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ABSTRACT

We report the discovery of two new millisecond pulsars (PSRs J0024—7204aa and
J0024—-7204ab) in the globular cluster 47 Tucanae (NGC 104). Our results bring the to-
tal number of pulsars in 47 Tucanae to 25. These pulsars were discovered by reprocessing
archival observations from the Parkes radio telescope. We reprocessed the data using a stan-
dard search procedure based on the PRESTO software package as well as using a new method
in which we incoherently added the power spectra corresponding to ~1100 h of observations.
The newly discovered PSR J0024—7204aa, has a pulse frequency of ~541 Hz (corresponding
to a ~1.84 ms period), which is higher than any other pulsars currently known in the clus-
ter and ranks 12th amongst all the currently known pulsars. The dispersion measure of this
pulsar, 24.941(7) cm™2 pc, is the highest in the cluster. The second discovered pulsar, PSR
J0024—7204ab, is an isolated pulsar with a pulse frequency of ~270 Hz (corresponding to a
period of ~3.70 ms).

Key words: pulsars: general.

1 INTRODUCTION

Since the discovery of the first globular cluster (GC) pulsar, PSR
B1821—-24A in M28 (Lyne et al. 1987), GC environments have
proven to be conducive to pulsar searches. Before 2016 January, 144
radio pulsars in 28 globular clusters (GCs)' had been discovered.
Many of the pulsars are exotic. With a spin frequency of ~716 Hz,
PSR J1748—2446ad is the fastest-spinning pulsar known (Hessels
et al. 2006). That pulsar was discovered in the GC Terzan 5, which
has 35 known pulsars (Lyne et al. 1990; Lyne et al. 2000; Ransom
et al. 2005; Hessels et al. 2006; GC pulsars catalogue'), the largest
for any GCs. Among all the GC pulsars, 80 are known to be in
binary systems and 132 are millisecond pulsars with spin periods
of 30 ms or shorter. Both fractions are much higher than those of
the Galactic population (see psrcat; Manchester et al. 2005).

With 23 previously known radio pulsars, 47 Tucanae (NGC 104)
is the second most populated cluster. All the pulsars were discovered
using the 64-m Parkes radio telescope (Manchester et al. 1990;
Manchester et al. 1991; Robinson et al. 1995; Camilo et al. 2000;
Freire et al., in preparation) and are millisecond pulsars. Freire et al.
(2001a) used observations of the pulsars in 47 Tucanae to make the
first detection of ionized intracluster gas. Timing models for 15 of

* E-mail: panzc@bao.ac.cn
! http://www.naic.edu/~pfreire/GCpsr.html

the pulsars in the cluster were presented by Freire et al. (2001b) and
updated by Freire et al. (2003).

One of the primary goals of modern-day pulsar astronomy is to
discover a millisecond pulsar in orbit around a stellar mass black
hole. Evolutionary models suggest that such a system is only likely
to form in environments with high stellar interaction rates. There-
fore, GCs provide some of the most likely environments in which
to find such a system. Finding such exotic systems is a primary
goal of the Five hundred meter Aperture Spherical radio Telescope
(FAST; Nan et al. 2011) currently under construction in China. The
full system testing will start in the middle of 2016 June followed
by an expected first light on September 26. Zhang et al. (2016)
described how early FAST observations of GCs may find pulsars
by carrying out repeated short drift-scan observations. Traditional
pulsar searches are based on the analysis of a single, long time
sequence of data. The requirement to carry out short observations
during early FAST operation implies that the data from multiple
observations (taken on different days) will need to be combined.
We thus developed a segmented search method operating on power
spectra. The testing and application of such a method on the large
number of 47 Tucanae observation data allowed us to discover two
new pulsars. Such experience is also valuable when planning our
future FAST pulsar surveys.

In Section 2 of this Letter, we describe the details of the obser-
vations and data reduction. In Section 3, we describe the discovery
of two new pulsars. The conclusions are in Section 4.

© 2016 The Authors
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2 OBSERVATIONS AND PROCESSING

The aim of the Commonwealth Scientific and Industrial Research
Organization (CSIRO) pulsar data archive? (Hobbs et al. 2011)
is to store pulsar data sets obtained using the Parkes radio tele-
scope. The archive now contains more than 300 TB of data and
we were collating as much archival data as possible. Freire et al.
(private communication) provided copies of observations of 47 Tu-
canae obtained between the years 1999 and 2011. The observations
were described in Freire et al. (2001a) and Freire et al. (2001b). An
analogue filterbank backend was used to record the data with 512
frequency channels and 0.5 MHz channel width, corresponding to
a total bandwidth of 256 MHz centred at 1390 MHz. The output of
each filter was integrated for 80 us and the resulting power was then
1-bit digitized and stored on to magnetic tapes. The majority of the
observations were obtained with the central beam of the 13-beam
multibeam receiver (Staveley-Smith et al. 1996) in the 20 cm band.
The integration times varied from a few minutes (for test observa-
tions) to ~8 h. The data set consisted mostly of high time resolution
data (aforementioned 80 us sampling time) and a small fraction of
lower time resolution data (125 ps sampling time).

The raw data files were originally extracted from the tape files
using the sc_Tp software package and then converted to the siGproc?
filterbank format using the FILTERBANK procedure. The data were
processed using two methods described below.

The first method was a traditional pulsar acceleration search using
the prEsTO* suite of software (Ransom, Eikenberry & Middleditch
2002). This method was applied to the observations individually.
We initially de-dispersed the data with a dispersion measure (DM)
corresponding to about the median of the values of the known pul-
sars in the GC, namely 24.5 cm~> pc, and then summed across
the frequency channels. We then used the REALFFT and ACCELSEARCH
routines to perform the pulsar search. For the prEsTO acceleration
search, we summed up to 16 harmonics and chose 50 as the max-
imum value of z (through the -zmax option in ACCELSEARCH). This
latter corresponds to the maximum number of adjacent Fourier bins
that ACCELSEARCH considers as the result of a possible drift of the
intrinsic pulsar spin frequency, due to the binary acceleration® (Ran-
som et al. 2001).

For the second method, we segmented each observation into small
files using the EXTRACT tool in the siGProc software package. Each
file contained 2>* samples corresponding to an observation lasting
~11 min. In this process, we ignored observations shorter than
11 min and also discarded any data that remained after dividing
the observation into these residual segments. From all the obser-
vation data, we ended up with 5956 segmented files corresponding
to ~1110 h of observation. Each of these 5956 segmented files were
then de-dispersed (again using a DM of 24.5 cm ™ pc) and summed
across the frequency channels. During the de-dispersion, some sam-
ples were lost due to the DM delay. For the 5956 segmented files, in
total we lost ~243 second observation data, which is much shorter
than the total length of ~1110 h. We then stored the Fast Fourier

2 http://data.csiro.au

3 https://github.com/SixByNine/sigproc/

4 http://www.cv.nrao.edu/~sransom/presto/

3 The average acceleration of the pulsar in the integration can be calculated
as a = z¢/(Tfo) (Ransom et al. 2001), in which ¢ is the speed of light, T'is
the total integration time, fj is the pulsar spin frequency. For our observation
data, if the total integration time was one hour, using 50 as the zmax value
corresponded to an acceleration of 5.8 m s~2 for a 200 Hz signal or 2.3 m
s~2 for a 500 Hz signal.
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Figure 1. Frequency domain data around the spin frequencies (green ver-
tical lines) of the previously known pulsars J0024—7204G (isolated) and
J0024—7204Q (binary).

Transform (FFT) of each of these time series on disc. We repeated
this procedure, but did not de-disperse the data files, i.e. this final
processing corresponded to a DM of 0 cm ™ pc.

Note that we did not expect to detect a given pulsar in each data
segment. The pulsars in 47 Tucanae are known to scintillate and
some of the binary systems can eclipse the pulsar signal (such as,
e.g. eclipsing PSRs J0024—7204J and J0024—72040, described
in Freire et al. 2003). The first method produced a list of pulsar
candidates for each observation that were then inspected by eye.
Analysing the FFTs from the second method was more complex
and carried out as follows. For each spectral frequency channel of
every observation segment, we had the real and imaginary parts from
the Fourier transform. The real and imaginary parts were summed
in quadrature to form the power values. From 5956 observation seg-
ments, we obtained 5956 power values for every frequency channel.
For all the power values of the same frequency channel, the mean
value, the maximum value, and the standard deviation were calcu-
lated. An example is shown in Fig. 1, that shows the power spectra
around the known pulse frequencies for PSRs J0024—7204G and
Q (indicated by the vertical green lines). The black line is the mean
of the power in all the observation segments. PSR J0024—-7204G
is clearly visible in the mean values, but Q is not. This is because
the flux density of Q varies significantly (likely to be caused by
scintillation) and so the mean flux density is low. In contrast, both
pulsars are easily detectable in either the maximum power value or
the standard deviation (the blue and red lines, respectively). Note
that Q is in a binary system and so the signal is spread over multiple
spectral channels.

Unfortunately, the statistical behaviours of radio-frequency in-
terferences (RFIs) can and do mimic those of pulsars. To weed out
spurious signals caused by RFIs, we inspected by eye the zero-DM
spectrum (having not been de-dispersed) corresponding to each
candidate. Note that if we filter the spectra in order to only dis-
play frequency channels corresponding to pulse periods longer than
0.5 ms, then we must inspect 134 2173 channels. If we show 4096
channels simultaneously then we require that 328 figures are in-
spected for pulsar candidates. This can easily be carried out by eye
by a single person. We recorded, as possible candidates, only those
signals without counterparts in the zero-DM spectrum.

MNRASL 459, L26-L30 (2016)
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3 RESULTS

Our segmented search re-detected all the known pulsars in 47 Tu-
canae except for P, R, V and W, which were missed by both pro-
cedures. These undetected pulsars are not only extremely faint, but
also very accelerated. This latter condition causes their signals to
be significantly spread in the Fourier domain. More details of those
pulsars will be presented by Ridolfi et al. (in preparation) who used
significantly more observations than those available to us. Other
four pulsars (S, T, U and Y) were only missed by our PRESTO ac-
celeration search. Missing these pulsars was due to our candidate
selection settings. In fact, the spin frequencies of pulsars S, T, U
and Y were detected only 5, 10, 14 and 12 times, respectively, in
all the PRESTO acceleration search result for the 820 original data
files and were ignored as occasional RFIs.

Inspecting signals from the segmented search result led to 28
candidates from the mean power spectra, 392 from the maximum
values, and 131 from the standard deviations. Confirming these can-
didates is challenging. Traditionally a further observation is carried
out to try to re-detect the candidate. However, the segmented search
method made use of ~1100 h of observations — this cannot easily be
reproduced. To confirm or deny our candidates, we therefore folded
each individual data set using PREPFOLD around the candidate period,
allowing a search in pulse period to maximize the signal-to-noise
ratio of the resulting profile. We then searched for multiple observa-
tions that exhibited profiles with similar shape and, where possible,
attempted to obtain a phase-connected timing solution. This process
removed all but one of our segmented-search pulsar candidates.

We then inspected the PRESTO acceleration search method results,
and found 1134 candidates in total. These candidates were inspected
by eye. Among the 1134 candidates, 908 candidates were identified
as RFI signals from their narrow band and/or zero-DM feature(s)
and 46 candidates were signals from known pulsars. The remain-
ders were inspected by eye in more detail, and only two of these
candidates were considered of sufficient quality for further inves-
tigation. One of these corresponded to the same candidate as that
found by the segmented search method. Hereafter, we label this
pulsar as PSR J0024—7204aa. We label the other detection as PSR
J0024—7204ab. We carefully checked to see whether the pulse fre-
quency for the new pulsars were harmonically related to the known
pulsars in the cluster, but were unable to find any such match. Fig. 2
shows the averaged profiles and phase-time plots of the discovery
figures in which we found the two new pulsars.

3.1 PSR J0024—-7204aa

To date, we have been unable to obtain a timing solution for this
pulsar, but have clearly detected it in 12 of the original data files.
This pulsar was detected by the presTO pipeline without exhibiting
any evidence that it is accelerating. Therefore, it is unlikely to be
in a fast binary system. It has a pulse period of ~1.84 ms, which
is shorter than the rotational periods of any other known pulsars in
the cluster. Its DM, determined by measuring pulse arrival times
in different sub-bands of the brightest three available detections, is
24.971(7) cm~3 pc, which is currently the highest in the cluster.

3.2 PSR J0024—7204ab

Similar to PSR J0024—7204aa, the DM was obtained by extracting
Time Of Arrivals (TOAs) from different sub-bands from the bright-
est detections (six in this case). We have then successfully obtained a
timing solution using all the available data for PSR J0024—7204ab.

MNRASL 459, L26-L30 (2016)
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Figure 2. Averaged pulse profile (top panels) and intensity versus phase and
time (bottom panels) for PSR J0024—7204aa (left) and PSR J0024—7204ab
(right), as they appeared in their discovery diagnostic plots of PRESTO.

Table 1. Parameters for PSR J0024—7204ab.

Fit and Data set

Pulsarname ............................. J0024—7204ab

MIDrange .........cooveiiiiiiiiiin.. 51451.6-55143.5
Dataspan (yr) ..., 10.11
Number of TOAS . .......oviiiiiiin. 192

Rms timing residual (us) ................. 26.2
Weighted fit ...l Y
Reduced x2value ....................... 1.1

Measured quantities
Right ascension, RA (hh:mm:ss)...........
Declination, Dec. (dd:mm:ss)..............
Pulse frequency (Hz) ..................... 269.931793752167(14)
Pulse frequency derivative ................ —7.1728(20)x 10~10
Proper motion in RA (mas yr’l) ........... 4.3(6)
Proper motion in Dec. (mas yr‘l) .......... —2.6(6)

00:24:08.1657(4)
—72:04:47.616(2)

Set quantities
Reference epoch MJD)................... 53600

Dispersion measure, DM (cm™3 J21S) I 24.37(2)
Assumptions

Clock correction procedure................ TT(TAI)

Solar system ephemeris model............. DE421

Model version number. ................... 5.00

The TEMPO2 (see e.g. Hobbs, Edwards & Manchester 2006) solution
is tabulated in Table 1. The phase-connected timing residuals using
this timing model are shown in Fig. 3. Adding all the 87 detections,
we obtained the pulse profile of this pulsar (see Fig. 4). There is a
clear second peak at phase 0.3 and a possible third peak at phase 0.9.
The phase connected pulse arrival times allowed us to determine the
position of the pulsar. This is shown, in relation to the other pulsars
in the cluster, in Fig. 5. The pulsar is clearly associated and situated
in the central region of 47 Tucanae. Its proper motion is consistent
with the global proper motion of the cluster as reported by Freire
et al. (2003).
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Figure 3. Timing residuals for PSR J0024—7204ab.
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Figure 4. Averaged pulse profile of PSR J0024—7204ab obtained by co-
herently adding all the 87 detections of the pulsar found in our high time
resolution (sampling time 80 ps) data set. The signal-to-noise ratio of this
averaged pulse profile is 49.145.
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Figure 5. The positions of PSR J0024—7204ab and the other pulsars of
47 Tucanae with known timing solutions.
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4 CONCLUSIONS

We have re-processed archival observations of 47 Tucanae obtained
with the Parkes radio telescope using two search algorithms and
have re-detected the majority of the known pulsars and discovered
two new millisecond pulsars. The two methods have different char-
acteristics and can be complementary to each other. The traditional,
PRESTO-based method detected both of the new pulsars, but also led
to a large number of false candidates. It also requires setting up
processing pipelines, selecting the parameters for the search and
was relatively slow. The new, segmented search, only detected one
of the new pulsars (aa). The missing pulsar (ab) is weak and the
segmented method sub-divided the data into such short intervals
that the signal-to-noise ratio of the pulsed signal was <1 in each
segment. However, the segmented search method easily detected
relatively bright pulsars that are not in fast binaries without a large
number of false candidates. As both methods are relatively straight-
forward, we recommend using them both in future analyses of such
data sets.

The two new discoveries add to the growing population of pulsars
in GCs. These two new pulsars are weak and only occasionally
observable in the Parkes data sets. However, in the near future,
much more sensitive telescopes, such as MeerKAT and the Square
Kilometre Array, will be operating in the Southern hemisphere and
will be able to make regular observations of these new pulsars.
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