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Introduction: What is a Fast Radio Burst?

• Fast and strong radio flashes

• Duration of a few milliseconds

• Detected at ∼ 1 GHz

• Bright: ∼ 0.1–1 Jy

• Discovered by Lorimer et al. (2007)

• Origin: completely unknown

• All possibilities are still open during

these 10 yr

  

Bright events are easily visualized

Lorimer et al. (2007)
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The known Fast Radio Bursts

Petroff et al. (2016)

• 18 FRBs have been reported to date

Petroff et al. (2016)

• Plus 6 detected in 2016/17

• No correlation with the Galactic plane

• Almost all of them detected by Parkes

• 1 by Green Bank

• 1 by Arecibo

• Rate: ∼ 104 day−1 sky−1
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The repeating FRB 121102

• The only one observed by

Arecibo (305-m diameter)

• The only one detected more

than once:

Spitler et al. (2014, 2016),

Scholz et al. (2016)

• In the Galactic anticenter

• One of the closest ones?

• Is it like a strange pulsar?

Two types of FRBs?
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FRB 121102, optical emission

Recent monitoring of the repeater

VLA: Chatterjee et al 2017

GBT: Scholz et al in prep

Credit: L. Spitler
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The Dispersion Measure

Light is dispersed by the

material in the medium.

Dispersion Measure:

DM =

∫
nedl

All FRBs show unexpected

large DMs.

Larger than the contribution

of our Galaxy

  

Bright events are easily visualized

Lorimer et al. (2007)
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The Dispersion Measure

Light is dispersed by the

material in the medium.

Dispersion Measure:

DM =

∫
nedl

All FRBs show unexpected

large DMs.

Larger than the contribution

of our Galaxy

  

Bright events are easily visualized

ISM IGM + Host?

Lorimer et al. (2007)
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What can FRBs be?

  

What could they be?
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The fundamental problem: poor localization

Discovered by single-dish

ratio telescopes:

64-m Parkes

305-m Arecibo

100-m Green Bank

Resolution of ∼arcmin

More resolution required to

identify counterparts:

Interferometric observations
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Casey Law :: Aspen FRB :: Feb 2017

MOTIVATION

PARKES

ARECIBO
VLA
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Localizing Fast Radio Bursts



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.

When a FRB occurs, look at the field with higher

resolution telescopes.

If they are cataclysmic =⇒ should be an afterglow

Can produce spurious identifications
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FRB 150418: The first announced association

FRB detected by Parkes

on 18 Apr 2015

ATCA follow-up 2-hr later.

Two variable sources:

- A already known one

- 6-d non-thermal transient

Optical counterpart:

early-type galaxy at z ∼ 0.5

WISE J0716−1900

Keane et al. (2016, Nature, 530, 453)

2 5  F E B R U A R Y  2 0 1 6  |  V O L  5 3 0  |  N A T U R E  |  4 5 5
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From fitting ΛCDM cosmological models to Wilkinson Microwave 
Anisotropy Probe (WMAP) observations one derives12 the cosmic 
density of all baryons Ωbaryons = 0.046 ± 0.002. Of these, about 10% 
are not ionized or are in stellar interiors23 so that we expect to meas-
ure a cosmic density of ionized baryons in the intergalactic medium 
of ΩIGM ≈ 0.9 × Ωbaryons ≈ 0.041 ± 0.002. Thus, our measurement 
independently verifies the ΛCDM model and the WMAP observa-
tions, and constitutes a direct measurement of the ionized material 
associated with all of the baryonic matter in the direction of the FRB, 
including the so-called “missing baryons”24. Alternatively, if we take 
ΩIGM ≡ 0.041, our measurements show that DMhost is negligible.

FRB localization allows us to correct a number of observable quantities 
that are corrupted by the unknown gain correction factor owing to a lack 
of knowledge of the true position within the telescope beam. Accounting 
for the frequency-dependent beam response25 we can derive a true spectral 
index for the FRB. We obtain α = +1.3 ± 0.5 for a fit centred at 1.382 GHz. 

Similarly, we derive a corrected flux density and fluence, and these, in com-
bination with the redshift measurement, enable us to derive the distances, 
the energy released, the luminosity and other parameters (Table 1).

In considering the nature of the progenitor we first consider the host 
galaxy. An upper limit to the star-formation rate can be determined 
from the upper limit Hα luminosity indicated by the Subaru spectrum 
(see Methods) to be ≤0.2M◉ yr−1, where M◉ is the solar mass. Such 
a low star-formation rate implies, in the simplest interpretation, that 
FRB models directly related to recent star formation such as magnetar 
flares or blitzars are disfavoured. This problem might be avoided if either 
some residual star formation occurred in an otherwise ‘dead’ galaxy, 
or if the FRB originated in one of the many satellite galaxies that are 
expected to surround an elliptical galaxy at this redshift, but that cannot 
be resolved in our observations. Failing these, the lack of star formation 
favours models such as compact merger events. This may be supported 
by the existence of the ∼6-day radio transient, which we interpret as 

Figure 3 | Optical analysis of the FRB host galaxy. a, A wide-field 
composite false-colour RGB (red–green–blue) image, overplotted with 
the half-power beam pattern of the Parkes multi-beam receiver. Panels 
b and c show successive zooms on the beam 4 region, and on the fading 
ATCA transient location respectively. P200 K s denotes the Palomar 
telescope 200-inch Ks band. Panel d is further zoomed in with the error 
ellipses for the ATCA transient, as derived from both the first and 

second epoch, overplotted. e, The Subaru FOCAS spectrum de-reddened 
with E(B − V) = 1.2, smoothed by five pixels and fitted to an elliptical 
galaxy template at z = 0.492, denoted by the blue line. Common atomic 
transitions observed in galaxies are denoted by vertical dashed lines 
and yellow lines denote bright night sky lines. The Subaru r′ and i′ filter 
bandpasses are denoted by light red and grey background shading. The red 
line is the 1σ per pixel uncertainty (not smoothed).
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FRB 150418: The first announced association
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FWHM ≈ 0.8 arcsec) using the Faint Object Camera and Spectrograph 
(FOCAS) on Subaru on 2015 November 03. This yielded a spectrum con-
sistent with a reddened elliptical galaxy at z = 0.492 ± 0.008 (Fig. 3). An ear-
lier 1-h observation, on a night which was not spectrophotometric, using 
the Deep Imaging Multi-Object Spectrograph (DEIMOS) on the Keck 
telescope, was also taken and found to be consistent with the Subaru result.

Dispersion in the intergalactic medium is related to the cosmic 
density of ionized baryons ΩIGM and the redshift19,20 according to the 
following expression:

∫Ω
Ω Ω

=
π
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Here, we take DMIGM = DMFRB − DMMW − DMhalo − DMhost(1 + z)−1  
(see Methods). It is appropriate to account for a Milky Way halo con-
tribution21 of DMhalo = 30 cm−3 pc and we derive 189 cm−3 pc for 
DMMW (the DM for the rest of the Milky Way, excluding its halo, 
that is, the non-dark-matter component of the Milky Way) from the 
NE2001 Galactic electron density model14. An elliptical galaxy can be  
modelled22 with a modified version of NE2001 with an average rest-frame 

value of ∼37 cm−3 pc. The NE2001 components are uncertain at the 20% 
level14, and there is an additional uncertainty of ∼100 cm−3 pc owing to line-
of-sight inhomogeneities in the intergalactic medium10. We therefore obtain:

Ω =
⎛

⎝
⎜⎜⎜⎜
. ⎞

⎠
⎟⎟⎟⎟⎟
. ± . ( )

f
0 88 0 049 0 013 2IGM

e

The ionization factor is fe = 1 for fully ionized hydrogen, whereas 
allowing for a helium abundance of 25%, fe = 0.88 is appropriate20. 

Figure 1 | The FRB 150418 radio signal. 
a, A waterfall plot of the FRB signal 
with 15 frequency sub-bands across the 
Parkes observing bandwidth, showing the 
characteristic quadratic time–frequency sweep. 
To increase the signal-to-noise ratio, the  
time resolution is reduced by a factor of 14  
from the raw 64-µs value. b, The pulse profile 
of the FRB signal with the total intensity, linear 
and circular polarization flux densities shown  
as black, purple and green lines respectively.  
c, The polarization position angle is shown with 
1σ error bars, for each 64-µs time sample where 
the linear polarization was greater than twice 
the uncertainty in the linear polarization.

Table 1 | Summary of FRB 150418 observed and derived properties

Event time at 1,382 MHz 2015 April 18 04:29:07.056 UTC
Event time at infinite frequency 2015 April 18 04:29:05.370 UTC
Parkes beam number 4, inner ring
Beam FWHM diameter 14.1′
Beam centre (RA, dec.) 07 h 16 min 30.9 s, −19° 02′ 24.4′′
Beam centre (l, b) 232.684°, −3.261°
Galaxy position (RA, dec.)  
ATCA epoch 1

07 h 16 min 35(3) s, −19° 00′ 40(1)′′

Galaxy position (l, b)  
ATCA epoch 1

232.6654(1)°, −3.2348(3)°

Signal-to-noise ratio 39
Observed width, Wobs 0.8 ± 0.3 ms
FRB dispersion measure 776.2(5) cm−3 pc
Dispersion index, β −2.00(1)
Milky Way dispersion measure 188.5 cm−3 pc
Redshift, z 0.492(8)
Peak flux density, S1382 MHz > . − .

+ .2 2 0 3
0 6 Jy (beam centre)

> . − .
+ .2 4 0 4

0 5 Jy (galaxy position)
Fluence, F1382 MHz (Jy ms) . − .

+ .1 9 0 8
1 1 Jy ms (beam centre)

. − .
+ .2 0 0 8

1 2 Jy ms (galaxy position)
Linear polarization, L/I 8.5 ± 1.5%
Circular polarization, |V|/I <4.5% (3σ)
Rotation measure 36 ± 52 rad m−2

Spectral index, α α > −3.0 (3σ, Parkes-MWA)
α = +1.3 ± 0.5 (Parkes)

Comoving distance 1.88 gigaparsecs
Luminosity distance 2.81 gigaparsecs
Energy ×−

+8 105
1 38 ergs (galaxy position)

Luminosity >1.3 × 1042 ergs s−1 (galaxy position)
The peak flux density is a band average and a lower limit due to the intrinsic width not being 
resolved; similarly luminosity is a lower limit. The energy quoted is the product of the band-
averaged fluence, the blueshifted effective bandwidth of the observations and the square of the 
luminosity distance. MWA denotes the Murchison Widefield Array.
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Figure 2 | The FRB host galaxy radio light curve . Detections have 1σ 
error bars, and 3σ upper limits are indicated with arrows. The afterglow 
event appears to last ∼6 days, after which time the brightness settles at the 
quiescent level for the galaxy. Here mjd denotes modified Julian day.
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FRB 150418: Publications after Keane et al. (2016)

6 publications in arXiv in less than 7 days (∼15 within 2 months).

Keane et al.

(Feb 24)
<5 d

Tingay &

Kaplan
Zhang

Wu et al.

Williams

& Berger

Williams

& Berger

(ATel)

Williams

& Berger

(ATel)

Bonetti

et al.

Bassa et

al. (ATel)
Bassa et al.

Marcote et

al. (ATel)

Marcote et

al. (ATel)
Giroletti

et al.

March

Wang et al.
Vedanthan

et al.

Li & Zhang

Akiyama

& Johnson
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FRB 150418: Publications after Keane et al. (2016)

Zhang (2016): Afterglow ⇒ ∼ 1050 erg (like short duration GRB).

Mergers of BH-BH, NS-NS, or BH-NS (similar to GW 150914).

Williams & Berger (2016): WISE J0716−1900 exhibits a similar variability

one year after the FRB in VLA data.

Scintillating steady AGN!

Probability of spurious transient not negligible.

Vedanthan et al. (2016): ATCA and optical observations

Source consistent with an AGN.

Marcote et al. (2016a,b);Giroletti et al. (2016): EVN obs. Consistent with

a scintillating low-luminosity AGN

Bassa et al. (2016a,b): e-MERLIN, VLBA, ATCA, and optical. Persistent

radio source in the center of the optical galaxy: consistent with

a weak radio AGN.
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FRB 150418: The first announced association
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Localizing FRB 121102



FRB 121102: We have a repeater!

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

Position with an uncertainty of ∼ arcmin

• It is the only known repeating FRB

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

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

• “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 First Precise Localization of a Fast Radio Burst

Chatterjee et al. (2017, Nature, 541, 58)

Marcote et al. (2017, ApJL, 834, 8)

Tendulkar et al. (2017, ApJL, 834, 7)
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The last crusade: the localization of FRB 121102

Karl G. 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

European VLBI Network (EVN)

• 6–10 stations

(Europe, Asia, Africa)

• ∼10 000 km apart

• From Feb to Sep 2016

• 8 epochs at 1.6 and 5.0 GHz

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

(techniques developed just during the last years)
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The last crusade: the localization of FRB 121102

Karl G. 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

European VLBI Network (EVN)

• 6–10 stations

(Europe, Asia, Africa)

• ∼10 000 km apart

• From Feb to Sep 2016

• 8 epochs at 1.6 and 5.0 GHz

• 4 bursts on 20 Sep 2016

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

(techniques developed just during the last years)
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The VLA localization of FRB 121102 LETTER RESEARCH
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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)
20



The VLA localization of FRB 121102
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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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• 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 VLA localization of FRB 121102

LETTERRESEARCH

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.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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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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SED of FRB 121102

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

4. Discussion and Conclusions

The observations presented here confirm the interpretation
by Chatterjee et al. (2017) that the extended optical counterpart
associated with FRB 121102 is the host galaxy of the FRB. Our
measurement of the redshift z= 0.19273 is consistent with the
DM-estimated value of zDM<0.32 (Chatterjee et al. 2017) and
together with the very low chance superposition probability
firmly places FRB 121102 at a cosmological distance, ruling
out all Galactic models for this source, consistent with the
conclusions of Scholz et al. (2016) and Chatterjee et al. (2017).

In the following discussion, we assume the cosmological
parameters from the Planck Collaboration et al. (2016) as
implemented in astropy.cosmology (Astropy Collabora-
tion et al. 2013), giving a luminosity distance of DL= 972
Mpc, and 1″ corresponding to projected proper and comoving
distances of 3.31 kpc and 3.94 kpc, respectively.

We use the Schlegel et al. (1998) estimate of the Galactic
extinction along this line of sight18, EB−V= 0.781. Using
RV= 3.1, we find AV= 2.42, and use the Cardelli et al. (1989)
Galactic extinction curve to correct the spectrum with band
extinctions of Ar′= 2.15, Ai′= 1.63, and Az′= 1.16 mag. We
note that the Schlafly et al. (2010) and Schlafly & Finkbeiner
(2011) recalibrated extinction model predicts a slightly lower
extinction of EB−V= 0.673. The results described below are
insensitive to differences in the extinction at this level. We do
not apply k-correction to the magnitudes as they are not needed
for the precision discussed here.

4.1. Burst Energetics

The redshift measurement allows us to put FRB 121102’s
energetics on a firmer footing, confirming the energy scale of
1038 erg(δΩ/4π)(Aν/0.1 Jy ms)(Δν/1 GHz) calculated by
Chatterjee et al. (2017) using a distance scale of 1 Gpc. Here,
Aν and Δν are the fluence and bandwidth, respectively, at
observing frequency ν, and δΩ is the opening angle of the
bursts. A more detailed analysis of energetics of individual
bursts detected by the VLA and their rates will be reported in
C. J. Law et al. (2016, in preparation).

Figure 2. BPT (Baldwin et al. 1981) diagrams of [N II]/Hα and [S II]/Hα
against [O III]/Hβ for the SDSS DR12 (Alam et al. 2015) galaxy sample with
significant (>5σ) emission lines. The black symbol with error bars denotes the
location of the host galaxy of FRB 121102. The solid and dashed lines denote
the demarcations between star-forming and AGN-dominated galaxies,
respectively (Kewley et al. 2001, 2006; Kauffmann et al. 2003). The region
between the two curves corresponds to composite objects with AGN and star
formation.

Figure 3. Top left, top right, and bottom left panels show respective
7 4×7 4 subsections of the GMOS r′, i′, and z′ images, centered on the
optical counterpart to FRB 121102. Each image has been smoothed by a
Gaussian with a width of 0 2, while the plus sign and ellipse denote the
position and extent of a two-dimensional Gaussian fit to the spatial profile of
the counterpart. The i′-band image also shows the narrower Sérsic fit by
galfit. The bottom right panel combines the positional and morphological
measurements from the different bands on an astrometric frame of 1″×1″ in
size. The colors are identical to those used in the other panels. The large
ellipses denote the extent of the Gaussian and Sérsic fits, while the small
ellipses denote the 1σ absolute positional uncertainties. The location of the
persistent counterpart as measured with the EVN at 5 GHz by Marcote et al.
(2017) is represented by the black cross. The uncertainty in the EVN location is
much smaller than the size of the symbol.

18 From the IRSA Dust Extinction Calculator http://irsa.ipac.caltech.edu/
applications/DUST/.
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FRB 121102, optical emission

Tendulkar et al. (2017, ApJL, 834, 7)
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FRB 121102, optical emission

Emission lines dominated by SF

No emission detected at:

- sub-mm (ALMA)

rms of 17 µJy

- X-rays (Chandra, XMM)

< 5× 1041 erg s−1 (5σ)

- γ-rays (Fermi/LAT)
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FRB 121102, optical emission

Preliminary HST data!
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but. . . are the FRBs and the persistent counterparts physically related?
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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
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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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Localizing FRB 121102 on milliarcsecond scales
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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:

Scintillation & scatter broadening

• Offset from the center of the host galaxy

• Luminosity L5.0 ≈ 7× 1038 erg s−1

• Brightness temperature Tb & 5× 107 K

• X-ray upper-limit: 3× 1041 erg s−1 (5σ)

No X-ray bursts during radio ones (Scholz et al. in prep.)

• Ratio between X-ray and radio emission: RX > −2.4 33



Possible origins for 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 (Romero et al. 2016, Vieyro et al. submitted)

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

(Pen & Connor 2015, Cordes & Wasserman 2016, Zhang 2017)

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

- Possibly new suggestions coming!
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Possible origins for FRB 121102

Based on SLSN + pulsar

• 10–100 yr old

• Bursts

• SF in dwarf galaxies

• Persistent source

• Luminosity

• Variability

Based on AGNs

• ∼ 105–106 M�

• Radio persistent source

• Radio luminosity

• AGN emission lines?

• offset AGN in dwarf galaxy?

• Burst production?
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Possible origins for FRB 121102

Persistent source:

• L5GHz ∼ 7× 1038 erg s−1

• L1.6GHz ∼ 3× 1038 erg s−1

• L4.5µm . 1.8× 1040 erg s−1

• L3.6µm . 2× 1040 erg s−1

• L0.5−10keV . 1040 erg s−1

• RX & −2.4

• S3.6µm − S4.5µm = 0.24 µJy
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Conclusions



Conclusions

• FRB 121102 is extragalactic

• Common scenarios do no explain what we

observe

• 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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AGN models I

A cosmic comb model of FRBs 3

Figure 1. A cartoon picture of a cosmic comb. An FRB is pro-
duced in the sheath region, which sweeps the line of sight during a
short period of time defined by Eq.(7).

a quiescent level with a steady flux. Williams & Berger
(2016) discovered that the source re-brightened to the
level of the original detection flux more than 300 days
later, suggesting that the radio source is an AGN rather
than the afterglow of the FRB. Long term monitor-
ing of the source (Johnston et al. 2017) suggested that
the source is usually not in the high state. A Monte
Carlo simulation suggests that the random probability
of having the FRB to occur almost during the peak flux
time of the AGN activity is very low, i.e. 10−3 − 10−4

(Li & Zhang 2016). Instead of attributing the AGN flare
to an independent event from the FRB, we interpret FRB
150418 as emission from a combed pulsar by the AGN
flare1. A prediction is that FRB 150418 may repeat dur-
ing another bright flare from the same AGN. However,
not all flares may trigger additional FRBs from the same
pulsar. This is because at the close distance (< 0.1 pc)
from the super-massive black hole, the pulsar must be
undergoing orbital motion, so that there are occasions
when the geometry does not work for the cosmic comb
signal to be detectable from Earth. Within this picture,
the galaxy at z = 0.492 is indeed associated with FRB
150418, as is supported by the measured DM of the FRB
(Keane et al. 2016).

FRB 131104: DeLaunay et al. (2016) discovered a
sub-threshold, putative GRB that coincides with FRB
131104 both in spatial position and in time. A radio
afterglow was not detected (Shannon & Ravi 2016), but
the non-detection is consistent with the afterglow model
if the ambient density is low (as expected from the NS-
NS or NS-BH merger models) or the shock microphysics
parameters are low (Murase et al. 2016b; Gao & Zhang
2017; Dai et al. 2016b). The possible mechanisms to pro-
duce an FRB associated with a GRB include collapse
of a supra-massive millisecond magnetar to a black hole
(Zhang 2014), which requires that the FRB appears near
the end of an extended X-ray plateau; or a pre-merger
electromagnetic processes (Zhang 2016a,b; Wang et al.
2016), which requires that the FRB leads the burst. The
latter scenario may be argued to marginally match the
data (Dai et al. 2016b; Gao & Zhang 2017). However,

1 Other mechanisms to connect an FRB with an AGN have been
also suggested in the literature (e.g. Romero et al. 2016; Zhang
2017).

there might be γ-ray emission already 7 seconds before
the FRB according to the data. Furthermore, the Swift
BAT was not pointing toward the source direction before
−7 seconds with respect to the FRB (DeLaunay et al.
2016). So it is likely that the FRB occurred during the
process of a long-duration GRB. If so, known models
are difficult to interpret the FRB. In the cosmic comb
model, one requires that a pulsar is located at a distance
r > γ2c(7 s) ∼ 2 × 1016 cmγ2

2.5 away from the central
engine in the direction of the jet (or at a closer distance
if the line of sight is mis-aligned from the pulsar-engine
direction). Considering a possible star forming region for
a long GRB or a possible globular cluster for a NS-NS
or NS-BH merger event, the chance probability to have
a foreground pulsar from the GRB may not be small.

The repeater (FRB 121102): The repeater is lo-
cated in a star-forming dwarf galaxy at z = 0.193
(Tendulkar et al. 2017). The source is associated with
a radio source (Marcote et al. 2017), which is offset
from the center of the galaxy (Tendulkar et al. 2017).
A plausible scenario might be that the source of the
FRB, likely a rapidly spinning magnetar, is at the cen-
ter of the radio source and pumping energy to power a
nebula (e.g. Yang et al. 2016; Murase et al. 2016a; Piro
2016; Metzger et al. 2017). However, this model pre-
dicts an observable evolution of DM over the year time
scale (Piro 2016; Metzger et al. 2017; Yang et al. 2017),
which is marginally inconsistent with the non-detection
of DM evolution of the repeating FRBs. Within the cos-
mic comb scenario proposed in this paper, the repeat-
ing bursts may originate from a foreground pulsar being
episodically combed by an unsteady flow from a young
supernova remnant. If the condition (1) is marginally
satisfied, the pulsar may relax to its normal magne-
tospheric configuration after a particular combing, but
may be combed again and again when clumps with a
higher ram pressure reach the pulsar magnetosphere re-
gion repeatedly. The pulsar is therefore observed to
emit FRBs repeatedly. For a remnant with a finite
width ∆ and speed v, the repeating phase may last for
∆/v = 107 s∆16v

−1
9 . Since the repeater has been ob-

served to repeat in a multi-year time scale, the remnant
may be continuously energized by a central engine, likely
a rapidly rotating neutron star. Since the FRB source is
a foreground pulsar from the central source, the DM evo-
lution could be much weaker depending on the geometry,
consistent with the data. There is no direct observational
evidence of ram pressure variation within a supernova
remnant. However, for a nebular powered by continuous
energy injection from a central engine (which is not the
source of FRBs in the cosmic comb model), variation of
ram pressure of the stream is expected. For a marginally
satisfied comb condition envisaged here, a variation of
ram pressure by a factor of a few would suffice to make
a repeating FRB source as observed.

Other FRBs: No counterparts have been claimed for
other FRBs. Within the cosmic comb model, the ram
pressure of the plasma stream essentially depends on the
energy flux of the stream source. For example, a flare
from a companion star (similar to a corona mass ejection
event of the Sun) may provide a comparable ram pressure
to a pulsar as the blastwave of a more distant GRB or
supernova. As a result, one does not necessarily expect

Zhang (2017)
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