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ABSTRACT

In this paper we present PSR J0024—7204ai, a 13.026-ms binary pulsar recently discovered in the globular cluster 47 Tucanae by
the MeerKAT radio telescope. This is the slowest-spinning pulsar known in this globular cluster. It has a ~1.67-day orbit with an
eccentricity of e ~ 0.18. Although it is not yet possible to derive an unambiguous phase-connected timing solution, by combining
detections obtained from MeerKAT and archival Parkes data, we were able to measure the rate of advance of periastron to a high
significance: @ = 0.1601 = 0.0046 deg yr~'. This value implies a total system mass of 2.41 + 0.11 M,, (68.3% C.L.), which, when
combined with the binary mass function, gives a maximum pulsar mass of ~1.7 My and a minimum companion mass of ~0.7 M.
Apart from being the slowest pulsar in 47 Tucanae, its orbit is by far the most eccentric, and its companion is the most massive among
all known binary pulsars in this globular cluster. It is possible that the system is an old millisecond pulsar—carbon-oxygen white dwarf
binary whose orbit was perturbed by stellar dynamical interactions in the cluster core. Further follow-up observations of this system

will be essential to obtaining a more detailed characterisation of this system and its evolution.
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1. Introduction

Globular clusters (GCs) are gravitationally self-bound Galac-
tic sub-systems consisting of 10* to 10° stars. They are also
among the oldest stellar systems in the Galaxy, with their ages
ranging from 10 to 13 billion years—comparable to the age of
the Universe. In their cores, the stellar density can be as high
as 10° to 10° Mg pc’3 (Baumgardt & Hilker 2018), which are a
few orders of magnitude higher than what is typically seen in
the Galactic field. These extremely dense environments enhance
two- or three-body stellar dynamical interactions and the for-
mation of the binary stellar systems (Hills 1975; Verbunt & Hut
1987; Sigurdsson & Phinney 1995).

In such exchange encounters, old and ‘dead’ neutron stars
(NSs; i.e. NSs that have crossed the death line and whose emis-
sion is no longer detectable) can become members of binary
systems with low-mass main sequence stellar companions. As
the companion star evolves according to the standard theory of
stellar evolution and fills its Roche lobe, the mass and angular
momentum is transferred to the NS. This accretion of matter onto

* Corresponding authors: s14drisb@uni-bonn.de,
alessandro.ridolfi@uni-bielefeld.de

the NS surface makes the pair visible in X-ray wavelengths as a
low-mass X-ray binary (LMXB). The LMXBs per unit of stellar
mass are orders of magnitude more numerous in GCs than in the
Galactic disc (Clark 1975).

Due to the relatively slower evolution of the low-mass com-
panion, the LMXB phase is long-lived and can spin up the NS
to rotation periods of just a few milliseconds, giving birth to a
radio millisecond pulsar (MSP). This process is known as ‘pul-
sar recycling’ (Radhakrishnan & Srinivasan 1982; Alpar et al.
1982; Bhattacharya & van den Heuvel 1991; Papitto et al. 2013,
for a review see Tauris & van den Heuvel 2023). The large rate
of formation of LMXBs in GCs is the reason why a wealth of
MSPs (P < 10ms) are seen in these environments'. Such MSPs
are formed with very low, near-zero eccentric orbits due to the
tidal circularisation.

If the companion is a main-sequence star significantly more
massive than 1 Mg, the systems become intermediate-mass and
high-mass X-ray binaries, respectively. These have relatively
short-lived mass transfer phases since the companion evolves
faster. The pulsar is spun-up to spin periods between 10 to

I For an updated list, see https://www3.mpifr-bonn.mpg.de/
staff/pfreire/GCpsr.html
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200 ms, resulting in a mild recycling (Tauris & van den Heuvel
2006). The companion stars in these systems are relatively mas-
sive CO white dwarfs (WDs) or ONeMg WDs, in which case the
orbits have very low eccentricities, e < 1073 (Tauris et al. 2000,
2011, 2012), or in some cases they are NSs (Tauris et al. 2017)
with e ~ 0.1 or larger. However, it is important to point out that
such massive main-sequence companions were only available in
the earlier stages of the evolution of the GCs.

The binary MSPs in GCs are particularly interesting because
of stellar perturbations, which can make them acquire sig-
nificant eccentricities even if they are born circular. In some
cases, these stellar encounters lead to exchange interactions,
where a low-mass companion to an already recycled pulsar is
exchanged by a more massive star, like M15C (Prince et al.
1991), NGC 1851A, D and E (Freire et al. 2004; Ridolfi et al.
2022; Barr et al. 2024), NGC 6624G (Ridolfi et al. 2021), M30B
(Balakrishnan et al. 2023), and NGC 6544B (Lynch et al. 2012).
These systems are therefore ‘secondary exchange encounters’.
Their large eccentricities and companion masses imply that with
several years of timing data, relativistic post-Keplerian (PK)
parameters such as the rate of advance of periastron (@), the
Einstein delay (yg), or the two parameters characterising the
Shapiro delay (Shapiro 1964) become measurable, thus allow-
ing a determination of the masses (Lynch et al. 2012; Dutta et al.
2025) and in some cases (e.g. that of PSR B2127+11C) tests
of general relativity (Jacoby et al. 2006). However, this type of
binaries are only found in GCs where the rate of stellar interac-
tions per binary (y) is large (Verbunt & Freire 2014).

The GC NGC 104, or alternatively 47 Tucanae (47 Tuc here
on), is located in the southern hemisphere at equatorial sky coor-
dinates @ = 00M24™05.67%, 6 = —72°04’52.6”, or Galactic
coordinates [ = 305.89°, b = —44.89°, at a distance of 4.69 kpc
from the Sun (Woodley et al. 2012). Its age estimates vary
from 10.4 to 13.4 Gyr (Gratton et al. 2003; Brogaard et al. 2017,
Thompson et al. 2020). Several past discoveries and timing stud-
ies of the pulsars in 47 Tuc (Manchester et al. 1990, 1991;
Robinson et al. 1995; Camilo et al. 2000; Ridolfi et al. 2016;
Freire et al. 2017) enabled studies of cluster dynamics, mass
segregation, and gravitational potential as well as the detection
of ionised gas in the cluster (Freire et al. 2001a; Abbate et al.
2018, 2023). The precise positions allowed X-ray detections
of all pulsars with known timing solutions (Grindlay et al.
2002; Bogdanov et al. 2005, 2006; Bhattacharya et al. 2017,
Hebbar et al. 2021). Of the 13 binaries with precise posi-
tions, five white dwarf companions (Edmondsetal. 2001;
Rivera-Sandoval et al. 2015; Cadelano et al. 2015) and one red-
back (Edmonds et al. 2002) companion were detected and char-
acterised in archival Hubble Space Telescope images.

This scientific payoff motivated MeerKAT observations
of 47 Tuc, which began under the TRAPUM? project
(Stappers & Kramer 2016) in May 2020. The main aim has been
to discover new pulsars, but the observations are also used to
measure the masses of some of the previously known pulsars. At
the time of writing, the project has discovered 17 pulsars in the
cluster (Ridolfi et al. 2021; Chen et al., in prep.). Of these new
discoveries, at least 14 are binary pulsars, and the total percent-
age of binaries is now 69% (i.e. 29/42).

Unlike the binary systems in some other GCs (e.g. Terzan
5; Padmanabh et al. 2024), all the binaries in 47 Tuc have low
(<0.1) orbital eccentricities and companion masses. This is
expected for GCs like 47 Tuc that has a relatively low value of
v; i.e. once a LMXB forms, it evolves into a circular MSP-low-

2 http://www.trapum.org
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mass companion system without much risk of being perturbed,
at least for the systems with smaller orbital periods, where the
cross section for interactions is smaller.

One of the newly discovered pulsars, PSR J0024—-7204ai
(henceforth referred to as 47 Tuc ai) is the exception among the
binaries in 47 Tuc, and it is the topic of this work. As described
below, its spin period of 13.026 ms makes it the first mildly recy-
cled pulsar in 47 Tuc. Its eccentric binary orbit (e ~ (0.18) and
large companion mass also make it stand out from the remain-
ing pulsar population. The structure of the paper is as follows:
In Sect. 2, we give an overview of the dataset used for this work.
Sect. 3 focuses on the determination of the orbit, localisation,
and basic emission characteristics and an early timing analy-
sis. In Sect. 4 we discuss the nature and origin of this binary
system. In Sect. 5, we summarise our results and discuss some
near-future prospects.

2. Observations
2.1. MeerKAT observations

Between 2019 March and 2024 January, 47 Tuc was observed
with the South African MeerKAT radio telescope array on 41
occasions. The observations were made as part of the TRAPUM
and MeerTime® (Bailes et al. 2020) large survey projects and had
a number of different scientific aims. Therefore the set-ups and
observing parameters of the whole dataset are highly heteroge-
neous. The observations carried out under MeerTime, which had
pulsar timing as the main scientific driver, made use of the Pulsar
Timing User Supplied Equipment (PTUSE) as the primary back-
end. PTUSE is capable of recording up to four tied-array beams
on the sky, and it records the data as coherently de-dispersed
search-mode PSRFITS files with full-Stokes information. Given
the small number of beams that could be synthesised, the PTUSE
beams were produced correlating only the central 44 1-km-core
antennas of the MeerKAT array to have a larger field of view at
the cost of a roughly 30% reduction in raw sensitivity. Obser-
vations carried out under TRAPUM, whose main goal was the
discovery of several new pulsars, made use of the Filterbank-
ing Beamformer User Supplied Equipment (FBFUSE) and the
Accelerated Pulsar Search User Supplied Equipment (APSUSE)
as the primary backend. These enabled the synthesis of up to 288
tied-array beams on the sky, which in turn allowed for coverage
of a much larger sky area around the cluster centre compared
to PTUSE, even correlating the raw signals coming from all the
available (up to 64) MeerKAT antennas, hence retaining maxi-
mum sensitivity. In this case, each beam could be recorded as a
search-mode total-intensity ‘filterbank’ file without coherent de-
dispersion. However, since the DM of 47 Tuc is well known,
the TRAPUM beams were typically recorded with 4096 fre-
quency channels and later incoherently de-dispersed at a DM of
24.4pccm™ and summed in groups of 16 to reduce the num-
ber of channels to 256. In the vast majority of the observa-
tions, both PTUSE and FBFUSE+APSUSE were used in par-
allel. All the observations were made with either the UHF band
(544—-1088 MHz) or the L band (856—1712 MHz) receivers. The
details of all the observations used in this work are reported in
Table A.1.

3 http://www.meertime.org
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2.2. Parkes archival data

Given the highly negative —72 deg declination of the GC 47 Tuc,
it could only be observed by the radio telescopes in the south-
ern hemisphere. Before the MeerKAT radio telescope became
operational, it was possible to observe this GC only with the
Parkes radio telescope in Australia. With the latter, observa-
tions of 47 Tuc were regularly carried out from 1997 to 2013
with the Multibeam receiver (Staveley-Smith et al. 1996) for a
total of approximately 1770 observing hours, split across 414
observation epochs (i.e. days) and 519 total pointings*. For a
detailed description of the dataset and its previous uses, refer to
Ridolfi et al. (2016).

From the year 2019 onwards, the Parkes radio telescope was
equipped with the Ultra-Wide bandwidth Low receiver (UWL)
(Hobbs et al. 2020), capable of observing in the frequency range
704—4032 MHz. A few observations of 47 Tuc were made with
this receiver in the context of different projects (see Table A.2)
and are available on the CSIRO Data Access Portal. These obser-
vations were also processed in the context of this work.

3. Preliminary characterisation
3.1. Discovery and orbital parameters

Pulsar 47 Tuc ai was first detected in the MeerKAT observation
‘111 as a 13.026-ms candidate with a barycentric line of sight
acceleration of 4.02ms™2 and a DM =24.47 pccm™ (we refer
to Chen et al., in prep. for more details about the search). The
large acceleration clearly pointed towards its binary nature. The
candidate was soon confirmed to be a real pulsar based upon
its detections in neighbouring beams of the 11L observation and
by a few additional detections in other observations. In the first
TRAPUM observing campaign on 47 Tuc, the pulsar was blindly
detected in seven observations, two of which were made in the L
band and five others in the UHF band. Plotting the measured spin
periods versus the line-of-sight accelerations (Fig. 1) in a period-
acceleration diagram (Freire et al. 2001b, corrected as per the
erratum Freire et al. 2009) revealed a mild orbital eccentricity
and allowed for a first estimate of the orbital parameters: The
pulsar is in an orbit with an orbital period of P, ~ 1.65 days and
a projected semi-major axis of x, =~ 5.35s, an eccentricity of
e ~ (.18, and a periastron longitude of w ~ 227°.

After building a basic ephemeris with these parameters, we
used the spider_twister’ software to find the precise times
of passage at periastron (T) closest to each detection epoch.
These were used to apply the periodogram method (see e.g.
Ridolfi et al. 2016), which allows for a refinement of Py, by find-
ing a value of Py, that fits an integer number of times between any
two Ty values. Finally, we used the fitorb.py code from the
PRESTO® pulsar searching software (Ransom 2001) to directly
fit the observed spin period of the pulsar as a function of time,
which significantly improved the precision of the orbital param-
eters. The refined parameters were used to update the pulsar
ephemeris, which was in turn used to re-fold the whole Parkes
and MeerKAT datasets. In doing so, we allowed for a full-orbit
search in the value of Ty with spider_twister to account for
a possible wrong orbital phase prediction due to a possibly still
inaccurate Py. This led to the detection of 47 Tuc ai in a few addi-

* The logs of all 519 pointings can be found at https://www3.
mpifr-bonn.mpg.de/staff/pfreire/47Tuc/Observations_
Table.html

> https://github.com/alex88ridolfi/SPIDER_TWISTER
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Fig. 1. Period-acceleration diagram for 47 Tuc ai. The data points are
the barycentric spin periods and line-of-sight accelerations as measured
on seven different epochs where the pulsar was blindly detected. The
best-fit parametric curve (solid black line), from Egs. (3) and (4) from
Freire et al. (2001c¢), largely deviates from a simple ellipse, implying a
mild orbital eccentricity (e ~ 0.18).

Table 1. Observations of 47 Tuc made by the Parkes radio telescope
with the Multibeam receiver in which pulsar 47 Tuc ai was detected.

Obs. ID Start date Length  (S/N)/Ntoas
(min)

47T040_7 2000-02-17 03:24 220 2.9/2

47T122_1 2004-04-07 23:46 340 2.8/2

47T196_3 2013-08-04 17:41 223 4.8/2

Notes. These observations were made at the central frequency of
1389.75MHz, with 256 MHz bandwidth divided into 512 chan-
nels at a sampling time of 80ps. All 519 observations can
be found at https://www3.mpifr-bonn.mpg.de/staff/pfreire/
47Tuc/Observations_Table.html. The S/N was calculated in the
same way as done for the cleaned folded archives from the MeerKAT
observations.

tional MeerKAT observations, where the pulsar was not detected
blindly, as well as in three different Parkes observations dating
back to the year 2000. These are listed in Table 1. The three
Parkes detections turned out to be very important for the precise
measurement of the periastron advance (see Sect. 3.4).

3.2. SEEKAT localisation

The MeerKAT observations performed under the TRAPUM
project recorded up to 288 synthesised coherent beams in a
dense tiling spanning a few arcminutes around the centre of 47
Tuc. This unique capability of the TRAPUM recording system
enables determination of the sky position of newly discovered
pulsars to arcsecond precision using just a single observation.
The individual coherent beams have an average full-width at half
maximum (FWHM) of ~16 arcsec on the sky for the UHF band
(central frequency of 816 MHz). The detection of any pulsar in a
given beam indicates that the true position of the pulsar is within
the beam FWHM or quite close to the beam bore-sight. Given
that a pulsar has detections in multiple surrounding beams, this
information can be exploited to find the true position with higher
accuracy. We used the SEEKAT software (Bezuidenhout et al.
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Fig. 2. SEEKAT localisation of 47 Tuc ai, with the 10~ uncertainty on
the localised position shown as a magenta coloured ellipse. The grey
ellipses are beams from the observation 26U1 in which the pulsar was
detected at the highest S/N, and they were used for localising the pul-
sar as discussed in Sect. 3.2. The centre of the GC 47 Tuc (central
cross), the core radius (blue circle), and the positions of some of the
known pulsars in 47 Tuc are shown for reference. The image covers an
area of 1 arcmin x 1 arcmin around the centre of the GC 00" 24™ 05.67°,
—72° 04’ 52.6"” (Woodley et al. 2012).

2023), which takes the positions and point spread function of
multiple coherent beams and the detection S/N values in those
beams to run a maximum likelihood analysis of the position of
the pulsar. The SEEKAT maximum likelihood position for 47 Tuc

ai was found to be at right ascension & = 0:24:03.37%03} and

declination § = —72:04:56.001:38, where the uncertainties are at
a 1o confidence level. Fig. 2 shows the localised position of the

pulsar with respect to the cluster centre.

3.3. Pulse profile evolution with frequency

A strong variation of the integrated pulse profile with observing
frequency is observed for 47 Tuc ai. This phenomenon is docu-
mented in Figs. 3 and 4, where we show the brightest detection
of the pulsar as seen in different sub-bands of the MeerKAT L,
MeerKAT UHEF, and Parkes 1300-MHz bands. In Fig. 3, it can be
clearly seen that the relative height between the two components
changes as a function of frequency, with the second component
becoming brighter with increasing frequency.

We quantified this effect by fitting each of the two com-
ponents with a Gaussian and by measuring their amplitudes,
widths, and relative separation in each sub-band. The results of
the fitting are summarised in Table 2 and shown graphically in
Fig. 4. We do not discuss the implications of this effect, as the
topic is beyond the scope of this paper.

3.4. Timing

After the determination and refinement of the orbital param-
eters, we proceeded with the timing analysis for 47 Tuc ai,
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Fig. 3. Evolution of pulse profile of PSR 47 Tuc ai with observing fre-
quency. The profile components are marked with Compl and Comp2.
Each sub-plot shows the pulse profile at different observing frequen-
cies in black and 2-component Gaussian fits to the profile in dotted red
lines. The profiles have been normalised in the amplitude. The results
obtained from fit — relative amplitudes, widths and separation between
the components are reported in Table 2.

attempting to derive the phase-connected timing solution (i.e. an
ephemeris that can unambiguously count every rotation of the
pulsar over the time span of the data). We used the software
dspsr’ (van Straten & Bailes 2011) to fold the search-mode
data of all the observations in which the pulsar was detected. We
did this using an ephemeris containing the rotational and orbital
parameters, obtained as described in the previous section.

7 https://dspsr.sourceforge.net/
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Table 2. Profile evolution of pulsar 47 Tuc ai.

Frequency iﬁg : W, W, Sep
(MHz) (phase)
550-650 0.45+0.06 0.030+0.003 0.084+0.017 0.139+0.008
600-800 0.46+0.03 0.033+0.002 0.077+0.014 0.140+0.003
1100-1150 0.65+0.06 0.039+0.003 0.057+0.006 0.129 +0.003
1300-1450 1.33+0.20 0.072+0.020 0.055+0.010 0.127 +0.009

Notes. QL"T represents the ratio relative amplitudes of two components of the profile, W, and W, are the FWHMs of Gaussian functions fitted to

mp

the profile components and the last column gives the separation between the peaks of the profile in terms of phase units.

Amplitude Ratio (Amp,/Amp;) with error bars 10X
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Fig. 4. Variation of relative amplitudes, widths and separation between
two components of the pulse profile with respect to observing fre-
quency. The fitted profiles at different frequency are shown in Fig. 3
and fitting statistics are listed in Table 2. It can be seen from the upper
sub-plot that the relative amplitude of first component increases as a
function of observing frequency.

The folded archive files were then cleaned from radio
frequency interference by using the pazi routine of the
PSRCHIVE® software (Hotan et al. 2004), which was re-called
from alex_clean_archives’, a Python-based wrapper of the
program that helps automate the cleaning of large datasets. We
then created a standard profile using the detection of 47 Tuc
ai of the MeerKAT UHF observation 26U1, as the pulsar was
detected in it with the highest signal-to-noise ratio. The inte-
grated pulse profile of that detection was fitted with von Mises
functions using paas from PSRCHIVE to obtain a noise-free tem-
plate.

The topocentric pulse times of arrival (ToAs) were then
extracted by cross-correlating the template against an appropri-
ate set of sub-integrations and possible sub-bands from each

8 https://psrchive.sourceforge.net/
° https://github.com/alex88ridolfi/PSRALEX/blob/
master/alex_clean_archives

folded archive. This was done using alex_toasel'?, another
Python-based wrapper that calls the PSRCHIVE’s pat routine.

The ToAs were fitted for the timing model parameters
using the TEMPO'! pulsar timing software (Nice et al. 2015). Ini-
tially, we kept ‘JUMP’ statements between consecutive groups
of locally phase-connected ToAs from the individual observa-
tions. These JUMPs allow TEMPO to fit for arbitrary time off-
sets between the groups of ToAs. MeerKAT observations 25U to
28U (see Table A.1) were part of a second observing campaign
made over three days. These had frequent bright detections of 47
Tuc ai, which were easily manually phase connected. This means
that we could start determining the number of rotations between
the observations without any ambiguities. We attempted to do
so with DRACULA'?, a software developed by Freire & Ridolfi
(2018) that automatically determines the rotation counts of pul-
sars starting from the given input ephemeris. Since there were
only 59 ToAs spanning the timing baseline of nearly 25 years,
the dataset was sparse and contained irregular detections and
large gaps of tens of years with no ToAs. Due to this limita-
tion of the dataset, we could not find an unambiguous phase-
connected timing solution. The results presented here have ToAs
from observations 25U to 28U manually connected, and the rest
are jumped. The resulting parameters are presented in Table 3,
and the post-fit timing residuals are plotted in Fig. 5.

Any MeerKAT data taken with the APSUSE system in the
UHF band before 21 January 2022 and in the APSUSE L band
taken before 28 January 2021 may occasionally suffer posi-
tive time offsets due to heap losses in the data recoding. These
time offsets cannot be trivially determined. Hence, the ToAs
generated from the data in observations 10L, 11L, 12U, 15L,
17L, 18U, 20U, and 21U could not be confidently included
when attempting the phase connection, and they were necessar-
ily jumped. In the future, while attempting the phase connection,
it will be important to compensate for this issue.

3.5. Measurement of the mass function and w

Once the Keplerian parameters are known, the binary mass func-
tion can be calculated as follows:
X 4n®  (Msiniy?

f(Mp =T

= =7 7 -0.0603... M, 1
To P2 (M, + M)’ e M)

where To = GMY /¢ = 4925490947 . .. us is an exact quantity,
the solar mass parameter (PrSa et al. 2016) in time units, and M,
M. are the masses of pulsar and the companion, respectively. In

0 https://github.com/alex88ridolfi/PSRALEX/blob/
master/alex_toasel

' https://github.com/nanograv/tempo

12 https://github.com/pfreirel63/Dracula
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Table 3. Parameters of 47 Tuc ai from the partially connected timing
solution.

Timing parameters for PSR J0024-7204ai

Assumed parameters

Phase connection Partial
Reference epoch (MJD) 59606.213739
Start of timing data (MJD) 51591.160
End of timing data (MJD) 60446.212
Solar system ephemeris DE440
Terrestrial time standard UTC(NIST)
Time units TDB
Number of ToAs 59
Binary model DD
Residuals rms (us) 23.969
Reduced x?, x2; = x*/Ntree 0.82
Right ascension, @ (J2000) 00:24:03.37
Declination, ¢ (J2000) —72:04:56.0
Proper motion in a, i, cos § (mas yr™!) 5.00
Proper motion in &, us (masyr~') -2.84
Fitted parameters
Spin frequency, f (Hz) 76.76528761(2)
Dispersion measure, DM (pccm™) 24.366(6)
Projected semi-major axis, x;, (s) 5.35463(1)

Orbital eccentricity, e
Epoch of passage at periastron, Ty (MJD)
Orbital period, P, (days)

0.179103(5)
59163.18181(1)
1.65332143(3)

Longitude of periastron, w (deg) 224.824(3)

Rate of advance of periastron, & (deg/yr) 0.1601(46)
Derived parameters

Spin period, P (s) 0.01302672122921(1)

Offset from GC centre, 6, (arcsec) 17.03

Offset from GC centre, 6, (core radii) 0.76

Mass function, f(M;) M) 0.0603

Total mass of the system, My, (Mo) 2.41(11)

Minimum companion mass, M min, Mg) 0.7

Maximum pulsar mass, (M) 1.7

Notes. The proper motions were kept fixed to the cluster mean value
from Freire et al. (2017), and the position was kept fixed to the SEEKAT
localisation (Sect. 3.2). The numbers in parentheses are 1o uncertainties
on the respective values. The minimum companion mass and maximum
pulsar mass are derived from the total mass and the mass function. The
timing residuals are plotted in Fig. 5.

any equation with T, the masses are dimensionless. We added
the unit My, to make it clear that the masses are in multiples of
the solar mass parameter.

Despite the lack of a phase-connected timing solution, the
combination of the large eccentricity and large semi-major axis
of the system allowed for a highly significant estimate of the
rate of advance of the periastron, @ = 0.1601 + 0.0046 deg yr'.
This precise measurement greatly benefited from the addition of
Parkes ToAs from the year 2000, 2004, and 2013, making a total
25-year timing baseline.

Assuming @ is fully relativistic effect, then in general
relativity it is given by (Robertson 1938; Taylor & Weisberg
1982)

, s (2771

@ = 3 (ToMy)” (P_b) -2 2)
where M\, is the total mass of the system (pulsar plus compan-
ion). The measured value of @ implies M,y = 2.41 £ 0.11 M.
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Fig. 5. Post-fit timing residuals of 47 Tuc ai as per the timing solution in
Table 3. The groups of ToAs are marked in different colours as follows:
red — MeerKAT (jumped); blue — MeerKAT phase-connected; black —
Parkes Multibeam.

2

Companion Mass (Mg)

cos i Pulsar Mass (Mg)

Fig. 6. Mass-mass diagram of 47 Tuc ai. The plot on the left shows M.
as a function of cos i, while i is the inclination of the system. The plot
on the right shows M. as a function of M,. The grey region in the left
plot is excluded, as it implies negative M,,. For the plot on the right,
the grey region is excluded by the mass function and the constraint that
sini < 1. The red lines in both the plots show nominal values and the
total mass derived from @ = 0.1601 + 0.0046 deg yr~! (see Sect. 3.5).
From these, we inferred that M, = 2.41 + 0.11 Mg, M min = 0.7 Mo,
and My o < 1.7 M.

In combination with the mass function, this results in constraints
on the pulsar and companion masses (Fig. 6): The maximum
pulsar mass (Mpmax) is 1.7Mp, and the minimum companion
mass (M min) is 0.7 M. For M, = 0, the minimum sin i is 0.284,
which implies i > 16.5°.

4. Nature and origin of the system

The previously known pulsar population in 47 Tuc closely
resembles the population of fast-spinning MSPs in the Galac-
tic disc (Ridolfi et al. 2016; Freire et al. 2017). All of the pulsars
have a low-mass companion with an orbit that is circular or with
a low eccentricity. However, in the case of 47 Tuc H, and to a
lesser extent 47 Tuc E, the eccentricity is significantly raised by
interactions with other stars.

The pulsar 47 Tuc ai qualifies simultaneously for three
records within the pulsar population currently known in 47 Tuc:
(1) it is the slowest spinning and only one mildly recycled pulsar;
(ii) its orbital eccentricity is highest among all the binary pulsars;
(iii) its companion is most massive among all the binary pulsar
companions. It is clearly different from other MSP—Helium WD
systems in the cluster since for this orbital period, the mass of a
He-WD companion should be about 0.2 M, (Tauris & Savonije
1999).
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Fig. 7. Mass function plotted against the orbital period for all the
binary pulsars from the ATNF pulsar catalogue (https://www.atnf.
csiro.au/research/pulsar/psrcat/) (Manchesteretal. 2005).
The binary pulsars in the Galactic field are shown with filled grey dots,
while the pulsars in GC are circles. Pulsars in GC 47 Tuc are in red, and
those in other GCs are shown with black circles. The inclined dotted yel-
low lines represent the constant projected semi-major axis of the binary
orbit, which is smallest at the lower-left side: x = 1 It-millisecond. From
the bottom left to the top right, the successive dotted yellow lines are an
order of magnitude greater than the previous one. The magenta coloured
star symbol represents the 47 Tuc ai system.

The large system mass (M, = 2.41 + 0.11 M), compan-
ion mass (M. > 0.7M;), and the orbital eccentricity are close
to what one finds among double NS (DNS; for a review see
Tauris et al. 2017) systems, as can be seen in Fig. 7, where 47
Tuc ai appears with a magenta colour near a horizontal clump
where the Galactic DNSs are located. Recently, one such system
was found in a GC, M71D (Lian et al. 2025), which is thought
to have formed from the original population of massive stars in
that GC. Despite the fact that the total mass is still consistent
(within 107) with the lightest DNSs in the Galaxy (Martinez et al.
2017; Meng et al. 2025), the nominal value indicates a lower
total mass. Furthermore, the spin period is shorter than the 17 ms
observed for PSR J1946+2052, the fastest-spinning pulsar in a
DNS known (Stovall et al. 2018; Meng et al. 2025).

Another possibility is that the system is an exchange
encounter. Several exchange encounters have been found in GCs
that superficially resemble DNSs, including PSR B2127+11C in
the GC M15 (P = 30.5ms, P, = 8h, ¢ = 0.68). When the char-
acteristic age of this pulsar was measured, Prince et al. (1991)
suggested that the system likely had a low-mass companion at an
early stage, which partially recycled it, and that at a later stage
the pulsar acquired its current more massive companion in an
exchange interaction. This massive degenerate companion can
therefore either be a massive WD or a NS. Thus, dynamically,
PSR B2127+11C is a secondary exchange encounter. However,
this origin for 47 Tuc ai is also unlikely because systems going
through an exchange encounter typically retain higher eccen-
tricities (for systems where it is clearer that this is the origin,
0.38 < e < 0.90); the orbital eccentricity of PSR B2127+11C
is typical of such systems. Furthermore, secondary exchange

encounters are most likely to form in GCs with a high vy, for 47
Tuc this number is much lower than those of M15, NGC 6544 or
NGC 1851, where undoubted secondary exchange products have
been found.

Therefore, the most likely possibility is that 47 Tuc ai is a
mildly recycled pulsar with a massive WD companion. The pro-
genitors of massive companions such as CO or ONeMg WDs
have shorter evolutionary phases, which result in spin periods
similar to those observed in 47 Tuc ai. The orbits in this case
are circularised with eccentricities of the order of 1072 to 1072,
which is much lower than the observed eccentricity. However,
this is not a problem, as stellar encounters in the cluster core are
very frequent. The gravitational perturbations by multiple close
stellar dynamical encounters can induce the observed orbital
eccentricity in a binary system. Assuming that the birth eccen-
tricity was zero, an estimate of the time required for the cluster
to produce a system this eccentric can be made from equation
given by Rasio & Heggie (1995):

-1

. =2x10" " ( % )
>e =210 yr(104pc—3) 10kms-!
Pb -2/3
X (Kys) [~ In(e/4)] 3, 3)

where the equation is valid for e > 0.01. In this equation, 7 is
number density, and vy is one-dimensional velocity dispersion.
To estimate n, we used the stellar number density profile of 47
Tuc given by Miocchi et al. (2013). The stellar number density
per arcsecond at ~17” (the angular offset of pulsar from the
cluster centre) at the distance of 4.69 kpc distance, translates to
n = 4.0 x 10° pc=3. We adopted vy = 11.0kms™! from the cata-
logue of Harris (1996) (version 2010, Harris 2010). This yielded

~ 1.85 Gyr, which is well within the range of characteristic
ages estimated for other pulsars in this GC (Freire et al. 2017)
and clearly shows that this system could have acquired is orbital
eccentricity via this mechanism well within the age of the GC.

As noted in the introduction, the massive progenitors of these
massive WDs left the main sequence in the initial few Gigayears
of the age of the GC. This means it is likely that the system is
very old, with a characteristic age similar to or greater than the
age of the GC.

5. Conclusion and prospects

In this paper, we have presented the timing analysis of 47 Tuc
ai, a binary pulsar system recently discovered by the MeerKAT
radio telescope. This system stands out from the rest of the pul-
sar population in 47 Tuc, including the recent MeerKAT discov-
eries, by being the first and only known mildly recycled pulsar
(P = 13.026 ms) in the cluster. The orbital eccentricity of this
system (e ~ 0.18) is the highest among the 47 Tuc binary pul-
sars. Due to a strong time and frequency dependent scintillation
in the direction of the cluster, the evolution of folded profile of
the pulsar with respect to the observing frequency was uncov-
ered and quantified using the brightest detections in MeerKAT L
and UHF and Parkes archival observations.

For the pulsar timing analysis, we also included archival data
from the Parkes radio telescope, giving us the oldest detection
of this pulsar in the year 2000. Although the data spans nearly
25 years, the time- and frequency-dependent scintillation in the
direction of 47 Tuc made it challenging to have high S/N ratio
detections of the pulsar, yielding 59 total ToAs only. The timing
solution is partially connected.
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One of the orbital parameters is the rate of advance of
periastron, @ = 0.1601 + 0.0046degyr~'. The total system
mass, assuming the effect is entirely due to general relativity,
is 2.41 £ 0.11 Mg. Combined with the pulsar mass function, this
implies M, < 1.7Mg and M, 2 0.7 M.

Continued timing will almost certainly result in the deter-
mination of a phase-connected timing solution. This will allow
further characterisation of the system. The precise localisation
might allow the detection of the massive companion, and pre-
cise estimates of the spin frequency derivative and orbital period
derivative will allow for a precise estimate of the intrinsic spin-
down of the pulsar (and thus magnetic field and characteristic
age), which will be important for testing the nature of the sys-
tem. In particular, the main hypothesis we made above on the
nature of the system predicts that the characteristic age should
not be less than the eccentricity timescale, t... Otherwise, the
eccentricity of the system has not originated from close encoun-
ters with other stars in the cluster. The characteristic age will
eventually be measurable when the variation of the orbital period
is measured with sufficient precision, as for many of the binaries
in 47 Tuc (Freire et al. 2017).

No additional relativistic effects are currently measurable.
However, there are good prospects for the detection of the Ein-
stein delay and the determination of the individual masses in the
future, which will also be important for an improved characteri-
sation of this system.
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Appendix A: Logs of MeerKAT and Parkes UWL observations used in this work

Table A.1. Observations of 47 Tuc made by MeerKAT under MeerTime and TRAPUM projects.

Obs Start Date and Time Length Backend fsamp fe Af Noot No Nae  (S/N)/ Nroas
ID (UTC) (min) (ws) (MHz) (MHz)

01L 2019-03-15 09:16 16 PTUSE 76.56 1176 214 1 59 -
01L 2019-03-15 09:16 16 PTUSE 76.56 1390 214 1 59 -
02L 2019-10-09 22:02 60 PTUSE 76.56 1284 642 1 40 -
03L 2019-10-19 01:49 150 PTUSE 76.56 1284 642 1 39 -
04L 2019-11-05 21:15 90 PTUSE 76.56 1284 642 1 59 -
05L 2019-12-14 17:04 60 PTUSE 76.56 1284 642 1 40 -
06L 2019-12-19 18:47 60 PTUSE 76.56 1284 642 1 42 -
07L 2020-01-01 08:23 60 PTUSE 76.56 1284 642 1 41 -
08L 2020-01-27 21:47 60 PTUSE 76.56 1284 642 1 38 -
09U 2020-03-20 17:43 90 PTUSE 75.29 816 544 1 38 -
10L 2020-05-02 06:05 239 APSUSE  76.56 1284 856 279 56 8.7/1
11L 2020-07-29 04:07 50 APSUSE  76.56 1284 856 289 56 20.3/5
12U 2020-11-10 11:42 52 APSUSE  60.24 816 544 277 56 8.6/2
14L 2020-11-21 18:38 59 APSUSE  76.56 1284 856 289 56 -
15L 2020-12-17 11:23 49 APSUSE  76.56 1284 856 289 56 95/2
17L 2021-01-14 12:50 48 APSUSE  76.56 1284 856 289 56 -
18U 2021-01-22 11:58 59 APSUSE  60.24 816 544 289 56 18.3/3
19U 2021-01-30 12:54 59 APSUSE  60.24 816 544 278 56 -
20U 2021-02-06 08:49 59 APSUSE  60.24 816 544 278 56 84/1
210 2021-02-17 04:53 59 APSUSE  60.24 816 544 278 56 44/1
22U1  2021-06-26 03:03 239 PTUSE 37.65 816 544 2 31 82/1
2211 2021-06-26 03:03 239 PTUSE 37.65 1284 856 2 31 -
2202  2021-06-26 07:16 179 PTUSE 37.65 816 544 1 31 11.0/1
221.2 2021-06-26 07:16 179 PTUSE 37.65 1284 856 31 11.3/1

23U 2021-07-29 18:38 120 PTUSE 75.29 816 544
25U 2022-01-26 15:32 119 APSUSE  60.25 816 544
26U1  2022-01-27 05:10 116 APSUSE  60.25 816 544
26U2  2022-01-27 07:22 299 APSUSE  60.25 816 544
26U3  2022-01-27 14:09 55 APSUSE  60.24 816 544
26U4  2022-01-27 15:18 179 APSUSE  60.24 816 544
26U5  2022-01-27 18:32 209 APSUSE  60.24 816 544
20U6  2022-01-27 22:10 58 APSUSE  60.24 816 544
270 2022-01-28 05:10 114 APSUSE  60.24 816 544
28U 2022-01-29 07:08 102 APSUSE  60.24 816 544

1 41 20.3/4
94 60 17.2/3
9% 56 39.0/8
9% 56 20.7/5
94 56 9.6/2
9% 56 9.1/1
9% 56 9.8/1
94 56 -

9% 60 102/1
278 60 11.6/1

S S S N S S S e e e e e e e e S S SN e e N N e e e e e
—

29U 2022-06-09 03:07 119 APSUSE  60.24 816 544 2 56 -
300 2022-11-11 23:10 120 PTUSE 60.24 816 544 2 51 11.3/1
31U 2023-05-26 22:54 119 APSUSE  60.24 816 544 2 56 -
320 2023-08-16 17:41 121 APSUSE  120.47 816 544 2 56 -
33U 2023-10-25 15:22 119 APSUSE  120.47 816 544 2 52 13.3/2
34U 2023-12-13 16:07 120 PTUSE 60.24 816 544 2 51 -
35U 2024-01-25 12:52 120 PTUSE 60.24 816 544 2 47 102/2
36U 2024-02-11 10:52 120 PTUSE 60.24 816 544 2 53 10.6/2
370 2024-05-16 03:24 120 PTUSE 60.24 816 544 1 53 12.0/2
38U 2024-05-20 09:47 120 PTUSE 60.24 816 544 2 49 -
39U 2024-10-15 16:19 40 PTUSE 60.24 816 544 3 50 -
40U 2024-11-23 00:59 120 PTUSE 60.24 816 544 3 50 -
41U 2024-12-03 20:06 119 PTUSE 60.24 816 544 4 3 50 -

Notes. fsmp: sampling time; f;: central frequency; A f: nominal observing bandwidth; N, : number of recorded Stokes parameters; N,: number of
recorded tied-array beams; Ny, : number of MeerKAT antennas used; S/N: signal-to-noise ratios of the detections, calculated from pdmp routine
of PSRCHIVE from the cleaned folded archives keeping the sub-integrations and frequency channels with pulsar signal. The observations in which
the pulsar was not detected are marked with "-". Noas: number of ToAs that were extracted from that detection. Observations with IDs 13L and
16L failed and did not yield any useful data. Observation 24U (made on 20 Aug 2021) used a single beam pointed at 47 Tuc H that did not cover
the position of pulsar 47 Tuc ai.
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Table A.2. Observations of 47 Tuc made by the Parkes radio telescope
with UWL frontend.

Project / Start date Length  fomp DM
Proposal ID  and time (UTC) (min)  (us) (pccm™)

P981 2018-11-16 12:39 60 64 24.6
P9g2 2019-01-04 07:06 120 64 244
P982 2019-01-04 09:08 120 64 -
P982 2019-01-04 11:16 120 8 24.4
P1006 2019-08-19 15:32 440 64 24.36
P1022 2019-11-18 08:54 481 64 24.36
P1022 2019-11-23 09:06 293 64 24.36
P1022 2019-11-23 09:06 293 64 24.36
P1022 2019-11-24 14:14 24 64 24.36
P1022 2019-11-24 15:19 24 64 24.36
P1022 2019-11-25 10:27 63 64 24.36
P1022 2019-11-26 09:50 127 64 24.36
P1022 2019-12-01 11:16 105 64 24.36
P1022 2019-12-02 09:44 84 64 24.36
P1022 2019-12-08 08:44 385 64 24.36
P1022 2019-12-08 08:44 385 64 24.36
P1022 2019-12-11 12:24 97 64 24.36
P1022 2019-12-14 13:21 69 64 24.36
P1022 2019-12-16 13:20 99 64 24.36
P1022 2019-12-17 13:17 104 64 24.36
P1022 2019-12-18 13:20 98 64 24.36
P1022 2019-12-19 13:19 95 64 24.36
P1022 2019-12-20 12:49 122 64 24.36
P1054 2020-04-14 01:20 100 64 24.4
PX061 2020-05-20 20:52 37 64 -
P1076 2021-01-25 04:59 106 64 24.36
P595 2022-09-07 10:01 90 64 -
PX145 2025-12-17 08:16 223 64 24.4

Notes. Z.mp is the sampling time and the DMs used for coherent dedis-
persion are listed in the last column. Pulsar 47 Tuc ai was not detected
in any of these observations. The observation under P595 was done
between 1344.5 to 1599.5 MHz frequency range and the rest have entire
UWL bandwidth of 704 to 4032 MHz.
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