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Fast Radio Bursts (FRBs)

• Fast and strong radio flashes

• Duration of a few milliseconds

• Discovered by Lorimer et al. (2007)

Many FRBs known to date

• Only a few show multiple bursts

• Rate: ∼ 103–4 sky−1 day−1

• Origin: unknown
FRB 140514
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Do FRBs exhibit multi-wavelength/messenger emission?
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Possible origins of FRBs

Credit: V. Ravi 4
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The first repeater FRB 121102

• The first repeater:

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

• Lbursts ∼ 1042 erg s−1

• Low-metallicity star-forming dwarf galaxy

• z = 0.193, Ld = 972 Mpc

• Persistent and compact radio source

< 0.7 pc

• Lpersistent = 3 × 1038 erg s−1

• Variability (∼ 10%) uncorrelated with

bursts
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The first repeater 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.

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

Chatterjee et al.

(2017, Nature, 541, 58)
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Marcote et al. (2017, ApJL, 834, 8)

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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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) 8



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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Different scenarios. . . different expectations

• 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)
10



Searches at other wavelengths

• Radio & optical observations

. 3.2–20 mJy (10–0.1 ms)

Radio-to-optical slope . −0.32

(giant Crab pulses: ∼ −0.2)

(MAGIC Collaboration et al. 2018)

• Radio & X-ray observations

Simultaneous: . 4 × 1045 erg

At any time: . 6 × 1046 erg

(Radio-to-X ratio < 10−6–10−8)

(Scholz et al. 2017)

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

Bursts at other wavelengths:

• L>0.1 TeV . 3 – 14 × 1049 erg s−1

• Imply a released energy EB . 1048 erg

• Hyper-flares from magnetars:

EB ∼ 1046 erg

• ∼ 500 bursts required, or CTA!

Persistent counterpart:

F1–0.1 TeV . 0.5–20 × 1044 erg s−1

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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(MAGIC Coll. et al. 2018, MNRAS, 481, 2479)
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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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