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Abstract We report the discovery of three new pulsars in the globulsster (GC) NGC 6517, namely
NGC 6517 E, F and G, made with the Five-hundred-meter Apei®rherical radio Telescope (FAST).
The spin periods of NGC 6517 E, F and G are 7.60 ms, 24.89 ms a&i%® ns, respectively. Their
dispersion measures are 183.29, 183.713 and 185.3 pg,aespectively, all slightly larger than those of
the previously known pulsars in this cluster. The spin pkderivatives are at the level ok1L0~ ¥ s 71,
which suggests these are recycled pulsars. In additiongdligcovery of these three new pulsars, we
updated the timing solutions of the known isolated pulstliGC 6517 A, C and D. The solutions are
consistent with those frorynch et al.but with smaller timing residuals. From the timing solutiddGC
6517 A, B (position fromLynch et al), C, E and F are very close to each other on the sky and only a
few arcseconds from the optical core of NGC 6517. With cutygrublished and unpublished discoveries,
nine pulsars have been discovered in NGC 651, ranking}'ifd@ GCs with the most known pulsars. The
discoveries take advantage of the high sensitivity of FASd a new algorithm used to check and filter
possible candidate signals.

Key words: Pulsar — Globular Clusters: Individual: NGC 6517 — methaaisalytical — surveys —
FAST

1 INTRODUCTION seventeen of these pulsars, or about 53% of the total, are
gathered in the GCs that have nine or more pulsars. There
Till the submission of this paper, 230 pulsars had beerye 39 pulsars in Terzan 5, 27 in 47 Tucanae (hereafter 47
discovered in 36 globular clustérsA hundred and Tuc), 14 in M28, 10 in NGC 6624, 9 in NGC 6752, 9 in
NGC 6517 (including the new pulsars in this paper) and 9

* Corresponding author in M15. Previous studies on the predictions of the number
http://ww nai c. edu/ $\simBpfreire/GCpsr. htm, — ofpyisars in GCs also show a similar bias that the numbers
the average number of pulsars in GCs now is larger than oreGTs in . .
total, Harris 1996 201Q or 160 GCsht t ps: // peopl e. smp. ug. of GC pulsars can be significantly different from each GC

edu. au/ Hol ger Baungar dt / gl obul ar/orbits. htm ) (GCs).  and a much larger number of pulsars should be discovered.

Since there have been more than 30 GC pulsars discovered dny<KiE . .
especially 13 pulsars discovered in NGC 1851 recently,etiesnbers These studies usua”y focused on GCs with more than

will change rapidly. five pulsarsBagchi et al.(201]) relied on a Monte Carlo


http://www.naic.edu/$sim $pfreire/GCpsr.html
https://people.smp.uq.edu.au/HolgerBaumgardt/globular/orbits.html
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simulation to model the luminosity distribution of recydle Sectiord. Section$ and6 are discussion and conclusions,
pulsarsin GCs. They gave the predictions for 10 GCs undeespectively.

different simulation parameters; Terzan 5, 47 Tuc, M28,

M15 and NGC 6440 are the five with the largest number o2 A SIMPLE PULSAR CANDIDATE SIFTING
pulsars.Chennamangalam et gR013 utilized Bayesian PIPELINE

methods to explore the mean and standard deviation of . .

the luminosity function and total number of pulsars in 1ypical pulsar searches could miss weak millisecond

GCs. While they only applied a simulation to Terzan 5,plesar signals with high dispersion measure (DM, exg.,

3 .
47 Tuc and M28, the result affirms that M28 may have a100 pccm )._The reasons can.be explained as fOHOWTC"
1. The signal-to-noise ratio (SNR) of short period

larger number of pulsars than Terzan 5 but is still within .
the uncertainty rang@urk & Lorimer (2013 followed an ~ Pulsars is affected greatly by DM errors caused by the
ifference between the pulsar signal’s DM and the DM

empirical Bayesian approach to determine the possiblg _ )
number of pulsars in GCs. The results show that Terzan é/,a_lues in the _pul_sar_search DN_' trial plan. As a res_ult, a
M15, Terzan 6 and NGC 6441 are the four with the highesfa'm short periodic signal with high DM may only be in a

number of pulsars. The GC 47 Tuc and M28 only ran¥'10 small number Of_DM trials. ) )
and 17", respectively. 2. With a given channel bandwidth, the high DM

. . }/alues also broaden pulse widths and weaken the pulse
Among all the studies above, the predicted number of . : L
signals, especially for millisecond pulsars.

pulsars in NGC.6$17 varies a lot When.compared with 3. During the candidate sifting, if a candidate with
GCs that have similar known pulsaBagchi et al (2011 - . . . .
similar period appears only few times, e.g., three times, it

predicted the number of pulsars with different simulation L ]
arameters varies between-2% and 271136, bein may be treated as a faint signal and thus ignored, no matter
P ' 9 if this is caused by the DM errors, huge DM steps or the

at least two “”?es Iz_irg_er than the predicted number§vider pulse that is broadened by the high DM values.
among GCs with similar known pulsars, e.g., M3

, As an example, Einstein@Home reprocessing of the
(with four known pulsarsHessels et al. 200and two P @ P g

. . Parkes Multibeam Pulsar Survey data has 24 new pulsars
unpublished new pulsars from the Flve'hundred'mete&iscovered Knispel et al. 2018 Among these pulsars
Aperture Spherical radio Telescope, FASNan et al. P : g P '

here is a high DM pul PSR J1748- ith i
2011 and Jiang etal. 2019and M5 (with five known there Is a hig pulsar, PSR J1748-3009, with & spin

i f9.7 DM of 42 . R i
pulsarsAnderson et al. 199 Hessels et al. 200 and two tphiloilga? mamzoirk]::a Zas v(\jith Cl(J)rrpeCnfn%l ulsaerdseetzfél:gode
unpublished new pulsars from FAST). Turk & Lorimer P 4 y P '

. . e.g., a typical pulsar search procedure based on PulsaR
\(/\?i(t)hl?f{em%ieifi):e\(ljviifeg(:ulrrr]g;?i?plﬂlégrestwemy GCs Exploration and Search TOolkit (PRESTRansom 2001

_ ) Ransom et al. 2002003. Depending on user’s settings,
All the four previously known pulsars in NGC 6517 jis gignal is so weak that it may only be detected once
were discovered by GBT at a central frequency of 2 GHz, yyice according to the dedispersion plan obtained with

with a bandwidth of 800 MHz L@/nch.et al. 201)_. _The DDplan.py in PRESTO, and thus gets missed by the
pulsars NGC 6517 A, C and D are isolated mllllsecondsifting code, ACCELsi ft.py.

pulsars with spin periods shorter than 10 ms. NGC 6517 B e solution for this is to use smaller DM steps during
has a spin period of 28 ms and lies in a mildly eccentriGng gedispersion. With a smaller DM step, the faint pulsar
orbit with an orbital period 0f-60 d, eccentricity of 0.038 signal may show up more times and thus can be designated
and a companion mass of 0.38. as a candidate. While the small DM step also causes more

FAST is performing a GC survey and has produceccomputing time during dedispersion, it is necessary to
at least two GC pulsar publication®dgn etal. 2020 estimate if twice the time cost for possiblel0% or even
Wang etal. 202D NGC 6517 is one of the promising |ower additional pulsar discoveries is worthwhile. Since
targets for the FAST GC pulsar survey because it is oufhe new pulsar signal actually exists in the original search
of the Arecibo sky and is relatively close to the Earthresults but is missed during the sifting, a modified sifting
(10.6 kpc). Drift scan observation of NGC 6517 made incode may have a chance to pick up the pulsar signals. Thus,
2017 found no new pulsar detection. Further observationge designed a graphic-based sifting code to show how the
started in June, 2019. SNR values change with the different DM values.

In this paper, we present the FAST discoveries of three  We divide all the candidates from the pulsar search
new pulsars in NGC 6517. In Secti@) we describe the routine (e.g.accelsearch in PRESTO) for one observa-
candidate sifting method. Observation and data reductiotion into groups by their periods. Assuming the SNR of
are presented in SectioB. Timing results for known a signal with dispersion will reach the maximum when
and new isolated pulsars in NGC 6517 are provided irthe DM value is close to the real one, the SNR to DM
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value plot for candidates in each group can be examineth several minutes during observations. Unfortunately, no
to see the dispersion features. Based on PRESTO, weew pulsars were discovered.

used the so called “Sigma” as the SNR for the following
analysis. The pulsar-like signal should exhibit an SNR

peak in a non-zero DM value. Due to this, we named the3 OBSERVATION AND DATA REDUCTION

code JinglePulsdras the DM to SNR curve resemblesthe |, the FAST sky, we aim to select GCs with high DM
shape of a bell and the first successful test of the code w3, es and known pulsars. The known pulsars in it can

arour.1d Chri;tmas. In tests, we realized .that thg periods gfg applied for the sifting tests even though there were
candidates in one group may also be .5|ght|y different. In,g new pulsars discovered, and with the known pulsars,
order to see the difference clearly, we inspected one morg,o pm range can be largely decreased, thereby saving
plot showing the period distribution of candidates in eacrljedispersion time. NGC 6517. NGC 6749 and NGC 6760
group. During the candidate grouping, we normally use 4y.e the three GCs chosen in the FAST sky, they have
or 5 digit precision. The candidates from one observationown pulsars and pulsars in them have relatively high DM
normally were put into hundreds of groups, resulting inya1yes. Hosting four previously known pulsars, NGC 6517
hundreds to thousands of plots that need to be checkeg e first GC selected for a high DM millisecond pulsar
With other filtering conditions, such as the lower limit for go5:cp.

how many times the candidate appears (we use 3) and We started the NGC 6517 tracking observation on

the lower limit for highest SNR values of candidates in 85019 June 25, as one of the targets for the FAST GC

group (normally 6 to 8), the number of groups can be only Isar survey, which is part of the FAST Search of Pulsars

u
1% of the number of candidates. The candidate in eacﬁ1 Special Population (SP Pan et al. 2020survey. The
group with highest SNR value will be checked again byFAST 19-beam receiver,spans a bandwidth of 1.05 to

f(;ldr:ng the(;)_zservzgion data Wifjh;he DM \lfilue ar:jd pebriodl_45 GHz with 4096 channels (channel width 0.122 MHz)
of the candidate. Current candidate ranking codes bas e beam size is-3 arcmin and the system temperature is

on machine learning can be utilized to check the foldingN24 K (Jiang et al. 2020 We sampled the data from two
results. Alternatively, for a targeted search, such as G%olariza’[ionswith 8-bit precision every 49.168. The first

pulsar search, all the plots can be checked by humans. observation was done on 2019 Juné"28asting for half
We tested these candidate sifting improvements usingn hour.

the same Parkes observations of 47 Tuc as described in The DM from Earth to NGC 6517 isv174 to

Fann et a;.(gglsa-tWgsdgdlspizedna:;l thn? data :Nlrt]h;f)lrw 183 pc cnv3, determined by its known pulsars. We
ange o > 10 £9.5 PC and only searched 1o dedispersed the data within a DM range of 168.7 to

isolated pulsars, aiming to find all known isolated pulsar 85.9 pc cn®. With a desired time resolution of 042,

and possible unknown faint pulsars. There are 313757 ray, . .
. } DM st Iculated by Dplan. PRESTO
candidates from the PRESTO search routiaelsearch. © step calculated by) Dplan.py in S

. . 0.1 pc cnT3. In order to search for binary pulsars, the
These candidates were separated into 2195 groups by their P y P

. . ) acceleration search was applied by setting the zmax values
spin period. After checking the DM to SNR plots by pp y g

. . to be 300. The search results were sifted by JinglePulsar,
humans, we only selected 48 signals. These 48 candidate y.ing

X év%ich resulted in redetecting all known pulsars and three
were then confirmed to be 16 known pulsars and relate . . . .
. . new signals (featured in Fig) which were then confirmed
harmonics. In this test, we successfully detected all th

. ) ) . To be new pulsars. The single pulse search was also
10 isolated pulsars, including 47 Tuc aa and ab which P . ge p

. . . implemented but no obvious signal was detected. We also

were discovered by a segmented search in which all the S . :

. ) Searched the data from the timing observation with the

observation data were added incoherently (47 Tuc aa)5

or, utilizing PRESTO (47 Tuc ab), respectlvgly. e al§o ulsars, namely NGC 6517 H and |, discovered. These two
looked up all the known pulsars that were missed durmgg

i i ill i i h P l.
our test on the data. While none of them were found, thislrlscrc;\/(;“es will be mentioned in another paper (Pan et a
confirmed that we detected all the known pulsars from the prep).
FAST can also record baseband data for the 500 MHz

313757 raw candidates. Figutalisplays the SNR to DM dwidth. The dat 8-bit led for the t
plots and spin period distribution plots of 47 Tuc aa an anawiath. © cala are S-bit sampied for the two
olarizations. Using 190 pc cm as the DM value,

ab from our test. We also redetected six binaries amon% lied coh t dedi ion t i half-h
all the 15 known binary pulsars. The reason is that they € applied conerent dedispersion fo create a hal-nour

are bright enough to be detected as isolated pulsars Whé)rpservatlon from the baseband data which we searched as

. . . . well. The search detected pulsars A to G. The SNR from
the acceleration of their orbital movements is close to zero

the baseband data is a bit increased, however, we detected
2 https://ww. gi t hub. cont jingl epul sar no new pulsars.

ame settings, with two more extremely faint isolated
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Fig.1 The redetections of 47 Tuc al&f) and ab (ight). The upper panels display the relationship between the &R
DM, and the lower panels depict the period distributionsheftandidate periods.

4 TIMING and 2.86us for D) are lower than those ibynch et al.
(201)). For the binary pulsar NGC 6517 B, the gaps in

So far, a total of 20 observations has been carried outur FAST observations make it difficult for us to obtain

during 447 d between June 2019 (MJD 58659) andhe timing solution. We will keep monitoring it and update

September 2020 (MJD 59105). Depending on the differenthe timing solution for NGC 6517 B in a future paper.

observation arrangements, observations lasted for lass th

0.5 hr to more than 2 hr. In the data taken on 201 DISCUSSION

Junje 25, we searched for the best PM values forThe three new pulsars are extremely faint and we believe
which the SNR values of pulsars are highest. The DMhis is the reason why they have not been discovered by
values are 182.614, 182.457, 174.487, 183.29, 183'71p§revious studies. NGC 6517 E and F can be detected by
and 185.3 pc. cm? for pulsars NGC_ 6517 A, and C ~0.5-hour FAST observation in L-band, while their fluxes
to G, respectively. In each observation, all .the pulsar%eem to be affected a little by scintillation. Pulsar G is
were detected except for pulsar G due 1o |.ts low quXthe faintest among them, and was only detected 16 times
densny.. The templates used for time of arnvall (TOA,‘) among the 20 observations. Their DM values are all higher
generatlop were made from the longest observation ,Wh'cthan previously known pulsars, indicating that they may be
was acquired on 2020 January 2Due to the observation farther away. Their pulse frequency derivatives are small,
arrangement, the gap between obggrvatlons can b? mogﬁjniWing that they are all recycled pulsars rather than
than_l month. ThL_]S’ the.met_hod utilized for dete_rmlnlngyoung pulsars, no matter if they are millisecond pulsars
rotation countsKreire & Ridolfi 201§ was used for timing . relatively long period pulsars.

gll _the SixX i_solated pulsars. After determ_ining an_initi_al Figure3 shows the positions of all the seven pulsars
timing solution, we folded all the observations again Wlthin NGC 6517 (B fromLynch etal. 201} Pulsars A, B,
their ephemerides and.obtameo_l the improved solut|on%’ E and F are very close to each other on the sky
Table 1 shows the timing solutions for the three NeW .4 near the GC optical center (J2000, 18:01:50.52 —
pulsars. 08:57:31.6Lynch et al. 201}, especially pulsars A, E and
As the previously known isolated pulsars NGC 6517F which are only separated by a few arcseconds. This
A to D were also detected, we timed them with thecase happens rarely in other GCs, with the only two other
same FAST data. The timing solution for three isolatedknown examples being two pairs of GC pulsars, 47 Tuc F
pulsars, NGC 6517 A, C and D, are displayed on Téble to S,and Gtol.
Comparing with the timing solutions irLynch et al. With nine pulsars, NGC 6517 now is th€'@the same
(2012, they are consistent. Due to the high sensitivity ofas NGC 6752 and M15) for GCs in terms of numbers
FAST, the timing residuals (4.7is for A, 7.26us for C  of pulsars discovered, suggesting that previous GC pulsar
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Fig.2 The discovery plots of NGC 6517 E, F and G (from top to bottom@$pectively. Left panels are the PRESTO
folding results of these pulsars and right panels are the ®EINR plots from our code. For pulsar G, because its DM
value is close to the upper limit for the search DM range @h&not a peak.

detection predictions may still have errors. Our currenOn the other hand, there is no doubt that the three new
pulsar surveys also found more pulsars in GCs which arpulsars were discovered due to better sensitivity. While we
either predicted to have more pulsars or have fewer pulsarare still looking for new pulsars in other GCs with FAST,
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Table 1 Timing Solutions for New Pulsars NGC 6517 E, F and G

NGC 6517 E NGC 6517 F NGC 6517 G
J1801-0857E J1801-0857F J1801-1857G
Number of TOAs 20 20 20
RMS Timing Residual {s) 16.87 6.96 143.3

Measured quantities

Right Ascension, RA (hh:mm:ss, J2000)
Declination, DEC (dd:mm:ss, J2000)
Pulse Frequency (Hz)

18:01:50.6232(3)
—08:57:31.29(2)

131.550032458)64( 40.17357389106(2)

:01:80.7409(3)
-DBE.27(2)

18:01:50.099(2)
-08:57:27.9(1)
19.383088017(8)

Pulse Frequency Derivative (8) 1.794(2) 10~ 14 4.312(7)10° 15 —3(2)x1017
Set Quantities
Reference Epoch (MJD) 58871 58871 58871
DM (cm~3 pc) 183.29 183.71 185.30
Timing Model Assumptions
Solar System Ephemeris Model DE200 DE200 DE200

Table 2 Timing Solutions for Perviously Known Pulsars NGC 6517 A, i@l ®

NGC 6517 A NGC 6517 C NGC 6517 D
J1801-0857A J1801-0857C J1801-1857D
Number of TOAs 20 20 20
RMS Timing Residual{s) 4.77 7.26 2.86

Measured Quantities

Right Ascension, RA (hh:mm:ss, J2000)

18:01:50.6097(1)

:01:80.73731(7)

18:01:55.3632(2)

Declination, DEC (dd:mm:ss, J2000) —08:57:31.853(6) 5082.699(3) —08:57:24.284(9)
Pulse Frequency (Hz)................. 139.360884729(3p67.47267494(3)  236.600598138(8)
Pulse Frequency Derivative (3) 9.9124(8x 10~ 15  4.573(9x 1015 —4.3(2)x10~ 16
Set Quantities

Reference Epoch (MJD) 54400 54400 54400
DM (cm~—3 pc) 182.614 182.457 174.487

Timing Model Assumptions
Solar System Ephemeris Model DE200 DE200 DE200

Parkes with an ultra-wideband low frequency receiverhave DM values between NGC 6517 D’s and others, the
MeerKAT and other large telescopes, the relatively hightiming should be done to obtain their positions for further
pulsar number of NGC 6517 may be the result of the FASTanalysis.
GC pulsar search priority, in that we searched it earlier. It
is highly likely to find more faint pulsars in other GCs and  wjth current discoveries, NGC 6517 hosts nine
thus increase the average number of GC pulsars overall. pylsars. Among them, NGC 6517 B is the only binary

As seen in Figure, for all the three new pulsars, even and is in a~60 d orbit. NGC 6624 (eight isolated, one
for pulsar G which is quite faint, the SNR to DM curves binary), NGC 6752 (eight isolated, one binary), M15
have clear peaks. The data points in the curves could bgeven isolated, one binary, one unknown), Terzan 1 (8
reduced to be half (DM step is 0.2 pc c) or even one isolated) and NGC 6522 (four isolated) have similar highly
fourth (DM step is 0.4 pc cm’), and we could still find isolated pulsar ratios. NGC 6517 also contains three long
these pulsars. With larger DM steps, the computing timepin period pulsars which have spin period longer than
for pulsar search will also be saved. However, the DM to20 ms. Besides NGC 6517 (three among nine), Terzan
SNR curve becomes narrower when the pulsar spin periodl (three among 39), NGC 6624 (three among 10), M71
is shorter. The three new pulsars have relatively longefthree among four, discovered by FAST, unpublished)
periods so that we can detect them with relatively largeand M15 (four among nine) have three or more pulsars
DM step. with spin period 20 ms or longeverbunt & Freire(2014

The DM values for pulsars A, B and C in NGC 6517 introduced the encounter rate for a single binaryBased
are slightly different from those reported lhynch etal. on this, they suggested that for core collapse GCs, binary
(201). These may arise from either errors utilizing pulsar systems have a much higher probability of being
different bands or are caused by the DM variationsdestroyed at any stage of the evolution and thus these
We will continue monitoring this GC and report this in clusters mostly house isolated and/or partially recycled
another paper. While the pulsars NGC 6517 H and pulsars. Thus, the pulsars from NGC 6517, M15 and NGC
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Fig.3 The positions of NGC 6517 Ato G. The X and Y Frontiers Center award 1430284.
axes are RA and DEC offsets from the NGC 6517 optical
center (J2000, 18:01:50.52-08:57:31ych et al. 201} References
respectively. The error bars for positions are much smaller
than the size of squares which represent the pulsars. ThEnderson S. B., Wolszczan, A.. Kulkarni. S. R.. & PrinceAT
beam size of FAST isv3 arcmin, which covers a much T T T '
larger region than this plot. 1997, ApJ, 482, 870
Bagchi, M., Lorimer, D. R., & Chennamangalam, J. 2011,

6624 are consistent with the expectation for these core- MNRAS, 418, 477

collapsed GCs. Chennamangalam, J., Lorimer, D. R., Mandel, I., & Bagchi, M.
2013, MNRAS, 431, 874
6 CONCLUSIONS Freire, P. C. C., & Ridolfi, A. 2018, MNRAS, 476, 4794
Harris, W. E. 1996, AJ, 112, 1487
The conclusions are as follows: Harris, W. E. 1996, eprint(arXiv:1012.3224)

1. We discovered three new pulsars in NGC 6517 .Hessels, J. W. T., Ransom, S. M., Stairs, I. H., Kaspi, V. M., &
With current discoveries, NGC 6517 now has nine pulsars freijre, P. C. C. 2007, ApJ, 670, 363
in it, ranking 6" (the same as NGC 6752 and M15) among Jiang, P., Yue, Y., Gan, H., et al. 2019, Science China Physic
GCs in terms of numbers of pulsars. Mechanics, and Astronomy, 62, 959502
2. Based on FAST data, we obtained or updated thgjang, P., Tang, N.-Y., Hou, L.-G., et al. 2020, RAA (Reshanc
timing solutions for the six isolated pulsars in NGC 6517.  astronomy and Astrophysics), 20, 064
All these isolated pulsars have small period derivativesKnispeL B., Eatough, R. P., Kim, H., et al. 2013, ApJ, 774, 93
indicating that they are recycled pulsars. Lynch, R. S., Ransom, S. M., Freire, P.C. C., & Stairs, I. H20
3. The new candidate sifting code, JinglePulsar, was apj 734, 89
tested on 47 Tuc data and then applied for NGC 6517\an, R., Li, D., Jin, C., et al. 2011, International Journél o
pulsar search, resulting in the discoveries. With theds,tes  \15dern Physics D, 20, 989
we suggest that with an optimized sifting method, the DMpan 7. Hobbs, G., Li, D., et al. 2016, MNRAS, 459, 126

step in pulsar search for relatively long period (e.g., 10 M$pan, 7., Ransom, S. M., Lorimer, D. R., et al. 2020, ApJL, 892,
or longer) pulsars can be at least twice as long as what is | g

used now, largely saving computing time. Ransom, S. M. 2001, PhD thesis, New Search Techniques for
4. From our timing solution, pulsars A, B, C, Eand F  gjpary pulsars

are close to each other and near the GC center. Ransom, S. M., Cordes, J. M., & Eikenberry, S. S. 2003, ApJ,
5. The current GC pulsar searches are performed by ggq 911

large telescopes (arrays) like FAST, Parkes UWB andkansom, s. M., Eikenberry, S. S., & Middleditch, J. 2002, AJ,
MeerKAT. It is worthwhile re-investigating the simulatien 124 1788

on GC pulsar number prediction. Turk, P. J., & Lorimer, D. R. 2013, MNRAS, 436, 3720
Verbunt, F., & Freire, P. C. C. 2014, A&A, 561, A1l
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