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A B S T R A C T 

In addition to fast radio burst (FRB) searches carried out using dedicated surveys, a number of r adio observ atories take 
advantage of commensal opportunities with large facilities in which observations for other projects can be searched for 
FRBs and other transient sources. We present the results from one such effort, the first 24 186 h of the GREENBURST 

search for dispersed radio pulses with the Green Bank Telescope (GBT). To date, GREENBURST has detected a total of 50 
pulsars and three FRBs. One of the pulsars, PSR J0039 + 5407, has a period of 2.2 s and was previously unknown. Using 
follow -up observ ations with the Canadian Hy drogen Int ensity Mapping Experiment, w e found a timing solution for this 
pulsar which shows it t o hav e a characteristic age of 2 Myr. Additional GB T observ ations show the pulsar has a very high 

nulling fraction ( ∼70–80 per cent). All three of the FRBs ar e r epeating sour ces that wer e pr eviously known and were 
being monitored by the GBT as part of other projects. A major challenge for GREENBURST in the discovery of new FRBs 
is its single beam. This makes it hard to distinguish some of the pulses from sources of radio frequency interference. We 
highlight this problem with a case study of an FRB-like pulse that initially passed our interference filters. Upon closer 
inspection, the event appears to be part of a longer duration narr ow-band sour ce of unknown origin. Further observations 
and monitoring are required to determine whether it is terrestrial or celestial. 

Key words: methods: observational – pulsars: general – pulsars: individual: PSR J0039 + 5407 – fast radio bursts. 
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 INTRODUCTION  

s a population of cosmological sources of unknown origin, fast 
adio bursts (FRBs) are insightful probes of fundamental physics 
nd the large-scale structure of the Universe (for a recent re-
iew, see B. Zhang 2023 ). Among the many (for a living com-
ilation, see E. Platts et al. 2019 ) possible sources suggest ed t o
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xplain FRBs so far are extragalactic magnetars and compact 
bject mergers. The discovery of repeating FRBs (L. G. Spitler 
t al. 2016 ; CHIME/FRB Collaboration 2019 ) suggests that at
east some FRBs ar e pr oduced in non-catastrophic events. The
iscovery of FRB-like emission from the Galactic magnetar SGR 

953 + 2154 (C. D. Bochenek et al. 2020 ; CHIME/FRB Collabo-
ation 2020 ) provides strong evidence in favour of a magnetar
rigin for some fraction of the FRB population. The discoveries of 
RBs in galaxies at increasingly larger redshifts (S. D. Ryder et al.
023 ; M. Caleb et al. 2025 ) highlight the need to characterize this
opulation using high-sensitivity instruments. 
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Figure 1. Schematic showing the GREENBURST data acquisition and analysis pipeline. The blue input squares are data provided by the Serendip VI 
(K. Archer et al. 2016 ) backend. Data are sent to GREENBURST via UDP packets which are buffered and written in filterbank format (D. R. Lorimer 
2011 ). The double buffer ensures continuous data coverage over discrete filterbanks. The Elasticsearch data base keeps track of the telescope pointing 
at 8 min cadence over the lifetime of the experiment. If the data are valid (suitable receiver position, not in maint enance, et c.) they are cleaned with 
jess_gauss.py ’s J ar que-Bera filter. These cleaned filterbank data are subsequently sear ched with heimdall (B . R. Barsdell 2012 ). Candidate pulses 
are cut out and classified as astrophysical or RFI by FETCH (D. Agarwal et al. 2020b ). Candidates classified as astrophysical are reviewed by humans 
on a daily basis via a dedicated Slack channel. An InfluxDB2 keeps track of the telescope pointing at a cadence of 1 s. Yellow squares show steps that 
leverage GPU acceleration. 
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Motivated by the need to find more FRBs, as part of a col-
aboration with groups engaged in the search for extraterres-
rial intelligence (J. Chennamangalam et al. 2017 ) using the
ERENDIP VI backend ar chitectur e (K. Archer et al. 2016 ), we
egan building and commissioning real-time commensal FRB de-
 ect ors on the Arecibo (ALFABURST; G. Foster et al. 2018a ) and
reen Bank (GREENBURST; M. P. Surnis et al. 2019 ) telescopes.
ince the demise of the Arecibo telescope, our focus has been
n GREENBURST, with commissioning and initial observations
eing reported by D. Agarwal et al. ( 2020a ). A key component
f that work was our development (D. Agarwal et al. 2020b ) of 
he Fast Extragalactic Transient Candidate Hunter (FETCH), a
eep-learning model that autonomously identifies FRBs. Some
f the development of FETCH, particularly in the form of early
r aining data, w as pr ovided by GREENBURS T commissioning
bservations. 
The goal of GREENBURST is t o det ect dispersed radio pulses
f astrophysical origin by piggybacking on Green Bank Telescope
GB T) observ ations. Since 2019, GREENBURST has collected
ver 20 000 h of GBT data as part of its routine operations, in-
NRAS 548, 1–12 (2026) 
reasing the scientific productivity of the telescope and providing
 basis for PhD projects (D. Agarwal 2020 ; G. Golpayegani 2020 ;
. W. Kania 2023 ). We describe these observations in this work
hich has so far led to the successful detections of FRBs and
ulsars as well as the discovery of one Galactic pulsar through
he detection of individual pulses. 
The plan for the rest of this paper is as follows. In Section 2 , we
riefly describe the observ ational fr amework of GREENBURST
s well as infrastructure developments made since the description
rovided by D. Agarwal et al. ( 2020a ). In Section 3 , we detail
ur main results to date. The implications of these results are
iscussed further in Section 4 before we conclude with some
rojections for the future in Section 5 . 

 OBSER  VATIONAL  OVER  VIEW  AND  UPDATES  

s described in detail in M. P. Surnis et al. ( 2019 ), GREEN-
URST and SERENDIP VI (K. Ar cher et al. 2016 ) shar e a copy
f the signal from the L band (1.4 GHz) feed from the GBT.
 schematic of the resulting data flow and analysis pipeline
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Figure 2. Sky coverage for the observation period reported in this paper. The positions are quantized into 6 deg 2 hexagons and colour coded into hours 
spent per region. Stars indicate pulsars, crosses indicate FRBs. Grey points are known objects. The blue star is represents PSR J0039 + 5407. The blue 
cross is GBP 220718. 
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RFI in addition to the noise diode. 
s shown in Fig . 1 . The GREENBURS T signal is 4096 chan-
els covering 960 MHz, centred at 1440 MHz sampled at 256 µs
ith 8-bit precision. These data ar e sear ched for the pr esence
f dispersed pulses of astrophysical origin with a pipeline opti- 
ized for the detection of pulses with dispersion measures (DMs) 
rom 10 to 10 000 pc cm 

−3 and widths from 256 µs to 32.8 ms.
urther details of the data analysis pipeline can be found in
. Agarwal et al. ( 2020a ). The major change to the pipeline
ince this earlier account has been the implementation (J. W. 
ania 2023 ) of more sophisticated techniques to remove un- 
 anted r adio fr equency interfer ence (RFI) signals, as described
elow. 
Radiometer noise and signals from astronomical sources are 
xpect ed t o be normally distributed (G. M. Nita et al. 2007 ; G.
. Nita & D. E. Gary 2010 ). Communication systems are non-
hermal, and ther efor e ar e oft en highly non-Gaussian, and w e
xpect communication signals, one of the main sources of RFI, 
 o hav e higher statistical moments (M. Rafiei-Ravandi & K. M.
mith 2023 ). We ther efor e use normality t ests t o discriminat e be-
ween astrophysical and anthropogenic signals. Spectral kurtosis 
the fourth normalized moment) has been shown to be an ex- 
ellent discriminator for RFI, and subject of much development 
y the radio astronomy community (G. M. Nita et al. 2007 ; D. E.
ary, Z. Liu & G. M. Nita 2010 ; G. M. Nita & D. E. Gary 2010 ;
. M. Nita, A. Keimpema & Z. Paragi 2019 ; J. Taylor et al. 2019 ;
. Mirhosseini 2020 ; E. Smith, R. S. Lynch & D. J. Pisano 2022 ).
urtosis measures the tails of a distribution, making it insensitive 
o signals with a 50 per cent duty cycle. This insensitivity has
raditionally been mitigated by using multiscale kurt osis t ests (D. 
. Gary et al. 2010 ; E. Smith et al. 2022 ). 
As will be described in detail in an upcoming paper (Kania et al.

n preparation), we investigated alternative normality tests which 
nv olv e both kurt osis and skew (third normalized moment). For
his paper, we look for outliers in kurtosis and skew individu-
lly, then combine the resulting masks. We look for outliers in
he J ar que–Bera statistic (C. M. J ar que & A. K. Bera 1980 ; A.
. Bera & C. M. J ar que 1981 ; C. M. J ar que & A. K. Bera 1987 )
r D’Agostino’s K 

2 statistic (R. D’Agostino & E. S. Pearson 1973 ;
. B. D’Agostino & A. Belanger 1990 ). Outliers are identified by
alculating the inter-quartile range (IQR) and flagging samples 
hat are four standard deviations away from the median. IQR is
 r obust measur e of scale (P. Rousseeuw & C. Croux 1992 ; V.
orello, K. M. Rajwade & B. W. Stappers 2022 ), making it resilient

 o RFI-contaminat ed sections of spectra. We consider blocks of 
4 and 4096 samples (corresponding to approximately 16 ms and 
 s, r espectively). A dditionally, following the normality-based ex- 
ision, we flag sections on a 16 384 sample (4.2 s) cadence with
nusually high median versus mean absolute difference. While 
 e expect RFI t o be mor e pr ominent at higher moments, some
FI seems to be particularity strong driving the signal chain into
 non-linear state. These non-linear sections do not show up more
ignificantly at higher statistical moments, so we perform this 
rst-moment normality test. Once we have e x cised sections of 
ynamic spectra based on their normality, we use the high-pass 
lter first described in R. P. Eatough, E. F. Keane & A. G. Lyne
 2009 ) and further refined by P. Lazarus et al. ( 2015 ). R. P. Eatough
t al. ( 2009 ) describes a technique to remove broad-band signals
y taking the mean across all frequency channels, creating a 
ero-DM time series then subtracting this time series from each 
requency channel. This works well when there is uniform fre- 
uency response. Oft en, t elescopes do not hav e uniform sensi-
ivity across their bandpass, due to receiver roll-off and band- 
t op filt er. To ov ercome this changing sensitivity, P. Lazarus et al.
 2015 ) introduce a w eight ed zero-DM subtraction technique that
ses the bandpass shape to account for this changing receiver 
ensitivity by using a w eight ed bandpass. As described in (J. W.
ania et al. 2026 ), we use this technique to remove broad-band
MNRAS 548, 1–12 (2026) 
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Figure 3. Timeline of observation showing totals for each year. The 2024 
total is up to the end of July. Overall, the L -band receiver was in focus 72 
per cent of the time. Other receivers being used by the primary observer 
were: X band 12 per cent, C band 7 per cent, Ka band 5 per cent and 
Mustang 3 per cent. 
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Table 1. The 49 previously known pulsars det ect ed during GREEN- 
BURST operations. For each pulsar, we list the spin period ( P), DM, 
1400 MHz flux density ( S 1400 ), number of epochs ( N epochs ) on which the 
source was det ect ed, and the total number of pulses detected ( N pulses ). 

PSR P DM S 1400 N epochs N pulses 
(ms) (cm 

−3 pc) (mJy) 

B0144 + 59 196.32 40.1 2.1 1 4 
B0301 + 19 1387.58 15.7 15.0 3 4 
B0329 + 54 714.52 26.8 203.0 31 837 
B0355 + 54 156.38 57.1 23.0 96 4408 
B0402 + 61 594.58 65.4 2.8 1 17 
B0450 −18 548.94 39.9 17.0 2 557 
B0450 + 55 340.73 14.6 13.0 1 1 
B0525 + 21 3745.54 50.9 8.9 3 13 
B0531 + 21 33.39 56.8 14.0 1 1 
B0626 + 24 476.62 84.2 3.2 5 107 
B0628 −28 1244.42 34.4 32.0 1 91 
J0631 + 1036 287.82 125.3 1.1 1 10 
J0737 −3039A 22.69 48.9 1.3 2 3 
B0740 −28 166.76 73.7 26.0 14 314 
B0818 −13 1238.13 40.9 6.0 3 169 
B0823 + 26 530.66 19.5 10.0 1 164 
B0833 −45 89.33 67.8 1050.0 1 146 
B0919 + 06 430.63 27.3 10.0 1 32 
B1508 + 55 739.68 19.6 8.0 5 44 
B1540 −06 709.06 18.3 2.0 1 110 
B1642 −03 387.69 35.8 25.8 1 338 
B1702 −19 298.99 22.9 5.7 52 4189 
B1706 −16 653.05 24.9 15.0 1 162 
B1718 −35 280.42 496.8 16.8 4 540 
J1740 + 1000 154.10 23.9 2.7 1 2 
J1741 −2019 3904.51 74.9 0.0 2 2 
B1742 −30 367.43 88.4 21.0 3 66 
B1745 −20A 288.60 219.4 0.4 1 2 
B1744 −24A 11.56 242.2 0.6 3 13 
J1749 + 5952 436.04 45.1 0.0 1 1 
B1749 −28 562.56 50.4 48.0 3 3 
B1800 −21 133.67 234.0 9.6 1 8 
B1804 −08 163.73 112.4 18.0 2 108 
B1818 −04 598.08 84.4 10.1 1 18 
B1822 −09 769.02 19.4 10.0 3 6 
B1826 −17 307.13 216.8 11.0 1 3 
B1828 −11 405.07 159.7 1.5 15 1216 
B1911 −04 825.94 89.4 6.8 1 53 
B1933 + 16 358.74 158.5 58.0 15 1001 
B1937 + 21 1.56 71.0 13.9 21 33 
B1946 + 35 717.31 129.4 8.3 4 98 
B2016 + 28 557.95 14.2 30.0 1 5 
B2020 + 28 343.40 24.6 38.0 6 640 
B2021 + 51 529.20 22.6 27.0 36 828 
B2111 + 46 1014.69 141.2 19.0 1 4 
B2154 + 40 1525.27 71.1 17.0 1 21 
B2217 + 47 538.47 43.4 3.0 2 67 
B2255 + 58 368.25 151.1 9.2 1 39 
B2310 + 42 349.43 17.3 15.0 4 61 

o  

d

3

O  

t  

c  

2  
 RESULTS  

he r esults fr om this w ork cov er GB T observ ations between 2019
arch 14 and 2024 July 31 during which time a total of 24 186 h
f data were collected. Fig. 2 shows an equatorial projection of 
he sky coverage to date. Fig. 3 shows the time spent on sky as a
unction of epoch. In the subsections below, we detail the main
utcomes. 

.1 Detections of previously known sources 

ur observations t o dat e hav e result ed in the det ection of 16 556
ulses from 49 previously known pulsars. These detections are
ummarized in Table 1 and the brightest pulse from each source
s shown in Fig. 4 . While further analyses of these pulses will be
rovided in a subsequent publication (Tabassum et al. in prepa-
ation), some notable detections among this sample are: bright
ulses from the 11 ms pulsar B1744–24A in Terzan 5 (which are
haracterized in earlier GBT observations by A. V. Bilous, S. M.
ansom & P. Demorest 2019 , and thought to be due to plasma
ensing in this eclipsing binary system), giant pulses from the
rst millisecond pulsar B1937 + 21 (I. Cognard et al. 1996 ), and
ndividual pulses from the 22.7 ms pulsar J0737–3039A in the
ouble pulsar system (M. Burgay et al. 2003 ; A. G. Lyne et al.
004 ). 

.2 Previously known FRBs 

uring the observing period reported here, three repeating FRBs
 ere observ ed by the GBT for which w e hav e det ections: FRB
0190520B (C. H. Niu et al. 2022 ) was observed as part of project
BT20B_401, FRB 20200120E (M. Bhardwaj et al. 2021 ) was ob-
erved as part of project GBT22A_502, and FRB 20121102A (L. G.
pitler et al. 2016 ) was observed as part of project GBT21A_417.
ample pulses from these sources are shown in Fig. 5 . As these
ata were collected for other projects with specific scientific goals,
e do not use them for any purposes beyond their value as a test
NRAS 548, 1–12 (2026) 
f the ability of our data analysis pipeline to make serendipitous
etections of FRB pulses. 

.3 PSR J0039 + 5407 

n 2022 June at 10:14:34 utc , we detected a pulse with a signal-
o-noise ratio (S/N) of 14 and a DM of 74.2 cm 

−3 pc. Upon RFI
leaning using the composite filter in jess (J. W. Kania et al.
026 ), eight additional lower-significance pulses were detected.
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Figure 4. Sample individual pulses det ect ed from the 49 pulsars in Table 1 . The numerical labels under each pulse denote time in ms with respect to 
the centre of the time series. For presentation purposes, each pulse has been aligned so that its peak value is located 75 per cent along the horizontal axis. 
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he initial pulse was found again at S/N = 29, corresponding
o a peak flux density of about 70 mJy, as well as three addi-
ional pulses in the 10–30 mJy range. Manual inspection of candi- 
ates with DMs around 70 cm 

−3 pc revealed another five pulses
uring the time the pulsar was drifting through the telescope’s 
eld of view. From these nine pulses, we were able to deter-
ine the most probable position of the pulsar and identify its
eriod. Using a kernel density estimation (KDE; M. R osenblat t
956 ; E. Parzen 1962 ) approach, the most probable position of 
he pulsar was found. As input to the KDE process, we used a
aussian smoothing kernel that has a width equal to the tele- 
cope beam, (9.2 arcmin; M. P. Surnis et al. 2019 ). We then
sed the S/N of the det ect ed pulses as relativ e w eights for the
ernels using scikit-learn’s KDE implementation (F. Pedregosa 
t al. 2011 ). This yielded an initial estimate of the right ascen-
ion (J2000) consistent with a point source drifting through the 
s  
eam. The declination uncertainty is simply the width of the 
elescope beam. A standard Fourier transform-based search for 
eriodicities in these data using presto (S. Ransom 2011 ) did
ot reveal any significant candidates. A fast folding algorithm 

earch using riptide (V. Morello et al. 2020 ), how ev er, rev ealed
he presence of a 2.2 s periodicity consistent with the presence
f a radio pulsar with that period. These initial paramet ers w ere
ubsequently refined during the follow-up timing analysis for the 
ulsar (henceforth r eferr ed to as PSR J0039 + 5407) described in
ection 4.1 . 

.4 GBP 20220718 

n 2022 July 18 at 16:07:17 utc , w e det ect ed a pulse of width
6 ms with a DM of 145.5 cm 

−3 pc and S/N of 10. From the po-
ition of the telescope at the time of det ection, w e estimat e the
MNRAS 548, 1–12 (2026) 
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Figure 5. Example detections of individual pulses from the three previously known FRBs (FRB 20121102A, FRB 20190520B, and FRB 20200120E) 
observed during follow -up observ ations of these sources as well as the discovery pulse for GBP 220718. In each case the top panel shows the dedispersed 
pulse, the middle panel shows the ‘waterfall’ plot of frequency versus time, while the bottom panel shows the trial DM as a function of time. In each of 
the data visualizations, the median has been subtracted from the data and the resulting arrays have been divided by their respective standard deviation. 
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Table 2. Observed and derived parameters for PSR J0039 + 5407. The 
distance paramet ers w ere deriv ed using the NE2025 model (S. K. Ocker 
& J. M. Cordes 2026 ). 

Parameter Value 

Right ascension, α (h:m:s) (J2000) 00:39:11.65(2) 
Declination, δ (deg:m:s) (J2000) 54:07:11.6(1) 
Spin frequency, ν (Hz) 0.446192165098(9) 
Spin frequency derivative ˙ ν (s −2 ) –3.12(1) ×10 −15 
Epoch of period (MJD) 60 102 
DM (cm 

−3 pc) 72.9(1) 
Galactic longitude, l (deg) 121.12 
Galactic latitude, b (deg) –8.71 
50 per cent pulse width, w 50 (ms) 64 
10 per cent pulse width, w 10 (ms) 92 
DM-derived distance, d (kpc) 3.0 
Height above the Galactic plane, z (pc) 450 
Characteristic age, τ (Myr) 2.3 
Magnetic field strength, B ( 10 8 T) 6.0 
Spin-down luminosity, ˙ E ( 10 24 W) 5.5 

Figur e 6. Composite pr ofile of J0039 + 5407 fr om the phase-coher ent 
addition of the best CHIME/Pulsar detections. The total integration time 
is 4263 s. 
ight ascension to be 07 h 25 m 13 s ± 18 s and the declination to be
46 ◦ 31 . 8 ′ ± 4 . 5 ′ . As shown in the discovery plot in Fig. 5 , the
ignal was limited to the lower quarter of the bandpass. In our dis-
ussion below, due to additional emission that we subsequently
ound in the original observation, we do not feel confident in
urrently concluding that it is celestial in origin and henceforth
efer to it as GBP 220718, where GBP stands for GREENBURST
ulse. 

 DISCUSSION  

n the following sections, we discuss the findings from follow-up
bservations of both PSR J0039 + 5407 and GBP 220718. 

.1 PSR J0039 + 5407 

tarting from the initial measurements of the period, DM and
osition obtained from the discovery observations presented
bov e w e carried out regular observations of this pulsar us-
ng CHIME/Pulsar (CHIME/Pulsar Collaboration 2021 ). Us-
ng a preliminary ephemeris for this pulsar made from initial
HIME/FRB (CHIME/FRB Collabor ation 2018 ) observ ations in
earch mode in July 2022, a further 134 timing mode observations
f 1430 s were taken by CHIME between 2022 August 16 and
024 March 6. Carrying out a standard timing analysis using the
empo2 software package (G. B. Hobbs, R. T. Edwards & R. N.
anchester 2006 ) yields a phase-connected solution spanning
46 d with parameters summarized in Table 2 . The int egrat ed
rofile obtained by summing all of the CHIME/PSR observations
s shown in Fig. 6 . The DM fit to the TOAs was carried out by
enerating eight 50 MHz sub-bands from one of the strongest
HIME/Pulsar detections and keeping the other parameters in
he solution fixed. 

.1.1 Nulling analysis 

ome pulsars exhibit nulling, a pattern of intermittent intervals
uring which the pulsar enters a state of minimal to no emis-
ion (D. C. Backer 1970 ). Nulling can occur on a wide variety
f time-scales (N. Wang, R. N. Manchester & S. Johnston 2007 ),
NRAS 548, 1–12 (2026) 
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Figure 7. Six single pulses from a GBT 820 MHz observation of 
J0039 + 5407 exhibiting several types of morphology. Some pulses show 

only one peak while others show both. The trailing peak of multicompo- 
nent pulses is weaker. The horizontal extent of each of the pulses shown 
is 100 ms and the time series has been downsampled by a factor of 16. 
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Figure 8. Histograms of normalized single-pulse fluences of 
J0039 + 5407, along with the two - component fits. The Gaussian is 
centred at zero and represents spin periods dominated by noise (the 
nulls) while the lognormal distribution r epr esents spin periods with 
stronger emission. 
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epending on the pulsar. Previous studies hav e report ed corre-
ations between the fraction of null pulses (the null fraction, 
F) and pulse period P (J. D. Biggs 1992 ) and characteristic
ge τ (R. T. Ritchings 1976 ; N. Wang et al. 2007 ), with the lat-
er relationship being even stronger. With P � 2 . 24 s and τ �
 . 3 Myr, it would not be surprising if PSR J0039 + 5407 exhibited
ulling. 
We conducted an analysis to find NF for PSR J0039 + 5407 using

 GB T observ ation of the pulsar carried out at a central frequency
f 820 MHz using the VEG AS spectr ometer (R. M. Prestage et al.
015 ) in search mode using 2048 channels over a total bandwidth
f 200 MHz sampled every 80 µs. Using the timing solution, we
olded the data into single pulses. Fig. 7 shows a selection of 
he strongest single pulses. An examination of the folded profile 
howed that the majority of emission is concentrated within a 
pan of ∼0 . 1 s, which we designate the on-pulse region. Follow-
ng the method of P. R. Brook, A. Karastergiou & S. Johnston
 2019 ), after subtracting a baseline from each pulse, we summed
he time series over the on-pulse region, yielding some fluence F .
or the purposes of the analysis below, the fluence scale does not
 equir e calibration. How ev er, from radiomet er noise considera-
ions (see, e.g. D. R. Lorimer & M. Kramer 2004 ), we find typical
eak flux densities on the order of 1 Jy in this observing band
720–920 MHz). 
Assuming Gaussian noise, the pulse periods from nulling 
hould yield fluences following a Gaussian distribution centred 
t F = 0 . The pulse periods with strong single-pulse emission, on
he other hand, should follow a lognormal distribution (S. Burke- 
polaor et al. 2012 ). 1 We can compute the nulling fraction by
tting a sum of a Gaussian (centred at F / 〈 F 〉 = 0 ) and lognor-
al distribution to the empirical flux density histogram. If the 
wo component distributions have fitted amplitudes A n and A e , 
espectively, then 

F = 

A n 

A n + A e 
, (1) 

here we have ensured that each distribution, before fit ting, w as
ormalized to have unit area; in other words, A n and A e are also
he areas under the distributions. We performed the fits using 
 While some pulsars follow a slightly different distribution (M. B. Mick- 
liger et al. 2018 ), a lognormal appr o ximation should be sufficient for our 
urposes. 

c
i  

2

he optimize.curve_fit routine from the scipy 2 package (P. 
irtanen et al. 2020 ). The fitted histograms are shown in Fig. 8 ,
nd yielded NF = 73 ± 3 per cent , where the uncertainty in NF
as found by pr opag ating the uncertainties in A n and A e in
uadrature. 
We checked this value of NF using the earlier method of R. T.
itchings ( 1976 ), who generated histograms of fluence from the
n-pulse region and a subset of the off-pulse region, and com-
uted the scaling factor r equir ed to make the two comparable;
hey identify this scaling factor with the nulling fraction. This re-
ults in a NF = 80 ± 7 per cent , consistent with the value found
bove. Further observations of this pulsar to obtain high-quality 
ulse sequences to bet ter char acterize the single-pulse behaviour 
r e str ongly encouraged. 

.2 GBP 220718 

.2.1 Search for low earth orbiting spacecraft 

s the number of low-Earth orbit (LEO) sat ellit es continues to
ncrease (J. C. McDowell 2020 ), distinguishing between transient 
FI and genuine astrophysical signals has become vital. Indeed, 
 very narrow (ns duration) bright radio pulse from a decomis-
ioned LEO sat ellit e was recently observed in the 700–1000 MHz
and with ASKAP (C. W. James et al. 2025 ). We conducted a
earch for LEO sat ellit es abov e the Green Bank horizon at the
ime of GBP 220718. Using historical two-line element data from 

he Space-Track repository (United States Space Command 2022 ), 
 e reconstruct ed the distribution of LEOs and found none within
 

◦ of the GBT boresight (Azimuth: 45 . 3 ◦, Elevation: 77 . 5 ◦). The
losest LEO at the time of the event was COSMOS 1320, launched
n 1981, at an angular separation of 7 . 2 ◦, while the nearest Star-
ink sat ellit e (STARLINK-3843, a v ersion 1.5 spacecraft) was over
7 ◦ away. While Starlink V1.5 sat ellit es are designed for Ku-band
ommunication, they emit unintended electromagnetic radiation 
n the 110–188 MHz range (F. Di Vruno et al. 2023 ; D. Grigg, S.
MNRAS 548, 1–12 (2026) 
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. Tingay & M. Sokolowski 2025 ). Whether this leakage extends
nto L band remains uncharacterized. However, given that these
at ellit es w ould be in the far field of the GBT at these frequencies
where the beam is well-defined and sidelobe response is signif-
cantly att enuat ed), and giv en the large angular separations ob-
erv ed here, w e consider it unlikely that LEO sat ellit es produced
BP 220718. 

.2.2 Search for repetitions 

he narr ow-band natur e of our observation of GBP 220718, and
he complexity of its pulses discussed further below, motivated
 series of follow-up observations to confirm it as a source of 
str ophysical natur e, determine its origin and whether it is a
 epeating sour ce. 
We followed up our initial observation of GBP 220 718 with

he Lovell Telescope at the J odr ell Bank Observatory (JBO). We
bserved the position determined in Section 3.4 for a total of 8 h
nd found no significant bursts. These observations were taken
n nine days over the span of four months, from 2023 October 8 to
024 February 15. The bandwidth of the observation is 336 MHz
anging from 1396 to 1732 MHz. The RFI environment around
BO during our observations was not very clean. The majority of 
ursts we detected with our heimdall pipeline were narrow-
and RFI and easily recognized. Given the width of the origi-
al detection (17 ms), a system temperature of 30 K, a gain of 
 K Jy −1 , and a S/N of 10, we should be able to detect bursts of at
east 83 mJy. Our non-detection precludes any bursts of this flux
r greater during our observations. 
The field of view containing GBP 220 718 was observed by
HIME/FRB for a total of about 150 h with a median 95 per cent
ompleteness threshold of 3.5 Jy ms (FRB Collaboration 2026 ).
 o pulses wer e det ect ed fr om this sour ce above this fluence
imit. 

.2.3 Dispersion measure of the main pulse 

s shown in Fig. 5 , the narrow-band nature of GBP 220 718 leads
o a large bow-tie feature in the DM-time plane that is consistent
ith a pulse with a DM of 145.5 cm 

−3 pc, substantially higher
han the Galactic contribution predicted by NE2025 (S. K. Ocker
 J. M. Cordes 2026 ) or YWM16 (J. M. Yao, R. N. Manchester
 N. Wang 2017 ) which predict DMs of 55.2 and 71.9 cm 

−3 pc,
espectively. It is possible that GBP 220 718 is actually within
he Milky Way, and that the apparent DM excess is due to in-
ccuracies in Galactic DM models along the line of sight. We
earched the ATNF catalogue for any pulsars with DMs exceed-
ng the NE2025 maximum line- of- sight DM by 90.3 cm 

−3 pc or
he YMW16 maximum line- of- sight DM by 73.6 cm 

−3 pc, the ex-
esses seen from this FRB. For each model, < 1 per cent of pulsars
howed such large e x cesses, making this an unlikely explanation.
n fact, most of that group of pulsars lie in globular clusters or
he Magellanic Clouds, which explain many of the discrepancies.
dditionally, pulsars near GBP 220 718 in the sky do not appear

 o hav e anomalously high DMs, and the DM of GBP 220 718 is at
east four times that of every known pulsar within 10 deg of its sky
osition. 
If GBP 220 718 is astrophysical, we note that it is spatially coin-
ident with the galaxy LEDA 2277 498 (G. Paturel et al. 2003 ). This
andidate host, also identified as SDSS J072513.14 + 463143.5, lies
NRAS 548, 1–12 (2026) 
t an angular separation of appr o ximately 17 ′′ fr om our best-
tting position, well within the estimated 1 σ uncertainty. The
alaxy is a faint dwarf system with a photometric redshift of 
 phot ≈ 0 . 082 (R. Ahumada et al. 2020 ). The e xtrag alactic DM
 DM ext ) of the burst further supports this association. While a
rude DM ext ∼ 1000 z scaling (E. Petroff, J. W. T. Hessels & D. R.
orimer 2019 ) suggests z ∼ 0 . 07 , a more rigorous accounting of 
he for egr ound is r equir ed. In the dir ection of GBP 220 718 ( l =
76 . 3 ◦, b = 23 . 4 ◦), the NE2025 model predicts a Galactic disc
ontribution of DM ISM 

= 38 cm 

−3 pc. Accounting for a halo con-
ribution of ∼32 pc cm 

−3 (S. Yamasaki & T. Totani 2020 ) and an
xpected IGM contribution of DM IGM 

≈ 66 cm 

−3 pc at z = 0 . 082
J.-P. Macquart et al. 2020 ), the observed DM is broadly consistent
ith an origin in LEDA 2277498. While these model-dependent
ubtractions suggest a low host contribution ( DM host � 30 cm 

−3 

c), the large uncertainties in the halo and IGM components
r eclude a pr ecise measur ement. N evertheless, the alignment in
M-space supports the possibility that the progenitor is located in
 low-density environment, perhaps in the outskirts of the galaxy.

.2.4 Scintillation analysis of the main pulse 

f GBP 220 718 is astrophysical, it might display other effects
f pr opag ation thr ough the int erst ellar and int ergalactic medi-
ms. Chief among these is diffractive scintillation, arising from
nhomogeneities in the int erst ellar medium. Diffractiv e scintil-
ation can be quantified by the diffractive time-scale �t d and
iffractive bandwidth �νd . These quantities can be estimated by
omputing the two - dimensional autocorrelation function (ACF)
f the pulse’s dynamic spectrum and averaging over frequency
nd time, respectively, then fitting each one-dimensional ACF
o a Gaussian or Lorentzian function and measuring the widths
f the fitted functions (J. M. Cordes, J. M. Weisberg & V. Bo-
iakoff 1985 ; J. M. Cordes 1986 ). In particular, νd is calculated
s the half width at half maximum of the fitted Gaussian or
orentzian. 
Efforts have been made to estimate �νd from observable quan-

ities. N. D. R. Bhat et al. ( 2004 ) fit a relation between the scatter-
ng time-scale τs , DM and observing frequency f : 

log τs = −6 . 46 + 0 . 154 log ( DM ) + 1 . 05( log DM ) 2 − 3 . 86 log f , 
(2) 

here τs is in milliseconds, DM is in cm 

−3 pc and f is in GHz. As-
uming a DM of 145.5 cm 

−3 pc and a central observing frequency
f 1.110 GHz, we find an expected scattering time-scale for GBP
20 718 of appr o ximately 0.05 ms. For a Kolmogor ov spectrum, 

νd = 

1 . 16 
2 πτs 

(3) 

ielding an expected diffractive bandwidth of appr o ximately
.366 kHz. Unfortunately, this is significantly lower than the
REENBURS T fr equency channel bandwidth of 234 kHz, in-
icating that measuring �νd for GBP 220 718 may not be
ossible. 
Given that there is a significant amount of scatter in the ob-
erv ed DM–τs relation, w e still att empt t o measure a diffractiv e
andwidth for GBP 220718. We isolated the three largest fea-
ures in the dynamic spectrum of the FRB, computed the one-
imensional frequency ACF for each subburst by averaging the
wo - dimensional ACF in time, and fit Lorentzians to each ACF,
s the ACFs display strong wings. We arrived at measurements of 
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Figure 9. Dynamic spectrum of the main pulse of GBP 220718. Channels 
on the outside of the band were excised and not used t o comput e the ACF. 
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νd of 11 ± 4 , 7 . 4 ± 2 . 5 , and 7 . 9 ± 2 . 8 MHz, respectively. As an
 xample, Fig . 9 shows the dynamic spectrum of the second of the
hree components used. 
All three fits have difficulty fitting the central portion of 

he ACF, and so these widths are likely ov erestimat es of the
rue diffractiv e bandwidth. Ev en accounting for this, the re-
ults are significantly higher than expected by the N. D. R.
hat et al. ( 2004 ) r elation. A closer e xamination of the dynamic
pectra of the subbursts suggests that the fits may be absorb-
ng spectral features of the burst, rather than actual diffractive 
cintillation. 

.2.5 Associated emission around the main pulse 

ach time a significant pulse like GBP 220 718 is r ecor ded, a filter-
ank file corresponding to the entire block of data (9 min) around
hat event is archived for offline analysis. Our examination of the
ata around GBP 220 718 does reveal other bursts of emission in
his same band, as shown in Fig. 10 . In addition to the bright
entral pulse, Fig. 10 shows several less luminous components 
hat wer e pr esent during the time the sour ce was in the field of 
iew of the telescope ( ≈40 s), but not initially detected by our
 eal-time pipeline. As Fig . 10 shows, pulses ar e det ect ed in three
ain regions of the time series which we label A, B, and C. Also
hown are waterfall plots which show the frequency structure 
n these thr ee r egions. In this display, only the 100 MHz band
n which GBP 220 718 was det ect ed (Fig. 5 ) is shown and all
ata are de-dispersed to a DM of 145.5 cm 

−3 pc. Some of these
omponents have similar spacing in time, especially in region B 

where the main pulse was initially det ect ed) and the spacing is
ppr o ximately 0.85 s. A periodicity analysis on the data collected
or the time series shown in Fig. 10 , as well as region B alone using
resto (S. Ransom 2011 ) and riptide (V. Morello et al. 2020 ) did
ot yield any significant periodicities. 
As Fig. 10 shows, while there clearly are other pulses present in

he observation at the same DM of GBP 220718, ther e ar e a num-
er of features in the same narrow frequency band that are con-
istent with DMs of zero. Such features are most prominent in re-
ion A which also shows a number of vertical bands (i.e. DM val-
es around 145.5 cm 

−3 pc) alongside sloping features that corre- 
pond to sub-pulses consistent with zero DM. While a variation of 
lopes in multicomponent FRBs have been seen in CHIME/FRB 

ata and described in detail in J. T. Faber et al. ( 2024 ), the features
 e observ e in Fig . 10 show a much gr eat er variation in DM ov er a
uch narrower band than seen by CHIME/FRB. If the emission 
hown here is truly astrophysical in nature, it would be unlike
ny other pulses seen to date. 
While the initial pulse seen for GBP 220 718 shows a number of 
RB-like pr operties, the pr esence of the additional pulses shown
n Fig. 10 , many of which exhibit no dispersion, while still falling
n the same narrow frequency range, leads us to be skeptical of 
n astrophysical origin for this source. On the other hand, the
act that it passed our RFI filtering described in Section 2 , which
ags signals that are highly non-Gaussian means that we cannot 
afely conclude a terrestrial origin for the signal. The kurtosis and
kew values for raw and RFI-filtered dynamic spectra are shown 
n Fig. 11 . Emission from GBP 220 718 is visible in both intensity
ata, but without any corresponding increase in either kurtosis or 
kew. This is in contrast to the RFI bands visible in the left hand
ide, which show brightly in kurtosis and skew. In the absence of 
urther information that would possible from an array receiver, 
e cannot currently rule out from this single-beam observation 
f GBP 220 718 with GREENBURST whether signal is terrestrial
n nature. Our experiences with GBP 220 718 are consistent with
he difficulties in classifying FRBs as discussed by G. Foster et al.
 2018b ). 

 CONCLUSIONS  

he first 20 000 h of GREENBURS T observations r esulted in the
etections of 50 pulsars, one of which (PSR J0039 + 5407) was
r eviously unknown, thr ee pr eviously known FRBs and one dis-
ersed pulse of unknown origin (GBP 220718). PSR J0039 + 5407
s a 2.2 s pulsar with a nulling fraction on the order of 80 per cent.
BP 220 718 was originally det ect ed as a narrow-band signal with
 DM of 145.5 cm 

−3 pc. Based on FRB observations to date, such
r operties ar e consistent with a nearby r epeating FRB . How ev er,
n spite of significant follow-up observations with other tele- 
copes, no additional events were found. In addition, upon closer 
nspection of the data taken around the epoch of detection for
BP 220718, how ev er, w e found a number of additional pulses
hat are consistent with zero DM signals in the same part of the
and. We searched for possible LEO sat ellit es abov e the horizon
t the time of the observation of GBP 220718, but found none. In
MNRAS 548, 1–12 (2026) 



10 J. W. Kania et al. 

M

Figure 10. Summary of the observation containing all the emission recorded from GBP 220718, cleaned with the composite filter described in (J. W. 
Kania et al. 2026 ) with w eight ed zero-DM subtraction. The top panel shows the dedispersed time series referenced to a DM of 145.5 cm 

−3 pc. Three 
differ ent r egions ar e shown, r eferr ed to as A, B, and C. The bot tom panels show w at erfall plots also dedispersed t o a DM of 145.5 cm 

−3 pc zooming in 
around each region. The original detection shown in Fig. 5 is the bright pulse at the centre of region B. The white lines show the expected behaviour for 
a zero-DM signal. 

Figure 11. Kurtosis and skew analyses on blocks of 64 times samples for the data containing GBP 220718. The left hand plots show the data without any 
RFI filtering, the right hand plots are post cleaning with the composit e filt er (J. W. Kania et al. 2026 ) with w eight ed zero-DM subtraction. For both cases, 
we show the dynamic spectra (t op), kurt osis values (middle), and skew values (bottom). As the right-hand panels show, there is no significant kurtosis 
or skew for GBP 220718. 
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ddition, the higher order moments of GBP 220 718 are inconsis-
ent with most known sources of terrestrial origin. If astrophysi-
al, GBP 220 718 appears to be coincident with the nearby galaxy
EDA 2277498. Further observations are necessary to make a
rm conclusion as to whether GBP 220 718 is astrophysical or
errestrial in nature. 
GREENBURS T observations curr ently underway include a
ingle-pulse study of all the millisecond pulsars we have observed
 o dat e (Tabassum et al. in preparation) and a survey of nearby
lliptical galaxies for FRBs (Paine et al. in preparation). Ongoing
ork is focused on extending the range of pulse widths searched
NRAS 548, 1–12 (2026) 
 o improv e the sensitivity of GREENBURST t o long-period tran-
ients (see, e.g. N. Hurley-Walker et al. 2023 ), providing sensitivity
 o ev ents such as the one seen in r egion A of Fig . 10 . 
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