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The early days of pulsar searching

1967: first pulsar discovery by Jocelyn Bell 
Burnell, with the Mullard radio telescope.

Discovery of single pulses from pulsar 
B1919+21, data recorded on pen charts.

Early 1970s: FFT & more powerful 
computers allowed larger bandwidths and 

integration times. No longer need to 
detect individual pulses!

Hulse/Taylor Arecibo survey: first to use 
FFTs and digital systems. Discovery of the 

relativistic binary pulsar B1913+16.
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The discovery of RRATs
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Early 2000s: ~2000 pulsars found by various large 
radio pulsar surveys. Not much single pulse 

searching done…

McLaughlin et al. (2006): discovery of Rotating 
Radio Transients (RRATs) in a dedicated single 

pulse search!

RRATs: short (few ms), sporadic but repeating 
(periodicity: few 0.1 to 1s) bursts of radio 

emission, at the same dispersion measures (DM).

DM values suggest a Galactic origin. Most likely 
neutron stars. 

Difficult to find with FFTs! Motivated new 
searches of this kind.

DM =

Z d

0
nedl
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The « Lorimer » burst
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Dispersed (DM ~ 375 pc cm-3), ~30-Jy, few ms duration burst detected near the 
direction of the Small Magellanic Cloud, with the Parkes radio telescope! 

Search motivated by the discovery of RRATs.

From Lorimer et 
al. (2007)

1 Jy = 10-26 W 
m-2 Hz-1
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The « Lorimer » burst
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6 E. Petro↵, J.W.T. Hessels & D.R. Lorimer

Fig. 1 The Lorimer burst (Lorimer et al., 2007, now also known as FRB 010724), as seen in
the beam of the Parkes multibeam receiver where it appeared brightest. These data have been
one-bit digitized and contain 96 frequency channels sampled every millisecond. The burst has
a DM of 375 cm�3 pc. The pulse was so bright that it saturated the detector, causing a dip
below the nominal baseline of the noise right after the pulse occurred. This signal was also
detected in 3 other beams of the receiver. The top panel shows the burst as summed across
all recorded frequencies. The bottom panel is the burst as a function of frequency and time (a
‘dynamic spectrum’). The red horizontal lines are frequency channels that have been excised
because they are corrupted by RFI.

survey at the Parkes telescope (HTRU; Keith et al., 2010). The discoveries by
Thornton et al. (2013) had similar characteristics to the Lorimer burst, and implied
an all-sky population of extragalactic radio pulses, which they termed ‘Fast Radio
Bursts’, or FRBs.

FRBs were immediately considered of great interest due to their large implied
distances and the energies necessary to produce such bright pulses. As discussed
further in §2, from the DMs of the four new FRB sources discovered by Thornton
et al. the bursts were estimated to have originated at distances as great as z = 0.96
(luminosity distance 6 Gpc). With peak flux densities of approximately 1 Jy, this
implied an isotropic energy of 1032 J (1039 erg) in a few milliseconds or a total
power of 1035 J s�1 (1042 erg s�1). The implied energies of these new FRBs were
within a few orders of magnitude of those estimated for prompt emission from
GRBs and supernova explosions, thereby leading to theories of cataclysmic and
extreme progenitor mechanisms (see §9).

The excitement around the discovery by Thornton et al. led to increased
searches through new and archival data not just at the Parkes telescope (Burke-
Spolaor and Bannister, 2014; Ravi et al., 2015; Champion et al., 2016), but also
at other telescopes around the world, resulting in FRB discoveries at the Arecibo
Observatory (Spitler et al., 2014), the Green Bank Telescope (Masui et al., 2015),
the Upgraded Molonglo Synthesis Telescope (UTMOST, Caleb et al., 2016b), the

From Petroff et al. (2019). Data were one-bit digitized and include 96 frequency channels 
recorded every ms. The burst was so bright that it saturated the detector!
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The « Lorimer » burst (continued)

Quite a puzzling signal:
• Implied distance of ~300 Mpc!
• Extremely bright! (>109 brighter than RRATs)
• Does not repeat!
• Only seen at Parkes…

Also seen at Parkes (Burke-Spolaor et al. 
2011): Perytons…

• Also only seen at Parkes… 
• Unlike Lorimer burst, seen in all 13 beams
• Similar DMs: ~300-400 pc cm-3!
• Similar durations: few ms.

… later understood to be caused by a local 
microwave oven (Petroff et al., 2015)!
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Identifying the source of perytons 5

Figure 2. RFI monitor spectra from Parkes for the perytons
in the week of 19 January, 2015. The time of peryton has been
indicated around the 2.3 ⇠ 2.5 GHz range by black arrows.

3.5 The Peryton Cluster of 23rd June 1998

Of the 46 perytons detected at Parkes since 1998 some 16,
more than a third of the total, occurred within a period of
just seven minutes, on 23rd June 1998. All have a DM con-
sistent with an origin in the Woolshed. Kocz et al. (2012)
noted that the interval between consecutive events is clus-
tered around 22 seconds. In this more complete sample we
find that indeed eight of the 15 intervals between consecu-

Figure 4. Number of narrow-emission spikes detected with the
RFI monitor with S/N > 10 in a 60 MHz window around
2.466 GHz between 18 January and 12 March, 2015.

Figure 5. One of the bright perytons generated during the test
on 17 March with DM = 410.3 cm�3 pc. RFI monitor data at the
time of this peryton is shown in Figure 3.

tive events fall within the range 22.0+/-0.3 seconds, which
is exceedingly unlikely to have been produced by manually
opening the oven. Rather, we believe that the operator had
selected a power level of less than 100%, causing the mag-
netron power to cycle on and o↵ on a 22-second cycle, the
period specified in the manufacturer’s service manual and
confirmed by measurement. It appears likely that over this
seven-minute period the oven produced a peryton on all or
most completions of this 22-second cycle but that the op-
erator stopped the oven manually several times by opening
the door, each time restarting the 22-second cycle.

Kocz et al. also noted a clustering of event times modulo
2 seconds (their Figure 2). This can be explained if the 22-
second cycle is derived from a stable quartz crystal oscillator,
which is almost certainly the case as the oven has a digital
clock display.

However we have been unable to repeat the production

c� 0000 RAS, MNRAS 000, 000–000
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New FRBs from the HTRU survey

Thornton et al. (2013): « a population of FRBs 
at cosmological distances », found in Parkes 

data taken as a part of HTRU.

• Very high DMs (~550 to 1100 pc cm-3)
• few ms durations
• ~Jy peak flux density
• Unlike Perytons, dispersion & scattering (from 

IGM and ISM) are as expected

Implied rate: 104 / sky / day!

Bottom right plot: the brightest FRB of the four 
(FRB 110220). 

Intrinsic width unresolved. Scattering tail 
increasing as ν-4.0+/-0.4 !
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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 milliseconds, respectively). 
  

 

 

 
 
Fig. 2. A dynamic spectrum showing the frequency-dependent delay of FRB 110220. 
Time is measured relative to the time of arrival in the highest frequency channel. For clarity 
we have integrated 30 time samples, corresponding to the dispersion smearing in the lowest 
frequency channel. (Inset) The top, middle, and bottom 25-MHz-wide dedispersed sub-
band used in the pulse-fitting analysis (2); the peaks of the pulses are aligned to time = 0.  
The data are shown as solid grey lines and the best-fit profiles by dashed black lines. 
  



L. Guillemot, 17/05/19

Bursts seen from Arecibo and Green Bank

Spitler et al. (2014): detection of FRB 121105, 
a low Galactic-latitude (b=-0.2°, l=180°), high 
DM (~560 pc cm-3), FRB detected with the 

Arecibo telescope!

First FRB not seen at Parkes. 

Properties consistent with those of other 
FRBs (back then!). 

We’ll come back to this one later…

Also one (FRB 110523) seen with the Green 
Bank telescope in the US (Masui et al. 2015).

All previous FRBs seen at ~1.4 GHz, this one 
was seen at 0.8 GHz. 
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The Astrophysical Journal, 790:101 (9pp), 2014 August 1 Spitler et al.

Figure 2. Characteristic plots of FRB 121102. In each panel, the data were smoothed in time and frequency by a factor of 30 and 10, respectively. The top panel
is a dynamic spectrum of the discovery observation showing the 0.7 s during which FRB 121102 swept across the frequency band. The signal is seen to become
significantly dimmer toward the lower part of the band, and some artifacts due to RFI are also visible. The two white curves show the expected sweep for a ν−2

dispersed signal at a DM = 557.4 pc cm−3. The lower left panel shows the dedispersed pulse profile averaged across the bandpass. The lower right panel shows
the on-pulse spectrum (black), and for reference, a curve showing the fitted spectral index (α = 10) is also overplotted (medium gray). The on-pulse spectrum was
calculated by extracting the frequency channels in the dedispersed data corresponding to the peak in the pulse profile. For comparison, the median value (gray line)
and standard deviation (light gray region) of each frequency channel was calculated in an off-pulse region roughly 0.5 s before and after the pulse.

(2013), we henceforth refer to this event as FRB 121102. A
frequency versus time plot of the pulse, a dedispersed pulse
profile, and the spectrum of the pulse are shown in Figure 2.

The DM of the pulse was calculated using a standard analysis
technique also employed in pulsar timing. The data were divided
into 10 frequency subbands and times of arrival were determined
from the five highest frequency subbands. The lower five
subbands were not included because the S/N was too low.
The best-fit DM is 557.4 ± 2.0 pc cm−3. The NE2001 model
predicts a maximum line of sight Galactic DM of 188 pc cm−3,
i.e., roughly one-third of the total observed column density.
For comparison, PSR J0540+3207 has the larger DM of the
two known pulsars within 5◦ of FRB 121102 with a DM of
62 pc cm−3 (Manchester et al. 2005) and a DM-derived distance
of 2.4 kpc.

We also explored the possibility of a sweep in frequency that
deviates from the standard ν−2 expected from dispersion in the
ionized ISM, i.e., νβ , where β is the DM index. The DM-fitting
analysis described above determined a best fit for the DM index
of β = −2.01 ± 0.03. Also, a least-squares fit for deviations
from the ν−2 law verified that a variation in β from −2 of up to
0.05 can be tolerated given the time resolution of the data. We
also note that the value of DM is for β = 2 because the units
are otherwise inappropriate. As such, we report a final value of
DM index of β = −2.01 ± 0.05.

The remaining burst properties were determined by a least-
squares fit of the time-frequency data with a two-dimensional
pulse model doing a grid search over a range of parameters. The
model assumes a Gaussian pulse profile convolved with a one-
sided exponential scattering tail that is parameterized by a 1/e
temporal width τd. The amplitude of the Gaussian is scaled with

a spectral index (S(ν) ∝ να), and the temporal location of the
pulse was modeled as an absolute arrival time plus dispersive
delay. For the least-squares fitting the DM was held constant,
and the spectral index of τd was fixed to be −4.4. The Gaussian
FWHM pulse width, the spectral index, Gaussian amplitude,
absolute arrival time, and pulsar broadening were all fitted. The
Gaussian pulse width (FWHM) is 3.0 ± 0.5 ms, and we found
an upper limit of τd < 1.5 ms at 1 GHz. The residual DM
smearing within a frequency channel is 0.5 ms and 0.9 ms at
the top and bottom of the band, respectively. The best-fit value
of the spectral index was α = 11 but could be as low as α = 7.
We note that the fit for α is highly covariant with the Gaussian
amplitude.

Every PALFA observation yields many single-pulse events
that are not associated with astrophysical signals. A well-
understood source of events is false positives from Gaussian
noise. These events are generally isolated (i.e., no corresponding
event in neighboring trial DMs), have low S/Ns, and narrow
temporal widths. RFI can also generate a large number of events,
some of which mimic the properties of astrophysical signals.
Nonetheless, these can be distinguished from astrophysical
pulses in a number of ways. For example, RFI may peak in
S/N at DM = 0 pc cm−3, whereas astrophysical pulses peak
at a DM > 0 pc cm−3. Although both impulsive RFI and an
astrophysical pulse may span a wide range of trial DMs, the RFI
will likely show no clear correlation of S/N with trial DM, while
the astrophysical pulse will have a fairly symmetric reduction
in S/N for trial DMs just below and above the peak value. RFI
may be seen simultaneously in multiple, non-adjacent beams,
while a bright, astrophysical signal may only be seen in one
beam or multiple, adjacent beams. FRB 121102 exhibited all of

4
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FRB 121105 is a repeater!

Spitler et al. (2016): re-observations of FRB 
121105 with Arecibo found that it repeats!

New bursts have the same DMs and sky 
locations as the original one.

Very active radio source: 6 bursts detected 
within one 10-min observation.

Hints of varying spectral properties among 
the detections (see plot).

Non-cataclysmic origin. Distinct FRB class?

Motivated re-observations of other FRBs for 
10s to 100s of hrs. No re-detections!
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Figure 2 FRB 121102 burst morphologies and spectra. The central greyscale (linearly
scaled) panels show the total intensity versus observing frequency and time, after cor-
recting for dispersion to DM=559 pc cm�3. The data are shown with 10 MHz and 0.524 ms
frequency and time resolution, respectively. The diagonal striping at low radio frequencies
for Bursts 6, 7 and 9 is due to RFI that is unrelated to FRB 121102. The upper sub-panels
are burst profiles summed over all frequencies. The band-corrected burst spectra are
shown in the right sub-panels. The signal-to-noise scales for the spectra are shown on
each sub-panel. All panels are arbitrarily and independently scaled.
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FRB 121105 observations at Nançay
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Figure credit:
Ismaël Cognard
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FRB 121105 localization
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Fast Radio Bursts 33

(a) VLA localization of FRB 121102 (b) Host galaxy identification for FRB
121102

Fig. 10 Left: Using the VLA, repeating bursts from FRB 121102 were localized to sub-
arcsecond precision using interferometric techniques. Right: The localization allowed for the
identification of the host galaxy at radio and optical (inset) wavelengths. Figures 1 and 2 from
Chatterjee et al. (2017).

first-detected burst. The new detections showed that the original FRB 121102
burst had been detected in the sidelobe of one of the telescope beams; however,
each new burst had a di↵erent spectrum, sometimes poorly modeled by a power-
law and peaking within the observing band. The strange spectrum was therefore
something characteristic to the signal itself and not an instrumental artifact.

In terms of constraining theory, the detection of repetition provides a clear con-
straint: the FRB cannot come from a cataclysmic event and whatever is producing
the bursts must be able to sustain this activity over a period of at least 7 years
– 2012 to present day. The repeating pulses made it possible to study the source
in greater detail and perform multi-wavelength measurements. Most importantly,
it became possible to precisely localize the source using a radio interferometer,
without having to do this in real-time using the initial discovery burst.

Scholz et al. (2016) presented additional detections of FRB 121102 using Arecibo
and the GBT. They also performed a multi-wavelength study of the field around
FRB 121102 and showed that it was unlikely that the source’s high DM was pro-
duced by a Galactic Hii region along the line-of-sight.

At the same time, the VLA and European VLBI Network (EVN) were used to
obtain a precision localization. After tens of hours of observations with the VLA, 9
bursts were detected using high-time-resolution (5ms) visibility dumps (Chatterjee
et al., 2017), which localized FRB 121102 to ⇠ 100mas precision (Fig. 10, left).
This allowed Chatterjee et al. (2017) to see that FRB 121102 is coincident with
both persistent radio and optical sources (Fig. 10, right). Very-long-baseline radio
interferometric observations using the EVN and Very Long Baseline Array (VLBA)
showed that the radio source is compact on milli-arcsecond scales. Archival optical
images from the Keck telescope suggested that the optical source was slightly
extended.

Marcote et al. (2017) managed to detect additional bursts using EVN data,
providing another step in localization precision. FRB 121102 and the persistent

Above: VLA observation of FRB 121105 (from Chatterjee et al., 2017). 
EVN obs. (Marcote et al., 2017): FRB localized to ~12 mas*, coincident with persistent radio & 

optical sources. 
Tendulkar et al. 2017: FRB 121105 is coincident with a z~0.2, low-metallicity, low-mass dwarf 

galaxy. Bassa et al. 2017: position coincident with intense star-forming region.

* Typical localization for non-repeating FRBs: radio beam sizes = λ/D ~ few arcmin!
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Many detections from ASKAP and CHIME
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LETTER RESEARCH

ASKAP sample above our completeness threshold, we find 
⟨ ⟩/V Vmax  = 0.58 ± 0.07. This is consistent with being produced by a 
Euclidean population with 12% confidence (see Supplementary 
Information, section 3). The one-sided probability was determined by 
simulations that model a realistic burst population with dispersion and 
widths consistent with the observed ASKAP population, detected by a 
system with our characteristics. For a pure power-law integral source 
count distribution, N(>E) ∝ Eα, parametrized by a spectral index α, 
the measured V/Vmax value implies α = − . − .

+ .2 1 0 5
0 6 (67% confidence) over 

the range of fluences probed by ASKAP, evidence for steeper-than- 
Euclidean fluence distribution23.

Comparison of the dispersion-measure distributions of the ASKAP 
and Parkes samples shows that dispersion measure is a distance 
indicator. The median dispersion measure of the ASKAP sample is 
441 pc cm−3, which is a factor of two smaller than that of the Parkes 
sample, 880 pc cm−3. A Kolmogorov–Smirnov test finds that the prob-
ability that the two distributions are inconsistent is 99.9%. The dif-
ference in dispersion-measure distributions cannot be explained by 
the poorer time and frequency resolution of the ASKAP system (see 
Supplementary Information, section 5). This confirms both that there is 
both a correlation between dispersion measure and source fluence, and 
that dispersion measure can be used as a proxy for distance. However, 
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Fig. 1 | Pulse profiles and dynamic spectra of ASKAP FRBs. In the 
upper part of each panel the FRB name and dispersion measure (DM, in 
units of pc cm−3) are shown, as well as the pulse profile. The lower part 

of each panel shows the FRB spectra, which have been dedispersed to the 
maximum-likelihood dispersion measure. The colour scale is set to range 
from the mean to 4σ of the off-pulse intensity.

N A T U R E | www.nature.com/nature
© 2018 Springer Nature Limited. All rights reserved.

ASKAP: Australian Square Kilometre 
Array Pathfinder

Shannon et al. (2018): 20 new FRBs 
found with ASKAP at 1.3 GHz.

57 pointings at |b| = 50° +/- 5°, total 
survey exposure of 5.1e5 deg2 hr.

None of the 20 repeats.
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Many detections from ASKAP and CHIME
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Figure 1: Dynamic spectrum (“waterfall”) plots for our sample of pre-commissioning 
CHIME/FRB events. Colour-scale intensity is proportional to SNR, with all dynamic spectra using the 
same boundary values of intensity for colour mapping. The upper value of the boundary was chosen such 
that low-SNR signals are visible in their dynamic spectra, while saturating the spectra for high-SNR 
events. The blue line plots above each spectrum are frequency-summed burst profiles shown with full time 
resolution. Properties of individual events are provided in Table 1. For bursts detected in more than one 
beam, we show data from the beam with the highest SNR. We caution that the spectra shown here have 
not been calibrated for the effective bandpass, because this is strongly dependent on beam calibration — 
work in progress — and on the unknown location of the source in our primary beam or possibly in a 
sidelobe. Note that in nearly all cases radio frequencies in the 729–756 MHz band have been removed due 
to the presence of radio frequency interference from cell phone communication, as have narrower bands 
corresponding to television and other interfering signals (the bandwidth used for these plots ranges 
from 246 to 299 MHz). 

	

CHIME: Canadian Hydrogen 
Intensity Mapping Experiment

Amiri et al. 2019: 13 new FRBs 
detected during the pre- 

commissioning phase.

Emission seen down to 400 MHz! 
Low scattering at these frequencies. 

MANY more about to be 
announced?
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A second repeater
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36 E. Petro↵, J.W.T. Hessels & D.R. Lorimer

Fig. 11 De-dispersed spectra of individual bursts from (a) the repeating FRB 121102 at
1.4 GHz using Arecibo, and (b) the repeating FRB 180814.J0422+73 discovered with CHIME
at 700 MHz. Both repeating sources have some bursts that show distinct sub-burst struc-
ture with descending center frequencies over time. Horizontal bands in both spectra are
due to narrow-band RFI excision in the data. FRB 121102 data from Hessels et al. (2018).
FRB 180814.J0422+73 data from CHIME/FRB Collaboration et al. (2019a).

6 Population properties

Here we describe the properties of FRBs as an ensemble. Such considerations
inform how we can optimize future FRB searches, whether there are observational
sub-classes, and are a critical input for constraining theory.

6.1 FRB polarization and rotation measures

Currently only 9 of the more than 60 cataloged FRBs have polarimetric data
available. From this subset, we already see a heterogeneous picture emerging
(Fig. 12): some FRBs appear to be completely unpolarized (e.g. FRB 150418),
some show only circular polarization (e.g. FRB 140514), some show only linear po-
larization (e.g. FRBs 121102, 150215, 150817, 151230), and some show both (e.g.
FRBs 110523, 160102). A recent overview can be found in Caleb et al. (2018b, see
their Table 1 and references therein). In one case, an FRB candidate (FRB 180301)
has shown frequency-dependent polarization properties (Price et al., 2019), which
may be indicative of a non-astrophysical progenitor if they cannot be explained
through propagation e↵ects (e.g. Gruzinov and Levin, 2019; Vedantham and Ravi,
2019). These varied polarization properties do not necessarily reflect di↵erent phys-
ical origins, however. In analogy with pulsars, which show a wide variety of po-
larization fractions between sources, as well as individual pulses, a single type of
emitting source could be responsible for the observed range of FRB polarization
properties. The heterogeneity in FRB polarization properties could thus arise from
time-variable emission properties, di↵erent viewing geometries, or di↵erent local
environments.

In the cases where linear polarization can be measured, the polarization angle
as a function of time (across the burst duration) and frequency (across the observed
bandwidth) can be measured (Eq. 19). Though S/N is low in most cases, FRBs

Amiri et al. 2019b: discovery of a second repeating FRB by CHIME.

DM ~ 190 pc cm-3, to be compared to ~560 for FRB 121105. Closer: upper limit on the redshift 
of z~0.1. Very similar emission features, with clear sub-burst structure in both FRBs. 

Expect to discover many FRBs with wide-field instruments!
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The FRB population

FRB Catalogue: http://frbcat.org/
(Petroff et al., 2016)

Parkes radio telescope surveys at 1.4 
GHz have provided a key contribution 

to the hunt for FRBs.

Until early 2010s, not much high-time 
resolution searches done… 

More recently, UTMOST (Molonglo, 
~800 MHz), ASKAP and CHIME have 

increased the FRB sample dramatically. 

Note: archival data probably contains 
FRBs awaiting discovery…
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Figure 2: The number of FRBs detected each year since the first events in 2001 up to and including

the first half of 2018. For the sake of having as complete a sample as possible up to as late a date

as possible a cut-off has been placed in mid 2018, meaning one reported event each from Parkes74

and CHIME55 are not displayed here. Until approximately 2016, only Parkes had a sufficient

combination of time on sky, field of view, sensitivity and FRB search infrastructure to find an

appreciable number of FRBs. Thus Parkes was for the most part the FRB work horse for the whole

community, and in the time where it did not dedicate much time to high time resolution searches

between 2002 and 2008 there is a clear dearth of detections. From approximately 2013 onwards the

lag between FRB events occurring and being identified in the data reduced quite rapidly from years

to seconds15, 60, 68; this is thanks to progress in computing and in particular graphics processing

units97.
33

From Keane (2019). CHIME FRBs not included.

http://frbcat.org/
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The FRB population (continued)

Top right: sky distribution, in Galactic 
coordinates. 

Bhandari et al. (2018): no significant 
departure from an isotropic distribution.

Still limited by the small sample… 

Bottom right: DMs of known radio pulsars, 
RRATs and FRBs. FRBs are extragalactic.

Minimum and maximum DM values 
unknown. 

Current redshift range:  0.05 < z < 2.1.

Figures from Petroff et al. (2019).
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Fig. 14 An Aito↵ projection map of the sky positions of all published FRBs as a function of
Galactic longitude and latitude. As in Fig. 13, colors correspond to the Parkes (black), ASKAP
(blue), Arecibo (green), UTMOST (red), GBT (aqua) and CHIME (pink) telescopes.

Recent studies have been somewhat more successful at higher Galactic lati-
tudes, and some searches, such as the ASKAP Fly’s Eye pilot study, have pur-
posely concentrated their time on sky at high latitudes to maximize detections
(Bannister et al., 2017; Shannon et al., 2018). As the population of FRBs grows,
however, the statistical significance of the latitude-dependent detection rate has
gotten much weaker and early indications of anisotropy may have been an artifact
of small number statistics. Using 15 FRBs detected at Parkes in the HTRU and
SUPERB surveys Bhandari et al. (2018) find no significant deviation of the sample
from an isotropic distribution above the 2� level.

As with many aspects of the FRB population, studies of the FRB sky distri-
bution have been limited due to the small available FRB sample. With the new
ultra-wide-field capabilities of CHIME as well as large-scale surveys from tele-
scopes such as APERTIF, ASKAP, and UTMOST it may be possible to answer
this question in the near future.

While the extragalactic nature of at least one FRB has been confirmed beyond
doubt, a large and statistically isotropic population of FRBs would provide fur-
ther weight behind the argument that FRBs are indeed extragalactic and possibly
cosmological, similar to the early studies of GRBs (Meegan et al., 1992; Kouve-
liotou et al., 1993; Kulkarni, 2018). With a large enough population of FRBs it
may also be possible to determine if there is any clustering on the sky associated
with nearby galaxy clusters, if FRBs are extragalactic but non-cosmological.

8 E. Petro↵, J.W.T. Hessels & D.R. Lorimer

Fig. 2 The dispersion measures (DMs) of Galactic radio pulsars, Galactic rotating radio
transients (RRATs), radio pulsars in the Small and Large Magellanic Clouds (SMC & LMC),
and published FRBs, relative to the modeled maximum Galactic DM along the line of sight
from the NE2001 model (Cordes and Lazio, 2002). Sources with DM/DMmax > 1 are thought
to originate at extragalactic distances and accrue additional DM from the intergalactic medium
and their host galaxy. This figure is based on an earlier version presented in Spitler et al. (2014).

of this review, the known population of FRBs consists of more than 60 independent
sources detected at 10 telescopes and arrays around the world2 (Petro↵ et al.,
2016). The observed population spans a large range in DM, pulse duration, and
peak flux density, as well as detected radio frequency. Two sources have been
found to repeat (Spitler et al., 2016; CHIME/FRB Collaboration et al., 2019a)
and over 10 have now been discovered in real-time and followed up across the
electromagnetic spectrum (Petro↵ et al., 2015a; Keane et al., 2016; Petro↵ et al.,
2017a; Bhandari et al., 2018). The properties of the observed FRB population are
discussed in §6.

The estimated rate is roughly & 103 FRBs detectable over the whole sky every
day with large radio facilities (e.g. Champion et al., 2016). Even for a cosmological
distribution, if FRBs are generated in one-o↵ cataclysmic events their sources must
be relatively common and abundant. The redshift distribution is poorly known;
however, the rate is higher than some sub-classes of supernovae, although lower
than the overall core-collapse supernova (CCSN) rate by two orders of magnitude.
A more detailed discussion of the FRB rate is presented in §7.

At the time of this review the progenitor(s) of FRBs remain unknown. Many
theories link FRBs to known transient populations or to new phenomena not

2 All published FRBs are available via the FRB Catalogue (FRBCAT) www.frbcat.org.
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FRB rates
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Table 3 A summary of the various estimates for the all-sky FRB rate based on various
surveys and analyses. Rates and ranges are quoted with confidence intervals (CI) above a
fluence threshold (Flim) for observations at a given reference frequency.

Rate Range CI Flim Frequency Reference
(FRBs sky�1 day�1) (%) (Jy ms) (MHz)
⇠ 225 — — 6.7 1400 (Lorimer et al., 2007)
10000 5000 – 16000 68 3.0 1400 (Thornton et al., 2013)
4400 1300 – 9600 99 4.4 1400 (Rane et al., 2016)
7000 4000 – 12000 95 1.5 1400 (Champion et al., 2016)
3300 1100 – 7000 99 3.8 1400 (Crawford et al., 2016)
587 272 – 924 95 6.0 1400 (Lawrence et al., 2017)
1700 800 – 3200 90 2.0 1400 (Bhandari et al., 2018)
37 29 – 45 68 37 1400 (Shannon et al., 2018)

(Abbott et al., 2017b), broadly consistent with the merger rate as derived from
Galactic BNS systems. Extrapolating these rates to larger distances with no cosmo-
logical evolution gives an event rate within an order of magnitude of the estimated
FRB event rate, although perhaps slightly lower. If there is significant evolution
in the rate of BNS mergers over redshift the true rate of merger events may be
much lower when integrating to high redshift.

The high all-sky rate of FRB events relative to many other types of observ-
able transients already places some constraints on their progenitors. Even for a
cosmological distribution of events, if FRBs are generated in one-o↵ cataclysmic
events their sources must be relatively common and abundant. This becomes even
more important for progenitors only distributed in the nearby volume, such as
young neutron stars in supernova remnants (Connor et al., 2016b). However, if
the high FRB rate is generated by a smaller population of repeating sources, the
all-sky rate becomes slightly easier to account for and sources can be less common
and far less numerous, but the engine responsible for repeating pulses must be
relatively long-lived. Of the FRBs observed to-date, only two have been detected
to repeat (see §5.4 and §5.5) and if all others repeat they are either infrequent,
highly non-periodic, or may have very steep pulse-energy distributions.

Determinations of the FRB rate from survey observations are very useful as
they can be used to make predictions about other experiments without the need for
a lot of assumptions about the spatial distribution of the population, or form of the
luminosity function. The impact of the underlying population can be encapsulated
within the cumulative distribution of event rate as a function of peak flux or, more
generally, fluence. This dependence is usually modeled as a power law such that the
rate above some fluence limit Fmin is given by R(> Fmin) / F�

min, where the index
� = �1.5 for Euclidean geometry. Since, for a survey with some instantaneous solid
angle coverage ⌦ with given amount of observing time T above some Fmin, the
number of detectable FRBs N(> Fmin) = R⌦T / F�

min this same index is often
used to describe the source count distribution.

In event rate or source count studies, there is currently a wide range of �
values that have been claimed so far beyond –1.5. Macquart and Ekers (2018)
estimate, based on a recent maximum likelihood analysis on the Parkes FRBs,
that � = �2.6+0.7

�1.3. In contrast, based on essentially the same sample of FRBs,
Lawrence et al. (2017) estimate � = �0.91 ± 0.34. Very recently, a combined
analysis of the source counts for the ASKAP and Parkes samples by James et al.

Above: summary of various FRB rate estimates, from Petroff et al. 2019.

FRB redshift distribution unknown ⇒ all-sky rate estimates based on sensitivity limits.

Estimates consistent with >103 FRBs / sky / day, with fluences > 1 Jy ms.

Beaming? Volumetric rate?
Very important diagnostic for progenitor models! 
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So what are they?
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So what are they?
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Bright (50 mJy — 100 Jy) radio pulses with durations of a few ms. FRBs so far seen 
between 0.4 GHz to almost 10 GHz. 

Bursts are highly dispersed, indicating an extragalactic origin. Current range of 
(implied) redshifts: 0.05 < z < 2.1. 

Until now, FRBs have only been seen in radio.

High brightness temperatures (Tb > 1032 K) and short durations require a coherent 
emission process from a compact region (< 10-1000 km). Emission ~100% linearly 

polarized in some FRBs.

FRB progenitor(s) unknown. See next slide.

Need more FRBs, better localizations, redshift measurements, etc.!
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FRB progenitor theories
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The FRB Theory Wiki: https://frbtheorycat.org/index.php/Main_Page

To date, at least 55 published progenitor theories for FRBs!

https://frbtheorycat.org/index.php/Main_Page
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FRB progenitor theories (continued)

See FRB Theory Wiki. Majority of models: neutron stars (large rotational energies, strong B 
fields, etc.). 

• Isolated NS models: supergiant pulses from NSs (i.e. Crab-like)? Magnetically-powered NSs 
with ultra-strong B fields? Supermassive NSs collapsing into black holes?

• Interacting NSs: plasma hitting the magnetosphere of a NS? Rocky bodies impacting NSs? 
Colliding neutron stars?

• Black hole progenitors: collisions of clumps in BH jets? Binary BH mergers, with one BH 
carrying charge? BH-NS mergers? 

• White dwarf progenitors: accretion-induced collapse of a WD? 

• Other? Superconducting cosmic strings? Beamed emission powering sails of distant spacecraft?

One or more types? What about repeaters? Need more FRBs of all types! 

 20
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FRBs as probes of cosmology

FRBs are bright radio transients at 
cosmological distances! 

• DM-z relation: « cosmic ruler »
• Probes of the IGM (primordial B field? IGM 

density?)
• Where are the missing baryons? 

Average DM as a function of redshift 
<DM(z)> depends on several cosmological 

parameters:

• energy density of matter Ωm, baryons Ωb, 
dark energy ΩΛ, curvature Ωk

• ionization fraction of the IGM, fIGM(z)
• dark energy EoS parameter ω(z)
• reionization histories for H, XH(z), and He, 

XHe(z)

Need MANY MORE DM & robust z 
measurements!

 21
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Figure 3: The main panel shows the average DM due to the IGM as a function of redshift (see

main text). Equation 1 is plotted with standard cosmological parameters22, 98, the best available

estimate78 for fIGM(z), and two realisations of step-function reionisiation events for Helium and

Hydrogen at z = 3 and z = 7, and z = 4 and z = 9, respectively. Also over-plotted are two

approximations that are in common use — that of the FRB Catalogue79 in blue and the YMW16

electron density model4 in red. A third approximation is shown in black, and the top left inset

panel shows the deviation of this third approximation as a function of redshift; it stays within

20 cm

�3
pc up to z ⇡ 2.3. The bottom right inset shows the 3 < z < 6 region zoomed in, with

the overall trend removed, highlighting the difference for the two different Helium reionisation

redshifts considered; the difference between these two scenarios is ⇠ 100 cm

�3
pc.

34

The future of FRB science will involve a sample increased by orders of magnitude, with an

appreciable fraction that are localised and spanning a wider range of redshifts than at present. The

focus will thus naturally be on high-redshift measurements. These can be used to measure cosmo-

logical parameters such as the energy density of matter (⌦m), baryons (⌦baryon), dark energy (⌦⇤),

curvature (⌦k), the ionisation fraction profile of the IGM (fIGM(z)), the dark energy equation of

state parameter (!(z)) and the reionisation histories for Helium (XHe(z)) and Hydrogen (XH(z)).

Each of these properties results in a different characteristic feature in the hDM(z)i relation, the

average DM as a function of redshift, which is given by:

hDM(z)i =

Z
z

0

fIGM(z0)(1 + z0)
�
3
4
XH(z0) +

1
8
XHe(z0)

�
dz0

⇣
⌦m(1 + z0)3 + ⌦k(1 + z0)2 + ⌦⇤ exp

⇣
3

R z0

0
(1+!(z00))dz00

1+z00

⌘⌘1/2
. (1)

Equation 1 is shown in Figure 3 for standard cosmological parameters with two illustrative reion-

isation histories. It is important to mention that none of the FRBs so-far discovered can be used

for these tests, due to poor sky localisation. To measure the above quantities requires a suffi-

ciently large sample of FRBs with both DM measurements and redshifts, the latter measured in

optical/infrared observations of the host galaxies. Below we look at projections on future FRB

discoveries in terms of yields and localisation; it seems clear that a sufficient sample will be forth-

coming. While there are line-of-sight variations76 the average DM, hDM(z)i is a well-defined

quantity. Next generation tests will examine the distribution of DM values as a function of z, but

first generation tests will focus on hDM(z)i measurements, which require approximately an order

of magnitude less events to realise. The first measurement might be the “missing baryons”, which

can be performed using all FRBs below the Helium Epoch of Reionisation (EoR) which is thought

to occur77 in the range 3 . z . 4. This will yield fIGM(z)⌦baryon; fIGM(z) is quite poorly con-

14

From Keane (2019). Average DM due to the IGM as a 
function of redshift, under various scenarios.
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Summary and prospects
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FRB science is evolving extremely rapidly!
Yet, a lot is still to be learned about FRBs.

Not much talked about today:
• emission properties (spectra, etc.)
• polarization properties (linear/circular pol., rotation 

measures…)
• From DMs to redshifts…

Fantastic FRB detectors coming online: ASKAP, CHIME, 
APERTIF, MeerKAT, SKA… 

Expect 100s of FRB discoveries in coming years!

Counterparts at higher energies? Low-frequency 
observations (LOFAR, NenuFAR, etc.)?

Stay tuned for new FRB discoveries!


