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A repeating fast radio burst source localised to a nearby
spiral galaxy
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Fast radio bursts (FRBs) are brief, bright, extragalactic radio flashes’2. Their physical origin
remains unknown, but dozens of possible models have been postulated®. Some FRB sources
exhibit repeat bursts*’. Though over a hundred FRB sources have been discovered to date®,

only four have been localised and associated with a host galaxy®?

, with just one of the four
known to repeat’. The properties of the host galaxies, and the local environments of FRBs,
provide important clues about their physical origins. However, the first known repeating
FRB has been localised to a low-metallicity, irregular dwarf galaxy, and the apparently non-
repeating sources to higher-metallicity, massive elliptical or star-forming galaxies, suggesting
that perhaps the repeating and apparently non-repeating sources could have distinct physi-
cal origins. Here we report the precise localisation of a second repeating FRB source®, FRB
180916.J0158+65, to a star-forming region in a nearby (redshift z = 0.0337 4= 0.0002) mas-
sive spiral galaxy, whose properties and proximity distinguish it from all known hosts. The
lack of both a comparably luminous persistent radio counterpart and a high Faraday rota-
tion measure® further distinguish the local environment of FRB 180916.J0158+65 from that
of the one previously localised repeating FRB source, FRB 121102. This demonstrates that

repeating FRBs have a wide range of luminosities, and originate from diverse host galaxies

and local environments.

The CHIME/FRB Collaboration is beginning to discover many repeating FRB sources™®,
which allows subsequent targeted observations using distributed radio telescope arrays to ob-
tain precise interferometric localisations. CHIME/FRB discovered® the repeating source FRB

180916.J0158+65, which we observed at a central frequency of 1.7 GHz and bandwidth of 128 MHz



using eight radio telescopes of the European Very-long-baseline-interferometry Network (EVN)
for 5.5 hours on June 19th, 2019. As described in the Methods, we simultaneously recorded both
EVN single-dish raw voltage data as well as high-time-resolution intensity data using the PSRIX

data recorder'? in filterbank mode at the 100-m Effelsberg telescope.

In a search of the PSRIX data, we detected four bursts from FRB 180916.J0158+65 with
signal-to-noise ratios between 9.5 and 46. The observed dispersion measures (DM) of the bursts
are consistent with those previously reported® for this source. The burst properties, as derived
from the PSRIX data, are listed in Extended Data Table 1. No other dispersed single pulses of
plausible astrophysical origin were found in this search, for DMs in the range 0-700 pc cm 3.
Using the EVN raw voltage data, we generated high-time-resolution (16-ps samples) Effelsberg
auto-correlation data containing each burst. We used coherent dedispersion to mitigate the intra-
channel smearing that dominated over the temporal resolution in the PSRIX data. By minimising
dispersion broadening, we properly resolve the burst structure, and find a best-fit DM = 348.76 +
0.10 pc cm~2 using the brightest burst (Methods). We also detect brightness modulation with a
characteristic frequency scale of 59 + 13 kHz, which we interpret as scintillation imparted by the
ionised interstellar medium of the Milky Way (Methods). The properties of the four bursts, as
seen in the Effelsberg auto-correlations, are also shown in Extended Data Table 1. The frequency-

averaged burst profiles and dedispersed dynamic spectra are shown in Figure 1 and Extended Data

Figure 1 for the Effelsberg auto-correlation and PSRIX data, respectively.

We then used the EVN raw voltage data to create coherently dedispersed cross-correlations,



also known as visibilities, at the times of the four bursts. Radio interferometric images with milli-
arcsecond resolution were produced for each individual burst, using a single 0.7-2.7-ms integra-
tion, depending on the burst duration. Each image shows emission above at least seven times the
r.m.s. noise level (Figure 2; see Methods for a detailed explanation of the calibration and imaging
process). The four burst images provide an average J2000 position for FRB 180916.J0158+65 of
a = 01"58™m00.7502° £ 2.3 mas, § = 65°43'00.3152” &+ 2.3 mas. Visibilities with 2-second time
resolution were also generated for the entire observation span. We used these to produce an image
of the field around FRB 180916.J0158+65 in order to search for a persistent radio counterpart, like
that seen in the case of FRB 121102%'*. No such emission is detected above a 3-o r.m.s. noise
level of 30 wJy beam~!. Independent observations using the Karl G. Jansky Very Large Array
1

(VLA) at 1.6 GHz detect no coincident emission above a 3-¢ r.m.s. noise level of 18 pwJy beam™

(see Methods and Extended Data Figure 2).

The precise EVN position shows that FRB 180916.J0158+65 is spatially coincident with
a galaxy catalogued in the Sloan Digital Sky Survey'® as SDSS J015800.28+654253.0. Given
the maximum expected redshift of approximately 0.11, as inferred by the measured DM (Meth-
ods), we find that the probability for chance coincidence is less than 1% for any type of galaxy
with mass greater than ~ 40% that of the FRB 121102 host (Methods). Moreover, we thus con-
clude that the association of FRB 180916.J0158+65 to this particular galaxy is significant. FRB
180916.J0158+65 is close to the plane of the Milky Way, with Galactic longitude [ = 129.7° and
latitude b = 3.7°. Its low DM excess compared to the Milky Way contribution (Methods) brought

into question whether it could possibly be a Galactic disk or halo object®, but the host galaxy



association shows that it is clearly extragalactic.

We used the 8-m Gemini-North telescope to characterise the morphology of the host galaxy
and to measure a spectroscopic redshift (Methods). Deep optical imaging reveals that the host
is a nearly face-on spiral galaxy (Figure 3) with a total stellar mass of approximately 10 times
that of the Sun (Methods), which is comparable to the total stellar mass of the Milky Way. No
other comparably large and bright galaxy is visible in the broader field covered by Gemini-North
(Extended Data Figure 3). The milli-arcsecond precision of the EVN localisation shows that the
FRB source is close to a bright feature in 7’-band approximately 7 arcsec (projected separation of

roughly 4.7 kpc) from the core of the host galaxy.

With Gemini-North long-slit spectroscopy, we simultaneously targeted the host galaxy centre
and the offset position of FRB 180916.J0158+65 (Extended Data Figure 3). This revealed strong
Ha emission, and several other spectral lines commonly associated with star formation (Figure 3).
By measuring optical line ratios, we confirm that the host is indeed a star-forming galaxy (Extended

Data Figure 5).

Comparing with the rest frequencies of the lines, we find a redshift z = 0.0337 & 0.0002,
which corresponds to a luminosity distance of 149.0 £ 0.9 Mpc (or an angular size distance of
139.4 £ 0.8 Mpc) using standard cosmological parameters'®. FRB 180916.J0158+65 is thus the
closest-known FRB source with a robust host galaxy identification and measured redshift. It is a
factor of six closer than the repeater FRB 1211027, and more than an order-of-magnitude closer

than the (thus far) non-repeating sources FRB 180924!!, FRB 181112!? and FRB 1905231°.



The optical spectrum at the location of FRB 180916.J0158+65 shows that both the associated
star-forming clump and the host galaxy core are at the same redshift (Figure 3). However, the
spectrum at the location of FRB 180916.J0158+65 is dominated by emission from the clump,
which is offset from the centre of the slit. Hence we have no independent direct estimate of
the emission or dispersion measure at the position of FRB 180916.J0158+65 from the Gemini-
North data. By considering the various modelled foreground contributions to DM, we estimate
that the host contribution is less than approximately 70 pc cm~3, and could be substantially smaller

(Methods).

FRB 180916.J0158+65 is located at the apex of the ‘v-shaped’ star-forming clump (Extended
Data Figure 4) with a relatively large'® projected size of roughly 1.5 kpc and a star-formation rate
of > 0.016 M, yr—' (and a star-formation surface density of ~ 10~2 M, yr~! kpc™2). The v-
shaped star-forming clump is a remarkable feature of the galaxy, suggesting the possibility that
the region has undergone an interaction that triggered the star formation, either between multiple

star-forming regions or conceivably involving a putative dwarf satellite companion.

The spiral host galaxy of FRB 180916.J0158+65 contains over 100 times more stellar mass
and has five times higher metallicity (see Extended Data Figure 5 and Methods) than the dwarf
host galaxy of FRB 121102. The discovery of this host demonstrates that some FRB sources exist
in galaxies more similar to our own Milky Way. Previously, it has been noted'*!”-!° that the host of
FRB 121102 is similar to the type of low-metallicity galaxies with high specific star-formation rate

that are associated with hydrogen-poor superluminous supernovae and long-duration gamma-ray



bursts. In contrast, the FRB 180916.J0158+65 host is unlike such galaxies; this weakens the case
for a general link between all repeating FRB sources and these extreme astrophysical explosions.

In a search of the Open Supernova Catalog®, we find no previous supernovae or gamma-ray bursts

at the location of FRB 180916.J0158+65.

The proximity of FRB 180916.J0158+65 constrains the presence of any persistent radio
counterpart to a luminosity (at a 3-o confidence level) of vL, < 1.3 x 10% erg s~! from the
continuum EVN data (sensitive to milliarcsecond scales) and to vL,, < 7.6 x 103° erg s~ from the
VLA data (sensitive to emission on arcsecond scales; see Methods). Compared to the persistent
source associated with the repeating FRB 121102, this upper limit implies that any such source as-
sociated with FRB 180916.J0158+65 must be at least 400 times fainter than the one associated with
FRB 121102, The previously determined® Faraday rotation measure of FRB 180916.J0158+65,
RM = —114.6+0.6 rad m™2, is three orders of magnitude lower than that of FRB 121 1022!, where
RM ~ 10° rad m2. As previously suggested®, we conclude that FRB 180916.J0158+65 is located
in a much less extreme local environment compared with FRB 121102, and that the physical mech-
anism for FRB repetition does not depend on such conditions. Nonetheless, models originally
proposed for FRB 121102%%2> — in which the bursts originate from a young and rapidly rotating
magnetar — could potentially still explain the observed properties of FRB 180916.J0158+65 by
invoking an age of ~300 yr, which is ten times older than that proposed for FRB 121102 (see

Methods for a brief comparison to existing models).

While the host galaxies of FRB 180916.J0158+65 and FRB 121102 are markedly different,



both sources are located near or within a star-forming region in the host galaxy. This contrasts with
the elliptical host galaxies of FRB 180924!! and FRB 190523'°, where there is comparatively little
active star formation, but may be consistent with the star-forming galaxy of FRB 181112'2. This
diversity in hosts and local environments allows for the possibility that repeating and apparently
non-repeating FRB sources have physically distinct origins. However, comparison of FRB event
rates with those of proposed progenitors disfavours models that invoke cataclysmic explosions and
suggests that a large fraction of sources must be capable of repeating®*. The recent finding that
FRB 171019 produces repeat bursts that are almost 600 times fainter compared to the originally
discovered signal” underscores the fact that the detectability of repetition depends on instrumental
sensitivity and source proximity. If FRB 180916.J0158+65 were at the distance of the other well-

localised FRBs, only a small fraction of its (brightest) bursts would be visible.

Furthermore, it has been proposed that a young magnetar origin for the bursts of as-yet non-
repeating FRBs in non-star-forming regions is still viable as long as it is possible to form such
sources through a variety of channels, including direct stellar collapse, accretion-induced collapse,
and through the merger of compact objects. Ultimately, a larger number of precision localisations
is needed before we can establish that multiple physical origins are required to explain the observed

4

FRB phenomenon. There are now 11 repeating FRBs known*~’, and with precision localisations

it will be possible to establish whether repeating and apparently non-repeating FRB sources have

demonstrably different environments.

FRBs have now been localised with luminosity distances that span approximately 150 Mpc

10



to 4 Gpc. Estimating distance purely based on DM, it appears likely that there are FRBs that are
even closer?® or more distant®?’ compared with this range. The four bursts presented here have
isotropic-equivalent spectral energy densities as low as approximately 5 x 10?7 erg Hz ! (Table 1).
Assuming similar beaming fractions, this makes them close to an order of magnitude less energetic
compared to the weakest bursts seen from FRB 121102 to date?®, and between four to six orders-of-
magnitude less energetic compared to FRB 180924!! and FRB 190523!°. Unless multiple models

are invoked, a viable model for FRBs must address this large range of (apparent) energy outputs.

Comparing instead with pulsar emission, we note that the bursts from FRB 180916.J0158+65
are still at least a million times more energetic compared to the brightest giant pulses seen from the
Crab pulsar — suggesting that they are not simply an exceptionally bright version of the known

pulsar giant pulse phenomenon?.

As previously suggested®, the proximity of FRB 180916.J0158+65 is an advantage for multi-
wavelength follow-up of the host galaxy and local environment. Whereas targeted observations
of FRB 121102 have failed to detect either prompt or persistent optical, X-ray or gamma-ray

counterparts’*—33

, similar observations towards FRB 180916.J01584+65 may strongly constrain
magnetar-based models, even in the event of non-detections. FRB 180916.J0158+65 is thus one of

the most promising known sources for understanding the nature of FRBs.
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Figure 1 Burst detections in Effelsberg auto-correlation data. Band-averaged profiles
and dynamic spectra of the four bursts, as detected using the coherently dedispersed

Effelsberg auto-correlation data (a, b, ¢ and d). Each burst was fitted with a Gaussian
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distribution to determine the full-width at half-maximum (FWHM) durations, which are
represented by the dark cyan bars. The lighter cyan encloses the 2-0 region. Bursts
B3 and B4 (¢ and d) show sub-bursts; the orange, purple and green bars correspond
to the FWHM of these sub-bursts, and the lighter bar (of each colour) encloses the 2-
o region. Note the different time windows plotted: B1 and B3 (a and ¢) show 12 ms,
whereas B2 and B4 (b and d) show 6 ms surrounding the burst peak. The solid white
lines represent frequency channels that have been removed from the data due to either
RFI or subband edges, indicated by the red and blue markers, respectively. The burst
data have been downsampled by various factors in time and frequency to optimise the
visual representation. The RFI excision was done prior to downsampling. The time and

frequency resolution used for plotting is shown in the top right of each panel.
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Figure 2 EVN images and burst positions. Each individual burst is imaged by using the
EVN gated visibility data (a, b, ¢ and d). Contours start at three times the r.m.s. noise
level of each image (75, 65, 43, 100 mJy beam~!, and 9.7 uJy beam~!, respectively) and

18



increase by factors of /2. e: image using the full span of the EVN observation and 2-s in-
tegration time; no significant (> 30) persistent radio emission is detected at the positions
of the bursts (denoted by the red cross) and no signal above the 4-0 level is detected
anywhere within the full field. For all images, the synthesised beam is represented by the
grey ellipse in the bottom-left corner. The Tianma station was only included in the deriva-
tion of the continuum image (e). f: the positions derived from each individual burst and
their associated 1-0 uncertainties (orange), with respect to the weighted-average burst

position (black). All positions are referred to o = 01"58™00.75028, § = 65°43'00.3152".

19



FRB 180916.J0158+65

AN
/

43'00"

55//

50//

Declination (J2000)

45"

+65°42/40"

03s 023 01s 58MQ0° 50° 1h57m5gs
Right Ascension (J2000)

120

T
— 0y5006.8A
Ny 6548.1A
" He 6562.8A

—

Ny 6583.5A
Si16716.4A
— 5,,6730.8A

100

801 .

Fx (nly)

Galaxy Core
40+ g

20 {l 1

il ) ! FRB Location x5
5500 6000 6500 7000 7500
Wavelength (A)

o
£

Figure 3 Gemini-North host galaxy image and optical spectrum. a: image of the host
galaxy using the 7’ filter. The position of FRB 180916.J0158+65 is marked. The inset
shows a higher contrast zoom-in of the star-forming region containing FRB 180916.J0158+65
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(marked by the red circle). The uncertainty in the position of FRB 180916.J0158+65 is
smaller than the resolution of the image. b: sky-subtracted spectrum extracted from a
5 arcsec aperture around the host galaxy core (blue) and a 2 arcsec aperture around the
location of FRB 180916.J0158+65 (orange, scaled by a factor of five for clarity). Emission
lines are identified along with their rest-frame wavelengths in air. Due to the complicated

shape of the galaxy, the fluxes have not been corrected for slit losses.
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Table 1: Burst properties. Widths, fluences and spectral energy densities are determined using the
Effelsberg auto-correlation data of the bursts from FRB 180916.J0158+65, with a centre frequency
of 1.7 GHz and dedispersed for a DM = 348.76 pc cm 3. W\, is the FWHM of the total burst
envelope, and Wy, represents the FWHM of any sub-bursts, ordered according to their arrival
time (earliest sub-burst is labelled “sub1”). The coloured boxes correspond to the bars in Fig-
ure 1 highlighting which structure is associated with the quoted widths. The fluence is determined
by integrating the burst profile over W, and is converted to physical units using the radiometer
equation®* (see Methods). The spectral energy density is estimated using the measured fluence and
luminosity distance. The position offsets (Aa, Ad) are referred to the average J2000 burst position
of a = 01"58m00.7502%, § = +65°43'00.3152". The flux densities, S,, are measured by fitting a
circular Gaussian to the EVN visibility data and are averages over the gate width.

& At 1.7 GHz reference frequency, and corresponding to the sum of all sub-bursts. A conservative
fractional error of 30% is adopted for the derived fluences and energy densities. These are assumed
to be isotropic.

> At 1.7 GHz reference frequency. The absolute flux scale may exhibit an additional ~15% uncer-
tainty due to possible systematic gain calibration offsets.

¢ See Methods for how the total burst width of B4 was determined.

Burst Wiot [ Wsuot [ Wsuoz [l Wsuos [l Fluence Spectral energy density Aa Ad S,
(ms) (ms) (ms) (ms) (Jy ms)? (10% erg Hz1)2 (mas) (mas) (Jy)°
B1 1.86 +0.13 - - - 0.72 1.90 —2.1+£3.2 1.1+32 0.74 £0.08
B2 0.24 £ 0.02 - - - 0.20 0.53 —-15+£29 -02+29 0.66=+0.05
B3 1.72+0.14 0.14+0.02 0.12+0.01 - 0.62 1.64 28+28 —-14+28 0.50+0.04
B4 1.66 +£0.05° 0.24 +£0.01 0.06 +£0.0006 0.68 + 0.03 2.53 6.68 0.1+1.9 03+19 23+03
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Methods

A priori localisation. The CHIME/FRB Collaboration discovered® the repeating source FRB
180916.J0158+65 and refined its position using the CHIME/FRB baseband mode. The auto-
matic baseband triggering system of CHIME/FRB* captured® raw voltages for a burst from FRB
180916.J0158+65. The intensity of the signal in the region surrounding the original detection was
then calculated by producing a grid of tightly-packed tied-array beams. A refined position was ob-
tained by fitting this intensity map with a simple model of the telescope beam. The technique will
be described in more detail in a future paper (Michilli et al. in prep.). Since the analysis strategy
was still in a preliminary stage at the time, we estimate a systematic uncertainty on this position of
roughly three arcminutes, based on a small sample of four known pulsars. CHIME/FRB baseband

localisations are expected to have higher precision in the future.

European VLBI Network and Effelsberg observations. The EVN observed the field of FRB
180916.J0158+65 on June 19th, 2019 for 5.5 h at a central frequency of 1.7 GHz and with a band-
width of 128 MHz. The phase centre was placed at the position provided by the initial CHIME/FRB

baseband localisation: av = 01"57™43.2°, § = 65°42'01.02” (J2000 coordinates).

A total of eight dishes participated in the EVN observations: the 100-m Effelsberg, the 65-m
Tianma, the 32-m Medicina, the 32-m Torun, the 32-m Irbene, the 25-m x 38-m Jodrell Bank Mark
II, the 25-m Onsala, and a single 25-m dish from the Westerbork array. The data were streamed
in real time (e-EVN setup) to the EVN Software Correlator (SFXC3%) at the Joint Institute for

VLBI ERIC (JIVE) in Dwingeloo, The Netherlands. The real-time visibility data are comprised of
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eight 16-MHz subbands of 32 channels each, with full circular polarisation products, and 2-s time

averaging.

In parallel, we buffered the individual station raw voltage data in order to allow high-time-
resolution correlations afterwards, at the times of any detected bursts. This method allows one to
recover the signal from any position within the primary beam of the antennas (which have a full-
width at half-maximum, FWHM, of roughly 7 arcmin in the case of the 100-m Effelsberg dish,
and roughly 30 arcmin for the 25-m antennas), which would otherwise be smeared due to time and
frequency averaging if it is more than tens of arcseconds away from the phase centre used in cross-
correlation. We observed 3C454.3 and JO745+1011 as fringe-finders and bandpass calibrators.
J0207+6246 was observed as phase calibrator (located 3.1° away from FRB 180916.J0158+65) in a
phase-referencing cycle of 2 min on the calibrator and 5 min on the target, FRB 180916.J0158+65.
We also observed J0140+6346 as a check source (3.1° away from the same phase calibrator) fol-

lowing the same phase-referencing cycle.

Simultaneously, we recorded high-time-resolution filterbank data at 1.7 GHz using the 100-
m Effelsberg telescope and the PSRIX data recorder!®, which is designed for pulsar observations.
We observed FRB 180916.J0158+65 for a total on-source time of 3.47 h in the frequency range
1597-1737 MHz. This total bandwidth was divided into 144 spectral channels of 0.98 MHz each.
Of these, the bottom 48 channels were corrupted by radio frequency interference (RFI), likely from
Iridium satellites. Consequently, these channels were removed from the data prior to beginning the
analysis, giving a usable bandwidth of 93.75 MHz. The data were recorded with full Stokes infor-

mation and a time resolution of 81.92 us. Before the beginning of the observation, we performed
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a short test scan on the known pulsar PSR B2111+46, in order to verify the data integrity.

Interferometric data reduction. The EVN data were analysed using standard procedures within
the Astronomical Image Processing System (AIPS?7) and Difmap?® software packages. A pri-
ori amplitude calibration was performed using the known gain curves and system temperature
measurements recorded at each station during the observations. Poor data, primarily due to RFI,
were flagged manually (< 10% of the total data). The remaining data were then fringe-fitted and
bandpass calibrated using the fringe-finders and phase calibrator, which were imaged and self-
calibrated to improve the final calibration of the data. The obtained solutions were transferred to

FRB 180916.J0158+65 and J0140+6346 before creating the final images.

The check source J0140+6346 was used to estimate both the absolute astrometric uncertainty
and the potential amplitude losses that could have been introduced due to the phase-referencing
technique. Although the latter accounted for less than approximately 10% of the total flux density
scale, we found a significant offset (~ 4 mas) of the centroid of the check source position with
respect to its known coordinates from the International Celestial Reference Frame (ICRF). The
origin of this offset is explained by both the uncertainties associated with the phase-referencing
technique®®*! and the extended structure of J0207+6246, the phase calibrator. The core of this
source shows multiple components that make the determination of the true position of the source
ambiguous at the milli-arcsecond level. We corrected for this observed offset in all burst positions
presented in this study, but an uncertainty on the final absolute positions of 1.7 mas and 2.1 mas
in right ascension and declination, respectively, still remains due to the ambiguity in the exact

position of this reference source and its extension (the source is resolved on milliarcsecond scales).
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Search for FRB 180916.J0158+65 bursts. The PSRIX data were analysed in order to search for
dispersed, millisecond-duration bursts, using the PRESTO* software package. The tool rfifind
was used to identify frequency channels and time samples contaminated by RFI. We estimate that
~ 4% of the data were masked using r£ifind. Incorporating the RFI mask, the data were

3 in steps of 1 pc cm~2 using

then incoherently dedispersed to DMs in the range 0—700 pc cm™
prepsubband, generating dedispersed time series at each trial DM. To search for short-duration
bursts, each dedispersed time series was convolved with boxcar functions of various widths, using
single pulse_search.py. Given the frequency resolution of the PSRIX data, the residual
dispersive delay within each channel results in a temporal smearing of ~ 0.6 ms at the expected®
DM of FRB 180916.J0158+65 (349 pc cm~2). This intra-channel smearing dominates over the
sampling time, causing a loss of sensitivity to extremely narrow bursts. We were sensitive to
bursts with widths exceeding the intra-channel smearing time, and up to 98.3 ms. A DM-time plot
(known as a single-pulse plot, generated by single_pulse_search.py) was created for each
scan and inspected by eye for candidates. For each candidate identified, the dynamic spectrum was
generated and inspected by eye to distinguish between astrophysical signals and terrestrial sources
of RFI. During our 3.47-h on-source time, we found four bursts from FRB 180916.J0158+65 at its
known DM. As a final check, each dedispersed time series was filtered for RFI in the search for

candidates with peak signal-to-noise ratio S/N > 7, using an automated classifier*** that returned

only the same four bursts found in the initial manual search.

Using the time of arrival of each individual burst, one-second duration Effelsberg auto-

correlations were created for each burst, using the recorded EVN raw-voltage data. The auto-
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correlation data were generated with a higher temporal resolution (16-us time bins) and frequency
resolution (62.5-kHz channels) compared with the PSRIX data, and were coherently dedispersed
to 350 pc cm~3. Coherent dedispersion mitigates the effects of intra-channel smearing to less than
3 us for DMs that are within a few units of 350 pc cm 3. This provided us with the opportunity to
better study the burst structure (limited only by our temporal resolution and the signal-to-noise),

which is unresolved in the PSRIX data.

We identified the four bursts from FRB 180916.J0158+65 in the auto-correlations (Figure 1
shows their band-averaged burst profiles and dynamic spectra). For comparison, we also show the

profiles and dynamic spectra for the bursts in the PSRIX data (Extended Data Figure 1).

Burst properties. Using the brightest burst, labelled B4, we determined a precise DM for FRB
180916.J0158+65. We used the PSRCHIVE® tool pdmp to determine the DM that corresponds
to a peak in the signal-to-noise. Because B4 has a bright and narrow sub-burst, optimising the
signal-to-noise is likely also equivalent to optimising the structure of the burst*®, in this case. We
searched DMs of 350 £ 3 pc cm™? in steps of 0.01 pc cm™2 using pdmp, and found the optimal
DM to be 348.76 4 0.10 pc cm ™2 (consistent with the DM of 349.2 4 0.3 pc cm 2 determined for
this source by CHIME/FRB®). The bursts shown in both Figure 1 and Extended Data Figure 1 are

dedispersed to this DM value.

Table 1 lists the physical properties of the bursts using the Effelsberg auto-correlations, dedis-
persed to 348.76 pc cm 3. We measured the burst FWHM duration and peak time using a Gaussian

fit*6. The brightest burst, B4, shows a complicated structure (as can be seen in Figure 1). The width
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of each individual sub-burst in B4 was determined using the same Gaussian fit as above. The total
width of B4, however, was measured by defining the beginning of the burst as the peak time of
the first sub-burst minus W, and the end of the burst as the peak time of the last sub-burst plus

Wsub3 .

To determine the fluence, we define a larger time window, determined by eye, than the quoted
FWHM durations, which encompasses all of the burst flux. First, we produce a time series con-
taining each burst by summing over all frequency channels. We define an off-pulse region, and use
this to normalise the time series. We then convert the signal in each time bin to physical units by
using the radiometer equation®*, and sum over the burst duration to estimate the fluence. It should
be noted that B1 and B3 were downsampled by a factor of four for this analysis, resulting in a
lower time resolution than the other bursts. For the radiometer equation, we take typical values for
the system temperature T, ~ 20 K and telescope gain G ~ 1.54 K Jy~! for Effelsberg. For the
fluence values quoted in Table 1, we provide a conservative fractional error of 30%. Also shown
in Table 1 are the burst spectral energy densities*’, using the derived burst fluences and luminosity
distance to FRB 180916.J0158+65. All four bursts are significantly dimmer compared to those
previously detected® with CHIME/FRB, which is unsurprising given the higher sensitivity of the

100-m Effelsberg telescope.

Extended Data Table 1 shows the detection properties of the bursts, as seen in both the PSRIX
data and the Effelsberg auto-correlations. For the PSRIX data, we quote the maximum S/N de-
tected using PRESTO’s single_pulse_search.py with an associated DM. The burst S/N for

the auto-correlations is that measured at DM = 348.76 pc cm 3, again using single_pulse_search.py.
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The burst width in Extended Data Table 1 is the boxcar width used in single_pulse_search.py
resulting in the peak S/N value. The S/N of the four bursts, as discovered in the PSRIX data, are
shown in Extended Data Figure 6 as a function of time during our observation. The first three

bursts appear clustered in time, occurring within 1.5 h from the beginning of our observation.

To study frequency-dependent brightness variations in the dominant sub-burst of B4 —
which are expected if there is scintillation — we conducted a standard auto-correlation analysis*®.
We generated the spectrum of the burst within the FWHM duration (Wq,p2 = 0.06 ms) using Ef-
felsberg auto-correlations with a frequency resolution of 15.6 kHz. Spectral channels containing
significant RFI, along with those at the edges of the 16-MHz subbands, were set to zero in the

spectrum before generating the auto-correlation function (ACF).

We calculated the ACF using the following expression:

Z(S(uz) S)(S(v; + Av) — S)
ACF(Av) , (D
\/Z () \/E (v; + Av) — 5)?

where v is the frequency, Av is the frequency lag, and S is the mean of the spectrum. In this
expression each summation is over the indices ¢ which give non-zero values for both S(v;) and
S(v; + Av) (i.e. we only include the “good” data in the auto-correlation analysis). The ACF

calculated using Equation 1 is shown in Extended Data Figure 7.

The central part of the ACF (for lags in the range —1.016 to +1.016 MHz) after removing

the zero lag was then fitted with a Lorentzian function*® of the form:

a

S X 2
:132+Ayd2+’ )
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using a least squares fit, for free parameters a, the amplitude; Arvy, the decorrelation bandwidth
(also known as the scintillation bandwidth: defined*®® as the half-width at half maximum of the
ACF); and offset b. Extended Data Figure 7 shows the fit to the ACF. The Lorentzian fit, with
127 degrees of freedom, returned a x? of 105.2. We assume that the ACF between 3 and 20 MHz
lags contain no structure and represents the noise in the central profile of the ACF. We measure
the standard deviation in this region and use this as our uncertainty for the calculation of x?. The

p-value of the fit is 0.92.

We measure the scintillation bandwidth to be 59 £ 13 kHz. This estimate is consistent with
the NE2001 model® prediction of ~ 60 kHz along the line-of-sight at our observing frequency of

1.7 GHz. Using the simple relationship

2T Avg ~ 1, 3)

we estimate a scattering timescale, 7, of ~ 2.7 us, which we find is also similar to the NE2001
model prediction of ~ 2 us along the line-of-sight™®. This constraint on the scattering time is
much tighter compared to CHIME/FRB measurements® of FRB 180916.J0158+65 bursts, even
after accounting for the different observing frequencies and the typical v~* scaling of scattering
time. CHIME/FRB nominally measured scattering times of approximately 2 ms for two FRB
180916.J0158+65 bursts, but these measurements are likely a reflection of burst morphology as

opposed to genuine scattering effects (as was previously considered®).

High-time-resolution correlation and burst imaging. Coherently dedispersed visibilities for

each burst were created by re-correlating the EVN data for only the time ranges corresponding
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to the burst durations. The exact time ranges were initially determined from the Effelsberg PSRIX
data and then refined using coherently dedispersed Effelsberg auto-correlations. From the result-
ing auto-correlations we created pulse profiles and used these to set the optimal correlator gates

applied to the interferometric data.

The a priori position of FRB 180916.J0158+65 provided at the time of the EVN observation
had an uncertainty of ~ 3 arcmin (see above), making it infeasible to localise the bursts by directly
imaging this region at milli-arcsecond resolution (which would require an image with ~ 10!
pixels). However, for strong signals, it is possible to estimate the position of the source from the
geometric delays across the different telescope baselines. The differential geometric phase delay,
Ag,, of the source with respect to the phase centre (a priori pointing position) for a given baseline
51,52.

is given by

A¢, = 2mv(u Aa cosd + vAJ) 4)

where v is the observed frequency, (Ao, Ad) is the positional offset of the source with respect to
the phase centre in right ascension («) and declination (), respectively, and (u, v) are the coordi-

nate offsets for the given baseline.

We used the strongest burst, B4, to estimate the offset of the source with respect to the phase
centre. We then re-correlated the data at this refined J2000 position of o = 01"58™00.5%, § =
65°43'01.0” (with an estimated uncertainty of a few arcseconds), which was ~ 2 arcmin from
the a priori position — and thus consistent within the estimated uncertainties. We applied the
previously described EVN calibration to these burst data and imaged the individual bursts. All
bursts were detected above a 7-o confidence level. Different imaging schemes were used during
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the imaging process in order to emphasise resolution (i.e. contribution from the longest baselines)
or sensitivity (i.e. contribution from the core of the array). The final images were produced by
using a natural weighting and excluding data from the Tianma station which, despite providing
the highest resolution, exhibited potential calibration issues that could affect the absolute burst
positions by a few milli-arcseconds — especially for such short integration times, where the uv
coverage is poor. Table 1 lists the burst properties obtained from the EVN images, which are
shown in Figure 2. An image of the combined burst data was also produced. This final image is
dominated by the emission of the strongest burst, B4, and thus we only consider the results from

the four bursts individually.

The flux densities and positions were measured using Difmap and the Common Astron-
omy Software Applications (CASA) software packages by fitting a circular Gaussian distribution
component to the detected emission in the uv plane, which is expected to be a robust method
against station gain calibration uncertainties®>. The position of each burst was measured inde-
pendently and then we determined a weighted average J2000 position for the source of a =
01"58™00.75028+2.3 mas, § = 65°43/00.3152” £2.3 mas, where we used the fluence of each burst
as weights. This is within 1.7 arcsec of the position determined via mapping the geometric delays.
The final positional uncertainty reflects the statistical uncertainties from the individual position
measurements (~ 1 mas), the uncertainties in the absolute ICRF position of the phase calibrator
(J0207+6246; 0.15 mas) and check source (JO140+6346; 0.1 mas), and the systematic uncertainty
associated with the phase-referencing technique and the extended structure of the check source and

phase calibrator (~2 mas), as explained previously. Uncertainties were added in quadrature.
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Finally, we searched for continuum radio counterparts of FRB 180916.J0158+65 by imaging
the full interferometric data set with a field-of-view of 2x2 arcsec? centred at the position of the
bursts (and thus also covering the full extent of the nearby star-forming region). We detected no
emission at the position of FRB 180916.J0158+65 as well as no significant (< 4.50) compact
emission anywhere in the field above the r.m.s. noise level of 10 uJy beam™' (19 pJy beam ™
when excluding the data from the Tianma station). We also searched for possible emission from

the core of the galaxy, but found no signal above the 6-0 r.m.s. noise level in a 4 x4 arcsec? area.

VLA observations. InJune 2019, we used the Karl G. Jansky Very Large Array (VLA) to perform
a quasi-simultaneous search for millisecond transients and faint persistent emission associated with
FRB 180916.J0158+65. The VLA observed from 1-2 GHz with baseline lengths up to 11 km,
giving a synthesised beam size of roughly 4 arcsec. VLA visibilities were sampled at 5-ms time
resolution and searched in real time by the Realfast system>*; the same data were integrated at 3-s
time resolution and calibrated with the standard CASA calibration pipeline. In a total of 14 h of
observing (with on-target efficiency of 80%), we found no millisecond transients to an 8- limit
of approximately 50 mJy beam™ in 5 ms or, equivalently, a fluence limit of 0.25 Jy ms. No VLA
observing was coincident with known burst times detected by the EVN. We concatenated all 14 h of
data, applied an iteration of phase self-calibration using relatively bright background sources in the
field of view of the antennas, and imaged 600 MHz of the bandwidth centred near 1.6 GHz to search
for persistent radio emission on arcsecond scales. We confirmed that the astrometric accuracy of
the deep image is good to better than 1 arcsec by associating seven bright field radio sources to the

catalogued location in the NRAO VLA Sky Survey (NVSS>®). No persistent emission is detected
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at the position of FRB 180916.J0158+65 brighter than a 3-¢ limit of 18 wJy beam™!. A 25-uJy
source is located at a nearby J2000 position of o = 01"58m00.9%, § = 65°43'07” (see Extended
Data Figure 2), but this position is offset by approximately 7 arcsec from the location of FRB
180916.J0158+65, which is much more than the astrometric precision, estimated to be 0.4 arcsec

(the VLA observed in its B configuration at the time). It is thus very unlikely to be associated with

FRB 180916.J0158+65 or the host galaxy.

Optical observations and host galaxy. The EVN localisation of FRB 180916.J0158+65 places it
at the outskirts of SDSS J015800.28+654253.0, an apparent Sb spiral galaxy (possibly with a faint

bar) with an estimated'® photometric redshift zpn = 0.07 & 0.05.

We obtained imaging and spectroscopic observations of the host galaxy using the GMOS
spectrograph on the Gemini-North telescope between July and September 2019 (Program ID GN-
2019A-DD-110). We acquired 2x900-s exposures with each of the ¢’ and »’ filters. The im-
ages were processed with the gemini IRAF/pyraf package, and sources were extracted using
Source Extractor>. The images were de-warped and astrometrically corrected by match-
ing the point source positions to those from the Gaia Data Release 2 (DR2) Catalogue®’-8. The
matching precision was 17-20 mas r.m.s. for each image. The seeing was measured to be 0.99 and

0.78 arcsec in the ¢’ and ' images, respectively.

Figure 3 shows the 7’ image of the galaxy, along with the position of FRB 180916.J0158+65.
The galaxy is nearly face-on, with spiral arm structures visible. FRB 180916.J0158+65 appears co-

located with one of the outer arms of the galaxy, near a bright clump in the ' image (see Extended
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Data Figure 4 for a more detailed zoom on this region). We attribute this emission to that of Ha,
which is bright in emission in the GMOS spectra and, at the redshift of the host galaxy, falls within
the v’ image. The total stellar mass of the galaxy has been estimated to be ~ 10'° times the mass of
the Sun by using the WISE W1 and W2 colours®, which provide a more robust estimation given

that they are less affected by extinction.

We performed long-slit optical spectroscopy, simultaneously targeting the galaxy core and
the FRB location, in order to measure the redshift and spectral properties of the galaxy and the loca-
tion of FRB 180916.J0158+65. We acquired 4 x900-s spectroscopic observations with a 1.5 arcsec
slit and the R400 grating — along with corresponding flat fields, copper-argon arcs, and observa-
tions of BD +28 4211 to correct for sensitivity and extinction. As shown in Extended Data Figure 4,

the slit was rotated to align with the host galaxy centre and FRB position.

The spectroscopic data were processed with the Gemini IRAF/pyraf package. The
FWHM of the emission lines from the sky was measured to be 7-8 A, matching the theoretical
resolving power of R ~ 640. The wavelength calibration with copper-argon emission lines had a
precision of 0.7-0.8 A. However, the lack of arc lines towards the bluer edge reduces the accuracy

of the wavelength solution towards 5200 A.

We extracted the spectrum within 5 arcsec of the galaxy centre as well as 2 arcsec around
the location of FRB 180916.J0158+65 itself. We used the trace of the galaxy centre, offset by
7.7 arcsec to trace the location of FRB 180916.J0158+65. Figure 3 shows the calibrated spectra at

each location separately. We identify redshifted Ha, Ny, Sip and Oypp lines with an average redshift
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of z = 0.033 £ 0.001 if all lines are included and z = 0.0337 £ 0.0002 when excluding the Oy
lines that are at the blue edge of the CCD (and hence may have reduced wavelength calibration
accuracy). Extended Data Table 2 shows the line centroids, widths and fluxes. The spectrum at the
location of FRB 180916.J0158+65 is dominated by emission lines with little continuum emission.
The Oy 5007A line is detected at the FRB location but was corrupted by a cosmic-ray hit. As
the slit was positioned at the edge of the nearby star-forming clump, we observe a non-uniform
slit illumination pattern and the line centroids, especially for Ha, are shifted towards the redder
wavelengths by ~ 1 A. Nevertheless, we can confirm that both the clump and the galaxy are at the

same distance.

The obtained flux for the Ha emission at the position of FRB 180916.J0158+65 (which is
dominated by the star-forming clump) implies a luminosity of Ly, ~ (2.0 & 0.1) x 103 erg s71,
which corresponds to a star formation rate®® of ~ 0.016 M, yr—. These values were extracted
from a region of 1.5 x 2 arcsec? around the FRB, corresponding to 1.5kpc?, implying a star-

formation surface density of ~ 102 M, yr~* kpc~2. Note that these values can be significantly

affected by extinction, which is estimated to be £(B — V') ~ 1.01.

From the Ho, Nyp, and Sy line fluxes, we estimate the metallicity of the galaxy®! as 12 +
log(O/H) = 8.82, close to solar neighborhood metallicity, and five times higher when compared

to the host of FRB 121102 (< 8.1 on the same metallicity scale!”).

Chance alignment probability with host galaxy. The projected position of FRB 180916.J0158+65

is coincident with a star-forming clump in the spiral galaxy SDSS J015800.28+654253.0. To con-
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firm an association with the galaxy we have estimated the probability of chance coincidence be-

tween the two sources.

We have considered a uniform density of galaxies across the sky. Assuming a Poisson dis-
tribution of galaxies in the relevant co-moving volume, we estimate the number density of typical
galaxies brighter than Mp = —16 (i.e., galaxies with masses greater than ~ 40% of the dwarf
galaxy host!” of FRB 121102) based on the all-galaxy luminosity function®®%?, and their typical
size distribution based on the galaxies reported in SDSS DR7%. Then, we calculate the chance
coincidence probability for a source to be co-located within twice the median half-light radius of

any galaxy as a function of redshift.

At the measured redshift of z ~ 0.0337, the chance coincidence probability P < 0.1%.
However, we may consider the probability up to a redshift of ~ 0.11, the maximum redshift
considered for FRB 180916.J0158+65 based on the observed DM®. Even in this case P < 1%
(see Extended Data Figure 8). The association between FRB 180916.J0158+65 and the galaxy is

thus statistically robust.

Dispersion measure budget FRB 180916.J0158+65 is close to the Galactic plane, with longitude
[ = 129.7° and latitude b = 3.7°. The total measured DM of FRB 180916.J0158+65 is DM, =
348.76 pc cm 3, and is expected to be the sum of contributions from the Milky Way disk (DMyvw)
and halo (DMyay,), the intergalactic medium (DM;qyr), and host galaxy (DMyg; including both
the ISM and halo of the host). For the line-of-sight to FRB 180916.J0158+65, DMy is predicted

to be 199 pc cm~3 and 325 pc cm 2 by the NE2001 and YMW 16 Galactic electron density models,

37



respectively®®%5. DMy, is estimated to be 50-80 pc cm ™2 or approximately 45 pc cm~3 according
to two available models'>%. Given the range of model predictions, one can ascribe up to roughly
100 pc cm ™2 to DMjqy and DMy. For redshift z = 0.0337, DMjqu is expected to be®” approx-
imately 34 pc cm~3— though this estimate is highly line-of-sight dependent for low redshift®.

3 and

Overall, after subtracting these various contributions, DMy is likely less than 70 pc cm™
could be much smaller. The YMW16 model over-predicts DMy;w in this direction (unless the
DM.10, DMigm and DMy contributions are all much smaller than expected), and this illustrates
that FRB DMs will help constrain Galactic electron density models. Conversely, because the line-
of-sight to FRB 180916.J0158+65 passes through the Galactic plane, with a large but uncertain

Galactic DM contribution, it is unlikely to be a good probe for refining the DM-z relationship in

the IGM?7.

FRB 180916.J0158+65 compared with the other localised repeating fast radio burst source,
FRB 121102. The physical origin of the FRB phenomenon remains unclear, and many of the pro-
posed models® remain consistent with the observational facts we present here for FRB 180916.J0158+65.
We now briefly consider the nature of FRB 180916.J0158+65 by comparing to two of the families
of models proposed for FRB 121102, which is the FRB source studied in most detail to date, and

the only other well-localised repeater.

One of the models to explain the associated persistent radio counterpart to FRB 121102
proposes the existence of a 20-50 year-old supernova remnant and nebula powered by a young

22,23,69,70

flaring magnetar . The absence of a similarly bright radio nebula associated with FRB

180916.J0158+65 could be explained, in this model, as an older system whose emission has al-
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ready faded. Assuming a similar model®?, the upper limits on persistent radio emission associated
with FRB 180916.J0158+65 are consistent with a system that is at least about five times older than
FRB 121102, and thus = 200 — 500 yr old. Additionally, the same model also predicts a character-
istic decay of the RM with time. An RM as large as the one observed towards FRB 121102%' would
drop to the RM observed® towards FRB 180916.J0158+65 at a source age of ~ 300 yr. However,
while the results we present here are conceivably consistent with the young magnetar scenario for

repeating FRBs, we find no new support for this scenario.

Other models, inspired originally by FRB 121102, invoke interaction between a nearby
strong plasma stream and a neutron’s magnetosphere’!. In the case of FRB 121102, the large?!
RM and the observational similarity'* of its compact, persistent radio source to low-luminosity
active galactic nuclei (LLAGN) suggest that the bursts could originate from a massive black hole,
or a neutron star in the near vicinity. An accreting massive black hole can provide a plasma stream
that could interact with a neutron star magnetosphere’2. The absence of a persistent radio counter-
part to FRB 180916.J0158+65, and its location in the spiral arm of a morphologically well-defined
galaxy, make such a model arguably less likely in the case of FRB 180916.J0158+65. For a black
hole with a similar mass to that of the one considered for FRB 121102 (10°° M,,), our upper lim-
its would imply a very low accretion rate of ~ 10~ Lgyq. Nonetheless, this accretion rate is still
compatible with the low end observed in LLAGN’®. The presence of a massive black hole at the
apex of the star-forming clump is thus not excluded, although rather unlikely. Nonetheless, in an
interacting model’!, the plasma stream can also have a different origin, and it is conceivable that

FRB 180916.J0158+65 is a neutron star interacting with, e.g., the jet of a stellar-mass black hole.
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The proximity of FRB 180916.J0158+465 will aid in performing deep multi-wavelength ob-

servations, which may help to discriminate between the various scenarios outlined above, while

potentially also suggesting new ones.
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Extended Data
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Extended Data Table 1: FRB 180916.J0158+65 burst properties as detected in both the Ef-
felsberg PSRIX data and the Effelsberg auto-correlation data. S/N and Width are determined
using single pulse_search.py, and are the exact values returned by this program for the
best-fit boxcar function. The DM quoted for the PSRIX data is the DM corresponding to the opti-
mal S/N detection. The DM for the Effelsberg auto-correlation data is 348.76 pc cm ™3, which is
the S/N optimising DM found for the brightest burst, B4, using the PSRCHIVE tool pdmp.

@ Time of arrival of the centre of the burst envelope at the Solar System Barycentre after correcting
to infinite frequency (i.e. after removing the time delay from dispersion) using a DM of 348.76 pc

cm™3,

PSRIX data Auto-correlations

Burst Peaktime* (MJD) S/N DM (pccm=3) Width (ms) S/N DM (pccm=3) Width (ms)

B1  58653.0961366466 14.65 345 1.64 9.87 348.76 2.40
B2 58653.1112573504 9.48 349 0.33 9.61 348.76 0.32
B3 58653.1465969404 11.08 356 0.74 9.78 348.76 1.12
B4 58653.2785078914 46.30 350 0.49 65.42 348.76 0.06
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Extended Data Figure 1 Burst detections in Effelsberg PSRIX data. Band-averaged
profiles and dynamic spectra of the four bursts, as detected in the PSRIX data (a, b, ¢

and d). A 20-ms time window is shown surrounding the burst centre. Each burst was
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fitted with a Gaussian distribution to determine the FWHM duration, which is represented
by the cyan bars. The lighter cyan encloses the 2-0 region. The solid white lines are
frequency channels that have been removed from the data due to either RFI or subband
edges, indicated by the red and blue markers, respectively. For visual clarity, bursts B1,
B2 and B3 (a, b and ¢) are downsampled in both time and frequency by a factor of two.
The RFI excision was done prior to downsampling. The time and frequency resolution

used for plotting is shown in the top right of each panel.
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Extended Data Figure 2 VLA field image. Field of the continuum radio emission around
FRB 180916.J0158+65 as seen by the VLA at 1.6 GHz with a bandwidth of 0.6 GHz. The
position of FRB 180916.J0158+65 is marked by the red cross at the centre of the image.
Contours start at the 3-0 r.m.s. noise level of 18 nJy beam~! and increase by factors of
V2. The synthesized beam is represented by the grey ellipse in the bottom-left corner.
Note that a faint source is detected at around 6 arcsec north of FRB 180916.J0158+65,
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but its separation is significant (>3-0 confidence level) and we thus conclude that it is not

associated with FRB 180916.J0158+65.
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Extended Data Figure 3 Full field of view of the Gemini ' filter. The position of FRB
180916.J0158+65 is highlighted by the red cross. Note that the spiral galaxy associated

with FRB 180916.J0158+65 is the only clearly visible galaxy in the field.
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Extended Data Figure 4 Zoomed-in images at the position of FRB 180916.J0158+65.
Gemini data at ' (a) and ¢’ bands (b). The position of FRB 180916.J0158+65 is high-
lighted by the white cross. the uncertainty on its position is smaller than the resolution of
these images. The dashed lines represent the orientation and placement of the 1.5 arc-
sec spectroscopic slit used to obtain the optical spectra. Note that the slit does not cover
the full star-forming region but the region centred on FRB 180916.J0158+65, and that the

whole region is strongly affected by extinction (E(g — ) = 1.73(9)).

56



AGN
. AGN
6 ...'..... | | \
= 05f \ 1t
o e
o , i
Lo
=
5 ol Star-forming Star-forming
=
o
—— FRB 180916.J0158+65 (galaxy)
—-0.5 FRB 180916.J0158+65 (FRB)
] FRB 121102
° FRB 180924
_1 1 1 1 : 1 ‘- ] [ 1 1 1
—2 -1.5 -1 -0.5 0 -2 —-1.5 -1 -0.5 0
log([NI1]A6583/Ha) log([SH]AN6717,6731/Ha)

Extended Data Figure 5 Host galaxy source of ionisation. Emission line flux ratios of
a: [N1l]/Ha and b: [S1)/Ha against [O 111]/HS. The grey-scale distribution represents the
SDSS DR12 sample' of 240,000 galaxies that display significant emission lines (> 50),
where the solid and dotted grey lines denote the demarcations between star-forming and
AGN-dominated galaxies’®>=">. The host galaxies of FRB 121102 and FRB 180924 are
consistent with star-forming and AGN-dominated galaxies, respectively’'”. Though the
Gemini-North spectrum of FRB 180916.J0158+65 does not cover the [O 111] and Hf lines,
its [N 1/Ha and [S 11)/Ha line ratios are broadly consistent with a star-formation dominated

galaxy (represented by the vertical lines and the 1-o region as line width).
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Extended Data Figure 6 Burst brightness and arrival times. Burst S/N as a function
of time during our 2019 June 19 observation of FRB 180916.J0158+65. The grey bars
represent scans of the FRB 180916.J0158+65 field. The red stars represent the four
bursts (from left to right: B1, B2, B3, B4). The black dashed line indicates the detection

threshold of our search in the pulsar-backend data (S/N = 7).
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Extended Data Figure 7 Auto-correlation function and scintillation bandwidth of bright-
est burst, B4. a: The auto-correlation function (ACF) of the spectrum of the bright, narrow
burst component of burst B4. b: The ACF for lags between —1.016 and 1.016 MHz. The
zero-lag noise spike has been removed from the ACF. A Lorentzian fit is shown in green
in panel (b). The black vertical dashed line represents the scintillation bandwidth, defined
as the half-width at half-maximum of the Lorentzian fit.
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---- FRB 180916.J0158+65 (maximum redshift)

---- FRB 180916.J0158+65 (host redshift)
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Extended Data Figure 8 Redshift-cumulated probability of chance alignment coincidence.
Probability of a chance alignment between FRB 180916.J0158+65 and twice the median
half-light radius of any galaxy with magnitude Mz < —16 (orange region) or with a dwarf
galaxy like the host of FRB 121102 (blue region) as a function of redshift. The hori-
zontal grey line represents the 1% probability threshold. At the redshift of the host galaxy,
z = 0.0337 (vertical dashed red line), the chance coincidence probability is P < 0.1%, and
at the maximum possible redshift of ~ 0.11 derived from the observed DM the probability

is < 1% (vertical dashed black line).
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Extended Data Table 2: Properties of the spectral emission lines. Properties of the most rel-
evant spectral lines observed at the location of the core of the galaxy and at the position of FRB
180916.J0158+65. Note that the fluxes are not corrected for extinction. Numbers in parentheses

indicate 1-0 uncertainties in the least significant digits.

Line ID Galaxy Core FRB Location
Centroid Width Flux Centroid Width Flux
(A (A) (10-"%ergecm—2s71) (A) (A (10-"%ergecm—2s~1)

014958.93A  5122.7 55 0.38(4) - - -
0115006.86 At 5155.6 5.6 4.76(4) - - -

N, 6548.05A  6767.9 5.5 0.31(4) - - -
Ha6562.8 A  6784.8 10.9 6.57(4) 6787.5 6.5 1.002(8)

N, 6583.45A  6806.9 10.3 2.51(4) 6809.0 5.1 0.233(8)
S,6716.44 A 6943.7 7.4% 0.77(4) 6946.2 6.41t 0.243(5)
S,6730.81 A 6953.8 7.4* 0.58(4) 6961.8 6.41t 0.123(5)

Notes: t: The O,,5006.86 A line is detected at the FRB location but is corrupted by a

cosmic-ray hit. *,’T: A single value of line width was fit for both lines.
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