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M Check for updates

Since their discovery in 2007}, much effort has been devoted to uncovering the
sources of the extragalactic, millisecond-duration fast radio bursts (FRBs)2. A class of
neutron stars known as magnetars is a leading candidate source of FRBs**. Magnetars

have surface magnetic fields in excess of 10" gauss, the decay of which powers arange
of high-energy phenomena’. Here we report observations of a millisecond-duration
radio burst from the Galactic magnetar SGR1935+2154, with a fluence of 1.5+ 0.3
megajansky milliseconds. This event, FRB200428 (ST 200428A), was detected on

28 April 2020 by the STARE2 radio array® in the 1,281-1,468 megahertz band. The
isotropic-equivalent energy released in FRB 200428 is 4 x 10° times greater than that
of any radio pulse from the Crab pulsar—previously the source of the brightest
Galactic radio bursts observed on similar timescales’. FRB 200428 is just 30 times less
energetic than the weakest extragalactic FRB observed so far8, and is drawn from the
same population as the observed FRB sample. The coincidence of FRB200428 with an
X-ray burst® " favours emission models that describe synchrotron masers or
electromagnetic pulses powered by magnetar bursts and giant flares**'>**, The
discovery of FRB 200428 implies that active magnetars such as SGR 1935+2154 can
produce FRBs at extragalactic distances.

Three1,281-1,468 MHz radio detectors comprise STARE2 (ref.¢) and are
located across the southwestern United States. All three detectors were
triggered by an event originally named ST 200428A—and herereferred
to by its International Astronomical Union designation, FRB200428—
atanEarth-centre arrival time of 28 April 2020 14:34:24.45481(3) UTC
atinfinite frequency (standard errors are reported with the last sig-
nificant figures in parenthesis; UTC, coordinated universal time). The
dynamic spectrum of FRB 200428 is shown in Fig. 1. The detected
signal-to-noise ratios (S/N) were 21, 15 and 20 (see Methods). The
burst had adispersion measure (DM) 0f332.702(8) pccmandand a
band-averaged fluence of1.5(3) x10°Jy ms (see Table 1). The full-width
at half-maximum (FWHM) temporal width of the burst, after correcting
for propagation and instrumental effects (see Methods), is 0.61(9) ms.
Although we modelled the temporal profile of the burst thatis intrin-
sic to the source as a Gaussian, it is possible that there is unresolved
substructure on timescales shorter than the instrumental resolution
of 0.122 ms.

On 27 April 2020, the Swift Burst Alert Telescope reported multiple
bursts from the soft-y-ray repeater (SGR) SGR 1935+2154 (ref. ™). One
day later, the CHIME/FRB collaboration reported a burst of approxi-
mately10%)Jy msin the400-800 MHz band from the approximate direc-
tion of SGR 1935+2154 (Fig. 2)*. We expedited our daily inspection
of STARE2 triggers and found an event that was detected at approxi-
mately the same time and DM as the CHIME event, but with a fluence
roughly 1,000 times higher. The localization region of FRB 200428
includes SGR 1935+2154 (Fig. 2). Shortly thereafter, a constellation

of space-borne instruments® " reported a 1-s-long X-ray (1-250 keV)
burst from the direction of SGR 1935+2154. INTEGRAL determined
that the burst was coming from within 5.5 arcmin of the SGR within
seconds of the burst. This X-ray burst occurred at precisely the same
time as the CHIME bursts and FRB 200428, after accounting for the
dispersion delay and different spatial positions of the observatories
(Fig.1). On 30 April 2020, the Five hundred meter Aperture Spheri-
cal Telescope (FAST) detected™ a weak (0.06 Jy ms) burst in the 1.02-
1.48 GHz band and localized it to within 3 arcmin (the size of the FAST
beam) of SGR 1935+2154. The DM links the CHIME, STARE2 and FAST
bursts with the best localization proved by FAST. The temporal coin-
cidence of the CHIME, STARE2 and X-ray bursts then link FRB 200428
to SGR1935+2154.

Observational classification

The fluence of FRB 200428 is unprecedented for aneutron star. Using
adistance of 9.5 kpc (see refs. ) we infer an isotropic-equivalent
energy release of 2.2(4) x 10* erg and a spectral energy release of
1.6(3) x 10% erg Hz* (see Methods). Previously, giant radio pulses
(GRPs) from pulsars®® were the brightest known sources of Galactic
radio pulses. GRPs are emitted stochastically amongst regular radio
pulses but have sub-microsecond durations, in contrast to the mil-
lisecond duration of the observed FRBs, including FRB 200428. The
brightest and most luminous GRP detected so far was observed at
430 MHz from the Crab pulsar and had a fluence of 3 x 10*Jy ms and
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Fig.1| Timeseriesand dynamicspectrum of FRB200428. S/Nvalues
obtained from the Owens Valley Radio Observatory (OVRO) alone. The quoted
times are relative to the Earth-centre arrival time of the burst at infinite
frequency. Foradescription of the data processing, see Methods. Top,
de-dispersed time series of all available data on FRB 200428 (see Methods). The
original datawere de-dispersed at DM =332.702 pc cm™. We detect no other
radio burstsinour data, which spanawindow of131.072 ms (the total amount of
datastored around this event) centred on the time of FRB200428. We place an
upper limit of <400 kJy ms onbursts with S/N>5in this time window. The
relative arrival time of the second, brighter peakin the coincident X-ray burst
(XP2)isindicated as a vertical dashed line®™. The full X-ray burst lasted
approximatelylscentred on14:34:24.444 utc (arrival time at the Earth centre).
Middle, expanded plot of the region surrounding the burst. Bottom, dynamic
spectrumof FRB200428 corrected for the effects of dispersion.

anisotropic-equivalent energy release of 6 x10* erg (ref.”). FRB200428
is therefore a factor of approximately 4 x 10° more energetic than any
millisecond radio burst previously observed from a source within the
Milky Way.

FromFig. 3, we seethat FRB200428is most plausibly related to FRBs
observed at extragalactic distances. FRBs span a wide range of ener-
gies, but the least energetic FRB reported so far (FRB180916.J0158+65)
had anisotropic-equivalent spectral energy of just 5(2) x 10” erg Hz™!
at 1.7 GHz (ref. 8). Using the parameters from Table 1, the brightness
temperature of FRB 200428 is approximately 1.4 x 102K, consistent
with those of FRBs? Since the first announcement of their detection
of FRB200428, the CHIME/FRB collaboration revised the flux and flu-
ence of FRB 200428 (ref. ?"). The factor-of-seven disparity, which is
probablyintrinsic, between the fluence of FRB 200428 and that of the
CHIME eventis consistent with previous wide-band radio observations
of FRBs?.

We observed no other FRB-like radio bursts besides FRB 200428 dur-
ing 448 days of observing. STARE2 hasadetection threshold of 300 kJy
for millisecond-duration bursts within a field of view of 1.84 sr, which
corresponds to the beamwidth of 3 dB (see Methods). We observed no
other radio bursts from SGR 1935+2154, despite the occurrence of 79
X-ray bursts visible to STARE2 (see Methods).
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Table 1| Data on FRB 200428

Measurement

28 April 2020 14:34:25.02657(2) utC

Property

OVRO arrival time at
v=1,529.267578 MHz

OVRO arrival time at v = ©®

28 April 2020 14:34:24.43627(3) uTC
28 April 2020 14:34:24.45548(3) utC

Earth centre arrival time at v = «®

Fluence (MJy ms) 1.5(3)
Dispersion measure, DM (pc cm™) 332.702(8)
Intrinsic burst FWHMP (ms) 0.61(9)

Isotropic-equivalent energy release® (erg) 2.2(4) x10%

Standard errors in the final significant figures (68% confidence) are given in parentheses.
°The correction to the infinite-frequency (v = ») arrival time is carried out using the DM quoted
in this table, and assuming a dispersion constant of (1/2.41) x 10* s MHz? pc™ cm? (ref. ¥).
SFWHM of the Gaussian used to model the intrinsic burst structure (Methods).

“This assumes a distance to SGR 1935+2154 of 9.5 kpc.

Based on the entire STARE2 observing campaign, for bursts with
energy releases equal to or greater than that of FRB 200428 we derive
avolumetricrate of 779 x 10”7 Gpc™® yr™!, where 1o uncertainties are
quoted (as throughout). At 95% confidence, the volumetric rate is
>4 x10° Gpc? yr. This rate is consistent with an extrapolation of the
luminosity function of bright FRBs (see Methods).

SGR1935+2154 is located approximately 100 pc above the plane of
the Milky Way disk and situated at the centre of a known supernova
remnant”. Such a locale is consistent with those of six of the seven
accurately localized FRBs within their host galaxies®?* 2, These six host
galaxies are similar to the Milky Way in their masses and star-formation
rates. There is no evidence for a large DM enhancement locally to
SGR 1935+2154 (see Methods). The Faraday rotation measure of the
weak radio pulse detected by FAST from SGR 1935+2154 is consistent
with the rotation measure of radio emission from the associated super-
nova remnant at the position of SGR 1935+2154 (ref. V), implying no
significant enhancement inthe plasmamagnetization thatimmediately
surrounds the SGR.

Implications for FRBs

We have established that FRB200428is arguably drawn fromthe same
population as the observed FRB sample; this implies that magnetars
such as SGR1935+2154 are viable FRB engines. However, it is puzzling
that events like FRB 200428 have not previously been observed from
SGR 1935+2154 or from any of the 30 known magnetars in the Milky
Way?’, especially given that SGR1935+2154 is not extraordinary inits spin
period or magnetic field compared to other Galactic magnetars. This
may be due to the fact that bursts of this brightness are often flagged
asradio frequency interference or saturate receivers. Furthermore,
the X-ray burst coincident with FRB 200428 (isotropic-equivalent
energy release of 8.3(8) x10* erg) was a typical example of a magnetar
burst®, with perhaps some unusual spectral characteristics™. So appar-
ently, only a subset of X-ray bursts are accompanied by bright radio
emission.

The properties of FRB200428 and the rarity of similar events provide
insightinto the emission mechanism of FRBs. The temporal coincidence
of FRB200428 with an X-ray burst is not fully consistent with modelsin
which FRB emission is generated within the magnetospheres of mag-
netars. If the X-ray burst is emitted through standard mechanisms,
magnetospheric FRB emissionis predicted to occurimmediately before
the X-ray bursts?. Indeed, X-ray bursts appear to suppress magneto-
spheric radio emission from the magnetar-like pulsar PSR J1119-6127
for several tens of seconds?.

The energetics of FRB 200428 and its coincident X-ray burst are
consistent with some models for FRB emission from beyond the
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Fig.2|STARE2localization of FRB200428. Right, altitude and azimuth view
ofthe sky at the OVRO STARE2 station at the time when FRB 200428 was
detected. The maroon circle corresponds to the STARE2 field of view (FOV),
whichis set by the edge of a horizon shield at OVRO®. The black circle labelled
‘3dB’indicates the zenith angle corresponding to the FWHM of the STARE2
response onthesky. The thick blueline represents the CHIME FOV. The star
denotes the Sun, whichisacommonsource of STARE2 triggers®. The black dot
represents the known position of SGR1935+2154. The three light-blue arcs

magnetospheres of magnetars. Models for FRB emission external to
magnetospheres have been developed only for the most energetic X-
and y-ray bursts from magnetars, known as giant flares. An event that
manifests as agiant flareis also predicted toresultin the ejection of a
highly magnetized portion of the magnetar magnetosphere at relativis-
ticspeeds, known as a‘plasmoid’. Although plasmoids are distinct from
the observed X- and y-ray radiation fromgiant flares, they are expected
to contain comparable amounts of energy (>10* erg)**'>. An FRB radi-
ated by the synchrotron maser mechanism may result from a shock
driven by the plasmoid into the external medium®*', Alternatively,
the plasmoid may trigger an electromagnetic pulse just beyond the
magnetosphere, resultingin an FRB”. FRB energies of 107E,,-107*E,,,
where E,, is the energy of the plasmoid, are predicted by these mod-
els. The ratio between the radio energy release of FRB 200428 and
the X-ray energy release of the coincident burst is approximately
3x107%, consistent with these predictions for the energy of the radio
burst.

Inthis scenario, individual X-ray bursts from magnetars would result
inradio emission being relativistically beamed in random directions,
explaining the rarity of events like FRB 200428. However, it remains
to be seen whether the theory developed for plasmoids launched by
giant magnetar flares can be extended to lower-energy events such as
the 10*°-erg X-ray burst coincident with FRB 200428. The close coin-
cidence between FRB 200428 and the associated X-ray burst (Fig. 1)
is difficult to explain if the FRB were launched extremely far from the
magnetosphere*, unless the X-ray emission was not associated with
the FRB-emitting region.

Our observations suggest that magnetars such as those observedin
the Milky Way can produce FRBs. We estimate that the volumetricrate
of events like FRB 200428 is consistent with a low-energy extrapola-
tion of the FRB volumetric rate?. This suggests that we have observed
the dominant FRB channel. However, it is by no means proven that
magnetars can produce the highest-luminosity FRBs. There may be
othersurprises, such as the discovery of FRBs from galaxies lacking star
formation. Thelink between SGRs and FRBs and the large inferred rate
oflow-luminosity FRBsimplied by the detection of FRB200428 provide
motivation for dedicated radio burst searches from nearby, rapidly
star-forming galaxies such as Messier 82, which has a star-formation
rate more than 10 times that of the Milky Way*.

—7 0.0
2.4
F-4.8

an)

S

F-72 2

S

L-96 ©

=)

C

t-12.0 2

©

r-14.4 E

[0]

- -16.8 ©
L-19.2
LI-21.6

correspond to the 95%-confidence localizations for eachindividual STARE2
baseline. The black quadrilateral represents the outline of the region shownin
theleft panel. Left, from the centre outwards, the ellipses represent the 68.4%-,
90%-and 95%-confidence STARE2 localization regions of FRB200428. The blue
gradient corresponds to the probability that the burst occurred at that
location. The CHIME localization region® corresponds approximately to the
marooncircle. The known position of SGR1935+2154, whichis identical to the
position of the weak burst detected by FAST', isshown asablack dot.
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Fig.3|Phase space of centimetre-wavelengthradio transientevents. The
vertical extent of the FRB 200428 star corresponds to the uncertainty in the
spectral luminosity caused by the uncertain distance to SGR1935+2154, which
ranges between 6.5and 12.5kpc (refs.”*?). Only isotropic-equivalent spectral
luminosities are shown. The FRBs plotted include only bursts detected in

1-2 GHz fromsources at known distances. All other data are from refs. >,
‘GRPs’ denotes giantradio pulses; ‘rotation-powered NSs’ refers to rotating
radio transients and rotation-powered pulsars; ‘accretors’ indicates accreting
binary systemsin the Milky Way, ‘SNe’ and ‘GRBs’ refers to supernovae and y-ray
burstsatextragalactic distances, respectively, and ‘AGN’ denotes accreting
supermassive black holes. All radio transients plotted are detections in the
range 1-2 GHz. Lines of constant brightness temperature at areference
frequency of1.4 GHzare shown, and the shaded area (representing brightness
temperatures lower than 10"?K) indicates sources that are likely incoherent
emitters that are notrelativistically boosted. The spectral luminosity of
FRB200428 was derived by dividing the burst spectral energy by the duration.
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Methods

The STARE2 instrument

STARE2 consists of aset of three radio receivers atlocations across the
southwestern United States. The receivers are located at the Owens
Valley Radio Observatory (OVRO), the Goldstone Deep Space Com-
munications Complex (GDSCC) and a site operated by the Telescope
Array project® near Delta, Utah. Although the STARE2 receivers oper-
ate in the 1,280-1,530 MHz band, the useful band is limited to
1,280.732422-1,468.232422 MHz by radio frequency interference.
STARE2is sensitive to fast, dispersed radio transients above a detection

threshold 0f300(w)% kJy, where wis the width of the burst (in units
of milliseconds). STARE2 has a time resolution of 65.536 s and a fre-
quencyresolution 0of122.07 kHz. The instrument and data analysis are
further described elsewhere®. Our station in Delta, Utah commenced
operations after the publication of ref. ¢. With the addition of the third
station, we now visually inspect candidate bursts if any pair of stations
identifies a candidate event within 100 ms of each other.

STARE2 data consist of (a) candidate dispersed bursts that trigger the
automated pipeline software and (b) spectrarecorded every 65.536 s
with 2,048 frequency channels between 1,280 MHz and 1,530 MHz.
The latter data span the full duration of the dispersion sweep of each
candidate burst, with anadditional 1,000 spectraboth before and after
thestartand end of the dispersion sweep, respectively. Such time series
of spectraarereferred to as dynamic spectra. After de-dispersion, the
available time series data on each burst span 131.072 ms, as displayed
inFig.1for FRB200428.

ToproduceFig.1,the OVRO dynamic spectrumwas smoothed witha
two-dimensional boxcar function with awidth of 0.524288 msin time
(equivalent to 8 bins) and 7.8125 MHz in frequency (equivalent to 64
bins). That is not the width of the pulse. We choose this smoothing
timescale so that thereis sufficient signalin each pixel to be visible. Data
from the other stations were not summed for the purposes of display
because of the differentinstrumental spectral responses, but they are
shownin Extended DataFig. 1. The datawere baselined by subtracting
the mean of the off-pulse region. We normalized the time seriesin each
frequency binby dividing by the standard deviation of the time series
in each frequency bin, derived from the off-pulse region. The data
were again normalized by the standard deviation of the off-pulse time
and frequency bins to measure S/Nineach time and frequency bin. To
produce the time series, we simply took our dynamic spectra, which
were processed as described above, averaged the data in frequency
and re-normalized by the standard deviation of the time series in the
off-pulse region.

Localization
To localize FRB 200428, we first measured the relative arrival times
of the burst between each station. For this analysis, we used the
frequency-averaged 65.536-ps-resolution total-intensity time series
data. The data were de-dispersed with the DM that maximized S/N at
OVRO. The time series was convolved with the boxcar function that
maximized S/N at OVRO. These values were derived differently from
those reported in the main text and thus differ slightly, as maximizing
S/Nrather than fitting the pulse profile to amodel asks a different ques-
tion of the data. The DM quantifies the observed frequency-dependent
dispersion delay in terms of a free-electron column density. This DM
and boxcar width were 333.3 pc cm™ and 0.524288 ms, respectively.
To measure S/Nfor this analysis, we take the frequency-averaged time
series that has been de-dispersed and convolved withaboxcar function
and subtract the mean of the off-pulse region. After this subtraction,
thedataaredivided by the standard deviation of the time seriesin the
off-pulse region. We measure S/N = 21.6 at OVRO, 15.7 at GDSCC and
20.1atDelta. Datafrom each station are shownin Extended Data Fig. 1.
After determining S/N at each station and processing the data as
described above, we then cross-correlate the time series from each pair

of stations. We fit the peak of the correlation curve with a Lorentzian
function. The location of the peak of the Lorentzian corresponds to
thetime delay between the two stationsin the baseline. We find atime
delay of -7 ps for OVRO-GDSCC, -884 ps for OVRO-Delta and —888 is
for GDSCC-Delta. The statistical uncertainty in the time delaysis given
by the boxcar width divided by the S/N of the station with the lowest
S/N.For OVRO-GDSCC and GDSCC-Delta this uncertainty is 33 ps and
for OVRO-Deltaitis 26 ps.

To estimate the systematic uncertainty, we take advantage of a test
of the Global Positioning System (GPS) L3 signal at 1,381 MHz on 28
February 2019. We recorded data with a time resolution of 131.072 ps
during the test. Because the data were taken before the Delta station
was built, this analysis was carried out only with OVRO and GDSCC.
However, because we use anidentical receiver and GPS timing hardware
atthe Delta station, we expect similar systematics to be present. During
testing, the L3 signal turns on and off, enabling a test of the measured
time delay between each station. The intrinsic time delay of the emis-
sion of the L3 signal between two satellites is expected to be of the
order of microseconds, given that the GPS satellites are synchronized
intransmission. Furthermore, the received signal is dominated by the
satellites closest to zenith. At the time of the signal considered, the
satellite expected to dominate the signal had an expected time delay of
46 pus between OVRO and GDSCC. This is less than the time resolution
of our data. We measure the time delay as described above, except that
in this analysis we only consider frequencies corresponding to the L3
signal and we do not convolve our time series with aboxcar function. We
find a systematic uncertainty of 81 us, which represents the measured
time delay of the GPS L3 signal between OVRO and GDSCC.

To convert the measured time delays for FRB 200428 into a sky
position, for each baseline we calculate the expected time delay for a
given sky location over a fine grid in azimuth and elevation at a refer-
ence location. The reference location is chosen to be OVRO for the
OVRO-GDSCC and OVRO-Delta baselines, whereas GDSCC is chosen
for GDSCC-Delta. We then transform the grid of azimuths and eleva-
tions into right ascensions and declinations for the time of the burst.
Then, the localization for one baseline is those sky positions that are
consistent with the measured time delays and uncertainties. This cor-
responds to an arc across the sky for one baseline.

To combine thebaselines, we assign a probability to each sky location
foreach arc assuming Gaussian statistical and systematic uncertainties,
parameterized by the distance from the arc with no uncertainty. The
mean of the Gaussian corresponds to the arc with no uncertainty and
the standard deviation corresponds to the width of the arc assuming
alouncertainty in the time delay. The probabilities for each arc and
skylocation are then multiplied together and normalized. We smooth
the probability distribution with a two-dimensional Gaussian with a
standard deviation of 1°. The transformation between local coordinate
systems and the celestial coordinate system produces a sparse array
of probabilities that requires smoothing to visualize. The smoothing
radius is much smaller than the size of the localization region. This
produces the probabilities shown in the right panel of Fig. 2 as arcs.

With these probabilities, we measured the 95% confidence interval
of the STARE2 three-station localization region by modelling it as an
ellipse. The 95% confidence interval corresponds to the smallest ellipse
that encloses 95% of the probability distribution. To estimate this
ellipse, we first determined the orientation of the ellipse. We measured
the angle of the semi-major axis with respect to the declination axis by
modelling the sky location probability distribution using a principal
component analysis with two components. The angle of the semi-major
axis correspondsto the angle of the eigenvector of the principal com-
ponent withthe highest eigenvalue; this angle is 57.88°. We calculated
the expectation values of the right ascension and declination directly
from their marginalized probability distributions. We found a right
ascension of =19 h 55 min +15° and a declination of § =14 d £ 19°.
The uncertainties contain 95% of the probability in each dimension
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(95% localization). We then fitted the semi-major and semi-minor axes
by minimizing the loss function £(a, b) in equation (1) using gradient
descent. In equation (1), p(a’, &) is the probability that the event
occurred at that sky location, a is the semi-major axis, b is the
semi-minor axis and A is aregularization hyperparameter, which we
setto2.7 x107% Thisregularization corresponds to the ellipse area that
contributes approximately equally to the loss as the confidence inter-

val when| mese pla’, §)da’ds’ - 0.95| < 0.001 . We find a=12.3° and

b=5.85°.Toderive the 68.4% and 90% confidence regions, we scale the
ratio of the semi-major and semi-minor axes of the 95% confidence
ellipse so that the appropriate amount of probability is contained.

2
L(a,b)= U pla’, 6")da’ds’ - O.95) +Aab. @)
ellipse

Properties of FRB200428

The dynamic spectrum of FRB 200428 was analysed using methods
previously applied to FRBs detected by the Parkes telescope®. First,
the dynamic spectra of FRB 200428 at the native time and frequency
resolutions (65.536 ps and 122.07 kHz) obtained from OVRO and GDSCC
were summed. No correction for the OVRO-GDSCC geometric arrival
time delay was applied because the correction (=7 ps) is much smaller
than the time resolution. Data from Delta were not included in the
sum and in subsequent analysis, because of the increased presence
of radio frequency interference at the Delta station (Extended Data
Fig.1). No calibrations were applied to the data, because none were
available. After excising frequency ranges at the edges of the band
that are always affected by radio frequency interference and are set
to zerointhereal-time pipeline (1,468.232422-1,529.267578 MHz and
1,279.267578-1,280.732422 MHz), we formed time series in four evenly
spaced sub-bands after de-dispersing at aninitial DM of332.72 pccm™
(ref.?Y). The time series in each sub-band were normalized by the
root-mean-square noise levelin 50-msintervals of dataon either side of
theburst. Asdescribed inref. %, we fitted aseries of models with increas-
ing complexity, stopping when the Bayesinformation criterion (BIC) did
not favour the more complex models. We found that amodel combining
anintrinsicwidthinexcess of the dispersion-smeared instrumental res-
olution, convolved witha one-sided exponential function with a charac-
teristic timescale scalingas v* (vis the radio frequency) was negligibly
preferrable according to a change in BIC of 1 unit. This corresponds
to Model 3 of ref. * with a = 4. The free parameters of the fit were the
intrinsic width of the burst (assumed to be frequency-independent), a
referencearrival time at1,529.267578 MHz, a correction to the assumed
DM, thel/etimescale of the exponential function, and the burst fluences
in each sub-band in data units. The convolution with the exponential
is observed in several FRBs and radio pulsars, and is expected, owing
to stochastic multi-path propagation of the burst due to refractionin
inhomogeneous interstellar plasma*. This effect iscommonly referred
toas ‘scattering’. Despite theinsignificant evidence favouring the above
model over aversion with no scattering, we use thismodel because scat-
tering was observed in the CHIME-detected event that was temporally
coincident with FRB 200428 (ref. ).

The resulting best-fit burst parameters and the half-widths of their
68% confidence intervals are givenin Table 1. The 1/e timescale of the
scattering, scaled to a frequency of 1 GHz, as is common practise in
the field*, was 0.4(1) ms. The model fits in each sub-band are shown
in Extended Data Fig. 2. The quoted band-averaged fluence (with an
effective frequency of 1,378 MHz) was derived by averaging the flu-
ences in each sub-band, and by scaling by the noise level according
to the measured STARE2 system-equivalent flux density of 19 + 2 MJy
(ref.®) and the binning in frequency and time. An additional scaling of
1.33 was applied to correct for the location of the burst in the STARE2
primary beam, which was negligibly different at OVRO and GDSCC.
Theisotropic-equivalent energy release of FRB200428 was calculated

by scaling the fluence (in appropriate units) by 41tD?*v,,, where D is the
distance to SGR1935+2154 and v,=1,374.482422 MHzis the midpoint of
the STARE2 band. This procedure was consistent throughout the paper.

The burst had an intrinsic width of 0.61(9) ms. As we do not coher-
ently de-disperse our data, itis possible that there is unresolved struc-
ture to the burst. However, the intra-channel smearing timescale is
0.122 ms and the scattering timescale at 1.32 GHz is 0.312 ms (ref. ¥).
This leads us to conclude that there is intrinsic structure throughout
the 0.61(9)-ms burst.

Theadopted distance to SGR1935+2154 is consistent with the DM of
FRB 200428. According to two models of the Galactic distribution of
free electrons, this DM corresponds to distances of 6-13 kpc (ref.>¥) and
4-16 kpc (ref. *), respectively. However, the significant uncertainties
in these models and in the distance to SGR1935+2154 make it difficult
to numerically constrain any potential DM excess associated with the
SGR. The DMsinthe two models corresponding to the lowest possible
distance (6.6 kpc)™® to SGR 1935+2154 are approximately 200 pc cm™
(ref.**) and 190 pc cm (ref. *). Thus, an approximate upper limit to
any potential DM excess associated with SGR1935+2154 is140 pccm ™,

The analysis of the dynamic spectrum of the burst presented above
providesareferencearrival time at1,529.267578 MHz. This refersto the
midpoint of the Gaussian function used to model the intrinsic burst
structure. We note that it is unlikely that the burst is truly Gaussianin
itsintrinsic structure and that the presence of complex structurein the
time-frequency plane (as is observed in some FRBs*°) could bias this
result atthe approximately 0.1 mslevel. The reference arrival time was
converted to a UTC arrival time at OVRO using the recorded uTC of the
firstspectrumin the dataset. This time was converted toanarrival time
atinfinite frequency (v =) using the fitted DM of 332.702(8) pccm™
and a dispersion constant of (1/2.41) x10* s MHz2 pct cm? (ref.!). The
Earth centre arrival time was then calculated by adding a correction of
0.019210268 s to the OVRO arrival time. This correction was derived
using the known position of the OVRO station and the v2.0 Astropy
software package*.

Searches for sub-threshold events from SGR1935+2154
We searched the STARE2 data 65.536 ms before and after the burst for
sub-threshold pulses at the same DM and widths of 0.066-4.194 ms at
each station. We found no convincing candidates. Assuming that we
would detectaburst withS/N>5, we place alimit on the fluence of other
burstsinthistime range at <400 kJy ms. This fluence is obtained by scal-
ing the measured fluence by the median S/Nreported by our pipeline
(18.3) divided by our sub-threshold search threshold of 5. We choose to
use the median S/Nreported by our pipeline because we require detec-
tions fromtwo stations to claimthat thereis evidence for other pulses.
We detect only one component in FRB 200428, whereas the coinci-
dent CHIME event? consists of two components. We identify the second
CHIME burst as the lower-freqency component to the STARE2 burst,
because the geocentric arrival time at infinite frequency reported in
Table lis consistent withthat reported by the CHIME/FRB collaboration
at14:34:24.24.45547(2) on 28 April 2020 (ref.?). We place an upper limit
ontheL-band emission from the first CHIME component at 400 kJy ms.

Rate calculation

STARE2 had been observing for 448 days before FRB 200428. For
the first 290 days, STARE2 observed only with its stations at OVRO
and GDSCC. We observed with all three stations for 158 days before
FRB 200428. Throughout this time, in addition to FRB 200428, we
detected several solar radio bursts®, but no other radio burst above a
detection threshold of approximately 300 kJy ms*2,

Tomeasure theall-sky rate of fast radio transients above the energy of
FRB200428, wefirst modelled the population of fast radio transients as a
Poisson process. We then calculated our effective observing time for two
epochsof observation. The first epoch corresponds to our two-station
system, and the second epoch corresponds to our three-station system.



We used the single-station completeness reported in ref. ®and an effec-
tive solid angle of1.84 srto convert our observing time into an effective
observingtime. The single-station completeness gives the two-station
system a completeness of 0.56 and the three-station system a com-
pleteness of 0.95. The solid angle was chosen such that the median S/N
reported by our detection pipeline (18.3) would be at the detection
threshold of 7.3 at the edge of the solid angle. This gives the area for
which a burst of this fluence would have been detected. Using these
parameters, we estimated a total effective observing time of 0.468 yr.

We then computed the probability of the all-sky rate for rates in the
range 0-40 (41tsr)'yr, given that we observed for 0.468 yr before we
found a burst. We find the all-sky rate of fast radio transients above
1.5MJy msis3.5813:44 (41 sr) 'yr . The reported uncertainties are 1o.

To estimate the volumetric rate of this type of transient, we use the
formalism developed in ref. ¢, which converts the all-sky rate of tran-
sientsinaparticular galaxy into avolumetricrate. The key assumption
in this formalism is that the transient linearly tracks star-formation
activity. This is justified by the fact that magnetars are young objects
and that this object is in the plane of the Milky Way and is associated
with a supernova remnant”. Using our computed all-sky rate, a
star-formation rate in the Milky Way of (1.65 + 0.19)M, yr™ (ref. **; M,,
mass of the Sun) and a volumetric star-formation rate of .95 x 102 M,
Mpc2yr (ref. **), we find that the volumetric rate of this type of tran-
sientis 7.23'87% x 107 Gpc ™ yr ! Thisis consistent with the rate inferred
by making analternative assumption that transientssuchas FRB200428
track the stellar mass of their hosts. This volumetric rate is consistent
with extrapolating the luminosity function derived from a sample of
bright FRBs from the Australian Square Kilometre Array Pathfinder
reportedinref.?’ downto the energy of this burst. The volumetric rate
of this burst, along with the FRB luminosity function, is shown in
Extended Data Fig. 3. We note that the uncertainties in the
volumetric-rate extrapolation are extremely conservative, because
they do not take into account the fact that the uncertainties in the
parameters of this luminosity function are correlated. For a version of
this plot that takes this into account, see ref. **.

Using our measured volumetric rate, we can compare it to the volu-
metric rate derived for asample of FRBs from the Australian Square Kilo-
meter Array Pathfinder (ASKAP)?. This ASKAP rate is10*¢*%* Gpc 2 yr™!
above 10”2 erg Hz™. We fit these two data points to the model givenin
equation (2), where @, (>E) is the volumetric rate of FRBs with energy
greater than E, ais the slope of the luminosity function of FRBs and ¢,
is the volumetric rate of FRBs with £>10*2 erg Hz ™.

log[@ppp(> E)]=a(logE - 32) + ¢, )

We assumed a uniform prior for ¢, and @ and a Poisson likelihood on
the STARE2 rate, and used the posterior distribution from ref. %’ as the
likelihood of the ASKAP rate. Wefind a =~ 0.91'3.03 and ¢, =2.762037,
where the uncertainties correspond to the 1o confidence interval.

STARE2 limits on other X-ray bursts from SGR1935+2154
We looked through our metadata of candidate events triggered by a
single station for possible missed triggers coincident with previously
reported flares from SGR 1935+2154. Our candidate metadata consist
of S/Nratios, arrival times, DMs, pulse widths and the number of DM,
pulse width and time trials that are consistent with being from the
same candidate. We searched the metadata for candidates within1min
of reported X-ray bursts from SGR 1935+2154 and that had an eleva-
tionangle >25° at OVRO at the time of the burst. We also restricted our
search to candidates with DMs between 325 pc cm™and 340 pc cm™.
We note that SGR1935+2154 was the only SGR with known X-ray bursts
that were visible to STARE2. We found no candidate events other than
FRB 200428 that fit these criteria at any of the three STARE2 stations.
Given our single-station completeness of 0.74 (ref. ®), our com-
pleteness for this analysis is expected to be approximately 0.93 for

our two-station system and 0.98 for our three-station system. Our
three-station system came online on MJD 58809, and thus only observed
the X-ray bursts in MJD 58966-58987 (MJD, Modified Julian date).

We used our measured system-equivalent flux density, a typical
observing bandwidth of 188 MHz and a threshold S/N of 7.3 to compute
anupper limit on millisecond-duration radio transients for each event.
We also applied abeam correction for each upper limit correspond-
ing to the position of SGR1935+2154 at OVRO. Our limits are shown in
Extended Data Fig. 4. We include FRB 200428 as a blue dot. We also
show our results and the list of X-ray bursts in Extended Data Table 1.

Data availability

Data are available upon request. These data are in a public archive by
the Caltech Library at http://doi.org/10.22002/D1.1647 .

Code availability

Custom code is available at https://github.com/cbochenek/
STARE2-analysis. The code used to fit the burst profiles is available
onrequest.
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Extended DataFig.1| Timeseriesand dynamicspectrum of FRB200428 We have not corrected for the spectral response at each station. The blue bars
ateachstation. Top, time series at each station referenced to the arrival time inthe Deltadynamicspectrumindicate frequencies affected by radio
atOVROatv=1,529.267578 MHz. Bottom, dynamic spectraat each station. frequency interference that were excised from the data.

Thedatashowninall panels were processed in the same way asthose in Fig. 1.
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Extended DataFig. 3| Volumetricrates of FRBs. Volumetricrate, ®(>E), Poisson process and assuming that these fast radio transients track star
calculated fromtheradio burst from SGR1935+2154 (red cross) comparedwith ~ formation. The uncertainties on thismeasurementare 1o statistical
the extrapolated luminosity function of bright FRBs* (blue-shaded region). uncertainties, inaddition to the maximum range of possible distances to
Theblackcrosses represent the volumetric rate of FRBs determined from the SGR1935+2154 (4-16 kpc)*. We also show the energy of the weakest burst
ASKAPFly’s Eye sample?. We note that correlated probabilities between the detected from FRB180916.J0158+65—arepeating FRB—for comparison®.
parameters of the luminosity functionare not takenintoaccount,leadingtoan  Thevolumetricrate of Galactic fast radio transientsis consistent with
overestimate of the uncertainty in the blue-shaded region; see ref. “*fora extrapolating the luminosity function of bright FRBs to the energy of
similar plotinwhich they are taken into account. The volumetric rate was FRB200428.

calculated by modelling the population of Galactic fast radio transientsas a
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Extended DataFig. 4 |Upper limits onfastradio transients fromother
flares of SGR1935+2154 observable by STARE2. The ordinate shows the 7.30
upper limiton the fluence of apotential burstinJy ms"?, and the abscissa shows
thetimes (inMJD) of reported flares from SGR1935+2154. The derivation of the
upper limitsisdescribed in Methods. We note that our three-station system

M)D

was observing only during the flares between MJD 58966 and MJD 58987,
showninblack. For the other flares, only our stations at OVRO and GDSCC were
observing, showninred. We show FRB200428in blue; the error bar represents
thestandard error in the measured fluence.
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Extended Data Table 1| STARE2 7.30 upper limits on reported X-ray bursts from SGR 1935+2154 that occurred in the STARE2
field of view

MJD OVRO Elevation | Limit (MJy /ms)* Citation”
58791.44753023148 32° 1.65 GCN 26242
58792.257743055554 75° 0.17 GCN 26242
58792.06695601852 29° 1.65 GCN 26171
58791.07959490741 31° 1.65 GCN 26169
58791.44752314815 32° 1.65 GCN 26160
58791.38741898148 49° 0.39 GCN 26160
58791.27361111111 74° 0.17 GCN 26153
58760.375621527775 73° 0.17 GCN 25975
58967.77195601852 75° 0.17 GCN 27667
58966.822041064814 71° 0.18 GCN 27667
58966.91622886574 46° 0.53 GCN 27667
58966.98925520833 25° 2.51 GCN 27667
58966.76828703703 74° 0.17 ATel 13675, GCN 27689
58966.77290509259 74° 0.17 GCN 27664
58966.843981481485 66° 0.21 GCN 27664
58966.77222222222 74° 0.17 GCN 27663
58966.78204861111 75° 0.17 GCN 27663
58966.97083333333 30° 1.65 GCN 27663
58966.83456018518 68° 0.18 GCN 27661, ATEL 13748
58966.91392361111 47° 0.53 GCN 27661
58966.82204861111 71° 0.18 ATEL 13748
58966.822916666664 70° 0.18 ATEL 13748
58966.83023148148 69° 0.18 ATEL 13748
58966.83445601852 68° 0.18 ATEL 13748
58966.838425925926 67° 0.21 ATEL 13748
58966.84224537037 66° 0.21 ATEL 13748
58966.84280092592 66° 0.21 ATEL 13748
58966.84364583333 66° 0.21 ATEL 13748
58966.87943287037 56° 0.3 ATEL 13748
58966.885243055556 55° 0.3 ATEL 13748
58966.885833333334 55° 0.3 ATEL 13748
58966.88952546296 54° 0.3 ATEL 13748
58966.892372685186 53° 0.3 ATEL 13748
58966.893599537034 52° 0.39 ATEL 13748
58966.903275462966 50° 0.39 ATEL 13748
58966.90493055555 49° 0.39 ATEL 13748
58966.946388888886 37° 1.1 ATEL 13748
58966.94936342593 37° 1.1 ATEL 13748
58966.955092592594 35° 1.1 ATEL 13748
58966.960335648146 33° 1.1 ATEL 13748

“The upper limits represent a threshold S/N of 7.3c.
>GCN’ refers to GRB Circular Network and “ATEL” refers to The Astronomer’s Telegram.



Extended Data Table 2 | STARE2 7.3c upper limits on reported X-ray bursts from SGR 1935+2154 that occurred in the STARE2
field of view

MJD OVRO Elevation | Limit (MJy y/ms)* | Citation®
58966.987974537034 26° 2.51 ATEL 13748
58985.758935185186 72° 0.18 ATEL 13748
58967.59783008102 32° 1.65 ATEL 13729
58967.59789236111 32° 1.65 ATEL 13729
58967.60722395833 35° 1.1 ATEL 13729
58967.71905366898 66° 0.21 ATEL 13729
58967.792013287035 74° 0.17 ATEL 13729
58967.79305381944 74° 0.17 ATEL 13729
58969.58160091435 29° 1.65 ATEL 13729
58969.6540966088 50° 0.39 ATEL 13729
58969.717278206015 66° 0.21 ATEL 13729
58970.629127719905 43° 0.53 ATEL 13729
58970.635658287036 45° 0.53 ATEL 13729
58970.72921851852 70° 0.18 ATEL 13729
58972.70829861111 66° 0.21 ATEL 13729
58972.71731018519 68° 0.18 ATEL 13729
58972.88183449074 51° 0.39 ATEL 13729
58973.90270061343 44° 0.53 ATEL 13729
58975.67770486111 61° 0.24 ATEL 13729
58975.89255034722 46° 0.53 ATEL 13729
58975.950249421294 29° 1.65 ATEL 13729
58976.61089872685 43° 0.53 ATEL 13729
58976.87895075232 49° 0.39 ATEL 13729
58977.662045833335 58° 0.24 ATEL 13729
58977.80805587963 67° 0.21 ATEL 13729
58977.81765358796 65° 0.21 ATEL 13729
58978.61405034722 45° 0.53 ATEL 13729
58978.648174884256 55° 0.3 ATEL 13729
58979.78681759259 70° 0.18 ATEL 13729
58979.84469907408 56° 0.3 ATEL 13729
58979.91060440972 37° 1.1 ATEL 13729
58979.922326388885 34° 1.1 ATEL 13729
58980.71925138889 73° 0.17 ATEL 13729
58981.786238113425 69° 0.18 ATEL 13729
58981.90814050926 37° 1.1 ATEL 13729
58982.883207824074 43° 0.53 ATEL 13729
58983.61761574074 50° 0.39 ATEL 13729
58983.810202037035 63° 0.21 ATEL 13729
58985.75893611111 727 0.18 ATEL 13729

“The upper limits represent a threshold S/N of 7.3c.
YATEL refers to The Astronomer’s Telegram.
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