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ABSTRACT

We continued the search for single pulses (SPs) in the northern part of the all-sky High Time Resolution Universe survey, whose aim
is to detect pulsars and other radio transients. This search is now about 21% complete and has yielded the first discovery of a fast radio
burst (FRB) with the 100 m Effelsberg Radio Telescope. FRB 20110220A was detected with an S/N-optimised dispersion measure of
501.0 pccm™ and a width of 11.9 + 3.5ms, for a fluence of 0.6 + 0.1 Jyms. We obtained the first L-band detection of the rotating
radio transient (RRAT) J2028+28, from which we obtained upper limits on the source’s period and burst rate, as well as an improved
position. We also discovered a new RRAT, J0404+53, which had previously been reported as an isolated SP candidate. Eight new SP
trains and 272 faint isolated SP candidates were detected too. We used these candidates to demonstrate that their all-sky detection rates
depend on Galactic latitude and longitude. This direction dependence suggests the existence of a faint Galactic SP population.

Key words. methods: data analysis — methods: observational — pulsars: general — galaxy: stellar content

1. Introduction

The discovery of the first periodically emitting pulsar (Hewish
et al. 1968) triggered considerable interest in transient radio
astronomy and marked the birth of this new field within astron-
omy. Subsequent research broadened the range of sources stud-
ied. Pulsars were discovered from which no radio pulses were
observed for several rotational periods in a row, the so-called
nulling pulsars (Backer 1970), or from which pulses were even
more irregularly observed: rotating radio transients (RRATS;
McLaughlin et al. 2006). Later, new impulsive radio sources
were discovered through single-pulse (SP) searches of archival
radio data. Fast radio bursts (FRBs; Lorimer et al. 2007) were
discovered by searching the time domain of radio data for SPs,
and similar searches in the image domain revealed the existence
of long-period transients (Hurley-Walker et al. 2022). Searches
for SPs in archival radio data might even continue to unravel new
phenomena, as discussed later on in this paper.

Houben et al. (2026) created a pipeline to search the archival
data of the northern part of the High Time Resolution Universe
(HTRU) survey for SPs. This survey (Barr et al. 2013), conducted
with the 100 m Effelsberg Radio Telescope, complements the
southern part of the HTRU survey (Keith et al. 2010), for which
the 64 m Parkes Radio Telescope was used. Together, the two
surveys intend to map the entire radio sky in high time and fre-
quency resolution with the aim of discovering new and impulsive
radio sources.

Since pulsars are mainly located in or near the Galactic
plane, observations pointed in these directions are expected
to have the highest chance of capturing new pulsar systems.

* Corresponding author: 1.houben@astro.ru.nl

The HTRU-North survey has therefore focused its observation
campaigns on the Galactic latitudes bl < 15° with 180 integra-
tion times. By periodicity-searching half of the obtained data,
19 new pulsars were discovered (Barr et al. 2013; Berezina
2019). However, the event rates of nulling pulsars and RRATs
might be too low within the 180s long observations to ren-
der such sources detectable with periodicity searches. Not being
detectable via periodicity searches is in fact a defining charac-
teristic of RRATS. Since detectability is highly dependent on a
source’s rotational period and the length of an observation, the
RRAT Iabel might more represent a detection limitation rather
than a physical phenomenon as described by Deneva et al. (2009)
and Burke-Spolaor et al. (2011).

The newly created SP search pipeline increases the chance of
detecting such sources within the HTRU-North data and enables
the detection of fast transients such as FRBs. This pipeline has
already been used to analyse the data of an initial ~1500 sky
pointings (PTs). The continuation of the SP analysis on the avail-
able HTRU-North data is reported in this paper. The current
progress of the SP search is described in Sect. 2. In response to
the results presented in Houben et al. (2026, hereafter HFS26),
follow-up observations were performed to investigate the origin
of the reported SP trains and candidates. Section 3 elaborates on
how these observations were performed. The outcomes from the
continued SP search and follow-up observations are presented in
Sect. 4, and their implications are discussed in Sect. 5. The paper
is summarised in Sect. 6.

2. Search status

For the HTRU survey, the sky is divided into three regions
based on Galactic latitude: the low-latitude (low-lat) region with
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Fig. 1. All currently processed HTRU-North PTs at the Galactic positions they cover. A PT’s relative area on the plot is equal to the area of the
Effelsberg 7-beam receiver’s beam pattern on the sky. Overlaid are the new discoveries, SP trains, SP candidates, and known pulsar and RRAT
re-detections. The pulsars shown in boldface are, from left to right, B0329+54, J2028+28, and B1942+17. The solid lime and dashed cyan lines are

the declination limits of Effelsberg and FAST, respectively.

Ibl < 3.5°, the mid-latitude (mid-lat) region with 16l < 15°, and
the high-latitude region with |bl > 15°. The observation time of
a PT in a particular region is chosen such that the northern and
southern surveys have similar sensitivity limits. For the HTRU-
North observations, the integration times are 1500, 180, and 90,
respectively. Currently, only 57 low-lat PTs with an integration
time of 1500 s exist. Due to the mid-lat observations covering the
low-lat region as well, practically all available PTs in the low-lat
region have an integration length of 180 s. For clarity, mentions
of mid-lat PTs shall, from now on, refer to PTs with a latitude of
3.5° < |bl < 15°, and PTs with a latitude |5l < 3.5° are referred to
as low-lat PTs regardless of their observation length.

Using Effelsberg’s 21 cm multibeam receiver and its
polyphase filterbank backend, the HTRU-North observations
resulted in SIGPROC! filterbank files, one for each of the
receiver’s seven beams, with a time resolution of 54.61 us and a
recorded bandwidth of 300 MHz centred around 1360 MHz split
into 512 channels. The obtained filterbank files were searched
for pulsars, as described by Barr et al. (2013), and SPs with the
SP search pipeline discussed in HFS26. The functionality of this
pipeline was characterised through the injection of fake SPs into
the beam files of an initial ~1500 PTs. HFS26 presented the
results of the analysis of these initial PTs and the conclusions
drawn from the resulting characterisation.

Since then, the HTRU-North SP search pipeline was set
to its production mode. In this mode, HTRU-North filterbank
files were first retrieved from the archive, where they are stored,
before being analysed with the SP search algorithm HEIMDALL?
(Barsdell et al. 2012). Each file was searched for SPs with
HEIMDALL twice, once before and once after the mitigation of
radio frequency interference (RFI). In this way, information is
obtained about the degree of RFI contamination of the data and
the reliability of the SP candidates accordingly. Only the candi-
dates with a member count of three or higher, i.e. the number of
boxcars and/or dispersion measure (DM) trials that HEIMDALL
grouped into a single candidate, were further taken into consider-
ation. In contrast to the candidates found in the initially analysis
PTs, candidates detected with the pipeline set to its production
mode were no longer classified by the deep-learning classifier
FETCH (Agarwal et al. 2020). Its classification with pre-trained
models proved not to outweigh the time and resource costs to get
a classification score for the few candidates that remained after
RFI mitigation. In production mode, no fake SPs are injected. In

I https://sigproc.sourceforge.net/
2 https://sourceforge.net/projects/heimdall-astro/
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the following, PTs processed with the pipeline in its production
mode are referred to as the ‘production PTs’.

The HTRU-North survey shares sky coverage with other
radio transient searching surveys (Stappers et al. 2011; Stappers
2018; Surnis et al. 2019; Locatelli et al. 2020; Han et al. 2021;
Mao et al. 2022; Dong et al. 2023; Van Leeuwen et al. 2023).
For the continuation of the HTRU-North SP search, PTs were
prioritised that are not visible with the Five-hundred-meter Aper-
ture Spherical Telescope (FAST; Nan et al. 2011). This was done
to increase the chance of finding yet undiscovered sources, as
FAST is more sensitive than Effelsberg and thus more capable
of detecting faint sources, as shown by its recent discovery of
76 RRATs (Zhou et al. 2023). Most production PTs therefore
lie above or below the magenta line in Fig. 1, which indicates
FAST’s declination limit. The 600 production PTs around a
Galactic longitude of 70° are additionally analysed in order to
deduce a possible longitude dependence in the detection rate of
isolated SP candidates (see Sect. 4.3).

With the SP search pipeline, 5048 production PTs were
analysed in addition to the 1497 previously analysed PTs. This
brought the total amount of processed PTs to 2357 hours®, or
~21% of the available HTRU-North data. The PTs’ Galactic
distribution is given in Fig. 1.

3. Follow-up observations

From the 1497 previously analysed PTs, several SP trains and
isolated SP candidates of unknown origin were obtained. To
better interpret these candidates, follow-up observations were
performed in an attempt to re-detect them. These observations
were done with the 21 cm receiver of Effelsberg. Since the last
HTRU-North observation, Effelsberg has been updated with the
Effelsberg Direct Digitisation (EDD) system (Barr et al. 2023).
The EDD system consists of a modular frontend, which digitises
an analogue signal directly at the receiver, and a backend that
performs the signal processing in software. The backend can
handle several observing modes, which would previously have
required several single-purpose backends. In pulsar search mode,
the EDD replaces the Effelsberg Pulsar Fast Fourier Transform
Spectrometer (PFFTS) backend that was used for the HTRU-
North observations. Therefore, the follow-up observations’ data
differ slightly from the HTRU-North data.

3 This value includes 18 true low-lat PTs and the fact that some PTs
have been observed multiple times, raising their total observation time.
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Table 1. Schedule of the follow-up observations performed in 2025.

Co016 7.5

T054.9-03.0 15

T055.4+00.2 10

T059.5+00.8 10 10

T052.3+07.7 15 13.5

T121.8-03.5 7.5 10 13.5

T093.1-08.5 15 10

T065.1-10.7 7.5 10 10

J2028+28 10 15

T102.1+01.4 15

Cl116 20

T142.0+9.46 15

iy —_ —_ &n 1) &n &0 =

< 5 3 2 < 2 < <
T &I 2 8 & &5 8

Notes. Indicated times are for a single scan, given in minutes. Bold-
faced times indicate when SPs of the observed candidate were re-
detected. These candidates are taken from HFS26 and Table A.2.

For the follow-up observations, the 21 cm receiver’s two
polarisation channels were still summed to obtain total inten-
sity data. However, these data now have a time and frequency
resolution of 51.2 us and 0.78 MHz, respectively. The frequency
resolution arises from splitting the 400 MHz digitally sampled
bandwidth, centred around 1.4 GHz, in 512 frequency chan-
nels. Only 300MHz of this bandwidth was usable, because
the receiver’s bandwidth remained the same. To prevent intra-
channel dispersion smearing in the wider frequency channels,
we coherently de-dispersed the follow-up data with the DM of
the observed candidate. Data were stored in the Flexible Image
Transport System (FITS) format (Pence et al. 2010) and later con-
verted to the filterbank format to allow the application of all the
previously developed tools to these data.

Applying RFIbye.py* (Houben et al. 2026) to the data was
needed to excise RFI to a level that it was clean enough to be
searched for SPs. Especially because the RFI environment at the
telescope has changed in the ten years since the HTRU-North
data were recorded. On average, ~5% of data samples of an
HTRU-North PT’s filterbank file must be removed or replaced
with random noise. For the follow-up observations, 60—80% of
data samples are considered bad by RFIbye.py. In particular,
frequency channels above 1440 MHz are affected by the new RFI
environment and have become unusable for the 21 cm receiver.
This reduces the effective bandwidth of the follow-up data to
~180 MHz in most cases, which is still hampered by a large vari-
ety of impulsive emission that is difficult to remove. Tens to
hundreds of false positive events were therefore detected after
RFI mitigation (see e.g. the re-detection plot of B1942+17 in
Appendix A). As a result, the new follow-up observations are
less sensitive than the original HTRU-North data, making it
harder to identify true positive events.

Given the uncertainty in the candidates’ positions, the posi-
tion of a candidate’s detection beam was re-observed with four
consecutive PTs of the 21 cm receiver’s centre beam. The first of
these PTs was centred on the sky location of the initial detec-
tion beam. The three following PTs were then centred on the
full width half maximum of the first PT, such that their cen-
tres formed an equilateral triangle (see Fig. 2). In addition to

4 https://gitlab.com/houben.ljm/rfibye
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Fig. 2. Grid pattern used to re-detect SPs from J2028+28 within its
HTRU-North detection beam (the centre yellow circle). One SP was
observed in the grey encircled scan. The dotted blue lines represent the
semi-major and minor axes of CHIME/FRB'’s tied-array beam, which
is larger than the plotted area, centred on their reported position of
J2028+28. The black cross marks the updated position for J2028+28
with an error radius of 0.07°. Note that the lower scans seem to be
spaced farther apart compared to the uppermost scan. This is a pro-
jection effect and is incorporated in the given error radius.

a possible boost in S/N due to the applied gridding, this also
enabled a better determination of a candidate’s position when it
is re-detected with one of the outer PTs.

Details of the performed follow-up observations are given in
Table 1. An effort was made to observe the candidates on at least
two different days, separated in time by a week to account for
temporal changes in the source’s flux density or the level of RFI.
In the preparation of the follow-up observations, observations
were scheduled such that targets were not observed in directions
identified as often hampered by RFI (see HFS26). Nevertheless,
the data from the follow-up observations are still heavily contam-
inated with RFI. For the new RFI environment at the telescope’s
site, no time or celestial sky location dependence could be deter-
mined. Specific types of RFI are picked up at random moments
throughout the observations.

4. Results

In this section, results obtained from the continued HTRU-North
observations are interleaved with results from the follow-up
observations. To prevent confusion about which results have
been obtained from which effort, we use the term ‘PT’ only
to refer to the HTRU-North PTs. The follow-up PTs are called
‘scans’. Since just the central beam of Effelsberg’s 21 cm receiver
was used for the performed scans, any mention of a beam refers
to a beam of an HTRU-North PT. A follow-up observation is thus
the collection of four scans, where scan O indicates the centre
scan of the performed gridding and scans 1 to 3 the outer scans
numbered from the most northerly scan in a clockwise direction.

4.1. Re-detections

In addition to the known pulsars and RRAT re-detected in
HFS26, 37 additional known pulsars and 3 known RRATSs have
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Table 2. Additional known pulsar and RRAT re-detections within the
HTRU-North production PTs.

Pulsars RRATS
JO137+6349 B1822-09 B1942+17%
B0154+61 B1822-14 B2020+28
J0215+6218 B1823-11 J2036+2835
B0329+54"  B1826-17 B2224+65
B0727-18 B1828-11 B2227+61
B0756-15 J1830-1135  J2319+6411 J1753-12
B1706-16 J1834-1710 B2323+63 J1840-1419
J1759-1029  J1837-1243 J2326+6243  J12028+28"
J1759-1956  J1845-1351 B2334+61
B1804-12 J1913+3732  J2343+6221
J1805-1504 B1919+21 B2351+61
B1809-173  J1929+2121
B1815-14 J1938+2213

Notes. © See the sub-subsections in Sect. 4 for details.

been re-detected through their SPs in the production PTs (see
Table 2). In total, 62 known neutron stars have now been
re-detected in the HTRU-North PTs processed so far.

The data of these known pulsars were folded with the DM
and period of the pulsars as listed in the Australia Telescope
National Facility Pulsar Catalogue (PSRCAT’; Manchester et al.
2005), and 28 were re-detected with an integrated pulse profile
with an S/N > 6.5. As expected, no integrated pulse profile was
detected for the three RRATS. Twelve sources would thus have
been missed if the data were only periodicity searched for pul-
sars, which endorses the use of SP searches alongside periodicity
searches.

The 12 known pulsars with an integrated S/N below 6.5 were
missed due to several reasons. They were detected either on the
edge of or outside their detection beam’s full width at half maxi-
mum, because of which only their brightest pulses were detected
(Deneva et al. 2009). The pulsars are known to null (Burke-
Spolaor et al. 2012), or their period in combination with their
mean flux density at 1.4 GHz and off-axis detection renders their
average emission undetectable. The detected SPs could never-
theless be confirmed to originate from the listed known pulsars
based on the Galactic position of their detection beam, the DM
of the SPs, and their arrival times being integer multiples of the
pulsar’s period.

The here reported re-detection of J2028+28 is the first time
this RRAT is observed at L-band. Lower frequency detections
are listed on the Canadian Hydrogen Intensity Mapping Exper-
iment (CHIME) FRB Galactic sources web page®, where three
bursts are reported at a consistent position and DM on three
separate days. Because the detections were made with different
observations, they could not determine a period for J2028+28.
However, in a single beam of an HTRU-North PT, two SPs were
detected from J2028+28 separated by 1.764 s, which places an
upper limit on its period. Folding the data with this period did
not reveal any average emission. It thus seems to show RRAT
behaviour, only emitting SPs infrequently.

Because of the sparse information available, J2028+28 was
included as one of the follow-up targets (Table 1). The posi-
tion of the detection beam was re-observed on August 20 and

5 https://www.atnf.csiro.au/research/pulsar/psrcat
6 https://www.chime-frb.ca/galactic
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28, 2025, with scans of 10 and 15 minutes, respectively. A sin-
gle SP with an S/N of 9.43 was detected in the last scan. This
constrains the position of J2028+28 to RA = 20"27™57%, Dec =
28°38’35” with an error radius of 0.07° (see Fig. 2). For this
updated position, the sky overlap of the detection beam and scan
was considered, together with the reported position of J2028+28
by the CHIME/FRB collaboration.

After de-dispersing the three bursts to optimise their S/Ns,
an average DM and burst width were found of 127 + 2 pc cm™
and 6.1 £ 0.7 ms, respectively. Since the Galactic position of
J2028+28 is covered with two scans per follow-up observation,
a total of 53 minutes were spent observing this source (including
the observation that led to its discovery). With three SPs detected
in this time, its burst rate is roughly 0.3 bursts h~!.

4.2. Candidate pulse trains

HFS26 defines candidate SP trains as events that comply with
the following criteria:

1. They consist of a minimum of three SPs.

2. They are detected in a single beam of an HTRU-North PT.

3. The individual SPs’ DMs deviate from the SP train’s average

DM by less than 1.5 times its DM standard deviation.

4. The individual SPs follow an underlying period.
Under these conditions, eight SP trains were found in the initially
analysed PTs. However, the S/N values of their individual SPs,
between 6.5 and 8, made it hard to interpret their significance.
Therefore, the SP trains were reported as candidate SP trains and
were re-observed at least once from April to October 2025 (see
Table 1). To see if the SP trains were re-detected, the follow-up
observations’ data were searched with the SP pipeline.

Nine SPs were detected in the second scan of the re-
observation of T054.9-03.0 on August 19, 2025. Their DMs
matched that of pulsar B1942+17 and folding the data between
50 and 350 s into this scan (Fig. A.1), closest to the position of
B1942+17, confirmed them to originate from this pulsar through
the detection of an integrated pulse profile. Three more SPs
were manually identified in scan 0, though they were missed by
HEIMDALL due to their lower S/N.

Lorimer et al. (2002) reports B1942+17 to be a strong nulling
pulsar with a nulling fraction of at least 60% at 430 MHz. Visual
inspection of the follow-up data revealed 28 SPs between the first
and seventh SP found by HEIMDALL, yielding a nulling fraction
of ~80%. This large nulling fraction, together with the pulsar’s
long period (~2 s) and off-axis HTRU-North detection, explains
why only three bursts were initially detected and no average
emission could be found to link them to this pulsar. Although
T054.9-03.0 does not represent a new pulsar, its detection does
show that at least a fraction of the detected faint SPs are true
positive events (see Sect. 4.3).

No SPs of the other SP trains were re-detected, though aver-
age emission might be detectable due to the longer integration
lengths of the follow-up observations compared to those of the
HTRU-North observations. The cleaned follow-up data were
therefore folded with the periods and averaged DMs measured
from the SP trains’ individual SPs. In cases where the recording
of a scan is affected by periods of strong RFI, the least affected
time span is isolated and used for the folding, as was done for the
scan of T054.9-03.0. No integrated pulse profiles were found for
the other re-observed SP trains either.

The detection of J2028+28 and several known pulsars sug-
gests that the above constraints, under which SPs are considered
to belong to a SP train, might be too strict. The re-detection of
B0756-15 in particular has called these constraints into question.
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It was clearly detected in beam 6, but in the centre beam of that
PT, only two SPs of this pulsar were detected with an S/N < 8 and
a similar DM. Looking solely at the bursts in the centre beam,
these look like the initial detected bursts from B1942+17 and
J2028+28. What these bursts have in common is a relatively high
HEIMDALL member count, i.e. the number of boxcars and/or DM
trials that HEIMDALL grouped into a single candidate. Although
this member count depends on a SP’s DM and width’, along
with its S/N and the RFI environment of the data in which it is
detected, this metric can be used as an indication of its authen-
ticity. As learned from the injection tests in HFS26, a member
count >10 seems to indicate that a candidate is most likely a true
positive event for the HTRU-North SP pipeline. All injections of
FRB Morphology I (Pleunis et al. 2021) with an S/N >7.5 were
detected with a member count >10. Other candidates with an
S/N >7.5 could either easily be visually identified as RFI or had
a member count <10. Also, pulsar J1759-1029 could be iden-
tified based on three detected SPs with a member count of 11,
11, and 12, which supports the notion that this member count
threshold is indicative of true positive events.

The above leads to a refined definition of what is considered
a SP train. Requirement 2 from HFS26 is relaxed to include SPs
detected in adjacent beams. In addition, a SP train can now also
consist of two SPs if they comply with these requirements:

1. They are detected in a single beam of an HTRU-North PT.

2. Their DM deviates by no more than 5 pccm™ from their
mean.

3. Each burst has a member count greater than or equal to five
(the same condition raised by HFS26 to consider a detection
as an isolated SP candidate).

4. They are detected in a PT that can be considered free from
RFT after RFI mitigation.

With these updated conditions, seven SP trains were identified
in the production PTs and one in the initially analysed PTs. The
new candidate SP trains have an average DM that places them
well within the Galaxy when the Galactic DM contribution is
estimated with the NE2001 model (Cordes & Lazio 2002) for
the Galactic locations of the trains. Consulting the Pulsar Survey
Scraper (PSS; Kaplan 2022), no known source is found within a
0.25° radius of these locations (the beam separation of the 21 cm
multibeam receiver) with a DM within + 25 pccm™ of the SP
trains (the DM difference between T054.9-03.0 and B1942+17).
Their locations are indicated in Fig. 1 and their details are listed
in Table A.2.

4.3. SP candidates

Along with the detection of additional known pulsars and candi-
date SP trains, many isolated SPs were detected in the production
PTs as well. Applying the same constraints from HFS26, the
chance of them originating from instrumental noise or RFI was
reduced. Therefore, only SPs with a member count of five or
higher, and which were detected in a PT cleared of RFI with
RFIbye.py were considered. The resulting 272 isolated SP can-
didates were cross-referenced with the PSS to determine if they
could originate from a known source. For six isolated SP can-
didates, a known source was found within a 0.25° radius of a
SP candidate’s position and within a DM range of +25 pccm™

7 For specific settings of HEIMDALL. If the DM trials are performed
with increasingly bigger step sizes, a high DM SP can get detected with
fewer DM trials, ergo member count, than a lower DM SP with an equal
S/N. The same holds true for the widths of search boxcars used. Narrower
bursts can be found with fewer trial boxcar widths than wider bursts.

Table 3. Number of detected Galactic isolated SP candidates in the
observed Galactic latitude and longitude regions, and the detection rates
deduced from them.

[000-030 1030-090 [090-150 [210-270

Low-lat 50 20 45 9  115*18
Mid-lat 44 18 85 I 60703
14038 9.6 593 3.9

Notes. Rates are given in x10° sky~! day~!, with 90% Poisson errors.

of its DM. Except for one burst of B0329+54 (see Sect. 4.4),
all re-detected known neutron stars were observed within this
0.25° radius, including side-lobe detections that could explain
the low S/Ns of the detected isolated SP candidates. There-
fore, the other candidates potentially originate from yet-unknown
sources. Table A.l lists all the detected isolated SP candidates,
continuing the numbering used in HFS26, and their observed
positions are plotted in Fig. 1.

In HFS26, a possible latitude dependence was observed on
the detection rate of isolated SP candidates. More SP candidates
were detected in the low-lat PTs than in the mid-lat PTs, even
though the amount of analysed data from these regions was the
same. Since the low-lat PTs cover the Galactic plane, this latitude
dependence could suggest the existence of faint background SP
emission from a possible Galactic origin.

To determine whether such a Galactic relation exists, the
isolated SPs from Table A.1 were grouped into six Galactic lon-
gitude and latitude regions. The number of detected candidates
in a region was then normalised by the amount of time processed
of this region and the field of view of a beam. This yielded the
detection rates listed in Table 3 given in units of sky™! day~'.
The rates are reported with their corresponding 90% Poisson
error values (Gehrels 1986). As can be seen from Table 3, the SP
detection rate is almost twice as high in the low-lat region as in
the mid-lat region, confirming the latitude dependence observed
in HFS26.

To further test a possible Galactic origin of these candidates,
the SP rates of the four longitude regions in Table 3 were plotted
in Fig. 3. The given errors are 90% confidence limits assum-
ing Poisson statistics. A longitude dependence of these rates
is seen, with the rates clearly increasing towards the Galactic
centre, indicating a Galactic connection.

In order to strengthen this observation, the distribution of
stars in the Galactic disk® was considered. Assuming the isolated
SP candidates to have a stellar origin, their longitudinal detection
rate relation should be describable with this stellar distribution.
Therefore, the stellar density, p, at a projected distance, R, on
the Galactic plane and from its centre, and height, z, from the
Galactic plane was calculated as

(R, 2) = po e ®" sech(z/h)*  pc™. €))

In this equation, taken from Nelemans et al. (2001), H = 2.5 kpc,
h =200 pc, and the age and mass dependence of / is neglected.
With Eq. (1), the stellar distribution of stars was simulated in
the solar neighbourhood (Rg = 8.5 kpc, zo = 30 pc). Therefore, a
change in coordinate system was made to relate R and z with the

8 Only stars in the Galactic disk are considered, because the effects of
the bulge are negligible at the stellar distances here under consideration.
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Fig. 3. SP detection rate dependence on Galactic longitude. The longi-
tude errors depict the longitude range of PTs with which the rates have
been calculated. The rate errors are the 90% Poisson errors as given in
Table 3. The simulated longitudinal distribution of stars in the Galactic
disk is shown up to a distance of 2.2 kpc from the Sun together with
the longitudinal distribution of known pulsars from PSRCAT. The stel-
lar distribution is multiplied by a value py (Eq. (1)) such that it best
describes the longitude rates. The pulsar distribution is given the same
area as the stellar distribution.

distance, d, from the Sun:

Xx = R cos(¢),
y = R sin(¢),
d= x>+ ({y—Ro)?+ 2%,

and ¢ is a randomly sampled angle between 71/2 =+ arctan(d/Ry).
Simulated stars up to a distance d and with a Galactic lati-
tude, b, between +15° were binned by one longitudinal degree to
obtain the distribution of local stars over Galactic longitude. The
obtained distribution was then scaled to the rates plotted in Fig. 3
by taking a value for py that minimises the two-dimensional
distances between the rates and the curve of the stellar distri-
bution. Doing this for various values of d, yielded a distance d
= 2.2 kpc for which the simulated stellar distribution agrees best
with the longitude rates. An arbitrary scaling was thus applied to
the absolute scale of the stellar distribution to ease the compari-
son of its relative shape with that probed by the longitudinal SP
detection rates.

Similar to the simulated stars, a histogram of all pulsars in
PSRCAT was made in bins of one degree of Galactic longitude.
This histogram’s area was given the same area as that of the
simulated stars up to a distance of 2.2 kpc, to enable these dis-
tributions’ shapes to be compared. As can be seen, the shape of
the Galactic pulsar population also agrees fairly well with the SP
detection rate’s longitudinal distribution. Caution must be taken,
though, with the pulsar distribution, which contains many biases.
For instance, the spike around / ~ 30° is caused by this part of
the sky (the celestial equator) being visible for almost all radio
observatories around the world. This part of the sky therefore
harbours the most pulsar detections.

If the isolated SP candidates indeed originate from a Galac-
tic stellar population, their detection rates over Galactic latitude
should agree with the simulated stellar distribution as well.
These rates and distribution are plotted in Fig. 4, now consid-
ering the positive and negative parts of the mid-lat range as
separate regions, as opposed to what was done in Table 3. The
same simulated distribution of stars up to a distance of 2.2 kpc
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Fig. 4. Similar to Fig. 3 but now depicting the SP detection rate depen-
dence on Galactic latitude. The same simulated stellar distribution is
shown as a function of Galactic latitude, together with the latitude dis-
tribution of known pulsars.

was binned by 0.5 latitude degrees, and scaled such that the total
number of stars, the area underneath the curve, is the same for
Figs. 3 and 4. The pulsar distribution was again added and given
the same area as the fitted stellar distribution.

Over Galactic latitudes, these distributions describe the
observed SP rates less well, though the stellar distribution comes
close. This is especially true when considering that the same
arbitrary scaling, multiplication by pg (Eq. (1)), was applied
to this distribution as the longitudinal stellar distribution, and
that the rates may be composed of false positive candidates or
extragalactic SPs. All isolated SPs from Table A.l were used to
calculate the rates, even though some have a higher DM than the
Galactic DM contribution estimated by the NE2001 model. This
was done to not introduce potential biases through a DM selec-
tion of candidates and accommodate for possible errors in the
electron density model. Re-calculating the rates with just those
SPs with a DM < DM, or a member count >10, resulted in
similar trends, but with too low statistical relevance to improve
the reliability of the findings.

Nevertheless, the rates including all isolated SPs might show
a flatter relation compared to the given distributions. This could
indicate that the sources of isolated SPs are less bound to the
Galactic plane and that the high longitude rate at the Galactic
centre bleeds into the mid-lat region rates, causing them to attain
a value closer to that of the low-lat rate. To disentangle such a
possible effect, it would be best to calculate detection rates for
separate longitude and latitude regions, but there are too few iso-
lated SP candidates for this to result in statistically relevant rates.
Alternatively, it might be more difficult to detect isolated SPs in
the low-lat region, explaining the lower low-lat rate compared
to the pulsar distribution. This is not unimaginable if the detec-
tion of these SPs is hampered by absorption and scattering in
the Galactic plane. The current rates are not constraining enough
to favour a stellar or pulsar model, but are suggestive of a faint
Galactic SP population.

4.4. SP discoveries

HFS26 calculated the number of expected SP candidates above
a given S/N threshold due to instrumental noise. Repeating
this calculation for the entirety of the 5000 HTRU-North PTs
processed yielded 0.3 expected candidates above an S/N of 8.
Among the isolated SP candidates from HFS26 and those from
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Fig. 5. De-dispersed time series (top) and dynamic spectrum (bottom)
of C116 originating from a new RRAT, J0404+53.

Table A.1 are, however, five SPs with an S/N > 8. With the recog-
nition that for the HTRU-North data a member count above ten
is indicative of true positive events, three of these (C109, C116,
and C016) most likely represent authentic SPs since their mem-
ber count is above 10. C109 was detected with a member count
of 482. A re-examination of its frequency-time structure revealed
it to be a SP of B0329+54. This pulse must have been very bright
as the separation between the pulsar and C109’s detection beam
is 0.8 degrees, suggesting it was detected with the fourth sidelobe
of its detection beam. The two other candidates are individually
discussed below.

4.4.1. RRAT J0404+53

C116 was detected with a member count of 57 and a detection
S/N of 8.0. According to the PSS, no known pulsar resides even
within one degree of the Galactic position of its detection beam.
Through iteratively de-dispersing its received emission with DM
steps of 0.1 pccm™, an optimised S/N of 9.1 was obtained for
this pulse with a DM of 73.0 pccm™ and width of 2.5 + 0.1 ms.
The increase in S/N is due to it being determined with a more
optimal width and slightly improved DM, compared to HEIM-
DALL’s S/N estimate. According to the NE2001 and YMW 16
(Yao et al. 2017) models, the total Galactic DM contribution in
C116’s line of sight is 198 and 292 pc cm™3, respectively. These
estimates place the origin of this burst well within the Galaxy.
Due to its S/N, high member count and convincing pulse pro-
file (Fig. 5), C116 is believed to originate from a new RRAT:
J0404+53, at a position of RA = 04"04™ and Dec = +53°01’
with a circular error radius of 0.08°.

On October 6, 2025, this source was followed up with a
gridding of 20 minutes per scan. Within the obtained data of
these scans, no SPs of astrophysical origin were found. Although
strongly affected by RFI, the non-detection places an upper limit
on the source’s burst rate of <1.4h™!. The data of these scans
were also periodicity searched at C116’s DM, but no average
emission could be found. Nor could average emission be found
in the HTRU-North PT in which this SP was detected. The low
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Fig. 6. De-dispersed time series

FRB 20110220A.

and dynamic spectrum of

burst rate and the non-detection of a folded profile imply that this
source is most likely a new RRAT.

J0404+53’s Galactic latitude of 0.36° places it almost exactly
on the major axis of the Galactic plane, another observation that
boosts confidence in this SP originating from a new Galactic
source of pulsating radio emission. To truly confirm this to be the
case, SPs from a similar position and with a similar DM need to
be re-detected. With its low burst rate and S/N with Effelsberg,
this requires a long exposure time with a sensitive radio tele-
scope. Or, if J0404+53 is also visible between 800 and 400 MHz,
CHIME may detect it as its NE2001-estimated scattering time at
400 MHz is just ~0.08 ms.

4.4.2. FRB 20110220A

C016 was initially detected with a member count of 28 and
a detection S/N of 8.0. Through optimising its S/N, a DM
of 501.0 pccm™ and width of 11.9 + 3.5ms was found for
an optimised S/N of 9.3, which gives it a fluence of 0.6 +
0.1 Jy ms. With the current knowledge of the characteristics of
the HTRU-North SP pipeline, especially the observation that a
pulse member count >10 most likely distinguishes real SPs from
instrumental noise (Sect. 4.2), this SP is considered a true posi-
tive pulse. The Galactic contribution to the DM at the position of
C016 (RA = 18"45™ and Dec = +09°24") is 335 and 260 pcem™3
according to the NE2001 and YMW16 models, respectively.
These DM estimates are backed by the highest DM of any known
pulsar within a radius of two degrees around CO016’s position
(using the PSS), that of J1851+0843g (Han et al. 2025), which
has a DM of 246.3 pc cm™. The DM excess is therefore 166 and
241 pccm™3, likely placing C016 outside the Milky Way. Thus,
CO016, which was detected on 20-02-2011 at 05:33:23 UTC, is
the first FRB discovered with Effelsberg. From now on, this SP
is denoted as FRB 20110220A.

Although its measured width is affected by intra-channel dis-
persion smearing of the order of ~1ms, its inferred intrinsic
width is still rather wide and does not provide a good indication
about it being an FRB repeat burst or not (Pleunis et al. 2021). In
15 minutes of follow-up data, obtained on August 19, it was not
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re-detected. No mention of an FRB detection within 2.5° of the
Galactic location of FRB 20110220A could be found in either the
Transient Name Server (TNS)? or the CHIME/FRB first and sec-
ond FRB catalogues (CHIME/FRB Collaboration 2021, 2026).
This, together with its morphology as a simple Gaussian-shaped
pulse (Fig. 6), probably indicates FRB 20110220A to resemble a
one-off FRB.

To assess if an FRB detection was to be expected in the
HTRU-North data, the expected number of FRBs was calculated
using the all-sky rates from the Apertif and Parkes FRB sam-
ples. Pastor-Marazuela et al. (2025) found an FRB all-sky rate
for Apertif, operating at 1.36 GHz and above a fluence complete-
ness threshold of 4.1 Jy ms, of Raperi_rre = 45972% sky™! day™'.
This rate was first scaled to the fluence completeness threshold
for morphology I bursts of the HTRU-North SP search obtained
in HFS26 (Fy; =~ 0.4 Jy ms) using the scaling relation given by
James et al. (2019):

F (03
R(>F) =Ry (F_o) sky ! day~!, )

where Ry is the FRB all-sky rate at a fluence completeness
threshold of F. Therefore, the above Raperit_rrs Was taken for Ry
with @ = —1.23 + 0.06 as determined by Pastor-Marazuela et al.
(2025). The obtained result was then multiplied by the 0.02 deg?
field of view of a beam and the total observation time of the
data processed. Excluding beam files strongly affected by RFI,
2309h of data remain. A number of 0.4*)- FRBs is expected
to be present in the processed HTRU-North data according to
the Apertif all-sky rate. This calculation was repeated with the
all-sky FRB rate reported for Parkes (Bhandari et al. 2018),
Rparkes_rre = 1.7f(1):g x 10° sky’1 day’l, operating at 1.38 GHz and
above a fluence completeness threshold of 2Jyms. Using the
updated spectral index measured by James et al. (2019) of a =
—1.18 + 0.24 for the Parkes FRB sample, a number of 0.5f8:§
expected FRBs is found. These two numbers agree and show
that detecting one FRB in the processed HTRU-North data is
not unexpected.

5. Discussion

We have reported the discovery of a new FRB, FRB 20110220A,
based on its DM excess compared to the Galactic DM estimates
of the NE2001 and YMW 16 models (Sect. 4.4.2). However, these
models contain significant uncertainties, as was pointed out by
their creators and Price et al. (2021). The excesses are smaller
than the estimated total Galactic DM contributions. It might
therefore be possible that FRB 20110220A actually has a Galac-
tic origin whenever, for instance, Ha or HB regions increase
the total electron column density in the line of sight towards
the burst, just as for FRB 010621 (Bannister & Madsen 2014). We
consider FRB 20110220A to be of extragalactic origin since the
NE2001 and YMW 16 models both place it outside the Galaxy,
and no pulsar is known within a radius of two degrees around
the FRB’s position with a higher DM than the modelled Galactic
DM estimates.

This discovery resulted from the analysis of one-fifth of the
available HTRU-North data. Based on the more recent Apertif
all-sky FRB rate of Rz = 459+2% sky~! day~!, Eq. (2), and @

155
=-1.23 + 0.06 as determined by Pastor-Marazuela et al. (2025),

9 https://www.wis-tns.org/
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we predict there are 4.4f%:(5) FRB discoveries waiting to be made.

This is the number of FRBs estimated to be present in the
remaining HTRU-North data (see Sect. 4.4.2).

Alongside an FRB, Sect. 4 also presented the detection of
several known pulsars and a new RRAT. The continued process-
ing of the remaining HTRU-North data is also expected to find
such new sources, like J2028+28 and J0404+53. An estimate on
how many of these sources are expected to be found is, however,
hard to give. Many variables affect the detection rate of these
sources. A best estimate can nonetheless be obtained by extrap-
olating the two detections here reported to the remaining data
available. Another 7.532 RRATs might then be discoverable
with the completion of the HTRU-North SP search.

The above estimates likely represent a lower bound on the
yield of the continued HTRU-North SP search. Although most
SP candidates and SP trains were not re-detected in follow-
up observations, this does not exclude them from having an
astrophysical origin. These candidates were initially detected
with S/N values near the applied S/N threshold under more
favourable RFI conditions. Changes in the RFI environment
have since reduced the effective bandwidth and usable observ-
ing time of Effelsberg’s 21 cm receiver, limiting its sensitivity to
faint and infrequently emitting sources. Re-detections with other
instruments or alternative Effelsberg receivers would therefore
plausibly increase the number of confirmed detections from the
HTRU-North SP search.

In light of the member counts of some of the candidates,
including T142.0+9.46 (Table A.2) and T102.1+01.4 (Table E.2
from HFS26), more (re-)detections are expected. We have argued
that the HEIMDALL member count is a good indication of a can-
didate’s authenticity (Sect. 4.2). For the HTRU-North data, the
injection tests preformed by HFS26 showed that SP candidates
with a member count >10 are most often true positive events. It is
good to point out that the indicativeness of HEIMDALL’s member
count might be different for other surveys, as its member count
depends on a SP’s DM and width, and how HEIMDALL is set to
search for them.

From the observed isolated SP candidates, a faint Galactic
SP population was recognised in Sect. 4.3. Such a population
would indicate that many faint SP-emitting sources exist within
the Galaxy that have yet to be discovered. Their discovery will
probably require more sensitive instruments, such as FAST and
the Square Kilometre Array Observatory (SKAO; Dewdney et al.
2022), though, this tentative prognosis can be made more robust
when a similar Galactic longitude and latitude relation in the
detection rates of isolated SP candidates is found by other SP
searching instruments. Until confirmed by another survey, the
here presented Galactic population remains tentative.

If confirmed, at least a part of the candidates, from which the
population is derived, are shown to be real. The question then
arises what origin these SPs might have. In line with Occam’s
razor, the observed isolated SP candidates most likely have a
neutron star origin. However, this might have implications for
the total neutron star population and present a birthrate problem
as discussed by Keane & Kramer (2008). Since the detection
rates of Sect. 4.3 can also be described with a distribution of
local stars in the Galaxy, it might be possible that they originate
from flaring stars (Berger et al. 2001; Berger 2002; Loeb et al.
2014), for instance. The current rates do not favour either of the
two proposed progenitor models. Confirmation of the existence
of the population and future discoveries of underlying faint SPs
are therefore needed to determine their true origin.
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6. Conclusions

We have presented a SP search of 5000 PTs of the HTRU-
North survey. Insights gained from this search and follow-up
observations performed with the 21 cm receiver of the 100 m
Effelsberg Radio Telescope yielded the following discoveries:

— FRB 20110220A: Effelsberg’s first FRB discovery (Sect. 4.4.2);
— J0404+53: a new RRAT (Sect. 4.4.1);

— J2028+28: the first L-band detection of this RRAT (Sect. 4.1);
— Eight new candidate SP trains (Table A.2);

— 272 isolated SP candidates (Table A.1).

We determined all-sky detection rates from the isolated SP can-
didates that show a Galactic latitude and longitude dependence
(Sect. 4.3). These dependences suggest the existence of a faint
Galactic SP population. Other research groups are encouraged
to reproduce and confirm these findings.

Also, 35 known pulsars and 3 known RRATs (includ-
ing J2028+28) were re-discovered in the newly analysed PTs.
About ~21% of the available HTRU-North data have now been
searched for SPs. With a relatively low degree of RFI contamina-
tion, it is promising to continue searching these data for SPs. This
is especially the case since the RFI environment at the Effels-
berg site has evolved strongly over time, which probably caused
only a small fraction of followed-up candidates to be re-detected.
In the HTRU-North data, many new sources remain hidden that
might be discoverable with a level of ease that has become hard
to match, motivating the continued analysis of these data.

Data availability

Full Table A.1 is available at the CDS via https://cdsarc.
cds.unistra.fr/viz-bin/cat/J/A+A/708/A199.
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Appendix A: Additional figures and tables

DM (pc cm~3)

(09s) awi]

©o
o
o

Fig. A.1. DM-time plot showing all the candidates for scan 2 of
T054.9-03.0 found by HEIMDALL. The detected SPs from B1942+17
are highlighted in red. These pulses were detected during the moments
of reduced RFI contamination between ~100 and 400s and around
~750s.

Table A.1. Isolated SP candidates in the production PTs, sorted by the
Galactic longitude (GL) and latitude (GB) of the candidates.

Table A.2. Revised SP train detections in the analysed HTRU-North

analysis and production PTs, sorted by perceived genuineness.

GL GB SN DM Width  Mem.
(deg)  (deg) (pcem™)  (ms)
. 1420 946 57.6
3 L 734 572 1.7 17
L 754 580 0.9 20
12563 0.00 35.0
3 L 745 375 0.9 31
m L 685 325 0.4 6
12375 -0.79 31.3
g L 696 350 3.5 20
g . 676 275 0.9 5
o 12712 953 67.5
g L7702 692 3.5 12
L 698 657 0.9 6
. 13713 9.82 47.0
g L 683 471 1.7 6
5 L 695 469 1.7 8
. 16113 6.06 58.6
3 L 764 571 0.4 13
: w738 6011 0.9 5
. 10694 682 42644 P-0.080(s)
: . 684 429 0.9 3
: L 680 4638 1.7 5
m. 750 380 0.2 7
o129 2m 65979 P-0.086(s)
3 L 673 743 1.7 4
L 679 646 0.2 3
L 6.80 587 0.9 4

Notes.

T Detected in an adjacent beam.
* Under the revised definition, a SP train from the analysis PTs.

Name GL GB RA Dec SN DM DMy, Width Mem. Note
(deg) (deg) (deg)  (deg) (pcem™) (ms)

Cl4l 625 686 26362 -2002 687 584 3598 17 10

Cl42 650 859 26221 -18.88 719 5804 2838 35 8

Cl43 675 845 26248 -1875 721 2474 2888 70 6

Notes. The full table of 272 candidates is available at the CDS.
The last column indicates whether a detected candidate may originate
from a known source.
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