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The central engine of fast radio bursts (FRB) is not yet understood. Due to the interaction be-41

tween the pulse and the intervening plasma, the dispersion sweep of FRBs provides a unique42

probe of its environment and the ionized baryon content of the intergalactic medium1. Ac-43

tive repeaters has been shown to be associated with persistent radio source2 (PRS), and dense,44

energetic, magnetized plasmas3, 4.Here we report the discovery and localization of a new, ex-45

tremely active repeater, FRB 190520, which is co-located with a compact PRS and identified46

with a dwarf host galaxy of high star formation at a redshift z = 0.241. The estimated host47

galaxy contribution DMhost ≈ 912+69
−108 pc cm−3 is nearly an order of magnitude higher than the48

average of FRB host galaxies5, 6 and much larger than the contribution from the intergalac-49

tic medium, suggesting caution in inferring redshifts for FRBs without accurate host galaxy50

identifications. This represents the second source after FRB 121102 with confirmed associa-51

tion between FRB and compact PRS. The dense, complex host galaxy environment and the52

associated persistent radio source may point to a distinctive origin or an earlier evolutionary53

stage for highly active repeating FRBs.54

FRB 190520 was discovered with the Five-hundred-meter Aperture Spherical radio Tele-55

scope (FAST)7 in drift-scan mode as part of the Commensal Radio Astronomy FAST Survey56

(CRAFTS8) at 1.05–1.45 GHz in 2019. Four bursts were detected during the initial scan, iden-57

tifying it as a repeater. Monthly follow-up tracking observations between 2020 April and 202058

September detected 75 bursts in 18.5 hrs at a mean pulse dispersion measure (DM) of 1202 ±59

10 pc cm−3. Assuming a Weibull distribution of the burst waiting time, we model the FRB burst60

rate to be R(7σ > 9.3 mJy ms) = 4.5+1.9
−1.5 hr−1, making it one of the most active repeating FRBs61
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detected to date9, 10. Similar to other repeaters, this FRB shows complex frequency-time structure,62

with frequency modulation, multi-component-profiles, sub-burst drifting, and scattering (Figure 163

and Methods).64

We observed FRB 190520 with the Karl G. Jansky Very Large Array (VLA) using the real-65

fast fast transient detection system11. Throughout the second half of 2020, we observed the source66

for 16 hours and detected 3, 5, and 1 bursts in bands centered at 1.5 GHz, 3 GHz, and 5.5 GHz,67

respectively. We measured a burst source position of (RA, Dec)[J2000] = (16h02m04.268s±0.12′′,68

–11◦17′17.32′′±0.12′′) with position uncertainty (1σ) dominated by systematic effects. Deep im-69

ages using data from the same observing campaign reveal a compact persistent radio source (PRS)70

at (RA,Dec)[J2000] = (16h02m04.2611s±0.124′′,–11◦17′17.3869′′±0.126′′) (statistical plus sys-71

tematic errors) and flux density of 202 ± 8µJy at 3.0 GHz. Using averaged flux density at each72

sub-band over the VLA campaign, we find a PRS flux density spectrum can be fit with a powerlaw73

with index -0.41±0.04.74

Figure 2 shows the FRB location compared to deep optical, near-infrared (NIR) and radio75

images of the field. The optical image (R′-band) obtained by CFHT/MegaCam reveals a galaxy76

(J160204.31−111718.5) at the location of the FRB, the light profile of which peaks at ∼ 1′′ south77

east. Given the measured offset of the FRB from the galaxy and the density of galaxies with78

this magnitude, we estimate a chance coincidence probability of less than 1%12, 13, supporting79

J160204.31−111718.5’s being the host galaxy of FRB 190520. The NIR image (J-band) obtained80

by Subaru/MOIRCS14 shows the most likely stellar component of J160204.31−111718.5 with an81
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AB magnitude of 22.1±0.1 in J-band, with FRB 190520 and the PRS on the galaxy periphery.82

We obtained an optical spectrum at the location of the FRB with the Double Spectrograph on83

the Palomar 200-inch Hale Telescope that revealed the redshift of the putative host to be z = 0.24184

based on a detection of strong Hα, [O III] 4859Å, and [O III] 5007Å lines (see Methods). A follow-85

up observation with the Low Resolution Imaging Spectrometer (LRIS) at the Keck I Telescope86

covering both the FRB location and the nearby Subaru J-band source along the extended R-band87

structure indicates the R′-band structure is dominated by the [O III] emission at the same redshift88

of z = 0.241. The Hα luminosity LHα = 7.4 ± 0.2 × 1040 erg sec−1 after extinction correction89

suggests a star formation rate of ∼ 0.41 M⊙ yr−1. Based on the J-band magnitude, we estimate the90

stellar mass of the host galaxy to be ∼ 6 × 108 M⊙. Thus, we characterize J160204.31−111718.591

as a dwarf galaxy with a relatively high star-formation rate for its stellar mass 15. At the luminosity92

distance implied by the redshift, the PRS has a radio luminosity of L3 GHz = 4 × 1029 erg cm−1
93

Hz−1.94

It is usually assumed that the redshift of a FRB source can be estimated from the DM at-95

tributed to the intergalactic medium (IGM), DMIGM = DMFRB − DMhost − DMMW. Theoretical96

calculations16 and observations1 have independently estimated the IGM contribution to FRB DM97

as a function of redshift (Figure 3). For nominal DM contributions from the Milky Way (10098

pc cm−3 for MW disk and MW halo) and host galaxy (50 pc cm−3) and also assuming baryon frac-99

tions of 0.6 to 1 for the ionized IGM, the implied redshift range for FRB 190520 is z ∼ 1 to 1.6,100

which is much larger than the measured value. Instead, using DMIGM(z = 0.241) with 50% scatter101
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about a mean of 200 pc cm−3 (to account for cosmic variance of DMIGM for a baryon fraction of102

0.8) combined with a Milky Way contribution DMMW = 60 pc cm−3 with a 20% error based on103

the NE200117 electron density model for the disk and marginalized over a Milky-Way-halo con-104

tribution of 25 to 80 pc cm−3, a very high host DM (disk + circumgalaxy contribution) of 912+69
−108105

pc cm−3 is implied.106

The measured DM and scattering properties exclude the possibility that J160204.31−111718.5107

is a foreground galaxy with the true FRB host much further in the background. If this were the case,108

the observed Hα emission would imply an estimated mean DM contribution of about 474 pc cm−3
109

from the foreground galaxy in the observer frame (for a nominal temperature T ∼ 104 K; see Meth-110

ods), and the corresponding DM budget would imply a host galaxy at a redshift z ∼ 0.5. The scat-111

tering contribution of the foreground galaxy is related to its DM contribution by τ ∝ F̃ ×G×DM2,112

where F̃ describes the density fluctuation statistics in the ionized medium and G is a geometric113

factor relating the relative distances between the source, lens, and observer (see Methods). For a114

DM contribution of 474 pc cm−3, a host galaxy at redshift z ∼ 0.5, and a lens galaxy at a redshift115

zl = 0.241, the predicted scattering time is τ ≈ 3 s at 1375 MHz, orders of magnitude larger than116

the observed scattering time of 10.8 ms. The observed scattering time is thus far too small for the117

proposed host galaxy to lie in the foreground.118

The use of FRBs as probes of baryons in the IGM requires estimating the contributions to119

the pulse DM from the Milky Way and the host galaxy. So far, it has been assumed that the host120

DM is dominated by the interstellar medium of the galaxy, which could be modeled, estimated121
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from observations, or simply averaged in a statistical sense for an ensemble of observations. FRB122

190520 shows that the distribution of DMhost values can have a long tail, which adds considerable123

variance to estimates for the IGM.124

The co-located compact PRS, the star-forming dwarf host galaxy, and the high repetition125

rate, make FRB 190520 a clear analog to FRB 121102, the first repeating FRB18 and the first126

to be identified with a luminous PRS2 (Lν = 2 × 1029 erg s−1 Hz−1). Another repeating source,127

FRB 201124A, was also associated with persistent radio emission19–21. However, through optical128

spectroscopy and radio interferometric measurements, it was demonstrated that the persistent radio129

emission was spatially extended and consistent with radio emission from star formation in the host130

galaxy22. If the persistent radio emission associated with FRB 190520 is from star formation,131

however, the PRS luminosity would imply a star-formation rate of ∼10 M⊙ yr−1, a factor of 25132

larger than that measured for the host galaxy. Given the extreme PRS luminosity, its unresolved133

structure in VLA observations, and its offset from the center of the optical emission of the host134

galaxy, we conclude that the PRS is a compact source that is physically connected to the FRB135

190520, as found for FRB 1211022.136

Burst repetition and spectral structure have been used to argue that repeating and non-137

repeating FRBs comprise subclasses23, either at different evolutionary phases or entirely different138

physical scenarios. The observed burst properties are subject to observational biases 24, but PRS139

emission and DMhost reflect different aspects of the FRB environment.140

Prior to FRB 190520, more than a dozen FRBs had been localized, including five repeat-141
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ing sources25, 26, but only FRB 121102 had been found to be associated with a compact PRS. The142

two FRBs associated with PRSs are among the most active (e.g. a peak burst rate of 117 hr−1
143

has been found for FRB 12110227) and have large DMhost values, implying that they may be fea-144

tures of active FRBs that requires dense, magnetized plasma within parsecs of the source of the145

bursts 10, 28. Burst activity may then be correlated with the relativistic plasma emitting synchrotron146

radiation and the presence of thermal plasma in the local FRB environment. The nature of that147

correlation is plausibly related to FRB formation (e.g., a newborn source in a young supernova148

remnant or relativistic wind nebula), suggesting that highly active repeaters, such as FRB 121102149

and FRB 190520, are “newborns”, which still reside in their complex, natal environments28, 29. In150

this scenario, as the source ages, the PRS fades, the event rate drops, and the surrounding plasma151

dissipates30.152

The discovery of FRB 190520 and its high similarity to FRB 121102 demonstrate that some153

FRBs have very large local DM and PRS counterparts. We expect more such detections in the154

near future to distinguish between two scenarios: that active repeaters and non-repeaters are dis-155

tinctive populations, or that both repeating and apparently non-repeating FRBs are produced by a156

single source population at different evolutionary stages. Either possibility has direct impact on157

calibrating the FRB DM as a probe of cosmic baryons and on understanding FRB origin(s).158
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Figure 1: Top row: Frequency integrated burst intensities of six bursts detected during FAST

observations. Middle: De-dispersed dynamic spectra of the bursts clearly showing the band-limited

nature of these bursts. Darker patches represent higher intensities. Bottom: The number of bursts

detected at each epoch. The red lines span the observation windows of that day and the blue crosses

represent the number of bursts detected in that observation.
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Figure 2: Optical, infrared, and radio images of the field of FRB 190520. In each case, the

box is 40′′ in size and the 2′′ crosshairs indicate the best FRB position at 16h 02m 04.2683s

−11◦17′17.′′3203. (Left) An optical R′-band image obtained by CFHT MegaCam covers 5427Å–

7041Å, including redshifted Hβ 4861Å, [OIII]4959Å, and [OIII]5007Å emission lines from the

host galaxy. (Middle) The infrared J-band image by Subaru/MOIRCS shows emission only at the

location of the peak of the optical light profile of the host galaxy. (Right) The radio VLA image

(2–4 GHz) shows a compact persistent source at the FRB location. The synthesized beam is shown

as an ellipse of size (0.′′92 × 0.′′47) in the left corner.
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Figure 3: Galactic and extragalactic contributions to the DM observed for FRBs with firm host

galaxy associations and redshifts, adapted from ref. 31. Galactic disk contributions are estimated

from NE200117 with an additional halo contribution of 50 ± 25 pc cm−3 (full range; this range is

also reflected in the error bars plotted for the extragalactic DM). The expected DM contribution of

the intergalactic medium (orange line) is 972 pc cm−3 fIGM f (z), where f (z) ≈ 1.06z at z ∼ 0.24 and

the baryonic fraction in the ionized IGM is fIGM ∼ 0.8, with a 1σ band ∼
√

50 × DMIGM pc cm−3

due to cosmic variance. The host galaxy contributions DMhost shift observed values to the right of

the band of extragalactic DM predicted for the intergalactic medium alone. FRB 190520 is a clear

outlier from the general trend, with an unprecedented DM contribution from its host galaxy.
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Methods265

1 Observations266

FAST CRAFTS is a multi-purpose drift scan survey conducted with FAST using a 19-beam re-267

ceiver operating at 1.05–1.45 GHz, deployed in May 2018 and conducting blind FRB searches268

using multiple pipelines31. FRB 190520 was discovered on November 16th 2019 in archived269

CRAFTS data which is in 1-bit filterbank format with 196 µs time resolution and 0.122 MHz270

frequency resolution. In this first discovery observation, 3 bursts were detected in 10 seconds, and271

another burst was detected 20 seconds later. These 4 bursts from the drift scan survey gave a pre-272

liminary location for the source within a ∼ 5 arcmin diameter region. Taking the pointing location273

from FAST, 2 follow-up observations were performed with FAST on April 25th and May 22nd274

in 19-beam mode in which 15 bursts were detected. A monthly observation campaign was then275

conducted by FAST using the ∼ 100 mas localization from VLA. After some regular telescope276

maintenance, 10 observations were performed spanning from July 30th 2020 to September 19th277

2020 in which 60 more bursts were detected.278

Bursts were detected from FRB 190520 in each FAST monitor observation. We list the279

properties of those bursts detected by FAST in Table 1 . The burst arrival time is in MJD format280

and has been transformed to the arrival time at the solar system barycentre (SSB) at 1.5GHz. We281

estimate the structure maximizing DM 32 for the brightest burst from each day, and report the same282

DM (DMb) for all other bursts detected in that observation. The pulse widths were estimated by a283

Gaussian profile fit if the burst showed no obvious sign of scattering. The sub-pulse is recognized284



if the profile peak does not fall behind the noise baseline. If the burst shows a scattering tail285

(see Section 5), the pulse width is derived from the scatter tail fit. The bandwidth of each burst286

is roughly estimated by its spectrum after the Radio Frequency Interference (RFI) elimination.287

A 1-Kelvin equivalent noise calibration signal was injected before each observation session to288

obtain high quality flux density and energy calibration measurement for each detected burst. The289

injected noise calibration signal was used to scale the data noise level of the baseline to the system290

temperature (Tsys) units, the standard deviation of off-pulse brightness is nearly constant within291

6% for all observations. The variation in the off-pulsed noise level mainly comes from the zenith292

angle dependent telescope gain. The Kelvin unit was then converted to Jy using the zenith angle-293

dependent gain curve, provided by the observatory through quasar measurements33. For most294

observations, the zenith angle was less than 20 degrees, which corresponds to a stable gain of ∼16295

K/Jy. The zenith angle-dependent gains were then applied to the amount of pulsed flux above the296

baseline, giving the peak flux measurement of the detected bursts.297

The FAST observation data was searched using a Heimdall based pipeline31, 34. For the298

FRB blind search in 19-beams drift scan survey, the polarizations were merged and only kept299

stokes I, the trial DM range is from 100 to 5000 pc cm−3and the pulse width is adapted by a box300

car in the search. The candidates above a S/N of 7 and present in less than 4 adjacent beams were301

manually examined for further inspection. After we identified FRB 190520 as a new FRB source,302

the follow-up burst search was taken with narrower DM range(100-2000 pc cm−3). Following the303

VLA localization, the tracking observation only recorded data from central beam but with all the304

stokes parameters and higher time resolution (49.98µs). Candidates with S/N>7 sigma correspond305



to a fluence threshold of 9 mJy ms.306

VLA Following the FAST detection of bursts from FRB 190520 and its high burst rate, VLA307

observations were performed from July-October 2020 at the most reliable position determined308

using FAST detections. At the time of proposing, the location of this FRB was constrained to309

within 5 arcmin using multiple burst detections at FAST. The observations were done under the310

approved DDT project: 20A-557 and were performed at L, S and C bands. In total, 11.4 hrs were311

spent on the source. Most of the observations were in the B array configuration (with a maximum312

baseline of 11.1 km), with the exceptions that the array configuration was BnA on MJD 59161 and313

BnA->A on MJD 59167 and 59169. The total bandwidths at L (1.5 GHz), S (3 GHz), and C (5.5314

GHz) bands were 1024, 2022 and 2022 MHz, respectively, with 1024 channels, corresponding to315

channel band-widths of approximately 1, 2 and 2 MHz.316

The details of the observations are given in Table 2 . The telescopes were pointed at the field317

centered at (RA, Dec)[J2000] = (16h02m01s, -11d17m28s). We note that due to a system error318

the realfast system wasn’t run on the VLA observation on MJD 59169. However, this observation319

was used to make a deep radio image at S band.320

We used the realfast search system at VLA to search for bursts from FRB 190520 in our321

VLA observations. The realfast search system has been described in detail in 11, 35, but here we322

discuss it briefly. Using a commensal correlator mode, the visibilites are sampled with 10 ms323

resolution and distributed to the realfast GPU cluster for transient search. The search pipeline324

rfpipe 36 then applies the online calibration, de-disperses the visibilities and forms images at325



varying temporal widths. The 8σ fluence limit of a 10 ms image is 0.4 Jy ms. Candidates with326

image S/N greater than the threshold triggered the recording of fast sampled visibilities around 2-5327

seconds of the candidate. Each candidate is then post-processed, and classified by fetch, a GPU328

based convolutional neural network to classify radio transients from non-astrophysical signals 37.329

Interesting candidates are then visually checked by the realfast team and marked for further offline330

analysis.331

Promising candidates selected by the realfast team goes through an offline analysis to refine332

the parameters of the candidate, and improve its detection significance, if possible. Several meth-333

ods are tried within this analysis: offline search for the transient using a finer DM grid, varying334

RFI flagging parameters, changing image size (as realtime-search is done on non-optimal image335

size due to computational limitations), sub-band search etc (see section 2.4 of 35 for more details).336

Significance of an astrophysical transient should improve when the data is de-dispersed at a DM337

closer to the DM of the candidate (see section 2 of 38). Noise like events or RFI are sensitive to338

RFI flagging and image gridding parameters, and so they cannot be reproduced on refinement, and339

are discarded. Sometimes the transient signal is present only in a subband out of the whole band-340

width, so we also rerun our search only using the relevant frequencies, which further improves the341

detection significance. We applied all these techniques on all the interesting candidates from these342

observations, and used those refined parameters further in the analysis.343



2 Localization of bursts344

Calibration The images generated by the real-time system make several assumptions during cal-345

ibration and imaging. This is to improve the computational efficiency and perform the imaging346

and search in real-time. Moreover, the Point Spread Function (PSF) of the interferometer is not347

deconvolved from the image, so the real-time system forms “dirty” images. This does not opti-348

mally concentrate the signal of a point source to a small region, but it spreads it over the PSF of349

the telescope.350

To address these issues, we used the raw, de-dispersed, fast sampled visibilities with just the351

burst signal to re-image the burst data with Common Astronomy Software Application package352

(CASA v5.6.2-3) 39. We first downloaded the VLA calibration pipeline tables corresponding to353

each observation with the burst. We then applied those calibration and flagging tables to the burst354

data using CASA task applycal. Observation of 3C 286 (before the FRB observation) was used355

to calibrate the flux density scale, bandpass and delays. Complex gain fluctuations over time were356

calibrated with observations of calibrator J1558-1409.357

Determining properties of individual bursts After calibration, we used the CASA task tclean358

to generate the image and estimate an image Signal to Noise (S/N). For each burst, we search dif-359

ferent spectral window ranges to generate the image with highest S/N. This is because most of the360

bursts are frequency modulated, and therefore selecting a sub-band would improve the detection361

significance. We then use the CASA task imfit around the rough FRB position to fit an ellipse to362

the source in the radio image and measure the centroid location, peak flux density and 1σ uncer-363



tainities. We then take the weighted average of all burst positions, by weighing each position by the364

inverse of the position fit errors reported by CASA. This weighting scheme accounts for the effects365

of different beam size at different frequencies along with different significance of detection. This366

is because fit errors are inversely proportional to signal to noise ratio, and therefore high signifi-367

cance detection is expected to have smaller fit errors. Moreover, a high frequency detection would368

have smaller beam size, again leading to a smaller fit error. We observe both these effects as per369

our expectation in our fits. Using this, we obtained the best estimate for burst position of: R.A.=370

16h02m04.2683s, Decl.= -11d17m17.3203s (J2000). We estimate statistical error to be 0.023” and371

0.042”.372

We use burstfit to model the spectro-temporal properties of bursts. This analysis extends373

the discussion of 40 and has been described in 41. We model the pulse profile and the spectra using374

a Gaussian function, and therefore fit for 6 parameters: mean of pulse, width of pulse, mean of375

spectra, width of spectra, fluence and DM. Following 41, we use curve fit followed by MCMC376

methods to estimate the posterior distribution of these fit parameters. The fitted properties of the377

VLA bursts are given in Table 5 . Burst S5 was very weak, and hence its fit estimates are not well378

constrained. Burst times are defined in barycentric MJD time that are referenced to the frequency379

at the top of the receiver band referenced in the burst name. For bursts in L, S, and C bands, the380

reference frequencies are 2032, 4012, and 6512 MHz, respectively.381



3 Persistent Radio Source382

Deep radio images and PRS The VLA visibilities with 3 or 5 s sampling time were saved and an-383

alyzed to search for persistent radio emission. We used standard data reduction, including flagging384

and calibration with the CASA software package 39. We used 3C 286 as the primary calibrator for385

flux scaling and bandpass calibration. J1558-1409 was used as secondary calibrator to calibrate386

the complex gains as a function of time. We then performed further flagging on the target and then387

subsequently imaged its Stokes I using the CASA deconvolution algorithm tclean. To balance388

sensitivity while reducing sidelobes from a nearby bright source, we imaged with a Briggs weigh-389

ing scheme (robust=0). In addition, self-calibrations were performed for all observations to correct390

considerable artefacts from the close-by bright sources in the field. We made use of the CASA task391

imfit to measure source flux densities by fitting a point source with an elliptical Gaussian model392

with the size and shape of the restoring beam in the image plane.393

The VLA campaign obtained two-epochs at 1.5 GHz, six-epochs at 3 GHz and 5.5 GHz,394

which resulted in an on-source time of ∼ 3 hours for 1.5 GHz, ∼ 4 hours for both 3 GHz and395

5.5 GHz. We stacked observations at each central frequency in the uv-plane and then imaged the396

Stokes I intensity, resulting in 1.5 GHz, 3 GHz, and 5.5 GHz deep images with rms noise of 9.0,397

4.5, and 3.0 µJy/beam, respectively. The obtained positions for the PRS are shown in Table 3 . The398

systematic offsets on these positions are estimated in the next section.399

Systematic Offsets In order to determine the systematic errors on the coordinates of the PRS400

that we determined from the deep images, we ran PyBDSF (https://www.astron.nl/citt/401

https://www.astron.nl/citt/pybdsf/index.html
https://www.astron.nl/citt/pybdsf/index.html
https://www.astron.nl/citt/pybdsf/index.html


pybdsf/index.html) package to extract radio sources from the deep images. We then cross-402

matched the detected point sources in the deep images with the sources listed in the optical403

PanSTARRS survey DR1 42. We identified the radio point sources using the following criteria:404

• The peak intensity (Jy/beam) of a source should be 0.7, 0.5, 0.5 times higher than its inte-405

grated flux (Jy) for the 1.5 GHz, 3 GHz and 5.5 GHz images, respectively.406

• The S/N (peak intensity / local rms noise) of a source should be greater than 5.407

In total, we detected 375, 113, and 43 sources in the 1.5 GHz, 3 GHz and 5.5 GHz deep408

image, respectively. We visually checked the selected sources to make sure that they are ‘point-409

like’ sources in the deep images. Of those, 109, 27, and 9 sources had an optical source within410

0.5 arcsec in the PanSTARRS DR1 catalogue. By comparing the offsets of these cross-matched411

sources, we estimate the systematic offsets in our 1.5 GHz, 3 GHz and 5.5 GHz positions. They are412

listed in Table 3 . The errors on the systematic offsets are consistent with zero and the uncertainty413

in that offset dominates the uncertainties of the position of the PRS. We report the PRS coordinates414

based on the measurements at 3 GHz, which has the smallest errors on the systemic offsets.415

Variability and Spectrum of the PRS The flux density of the source measured in each epoch is416

shown in Table 2 . In order to study the spectrum of the PRS, we split each of the observations into417

two, 1 GHz sub-bands. Then we measured the average flux density at each of the sub-bands over418

the campaign. By applying a Power-Law(PL) model to fit the multi-band data, we determined the419

average PL spectral index of the PRS as -0.41±0.04. This is shown in Figure 3 .420

https://www.astron.nl/citt/pybdsf/index.html
https://www.astron.nl/citt/pybdsf/index.html
https://www.astron.nl/citt/pybdsf/index.html


Chance of coincident association of the PRS In the 1.5 GHz deep image, We detected 8 ‘point-421

like’ sources , including the PRS (based on our point-source selection criteria described earlier),422

with a flux density higher than 260 µJy within 5 arcminutes of the phase center. There is an423

additional bright source with a flux density of a few tens mJy in the region, but it was not classified424

as a ‘point-like’ source based on our criteria.425

To estimate the chance coincidence probability of the PRS with the bursts, we compared426

the solid angle corresponding to the uncertainty of burst localization and the average solid angle427

occupied by each of the eight ‘point-like’ sources in the FRB field-of-view. The solid angle corre-428

sponding to each of the 8 ‘point-like’ sources is roughly estimated as Ssource= π(5/60)2/8 Sr. The429

offset between the average position of the nine bursts and the position of the PRS at 3 GHz, which430

is best constrained when taking both statistical and systematic errors into account, is about 0.13431

arcseconds. This, along with a statistical error of 0.02 arcseconds and a conservative estimate of432

the systematic error of 0.1 arcseconds, can be used to estimate the offset between the PRS and the433

FRB position. We conservatively estimate this offset to be 0.25 arcseconds. The solid angle corre-434

sponding to the offset therefore can be estimated as Soffset=π× (0.25/60/60)2 Sr. The ratio between435

Soffset and Ssource gives the chance of coincident association of the PRS with the FRB position to be436

≈ 6 × 10−6.437

4 Optical Redshift Determination438

The deep R′-band (5427A - 7041Å) images obtained by CFHT/MegaCam are stacked from archival439

observation data taken in 2014-2015 by the CFHT archival pipeline MEGAPIPE, with a total ∼440



3.6 hours on the field. The level 3 (flux calibrated) images are retrieved for our analysis.441

NIR J-band images of FRB 190520 field were taken under a relatively poor seeing condition442

(∼ 1.3′′) through the Subaru ToO observation on August 05th 2020. A total of 1.4-hour obser-443

vations were used for the final combined J-band image shown in Figure 2. A J-band blob of444

22.07±0.14 mag (AB) was detected at ∼ 1′′ south east of the burst location, possibly the stellar445

emission of the host galaxy. A faint northern blob at 2.5′′ north has 22.87±0.26 mag in J-band.446

None of these two sources are detected in Ks-band image, with a 5-sigma limit of 21.74 mag (1.1447

hours).448

An optical spectrum was obtained with Double Spectrograph (DBSP) on the Palomar 200-449

inch telescope on 24th July 2020 using a 1′′ slit-width. This observation was executed before the450

CFHT archival MegaCAM data on FRB 190520 field were found, and only Pan-STARRS images451

were used for observation planning. The slit of DBSP was set to cover the FRB optical counterpart452

located at the VLA persistent radio source emission in L-band observed on 22nd July 2020 at453

RA = 16:02:04.27; Dec. = −11:17:17.5 which later is found to coincide with the location of the454

pulsation emission from FRB 190520 in 0.18′′. No clear optical counterpart was detected in any455

of the 5 band images of PanSTARRS from DR1 42. The slit was guided by the nearby M-star456

at RA = 16:02:04.48, Dec. = −11:17:19.1 as reported in PanSTARRS DR1 catalog, with i =457

20.4 mag, and due east of 3.4′′ away from the coordinate of the VLA PRS. The slit was set to458

a position angle of 108.5 degrees, allowing both the coordinate of VLA persistent radio source459

and the M-star to fall in to the slit. The observations with 2×900 s exposures were carried out460

under photometric sky condition and sub-arcsecond seeing. The 2D spectrum was generated in461



IRAF, including bias removal, flat-fielding, and reduction on other instrumentation effects. The462

1D spectrum was extracted from a 1.5′′ window. The standard star BD+28 4211 is used for telluric463

correction and flux calibration. The DBSP 1-D spectrum is shown in Figure 4 . The flux scale of464

the spectrum does not include the slit loss and registration error of Pan-STARRS coordinates of the465

M-type star. The [OIII] 5007Å line and the Hα line are both well detected (> 5σ). Two emission466

lines are narrow, with a FWHM of ∼ 10Å. The corresponding redshift derived based on these two467

spectral lines is z = 0.241.468

A follow-up Keck LRIS spectroscopic observation was carried out on 25th August 2020469

under reasonable weather and seeing conditions (1.1′′) . The 1.5′′ slit was set at a position angle of470

160◦ to the extended optical emission seen in the MegaCam R-band image around the FRB 190520471

location. A total exposure of 3600 s was obtained. The emission lines Hα, H-β, [OIII]4859A, and472

[OIII]5007A are well detected, indicating the extended R′-band structure has the same redshift of473

z = 0.241.474

5 FAST Burst Sample Analysis475

Repetition rate FRB 190520 is very active and bursts from it were detected in each monitoring476

observation with FAST. Because of the possible clustering behavior of FRB emission, a Weibull477

distribution478

W =
k

λ

(

δ

λ

)k−1

e−(δ/λ)k

(1)

is used to describe the distribution of waiting time43, where δ is the waiting time and k is the479

shape parameter. The Weibull distribution reduces to the Poissonian case when k = 1, and r =480



1/[λΓ(1 + 1/k)] indicates the burst rate of the FRB emission. Figure 5 shows the result of the481

parameters distribution obtained with Markov Chain Monte Carlo (MCMC). We find the burst rate482

of FRB 190520 is r = 4.5+1.9
−1.5 hr−1 with shape parameters k = 0.37+0.04

−0.04 for all 79 bursts which483

are above 7σ > 9.3 mJy ·ms (left panel in Figure 5 ), and r = 5.3+1.1
−1.0 hr−1 with shape parameters484

k = 0.76+0.09
−0.08 for excluding waiting time shorter than 1 s (right panel in Figure 5 ).485

Short and long time scale periodicity search A period search was conducted from the total486

75 bursts from FAST. We searched for periodicity in the times of arrival for FRB 190520 using487

the phase-folding method. The phases of all the pulses were calculated in the parameter space488

composed by period (P) and period derivative (Ṗ). For the short time scale periodicity, the pulses489

are aligned according to the arrival time of the first burst in each observing session. Then we490

collected the contiguous inactivity fraction by traversing the period (P) among 10−3 − 103 s and491

period derivative (Ṗ) among 10−12 − 100 s s−1. Almost all values in this figure are less than 0.4.492

This indicates that no obvious period between 1 ms and 1000s was detected in FRB 190520.493

For a long time scale period, we folded all the pulses in the range of period (P) among494

2 − 365 d and period derivative (Ṗ) among 10−12 − 100 d d−1. 169 d and 67 d seem to be the495

possible periods. We then folded all the mjds of each observation session in the same period (P)496

and period derivative (Ṗ) range. The structure of the contiguous inactivity fraction around 169 d497

and 67 d is similar for the observing session mjds and the arrival times of detected pulses, which498

indicates that the 169 d and 67 d are caused by the selection effect of observations. Thus, no long499

or short period of FRB 190520 was detected.500



DM analysis The observed DMobs can be separated into four primary components:501

DMobs = DMMW + DMhalo + DMIGM + DMhost, (2)

where DMMW is the contribution from our Galactic interstellar matter, DMhalo is the contribution502

from the Milky Way halo, DMhost the contribution from the host galaxy including its halo and503

any gas local to the FRB source, and DMIGM is the contribution from the intergalactic medium.504

The value of DMMW is estimated from Galactic electron density models, in which DMMW =505

60.21 pc cm−3 from the NE2001 model 17 and DMMW = 50.23 pc cm−3 from the YMW16 model506

44. The DM associated with the Milky Way halo is allowed to range from 25 to 80 pc cm−3.507

With the assumption of ΛCDM cosmological model and using the host galaxy’s redshift of 0.241,508

the value of DMIGM is approximately 200+107
−65 pc cm−3 where we have adopted a baryon fraction509

fIGM = 0.8 for the ionized IGM based on discussion in 45 and the range represents cosmic variance510

in DMIGM but does not include uncertainty in fIGM. The mean value is given by 46
511

DMIGM =
3cH0Ωb fIGM

8πGmp

∫ z

0

χ(z)(1 + z)dz

[Ωm(1 + z)3 + Ωλ]
1
2

, (3)

where the free electron number per baryon in the universe is χ(z) ≈ 7/8,Ωm = 0.315±0.007,Ωbh2 =512

0.02237 ± 0.00015, and H0 = 67.36 ± 0.54 km s−1Mpc−1 47. The averaged DMobs from all bursts513

is 1202±10 pc cm−3, thus we could regard the averaged DMhost as 906±10 pc cm−3and 921.1±10514

pc cm−3for NE2001 and YMW16 model separately.515

The DM of the host galaxy is independently estimated from its Hα emission by converting516

the extinction-corrected Hα flux, FHα = (9.4 ± 0.3) × 10−16 erg s−1 cm−2, to an Hα surface density517

of 503±14 Rayleighs in the source frame at z = 0.241, assuming host galaxy dimensions of 0.5 by518



0.5 arcseconds 48. The Hα surface density S (Hα) is related to the emission measure (EM) in the519

source frame by520

EMs = 2.75 pc cm−6 (1 + z)4T 0.9
4 S (Hα) ≈ 1383 ± 17 pc cm−6 × T 0.9

4

[

S (Hα)
503 ± 14 R

]

, (4)

where we have used the redshift z = 0.241. Then, using the relation EM = [ζ(1 + ǫ2)/ f ]DM2/L521

we obtain the corresponding source frame DM,522

DMs ≈ 588 ± 8 pc cm−3 × T 0.45
4

(

L

5 kpc

)1/2 [

f /0.1
ζ(1 + ǫ2)/2

]1/2 [

S (Hα)
212 ± 6 R

]1/2

, (5)

where we have adopted fiducial values of f = 0.1, ζ = ǫ = 1, L = 5 kpc. In the observer’s523

frame, the measured DM contribution of the host galaxy is smaller by a factor of 1/(1+z), yielding524

DMh,coeff ∼ 474±7 pc cm−3 for the coefficient. To match the inferred value of DMh ∼ 900 pc cm−3
525

requires that the three factors in Eq. 5 involving T4, L and f combine to a factor ≃ 2. A factor of526

five higher temperature, T4 ≃ 5, could accomplish this, for example. However, the temperature527

would need to be even larger because the path length sampled by the FRB through the host galaxy528

could be smaller depending on its location relative to the Hα emitting region, while other factors529

(ζ, ǫ and f ) could alter the required temperature still more depending on the local properties of the530

gas. We note that the quoted errors only account for measurement errors in the Hα flux.531

Prominent scintillation and scattering Most of the pulses of FRB 190520 show scintillation-532

induced variation of intensity with frequency. This kind of variation is always quantified by a533

de-correlation bandwidth, ∆νd. To estimate ∆νd, we formed 1D auto-correlation functions (ACFs)534

of the pulse intensity variation. The 1D ACF can be described by 3,535

I(∆ν) =
m

∆ν2
d
+ ∆ν2

(6)



where ∆ν is the frequency lags. Using Equation 6 to fit the peak of the ACF, we get the ∆νd of each536

burst. We find the averaged ∆νd is 0.3 ± 0.13 MHz.537

For FRB 190520, the DM contributed by the Galactic disk is 50.23 pc cm−3 predicted by538

YMW16 44. Based on the relation between the Galactic DM and scattering timescale 44, we find539

that the corresponding Galactic scattering timescale at 1.4 GHz yields a scintillation bandwidth of540

0.46 MHz, which is comparable with the observed average value 0.3±0.13 MHz at 1.4 GHz.541

Among the detected 79 pulses of FRB 190520, 28 pulses show frequency-dependent tempo-542

ral width that is consistent with scattering. To measure the pulse width and scattering timescale543

of FRB 190520, using the dynamic spectra, we first fold the frequency and normalized the pulse544

profile. And then, for pulses with scattering tail we use a Gaussian component convolved with a545

one-sided exponential component to fit the pulse profile, and use a single Gaussian component to546

fit the rest. The upper panels of Figure 1 show histograms of the distributions for the scattering547

timescales at 1.25 GHz and the pulse width. The histograms can be roughly described by a Gaus-548

sian function with peaks at 10.8±0.5 ms and 12.5±0.7 ms for scattering timescale and pulse width,549

respectively.550

The observed mean scattering time of 10.8 ms at 1.25 GHz is far too small for the FRB’s551

host galaxy to lie behind our proposed host galaxy association. In this alternative scenario, the552

host galaxy would lie at a redshift zh ∼ 0.5, the redshift implied by the DM-z relation with a553

foreground galaxy DM contribution of about 474 pc cm−3 based on Hα EM. The FRB would pass554

through an intervening galaxy at a redshift zl = 0.241 at an impact parameter of about 4 kpc. The555



scattering contribution of the intervening galaxy lens is related to its DM contribution by49
556

τ(DM, ν, z) ≈ 48.03 µs ×
F̃G DM2

l

(1 + zl)3ν4
, (7)

where DMl is the DM contribution of the lens galaxy in pc cm−3 in the lens frame, ν is the observing557

frequency in GHz, z is the lens galaxy redshift, and F̃ = ζǫ2/ f (l2
oli)1/3 quantifies the electron density558

fluctuations in the lens for F̃ in units of pc−2/3 km−1/3. The geometric factor G is unity for scattering559

in a host galaxy but it can be very large for an intervening galaxy, in which case G ≈ dsldlo/dsoL,560

where dsl, dlo, and dso are the angular diameter distances between the source and lens, lens and561

observer, and source and observer, respectively, and L is the path length through the lens. Adopting562

the DM implied by the Hα emission (see above) and F̃ ≈ 0.1 pc−2/3 km−1/3, characteristic of a563

source embedded in a galaxy disk49, we find τ ≈ 3 s at 1.25 GHz. For the FRB to be located564

in a background galaxy and have the observed scattering, the DM contribution of the intervening565

galaxy would have to be less than about 100 pc cm−3, which would require a significantly smaller566

path length through the galaxy, significantly larger value of ζ, or a significantly smaller filling567

factor f .568

Rotation measure Rotation measure (RM) is searched at L-band with FAST data. The polariza-569

tion was calibrated by correcting for differential gains and phases between the receptors through570

separate measurements of a noise diode injected at an angle of 45◦ from the linear receptors. We571

searched for the rotation measure (RM) from −3.0 × 105 to 3.0 × 105 rad m−2. No significant peak572

was found in the Faraday spectrum. We estimate the depolarization fraction fdepol using Equation573

8574

fdepol = 1 −
sin(2∆θ)

2∆θ
, (8)



where the intra-channel Faraday rotation ∆θ is given by575

∆θ =
RMc2∆ν

ν3
c

, (9)

where c is the speed of light, ∆ν is the channel width, and νc is the central channel observing576

frequency. Taking ∆θ = 1 rad, ∆ν = 0.122 MHz, and νc = 1.25 GHz for our data, we get RM =577

1.8 × 105 rad m−2 and depolarization fraction of 54.5% caused by intra-channel Faraday rotation.578

Assuming that the pulse is 100% linearly polarized intrinsically and the non-detection of RM is579

caused by intra-channel Faraday rotation, we place an lower limit on the RM of 1.8 × 105 rad m−2.580

Such a large RM is even larger than that of FRB 12110250, which suggests that FRB 190520 also581

resides in an extreme magneto-ionic environment. Large RM also indicates that the FRB 121102582

could be very young30, 51, similarly, FRB 190520 could also be very young.583
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Extended Data630

Extended Data | Figure 1 : Measurements of the scattering timescale and statistics of pulse

width. Left and right plots exhibit the distribution of scattering timescale and pulse width, respec-

tively.
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Extended Data | Figure 2 : Positions of the bursts and persistent radio source identified

with VLA observations at 1.5, 3, and 5.5 GHz, shown as offsets from the best-fit position of

the ensemble of bursts, at 16h02m04.2683s −11◦17 ′17.′′3203 (J2000). The uncertainties on the

positions of the bursts are indicated with shaded ellipses, and those for the PRS are shown with

error bars. These uncertainties include 1σ statistical errors and estimates for systematic errors

added in quadrature.
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Extended Data | Figure 3 : Spectral measurements of the PRS associated with FRB 190520.

The bandwidth is split into two sub-bands for all the observations and the corresponding radio flux

are shown. The frequencies for each sub-band are shifted slightly in order to show the flux error

bars. The inset plot shows the average flux at each sub-band. By fitting a power-law model to these

measurements, which is shown by the black dashed line, we derived the spectral index of the PRS

as -0.41±0.04.



Extended Data | Figure 4 : Palomar DBSP optical spectrum of the FRB 190520 host galaxy.

The redshift of z = 0.241 was determined with well-detected [OIII]-5007Å line and Hα line (>

5σ). Two emission lines are narrow, with FWHM ∼ 10 Å. The flux scale of the spectrum is not

corrected for the slit loss.
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Extended Data | Figure 5 : Posterior probability distribution for shape parameters k and

event rate r of the Weibull distribution. Left panel: fit to all waiting times of FRB 190520 from

FAST. Right panel: fit to the waiting times longer than 1 s.



Extended Data | Table 1 : The properties of the 79 FRB 190520

bursts detected by FAST.

Burst ID Burst time DM Pulse Width Bandwidth Scatter tail Fluence Energy

(MJD) ( pc cm−3) (ms) (MHz) (ms) (mJy ms) (×1037erg)

1 58623.716958197 1226.3 (6.0) 8.7 (0.8) 1300-1450 - 75.0 (3.0) 9.1 (0.4)

2 58623.716997034 1226.3 (6.0) 16.4 (0.6) 1050-1250 - 30.0 (2.0) 3.6 (0.2)

3 58623.717075743 1226.3 (6.0) 7.1 (0.8) 1300-1450 - 53.0 (3.0) 6.4 (0.4)

4 58623.717421629 1226.3 (6.0) 7.3 (1.0) 1050-1450 - 51.0 (4.0) 6.2 (0.5)

5 58963.766862939 1202.8 (12.8) 10.4 (0.3) 1300-1450 - 66.0 (7.0) 8.0 (0.8)

6 58963.790991383 1202.8 (12.8) 10.2 (1.8) 1300-1450 13.1(2.4) 53.0 (5.0) 6.4 (0.7)

7 58991.684351079 1200.4 (10.4) 20.3 (0.4) 1300-1450 - 107.0 (19.0) 13.0 (2.2)

8 58991.686137870 1200.4 (10.4) 22.8 (8.4) 1360-1450 11.5(6.9) 100.0 (11.0) 12.2 (1.3)

9 58991.686875951 1200.4 (10.4) 9.2 (0.3) 1300-1450 - 81.0 (13.0) 9.8 (1.5)

10 58991.704636888 1200.4 (10.4) 19.5 (1.8) 1350-1450 3.6(0.9) 108.0 (12.0) 13.1 (1.5)

11 58991.704638485 1200.4 (10.4) 9.7 (0.8) 1370-1450 - 43.0 (1.0) 5.2 (0.1)

12 58991.717697335 1200.4 (10.4) 11.9 (1.1) 1300-1450 10.3(1.2) 123.0 (21.0) 14.9 (2.6)

13 58991.717878516 1200.4 (10.4) 14.3 (4.0) 1200-1450 5.1(2.6) 59.0 (11.0) 7.1 (1.3)

14 58991.718217265 1200.4 (10.4) 11.8 (1.5) 1360-1450 - 64.0 (7.0) 7.7 (0.8)

15 58991.718217670 1200.4 (10.4) 17.5 (0.3) 1360-1450 - 39.0 (4.0) 4.8 (0.5)

16 58991.718218082 1200.4 (10.4) 20.2 (2.2) 1270-1450 12.6(1.9) 153.0 (28.0) 18.6 (3.4)

17 58991.735450006 1200.4 (10.4) 30.2 (0.5) 1300-1450 - 139.0 (22.0) 16.8 (2.6)

18 58991.750640038 1200.4 (10.4) 17.7 (1.3) 1300-1450 - 61.0 (9.0) 7.4 (1.2)

19 58991.750640790 1200.4 (10.4) 20.2 (0.6) 1200-1450 - 81.0 (14.0) 9.9 (1.8)

20 59060.484475154 1201.5 (11.5) 13.5 (1.4) 1300-1450 11.3(1.4) 241.0 (13.0) 29.3 (1.6)

21 59060.507858658 1201.5 (11.5) 7.3 (1.0) 1300-1450 9.3(1.3) 170.0 (9.0) 20.7 (1.1)

22 59060.525960600 1201.5 (11.5) 17.3 (2.4) 1150-1450 7.6(1.7) 168.0 (15.0) 20.3 (1.8)

23 59061.512755579 1201.5 (11.5) 8.5 (0.1) 1300-1450 - 48.0 (6.0) 5.9 (0.8)

24 59061.512755780 1201.5 (11.5) 10.0 (2.3) 1280-1450 4.7(1.8) 129.0 (17.0) 15.7 (2.0)

25 59061.516277966 1201.5 (11.5) 7.1 (0.7) 1350-1450 - 30.0 (3.0) 3.6 (0.3)

26 59061.516278904 1201.5 (11.5) 7.5 (0.4) 1300-1450 - 49.0 (6.0) 6.0 (0.7)

27 59061.516279436 1201.5 (11.5) 11.4 (0.8) 1350-1450 - 49.0 (5.0) 6.0 (0.6)

28 59061.524341261 1201.5 (11.5) 10.7 (0.8) 1300-1450 10.4(1.0) 122.0 (16.0) 14.8 (2.0)



Extended Data | Table 1 : The properties of the 79 FRB 190520

bursts detected by FAST.

Burst ID Burst time DM Pulse Width Bandwidth Scatter tail Fluence Energy

(MJD) ( pc cm−3) (ms) (MHz) (ms) (mJy ms) (×1037erg)

29 59061.535633328 1201.5 (11.5) 14.0 (0.4) 1350-1450 - 84.0 (8.0) 10.2 (1.0)

30 59061.536568858 1201.5 (11.5) 21.9 (19.0) 1300-1450 - 72.0 (9.0) 8.7 (1.1)

31 59061.536569628 1201.5 (11.5) 19.0 (1.4) 1100-1450 14.0(1.3) 122.0 (42.0) 14.8 (5.0)

32 59061.537903820 1201.5 (11.5) 23.9 (2.7) 1300-1450 4.9(1.4) 66.0 (8.0) 8.0 (1.0)

33 59061.539298603 1201.5 (11.5) 9.9 (0.3) 1300-1450 - 74.0 (9.0) 8.9 (1.1)

34 59061.541828100 1201.5 (11.5) 19.8 (2.0) 1050-1200 8.7(1.0) 212.0 (28.0) 25.8 (3.4)

35 59067.467544345 1201.9 (10.5) 15.2 (7.6) 1200-1400 5.4(4.6) 67.0 (8.0) 8.2 (1.0)

36 59067.486738799 1201.9 (10.5) 14.9 (2.3) 1300-1450 17.8(2.9) 131.0 (14.0) 15.9 (1.7)

37 59067.486739378 1201.9 (10.5) 33.1 (0.7) 1050-1300 - 147.0 (18.0) 17.8 (2.2)

38 59067.502691880 1201.9 (10.5) 14.3 (0.7) 1120-1220 - 135.0 (3.0) 16.3 (0.4)

39 59067.509899127 1201.9 (10.5) 12.2 (1.8) 1250-1400 10.3(1.8) 122.0 (8.0) 14.8 (1.0)

40 59067.535246460 1201.9 (10.5) 7.6 (0.3) 1300-1450 - 74.0 (10.0) 9.0 (1.2)

41 59069.495909561 1201.9 (10.5) 16.8 (0.5) 1270-1450 - 143.0 (11.0) 17.4 (1.3)

42 59069.501196109 1201.9 (10.5) 18.7 (0.1) 1300-1450 - 292.0 (15.0) 35.4 (1.8)

43 59069.514994796 1201.9 (10.5) 12.2 (1.6) 1300-1450 11.6(1.7) 193.0 (13.0) 23.4 (1.6)

44 59071.472522775 1201.9 (10.5) 5.2 (0.3) 1340-1450 - 79.0 (2.0) 9.6 (0.2)

45 59071.472523007 1201.9 (10.5) 7.2 (0.8) 1340-1450 - 67.0 (2.0) 8.1 (0.2)

46 59071.491696655 1201.9 (10.5) 10.4 (2.0) 1300-1450 4.9(1.6) 185.0 (5.0) 22.4 (0.6)

47 59073.496887082 1200.0 (8.0) 7.8 (0.2) 1250-1450 - 108.0 (10.0) 13.1 (1.2)

48 59073.515256071 1200.0 (8.0) 18.7 (0.7) 1350-1450 - 148.0 (2.0) 17.9 (0.2)

49 59073.515256881 1200.0 (8.0) 11.1 (0.7) 1160-1360 - 58.0 (5.0) 7.0 (0.6)

50 59075.454353002 1200.0 (8.0) 24.9 (0.1) 1050-1180 - 313.0 (19.0) 38.0 (2.4)

51 59075.454862469 1200.0 (8.0) 22.0 (0.1) 1250-1450 - 210.0 (13.0) 25.5 (1.6)

52 59075.472181012 1200.0 (8.0) 14.0 (0.6) 1260-1400 - 114.0 (7.0) 13.8 (0.8)

53 59075.484186304 1200.0 (8.0) 6.0 (0.1) 1100-1400 - 158.0 (16.0) 19.1 (2.0)

54 59075.496463775 1200.0 (8.0) 16.7 (0.4) 1150-1450 - 84.0 (8.0) 10.1 (1.0)

55 59077.448938437 1200.0 (8.0) 11.9 (0.6) 1200-1400 - 103.0 (7.0) 12.5 (0.8)

56 59077.448939131 1200.0 (8.0) 14.4 (0.8) 1250-1450 - 108.0 (6.0) 13.1 (0.7)

57 59077.449538432 1200.0 (8.0) 13.4 (1.8) 1280-1400 10.6(1.7) 199.0 (10.0) 24.2 (1.3)



Extended Data | Table 1 : The properties of the 79 FRB 190520

bursts detected by FAST.

Burst ID Burst time DM Pulse Width Bandwidth Scatter tail Fluence Energy

(MJD) ( pc cm−3) (ms) (MHz) (ms) (mJy ms) (×1037erg)

58 59077.449939184 1200.0 (8.0) 39.1 (0.5) 1280-1450 - 149.0 (7.0) 18.0 (0.9)

59 59077.449939372 1200.0 (8.0) 38.0 (0.6) 1050-1450 - 121.0 (12.0) 14.7 (1.4)

60 59077.460100338 1200.0 (8.0) 13.0 (2.4) 1300-1450 13.5(2.8) 132.0 (2.0) 16.1 (0.2)

61 59077.460503968 1200.0 (8.0) 10.3 (1.9) 1250-1450 10.6(2.1) 94.0 (5.0) 11.4 (0.6)

62 59077.466295203 1200.0 (8.0) 11.7 (0.3) 1250-1400 - 157.0 (10.0) 19.0 (1.2)

63 59077.468715062 1200.0 (8.0) 18.4 (3.5) 1050-1250 7.6(1.8) 129.0 (9.0) 15.6 (1.1)

64 59077.469903193 1200.0 (8.0) 11.2 (1.1) 1250-1450 11.3(1.3) 152.0 (7.0) 18.5 (0.9)

65 59077.475047947 1200.0 (8.0) 11.0 (1.7) 1200-1450 8.3(1.6) 107.0 (7.0) 13.0 (0.8)

66 59077.475330491 1200.0 (8.0) 14.0 (0.8) 1250-1450 12.9(0.9) 205.0 (12.0) 24.9 (1.4)

67 59077.477447949 1200.0 (8.0) 2.0 (0.2) 1300-1450 - 70.0 (3.0) 8.5 (0.3)

68 59077.485451841 1200.0 (8.0) 14.3 (0.2) 1340-1450 - 333.0 (7.0) 40.4 (0.9)

69 59077.485451957 1200.0 (8.0) 14.4 (0.2) 1270-1450 - 262.0 (16.0) 31.8 (1.9)

70 59077.490027004 1200.0 (8.0) 8.4 (0.4) 1350-1450 - 132.0 (3.0) 16.1 (0.3)

71 59077.491413589 1200.0 (8.0) 10.3 (0.3) 1300-1450 - 115.0 (5.0) 14.0 (0.6)

72 59077.497806611 1200.0 (8.0) 15.3 (2.2) 1200-1450 10.7(2.1) 138.0 (10.0) 16.8 (1.2)

73 59077.497957805 1200.0 (8.0) 13.6 (0.5) 1200-1450 - 89.0 (6.0) 10.9 (0.7)

74 59077.498960966 1200.0 (8.0) 4.6 (0.8) 1200-1450 11.8(1.5) 94.0 (6.0) 11.4 (0.7)

75 59089.428163703 1200.5 (8.8) 11.2 (0.3) 1300-1450 - 112.0 (3.0) 13.6 (0.4)

76 59089.436165435 1200.5 (8.8) 13.3 (0.7) 1350-1450 - 83.0 (3.0) 10.1 (0.3)

77 59111.370525959 1201.0 (11.0) 20.6 (0.7) 1360-1450 - 99.0 (12.0) 12.0 (1.4)

78 59111.370526098 1201.0 (11.0) 6.7 (0.2) 1250-1450 - 106.0 (8.0) 12.9 (1.0)

79 59111.370978062 1201.0 (11.0) 14.6 (0.5) 1350-1450 - 98.0 (10.0) 11.9 (1.2)



Start Time Frequency Duration Beam size Flux density Bursts

(MJD) (GHz) (min) (“,“) (µJy)

59051.033815 1.5 96 4.78×2.90 258±16 1

59053.046790 1.5 96 4.63×2.90 273±23 2

59079.004955 5.5 41 1.38×1.02 145±10 0

59079.971533 5.5 41 1.44×1.05 164±11 0

59090.941498 5.5 41 1.45×1.04 158±9 0

59091.938768 3 41 2.43×1.85 195±14 5

59104.867225 3 41 2.76×1.76 160±13 0

59104.908789 5.5 41 1.43×1.04 151±9 0

59105.976837 3 41 2.44×1.60 186±15 0

59107.915546 5.5 41 1.38×1.02 153±10 1

59111.116215 3 41 5.00×1.45 176±16 0

59161.677240 5.5 41 1.92×0.47 139±13 0

59167.637761 3 41 2.76×0.51 233±17 0

59169.640486 3 41 2.47×0.48 211±14 -

Extended Data | Table 2 : Details of our VLA observations of the PRS and the number

of bursts detected in each observation. Note that the realfast system wasn’t run on the last

observation due to a system error.

Frequency RA Dec Statistical Error Systematic Offsets

(GHz) RA (“) Dec (“) RA (“) Dec (“)

1.5 16h02m04.2543s -11d17m17.4146s 0.0386 0.0713 0.0137±0.1539 -0.0201±0.1981

3 16h02m04.2611s -11d17m17.3869s 0.0176 0.0168 -0.0187±0.1232 0.0232±0.1249

5.5 16h02m04.2618s -11d17m17.3375s 0.0075 0.0095 -0.0947±0.2263 0.1069±0.2090

Extended Data | Table 3 : Localised positions of the PRS from 1.5, 3, 5.5 GHz VLA deep

images. The first column shows the observing central frequency. The second and third columns

report the coordinates of the PRS from the deep images. The remaining columns show the 1 σ

statistical errors and the cross-matched systematic offsets in ra. and dec..



Band SNR DM RA Dec Statistical Error Systematic Error

( pc cm−3) RA (“) Dec (“) RA (“) Dec (“)

L1 15.45 1209.60 16h02m04.2742s -11d17m17.0535s 0.124 0.208 0.1539 0.1981

L2 26.68 1227.15 16h02m04.2847s -11d17m17.1912s 0.060 0.145 0.1539 0.1981

L3 15.26 1236.60 16h02m04.2691s -11d17m17.1299s 0.070 0.139 0.1539 0.1981

S1 18.93 1291.30 16h02m04.2567s -11d17m17.4093s 0.044 0.080 0.1232 0.1249

S2 16.87 1193.40 16h02m04.2449s -11d17m17.1874s 0.153 0.173 0.1232 0.1249

S3 15.40 1222.75 16h02m04.2602s -11d17m17.5078s 0.103 0.176 0.1232 0.1249

S4 9.93 1216.80 16h02m04.2661s -11d17m17.3666s 0.333 0.247 0.1232 0.1249

S5 6.70 1276.50 16h02m04.25s -11d17m17.9337s 0.214 0.269 0.1232 0.1249

C1 19.03 1267.50 16h02m04.2734s -11d17m17.3078s 0.041 0.071 0.2263 0.2090

Extended Data | Table 4 : Localised positions of the VLA bursts. The alphabet in the first

column shows the frequency band of observation, followed by the burst number. Second column

reports the image signal to noise ratio. The remaining columns show the burst positions (and

errors) obtained using CASA calibration and image fitting.

Name MJD DM Width (ms) Fluence (Jy ms) Center (GHz) FWHM (MHz)

L1 59051.05154282(9) 1222(8) 13(2) 4(6) 1.7(2) 348(287)

L2 59053.10828443(6) 1246(6) 15.4(8) 3.9(3) 1.703(4) 157(14)

L3 59053.10103193(2) 1240(11) 11(2) 1.8(3) 1.75(1) 249(41)

S1 59091.96051286(4) 1271(14) 12(2) 1.3(2) 3.13(6) 951(138)

S2 59091.95616141(2) 1104(38) 5(1) 0.63(5) 3.751(8) 239(24)

S3 59091.96358084(4) 1185(8) 0.8(9) 2.3(1) 2.63(1) 344(15)

S4 59091.94361231(2) 1262(43) 0.7(6) 0.35(4) 3.50(3) 534(74)

S5 59091.96692835(6) 1279(16) 4(3) < 4(1) − −

C1 59107.92580416(1) 1281(218) 0.11(7) 0.36(3) 5.266(9) 228(26)

Extended Data | Table 5 : Spectro-temporal properties of the VLA bursts. The (1 σ) errors on

the last digit are shown in parenthesis.
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