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Abstract

PSR J2140—2311B is a 13 ms pulsar discovered in 2001 in a 7.8 hr Green Bank Telescope observation of the core-
collapsed globular cluster M30 and predicted to be in a highly eccentric binary orbit. This pulsar has eluded
detection since then; therefore, its precise orbital parameters have remained a mystery until now. In this work, we
present the confirmation of this pulsar using observations taken with the UHF receivers of the MeerKAT telescope
as part of the TRAPUM Large Survey Project. Taking advantage of the beamforming capability of our backends,
we have localized it, placing it 1/2(1) from the cluster center. Our observations have enabled the determination of
its orbit: It is highly eccentric (e = 0.879) with an orbital period of 6.2 days. We also measured the rate of
periastron advance, & = 0.078 4 0.002 deg yr~!. Assuming that this effect is fully relativistic, general relativity
provides an estimate of the total mass of the system, Mror =2.53 4 0.08 M., consistent with the lightest double
neutron star systems known. Combining this with the mass function of the system gives the pulsar and companion
masses of m, < 1.43 M, and m, > 1.10 M, respectively. The massive, undetected companion could either be a
massive white dwarf or a neutron star. M30B likely formed as a result of a secondary exchange encounter. Future
timing observations will allow the determination of a phase-coherent timing solution, vastly improving our
uncertainty in w and likely enabling the detection of additional relativistic effects, which will determine 1, and m,.

Unified Astronomy Thesaurus concepts: Radio pulsars (1353); Globular star clusters (656)

1. Introduction

Globular clusters (GCs) are dense spheroidal arrangements
of stars held toﬁgether by their own gravity. Their high stellar
densities (10°°pc™) enable dynamical interactions, where
some of these old neutron stars (NSs)—which would have
remained undetectable if located in the Galactic disk—can gain
a stellar-mass companion, for example, a main-sequence (MS)
star either in binary—single star encounters, or direct NS-MS
encounters (Verbunt & Hut 1987; Davies & Benz 1995;
Sigurdsson & Phinney 1995; Davies & Hansen 1998).

In the resulting binaries, an MS or giant star transfers mass
and angular momentum to the NS. During this accretion
process, commonly referred to as “recycling,” thermal X-ray
emission is produced due to frictional heating from the infalling
matter, making these systems detectable as low-, intermediate-,
or high-mass X-ray binaries depending on the mass of the
donor star. In GCs, only low-mass stars are still on the MS;
therefore, any X-ray binaries containing NSs are low-mass
X-ray binaries (LMXBs; Clark 1975). Because low-mass MS
companions evolve slowly, LMXBs are very long-lived. At the
end of this process, a recycled radio pulsar (a “millisecond
pulsar,” or MSP, with P <20 ms) emerges (e.g., Alpar et al.
1982). These systems mostly resemble the MSPs in the
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Galactic disk, which have a wide variety of companions (black
widows, redbacks, white dwarfs (WDs), and some isolated
MSPs as well); all of them are produced by unperturbed stellar
evolution, and the majority have orbits with low (e < 107°)
eccentricities (Manchester et al. 2005).”

These dynamical formation channels for LMXBs explain
why LMXBs and MSPs are so abundant in GCs relative to the
Galaxy. At the time of writing (2022 December), 272 radio
pulsars in 38 GCs are known (see the GC Pulsar Catalogm), of
which 245 (~90%) are MSPs. Per unit stellar mass, GCs are
estimated to have three orders of magnitude more LMXBs and
MSPs than the Galactic disk (Clark 1975; van den Berg 2020).
Some of these channels, like direct collisions of NSs with MS
stars (Davies et al. 1992), can also explain some of the exotic
objects found in GCs, like ultracompact X-ray binaries
(Ivanova et al. 2005), see Ye et al. (2022) for a recent review.
Furthermore, some dynamical interactions, like perturbations
from nearby stars, explain why a significant percentage of the
MSPs-WD systems in GCs have mildly eccentric orbits
(Phinney 1992; Camilo & Rasio 2005; Ransom 2008).

However, the extreme stellar densities at the cores of the
GCs with the highest interaction rates per binary, v (Verbunt &
Freire 2014)—especially the core-collapsed GCs—imply that
stars are likely to go through repeated gravitational interactions
with other stars and binaries in the core. This leads to the

° hups: //www.atnf.csiro.au /research/pulsar/psrcat/

10 See http://www.naic.edu/~pfreire /GCpsr.html for an up-to-date count.
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formation, in these GCs, of binary systems where already fully
recycled MSPs acquire massive companions in additional
exchange encounters (Prince et al. 1991; Freire et al. 2004;
Lynch et al. 2012; DeCesar et al. 2015; Ridolfi et al.
2021, 2022; Kremer et al. 2022). If these massive companions
are degenerate, these orbits retain the high eccentricity of the
systems after the exchange encounters. Such systems could
even include MSP-black hole binaries (e.g., Ye et al. 2019).

These systems are especially interesting because the
rotational stability of MSPs, which rivals atomic clocks on
long timescales (e.g., Hobbs et al. 2020) makes them extremely
useful for a diverse array of applications: Their orbital
eccentricities and large companion masses enable precise mass
measurements for the MSPs and their companions (Lynch et al.
2012; Ridolfi et al. 2019) and, at least in one case so far, tests of
gravity theories (Jacoby et al. 2006). Even if they are not in
eccentric binaries, MSPs in globular clusters can be used to
probe their gravitational potentials (Prager et al. 2017; Perera
et al. 2017, Freire et al. 2017; Abbate et al. 2018).

M30 (NGC 7099) is a GC located at a distance of 8.1 kpc
from the Sun, at Galactic coordinates [ =27°18, b = —46°84
(Harris 1996, 2010 revision), and has an estimated age of
12.9 Gyr (Forbes & Bridges 2010). This GC is of particular
interest for pulsar searching as it is a core-collapsed cluster and
has shown significant evidence of mass segregation (Howell
et al. 2000). Its core has a radius of 3”6 and its half-light radius
is 6178 (Harris 2010).

Previous searches for pulsars in M30 using observations
taken at the 100-m Green Bank Telescope (GBT), yielded the
discovery of two radio pulsars: PSR J2140—2310A (M30A), an
11.01 ms eclipsing pulsar in a 4.17 hr orbit, and PSR J2140
—2311B (M30B) (Ransom et al. 2004), a 13.0 ms binary
pulsar. Based on the spin frequency evolution seen in the 7.8 hr
discovery observation in 2001, Ransom et al. (2004) could
infer that this pulsar must be in a highly eccentric (e > 0.45),
relativistic orbit. However, a precise characterization of this
orbit was not possible because the pulsar was not detected in
any other observations made with the GBT with the total time
spent on source adding up to 30 hr. The reason for this is that it
was discovered while its flux was being amplified by diffractive
scintillation, which produces a strong modulation in the flux
densities of the pulsars in this cluster (see Figure 3 of Ransom
et al. 2004, which shows the flux density variations observed
for M30A). Because of this, the basic characteristics of this
system have remained a mystery for the last 20 yr.

Aided by sensitivity gains offered by the MeerKAT
telescope, we present the first set of detections of this pulsar
since the discovery observation in 2001 that have revealed the
nature of this system.

2. Observations and Data Reduction

We observed M30 using MeerKAT, with at least 56
antennas per observation, on nine occasions between 2020
December and 2022 September (see Table 1 for details). Our
initial campaign consisted of four observations, each lasting 60
minutes, taken as part of the TRansients And PUlsars with
Meerkat (TRAPUM;'' Stappers & Kramer 2016) Large Survey
Project (LSP) between 2020 December and 2021 January.

Of these, the first two observations were recorded with the
L-band receivers, with a central frequency of 1284 MHz and a

1 http:/ /www.trapum.org
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bandwidth of 856 MHz split into 4096 frequency channels and
sampled every 76.56 us. The next two observations were
recorded with Ultra High Frequency (UHF) receivers,
centered at the frequency of 816 MHz with a bandwidth of
544 MHz, also split into 4096 channels, and sampled every
60.24 us. We used the Filterbanking Beamformer User
Supplied Equipment (FBFUSE; Barr 2018) as the backend
to form between 275 and 287 synthesized beams on the sky
with an overlap fraction'> of 0.8, enabling arcsecond
localization of pulsars after initial detection. The beam-tiling
pattern corresponding to each pointing was estimated based on
an optimal hexagonal packing ag)proach of elliptical beams.
This was done using the MOSAIC!? software (Chen et al. 2021).
The beams were processed online by the Accelerated Pulsar
Search User Supplied Equipment (APSUSE) computing
cluster, where data from each beam are converted into an 8
bit, Stokes-I pulsar-search mode file, based on the SIGPROC
FILTERBANK format (Lorimer 2011). We then incoherently
dedispersed the observations offline, using a dispersion
measure (DM) of 25.06 pc cm > (which corresponds to the
DM of the other known pulsar, M30A), and then downsampled
the data in frequency by a factor of 16 (bringing the total
number of frequency channels to 256) so as to reduce the data
volume.

Based on the results obtained from the TRAPUM observa-
tions, we also carried out a follow-up orbital campaign, with a
pseudo-log cadence, between 2022 June and July. Each of
these observations was 60 minutes, with the exception of a 280
minute (4.5 hr) periastron passage observation in September
2022. These follow-up observations were made using at least
60 antennas, the UHF receivers, and the Pulsar Timing User
Supplied Equipment (PTUSE) backend (Bailes et al. 2020).
PTUSE recorded the data from a single tied-array beam placed
at the nominal center of M30."* The full bandwidth of
544 MHz was split into 1024 frequency channels, coherently
dedispersed to a DM of 25.06 pc cm >, downsampled to 256
frequency channels, and saved in PSRFITS format (Hotan et al.
2004). PTUSE observations were also recorded in search mode
since at the time we did not yet have an accurate orbital
ephemeris and to allow further pulsar searches. These
observations were recorded in full Stokes mode to enable
polarimetric measurements and sampled every 15.06 us for
high-resolution pulsar timing.

All the observations used the Inter-Quartile Range Mitiga-
tion algorithm (Morello et al. 2022) as a first pass to filter out
bright radio-frequency interference (RFI) signals. The data
were then shipped on hard drives to Garching, Germany, where
the primary search analysis was conducted using the Max
Planck Computing and Data Facility (MPCDF) Hercules'”
cluster.

2.1. Search Analysis

Our search analysis consists of two pipelines implementing
different search algorithms. First is PULSAR_MINER,16 a user-

12 The boundary of the synthesized beams in the tiling overlap each other with
the power level equal to this ratio.

'3 hitps: //github.com/wchenastro/Mosaic

4 Additionally, we also recorded TRAPUM search-mode observations in
parallel to enable further pulsar and transient searches of the cluster.

15 https: //docs.mpedf.mpg.de /doc/computing/clusters /systems /
Radioastronomy.html

'® https://github.com/alex88ridolfi /PULSAR_MINER
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Table 1
List of MeerKAT Observations of M30B Recorded and Analyzed for This Work
Obs. ID Start Time Start Time Length Backend Tsamp Npor fe Af Nchan Nant Npeam
(Date) (MJD) ) (118) (MHz) (MHz)

01L 2021 Dec 17 59200.512 3600 APSUSE 76.56 1 1284 856 4096 56 287
02L 2021 Dec 29 59212.572 3600 APSUSE 76.56 1 1284 856 4096 56 287
03U 2021 Jan 22 59236.453 3600 APSUSE 60.24 1 816 544 4096 56 287
04U 2021 Jan 30 59244.488 3600 APSUSE 60.24 1 816 544 4096 56 275
05U* 2022 Jun 29 59759.837 3600 PTUSE 9.41 4 816 544 1024 60 1
06U 2022 Jun 30 59760.179 3600 PTUSE 9.41 4 816 544 1024 60 1
07U 2022 Jun 30 59760.880 3600 PTUSE 9.41 4 816 544 1024 60 1
08U" 2022 Jul 2 59762.877 3600 PTUSE 9.41 4 816 544 1024 60 1
09U 2022 Sep 9 59831.785 16200 PTUSE 9.41 4 816 544 1024 64 1

Notes. fyump: sampling time, N,,o: number of polarizations recorded, f;: central frequency, Af: bandwidth, N,,.. number of MeerKAT antennas used, Npeqm: number of
tied-array beams recorded. All APSUSE observations were incoherently dedispersed to DM = 25.06 pc cm > and downsampled to 256 channel filterbank files. All
PTUSE observations were recorded with full Stokes information, coherently dedispersed to a DM of 25.06 pc em™ and downsampled to 256 channel pstfits files to

save disk space.

 These observations are phase connected in our timing solution provided in Table 2. The remaining observations have been fitted with arbitrary time offsets in the

form of “JUMP” statements.

friendly wrapper of PRESTO,'” which is a Fourier-domain
acceleration search pipeline sensitive to binary pulsars in
constant acceleration (Pyyp, = 10 Typs; Ransom et al.
2002, 2003). Our second pipeline called 3D/5D_PEASOUP'®
uses the template-bank algorithm to search for pulsars in
compact circular orbit binaries by coherently searching across
three Keplerian parameters in the time domain (Balakrishnan
et al. 2022).

Before commencing searching, we cleaned all of the
observations again using PRESTO’s rfifind program, which
masks frequency channels and sub-integrations contaminated
by RFI using appropriate user-defined thresholds. Additionally,
we removed Fourier frequencies identified in a topocentric
zero-DM time series as they are almost certainly caused by
RFI. We then dedispersed the data between 23 and 28 pccm >
and transformed our observation frame of reference to the solar
system barycenter by adding or subtracting appropriate delays
from the dedispersed time series using the DE421 JPL
Ephemerides (Folkner et al. 2009). We searched for both
isolated and binary pulsars using the accelsearch routine in
PRESTO. For our searches, we used the GPU version'? of
PRESTO with a zmu, = 1200 and performed incoherent
harmonic summing of up to 16 harmonics to be sensitive to
narrow-duty cycle pulsars.

Additionally, in order to be sensitive to binary pulsars in
more compact orbits, we performed the search not only on the
full 60 minute observation but also split the data into 15 and 30
minute chunks and searched each segment with the same Zp,x
value of 1200. This gives us extra sensitivity toward pulsars in
compact orbits (i.e., Ry 2 150 min for the 15 minute
segments) at the cost of raising our minimum flux density
limit as sensitivity improves with T(:b/sz. These searches also
improve our chances of finding a pulsar that shows significant
diffractive scintillation.

Finally, in order to take advantage of the sensitivity offered
by the full 60 minute observation, but increase our sensitivity
toward compact orbits (i.e., not be limited to Py, = 10 Top,) We
carried out a template-bank search (Messenger et al. 2009;

'7 hitps: / / github.com/scottransom /presto
'8 hitps: //github.com/vishnubk /5D_Peasoup
19 https://github.com/jintaoluo/presto_on_gpu

Knispel 2011; Allen et al. 2013; Knispel et al. 2013) where we
expand from a one-dimensional acceleration search to a three-
dimensional Keplerian parameter search (orbital period,
projected semimajor axis, and initial orbital phase) assuming
a circular orbit binary. Here we searched for orbits between 4
and 10 hr in the 60 minute observation and between 2 and 5 hr
in the 30 minute chunks, with an initial orbital phase between 0
and 2 7, mismatch of 10%, and a coverage of 90% assuming a
minimum pulsar spin period of 2 ms, minimum pulsar mass of
1.4 M., and a maximum companion mass of 8 M. We refer
interested readers to Section 3 of Ridolfi et al. (2021) and
Section 2 of Balakrishnan et al. (2022) for a more in-depth
review of the PULSAR_MINER and the 3D/5D_PEASOUP
pipelines, respectively. On average, we folded approximately
350 pulsar candidates per beam for all our acceleration searches
and 1000 pulsar candidates per beam for our template-bank
searches.”’ Multiplying this number by the total number of
synthesized beams times the four initial observations taken
under the TRAPUM project, approximately 1.5 million pulsar
candidates were produced, which was infeasible to inspect
manually. Therefore, we used machine-learning-based pipe-
lines to extract the most interesting pulsar candidates. We used
the Pulsar Image Classification system (PICS; Zhu et al. 2014)
and Pulsar Candidate Identification Using Semi-Supervised
Generative Adversarial Networks (SGAN; Balakrishnan et al.
2021) and manually inspected candidates that scored above a
threshold of 0.5 using either of these algorithms. This reduced
our candidate viewing load from 1.5 million to approximately
5000 (~0.3%). No new pulsars have been discovered in our
analysis. However, our pipelines blindly redetected and
confirmed the elusive binary pulsar PSR J2140—2311B
described in the next section.

3. Results
3.1. Confirmation of PSR J2140—2311B (M30B)

We redetected M30B in two out of four of our initial set of
TRAPUM observations. Both of our detections were from data
recorded in the UHF band taken during 2021 January 22 and 30

20 Larger numbers of candidates are expected for higher-order template-bank
searches since our computational trials scale up due to the addition of more
binary parameters.
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Figure 1. Bottom panel: high-S /N polarization pulse profile of M30B obtained
by summing phase-connected observations between 05U and 08U recorded in
the UHF band. The black line represents the total intensity, red and blue lines
display the linear and circular polarization pulse profile, respectively. Top
panel: measurements of position angle (PA) in degrees above 40 of the linear
polarization.

(obs id: 03U and 04U) with a folded significance of 12.4¢0 and
14.00, respectively. The measured barycentric spin period of
12.9896559(7) ms with a detected DM = 25.07 pc cm ° in the
January 22 observation immediately confirmed that this was
indeed M30B initially reported in Ransom et al. (2004). The
absence of any clear detection from searches in the L band is
consistent with the result of most GBT observations.

M30B has been consistently detected in our follow-up
orbital campaigns between 2022 June and September, which
were recorded in the UHF band; this is likely caused by a
combination of factors: the steep spectrum of the pulsar, the
fact that scintles are narrower at these lower frequencies (thus
leading to more of them being averaged within a given band),
higher sensitivity of MeerKAT (Gain G = 2.63 Kly ',
assuming 60 antennas used) compared to GBT (G = 2.0
K Jy~ ') and the wider frequency bandwidth of the MeerKAT
UHF receivers (bandwidth: 544 MHz) compared to the GBT
820 MHz receiver (bandwidth: 200 MHz). Using PTUSE full
Stokes observations taken between 2022 June and July (obs ID:
05U-08U), we were able to obtain a high-signal-to-noise ratio
(S/N) polarization pulse Proﬁle of this pulsar using standard
routines in the PSRCHIVE®' (van Straten et al. 2012) software
suite. We detected a rotation measure (RM) = 8 4+ 6rad m 2,
which was used to de-Faraday the folded archive to produce a
linear and circular polarization pulse profile. This is shown in
Figure 1.

3.2. Localization

The FWHM of the GBT beam at 20 cm is about 9'. When
M30B was initially discovered, its position within the GBT
telescope beam and by extension within the cluster was not yet
known. The position of a pulsar with respect to the cluster
center gives us important clues regarding the evolutionary
history of the system. As mentioned in Section 2, MeerKAT
observations of this cluster made with the TRAPUM backend

2! https: //psrchive.sourceforge.net/
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typically consist of over 270 synthesized beams (hereafter
referred to as coherent beams) on the sky. These beams are
much smaller than the typical sky area observed by a single-
dish radio telescope at the same frequency. For example, the
size?? of the semimajor and semiminor axes of the coherent
beam during the beginning of the January 22nd UHF band
were 27”3 and 21”9, respectively>® Therefore, a detection in
one of the beams already tells us that the pulsar is within or
very near that beam. This position measurement can be
improved further if detections in multiple beams are available
which was the case with M30B where we detected the pulsar
in five neighboring beams in the 2021 January 22nd observa-
tion. We used the SEEKAT multibeam localiser software®*
(Bezdenhout et al. 2022) to improve our estimate for the
position of this pulsar. SEEKAT takes in the position of the
coherent beam, the detected S/N within it, and the beam point-
spread function (PSF) calculated using the software MOSAIC
and performs a maximum-likelihood analysis to get a better
estimate of the pulsar’s position. In Figure 2, we show the
known radio timing position of M30A and the recently
localized M30B’s position within the cluster along with the
TRAPUM beam-tiling pattern for the beginning of the
observation taken on 2021 January 22. M30B is located 1.2
(1)’ away from the cluster center and just outside the half-light
radius. The consequences of this in terms of the evolutionary
history of M30B are discussed in Section 3.5.

3.3. Preliminary Orbital Analysis

Given our new detections from TRAPUM and MEERTIME
observations, the first step was to obtain an accurate orbital
solution for M30B, which requires the identification of its
orbital period P,. In order to do this, we extracted the
barycentric epoch and spin period corresponding to each
detection. We then used a modified version™ of the
Bhattacharyya & Nityananda (2008) roughness algorithm to
get an initial estimate of the orbital period of this system.
Roughness ¢ is calculated by folding the data with a number of
trial P, values. For each iteration, we then obtain data for the
observed spin period versus the orbital phase. From this, we
compute the summation of the squared differences of the
observed spin period between adjacent values of ¢. The idea
here is that the roughness should be minimum for the correct
value of P,. Building on the original algorithm, we added a
variance measure to obtain a more robust measurement of P,
Using this method, we estimated the P, of M30B to be 6.215
days. This estimate was then used as an initial guess to build a
first-pass orbital ephemeris using the program FITORBIT.?®

3.4. Pulsar Timing

The next step was to improve this orbital ephemeris through
a process known as pulsar timing. We started by folding all our
observations using the DSPSR*’ software package (van Straten
& Bailes 2011) modulo the predicted spin period from the
orbital ephemeris obtained from FITORBIT. Then we formed a

22 Defined here with an elliptical fit at 50% of the power level.
23 The size of the coherent beam depends on the configuration of the antennas
used, on the central frequency of the observation, and on the source elevation.

2 hips:/ /github.com/BezuidenhoutMC/SeeKAT
%5 hitps://github.com/mcbernadich/CandyCracker
26 hitps: //github.com/vivekvenkris/fitorbit

2 https://dspsr.sourceforge.net/
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Figure 2. Beam-tiling pattern at the start of the TRAPUM observation of M30 recorded in the UHF band on 2021 January 22. The boundary of the ellipse plotted here
corresponds to 50% of the maximum power level. The beam pattern was generated using MOSAIC. The boundaries of the core and half-light radius have been obtained
from the Harris (2010) catalog, which are marked as dashed and dashed—dotted lines, respectively. Overlaid on the plots in red are the two known pulsars within this
cluster both of which were reported in Ransom et al. (2004). While M30A was discovered and regularly monitored since then, M30B remained undetected since the
discovery detection and has now finally been confirmed, localized, and solved using TRAPUM. The inset shows a zoomed-out version of the same plot.

stable integrated pulse profile by summing the data in
frequency, time, and polarization. We then cross-correlated
this high-S /N pulse profile with an analytic template to extract
times of arrival (TOAs) at our telescope site for a particular
rotational phase of the pulsar. These preprocessing steps were
done using standard routines from the PSRCHIVE*® (van Straten
et al. 2012) software suite.

Using TOAs derived from our MeerKAT detections, we
were able to determine the orbital parameters of M30B using
the software TEMPO®’ and the theory-independent “DD” model
(Damour & Deruelle 1986). To get a better estimate of the DM,
we extracted TOAs per frequency channel by summing each
observation in time and polarization and averaging our data
across frequencies from 256 to 4 frequency channels. These
TOAs were then used to fit for DM by keeping all other orbital
and spin parameters fixed using TEMPO. Our ephemeris was
precise enough to fold and detect the pulsar in the 2021 and
2022 UHF observations (obs id: 03U-08U). However, since
this ephemeris is not a phase-connected solution, a priori we do
not yet know the rotation count between groups of TOAs of
different observations. This is estimated by adding an arbitrary

28 hitps: //psrchive.sourceforge.net/
2 htps: //tempo.sourceforge.net/

time offset for each observation in the form of “JUMP”
statements between each set of locally connected TOAs and
then attempting to establish the rotation counts between close
sets of observations, as described in detail in Section 3 of Freire
& Ridolfi (2018). Given the general sparsity of the detections,
especially between 2001 and 2022, we could not connect all
observations this way, so we used DRACULA (described in
Section 4 of Freire & Ridolfi 2018) to automatically identify
the unknown number of rotations between observations.
However, even with this algorithm, we cannot yet determine
a unique phase-coherent timing solution for all the data of the
pulsar, as the number of observations is still too small for that.

However, we obtained a good orbital solution (see Table 2,
x> = 1.36) that can fold all the observations, including the early
2001 observation, and another observation taken during
periastron on 2022 September (obs ID: 09U). Additionally,
all the TOAs from the 4 day orbital campaign (obs ID: 05U-
08U) made in 2022 are phase connected; this provides an
important contribution to the precision of our solution. The
postfit residuals for this model can be found in Figure 3 with
the arbitrary time offsets subtracted. The flat residuals indicate
that the model provides, within its current limitations, a good
description of the timing. We were also able to recover the
pulsar in one of our MEERKAT L-band observations


https://psrchive.sourceforge.net/
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Table 2
Timing Parameters for PSR J2140—2311B (M30B) Presented in Barycentric
Dynamical Time (TDB)

Pulsar J2140-2311B
Fitting program TEMPO
Time units TDB
Terrestrial time standard UTC(NIST)
Solar system ephemeris DE440
R.A., o (J2000) 21:40:25.2(3)
decl., 6 (J2000) —23:11:45(7)
Spin frequency, f (Hz) 76.9833055(6)
First-spin frequency derivative, f (Hz s7h 3(15) x 1071
Reference epoch (MJD) 59763.520924
Start of timing data (MJD) 52161.993
End of timing data (MJD) 59831.942
Dispersion measure, DM (pc cm ™) 25.063(3)
Number of TOAs 73
Residuals rms (ys) 39.42
Binary Parameters
Binary model DD
Projected semimajor axis, x, (It-s) 19.5222(7)
Orbital eccentricity, e 0.87938(2)
Longitude of periastron, w (deg) 160.8007(4)
Epoch of periastron passage, Tp (MJID) 59763.520649(6)
Rate of periastron advance, w (deg/yr) 0.078(2)
Orbital period, P, (days) 6.21565400(6)
Derived Parameters
Galactic longitude, I (°) 27.161(1)
Galactic latitude, b (°) —46.851(2)
Total system mass, Mtor M) 2.53(8)
Companion mass, M. (M) >1.10
Pulsar mass, M, (M., <1.43
Spin period, P (s) 0.01298982933(2)
First-spin period derivative, P (s sh —6(25) x 107"
Mass function, f(M,) (M) 0.2067
Total offset from GC center, 6§, (arcmin) 1.2(1)

Notes. For R.A. and decl.,, we report the values that correspond to the
maximum likelihood reported by SEEKAT along with their 1o uncertainty. Both
the position and DM have been kept fixed for our timing analysis given the
sparsity of our detections.

(obs ID: 02L), which was undetected by our blind searches.
However, even with the aid of this ephemeris, we still could not
recover the signal in any of the old GBT observations besides
the discovery observation, nor in two 30 minute observations
of M30 at a frequency of 400 MHz taken with the Giant
Metrewave Radio Telescope (GMRT) in India as part of the
GC survey presented by Gautam et al. (2022).

These nondetections can be explained because we do not yet
have a phase-coherent timing solution, but also because of the
difference of sensitivity of the MeerKAT, GBT, and GMRT
observations. The survey sensitivity of TRAPUM GC observa-
tions for NGC 1851 has been reported previously in Section 2.1
of Ridolfi et al. (2022) using the modified radiometer equation
(Dewey et al. 1985). Adjusting these numbers for the values
reported in Table 1 for TRAPUM observations of M30, we get
a minimum detectable flux density of 14.1 pJy at the L band
and 19.9 uJy at the UHF band compared to 109.3 puJy for the
400 MHz GMRT observation of M30 reported in Gautam et al.
(2022). Ransom et al. (2004) reported that the GBT
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observations of M30 were sensitive to normal millisecond
pulsars in the range of ~50-100 pJy.

An important parameter in this orbital solution is the
system’s rate of advance of periastron, which we measure to
be w = 0.078 & 0.002 deg yr—!. The precision of this mea-
surement greatly benefits from the inclusion of the 2001 TOAs,
even with the fit of an arbitrary time offset. Using the DDGR
model (Taylor 1987; Taylor & Weisberg 1989), which assumes
that general relativity (GR) accounts for the relativistic effects
observed in the timing, the total mass of the system derived
from w is My =2.53+0.08 M,. The mass—mass diagram
assuming GR along with our measurement of w is shown in
Figure 4. In this figure, we can see that by combining the total
mass measurement with the constraint from the mass function,
we can estimate a minimum companion mass of 1.10 M, and a
maximum pulsar mass of 1.43 M.

Note that, although our measurement of the first-spin
frequency derivative f is not significant, it is important to fit
for this parameter in order to obtain a realistic uncertainty for
w. Indeed, if we do not fit for f, the uncertainty of w will be
one order of magnitude smaller. Assuming the small f typical
of MSPs is not warranted because it could have a significant
contribution from the system’s acceleration in the cluster.

3.5. System Origin

Most binary MSPs in our Galaxy are in highly circularised
orbits with a low-mass He-WD or a nondegenerate or
semidegenerate ultralight companion (M, < 0.08 M., Tauris
et al. 2012 and references within). These systems are highly
recycled (P <10ms) due to the long mass transfer phase,
which transfers matter and angular momentum from the
companion to the pulsar, spinning it up to very rapid rates
and reducing the magnetic field strengths of the NS
(Bhattacharya & van den Heuvel 1991; Bhattacharya 2002;
Tauris & van den Heuvel 2006). Intermediate spin-period
pulsars (10 < P <20ms, Camilo et al. 2001) tend to have
massive CO or ONeMg WD companions (e.g., PSR J1802
—2104, Ferdman et al. 2010), but their orbits still have very
low eccentricities.

If the companion star is massive enough to undergo its own
supernova (SN) explosion and if the binary orbit survives, then
a double NS system (DNS; see Tauris et al. 2017 for a review)
will form. These systems tend to be mildly recycled
(P>17ms; see Stovall et al. 2018) as their massive
companions do not live for long, halting the recycling process
earlier. Unlike systems with WD companions, they have highly
eccentric orbits because of the kick and mass loss from the
second SN (Brandt & Podsiadlowski 1995; Tauris et al. 2017).

Given its high orbital eccentricity, M30B could in principle
have formed like the DNSs in the Galactic disk. The total mass
is similar to that of the lightest known DNS systems (like
PSRs J141142551 and J1946+2052; Martinez et al. 2017,
Stovall et al. 2018). However, this scenario is unlikely given
the spin period of M30B—P ~ 12.98 ms, faster than for any
pulsars in a DNS seen to date in the Galaxy. Furthermore, there
are currently no massive stars in GCs that would provide a
second SN; the last time these existed in GCs was more than
10 Gyr ago. Thus, if M30B was such a primordial DNS, its
characteristic age (7.) would have to be at least ~10 Gyr. We
note, though, that given the large  of the host cluster, it is very
unlikely that the system would still resemble its original
configuration.
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Figure 3. Postfit timing residuals of PSR J2140—2311B as a function of time and orbital phase using the DD Binary model. Colors indicate different telescopes and

backends used to obtain the TOAs.

The spin period of M30B is more compatible with a
relatively massive CO or ONeMg WD companion. In the
Galactic disk, these systems have low orbital eccentricities, but
given the large number of stellar encounters in GCs, the orbital
eccentricity could have been greatly increased (Phinney 1992).
Thus, it is possible that the companion is a massive WD star
whose progenitor recycled the pulsar; in this case we should
also expect 7. ~ 10 Gyr.

A more likely hypothesis is that M30B is a result of an
exchange encounter, where the lighter star that recycled the
pulsar was ejected during the binary’s chaotic encounter with a
more massive degenerate star, which is the current companion.
Given the random dynamics of such an encounter, we cannot
decide on the nature of the companion—either a massive WD
or an NS—based on arguments from stellar evolution (although
massive WDs are generally more likely given their larger
abundance in the cluster; see, e.g., Ye et al. 2019; Kremer et al.
2021).

Several eccentric MSP binaries with massive companions
have recently been found in core-collapsed GCs (which have
the highest « values: PSR J1807—2500B in NGC 6544 (Lynch
et al. 2012), PSR J1835—3259A in NGC 6652 (DeCesar et al.
2015), and PSR J1823—-3021G in NGC 6624 (Ridolfi et al.
2021)). These are thought to be exchange products because
their spin periods are very small compared to binary pulsars in
the Galactic disk with similarly massive companions. In all
core-collapsed GCs, these systems represent approximately
one-third of the known population of binary radio pulsars. For
this calculation, we have adopted the definition of core-
collapsed GC from the Harris catalog (Harris 1996, 2010
revision) and only considered binary pulsars with well-
measured orbits. We then assume that pulsars in an eccentric
orbit (e > 0.1) orbiting a massive companion (m. > 0.38 M)
are likely to be the result of exchange products. Using this
definition and the updated numbers from the “GC Pulsar
catalog,” we find that 5 out of the 14 (~35.7%) binary pulsars
in core-collapsed GCs are likely to be exchange products; in
non-core-collapsed GCs only 10 out of 109 (~9.2%) binary
pulsars fulfill these criteria. The location of M30B in a core-
collapsed GC is thus an indication that it likely originated in an
exchange encounter. Another clue is its high eccentricity:
Among secondary exchange products, M30B has the third-
highest orbital eccentricity after PSR J1835—3259A (e ~ 0.96;

DeCesar et al. 2015) and PSR J0514—4002A (e ~ 0.88; Freire
et al. 2007; Ridolfi et al. 2019).

When exchange encounters are very frequent, they might
even happen during the LMXB phase. In this case, the
recycling process is truncated, resulting in a partially recycled
pulsar that still has a relatively high magnetic field and will
therefore appear young. Unlike MSPs, such mildly recycled
pulsars spin down fast, which means that their LMXB
disruption must be recent. This explains why slow, apparently
young pulsars in GCs are overwhelmingly found in high-y GCs
and lie below the pulsar spin-up line (Verbunt & Freire 2014;
Abbate et al. 2022), although in this regard we must keep in
mind that there are alternative explanations for the formation of
apparently young pulsars in GCs (e.g., Ivanova et al. 2008).

The recent disruption of an LMXB by a massive degenerate
intruder that then becomes the pulsar’s companion is a likely
explanation for the parameters of PSRB2127+11C
(P=30.5ms and 7.~ 0.1 Gyr), a binary pulsar located in the
core-collapsed GC M15. Although this system superficially
resembles a Galactic DNS (see Andrews & Mandel 2019), its
characteristic age—less than 1% of the age of the GC—is too
small for it to be a DNS formed from the primordial population
of massive stars of M15 (Prince et al. 1991). If the recent
disruption of an LMXB is the explanation for the relatively
slow spin of M30B, then we might also expect the pulsar to
have a characteristic age much smaller than the age of the M30
GC itself.

One clue that suggests that PSR B2127411C was recently
involved in an exchange encounter is its large distance
(0.94") from the center of M15 (Prince et al. 1991; Jacoby
et al. 2006). Normally, mass segregation causes the pulsar
population in dense GCs to be very centrally condensed, with
most pulsars within, or near their cores (e.g., Freire et al.
2017; Prager et al. 2017; Abbate et al. 2018). This is the case
for all other pulsars in M15 (Anderson 1993) and for M30A
(Ransom et al. 2004). The large distance of PSR B2127+11C
from the center of M15 is possibly the result of the recoil
caused by the ejection of the previous light companion that
partially recycled the pulsar; the time elapsed since the recoil
(~0.1 Gyr, if it is the same event that disrupted the LMXB)
is presumably too short for the system to have migrated back
to the center of the GC via dynamical friction. Interestingly,
M30B is located 1.2(1)" from the cluster center and just
outside its half-light radius, which again suggests a recent
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Figure 4. Mass—mass diagram of M30B assuming GR obtained from pulsar timing. In the left plot, we show the mass of the companion M. vs. the cosine of the
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exchange interaction. Overall, pulsars with such large
distances from the center (in core radii) occur more often
in high-y GCs (Verbunt & Freire 2014).

3.6. Prospects

We plan to continue timing M30B as part of the MeerTime
GC pulsar timing program. These observations are necessary in
order to fully connect all the MeerKAT observations (possibly
all the way back to 2001) and shed light on the nature of the
M30B system. A phase-coherent timing solution will yield
much improved astrometric, spin, and orbital parameters. The
spin and orbital period derivatives will be extremely important
because their measurement will allow the determination of 7,
which will be crucial for distinguishing between a primordial
binary with a massive companion or a more recent exchange
product. This will also greatly improve all orbital parameters,
especially P, and w.

The following step will be to determine the individual
masses via the detection of additional relativistic effects. Dense
orbital campaigns in the near future might lead to the detection
of the Shapiro delay (Shapiro 1964): For an inclination angle of
60°, the h3 parameter (Freire & Wex 2010) would be 1.2 pus.
This can be detected with 20 significance with 4000 ToAs with
the current timing precision. The parameter will be larger (and
therefore detected with higher significance) for higher inclina-
tions; another possibility is to somehow improve the timing
precision. If the orbital inclination is low and/or we are unable
to improve the timing precision, then we will have to wait to
detect the Einstein delay. However, the longitude of periastron
w of M30B is not optimal for this goal (see detailed discussion
in Ridolfi et al. 2019), so if the Shapiro delay is not detectable,
measuring the component masses with the Einstein delay will
take several decades.

4. Conclusion

In this Letter, we presented the confirmation of M30B with
the first set of new detections of this pulsar since its discovery
in 2001. We found that the pulsar can be reliably detected with
the MeerKAT UHF receivers; this has finally allowed, 20 yr
after the discovery, a detailed characterization of this system: It
is located 1.2(1)" from the cluster center and the pulsar is in a
highly eccentric (e = 0.879) orbit around a companion that
could either be a massive WD or an NS. We also measured the
rate of periastron advance, which indicates a total system mass
consistent with that of the lightest known DNSs in our Galaxy
(Martinez et al. 2017; Stovall et al. 2018).>° M30B was likely
formed as the result of a secondary exchange encounter, similar
systems have been observed in other GCs with very dense
cores. Further timing observations are necessary to obtain a
phase-connected timing solution for this pulsar, which would
yield much improved astrometric, spin and orbital parameters.
Continued timing might result in the detection of additional
relativistic effects and the determination of the individual
masses of the components. The characterization of M30B is a
demonstration of the unrivaled sensitivity of MeerKAT for
radio sources in the Southern celestial hemisphere.

The MeerKAT telescope is operated by the South African
Radio Astronomy Observatory, which is a facility of the
National Research Foundation, an agency of the Department of
Science and Innovation. SARAO acknowledges the ongoing
advice and calibration of GPS systems by the National
Metrology Institute of South Africa (NMISA) and the time-
space reference systems department of the Paris Observatory.
PTUSE was developed with support from the Australian SKA
Office and Swinburne University of Technology. MeerTime

30 For a list of NS mass measurements, see https: //www3.mpifr-bonn.mpg.
de/staff/pfreire /NS_masses.html.
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