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Fast radio bursts (FRBs) are extragalactic astrophysical transients1 whose brightness re-
quires emitters that are highly energetic, yet compact enough to produce the short, millisecond-
duration bursts. FRBs have thus far been detected between 300 MHz2 and 8 GHz3, but lower-
frequency emission has remained elusive. A subset of FRBs is known to repeat, and one of
those sources, FRB 20180916B, does so with a 16.3 day activity period4. Using simultaneous
Apertif and LOFAR data, we show that FRB 20180916B emits down to 120 MHz, and that
its activity window is both narrower and earlier at higher frequencies. Binary wind inter-
action models predict a narrower periodic activity window at lower frequencies, which is
the opposite of our observations. Our detections establish that low-frequency FRB emission
can escape the local medium. For bursts of the same fluence, FRB 20180916B is more active
below 200 MHz than at 1.4 GHz. Combining our results with previous upper-limits on the
all-sky FRB rate at 150 MHz, we find that there are 3–450 FRBs sky−1 day−1 above 50 Jy ms
at 90% confidence. We are able to rule out the scenario in which companion winds cause
FRB periodicity. We also demonstrate that some FRBs live in clean environments that do not
absorb or scatter low-frequency radiation.

Among the ∼20 currently known repeating FRB sources5–7, FRB 20180916B8 is one of the
most active. This activity allowed follow-up localisation, and FRB 20180916B (also known as
FRB 180916.J0158+65) was found to reside in a spiral galaxy at a luminosity distance of 149 Mpc9.
The FRB displays periodicity, with activity cycles of ∼16.35 days4. Based on this discovery, nu-
merous instruments observed FRB 20180916B at the predicted peak activity days10. The source
was detected in radio from 2 GHz down to 300 MHz, but not below2.

We observed FRB 20180916B simultaneously with the Westerbork and LOFAR radio tele-
scopes, and detected multiple bursts with both. At the Westerbork Synthesis Radio Telescope
(WSRT), we used the Apertif Radio Transient System (ARTS11) between 1220 MHz and 1520 MHz
for 388.4 h. We covered seven activity cycles. We recorded 57.6 h of simultaneous observations
with the LOw Frequency ARrray (LOFAR12) between 110 MHz and 190 MHz during the predicted
activity peak days of three activity cycles. The LOFAR data are public and are also being analyzed
independently13. In the 1.4 GHz Apertif observations we detected 54 bursts, whereas the 150 MHz
LOFAR observations led to the detection of nine bursts. None occurred simultaneously at both
frequency bands. Figure 1 shows the composite dynamic spectrum at both frequency bands of an
Apertif burst and a LOFAR burst detected during simultaneous observations with the two instru-
ments. The lack of simultaneous emission at both frequencies is visible.
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Figure 1 Composite dynamic spectra of bursts A13 and L06 at Apertif and LOFAR frequency
bands. The burst on the left (A13) was detected on MJD 58980.52593337 (barycentric), corre-
sponding to a 0.38 activity phase. It is detected only in Apertif’s frequency band, with no emission
below 190 MHz. The burst on the right (L06) was detected on MJD 58951.5416274, correspond-
ing to a 0.61 activity phase. It is only detected in the LOFAR frequency band. The top panel of
each burst shows their respective pulse profiles.

Previous low-frequency searches for FRBs have been unsuccessful, whether all-sky14, 15 or
targeted on known repeaters2. Such long campaigns (over a thousand hours on sky in total) resulted
in strict limits on FRB emission below 300 MHz. Such upper limits fueled FRB theories in which
free-free absorption around the emitter or strong intervening scattering was required. The nine
LOFAR bursts at 120–190 MHz presented here are the first FRB detections in this frequency range.
The pulse profiles, spectra and dynamic spectra of the nine bursts are presented in Figure 2, and
their properties are summarised in Extended Table 1. All had simultaneous Apertif coverage, but
no bursts were detected there down to a limit of 0.5 Jy ms.
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Figure 2 Dynamic spectra of the nine bursts from FRB 20180916B detected with LOFAR,
dedispersed to the S/N maximizing LOFAR DM of 349.00 pc cm−3. For each burst, the top panel
shows the calibrated pulse profile, the right panel the spectrum and the bottom left panel the dy-
namic spectrum. In bursts L01, L03, and L06, where there is evidence of emission below 140 MHz,
the pulse profiles between 130 MHz and 140 MHz are plotted in purple, and between 120 MHz and
130 MHz are plotted in pink. The dynamic spectra were respectively downsampled by factors 2
and 64 in time and frequency for bursts L01–L03, and by factors 2 and 32 in time and frequency
for bursts L04–L09.
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Remarkably, for bursts of the same fluence, FRB 20180916B is around over an order of
magnitude more active at 150 MHz than at 1.4 GHz, as seen in Extended Figure 1. Our detections
allow for the first bounded constraints on the FRB all-sky rate below 200 MHz. A lower limit is
obtained by assuming FRB 20180916B is the only source in the sky emitting at these frequencies.
Combining this with previously published upper limits, we find that there are 3–450 sky−1 day−1

above 50 Jy ms at 90% confidence. Assuming an Euclidean fluence scaling, this is equivalent to
90–14000 sky−1 day−1 above 5 Jy ms at 150 MHz, which is promising for future high-sensitivity
low-frequency surveys.

The integrated pulse shapes of the LOFAR bursts in Figure 2 are dominated by a sharp rise
plus a scattering tail. We obtain a scattering timescale τsc=46±10 ms at 150 MHz, scaling with
frequency as τsc∝ ν−4.2±1.1. This is consistent with the frequency scintillation found for the same
source at 1.7 GHz. For the typical ν−4 scaling, the ∼60 kHz decorrelation bandwidth seen there9

translates to a ∼45 ms scattering time at 150 MHz. This scatter broadening may explain why none
of the millisecond-duration frequency-time subcomponents seen at higher frequencies16 are visible
in the dynamic spectra in Figure 2. The observed scattering time is within a factor of two of the
predicted Galactic scattering17. Thus, we attribute this pulse broadening to scattering in the Milky
Way ISM and not plasma in the host galaxy. The fact that the ISM scattering is stronger in the
Milky Way than in the host galaxy is not surprising, given FRB 20180916B is at a low galactic
latitude, whereas its host is a nearly face-on spiral galaxy 9; it is, however, notable that the envi-
ronment local to the source scatters the FRB by . 7µs at 1.4 GHz. The dispersion measure (DM)
of the bursts, DMLOFAR =349.00±0.02 pc cm−3 , is in excess of previous DM measurements of the
same source, which we interpret as an additional hint for the presence of unresolved subcompo-
nents and not a frequency-dependent DM.

The dynamic spectra in Figure 2 show emission from the top of the band at 190 MHz down
to 120 MHz for burst L01 and L07. As the LOFAR sensitivity decreases towards the bottom of
the band, we cannot confidently rule out the presence of emission below 120 MHz. Our ability to
detect these bursts at frequencies this low shows that free-free absorption and induced Compton
scattering (ICS) do not significantly impact burst propagation for this source. Below we discuss
the physical constraints for a number of models in greater detail. Combining these results with the
small local RM and DM contribution, as well as the lack of temporal scattering, we do conclude
here that some FRBs reside in clean environments, which is a prerequisite for some FRB applica-
tions to cosmology18.
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In our Apertif campaign, we detected 54 bursts. Ten of these had LOFAR coverage, but no
bursts were detected there down to a fluence of 30 Jy ms. Half of the Apertif bursts have stored
polarisation data, giving us access to the Stokes parameters and the polarisation position angle
(PA) at multiple cycle phases. The pulse profiles, dynamic spectra of total intensity data and
PA, where available, of all 1.4 GHz bursts are shown in Extended Figure 2, and their properties
are summarised in Extended Table 2. All bursts are ∼100% linearly polarised, and the PA is
constant within a single burst. The PAs are also relatively flat as a function of activity phase,
and between cycles. This observation can be used to constrain the FRB emission mechanism,
as well as the origin of periodic activity. A large fraction of the 1.4 GHz bursts show multiple
subcomponents with a noticeable downward drift in frequency. We estimated each burst DM by
maximising the burst structure 3, 16. This gives similar results as the S/N maximisation technique
for single component bursts, but is of particular importance in bursts with complex morphologies.
From the brightest bursts (S/N>20), we get the best DMApertif =348.75±0.12 pc cm−3. This value is
consistent with previous structure maximising DM measurements of the source and limits its DM
derivative to less than 0.05 pc cm−3 yr−1.

The downward drift in frequency of the burst subcomponents is a phenomenon that has been
previously observed in FRB 20180916B, and seems to be common among repeating FRBs3, 6, 8, 16.
However, drift rate measurements of FRB 20180916B previous to this work had been estimated
below 800 MHz with a value of ν̇ = −4.2± 0.4 MHz ms−1at 400 MHz2 and an average of −21±
3 MHz ms−1at 600 MHz19. We obtain an average drift rate at 1370 MHz of −39 ± 7 MHz ms−1.
This value is nine times larger than the drift rate at 400 MHz. The fitted drift rates are consistent
with evolving linearly as a function of frequency. The same linear evolution of the drift rate with
frequency has been observed in FRB 20121102A 20.

Our observations at 1.4 GHz covered the entire 16.35 day activity cycle to best investigate the
periodicity. At 150 MHz we focused on the expected peak active time to maximise the detection
probability. In Figure 3 this coverage is plotted, together with the arrival time of the bursts reported
here and at other facilities21, 22. Our goal with the Apertif observations was to find or rule out any
potential aliasing of the period. That possibility remained given the short daily source exposures at
CHIME/FRB. Follow-up by other instruments across the predicted activity peak had not been able
to rule out this aliasing (See Extended Figure 3). From the arrival MJD of Apertif, CHIME/FRB
and all other detections, we built periodograms23 from which we are able to confirm that the best
period is 16.29+0.15

−0.17 days. This is the only period for which no bursts lie outside of a 6.1 day
activity window including frequencies from 110 MHz to 1765 MHz, thus minimising the activity
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width fraction. We searched for short periodicity in both the Apertif and LOFAR observations, but
found no significant period between 1 ms and 80 s.
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Figure 3 Signal-to-noise ratio of the FRB 20180916B detections as a function of MJD (top)
and duration of the observations of each instrument as a function of MJD (bottom). Here and in
subsequent Figures, Apertif is always shown in green and LOFAR always in dark red. Detections
by other instruments during the covered activity windows are plotted for comparison: uGMRT22 at
400 MHz (orange), CHIME/FRB (yellow), uGMRT21 at 650 MHz (lime) and VLA23 (blue). The
gray shaded regions correspond to the predicted activity days for a period of 16.35 days, with the
predicted peak day as a dashed vertical line. The numbers on top of the plot indicate the cycle
number since the first CHIME/FRB detection.

Apertif bursts were found in six out of the seven covered activity cycles, whereas all LOFAR
bursts were detected in the activity window with no Apertif detections. However, the Apertif ob-
servations during the activity cycle with no Apertif detections started later in phase. We observe
that most Apertif bursts arrive before CHIME/FRB’s activity peak day while LOFAR bursts arrive
after. Previous observations of FRB 20180916B had hinted at a frequency dependence of the ac-
tivity window4. Nevertheless, the scarcity of bursts detected outside of the frequency band covered
by CHIME/FRB did not allow for a precise characterisation of the activity window at different
frequencies. Using the Apertif, LOFAR and CHIME/FRB burst samples, we have evaluated the
activity windows at 1.4 GHz, 600 MHz and 150 MHz respectively. Using the arrival phase of the
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bursts with a 16.29 day period (Figure 4, see Methods), we calculate the burst rate at each instru-
ment as a function of phase. We find that the activity window is narrower and peaks earlier at
1.4 GHz than at 600 MHz. The peak activity at Apertif is ∼ 0.7 days before that of CHIME/FRB
and its full-width at half-maximum (FWHM) is 1.1 days compared to CHIME/FRB’s 2.7 days.
The LOFAR activity cycle appears to peak ∼2 days later than CHIME/FRB’s, but the lower num-
ber of detections does not allow for a better activity window estimate. It is not yet clear if this
effect is discrete, akin to the drifting sub-pulses but on longer timescales, such that for a given
frequency range the activity window peaks at the same time. Alternatively, it could be continuous
in frequency analogous to dispersion; analyzing the peak frequency of the CHIME/FRB bursts
as a function of activity phase would help answer this question. We evaluated the likelihood of
the bursts being drawn from the same distribution, taking into account the survey strategy. We
can discard the Apertif-CHIME/FRB and Apertif-LOFAR burst samples as being drawn from the
same distribution with a > 3σ confidence, and the CHIME/FRB-LOFAR samples with a > 2σ

confidence (see Methods and Extended Figure 4).
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Figure 4 Activity windows as a function of phase for a period of 16.29 days for Apertif (green),
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the solid lines the rate obtained with kernel density estimates. The orange dotted line is the KDE for
CHIME/FRB bursts before 2020, and the dashed line for CHIME/FRB bursts in 2020, establishing
that the wider activity window is not due to the longer time baseline for CHIME.

The initial discovery of periodic activity in FRB 20180916B led to many new models to ex-
plain this source. The subsequent detection of a possible 160 day period in FRB 20121102A 24

led to further enthusiasm for periodicity models. One category of models places the engine of
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FRB 20180916B – a pulsar or magnetar – in a binary system with a ∼16 day orbital period, where
the companion wind obscures the coherent radio emission for most of the orbit via free-free ab-
sorption. The companion can be either a massive star or another neutron star25, 26. In these models,
a frequency-dependent activity window is predicted but with wider phase ranges at high frequen-
cies because such absorption effects are stronger at longer wavelengths. Additionally, these models
predict a DM evolution due to the dynamic absorption column, as well as a low-frequency cutoff.
Our observations of a smaller phase range at higher frequencies, constant DM, and emission down
to 120 MHz challenge all three predictions of this model. With the data presented in this work,
binary wind models are highly disfavored as an explanation to the periodicity of FRB 20180916B.

Another set of models centers on a precessing magnetar, where the periodic activity of the
FRB follows the precession period. Th precession is either free if the magnetar is isolated27 or
forced if, for example, it has a fallback disk28. Precessing models predict that a second, shorter
periodicity from the neutron star rotation itself is detectable in the pulse train within an activity
window. We find no such intra-window periodicity. Mechanisms such as spin noise, pulse profile
instability, and dephasing of the burst beams are to be expected in young magnetars however,
and these could conceal the underlying rotation period. In these models, if the FRB is produced
as the neutron star (NS) beam rotates, a PA sweep is expected27. We instead observe a flat PA.
Furthermore, free precession models typically require young, hot, and highly active magnetars
which may still be embedded in their birth environment. The limits we set on local scattering,
absorption, and DM variation suggest, however, that FRB 20180916B is no longer surrounded by
a dense supernova remnant and any remaining magnetar wind is not hampering radio propagation.

A precessing magnetar could also be responsible for the periodicity of FRB 20180916B if
its coherent radio emission is produced farther out. In synchrotron maser shock models29 a flare
from the central magnetar causes an ultra-relativistic shock when colliding with the neighboring
medium. The FRB emission is produced in this magnetized shock. This model predicts the flat,
constant intra-burst PAs we observe, perpendicular to the upstream magnetic field of the surround-
ing material. But it is not clear if such models can power emitters as prolific as FRB 20180916B
and FRB 20121102A. The absence of short periodicity and DM variation with phase is consistent
with the ultra-long period magnetar (ULMP) scenario30. That model, however, requires expelling
enough angular momentum to produce a period that is five orders of magnitude larger than any
definitively-known neutron star rotation period.
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Methods

A high-level description of the observational and analysis methods is found below. Further detail
following the same order is provided in the Supplementary Methods.

1 Observations and burst search

Apertif The Westerbork Synthesis Radio Telescope (WSRT) is a radio interferometer located in
Drenthe, the Netherlands, consisting of twelve 25-m dishes in which a new system called Apertif
(Aperture Tile in Focus) has recently been installed. Single receivers have been replaced by phased
array feeds (PAFs), increasing its field of view to ∼8.7 square degrees31, 32. Apertif can work in
time-domain observing mode to search for new FRBs33 and follow-up known ones34 using eight
of the WSRT dishes. This capability is provided by a new backend, ARTS (the Apertif Radio
Transient System11, 35, 36). ARTS covers the full Apertif field-of-view with up to 3000 tied-array
beams, each with a typical half-power size of 25’ by 25". In real-time FRB searches, the system
records Stokes I data at a central frequency of 1370 MHz and a 300 MHz bandwidth with 81.92µs
and 195 kHz time and frequency resolution. The data are then searched in near-real time with our
burst search software AMBER37–39 and post-processing software DARC40. Raw FRB candidates
are then filtered by a machine learning algorithm that assigns a probability of the candidate being
of true astrophysical origin41 and later checked by human eyes. When AMBER identifies an
FRB candidate with a duration <10 ms, a signal-to-noise ratio (S/N) >10 and a dispersion measure
(DM) 20% larger than the expected Milky Way contribution to the DM in the pointing direction
according to the YMW16 model42, the full Stokes IQUV data of the candidate is saved. When
following up known sources, the system also stores Stokes IQUV for any candidate with S/N > 10
and a DM within 5 pc cm−3 of the source DM.

We carried out observations of FRB 20180916B with Apertif, resulting in 388.4 h on source.
The observations covered seven of the predicted 16.35 days activity cycles of FRB 20180916B, and
the exposure times are visualised in the bottom panel of Figure 3. The observations of the three
activity cycles after our first detection (numbered 35,37 and 38) ranged over the whole activity
phase instead of only at the predicted active days in order to rule out or confirm any potential
aliasing of the period4. The later observations were scheduled at the confirmed activity peak days.

LOFAR The LOw Frequency ARray (LOFAR12, 43) is an interferometric array of radio telescopes
whose core is located in Drenthe, the Netherlands. LOFAR was used to obtain 57.6 h of beam-
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formed data between 110 and 188 MHz, simultaneous to Apertif observations. LOFAR observa-
tions were taken at the predicted active days to increase the chances of detecting bursts that are
broad band from 1.4 GHz to 150 MHz, at both telescopes.

The observations were taken during commissioning of the transient buffer boards (TBBs) at
LOFAR. In this observing mode, up to five dispersed seconds of raw sub-band data can be saved
when a trigger is sent from another instrument. During the simultaneous Apertif-LOFAR obser-
vations, if AMBER detected a burst with S/N>10 and a DM within five units of 349.2 pc cm−3,
Apertif sent a trigger to LOFAR. The dispersive delay between 1220 MHz (the bottom of the Aper-
tif band) and 188 MHz (the top of the HBA band) gives enough time for the pipeline to find the
candidate and send the alert, so that LOFAR can freeze the raw data in time.

All the LOFAR data were also searched offline for FRBs and periodic emission. After sub-
banding and RFI cleaning44, data were dedispersed and searched for single pulses. Candidates
were clustered in DM and time, visualized, and examined by eye.

2 Data analysis

Detected bursts During our observing campaign, we detected a total of 63 bursts, 54 with Apertif
and 9 with LOFAR. None of these detections took place simultaneously at both instruments. Figure
3 shows the S/N of each detection as a function of modified julian day (MJD). It includes the
detections by other instruments during the same time span for comparison, and the observation
times in the bottom panel. The predicted activity days for a period of 16.35 days are illustrated
as shaded regions in order to guide the eye, and the cycle number since the first CHIME/FRB
detection are indicated on top.

Bursts detected with Apertif We detected a total of 54 bursts with an S/N above 8 in 388.4 h of
observations with Apertif. All Apertif bursts are given an identifier AXX, where XX is the burst
number ordered by time of arrival within the Apertif bursts, from A01 to A54. Twenty-five of
those bursts triggered a dump of the full-Stokes data. Eight of the bursts were not detected in real
time, but in the later search of the filterbank observations with PRESTO. The number of IQUV
triggers during cycle 44 is lower due to the incremented RFI environment that triggered IQUV
dumps on RFI and avoided saving IQUV data on later real bursts. Extended Table 2 summarises
the main properties of the detected bursts. The burst fluence distribution is further analyzed in the
Supplementary Methods. All detections took place in six out of the seven predicted activity cycles
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that our observations covered. In spite of observing FRB 20180916B during five days centered
at the predicted Apertif peak day during cycle 47, only one burst was detected, revealing that the
burst rate can fluctuate from cycle to cycle. Extended Figure 2 shows the dynamic spectra and
pulse profile of all bursts. Additionally, Stokes L and V are plotted for the bursts with full-Stokes
data, together with the polarisation position angle (PA).

As shown in Figure 3, all Apertif bursts were detected in a four-day window before the
predicted peak day of the corresponding activity cycle, with none of the detections happening after
the peak. There were no detections outside of a six-day activity window, even though they were
largely covered by our observations. The late start of the observations around MJD 58950 with
respect to the beginning of the predicted activity window could explain the non-detections in that
cycle. However, the lack of emission at 1.4 GHz during that cycle cannot be discarded. After our
detections and non-detections during the first four cycles, we refined the expected active window
time at 1.4 GHz and scheduled the observations of the last three cycles accordingly, in five-day
windows centered at the predicted Apertif peak day.

The detected bursts present a large variety of properties. Some display a single component,
others show rich time-frequency structure with up to five components.

Bursts detected with LOFAR We detected a total of nine LOFAR bursts above a S/N of 7 in
∼58 h of observations The bursts occurred on 10, 11 and 12 April 2020. Each burst is given an
identifier LYY, where YY is the burst number ordered by time of arrival within LOFAR bursts, from
L01 to L09. Extended Table 1 summarises the properties of these bursts. The fluence scale was
derived following previously established procedures45, 46, detailed in the Supplementary Methods.
As shown in Figure 3, all detections took place on the same predicted activity cycle in which there
were no Apertif detections (cycle 35). The observations where the detections took place were
performed in coherent Stokes I mode. Excepting the first two, all bursts arrived after the predicted
peak day. There were thus no simultaneous bursts at 1.4 GHz and 150 MHz in the beamformed
data nor the TBBs. From the dynamic spectra and pulse profiles displayed in Figure 2, there is no
evidence of complex, resolved time-frequency structure. Nevertheless, a scattering tail is manifest
in the pulse profiles of the brightest bursts. We will characterise the scattering timescale below.
While the tail of burst L06 in Figure 1 appears to plateau 25 ms after the main peak, hinting for a
second subburst, a fit for multiple scattered bursts did not confidently identify a second component.

Generally, the LOFAR-detected bursts are brightest in the top of the band (see Figure 2).
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Over the almost 2:1 ratio of frequency from that top of the band to the bottom, most bursts grad-
ually become less bright. Although some previous targeted LOFAR FRB searches used wide
bandwidths47, most large-area searches were carried out in the lower part of the band, e.g., 119−151 MHz14, 48

where LOFAR is more sensitive. The behavior we see here was likely a factor in the earlier lack
of detections.

The detections reported here already demonstrate there is no low-frequency cutoff above the
LOFAR band. The individual bursts and the stacked profile (Extended Figure 5) also do not show
a clear cutoff within the band. Two of the bursts (L01, L06) emit down to at least 120 MHz (see
Extended Figure 6) and thus cover the entire frequency range. Furthermore, if we follow burst
L06 from 150 to 120 MHz in decreasing frequency, the emission is ever more delayed with the
respect to the onset of the peak (see Figure 1 and Figure 2). Such behavior suggests unresolved
time-frequency downward drift in the tail of the pulse. From this we conclude the decrease in pulse
peak brightness could be intrinsic, and is not due to a cutoff by intervening material. Bursts L04
and L05 show a similar hint of a delayed tail, at slightly higher frequencies.

Ruling out aliasing To maximise the chance of detection, FRB 20180916B is generally observed
predominantly around its predicted activity peak2, 10, 22, 23. The implied lack of coverage outside this
purported peak could bias the derived activity cycle. The best-fit cycle period could be an alias of
the true period. To break this degeneracy, we scheduled observations covering full activity cycles
(see Supplementary Methods). We find there is no aliasing. We determined a new best activity
period of 16.29 days, where reference MJD 58369.9 centered the peak activity day at phase 0.5.

Activity windows By using the aforementioned best period and reference MJD to compute the
burst arrival phases, we have generated a histogram of detections versus phase on the top panel of
Extended Figure 3. The cycle coverage by different instruments can be visualised on the bottom
panel of the same figure, where it is manifest that CHIME/FRB and Apertif are the only instru-
ments covering the whole activity cycle which have detected bursts. We have used data from all
FRB 20180916B observations published thus far2, 4, 9, 10, 21, 23, 49, 50.

Several theoretical models have suggested the activity window may be frequency dependent25, 26, 30.
In absorptive wind models, for example, one expects a larger duty cycle at high frequencies due
to heightened opacity at long wavelengths. There was also an observational hint that higher fre-
quencies may arrive earlier, based on four EVN detections at 1.7 GHz9. By taking into account
the bursts detected by Apertif, CHIME/FRB and LOFAR at 1.4 GHz, 600 MHz and 150 MHz re-
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spectively, we can obtain an estimate of the probability of the bursts being drawn from the same
distribution at different frequencies.

To do so, we attempted to estimate the detection rate as a function of activity phase for the
three different frequency bands. We estimate these activity windows by computing the probability
density function (PDF) of detection rate for Apertif, CHIME/FRB and LOFAR using a weighted
kernel density estimator (KDE, see Supplementary Methods).

We applied the KDE separately to the Apertif, CHIME/FRB and LOFAR burst datasets.
Based on the KDE estimation shown in Figure 4, we find that higher frequencies appear to arrive
earlier in phase, i.e. the activity peaks at a lower phase with larger frequencies. Additionally,
the width of the activity window appears to be larger with CHIME/FRB. The KDE is useful for
estimating probability distributions with a small number of samples, but it is non-parametric and
does not easily allow us to compare the activity window widths between frequencies. For this we
fit a Gaussian to the detection rate of FRB 20180916B for each instrument and find a full-width
at half maximum (FWHM) of 1.2±0.1 days from the Apertif data at 1370 MHz and 2.7±0.2 days
at 400–800 MHz using the CHIME/FRB bursts. The best-fit peak activity phase for Apertif is
0.494±0.002 and 0.539±0.005 for CHIME/FRB. The source activity window is therefore roughly
two times wider at CHIME/FRB than at Apertif and its peak is 0.7 days later at CHIME/FRB. We
do not attempt to fit a Gaussian to the LOFAR bursts because of the small number of detections and
our limited coverage in phase. However, we note that four out of the nine detected LOFAR bursts
arrive later in phase than every previously detected CHIME/FRB burst. Therefore, the activity of
FRB 20180916B at 150 MHz likely peaks later than at higher frequencies and the activity window
may be wider as well. This is in stark contrast with the predictions of simple absorptive wind
models where the activity ought to be wider at higher frequencies.

By applying a Kolmogorov-Smirnov test to the burst samples of Apertif, CHIME/FRB and
LOFAR comparing them two by two and taking into account the different observing strategies, we
can discard the Apertif and CHIME/FRB burst samples as being drawn from the same distribution
with a three-sigma confidence level, as well as the Apertif and LOFAR burst samples. For the
CHIME/FRB and LOFAR bursts, the confidence level of the samples being drawn from different
distributions is greater than two sigma. This method is expanded in the Supplementary Methods
section.

Taking all observational biases into account, a dependence of the activity window with fre-
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quency must exist in order to get the observed burst distribution, which is narrower and peaks
earlier in phase at higher frequencies. This is opposite to the predictions made by binary wind
model predictions in which free-free absorption would make the lower frequency emission have a
narrower activity width25, 26, and thus disfavors the cause of the periodicity to be free-free absorp-
tion in a binary system.

Polarisation Monitoring the polarisation position angle (PA) of FRB 20180916B over time and
across cycles with Apertif is made easier by the fact that Westerbork is a steerable equatorial mount
telescope. This stability of the system’s response allows us to investigate the polarisation properties
of FRB 20180916B within each pulse, within an activity cycle, and even between multiple periods.
After calibration (see Supplementary Methods) we find the PA of FRB 20180916B to be flat within
each burst, with ∆PA<20 deg, in agreement with other polarised studies of the source2, 8, 51. This
is in contrast to most pulsars whose PAs swing across the pulse, in many cases with the S-shaped
functional form predicted by the rotating vector model (RVM). In the classic picture, PA varies with
the arctangent of pulse longitude and the amount of swing is proportional to the emission height but
inversely proportional to the star’s rotation period52. However, the flat PAs of FRB 20180916B are
similar to other FRBs, notably FRB 20121102A whose intra-burst polarisation exhibits less than
11 deg of rotation3. They are also similar to radio magnetars. FRB 181112 was the first source to
show significant variation in the polarisation state within a burst and between sub-components of
an FRB with temporal structure53.

While the flat PAs within each FRB 20180916B burst are in line with previous measure-
ments, we have found that its PA is also stable in average within an activity cycle and even between
periods, with ∆PA<40 deg. In models that invoke precession as the origin of periodicity and mag-
netospheric emission as the origin of the FRBs, one generically expects a PA change as a function
of activity phase. However, the amount of PA swing depends on the geometry of the system and
well as the fraction of a precession period that is observable27, so we cannot rule out precession
with our polarisation measurements. In relativistic shock models, the synchrotron maser mecha-
nism provides a natural path for flat PAs within a burst, but it is not clear how or if the polarisation
state could be nearly constant within a cycle and over multiple months29, 54. Given the duty cycle
of FRB 20180916B appears to be just ∼10% in the Apertif band, it will be useful to observe the
PAs of FRB 20180916B over at lower frequencies with a steerable telescope that can cover a full
periodic cycle.
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Dispersion The Apertif real-time detection pipeline finds the dispersion measure that maximises
the S/N of a burst (DMS/N). Any frequency-swept structure intrinsic to the pulse, as seen in a
number of repeating FRBs, will be absorbed in this value. By first fitting to such structure3, 16

the interstellar dispersion measure can be isolated, and reported as DMstruct . We thus deter-
mined DMstruct for all Apertif bursts (see Supplementary Methods) and find it to be DMApertif

=348.75±0.12 pc cm−3, consistent with previous findings. There is no evidence for a variation of
DM with phase (Extended Figure 7, top panel).

The LOFAR bursts lack detectable time-frequency structure, but require separating the frequency-
dependent scattering tails from the DM fit (see Supplementary Methods). For the final LOFAR
DM, obtained by averaging over all bursts with S/N>20 (Extended Table 1), we find DMLOFAR

= 349.00± 0.02 pc cm−3 .

Sub-pulse drift rate Several of our detections at Apertif show downward drifting sub-pulses,
enabling us to make the first measurement of the drift rate ν̇ of FRB 20180916B above 1 GHz (Ex-
tended Figure 8). We obtain an average sub-pulse drift rate of −39 ± 7 MHz ms−1 at 1370 MHz.
This is nine times larger than e.g. the previously reported drift rate of ∼ −4.2 MHz ms−1at
400 MHz2. Extended Figure 9 shows how the downward drift amplifies towards higher frequen-
cies. As in FRB 20121102A 20, the drift rate evolution appears linear. As these two FRBs reside in
significantly different environments, the behavior may be common across FRBs. The frequency-
dependence and consistent sign of the drifting phenomenon will likely offer clues to the FRB
emission mechanism29, 55, 56.

Scattering Most of the LOFAR bursts (Figure 2) exhibit an exponential tail, indicating the pulse-
broadening due to scattering in the intervening medium. To quantify the scatter broadening timescale
(τsc), we divided the dedispersed spectrograms of a few high S/N bursts into 4 or 8 sub-bands The
burst profiles obtained from the individual sub-bands were modelled as a single Gaussian compo-
nent convolved with a one-sided exponential function57, 58. The τscthus obtained are presented in
Extended Table 1.

In order to obtain a more precise estimate of scatter-broadening timescale, we first divided
the bandwidth of the stacked LOFAR bursts dedispersed to their DMLOFAR =349.0 pc cm−3 into
eight frequency bands, for which we obtained separate pulse profiles and fitted each to a scattering
tail as above. The results are shown in Extended Figure 5. We obtain the scattering timescale
of 45.7±9.5 ms at 150 MHz, which is consistent with the measurements using individual bursts.
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We also characterize the scatter broadening variation with frequency as τsc∝ ν−α and obtain the
frequency scaling index α = −4.2+1.1

−1.0. This scatter-broadening is consistent with the upper limit
of 50 ms at 150 MHz that was derived from GBT detections at 350 MHz2. By scaling the scatter
broadening of LOFAR bursts to Apertif frequencies, we expect τsc∼ 6.6µs at 1370 MHz, which is
an order of magnitude smaller than Apertif’s temporal resolution.

Rates Before our LOFAR detections, there existed only upper limits on the FRB sky rate below
200 MHz. Blind searches for fast transients at these low frequencies are difficult due to the dele-
terious smearing effects of intra-channel dispersion and scattering, which scale as ν−3 and ν−4,
respectively. This is amplified by the large sky brightness temperatures at long wavelengths, due
to the red spectrum of Galactic synchrotron emission; pulsars are detectable at low frequencies
because of their steeply rising negative spectra, but the spectral index of the FRB event rate is not
known. We first consider the repetition rate of FRB 20180916B from our LOFAR and Apertif de-
tections to determine its activity as function of frequency. We then convert that into a lower-limit
on the all-sky FRB rate at 150 MHz and combine it with previous upper-limits at those frequencies
to derive the first ever bounded constraints on FRB rates below 200 MHz.

We detected nine bursts in 58 hours of LOFAR observing, giving a rate of 0.16±0.05 h−1.
Since we only targeted LOFAR during simultaneous Apertif observations during the presumed
activity window whose duty cycle is ∼0.25, we divide this rate by 4 to get its repetition rate
averaged over time. Assuming a fluence threshold of 50 Jy ms and noting that the duration of
all bursts from this source at 150 MHz is set by scattering and does not vary, we find R150(≥
50 Jy ms) ≈ (3.9 ± 1.3) × 10−2 h−1. At 1370 MHz, Apertif detected 54 pulses in 388 hours
of observing. Our coverage of FRB 20180916B was deliberately more uniform in activity phase,
so only ∼149 h took place during the active days. The phase range in which Apertif detected
bursts gives a duty cycle of 0.22. This results in R1370(≥ 1 Jy ms) ≈ (8.0 ± 1.1) × 10−2 h−1.
While the absolute detection rates by Apertif and LOFAR are similar, we note that the fluence
threshold was much lower for Apertif than LOFAR. Scaling by the known fluence distribution of
FRB 20180916B, N(≥ F) ∝ F−1.5, we find R1370(≥ 50 Jy ms) ≈ 2.3 × 10−4 h−1. We come
to the remarkable conclusion that the FRB is more active at 150 MHz than at 1370 MHz at the
relevant fluences.

The all-sky FRB event rate is a difficult quantity to determine for a myriad of reasons59.
Beam effects result in a pointing-dependent sensitivity threshold, which in turn is affected by the
unknown source-count slope60, 61; Each survey has back-end dependent incompleteness, including
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in flux density and fluence62 as well as in pulse duration and DM63. Nonetheless, meaningful
constraints can be made if one is explicit about the region of parameter space to which the rate
applies.

As the LOFAR bursts are the sole unambiguous FRB detections below 200 MHz, we and
other teams13 can now provide the first bounded limits on the all-sky event rate at low frequencies.
A lower limit on the FRB rate at 150 MHz can be obtained by assuming FRB 20180916B is the
only source in the sky emitting at these wavelengths. This lower bound can be combined with
previous upper bounds from non detections by blind searches at LOFAR and MWA14, 15, 64–67. The
repetition rate of FRB 20180916B implies that there are at least 0.6 sky−1 day−1 above 50 Jy ms at
110–190 MHz at 95% confidence. Assuming a Euclidean scaling in the brightness distribution that
continues down to lower fluences, this is equivalent to more than 90 sky−1 day−1 above 5 Jy ms. An
earlier blind LOFAR search15 placed an upper limit of 29 sky−1 day−1 above 62 Jy pulses with 5 ms
duration. Combining these two limits, we obtain a 90% confidence region of 3–450 sky−1 day−1

above 50 Jy ms.

The lower-limit value may be conservative, as FRB 20180916B is in the Galactic plane at a
latitude of just 3.7 deg, which is why its scattering time is 50 ms at 150 MHz. If the burst width
were 5 ms before entering the Milky Way, then a factor of∼3 was lost in S/N due to the low Galac-
tic latitude of FRB 20180916B. Therefore, a similar FRB at a more typical offset from the plane
would, in this example, be ∼3γ times more active, where γ is the cumulative energy distribution
power-law index, because the Galactic scattering timescale would only be a few milliseconds.

3 Data availability

Raw data were generated by the Apertif system on the Westerbork Synthesis Radio Telescope and
by the International LOFAR Telescope. The Apertif data that support the findings of this study are
available through the ALERT archive, http://www.alert.eu/FRB20180916B. The LO-
FAR data are available through the LOFAR Long Term Archive, https://lta.lofar.eu/,
by searching for “Observations” at J2000 coordinates RA=01:57:43.2000, DEC=+65:42:01.020.
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Extended Figure 1 Cumulative distribution function of burst rate in fluence for both Apertif and
LOFAR. The light green markers show the CDF of all Apertif bursts, with dash-dotted, dotted and
dashed lines giving the power-law fit respectively to bursts with fluences lower than 3.2 Jy ms, be-
tween 3.2 and 7.8 Jy ms and above 7.8 Jy ms. The coloured solid lines correspond to different phase
ranges within the active window, with no discernible difference between them other than the rate
scaling. The LOFAR fluence distribution is shown in crimson. The fit to a broken power law with a
fluence turnover at 104 Jy ms is shown as a gray dotted line. For the same fluence, FRB 20180916B
is more active at 150 MHz than 1370 MHz, even at the peak activity phases observed by Apertif.
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Extended Figure 2 Dynamic spectra of the bursts (A01-A19) from FRB 20180916B detected
with Apertif, dedispersed to a DM of 348.80 pc cm−3. Bursts with full-Stokes data show PA (de-
grees) in the top panel, ILV in the central panel and dynamic spectrum in the bottom one. Bursts
with only intensity data show pulse profile in the top panel and dynamic spectrum in the bottom
one. The burst identifiers are given in the top left corner of the pulse profiles. The dynamic spectra
have been downsampled by factors 2 and 8 in time and frequency. The activity cycle number is
indicated on the top right corner of the first detected burst of each cycle.
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Extended Figure 2 Continued, bursts (A20-A38).
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Extended Figure 3 Histogram of burst detections (top) and observation duration (bottom) as
a function of phase for the best period fitted to Apertif and CHIME/FRB data (16.29 days). In-
struments are color-coded by central frequency, with blue for high frequencies and red for low
frequencies. Figure was generated using an adaptation of the frbpa package23.
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Extended Figure 4 Comparison of simulated and observed activity window p-values. Each
panel compares the p-value obtained through the Kolmogorov-Smirnov statistic on two instrument
burst samples. The vertical black lines give the observed p-value, whereas the histograms corre-
spond to 10000 simulations of the p-value that would be obtained if both instrument burst samples
were drawn from the same distribution. The top panel compares the burst samples from Apertif and
LOFAR, the central panel from Apertif and CHIME/FRB and the bottom panel from CHIME/FRB
and LOFAR. The vertical gray dotted, dash-dotted and dashed lines show respectively the p-value
where 68.27% (1σ), 95.45% (2σ) and 99.73% (3σ) of the simulations give a larger p-value.
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Extended Figure 5 Stacked LOFAR bursts, dedispersed to the S/N maximising DM of 349.00 pc cm−3.
The top panel shows the pulse profiles in eight different frequency bands, and fits to the scatter-
ing tail. The central frequency of the band is indicated on the vertical labels. The bottom panel
displays the dynamic spectrum of the stacked bursts.
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Extended Figure 6 Comparison of the intrinsic LOFAR burst spectra to the telescope sensitivity
limits. The red line shows the flux densities for the bursts, averaged over fixed [−50, +150] ms
windows around the burst peak. The black line shows the same but for off-burst windows. The
telescope sensitivity limits (±1σ, black and red contours) calculated as the standard deviation of 3-
s off-burst intervals, scaled to the 200-ms on-burst window. The LOFAR minimum detectable flux
varies over the recorded band; it is higher at the band edges. The black contours demonstrate the
response is relatively flat compared to the burst brightness. Note that this figure utilizes different
frequency/time binning, which explains the apparent slight differences with Figure 2. Seemingly
significant negative pulse flux densities at low frequencies in e.g. L02 and L08 were caused by
slowly-varying, low-level residual RFI that affected the baseline subtraction. Nevertheless, bursts
L01 and L06 clearly show emission above the noise level, at the lower edge of the LOFAR band.
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Extended Figure 7 Apertif burst properties against phase. The top panel shows the structure
optimised dispersion measure with the 348.75 pc cm−3 average as a reference. The second panel
shows the drift rate of bursts with multiple components. The third panel shows the fluence. The
bottom panel gives the average polarisation position angle of each burst. Bursts are color-coded by
activity cycle. Each color corresponds to a different activity cycle, and the data points with a black
edge represent bursts with S/N>20.
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Extended Figure 8 Five of the bursts with a measurable drift rate. For each burst, the top panel
shows the pulse profile as a solid black line and the fitted multi-component Gaussian in gray, with
shaded coloured regions indicating the position of the subcomponents. The lower left panels show
the dynamic spectra rebinned eight times in frequency, with the centroid of each subcomponent and
the fitted drift rate as a white line. The right panels represent the spectra and the fitted Gaussian of
each subcomponent, with the same color as the shaded region of the pulse profile.
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Extended Figure 9 Comparison of drift rates at different frequencies. The green circles are the
drift rate of bursts presented in this work, detected with Apertif. The yellow squares are drift rates
from CHIME/FRB bursts4, 19. The orange triangle is the simultaneous CHIME/FRB-GBT burst
where a drift rate was reported2. The dashed line is a power law fit of the drift rate at different
frequencies, ν̇ = −0.2ν0.7. The dotted line is the linear fit of the drift rate, ν̇ = −2.9× 10−2ν, and
it is almost superposed to the power law fit.
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Extended Figure 10 Periodograms between 0.03 day and 20 day periods of four instrument com-
binations and three different period searching techniques. Each column corresponds, from left to
right, to all detections combined (blue), Apertif detections (green), CHIME/FRB detections (yel-
low) and CHIME/FRB and Apertif detections combined (red). Each column corresponds to a
different search technique, with Pearson’s χ2 test at the top, activity width minimisation center,
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38



Extended Table 1: Summary of LOFAR burst properties.
Burst ID OBSID Arrival time Arrival time Detection DM Fluence τscat 150 MHz

(MJD) (UTC) S/N ( pc cm−3 ) ( Jy ms ) (ms)
L01 L775795 58949.53491816 2020-04-10 12:50:16.929 8.7 349.03±0.11 111±55 ...
L02 L775801 58949.63987585 2020-04-10 15:21:25.273 7.3 348.94±0.08 38±19 ...
L03 L775977 58950.52919335 2020-04-11 12:42:02.305 9.5 349.02±0.08 80±40 ...
L04 L775977 58950.54130169 2020-04-11 12:59:28.466 18.9 349.41±0.03 177±88 ...
L05 L775979 58950.58347838 2020-04-11 14:00:12.532 13.7 349.09±0.04 129±64 ...
L06 L775953 58951.54162736 2020-04-12 12:59:56.604 29.4 349.03±0.05 318±159 48.2±16.6
L07 L775953 58951.55801455 2020-04-12 13:23:32.457 35.1 348.98±0.02 296±148 46.9±16.0
L08 L775955 58951.58470795 2020-04-12 14:01:58.767 23.5 348.99±0.03 193±96 36.2±19.0
L09 L775955 58951.59135120 2020-04-12 14:11:32.744 12.5 348.86±0.08 124±62 42.0±17.4
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Extended Table 2: Summary of Apertif burst properties.
Burst ID Arrival time Arrival time Detection DM Fluence Drift rate

(MJD) (UTC) S/N ( pc cm−3 ) ( Jy ms ) ( MHz ms−1)
A01 58930.47097294 2020-03-22T11:18:12.062 11.5 348.70(20) 1.8 ...
A02 58931.51122577 2020-03-23T12:16:09.907 12.7 348.88(18) 6.2 ...
A03 58931.54877968 2020-03-23T13:10:14.564 13.4 349.02(59) 8.0 ...
A04 58931.56964778 2020-03-23T13:40:17.568 13.4 348.70(97) 4.2 ...
A05 58978.59561357 2020-05-09T14:17:41.012 13.6 348.63(14) 5.2 ...
A06 58979.50785914 2020-05-10T12:11:19.030 8.9 348.35(38) 4.0 ...
A07 58980.35572077 2020-05-11T08:32:14.275 16.4 348.75(26) 8.2 ...
A08 58980.38590828 2020-05-11T09:15:42.475 29.9 349.44(26) 15.3 -9.16
A09 58980.44318898 2020-05-11T10:38:11.528 13.9 350.09(37) 1.7 ...
A10 58980.46375074 2020-05-11T11:07:48.064 17.8 347.86(54) 14.2 -3.95
A11 58980.46995949 2020-05-11T11:16:44.500 10.1 347.28(32) 8.3 ...
A12 58980.47426015 2020-05-11T11:22:56.077 11.0 349.06(33) 1.6 ...
A13 58980.52593337 2020-05-11T12:37:20.643 38.6 348.70(56) 24.2 ...
A14 58980.54629988 2020-05-11T13:06:40.310 14.0 348.07(44) 3.4 ...
A15 58980.54684270 2020-05-11T13:07:27.209 12.5 349.52(76) 1.3 ...
A16 58980.62542392 2020-05-11T15:00:36.627 11.5 348.78(48) 1.2 ...
A17 58980.62998094 2020-05-11T15:07:10.353 58.1 348.68(13) 56.0 -26.36
A18 58980.65889322 2020-05-11T15:48:48.374 25.6 348.87(16) 18.6 -18.12
A19 58981.38138907 2020-05-12T09:09:12.016 31.5 350.68(32) 16.0 ...
A20 58996.15501128 2020-05-27T03:43:12.975 12.1 348.81(21) 6.6 -10.01
A21 58996.19203445 2020-05-27T04:36:31.776 12.7 348.79(21) 3.7 -3.56
A22 58996.23898191 2020-05-27T05:44:08.037 20.2 348.68(14) 9.2 -8.83
A23 58996.27129126 2020-05-27T06:30:39.565 20.9 348.68(23) 5.5 -42.74
A24 58996.34499129 2020-05-27T08:16:47.247 21.4 350.23(84) 12.1 ...
A25 58996.36224320 2020-05-27T08:41:37.812 19.5 348.78(44) 12.8 -25.20
A26 58996.42810299 2020-05-27T10:16:28.098 10.5 349.47(29) 2.0 ...
A27 58996.48015176 2020-05-27T11:31:25.112 21.0 348.63(25) 3.2 ...
A28 58996.60480633 2020-05-27T14:30:55.267 20.9 348.97(28) 8.4 -52.65
A29 58996.61583838 2020-05-27T14:46:48.436 9.0 348.81(43) 8.7 ...
A30 58997.15492630 2020-05-28T03:43:05.632 25.7 348.87(22) 27.1 ...
A31 58997.23883623 2020-05-28T05:43:55.450 36.5 348.24(25) 17.6 -25.47
A32 58997.26968437 2020-05-28T06:28:20.730 29.9 348.76(25) 14.0 ...
A33 58997.35800780 2020-05-28T08:35:31.874 29.2 348.87(17) 13.8 ...
A34 58997.38837259 2020-05-28T09:19:15.392 20.9 348.75(18) 3.5 ...
A35 58998.15708057 2020-05-29T03:46:11.761 10.4 348.69(26) 5.8 ...
A36 59095.01258701 2020-09-03T00:18:07.518 8.5 348.21(42) 17.7 ...
A37 59095.01647024 2020-09-03T00:23:43.029 10.3 348.70(40) 7.2 ...
A38 59095.03083630 2020-09-03T00:44:24.256 27.4 348.71(27) 7.5 -37.45
A39 59095.03119917 2020-09-03T00:44:55.608 28.2 348.73(11) 17.9 -29.27
A40 59095.04813576 2020-09-03T01:09:18.930 25.8 348.74(16) 4.2 ...
A41 59095.06242878 2020-09-03T01:29:53.847 11.4 348.64(26) 5.3 ...
A42 59095.07525644 2020-09-03T01:48:22.156 12.7 348.59(34) 3.1 ...
A43 59095.07913932 2020-09-03T01:53:57.637 11.5 348.10(23) 2.5 ...
A44 59095.10211216 2020-09-03T02:27:02.491 12.6 349.06(23) 4.2 ...
A45 59095.11289895 2020-09-03T02:42:34.469 13.2 348.50(28) 3.5 ...
A46 59095.11989684 2020-09-03T02:52:39.087 20.7 348.78(14) 7.1 ...
A47 59095.12368446 2020-09-03T02:58:06.337 32.4 348.93(23) 11.2 -19.01
A48 59095.14075045 2020-09-03T03:22:40.839 10.0 349.14(51) 5.5 ...
A49 59095.16236684 2020-09-03T03:53:48.495 10.7 349.29(26) 9.3 ...
A50 59095.19030365 2020-09-03T04:34:02.235 9.4 349.68(52) 5.5 ...
A51 59096.20840871 2020-09-04T05:00:06.513 9.3 348.43(54) 2.9 ...
A52 59143.81778929 2020-10-21T19:37:36.995 11.3 348.89(19) 4.7 ...
A53 59190.73164688 2020-12-07T17:33:34.290 44.2 348.76(19) 58.3 -6.55
A54 59191.74125466 2020-12-08T17:47:24.403 51.1 348.87(16) 20.4 -80.80
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Instrument N.bursts PR3 R20 PJ4
ALL 154 16.34+0.11

−0.15 16.29+0.16
−0.18 16.30+0.20

−0.24

Apertif 54 16.38+3.56
−3.69 16.41+2.18

−1.70 16.35+0.47
−0.31

CHIME/FRB 57 16.36+0.07
−0.16 16.31+0.16

−0.18 16.35+0.10
−0.14

CHIME/FRB+Apertif 111 16.28+0.17
−0.11 16.29+0.15

−0.17 16.30+0.13
−0.16

Extended Table 3: Best periods obtained with different burst combinations using three
different techniques; Pearson’s χ2 test (PR3)8, activity width minimisation (R20)24, and
quadratic mutual information periodicity search (PJ4)68.
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Supplementary Methods

1 Observations and burst search

Apertif For 165 out of 388 observing hours, the high-resolution data were kept for a deeper offline
search with PRESTO69. After masking channels known to be affected by RFI, the data were
dedispersed to DMs between 310 pc cm−3 and 397 pc cm−3 in steps of 0.3 pc cm−3. Each time
series was then searched for single pulses with S/N > 8 and width < 100 ms. After clustering the
candidates in DM and time, the candidate with the highest S/N in each cluster was visualised and
inspected by eye. A small fraction of the data were strongly affected by RFI, mainly in cycle 44 (as
numbered in Figure 3) during September 3rd and 4th. These data were cleaned with RFICLEAN*

and RFI was further masked with PRESTO’s RFIFIND. A large fraction of channels was masked
completely. Hence we cannot exclude the presence of faint or narrowband bursts that would have
been above our sensitivity threshold without RFI.

In addition to the single pulse search, we searched the data for periodic signals with periods
between 0.1 ms and 1 s. To account for any drift in the pulse frequency due to acceleration of
the source in a putative orbit, an acceleration search was performed with a maximum Fourier-
drift parameter of z = 200, corresponding to a maximum line-of-sight acceleration of 0.5 m s−2

for a periodicity of 1 ms and the typical observation duration of 3 hrs. The implicit assumption
of constant acceleration holds as long as the orbit is longer than ∼30 hrs. All candidates were
inspected visually.

LOFAR Most LOFAR stations are located across the Netherlands, and 14 are distributed in neigh-
boring countries in order to increase its spatial resolution. The observations presented here used
between 18 and 23 core (Dutch) stations, and used coherent stokes mode at a time resolution of
983.04µs and a frequency resolution of 3.052 kHz. Most data, including all detections, were
recorded in intensity only (Stokes I). Data from May 27/28/29 was recorded in full polarisation
(Stokes IQUV).

The offline search for FRBs and periodic emission used PRESTO. The data were first sub-
banded using SIGPROC. In this process, every 25 consecutive channels were dedispersed using a
DM of 349.5 pc cm−3 and averaged together, resulting in 1024 sub-bands across the full 78.1 MHz
bandwidth. Strong periodic and other RFI were mitigated using RFICLEAN44, and any remaining

*https://github.com/ymaan4/rfiClean
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RFI were subsequently masked using PRESTO’s rfifind. The data were then dedispersed to
DMs between 342 and 358 pc cm−3 in steps of 0.03 pc cm−3. Each dedispersed time series was
searched for single pulses with S/N> 7 and pulse-width< 250 ms. Similar to the offline search of
the Apertif data, the candidates were clustered in DM and time, and the candidate with the highest
S/N in each cluster was visualized and examined by eye. Each of the dedispersed time series
was also subjected to a periodicity search using PRESTO’s accelsearch, with a maximum
Fourier-drift parameter of z = 128. This value implies that, for an observing duration of 1 hour,
we have searched for average accelerations of about 2.96 and 296 m s−2 of 1000 and 10 Hz signals,
respectively. We note that our periodicity search is not sensitive to periods shorter than a few
tens of milliseconds due to significant scatter-broadening at the LOFAR frequencies. For each
observation, all the candidates with periods up to 80 s were folded and the corresponding diagnostic
plots were examined by eye.

2 Data analysis

Bursts detected with Apertif: fluence distribution To estimate the fluence of all Apertif bursts,
we obtained the mean pulse profiles using 21 ms time windows centered at each pulse’s peak. This
window duration is larger than the widest burst, except for A53 where a 42 ms window was needed
to cover the whole burst duration. We normalised each pulse profile by the standard deviation of
an off-burst region in order to convert the time series into SNR units. We determined the system-
equivalent flux density (SEFD) by performing drift scans of the calibrator sources 3C147 and
3C286 whose flux densities are known70. Next we applied the radiometer equation71, 72 to convert
the pulse profile into flux units (Jy) using the SEFD, and integrated over the 21 ms or 42 ms time
windows to obtain the fluence of each burst (Jy ms). We applied this technique in order to account
for the burst structure. We assume 20% errors on the fluence based on the instability of the system
over several days of observations.

The cumulative distribution function (CDF) of Apertif bursts fluences, presented in Extended
Figure 1, can be fitted to a broken power-law with two turnovers. By applying a least squares min-
imisation technique and assuming Poissonian errors on the rate, we find the break fluences to be
located at 3.2±0.2 Jy ms and 7.8±0.4 Jy ms. For bursts with S/N>10 displaying the typical burst
width of 2 ms, our fluence completeness threshold is ∼1.7 Jy ms . The full range of widths for
pulses near our S/N detection limit (Extended Figure 2) is between 1−5 ms, which leads to a flu-
ence range of 1−3 Jy ms (Extended Table 2). The lower-fluence turnover falls right above this
range and we will thus assume that it is due to the Apertif sensitivity. The 7.8 Jy ms turnover is
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however above our completeness threshold and cannot be due to instrumental effects. CHIME/FRB
bursts have been observed to show a turnover at 5.3 Jy ms that was associated to the sensitivity of
the instrument4. The potential presence of a turnover at 7.8 Jy ms intrinsic to the fluence distribu-
tion of FRB 20180916B could have been concealed by the sensitivity turnover. Each segment of
the broken power law of the CDF follows R(> F ) ∝ F Γ, where R is the rate (h−1), F the fluence
(Jy ms) and Γ the power law index. For F>7.8 Jy ms, we get Γ = −1.4 ± 0.1. This index is con-
sistent with the CDF of CHIME/FRB bursts, where they get α = Γ − 1 ∼ −2.3. For bursts with
3.2 Jy ms < F < 7.8 Jy ms we get Γ = −0.7± 0.1, and for F < 3.2 Jy ms we get Γ = −0.2± 0.1.
All errors give the standard deviation of the fitted parameters.

Bursts detected with LOFAR: fluence distribution The flux density scale for LOFAR obser-
vations was derived from the radiometer equation, using information about frequency-dependent
antenna and sky temperatures, models of telescope gain (frequency- and direction-dependent),
number of performing stations/tiles, RFI environment, as well as observing bandwidth, integration
time, and number of polarization summed. The uncertainty of the flux density measurements was
estimated as 50% systematic uncertainty on the band integrated flux caused by an imperfect knowl-
edge of the system parameters. For the details of the calibration procedure and flux uncertainty
estimates we refer the reader to LOFAR censuses of millisecond45 and normal46 pulsars.

Extended Figure 1 shows the CDF of LOFAR bursts. It can be fitted to a broken power
law with the break fluence located at 104 ± 12 Jy ms . This fluence falls well within our LOFAR
sensitivity limits, and we thus attribute the break to our completeness level. The power law index
of bursts with F > 104 Jy ms is Γ = −1.5± 0.2, consistent with the Apertif and the CHIME/FRB
power law indices. However, the burst rate at the same fluence is two orders of magnitude larger
for LOFAR bursts than for Apertif bursts. The power law index for bursts with F < 104 Jy ms is
Γ = −0.2± 0.2.

Activity windows The CHIME/FRB detections span multiple years, while the Apertif and LO-
FAR detections are all in 2020. Since an error of 0.05 days in a period ∼16 days could lead to a
phase delay of ∼0.15 after two years and thus to a broadening of the resulting activity window, we
compared the PDF including all CHIME/FRB bursts with what would be obtained only with the
bursts detected before 2020 and during 2020. We observe that the three CHIME/FRB distributions
are consistent with each other, and all are both wider and later in arrival phase than the Apertif
profile.
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Activity windows: Kernel density estimation The KDE is a non-parametric smoothing tech-
nique in which a kernel is built at each data point from a sample and their contributions are summed
in order to estimate an unknown probability density function. With {Xi : i = 1, 2, ...,n} the ob-
served data, a sample of n observations drawn from a distribution f(x) with an unknown density,
we define its weighted KDE in the general case as

f̂(x) =
1

h

n∑
i=1

piK

(
Xi − x
h

)
, (1)

with K the kernel function, h > 0 the bandwidth, and {pi : i = 1, ...,n} the probability weights of
each data sample. In this case, the input data ~X are the activity phases of each of the n detections
and the weights ~p are the inverse of the reciprocal observing time at that phase, and hence f̂(x) is
the equivalent of a detection rate. We used a Gaussian function as kernel K and applied Scott’s
rule for bandwidth selection73, thus having

h = n
−1/(d+4)
eff = n

−1/5
eff , (2)

with d = 1 the number of dimensions and neff the effective number of datapoints, that differs from
n when applying a weighted KDE,

neff =
(
∑n

i=1 pi)
2∑n

i=1 p
2
i

. (3)

When applying the Gaussian KDE to Apertif, CHIME/FRB and LOFAR burst activity phases,
we obtain what is shown on Figure 4.

Activity windows: simulations Although the KDE of Apertif, CHIME/FRB and LOFAR look
different on Figure 4, we have tested whether the burst samples of the three instruments could
be drawn from the same distribution by applying a Kolmogorov-Smirnov (KS) test, comparing
them two by two. The p-value obtained by comparing the Apertif and CHIME/FRB samples is
1.71 × 10−7, for Apertif and LOFAR samples 8.45 × 10−10, and for CHIME/FRB and LOFAR
samples 7.64 × 10−5. In general, if p-value < 0.01, which is the case here, we can reject the null
hypothesis that the samples are drawn from the same distribution. Though CHIME/FRB and Aper-
tif have similarly uniform coverage in activity phase, the per-cycle sampling function is different
between the two surveys. The Westerbork dishes are steerable and can observe FRB 20180916B
for approximately half the day while CHIME/FRB is a transit instrument that can only observe a
given source for ∼20 minutes per day. We therefore wanted to make sure that there were no selec-
tion effects involved in the inferred activity window. The different observing strategies used with
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each instrument could have led to a bias in the observed PDFs in other ways as well, for example
jitter in the activity period. We explore this possibility by simulating the observed population if the
samples were drawn from the same intrinsic distribution, modelled as a Gaussian with the same
phase centre, width, and average activity rate.

In our simulations, we first generate the number of bursts per cycle N . This number will
be drawn from a normal distribution centered at CHIME/FRB’s average rate, R ∼ 0.32 h−1 ∼
125 cycle−1 for a period P = 16.29 days, and with a standard deviation of R/5 ∼ 25 cycle−1. Sec-
ondly we generate the N burst arrival phases for the given cycle. The arrival phases will be drawn
from a normal distribution centered at CHIME/FRB’s phase centre, 0.52, and standard deviation
2.73 days or ∼0.17 in phase. Next we count the number of bursts that Apertif, CHIME/FRB, and
LOFAR would have detected with their observing times in the given cycle. This is applied to all
the cycles that each instrument covered in their observations. We build the simulated periodograms
and apply a KS test to compare them two by two. We perform this simulation 10000 times.

The results of the simulations are shown in Extended Figure 4. We confirm that the p-
value obtained for the Apertif-LOFAR and Apertif-CHIME/FRB sample combinations are well
below 99.73% (3σ) of the simulated KS p-value obtained for 10000 simulations, indicating that
the activity windows are indeed different and are not due to an observational bias. Meanwhile,
the CHIME/FRB-LOFAR p-value is below 95.45% (2σ) of the simulated p-values, but does not
reach the 3σ threshold. This could be due either to the lower number of LOFAR detections or to
a highest similarity between the activity windows at CHIME/FRB and LOFAR frequency ranges,
which are closer that Apertif’s. However, we note that four of the LOFAR detections in a single
activity cycle arrive later in phase than any previously detected CHIME/FRB burst.

Activity windows: ruling out aliasing Many instruments followed up FRB 20180916B during
the predicted activity days in order to increase the chance of detection2, 10, 22, 23 since the discovery
of a periodicity in its activity. However, this could lead to a bias in the derived activity cycle due to
the lack of coverage out of the predicted activity days. Although the detection of FRB 20180916B
with other instruments and different observing strategies put strong constraints on the allowed N
values, the aliasing had not been robustly ruled out until now. Discarding (or confirming) any
potential aliasing was one of our original motivations.

As noted by the authors of the periodicity discovery in the activity cycles of FRB 20180916B4,
the short daily exposure that CHIME/FRB has on source and a regular sampling time of a side-

46



real day Psid = 0.99727 days could lead to a degeneracy between the reported frequency f0 =

(16.35 days)−1 and an aliasing of this frequency at fN = (Nfsid ± f0), with N a positive integer
and fsid = P−1

sid the inverse of a sidereal day. The possibility of N larger than 0 prompted some of
the proposed periodicity models, mainly the ultra-long period magnetars30, which would be more
comfortably explained by shorter periods.

In order to confirm the value of the period, we scheduled our observations with three to nine
hours of daily exposures covering five 16.35 day activity cycles during the first four covered activity
cycles. We next generated periodograms of the detected bursts using different instrument combi-
nations and the different period search techniques available in the frbpa package23. These search
techniques are a Pearson’s χ2 test (PR3)4, an activity width minimisation algorithm (R20)24, and
a quadratic-mutual-information-based (QMI) periodicity search technique (P4J)68. We built peri-
odograms for Apertif-only bursts, CHIME/FRB-only bursts, CHIME/FRB+Apertif bursts and all
detected bursts from all instruments combined. We study the CHIME/FRB+Apertif burst combi-
nation because these are the only two instruments that have detections and a coverage of the whole
activity phase instead of only at the predicted peak days. The periodograms that are presented in
Extended Figure 10 were computed by searching periods between 0.01 days and 20 days to show
all the aliased PN periods for N between 0 and 37.

The periodograms using only CHIME/FRB data (panels C, G, K of Extended Figure 10)
show numerous peaks below eight days that align with the predicted aliasing values (gray vertical
lines), as expected for a transit instrument that observes a source with a sampling time of a sidereal
day. On the other hand, the periodograms of Apertif bursts (panels B, F, J) show no prominent
periods below eight days except for a broad peak with a ∼1 day period in the R20 periodogram,
explained by the daily frequency of the observations. By combining CHIME/FRB and Apertif
bursts, the effects of the different observing strategies on the periodogram are diminished, and
the significance of most aliased peaks is reduced (panels D, H, L). We particularly focus on the
activity width minimising plot (R20, panel H). The low values of the maximum continuous fraction
indicate that bursts are detected across the whole activity phase for all periods below eight days,
allowing us to rule out any potential aliased period. This is further confirmed when adding the
bursts from FRB 20180916B that were detected by other instruments in panel E.

Additionally, we generated periodograms for periods between 1.57 and 60 days in order to
update the value of the period estimate. The results in Extended Table 3 give the value of the
periodogram peak located at∼16 days. The error bars are given by the FWHM of the periodogram

47



peaks. The fewer cycles covered by Apertif observations translate as an uncertainty larger than
one day in the period estimation with the PR3 and R20 techniques, in contrast with the period
estimation using CHIME/FRB bursts only. The combination of CHIME/FRB and Apertif bursts
gives a period of 16.29 days with the PR3 test. The activity width minimisation technique (R20)
gives the most consistent period estimates when applied to different instrument combinations. Thus
we will hereafter consider the best period to be 16.29 days computed with respect to a reference
MJD 58369.9 to center the peak activity day at a 0.5 phase.

Polarisation As the Westerbork dishes are equatorial mount telescopes, the source is always in the
same central beam and the on-sky orientation of the Apertif feeds do not change with parallactic
angle. This eases the study of the intrinsic polarisation position angle (PA). For surveys at lower
frequencies or for sources with higher RMs, such study is made difficult by the covariance between
RM and PA, where

∆PA = 2∆RMλ2 (4)

≈ 5.5◦
(

∆RM

1 rad m−2

)( ν

1370 MHz

)−2

. (5)

We calibrate the polarisation response of Apertif by observing the sources 3C286 and 3C147.
The former is roughly 12% linearly polarised with a stable PA; the latter is known to be unpolarised,
which allows us to solve for leakage from I into Q, U, and V. For the analysis, we dedisperse the
bursts to 348.75 pc cm−3 and we use RM = −115 rad m−2 known from previous RM measure-
ments of the source2. We have done Q/U fitting to the Apertif data using RM-TOOLS74 as well as
our own code, and found RM values consistent with this value. Our limited range in ∆λ2 compared
with CHIME limits our ability to look for RM variation in activity phase and across cycles. For the
purpose of monitoring PA over time, we feel confident using a previously-determined RM value
given the Galactic Faraday foreground appears to be −115± 12 rad m−2 and likely dominates the
total RM of FRB 20180916B6, 75.

Dispersion AMBER reports the dispersion measure that maximised the burst S/N (DMS/N). This
procedure is based on the assumption that the signal perfectly follows a power law τDM ∝ ν−2,
where τDM is the time delay in the burst arrival time at frequency ν. However, FRBs often display a
range of complex features which can be either intrinsic to the source or introduced by propagation
effects. The discovery of multiple subcomponents showing a downward drift in frequency in bursts
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from the first repeating FRB (FRB 20121102A ) – and later from other repeaters – motivated the de-
velopment of methods that maximise DM upon structure (DMstruct ) rather than S/N3, 16. As DMS/N

assumes that the signal can be completely described by a ν−2 power law, DMstruct is more likely to
represent the actual dispersive effect34. If a burst shows a single component, the computed DMstruct

is equivalent to DMS/N. Hence, we report DMstruct for all Apertif bursts, which was determined
using a modified version of DM_PHASE†. We define the best Apertif DM by computing the median
DMstruct of bursts that were detected with S/N>20. We obtain DMApertif=348.75±0.12 pc cm−3 ,
where the errors represent the median absolute deviation. DMApertif is consistent with values pre-
viously reported in the literature, and we use this value to create the dynamic spectra of the bursts
shown in Extended Figure 2. As shown on the top panel of Extended Figure 7, the DM appears
constant with phase, and the 1σ errors of most bursts are consistent with 348.75 pc cm−3, with
the exception of bursts A08, A19, A24 and A31. The difference in DM could be explained by
the presence of subbursts that are not resolved in time, as reveals a visual inspection of the pulse
profiles dedispersed to 348.75 pc cm−3.

We first computed the best DM for the LOFAR bursts with the PSRCHIVE command pdmp76.
This searches the DM that maximises S/N. We can apply this to LOFAR bursts since the bursts at
those frequencies do not show any apparent complex time-frequency structure. With this technique
we found initial DM values to which we applied later corrections. By dividing each LOFAR pulse
profile into multiple subbands and fitting them to a scattered Gaussian, we recovered the Gaussian
centers at each frequency and applied an additional τDM ∝ ν−2 correction to align them in time.
The pdmp DM is overestimated with respect to the revised value. Another aspect we need to take
into consideration is the constant that is used to compute a DM from the frequency-dependent burst
time delay, kDM in GHz2cm3pc−1ms. In PSRCHIVE, kDM=4.15, whereas PRESTO and the struc-
ture maximising DM algorithm use kDM=1/0.241. Although both these values are an approximation
of the actual kDM

77, we corrected the revised LOFAR DM values to have the same kDM=1/0.241
as the Apertif bursts to be consistent within our reported values. The final DMs are shown in the
last column of Extended Table 1. The best LOFAR DM, DMLOFAR , is defined as the average DM
of all bursts with S/N>20. We find DMLOFAR =349.00±0.02 pc cm−3 , with the error reporting the
standard deviation. We used DMLOFAR to dedisperse all LOFAR bursts and stack them in order to
increase the S/N and later compute the average scattering timescale.

Sub-pulse drift rate Several FRBs are now known to exhibit downward drifting sub-pulses in
which earlier sub-bursts arrive at higher frequencies. Thus far, the sign of this phenomenon is

†https://www.github.com/DanieleMichilli/DM_phase
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always the same and there is currently no example of upward drift within a burst. The rate of the
drift, ν̇, is a function of frequency for the first known repeater, FRB 20121102A 16, 20, 78.

In order to measure the sub-burst drift rate, we selected the Apertif bursts with multiple
discernible components. We assumed that each sub-burst profile was well described by a Gaussian
due to the lack of observed scattering tails above 350 MHz2, 8, 9. After dedispersing each burst
to its DMstruct , we applied a least-squares fitting routine to each sub-burst pulse profile using a
multi-component Gaussian with two, three, four, five, or twelve components. We identified the
sub-components of each burst by eye and used them as initial parameters in the fit. Next, we
defined each sub-pulse time component by taking 2σ around the peak of the fitted Gaussian. We
fitted the frequency structure of each component to a Gaussian. From the Gaussians fitted in time
and frequency, we obtained the sub-pulse centroids of each burst, which we next used to compute
their drift rate by fitting a linear function. The results of applying this method to bursts A10, A17,
A25, A47 and A53 are shown in Extended Figure 8 to illustrate different burst morphologies and
number of components.

With this method, we obtain an average sub-pulse drift rate of −39 ± 7 MHz ms−1 at
1370 MHz, where we quote the standard error on the mean. The standard deviation of the sample
is 31 MHz ms−1. In Extended Figure 9 we compare the value of the reported FRB 20180916B
drift rates at 400 MHz2 and 600 MHz19 to the central frequency of the burst envelope. We observe
that the average drift rate amplitude increases towards lower frequencies.

We quantify the drift rate evolution by fitting the reported values to a power-law ν̇ = kpν
γ ,

with kp a constant and γ the power-law index, and to a linear function ν̇ = klν with kl a constant
through a χ2 minimisation. The frequency ν is in MHz and its derivative ν̇ is in MHz ms−1.
Both models are defined so that there is no turnover of the drift rate from negative to positive
at a frequency ν > 0, since we do not expect this to be physically possible. A least squares
minimisation fit to the power-law gives γ = 0.7± 0.4 and kp = −0.2± 0.6, and a fit to the linear
function gives kl = −(2.9 ± 0.4) × 10−2. By scaling the fitted functions to the frequency of the
LOFAR HBA, we would expect the drift rate to be around ∼ −6 MHz ms−1at 150 MHz, although
the apparent lack of multiple components in the LOFAR bursts do not allow us to confirm this.
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