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Fast radio bursts (FRBs) are millisecond-duration radio transients of unknown 
physical origin observed at extragalactic distances1–3. It has long been speculated that 
magnetars are the engine powering repeating bursts from FRB sources4–13, but no 
convincing evidence has been collected so far14. Recently, the Galactic magnetar 
SRG 1935+2154 entered an active phase by emitting intense soft γ-ray bursts15. One 
FRB-like event with two peaks (FRB 200428) and a luminosity slightly lower than the 
faintest extragalactic FRBs was detected from the source, in association with a soft 
γ-ray/hard-X-ray flare18–21. Here we report an eight-hour targeted radio observational 
campaign comprising four sessions and assisted by multi-wavelength (optical and 
hard-X-ray) data. During the third session, 29 soft-γ-ray repeater (SGR) bursts were 
detected in γ-ray energies. Throughout the observing period, we detected no single 
dispersed pulsed emission coincident with the arrivals of SGR bursts, but 
unfortunately we were not observing when the FRB was detected. The non-detection 
places a fluence upper limit that is eight orders of magnitude lower than the fluence of 
FRB 200428. Our results suggest that FRB–SGR burst associations are rare. FRBs may 
be highly relativistic and geometrically beamed, or FRB-like events associated with 
SGR bursts may have narrow spectra and characteristic frequencies outside the 
observed band. It is also possible that the physical conditions required to achieve 
coherent radiation in SGR bursts are difficult to satisfy, and that only under extreme 
conditions could an FRB be associated with an SGR burst.

We have been closely monitoring SGR 1935+2154 with FAST22 to test 
whether a magnetar can create FRBs or FRB-like events during its active 
phase. We observed the target for 8 h in the following four sessions: (1) 
15 April 2020 21:54:00 to 23:54:00 utc (coordinated universal time); (2) 
26 April 2020 21:06:55 to 23:06:55 utc; (3) 27 April 2020 23:55:00 to 28 
April 2020 00:50:37 utc; and (4) 28 April 2020 20:35:00 to 23:35:00 utc. 
These observing windows are uneven because they are limited by the 
visibility of the source and the availability of observing time with FAST. 
We used the FAST central beam of the L-band receiver, with a usable 
460-MHz band centred around 1.25 GHz. The system temperature was 
20–25 K. During the FAST observing period, we also coordinated a 

multi-wavelength observational campaign in the hard-X-ray band with 
Insight-HXMT and in the optical band with the BOOTES telescopes in 
China, Spain and New Zealand, as well as the LCOGT 1-m telescope in 
USA (Fig. 1).

FRB 20042816,17 occurred between sessions (3) and (4), so the signal 
was not caught by FAST. On the other hand, during the 1-h observing 
period in session (3), SGR 1935+2154 became very active, emitting 29 
bursts in about 30 min (Methods). The temporal and spectral properties 
of these events are similar to those of standard magnetar short bursts 
observed with Fermi/GBM23,24 . The fluence of these bursts in 8–200 keV 
is in the range of 1.8 × 10−8–6.7 × 10−6 erg cm−2. Some of these bursts have 
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fluences comparable to or higher than (6.8 ± 0.1) × 10−7 erg cm−2—the 
1–250 keV fluence of the burst associated with FRB 20042818. Consider-
ing the huge fluence (>1.5 MJy ms)17 of FRB 200428, if associations of 
FRBs with SGR bursts were ubiquitous, one would expect the detection 
of at least 29 FRBs in session (3).

We performed dedicated searches for FRB-like events in all four ses-
sions, paying special attention to session (3), when 29 SGR bursts were 
emitted. Because a megajansky-level radio burst would saturate FAST,  
we searched for both dispersion signals and instrumental saturation  
signals. Five types of searching strategies were applied: blind search,  
limited dispersion measure (DM) search, saturation search, windowed  
search and ephemeris folding (Methods). No single burst signal con-
sistent with the SGR 1935+2154 origin was detected down to the FAST 
sensitivity limit. Figure 2 shows the candidate single pulses detected 
as a function of time and DM for one example Fermi/GBM burst (num-
ber 10). The red solid line tracks the expected FRB arrival time as a 
function of DM at 1.25 GHz. The horizontal blue dashed line denotes 
DM ≈ 333 pc cm−3, measured from the FRB-like events detected from 
the source16. One can see that no signal was detected at the desired time 
and DM. We checked all the pulse candidates one by one and identified 
them as narrow-band radio frequency interferences (RFIs). The same 
is true for all other 28 Fermi/GBM bursts detected in the same observ-
ing session (Methods and Extended Data Fig. 2). The non-detection of 
bursts from SGR 1935+2154 by FAST sets stringent upper limits on the 
fluxes of pulsed radio emission as low as several millijanskys (Extended 
Data Fig. 1a) and on the fluences down to the level of 10–40 mJy ms 
(Extended Data Fig. 1b).

The lack of any FRBs in association with any of the 29 SGR bursts 
poses important constraints on the physical mechanism producing 
observable FRBs from magnetars. We consider the following three 
possibilities, noting that more than one of these may be responsible 
for the missing FRBs from most SGRs.

The first possibility is that all SGR bursts may be associated with FRBs, 
but the FRB jets are much more collimated than high-energy emission 
so that most of them missed Earth. Let us assume that each FRB has a 
conical structure with a half-opening angle defined as max(1/Γ, θj), 
where Γ and θj are the Lorentz factor and the geometric opening angle 
of the FRB jets, respectively. The fact that at most 1/30 of the SGR bursts 
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Fig. 1 | Timeline of multi-wavelength campaign of SGR 1935+2154. Each 
observation is labelled with a different colour and colour blocks indicate the 
observing epochs. In the γ-ray band, the colour blocks are the epochs of Fermi/
GBM bursts. The zoomed-in timeline shows the detections of 29 SGR bursts by 

GBM in the third FAST session. The epoch of FRB 200428 is marked by a grey 
line, which coincides with one of the optical observations of BOOTES. The 
second and third optical observations are artificially thickened for clarity.
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Fig. 2 | Non-detection of radio burst within ±30 s of GBM burst 10. The 
horizontal and vertical axes show the observational time and the DM, 
respectively. The size and colour of the markers indicate the flux density of the 
signal; that is, green: flux <5 mJy; blue: 5 mJy < flux ≤ 10 mJy; purple: 
10 mJy < flux ≤ 20 mJy; yellow: 20 mJy < flux ≤ 40 mJy; red: 40 mJy < flux. 
Throughout the observations, no signal with apparent flux density above 
80 mJy was detected. The slanted red line is the expected arrival time of a 
putative SGR burst, and the horizontal dashed blue line indicates 
DM = 333 pc cm−3. The plot shows the DM range 0–1,000 pc cm−3 with a 
searching range of 0–5,000 pc cm−3. MJD, modified Julian date.
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have a detectable FRB down to the FAST flux sensitivity (considering the 
detection of FRB 20042816,17, which is associated with one SGR burst18–21, 
and that no other FRB associated with other SGR bursts that are not 
in the FAST observing windows has been detected) suggests that the 
solid angle of the FRB beam must be at most 1/30 of that of SGR bursts. 
Assuming that the SGR burst emission is isotropic, one reaches the 
most conservative constraints of Γ ≥ 59 and θ ≤ 0.37 rad, which should 
be more stringent if SGR bursts themselves are beamed (Methods). The 
requirement of Γ ≫ 1 is consistent with the suggestion that FRB emitters 
must be highly relativistic according to other theoretical arguments6,25. 
If beaming is the cause of the non-detection of FRBs from most SGR 
bursts, the true energies and luminosities of FRBs should be corrected 
by the small beaming factor fb,FRB and are much lower than the isotropic 
values. For FRB 200428, the energy is <1034 erg and the luminosity is 
<3 × 1036 erg s−1 (Methods).

The second possibility is that all SGR bursts are accompanied by 
low-frequency bursts, but the peak frequencies of these bursts may 
have a range of distribution. This scenario may apply to the FRB mod-
els invoking relativistic shocks and contrived conditions to produce 
synchrotron maser emission26–29. In order to have at most 1/30 of SGRs 
producing FRBs observable by FAST, very contrived conditions are nec-
essary. The required spectra of low-frequency bursts must be extremely 
narrow and the distribution of the peak frequencies of these bursts 
must be far from the FAST band. If the discrepancy between CHIME16 
and STARE217 for the fluence of FRB 200428 is caused by the intrinsic 
narrow spectrum of the FRB, then the distribution peak of the putative 
low-frequency bursts associated with 29 other SGR bursts should be 
above 30 GHz (Methods).

The final possibility is that the observed rarity of FRBs from SGR 
bursts is intrinsic. The extremely high brightness temperatures of FRBs 
require that the radiation mechanism be coherent10,11,25–29. It is possible 
that the fragile coherence condition may not always be satisfied in SGR 
bursts. In this case, one would expect that the SGR burst associated 
with FRB 200428 has some special features that are uncommon in most 
SGR bursts. Tentative evidence along this line has been collected18.

The non-detection of FRBs from 29 SGR bursts is consistent with 
the known rates of SGR bursts and cosmological FRBs. If all SGR bursts 
similar to the one associated with FRB 200428 generate FRBs with 
luminosities similar to that of FRB 200428, the cosmological FRB rate 
would be about two orders of magnitude higher than the currently 
observed value (Methods). This discrepancy is fully consistent with 
our observation, which shows that at most 1/30 of SGR bursts produce 
observable FRBs.

Our multi-wavelength observations set upper limits in their respec-
tive observing windows (Methods). Most of these upper limits are not 
constraining, but one Z-equivalent 17.9-mag upper limit in the 60-s 
exposure during the prompt epoch of FRB 200428 set by BOOTES-3 
can pose some interesting constraints on the models for the so-called 
‘fast optical bursts’ (FOBs) associated with FRBs30. In particular, this 
upper limit can rule out a certain parameter space of some FOB models 
invoking the inverse Compton scattering origin of optical emission 
(Methods).

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
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Methods

Multi-wavelength campaign
The information of our multi-wavelength observational campaign 
is presented in Extended Data Table  1. Figure  1 shows how the 
multi-wavelength observations overlap in time.

FAST observations
We performed four sessions of FAST (Five hundred meter Aperture 
Spherical radio Telescope) observations, as listed in Extended Data 
Table 1.The centre frequency was 1.25 GHz, spanning from 1.0 GHz 
to 1.5 GHz, including a 20-MHz band edge on each side. The average 
system temperature was 25 K.

We searched for radio bursts with either a dispersion signature or 
instrumental saturation in all FAST data collected during the observa-
tional campaign. The search for dispersed bursts was carried out using 
the software package BEAR31. Five types of searches were performed: 
blind search, dedicated search, saturation search, windowed search, 
and ephemerous folding.

Blind search. We searched the DM range 1–5,000 pc cm−3. We used 
the following scheme to de-disperse the data to save computational 
resources: DM steps of 0.3, 0.5, 1.0 and 3.0 pc cm−3 were used for the DM 
ranges 0–1,000, 1,000–1,835, 1,835–3,656 and 3,656–5,000 pc cm−3, re-
spectively. We used 14 box-car-filter-width grids uniformly distributed 
in logarithmic space from 0.2 ms to 30 ms. A zero-DM matched filter31 
was applied to mitigate RFI in the blind search. All the candidate plots 
generated were then visually inspected. We found that most of the can-
didates were narrow-band RFIs, and there was no burst with dispersive 
signature with a signal-to-noise ratio of S/N ≥ 8. The DM–time plots 
for the 29 bursts seen in the Fermi/GBM (Gamma ray Burst Monitor) 
daily time-tagged event (TTE) data are presented in Extended Data  
Fig. 2.

Dedicated search. For the DM range 200–600 pc cm−3, we performed 
a dedicated search. The DM step was refined to 0.3 pc cm−3. In the dedi-
cated search, we shut down the RFI mitigator to make sure we did not 
discard signals. We did not detect any wide-band dispersive bursts 
with S/N ≥ 8.

Saturation search. We understand that if the radio flux is as high 
as kilojansky–megajansky16,17, FAST would be saturated. We there-
fore also searched for saturation signals in the data. We looked for 
the epoch in which 50% of channels satisfy one of the following  
conditions: 1) the channel is saturated (255 value in 8-bit channels), 2) 
the channel is zero-valued, or 3) the root mean square of the bandpass 
is less than 1. Because the DM for SGR 1935+2154 is about16,17 333 pc cm−3, 
we expect that the timescale for saturation is ~800 ms across the  
FAST band. Our code captured several short-timescale wide-band 
saturation signals. However, we did not detect any saturation  
lasting >0.5  s. We exclude any saturation associated with  
SGR 1935+2145.

Windowed search. The blind search in the Fermi/GBM daily TTE data 
during the FAST observing time revealed 29 short SGR-like bursts on 
28 April 2020 from 00:19 to 00:50 utc (Extended Data Table 2). For the 
FAST data within a time window of ±1 min of these Fermi/GBM events, we 
performed a windowed search, in which we visually inspected the plots 
of the dynamic spectra, the DM-0 time series, and the de-dispersed time 
series at 333 pc cm−3. No burst or saturation signal consistent with an 
SGR 1935+2145 origin was detected.

This non-detection places stringent upper limits on the pulsed radio 
emission from SGR 1935+2145. Using the telescope parameters32, for a 
5-ms pulse the estimated flux and fluence upper limits are 4.5 mJy and 
22 mJy ms, respectively (see Extended Data Fig. 1).

Ephemeris folding. For the third session, we also folded the data us-
ing the ephemeris information of SGR 1935+214533 and the DM value 
reported16,17. No obvious signal was seen.

Fermi observations of SGR 1935+2154
We performed a blind search with the Bayesian Blocks method24 using 
the continuous time-tagged event data of GBM. We found 29 bursts 
from SGR 1935+2154 during the third session of FAST observations. 
All these events were detected on 28 April 2020 in about 30 min, from 
00:19:44.192 to 00:50:21.969. The information of these bursts is pro-
vided in Extended Data Table 2. Both the flux and the fluence are in the 
range 8–200 keV. The distribution of the burst durations (with mean 
value ⟨T90⟩ ≈ 0.22 s, where T90 is the burst duration defined by the time 
window in which 90% of the burst fluence is collected) and the cumula-
tive distribution of the fluence is presented in Extended Data Fig. 3. A 
cut-off power-law function
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Hard X-ray observations
During the FAST observing sessions (2) and (4), the Insight-HXMT (Hard 
X-ray Modulation Telescope) X-ray satellite34 observed SGR 1935+2154 
simultaneously with its three collimated telescopes covering the 
1–250 keV energy band. No significant (above 3σ) detection of any burst 
was made in our offline data analysis. Assuming a cut-off power-law 
spectral model with the same parameters (neutral hydrogen column 
density 2.6 × 1022 cm−2; photon index 1.44; and cut-off energy 69.8 keV) 
as those used for the hard-X-ray burst detected by Insight-HXMT in 
association with FRB 20042818 from SGR 1935+2124, we obtain the 
3σ upper limit on its fluence as Fi = Ai10−9T−1/2 erg cm−2, where T is the 
assumed burst duration in seconds, i = 1, 2, 3 represents the three tel-
escopes—namely, the low-energy X-ray telescope (LE; 1–10 keV), the 
medium-energy X-ray telescope (ME; 10–30 keV) and the high-energy 
X-ray telescope (HE; 27–250 keV)—and A1 = 2.7, A2 = 3.5 and A3 = 4.5. With 
a duration of T = 0.5 s, similar to that of the X-ray burst associated with 
FRB 200428, the upper limits are 3.8 × 10−9 erg cm−2, 4.9 × 10−9 erg cm−2 
and 6.4 × 10−9 erg cm−2 for LE, ME and HE, respectively.

From 15 to 29 April (not included), a period covering all four FAST 
sessions, about 300 X-ray bursts were observed with several X- or γ-ray 
telescopes—besides Fermi/GBM35 and Insight-HXMT36, other detec-
tors include the Burst Alert Telescope37,38 and the X-Ray Telescope39 
onboard the Neil Gehrels Swift Observatory, NICER40, AGILE20, Integral19, 
Konus-Wind21, AstroSat41 and the CALET Gamma-ray Burst Monitor42. 
This number does not include the burst forest containing two closely 
separated time intervals of ~3 s and ~15 s on 27 April, when a series of 
bursts arrived together and the count rate never returned to the back-
ground level37.

Optical observations
We used the BOOTES (Burst Observer and Optical Transient Exploring 
System; http://bootes.iaa.es)43 robotic telescopes and the 1-m telescope 
of LCOGT (Las Cumbres Observatory Global Telescope) at McDonald 
Observatory to monitor SGR 1935+2154 during our FAST monitoring 
campaign.

The three BOOTES telescopes (0.6-m BOOTES-4/MET robotic tel-
escope at Lijiang Astronomical Observatory, China; 60-cm BOOTES-2/
TELMA robotic telescope at IHSM La Mayora, UMA-CSIC, in Algarrobo 
Costa, Spain; and BOOTES-3 at NIWA Lauder, Otago, New Zealand) 

http://bootes.iaa.es


reacted to various SGR alerts, and performed automatic observa-
tions of SGR 1935+2154 around the epochs of the FAST monitoring 
campaign. These observations led to various 3σ limiting magnitudes 
by making use of the nearby stars in the USNO-B1.0 and Pan-STARRS 
catalogues. The results are shown in Extended Data Table 1. Interest-
ingly, a 17.9-mag upper limit was placed with a 60-s exposure time 
during the epoch in which FRB 200428 was emitted. The 1-m telescope 
of LCOGT at McDonald Observatory took images in the R filter with 
an 8 × 300-s exposure, on 30 April at 07:21:48 ut, and an upper limit 
of 21.1 mag was derived from the co-added image (Extended Data  
Table 1).

Probability of FAST-band FRB–SGR associations
The fact that 29 SGR bursts monitored by FAST did not show any asso-
ciated radio bursts down to the FAST sensitivity level, along with the 
fact that FRB 20042816,17 was associated with one SGR flare18–21, can 
define the baseline probability of detecting an FRB from an SGR burst  
to be

P = 1/30. (2)0

The true probability is probably P ≤ P0, because no other FRB has 
been reported to be associated with any other SGR bursts from 
SGR 1935+2154. If an FRB-like event as bright as FRB 200428 occurred 
in association with any of the other ~300 X-ray bursts, it would prob-
ably have been caught by wide-field radio telescopes such as CHIME 
(Canadian Hydrogen Intensity Mapping Experiment) or STARE2 (Survey 
for Transient Astronomical Radio Emission 2). Furthermore, during 
session (4) of the FAST observations, a few dozen X-ray bursts were 
detected by NICER40. Because the data of these bursts are not publicly 
available, we cannot perform a similar analysis to that carried out for 
the 29 GBM bursts reported here. However, the non-detection of FRBs 
during session (4) would make P much smaller than P0. In the following, 
we take P0 as a very conservative probability and discuss the physical 
implications.

Constraints on model parameters: beaming
The flux contrast of the 29 non-detections should be

F
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where fν,FRB ≳ 1.5 MJy ms is the fluence of FRB 200428, fν,FAST ≈ 22 mJy ms is 
the FAST fluence limit, and Fν,FRB and Fν,FAST are the corresponding fluxes.

We examine the model constraints assuming that this small fraction 
is caused by the narrow beaming of FRB jets. We consider an FRB jet 
with a geometric beaming angle of θj and a bulk Lorentz factor of Γ. The 
Doppler factor at a viewing direction θ is given by
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For simplicity, we assume that the intrinsic spectrum of the FRB is flat, 
which means that the radio flux is independent of the frequency (the 
case of a narrow spectrum is discussed below). Further, we assume that 
FRB 200428 has θ < θj and the putative SGR-related FRBs not detected 
by FAST have θ > θj. We then have
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or 2Γ2[1 − βcos(θ − θj)] ≳ η1/3. Assuming that |θ − θj| ≪ 1, one has 1 – β co
s (θ − θj) = 1 – β + β(θ − θj)

2/2 = 1/(2Γ2) + (θ − θj)
2/2, so that (θ − θj)

2Γ2 ≳ η1/3. 
One may define a characteristic viewing angle θc = θj + η1/6/Γ. The above 

condition is satisfied when θ ≳ θc. If we assume that the SGR burst emis-
sion is isotropic, the probability for FRB/SGR associations should  
satisfy

∫P P θ θ θ
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which gives

θ P
η

Γ
≤ arccos(1 − 2 ) − . (7)j 0

1/6

In Extended Data Fig. 4a, we plot the constraint from equation (7). 
For P0 = 1/30, a small beaming angle of θj ≈ 0 means that Γ ≳ η1/6/[arc-
cos(1 − 2P0)] ≈ 59, and a large Lorentz factor of Γ ≫ η1/6 means that θ ≱ arc-
cos(1 − 2P0) ≈ 0.37 rad. In Extended Data Fig. 4b, we plot the function 
of P(θj, Γ) given by equation (6). This constraint is very conservative. 
If the SGR bursts are not isotropic (with a beaming factor fb,SGR < 1), 
then the constrained FRB jet angle would be smaller by the same  
factor.

This beaming interpretation, if true, would greatly reduce the 
required energetics of FRBs. The distance of SGR  1935+2154 is  
uncertain, ranging from ~6.6 kpc (ref. 44) to ~12.5 kpc (ref. 45). We  
adopt the larger value to derive the most conservative upper lim-
its on the true energetics of FRB 200428. According to the STARE2  
observation, the isotropic energy of FRB 200428 is Eiso,FRB = 4πd2 
νfν,FRB ≈ 4 × 1035 erg with ν ≈ 1.4 GHz and d ≈ 12.5 kpc. If the FRB 200428  
as detected by STARE2 has the same duration as that detected by  
CHIME, that is, Δt ≈ 5 ms, then its isotropic luminosity is Liso,FRB ≈ 8 ×  
1037 erg s−1. The beaming factor of each FRB should be fb,FRB = Pfb,SGR < 1/30. 
The true energy and true luminosity of FRB 200428 are therefore  
EFRB ≈ Eiso,FRBfb,FRB < 1034 erg and LFRB < Liso,FRB fb,FRB < 3 × 1036 erg s−1,  
respectively.

Constraints on model parameters: narrow spectra and spectral 
peak distribution
The small P ≤ P0 = 1/30 could be also caused by narrow spectra of the 
putative FRBs, the peak frequency of which has a distribution. Below 
we constrain the parameter space for this scenario.

We assume that every SGR burst is associated with an FRB-like burst, 
the peak frequency of which could be outside the FAST band. If the 
fluence of an FRB reached fFAST ≈ 22 mJy ms in the frequency band 
~1–1.5 GHz, it would be detected by FAST. We consider that the FRB 
peak frequency satisfies a log-normal distribution, that is,
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where νpeak and νpeak are the FRB peak frequency and the mean of its 
distribution, respectively, and the standard deviation of the distribu-
tion is σpeak = 0.5. For each FRB-like event, we assume that the spectrum 
is a narrow Gaussian, that is,
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where Δν defines the width of the Gaussian spectrum. The non-detection 
by FAST then implies
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Therefore, the chance probability for non-detection is given by

∫P P
N

ν
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d
dlog

dlog . (12)
η ν
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0 log{max[1 GHz−(2 ln ) Δ ,0]}

log[1.5 GHz+(2 ln ) Δ ]
FRB

peak
peak1/2

1/2

In Extended Data Fig. 5a, we plot the relation between νpeak and Δν 
constrained by the observed probability. One can see that in order to 
have P ≤ P0 = 1/30, the spectra should be very narrow (for example, 
Δν < 0.1 GHz) and the distribution peak νpeak  should be far away  
from the FAST band, for example, either ν ≳ 10peak   –100 GHz or ν ≱10peak   – 
100 MHz. In Extended Data Fig. 5b we show the contours for different 
probabilities in the νlog p̄eak– νΔ  plane.

One may use the observation of FRB 200428 to estimate its spec-
tral width. Given that fν,STARE2 ≈ 1.5 MJy ms at νSTARE2 ≈ 1.4 GHz and 
fν,CHIME ≈ 0.22 MJy ms at νCHIME ≈ 0.6 GHz, one can use

f
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= exp
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2Δ
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≈ 0.4 GHz. (14)
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CHIME STARE2
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1/2

As shown in Extended Data Fig. 5a, this requires the peak of the νpeak 
distribution to be far away from the FAST band, that is, ν ≥ 32 GHzpeak .

Constraints on the fraction of SGR bursts that produce 
observable FRBs
In the following, we show that in order to avoid overproducing the 
observed FRB rate in the Universe, only a small fraction of SGR bursts 
are allowed to make observable FRBs (not including possible FRB 
events beaming away from Earth or having narrow spectra outside 
the gigahertz-level observing window of radio telescopes).

We first estimate the cosmic number density of SGRs as

F ∫z f f ρ z
τ
z

z( ) = ˙( ′)
d
d ′

d ′, (15)
z

z
NS SGR ∞

′

where ̇ρ z( ) is the star formation rate as a function of redshift z, τz is 
the age of the Universe at redshift z, fNS represents the specific neutron 
star formation fraction per solar mass (M☉) and fSGR denotes the fraction 
of neutron stars that can produce SGR bursts (magnetars). We adopt 
the analytical model of the star formation history derived from the 
observational data46
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where ̇ ⊙ρ M= 0.02 yr Mpc0
−1 −3 and the smoothing parameter is η = −10. 

The age of the Universe in standard ΛCDM cosmology is defined as

∫τ
H
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z Ω z Ω
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1 d ′
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, (17)z z0

∞

m
3

Λ
1/2

where the Planck cosmological parameters H0 = 67.8 km s−1 Mpc−1, 
Ωm = 0.308 and ΩΛ = 0.692 have been used47. Assuming that stars obey 
the Salpeter initial mass function48 dN/dM ∝ M−2.35 within the mass range 
0.1M☉–100M☉ and that massive stars with 8M☉ < M < 25M☉ would produce 
neutron stars within a negligible timescale compared with τz, we obtain 
roughly f M= 0.006NS ☉

−1. In addition, based on Milky Way observations, 
we can obtain an order- of-magnitude estimation for 
fSGR ≈ NSGR,obs/NNS,MW ≈ 10−7.

To estimate the FRB rate, we further assume that on average SGRs 
produce hard-X-ray bursts with a rate of Nḃ per day, of which a fraction 
fSGR–FRB can generate FRBs observable by Earth observers. Consequently, 
the rate of FRBs from SGRs (SGR–FRBs hereafter) can be estimated as

F
N
V t

z N f
d
d d

= ( ) . (18)FRB
b SGR−FRB
̇

For a given detector with sensitivity threshold Fth, the threshold 
luminosity of detectable FRBs at redshift z is L D z F= 4π ( )th L

2
th, where DL 

is the luminosity distance of the FRB. Here we use Fth ≈ 1 mJy consider-
ing the sensitivity of CHIME49. We assume that the luminosity function 
of SGR–FRBs is dN/dL ∝ L−α within the luminosity range L0 < L < Lcut, 
where we take α = 1.8 and Lcut = 1044 erg s−1 based on the currently known 
FRB luminosity function50. We assume that L0  =  Lobs, where 
Lobs = 8 × 1037 erg s−1 is the luminosity of FRB 200428. Finally, we derive 
the SGR–FRB detection rate
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and D z F L4π ( ) =L
2

max th cut . Considering that RSGR–FRB should be smaller 
than the observational rate of FRBs, which is ~104 d−1 all-sky2, we thus 
obtain
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This fraction is fully consistent with the conclusion that at most 1/30 
of SGRs can produce observable FRBs.

Model constraints from non-detection of FOBs
The 17.9-mag upper limit of the optical flux during the prompt phase 
of FRB 200428 can be used to constrain physical models of FRBs. 
We consider an extinction correction of 6.2 mag in the direction of 
SGR 1935+2154. The true upper limit is ~11.7 mag.

Following ref. 30, we consider a putative FOB with peak flux of Fν and 
duration τ. For a telescope with exposure time T, the observed effective 
flux could be estimated as Fν,eff ≈ min(τ/T, 1)Fν. The magnitude of an 
optical source is related to its flux through m = −2.5log[Fν /(3,631 Jy)],  
so

m
τ F

T
= 20.8 − 2.5 log (22)

νms ,Jy

60











for τ ≱ T, where τms is the optical pulse duration normalized to millisec-
onds, T60 is the exposure time normalized to 60 s, and Fν,Jy is the peak 
flux in janskys. For a given observed limiting magnitude m*, the intrinsic 
flux limit of an FOB would be
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for τ ≱ T. Our BOOTES observation gives an upper limit of m* = 11.7 
with T = 60 s after considering the extinction correction. One then 
has Fν,opt ≱ 4.4 kJy for τ = 1 ms. The flux of FRB 200428 is Fν,FRB ≳ 1.5 MJy 
for τ = 1 ms. One therefore has the FOB-to-FRB flux ratio
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F
≡ ≱10 . (24)

ν

ν
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This stringent upper limit poses interesting constraints on FOB emis-
sion mechanisms30. For models invoking extension of radio emission 
to the optical band, the predicted optical flux is lower than this limit. 
These models are therefore consistent with this upper limit. On the 
other hand, some models invoking inverse Compton scattering of 
radio photons to the optical band can be constrained with the cur-
rent limit. We define the fraction of electrons that can upscatter radio 
photons to the optical band as ηγ ≤ 1. The following constraints can 
be obtained: (1) for the inverse Compton model within the magne-
tosphere of a neutron star, ζ ≱ 10−3 leads to the constraint ηγ ≱ 3,000. 
Given that ηγ ≤ 1, this scenario is fully consistent with the data. (2) For a 
beamed radio burst with intrinsic duration Δt and opening angle θj, and 
a rotation period of the underlying magnetar of Pmag ≈ 3.2 s sweeping a 
surrounding nebula, the duration of the FOB due to inverse Compton 
scattering is much longer, that is, τ ≈ 1,000 s. The intrinsic optical flux 
then becomes Fν,opt ≈ 76 mJy, so that ζ ≱ 10−8. This gives the constraint 
ηγ ≱ 0.5(Δt/1 ms)−1 or ηγ ≱ 1.7 × 10−4 (θj/0.1)−2. This is the first meaningful 
constraint on the FOB model parameters.
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Extended Data Fig. 1 | Flux and fluence upper limits from FAST observation. 
a, b, The horizontal axis shows the pulse width, and the vertical axes show the 
flux (a) and fluence (b) upper limits.



Extended Data Fig. 2 | FRB radio candidates around the epochs of all 29 Fermi/GBM bursts. As in Fig. 2, except that the observations are centred around the 
epochs of different GBM bursts.
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Extended Data Fig. 3 | T90 and fluence distribution of 29 Fermi/GBM bursts with best-fitting lines. a, Distribution of the duration T90. b, Fluence distribution. 
The error bars are defined as the square root of the burst number in each fluence bin.



Extended Data Fig. 4 | Jet beaming angle constraints. a, Relationship between jet beaming angle θj and Lorentz factor Γ constrained by the observed probability; 
see equation (7). b, Constrained probability (P) contours in the θj−Γ plane. The colour scale is logarithmic, that is, logP.
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Extended Data Fig. 5 | Spectra and spectral peak distribution constraints. 
a, Relationship between mean peak frequency νpeak and spectrum width Δν 
constrained by the observed probability. The dashed line corresponds to 

Δν = 0.4 GHz. b, Constrained probability (P) contours in the νpeak– νΔ  plane. The 
colour scale is logarithmic, that is, logP.



Extended Data Table 1 | The multi-wavelength campaign

aAll optical magnitude upper limits are subject to an extinction correction of 6.2 mag in the Z band for SGR 1935+2154.
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Extended Data Table 2 | The 29 SGR bursts detected by 
Fermi/GBM
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