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Chromatic periodic activity down to 
120 megahertz in a fast radio burst

Inés Pastor-Marazuela1,2, Liam Connor1,2,3, Joeri van Leeuwen1,2 ✉, Yogesh Maan2, 
Sander ter Veen2, Anna Bilous2, Leon Oostrum1,2,4, Emily Petroff1, Samayra Straal5,6, 
Dany Vohl2, Jisk Attema4, Oliver M. Boersma1,2, Eric Kooistra2, Daniel van der Schuur2, 
Alessio Sclocco4, Roy Smits2, Elizabeth A. K. Adams2,7, Björn Adebahr8, W. J. G. de Blok2,7,9, 
Arthur H. W. M. Coolen2, Sieds Damstra2, Helga Dénes2, Kelley M. Hess2,7, Thijs van der Hulst7, 
Boudewijn Hut2, V. Marianna Ivashina10, Alexander Kutkin2,11, G. Marcel Loose2, 
Danielle M. Lucero12, Ágnes Mika2, Vanessa A. Moss2,13,14, Henk Mulder2, Menno J. Norden2, 
Tom Oosterloo2,7, Emanuela Orrú2, Mark Ruiter2 & Stefan J. Wijnholds2

Fast radio bursts (FRBs) are extragalactic astrophysical transients1 whose brightness 
requires emitters that are highly energetic yet compact enough to produce the short, 
millisecond-duration bursts. FRBs have thus far been detected at frequencies from 
8 gigahertz (ref. 2) down to 300 megahertz (ref. 3), but lower-frequency emission has 
remained elusive. Some FRBs repeat4–6, and one of the most frequently detected, 
FRB 20180916B7, has a periodicity cycle of 16.35 days (ref. 8). Using simultaneous radio 
data spanning a wide range of wavelengths (a factor of more than 10), here we show 
that FRB 20180916B emits down to 120 megahertz, and that its activity window is 
frequency dependent (that is, chromatic). The window is both narrower and earlier at 
higher frequencies. Binary wind interaction models predict a wider window at higher 
frequencies, the opposite of our observations. Our full-cycle coverage shows that the 
16.3-day periodicity is not aliased. We establish that low-frequency FRB emission can 
escape the local medium. For bursts of the same fluence, FRB 20180916B is more 
active below 200 megahertz than at 1.4 gigahertz. Combining our results with 
previous upper limits on the all-sky FRB rate at 150 megahertz, we find there are  
3–450 FRBs in the sky per day above 50 Jy ms. Our chromatic results strongly disfavour 
scenarios in which absorption from strong stellar winds causes FRB periodicity. We 
demonstrate that some FRBs are found in ‘clean’ environments that do not absorb or 
scatter low-frequency radiation.

We observed FRB 20180916B (also called FRB 180916.J0158+65) simul-
taneously with the Westerbork/Apertif and LOFAR radio telescopes, and 
detected multiple bursts with both facilities. Curiously, none occurred 
simultaneously in both frequency bands. The Apertif Radio Transient 
System9 observed between 1,220 MHz and 1,520 MHz for 388.4 h, cover-
ing seven activity cycles. We recorded 48.3 h of simultaneous LOFAR10 
observations between 110 MHz and 190 MHz, during the predicted 
peaks of three cycles. The LOFAR data are public, and are being ana-
lysed independently11. We detected 54 bursts with Apertif and 9 with 
LOFAR (Fig. 1).

No previous low-frequency searches, either all-sky12,13 or targeting 
known repeaters3, detected any FRBs. Those strict limits on emission 
below 300 MHz fuelled FRB theories in which local free–free absorption 
or strong intervening scattering was required. The nine LOFAR bursts 

presented here (Fig. 2, Extended Data Table 1) are the first FRB detec-
tions in this low-frequency range. All had simultaneous Apertif cover-
age, but none were detected there above our flux density limit of 1.7 Jy.

Notably, FRB 20180916B emits over 10× more bursts of the same flu-
ence at 150 MHz than at 1.4 GHz (Extended Data Fig. 1). Our detections 
allow bounded FRB all-sky rate constraints to be determined below 
200 MHz. A lower limit is obtained by assuming only FRB 20180916B is 
visible in the low-frequency radio sky. Combining this with previously 
published upper limits, we infer 3–450 bursts over the whole sky per day 
above 50 Jy ms. A Euclidean fluence scaling then predicts 90–14,000 
bursts over the whole sky per day above 5 Jy ms at 150 MHz, which is 
promising for future low-frequency surveys.

The LOFAR bursts (Fig. 2) are dominated by a sharp rise plus a scatter-
ing tail. The scattering timescale τsc = 46 ± 10 ms at 150 MHz scales with 
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frequency ν as τsc ∝ ν−4.2 ± 1.1, consistent with the approximately 60-kHz 
scintillation seen at 1.7 GHz (ref. 14). The scattering may explain why 
none of the millisecond-duration frequency–time subcomponents 
seen at higher frequencies15 are visible (Fig. 2). The pulse broadening 
is consistent with Galactic scattering16, and no host galaxy contribu-
tion is required. The local environment notably scatters the FRB by 
≲7 μs at 1.4 GHz. The dispersion measure (DM) of the LOFAR bursts, 
DMLOFAR = 349.00 ± 0.02 pc cm−3 (Methods), exceeds measurements 
taken 10 months earlier at 1.7 GHz (ref. 14) by about 0.24 pc cm−3. We 
interpret this excess, again, as the presence of unresolved time– 
frequency subcomponents.

For bursts L01 and L07, FRB 20180916B emits down to 120 MHz 
(Fig. 2). We cannot confidently rule out the presence of emission below 
120 MHz, given the reduced LOFAR sensitivity there. Our low-frequency 
detections show that free–free absorption and induced Compton scat-
tering do not substantially affect burst propagation for this source. 
Combined with the small local rotation and DM contribution, and the 
lack of temporal scattering, these detections show that some FRBs 
reside in clean environments, a prerequisite for certain FRB applica-
tions to cosmology17.

In our Apertif campaign, we detected 54 bursts (Extended Data 
Figs. 2, 3, and Extended Data Table 2). LOFAR co-observed 10 of these, 
but detected none above a 30 Jy ms fluence. All 26 bursts for which 
polarization data were recorded are approximately 100% linearly polar-
ized. The polarization position angle (PA) is constant within single 
bursts, and relatively flat both over activity phase and between cycles. 
This observation can be used to constrain the FRB emission mechanism 
and the origin of periodic activity.

After dedispersion by maximizing the burst structure2,15 (Methods), 
a large fraction of 1.4-GHz bursts show multiple subcomponents that 

Phase = 0.38

a

1,250

1,300

1,350

1,400

1,450

1,500 Apertif

–100 0 100

Time (ms)

120

140

160

180 LOFAR

Phase = 0.61

b

Apertif

–100 0 100

Time (ms)

LOFAR

Fr
eq

ue
nc

y 
(M

H
z)

Fig. 1 | Two bursts at different phases. a, b, The bursts appear in either the 
Apertif (middle) or LOFAR (bottom) bands of the dynamic spectra. Top, pulse 
profile of each burst, the ordinate denoting flux density in arbitrary units.  
a, Burst A13, detected at activity phase 0.38, is detected only at 1.4 GHz,  
with no emission below 190 MHz. b, Burst L06 occurred at phase 0.61 and is 
only detected by LOFAR.

0

2

Fl
ux

 (J
y) L01

120

140

160

180

Fr
eq

ue
nc

y 
(M

H
z)

0 1

110–190 MHz
130–140 MHz
120–130 MHz

−1
0
1 L02

–0.6 0 0.6

0

2 L03

0 1

0

2

Fl
ux

 (J
y) L04

120

140

160

180

Fr
eq

ue
nc

y 
(M

H
z)

0 1 2

0
2 L05

0 1

0

3

6
L06

0 2

0

4

8

Fl
ux

 (J
y) L07

–100 0 100 200 300

Time (ms)

120

140

160

180

Fr
eq

ue
nc

y 
(M

H
z)

0 2 4

Flux (Jy)

0

3 L08

–100 0 100 200 300

Time (ms)

0 2

Flux (Jy)

0
2
4 L09

–100 0 100 200 300

Time (ms)

0 1

Flux (Jy)

Fig. 2 | The nine LOFAR bursts. For each burst (LO1–LO9) we show the calibrated pulse profile (top), the dedispersed dynamic spectrum (main panel), and the 
spectrum (right). Bursts L01, L03 and L06 show emission below 140 MHz, and those sub-band profiles are plotted in purple and pink.
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drift downward in frequency (Extended Data Fig. 8). This phenomenon 
seems common among repeating FRBs2,5,7,15. For FRB 20180916B, drift 
rates had been estimated below 800 MHz, with ν = −4.2 ± 0.4 MHz ms−1 
at 400 MHz (ref. 3) and −21 ± 3 MHz ms−1 at 600 MHz (ref. 18). The average 
drift rate we measure at 1,370 MHz, of −39 ± 7 MHz ms−1, is nine times 
larger than at 400 MHz. The average drift rate values evolve linearly 
with frequency, as in FRB 20121102A19.

Our coverage (Fig. 3) with LOFAR focused on peak days to maximize 
the detection probability, and Apertif observations spanned the entire 
16.35-day activity cycle, to find or rule out any potential aliasing. The 
possibility of an aliased period remained, mostly driven by the brevity 
and daily cadence of the CHIME/FRB exposures (Extended Data Fig. 4). 
From periodograms20 based on our and previously published detec-
tions, we confirm the best period is 16.29−0.17

+0.15 days. This period mini-
mizes the activity width fraction for bursts detected between 110 MHz 
and 1,765 MHz. We also searched for short periodicities within all our 
observations, but found none between 1 ms and 80 s.

Apertif bursts were found in six out of seven cycles. The LOFAR 
bursts occurred in a single cycle, with no 1.4-GHz detections, prob-
ably because Apertif observed at relatively late phase. Most Apertif 
bursts arrive before CHIME/FRB’s activity peak day, while LOFAR bursts 
arrive after. Although previous observations of FRB 20180916B had 
hinted at a frequency dependent activity window8, the scarcity of 
non-CHIME/FRB bursts prevented precise characterization of the 
dependence of the activity window on frequency, its chromaticity. 
Using the Apertif, CHIME/FRB and LOFAR burst samples, we have evalu-
ated the 1,400-MHz, 600-MHz and 150-MHz activity windows. Folding 
the burst arrivals at the best period of 16.29 days (Fig. 4, Methods), we 
determine the burst rate to phase relationship for each instrument. 
We find the activity window is narrower and peaks earlier at 1.4 GHz 
than at 600 MHz. The peak at Apertif occurs about 0.7 days before 
CHIME/FRB, and the burst window is half as wide. LOFAR activity peaks 

approximately 2 days later than CHIME/FRB, but the lower number 
of detections and the uneven phase coverage prevent a better activ-
ity window width estimate. Thus, the overall FRB activity moves to 
ever lower frequencies throughout the phase. The similarity with the 
much-shorter-timescale downward drifting emission within individual 
bursts is notable. We evaluated the likelihood of the bursts being drawn 
from the same distribution, taking into account the survey strategy. 
We are confident at the 4σ level that the Apertif and LOFAR bursts do 
not follow the same distribution. The CHIME/FRB and Apertif burst 
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distributions, too, are different at 4σ confidence (Methods, Extended 
Data Fig. 5).

The discovery of periodic activity in FRB 20180916B, and a subse-
quent report of 160-day periodicity in FRB 20121102A21, led to many new 
FRB models with periodic aspects. One category places the engine of 
FRB 20180916B (a pulsar or magnetar) in a binary system with an orbital 
period of about 16 days. Free–free absorption in the wind from the com-
panion (a massive star or another neutron star22,23) obscures the coher-
ent radio emission from the engine for most of the orbit. Such models 
predict frequency-dependent, chromatic activity windows, but as the 
absorption effects are stronger at low frequencies, the phase windows 
should be narrower there. We observe the opposite. Additionally, these 
models predict a DM evolution due to the dynamic absorption column, 
and 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 these models. With the chromatic data 
presented in this work, simple absorptive binary wind models are highly 
disfavoured as an explanation for the periodicity of FRB 20180916B.

In other models, the periodic activity follows from magnetar preces-
sion. The precession is either free for isolated magnetars24,25 or forced 
from, for example, a fallback disk26. Precession models predict a second, 
shorter periodicity, from the neutron star rotation itself. We find no such 
intra-window periodicity. The spin noise, pulse profile instability, or 
dephased beams expected in young magnetars could, however, conceal 
this signal. FRBs produced from a rotating neutron-star beam should 
show a PA sweep25. We instead observe a flat PA. Furthermore, free pre-
cession models typically require young, hot and highly active magnetars 
that 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 
that any remaining magnetar wind is not hampering radio propagation.

A precessing magnetar could also produce the required periodic coher-
ent radio emission farther out. In synchrotron maser shock models27, a 
magnetar flare causes an ultra-relativistic shock when colliding with the 
neighbouring 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 surrounding mate-
rial. But it is not clear whether 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 scenario28. 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.

Online content
Any methods, additional references, Nature Research reporting sum-
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acknowledgements, peer review information; details of author contri-
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Methods

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, increasing its field of view to about 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 System9,35,36). ARTS covers the full Apertif field-of-view 
with up to 3,000 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 1,370 MHz and a 300-MHz bandwidth with 
81.92 μs 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, result-
ing in 388.4 h on source. The observations covered seven cycles of the 
predicted 16.35-day activity period of FRB 20180916B, and the exposure 
times are visualized in Fig. 3b. 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 
to rule out or confirm any potential aliasing of the period8. The later 
observations were scheduled at the confirmed activity peak days.

For 165 out of 388 observing hours, the high-resolution data were 
kept for a deeper offline search with PRESTO43. After masking channels 
known to be affected by radio frequency interference (RFI) with rfifind, 
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 with single_pulse_search.py. 
After clustering the candidates in DM and time, the candidate with 
the highest S/N in each cluster was visualized and inspected by eye. A 
small fraction of the data were strongly affected by RFI, mainly in cycle 
44 (as numbered in Fig. 3) during 2020 September 3 and 4. These data 
were cleaned with RFIClean (https://github.com/ymaan4/rficlean) 
and RFI was further masked with 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 using PRESTO’s 
accelsearch. 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 h. 
The implicit assumption of constant acceleration holds as long as the 
orbit is longer than about 30 h. All candidates were inspected visually.

LOFAR. The LOw Frequency ARray (LOFAR10,44) is an interferometric 
array of radio telescopes. Most LOFAR stations are located across The 
Netherlands, with a core in Drenthe, while 14 are distributed in neigh-
bouring countries 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 983.04 μs and a frequency 
resolution of 3.052 kHz. Most data, including all detections, were re-
corded in intensity only (Stokes I). Data from 2020 May 27–29 were 
recorded in full polarization (Stokes IQUV).

LOFAR was used to obtain 48.3 h of beam-formed data between 
110 MHz and 188 MHz, simultaneously with Apertif observations. 
LOFAR observations 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 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 of 40 s between 1,220 MHz, the bottom of the Apertif band, and 
188 MHz, the top of the band for the LOFAR High Band Antenna, gives 
enough time for the pipeline to find the candidate and send the alert, 
so that LOFAR can freeze the raw data in time.

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 1,024 sub-bands across the full 
78.1 MHz bandwidth. Strong periodic RFI and other interference were 
mitigated using RFIClean45, and any remaining RFI were subsequently 
masked using PRESTO’s rfifind. The data were then dedispersed to DMs 
between 342 pc cm−3 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 using PRESTO’s single_pulse_search.py. Similarly 
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 h, we have searched for average 
accelerations of about 2.96 m s−2 and 296 m s−2 of 1,000 Hz and 10 Hz 
signals, respectively. We note that our periodicity search is not sensitive 
to periods shorter than a few tens of milliseconds owing to significant 
scatter-broadening at the LOFAR frequencies. For each observation, all 
the candidates with periods up to 80 s were folded and the correspond-
ing diagnostic plots were examined by eye.

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 detec-
tions took place simultaneously at both instruments. Figure 3a shows 
the S/N of each detection as a function of modified Julian date (MJD). 
It includes the detections by other instruments during the same time 
span for comparison, and the observation times in Fig. 3b. The pre-
dicted activity days for a period of 16.35 days are illustrated as shaded 
regions to guide the eye, and the cycle numbers 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-six 
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 fil-
terbank observations with PRESTO. The number of IQUV triggers dur-
ing cycle 44 is lower owing to the incremented RFI environment that 
triggered IQUV dumps on RFI and avoided saving IQUV data on later 
real bursts. Extended Data Table 2 summarizes the main properties of 
the detected bursts. All detections took place in six out of the seven 
predicted activity cycles that our observations covered. In spite of 

https://github.com/ymaan4/rficlean
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observing FRB 20180916B during five days centred at the predicted 
Apertif peak day during cycle 47, only one burst was detected, reveal-
ing that the burst rate can fluctuate from cycle to cycle. Extended Data 
Figs. 2 and 3 show 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 polarization position angle (PA).

As shown in Fig. 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 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 can-
not 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 centred 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.

To estimate the fluence of all Apertif bursts, we obtained the mean 
pulse profiles using 21-ms time windows centred 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 normalized each pulse profile by the standard deviation of an 
off-burst region to convert the time series into SNR units. We deter-
mined the system-equivalent flux density (SEFD) by performing drift 
scans of the calibrator sources 3C147 and 3C286 whose flux densities 
are known46. Next we applied the radiometer equation47,48 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 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 the fluences of the 
Apertif bursts, presented in Extended Data Fig. 1, can be fitted to a 
broken power law with two turnovers. By applying a least squares mini-
mization 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 about 1.7 Jy ms. The full range of 
widths for pulses near our S/N detection limit (Extended Data Figs. 2, 3)  
is 1−5 ms, which leads to a fluence range of 1−3 Jy ms (Extended Data 
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, 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 with the sensitivity 
of the instrument8. The potential presence of a turnover at 7.8 Jy ms 
intrinsic to the fluence distribution of FRB 20180916B could have been 
concealed by the sensitivity turnover. Each segment of the broken 
power law of the CDF follows R(>F) ∝ FΓ, in which R is the rate (in h−1), F 
the fluence (in Jy ms) and Γ the power-law index. For F > 7.8 Jy ms, we get 
Γ = −1.4 ± 0.1. This index is consistent with the CDF of CHIME/FRB bursts, 
where α = Γ − 1 ≈ −2.3 is obtained. 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 
represent the standard deviation of the fitted parameters.

Bursts detected with LOFAR. We detected a total of nine LOFAR bursts 
above a S/N of 7 in about 48 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 Data Table 1 summarizes the properties of 
these bursts.

As shown in Fig. 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 coher-
ently beamformed 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 or the transient 
buffer boards. From the dynamic spectra and pulse profiles displayed 
in Fig. 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 characterize the scattering timescale 
below. While the tail of burst L06 in Fig. 1 appears to plateau 25 ms after 
the main peak, hinting at a second sub-burst, 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 (Fig. 2). Over the almost 2:1 ratio of frequency from the top 
of the band to the bottom, most bursts gradually become less bright. 
Although some previous targeted LOFAR FRB searches used wide band-
widths49, most large-area searches were carried out in the lower part of 
the band, for example, 119−151 MHz (refs. 12,50) where the LOFAR beams 
are both more sensitive and larger, maximizing the survey speed. Tak-
ing the sky background and the telescope sensitivity into account, a 
burst of the same fluence would have been detected with a 10% higher 
signal-to-noise ratio in that 32 MHz band from 119 MHz to 151 MHz, than 
in same bandwidth at the top of the band, from 158 MHz to 190 MHz. 
The behaviour we see here was probably 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 Data Fig. 6) also do not show a clear 
cutoff within the band. Two of the bursts (L01, L06) emit down to at least 
120 MHz and thus cover the entire frequency range. These LOFAR burst 
spectra are compared to the telescope sensitivity limits in the right 
panels of Fig. 2. We averaged the flux densities for the bursts over fixed 
[−50, +150] ms windows around the burst peak (dashed grey lines in the 
Fig. 2 right panels), and contrast these with the off-burst windows (solid 
black lines in the same panels), given the ±1σ telescope sensitivity limits 
(grey contours). These limits are 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 response (light grey contours) is relatively 
flat compared to the burst brightness. Seemingly significant negative 
pulse flux densities at low frequencies in, for example, 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.

Furthermore, if we follow burst L06 from 150 MHz to 120 MHz in 
decreasing frequency, the emission is ever more delayed with respect 
to the onset of the peak (Figs. 1, 2). Such behaviour suggests unresolved 
time–frequency downward drift in the tail of the pulse. From this we 
conclude that 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.

The LOFAR flux density scale 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, and RFI 
environment. It also takes the observing bandwidth, integration time, 
and number of summed polarizations into account. We estimate that 
imperfect knowledge of the system parameters introduces a 50% 
systematic uncertainty on the band integrated flux. The calibration 
procedure and flux uncertainty estimates are detailed in the LOFAR 
censuses of millisecond51 and normal52 pulsars.

Extended Data 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.

Ruling out aliasing. As noted in the announcement of the 
FRB 20180916B periodic activity discovery8, the best-fit cycle period 
could be an alias of the true period. The short CHIME/FRB exposures 
and their regular sidereal day sampling of Psid = 0.99727 days lead to a 
degeneracy between the reported frequency f0 = (16.35 days)−1 and 
aliases of this frequency at fN = (Nfsid ± f0), with N a positive integer and 
f P=sid sid

−1 . Some periodicity models, mainly those involving ultra-long 
period or precessing magnetars28, fit better with the shorter periods 
involved when N > 0.

To maximize the chance of detection, follow-up instruments 
observed FRB 20180916B predominantly around its predicted activ-
ity peak3,20,29,53. The implied lack of coverage outside this purported 
peak could bias the derived activity cycle. Although detections of 
FRB 20180916B using multiple instruments and cadences have put 
strong constraints on allowed N values, aliasing has not been robustly 
ruled out until now.

To break this degeneracy, we scheduled observations covering all 
phases, during the first five activity cycles. Exposures lasted 3−9 h. 
We next generated periodograms using frbpa20. We employed a Pear-
son’s χ2 test (PR3)8, an activity width minimization algorithm (R20)21, 
and a quadratic-mutual-information-based (QMI) periodicity search 
technique (P4J)54. We built periodograms using bursts from Apertif 
only; CHIME/FRB only; CHIME/FRB plus Apertif; and from all public, 
known bursts. Only CHIME/FRB and Apertif have coverage and detec-
tions over the whole activity phase. The periodograms span periods 
between 0.01 days and 20 days to show all the aliased PN periods for N 
between 0 and 37 (Extended Data Fig. 9).

The CHIME/FRB periodograms (Extended Data Fig. 9c, g, k) show 
numerous peaks below eight days, at the predicted aliasing values 
(grey vertical lines), as expected for a transit instrument. By contrast, 
the Apertif periodograms (Extended Data Fig. 9b, f, j) show no promi-
nent periods below eight days beyond the broad 1-day peak in the R20 
periodogram caused by the daily cadence. By next combining CHIME/
FRB and Apertif bursts, the different observing cadence and exposure 
diminish the amplitude of most aliased peaks (Extended Data Fig. 9d, 
h, l). We particularly focus on the activity width minimizing plot (R20, 
Extended Data Fig. 9h). The low values of the maximum continuous frac-
tion 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 Extended 
Data Fig. 9e. We conclude there is no aliasing.

To best estimate the period, we also generated wider, 1.57−60-day 
periodograms. The best-fit values of the peaks at about 16 days are 
listed in Extended Data Fig. 9a–l. Error bars represent the full-width 
at half maximum (FWHM) of the 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 minimization technique (R20) gives the 
most consistent period estimates when applied to different instrument 
combinations. We find the best-fit period is 16.29 days, where reference 
MJD 58369.9 centres the peak activity day at phase 0.5. This is the only 
period for which no bursts lie outside a 6.1-day activity window.

Activity windows. By using the above-mentioned best period and 
reference MJD to compute the burst arrival phases, we have generated 

a histogram of detections versus phase shown in Extended Data Fig. 4a. 
The cycle coverage by different instruments can be visualized in Ex-
tended Data Fig. 4b, where it is manifest that CHIME/FRB and Apertif 
are the only instruments covering the whole activity cycle that have 
detected bursts. We have used data from all FRB 20180916B observa-
tions published thus far3,8,14,20,30,53,55,56.

Several theoretical models have suggested the activity window may 
be chromatic22,23,28. 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 
frequencies may arrive earlier, based on four EVN detections at 1.7 GHz 
(ref. 14). By taking into account the bursts detected by Apertif, CHIME/
FRB and LOFAR at 1.4 GHz, 600 MHz and 150 MHz, respectively, 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 func-
tion (PDF) of detection rate for Apertif, CHIME/FRB and LOFAR using a 
weighted kernel density estimator (KDE). The KDE is a non-parametric 
smoothing technique in which a kernel is built at each data point from 
a sample and their contributions are summed to estimate an unknown 
PDF. With {Xi:i = 1, 2, ..., n} the observed 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
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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 
f xˆ ( ) is the equivalent of a detection rate. We used a Gaussian function 

as kernel K and applied Scott’s rule for bandwidth selection57, thus 
having
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 We applied the KDE separately to the Apertif, CHIME/FRB and LOFAR 
burst data sets. On the basis of the KDE estimation shown in Fig. 4, we 
find that higher frequencies appear to arrive earlier in phase, that is, 
the activity peaks at a lower phase with larger frequencies. Addition-
ally, 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 1,370 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.

The CHIME/FRB detections span multiple years, while the Apertif 
and LOFAR detections are all in 2020. Since an error of 0.05 days in a 
period of about 16 days could lead to a phase delay of about 0.15 after 
two years and thus to a broadening of the resulting activity window, we 
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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.

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 probably 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.

To quantify the statistical significance of the phase-window differ-
ences visible in Fig. 4, we compared each pair of burst ensembles from 
Apertif, CHIME/FRB and LOFAR, using Kolmogorov–Smirnov (KS) tests. 
For KS test P values <0.01 we can reject the null hypothesis that the 
observed samples are drawn from the same distribution. This is the 
case for all pairs: for Apertif versus CHIME/FRB samples, P = 1.71 × 10−7; 
for Apertif versus LOFAR, P = 8.45 × 10−10; and for CHIME/FRB versus 
LOFAR, P = 7.64 × 10−5.

We next investigate whether the difference in observing strategies 
could cause these arrival differences. Although CHIME/FRB and Apertif 
cover the activity phase similarly, the per-cycle sampling function is 
different. After all, per day, the tracking Westerbork dishes can see 
FRB 20180916B for about 12 h, while the transit at CHIME/FRB lasts 
approximately 20 min. We therefore test whether selection effects 
influenced the inferred activity window, and if the different observing 
strategies led to other bias in the observed PDFs such as activity period 
jitter. To this end we simulated observed bursts drawn from a single 
Gaussian-distributed intrinsic population.

We first draw the number of bursts per cycle N from a normal distribu-
tion centred at the CHIME/FRB average rate, R ≈ 0.32 h−1 ≈ 125 per cycle, 
for a period P = 16.29 days, with standard deviation R/5 ≈ 25 per cycle. 
We next draw burst arrival phases from a normal distribution centred 
at CHIME/FRB phase centre 0.52, with standard deviation 2.73 days 
or about 0.17 in phase. We count the bursts Apertif, CHIME/FRB and 
LOFAR would have detected at their respective observing sessions. 
We compare the resulting simulated periodograms between pairs of 
telescopes in the same way as we compared the actual periodograms. 
We perform this simulation 105 times (Extended Data Fig. 5).

These activity-window selection effect simulations discard Apertif 
and CHIME/FRB burst samples as drawn from the same distribution at 
a 4.1σ level. The Apertif and LOFAR burst distributions are ruled out as 
being the same with 3.8σ confidence. For both, the actual P values are well 
below 99.73% (3σ) of the simulated P values (Extended Data Fig. 5). The 
activity windows are indeed different and are not due to an observational 
bias. By itself, the observed CHIME/FRB-LOFAR P value is at 2.7σ of the 
simulated P values. The LOFAR detections are fewest, and the activity 
windows at CHIME/FRB and LOFAR are closer to one another. 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.

Thus, taking all observational biases into account, a frequency 
dependence of the activity window must exist to reproduce the 
observed burst distribution. It peaks earlier at higher frequencies. 
Additional LOFAR bursts have been reported11 that confirm the later 
activity phase at lower frequencies. The burst window is also more than 
2× wider at low frequencies. This is opposite to the predictions from 
models in which free–free absorption in the stellar wind of a binary 
companion directly produces the periodicity, where lower frequency 
emission windows should be narrower22,23, not wider. Our results thus 
disfavour the cause of the periodicity being free–free absorption in a 
binary system.

Bursts following radius-to-frequency mapping in an emitting mag-
netosphere swept back by binary orbital motion11 could exhibit the 

observed frequency-dependent phase delays. Such a model does not, 
however, produce the required reversal of the absorptive width versus 
frequency relationship. The absorption characteristics of the material 
outside the trailing funnel are unchanged. The radius-to-frequency 
mapping required to reproduce the delay relationship depends on 
highly localized emitting regions for each observed phase angle58. It is 
as yet unclear whether such models can easily produce the substantial 
intrinsic widening observed for the emitting regions at later phase.

Polarization. Monitoring the polarization 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 po-
larization properties of FRB 20180916B within each pulse, within an 
activity cycle, and even between multiple periods.

The source is always in the same central beam and the on-sky  
feed orientation does not vary with parallactic angle. This eases  
the study of the intrinsic polarization PA. For lower-frequency  
surveys or higher-rotation-measure (RM) sources, such study  
is hampered by the covariance between RM and PA, where 

( ) ( )λΔPA = 2ΔRM ≈ 5.5° ν2 ΔRM

1 rad m 1, 370 MHz

−2

−2
.

We calibrate the Apertif polarization response by observing 3C286 
and 3C147. The former is roughly 12% linearly polarized with a stable 
PA; the latter is known to be unpolarized, 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. We use RM = −115 rad m−2, a value3 corroborated by 
Q/U fitting using RM-Tools59 and our own code. Compared to CHIME, 
our smaller Δλ2 range limits our ability to identify RM variations in 
activity phase and across cycles. For our purpose of monitoring PA over 
time, we feel confident using this previously-determined RM value, 
especially since the Galactic Faraday foreground of −115 ± 12 rad m−2 
probably dominates the total RM of FRB 20180916B5,60.

We find the PA of FRB 20180916B to be flat within each burst, 
with ΔPA < 20°, in agreement with other polarization studies of the 
source3,7,61. 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. 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 
period62. However, the flat PAs of FRB 20180916B are similar to those 
of other FRBs, notably FRB 20121102A whose intra-burst polarization 
exhibits less than 11° of rotation2. They are also similar to radio mag-
netars. FRB 181112 was the first source to show considerable variation 
in the polarization state within a burst and between sub-components 
of an FRB with temporal structure63.

While the flat PAs within each FRB 20180916B burst are in line with 
previous measurements, we have found that its PA is also stable on aver-
age within an activity cycle and even between periods, with ΔPA < 50°. 
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 as well as the frac-
tion of a precession period that is observable25, so we cannot rule out 
precession with our polarization measurements. In relativistic shock 
models, the synchrotron maser mechanism provides a natural path for 
flat PAs within a burst, but it is not clear how or whether the polariza-
tion state could be nearly constant within a cycle and over multiple 
months27,64. Given that the duty cycle of FRB 20180916B appears to be 
just about 10% in the Apertif band, it will be useful to observe the PAs 
of FRB 20180916B at lower frequencies with a steerable telescope that 
can cover a full periodic cycle.

Dispersion. The Apertif real-time FRB detection pipeline AMBER  
reports the DM that maximizes 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. The discovery of mul-
tiple subcomponents showing a downward drift in frequency, in bursts 
from the first repeating FRB (FRB 20121102A)—and later in other repeat-
ers—motivated the development of methods that maximize DM upon 
structure (DMstruct) rather than S/N (refs. 2,15). 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 (https://www.github.com/DanieleM-
ichilli/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 me-
dian absolute deviation. DMApertif is consistent with values previously 
reported in the literature, and we use this value to create the dynamic 
spectra of the bursts shown in Extended Data Figs. 2, 3.

There is no evidence for a variation of DM with phase (Extended Data 
Fig. 6a). Within the error, the bursts are consistent with a constant 
DM = 348.75 pc cm−3. From a visual inspection of the dedispersed pulse 
profiles, we find that the DM of outlier bursts A08, A19, A24 and A31 
could be explained by the presence of unresolved sub-bursts.

The LOFAR bursts lack detectable time–frequency structure, but 
require separating the frequency-dependent scattering tails from the 
DM fit. After initial S/N-maximization DM fitting using pdmp65, we 
hence divided every profile into sub-bands, and fitted these with a 
scattered Gaussian each. The resulting Gaussian centres were time 
aligned using an additional τDM ∝ ν−2 correction. For the final LOFAR 
DM, obtained by averaging over all bursts with S/N > 20 (Extended 
Data Table 1), we find DMLOFAR = 349.00 ± 0.02 pc cm−3, with the error 
reporting the standard deviation.

Sub-pulse drift rate. Several FRBs exhibit downward drifting 
sub-pulses, in which later sub-bursts in a pulse train arrive at ever 
lower frequencies. Thus far, there is currently no example of upward 
drift within a burst. In the first known repeater, FRB 20121102A, the 
sub-pulses drift downward faster at higher observing frequencies15,19,66. 
Several of our FRB 20180916B detections at Apertif show downward 
drifting sub-pulses, enabling us to make the first measurement of the 
drift rate ν ̇of FRB 20180916B above 1 GHz (Extended Data Fig. 8).

As no scattering tails were seen above 350 MHz (refs. 3,7,14), we rep-
resented each sub-burst as Gaussian in time. After dedispersing each 
burst to its DMstruct, we applied least-squares fitting to two, three, four, 
five or twelve sub-burst Gaussians. Each sub-pulse time range is defined 
by where the Gaussian peak exceeds the baseline noise by >2σ. We next 
fitted each component as a Gaussian in frequency. A linear fit to the 
resulting time–frequency sub-pulse centroids finally produced the 
burst drift rate. Extended Data Figure 8 illustrates different burst mor-
phologies and number of components.

We obtain an average sub-pulse drift rate of −39 ± 7 MHz ms−1 at 
1,370 MHz, where we quote the standard error on the mean. The stand-
ard deviation of the sample is 31 MHz ms−1. This drift rate is nine times 
larger than, for example, the one reported3 at 400 MHz of about 
−4.2 MHz ms−1. The downward drift amplifies towards higher frequen-
cies. We quantify the drift rate evolution by fitting a power law ̇ν k ν= p

γ, 
with kp a constant and γ the power-law index, and a linear function 
ν k ν= l̇  with kl a constant. Neither model allows drift rates to turn from 
negative to positive at a frequency ν > 0, which we do not deem physi-
cally possible. A least squares minimization fit to the power law gives 
γ = 0.7 ± 0.4 and kp = −0.2 ± 0.6, close to linear. The linear function itself 
is best fitted as kl = −(2.9 ± 0.4) × 10−2. By scaling the fitted functions to 
the frequency of the LOFAR High Band Antenna, we would expect the 
drift rate to be around −6 MHz ms−1 at 150 MHz. The apparent lack of 
multiple components in the LOFAR bursts does not allow us to confirm 
this. Overall, as in FRB 20121102A19, the drift rate evolution appears 

linear. As these two FRBs reside in considerably different environments, 
the behaviour may be common across FRBs. The frequency-dependence 
and consistent sign of the drifting phenomenon will probably offer 
clues to the FRB emission mechanism27,67,68.

Scattering. Most of the LOFAR bursts (Fig. 2) exhibit an exponential 
tail, indicating the pulse-broadening due to scattering in the interven-
ing medium. To quantify the scatter broadening timescale (τsc), we 
divided the dedispersed spectrograms of a few high-S/N bursts into 
four or eight sub-bands. The burst profiles obtained from the individual 
sub-bands were modelled as a single Gaussian component convolved 
with a one-sided exponential function69,70. The τsc thus obtained are 
presented in Extended Data Table 1.

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 Data Fig. 6. We obtain the 
scattering timescale of 45.7 ± 9.5 ms at 150 MHz, which is consistent 
with the measurements using individual bursts. We also characterize 
the scatter-broadening variation with frequency as τsc ∝ ν−α and obtain 
the frequency scaling index α = − 4.2−1.0

+1.1 . This scatter-broadening is 
consistent with the upper limit of 50 ms at 150 MHz that was derived 
from GBT detections at 350 MHz (ref. 3). By scaling the scatter broaden-
ing of LOFAR bursts to Apertif frequencies, we expect τsc ≈ 6.6 μs at 
1,370 MHz, which is an order of magnitude smaller than Apertif’s tem-
poral resolution.

The observed scattering time is within a factor of two of the predicted 
Galactic scattering16. Thus, we attribute this pulse broadening to scat-
tering in the Milky Way interstellar medium (ISM) and not to 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  
galaxy14.

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 owing to the deleterious smear-
ing 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 be-
cause 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 detections 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 bounded constraints on 
FRB rates below 200 MHz.

We detected nine bursts in 48 h of LOFAR observing, giving a rate of 
0.19 ± 0.06 h−1. Since we only targeted LOFAR during simultaneous 
Apertif observations during the presumed activity window whose duty 
cycle is about 0.25, we divide this rate by four to get its repetition rate 
averaged over time. Assuming a fluence threshold of 50 Jy ms and not-
ing 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) ≈ (4.6 ± 1.6) ×  
10−2 h−1. At 1,370 MHz, Apertif detected 54 pulses in 388 h of observing. 
Our coverage of FRB 20180916B was deliberately more uniform in 
activity phase, so only about 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 R1,370(≥ 1 Jy ms) ≈ (8.0 ± 1.1) × 10−2 h−1. While the abso-
lute detection rates by Apertif and LOFAR are similar, we note that the 
fluence threshold was much lower for Apertif than LOFAR. Scaling by 
the approximate fluence distribution of FRB 20180916B, F FN(≥ ) ∝ −1.5 
(ref. 8), we find R1,370(≥50  Jy  ms)  ≈  2.3  ×  10−4  h−1. We come to the 
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remarkable conclusion that the FRB is two orders of magnitude more 
active at 150 MHz than at 1,370 MHz at the relevant fluences.

The all-sky FRB event rate is a difficult quantity to determine for 
myriad reasons71. Beam effects result in a pointing-dependent sensitiv-
ity threshold72,73, and each survey has back-end-dependent incomplete-
ness, hindering FRB detection for ranges of flux density and fluence74 as 
well as pulse duration and DM75. 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 teams11 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 MWA12,13,76–79. The repetition rate of 
FRB 20180916B implies that there are at least 0.6 d−1 over the whole sky 
above 50 Jy ms at 110–190 MHz at 95% confidence. Assuming a Euclidean 
scaling in the brightness distribution that continues down to lower flu-
ences, this is equivalent to more than 90 d−1 over the whole sky above 
5 Jy ms. An earlier blind LOFAR search13 placed an upper limit of 29 d−1 
over the whole sky above 62 Jy pulses with 5 ms duration. Combining 
these two limits, we obtain a 90% confidence region of 3–450 d−1 over 
the whole sky 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°, 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 about 3 was lost in S/N due to the low 
Galactic latitude of FRB 20180916B. Therefore, a similar FRB at a more 
typical offset from the plane would, in this example, be about 3γ times 
more active, in which γ is the cumulative energy distribution power-law 
index, because the Galactic scattering timescale would only be a few 
milliseconds.

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 
LOFAR 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, or by selecting COM_ALERT in 
‘Other projects’ and downloading data which includes R3 in the ‘Obser-
vation description’.

Code availability
The custom code used to generate these results is publicly available at 
https://doi.org/10.5281/zenodo.4559593 (ref. 80).
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Extended Data Fig. 1 | The FRB 20180916B fluence distribution at Apertif 
and at LOFAR. For each fluence F we plot how many brighter bursts are 
detected per hour, Rate (>F) (h−1). The light green data points show the 
cumulative distribution function (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, between 3.2 Jy ms 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 (‘broken pl’) with a fluence turnover at 104 Jy ms is shown as a 
grey dotted line. For the same fluence, FRB 20180916B is more active at 
150 MHz than 1,370 MHz, even at the peak activity phases observed by Apertif.



Extended Data Fig. 2 | Dynamic spectra of Apertif bursts A01–A27. We 
display PA (top panel), Stokes parameters I, L and V (central panel) and dynamic 
spectra (bottom panel), for bursts with full Stokes data (for example, panel A01 
at top left). Bursts with only intensity data, such as A02, are limited to the total 

intensity profile. Burst identifiers are given in the top left corners, and activity 
cycle number in the top-right corners. Data have been dedispersed to 
DM = 348.75 pc cm−3, and downsampled 2× in time and 8× in frequency.
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Extended Data Fig. 3 | Dynamic spectra of Apertif bursts A28–A54. As in Extended Data Fig. 2.



Extended Data Fig. 4 | Observations and detections as a function of phase. 
a, b, Shown are histograms of burst detections (‘N. Bursts’; a) and of 
observation duration (‘Obs. Duration’; b), both as a function of phase for the 
best period fitted to Apertif and CHIME/FRB data (16.29 days). In both panels, 

instruments are colour-coded by central frequency, with blue for high 
frequencies and red for low frequencies. This figure was generated using an 
adaptation of the frbpa package20.
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Extended Data Fig. 5 | Comparison of simulated and observed activity 
window P values. a–c, 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 correspond to 105 
simulations of the P value that would be obtained if both instrument burst 
samples were drawn from the same distribution. N is the number of resulting 

simulations per P value. Shown are comparisons of burst samples from Apertif 
and LOFAR (a), Apertif and CHIME/FRB (b), and CHIME/FRB and LOFAR (c). In all 
panels, the vertical grey 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.



Extended Data Fig. 6 | Stacked LOFAR bursts. After dedispersion to the 
S/N-maximizing DM of 349.00 pc cm−3, the individual bursts were co-added.  
a, The pulse profiles in eight different frequency bands of the co-added total, 
and fits to the scattering tail. The central frequency of the band is indicated on 
the vertical-axis labels. b, The dynamic spectrum of the stacked bursts.
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Extended Data Fig. 7 | Apertif burst properties against phase. a, The 
structure-optimized DM, with the 348.75 pc cm−3 average as a reference.  
b, The drift rate of bursts with multiple components. c, d, The fluence (c) and 
the average polarization position angle (PA) (d) of each burst. In all panels, 

bursts are colour-coded by activity cycle. Each colour corresponds to a 
different activity cycle (see key at bottom left), and the data points with a  
black edge represent bursts with S/N > 20. The error bars represent 1σ (s.d.) 
errors.



Extended Data Fig. 8 | Five of the bursts with a measurable drift rate.  
a–e, For each burst, the top panel shows the pulse profile as a solid black line 
and the fitted multi-component Gaussian in grey (the burst name is given at top 
left.). Coloured regions indicate the subcomponent position. The main panels 

show the dynamic spectra, the subcomponent centroids with 1σ (s.d.) errors 
and the fitted drift rate ̇ν (white line). The right panels display the spectra and 
the fitted Gaussian of each subcomponent, with the same colour as the shaded 
region of the pulse profile.
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Extended Data Fig. 9 | Finding the best period. a−l, The periodograms 
between 0.03 day and 20 day periods of four instrument combinations and 
three different period searching techniques. Each column corresponds, from 
left to right, to all detections combined (blue), Apertif detections (green), 
CHIME/FRB detections (yellow) and CHIME/FRB and Apertif detections 
combined (red). Each row corresponds to a different search technique, with 

Pearson’s χ2 test7 at the top, maximum continuous fraction in the centre21, and 
the normalized QMIEU method54 at the bottom. The vertical grey lines mark the 
position of the aliased periods, solid lines for fN = (Nfsid + f0) and dotted lines for 
fN = (Nfsid−f0). The number in the top left corner of each plot indicates the best 
period using the given burst data set and periodicity search method, with 
errors giving the full-width at half-maximum.



Extended Data Table 1 | Summary of LOFAR burst properties
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Extended Data Table 2 | Summary of Apertif burst properties
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