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ABSTRACT
For the past couple of decades, the Parkes radio telescope has been regularly observing the
millisecond pulsars in 47 Tucanae (47 Tuc). This long-term timing programme was designed
to address a wide range of scienti�c issues related to these pulsars and the globular cluster
where they are located. In this paper, the �rst of a series, we address one of these objectives:
the characterization of four previously known binary pulsars for which no precise orbital
parameters were known, namely 47 Tuc P, V, W and X (pulsars 47 Tuc R and Y are discussed
elsewhere). We determined the previously unknown orbital parameters of 47 Tuc V and X and
greatly improved those of 47 Tuc P and W. For pulsars W and X we obtained, for the �rst
time, full coherent timing solutions across the whole data span, which allowed a much more
detailed characterization of these systems. 47 Tuc W, a well-known tight eclipsing binary
pulsar, exhibits a large orbital period variability, as expected for a system of its class. 47 Tuc
X turns out to be in a wide, extremely circular, 10.9-d long binary orbit and its position is
�3.8 arcmin away from the cluster centre, more than three times the distance of any other
pulsar in 47 Tuc. These characteristics make 47 Tuc X a very different object with respect to
the other pulsars of the cluster.

Key words: binaries: general � pulsars: individual: PSR J0024�7204P � pulsars: individ-
ual: PSR J0024�7204V � pulsars: individual: PSR J0024�7204W � pulsars: individual:
PSR J0024�7201X � globular clusters: individual: 47 Tucanae.

1 INTRODUCTION

Globular clusters (GCs) are known to be host of a wealth of radio
pulsars: with 146 currently known,1 the pulsars in GCs account for
more than 5 per cent of the total known pulsar population2 and a

�E-mail: aridol�@mpifr-bonn.mpg.de (AR); pfreire@mpifr-bonn.mpg.de
(PCCF)
1 http://www.naic.edu/�pfreire/GCpsr.html
2 http://www.atnf.csiro.au/research/pulsar/psrcat (version 1.54, Manchester
et al. 2005).

large fraction of millisecond pulsars (MSPs, here de�ned as those
pulsars with spin periods of 10 ms or less). The population of pul-
sars in GCs also sharply contrasts with that of our Galaxy. The
main reason is related to the much higher stellar densities that can
be found in GCs, especially in their cores, which exceed those in the
Galactic disc by several orders of magnitude. Such crammed envi-
ronments provide the ideal conditions for the dynamical interaction
of stars in two-body or even three-body encounters, the latter being
the case of a star gravitationally interacting with a binary system. In
this continuous exchange of gravitational energy, the more massive
objects tend to sink towards the centre of the cluster, a phenomenon
called mass segregation (see e.g. Heinke et al. 2005). The process

C� 2016 The Authors
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Four elusive binary pulsars in 47 Tuc 2919

thus greatly fosters a concentration of neutron stars (NSs) near the
GC core and, consequently, the formation of exotic binary systems
in which the NS can be spun up (or �recycled�) by accreting matter
and angular momentum from the companion star (Alpar et al. 1982;
Radhakrishnan & Srinivasan 1982). The observational evidence for
this process is striking, as over 80 per cent of the GC pulsars known
are MSPs and most of them reside close to the centre of their host
clusters. Nevertheless, there are substantial differences in the popu-
lations of pulsars in different GCs, particularly in the ratio between
the isolated and the binary pulsars. As Verbunt & Freire (2014)
discussed, this ratio seems to be related to the encounter rate per bi-
nary of the GC: the higher the rate, the larger the fraction of isolated
pulsars we are likely to see in the cluster.

47 Tucanae (also known as NGC 104 and, hereafter, 47 Tuc) is
a well-known GC visible in the southern sky. The previous obser-
vations of 47 Tuc with the Parkes radio telescope have provided
outstanding scienti�c results that include the discovery of 25 ra-
dio MSPs (Manchester et al. 1990, 1991; Robinson et al. 1995;
Camilo et al. 2000; Pan et al. 2016), all of which have spin periods
smaller than 8 ms. This is a very exceptional population, since only
�7 per cent of the non-cluster pulsars in the Galaxy have spin peri-
ods of less than 8 ms. As expected from a GC with a relatively low
encounter rate per binary (Verbunt & Freire 2014), a large fraction
(60 per cent) of the pulsars in 47 Tuc are found in binary systems.
This is similar to that for the Galactic non-cluster MSP population
(�67 per cent), but very different from the general pulsar popu-
lation, where the number in binaries is �7 per cent. The binary
pulsars in 47 Tuc include �ve �black widow� pulsars (BWPs), with
orbital periods of Pb � 0.06�0.4 d and companion masses of Mc �
0.03�0.05 M�, and at least two eclipsing �redback� pulsars (RBs)
with Pb � 0.1�0.2 d and Mc � 0.1�0.5 M� (see e.g. Freire 2005;
Roberts 2013 for reviews on BWPs and RBs). The two categories
share several common features, such as very short orbital periods
(of the order of a few hours), highly recycled pulsars, very low mass
companions that are undergoing mass-loss, and, very often, regular
eclipses in the pulsar radio signal. However, while in BWPs the
companion stars have extremely low masses (Mc � 0.1 M�) and
are being heavily ablated by the strong pulsar wind (which can make
them almost completely stripped stars), in RBs the companions are
mostly heavier (Mc � 0.1�0.5 M�), non-degenerate stars and the
mass-loss is usually driven by a Roche lobe over�ow.

Of all the 47 Tuc pulsars, 17 have published timing solutions
(Robinson et al. 1995; Camilo et al. 2000; Freire et al. 2001b, 2003;
Pan et al. 2016), which allowed a detailed study of the dynamics of
the cluster (Freire et al. 2001b), the �rst detection of ionized gas in
a GC (Freire et al. 2001c), the detection of all the pulsars at X-ray
wavelengths (Grindlay et al. 2002; Bogdanov, Grindlay & van den
Berg 2005; Bogdanov et al. 2006) and the optical detection of �ve
of the eight known MSP�white dwarf (WD) systems (namely 47
Tuc Q, S, T, U and Y; Edmonds et al. 2001; Cadelano et al. 2015;
Rivera-Sandoval et al. 2015).

Since the previous publication of radio timing data by Freire et al.
(2003), we have continued timing the MSPs in 47 Tuc. The main
objectives of this long-term timing programme are diverse, and in-
clude: (a) avoiding the loss of phase-connection in the timing of any
of the pulsars; (b) monitoring orbital phase variations for the BWP
and RB binaries; this is particularly important not only to under-
stand their unpredictable orbital dynamics, but also in relation to the
previous point, since losing track of the precise orbital phase can
easily cause a loss of phase-connection in the timing; (c) improv-
ing the orbital measurements for the stable MSP�WD binaries, in
particular the measurement of relativistic and kinematic effects; (d)

improving the determination of the proper motions of all pulsars, in
order to study the internal dynamics of the cluster; (e) determining
orbits and timing solutions for previously known binary pulsars that
still lack them; (f) discovering new pulsars. This is part of a series
of papers that will present the results of this long-term programme.
In the work of Pan et al. (2016) and in the upcoming papers, we
address the search for new pulsars. In this paper, we have used 16 yr
of archival data taken at the Parkes radio telescope to further char-
acterize four among the faintest binary systems of 47 Tuc, namely
pulsars P, V, W and X, for which an accurate orbital solution (and,
hence, also a timing solution) was not known. Accurate orbital and
timing solutions for pulsars R and Y will instead be presented in
Freire et al. (in preparation).

In Section 2, we describe our data set. In Section 3, we explain the
two search methods that we have used to re-detect the four pulsars
and we give re�ned orbital parameters for all of them. In Section
4, we describe our timing analysis, whose results are presented and
discussed in Section 5. In Section 6, we summarize our �ndings.

2 OBSERVATIONS

The data set used consisted of 519 pointings to 47 Tuc done with the
64-m Parkes radio telescope, at 414 different epochs,3 between 1997
October and 2013 August. All the observations together amounted
to a total of �1770 h. Of the 519 pointings, 438 were longer than
1 h, whereas 30 were shorter than 10 min, these latter mostly being
the result of accidental failures in the observing system.

The observing setup was mostly the same as described in Freire
et al. (2003). The vast majority of the observations were carried out
at a frequency of �1.4 GHz using the central beam of the Parkes
Multibeam Receiver (PMB; Staveley-Smith et al. 1996), whose size
(full width half-maximum, FWHM) is 14.4 arcmin. Occasionally,
when the PMB was not available, we observed 47 Tuc with the
H-OH receiver (FWHM = 14.8 arcmin) at the same frequency.
Another handful of observations were made with other receivers,
namely the �436-MHz� (FWHM = 45 arcmin), the �660-MHz�
(FWHM � 30 arcmin), the 10�50 cm (FWHM = 6.4 arcmin at
10 cm, FWHM = 30 arcmin at 50 cm) and the METH6 receiver
(FWHM = 3.4 arcmin). Until 1999 August we used the PMB �lter-
bank as back-end. When using the PMB receiver, we had a central
observing frequency fc = 1374 MHz, a bandwidth of 288 MHz
divided into 96, 3-MHz wide, channels and a sampling time of
125 µs. At that frequency, for a pulsar with the average dispersion
measure (DM) of 47 Tuc (�24.4 pc cm�3), the dispersive smear-
ing is 234 µs across a single channel, resulting in an effective time
resolution of 265 µs. From 1999 August, we switched to a differ-
ent con�guration, and most of the observations were carried out
with the Analogue Filter Bank (AFB) back-end, with a central fre-
quency fc = 1390 MHz, 256 MHz of bandwidth divided into 512,
0.5-MHz wide, channels and a sampling time of 80 µs. For this
observing system the dispersive smearing of the 47 Tuc pulsars is
only 37 µs across a single channel, which gives an effective time
resolution of 88 µs. After summing the signals of the two polariza-
tions and integrating for the time of the chosen sampling interval,

3 We call �pointing� a single, continuous, observation of 47 Tuc, that
hence corresponds to a single recorded data �le. An �epoch� is instead
used as a synonym for �day�. The full list of pointings with the relative
observing parameters can be found at: http://www3.mpifr-bonn.mpg.de/
staff/pfreire/47Tuc/Observations_Table.html.
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Table 1. Number of detections of the pulsars obtained with the three dif-
ferent search methods as well as by refolding the whole data set with the
relative timing solution (reported in Table 2).

PRESTO PRESTO Folding
Pulsar (20 min) (60 min) T0-search (Timing)

47 Tuc P 0 0 4 4
47 Tuc V 0 0 7 19
47 Tuc W 1 1 23 34
47 Tuc X 12 16 � 312

all the data were 1-bit digitized and then recorded on to magnetic
tapes as �lterbank �les.

3 SEARCHES AND ORBITAL
DETERMINATION

3.1 Accelerated search

We have carried out a deep search of the whole data set using a
machine endowed with two NVIDIA K20 and two NVIDIA K40
graphics processing units (GPUs) and a search pipeline that made
use of the GPU-based version4 of the PRESTO5 pulsar search package
(Ransom 2001). Each observation was split into chunks of both 20
and 60 min of length. On each chunk we �rst ran the rfifind
routine to look for bursts of radio frequency interference (RFI),
creating a mask and �ltering out bad frequency channels or time
intervals. Then, again for each chunk, a 0-DM (i.e. without correct-
ing for the dispersion effect due to the interstellar medium) time
series was created and searched for prominent persistent terrestrial
low-level RFI (dubbed as �birdies�) with a fast Fourier transform.
The periodicities found were marked as interference, to be ignored
during the analysis, and stored in a so-called zaplist �le. After that,
nine de-dispersed time series were created for an assumed DM of
23.90�24.70 pc cm�3 with steps6 of 0.10 pc cm�3. The time series
were then searched in the Fourier domain by the accelsearch
routine, summing up to 8 harmonics, with a z-value7 ranging from
0 (absence of acceleration) up to 1200 for the 60-min chunks and up
to 200 for the 20-min chunks. All the candidate pulsar-like signals
with a detection signi�cance of � � 2.0 were recorded on to �les,
one for each chunk and each DM.

Once the search was done, we looked for all the candidates with
the highest � values that were detected at periods close to the known
barycentric spin periods of the pulsars of our sample of interest
(namely 47 Tuc P, V, W and X) and that appeared at multiple DM
values. Table 1 shows the number of detections that we obtained for
each pulsar.

4 https://github.com/jintaoluo/presto2_on_gpu
5 http://www.cv.nrao.edu/�sransom/presto
6 Such interval more than covered the DM range of the pulsars known in 47
Tuc when the search was done. However, a newly discovered pulsar, 47 Tuc
aa, has a DM of �24.94 pc cm�3 (Pan et al. 2016). This implies that the
range of DMs in 47 Tuc is larger than what we assumed in this work. Our
current search effort, to be reported elsewhere, takes this into account, by
signi�cantly broadening the range of DMs searched.
7 The z-value is de�ned as z = T 2

obsal/(cP ) where Tobs is the observation
length, al is the pulsar acceleration along the line of sight, c is the speed
of light, and P is the pulsar spin period. When looking for binaries, ac-
celsearch searches –z Fourier bins around a given frequency.

Figure 1. Period-acceleration diagram for 47 Tuc X. The �t returned an
orbital period of Pb � 10.9 d and a projected semimajor axis of xp � 11.9
lt-s for the pulsar orbit.

3.2 Orbital solution for 47 Tuc X

47 Tuc X is a formerly known, but unpublished, MSP that had
been discovered in previous searches of the cluster.8 The pulsar
had already been found with non-zero accelerations, indicating the
occurrence of a binary motion. Our PRESTO 20- and 60-min search
pipelines produced a suf�ciently large number of new detections
of this pulsar to allow us to estimate its orbital parameters with
the period-acceleration diagram method, as described in Freire,
Kramer & Lyne (2001a). Among the 16 unique epochs at which
the pulsar was detected, we selected the seven best ones. We then
used the TEMPO9 pulsar timing software to �t these latter for the
barycentric spin period, P, and its �rst derivative, �P , thus �nding a
local timing solution for each epoch. After converting the �P values
into radial accelerations al (through the relation al = c �P/P , where
c is the speed of light), we �tted for the orbital period, Pb, and
projected semimajor axis of the pulsar orbit, xp, via equations (7)
and (8) of Freire et al. (2001a), using the CIRCORBIT10 code. The data
points and best-�tting curve are shown in Fig. 1. The �t revealed
that the pulsar is in a circular orbit with Pb � 10.9 d and xp � 11.9
lt-s.

3.3 T0-search

As shown in Table 1, pulsars P, V and W were either detected once or
not at all in our PRESTO searches. The reasons for the very low rate of
detection are manifold: these pulsars are all intrinsically very faint,
their orbital periods are very short (reducing the maximum possible
integration time where the constant acceleration approximation is
effective, see e.g. Ransom, Cordes & Eikenberry 2003) and two
of them (V and W) are eclipsed for a large fraction of the orbit.
Only when both the scintillation and the observed orbital phase
interval were favourable, did we have the chance of detecting these
pulsars. Because of their very compact orbits, comparable with the
length of a single observation, the orbital parameters of pulsars
P, V and W were already known at the time of their discovery
with a reasonable degree of accuracy. However, the uncertainties

8 The discovery of 47 Tuc X will be discussed in Freire et al. (in preparation).
9 http://tempo.sourceforge.net
10 CIRCORBIT is part of a suite of codes developed at Jodrell Bank, whose
list can be found at http://www.jb.man.ac.uk/pulsar/Resources/tools.html.
The CIRCORBIT code can be downloaded from http://www3.mpifr-bonn.mpg.
de/staff/pfreire/programs/circorbit.tar.
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on their orbital periods, together with the large orbital variability
that some of them show, prevented us from predicting their correct
orbital phases at a later time. Unlike the uncertainty associated with
the projected semimajor axis, the uncertainty ��b(t) on the orbital
phase �b at any time t, grows linearly with time, as

��b(t) =
�Pb(t � t0)

P 2
b

, (1)

where t0 is the epoch at which the orbital period Pb and its uncer-
tainty �Pb were estimated. The uncertainty on �b translates into an
uncertainty in T0, the epoch of passage at periastron,11 in the pulsar
ephemeris. This is the reason why, even knowing the spin periods
and the rough values of the orbital parameters of the three pulsars at
the epoch of their discoveries, we could not simply fold the data to
look for possible new detections: the correction for the Rłmer de-
lay due to the binary motion would be applied with a wrong orbital
phase, thus smearing out the signal.

What we did instead was a search in orbital phase, or, equiv-
alently, in the value of T0. For this reason we will refer to it as
T0-search throughout the rest of the paper.

First, we created a full-length (i.e. this time we did not split
the observations into chunks) de-dispersed time series for each
observation of our 47 Tuc data set, at a DM of 24.40 pc cm�3.
We chose to use a single value of the DM since, for the purpose
of just detecting the pulsars, a more precise value is unimportant.
Then, for each pulsar, we folded all the de-dispersed time series
with an ephemeris that had all the known parameters �xed, with the
exception of T0. The latter was instead searched, allowing its value
to vary between the epoch of the beginning of the observation, tstart,
and tstart + Pb, where Pb was the (rough) value of the orbital period
of the pulsar considered. The choice of using de-dispersed time
series instead of the original �lterbank �les is justi�ed by the huge
advantage in computational speed that the former have over the
latter, when folding. To further minimize the computational costs
without degrading the sensitivity of our search, the choice of the
step size was also crucial and will be now discussed in detail.

3.3.1 Choice of the step size

Let us consider the case of a perfectly circular orbit (as is practically
the case for pulsars P, V and W) and let us assume to know the
exact orbital period Pb and projected size of the orbit xp. Then,
if the orbital phase predicted by an incorrect ephemeris differs from
the actual phase �b by a quantity ��b, the applied correction for
the orbital Rłmer delay at a time t will be wrong by the quantity:

xp sin[�b(t) + ��b] � xp sin[�b(t)]

= A sin

�

� 2�
Pb

(t � T0) +
��b

2

�

� (2)

where the amplitude of the sinusoid is

A = 2xp sin(��b/2). (3)

When folding, the integrated pulse pro�le will have a width
W � A. If A � P, where P is the pulsar spin period, the resid-
ual orbital modulation will completely smear out the pulsar signal,
resulting in a non-detection.

11 For circular orbits (as is the case for all the pulsars discussed in this paper),
where the periastron is not de�ned, T0 is conventionally chosen to coincide
with Tasc, the epoch of passage at the ascending node.

For this reason, we imposed that the step size in our T0-search
be suf�ciently small such that, in the case of the best trial value,
A � P/4, which translates into the condition:

��b � 2 arcsin

�

� P
8xp

�

	. (4)

The resulting total number of steps is thus:

N =
2�
��b

=
�

arcsin(P/8xp)
. (5)

For pulsars P, V and W, this latter amounts to 262, 4441 and 2601,
respectively.

As already mentioned, this calculation is valid under the assump-
tion of knowing the correct values for Pb and xp. In general, this
is not the case, since our goal is in fact to obtain a better value for
Pb. Incorrect starting values of Pb and xp introduce additional errors
to the applied Rłmer delay corrections, which further degrade our
sensitivity. This degradation can be partly compensated by using
a �ner grid of values in the T0-search. In our work, in the case of
pulsars P and W, we started with very good values of Pb and xp,
precise enough to fold an observation correctly, once the exact value
of T0 was determined; for V, instead, the values were not as precise.
In our analysis, in order to maximize our sensitivity, we decided to
use a number of steps which was �2 times larger than the values
reported above for all the three pulsars.

3.4 Periodograms and improved orbital periods for 47 Tuc P,
V and W

After folding all the observations with all the trial values of T0,
we ordered by signal-to-noise ratio (S/N) the resulting archives,
which were then inspected visually. From every archive where we
clearly detected the pulsar (see Table 1 for the number of detec-
tions obtained with the T0-search for each pulsar), we extracted
the topocentric pulse times-of-arrival (ToAs) and �tted for T0 only
with TEMPO, to obtain a re�ned value of it for each epoch. These
latter were in turn used to improve the measurement of the or-
bital period using the periodogram method described by Freire
et al. (2001a), which essentially consists in �nding a value for
Pb that �ts an integer number of times between any pair of the
measured values of T0. Fig. 2 shows the periodograms for 47 Tuc P,
V and W.

4 RADIO TIMING

For each pulsar, we constructed a �rst ephemeris that contained the
average barycentric (i.e. referred to the Solar system barycenter,
SSB) spin period, the nominal position and proper motion of the
cluster, as well as a simple Keplerian (BT) binary model (Bland-
ford & Teukolsky 1976) with the re�ned orbital parameters obtained
through the period-acceleration diagram for pulsar X, and through
the T0-search and the periodogram method for P, V and W. We
then used the ephemeris to fold the entire data set with DSPSR (van
Straten & Bailes 2011). This occasionally allowed us to obtain a
few additional detections. After that, we used the PSRCHIVE pul-
sar software (Hotan, van Straten & Manchester 2004; van Straten,
Demorest & Oslowski 2012) to extract topocentric ToAs, by cross-
correlating the pulse pro�les against a high-S/N template that we
previously built from the best detections (see Taylor 1992 for the
description of the method). Integrated pulse pro�les for all the four
pulsars are shown in Fig. 3. After applying the clock corrections
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Figure 2. Periodograms for pulsars P, V and W. In each plot the dashed line marks the initial guess of Pb, corresponding to the best-�tting value derived by
running TEMPO on the best detection obtained from our T0-search; the dark grey and light grey areas represent the relative formal 1� and 2� uncertainties,
respectively. The solid vertical lines indicate the measured T0 values that we used. The horizontal segments indicate the orbital period obtained by dividing the
time interval that they connect by the integer number reported above them. In each plot, the red line highlights the orbital period that is an integer submultiple
of all time intervals.

Figure 3. Integrated pulse pro�les of the four pulsars studied. Each pro�le
is shown over one full rotation. The horizontal bar on the top right of each
panel shows the nominal AFB back-end sampling interval (80 µs).

of the Parkes radio telescope, the ToAs were converted by TEMPO

and referred to the SSB. This was achieved by �rst correcting for
the Earth rotation using data from the International Earth Rotation
Service, and then correcting for the Earth motion around the SSB
using the JPL DE421 Solar system ephemeris (Folkner, Williams
& Boggs 2009). The differences between the observed ToAs and
the values predicted by our preliminary pulsar ephemeris were
then �tted by TEMPO through a weighted �2 minimization for the

astrometric, rotational and orbital parameters, as well as for ini-
tial arbitrary jumps between groups of ToAs belonging to different
epochs. The �rst resulting non-coherent timing solution was then
used to refold the data again, often yielding new detections of the
relative pulsar and, thus, more ToAs that were then included in the
�t. The whole procedure was iterated a few times until we con-
verged to the best solution. For two of the pulsars (namely 47 Tuc
W and X) we obtained a phase-connected timing solution, which
is thus capable of unambiguously account for every single rotation
of the NS. The best-�tting timing parameters for all the pulsars are
reported in Table 2.

5 RESULTS AND DISCUSSION

5.1 47 Tuc P

47 Tuc P is a 3.64-ms binary pulsar in a 3.5-h orbit that was dis-
covered in a single observation (on MJD 50689) by Camilo et al.
(2000). The authors determined the binary parameters by extracting
14 ToAs that covered more than one orbit. Our T0-search yielded
an additional four detections (of which only one had high S/N and
the other three were relatively faint) from which we were able to
extract another 14 ToAs, thus bringing the total number to 28, over
a time span of �9.8 yr. Because of the sparsity of the data, we were
unable to obtain a phase-connected timing solution. Nevertheless,
we were able to �t for the spin period, spin period derivative, posi-
tion and binary parameters. We kept the proper motion �xed to the
value of global motion of the cluster. The latter was calculated as an
unweighted mean of the proper motions of all the 22 pulsars with a
timing solution available,12 and resulted in µ� = 4.9 – 0.9 mas yr�1

12 All the updated timing solutions of the pulsars in 47 Tuc and a more
thorough analysis of their proper motions will be presented in Freire et al.
(in preparation).
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Table 2. Timing parameters for pulsars 47 Tuc P, V, W and X as obtained from �tting the observed ToAs with TEMPO. All the uncertainties reported are
1� and are the nominal values calculated by TEMPO.

Pulsar 47 Tuc P 47 Tuc V 47 Tuc W 47 Tuc X

Observation and data reduction parameters
Phase-connected solution? No No Yes Yes
Reference epoch (MJD) 51000.000 51000.000 50000.000 54000.000
Start of timing data (MJD) 50689.609 51012.862 51214.216 50981.881
End of timing data (MJD) 54260.850 56508.781 54934.047 56508.949
Solar system ephemeris DE421 DE421 DE421 DE421
Terrestrial time standard UTC(NIST) UTC(NIST) UTC(NIST) UTC(NIST)
Time units TDB TDB TDB TDB
Number of ToAs 28 99 199 719
Residuals rms (µs) 10.43 25.32 10.20 14.51
Binary model BT BTX BTX ELL1

Fitted timing parameters
Right ascension, � (J2000) 00:24:20(29) 00:24:05.359a 00:24:06.058(1) 00:24:22.38565(9)
Declination, � (J2000) �72:04:10(62) �72:04:53.20a �72:04:49.088(2) �72:01:17.4414(7)
Proper motion in �, µ� (mas yr�1) 4.9b 4.9b 6.1(5) 5.8(1)
Proper motion in �, µ� (mas yr�1) �2.7b �2.7b �2.6(3) �3.3(2)
Parallax, 	 (mas) 0.2132c 0.2132c 0.2132c 0.2132c

Spin frequency, f (s�1) 274.497 48(2) 207.892 963(3) 425.107 796 253 20(5) 209.576 694 635 350(2)
First spin frequency derivative, �f (Hz s�2) �5(3) × 10�14 � 1.564 15(2) × 10�14 �8.0646(3) × 10�16

Dispersion measure, DM (pc cm�3) 24.29(3) 24.105(8) 24.367(3) 24.539(5)
Projected semimajor axis, xp (lt-s) 0.038 008(4) 0.741 91(2) 0.243 443(2) 11.917 0570(9)
Orbital eccentricity, e 0 0 0 �
Longitude of periastron, 
 (deg) 0 0 0 �
Epoch of passage at periastron, T0 (MJD) 52912.5481(1) 51803.775137(2) 51585.3327393(2) �
First Laplace�Lagrange parameter, � � � � 4(1) × 10�7

Second Laplace�Lagrange parameter, � � � � �2(2) × 10�7

Epoch of passage at Asc. Node, Tasc (MJD) � � � 53278.0247041(2)
Orbital period, Pb (d) 0.147 248 891(7) � � 10.921 183 545(1)
Orbital period derivative, �Pb (10�12 s s�1) � � � 6(2)
Orbital frequency, fb (s�1) � 5.456 092 05(4) × 10�5 8.705 947 98(3) × 10�5 �
First orbital freq. derivative, f (1)

b (s�2) � �2.34(4) × 10�18 �1.26(4) × 10�18 �
Second orbital freq. derivative, f (2)

b (s�3) � 2.34(6) × 10�26 4.0(2) × 10�26 �
Third orbital freq. derivative, f (3)

b (s�4) � 2.31(6) × 10�33 6.3(3) × 10�33 �
Fourth orbital freq. derivative, f (4)

b (s�5) � �6.7(2) × 10�41 �9.2(4) × 10�40 �
Fifth orbital freq. derivative, f (5)

b (s�6) � 5.6(1) × 10�49 6.3(3) × 10�47 �
Sixth orbital freq. derivative, f (6)

b (s�7) � � �2.7(1) × 10�54 �
Seventh orbital freq. derivative, f (7)

b (s�8) � � 7.4(3) × 10�62 �
Eighth orbital freq. derivative, f (8)

b (s�9) � � �1.22(5) × 10�69 �
Ninth orbital freq. derivative, f (9)

b (s�10) � � 9.3(4) × 10�78 �
Derived parameters

Spin period, P (ms) 3.643 0207(2) 4.810 167 62(7) 2.352 344 531 9370(3) 4.771 522 910 693 55(5)
First spin period derivative, �P (s s�1) 7(4) × 10�19 � �8.6553(1) × 10�20 1.836 09(7) × 10�20

Mass function, f(Mp, Mc) (M�) 2.7188 × 10�6 9.743 × 10�3 8.764 × 10�4 1.524 × 10�2

Minimum companion massd, Mmin
c (M�) 0.0176 0.3048 0.1269 0.3616

Distance from cluster centre, � (arcmin) � � 0.087 3.828
Distance from cluster centree,  c (core radii) � � 0.242 10.633

Notes. aThe position was �xed to the nominal centre of 47 Tuc as reported in the SIMBAD data base (http://simbad.u-strasbg.fr/simbad/sim-id?
Ident=47+Tuc). bThe proper motion was set to the average value of the 22 pulsars with a phase-connected timing solution available. cThe value of
the parallax was �xed to the value corresponding to a cluster distance of 4.69 kpc (Woodley et al. 2012). dAssuming a pulsar mass of Mp = 1.4 M�.
eAssuming a core radius of 0.36 arcmin, as reported in the Harris GC catalogue (http://www.physics.mcmaster.ca/�harris/mwgc.dat).

in right ascension and µ� = �2.7 – 0.7 mas yr�1 in declination.
We preferred an unweighted mean over a weighted mean to avoid
a global proper motion biased by the motion of the pulsars with
the most precise timing measurements, as well as to obtain more
realistic uncertainties.

Both the position and spin period derivative are, as expected,
rather poorly determined and their values should be taken as just
indicative. The orbit is correctly described by a simple Keplerian
model, with no evidence of orbital period derivatives. This, together

with the very low mass of the companion (Mc � 0.02 M� for a
pulsar mass of 1.4 M� and an orbital inclination i = 60	) and the
total absence of radio eclipses, strengthens the hypothesis that 47
Tuc P is a black widow-type system, possibly seen at a low orbital
inclination. Indeed, as pointed out by Freire (2005), some BWPs
have lower mass functions as a result of lower orbital inclinations,
which in turn make the display of eclipses less likely. On the con-
trary, systems seen more edge-on appear to have larger masses and
tend to exhibit eclipses.
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Figure 4. Orbital variability of pulsar V (left) and W (right). Top panels: deviation of the epoch of passage at the ascending node from the prediction of a
standard Keplerian model as a function of time. The red line is the theoretical prediction of the BTX model, the black points are the values measured with
timing (see text for the detailed description of the method). Bottom panels: corresponding change of the orbital period from the reference value as a function
of time. Note that this latter is just the time derivative of the red line of the above panel.

To measure the DM, we summed in time each of our four detec-
tions, retaining as many frequency subbands as possible, according
to the S/N. From every subband we extracted one time of arrival, for
a total of 12 usable ToAs. The latter were then �tted for the DM only,
again allowing arbitrary phase jumps between the different epochs.
The resulting measured DM was 24.29 – 0.03 pc cm�3, a value
slightly lower than the average, which suggests that the pulsar is on
the near side of the cluster. In fact, we can obtain a rough estimate
of the distance component along the line of sight, d
, through the
linear relation found by Freire et al. (2001c) between the DM and
the radial distance from the plane of the sky containing the centre
of 47 Tuc. Using this relation and the measured DM, we infer d
 �
�1.36 pc, with the negative sign indicating that the pulsar is indeed
placed between the observer and the cluster centre.

No calibration data are currently available to determine the �ux
densities of the 47 Tuc pulsars. However, having the lowest detection
rate (0.97 per cent) in our data set, 47 Tuc P is probably the faintest
currently known pulsar in the cluster.

5.2 47 Tuc V

47 Tuc V is a 4.81-ms binary pulsar in a 5.1-h orbit, �rst presented
by Camilo et al. (2000). The pulsar was detected twice in their data
(on MJD 51012 and 51055), and the authors were able to give an
estimate of the orbital parameters by extracting a total of 11 ToAs.
At both epochs the pulsar was on the near side of its orbit, as the
spin period was increasing during the observations. With the T0-
search, we were able to detect 47 Tuc V in another seven pointings.
Through our timing analysis as described in Section 4 we were able
to obtain an additional 12 (mostly faint) new detections, bringing the
total number to 19. After constructing a high-S/N template pro�le,
we carefully extracted 88 usable new ToAs. In total, we had 99
ToAs spanning �10.7 yr. As for pulsar P, we were unable to obtain
phase-connection with our timing: in addition to the proper motion
(set to the same average value as for P), the large covariances seen
also forced us to not �t for the spin period derivative as well as for
the position, the latter being set to the nominal cluster centre value.
However, allowing arbitrary jumps between groups of ToAs, we
derived an incoherent timing solution that enabled us to measure
the spin period and the binary parameters with good precision. The
parameters are reported in Table 2.

Using the same method as described in the previous section,
we independently measured the DM, obtaining a value of 24.105
– 0.008 pc cm�3, the lowest amongst all the 47 Tuc pulsars. For
this DM value, the projected distance along the line of sight from
the cluster centre, predicted by the linear relation of Freire et al.
(2001c), is d
 � �4.12 pc.

5.2.1 Long-term orbital variability

When timing 47 Tuc V, a simple BT model turned out to
be inadequate to correctly describe the orbit and it was in-
stead necessary to use a BTX model (D. Nice, unpublished;
http://tempo.sourceforge.net), which allows us to �t for multiple
orbital frequency derivatives. In short, the number of orbits NBTX

b
at any given time t is described by a Taylor expansion:

NBTX
b (t) = N0 +

Nd


k=0

1
(k + 1)!

f (k)
b (t � T0)(k+1), (6)

where N0 is an arbitrary constant, Nd is the number of orbital fre-
quency derivatives, T0 is the time of passage at periastron (or at the
ascending node, in the case of a circular orbit), and f (k)

b is the value
of the k-th orbital frequency derivative calculated at the time t =
T0. In the case of 47 Tuc V, in order to achieve a reduced chi-square
� red � 1 in the timing residuals, we had to introduce �ve orbital
frequency derivatives.

To study how well the BTX model is actually describing the
data, we followed a method similar to the one used by Ng et al.
(2014) for PSR J1731�1847. For each group of ToAs (that is, for
each detection), we calculated the epoch of passage at periastron,
T pred

0 , closest to the mid-point �Tobs� of the observation, that a simple
Keplerian model would predict. This is equivalent to �nding t closest
to �Tobs� in equation (6), after setting to zero all the orbital frequency
derivatives. Then, we �tted the ToAs with TEMPO for T0 only, using
a simple Keplerian model (i.e. setting all the f (k)

b to zero) in the
ephemeris, and keeping all the other parameters �xed, thus obtaining
a measured value T obs

0 . The difference �T0 = T pred
0 � T obs

0 was then
plotted against the sum of the terms with k � 1 of equation (6), which
represents the deviations from the Keplerian model. The result can
be seen in the top-left panel of Fig. 4; in the lower-left panel,
we show the consequent predicted change in the orbital period
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Figure 5. Intensity as a function of pulse phase (x-axis) and orbital phase �b (y-axis) for seven sample detections of 47 Tuc V. As can be clearly seen, the
pulsar is always eclipsed for about 50 per cent of its orbit around the superior conjunction (i.e. �b = 0.25). In addition, several short-lived eclipses often occur
at other orbital phases, sometimes accompanied by excess time delays (panel 5) and sometimes with a broadening of the pulse (panel 3).

as a function of time. The strong orbital variability is a common
characteristic among redback binary systems and it thus supports the
hypothesis that 47 Tuc V belongs to this class, as already hinted by
the mass function and the presence of eclipses (see Section 5.2.2).

It is important to note that, although the 5-derivative BTX model
used here is able to predict the orbital phase of 47 Tuc V within the
time spanned by the data, it has no predictive capacity outside that
range. Also, the predicted large swing in �T0 between MJD �54500
and �56700 has no data supporting it. For these reasons, we should
not consider this BTX binary model as a faithful representation of
the binary orbit evolution, especially in those time intervals where
the data points are very sparse. Rather, the model should be seen
as a display of the unpredictable orbital variability similar to that
observed in other redback systems.

5.2.2 Eclipses

In the two discovery observations, Camilo et al. (2000) noted that the
pulsar signal was being irregularly eclipsed over time-scales as short
as their 2-min long subintegrations. Our new 19 detections allowed
us to get a deeper insight into the morphology and, possibly, nature
of the eclipses. Not only did we con�rm the presence of irregular
short-lived eclipses, we also found that the pulsar is always invisible
for roughly 50 per cent of the orbit around its superior conjunction,
likely being enshrouded by the gas that the companion star is losing.

The presence of long and persistent eclipses implies that the
system inclination, i, cannot be small and that the companion
is likely non-degenerate. Choosing a conservative lower limit of
i � 20	 and a pulsar mass of Mp = 1.4 M�, the mass function
implies that the companion has a mass in the range 0.30 M�� Mc

� 1.17 M�, pointing towards a main-sequence (MS) type. This
range, together with the observed eclipsed fraction of the orbit of
��ecl

b � 0.5, can be used to estimate the rough projected size, Rc,
of a supposedly spherical obscuring gas cloud through simple geo-
metrical considerations. In the case of a circular, edge-on (i = 90	)
orbit, this can be expressed by the relation:

Rc = ap(1 + q) sin

�
2���ecl

b

2

�

, (7)

where ap is the radius of the pulsar orbit and q = Mp/Mc is the
mass ratio. From the previous considerations, 1.19 � q � 4.59,
and thus 1.79 R�� Rc � 2.05 R�. On the other hand, the inferred
Roche lobe radius RL of the companion, calculated with the approx-
imate formula by Eggleton (1983), is in the range 0.75 R�� Rc �
0.46 R�, implying that the gas is extending far beyond the gravi-
tational in�uence of the companion star. Hence, the companion is
probably undergoing continuous mass-loss through the Roche lobe
over�ow of its outer layers. We con�rm the presence of frequent,
short-lived, eclipses that hide the pulsar over time-scales of minutes
when the pulsar is on the near side of its orbit (panels 1 and 2 of
Fig. 5). Sometimes the signal disappeared even for relatively long
times (panels 5 and 7), whereas in another occasion (panel 5), the
pulse also underwent a visible delay of roughly � 0.5 ms. Very
likely, besides the presence of a large gas cloud surrounding the
companion, clumps of ionized plasma of smaller size are wander-
ing around the binary, occasionally intercepting the pulsar signal.
When the physical characteristics (density and temperature) of the
gas clump are such that the optical depth at our observing frequency
is low, we still see the signal, but delayed because of the addi-
tional contribution to the DM that the clump introduces. Given our
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