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Fast Radio Transients
• Discovery space in the time domain radio sky.
• Data-intensive and computation-intensive science.

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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What is a pulsar? Rapidly rotating neutron stars.
! Left behind by the death of massive 

stars via supernova core collapse.



What is a pulsar?
Rapidly rotating neutron stars.
! Left behind by the death of 

massive stars via supernova 
core collapse.

! Typically periodic sources, 
but some sources detected 
as single pulses.

! Galactic population.

! Arecibo PALFA discoveries
! Other known pulsars 



Fast Radio Bursts: An OverviewFast Radio Bursts: An Overview



Fast Radio Bursts



Interstellar / Intergalactic Propagation Effects
Dispersion Delays

tDM(�) = 4.15⇥DM ms
�2

GHz

Deterministic, removable with 
coherent de-dispersion.



Pulsars in our Galaxy
Rapidly rotating neutron stars.

! Galactic population.
! Can use pulsar DMs to model 

the Galactic electron density 
distribution.



Interstellar / Intergalactic Propagation Effects
Dispersion Delays Multipath Broadening

(Scattering)
Diffractive Scintillation

tDM(�) = 4.15⇥DM ms
�2

GHz

tscatt =
D�2

d
2c

�⌫scatt ⇡ 1
2�tscatt

Deterministic, removable with 
coherent de-dispersion.

Stochastic, 
not easily removable.

100% modulations 
of flux density.

1408 MHz

610 MHz

408 MHz

325 MHz

243 MHz



Fast Radio Bursts
FRB 010724, the “Lorimer burst”:

• Archival survey data from Parkes.
• A single dispersed pulse.
• Width < 5ms.
• Brighter than 30 Jy (?)
• Follows f-2 dispersion law.
• DM = 375 pc cm-3 ! 500 Mpc?
! Extragalactic.

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



The known FRB population
• ~130 sources known so far.

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

• Inferred all-sky rate is large,
~5000 / sky / day
(dependent 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) !



The known FRB population
• ~130 sources known so far.
• Inferred all-sky rate is large, 

~5000 / sky / day.
• Dispersion measures:

100 – 3000+ pc cm-3.

" Extragalactic;
DM = Milky Way + IGM + Host.



Models for FRBs
# Terrestrial / solar system sources?  (Ruled out by lower limit on parallax.)
# Galactic sources with intrinsic pulse dispersion?  

$ Flares from nearby magnetically active stars. (Ruled out.)
# Extragalactic sources – local or cosmological?

$ Soft Gamma Repeater giant flares (Popov & Postnov 2007).
$ Merging white dwarfs (Kashiyama et al. 2013).
$ Merging neutron stars (Hansen & Lyutikov 2001).
$ Collapsing supra-massive NS (Falcke & Rezzolla 2013). 
$ Evaporating primordial black holes (Rees 1977).
$ Superconducting cosmic strings (Cai et al. 2012).
$ Bright, rare, Crab-like giant pulses from extragalactic pulsars 

(Cordes & Wasserman 2016).
$ Pulsar planets – Alfven wings (Mottez & Zarka 2014).
$ … etc. etc. etc.



The known FRB population
• ~130 sources known so far.
• Inferred all-sky rate is large, 

~5000 / sky / day.
• Dispersion measures:

100 – 3000+ pc cm-3.
• Currently incomplete in every 

FRB parameter (fluence, DM,
width, rate, repetition, polarization…)



A very special Fast Radio Burst



FRB 121102: Arecibo detection
• 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 



“A minor point of interest” 
• Discovered at Arecibo.
• l,b = 175°, −0.2°.
• DM = 557 pc cm-3.

• FRB 121102 is a 
repeating source.

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



FRB 121102 is a repeating source 
! Rules out cataclysmic 

or explosive models, 
at least for this one source.

! 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 
cover dozens of sources in 
higher resolution VLA 
observations.

" Original detection 
(Spitler et al. 2014) was 
apparently in a sidelobe.

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!

Detection within 5 hrs –
now operating commensally.
See: realfast.io



VLA beam-forming: pulse sweep
Pulse S/N ratio peaks 
at the image peak pixel.

Lines indicate ν-2 sweep.

(Work by former graduate 
student Robert Wharton.)

Chatterjee et al. 2017, 
Nature,
A direct localization of 
a fast radio burst and its host 



1’



A counterpart and a host galaxy



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)



Bursts and persistent source coincide

Marcote et al. (2017)
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30 pcVLBI with Arecibo + EVN:

! Bursts and persistent radio 
source coincide to better than 
12 mas (40 pc). 



Optical host galaxy
Deep imaging with Gemini:
25th magnitude counterpart.

! Dwarf galaxy.
! Emission dominated by 

spectral lines.
! z = 0.193; 

host is ~1 Gpc away.

Hβ [OIII]  Hα [SII]  

% Tendulkar et al. (2017) 



Host galaxy morphology and environment
$ Dwarf galaxy emission is 

dominated by single bright 
knot – star formation?

$ Coincident with FRB and 
persistent counterpart.

" Suggestive of connection to 
superluminous supernovae 
and long gamma ray bursts.

" Magnetar models.

Bassa et al. (2017) !



What produces these bursts?
Eburst ≈ 1038 erg (δΩ/4π) D2

Gpc (A/0.1Jy-ms) ∆νGHz

Repeating source, precise localization. 

" Can observe over a broad range of frequencies.
Simultaneous coverage at radio and, e.g., 
X-ray, gamma-ray, optical bands.

" No counterparts to the radio bursts (yet).
(But these observations are sensitivity-starved 
for millisecond bursts.)



Polarization, Rotation Measure, 
and Dispersion Measure



Interstellar / Intergalactic Propagation Effects

Pulse dispersion measure: 

Pulse rotation measure: 

The Faraday effect causes a rotation of the plane of polarization of the propagating 
wave as a function of wavelength (λ). 

Faraday Rotation:



FRB 121102: Detection of polarization
Six bright bursts at Arecibo, Dec 2016: 100% linear polarization.

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



FRB 121102: Detection of polarization
Six bright bursts at Arecibo, Dec 2016: 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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FRB 121102: Detection of polarization
Six bright bursts at Arecibo, Dec 2016: 
- 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



FRB 121102: An extreme magneto-ionic environment

RM map: Han et al. 2017



FRB 121102: An extreme magneto-ionic environment
• High RM measured at Arecibo.
• High RM confirmed at GBT, 

but with 10% change in 6 months.
• No corresponding change in DM, <0.5%.
" Arises in compact region, 

must be associated with FRB source.
B > ~mG, compared to μG for our ISM.

! UC HII region? No.
! Massive BH environment? Fits.
! Extreme SNR/PWN? Maybe.



FRB 121102: An extreme magneto-ionic environment
! AGN? Magnetar in a BH environment? 

Persistent radio src, RM, ΔRM, etc.

Artist impression / ESO



FRB 121102: An extreme magneto-ionic environment
! AGN? Magnetar in a 

BH environment? 
Persistent radio src, 
RM, ΔRM, etc.

! Magnetar in extreme 
SNR/PWN? Maybe.

(Margalit et al. 2018)



New frontiers in FRB observations



New discoveries from CHIME

Image courtesy Vicky Kaspi / DRAO

! 80m x 100m, operating at 400-800 MHz.
! Many FRB detections even with pessimistic assumptions.
! Baseband data can allow post-detection beam-forming.

0.3° x 0.2° beams; localization to ~10s of arcsec for bright bursts.



(CHIME/FRB 
collaboration, 
Nature, 2019a) 

13 new FRBs in 
pre-commissioning
observations.



(CHIME/FRB collaboration, Nature, 2019b) 

One of 13 
is a new 
repeating FRB!

Similar drift 
in frequency 
for burst 
components.



New discoveries from CHIME
CHIME has now discovered 
hundreds of FRBs.

! Many new repeating FRBs!
! Single reported re-detection 

of FRB 121102.

(CHIME/FRB collaboration, 2019) 



New discoveries from ASKAP

Image courtesy Ant Schinckel / CSIRO

! ASKAP has detected FRBs in Fly’s-Eye mode.
! Full array has now been commissioned for fast-dump interferometry.



Localizing FRBs with ASKAP
! Detect FRBs in incoherent sum.

e.g., FRB 180924:
DM = 361 pc cm-3 (MW+halo ~ 100).
RM = 14 rad m-2, low.

! Dump voltages, correlate.
! Localize FRB on image plane.

Bannister et al. 2019, Science !

-40 -20 0 20 40

12
00

13
00

14
00

Δt (ms)

Fr
eq

 (M
Hz

)

0
2

4
S ν (

Jy
 m

s)

0
5

10
Fl

ux
 (J

y)



A host galaxy for a one-off FRB detection
Luminous host galaxy:
! z=0.321 (1.7 Gpc), 
! Massive lenticular or 

early-type spiral.
! Stellar mass ~ 2 x 1010 M⦿

! SFR < 2 M⦿ yr-1.

FRB 180924 offset by ~19 kpc,
not in star forming region. 

Bannister et al. 2019, Science



Localizing FRBs with ASKAP

Macquart et al. 2020, Nature!
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! Detect FRBs in incoherent sum.
! Dump voltages, correlate.
! Localize FRB on image plane.

= This process has now been 
successful for a bunch of FRBs!



Using FRBs as probes
Astro 2020 white paper:
“Fast Radio Burst Tomography of the Unseen Universe”
Ravi et al. (including Battaglia, Chatterjee, Cordes).

Astro 2020 WP:
arXiv: 1903.06535



Probing the Intergalactic Medium
FRB dispersion measure 
after subtracting Milky 
Way and (estimated, fixed) 
host galaxy contributions, 
versus host redshift.

" Direct estimate of the 
Cosmic baryon density, 
consistent w/CMB, BBN:

Macquart et al. 2020, Nature



Clues to the central engine of FRBs



Periodic emission windows for FRBs? 
CHIME: 
Repeating FRB 180916 (“R3”) 

CHIME collab 2020, Nature



Periodic emission windows for FRBs? 
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CHIME: 
R3 is detected only 
during periodic windows,
~5 days every 16.35 days.

! Suggests an orbit? 
! Or precession? 
Associated with the 
central engine.

CHIME collab 2020, Nature



A Galactic FRB?
Galactic magnetar SGR 1935+21:
Emitted an extremely bright radio burst 
on 28 April 2020
! 700 kJy-ms at CHIME
! 1.5 MJy-ms at STARE-2

Such a burst from a nearby galaxy would 
be considered an extragalactic FRB.

" At least some FRBs are produced by 
magnetar bursts.

(ms)

CHIME collab 2020, Nature
and 
Bochenek et al. 2020, Nature
(submitted)



FRBs: Some things we know
• Fast radio bursts are extragalactic.
• At least some repeat: 

not an explosive, cataclysmic mechanism.
• A variety of host galaxy environments so far.
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FRBs: Some things we know
• Fast radio bursts are extragalactic.
• At least some repeat: 

not an explosive, cataclysmic mechanism.
• A variety of host galaxy environments so far.

FRB 121102 and other repeating FRBs:
• No simultaneous X-ray, gamma ray, optical emission.
• Emission is not continuous over a broad band:

Plasma lensing may play a significant role.
• Extreme magneto-ionic environment.
• Periodic emission windows?
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FRBs: What’s next
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• Do all FRBs repeat? 
• Or are multiple source classes really required?
• What is (are) the central engine(s)?



New discoveries at a rapid clip!

Five Hundred Meter Spherical Aperture Telescope (FAST) 



FRBs: What’s next
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• Do all FRBs repeat? 
• Or are multiple source classes really required?
• What is (are) the central engine(s)?

Using FRBs as probes:
• Dispersion: IGM electron density.

Census of baryons in the local universe.
• Polarization: RM and magnetic fields in the IGM.
• Scattering: IGM turbulence.

! Best use requires detection and localization of FRBs.
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Abstract

We summarize our understanding of millisecond radio events from an

extragalactic population of sources. FRBs occur at an extraordinary

rate, thousands per day over the entire sky with radiation energy

densities at the source about ten billion times larger than in Galactic

pulsars. We survey FRB phenomenology, source models and host

galaxies, coherent radiation models, and the role of plasma propagation

e↵ects in burst detection. The FRB field is guaranteed to be exciting:

new telescopes will expand the sample from the current ⇠ 60 unique

burst sources (and only one secure localization and redshift) to

thousands, with burst localizations that enable host-galaxy redshifts

emerging directly from interferometric surveys.

• FRBs are now established as an extragalactic phenomenon.

• Only one source is known to repeat (FRB 121102). Despite the

failure to redetect other FRBs, they are not inconsistent with all being

repeaters.

• FRB sources may be new, exotic kinds of objects or known types

in extreme circumstances. Many inventive models exist, ranging from

alien spacecraft to cosmic strings but those concerning compact objects

and supermassive black holes have gained the most attention. Rapidly

rotating magnetars appear the most promising at present, though

others may be relevant to some bursts.

• FRBs are powerful tracers of circumsource environments, ‘missing

baryons’ in the IGM, and dark matter.

• The relative contributions of host galaxies and the IGM to plasma

propagation e↵ects are yet to be disentangled, however, so redshifts

based on dispersion measures have large uncertainties.

1

FRB Newsletter Issue 01 -- September 2019
Total FRB count: 97

Repeaters: 10

From the editors:

Welcome to the FRB community newsletter. Our goal is to select and summarize recent
results relevant to FRB researchers, both observational and theoretical, as well as to
provide a curated selection of other relevant scientific news items, conferences, and
more. We will aim to be:

timely and topical,
brief,
and archival,

such that the newsletter provides a monthly snapshot summary of the state of the field
for the duration of this project.

We welcome your feedback, opinions, suggestions for items to post, news tips, etc.
- Emily Petroff and Shami Chatterjee, editors.

General news

Editors' note. This issue includes items from the first nine months of 2019. We
anticipate future issues will be much shorter.
The FRBCAT VOEvent Broker is live. Interested parties can now subscribe to the
FRBCAT Comet broker to receive VOEvents. Those interested in sending
VOEvents via the FRBCAT broker or receiving broadcasted events should follow
the instructions at the FRB_VOEvent github page.

Papers of interest

Recent Reviews

Fast Radio Bursts, review by Petroff, Hessels, and Lorimer (The Astronomy &
Astrophysics Review; arXiv:1904.07947)
Fast Radio Bursts: An Extragalactic Enigma, review by Cordes and Chatterjee
(Annual Reviews of Astronomy and Astrophysics; arXiv:1906.05878)

Localizations and Host Galaxies

A single fast radio burst localized to a massive galaxy at cosmological distance,
Bannister et al., arXiv:1906.11476
A fast radio burst localized to a massive galaxy, Ravi et al., DOI:10.1038/s41586-
019-1389-7
The low density and magnetization of a massive galaxy halo exposed by a fast
radio burst, Prochaska et al., arXiv:1909.11681

Other Observational Results

Cordes & Chatterjee, Annual Review, 2019.

FRB Community Newsletter, eds Petroff & Chatterjee.



Realizing the Potential of Fast Radio Transients
Key requirements are instrumental flexibility
and breadth of coverage of phase space.
! Very likely that the most important future discoveries will be surprises.





Realizing the Potential of Fast Radio Transients 
Time domain science of all stripes: consistent requirements.
! Large fields of view and high sensitivity. (Not just survey speed.)
! High resolution in time and frequency.  " High data rates.
! Broad range of timescales to cover. " Large data volumes.
! High angular resolution. Unique counterparts require ~1” localization.
! Massive storage, high throughput computation.

(But: embarrassingly parallel problems.)  



(from Vikram Ravi)


