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Introduction: What is a Fast Radio Burst?

• Fast and strong radio flashes

• Duration of a few milliseconds

• Bright: ∼0.1–1 Jy

• Discovered by Lorimer et al. (2007)

• 18 known to date

• Origin: completely unknown

• All possibilities were still open

during these 10 yr

• Dispersion mesure (DM) consistent

with extragalactic origin

  

Bright events are easily visualized

Lorimer et al. (2007)
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• 18 known to date

• Origin: completely unknown

• All possibilities were still open

during these 10 yr

• Dispersion mesure (DM) consistent

with extragalactic origin

  

Bright events are easily visualized

ISM IGM + Host?

Lorimer et al. (2007)
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Introduction: Possible origins of Fast Radio Bursts

From the Earth?

• Perytons?

Microwaves,

aircrafts,

. . .

• Excluded several

years ago

From our Galaxy?

• Pulsars

• Flaring stars

• . . .

• Cannot explain DM

• Highly repeatable

• Ultra dense clouds?

Extragalactic?

• Cataclysmic events

• gamma-ray bursts

• AGN-related

• . . .

• Extremely intense!

• Rates don’t match

GRBs

The Big Problem: we only know their positions with ∼arcmin precision

We do need a precise localization to search for counterparts!
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Introduction: How do we observe a Fast Radio Burst?

• All of them (18) discovered by

single-dish radio telescopes:

16 by the 64-m Parkes

1 by the 305-m Arecibo

1 by the 100-m Green Bank

• Poor resolution (∼arcmin)

Many sources consistent with that

position!

• A precise localization is needed to

determine the nature of FRBs:

Interferometric observations Parkes Telescope (Australia)

4



Introduction: How can we localize Fast Radio Bursts?

Direct detection.

The only unambiguous approach.

High resolution =⇒ limited field of view

Requires imaging on ms scales

Extremely challenging (technically and operationally)

Looking for afterglows.

After a FRB occurs, search the field with higher resolution

telescopes.

If they are cataclysmic =⇒ should be an afterglow

Keane et al. (2016)  unclear!

Williams & Berger; Giroletti et al.; Bassa et al.;

Vedanthan et al. (2016)
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FRB 121102: We have a repeater!

• The only FRB discovered by Arecibo (305-m)

• It is the only known repeating FRB

(Spitler et al. 2014,2016; Scholz et al. 2016)

• Located towards the Galactic anticenter

• DM ∼ 560 pc cm−3 (×3 Galactic contribution)

• Probably one of the closest ones?

• “standard” pulsar or same as other FRBs? Two types of FRBs?

• Why it is the only repeater? Maybe it is much simpler:

one of the closest FRBs & Arecibo (×10 more sensitive)
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The last crusade: the localization of FRB 121102

From the bursts detected by Arecibo: position ∼ arcmin

The Very Large Array (VLA)

• 27 25-m dishes

• ∼100 km apart

• From Nov 2015 to Sep 2016

• 83 h at 1.6 and 3 GHz

• One burst on 23 Aug 2016

• 8 more in Sep 2016

The European VLBI Network (EVN)

• 6–10 stations (EU, Asia, Africa)

• ∼10 000 km apart

• From Feb to Sep 2016

• 8 epochs at 1.6 and 5.0 GHz

• Bursts on 20 Sep 2016

Arecibo joined the observations in all cases

Real-time correlation + raw data buffering to search for pulses

(techniques developed just during the last years) 7
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We have searched for counterparts at submillimetre, infrared, 
 optical and X-ray wavelengths using archival data and a series of new 
 observations. A coincident unresolved optical source is detected in archi-
val 2014 Keck data (R-band AB magnitude of 24.9 ±  0.1) and in recently 
obtained Gemini data (r-band AB magnitude of 25.1 ±  0.1; Fig. 2),  
with a chance coincidence probability of less than 3.5 ×  10−4  
(see Methods). The source is undetected in archival infrared 
 observations, in ALMA 230-GHz observations, and in XMM-Newton 
and Chandra X-ray imaging (see Methods). The spectral energy 
distribution of the persistent source is compared in Fig. 3 to some 
example spectra for known source types, none of which matches our 
 observations well.

The observations reported here corroborate the strong arguments10 
against a Galactic location for the source. As argued previously,  stellar 
radio flares can exhibit swept-frequency radio bursts on subsecond 
timescales16, but they do not strictly adhere to the ν−2 dispersion 
law (where ν is the frequency) seen for FRB 1211029,10, nor are they 
expected to show constant apparent DM. The source of the sizable DM 
excess—three times the Galactic maximum predicted by the NE2001 
electron-density model17—is not revealed as a H ii region, a super-
nova remnant or a pulsar-wind nebula in our Galaxy, which would 
appear extended at radio, infrared or Hα 10 wavelengths at our localized 
position. Spitzer mid-infrared limits constrain substellar objects with 
temperatures of more than 900 K to be at distances of 70 pc or greater, 
and the Gemini detection sets a minimum distance of about 1 kpc and 
100 kpc for stars with effective temperatures greater than 3,000 K and 
5,000 K, respectively. These limits rule out Galactic stars that could 
plausibly account for the DM excess and produce the radio continuum 
counterpart. We conclude that FRB 121102 and its persistent counter-
part do not correspond to any known class of Galactic source.

The simplest interpretation is that the burst source resides in a host 
galaxy that also contains the persistent radio counterpart. If so, the 
DM of the burst source has contributions from the electron density in 
the Milky Way disk (DMNE2001) and halo (DMhalo)17, the intergalactic 
medium (DMIGM)18 and the host galaxy (DMhost); we estimate DMIGM  
=  DM −  DMNE2001 −  DMhalo −  DMhost ≈  340 pc cm−3 −  DMhost, with 
DMNE2001 =  188 pc cm−3 and DMhalo ≈  30 pc cm−3. The maximum 
redshift of the fast radio burst, for DMhost =  0, is zFRB ≈  0.32, which 
corresponds to a maximum luminosity distance of 1.7 Gpc. Variance 
in the mapping of DM to redshift19 (σz =  σDM(dz/dDM) ≈  0.1) could 
increase the upper bound to z ≈  0.42. Alternatively, a sizable host-galaxy 

contribution could imply a low redshift and a negligible contribution 
from the intergalactic medium, although no such galaxy is apparent. 
Hereafter we adopt zFRB ≲ 0.32. 

The faint optical detection and the non-detection at 230 GHz with 
ALMA imply a low star-formation rate within any host galaxy. For our 
ALMA 3σ upper limit of 51 µ Jy and a submillimetre spectral index of 4, 
we estimate the star-formation rate20 to be less than (0.06–19)M⊙ yr−1 
(where M⊙ is the mass of the Sun) for redshifts z ranging from 0.01 
to 0.32 (luminosity distances of 43 Mpc to 1.7 Gpc), respectively. The 
implied absolute magnitude of approximately − 16 at z =  0.32 is similar 
to that of the Small Magellanic Cloud, whose mass of around 109M⊙ 
would correspond to an upper limit on the mass of the host galaxy.

The compactness of the persistent radio source (less than about 8 pc 
for z ≲ 0.32) implies that it does not correspond to emission from an 
extended galaxy or a star-forming region21, although our  brightness 
temperature limits do not require the emission to be coherent. Its size 
and spectrum appear consistent with a low-luminosity active  galactic 
nucleus (AGN), but X-ray limits do not support this  interpretation. 
Young extragalactic supernova remnants22 can have brightness  
temperatures in excess of 107 K, but they typically have simple 
 power-law spectra and exhibit stronger variability.

The burst source and persistent source have a projected separation of 
less than about 500 pc assuming z ≲ 0.32. There are three broad inter-
pretations of their relationship. First, they may be unrelated objects 
harboured in a host galaxy, such as a neutron star (or other compact 
object) and an AGN. Alternatively, the two objects may interact, for 
example, producing repeated bursts from a neutron star very close to 
an AGN3,23,24. A third possibility is that they are a single source. This 
possibility could involve unprecedented bursts from an AGN25 along 
with persistent synchrotron radiation; or persistent emission might 
comprise high-rate bursts too weak to detect individually, with bright 
detectable bursts forming a long tail of the amplitude distribution.  
In this interpretation, the difficulty in establishing any periodicity 
in the observed bursts9,10 may result from irregular beaming from a 
rotating compact object or extreme spin or orbital dynamics. The Crab 
 pulsar and some millisecond pulsars display bimodality26,27 in giant and 
 regular pulses. However, they show well-defined periodicities and have 
steep spectra that are inconsistent with the spectrum of the persistent 
source, which extends to at least 25 GHz. Magnetars show broad spectra 
that extend beyond 100 GHz in a few cases, but differ from the roll-off 
of the spectrum of the persistent source.

–0.05 0.00 0.05 0.10 0.15 0.20

Time offset (s)
Right ascension offset (arcsec)

Right ascension offset (arcmin)

2,600

2,800

3,000

3,200

3,400

Fr
eq

ue
nc

y 
(M

H
z)

0

100

200

300

400

S
ig

na
l-t

o-
no

is
e 

ra
tio

De-dispersed time series

–5 0 5 10 15 20 25 30 35

Signal-to-noise ratio

P
ulse spectrum

b

a c4

3

2

1

0

–1

–2

–3

–4
4 3 2 1 0 –1 –2 –3 –4

10

5

0

–5

–10

10 5 0 –5 –10

D
ec

lin
at

io
n 

of
fs

et
 (a

rc
se

c)
D

ec
lin

at
io

n 
of

fs
et

 (a
rc

m
in

)

Figure 1 | VLA detection of FRB 121102. a, A 5-ms dispersion-corrected 
dirty image showing a burst from FRB 121102 at MJD 57633.67986367 
(2016 September 2). The approximate localization uncertainty from 
previous Arecibo detections9 (3′  beam full-width at half-maximum 
(FWHM)) is shown with overlapping circles. b, A zoomed-in portion of a, 
deconvolved and re-centred on the detection, showing the approximately 

0.1″  localization of the burst. c, Time–frequency data extracted from 
phased VLA visibilities at the burst location shows the ν−2 dispersive 
sweep of the burst. The solid black lines illustrate the expected sweep for 
DM =  558 pc cm−3. The de-dispersed lightcurve and spectra are projected 
to the upper and right panels, respectively. In all panels, the colour scale 
indicates the flux density.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

5-ms image (dispersion corrected) of one burst.

Chatterjee et al. (2017, Nature, 541, 58)
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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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energy distributions of other radio point sources are scaled to match the 
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AGN in Henize 2-10, a star-forming dwarf galaxy28 placed at 25 Mpc 
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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.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

• Persistent radio counterpart

• Co-located within ∼ 0.1 arcsec

• 〈S3 GHz〉 ∼ 180 µJy

• Variability ∼ 10%

• Variability uncorrelated with the

bursts

Chatterjee et al. (2017, Nature, 541, 58)
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The optical counterpart

• Archival Keck data from 2014

• Gemini observation (Oct 2016)

• Extended 25-mag counterpart

• z = 0.19273(8) =⇒ 972 Mpc

Extragalactic!

• Emission lines

⇒ low-metallicity star-formation

• Dwarf galaxy!

Diameter: . 4 kpc

Mass: 4–7×107 M�

Star Formation: ∼ 0.4 M� yr−1

Gemini imaging; morphology

Cees Bassa (ASTRON) The host galaxy and redshift of an FRB February 1, 2017 5 / 6Tendulkar et al. (2017, ApJL, 834, 7)

But. . . are both physically linked?
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Localizing FRB 121102 on milliarcsecond scales

The EVN observations

• 4 bursts on 20 Sep 2016

- The brightest one: ∼4 Jy

- The other three ∼ 0.2–0.5 Jy

• Arrival times obtained from Ar data

- Bursts also detected in other EVN

stations

- Coherently de-dispersion

- Correlation with higher time

resolution around the pulses

- Calibration from the continuum data

• Images of bursts and persistent source
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Localizing FRB 121102 on milliarcsecond scales

colorscale: 5-GHz EVN image

Contours: 1.7-GHz image

(Bursts observed at 1.7 GHz)

Red cross: brightest burst

Gray cross: other bursts

Black cross: average burst

position. Weighted by

ξ = F · w−1/2

Coincidence within 2σ:

< 40 pc at 95% C.L.
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The radio counterpart

• Bursts and persistent radio source coincident within 40 pc

• Compactness at 5 GHz =⇒ source . 0.7 pc

• No afterglows observed

• Extragalactic origin also supported by the EVN radio observations

• Offset from the center of the host galaxy

• Luminosity L5.0 ≈ 7× 1038 erg s−1

• Brightness temperature Tb & 5× 107 K

• No submillimeter or IR emission

• X-ray upper-limit: 5× 1041 erg s−1 (5σ)

• Ratio between X-ray and radio emission: RX > −2.4 13



Possible origins of FRB 121102

• What it is not:

- A standard pulsar / RRAT / flare star / . . .

- Supernova remnant, as Cas A (at least 4 orders of magnitude fainter)

- Compact star-forming regions, as Arp 220 (similar luminosity but

would need a much larger region and SFR)

- IMBH, X-ray binary, ultraluminous X-ray nebula, . . .

• What it could be:

- Young superluminous supernovae powered by the spin-down power of

a neutron star or magnetar (e.g. Murase et al., Piro et al. 2016)

- Bursts produced by a strong plasma turbulence excited by the jet of

a massive black hole (Vieyro et al. submitted)

- Neutron star interacting with the jet of a massive black hole

- Synchrotron maser activity from an AGN? (Ghisellini 2017)

- Possibly new suggestions coming!
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Conclusions

• FRB 121102 is extragalactic

• Also the other FRBs?

• Common scenarios do no explain what we

observed

• Are FRBs located in dwarf galaxies?

Is FRB 121102 the exception?

• Localization of more FRBs is still needed

• Coming soon: many observations

from radio to TeV. . .
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Thank you!
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Localizing FRB 121102 on milliarcsecond scales
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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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Extended Data Figure 2 | VLA spectrum of the persistent counterpart to FRB 121102. The integrated flux density Fν is plotted for each epoch of 
observation (listed by MJD) over a frequency range ν from 1 GHz to 25 GHz. Error bars represent 1σ uncertainties. The spectrum is non-thermal and 
inconsistent with a single power law.
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FRB 121102, optical emission
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Extended Data Figure 1 | The offset of FRB 121102 from the persistent 
counterpart. Five bursts detected at the VLA with the highest resolution 
(A-array, 3 GHz) are plotted (crosses), with epoch indicated by MJD 
values. The (right ascension (RA), declination (Dec)) coordinate 
difference (burst relative to counterpart) is shown with an ellipse 

indicating the 1σ error calculated as the quadrature sum of errors in 
the two sources. VLBA and EVN positions are indicated, with 1σ errors 
smaller than the symbols. The centroid of the Gemini optical counterpart 
is shown (red dot) with an estimated 1σ error circle of 100 mas (red) from 
fitting and radio-optical frame tie uncertainties.
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