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Fast Radio Bursts

FRBs are an affront to astrophysics

�2

• With brightness temperatures ~1035K, emission must be coherent and 
outrageously luminous 

• Energy estimation requires knowledge of: 
• spectral range (1st part of talk) 
• distances (2nd part of talk) 
• beaming (unknown) 

• For a typical bright burst of 20 Jy ms at z=0.47, the (isotropic) energy 
received in the 300 MHz detection band alone would be 6x1033J 

• Efficiency of coherent radio emission from pulsars is 10-11 to 10-4: 
If similar efficiency to Crab giant pulses total FRB energy output is ~1042J 

Get out clause: Energetics assume isotropic emission.  If emission is 
tightly beamed, energetics lower by Ωbeam/4π.  But then event rate is 
4π/Ωbeam higher!



Fast Radio Bursts

Rogues’ gallery of ASKAP FRBs @ 1.4 GHz

�3

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, 

180212
DM: 167.5

180131
DM: 657.7

180130
DM: 343.5

180128.2
DM: 495.9

180119
DM: 402.7

180110
DM: 715.7

171216
DM: 203.1

171213
DM: 158.6

Fr
eq

 (M
H

z)

–5

0

5

10

15 60

40

20

0

30

20

10

0

–10

20

10

0

–10

Fl
ux

 (J
y)

171116
DM: 618.5

171020
DM: 114.1

171019
DM: 460.8

171004
DM: 304.0

1,200

1,300

1,400

1,200

1,300

1,400

1,200

1,300

–40 –20 0 20 40

1,400

Fr
eq

 (M
H

z)
Fl

ux
 (J

y)

170906
DM: 390.3

170712
DM: 312.8

170707
DM: 235.2

170428
DM: 991.7

170416
DM: 523.2

1,200

1,300

1,400

Fr
eq

 (M
H

z)
Fl

ux
 (J

y)

20

5

30

20

10

0

0

5 15

10

5

0

–5

30

20

10

0

0

20

10

0

20

10

10

5

0

–5

0

40

20

0

20

10

0

–10

10

60

40

20

0

0

20

10

0

40

20

0

40

20

0

40

20

0

170107
DM: 609.5

Δt (ms)

–40 –20 0 20 40

Δt (ms)

–40 –20 0 20 40

Δt (ms)

–40 –20 0 20 40

Δt (ms)

–40 –20 0 20 40

Δt (ms)

Fr
eq

 (M
H

z)
Fl

ux
 (J

y)

180128.0
DM: 441.4

171003
DM: 463.2

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.
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© 2018 Springer Nature Limited. All rights reserved.

Phased Array feed enables 
accurate determination of  burst 

fluence and spectrum

Shannon et al. 2018
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Spectral properties of CRAFT FRBs
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where erfc is the complementary error function, and I0 is the
mean flux density. Because the scintillation signal is highly
correlated over a spectral range ≈νdc, we test this distribution
against the statistics of each spectrum binned to a resolution of
n⌈ ⌉1 MHzdc . The rms noise, σt, is measured directly from off-
pulse data adjacent to the burst arrival time, and scaled
according to the number of 1 MHz spectral bins averaged
together.

Table 2 shows the confidence, using the Cramér–von Mises
test, that the spectral data matches the model in Equation (1).
The test is performed by (i) comparing the distribution of
channelized fluences directly against the distribution, or (ii)
using the channelized fluences normalized by the power law
whose spectral index matches that of the median burst spectrum
(i.e., α=−1.5) and whose band-averaged fluence matches that
of the burst.
Twelve bursts have intensity distributions that are consistent

with the distribution of Equation (1) at the 5% confidence
level or greater. Figure 4 shows the observed and predicted
distributions for the six brightest bursts. Five of these six FRBs
with an S/N greater than 20 are inconsistent with the predicted
distribution (i.e., the observed data have less than a 1%
confidence of being consistent with the model). The exception,
FRB 171019, has νdc=49 MHz, and hence the test, is
weakened by having only seven effective samples across
the band.

4. Interpretation

The most significant feature of the bright burst spectra
observed by ASKAP is the high degree of spectral modulation.
It is an open question whether or not these are characteristic of
the burst emission process or of a propagation effect. The
former is expected on the grounds that many coherent emission
processes (e.g., Jovian decametric radiation, solar radio bursts
and, notably, even giant pulses from the Crab pulsar) exhibit
fine spectral structure, many of which may persist in time
(Ellis 1969; Hankins & Eilek 2007; Melrose 2017, and
references therein). However, the millisecond duration of
FRBs indicates that they are sufficiently compact that their
spectra should also be subject to lensing and diffractive
scintillation effects caused by inhomogeneous plasma in our
Galaxy, the host galaxy, or possibly the intergalactic
medium (IGM).
The spectral structure might be associated with caustics due

to plasma lensing, as suggested by Cordes et al. (2017). If

Figure 1. Pulse profiles (panels A) and dynamic spectra (panels B) of newly reported FRBs. As in Shannon et al. (2018), the color scale is set to saturate at 5σ, where
σ is the off-pulse rms.

Figure 2. Equal-weight average flux density spectrum from the set of 23
ASKAP-CRAFT FRBs. Blue and orange points indicate, respectively, the
mean and median fluence of each spectral channel, the light blue and orange
curves indicate the 20 MHz unweighted moving average of the mean and
median fluence, and the heavy lines indicate the corresponding best-fit (least-
squares) power-law curves to the spectral channel data.
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The Astrophysical Journal Letters, 872:L19 (8pp), 2019 February 20 Macquart et al.

Equal-weight mean fluence of 23 bursts
Spectral index (-1.2 to -1.8) close to that of ordinary spin-powered pulsars (-1.4 to -1.6) 

Macquart et al. 2019
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FRBs at <300 MHz?
FRB emission is patchy but mean spectrum, averaged 
over 23 well-calibrated burst spectra (ASKAP) at 1.4 GHz 
is   

This immediately implies 
• The low frequency emission is crucial to understand the 
burst energetics 

• Bursts should, on average, be more readily detectable at 
frequencies below 1.4 GHz  

To date the lowest detections have been at 400 MHz 

Are present lower-frequency surveys constraining on the 
emission physics? 

�5

Macquart et al. 2019
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Constraints below 300MHz

LOFAR (Pilot pulsar survey) (Coenen et al 2014) 
• Survey exposure 14,000 deg2h at 140 MHz 
• Fluence cutoff 2750 (∆T/1s)1/2Jy ms ∆T=0.66ms to 1.26s 

ARTEMIS @ 150 MHz (Karastergiou et al. 2015)  
• Searched DM<310 pc cm-3 to fluences >4470 (∆T/1s)1/2Jy ms  
• Sensitive to burst durations shorter than 21ms 

MWA (Tingay et al. 2015) 
• Limiting fluence 700 Jy ms but only on 2s images 
• Exposure 4700 deg2h 
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Fast Radio Bursts

MWA-ASKAP shadowing

We used the MWA to shadow the CRAFT fly’s eye survey 
Telescopes well-matched in field of view and fluence sensitivity 

170-200 MHz with 0.5s cadence imaging at 40 kHz resolution 

Not a blind search — knowledge of the burst time and 
approximation position allows us to search to 5σ 

• The 37±8 events day-1sky-1 burst rate measured by ASKAP 
at F>26 Jy ms is equivalent to an event every 27,000 deg2h 

• Previous surveys could not have detected even a single 
counterpart to these bursts!

�7

Sokolowski et al. 2018
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No 200 MHz FRB emission
We shadowed 7 FRBs, including a 420 Jy ms event 

For spectral indices steeper than -1.5 we should have detected the 
bursts at 15-25σ 

We saw nothing 
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in the list of reference sources, were saved for further visual
inspection. We did not observe any >5σ event within the
ASKAP error boxes.13

The 5σ transient candidates identified within a larger
(4°×4°) field were visually inspected on de-dispersed images
and dynamic spectra of the candidate pixels, and none of them
showed any signs of dispersion sweep in the dynamic spectra.
As a final check, we visually inspected all 0.5 s, 1.28 MHz
images.

FRB180110 was significantly scattered (Table 1), with an
expected pulse width at the MWA’s frequency, t » 5.4MWA s
(Section 3). Therefore, in the second part of the algorithm we
averaged over multiple de-dispersed (and non-de-dispersed)
images on timescales of 5, 10, 15, 20, 25, and 30 s. Yet, we did
not identify any transient events exceeding the 5σ threshold
with any signs of dispersion sweep in the dynamic spectra of
the candidate pixels. These time-averaged images were also
visually inspected. The algorithm was executed on Stokes I and
V images because noise in 0.5 s V images was slightly lower
(∼20%–30%). The above procedure resulted in upper limits on
the flux densities and consequently fluences of low-frequency
counterparts of three ASKAP FRBs, which are summarized in
Tables 1 and 2.

2.4. Verification of the FRB Pipeline

The algorithm was verified using a relatively high-DM
pulsar (147.29 -pc cm 3), PSRJ0837-4135, with a pulse period
P≈0.751 s (Manchester et al. 2005). The pipeline detected
three individual bright pulses above 5σ in a 112 s (≈149
pulses) observation. Example images with and without a pulse,

the dynamic spectrum, and the lightcurve observed in the de-
dispersed images are shown in Figure 3.
The efficiency of the algorithm was verified on a 112 s

observation of a lower-DM pulsar (34.425 -pc cm 3), PSRJ0630-
2834, with P≈1.244 s (Manchester et al. 2005). In the 112 s
(90 pulses) observation, the algorithm identified 31 pulses above
the 5σ threshold in the de-dispersed images (110 pulses with the
3σ threshold). Due to a lack of pulsars with a suitable combination
of DM and scattering time, we have verified the algorithm on
averaged images by “injecting” a simulated FRB signal into 0.5 s
MWA images and confirming that it was detected in the averaged
images. These tests confirmed that the algorithm is capable of
detecting highly dispersed, FRB-like transients in single and
averaged 0.5 s MWA images.

3. Discussion

The absence of low-frequency emission coincident with any
of the shadowed CRAFT FRBs places constraints on the
emission characteristics of these bursts and their environments.
We provide a brief discussion here in the context of the four
most obvious interpretations.
(i) Temporal smearing due to scattering through an inhomo-

geneous plasma potentially dominates over the intrinsic pulse
width at low frequencies and decreases the burst detectability. An
upper limit to the low-frequency pulse width is inferred by
attributing the ASKAP-derived pulse width entirely to scattering,
and assuming that pulse broadening scales as ν−3.5 (or ν−4).14 The
measured pulse widths of FRBs 171020, 180110, and 180324 at
1400MHz in turn imply limits on the pulse width at 185MHz of
2.1 (5.6), 5.4 (14.8), and 5.1 (14) s, respectively. Because pulse

Table 1
Details of the ASKAP FRBs Shadowed by the MWA

�185MHz (Jy ms) Expectedf

FRB UTC DMtot
a DMmw

a tarr
b tsweep

c tscat
d �1.4 GHz

e
a = -1 α=−2 α=−1.8g - s5

h

Detection ( )pc cm3 (s) (s) (ms) (Jy ms ) (Jy ms)

171020 10:27:59.00 114.1 38.4 11.7 4.5 1.7 -
+200 100

500
-
+1500 800

4000
-
+11400 6000

30000
-
+7600 4000

19000 2200
180110 07:34:34.95 715.7 38.8 73.0 28.0 4.5 -

+420 20
20

-
+3200 150

150
-
+23900 1100

1100
-
+16000 800

800 3350i

or
6500j

180128.0 00:59:37.97 441.4 31.5 45.0 17.3 2.9 -
+51 2

2
-
+380 15

15
-
+2900 110

110
-
+1940 80

80 GLk

180128.2 04:53:26.80 495.9 41.0 50.6 19.40 2.3 -
+66 4

4
-
+500 30

30
-
+3800 230

230
-
+2500 150

150 SLk

180130 04:55:29.99 343.5 39.0 34.90 13.35 6.0 -
+95 3

3
-
+720 20

20
-
+5400 170

170
-
+3600 110

110 SLk

180315 05:05:30.99 479.0 101.7 48.66 18.63 2.4 -
+56 4

4
-
+420 30

30
-
+3200 230

230
-
+2100 150

150 SLk

180324 09:31:46.70 431.0 64.0 43.79 16.75 4.3 -
+71 3

3
-
+540 20

20
-
+4000 170

170
-
+2700 110

110 450i

Notes.
a DMtot: the total DM measured by ASKAP; DMmw is the contribution of the Milky Way (from NE2001; Cordes & Lazio 2002).
b tarr: the time delay between ASKAP detection at 1297 MHz, and the expected arrival at 200 MHz.
c tsweep: the sweep time over the MWA observing band (170–200 MHz).
d tscat: scattering time at 1.4 GHz fitted to ASKAP data for 180110 and 180130 and pulse width for other FRBs.
e The errors represent 90% confidence limits.
f The fluences are extrapolated to 185.6 MHz assuming power-law scaling � nµn

a.
g The mean spectral index of ASKAP FRBs.
h - s5 : the MWA 5σ upper limit on �185MHz.
i These limits are higher by a factor ≈1.2–1.5 because of de-dispersion in 1.28 MHz channels.
j This FRB was significantly temporally broadened (see Section 2.3); therefore, we also present the limit from de-dispersed images averaged over 10 s (Table 2).
k The data quality was too low to obtain meaningful upper limits due to the presence of the Sun in sidelobe (SL) or grating-lobe (GL).

13 The expected number of candidates exceeding 5σdue to Gaussian noise
fluctuations is =1 for ∼100×100 pixels.

14 Shannon et al. (2018) measured t nµ - o
scat

3.5 0.5 in the ASKAP band, so we
examine the consequences of both a ν−3.5 and a ν−4 scaling.
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What does it mean?
Pulse broadening alone cannot explain the non-
detections — fluence preserved under scattering 

There must be a spectral turnover above 200 MHz 

Of the three most likely spectral break mechanisms: 
Low DM of 171020 makes it hard to explain away with free-free absorption 
• Free-free?  If you suppose ALL of DMEG is in a shell: 

• Constrain thickness of absorbing medium of FRB171020 to 
<0.03 (Te/104 K)-1.35 pc  

• Intrinsic spectral turnover? 
• Magnification at ASKAP frequencies by lensing caustics or 
scintillation? — possible for individual events but not a large 
number (source counts arguments)
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What is the spectral structure at low frequency?

�10

1212 W. Farah et al.

Figure 2. FRB170827 coherently dedispersed with DM = 176.8 pc cm−3. Structure in FRB170827 is seen at the highest available resolution of the instrument
at 10.24 s and 97.66 kHz. The bottom left-hand panel shows the dynamic spectrum of the event. It shows a region of enhanced emission between 841 and
843 MHz, striations on a scale of 100–200kHz, and ‘spiky’ emission features that can be brighter than 1 kJy. The upper panel shows the temporal profile
with three major features – a sharp leading feature, a weak intermediate feature, and a broad trailing feature. The right-hand panel shows the time-integrated
spectrum of the event as S/N per channel, further illustrating a prominent structure on 100–200kHz scales.

Table 1. Properties of FRB170827.

Event UTC 2017-08-27 16:20:18.1
Fan-beam number 92
S/N (detection fan-beam) 48
S/N (coherently dedispersed) 110
Sampling time 327.68 s
Detection filter 1 (655.36 s width)
Best-fitting α (h:m:s) 00:49:18.66 (J2000)
Best-fitting δ (d:m:s) −65:33:02.5 (J2000)
Galactic longitude l 303.29◦

Galactic latitude b −51.58◦

Speak (lower limit)a 60 ± 20 Jy
Observed fluence (lower limit)a 20 ± 7 Jy ms
Width (at 10 per cent maximum) 400 ± 10 s
Refined DM 176.80 ± 0.04 pc cm−3

Galactic DM (NE2001) 37 pc cm−3

Galactic DM (YMW16) 26 pc cm−3

a Corrected for the known position of the FRB within the primary beam
pattern in the East–West direction, but uncorrected for the (unknown) FRB
position in the North–South direction.

3.1 Possible SMC origin?

The boresight position of FRB170827 lies ≈ 7 deg (5 × the primary
beam half-width half-power) north of the Small Magellanic Cloud
(SMC), such that the extension of the localization arc (given by
equation 1) southward intersects with the central regions of the
SMC. The DM of the event is similar to the DM of pulsars in the
central regions of the SMC, leading us to question whether the
source could be in the SMC and we have seen a bright event in a
sidelobe. In Fig. 3 we show the DM distribution as a function of

Figure 3. DM versus Galactic latitude plot for published FRBs and Milky
Way, and LMC and SMC pulsars. Galactic pulsars are shown in black, while
pulsars in the LMC, and SMC are shown in orange and green, respectively.
FRBs available from FRBcat are displayed in blue. FRB170827 is shown in
red and has a DM that is similar to pulsars in the SMC, and a sky position
≈ 7 deg directly north of the SMC, such that the extension of the localization
arc for the FRB source passes through the SMC centre. Nevertheless, we
argue in Section3.1 that it is unlikely that the FRB was a giant pulse emitted
by a pulsar in the SMC that was detected in a far sidelobe.

Galactic latitude of FRBs published to date, compared with pulsars
in the Milky Way, and in the Small and Large Magellanic Clouds,
respectively, showing that FRB170827 overlaps in DM with pulsars
in the SMC. Tests of the scenario that FRB170827 is a far-sidelobe

MNRAS 478, 1209–1217 (2018)
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Fine spectral structure in an UTMOST FRB at 843 MHz

Diffractive scintillation? 
Bandwidth of spectral 
structure in UTMOST bursts 
at 843 MHz consistent with 
ASKAP bursts using ν4 

scaling 

But the intensity statistics do 
NOT match the predictions of 
point-source diffractive 
scintillation 

What else is going on?

All but one CRAFT FRB shows a mottled appearance
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Spectral properties of FRBs
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FRB spectral properties 5
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Figure 3. Spectra (left) and the corresponding fluence histograms of all bursts with S/N > 20, after binning to a spectral
resolution ⌫dc (right). The blue curve shows the predicted probability distribution function for fully-modulated di↵ractive
scintillation, as shown in eq.(1).

Figure 4. The distribution of individual burst spectral in-
dices ↵ (F⌫ / ⌫↵).

the 5% confidence level or greater. Figure 3 shows the
observed and predicted distributions for the six bright-
est bursts. Five of these six FRBs with a signal-to-noise
(S/N) ratio greater than 20 are consistent with the pre-
dicted distribution at less than 1% confidence. The ex-
ception, FRB 171019, has ⌫dc = 49MHz, and hence the
test is weakened by having only seven e↵ective samples
across the band.

4. INTERPRETATION

The most significant feature of the bright burst spec-
tra observed by ASKAP is the high degree of spectral
modulation. It is an open question whether these are

characteristic of the burst emission process or of a prop-
agation e↵ect. The former is expected on the grounds
that many coherent emission processes (e.g. Jovian de-
cametric radiation, solar radio bursts and, notably, even
giant pulses from the Crab pulsar) exhibit fine spectral
structure, many of which may persist in time (Hankins
& Eilek 2007; Ellis 1969; Melrose 2017, and references
therein). However, the millisecond duration of FRBs in-
dicates they are su�ciently compact that their spectra
should also be subject to lensing and di↵ractive scintil-
lation e↵ects caused by inhomogeneous plasma in our
Galaxy, the host galaxy, or possibly the IGM.
The spectral structure might be associated with caus-

tics due to plasma lensing, as suggested by Cordes et al.
(2017). If attributable to caustics, the interpretation is
complicated by the high degree of spectral structure ev-
ident in many of the bursts. A large number of bright
islands of power are evident in most spectra (the clear-
est examples being FRBs 170416, 171019, 180110 and
180324). These spectra do not qualitatively resemble
those of other astrophysical events recognized to be asso-
ciated with caustics, notably extreme scattering events
(e.g. Bannister et al. 2016). The high degree of spectral
structure would in turn require a high degree of struc-
ture in the lensing medium (e.g. clumps, or possibly even
gaps in the plasma density).

Fully-modulated diffractive scintillation model doesn’t fit in detail
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Energetics Part II: 
distances


