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All things considered, we cannot favour any one of these interpre-
tations. Future comparison of spectra from the persistent source and 
from individual bursts could rule out the ‘single source’ interpreta-
tion. The proximity of the two sources and their physical relationship 
can be probed by detecting a burst in VLBI observations or by using 
interstellar scintillations, which can resolve separations of less than 
one milliarcsecond.

If other fast radio bursts are similar to FRB 121102, then our dis-
covery implies that direct subarcsecond localizations of bursts are so 
far the only secure way to find associations. The unremarkable nature 
of the counterparts to FRB 121102 suggests that efforts to identify the 
counterparts of other fast radio bursts in large error boxes will be dif-
ficult and, given the lack of correlation between the variability of the 
persistent source and the bursts, rapid post-fast-radio-burst follow-up 
imaging in general may not be fruitful.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Radio and optical images of the FRB 121102 field. a, VLA 
image at 3 GHz with a combination of array configurations. The image 
resolution is 2″  and the r.m.s. is σ =  2 µ Jy per beam. The Arecibo detection9 
uncertainty regions (3′  beam FWHM) are indicated with overlapping 
white circles. The radio counterpart of the bursts detected at the VLA is 
highlighted by a 20″  white square within the overlap region. The colour 
scale indicates the observed flux density. Inset, Gemini r-band image of 
the 20″  square shows an optical counterpart (rAB =  25.1 ±  0.1 mag), as 
identified by the 5″  bars. b, The light curve of the persistent radio source 
coincident with FRB 121102 over the course of the VLA campaign, 
indicating variability on timescales shorter than 1 day. Error bars are 1σ. 
The average flux density of the source of about 180 µ Jy is marked in grey, 
and the epochs at which bursts were detected at the VLA are indicated 
(red triangles). The variability of the persistent radio counterpart is 
uncorrelated with the detection of bursts (see Methods).
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Figure 3 | Broadband spectral energy distribution of the counterpart. 
Detections of the persistent radio source (blue circles), the optical 
counterpart (red and orange squares) and 5σ upper limits at various 
frequency bands (arrows) are shown; see Methods for details. Spectral 
energy distributions of other radio point sources are scaled to match the 
radio flux density at 10 GHz and overlaid for comparison: low-luminosity 
AGN in Henize 2-10, a star-forming dwarf galaxy28 placed at 25 Mpc 
(blue); radio-loud AGN QSO 2128−  12329 scaled by 10− 4.3 to simulate a 
lower-luminosity AGN and placed at 3 Gpc (yellow); and the Crab nebula30 
at 4 Mpc (red). Fν is the flux density and νFν is the flux density weighted by 
photon energy.
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Possible origins of FRB 121102

• Pulsar/magnetar powering up a young superluminous supernovae?

(e.g. Margalit et al. 2018, Metzger & Margalit et al. 2019)

• Young pulsar/magnetar interacting with a massive black hole?

(e.g. Pen & Connor 2015, Cordes & Wasserman 2016, Zhang 2018)
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A few more FRB localizations in 2019

First release: 27 June 2019  www.sciencemag.org  (Page numbers not final at time of first release) 11 
 

 

Fig. 2. Host galaxy of FRB 180924. (A) VLT/FORS2 gގ-band image showing the host galaxy of FRB 180924, labeled 
A. The burst location uncertainty is shown by the black circle. Two background faint background galaxies, labeled B 
and C, can be seen to the right and upper left are also visible (see supplementary text). (B) Keck Cosmic Web Imager 
(KCWI) spectrum (17) of the FRB 180924 host, showing the detection of forbidden-line ionized oxygen emission [O II], 
and Calcium absorption which set the FRB redshift z = 0.3214. fO is relative flux. The oxygen emission is attributed to 
gas ionized by a hard ionizing spectrum. The absorption lines are stellar. (C) Section of Gemini Multi Object 
Spectrograph (GMOS) spectrum. The spectrum shows (Hydrogen) Balmer line HD, Nitrogen, and Sulfur emission at a 
redshift consistent with the lines detected in the Keck spectrum. (D) Section of GMOS spectrum showing detections 
of the Balmer line HE and forbidden line emission from doubly ionized Oxygen ([O III]). 
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Lenticular galaxy at z ∼ 0.3

Bannister et al. (2019)
!  

Figure 2: Images of the sky location of FRB 190523. All images are centred on co-

ordinates (J2000) RA 13:48:15.6, DEC +72:28:11. Panel A shows a dirty snapshot 

image of the burst obtained with DSA-10 (see Methods). Panel B shows an optical 

image in the R-band filter obtained with KeckI/LRIS. The position of FRB 190523 

coincides with an apparent grouping of galaxies. Panels C and D show the zoomed 

burst localisation region in the g and R filters of KeckI/LRIS. The position of FRB 

190523 is indicated with 68%, 95% and 99% confidence containment ellipses in Pan-

els A, C and D. The only galaxy detected above the 26.1-magnitude R-band detection 

limit within the 99% confidence containment ellipse, indicated by ‘S1’, is PSO 

J207+72. A galaxy to the south of the 99% confidence ellipse is labelled `S2’. 
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Elliptical galaxy at z ∼ 0.66

Ravi et al. (2019)
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Figure 1: Dynamic spectrum of FRB 181112 and optical imaging of its host and a co-
incident foreground galaxy. (A) Dynamic spectrum of FRB 181112 recorded by ASKAP.
The dispersion measure DMFRB = 589.27 pc cm

�3; (B) g-band FORS2 image centered on
FRB 181112 whose position is depicted by the red ellipses with solid/dashed lines indicating the
statistical/systematic uncertainty. We estimate an additional systematic uncertainty of ⇡ 0.500 in
the astrometric solution of the FORS2 image. The host is well-localized to a faint galaxy cata-
loged as DES J214923.66�525815.28, and one identifies a brighter galaxy located ⇡ 5

00 away at
a PA ⇡ 13

� (cataloged as DES J214923.89�525810.43, referred to as FG-181112). The sight-
line to FRB 181112 passes through the halo of this foreground galaxy at an impact parameter
R? = 29 kpc.
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Star-forming galaxy at z ∼ 0.5

Prochaska et al. (2019)
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Following CHIME FRB repeaters with the EVN
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The precise localization of a second repeating FRB

CHIME/FRB exhibits a∼ 3 arcmin position

uncertainty

Hundreds of FRBs discovered by them

A fraction of them do repeat

EVN observations of CHIME repeaters since 2018

(PIs: Marcote, Nimmo, Kirsten)

FRB 180916.J0158+65 was potentially the

closest and most active one

Marcote et al. (2020, Nature, 577, 190)
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The precise localization of a second repeating FRB
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The environment of FRB 180916.J0158+65

• Spiral galaxy (10
10

M⊙)

• z = 0.0337(2) ⇒ D
L
≈ 149 Mpc

• V-shaped star-forming region

∼ 10
−2

M⊙ yr
−1

kpc

−2

Metallicity: 12+ log(O/H) = 8.82

• No persistent emission

< 7.6× 10
35

erg s
−1

(3σ)

400 times fainter than FRB 121102

• Bursts∼ 5× 10
27

erg Hz

−1

• ∼ 300-yr old magnetar source? 16-d Binary

system?
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Conclusions

• FRB 180916.J0158+65 is the closest extragalactic FRB localized to date

(and the second repeating FRB)

• Burst energies span up to six orders of magnitude.

• Diminishing the existence of two population of FRBs (repeating and non-repeating).

• Multiple types of sources can produce fast radio bursts?

• More precise localizations revealing the local environments of FRBs are necessary

VLBI observations are the only one capable of such resolution
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Thank you!
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Probability for change coincidence
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• < 1% for any type of galaxy with mass greater than about 40% of the FRB 121102.
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