
MNRAS 530, 1436–1456 (2024) https://doi.org/10.1093/mnras/stae816 
Advance Access publication 2024 March 20 

Disco v eries and timing of pulsars in M62 

L. Vleeschower , 1 , 2 ‹ A. Corongiu , 3 B. W. Stappers , 1 P. C. C. Freire , 4 A. Ridolfi , 3 , 4 

F. Abbate , 3 , 4 S. M. Ransom , 5 A. Possenti, 3 P. V. Padmanabh , 4 , 6 , 7 V. Balakrishnan , 4 M. Kramer, 1 , 4 

V. Venkatraman Krishnan , 4 L. Zhang, 8 , 9 M. Bailes, 9 , 10 E. D. Barr , 4 S. Buchner 11 and W. Chen 

4 

1 Jodrell Bank Centre for Astrophysics, Department of Physics and Astronomy, The University of Manchester, Manchester M13 9PL, UK 

2 Center for Gravitation, Cosmology, and Astrophysics, Department of Physics, University of Wisconsin-Milwaukee, PO Box 413, Milwaukee, WI 53201, USA 

3 INAF-Osservatorio Astronomico di Cagliari, Via della Scienza 5, I-09044 Selargius, Italy 
4 Max-Planck-Institut f ̈ur Radioastronomie, Auf dem H ̈ugel 69, D-53121 Bonn, Germany 
5 NRAO, 520 Edgemont Rd., Charlottesville, VA 22903, USA 

6 Max-Planck-Institut f ̈ur Gravitationsphysik (Albert-Einstein-Institut), D-30167 Hannover, Germany 
7 Leibniz Universit ̈at Hannover, D-30167 Hannover, Germany 
8 National Astronomical Observatories, Chinese Academy of Sciences, A20 Datun Road, Chaoyang District, 100101 Beijing, P. R. China 
9 Centre for Astrophysics and Supercomputing, Swinburne University of Technology, PO Box 218, Hawthorn, VIC 3122, Australia 
10 ARC Centre of Excellence for Gravitational Wave Discovery (OzGrav), Swinburne University of Technology, PO Box 218, Hawthorn, VIC 3122, Australia 
11 South African Radio Astronomy Observatory, 2 Fir Street, Black River Park, Observatory, Cape Town, 7925, South Africa 

Accepted 2024 March 9. Received 2024 March 6; in original form 2023 October 14 

A B S T R A C T 

Using MeerKAT , we hav e disco v ered three new millisecond pulsars (MSPs) in the bulge globular cluster M62: M62H, M62I, 
and M62J. All three are in binary systems, which means all ten known pulsars in the cluster are in binaries. M62H has a 
planetary-mass companion with a median mass M c, med ∼ 3 M J and a mean density of ρ ∼ 11 g cm 

−3 . M62I has an orbital period 

of 0.51 d and a M c, med ∼ 0.15 M �. Neither of these low-mass systems exhibit eclipses. M62J has only been detected in the two 

Ultra High Frequency band (816 MHz) observations with a flux density S 816 = 0.08 mJy. The non-detection in the L-band (1284 

MHz) indicates it has a relatively steep spectrum ( β < −3.1). We also present 23-yr-long timing solutions obtained using data 
from the Parkes ‘Murriyang’, Effelsberg , and MeerKAT telescopes for the six previously known pulsars. For all these pulsars, 
we measured the second spin-period deri v ati ves and the rate of change of orbital period caused by the gravitational field of the 
cluster, and their proper motions. From these measurements, we conclude that the pulsars’ maximum accelerations are consistent 
with the maximum cluster acceleration assuming a core-collapsed mass distribution. Studies of the eclipses of the redback M62B 

and the black widow M62E at four and two different frequency bands, respecti vely, re veal a frequency dependence with longer 
and asymmetric eclipses at lower frequencies. The presence of only binary MSPs in this cluster challenges models which suggest 
that the MSP population of core-collapsed clusters should be dominated by isolated MSPs. 

Key words: binaries: general – stars: neutron – pulsars: general – globular clusters: individual: M62. 
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 I N T RO D U C T I O N  

lobular clusters (GCs) are considered prime locations for disco v er-
ng millisecond pulsars (MSPs) due to their ultra-dense cores, which
romote the formation of binary systems containing neutron stars
NSs). Within these systems, the NS can undergo spin-up through
ass accretion from its evolving companion. MSPs that arise from

hese scenarios are highly valuable for investigating the dynamical
nteractions in GC cores, studying the evolution of embedded binary
ystems, and examining the properties of the intra-cluster medium
e.g. Freire et al. 2001b ; Abbate et al. 2018 , 2019 ), but also for
iving constraints on the NSs masses (e.g. Freire et al. 2008a , b ) and
nable tests of gravity theories (Jacoby et al. 2006 ). Nevertheless,
 E-mail: laiila.calas@gmail.com 

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
nding MSPs in clusters is a challenging endea v our, primarily due
o many being at large distances, resulting in weak pulsed emission
nd distorted signals caused by propagation through the dispersive
nterstellar medium. Additionally, the apparent rapid changes in
eriod due to binary motion and periodic eclipses of the radio signal
urther complicate the search process. 

M62 (also known as NGC 6266) is a metal-poor GC with a
etallicity of [Fe/H] = -1.075 ± 0.039 (Lapenna et al. 2015 ).

t is located at right ascension α = 17 h 01 m 12 . s 9 and declination
= −30 ◦06 ′ 48 ′′ 2, placing it towards the Galactic bulge, in the

outhern region of the equatorial constellation Ophiuchus, at galactic
oordinates l = 353.575 ◦ and b = 7.317 ◦. It is at a distance of 6.03(9)
© 2024 The Author(s). 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

http://orcid.org/0000-0003-0292-4453
http://orcid.org/0000-0002-5924-3141
http://orcid.org/0000-0001-9242-7041
http://orcid.org/0000-0003-1307-9435
http://orcid.org/0000-0001-6762-2638
http://orcid.org/0000-0002-9791-7661
http://orcid.org/0000-0001-5799-9714
http://orcid.org/0000-0001-5624-4635
http://orcid.org/0000-0003-3244-2711
http://orcid.org/0000-0001-9518-9819
http://orcid.org/0000-0001-8715-9628
http://orcid.org/0000-0002-1691-0215
http://orcid.org/0000-0002-6089-7943
mailto:laiila.calas@gmail.com
https://creativecommons.org/licenses/by/4.0/


Pulsars in M62 1437 

k  

s  

a  

m  

p  

(  

o  

f  

w
2
o
r  

c  

b  

c

e  

c  

t  

s  

c  

a  

a  

m
p
d
t
1  

a  

c  

h  

a  

c  

e  

b
b
t

 

o
(  

i  

h  

c  

m
 

t
t
t
r  

t  

r  

1

g
t
d
(

o
c

p  

S
t

2

T  

t
t  

o

2

O
t  

d
w  

o  

b
w  

F
 

J  

1
r  

q
w  

S

2

M  

c  

c
a  

t  

a  

c
2
T  

a
f  

a  

a

E
o  

a  

a  

s  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/2/1436/7632774 by M
ax Planck Institut Fuer M

ol. Pflanzenphysiologiy user on 02
pc 1 from the Sun. M62 is recognized for having one of the highest
tellar encounter rates among GCs (Pooley et al. 2003 ). It is also
mong the 10 per cent of the most massive and dense GCs, with a total
ass of 5.81(4) × 10 5 M �, and possesses a core radius of r c = 0.23

c (0.13 arcmin) and a half-mass radius of r h = 2.91 pc (1.66 arcmin).
This cluster was previously classified as being core-collapsed 

Djorgovski & Meylan 1993 ); ho we ver, more recent studies had ruled
ut this hypothesis (Beccari et al. 2006 ). This was supported by the
act that all pulsars in the cluster are in circular binary systems,
hich is not expected for core-collapsed GCs (Verbunt & Freire 
014 ). Nevertheless, the latest results of the structural parameters 
f this cluster from Baumgardt’s catalogue, indicate a smaller core 
adius than previously stated, resulting in a high value of its central
oncentration ( c = 2.35). In the context of the classification proposed
y Meylan & Heggie ( 1997 ), this suggests that the cluster may be
onsidered as either collapsed or on the verge of collapsing. 

43 X-ray sources, including a black hole candidate (Chomiuk 
t al. 2013 ), have been detected within the half-light radius of the
luster using Chandra (Oh et al. 2020 ). Additionally, M62 is known
o host seven pulsars, all of which are in binary systems and with
pin periods smaller than 8 ms. The first pulsar disco v ered in this
luster was M62A, a binary system with a spin period of 5.24 ms
nd an orbital period of 3.8 d (D’Amico et al. 2001a ). Preliminary
nalysis in D’Amico et al. ( 2001b ) revealed the discovery of two
ore binary pulsars, M62B and M62C, characterized by short orbital 

eriods of 3.8 and 5.2 h, respectively. These three pulsars were 
isco v ered using the Parkes ‘Murriyang’ telescope. Subsequently, 
hree additional pulsars, namely M62D-F, were disco v ered using the 
00-m Green Bank Telescope ( GBT ; Jacoby et al. 2002 ). M62D has
 spin period of 3.42 ms, an orbital period of 1.1 d, and a minimum
ompanion mass of 0.12 M �. M62E is a 3.23-ms binary pulsar in a 3.8
 circular orbit, with a companion mass of at least 0.03 M �. M62F has
 spin period of 2.29 ms, an orbital period of 4.8 h, and a minimum
ompanion mass of 0.02 M �. Notably, pulsars M62B and M62E
xhibit eclipses, with M62B classified as a redback and M62E as a
lack widow. The mass of its companion suggests M62F is another 
lack widow pulsar, although eclipses have not been observed for 
his particular pulsar. 

The most recent disco v ery in the cluster was made with
bservations from the South African MeerKAT radio telescope 
Booth & Jonas 2012 ) using only the 44 antennas located in the
nner 1-km core of the array (Ridolfi et al. 2021 ). Pulsar M62G
as a spin period of 4.61 ms and is situated within a binary system
haracterized by an orbital period of 0.8 d, and a companion with a
inimum mass of 0.1 M �. 
In this paper, we present the disco v ery of three more pulsars in

his cluster using the high gain/low system temperature MeerKAT 

elescope and the updated and long-term timing solutions of all 
he previously known pulsars making use of archival Parkes ‘Mur- 
iyang’, Effelsber g , and MeerKA T data. It is structured as follows:
he observations and data reduction are described in Section 2 . We
eport the disco v eries in Section 3 . The timing solutions of all the
 Distance reported in https:// people.smp.uq.edu.au/ HolgerBaumgardt/ 
lobular/parameter.html (accessed on 2023 August 28) obtained by fitting 
he cluster with a grid of N -body models as in Baumgardt & Vasiliev ( 2021 ), 
riven by the new cluster velocities from Martens et al. ( 2023 ) and Baumgardt 
pri v ate communication). 

All positional and size parameters of the cluster used in this work were 
btained from the same website. We will refer to this website as Baumgardt’s 
atalogue hereafter. 
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re viously kno wn and the ne w pulsars are presented in Section 4 . In
ection 5 the results and their implications are summarized. Finally, 

he conclusions are presented in Section 6 . 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

he observations used in the analysis of this work have been
aken with the Parkes ‘Murriyang’, Effelsberg , and MeerKAT radio 
elescopes co v ering a total time span of o v er 23 yr. The data,
bserving systems and data reduction are described below. 

.1 Parkes and Effelsberg observations and data analysis 

bservations of M62 taken with the Parkes ‘Murriyang’ radio 
elescope, were carried out during an epoch range of about one
ecade, namely from 2000 June to 2011 July. These observations 
ere taken with the Multibeam and the H −OH receivers, depending
n availability, at the central frequency of 1369 MHz with a
andwidth of 256 MHz. The two detected orthogonal polarizations 
ere summed in quadrature and 1-bit digitized by using the Analog
ilterbank (AFB; see e.g. D’Amico et al. 2001a ). 
We also include in our analysis five observations taken from 2015

une to 2015 August 16 with the Effelsberg telescope (project id
6–15). These observations were made with the Ultra-Broad-Band 
ecei ver, which allo wed the simultaneous observation of three fre-
uency bands (601–695 MHz, 836–930 MHz, and 1148–1460 MHz) 
ith the purpose of characterizing the eclipses of pulsar M62B (see
ection 4 ). 

.2 MeerKAT obser v ations and data analysis 

62 was previously studied in the context of the MeerKAT GC
ensus through the MeerTime project (see Ridolfi et al. 2021 ). The
luster was subsequently targeted using TRAPUM 

2 (TRAnsients 
nd PUlsars with MeerKAT ; Stappers & Kramer 2016 ), allowing us
o generate hundreds of coherent beams and enabling us to co v er
 larger area of the cluster using the full MeerKAT sensitivity. We
onducted se ven observ ations under the TRAPUM project, between 
020 October and 2022 December, employing at least 56 antennas. 
able 1 shows the list of observations employed in the present work
nd includes the observing dates, the central observing frequencies 
 c , the bandwidths (BW), the observation lengths T obs , the number of
ntennas N ant , and the detections of the three new pulsars disco v ered
s a result of this work. 

We employed the Filterbanking Beamformer User Supplied 
quipment (FBFUSE; Barr 2018 ), which facilitated the formation 
f 275–288 synthesized beams, co v ering a re gion of up to ∼3
rcmin in radius centred on the nominal cluster centre. The shape
nd tiling pattern of these beams were estimated using the MOSAIC

oftware (Chen et al. 2021 ). The exact size, shape, and orientation
f the beams depend on several factors, such as the number of
ntennas used, the ele v ation, and the observing time and frequency.
he data were recorded as filterbanks with total intensity derived 

rom the two orthogonal polarizations. Five of the observations 
ere done using the L-band (856–1712 MHz) receivers, centred 

t a frequency of 1284 MHz, employing at least 56 antennas with a
 70 per cent o v erlap 3 of the synthesized beams (Chen et al. 2021 ).
he raw data set consisted of 4096 frequency channels across a
MNRAS 530, 1436–1456 (2024) 
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 Determines the sensitivity level at which neighbouring beams intersect. 
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M

Table 1. Summary of the MeerKAT observations used in this analysis. 

Date/Time Start MJD f c BW T obs N ant H Det I Det J Det M62B M62E 

(yy-mm-dd-hh:mm) (MHz) (MHz) (min) Y/N Y/N Y/N 

19-04-29-19:40 c 58602.82 1122 321 75.6 57 N Y N B –
19-04-29-19:40 c 58602.82 1444 321 75.6 57 N Y N B –
19-10-13-10:31 c 58769.44 1284 642 150 52 Y Y N B B 

19-11-15-10:49 c 58802.45 1284 642 150 64 N Y N B E 

19-12-01-10:13 c 58818.43 1284 642 150 61 Y Y N B B 

19-12-27-07:57 c 58844.33 1284 642 24.2 41 N Y N – –
19-12-27-08:28 c 58844.35 1284 642 130 41 Y Y N B –
20-02-16-00:25 c 58895.02 1284 856 130 52 Y Y N – –
20-02-21-23:54 c 58900.99 1284 856 210 52 Y Y N B B 

20-02-22-23:57 c 58901.99 1284 856 80 51 Y Y N – –
20-02-23-01:20 c 58902.05 1284 856 123 50 Y Y N B 

20-02-25-00:04 c a 58904.00 1284 856 182 50 Y Y N B B 

20-08-13-18:52 c a 59074.78 1284 856 120 40 Y Y N B I 
20-10-14-14:58 c 59136.62 1284 856 240 38 Y Y N B B 

20-10-14-15:03 e 59136.62 1284 856 234.8 56 Y 

d Y N B B 

20-10-23-14:02 c 59145.58 1284 856 240 41 N Y N B E 

20-11-01-11:03 c 59154.46 1284 856 240 41 Y Y N B B 

20-11-01-11:03 e 59154.46 1284 856 239.5 56 Y 

d Y 

d N B B 

21-06-12-19:58 c 59377.83 1284 856 115 63 N Y N I B 

21-09-21-15:55 c 59478.66 1284 856 120 38 Y Y N E E 

21-09-21-15:55 e 59478.66 1284 856 119.5 56 Y 

d Y 

d N E E 

21-12-30-11:59 c 59578.49 1284 856 120 44 Y Y N B –
21-12-30-12:27 e 59578.51 1284 856 92 60 Y 

d Y 

d N B –
22-04-20-23:13 e 59689.96 816 544 60 56 Y 

d Y 

d Y 

d B –
22-04-21-01:55 e 59690.08 1284 856 60 60 Y 

d Y 

d N B E 

22-12-01-14:20 e 59914.59 816 544 120 56 Y 

d Y 

d Y 

d B B 

23-07-04-14:57 b 60129.62 1284 856 120 60 Y 

d Y 

d N B B 

23-07-04-19:46 b 60129.82 1284 856 120 60 Y 

d Y 

d N B B 

23-07-05-12:22 b 60130.02 1284 856 120 60 Y 

d Y 

d N – –
23-07-05-16:57 b 60130.70 1284 856 120 56 Y 

d Y 

d N B –
23-07-05-22:56 b 60130.96 1284 856 120 56 Y 

d Y 

d N B E 

Notes . The Date/Times are specified in UTC. Columns 10 and 11 display the observations in which the eclipse is seen for pulsars M62B and M62E, respectively, 
categorized as follows: ‘B’ refers to observations in which both the ingress and egress are visible, ‘I’ to ingress only, and ‘E’ to egress only. a These observations 
were mistakenly reported to have a duration of 210 min in Ridolfi et al. ( 2021 ). 
b MeerTime/TRAPUM orbital campaign observations. 
c MeerTime observations. 
d Pulsar found in the search. 
e TRAPUM observations. 
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andwidth of 856 MHz sampled every 76 μs. Two more TRAPUM
bservations were recorded with the Ultra High Frequency (UHF;
44–1088 MHz) receivers, employing 56 antennas and the beams
laced with an 85 per cent o v erlap. These observations were centred
t a frequency of 816 MHz with total intensity formed from the
wo orthogonal polarizations. The data set also comprised 4096
requency channels but with a bandwidth of 544 MHz and sampled
very 60 μs. Fig. 1 shows an example of the beams at both L-band
nd UHF observations using 56 antennas at their 50 per cent power
evel. 

The MeerTime observations piggybacked on some of the TRA-
UM observations (see Table 1 ). This was with the purpose of
etting polarization information and for future searches in the single
eerTime beam. These will be presented else where. Ho we ver, we

sed them to get a precise measurement of the time offset between
he two different backends (see Section 4 ). 

Furthermore, an orbital campaign was carried out with the purpose
f determining the orbits of the newly disco v ered pulsars and also
o phase-connect the solution of pulsar M62G. This pulsar was
elieved to have a partial phase connection (Ridolfi et al. 2021 )
NRAS 530, 1436–1456 (2024) 
ut after adding the subsequent observations (including all those
efore the campaign, see Table 1 ) the connection was not clear. The
ampaign consisted of five L-band observations of two hours each,
 v er two consecutive days (in order to optimally sample the orbits
ased on the initial estimates for the new pulsars) as part of the
eerTime project (Bailes et al. 2020 ). Four PTUSE (Pulsar Timing
ser Supplied Equipment)/B-engine beams were used and pointed

t the four pulsars of interest (M62G-J). These observations were
iggybacked with TRAPUM, pointing one FBFUSE beam to each
f the known pulsars and M62H (which had a SEEKAT localization,
ee Section 3.1 ), and seven beams were pointed towards the poorly
ocalized (at that time) M62G, M62I, and M62J. We only discuss the
se of TRAPUM data from this campaign here. 
Recording and pre-processing of the beams was carried out using

he Acceleration Pulsar Search User Supplied Equipment (APSUSE)
omputing cluster. Once the recording phase was completed, the
ata underwent incoherent de-dispersion using a DM of 114.00
c cm 

−3 , which corresponds to the median DM of the then-known
ulsars within the cluster. The data were later cleaned of bright
adio Frequency Interference (RFI) using the Inter-Quartile Range
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Figure 1. Positions of all the pulsars in M62, plotted as east–west ( θα) and south–north ( θδ) offsets from the centre of the GC. The grey crosses from pulsars 
M62H and M62J represent the 2 σ uncertainties in their positions obtained using SEEKAT . The different colours of the symbols indicate their DM values. The 
angular core radius ( r c = 0.13 arcmin) is indicated by the dotted circle. We also show the sizes of both the L-band (dash–dotted ellipse) and UHF (dashed 
ellipse) beams for 56 antennas at their 50 per cent po wer le vel. The X-ray sources from Oh et al. ( 2020 ) are shown in purple. The arrows show the direction 
and distance travelled by the pulsars in 1000 yr considering the value of their proper motions. The proper motion of M62 from Baumgardt & Vasiliev ( 2021 ) is 
shown in the bottom left corner. 
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itigation algorithm 

4 (Morello, Rajwade & Stappers 2022 ); later 
bservations also included the use of FILTOOL from PULSARX 

5 (Men 
t al. 2023 ) to remo v e RFI. After de-dipsersion, the number of
requency channels was reduced to 256 for the following analysis 
nd long-term storage. 

All the data from the seven TRAPUM observations were analysed 
ollowing a typical acceleration search method using the PUL- 
AR MINER pipeline, 6 (v.1.1.5, see further details in Ridolfi et al. 2021 ) 
ased on PRESTO 

7 (Ransom 2001 ). For the L-band observations, we 
enerated 245 de-dispersed time series from a DM of 108.00 pc cm 

−3 
 https:// github.com/ v-morello/ iqrm 

 https:// github.com/ ypmen/ PulsarX 

 https:// github.com/ alex88ridolfi/ PULSAR MINER 

 PulsaR Exploration and Search TOolkit, https:// github.com/ scottransom/ 
resto 

G  

a
a  

z  

a  

T  

4

o a DM of 120.20 in steps of 0.05 pc cm 

−3 . The DM range was
etermined by considering a deviation of ±5 per cent of the mean
M of the then-known pulsars. The chosen DM step size ensured
inimal DM smearing caused by an incorrect DM and sensible 

equirements for the processing. Regarding the UHF observations, 
e generated 1201 de-dispersed time series using the same DM range

s for the L-band data, in steps of 0.01 pc cm 

−3 . 
The search encompassed spin periods ranging from 1 ms to 20

 for all the 288 beams for the first two TRAPUM observations,
nd only the central beams (7 beam tiling around the centre of the
C) of the subsequent observ ations, gi ving a total of 611 beams

cross all observations. All beams were analysed for both isolated 
nd binary pulsars in the Fourier domain using a maximum number
 max of adjacent Fourier bins z max = 0 and z max = 200, respectively,
nd summing the powers of the first eight harmonics in both cases.
he parameter z max is defined as T 2 a l / ( cP ), where T obs is the
MNRAS 530, 1436–1456 (2024) 

obs 
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bservation duration, a l represents the line-of-sight acceleration
aused by orbital motion, and c denotes the speed of light. To
nsure sensitivity to orbital periods as short as approximately 1.6
, a ‘segmented search’ approach was also employed. This involved
ividing the observations, whenever possible, into sections of 120,
0, 30, and 10 min, with each segment individually subjected to the
bo v e search process, giving a total of 3057 segments, requiring a
otal of approximately 4000 h of computing time and resources that
ncluded the Galahad and Hydrus computers at the University of

anchester. 
Additionally, we employed the technique known as ‘jerk search’

Andersen & Ransom 2018 ) implemented in PRESTO , which en-
anced our sensitivity to tight binary systems. This method fo-
uses on identifying linear changes in acceleration ( ̇a ) within the
ourier spectrum by a number of Fourier bins determined by
 = ȧ T 3 obs / ( cP ). In our study, we extended the search up to a
aximum value of w max = 600 only for the full duration of the

entral beam of each observation. This limitation was imposed due to
he significantly higher computational requirements of the technique.
otably, the concentration of pulsars within most GCs is typically
igher towards its central region. 
We kept only the candidates with a Fourier significance higher

han 4 σ (for details see Ransom, Eikenberry & Middleditch 2002 ) for
isual inspection. Once an interesting candidate was found, we folded
he neighbouring beams and the beams of the other observations at
he interesting values of period, DM and acceleration. In order to
onfirm a candidate, we checked if it showed up in beams pointing
n the same direction from the other observations. 

 DISCOV ERIES  

he new pulsars disco v ered in this work are described in this section.

.1 M62H 

62H (also known as NGC 6266H or PSR J1701–3006H) is a
inary pulsar with a spin period of 3.70 ms that was first found
n the data from the beam 028 of the observation on UTC 2020-
0-14-15:03 at a DM of 114.70 pc cm 

−3 with an acceleration of
.288(5) m s −2 . It was found in the full, 2, 1, and 1/2 h segments
f the PRESTO search. It was also detected in seven beams of
he same observation and later confirmed in an hour-long GBT
bservation from 2009 June. This observation w as tak en using the
UPPI backend and the S-band (i.e. 1600–2400 MHz) receiver.
nfortunately, this was the only detection we obtained with the GBT ,

o no GBT data is included in further analysis. After its confirmation,
e pointed 12 beams around the highest S/N beam detection with
 90 per cent o v erlap in the observation on UTC 2021-12-30-12:27
n order to obtain a precise localization. We then used the SEEKAT

ultibeam localizer 8 (Bezuidenhout et al. 2023 ) and the maximum
ikelihood localization was found at coordinates α = 17 h 01 m 13 . s 8(1)
nd δ = −30 ◦06 ′ 24 ′′ (2). The grey cross in Fig. 1 is centred on the
aximum likelihood position of the pulsar and the length of the cross

orresponds to the reported errors, obtained from the 2 σ extent of
he likelihood region. 

We used the Period-Acceleration Diagram method (see Freire,
ramer & Lyne 2001a ) to obtain starting estimates of the orbital
arameters. First, we measured the barycentric observed spin period
 obs and observed spin period deri v ati ve Ṗ obs from the five orbital
NRAS 530, 1436–1456 (2024) 
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1

ampaign TRAPUM observations (see Table 1 ). We split the de-
ections into 30 min segments, giving us a total of twenty different

easurements of P obs and Ṗ obs . The Ṗ obs was then converted into the
ine-of-sight acceleration, a l = c( Ṗ /P ) obs . This gave us first guess
arameters of the orbit with an orbital period of P b � 2.7 h, and
 projected semimajor axis of only x p � 0.003 lt-s. 9 We then used
IT CIRCULAR ORBIT.PY from PRESTO , returning impro v ed orbital
arameters with an orbital period of P b � 3.2 h and a projected
emimajor axis of x p � 0.005 lt-s after fitting the observed spin
eriod as a function of time, P obs ( t ). Those values were further refined
nitially by phase-connecting the pulse times of arri v al (ToA) from
he observations of the orbital campaign (see Section 2 ), and then
btaining a phase-connected timing solution for all the MeerKAT
ata using the DRACULA 

10 algorithm (Freire & Ridolfi 2018 ). See
ection 4.2.2 . 

.2 M62I 

62I (NGC 6266I or PSR J1701–3006I) is a binary pulsar with
 spin period of 3.30 ms that was first found in the central beam
f the observation on UTC 2021-09-21-15:55 at a DM of 113.35
c cm 

−3 and an acceleration of 1.18(8) m s −2 . It was found in the
 h, 30 min, and 10 min segments of the PRESTO search on UTC
021-09-21-15:55, and confirmed in the observation on UTC 2021-
2-30-12:27. We used the Period-Acceleration Diagram method to
btain starting estimates of the orbital parameters. This time the five
bservations from the orbital campaign were also split into 30 min
e gments. F ollowing the same procedure as for M62H, we obtain the
rst guess parameters of the orbital period P b � 12.1 h and a projected
emimajor axis of x p � 0.73 lt-s. These parameters were confirmed
sing FIT CIRCULAR ORBIT.PY , obtaining an orbital period of P b �
2.2 h and a projected semimajor axis of x p � 0.73 lt-s. Those values
ere then further refined by using timing. The results are presented

n Section 4.2.3 . 

.3 M62J 

62J (NGC 6266J or PSR J1701–3006J) is a binary pulsar with a
pin period of 2.76 ms. It was initially found as a good candidate
n one of the beams of the first UHF observation (UTC 2022-04-
0-23:13) and later confirmed in the follow-up UHF observation
UTC 2022-12-01-14:20) at a DM of 111.98 pc cm 

−3 with an
cceleration of 0.19(6) m s −2 . Since it was found in one of the
dge beams we searched, we then carried out a PRESTO search of
he neighbouring beams using the period, period deri v ati ve and DM
rom the highest S/N detection of the pulsar, and co v ering a range
f 1 × 10 −4 ms in period, and ±0.25 pc cm 

−3 in DM, in steps
f 0.05 pc cm 

−3 around the DM of 112.00 pc cm 

−3 for 10 min,
0 min, 1 h, and the full observation segments. As a result, the
ulsar was detected in an additional three beams of the second UHF
bservation. These detections were later used for its localization
sing SEEKAT . The maximum likelihood localization was found at
oordinates α = 17 h 01 m 13 . s 84(2) and δ = −30 ◦06 ′ 52 ′′ (19). The grey
ross shown in Fig. 1 is centred on this position and the length of the
ross corresponds to the reported 2 σ errors. 

One beam was pointed towards the maximum likelihood position
f the pulsar for each of the five TRAPUM orbital campaign
bservations. Six other beams were pointed around that position. We
 Values obtained using the code https:// github.com/ lailavc/ circorbit
0 https:// github.com/ pfreire163/ Dracula 

https://github.com/BezuidenhoutMC/SeeKAT
https://github.com/lailavc/circorbit
https://github.com/pfreire163/Dracula
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onducted blind searches of the pulsar following a similar procedure 
s for the neighbouring beams, using the same period and DM range
or 10 min, 30 min, 1 h, and full observation segments. Since the
ottom part of the band o v erlaps with the frequency range of the UHF
bservations, we repeated the same search procedure using only the 
rst half of the band (962–1284 MHz). Additionally, we searched 
or the pulsar by folding the data also using the pulsar period, period
eri v ati ve and DM of our highest S/N detection. Ho we ver, despite
ll of the different search methods employed, the pulsar was not 
etected in any of the L-band observations. 

 TIMING  

n this section, we present the results of the long-term timing analysis
onducted on all previously known pulsars within the GC, along with 
he MeerKAT timing solutions for three of the recently disco v ered
ulsars: M62G, M62H, and M62I. 
Pulsars M62A-F all have timing solutions published by other 

uthors (Possenti et al. 2003 ; Lynch et al. 2012 ). For each of these
ulsars, we folded the Parkes ‘Murriyang’ data at the topocentric 
eriod with the software package DSPSR 

11 (van Straten & Bailes 
011 ), as predicted by the ephemeris published in paper 12 Lynch 
t al. ( 2012 ). We folded the data with a typical sub-integration length
f 1 min and maintained the same number of frequency channels as
he raw data to accurately correct for the frequency-dependent signal 
ispersion due to the ionized interstellar medium. 
We extracted the pulse ToAs with the routines of the software suite

SRCHIVE 13 (Hotan, van Straten & Manchester 2004 ). We coherently 
dded in phase the profiles in each archive with respect to sub-
ntegrations and channels, and convolved them with a high signal-to- 
oise (S/N) template, that we built by summing in phase the observed
rofiles with the highest S/N. 
We performed the ToAs extraction on a per-observation basis, in 

rder to obtain, from each archive, the largest reasonable number 
f T oAs. W e thus tried different decimation schemes either in time
nly , frequency only , or both, and maintained the one that allowed
s to obtain the highest number of ToAs after applying the following
rocedure. In correspondence with each decimation scheme, we 
isually inspected the obtained profiles, and accepted the ToAs 
hose corresponding profile were e v aluated as detected and not too
egraded with respect to the profile obtained by coherently summing 
ll subintegrations and all channels together. This procedure allowed 
s to obtain more than one ToA from the majority of observations. 
We used the obtained ToAs to derive a preliminary ephemeris for

ulsars M62A-F, and we used them to repeat the whole procedure 
entioned abo v e. At the end of this second iteration we obtained

he ToAs we used in this work. In the case of pulsar M62B, we also
dded ToAs obtained from the Effelsberg observations. 

We then used the ephemeris derived from the Parkes ‘Murriyang’ 
and Effelsberg for the case of M62B) data to fold the MeerKAT
earch-mode data using DSPSR for the previously known pulsars. 
ulsar M62G was reported to have a partial-phase connected solution 
Ridolfi et al. 2021 ). We then used the ephemeris published in Ridolfi
t al. 2021 to fold the MeerKAT data as our initial ephemeris. 
1 http://dspsr.sourceforge.net
2 Although we had access to these GBT data, they stopped in 2012 and 
 v erlapped with the Parkes data, and so we did not include them in the 
nalysis presented here. 
3 http:// psrchive.sourceforge.net/ index.shtml 
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Regarding the new discoveries (M62H and M62I), we also folded 
he data using DSPSR and an initial ephemeris that included the
arycentric spin period and DM of the best detection obtained with
he PREPFOLD routine from PRESTO , and the orbital parameters from
IT CIRCULAR ORBIT.PY . We then utilized the PAT tool from the
SRCHIVE package and a noise-free template to extract the topocentric 
oAs from each archive in which the pulsar was detected. 
The template was constructed by fitting von Mises functions to 

ither the highest S/N profile or, where possible, one formed by
ombining observations with detections to get a higher S/N. Different 
tandard profiles were employed for the simultaneous MeerTime and 
RAPUM data (see Section 2 ). Subsequently, a precise measurement 
f the time offset between the two data sets was obtained by using the
imultaneous observations of the two different MeerKAT backends 
PTUSE and APSUSE). 

The ToAs were then converted to the Solar System Barycentre 
eference and fitted for different timing model parameters us- 
ng TEMPO2 14 (Hobbs, Edwards & Manchester 2006 ) using the 
et Propulsion Laboratory (JPL) DE421 Solar System ephemeris 
Folkner , W illiams & Boggs 2009 ). These parameters encompassed
elestial coordinates, spin parameters, and orbital parameters. The 
iming solutions of the non-eclipsing pulsars are presented in alpha- 
etical order in Tables 2 and 3 . The solutions of the two eclipsing
ulsars and pulsar M62H are presented in Table 4 . The outcomes of
he timing analysis for each pulsar are presented in the subsequent
ubsections. 

.1 Pulsars with previously published timing solutions 

or the pulsars with a previously published timing solution, we find
hat nearly all our measured parameters agree with those published 
lsewhere to within errors (with some exceptions, see below), and 
he errors on our measurements are up to 10 times smaller. Moreo v er,
e were able to measure, for the first time, the second spin-period
eri v ati ves, the proper motions, and the changes in the orbital
eriod for all these pulsars, and the third spin-period deri v ati ves
n some particular cases. A detailed interpretation of these spin- 
eriod deri v ati ve measurements is presented in Section 5 . Figs 2 and
 show the timing residuals as a function of MJD and orbital phase,
espectively, for these pulsars. 

.1.1 M62A 

62A is a pulsar in a binary system with an orbital period of 3.8 d
ith a minimum companion mass M c, min = 0.2 M �. Our measured
arameters agree with those previously published (Possenti et al. 
003 ; Lynch et al. 2012 ), except for the eccentricity. Using the ELL1
odel (Lange et al. 2001 ), we obtain an inferred eccentricity e =

.4(5) × 10 −6 , which is ∼3 σ away from the previously estimated
 alue. The MeerKAT sensiti vity and the longer data set allow us to
btain, for the first time, measurements of the longitude of periastron
assage ω = 122(4) deg and the rate of change of orbital period
˙
 b = −1 . 32(3) × 10 −11 . The long-term timing solution allows us to
btain measurements of the proper motion of the pulsar: μαcos δ =
5.31(7) mas yr −1 and μδ = −2.6(5) mas yr −1 , as well as the second

pin frequency deri v ati ve f̈ = −7 . 2(2) × 10 −27 Hz s −3 . 
MNRAS 530, 1436–1456 (2024) 

4 https:// bitbucket.org/ psrsoft/ tempo2/ src/ master/ 

http://dspsr.sourceforge.net
http://psrchive.sourceforge.net/index.shtml
https://bitbucket.org/psrsoft/tempo2/src/master/


1442 L. Vleeschower et al. 

M

Table 2. Timing parameters for the pulsars M62A, M62C, and M62D, as obtained from fitting the observed ToAs with TEMPO2 . 

Pulsar M62A M62C M62D 

Right ascension, α (hh:mm:ss.s; J2000) .... 17:01:12.50899(5) 17:01:12.86420(6) 17:01:13.55601(4) 
Declination, δ (dd:mm:ss.s; J2000) .... −30:06:30.168(4) −30:06:59.457(5) −30:06:42.877(4) 
Proper motion in α, μαcos δ (mas yr −1 ) .... −5.31(7) −4.72(8) −5.20(7) 
Proper motion in δ, μδ (mas yr −1 ) .... −2.6(5) −3.7(6) −2.2(5) 
Spin frequency, f (s −1 ) .... 190.782671214183(7) 131.356872901228(9) 292.588403183803(14) 
First spin frequency deri v ati ve, ḟ (Hz s −1 ) .... 4.793645(17) × 10 −15 1.09266(6) × 10 −15 −1.161178(3) × 10 −14 

Second spin frequency deri v ati ve, f̈ (Hz s −2 ) .... −7.22(20) × 10 −27 −8.1(3) × 10 −27 −6.17(4) × 10 −26 

Third spin frequency deri v ati ve, f (3) (Hz s −3 ) .... – 4.5(4) × 10 −35 –
Reference epoch (MJD) .... 55754.676 55754.669 55550.225 
Start of timing data (MJD) .... 51521.005 51521.042 51714.717 
End of timing data (MJD) .... 60130.786 60131.035 60131.035 
Dispersion measure, DM (pc cm 

−3 ) .... 114.98(4) 114.55(5) 114.23(2) 
Number of ToAs .... 813 674 618 
Weighted r.m.s. residual ( μs) .... 12.2 14.6 10.2 
S 816 (mJy) .... 0.43 0.19 0.85 
L 816 (mJy kpc 2 ) .... 29.97 13.42 58.89 
S 1284 (mJy) .... 0.13 0.03 0.14 
L 1284 (mJy kpc 2 ) .... 8.75 2.31 9.44 
Spectral index, β .... −2.71 −3.89 −4.04 

Binary parameters 

Binary model .... ELL1 ELL1 ELL1 
Orbital period, P b (days) .... 3.8059483909(12) 0.21500007182(8) 1.11790340055(11) 
First orbital period deri v ati ve .... −1.32(3) × 10 −11 −2.76(18) × 10 −13 3.37(8) × 10 −12 

Projected semimajor axis, x p (lt-s) .... 3.4837265(9) 0.1928888(9) 0.9880515(8) 
Epoch of ascending node, T asc (MJD) .... 52048.5627983(4) 52049.8556544(6) 55037.8870645(4) 
First Laplace-Lagrange parameter, ε1 = e sin ω .... 4.6(5) × 10 −6 3.0(9) × 10 −5 4.366(16) × 10 −4 

Second Laplace-Lagrange parameter, ε2 = e cos ω .... −4.8(5) × 10 −6 −1.4(9) × 10 −5 −1.344(15) × 10 −4 

Derived parameters 

Spin period, P (ms) .... 5.2415661948529(2) 7.6128487068349(5) 3.4177704554196(2) 
First spin period deri v ati ve, Ṗ (s s −1 ) .... −1.317006(5) × 10 −19 −6.3325(4) × 10 −19 1.356389(3) × 10 −19 

L.o.s. accel. from the cluster field, a l , GC (m s −2 ) .... −1.26(3) × 10 −8 −0.50(3) × 10 −8 1.0(2) × 10 −8 

Intrinsic spin period deri v ati ve, Ṗ int (s s −1 ) .... 7.87 × 10 −20 4.98 × 10 −20 1.64 × 10 −20 

Characteristic age a , τ c (yr) .... 1.05 × 10 9 2.42 × 10 9 3.29 × 10 9 

Surface magnetic field a , B s (G) .... 6.50 × 10 8 6.23 × 10 8 2.40 × 10 8 

L.o.s. jerk, ȧ l (m s −3 ), .... 1.13(3) × 10 −20 1.85(7) × 10 −20 6.32(4) × 10 −20 

Epoch of periastron, T 0 (MJD) .... 52050.00(4) 52049.924(8) 55038.2196(6) 
Eccentricity, e .... 6.4(5) × 10 −6 3.4(9) × 10 −5 456(2) × 10 −6 

Longitude of periastron, ω ( deg ) .... 122(4) 114(14) 107.1(2) 
Mass function, f ( M p ) (M �) .... 0.00313393(2) 1.66696(2) × 10 −4 8.28729(2) × 10 −4 

Minimum companion mass, M c, min (M �) .... 0.1956 0.06951 0.1215 
Median companion mass, M c, med (M �) .... 0.2291 0.0807 0.1416 

Notes . The companion mass is calculated assuming a pulsar mass of 1.4 M �. The time units are TDB, the adopted terrestrial time standard is TT(BIPM2019) 
and the Solar System ephemeris used is JPL DE421 (Folkner et al. 2009 ). Numbers in parentheses represent 1 σ uncertainties in the last digit. The DM values 
were obtained using PDMP . a Calculated using Ṗ int . 
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.1.2 M62B 

ulsar M62B is an eclipsing redback with an orbital period of ∼3.5
 and a M c, min = 0.1 M �. Previous published timing solutions for
his pulsar used the ELL1 timing model, whereas in our case, we
se a BTX model (Shaifullah et al. 2016 ) which allows a description
f the orbital behaviour using nine orbital frequency deri v ati ves (see
able 4 ). For this model, both the eccentricity and the longitude
f periastron passage are set to zero. Our measurement of the rate
f change of the orbital period Ṗ b = −7 . 5(1) × 10 −12 , is almost
 σ away from the value reported in (Lynch et al. 2012 ). This is
ikely because it is a non-stationary v alue, as e videnced by the large
umber of deri v ati ves. The long-term timing solution also allo ws
s to obtain measurements of the proper motion of the pulsar:
αcos δ = −4.92(7) mas yr −1 and μδ = −3.2(5) mas yr −1 , the second
NRAS 530, 1436–1456 (2024) 
pin frequency deri v ati ve f̈ = −7 . 2(2) × 10 −27 Hz s −2 , and the third
requency deri v ati ve f (3) = 8.5(6) × 10 −35 Hz s −3 . 

.1.3 M62C 

62C is a binary pulsar with an orbital period of ∼5.2 h and with
 light companion mass of M c, min = 0.07 M �. Our measurement
f the position α = 17 h 01 m 12 . s 86420(6) and δ = −30 ◦06 ′ 59 . ′′ 457(5)
s almost 5 σ away from the value previously published by Lynch
t al. ( 2012 ) in α and 2 σ in δ. Ho we ver, the angular offset between
he two positions is of 0.04 arcsec. We also obtain, for the first
ime for this pulsar, measurements of the longitude of periastron
assage ω = 114(14) deg and the rate of change of orbital period
˙
 b = −2 . 8(2) × 10 −13 . The long-term timing solution also allows
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Table 3. Timing parameters for the pulsars M62F, M62G, and M62I, as obtained from fitting the observed ToAs with TEMPO2 . 

Pulsar M62F M62G M62I 

Right ascension, α (hh:mm:ss.s; J2000) .... 17:01:12.82232(6) 17:01:13.8892(3) 17:01:12.72568(17) 
Declination, δ (dd:mm:ss.s; J2000) .... −30:06:51.734(5) −30:06:41.265(18) −30:06:50.55(2) 
Proper motion in α, μαcos δ (mas yr −1 ) .... −5.56(9) – –
Proper motion in δ, μδ (mas yr −1 ) .... −2.2(6) – –
Spin frequency, f (s −1 ) .... 435.781667403045(5) 217.00905523505(4) 303.43334924566(3) 
First spin frequency deri v ati ve, ḟ (Hz s −1 ) .... −4.192540(3) × 10 −14 5.3952(10) × 10 −15 3.10515(12) × 10 −14 

Second spin frequency deri v ati ve, f̈ (Hz s −2 ) .... −2.733(3) × 10 −25 – –
Reference epoch (MJD) .... 55848.40 59377.84 59478.67 
Start of timing data (MJD) .... 51521.006 58602.827 58769.446 
End of timing data (MJD) .... 60131.035 60131.032 60131.035 
Dispersion measure, DM (pc cm 

−3 ) .... 113.29(2) 113.67(3) 113.35(2) 
Number of ToAs .... 605 162 188 
Weighted r.m.s. residual ( μs) .... 13.6 22.5 35.7 
S 816 (mJy) .... 0.22 0.10 0.04 
L 816 (mJy kpc 2 ) .... 15.39 7.08 2.60 
S 1284 (mJy) .... 0.11 0.03 0.02 
L 1284 (mJy kpc 2 ) .... 7.58 2.13 1.31 
Spectral index, β .... −1.56 −2.65 −1.51 

Binary parameters 

Binary model .... ELL1 ELL1 ELL1 
Orbital period, P b (days) .... 0.2054870463(1) 0.774433617(1) 0.509252794(1) 
First orbital period deri v ati ve .... 1.23(5) × 10 −12 – −7(2) × 10 −12 

Projected semimajor axis, x p (lt-s) .... 0.0573449(9) 0.620319(3) 0.732802(4) 
Epoch of ascending node, T asc (MJD) .... 58590.1382864(8) 58894.9663224(14) 60131.0203640(6) 
First Laplace-Lagrange parameter, ε1 = e sin ω .... 6(2) × 10 −5 5.8(2) × 10 −4 2.00(9) × 10 −4 

Second Laplace-Lagrange parameter, ε2 = e cos ω .... −3(30) 6.71(1) × 10 −4 −5(1) × 10 −5 

Derived parameters 

Spin period, P (ms) .... 2.2947270957020(2) 4.6081026384677(4) 3.2956166369462(7) 
First spin period deri v ati ve, Ṗ (s s −1 ) .... 2.207696(2) × 10 −19 −1.1457(2) × 10 −19 −3.3725(1) 
L.o.s. accel. from the cluster field, a l , GC (m s −2 ) .... 2.02(8) – −5(1) 
Intrinsic spin period deri v ati ve, Ṗ int (s s −1 ) .... 6.18 × 10 −20 – 1.87 × 10 −19 

Characteristic age a , τ c (yr) .... 5.87 × 10 8 – > 2.78 × 10 8 

Surface magnetic field a , B s (G) .... 3.81 × 10 8 – < 7.95 × 10 8 

L.o.s. jerk, ȧ l (m s −3 ), .... 1.880(5) × 10 −19 – –
Epoch of periastron, T 0 (MJD) .... 58590.19(1) 58895.053(2) 60131.170(3) 
Eccentricity, e .... 7(3) × 10 −5 8.8(2) × 10 −5 2.08(9) × 10 −4 

Longitude of periastron, ω ( deg ) .... 92(25) 40.7(8) 105(2) 
Mass function, f ( M p ) (M �) .... 4.7951(2) × 10 −6 4.2723(6) × 10 −4 1.62921(2) × 10 −3 

Minimum companion mass, M c, min (M �) .... 0.02081 0.09633 0.1545 
Median companion mass, M c, med (M �) .... 0.0241 0.1120 0.1804 

Notes . The companion mass is calculated assuming a pulsar mass of 1.4 M �. The time units are TDB, the adopted terrestrial time standard is TT(BIPM2019) 
and the Solar System ephemeris used is JPL DE421 (Folkner et al. 2009 ). Numbers in parentheses represent 1 σ uncertainties in the last digit. The DM values 
were obtained using PDMP . a Calculated using Ṗ int where it was available. 
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s to obtain measurements of the proper motion of the pulsar:
αcos δ = −4.72(8) mas yr −1 and μδ = −3.7(6) mas yr −1 , the second

pin frequency deri v ati ve f̈ = −8 . 1(3) × 10 −27 Hz s −2 , and the third
requency deri v ati ve f (3) = 4.5(4) × 10 −35 Hz s −3 . 

.1.4 M62D 

62D is a binary pulsar with an orbital period of 1.1 d and
 M c, min = 0.1 M �. Our measured values of the position α =
7 h 01 m 13 . s 55601(6) and δ = −30 ◦06 ′ 42 . ′′ 877(4) are ∼5 σ and ∼4 σ
rom the values previously published by Lynch et al. ( 2012 ),
espectively. This corresponds to a 0.33 arcsec angular offset between 
he two positions. Moreo v er, our estimate of the eccentricity ( e =
.56 × 10 −6 ), longitude of periastron [ ω = 107.2(2) deg ], and
rojected semimajor axis [ x p = 0.9880515(8) lt-s], are all ∼6 σ away
rom the previous measured values. The long-term timing solution 
lso allow us to obtain measurements of the proper motion of the
ulsar: μαcos δ = −5.20(7) mas yr −1 and μδ = −2.2(5) mas yr −1 , as
ell as the second spin frequency deri v ati ve f̈ = −6 . 17(4) × 10 −26 

z s −2 . 

.1.5 M62E 

62E is an eclipsing black widow with an orbital period of ∼3.8
 and a light companion mass M c, min = 0.03 M �. For this pulsar,
e also use a BTX binary model compared to an ELL1 from Lynch

t al. ( 2012 ), making use of 10 orbital frequency deri v ati ves (see
able 4 ). From this, we measure the rate of change of the orbital
eriod Ṗ b = −1 . 3(2) × 10 −11 . The long-term timing solution also
llow us to obtain measurements of the proper motion of the pulsar:
MNRAS 530, 1436–1456 (2024) 
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Table 4. Timing parameters for the two eclipsing systems in M62 as obtained from fitting the observed ToAs with TEMPO2 , and for M62H as obtained using 
DRACULA . 

Pulsar M62B M62E M62H 

Right ascension, α (hh:mm:ss.s; J2000) .... 17:01:12.66786(5) 17:01:13.27554(4) 17:01:13.7881(5) 
Declination, δ (dd:mm:ss.s; J2000) .... −30:06:49.039(4) −30:06:46.869(4) −30:06:25.14(5) 
Proper motion in α, μαcos δ (mas yr −1 ) .... −4.92(7) −4.51(6) –
Proper motion in δ, μδ (mas yr −1 ) .... −3.2(5) −1.9(4) –
Spin frequency, f (s −1 ) .... 278.252964025804(15) 309.239709508853(3) 269.92298522974(6) 
First spin frequency deri v ati ve, ḟ (Hz s −1 ) .... 2.706912(10) × 10 −14 −2.9400470(13) × 10 −14 −2.760(3) × 10 −15 

Second spin frequency deri v ati ve, f̈ (Hz s −2 ) .... −5.9(3) × 10 −27 4.568(14) × 10 −26 –
Third spin frequency deri v ati ve, f (3) (Hz s −3 ) .... 8.5(6) × 10 −35 – –
Reference epoch (MJD) .... 55754.685 55550.236 59478.677 
Start of timing data (MJD) .... 51521.042 51521.006 58769.490 
End of timing data (MJD) .... 60131.036 60131.036 60131.032 
Dispersion measure, DM (pc cm 

−3 ) .... 113.46(3) 113.79(2) 114.70(3) 
Number of ToAs .... 713 759 62 
Weighted r.m.s. residual ( μs) .... 11.9 7.5 30.3 
S 816 (mJy) .... 0.78 0.88 0.05 
L 816 (mJy kpc 2 ) .... 53.48 60.62 3.39 
S 1284 (mJy) .... 0.47 0.23 0.05 
L 1284 (mJy kpc 2 ) .... 32.04 16.17 3.62 
Spectral index, β .... −1.13 −2.92 0.15 

Binary parameters 

Binary model .... BTX BTX BT 

Orbital period, P b (days) .... 0.144545416(1) 0.158477359(3) 0.132935028(8) 
Orbital frequency, f b (s −1 ) .... 8.007223182(6) × 10 −5 7.303298167(14) × 10 −5 –
First orbital frequency deri v ati ve, f (1) 

b (s −2 ) .... 4.80(9) × 10 −20 7(1) × 10 −20 –
Second orbital frequency deri v ati ve, f (2) 

b (s −3 ) .... 1.4(3) × 10 −28 1.2(2) × 10 −26 –
Third orbital frequency deri v ati ve, f (3) 

b (s −4 ) .... −1.4(6) × 10 −36 3(3) × 10 −35 –
Fourth orbital frequency deri v ati ve, f (4) 

b (s −5 ) .... −5(2) × 10 −44 −1.9(1) × 10 −41 –

Fifth orbital frequency deri v ati ve, f (5) 
b (s −6 ) .... 2.4(2.3) × 10 −52 −8.4(10) × 10 −49 –

Sixth orbital frequency deri v ati ve, f (6) 
b (s −7 ) .... 2.5(9) × 10 −59 −2.0(3) × 10 −56 –

Seventh orbital frequency deri v ati ve, f (7) 
b (s −8 ) .... −1.8(7) × 10 −67 −3.1(6) × 10 −64 –

Eighth orbital frequency deri v ati ve, f (8) 
b (s −9 ) .... −7(4) × 10 −75 −3.0(7) × 10 −72 –

Ninth orbital frequency deri v ati ve, f (9) 
b (s −10 ) .... 10(4) × 10 −83 −1.8(6) × 10 −80 –

Tenth orbital frequency deri v ati ve, f (10) 
b (s −11 ) .... −− −4(2) × 10 −89 –

Projected semimajor axis, x p (lt-s) .... 0.2527621(9) 0.0573450(9) 0.004908(6) 
Epoch of periastron, T 0 (MJD) .... 55000.0321376(4) 58590.1382864(8) 60129.86532(5) 

Derived parameters 

Spin period, P (ms) .... 3.59385212820244(3) 3.23373735406827(2) 3.704760451395(2) 
First spin period deri v ati ve, Ṗ (s s −1 ) .... −3.49618(2) × 10 −19 3.074423(2) × 10 −19 3.789(4) × 10 −20 

L.o.s. jerk, ȧ l (m s −3 ), .... 6(3) × 10 −21 −4.43(1) × 10 −20 –
Mass function, f ( M p ) (M �) .... 8.29849(8) × 10 −4 1.47578(3) × 10 −5 7.18(3) × 10 −9 

Minimum companion mass, M c, min (M �) .... 0.1216 0.03041 0.00236 
Median companion mass, M c, med (M �) .... 0.1417 0.0352 0.0027 

Note . The companion mass is calculated assuming a pulsar mass of 1.4 M �. The time units are TDB, the adopted terrestrial time standard is TT(BIPM2019) 
and the Solar System ephemeris used is JPL DE421 (Folkner et al. 2009 ). Numbers in parentheses represent 1 σ uncertainties in the last digit. The DM values 
were obtained using PDMP . 
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αcos δ = −4.51(6) mas yr −1 and μδ = −1.9(4) mas yr −1 , as well as
he second spin frequency deri v ati ve f̈ = −4 . 57(2) × 10 −26 Hz s −2 .

.1.6 M62F 

62F is classified as a non-eclipsing black widow with an orbital
eriod of ∼5 h and light companion mass M c, min = 0.02 M �. There
s no evidence of eclipses in any of the very sensitive MeerKAT
bservations, supporting the non-eclipsing nature of the source (see
ection 5 for a discussion). We obtained the measurement of the rate
f change of the orbital period Ṗ b = 1 . 23(5) × 10 −12 . The long-term
NRAS 530, 1436–1456 (2024) 
iming solution also allows us to obtain measurements of the proper
otion of the pulsar: μαcos δ = −5.56(9) mas yr −1 and μδ = −2.2(6)
as yr −1 , as well as a significant second spin frequency deri v ati ve
 ̈= −2 . 733(7) × 10 −25 Hz s −2 . 

.2 Pulsars with MeerKAT timing solutions 

e obtained coherent timing solutions for three of the recent pulsar
isco v eries made with MeerKAT , namely M62G, M62H, and M62I,
sing the MeerKAT data spanning o v er 3 yr. The timing residuals for
hese three pulsars as a function of MJD are shown in the bottom
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Figure 2. Timing residuals as a function of time obtained using Parkes ‘Murriyang’, Effelsberg , and MeerKAT data for all the previously known pulsars using 
a data span of o v er 23 yr (M62A–F), and for the newly disco v ered pulsars with only MeerKAT solutions (M62–M62I) using a data span of o v er 3 yr. The blue 
points indicate ToAs from Parkes ‘Murriyang’ , the orange are from Effelsberg , while the green and pink points show the ToAs from MeerTime and TRAPUM, 
respectively. 
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15 The MeerKAT observations did not co v er the orbital phases between 0.38 
and 0.52 (Fig. 3 c). 
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hree panels of Fig. 2 , and as a function of orbital phase in the
orresponding panels of Fig. 3 . We discuss the results in the following
ubsections. 

.2.1 M62G 

62G is a pulsar in a binary system with an orbital period of ∼18.6
 and a M c, min = 0.1 M �. A partial-phase connection timing solution
or this pulsar was previously reported in (Ridolfi et al. 2021 ). To
uild the timing solution presented here, we extracted ToAs for 
very 20 min from all of the MeerKAT observations. The ToAs 
ere then fit to the ephemeris available from the partial-coherent 

olution. Since phase connection was not achieved at this point, we 
ade use of the so-called ‘jumps’ technique, introducing arbitrary 

hase jumps between the different observing epochs to refine the 
rbital parameters. We then remo v ed as many arbitrary jumps as
ossible by estimating the exact number of phase rotations between 
he T oAs. W e obtained a full- MeerKAT timing solution after a few
terations of the same procedure. Our measurements agree with the 
reliminary values given in Ridolfi et al. ( 2021 ), except that our
easurement of the eccentricity e = 8.8(2) × 10 −5 is about one

rder of magnitude smaller. Additionally, measured the value of 
he longitude of periastron ω = 40 . 7(8) deg for the first time. Our
bservations co v ered around 90 per cent of the orbit, 15 and we do
ot see any significant delays in the ToAs around the eclipse region;
e therefore agree with the hypothesis that the companion is likely
 white dwarf. 

.2.2 M62H 

o build the timing solution for M62H, we first obtained ToAs
very 10 min for all the observations from the orbital campaign.
hese were then fit with a pulsar model containing the spin fre-
uency and orbital parameters ( P , x p , P b , and T 0 ) derived using
MNRAS 530, 1436–1456 (2024) 
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Figure 3. Timing residuals as a function of orbital phase obtained using Parkes ‘Murriyang’, Effelsberg , and MeerKAT data for all the previously known pulsars 
(M62A–F), and for the newly disco v ered pulsars with only MeerKAT solutions (M62G–I). The ToAs for pulsars M62B and M62E show delays around superior 
conjunction, these are caused by eclipses. The blue points indicate ToAs from Parkes ‘Murriyang’ , the orange are from Effelsberg , while the green and pink 
points show the ToAs from MeerTime and TRAPUM, respectively. 
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IT CIRCULAR ORBIT.PY , and the localization from SEEKAT . Once
e had the local timing solution from the orbital campaign, we then

e-folded the MeerKAT data using this ephemeris. 
This pulsar was detected with low S/N in the majority of the
eerTime observations, since those were pointed either towards the

osition of M62B or M62G. Consequently, we could only obtain a
aximum of three ToAs per observation. Furthermore, the TRAPUM

ata pro v ed to be sparse, prev enting us from obtaining a coherent
iming solution throughout the MeerKAT data set in the first place.
herefore, we used the DRACULA code based on TEMPO 

16 (Nice et al.
015 ) that is especially useful for sparse data sets. This allowed us
o determine a phase-connected timing solution for all the MeerKAT
ata (see Table 4 ). The algorithm returned one possible solution with
 reduced χ2 smaller than two after fitting for the position, spin
eriod and spin period deri v ati ve, and orbital parameters. We note
hat the position obtained with this solution is within the 1 σ error
NRAS 530, 1436–1456 (2024) 

6 https:// tempo.sourceforge.net/ 

t  

M  

O  

2  
rom SEEKAT (see Fig. 1 ). The algorithm returned an orbital period
f P b = 0.132935028(8) d and a projected semimajor axis of x p =
.004908(6) lt-s. Assuming a pulsar mass of 1.4 M �, we obtain a
inimum companion mass of only 0.00236 M � (2.5 M J ), indicating

hat the companion is one of the lightest known. There is no evidence
or eclipses in any of the observations, suggesting that this pulsar can
est be classified as a non-eclipsing black widow. 

.2.3 M62I 

e followed a similar procedure as for M62H to build the timing so-
ution for M62I. We obtained ToAs every 10 min for the observations
rom the orbital campaign and fit them with a pulsar model derived
sing FIT CIRCULAR ORBIT.PY . Once we had a timing solution from
he orbital campaign, we then re-folded the MeerKAT data using
his ephemeris. Following a similar procedure as for the timing of

62G, we obtained the phase-connected solution shown in Table 3 .
ur measurements show that the eccentricity of this system [ e =
.08(9) × 10 −4 ] is small but non-zero. We also measure the longitude

https://tempo.sourceforge.net/
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f periastron ω = 105(3) deg and a loose constraint on the rate of
hange of the orbital period Ṗ b = −7(2) × 10 −12 . M62I is located
t α = 17 h 01 m 12 . s 726(2) and δ = −30 ◦06 ′ 50 . ′′ 55(2), which places it
.07 arcmin south-east of the cluster centre as shown in Fig. 1 . 

.3 Pulsars without full timing solutions 

.3.1 M62J 

e only have the two UHF detections of pulsar M62J and therefore
e are currently unable to obtain a timing solution. 

.4 Proper motion 

he ∼23.5-yr timing baseline provided by the Parkes ‘Murriyang’ 
nd MeerKAT data enabled us to obtain measurements of the proper 
otion for all of the pulsars with long-term timing solutions (M62A-
) shown in Tables 2 –4 . In Fig. 1 , we show the angular offsets
f the pulsars in the sky with respect to the centre of the cluster.
he direction and distance travelled by the pulsars in 1000 yr are

epresented by the black arrows. 
The proper motion of the entire M62 cluster has been estimated 

y Vasiliev & Baumgardt ( 2021 ) utilizing data from the Gaia Early
ata Release 3, as μαcos δ = −4.98(3) mas yr −1 and μδ = −2.95(3)
as yr −1 , for a total proper motion of 5.78(4) mas yr −1 . The proper
otion of the cluster is shown as the black arrow in the bottom left

orner of Fig. 1 . 
The μδ measured from the timing solutions for most of the pulsars

re around 1 σ from the value of the GC. Ho we v er, an e xception
s M62E, with μδ = −1.9(4) mas yr −1 , corresponding to a 2.6 σ
eviation. In the case of the μα values for pulsars M62B-D, the 
eviations remain within 3 σ away from the value of the cluster. On
he contrary, pulsars M62A, E and F exhibit significant deviations, 
t 4.3 σ , 6.1 σ , and 7.0 σ away from the Gaia measurement. We note
hat the errors for μδ are larger than the ones for μαcos δ. This is due
o the fact that M62 is very close to the ecliptic plane. 

We calculate the (unweighted) average proper motion from all 
ulsars in M62 as μαcos δ = −5.0(2) mas yr −1 , which is coincident
ith the GC value, and μδ = −2.6(2) mas yr −1 , indicating a 1.8 σ
ifference from the average value. We note that all of the pulsars are
oving in the same general direction of the cluster, but apparently, 

he declination component is larger. 
Considering a distance of the cluster as in Section 1 , the total

roper motion implies that the pulsars are moving with transverse 
elocities in the range of ∼139–171 km s −1 . The pulsars’ proper
otions relative to the cluster suggest relativ e transv erse v elocities

n the range of 2–26 km s −1 at the 1 σ level. This is well within
he estimated central escape velocity of the cluster of ∼59.3 km s −1 

value from Baumgardt’s catalogue; Baumgardt & Hilker 2018 ). 

.5 Spin period deri v ati v es 

.5.1 First spin period derivative 

ulsars in GCs can be influenced by several acceleration effects, 
eading to modifications to the intrinsic ( Ṗ int ) to give the observed
eriod deri v ati ve ( Ṗ obs ). We can use the follo wing equation to
ccount for these effects and determine (or constrain, depending on 
he case), the intrinsic period deri v ati ve (Damour & Taylor 1991 ), 
(

Ṗ 

P 

)
= 

(
Ṗ 

P 

)
+ 

a G + a GC + a PM 

c 
, (1) 
obs int 
he different types of accelerations contributing to the observed 
eriod deri v ati ve are as follo ws: the dif ference between the ac-
elerations of the Solar System and the cluster in the field of the
alaxy, denoted as a G ; the line-of-sight component of the pulsar’s

cceleration caused by the gravitational field of the cluster, denoted as 
 GC ; the centrifugal acceleration arising from the transverse Doppler 
ffect, associated with the proper motion of the pulsar μ (where 
 PM 

= μ2 D and D represents the distance between the GC and Earth;
hklovskii 1970 ). 
We calculate the acceleration imparted by the Galaxy to M62, 

sing equations 16 and 17 in Lazaridis et al. ( 2009 ), the coordinates
f M62, and using the values of the Solar motion in the Galaxy  0 =
40.5(4) km s −1 , R 0 = 8.27(3) kpc (GRAVITY Collaboration 2021 ;
uo et al. 2021 ), as a G ≈ 4.78 × 10 −10 m s −2 . The Shklovskii effect

s computed as ≈ 1.38 × 10 −10 m s −2 using the reported proper
otion of M62 in Vasiliev & Baumgardt ( 2021 ) and the same cluster

istance as stated in Section 1 . Since M62 is believed to be a core-
ollapsed or close to core-collapsed cluster, we cannot use analytical 
nd numerical models to estimate the line-of-sight acceleration of 
he pulsar in the gravitational field, so we can obtain an estimate to
ithin 10 per cent accuracy using the relation from Phinney ( 1992 ,
993 ), as follows: 

ax 
| a GC | 

c 
� 

3 

2 c 

σ 2 
v √ 

r 2 c + r 2 psr 

(2) 

or r psr < 2 r c , where σ v is the central velocity dispersion, r c is the
ore radius, and r psr is the projected distance of the pulsar from the
entre of the cluster. We use r c = 7 . ′′ 9, σ v = 14.8 km s −1 , and a
istance D = 6.03 kpc from Baumgardt’s catalogue. 
We then calculate the maximum line of sight acceleration of the

ulsars in terms of Ṗ obs using the following equation: 

 l, max = 

(
Ṗ 

P 

)
obs 

c − μ2 D − a G . (3) 

he resulting values are displayed as black triangles pointing 
ownwards in Fig. 4 and represent an upper limit on the cluster
cceleration. 

The maximum line-of-sight acceleration due the cluster potential, 
 l, GC , max , is represented by the solid line in Fig. 4 assuming the same
odel of equation ( 2 ). All of the pulsars have values of a l, max that

re smaller than the model a l, GC , max for the line of sight. 

.5.2 Second spin frequency derivatives 

or most of the pulsars with long-term timing solutions in M62, the
econd spin frequency deri v ati ves are significant. Yet, notably, most

SPs disco v ered within the Galactic disc exhibit undetectable timing 
oise. This leads to the hypothesis that the substantial second spin
requency deri v ati ves observed in pulsars within GCs likely mirror
heir line-of-sight ‘jerk’, denoted by ̇a l , which can be calculated using
he following equation (Joshi & Rasio 1997 ), 

ȧ l 

c 
= 

(
ḟ 

f 

)2 

− f̈ 

f 
. (4) 

Our line-of-sight jerk measurement for the pulsars with significant 
 ̈ values are reported in T ables 2 –4 . W e can then estimate the
aximum line-of-sight jerk induced by the motion of the pulsar 

n the field of the cluster ȧ l, GC , max and the corresponding f̈ ( f̈ max ) in
erms of the maximum velocity of the pulsar relative to the cluster,
MNRAS 530, 1436–1456 (2024) 
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Figure 4. Line-of-sight acceleration as a function of the total angular offset 
from the centre of the cluster ( θ⊥ ) for pulsars with timing solutions in 
M62. Upper limits for the accelerations of the MSPs are shown as the 
black triangles, determined from Ṗ obs . The measurements of the line-of- 
sight accelerations for pulsars determined from Ṗ b , obs (where available) are 
shown as the blue points and error bars. For most of the pulsars these errors 
are very small as determined by their timing solutions. The maximum and 
minimum acceleration ( a l , GC, max ) along the line of sight predicted by using 
equation 2 are shown as the black solid lines. The core radius is indicated by 
the vertical dashed line. The shaded area highlights the region > 2 r c where 
the approximation of the same equation is only valid to 50 per cent. 
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 l, max , using the following equation (Freire et al. 2017 ): 

ȧ l, GC , max (0) 

c 
= − f̈ max 

f 
= −4 πGρ(0) v l, max 

3 c 
. (5) 

s an estimate of v l, max , we use the same value of σ v and the core
ensity ρ(0) = 8.5 × 10 5 M � pc −3 from Baumgardt’s catalogue (see
bo v e). We then obtain ȧ l, GC , max (0) = −2 . 38 × 10 −19 m s −2 . All of
he pulsars have line-of-sight jerks that are smaller than our estimate
 ̇a l, GC , max | for their line of sight, we can therefore attribute the jerks
easurements to the mo v ement of the pulsars in the mean field of

he cluster. 

.5.3 Third spin frequency derivatives 

he third and higher spin frequency deri v ati ves can only be caused by
he gravitational field of nearby stars (see e.g. Blandford, Romani &
pple gate 1987 ; Phinne y 1993 ; Joshi & Rasio 1997 ; Freire et al.
017 ). Pulsars M62B and M62C both have significant measurements
f f (3) which could indicate the influence of nearby stars. 

.6 Orbital period deri v ati v es 

e can also obtain an estimate of the line-of-sight acceleration from
he gravitational field of the cluster in terms of the orbital period P b ,
nd the observed orbital period deri v ati ve Ṗ b , obs as follo ws: 

 GC = 

Ṗ b , obs 

P b 
c − μ2 D − a G . (6) 

This is true in the case of pulsars where the intrinsic variation of
he orbital period Ṗ b , int should be dominated by energy loss due to
NRAS 530, 1436–1456 (2024) 
he emission of gravitational waves and is expected to be very small.
o we ver, this is unlikely to be the case for the eclipsing systems,
here the presence of higher orbital frequency deri v ati ves allo ws a
escription of the orbital beha viour, b ut the model should be seen
s a display of the unpredictable orbital variability (see e.g. Ridolfi
t al. 2016 ; Freire et al. 2017 ). 

The accelerations measured in terms of Ṗ b , obs are presented in
ables 2 –4 , and are also shown as the vertical blue error bars in Fig.
 . All these accelerations have similar values as the measured a l, max 

see Fig. 4 ), except for the case of the two eclipsing pulsars. We
ttribute this to the unpredictable variations in the orbital period with
ime as seen for other eclipsing systems (see e.g. Freire et al. 2017 ;
rager et al. 2017 ). 

.7 Intrinsic spin period deri v ati v es 

e notice that the measured values of a l, GC (for the non-eclipsing
inaries) tend to be slightly smaller than a max . The difference is
ikely due to the contribution from Ṗ int , we can then derive Ṗ int by
ombining equations ( 1 ) and ( 6 ), considering that the Ṗ b , int is small, 

˙
 int = Ṗ obs − Ṗ b , obs 

P b 
P . (7) 

he resultant Ṗ int are presented in Tables 2 and 3 . We then explicitly
alculate the characteristic ages, τc = P / (2 Ṗ int ), and the surface
agnetic fields B 0 = 3 . 2 × 10 19 

√ 

P Ṗ . These are also presented in
ables 2 –4 . 

.8 Possible X-ray counterparts and location in the cluster 

ig. 1 shows the positions of all pulsars (as black dots) and the X-
ay sources from Oh et al. ( 2020 ; purple dots) known in the cluster
elative to its centre. Using our best positions we find that none of
he pulsars are clearly coincident with any of the X-ray sources. 

Cocozza et al. ( 2008 ) claimed the association of M62B with an X-
ay source located at α = 17 h 01 m 12 . s 70, δ = −30 ◦06 ′ 49 ′′ 08 with an
rror box of 0.7 arcsec; this position is 0.42 arcsec away from our best
osition of M62B. Ho we ver, Oh et al. ( 2020 ) added more Chandra
ata and obtained a position of the source which places it 0.02 arcsec
urther away from our measurement, with an error of 0.056 arcsec
n right ascension and 0.051 arcsec in declination. We then find a
ositional offset between M62B and the s22 Xray source of 0.463(2)
rcsec. Due to the presence of several spin frequency deri v ati ves and
rbital frequency deri v ati ves, there might be a covariance with the
bsolute timing position. In order to verify this non-association, we
e-fitted our timing solution using the position of the s22 Xray source.
o we ver, there is a clear sinusoidal shape in our residuals typical of
 position error, supporting the non-association. Oh et al. ( 2020 ) also
uggested that M62C was coincident with the X-ray source s10. We
nd the offset between M62C and source s10 is 0.814(2) arcsec, and
o we find an association to be unlikely. 

In Table 5 , we report the angular offsets of all pulsar positions
n the sky relative to the centre of the GC. The projected distances
 r ⊥ 

) were calculated using the most recent GC parameters from
aumgardt’s catalogue, and are also reported in Table 5 . Pulsars
62B, E, F, and I are found within the GC core (0.13 arcmin), while

ulsars M62A, C, G, H, and J are outside the core but within the half-
ight radius. Moreo v er, all of the pulsars are well within the distance
f M62H to the centre of the cluster of 0.42 arcmin. This distance
orresponds to approximately 27 per cent of the cluster’s half-mass
adius, measuring 1.66 arcmin. The observed pulsar distribution is
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Table 5. Pulsar offsets from the centre of M62. 

θ⊥ 
θα

a θδ
a r ⊥ 

Pulsar (arcmin) (arcmin) (arcmin) ( θ c ) (pc) 

A −0.1053 0.3006 0.32 2.43 0.56 
B −0.0710 −0.0139 0.07 0.55 0.13 
C −0.0285 −0.1875 0.19 1.45 0.33 
D 0.1211 0.0888 0.15 1.16 0.26 
E 0.0604 0.0223 0.06 0.49 0.11 
F −0.0376 −0.0588 0.07 0.53 0.12 
G 0.1932 0.1153 0.23 1.72 0.39 
H 0.1713 0.3843 0.42 3.21 0.74 
I −0.0585 −0.0390 0.07 0.54 0.12 
J 0.1827 −0.0399 0.06 0.47 0.11 

Note . a The uncertainties are much smaller than the uncertainty of the GC’s 
centre, assumed to be exactly as indicated in Fig. 1 , except for the case of 
M62J. The 1 σ errors for this pulsar are θα = 0.3 arcmin and θδ = 0.3 arcmin. 
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imilar to the dynamically relaxed pulsar population in GCs like 47 
uc, which goes to about three core radii. Unlike what is observed

n most core-collapsed GCs (Verbunt & Freire 2014 ), there are no
ulsars farther out that show signs of recent recoils from exchange 
ncounters. We searched MeerKAT beams out to a radius of 3 arcmin,
o this is not a selection effect. 

.9 Flux densities 

he flux densities at ∼1284 MHz ( S 1284 ) of all the pulsars and
heir pseudo-luminosities ( L 1284 ≡ S 1284 D 

2 ) are calculated using 
he radiometer equation (Dewey et al. 1985 ) and using the same
luster distance as established in Section 1 . To calculate the system
qui v alent flux density, we then use a system temperature T sys 

 31.3 K, which includes the sky temperature at the cluster centre,
stimated using the PYTHON implementation of the Global Sky Model 
GSM2008) of de Oliveira-Costa et al. ( 2008 ) from the radio sky
YGSM , 17 T sky = 8.8 K; the atmosphere plus the ground spillo v er
emperature T atm + spill ( ∼4.5 K at 45 ◦ ele v ation); 18 the recei ver
emperature T rec = 18 K; and the gain of the telescope G = 2.62
 Jy −1 (for the MeerKAT array observations using 60 antennas). To 

ccount for the various sensitivity losses due to signal processing and 
igitization, we assumed a correction factor of 1.1. The flux densities
nd the pseudo-luminosities were determined using the widths and 
/N values of the integrated pulse profiles from the top panels of Fig.
 for the case of the previously known pulsars and of Fig. 6 for the
ecently disco v ered pulsars. The profiles were obtained by summing 
ogether (without including weights) all the TRAPUM data from 

he beams that pointed directly at the positions of the pulsars, using
SRADD from the PSRCHIVE package, giving a total of 22.4 h. We
xcluded all subintegrations in time or frequency that are corrupted 
y significant RFI in order to increase the S/N. For the eclipsing
ulsars (M62B and M62E), we also excluded the subintegrations 
here the signal of the pulsar is eclipsed. 
For the case of M62H and M62I, the profiles were obtained by

ombining all TRAPUM observations to increase the S/N. However, 
he S/N and the pulse width values used to calculate S 1284 and L 1284 

ere obtained using only the observations from the orbital campaign, 
umming together a total of 10 h. This was done in order to have a
7 https:// github.com/ telegraphic/ PyGSM 

8 https:// skaafrica.atlassian.net/ rest/ servicedesk/ knowledgebase/ latest/ 
rticles/ view/ 277315585 

U  

1

a

ore realistic measurement of the S/N, since for the other MeerKAT
bservations, none of the beams were directly pointing towards their 
ositions. We could not obtain an L-band profile for M62J, since we
o not hav e an y detections at this frequenc y. Nev ertheless, upper
imits for its flux density and pseudo-luminosity were obtained, 
ssuming a S/N of 3 and the same pulse width as measured at UHF
see below). 

For comparison, the 816 MHz flux densities and their pseudo- 
uminosities were also obtained following a similar procedure, but 
onsidering a T sys = 46.5 K, which includes the sky temperature at
he cluster centre estimated using PYGSM (see abo v e), T sky = 20 K; the
tmosphere plus the ground spillo v er temperature T atm + spill ( ∼6.5 K
t 45 ◦ ele v ation); 19 the recei ver temperature T rec (18 K); and the gain
f the telescope G = 2.62 K Jy −1 (for the MeerKAT array observations
sing 60 antennas), and using the UHF TRAPUM data of the two
bservations summing a total of 3 h (without including weights) 
rom the beams that pointed directly to the position of all the pulsars,
xcept for M62F and M62H-J. For M62F, the data from the beam of
he first observation pointing to the pulsar’s position was corrupted. 
herefore, the UHF profile includes only the 2 h of the follow-up
HF observation (see Table 1 ). For pulsars M62H-J we used the data

rom the beams that were pointed closest to their position. M62J was
etected only in the full hour of the first UHF observation and in a 30
in segment of the follow-up UHF observation, giving a total of 90
in. The average UHF pulse profiles are shown in the bottom panels

f Figs 5 and 6 . The profiles at the two different frequencies were
ligned by using a cross-correlation method. 

The results for the pulsars with timing solutions are shown in
ables 2 –4 . For M62J, we estimate the mean flux density at S 816 =
.08 mJy and L 816 = 5.19 mJy kpc 2 . At L-band, we calculated the
pper limits of the mean flux density and the pseudo-luminosity using
 S/N = 3 and the same pulse width as in UHF to be S 1284 < 0.02
Jy and the pseudo-luminosity L 1284 < 1.28 mJy kpc 2 , obtaining a

pectral index β < −3.09. 

.9.1 Profile widths and shapes 

o measure the observed pulse width at 10 per cent and 50 per cent
f the peak intensity (referred to as W10 and W50, respectively), we
gain used the template we formed to perform the timing analysis. We
tilized the concentration parameter obtained from the best-fitting 
ombination of von Mises functions and the FITVONMISES function 
rom the PSRSALSA software (Weltevrede 2016 ) for this purpose. 
o quantify the error associated with the width measurement, we 
imulated 1000 realizations of each profile using the off-pulse 
oise statistics derived from the average profile. Subsequently, we 
epeated the von Mises fitting process for each simulated profile and
etermined the pulse width in each case. The error on the width
easurement was estimated from the distribution of width values 

btained from these simulations. The resulting widths and errors 
re shown in Table 6 . We describe below the profile shapes and the
requency dependence of each of the pulsars to be used for future
onsideration of MSP pulse profile shapes. 

Pulsar M62A has a complex pulse profile characterized by three 
istinct peaks across its main pulse. These peaks are visible in both
-band and UHF frequencies. Notably, the second and third peaks are
ore prominent at UHF frequencies, indicating profile evolution. The 
HF profile is ∼3 times wider than at L-band at 50 per cent of pulse
MNRAS 530, 1436–1456 (2024) 

9 https:// skaafrica.atlassian.net/ rest/ servicedesk/ knowledgebase/ latest/ 
rticles/ view/ 277315585 

https://github.com/telegraphic/PyGSM
https://skaafrica.atlassian.net/rest/servicedesk/knowledgebase/latest/articles/view/277315585
https://skaafrica.atlassian.net/rest/servicedesk/knowledgebase/latest/articles/view/277315585
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M

Figure 5. Integrated pulse profiles for all of the pre viously kno wn pulsars using both L-band (1284 MHz) and UHF (816 MHz) data from TRAPUM. All 
profiles show one full rotation of the pulsar with 64 phase bins. Their spin periods are indicated. The length of the horizontal bar indicates the ef fecti ve time 
resolution of the system, relative to each pulsar’s spin period. 

Figure 6. Integrated pulse profiles for recent discovered pulsars using both L- 
band (1284 MHz, except for M62J) and UHF (816 MHz) data from TRAPUM. 
All profiles show one full rotation of the pulsar with 64 phase bins. Their spin 
periods are indicated. The length of the horizontal bar indicates the ef fecti ve 
time resolution of the system, relative to each pulsar’s spin period. 
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Table 6. Pulse widths at 50 per cent (W50) and 10 per cent (W10) measured 
at L-band and UHF in degrees of rotation by fitting von Mises functions to the 
average profiles which are then used to estimate the pulse duty cycle W50/P. 

Pulsar No. Freq W50 W10 W50/P 
Comp (MHz) (deg) (deg) (per cent) 

A M 1300 29(21) 100.3(7) 8.1 
M 816 88.8(8) 135(2) 24.7 

B M 1300 30.3(1) 83.3(4) 8.4 
M 816 40.2(5) 114(2) 11.2 

C M 1300 20.3(4) 168(6) 5.7 
M 816 30.6(4) 225(6) 8.5 

D M 1300 42.3(2) 125.8(6) 11.8 
M 816 103.8(6) 168(2) 28.8 

E M 1300 27.1(1) 67(1) 7.5 
M 816 52.7(5) 127(2) 14.7 

F S 1300 53.3(5) 103.1(9) 14.8 
M 816 73(2) 127(3) 20.3 

G M 1300 54(2) 241(3) 15.2 
M 816 63(2) 247(5) 17.5 

H M 1300 66(2) 122(8) 18.4 
M 816 72(11) 153(14) 20.06 

I M 1300 31(2) 105(44) 8.2 
M 816 43(5) 104(16) 12.0 

J M 816 122(8) 172(9) 33.84 

Note . The profile can either be fitted with a single (S), or multiple (M) 
component model. 
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aximum, due to the increase of the trailing component. The profile
f M62B, on the other hand, is composed by one peak but has a broad
eature preceding the main pulse, which is somewhat more prominent
t L-band than at UHF. At 50 per cent of the pulse maximum, the
HF profile is ∼1.3 times wider than the L-band profile. This pulsar

s the brightest at L-band, with a pseudo-luminosity L 1284 = 17.70
Jy kpc 2 . 
The profile of pulsar M62C has four clear peaks across the main

ulse, with the first peak being the most prominent, followed by the
ourth, third, and second peaks in consecutive order. These peaks are
isible in the UHF profile as well, although the prominence of the
hird peak diminishes, and the second peak becomes more prominent
NRAS 530, 1436–1456 (2024) 
t lower frequencies. The width at 50 per cent of pulse maximum in
he UHF profile is ∼1.5 times that of the L-band. Pulsar M62D
howcases a similarly intricate profile with two main peaks, with the
rst being the most prominent of the two. TRAPUM observations
eveal a broad feature preceding the main pulse. Notably, the second
eak is more prominent at UHF, and the profile is ∼2.5 times wider
t 50 per cent of pulse maximum at 816 MHz. This pulsar is the
rightest of the pulsars at UHF ( L 816 = 52.83 mJy kpc 2 ) and is the
ulsar with the steepest spectral index β = −4.04. 
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Figure 7. Top panel: Timing residuals as a function of orbital phase for the 
eclipsing binary pulsar M62B. The different colours indicate the different 
epochs at 962–1605 MHz. Middle panel: Timing residuals and excess DM 

measured simultaneously at 962–1284 MHz (blue) and 1285–1605 MHz 
(pink). The eclipse regions at both subbands are highlighted co v ering the 
respective orbital phases. Bottom panel: Timing residuals and excess DM 

measured simultaneously at 612–816 MHz (green) and 817–1020 MHz 
(yellow). The eclipse regions for the different subbands are highlighted in 
the same colours by co v ering the respective orbital phases. 
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The profile of M62E can be described as a single peak with what
ould be assumed to be a scattering tail, observable at both L-band
nd UHF frequencies, longer at lower frequency, as expected from 

cattering since it is strongly frequency dependent (i.e. ∝ ν−4 ). 
pparent scattering tails can be seen in some of the pulsars, but

his effect is more evident for pulsar M62E. At 50 per cent of the
ulse maximum, this profile is approximately 1.9 times wider in 
HF than in L-band, which is lower than the expected value from

cattering. We then use the PyGEDM: Galactic Electron Density 
odels 20 to estimate the scattering time-scales. The YMW16 model 

Yao, Manchester & Wang 2017 ) predicts the scattering time-scale 
t 1 GHz and at the highest DM (DM value of pulsar M62A, 114.98
c cm 

−3 ) could be as much as 83 μs, whereas the NE2001 model
Cordes & Lazio 2002 ) estimates (also at 1 GHz) this could be as
uch as 18 μs at UHF, which represents only 0.4–2 per cent of the

verage spin period of pulsars in M62 and therefore scattering is
nlikely to be affecting these profiles according to these models. 
o we ver, these scattering estimates are very uncertain since b =
.317 ◦. The fact that not only M62E but M62A, M62B, M62D and
62F also show exponential tails in their profiles can be an indication

f the presence of scattering. Ho we ver, due to the dispersion smearing
resent in this data set, we cannot constrain this well and leave it for a
ore detailed future study. The profile of pulsar M62F displays some 

nresolved features in the L-band profile, whereas the profile in UHF 

s noisier, since it was obtained using only 2 h from the second UHF
bservation (see Table 1 ). The UHF profile at 50 per cent of pulse
aximum is ∼1.4 the width at L-band. 
M62G is the pulsar with the most complex profile in M62, showing

ve peaks in the main profile at L-band frequencies, with the central
eak being the most prominent. The same peaks are observed at 
HF, with an additional peak noticeable after the most prominent 
ne. The profile then shows evolution, and the width at 50 per cent of
he pulse maximum is approximately 1.2 times that of L-band. The 
-band profile of pulsar M62H consists of a central peak, preceded 
y two peaks and followed by one. The W50 at this frequency is
pproximately the same as at UHF. Ho we ver, conclusi ve details can
ot be determined due to the low S/N of the profile at UHF. The
-band profile of M62I displays a main pulse at around phase 0.4
nd an inter-pulse at around phase 0.7. The main component also 
hows two broad features both preceding and following the main 
ulse. The profile at UHF is noisier but all these components are
till visible. The W50 at UHF is approximately 1.4 times that of the
-band. Finally, the profile of M62J is not well resolved, due to the
ery low S/N. We estimate a width at 50 per cent of pulse maximum
t UHF of 121(7) deg . 

In summary, we note that all profiles are broader at 50 per cent
f pulse maximum at UHF than at L-band ranging from ∼1 (for the
ase of M62H), up to a maximum factor of ∼3 for M62A. As can be
een in the horizontal bars indicating the ef fecti ve time resolution in
igs 5 and 6 , this is not an instrumental effect. 

.10 Eclipses of M62B and M62E 

ulsars M62B and M62E are black widow and redback systems, 
espectiv ely, and the y e xhibit eclipses. Here we use the sensitive,
ide-band, and multifrequency MeerKAT data to study their eclipses. 
ur data set consists of 23 epochs at the central frequency of 1284
Hz, and two epochs at the central frequency of 816 MHz. The

wo frequency bands were subdivided into two subbands to study the 
0 https:// apps.datacentral.org.au/ pygedm/ 

3  

d  

e  
requency dependencies of the eclipsing behaviour. We discuss the 
esults for both pulsars in the following subsections. 

.10.1 M62B 

.10.1.1 L-band The timing residuals shown in Fig. 7 were gener-
ted using an ephemeris based on the out-of-eclipse ToAs using 
EMPO2 (see Table 4 ) for the 23 observing epochs (denoted by
ifferent colours) as a function of orbital phase. These are presented
n the top panel of Fig. 7 . The specific regions of the eclipse that
hese observations co v ered are listed in Table 1 . Delays of ∼1 ms
n the ToA can be seen before, after and through the eclipse. The
clipse region is defined by those ToAs which deviate by more than
 σ abo v e the mean value of the out-of-eclipse ToAs. The maximum
elay during the eclipse is ∼1.5 ms at a phase of ∼0.24. Ingress and
gress transitions are spread o v er a range of orbital phases, with the
MNRAS 530, 1436–1456 (2024) 
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Figure 8. Top panel: Timing residuals as a function of orbital phase for the 
eclipsing binary pulsar M62E. The different colours indicate the different 
epochs at 962–1605 MHz. Bottom panel: Timing residuals and excess DM 

measured simultaneously at 9621–1284 MHz (blue) and 1285–1605 MHz 
(pink). The eclipse regions at both subbands are highlighted in the same 
colours by co v ering the respective orbital phases. 
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ngress starting at orbital phase ∼0.16 and egress ending at ∼0.38,
iving a total span of the eclipse of approximately 22 per cent of the
rbit. 
Using the mass function from our timing solution, f ( M p , M c ) =

.29849(8) × 10 −4 M �, assuming a pulsar mass M p = 1.4 M � and
n inclination angle i = 60 ◦, we then obtain a companion mass M c 

0.13 M �. The separation of the binary components corresponds
o an eclipsing region with physical size of R E ∼0.87 R �, which is
arger than the Roche Lobe radius of the companion R L � 0.34 R �,
ndicating that the eclipsing material is not gravitationally bound to
he companion and that the companion is losing mass (Stappers et al.
996 ). This might be supporting evidence for the claim by Cocozza
t al. ( 2008 ) of a tidally deformed companion star which is losing
ass. 
In order to probe the frequency dependence of the eclipse charac-

eristics of this pulsar, we divided the ef fecti ve 643 MHz bandwith
after RFI cleaning) into two subbands, obtaining ToAs every 3 min.
he eclipse regions for both subbands are shown as coloured regions

n the middle panel of Fig. 7 . The maximum delay in timing residuals
round eclipse transition is ∼1.5 ms at orbital phase ∼0.24, while
t higher frequencies the maximum delay is ∼1.2 ms at ∼0.21 in
hase. The eclipse ingress and egress transitions exhibit a potential
symmetry in frequency dependence. In the 962–1284 MHz band, the
ngress begins earlier at ∼0.16 in phase, while the egress ends later at

0.38, resulting in a total eclipse span of approximately 22 per cent
f the orbit. Whereas in the 1282–1605 MHz band, the ingress starts
t ∼0.17 and egress ends at ∼0.36, giving a total eclipse span of
9 per cent of the orbit. The eclipse duration is then ∼1.16 times
onger for the 962–1284 MHz band compared to the 1282–1605

Hz band. Interestingly, we find that ToAs from the observation on
023-07-05-16:27 displayed delays away from the eclipse region in
oth subbands, in the lower band of 8 μs, and in the higher band of
 μs, hinting at material in the orbit, at orbital phase of ∼0.81. 
The variation in the excess DM with orbital phase is also shown in

ig. 7 . The presence of an additional electron column density in the
clipse region implied by this dispersive delay, that is, the maximum
dded electron density near superior conjunction, is found to be
 e , max ≥ 1.9 × 10 15 cm 

−2 . We estimate the corresponding electron
ensity in the eclipse region ( n e ∼ N e /2 a , where a = a p + a c ≈ 1.3
 �, assuming an inclination i = 60 ◦) as 1.04 × 10 4 cm 

−3 . 

.10.1.2 UHF We further investigate the frequency dependence of
he eclipse by splitting the ef fecti ve bandwith of the two UHF
bservations (see Table 1 ), which co v ers only around 55 per cent
f the orbit, into two bands: 612–816 MHz and 817–1020 MHz.
e also obtained one ToA every 3 min in this case. The results are

hown in the bottom panel of Fig. 7 . The maximum delay in the
iming residuals around eclipse transitions is ∼1.7 ms at ∼0.30 in
hase for the lower UHF frequencies (612–816 MHz, green colour).
t the higher UHF frequencies (817–1020 MHz, yellow colour) the
aximum delay around eclipse transition is ∼1.7 ms at ∼0.27 in

hase. The variation in the excess DM with orbital phase is also
hown in the same figure. The different eclipse regions are shown
s coloured areas in the bottom panel of Fig. 7 . At lower UHF
requencies the ingress transition starts at orbital phase ∼0.15, while
he eclipse egress ends at ∼0.40, giving a total span of the eclipse
f approximately a quarter (25 per cent) of the orbit. At higher UHF
requencies, the ingress starts at orbital phase ∼0.15, while the egress
nds at ∼0.37 giving a total span of the eclipse of ∼22 per cent of
he orbit. We observe that the eclipse duration is ∼1.14 times longer
or the 612–816 MHz band than for the 817–1020 MHz band. 
NRAS 530, 1436–1456 (2024) 
.10.2 M62E 

.10.2.1 L-band We study the L-band eclipses for M62E using a
imilar method as that followed for M62B. Timing residuals shown
n Fig. 8 were generated using an ephemeris based on our out-of-
clipse ToAs using TEMPO2 from the 23 observing epochs (denoted
y different colours, see Table 4 ) as a function of orbital phase. The
pecific regions of the eclipse that these observations co v ered are
isted in Table 1 . Delays of ∼1 ms in the ToA can be seen before, after,
nd sometimes through the eclipse. The maximum delay in the timing
esiduals during the eclipse is ∼1.6 ms at ∼0.24 in phase as visible
n the top panel of Fig. 8 . The eclipse ingress and egress transitions
re spread o v er a range of orbital phases. The ingress transition starts
t orbital phase ∼0.21, while the eclipse egress ends at orbital phase
0.31, giving a total span of the eclipse of approximately 10 per cent

f the orbit. 
Using the mass function from timing, f ( M p , M c ) = 1.47578(3) ×

0 −5 M �, and assuming a pulsar mass M p = 1.4 M � and an
nclination angle i = 60 ◦, we calculate a companion mass M c =
.03 M �. The separation of the binary components corresponds to an
clipsing region with physical size of R E ∼0.43 R �, which is almost
wice the size of the Roche lobe radius of the companion R L � 0.22
 �, indicating that the eclipsing material is not gravitationally bound

o the companion and that the companion is losing mass (Stappers
t al. 1996 ). We also calculate the energy density of the pulsar wind
t the companion distance, U E = Ė / 4 π2 ca 2 , and obtain U E = 32.46
rg cm 

−3 using the Ṗ from our timing solution. 
We also study the frequency dependence of the eclipse for this

ulsar by dividing the observed bandwidth into two sub-bands for
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he L-band observations as seen in the bottom panel of Fig. 8 . The
aximum delay in timing residuals around eclipse transitions is ∼1.6 
s at ∼0.24 in phase for the lower frequencies (962–1283 MHz, 

lue colour in Fig. 8 ). At higher frequencies (1284–1605 MHz, pink
olour in Fig. 8 ) the maximum delay around eclipse transitions is
1.5 ms at ∼0.28 in phase. We observe a larger eclipse duration

t the lower frequency band ( ∼1.1 times longer for the 962–1283
Hz band than in the 1284–1605 MHz band), showing a possible

symmetry in the frequency dependence of eclipses between the 
wo subbands. Different ingress/egress durations that depend on the 
requenc y hav e also been observ ed for other spider pulsars (e.g.
udale et al. 2020 ; Polzin et al. 2020 ). 
The variation in the excess DM with orbital phase is also shown

n the bottom panel of Fig. 8 . The presence of an additional electron
olumn density in the eclipse region implied by this dispersive 
elay, that is, the maximum added electron density near superior 
onjunction, is found to be N e , max ≥ 2.57 × 10 15 cm 

−2 . We estimate
he corresponding electron density in the eclipse region ( n e ∼ N e /2 a ,
here a = a p + a c ≈ 1.4 R �, assuming an inclination i = 60 ◦) as
.32 × 10 4 cm 

−3 . 
For the case of the UHF observ ations, only observ ation 2022-04-

1-01:55 co v ered the eclipse re gion. This observation suggests DM
ariations of 8 × 10 −3 pc cm 

−3 . 

 DISCUSSION  

n this paper, we report the disco v ery of the MSPs M62H, M62I, and
62J in the GC M62. The three new disco v eries bring the number

f pulsars in this cluster to 10, all of them in binary systems. We note
hat for a given rotation period and flux density value, isolated pulsars
re easier to find than binaries. This is because the spin period of
solated pulsars does not undergo periodic variations due to the orbital 

otion. The fact that none have been seen so far is therefore not an
bserv ational selection ef fect. We also present the updated long-term 

iming solutions, with a data span of o v er 23 yr, for the previously
nown pulsars (M62A-F), along with the MeerKAT -based timing 
olutions of M62G, M62H, and M62I, which are presented here for
he first time. The large timing baselines allow us to measure pulsar
arameters like proper motions, orbital period deri v ati ves and jerks,
hich in turn allow us to determine the line-of-sight accelerations. 
ll these results will be useful for future studies that can investigate

he mass distribution of the cluster and perhaps confirm or rule out the
vidence that has been found for non-luminous matter in the centre 
f M62 (Abbate et al. 2019 ). Of the three new pulsars disco v ered,
62I is the only new addition that can contribute to a measurement

f the mass distribution, due to its distance from the cluster core of
.7 arcmin, similar to values of pulsars M62B, M62E, and M62F, 
hich were used in Abbate et al. ( 2019 ). It is important to note that

he values of the cluster parameters we used in this paper are different
o those used in Abbate et al. ( 2019 ), since the publication of new

USE based cluster velocities from Martens et al. ( 2023 ) has led to a
eduction of the HST kinematic distance, this has resulted in a lower
alue for the best-fitting distance o v er all methods in Baumgardt &
asiliev ( 2021 ). 

.1 General characteristics of the pulsar population of M62 

erbunt & Freire ( 2014 ) found that the encounter rate for a single
inary γ ∝ ρ0 . 5 

0 r −1 
c is positively and strongly correlated with the 

raction of isolated pulsars in a GC. This quantity is also correlated
ith the presence of slow/high-B-field pulsars (via, hypothetically, 

he disruption of LMXBs, leaving behind partially recycled pulsars, 
lthough other mechanisms might be possible). In addition, γ

orrelates with products of secondary exchange interactions, where 
n already recycled MSP, or even a partially recycled NS in a LMXB
which in GCs are products of exchange interactions) exchange their 
ormer/current donors for new companions. If those are degenerate, 
hen we can observe a MSP in an eccentric orbit with a potentially

assive companion; if the new companion is a main sequence or a
iant star, then we might instead observe an eclipsing binary, or a
artially obscured binary (Zhang et al. 2022 ), or, if the obscuration
s large, we might not detect a pulsar at all, contributing further to
he small fraction of binary pulsars in these clusters. 

These empirical trends have been significantly reinforced by recent 
ndings: in the core-collapsed GCs where we know many pulsars 
eside (at least six pulsars are known in M15, NGC 6752, NGC
624, NGC 6517, NGC 6522, Terzan 1), the vast majority of previous
ulsars and new disco v eries are isolated (Pan et al. 2021 ; Ridolfi et al.
021 ; Abbate et al. 2022 ), with some of the new disco v eries likely
eing secondary exchange products (Lynch et al. 2012 ; DeCesar et al.
015 ; Ridolfi et al. 2021 ) and others having high B-fields (Abbate
t al. 2022 ). Ho we ver, and some what unexpectedly, for the core-
ollapsed GCs with three or fe wer kno wn pulsars (like NGC 6342,
397, 6544, 6652), most of the pulsars known are in binary systems
Lynch et al. 2012 ; DeCesar et al. 2015 ; Gautam et al. 2022 ; Zhang
t al. 2022 ). 

The dynamical state of M62 has been a subject of debate. This
C has previously been classified as a core-collapsed cluster (Djor- 
ovski & Meylan 1993 ). Ho we ver, Beccari et al. ( 2006 ) ruled out
his hypothesis based on photometric analysis, where they estimated 
 core radius r c = 19 arcsec, a concentration c = 1.5, and a central
ensity of log ρ0 = 5.46 M � pc −3 . They concluded that this high
alue supported the hypothesis that M62 has experienced (or it is
xperiencing) a phase of very high production of binary systems 
hile the cluster has not yet undergone core collapse. In the 2010
pdate of their GC catalogue, Harris ( 1996 ) provided r c = 13 arcsec,
 = 1.7, and log ρc = 5.16 L � pc −3 , which are similar to the values
btained by Beccari et al. ( 2006 ). Using the values from Harris
 1996 ), Verbunt & Freire ( 2014 ) obtained an intermediate value of
= 9.8 (scaled to the value of M4). They found that M62 was one

f just two clusters that they analysed which seemed to deviate from
he correlation of γ with the number of isolated pulsars. 

Ho we ver, the ne w cluster parameters from Baumgardt’s catalogue
 r c = 7.8 arcsec, c = 2.35, and log ρ0 = 5.93 M � pc −3 ) represent
 smaller core radius and also a higher core density than previously
stimated. Using these ne w v alues, we obtain γ = 31.14 (again
caled to the value of M4), which is in the range of the core-collapsed
lusters from Table 1 of Verbunt & Freire ( 2014 ). 

We can check this further by calculating the ratio of creation
nd disruption of binaries in this GC, as done by Beccari et al.
 2006 ). For the creation of binaries, this was assumed to be the total
ncounter rate, � ∝ ρ1 . 5 

0 r 2 c (Verbunt & Hut 1987 ); for the disruption,
hey assumed it to be γ . F or M62, the y used the cluster parameters
hey obtained to derive �/ γ = 2.97 (normalized to the values of the
C 47 Tuc). Using the new parameters from Baumgardt’s catalogue, 
e obtain �/ γ = 0.5 (also normalized to the same values of the GC
7 Tuc). These values confirm that the percentage of binaries in M62
hould be lower than that observed in 47 Tuc, but also show that this
epends crucially on the GC parameters. 
If M62 is a core-collapsed GC, its pulsar population is dramatically

ifferent from the observed populations of all core-collapsed GCs 
ith many known pulsars. This finding implies, as discussed in 
ossenti et al. ( 2003 ), that the fraction of isolated pulsars might
epend, in a way that is not yet understood, on other f actors, lik e the
MNRAS 530, 1436–1456 (2024) 
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ynamical history of the cluster, especially the detailed evolutionary
hase relative to core collapse (for instance, it is possible that in M62
he ongoing process of core collapse has not yet had time to destroy
he binaries), the star formation history, the NS retention fractions,
nd the orbital period distribution of the binary systems. A better
nderstanding of pulsars’ populations in GCs might require detailed
imulations and further observations. The fact that M62 has many
inaries might be related to the fact that in core-collapsed GCs where
ew pulsars are known, those pulsars are mostly in binary systems. 

.2 Individual pulsars 

he absence of observed eclipses in the case of M62F could be
ue to a low orbital inclination for this system. However, the fact
hat there are also no higher order orbital frequency deri v ati ves as
sually seen in such systems (especially with a timing baseline of
3 yr), suggests that the companion most likely is well inside its
oche Lobe and it is not experiencing tidal deformation (or it is
inimal). This might suggest the existence of systems like this,
here the companion has shrunk back in its Roche Lobe. If such a

onfiguration is dynamically stable, it could imply that the process
f companion ablation in systems like this is not entirely efficient.
onsequently, we may anticipate a higher pre v alence of such very

ow mass companion stars in similar systems, and getting isolated
SPs is hard. 
The M62H ToAs are well described by a circular orbit and do not

how any evidence for eclipses around superior conjunction, similar
o the case of M62F. From its timing solution and assuming an incli-
ation angle of 90 ◦ and a pulsar mass of 1.4 M �, we find a minimum
ompanion mass M c, min = 0.00236 M � ( ∼2.5 M J ). This value is
3 times smaller than the pre viously kno wn lightest (minimum)
ass pulsar companion in a GC, NGC 6440H with M c, min = 0.006
 � ( ∼6.6 M J ; Vleeschower et al. 2022 ). Also beating its place as

he third lowest among all known pulsars 21 according to the ATNF
ulsar catalogue (version 1.71, 2023 November; Manchester et al.
005 ), just after PSR J2322–2650 [ M c, min = 0.0007 M �, ( ∼0.7 M J );
piewak et al. 2018 ] and PSR J1719–1438 [ M c, min = 0.0011 M �
 ∼1.2 M J ); Bailes et al. 2011 ]. 

We estimate the Roche Lobe radius of the M62H companion by
sing equation (3) in Bailes et al. ( 2011 ) for i = 90 ◦ and a pulsar
ass of 1.4 M � to be R L = 3.7 × 10 4 km, which is about half the

adius of Jupiter and 1.3 times the minimum R L for the ultra-low
ass carbon white dwarf companion of PSR J1719–1438. We also

alculate a lower limit on the density using the mean density-orbital
eriod relation (Frank, King & Raine 1985 ), which is independent of
he inclination angle, to be ρ = 11 g cm 

−3 . This value is about half the
ensity of the ultra-low mass carbon white dwarf companion of PSR
1719–1438. It has been proposed that MSPs with planetary-mass
ompanions, such as the case of PSR J1719–1438 and PSR J2322–
650, originate from ultra-compact X-ray binary systems (UCXBs;
.g. Nelemans & Jonker 2010; Nelemans et al. 2010 ; Heinke et al.
013 ; Wang et al. 2021 ). Ho we ver, the standard UCXB channel with
ain sequence star companions hardly reproduces these systems
ithin the Hubble time (e.g. Bailes et al. 2011 ; van Haaften et al.
012 ). 
Sengar et al. ( 2017 ) used numerical simulations to study the

volutionary path of UCXBs with a helium white dwarf (He WD)
onor, resulting in a NS with a donor star that becomes a planet
ith a mass as small as ∼0.005 M � after several Gyr and a radius
NRAS 530, 1436–1456 (2024) 

1 https:// www.atnf.csiro.au/ research/ pulsar/ psrcat/ 

 

w  

(  
lose to the maximum radius of a cold planet, with P b = 70–
0 min. This estimation of the mass coincides with the estimated
aximum companion mass of M62H, although the orbital period is

round 2.4 times shorter. Guo, Wang & Han ( 2022) showed that the
CXB channel with helium star companions can explain the origin
f pulsars with mass companions ≤ 0.01 M � within the Hubble
ime considering the e v aporation process that may occur during the
volution of the NS and the helium star systems. Additionally, Guo,
ang & Li ( 2024 ) were able to reproduce the characteristics of
71E (a.k.a. PSR J1953 + 1844E) which is another black widow in

 GC [ M c, min = 0.008 M �, ( ∼8.4 M J ); Pan et al. 2023 ] with an
rbital period of only 53 min, by also considering the e v aporation
rocess based on the helium star donor channel, where the binaries
ould experience the UCXB phase, and using different helium star
etallicities. 
Recently, rock y e xoplanets hav e been found with similar densities

s of M62H, like the case of K2-38b (Toledo-Padr ́on et al. 2020 ),
ith a mean density of around ρ = 11 g cm 

−3 . The nature of the
ompanion of M62H could then be possible explained as either an
ltra-low mass He WD, a degenerate helium star, a primordial planet
hat could have formed from a disc of material around the pulsar, or
s a brown dwarf. This interpretation depends on factors such as the
ystem’s inclination and chemical composition. Obtaining optical
bservations to determine the chemical composition of these MSPs
an help us to disentangle their nature. 

We have only detected M62J in the UHF data despite an in depth
nd wide ranging search for it in the MeerKAT L-band data. We
easure its flux density at UHF S 816 = 0.08 mJy, and obtained an

pper limit of the flux density at L-band assuming the same pulse
idth and a S/N = 3. With this, we obtain a relatively steep spectrum

 β < −3.09). We attribute this and its intrinsic low luminosity from
reventing us from detecting this pulsar at L-band frequencies. 
The detection of both the eclipsing pulsars during the eclipse

hase is an indication that the orbital inclinations are likely not
ery small and it also implies a highly variable concentration of
he eclipsing material. This is particularly evident in the case of the
edback pulsar M62B, in which some delays in the ToAs are also
een near inferior conjunction or at 0.81 in phase. These delays have
een seen only in one of the observations (UTC 23-07-05-16:57).
aterial floating around inferior conjunction can be present due

o mass transfer during accretion phase through L2 (Linial & Sari
017 ). We could not see this at lower frequencies, where the effects
f the eclipse are more evident, as our observations did not co v er
hose orbital phases. We suggest future investigations of this pulsar
t lower frequencies to study the frequency dependence of the eclipse
round inferior conjunction. 

In the case of M62B, we studied the eclipse across four different
requenc y bands. We observ ed that the eclipse duration at 612–
16 MHz is the longest among the bands, co v ering 25 per cent of
he orbital phase, followed by the 817–1020 MHz and 962–1284

Hz bands with a phase co v erage of 22 per cent, and 19 per cent
or the 1285–1605 MHz band. We note that both the 817–1020 and
62–1284 MHz bands have similar eclipse duration since there is
n o v erlap of at least 18 per cent of the band. Considering that the
clipse is ∼1.3 times longer at the bottom than at the top of the
ands, we estimate a power-law index of −0.35, similar values have
een seen for other black widows (Fruchter et al. 1988 ; Polzin et al.
018 ). Additionally, we observe that the duration of the egress is
ore dependent on frequency compared to the ingress. 
The total eclipse duration of M62B is ∼22 per cent of the orbit,

hile for the case of M62E, it is ∼12 per cent. Long eclipses
 > 10 per cent of the orbital period) at around companion’s superior

https://www.atnf.csiro.au/research/pulsar/psrcat/
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onjunction has been seen in the majority of spider pulsars (Polzin 
t al. 2020 ). Our results provide further evidence supporting the 
ypothesis that redbacks e xhibit relativ ely longer eclipse duration 
ompared to black widows (Kudale et al. 2020 ). 

 C O N C L U S I O N S  

he high sensitivity of MeerKAT allowed the disco v ery of three new
ulsars in M62, including the very faint and relatively steep spectrum 

 β < −3.09) M62J, which was only detected at UHF frequencies. 
hese disco v eries bring the total number of pulsars in M62 to 10,
ith none found to be isolated up to date. M62H is in a binary with

he lightest companion known to date in a GC, with a minimum mass
f 2.5 M J . The system does not display eclipses in the MeerKAT data.
The fact that only binary pulsars have been found in M62 is surpris-

ng, being fundamentally at odds with the observed characteristics of 
he pulsar populations of other GCs. This opens the door for further
nvestigation of the relation between the dynamical properties and 
istory of GCs and the characteristics of their pulsar populations. 
The large bandwidth of MeerKAT enabled us to carry out an 

nalysis of the eclipses of the two eclipsing systems in the cluster,
62B and M62E, a redback and a black widow pulsar, respectively. 

hese analyses reveal a clear evidence of frequency dependence, 
ith longer and asymmetric eclipses occurring at lower frequencies. 
The large timing baseline provided by both Parkes and MeerKAT 

as produced a significant impro v ement in the measurement of
everal parameters for the previously known pulsars, including the 
escription of the behaviour for M62B and M62E with a large 
umber of orbital frequency deri v ati ves. We present several new
dditional pulsar parameters that are important for a study of the 
ynamics of the cluster: the proper motions, the real line-of-sight 
ccelerations as determined from the orbital period deri v ati ves and
he jerks. These should be helpful for more detailed analyses such 
s that previously done by Prager et al. ( 2017 ) and will be able to
upport or contradict the evidence of non-luminous mass at the centre 
f the cluster (Abbate et al. 2019 ). 
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