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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
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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

Bright events are easily visualiz

Light is dispersed by the material in
the medium.
Dispersion Measure:
Z
DM = ne d`

∝ ν −2

All FRBs show unexpected large DMs.
Much larger than the contribution of
our Galaxy
Estimated z ∼ 0.16–3
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What can FRBs be?

What could they be?
Credit: J-P Macquart

Pietka et al. (2015)Black: Parkes; Pink: SKA1-lo; Grey: SKA1-mid
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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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Next step: find counterparts (higher resolution)

The main problem with FRBs is the lack of known counterparts

PARKES
ARECIBO

• We only have tentative distances (DM)

VLA

• 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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Recent monitoring of the repeater

The first repeater: FRB 121102

Credit: L. Spitler (preliminary data)
VLA: Chatterjee et al 2017
GBT: Scholz et al in prep

No periodicities are observed at all.
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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)

10

The first repeater: FRB 121102

Bursts seem to be localized in frequency, with typical widths of hundreds of MHz.
Law et al. (2017, ApJ, 850, 76L)
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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-

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
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Figure 1 | VLA detection of FRB 121102. a, A 5-ms dispersion-corrected
0.1″ localization of the burst. c, Time–frequency data extracted from
5-ms
image
(dispersion corrected)
one burst.
dirty image showing a burst from FRB 121102
at MJD
57633.67986367
phased VLA of
visibilities
at the burst location shows the ν−2 dispersive
2016 September 2). The approximate localization uncertainty from
sweep of the burst. The solid black lines illustrate the expected sweep for
−3
at half-maximum
previous Arecibo detections9 (3′ beam full-widthChatterjee
et al. (2017,
541,
58)de-dispersed lightcurve and spectra are projected
. The
DMNature,
= 558 pc cm
14
FWHM)) is shown with overlapping circles. b, A zoomed-in portion of a,
to the upper and right panels, respectively. In all panels, the colour scale

The VLA localization of FRB 121102
RESEARCH LETTER

Energy (eV)

a

10–5
33° 12′

• Persistent radio and optical counterparts

10–4

10–3

10–2

Henize 2-10
Radio-loud AGN
Crab nebula

10–13

10–1

100

101

102

GLIMPSE

Gemini i-band

F (erg cm–2 s–1)

Declination

104

• z = 0.19273(8) =⇒ 972 Mpc
Keck R-band

10–14
33° 9′

103

UKIDSS

Gemini r-band

XMM-Newton
and Chandra

• Co-located within ∼ 0.1 arcsec

10–15

ALMA

10–16
33° 6′

VLA
10–17

• Variability ∼ 10%
Radio counterpart
Optical counterpart

10–18
5 h 32 min 12 s

b

250

5 h 31 min 36 s

Observed
Average
FRB detection

225
Flux density (μJy)

5 h 32 min 0 s
5 h 31 min 48 s
Right ascension

109

• Variability uncorrelated with bursts

1010

1011

150

1014

1015

1016

1017

1018

Figure 3 | Broadband spectral energy distribution of the counterpart.
Detections of the persistent radio source (blue circles), the optical
38
−1
counterpart (red and orange
squares) and 5σ upper limits at various
persistent
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
25 Mpc
AGN in Henize 2-10, a star-forming dwarf galaxy
42 28 placed at−1
(blue); radio-loud AGN QSO
2128−12329 scaled by 10−4.3 to simulate a
bursts
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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but. . . are the bursts and the persistent counterpart physically related?
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Localizing FRB 121102 on milliarcsecond scales
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Astrometry limited by signal-to-noise ratio
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Localizing FRB 121102 on milliarcsecond scales
colorscale: 5-GHz image
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FRB121102 with HST

The optical counterpart
• Archival Keck data from 2014

Star-forming region

• Gemini observation (Oct 2016)
• HST data in early 2017

Host galaxy
FRB121102

• 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

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

Bassa
et al. (2017, ApJL, 843, with
8)
Clearly
associated
a star19

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

Probing F
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)

et al.gamma-ray
2018, emission
Figure 1. (MAGIC
Upper limits inCollaboration
luminosity for the persistent
of FRB 121102 fromMNRAS,
MAGIC (95 per
cent confidence
481,
2479) 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 the21
observed radio luminosity of the persistent counterpart of FRB 121102 (see

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)
22

Polarization and Faraday Rotation RESEARCH
Measure
LETTER

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)
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

is applied to each burst in order to show them conse
dashed lines divide different observing sessions.
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have been corrected for the rotation measure, which

Polarization and Faraday Rotation Measure

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
LETTER RESEARCH
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

10 5

FRB 121102
PSR J1745–2900

PSR J1746–2856
PSR J1746–2849

10 4

|RM| (rad m–2)

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 rotation measure (DMRM) could be much smaller than the total dispersion
measure contribution of the host (DMhost, dominated by the starforming 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 µG.
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
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Figure 3 | Magnitude of rotation measure versus dispersion measure
for fast radio bursts and Galactic pulsars. Radio-loud magnetars are
Michilli
etdots,
al.while
(2018,
Nature,
553, closest
182)
highlighted
with red
radio pulsars
and magnetars
to the Galactic Centre30 are labelled by name. The green bar represents
FRB 121102 and the uncertainty on the dispersion measure contribution of
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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)
26

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).

Metzger et al. (2019)

responsible for FRB 121102 (e.g. Metzger et al. 2017). The emergence 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
bursts per day for FRB 121102, corresponding to an av2.0
erage interval T ⇠ 104 s. The repetition pattern is non-Poissonian
(Oppermann et al. 2018), indicating that the bursts are often clustered 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

c
(T
a
fr
a quiescent level with a steady flux. Williams & Berger
(2016) discovered that the source re-brightened to the 27 A
F
level of the original detection flux more than 300 days
Figure 1. A cartoon picture of a cosmic comb. An FRB is produced in the sheath region,
sweeps
the line of sight during a
Zhangwhich
(2017,
2018)
short period of time defined by Eq.(7).

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
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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.
31

Thank you!
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The VLA localization of FRB 121102
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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

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.

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)

LETTER
RESEARCH
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)

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

Recent monitoring of the repeater

The repeating FRB 121102

Credit: L. Spitler (preliminary data)
VLA: Chatterjee et al 2017
GBT: Scholz et al in prep

No periodicities are observed at all.

Localizing FRB 121102 on milliarcsecond scales
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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
LETTER RESEARCH
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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).

