N Nc3/26A3/l3T 1/2/0-3/13' (4)

Faqy single SMBH binary sources, the sensitivity would scale as
A NTC/o (Leeetal. 2011), also strongly dependent on the tim-
ing precision. Either single sources or a background of gravita-
tional waves could realistically be expected for the first detection,
as demonstrated by Rosado, Sesana & Gair (2015).

The above scaling laws indicate several clear ways of improving
the sensitivity of PTAs to GWs in the near future. Specifically, the
sensitivity can be improved by adding more pulsars to the array (i.e.

increasing N), as can be achieved particularly through pulsar sur-
veys which discover previously missed MSPs with good potential
for high-precision timing (see Fig. 3 and Section 5.2); increasing the
observing cadence, C, which can be accomplished through pooling
of observing resources, i.e. by combining data from multiple tele-
scopes; increasing the time-span of the observations, T, which can
be done through the addition of archival data or continued observ-
ing; and improving the timing precision (i.e. lowering ¢), which
can be done through hardware improvements, increased integration
times and bandwidths; and generally by using the most sensitive
telescopes available. (More advanced improvements to the anal-
ysis method will also strongly impact timing precision. A list of
some advances currently under investigation will be presented in
Section 5.1.)

A substantial gain in sensitivity could be expected from com-
bining the data sets from the three existing PTAs. This should im-
prove our sensitivity through all factors mentioned above (except
the amplitude of the GWSs, which is independent of the observing
strategy), given existing complementarity between the three PTAs.
Such a combination is, however, a technical challenge for a number
of reasons that are explained in detail throughout this paper.

1.4 Data combination

In this paper, we provide a detailed analysis of the steps that are
involved in an IPTA data-combination project. When combining
data from different telescopes and collaborations, in principle the
steps should be well defined and straightforward, namely:

(i) concatenate ToAs and merge timing models, or select the best
timing model as a starting point;

(ii) insert phase offsets between ToAs of different instruments
that have not otherwise been aligned;

(iii) correct ToA uncertainties (which are often underestimated);

(iv) correct time-variable interstellar dispersion;

(v) estimate the covariances between arrival time estimates ow-
ing to low-frequency timing noise;

(vi) re-fit the timing model.

However, in practice many of these steps have to be iterated or
performed simultaneously, which is often complicated by inconsis-
tencies in the data and lack of (meta)data.
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Figure 1. Plot of the Galactic distribution of all presently known Galactic-disc MSPs (as found in the ATNF pulsar catalogue version 1.51; Manchester et al.
2005). MSPs currently part of the IPTA are indicated by star symbols, all other Galactic MSPs that are detected in radio and do not inhabit globular clusters,
are indicated by crosses. Galactic latitude is on the vertical axis; Galactic longitude on the horizontal axis, increasing leftward, with the Galactic Centre at the
origin. Several newly discovered pulsars that are presently being evaluated in terms of potential timing precision, fill holes in the current PTA distribution,

particularly at high Northern latitudes and in the Galactic anticentre.

To correctly and straightforwardly perform the steps listed above
in future IPTA efforts, we therefore discuss the complications and
shortcomings of current PTA data sets and provide recommenda-
tions that will facilitate IPTA research in the future. Specifically, we
briefly describe the current state of the IPTA and its technical set-up
in Section 2; list specifics of the data sets currently available and
discuss the practical difficulties inherent to this present data set in
Section 3. Since the current state of IPTA data combination leaves
much to be desired (a situation we attempt to remedy in this work),
the data set presented here is relatively outdated and therefore not
optimally sensitive to GWSs. Nevertheless, to illustrate the differ-
ence the IPTA can provide, we present limits on the strength of a
GWSB, both for the individual PTA data sets and the combined data
set, in Section 4. As the goal of our work is to ease PTA research
in the future, we present a summary of challenges and expected
progress beyond this work, on both technical and analytic fronts, in
Section 5; and Section 6 concludes the paper with a list of projects
based on combined IPTA data sets. A detailed list of recommenda-
tions for pulsar timing projects is presented in Appendix A, where
we propose a ‘best practice’ for pulsar timing formats and methods.

2 THE IPTA

The IPTA consists of three regional PTAs: the EPTA, NANOGrav
and the PPTA, as listed in Table 1. These three arrays are comple-
mentary in their capabilities, most specifically in their sky coverage
and in their observing frequencies, which are crucial for correction
of time-variable interstellar effects, as described in more detail in
Section 3.1. Furthermore, the combined data from these three PTAs
can increase the average observing cadence by a factor of up to 6,
further improving the sensitivity to GWs.

MNRAS 458, 1267-1288 (2016)

2.1 The IPTA source list

The combined source list of the current IPTA data release contains
49 MSPs, of which 14 are solitary and 35 are in binary orbits.
The binary MSPs are mostly orbited by helium white dwarfs (28
systems), with six CO white-dwarf binaries and one black-widow
system (PSR J1610—2100). The global placement of our telescopes
allows IPTA pulsars to be spread across the entire sky, as shown
in Fig. 1. Because the known MSP population is concentrated in
the Galactic disc and in the inner Galaxy, the IPTA sources also
cluster in those regions. (Note this clustering is not necessarily
physical, but partly a consequence of the inhomogeneous surveying
performed so far.) In the search for isotropic stochastic correlated
signals, the sky position of pulsars is not in itself of importance, but
the distribution of angular separations between pulsar pairs does
impact the sensitivity (Hellings & Downs 1983).% Fig. 2 shows
the histogram of the angular separations in the IPTA sample and
Table 3 shows the pairs of pulsars with the largest and smallest
angular distances on the sky. Clearly small angles, up to  70° are
most densely sampled, but the angular sampling is overall quite
uniform, notwithstanding the apparent clustering of our pulsars
towards the inner Galaxy. An important point of note, however, is
that for many practical purposes only a subset of these 49 pulsars
may be used. Specifically, only a handful of these pulsars dominate
constraints on GWs, which is primarily a consequence of the wide
range in timing precision obtained on these sources, something
that is not taken into account in the theoretical analyses mentioned
in Section 1.3 but which has been considered in the context of
observing schedule optimization (Lee et al. 2012).

6 Note that for anisotropic searches, the absolute sky positions do matter.
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Figure 2. Histogram of the angular separation between the IPTA pulsars.
Even though the pulsars are not spread out evenly on the sky (see Fig. 1),
the angular separation between pulsars has a relatively uniform coverage. In
this histogram, every bin corresponds to 1°.
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Table 3. Pulsar pairs with the largest and smallest angular separations on
the sky.

Pulsar Pulsar Angular

name name separation

(J2000) (J2000) ©)
J1910+1256 J1911+1347 0.88
J1721—2457 J1730—2304 2.79
J1751—2857 J1804—2717 3.32
J1853+1303 J1857+0943 3.47
J1853+1303 J1910+1256 4.14
J0621+1002 J1843—1113 1745
J0621+1002 J1801—1417 1735
J0751+1807 J2010—1323 173.4
J1012+5307 J2129-5721 172.6
J0613—0200 J1738+0333 171.1

As can be seen in Fig. 3, recent surveys have resulted in a very
strong growth of the known MSP population. Before these new
MSPs can be usefully employed in PTA analyses, however, their
timing models must be adequately determined and their timing
precision needs to be evaluated. For these reasons (and the strong
dependence of GW sensitivity on the timing baseline, as discussed in
Section 1.3), the current data set is dominated by MSPs discovered
in the mid-1990s and early 2000s. Many more MSPs are already
being monitored by the various PTAs, but these are not effective
for GW detection efforts yet and are excluded from this work.
Some preliminary results on those new discoveries were recently
presented by Arzoumanian et al. (2015) and included in the IPTA
source list of Manchester & IPTA (2013). The complete list of MSPs
contained in the first IPTA data release, is given in Table 2, along
with some basic characteristics.

2.2 Constituent data sets

As listed in Table 1, the IPTA data set is a combination of the data
sets presented by the three PTAs independently: the NANOGrav 5-
yr data set (Demorest et al. 2013), spanning from 2005 to 2010; the
extended PPTA Data Release 1 (Manchester et al. 2013), rang-
ing from 1996 to 2011 February; and the EPTA Data Release

First IPTA data release 1273
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Figure 3. Histogram showing the discovery dates of all known MSPs be-
longing to the Galactic disc population (as featured in the ATNF pulsar cat-
alogue; Manchester et al. 2005). The MSPs contained in the current IPTA
data set are indicated in black. Multiple new discoveries are not included
in this first IPTA data combination as the constituent data sets are slightly
aged and the timing baselines for most recently discovered pulsars were too
short to significantly add to PTA work at the time, but more recently many
of these sources have been included in PTAs, e.g. by Arzoumanian et al.
(2015) and these sources will be contained in future IPTA work.

1.0 (Desvignes et al. 2016), covering 1996 to mid-2014; comple-
mented by the publicly available data from Kaspi et al. (1994) on
PSRs J1857+0943 and J1939+2134 (timed from their discover-
ies in 1982 and 1984, respectively, until the end of 1992) and the
extended NANOGrav data on PSR J1713+0747 (Zhu et al. 2015,
extended from its discovery in 1992 to the end of 2013).” These data
sets typically average observations in both frequency and time, lead-
ing to a single ToA per pulsar, observation and telescope. There are
three exceptions to this: the Demorest et al. (2013) NANOGrav data
are timed without frequency averaging, so each frequency-channel
provides a single ToA; the Zhu et al. (2015) data were partially aver-
aged intime (up to 30 min) and frequency (final frequency resolution
dependent on the observing frequency and instrument used); and
observations made with the Parkes dual 10/50-cm receiver result in
two ToAs: one per observing band.

Two differences exist between the data presented here and
those published by the individual PTAs. The PPTA data differ for
PSR J1909—3744 as the initial version published by Manchester
etal. (2013) had instrumental offsets fixed at values that were subop-
timal for this high-precision data set. The updated PSR J1909—3744
data used in our analysis have these offsets determined from the
data and have been extended with more recent observations; this
version of the PPTA data is described in more detail by Shannon
et al. (2015). The EPTA data differ as the data set described by
Desvignes et al. (2016) contains additional digital-filterbank data
for several pulsars. This subset of the EPTA data does add some
more ToAs, though their precision is limited given the low sensitiv-
ity of the instrument. This limits the contribution to the IPTA data
set as a whole, justifying its exclusion from our analysis.

Finally, to ensure consistency between pulsars and improve
the analysis, all timing models made use of the DE421 Solar-
system ephemeris model (Folkner, Williams & Boggs 2009), used a

7 The analysis of further archival data from the Arecibo telescope is ongoing
and will likely further extend the baseline and increase the cadence for other
pulsars too; but inclusion of these data is left for a future paper.
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solar-wind density model with a density of four electrons per
cubic cm at 1au (You et al. 2007b) and were referred to the
TT(BIPM2013) time-scale using barycentric coordinate time (TCB
Hobbs, Edwards & Manchester 2006).

3 CREATING THE IPTA DATA SET

In the analysis of long, high-precision pulsar timing data sets, four
fundamental challenges arise.

First, delays in or changes to observing hardware cause time
offsets between different telescopes and observing systems, which
are derived from the data through fitting of arbitrary offsets (so-
called ‘jumps’) between systems, which can lower the sensitivity to
signals of interest.

Secondly, imperfections in the data analysis and relevant algo-
rithms as well as possible environmental and elevation-dependent
effects, conspire with noise and noise-like artefacts in the observa-
tions to corrupt the estimation of ToA uncertainties. This is partic-
ularly a problem for pulsars that scintillate strongly. Scintillation
is a propagation effect caused by the ionized interstellar medium
(11SM) and to first-order results in order-of-magnitude variations in
the observed flux density of a pulsar, making the ToA uncertainty
highly variable, too. The strength of scintillation depends strongly
on the observing frequency, distance to the pulsar and the nature of
the 11ISM between us and the pulsar in question. For a more complete
overview of scintillation (and some of its higher order effects), the
interested reader is referred to Rickett (1990) and Stinebring (2013).

For sources that do not show significant scintillation this prob-
lem is limited, since uncertainties could simply be ignored without
much loss of information; but since the IPTA MSP sample consists
of mostly nearby sources (see Table 2), scintillation does occur,? es-
pecially for the brightest and most precisely timed MSPs. Ignoring
the ToA uncertainties thereby worsens timing precision (i.e. the rms
of the data set and its sensitivity to timing parameters) dramatically,
implying that a more accurate estimate of the timing uncertainties
is needed. This problem is compounded by the large variation in
the types of calibration that have been applied to the data. Because
pulsar emission is typically highly polarized, imperfections in the
receiver systems can cause corruptions to the pulse shape if the
systems are not properly calibrated for polarization (Sandhu et al.
1997; van Straten 2013). These effects are strongly receiver and
telescope dependent and so are not equally important for each data
set. Furthermore, the different levels at which the IPTA data have
been calibrated imply that any calibration-related imperfections will
affect different subsets quite differently, thereby adding importance
to the underestimation of ToA uncertainties.

Thirdly, because pulsars are high-velocity objects, the lines of
sight to them move slightly through the Galaxy during our ob-
serving campaign. This combines with small-scale structures in the
I1SM and results in time-variable, frequency-dependent variations
in ToAs. These variations may be accounted for in the pulsar timing
model, provided multifrequency data are available at all times; alter-
natively a mathematical description needs to be used to interpolate
between (or extrapolate from) multifrequency epochs.

The fourth and final challenge for long-term, high-precision pul-
sar timing is low-frequency noise. This does not directly affect the

8 Note that scintillation can combine with frequency-dependent variations in
the pulse profile shape to cause systematic corruptions to ToAs. As discussed
in Appendix A, approaches to prevent such corruptions have recently been
developed.
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precision of the ToAs themselves, but can significantly distort the
timing model and complicates combination of data sets that are
not (fully) overlapping in time. Low-frequency noise could have
instrumental origins (which can be correlated between pulsars; van
Straten 2013) or might be intrinsic to the pulsar, as is the case for
slow pulsars (Hobbs, Lyne & Kramer 2010b). This unexplained,
long-term noise is of particular concern for PTAs as PTA projects
are long-term projects by definition.

In this section, we first describe each of these issues in detail,
along with the approach taken to measure and correct these in the
IPTA data (Section 3.1). Subsequently, in Section 3.3, the results
from our analysis are presented and any shortcomings of the present
data set in this regard are identified. Many of these shortcomings
could be avoided or limited in future (large-scale) pulsar timing
projects, provided some ‘rules of best practice’ are followed. A list
of such recommendations is presented in Appendix A.

3.1 Complications of IPTA data combination

Each of the IPTA’s constituent data sets is highly inhomogeneous,
combining a large number of different telescopes and/or data record-
ing systems and observing frequencies. In addition to this, the
observing cadence is often highly irregular and occasionally ob-
servations at a particular observatory or observing frequency are
interrupted entirely for instrumental upgrades (see Fig. 4). For the
longer data sets especially, observing set-ups (central observing
frequencies, bandwidths, integration times and cadences) changed
in time, making the statistical properties of these data sets highly
non-stationary. These aspects greatly complicate any analysis and
make the properties of the three PTA data sets very different. Conse-
quently, each of the PTAs has developed its own tools and practices
to correct the four main challenges listed earlier, but by design these
approaches are often hard to extend to the data from the other collab-
orations. To best account for all described effects simultaneously,
we chose to employ the recently developed TempoNesT software
(Lentati et al. 2014) in our analysis. TEMPONEST is an extension to
the TemP02 software package (Hobbs et al. 2006) that performs the
timing analysis within a Bayesian framework. Further details are
given below and by Lentati et al. (2014).

3.1.1 Definition of systemic offsets

Time delays in the signal chain between the telescope’s focus (where
the pulsar signal is first received) and the hardware that applies a
time stamp (which can be traced to a time standard) to the data, are
supposedly constant in time, but can differ greatly between different
observing systems and telescopes. Methods to measure these time
offsets between different systems, at a level of precision beyond
the presently achieved pulsar timing precision, are being developed
(Manchester et al. 2013; Arzoumanian et al. 2015), but are as yet in
their infancy and not widely adopted, or only applicable to data from
multiple systems on a single telescope. Consequently, in combining
heterogeneous data, all observing set-ups that could have different
instrumental delays must be aligned by subtraction of a constant
phase offset that is part of the timing model.®

To this end, homogeneous systems were identified within the
data. A system in this context is defined as a unique combination
of observing telescope, recording system and receiver (or centre

9 Assuming that offsets are within a pulse period; and that larger offsets have
already been corrected.
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