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ABSTRACT

We report the discovery of a binary millisecond pulsar (namely PSR J1641+3627F or M13F) in the

globular cluster M13 (NGC 6205) and timing solutions of M13A to F using observations made with the

Five-hundred-metre Aperture Spherical radio Telescope (FAST). PSR J1641+3627F has a spin period

of 3.00 ms and an orbital period of 1.4 days. The most likely companion mass is 0.16 M�. M13A to E

all have short spin periods and small period derivatives. We also confirm that the binary millisecond

pulsar PSR J1641+3627E (also M13E) is a black widow with a companion mass around 0.02 M�. We

find that all the binary systems have low eccentricities compared to those typical for globular cluster

pulsars and that they decrease with distance from the cluster core. This is consistent with what is

expected as this cluster has a very low encounter rate per binary.

Keywords: globular cluster: individual (M13) — pulsars: individual (J1641+3627F)

1. INTRODUCTION

Since the first globular cluster (GC) pulsar PSR

B1821−24A was discovered in M28 by Lyne et al. (1987),

the total number of pulsars currently known in GCs is at

least 1551. GCs are known as efficient factories for the

formation of millisecond pulsars (MSPs). GCs contain

a large number of low-mass X-ray binaries (LMXBs)

(Clark 1975), which produce MSPs through accretion

Corresponding author: Lin Wang; B. W. Stappers

wanglin@bao.ac.cn; Ben.Stappers@manchester.ac.uk

1 A catalog of GC pulsars is maintained by P. C. Freire at
http://www.naic.edu/ pfreire/GCpsr.html

(Camilo & Rasio 2005). The large stellar densities in

GCs provide ideal environments for stellar interactions

(Camilo & Rasio 2005) which increase the possibility of

forming binaries and MSPs (e.g. Cadelano et al. 2018;

Verbunt & Freire 2014).

M13 (NGC 6205) is a bright GC (V ≈ 5.8) located

in the constellation of Hercules (α = 16h41m41.s24, δ =

+36◦27
′
35.′′5), with a distance of 7.1 kpc (Harris 1996).

The GC core and half−light radius are 0.′62 and 1.′49,

respectively. There are five known pulsars in M13 so far

and they all have a dispersion measure (DM) around

30 pc cm−3. M13A and M13B were discovered in an

Arecibo GC survey at a centre frequency of 430 MHz in

1991(Kulkarni et al. 1991). M13A is an isolated pulsar
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with a spin period of 10.37 ms, the longest among the

five known pulsars; M13B has a spin period of 3.53 ms

and is in a binary system with an orbital period of 1.3

days (Kulkarni et al. 1991). M13C, M13D and M13E

were discovered in a 1.4-GHz Arecibo survey in 2007

(Hessels et al. 2007). M13C is an isolated pulsar with a

spin period of 3.72 ms, while M13D and M13E have spin

periods of 3.12 ms and 2.49 ms, respectively. The latter

two are both in binary systems, with orbital periods of

0.6 and 0.1 days, respectively. M13E was also reported

to possibly be a black widow system.

In this paper we present the discovery of the binary

pulsar PSR J1641+3627F (M13F) and timing solutions

of all the known pulsars in the GC M13. In the next

section, we introduce FAST and our observing modes.

Data analysis is presented in Section 3. The discovery

and timing solutions of the pulsars in the GC M13 are

presented in Section 4. Discussion and conclusion are

made in Sections 5 and 6.

2. OBSERVATIONS

The Five-hundred-metre Aperture Spherical radio

Telescope (FAST) is located in the Karst depression re-

gion in Guizhou, China. It has a diameter of 500 meters

and an illuminated aperture of 300 meters (Peng et al.

(2001);Li et al. (2013)). We have used FAST to ob-

serve M13 since 2017, with both the Ultra-Wide-Band

receiver (henceforth UWB) and the 19-beam receiver

(henceforth 19-beam). M13 was chosen as the first tar-

get for our GC observation campaign since it can be

tracked within a zenith angle of 26.4 degrees by FAST

for a few hours, which leveraged the efficiency of the

telescope and reduced the tension in the cable network

holding the main reflector at the beginning of its com-

missioning.

The first observation of M13 was made in 2017 with the

UWB, while the remaining twenty-four were conducted

with the 19-beam. The UWB covers the frequency range

of 270−1620 MHz. For our observations, the wide-band

signal was first filtered into two sub-bands with fre-

quency range of 270−800 MHz and 1200−1620 MHz,

respectively, to avoid frequencies with strong interfer-

ence. Then the lower sub-band signal was sent to a

Reconfigurable Open Architecture Computing Hard-

ware (ROACH)2 unit, where the signal were sampled

at Nyquist frequency, digitised into 8-bit real samples

with dual polarisation, packetized and stored on a hard-

drive device. The follow-up observations were under-

taken using the 19-beam receiver which replaced the

UWB in July 2018. It covers a frequency range of

1050−1450 MHz with a system temperature below 20 K

on cold sky (Jiang et al. 2019). During the observations,

the signal from the central beam was Nyquist sampled at

8-bit resolution and then a ROACH was used to divide

the overall band into 4096 channels each 12 kHz wide.

Power in each of the two polarizations was averaged

in time, which resulted in a 50µs time resolution. The

data were then recorded in the PSRFITS format (Hotan

et al. 2004). A summary of all observations used in this

paper is given in Table 1, which includes the central

frequencies, bandwidths, observation lengths, number

of pulsars detected and the flux density upper limits.

Table 1. Summary of observations made with FAST for M13

Date MJD Receiver fc BW Tobs known PSR F detected flux limit

YYYY-mm-dd (MHz) (MHz) (min) Y/N (µJy)

2017-12-20 58107 UWB 535 530 30 AB Y · · · b

2018-10-06 58397 19-beam 1250 400 228 ABCDE Y 0.47

2018-10-30 58421 19-beam 1250 400 180 ABCDE Y 0.53

2018-11-28 58450 19-beam 1250 400 60 ABCDE N 0.92

2018-12-02 58454 19-beam 1250 400 60 ABCDE N 0.92

2018-12-03 58455 19-beam 1250 400 60 ABCDE N 0.92

Table 1 continued

2 developed by the Collaboration for Astronomy Sig-
nal Processing and Electronics Research (CASPER) group;
http://casper.berkeley.edu/
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Table 1 (continued)

Date MJD Receiver fc BW Tobs known PSR F detected flux limit

YYYY-mm-dd (MHz) (MHz) (min) Y/N (µJy)

2018-12-05 58457 19-beam 1250 400 60 ABCDE N 0.92

2018-12-07 58459 19-beam 1250 400 60 ABCDE Y 0.92

2018-12-08 58460 19-beam 1250 400 60 ABCDE Y 0.92

2018-12-17 58469 19-beam 1250 400 60 ABCDE Y 0.92

2019-03-19 58545 19-beam 1250 400 180 ABCD Y 0.53

2019-03-20(1)a 58546 19-beam 1250 400 60 ABCD Y 0.92

2019-03-20(2)a 58546 19-beam 1250 400 60 ABCD Y 0.92

2019-03-21 58547 19-beam 1250 400 60 ABCDE Y 0.92

2019-03-23 58549 19-beam 1250 400 60 ABCE Y 0.92

2019-03-24 58550 19-beam 1250 400 60 ABCD Y 0.92

2019-03-29 58555 19-beam 1250 400 60 ABCE Y 0.92

2019-07-20 59684 19-beam 1250 400 60 ABCDE Y 0.92

2019-07-21 59685 19-beam 1250 400 60 ABCDE Y 0.92

2019-07-23 59687 19-beam 1250 400 60 ABCDE Y 0.92

2019-08-17 58712 19-beam 1250 400 60 ABCDE N 0.92

2019-08-28 58723 19-beam 1250 400 60 ABCDE Y 0.92

2019-08-31 58726 19-beam 1250 400 60 ABCDE Y 0.92

2019-09-06 58732 19-beam 1250 400 60 ABCDE Y 0.92

2019-09-14 58740 19-beam 1250 400 90 ABCDE Y 0.75

aThere are two sessions on the same day.

bThe UWB data were acquired to test the overall observing system of the telescope at the beginning of the
commissioning phase. Key parameters such as the reflector efficiency and the system temperature were not
well understood, which makes it difficult to estimate the flux density limit.

3. DATA ANALYSIS

3.1. Data Format

The voltage data from the UWB were first chan-

nelised, down-sampled, summed in polarization and

written out in PSRFITS search-mode format3 (Hotan

et al. 2004). During the conversion, the data were

split into two sub-bands in order to decrease comput-

ing power and DM smearing within a channel. One

frequency band spanned 250−400 MHz 4 and the other

spanned 400−800 MHz. The numbers of channels are

21847 (with channel bandwidth of 6.9 kHz) and 29128

(with channel bandwidth of 13.7 kHz) for the two sub-

3 The conversion used the UDP2psrfits (developed by K. Liu)
routine which is available via: https://github.com/xuanyuanstar/
psrcov.

4 Although the low-frequency band of UWB covers a range of
270−800 MHz, we saw signal that starts at 250 MHz. Thus we
kept the data from 250 MHz

bands respectively which were chosen by both minimis-

ing the dispersion smearing within a channel for the clus-

ter DM of 30 pc cm−3 and equaling the DM smearing

and sampling time. These number of channels resulted
in sampling times in the two sub-bands of 145.64µs

and 72.82µs, respectively. Figure 1 shows DM smearing

within a channel as a function of frequency, the upper

and lower dash line represent the sample times in the

two sub-bands. We also estimated the effects of scat-

tering using the empirical formula (tscatt is in ms) (Bhat

et al. 2004)

lg(tscatt) = −6.46+0.154 lg(DM)+1.07 (lg(DM))2−3.86 lg
( ν

GHz

)
(1)

Even at 250 MHz, the scattering effect is estimated

to be 27µs for M13 which is much smaller than the

sampling time. The data from the 19-beam receiver

were recorded in the search mode PSRFITS format. As

described in Section 2, it has 4096 channels and a sam-

pling time of 50µs. The data covers a frequency range

https://github.com/xuanyuanstar/psrcov
https://github.com/xuanyuanstar/psrcov
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of 1000-1500 MHz.

Figure 1. DM Smearing as a function of frequency. The
colored lines are different channel bandwidth corresponding
different number of channels. The brown and purple lines
correspond to the numbers of channels we used in the two
sub-bands.

3.2. Search Techniques

All the data were processed using the PRESTO soft-

ware package (Ransom et al. 2002). We used the

rfifind package to generate a RFI (Radio Frequency

Interference) mask in a similar way to that described

in Hessels et al. (2007). The mask was used with

prepsubband to generate 100 de-dispersed time series

at a central DM = 30 pc cm−3 and steps of 0.1 pc cm−3.

The DM step size was chosen to have small DM smearing

caused by an incorrect DM and sensible requirements on

processing. DM smearing caused by an incorrect DM in

channels is given by

t∆DM = 4.1

[( νlow

GHz

)−2

−
(νhigh

GHz

)−2
](

∆DM

pc cm−3

)
ms, (2)

where νlow and νhigh are the lowest and highest edges of

the frequency bandwidth. ∆DM is the DM step size that

we have chosen. In our cases, it introduces a maximum

DM smearing within a channel of 0.4 µs which is much

smaller than the sampling time. The DM range was

determined by considering the DM difference between

the pulsar with the largest and smallest DM in GCs with

more than one pulsar. The largest difference is 9.93 pc

cm−3, thus we use a DM range of 10 pc cm−3 centred

around the average DM of the known pulsars in M13.

A fast Fourier transform was applied to each of these de-

dispersed time series to obtain the power spectra and

red noise was removed from each power spectra using

the default settings for rednoise. After de-dispersion,

the effects from the rotation of the Earth and its motion

around the sun were removed.

Finally, an acceleration search was performed using

accelsearch on the spectra with an acceleration range

specified with the parameter zmax = 300. This param-

eter is the largest drift of the pulse frequency across fre-

quency bins caused by acceleration and an explanation

can be found in Ransom et al. (2002). We also searched

each data set after dividing them into 20 minute sub-

integrations in order to be sensitive to systems with

minimum orbital periods of 3 hours. The initial candi-

dates were sifted using the code sift, which is part of

the pulsarTool5 software package. Each candidate was

searched for periods that have harmonic ratios from 1

to 16. The initial parameters resulting from the search

for the candidates were used to re-fold the raw search

mode data and the results were visual inspected.

4. RESULTS

4.1. Discovery of M13F and timing analysis

The new pulsar, with a spin period of approximately

3.00 ms, was first detected in the 400−800 MHz UWB

data and a summary of the detection can be found in

Figure 2. Here the signal was seen across the whole fre-

quency band, and detected at a DM of 30.4 pc cm−3

which is close to the average DM value of the known

pulsars in M13. The P-Pdot diagram in the bottom-

right panel shows that the signal has a significant pe-

riod derivative, indicating the existence of acceleration

to the pulsar most likely due to a binary companion.

The 250−400 MHz UWB data were also searched fol-

lowing the same approach and also with respect to the

detection parameters from the discovery in the upper

band, but the signal-to-noise (S/N) ratio was too low
to confirm the presence of the signal at this frequency.

The discovery was later confirmed with follow-up obser-

vations using the 19-beam at L-band. 19 out of the 24

follow-up observations detected M13F over the duration

of approximately one year. The non-detections are most

likely attributable to interstellar scintillation.

In order to derive the orbital parameters of the sys-

tem, for each epoch the raw search mode data was first

folded into sub-integrations with 1 min length each, us-

ing the DSPSR package (van Straten & Bailes 2011)

and the ephemerides derived from the search results of

the same data. From each sub-integration we generated

its time-of-arrival (ToAs) using the pat routine from

the PSRCHIVE package. A plugin, stridefit2, from

5 https://github.com/mitchmickaliger/pulsarTools

https://github.com/mitchmickaliger/pulsarTools
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Figure 2. PRESTO discovery plot of M13F in the 400−800 MHz sub-band of the UWB. The observation was made on
December 2017 with an integration time of 30 minutes. No signal was detected in the simultaneously observed 250−400 MHz
sub-band.

the TEMPO2 package (Hobbs et al. 2006) was used

to generate a series of measurements of spin period,

which was used in the fitorbit6 software package to

fit for the binary parameters. We used the measure-

ments from fitorbit as an initial guess and carried out

a timing analysis of the ToAs with tempo2 to obtain

more accurate measurements of the timing parameters.

These procedures were iterated a few times until the

final coherent timing solution was converged to. DM

was measured with tempo2 using TOAs from multi-

frequency sub-bands. Since a small eccentricity was

shown in the initial timing solution, we thus use binary

model ELL1 (Lange et al. 2001) for M13F and the other

binary pulsars in M13 in order to break degeneracy be-

tween orbital parameters. In Table 2 we present the

position, rotational and binary parameters of M13F. In

Figure 4 and Figure 5, the timing residuals are shown

as functions of time and orbital phase.

6 Software developed by A. G. Lyne to fit for binary pulsar
parameters.

4.2. Detection and timing of known MSPs

Five pulsars have been discovered in previous obser-

vations of M13. The timing solution of M13A was pub-

lished in Kulkarni et al. (1991), but hasn’t been updated

afterwards. There are no published timing solutions for

M13B to E. To detect those pulsars, we first attempted

to fold our data using the ephemeris from the ATNF

pulsar catalogue7 (Manchester et al. 2005). However, we

found those ephemeris are not accurate enough to keep

phase coherence in our data, except for M13A. Thus, to

detect M13B, M13C, M13D and M13E for each epoch

observation, we performed a search for their periodic

signal and then folded the data using the ephemerides

from the search. Once the detections were made, we

then followed the procedures as described in the previ-

ous subsection to obtain an accurate timing solution for

all five pulsars.

As shown in Table 1, M13A to C were detected in all

19-beam observations. M13 D and E were detected in

92% and 83% of the 19-beam observations respectively.

7 https://www.atnf.csiro.au/research/pulsar/psrcat/
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Figure 3. Profiles of the 6 pulsars in M13 across different frequencies. X-axis of all the profiles are full rotations. The top four
rows are the four 100 MHz wide sub-bands of UWB 400−800 MHz data and the fifth row is the sum of them. M13A, M13B
and M13F were detected in low frequency bands. M13F was discovered in 400−800 MHz, while it is only seen in 400−500 MHz
sub-band.

Only M13A and M13B were detected in the two sub-

bands (250−400 MHz and 400−800 MHz) of the UWB

data. Timing solutions of these pulsars are summa-

rized in Table 2. M13A and M13C are the only isolated

pulsars known in this cluster, the periods of which are

10.38 ms and 3.72 ms respectively. M13B is a 3.53 ms

MSP in a binary system with orbital period of 1.3 days.

M13B has the largest position offset among the six pul-

sars in this cluster so far, which places it at the edge of

the half-light radius of M13 (see Figure 7). M13B has

the smallest DM (see Table 2) among the 6 pulsars in

this cluster, this suggest that this pulsar is located on

the nearside of the cluster, or it may be that the con-

tribution to the gas internal to the cluster is less here.

M13D is also a binary MSP with spin period and orbital

period of 3.12 ms and 0.6 days respectively. M13E has

the fastest rotational period in the cluster and is closest

to the center of the cluster. M13E displays eclipses near

superior conjunction (at orbital phase 0.25). The eclipse

event lasts for approximately 15 mins which is about 10

% of the orbital period. Figure 8 shows the timing resid-

uals and DM variation during the two eclipsing events

of M13E. The DM variation is measured with 1-min

sub-integrations using the frequency-resolved template-



Pulsars in GC M13 7

Figure 4. The timing residuals from the best fit timing models presented in Table 2 for the six pulsars (as indicated in each
panel). The values at the bottom-right of each panel are the RMS values for the residuals. All the data points are from the
19-beam data at L-band.

matching method developed in Liu et al. (2014). The

peaks in the plot, i.e., the delay to the arrival time of

pulsar signal, are caused by increased DM which is con-

tributed by the material outflowing from the companion

star. It can be seen that during the eclipses the DM was

increased by at least 0.05 pc cm−3.

The profiles at different frequency bands of all the

known pulsars can be found in Figure 3. We only

detected M13A, M13B and M13F in the frequency

band 400−800 MHz. We divided this band into 4 sub-

bands, 400−500 MHz, 500−600 MHz, 600−700 MHz and

700−800 MHz respectively, M13A and M13B were seen

in the 4 sub-bands and showed profile variation across

the frequency bands (see Section below), while M13F

was only seen in the sub-band 400−500 MHz.

5. DISCUSSION

5.1. Properties of M13F

M13F has the second shortest spin period and the

longest orbital period among the six pulsars that have

been discovered in M13 (see Table 2). The spin period

derivative of M13F is 1.4 × 10−20 , which is a typical

value of MSPs in GCs8. The position offset of M13F

(Figure 7) provides evidence that M13F is located at

the edge of the cluster core. The median companion

mass of M13F is 0.13 M�, which indicates that the com-

panion is likely to be a white dwarf. The eccentricity of

the system 5×10−6 is small compared to the “normal”

MSP−WD systems in 47 Tuc (Freire et al. 2017). This

might be due to the low stellar density in this cluster

which usually results in less encounter interactions. En-

counter interactions were shown to be the main cause

for eccentricities of low-mass binary MSPs in GCs which

are supposed to be born with e ≈ 10−6 − 10−3 (Rasio

& Heggie 1995; Heggie & Rasio 1996).

5.2. Profile evolution of M13A and M13B in frequency

The profile of M13A shows two components, the lead-

ing component decreases in amplitude when compared

8 http://www.naic.edu/ pfreire/GCpsr.html
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Table 2. Timing parameters for the six pulsars in M13, as obtained from fitting the observed ToAs with TEMPO2. M13A
and M13C are isolated pulsars. M13B, M13D, M13E and M13F are in binary systems. The companion masses are calculated
assuming pulsar mass of 1.4 M�.

Pulsar M13 A M13 B M13 C

Right Ascension, α (J2000) . . . . . . . . . . . . . . . . . . . . . . . 16:41:40.87019(5) 16:41:40.39144(7) 16:41:41.00748(3)

Declination, δ (J2000) . . . . . . . . . . . . . . . . . . . . . . . . . . . . +36:27:14.9788(4) +36:25:58.4880(5) +36:27:02.7438(2)

Spin Frequency, f (Hz) . . . . . . . . . . . . . . . . . . . . . . . . . . . 96.362234567(3) 283.44094318360(2) 268.66686619507(6)

First Spin Frequency derivative, ḟ (10−15 Hz s−1) 0.675(3) 0.012(10) −0.089(5)

Start of Timing Data (MJD) . . . . . . . . . . . . . . . . . . . . . 58396.28 58396.28 58396.28

End of Timing Data (MJD) . . . . . . . . . . . . . . . . . . . . . . 58741.46 58741.46 58741.46

Dispersion Measure, DM (pc cm−3) . . . . . . . . . . . . . . 30.4386(5) 29.4456(6) 30.1320(2)

Number of ToAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 760 750 758

Residuals RMS (µs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.506 8.735 3.307

Binary Parameters

Binary Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . – ELL1 –

Projected Semi-major Axis, xp (lt-s) . . . . . . . . . . . . . – 1.388545(1) –

Epoch of passage at Ascending Node, Tasc (MJD) – 58561.7806094(1) –

EPS1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . – 2(1)×10−6 –

EPS2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . – −2(1)×10−6 –

Orbital Period, Pb (days) . . . . . . . . . . . . . . . . . . . . . . . . – 1.259112631(1) –

Derived Parameters

Angular offset from centre in α, θα (arcsec) . . . . . . −0.36981 −0.84856 −0.23252

Angular offset from centre in δ, θδ (arcsec) . . . . . . . −20.5212 −213.988 −35.7562

Spin Period, P (ms) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.3775094516(3) 3.5280718048989(3) 3.7220816029988(8)

First Spin Period derivative, Ṗ (10−21 s s−1) . . . . . −7.3(3) −0.1(1) 1.23(6)

Orbital Eccentricity, e . . . . . . . . . . . . . . . . . . . . . . . . . . . . – 2(1)×10−6 –

Minimum companion mass, Mc,min (M�) . . . . . . . . – 0.1605 –

Median companion mass, Mc,med (M�) . . . . . . . . . . – 0.1876 –

Pulsar M13 D M13 E M13 F

Right Ascension, α (J2000) . . . . . . . . . . . . . . . . . . . . . . . 16:41:42.395232(7) 16:41:42.0221(1) 16:41:44.6058(3)

Declination, δ (J2000) . . . . . . . . . . . . . . . . . . . . . . . . . . . . +36:27:28.2021(3) +36:27:34.9676(9) +36:28:16.0034

Spin Frequency, f (Hz) . . . . . . . . . . . . . . . . . . . . . . . . . . . 320.6886956910(2) 402.0937023406(4) 332.9448049492(9)

First Spin Frequency derivative, ḟ (10−15 Hz s−1) 2.42(1) −2.82(2) −1.55(6)

Start of Timing Data (MJD) . . . . . . . . . . . . . . . . . . . . . 58397.29 58396.29 58397.29

End of Timing Data (MJD) . . . . . . . . . . . . . . . . . . . . . . 58740.46 58741.45 58740.46

Dispersion Measure, DM (pc cm−3) . . . . . . . . . . . . . . 30.451(3) 30.54(2) 30.366(4)

Number of ToAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 750 147 156

Residuals RMS (µs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.345 7.46 15.07

Binary Parameters

Binary Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ELL1 ELL1 ELL1

Projected Semi-major Axis, xp (lt-s) . . . . . . . . . . . . . 0.9243183(4) 0.035869(1) 1.251702(3)

Epoch of passage at Ascending Node, Tasc (MJD) 58397.38429971(5) 58397.27621667(1) 58398.0011780(7)

EPS1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0001578(9) 6(6)×10−5 5(4)×10−6

EPS2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0005508(5) -0.00011(5) -2(4)×10−6

Orbital Period, Pb (days) . . . . . . . . . . . . . . . . . . . . . . . . 0.5914408990(1) 0.11261745834(4) 1.378005120(6)

Derived Parameters

Angular offset from centre in α, θα (arcsec) . . . . . . +1.15523 +0.782 3.3658

Angular offset from centre in δ, θδ (arcsec) . . . . . . . −7.2979 −0.532 −19.497

Spin Period, P (ms) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.118288899599(2) 2.486982497311(2) 3.003500835979(8)

First Spin Period derivative, Ṗ (10−20 s s−1) . . . . . −2.36(1) 1.75(2) 1.40(6)

Orbital Eccentricity, e . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0005730(6) 0.00012(5) 5(4)×10−6

Minimum companion mass, Mc,min (M�) . . . . . . . . 0.1782 0.01942 0.1347

Median companion mass, Mc,med (M�) . . . . . . . . . . 0.2085 0.0225 0.1571
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Figure 5. Timing residuals as a function of orbital phase for the binary pulsars M13B, M13D, M13E and M13F. All the data
points near the eclipsing phase of M13E are removed.
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to the trailing component as the observing frequency

increases, indicating these two components have differ-

ent spectral indices. Similar phenomena have been seen

in other pulsars (e. g., Dai et al. 2015). M13B shows

less apparent profile evolution in frequency, although the

component at the leading edge fades out at frequencies

above 500 MHz. M13F also has multiple components as

seen in Figure 3. While it is hard to tell the profile evo-

lution of it due to the low S/N detection in the frequency

range 400−800 MHz.

5.3. Sensitivity

Of all the observations we have made, the longest one

is 228 minutes, which corresponds to a minimum flux

density of 0.4µJy to a candidate with S/N=7. The

sensitivity is calculated using the modified radiometer

equation(Lorimer & Kramer 2004)

Smin =
σξTsys

G
√
n∆νTobs

√
W

P −W
, (3)

where σ represents the minimum S/N of a candidates.

Imperfections arise due to digitisation of the signal and

other effects are incorporated in ξ (Lorimer & Kramer

2004), and we use ξ = 1.0 as our data is sampled in

8-bit. Tsys is the equivalent temperature of the observ-

ing system and the sky, which is 35 K for the FAST

19−beam receiver. G is the gain of telescope and we

use the value of 16 K/Jy (Jiang et al. 2019). We use

two polarisations and so n=2. ∆ν is the bandwidth and

is effectively 400 MHz in our L-band data. Tobs is the

integration time, W and P are pulse width and period

respectively and we take 10% for W/P. If we simply

consider luminosity L = Sd2, where S is flux density

and d is the distance of the cluster, we obtain a limit on

luminosity with FAST of 19.9µJy kpc2. The weakest

pulsar we have detected in GC M13 , M13F, has an

L-band luminosity of L = 3.1 mJy kpc2, and we did not

find any pulsar with luminosity lower than this value.

We also probed different orbital phases of binaries and

thus covered epochs where accelerations may have been

small. This may indicate that searches with higher sen-

sitivity is needed if we are to find more pulsars in M13

and therefore require the SKA.

5.4. Eccentricities

Our results show that the eccenticities of pulsars in

M13 are very small compared to what is found in other

GCs. As plotted in Figure 6, most GC binary pulsars

have relatively large eccentricities, while the eccentrici-

ties of pulsars in M13 are close to those in the Galactic

Figure 6. Eccentricity vs. orbital period of all
binary pulsars. Black crosses are pulsars in the Galac-
tic plane, green triangles are pulsars in GCs except
M13 and red squares are binary pulsars in M13. The
data used in this figure are from ATNF Pulsar Cata-
logue(https://www.atnf.csiro.au/research/pulsar/psrcat/)(Manchester
et al. 2005).

plane. Excluding those pulsars in M13 only a small frac-

tion of pulsars in GCs have eccentricities below 10−3

. The majority of this fraction are from the non-core-

collapse cluster 47 Tuc (Howell et al. 2000) and one

is located in the cluster M62 which has an intermedi-

ate interaction rate per binary (Verbunt & Freire 2014).

This is in agreement with the prediction that more low-

eccentricity pulsars are found in the clusters with very

low interaction rate per binary (Rasio & Heggie 1995;

Heggie & Rasio 1996). The eccentricities and positions

in Table 2 and Figure 7 seem to confirm that eccentricity

is related to the stellar density around the pulsar. The

pulsars in M13 close to the core have relatively large

eccentricities, like M13D and M13E. While M13B has a

small eccentricity and is located further from the core.

The other pulsar with a large offset from the core is

M13F, and it also has a small eccentricity.

5.5. Properties of pulsars in M13

In Verbunt & Freire (2014) the encounter rate for a

single binary, γ, is used to characterize the difference

between pulsar populations in GCs. In clusters with a

low γ, a binary will have a relatively long life. In such

low-density environments, binaries will evolve undis-

turbed, and result in a MSP population similar to that

observed in the Galaxy, where binary MSPs with low-

mass WD and low-eccentricity significantly outnumber

isolated pulsars. M13 has the smallest γ among the 14

GCs listed in Verbunt & Freire (2014). The number of

discovered binary pulsars is twice more than that of iso-

lated pulsars in M13, thus the result is well explained by

the above assumption. A low γ GC allow X-ray binaries
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to live long enough, so that the neutron star can be spun

up to short periods (Sigurdsson & Phinney 1995). The

fact that the periods of all the six discovered pulsars

in M13 are shorter than 0.015 s is consistent with this

expectation.

The interstellar medium (ISM) along the line of sight

affects the pulsar signal which manifests as density

variation (Lorimer & Kramer 2004). one of our initial

thoughts is that if the pulsars are spatially close enough,

the turbulence of the ISM along their signal propaga-

tion might turbulent in a similar way, which might lead

to correlations between flux density variations of these

pulsars. M13 has a DM value of approximately 30 cm−3

pc and its pulsars have been seen to exhibit significant

variations in flux density due to interstellar scintillation.

In Figure 9, for each pulsar we plot the S/Ns per unit

integration time from each observation, and calculate

the correlation coefficient of each pair. No significant

correlation is found between any pulsar pair. This indi-

cates that the distance of each pulsar pair is not small

enough so that the pulsars can scintillates simultane-

ously.

The difference between the largest and smallest DM

value (δDM) in M13 pulsars is 1.1 cm−3 pc, this is the

sixth smallest δDM among all the clusters that have

been detected with more than one pulsar, the other 5

clusters with δDM smaller than M13 are 47 Tuc, M30,

M3, M5 and NGC 6749, which are all relative low stel-

lar density clusters. The ratio of δDM and average

DM in M13 is 3.6%, which is in agreement with the

value around 3% in 47 Tuc (Freire et al. 2001a). The

contribution from the turbulence of Galatic electron

column density to variations in DM is at the level of

0.05 cm−3 pc (Nordgren et al. 1992). The difference we

observed is 20 times larger than this value. Such DM

difference could be caused by the gas distribution within

the cluster. If a considerable population of pulsars can

be discovered in M13, the gravitational field can be

constrained by the DMs, positions, period derivatives

and proper motions of pulsars in 3 dimensions (Freire

et al. 2001a,b, 2017). This will provide the possibility

to reveal the existence of an intermediate mass black

hole (e. g. Kızıltan et al. 2017; Prager et al. 2017; Perera

et al. 2018; Abbate et al. 2019a,b) in the center of M13.

Two of the four binaries in M13 have measured ec-

centricities, namely, they both have non-circular orbits.

This might allow to measure the rate of periastron ad-

vance (ω̇) and a method in Özel & Freire (2016) can be

used to measure the mass of pulsars.

The companion star in a black widow system can be

strongly heated on the side of facing to the pulsar and

this heating pattern could be observed in optical light

curve (e. g. Callanan et al. 1995; Romani et al. 2015).

Considering the accurate position we derived for the

black widow system M13E, we expect to see such phe-

nomenon of the system. However no evidence shows

there is a variable star at the same position of M13E

(Kopacki et al. 2003; Pietrukowicz & Kaluzny 2004).

Figure 7. Positions of the six pulsars in the GC M13,
marked with red circles with letters. The green cross are a
qLMXB and a cataclysmic variable (CV) which are also la-
beled in the plot. The centre of M13 is shown as a blue cross.
The small circle in the middle is the core of M13 and the
large circle is the half-light radius of M13. The background
is the X-ray image of M13 from Chandra X-ray Observatory
archive (OBsID 5436). Position errors of each source are too
small to manifest on the plot. DM of pulsars in decending
order is M13E, M13D, M13A, M13F, M13C and M13B.

6. CONCLUSION

We have used the FAST telescope to search for pulsars

in the GC M13 at center frequencies of 600 MHz and

1250 MHz. These searches are part of our pulsar search

survey in GCs during the FAST commissioning and early

science phase. This is the most sensitive searches for

the GC M13 up to now. Our survey has discovered

a new MSP in a binary system and measured timing

solutions for all known pulsars in the GC M13. We find

that all the discovered binary systems in M13 having

low eccentricities compared to those typical GC pulsars

and the eccentricities decrease with distance from the

core.
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Figure 8. Two eclipsing events of M13E. The data is from
the observation 20181006. The integration time is 228 min
which is close to one and a half periods. The upper panel
is residual as a function of orbital phase. The lower panel is
DM variation.

Figure 9. S/N variations of the six pulsars in M13. x-
axis is presented in observation ID, long observations are
marked with several observation IDs in order that data in
each observation ID have similar integration time. y-axis is
S/N divided by

√
t. t is integration time of data in each

observation ID.
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