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Fast Radio Bursts

indicative calculations about potential source
luminosity and event rates, we adopt a distance
of 500 Mpc. This corresponds to z ~ 0.12 and a
host galaxy DM of 200 cm−3 pc. In recognition
of the considerable distance uncertainty, we
parameterize this as D500 = D/500 Mpc. If this
source is well beyond the local group, it would
provide the first definitive limit on the ionized
column density of the intracluster medium,
which is currently poorly constrained (17).

What is the nature of the burst source? From
the observed burst duration, flux density, and dis-
tance, we estimate the brightness temperature
and energy released to be ~1034 (D500/W5)

2 K
and ~1033W5D500

2 J, respectively. These values,
and light travel-time arguments that limit the
source size to <1500 km for a nonrelativistic source,
imply a coherent emission process from a compact
region. Relativistic sources with bulk velocity v are
larger by a factor of either G (for a steady jet model)
or G2 (for an impulsive blast model), where the
Lorentz factor G = [1 − (v2/c2)]−1/2 and c is the
speed of light.

The only two currently known radio sources
capable of producing such bursts are the ro-
tating radio transients (RRATs), thought to be
produced by intermittent pulsars (4), and giant
pulses from either a millisecond pulsar or a
young energetic pulsar. A typical pulse from a
RRAT would only be detectable out to ~6 kpc
with our observing system. Even some of the
brightest giant pulses from the Crab pulsar,
with peak luminosities of 4 kJy kpc2 (18),
would be observable out to ~100 kpc with the
same system. In addition, both the RRAT
bursts and giant pulses follow power-law dis-
tributions of pulse energies. The strength of
this burst, which is some two orders of mag-
nitude above our detection threshold, should
have easily led to many events at lower pulse
energies, either in the original survey data
or follow-up observations. Hence, it appears
to represent an entirely new class of radio
source.

To estimate the rate of similar events in the
radio sky, we note that the survey we have

analyzed was sensitive to bursts of this inten-
sity over an area of about 5 square degrees (i.e.,
1/8250 of the entire sky) at any given time over
a 20-day period. Assuming the bursts to be
distributed isotropically over the sky, we infer a
nominal rate of 8250/20 ≈ 400 similar events
per day. Given our observing system parame-
ters, we estimate that a 1033-Jy radio burst
would be detectable out to z ~ 0.3, or a distance
of 1 Gpc. The corresponding cosmological rate
for bursts of this energy is therefore ~90 day−1

Gpc−3. Although considerably uncertain, this is
somewhat higher than the corresponding esti-
mates of other astrophysical sources, such as
binary neutron star inspirals [~3 day−1 Gpc−3

(19)] and gamma-ray bursts [~4 day−1 Gpc−3

(20)], but well below the rate of core-collapse
supernovae [~1000 day−1 Gpc−3 (21)]. Although
the implied rate is compatible with gamma-ray
bursts, the brightness temperature and radio
frequency we observed for this burst are higher
than currently discussed mechanisms or limita-
tions for the observation of prompt radio emis-
sion from these sources (22).

Regardless of the physical origin of this
burst, we predict that existing data from other
pulsar surveys with the Parkes multibeam
system (23–26) should contain several similar
bursts. Their discovery would permit a more
reliable estimate of the overall event rate. The
only other published survey for radio transients
on this time scale (27) did not have sufficient
sensitivity to detect similar events at the rate pre-
dicted here. At lower frequencies (~400 MHz)
where many pulsar surveys were conducted,
although the steep spectral index of the source
implies an even higher flux density, the predicted
scattering time (~2 s) would make the bursts
difficult to detect over the radiometer noise. At
frequencies near 100MHz, where low-frequency
arrays currently under construction will operate
(28), the predicted scattering time would be on
the order of several minutes, and hence would be
undetectable.

Perhaps the most intriguing feature of this
burst is its 30-Jy strength. Although this has
allowed us to make a convincing case for its
extraterrestrial nature, the fact that it is more
than 100 times our detection threshold makes
its uniqueness puzzling. Often, astronomical
sources have a flux distribution that would
naturally lead to many burst detections of
lower significance; such events are not ob-
served in our data. If, on the other hand, this
burst was a rare standard candle, more distant
sources would have such large DMs that they
would be both red-shifted to lower radio
frequencies and outside our attempted disper-
sion trials. If redshifts of their host galaxies are
measurable, the potential of a population of
radio bursts at cosmological distances to probe
the ionized intergalactic medium (29) is very
exciting, especially given the construction of
wide-field instruments (30) in preparation for
the Square Kilometre Array (31).

Fig. 2. Frequency evolution and integrated pulse shape of the radio burst. The survey data,
collected on 24 August 2001, are shown here as a two-dimensional “waterfall plot” of intensity as
a function of radio frequency versus time. The dispersion is clearly seen as a quadratic sweep across
the frequency band, with broadening toward lower frequencies. From a measurement of the pulse
delay across the receiver band, we used standard pulsar timing techniques and determined the DM
to be 375 ± 1 cm−3 pc. The two white lines separated by 15 ms that bound the pulse show the
expected behavior for the cold-plasma dispersion law assuming a DM of 375 cm−3 pc. The
horizontal line at ~1.34 GHz is an artifact in the data caused by a malfunctioning frequency
channel. This plot is for one of the offset beams in which the digitizers were not saturated. By
splitting the data into four frequency subbands, we have measured both the half-power pulse width
and flux density spectrum over the observing bandwidth. Accounting for pulse broadening due to
known instrumental effects, we determine a frequency scaling relationship for the observed width
W = 4.6 ms ( f/1.4 GHz)−4.8 ± 0.4, where f is the observing frequency. A power-law fit to the mean
flux densities obtained in each subband yields a spectral index of −4 ± 1. The inset shows the total-
power signal after a dispersive delay correction assuming a DM of 375 cm−3 pc and a reference
frequency of 1.5165 GHz. The time axis on the inner figure also spans the range 0 to 500 ms.
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Lorimer et al. 2007, Science,
A Bright Millisecond Burst of Extragalactic Origin

§ Bright, millisecond flashes 
of radio waves.

§ Swept in frequency:
pulse dispersion ~ f-2.

§ Dispersion measure indicates
extragalactic origin.



The known FRB population

• ~ 30 sources known so far.

Detected at Parkes, Arecibo, Green 
Bank, UTMOST, ASKAP, CHIME.

• Inferred all-sky rate ~ 5000 / sky / day.

(Depends on detection threshold.)

signal-to-noise ratios (SNRs) to yield astrophysi-
cally interesting constraints for either parameter
and show no evidence of scattering.

Our FRBs were detected with DMs in the
range from553 to 1103 cm−3 pc. Their highGalactic
latitudes (jbj > 41○, Table 1) correspond to lines
of sight through the low column density Galactic
ISM corresponding to just 3 to 6% of the DM
measured (10). These small Galactic DM con-
tributions are highly supportive of an extragalac-
tic origin and are substantially smaller fractions
than those of previously reported bursts, which
were 15% of DM= 375 cm−3 pc for FRB 010724
(4) and 70% of DM = 746 cm−3 pc for FRB
010621 (5).

The non-Galactic DM contribution, DME, is
the sum of two components: the intergalactic
medium (IGM; DMIGM) and a possible host gal-
axy (DMHost). The intervening medium could be
purely intergalactic and could also include a con-
tribution from an intervening galaxy. Two op-
tions are considered according to the proximity
of the source to the center of a host galaxy.

If located at the center of a galaxy, this may be
a highly dispersive region; for example, lines
of sight passing through the central regions of
Milky Way–like galaxies could lead to DMs in
excess of 700 cm−3 pc in the central ~100 pc (11),
independent of the line-of-sight inclination. In
this case, DME is dominated by DMHost and re-
quires FRBs to be emitted by an unknownmecha-
nism in the central region, possibly associated
with the supermassive black hole located there.

If outside a central region, then elliptical host
galaxies (which are expected to have a low electron
density) will not contribute to DME substantially,
and DMHost for a spiral galaxy will only contrib-
ute substantially to DME if viewed close to edge-
on [inclination, i > 87○ for DM > 700cm−3pc;
probabilityði > 87○Þ ≈ 0:05]. The chance of all
four FRBs coming from edge-on spiral galaxies
is therefore negligible (10−6). Consequently, if the
sources are not located in a galactic center, DMHost

would likely be small, and DMIGM dominates.
Assuming an IGM free-electron distribution, which
takes into account cosmological redshift and as-
sumes a universal ionization fraction of 1 (12, 13),
the sources are inferred to be at redshifts z = 0.45
to 0.96, corresponding to comoving distances of
1.7 to 3.2 Gpc (Table 1).

In principle, pulse scatter-broadening mea-
surements can constrain the location and strength
of an intervening scattering screen (14). FRBs
110627, 110703, and 120127 are too weak to
enable the determination of any scattering; how-
ever, FRB 110220 exhibits an exponential scat-
tering tail (Fig. 1). There are at least two possible
sources and locations for the responsible scatter-
ing screens: a host galaxy or the IGM. It is pos-
sible that both contribute to varying degrees.

For screen-source, Dsrc, and screen-observer,
Dobs, distances, themagnitude of the pulse broad-
ening resulting from scattering is multiplied by
the factor DsrcDobs=ðDsrc + DobsÞ2. For a screen
and source located in a distant galaxy, this effect

probably requires the source to be in a high-
scattering region, for example, a galactic center.

The second possibility is scattering because
of turbulence in the ionized IGM, unassociated
with any galaxy. There is a weakly constrained
empirical relationship betweenDM andmeasured
scattering for pulsars in the MW. If applicable to
the IGM, then the observed scattering implies
DMIGM > 100cm−3 pc (2, 15). With use of the
aforementioned model of the ionized IGM, this
DM equates to z > 0:11 (2, 12, 13). The prob-
ability of an intervening galaxy located along the
line of sight within z ≈ 1 is ≤0.05 (16). Such a
galaxy could be a source of scattering and dis-
persion, but the magnitude would be subject to
the same inclination dependence as described for
a source located in the disk of a spiral galaxy.

It is important to be sure that FRBs are not a
terrestrial source of interference. Observations at
Parkes have previously shown swept frequency
pulses of terrestrial origin, dubbed “perytons.”
These are symmetric W > 20 ms pulses, which
imperfectly mimic a dispersive sweep (2, 8). Al-
though perytons peak in apparent DM near
375 cm−3 pc (range from ~200 to 420 cm–3 pc),

close to that of FRB 010724, the FRBs presented
here have much higher and randomly distributed
DMs. Three of these FRBs are factors of >3
narrower than any documented peryton. Last, the
characteristic scattering shape and strong disper-
sion delay adherence of FRB 110220 make a
case for cold plasma propagation.

The Sun is known to emit frequency-swept
radio bursts at 1 to 3GHz [typeIIIdm (17)]. These
bursts have typical widths of 0.2 to 10 s and
positive frequency sweeps, entirely inconsistent
with measurements of W and a for the FRBs.
Whereas FRB 110220 was separated from the
Sun by 5.6°, FRB 110703 was detected at night
and the others so far from the Sun that any
solar radiation should have appeared in multi-
ple beams. These FRBs were only detected in a
single beam; it is therefore unlikely they are of
solar origin.

Uncertainty in the true position of the FRBs
within the frequency-dependent gain pattern of
the telescope makes inferring a spectral index, and
hence flux densities outside the observing band,
difficult. A likely off-axis position changes the in-
trinsic spectral index substantially. The spectral

Fig. 1. The frequency-integrated flux densities for the four FRBs. The time resolutions match the
level of dispersive smearing in the central frequency channel (0.8, 0.6, 0.9, and 0.5 ms, respectively).
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Thornton et al. (2013) à



The known FRB population

• ~ 30 sources known so far.

• Inferred all-sky rate 
~ 5000 / sky / day.

• Dispersion measures:
DM = 175 … 2600 pc cm-3.

• DM / DMMilky Way = 1.2 … 33.

è Extragalactic; 
Milky Way + IGM + Host DM.

è Very high energy densities!



Need host identification to make progress

Keane et al. (2016) à
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• Need ~1’’ resolution 
for unique host IDs.

• Single dish radio 
telescope beams 
are not fine enough. 



FRB 121102: A very special case
• Discovered at Arecibo.

• l,b = 175°, −0.2°.

• DM = 557 pc cm-3.
(DMNE2001 = 188 pc cm-3.)

• Width = 3.0±0.5 ms.

• No re-detection in 
multiple deep follow-ups…

Spitler et al. 2014,
“Fast Radio Burst discovered in the Arecibo Pulsar ALFA Survey” 



FRB 121102 is a repeating source! 

à Rules out cataclysmic 
or explosive models, 
at least for this one source.

à A better-than-random 
location to go fishing. 

Spitler et al. 2016, Nature,
“A repeating fast radio burst”



So where is it?

Arecibo detection beams 
(and sidelobes!) cover 
dozens of sources.

1’



VLA localization

Fast sampled visibility data (u, v, t, f) for ~83 hours of observing.

Millisecond Imaging:
• De-disperse visibilities, make images for each sample time.
• Search for transient source in image domain. 

Beam-formed Single-pulse Search:
• Tile region with phased up beams.
• Search for pulse in time domain (t, DM). 



VLA localization: success!
Localization from 
millisecond imaging 
(Casey Law);

Pulse sweep from 
beam-forming 
(Robert Wharton).

Chatterjee et al. 2017, Nature,
“A direct localization of a fast radio burst and its host” 
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Radio counterpart: Persistent radio source
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§ Bursts are sporadic.
§ Persistent, variable,

180 μJy radio 
counterpart.

§ Non-thermal.

§ AGN? PWN? SNR?

Chatterjee et al. (2017)



Host galaxy ID
Deep imaging with Gemini:
25th magnitude counterpart.

à Dwarf galaxy.
à Emission dominated by 

spectral lines.
à z = 0.193; 

host is ~1 Gpc away.

Hβ [OIII]  Hα [SII]  

ß Tendulkar et al. 2017,
“The host galaxy and redshift of 
the repeating FRB 121102” 



Host galaxy morphology and environment

§ HST observations: 
Dwarf galaxy emission is 
dominated by single bright 
knot – star formation.

§ Coincident with FRB and 
persistent counterpart.

è Connection to massive stars, 
magnetars, LGRBs, SLSNe?

Bassa et al. (2017) à



Frequency structure in bursts: Plasma lensing?

1.2

1.4

1.6

F
re

q
u
en

cy
(G

H
z)

AO-00 AO-01 AO-02 AO-03

�5 0 5

Time (ms)

AO-04

1.2

1.4

1.6

F
re

q
u
en

cy
(G

H
z)

AO-05 AO-06 AO-07 AO-08

�5 0 5

Time (ms)

AO-09

1.2

1.4

1.6

F
re

q
u
en

cy
(G

H
z)

AO-10 AO-11 AO-12 AO-13

1.8

2.0

2.2

2.4

F
re

q
u
en

cy
(G

H
z)

GB-01

�5 0 5

Time (ms)

GB-02

�5 0 5

Time (ms)

GB-03

�5 0 5

Time (ms)

GB-04

�5 0 5

Time (ms)

5

6

7

8

F
re

q
u
en

cy
(G

H
z)

GB-BL

Time (ms) à



FRB 121102: Detection of polarization

Six bright bursts at Arecibo, 4-5 GHz: 100% linear polarization.
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Michilli et al. 2018, Nature, 
“An extreme magneto-ionic environment 
associated with fast radio burst source FRB 121102” 
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An extreme magneto-ionic environment

High frequency FRB121102 detections: 
- 100% linear polarization.

- RMsrc

= RMobs(1+z)2 

= 1.46 x 105 rad m-2.

Michilli et al. 2018, Nature, 
“An extreme magneto-ionic environment 
associated with fast radio burst source FRB 121102” 
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An extreme magneto-ionic environment

High frequency FRB121102 detections: 
- 100% linear polarization.

- RMsrc

= RMobs(1+z)2 

= 1.46 x 105 rad m-2.

à Only comparable environment
is our Galactic center.

Michilli et al. 2018, Nature, 
“An extreme magneto-ionic environment 
associated with fast radio burst source FRB 121102” 



The GC magnetar: DM and RM 

Desvignes et al., 2018
Large magnetic field variations towards the GC magnetar

In 2 yrs, 
DM change <0.6%

RM change >5%
during same time.

è Significant change in projected B field.



So what produces an FRB?

§ Repeating source.
è At least this FRB is not powered by an explosive mechanism.

§ FRB (and persistent radio source) coincides with star-forming region.
§ Dwarf galaxy looks like an EELG.
è Connection to massive stars, magnetars, LGRBs, SLSNe? 

§ Dwarf galaxy host suggests Ngalaxy is relevant, not Mstars.
§ High (and changing) RM, without proportional evolution in DM, 

resembles the environment of Sgr A*. 
è Connection to a massive black hole? 



FRBs: Some things we don’t know

• Is FRB 121102 representative of all FRBs?
à Do they all potentially repeat?
à Is a dwarf galaxy host “typical”?

• Mechanism for FRBs?
E ≈ 1038 erg (δΩ/4π) D2

Gpc (A/0.1Jy-ms) ∆νGHz. 
à Magnetar models, AGN, exotica?
à How significant is lensing?
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More FRBs from ASKAP

à ASKAP has already detected FRBs in Fly’s-Eye mode.
à Full array needs to be commissioned for fast-dump interferometry.

Image courtesy Ant Schinckel / CSIRO



More FRBs from ASKAP

Images courtesy Keith Bannister/ CSIRO

à ASKAP has already detected FRBs in Fly’s-Eye mode.
(Bannister et al. 2017, Shannon et al. 2018)

FRB 170107
DM: 609.5 pc cm-3

FRB 170416
DM: 523.2(2) pc cm-3

FRB 170428
DM: 991.7(8) pc cm-3



More FRBs from CHIME
à 80m x 100m, operating at 400-800 MHz.
à Many FRB detections even with pessimistic assumptions.



More FRBs from CHIME
à 80m x 100m, operating at 400-800 MHz.
à First FRBs already in hand.  (Atel #11901, Boyle et al.)

First detection of fast radio bursts between 400 and

800 MHz by CHIME/FRB

CHIME/FRB Collaboration

Figure 1: Dynamic spectrum plot after de-dispersion to DM = 716.6 pc cm
�3
. The time is

relative to the topocentric (at 400 MHz) burst peak on 2018 July 25 at 17:59:43.115 UTC.

Intensity data for the two beams in which FRB 180725A was detected are shown. These

approximately 0.5
�
wide and circular beams were at RA, Dec = (06:13:54.7, +67:04:00.1;

J2000) and RA, Dec = (06:12:53.1, +67:03:59.1; J2000). Some frequency channels with

terrestrial radio frequency interference have been zero-weighted.





Relativistic Jet and Dynamical Ejecta
Non-thermal afterglow:
• Synchrotron emission from shock-accelerated electrons.
• “Simple” physics: energy, density, geometry.



Relativistic Jet and Dynamical Ejecta
Non-thermal afterglow:

• Synchrotron emission from shock-accelerated electrons.
• “Simple” physics: energy, density, geometry.

Radio observations, VLA 3 GHz:
- Slow rise, turnover, and decline.
- Light curve discriminates 

between models.



Relativistic Jet and Dynamical Ejecta
VLA obs at 3 GHz
è Simple jet models are disfavored.
è Mildly relativistic wide-angle outflow is required. 

Mooley et al., 2018a, Nature



Relativistic Jet and Dynamical Ejecta
VLA obs at 3 GHz
è Simple jet models are disfavored.
è Mildly relativistic wide-angle outflow is required. 

Mooley et al., 2018a, Nature



But was there a jet?
Key test for a jet:
Expect proper motion from 
superluminal expansion.

The VLBA lacks enough 
sensitivity on its own …

à More collecting area.



HSA observations



HSA observations

Day 230 Day 75

Unresolved blob; 
Proper motion: 2.7±0.3 mas over 155 days. 

Day 75

Day 230

Mooley, Deller, Gottlieb et al., 
2018b, Nature, accepted



HSA observations
Unresolved blob; 
Proper motion: 2.7±0.3 mas over 155 days.

è Superluminal motion, βapp~4.
è Narrow jet, Γ0>10.
è Narrow jet <5°, inclined ~20±5° to LOS.

è SGRBs come from NS-NS mergers. 

Mooley, Deller, Gottlieb et al., 
2018b, Nature, accepted



The VLA Sky Survey
The radio sky offers unique discovery space for transients –
orphan GRB afterglows, merger aftermaths, FRB hosts, more.

VLASS: 
• 2.5’’ resolution
• 2 – 4 GHz
• 120 μJy RMS
• 3 epochs, 

32 months apart
• All sky (Dec>-40°)

Epoch 1A is now observed!
Please see: http://vlass.org
Contact SSG co-chairs Chatterjee, Clarke to get involved.



If GWs from NS-NS, BH-BH mergers are exciting…



Low frequency GWs 

Mergers of supermassive BHs:

à Trace the history of mass 
assembly in the Universe.

à GW periods are ~years, 
so a Galactic-scale detector 
is required.

à Radio timing of pulsars. 



Pulsar timing arrays:
Galactic-scale GW detectors

2008 2010 2012 2014 2016

More pulsars
added every year

The NANOGrav collaboration:
à Precision timing of an expanding 

array of millisecond pulsars.
à Arecibo, Green Bank. 
à 12.5 year data release is coming.

à Interesting limits on the stochastic 
GW background at nanoHz
frequencies. 



Pulsar timing arrays: a truly international partnership


