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What is a Fast Radio Burst (FRB)?

• Fast and strong radio flashes

• Duration of a few milliseconds

• Bright: ∼ 0.1–100 Jy

• At GHz radio frequencies

• Discovered by Lorimer et al. (2007)

• Tens/hundreds of them reported

(Petroff et al. 2016)
FRB 140514

2



What is a Fast Radio Burst (FRB)?

• Rates: ∼ 103–4 sky−1 day−1

> 105 Gpc−3 yr−1

• Only a few show multiple bursts

• Poor localizations (∼ arcmin)

No associations

• Origin: unknown

• Extragalactic: redshift ∼ 0.16–3
FRB 140514
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The Dispersion Measure

Light is dispersed by the material in

the medium.

Dispersion Measure:

DM =

∫
ned` ∝ ν−2

All FRBs show unexpected large DMs.

Much larger than the contribution of

our Galaxy

Estimated z ∼ 0.16–3

  

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 =

∫
ned` ∝ ν−2

All FRBs show unexpected large DMs.

Much larger than the contribution of

our Galaxy

Estimated z ∼ 0.16–3

  

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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Why are FRBs important?

• FRBs look like single-pulses from pulsars but ∼ 1010 brighter.

• Possible emission from radio to gamma-rays?

• Trace properties of the intergalactic medium (IGM).

• Can probe the reionization history of H and He in the Universe.

• Constraints on fundamental physics (equivalence principle, photon mass,. . . ).

• Insights into long gamma-ray bursts (GRBs) or superluminous supernovae (if related).
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Casey Law :: Aspen FRB :: Feb 2017

MOTIVATION

PARKES

ARECIBO
VLA

Next step: find counterparts (higher resolution)

The main problem with FRBs is the lack of known counterparts

• We only have tentative distances (DM)

• Precision of tens of arcmin

• Hundreds/thousands of possible counterparts
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The first repeating FRB



The first repeater: FRB 121102

• The first known repeater:

Spitler et al. (2014, 2016),

Scholz et al. (2016)

• In the Galactic anticenter

• The only FRB precisely localized

• Two types of FRBs?

• No periodicities but

active “periods”
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The first repeater: FRB 121102
Recent monitoring of the repeater

VLA: Chatterjee et al 2017

GBT: Scholz et al in prep

Credit: L. Spitler (preliminary data)

No periodicities are observed at all.

Shortest separation between bursts: ∼ 34 and 37 ms

Weeks without bursts. . .
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The first repeater: FRB 121102

• More bursts at lower energies

• Power-law dependence

• Different normalization

depending on the “epoch”

Law et al. (2017, ApJ, 850, 76L)
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The first repeater: FRB 121102

FRB 121102 Observing Campaign 9

Figure 4. Spectra and best-fit model for nine bursts seen by the VLA from 2.5 to 3.5 GHz in the peak, dedispersed 5 ms
integration. Starting at the top left (moving right and then down), they correspond to bursts on MJDs 57623, 57633.68,
57633.70, 57638, 57643, 57645, 57646, 57648, and 57649. The solid line is a best-fit Gaussian model found through modeling.

Bursts seem to be localized in frequency, with typical widths of hundreds of MHz.

Law et al. (2017, ApJ, 850, 76L) 11



Complex burst structures
26 Hessels et al.

Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33 ms/25 MHz; AO-01-13 and GB-01-04: 0.041 ms/6.25 MHz; GB-BL:
0.041 ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0 GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).

Complex time-frequency structures in some

bursts

Sub-bursts

Some as narrow as ∼ µs

Intrinsic or propagation effects?

Hessels et al. (2018, ApJ, 876, L23)
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The First Precise Localization of a Fast Radio Burst

Karl G. Jansky Very Large Array (VLA)

• 27 (25-m) dishes

• ∼100 km apart

• arcsec resolution

European VLBI Network (EVN)

• ∼ 7–30 (20–300-m) dishes

• ∼10 000 km apart

• milliarcsecond resolution
13



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.
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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) 14



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.

Received 1 November; accepted 16 November 2016.  
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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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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 and optical counterparts

• z = 0.19273(8) =⇒ 972 Mpc

• Co-located within ∼ 0.1 arcsec

• Variability ∼ 10%

• Variability uncorrelated with bursts

• Lpersistent = 3× 1038 erg s−1

• Lbursts ∼ 1042 erg s−1

Chatterjee et al. (2017, Nature, 541, 58)
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but. . . are the bursts and the persistent counterpart physically related?

16



Localizing FRB 121102 on milliarcsecond scales
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Localizing FRB 121102 on milliarcsecond scales

colorscale: 5-GHz image

Contours: 1.7-GHz image

(Bursts observed at 1.7 GHz)
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The optical counterpart

• Archival Keck data from 2014

• Gemini observation (Oct 2016)

• HST data in early 2017

• Extended 25-mag counterpart

• z = 0.19273(8) =⇒ 972 Mpc

• Dwarf galaxy:

Diameter: . 5–7 kpc

Mass: 108 M�
Star Formation: ∼ 0.4 M� yr−1

• Low-metallicity star-forming region:

Diameter of ∼ 1.3 kpc

FRB121102 with HST

Host galaxy

Star-forming region

FRB121102

Clearly associated with a star-
forming region in the host

Bassa et al. 2017

Tendulkar et al. (2017, ApJL, 834, 7)

Bassa et al. (2017, ApJL, 843, 8)
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Simultaneous radio and X-ray observations

• 12 radio bursts observed

• No X-ray photons at those times

< 3× 10−11 erg cm−2

or ∼ 4× 1045 erg

• No X-ray bursts at all

< 5× 10−10 erg cm−2

• No Fermi/GBT detections:

< 4× 10−9 erg cm−2

• X-ray Persistent emission?

L < 3× 1041 erg s−1

Scholz et al. (2017, ApJ, 846, 80)
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Simultaneous radio, optical and TeV observations

Bursts at other wavelengths:

• Optical upper-limits on burst fluence of

< 0.046 Jy ms

(Hardy et al. 2017)

• Optical/TeV-radio observations with MAGIC:

(MAGIC Coll. et al. 2018)

Concerning the persistent counterpart:

• TeV: upper-limits from VERITAS & MAGIC

(Bird et al. 2017, MAGIC Col. 2018)

Probing FRB VHE & optical emission with MAGIC 2483

Figure 1. Upper limits in luminosity for the persistent gamma-ray emission
of FRB 121102 from MAGIC (95 per cent confidence level, assuming an
intrinsic power-law spectrum with ! = 2 and 30 per cent overall systematic
uncertainty). Limits from Fermi-LAT (Zhang & Zhang 2017) are also shown.
The black curve and filled circles represent, respectively, the SEDs of the
Crab Nebula (Meyer, Horns & Zechlin 2010) and Sgr A⋆ (Abdo et al. 2009;
Aharonian et al. 2009), scaled by factors of 4 × 105 and 2 × 106 to match the
observed radio luminosity of the persistent counterpart of FRB 121102 (see
Section 4.1). The dashed black curve and empty circles show the effect of
gamma-ray attenuation from z = 0.19 due to the EBL, following Domı́nguez
et al. (2011).

3.2 Millisecond-time-scale VHE emission

Fixing a time window of 10 ms centred around the radio burst TOAs
and using custom analysis cuts (on size, Hadronness, and θ2; see
Aleksić et al. 2016b) that are optimized to maximize sensitivity for
a 10-ms signal, no gamma-like events are found within any of these
windows above 100 GeV. Since the background rate during such
time intervals is negligible with <10−2, the resulting UL (95 per cent
CL, adding 30 per cent systematic uncertainty to the Poisson mean)
for each FRB corresponds to 3.56 events (see Section 2.2.1). The
corresponding integral flux upper limits for individual FRBs in
different energy ranges are shown in Table 3, assuming a power-
law spectrum with two different indices, ! = 2 and ! = 4. A
combined integral flux upper limit is also derived by stacking the
data around the five FRB TOAs, over a duration of 5 × 10 ms.

Given that the properties of FRBs are unknown, offsets in the
arrival times of the burst emission at radio and higher frequency
are possible. A blind search for non-simultaneous VHE bursts was
also performed. In this case, due to the large number of trials, the
sensitivity worsens significantly. A (non-overlapping) sliding 10-ms
window sampling the arrival time of all events surviving analysis
cuts was used through the whole data set (1.2 × 105 trials per 20-min
run).

No hint of VHE bursts was found, for any offset up to an hour
with respect to the Arecibo TOAs. The minimum flux of VHE
photons detectable by this blind search was calculated from the
joint probability density function of all gamma-like events observed,
corrected by the total number of trials performed. We conclude that
a single 10-ms burst with a flux of 8.2 × 10−5 cm−2 s−1 above 100
GeV (equivalent to an isotropic luminosity of LVHE ∼ 1052 erg s−1)
would have been firmly detected (S > 5σ ), assuming power-law
spectra with ! = 2.

3.3 Millisecond-time-scale optical emission

As described in Section 2.2.2, observations were carried out in the
optical U-band using the MAGIC central pixel. As shown in Fig. 2,

Table 3. Upper limits on VHE burst emission of FRB 121102, in terms of
integral flux above E0 over 10 ms intervals around the TOAs of each FRB,
assuming power-law spectra with ! = 2 and ! = 4. Limits on the average
flux over 50 ms are also shown, derived by combining the data for the five
FRBs. These limits are also valid for shorter integration time windows.

FRB MJD E0 Int. flux UL (! = 2) Int. flux UL (! = 4)
(d) (GeV) (10−7 cm−2 s−1) (10−7 cm−2 s−1)

57799.98 100 5.7 9.3
400 2.9 3.1

1000 2.5 2.2
57806.96 100 5.7 9.3

400 2.9 3.1
1000 2.5 2.2

57806.98 100 5.6 10
400 2.6 2.9

1000 2.1 1.7
57808.00 100 5.6 14

400 2.2 2.6
1000 1.7 1.4

57814.95 100 5.5 8.5
400 2.8 2.8

1000 2.4 2.2

Combined 100 1.2 2.3
400 0.52 0.59

1000 0.41 0.36

Figure 2. Optical light curves covering 200 ms around the TOAs of the five
radio bursts from FRB 121102 detected by the Arecibo telescope simulta-
neous with MAGIC data, for an integration window of 1 ms. The vertical
axis is proportional to the U-band flux. No significant excess is observed
simultaneously with any of the five bursts. The noise level varies with the
sky brightness.

no significant excess is detected simultaneously with any of the five
FRB events. As discussed in Hassan et al. (2017), the sensitivity
of the central pixel varies depending on the assumed duration of
the signal. For integration times of 0.1, 1, 5, and 10 ms, the 5σ

sensitivity is 20, 8.6, 4.2, and 3.2 mJy, respectively. The sensitivity

MNRAS 481, 2479–2486 (2018)
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Polarization and Faraday Rotation Measure

Observations at 5 GHz

Arecibo and Green Bank telescopes

Bursts ∼ 100% linearly polarized

High Faraday rotation measure:

≈ 1.4× 105 rad m−2

Michilli et al. (2018, Nature, 553, 182)
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Bursts ∼ 100% linearly polarized

High Faraday rotation measure:

≈ 1.4× 105 rad m−2

Michilli et al. (2018, Nature, 553, 182)
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Extended Data Figure 2 | Polarimetric properties of the 11 brightest 
bursts detected by Arecibo. a, Linear polarization fraction of the bursts as 
a function of frequency. The solid line shows the theoretical depolarization 
due to intra-channel Faraday rotation, calculated using equations (3) and 
(4). b, PA∞ as a function of frequency. Values in a and b are averaged 
over 16 consecutive channels. c, PA∞ as a function of time. A time offset 

is applied to each burst in order to show them consecutively. Vertical 
dashed lines divide different observing sessions. All values in this figure 
have been corrected for the rotation measure, which was calculated with a 
global fit. Grey regions in b and c indicate the 1σ uncertainty around the 
polarization angle determined from the global fit.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Polarization and Faraday Rotation Measure LETTER RESEARCH

Extended Data Figure 3 | Linear polarization fraction of the bursts as 
a function of rotation measure. Different colours represent different 
observing sessions (see key). The grey line indicates the average rotation 
measure that yields the largest polarization fraction in the first observing 
session.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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rotation measure (below about 50 rad m−2) and polarization angle 
(lower than approximately 10°) between bursts. The GBT  
data are not well modelled by the use of a single ∞PAglobal  value, but  
this could be an instrumental difference or reflection of the higher 
observing frequency. The near constancy of the polarization angle  
suggests that the burst emitter has a stable geometric orientation with 
respect to the observer. A linear polarization fraction higher than  
about 98% at a single rotation measure constrains turbulent scatter19  
as σRM <  25 rad m−2 and the linear gradient across the source as  
∆ RM <  20 rad m−2, and there is no evidence of deviations from the 
squared-wavelength (λ2) scaling of the Faraday rotation effect. Analysis 
with the RM Synthesis technique and the deconvolution procedure 
RMCLEAN also implies a ‘Faraday-thin’ medium (see Methods).

In the rest frame, the host galaxy contributes a dispersion measure 
DMhost ≈  70–270 pc cm−3 to the total dispersion measure of the bursts8. 
Given RMsrc, this corresponds to an estimated line-of-sight magnetic 
field B! =  0.6fDM–2.4fDM mG. This is a lower-limit range because the 
dispersion measure contribution that is related to the observed rota-
tion measure (DMRM) could be much smaller than the total dispersion 
measure contribution of the host (DMhost, dominated by the star- 
forming region), which we quantify by the scaling factor fDM =  DMhost/
DMRM ≥  1. For comparison, typical magnetic field strengths within the 
interstellar medium of our Galaxy20 are only about 5 µ G.

We can constrain the electron density, electron temperature (Te) 
and length scale (LRM) of the region causing the Faraday rotation by 
 balancing the magnetic field and thermal energy densities (Extended 
Data Fig. 6). For example, assuming equipartition and Te =  106 K, 
we find a density of ne ≈  102 cm−3 on a length scale of LRM ≈  1 pc, 
 comparable to the upper limit of the size of the persistent source10.

A star-forming region, such as that hosting FRB 121102, will contain 
H ii regions of ionized hydrogen. Although very compact H ii regions 
have sufficiently high magnetic fields and electron densities to explain 
the large rotation measure, the constraints from DMhost and the absence 
of free–free absorption of the bursts exclude a wide range of H ii region 
sizes and densities21 for typical temperatures of 104 K.

The environment around a massive black hole is consistent with 
the ne, LRM and Te constraints22, and the properties of the persistent 
source are compatible with those of a low-luminosity, accreting massive 
black hole10. The high rotation measure towards the Galactic Centre 
 magnetar23 PSR J1745− 2900 (Fig. 3), RM =  − 7 ×  104 rad m−2,  provides 
an intriguing observational analogy for a scenario in which the bursts 
are produced by a neutron star in the immediate environment of a 
massive black hole. However, the bursts of FRB 121102 are many orders 
of magnitude more energetic than those of PSR J1745− 2900 or any 
Galactic pulsar.

An alternative description of FRB 121102 has been proposed by a 
millisecond magnetar model8,10,13. According to that model, one would 
expect a surrounding supernova remnant and nebula powered by the 
central neutron star. The ne, LRM and Te constraints are broadly com-
patible with the conditions in pulsar-wind nebulae, but dense filaments 
like those seen in the Crab Nebula24 may need to be invoked to explain 
the high and variable rotation measure of FRB 121102. In a young 
neutron star scenario, an expanding supernova remnant could also in 
principle produce a high rotation measure by sweeping up surrounding 
ambient medium and progenitor ejecta25. A more detailed discussion 
of these scenarios is provided in Methods, and more exotic models also 
remain possible26.

Regardless of its nature, FRB 121102 clearly inhabits an extreme 
 magneto-ionic environment. In contrast, Galactic pulsars with 
 comparable dispersion measures have rotation measures that are 
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Figure 2 | Faraday rotation in the bursts. a, b, Variations of the Stokes 
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polarization = +L Q U( )2 2 , for the six brightest Arecibo bursts detected 
on modified Julian date 57,747. Different bursts are plotted using different 
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plotted and do not include uncertainties. The black lines represent the 
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Summary of FRB 121102

• The star-forming region in the dwarf galaxy resembles the hosts of long-duration

gamma-ray bursts and hydrogen-poor superluminous supernovae

• The persistent source is more consistent with a low-luminosity massive black hole

• This high rotation measure has only been observed in pulsars/magnetars around Sgr A∗ (a

106-M� black hole)

• Structures observed in the bursts similar to other FRBs or the giant Crab flares

24



Possible origins for FRB 121102

• Bursts: curvature radiation, maser emission, . . .

• Young superluminous supernovae powered by the spin-down power of a neutron

star or magnetar

(e.g. Murase et al., Piro et al. 2016)

• Neutron star interacting with the jet of a massive black hole (∼ 105–6 M�)

(Pen & Connor 2015, Cordes & Wasserman 2016, Zhang 2018)

• Bursts produced by a strong plasma turbulence excited by the jet of a massive black hole

(Romero et al. 2016, Vieyro et al. 2017)

• Synchrotron maser activity? (Ghisellini 2017)

• . . . 25



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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Possible origins of FRB 121102
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Figure 1. Radial scales and physical processes surrounding a repeating FRB source as described in this paper. The central engine releases an ultra-relativistic
shell of energy E , duration �t . 1 ms, and radial width � = c�t, which collides with a mildly-relativistic magnetized ion-electron shell of velocity vw , baryon
density next / r�k , magnetization � ⇠ 0.1 � 1 and total width vw�T , as released following the previous major flare a time �T ago. The shell decelerates
through reverse and forward shocks (§2), the latter of which produces the observed coherent radio emission (fast radio burst) through the synchrotron maser
mechanism (§3; Fig. 2). The radio pulse is attenuated in the ion shell by induced Compton scattering at low frequencies ⌫ < ⌫max (§3.1; eq. 47). As the blast
wave decelerates, the decreasing Lorentz factor � of the shocked gas and the reduced scattering optical depth of the upstream medium results in a downward
drift of ⌫max over the duration of the observed burst (Fig. 4). The forward shock also heats electrons to ultra-relativistic temperatures, powering (incoherent)
synchrotron X-ray/gamma-ray emission, similar to a gamma-ray burst afterglow (§4; Fig. 8). On larger scales, the train of ion shells from consecutive flares
merges into a wind that feeds the nebula through a termination shock. Electrons injected at the termination shock powers the persistent radio source and (after
cooling) generates the large rotation measure of the bursts. Stochastic or secular variation in the burst DM can also arise from the ion shell (on timescales of
�T . days) or from photo-ionization of the supernova ejecta by the flare X-rays (on timescales of the source age of years to decades).

responsible for FRB 121102 (e.g. Metzger et al. 2017). The emer-
gence of magnetic energy is unlikely to be a steady process, but
instead could occur in discrete bursts perhaps similar to the flares
from significantly older and less active magnetars in our Galaxy.

Oppermann et al. (2018) found a mean repetition rate of
5.7+3.0

�2.0 bursts per day for FRB 121102, corresponding to an av-
erage interval �T ⇠ 104 s. The repetition pattern is non-Poissonian
(Oppermann et al. 2018), indicating that the bursts are often clus-
tered in time such that �T can be substantially shorter (e.g. 6 of
the 11 bursts from Spitler et al. (2016) were detected within a 10
minute period), with median intervals between flares of hundreds
of seconds. However, weighted by radiated energy, the luminos-
ity function of FRB 121102 is dominated by the rare highest flu-
ence bursts, which take place at a rate . 1 day�1 (�T & 105 s;
e.g. Nicholl et al. 2017; Law et al. 2017). The total energy avail-
able between each strong flare is then

Etot ⇠ (EB?/tlife)�T ⇠ 1045 � 1046erg. (1)

In our scenario, this energy is shared between at least one
"clean" initial ultra-relativistic �ej � 1, potentially highly-
magnetized � � 1 pulse of energy E at the beginning of the
flare responsible for the powering the FRB (Lyubarsky 2014; Be-
loborodov 2017) and a more prolonged phase of ion-loaded mass-
loss which emerges with a sub-relativistic velocity �w = vw/c . 1
and lower magnetization � . 1. The latter forms the upstream
medium into which the clean pulse from subsequent flares collides,

MNRAS 000, 000–000 (0000)

Metzger et al. (2019)

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, 2018)
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Discussion & Conclusions



Conclusions on FRBs

• There is only one precise localization of a FRB published so far.

• The nature of FRB 121102 remains unclear.

• We now a few repeating FRBs among the whole population of FRBs.

• Common properties for the whole population of FRBs?

28



Credit: Vikram Ravi 29



Predictions at high energies

• In a magnetar scenario. . .

Quasi-simultaneous X-ray to MeV gamma-ray bursts

X-ray/radio ∼ 104 (Lyutikov 2002)

∼ 1042–43 erg s−1 above 1–10 keV for 0.1–1 s

∼ 1045–46 erg s−1 above MeV–GeV for 0.1–10 ms (Metzger et al. 2019)

• Ultrarelativistic outflows interacting with the nebula. . .

TeV flashes, TeV/radio ∼ 105–6 (Lyubarsky 2014, Murase et al. 2016)

• Synchrotron maser emission. . .

TeV bursts “could” happen if external shock strong enough (Lyubarsky 2014)

• B reconnections near the magnetar surface. . .

Bursts up to optical wavelengths: independent ones, lower rate (Kumar et al. 2017)

• Coherent curvature emission. . .

Only radio bursts (Ghisellini & Locatelli 2017)
30



Conclusions

• Large number of FRBs discovered nowadays.

• FRB 121102 is still the only deeply studied FRB.

• All burst emission has been observe at 0.4–6 GHz

• Searches from infrared to gamma-ray observatories are required.

• Constraining models: giant Crab pulses-like? Magnetar?

• Lack of sensitivity at X-ray and gamma-rays: nearby FRBs, or CTA.
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Thank you!
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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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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.

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

SED and radio spectrum of FRB 121102

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



Is gamma-ray emission expected? Maybe no simultaneous!

• Magnetar + SLSNe: γ-ray flashes expected for < 100 Mpc

(Murase et al. 2016)

• Analogous to X-ray bursts observed in Galactic magnetars

(Luytikov 2002, Lyubarsky 2014)

• AGN/jet-related: could produce γ-ray emission on second-minute timescales (Vieyro et al.

2017)

• Possible emission if FRBs are GRB-like and nearby

(Murase et al. 2017)

• γ-ray FRBs followed by radio afterglows in the magnetar scenario or mergers (Murase et

al. 2017)

• Other scenarios do not support emission above radio frequencies (Ghisellini & Locatelli

2017)



Polarization and Faraday Rotation Measure

Observations at 5 GHz

Arecibo and Green Bank telescopes

Bursts ∼ 100% linearly polarized

High Faraday rotation measure:

≈ 1.4× 105 rad m−2

Michilli et al. (2018, Nature, 553, 182)

LETTERRESEARCH

Extended Data Figure 2 | Polarimetric properties of the 11 brightest 
bursts detected by Arecibo. a, Linear polarization fraction of the bursts as 
a function of frequency. The solid line shows the theoretical depolarization 
due to intra-channel Faraday rotation, calculated using equations (3) and 
(4). b, PA∞ as a function of frequency. Values in a and b are averaged 
over 16 consecutive channels. c, PA∞ as a function of time. A time offset 

is applied to each burst in order to show them consecutively. Vertical 
dashed lines divide different observing sessions. All values in this figure 
have been corrected for the rotation measure, which was calculated with a 
global fit. Grey regions in b and c indicate the 1σ uncertainty around the 
polarization angle determined from the global fit.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



The optical counterpart

Tendulkar et al. (2017, ApJL, 834, 7)



The optical counterpart

BPT diagrams

Emission lines dominated by Star Formation

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)



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,

within the star-forming region

• Brightness temperature Tb & 5× 107 K



The repeating FRB 121102
Recent monitoring of the repeater

VLA: Chatterjee et al 2017

GBT: Scholz et al in prep

Credit: L. Spitler (preliminary data)

No periodicities are observed at all.

Bursts exhibit short bandwidths (∼ 500 MHz)

Shortest separation between bursts: ∼ 34 and 37 ms



Localizing FRB 121102 on milliarcsecond scales
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Marcote et al. (2017, ApJL, 834, 8)



FRB 131104 also observed at X-rays (“gamma”)?

Swift detected a 100-s transient coincident

with FRB 131104

(DeLaunay et al. 2016)

• 15–200 keV

• E ∼ 5× 1051 erg

However,

• 3-σ detection

• Change coincidence subestimated

(Shannon & Ravi 2017)

• Would point out to a much different (and

close) distance (Gal & Zhang 2017)



FRB 150418: The first announced association

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

Parkes detection

ATCA follow-up 2-hr later.

Association with a transient source

Early-type galaxy at z ∼ 0.5

. . . or just an unassociated AGN?

Williams & Berger (2016)

Vedanthan et al. (2016)

Giroletti et al. (2016)

Bassa et al. (2016)
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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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