The dispersion-brightness relation for fast radio bursts
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Despite considerable efforts spanning the last decade, only 34 fast radio bursts (FRBs)
have been reported"2. Attempts to understand the population as a whole have been hin-
dered by highly heterogeneous searches, conducted with telescopes with different sen-
sitivities, at a range of radio frequencies, in environments corrupted by different, and
oftentimes hostile levels of radio-frequency interference. The searches have been further
complicated by uncertain burst positions and brightnesses, a consequence of the transient
nature of the sources, and the poor angular resolution of the detecting instruments. The
discovery of repeating bursts from one source”, and its subsequent localization® to a dwarf
galaxy at a distance of 3.7 billion light years, confirmed that the population is located at
cosmological distances. However the nature of the emission remains elusive. Here we re-
port a well-controlled radio survey for these bursts. We found 20, none of which repeated
during follow-up observations ranging from 185 Tto 1097 hr. The sample includes both
the nearest and the most energetic bursts detected to date. The survey has demonstrated
that the high-fluence bursts are the nearby analogues of the more distant events found in

higher sensitivity, narrower-field surveys>.

Since the beginning of 2017, we have been surveying for fast radio bursts using a subset
of the Australian Square Kilometre Array Pathfinder® (ASKAP), a radio-telescope array com-
prising 36 antennas currently being commissioned. Each antenna is equipped with a phased-
array-feed receiver (PAF) sensitive to 30 deg? on the sky at the prime focus of a 12-m antenna.
The searches, conducted at a central frequency of 1.3 GHz, have employed a fly’s-eye configu-
ration, with each of 5 — 12 antennas available pointed toward a different area of sky, widening
our field of view to target the brightest portion of the burst population. The system setup and

search algorithms are identical to those reported previously from ASKAPZ. The PAFs allow



full sampling of the focal plane, rendering it possible to measure the burst positions with as
little as 10 x 10 arcmin uncertainty” (90% confidence) and the fluence of each burst to better
than 20% accuracy”, in contrast to previous searches where burst positions were unconstrained
within the antenna beam pattern, and burst fluences could be uncertain by factors greater 10.
The searches have been conducted at 57 high Galactic latitude pointings |b| = 50 + 5deg,
removing the need to account for potential bias in the latitude dependence of the rate® and min-
imizing the contribution of the Galaxy to the electron column density. Observations of these
pointings were interleaved with short scans of known pulsar to check system performance (see
supplementary section 1). Pointings were revisited a median of 570 times over the course of

the survey. In total our survey exposure is 5.1 x 10° deg® h (see supplementary section 1) .

We have discovered 20 FRBs in total (including FRB 170107 reported previously?), the
properties of which are listed in Table 1. The electron column densities towards the bursts, ex-
pressed in dispersion measure (DM), range from 114 to 998 pc cm~3, The dispersion measures
contain contributions from the Milky Way, the host galaxy, and the intergalactic medium. The
Galactic DM contributions are likely to be < 60 pc cm ™ for all of our bursts. Assuming a neg-
ligible circumburst environment, the host galaxy is likely to have a similar median contribution”
(See supplementary section 4). Larger contributions would be possible if the bursts were em-
bedded in dense nebulae such as supernova remnants or in galaxy centres. However, our lowest
DM events show that for some objects this contribution does not exceed 50 — 120 pc cm 3. We
also assume that the intergalactic medium is uniformly distributed and use a standard distance-
DM relationship'? to infer distances from the extragalactic DM component. For the nearest
(and hence lowest DM) bursts, larger stochasticity in the intergalactic DM contribution would

be expected as it will depend strongly on the host location with the local large scale structure™,
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which has a characteristic size scale of 30 Mpc. For more distant objects, bursts will propagate
through many void and walls and therefore will only have modest 10 — 20% scatter!. Our
sample includes the lowest hitherto reported DM for a burst (FRB 171020), which has a col-
umn density excess beyond the Milky Way'# of 80 pc cm~3. Given our assumed DM-distance
model described in the previous paragraph, the burst originates at a distance of approximately
130 Mpc (2 =~ 0.03). This burst has one of the poorest localisations (30 x 50 arcmin ellipse, 90%
confidence) in the sample because it was detected in a corner beam. However there is only one
galaxy catalogued at a distance < 210 Mpc (z < 0.05) within the uncertainty region of the FRB.
This is the distorted Sc galaxy PGC 068417, at a distance of 37 Mpc™® (z = 0.0087). A second
galaxy at the edge of the error box, PGC 3094828 has a catalogued redshift of z = 0.0665,
placing it at a distance of 275 Mpc'®. Low dispersion burst sources such as FRB 171020 have

the potential for detailed host-galaxy studies.

The measured fluences range from 34 to 420 Jy ms, with the latter being the highest
well-constrained fluence (see supplementary section 4). Above our completeness threshold of
a signal-to-noise ratio of 9.5, which corresponds to a fluence of 26 Jy ms(¢/1.26 ms)~'/2 for a
pulse duration matching our time resolution of 1.26 ms, the event rate is 37 & 8 per day over
the entire sky (1o uncertainty). This is a factor of 200 less than the rate from high Galactic
latitude searches with the 64-m Parkes radio telescope”. This difference is a consequence of
a number of factors including the burst fluence and width distributions, telescope sensitivities,

and instrumental selection effects.

All bursts in the sample show strong spectral modulation, as seen in Figure {1l While

some, such as FRB 170712, show broad-band structure persisting across half of the band, many



exhibit power concentrated in narrower structures of a few megahertz bandwidth, with signals
absent in large fractions of the band. Others, such as FRB 170906, show strong narrow-band
features imposed on broad-band structures. It is unclear if the spectral modulation is intrinsic to
the source, caused by diffractive scintillation, or refractive propagation effects such as caustic-

induced magnification!>.

The Parkes population, comprising 26 bursts detected in the same
frequency band as ASKAP, shows less evidence for strong spectral modulation, even at high
Galactic latitudes”, where Galactic propagation would be expected to impart similar spectral
structure to the ASKAP bursts. There are notable counterexamples in the Parkes sample that
show spectral modulation: the highest signal-to-noise ratio Parkes detection FRB 180309,
and FRB 150807, which shows spectral modulation on two scales'”. Studies of the bright
population in a different frequency range would distinguish between causes for the spectral
modulation, because propagation effects are strongly frequency dependent. We averaged the
spectra to estimate the global properties of the detections, finding the spectral index of com-

bined spectra of all the bursts to be steep, with 5 = —1.8 0.3 over our observing band (where

fluence E(v) scales proportional to £(v) o< v°) (See supplementary section 2.).

Temporal analyses of the burst profiles are limited by the 1.26 ms time resolution of our
current data sets. All of the bursts are marginally resolved beyond instrumental dispersion
smearing, with a median burst full width at half maximum being 3.0 ms. This is comparable
to the median burst width of the Parkes sample!®. Three bursts (FRBs 180110, 180119, and
180130) show exponential profiles consistent with scatter broadening. The broadening time for

FRB 180110 varies with frequency, scaling proportional to v —3-5+0-6

, consistent with propaga-
tion through turbulent plasma'®. FRBs 180119 and 180130 are too weak to conclusively detect

a change in pulse-broadening with frequency. All three additionally show spectral modulation;



if this is caused by scattering, the presence of both indicates that there is propagation through

two distinct scattering regions along the line sight=%2!,

As the survey frequently revisits the same positions, we can place strong constraints on
burst repetition. We find no events at similar dispersion measures exceeding a signal-to-noise
ratio of 9 at the DM and the positions of the ASKAP FRBs. Dwell times at these positions range
from 8 days to 47 days (see Table 1), and 236 to 1235 visits to the fields. In total 12, 456 hours of
observations were conducted in the direction of the detected FRBs, and 61 days of observation
of the FRB fields were conducted within £15 days of the FRB detection. For one of the
detected bursts, FRB 171019, we conducted follow-up observations with the 64-m Parkes radio
telescope 2 and 3 days after the FRB detection. In a total of 1 hr of observing, no pulses were
detected at the DM of FRB 171019, above a limiting fluence of 1.5 Jy ms, which is a factor of

150 fainter than the FRB 171019 detection.

The fluence distribution of the ASKAP sample may be indicative of a cosmologically
evolving population. The distribution of the ASKAP sample was examined with the V/ V.«
test statistic*?, which uses the measured signal to noise ratio (S/N) for each burst to assess
the volume within which each burst was detected, relative to the maximum volume in which
it could have been detected in Euclidean space-time. In such a population, distributed homo-
geneously over a volume small enough that the curvature of the Universe is negligible, the
ensemble-averaged value of the statistic V/V},.. would be 0.5. For the bursts in the ASKAP
sample above our completeness threshold, we find (V/Vi,ax) = 0.58 & 0.07. This is consis-
tent with being produced by a Euclidean population with 12% confidence (see supplementary

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) oc E®, the measured V/V;,., value implies a = —2.110% (67% con-
fidence) over the range of fluences probed by ASKAP, evidence for steeper-than-Euclidean

fluence distribution®.

Comparison of the DM distributions of the ASKAP and Parkes samples show that DM
is a distance indicator. The median DM of the ASKAP sample is 441 pccm™2, which is a
factor of two smaller than that of the Parkes sample, 880 pc cm~3. A Kolmogorov-Smirnov test
finds that the probability that the two distributions are inconsistent is 99.9%. The difference
in DM distributions cannot be explained by the poorer time and frequency resolution of the
ASKAP system (See supplementary section 5.). This confirms that there is both a correlation
between DM and source fluence and that DM can be used as a proxy for distance. However the
difference in the distributions is smaller than would be expected for a non-evolving Euclidean
population. For any individual burst, the average fluence decreases with the inverse square
of distance. Because Parkes is a factor of approximately 50 more sensitive than ASKAP, it
would be sensitive to the same source a factor of ~ 7 more distant. As we are comparing
the median of the populations detected with Parkes and ASKAP, and not individual sources
or standard candles, the ratio of dispersion measures is smaller, a consequence of a broad

luminosity function for the population®*,

Figure 2 shows both the fluence-extragalactic dispersion measure distribution for all pub-
lished FRBs and the fluence-distance relationship, the latter assuming the model for host DM

contribution and extragalactic dispersion described above. The solid black curves are contours



of constant energy density, calculated assuming pulses are isotropically beamed, and using the
global spectral index to correct to the rest frame of the emitter. The blue-dashed lines show
the extrapolation of ASKAP FRB fluences to higher distances. Notably, the highest DM event
from Parkes®>, FRB 160102, has an inferred energy comparable to those observed in ASKAP.
Based on this extrapolation, the energies of the Parkes bursts overlap those of our sample, and
are therefore more distant versions of the ASKAP events. The absence of sources above a spec-
tral energy density of approximately 1034 erg Hz~! for both the Parkes and ASKAP samples is
unlikely to be solely due to the frequency and temporal resolution of the data recording sys-
tems, so could either represent a dwindling population or an energy cutoff (See supplementary

section 5.).

There are also marked differences between the ASKAP and Parkes burst populations,
and the repeating FRB 121102. Firstly, the ASKAP and Parkes samples show no evidence
for repetition, despite large amounts of follow-up time and dense searches around the time of
FRB detections. The repetition rate of the repeater is intermittent, with frequent detections
on month-long time scales followed by similar length periods of apparent quiescence®2®. The
absence of repetition enables us to reject the hypothesis that all ASKAP FRBs repeat with
the same properties*® as FRB 121102 at the 99% confidence level (See supplementary section
6). Secondly, the population of ASKAP bursts have a steep spectrum. While pulses from the
repeating FRB show strong spectral modulation, equally energetic pulses are detected over a
frequency range extending from 1.4 to 8 GHz*”. Furthermore, FRB 121102 is underluminous

relative to the remaining bursts, as displayed in Figure 2.

The results presented here build on previously noted differences between the repeating



and the remaining sources. For example, measurements of Faraday rotation suggest that lumi-
nous bursts propagate through dispersing plasma that is nonmagnetised'”, weakly magnetised2%2%,
or has highly disordered magnetic fields. Such large Faraday rotations could still be hidden in
the unpolarised FRBs but it would be impossible to hide for those with significant polarization.
In contrast, the repeating FRB source is found to have Faraday rotation (and hence magnetic
field strengths) more than four orders of magnitude larger’. We do not currently have the ca-
pabilities to measure Faraday rotation with ASKAP in FRB search mode, but expect to upgrade
these systems to make the necessary polarimetric observations shortly. We are also commis-
sioning interferometric modes and expect to shortly be able to localize detections to arcsecond
accuracy. Unique identification of host galaxies will further distinguish between repeating and

non-repeating burst sources.
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data access portal through http://doi.org/10.4225/08/XXXXXXXX. Other data products are available on

request from R.M.S. (rshannon @swin.edu.au).

Code availability The code used to conduct the FRB searches, FREDDA, will be publicly released
shortly, but a pre-release version is available from K.W.B. (keith.bannister @csiro.au). Detections were
processed using the dspsr (http://dspsr.sourceforge.net) and psrchive (http://psrchive.sourceforge.net)

software packages for analysing pulsar and FRB data.
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6 supplementary sections, 26 supplementary references, 19 supplementary tables, and 28 supplementary

figures.
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Figure 2: The fast radio burst fluence-extragalactic dispersion measure distribution. The extragalactic dis-
persion measure, DMgg, is corrected for the inferred Milky-Way contribution. The coloured circles show FRBs
detected with ASKAP (blue), Parkes (black), UTMOST (red), Green Bank Telescope (magenta), and Arecibo
radio telescopes (orange). We also highlight the Parkes FRB candidate 010621 (cyan) which may be a Galactic
source. Beam-corrected fluences have been estimated for two Parkes FRBs ¥ (150807, 010724) and are plotted
in gray. Repeated pulses®® from FRB 121102 are displayed in green. Uncertainties in beam fluence differ by
telescope. For ASKAP and burst from the repeating FRB 121102, we show 1o (67% confidence) upper and lower
limits. For other non-repeating FRBs lower limits are 1o, but upper limits are twice detected fluence to reflect
uncertainty in burst position within antenna pattern. The upper horizontal axis shows the redshift assuming a ho-
mogenously distributed intergalactic plasma'%, and a host contribution of 50(1 + z)~! pccm™3, as discussed in
the text. The blue dashed curves show the expected fluences for the ASKAP-detected bursts if they were detected
at larger distances (see supplementary section 4). ThellZlack curves show contours of constant spectral energy

density, in units of erg Hz~!. The dash-dotted lines are lines of constant fluence, after accounting for redshift

dependent time dilation, denoting 100 sensitivities of the Parkes radio telescope and the mid-frequency first-phase
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FRB Time DM E, R.A. Dec. a ab w SIN® T Tiis

(TAIM) (pccm™)  (Jyms) (hh:mm)®  (dd:mm)® (deg.) (deg.)  (ms) (d) (hr)
170107  20:05:45.1393(1)  609.5(5) 58(3) 11:23.3(7) -05:00(10) 266.0 541 24(2) 160 279 15
170416 23:11:49.7994(2)  523.2(2) 97(2) 22:13(1)  -55:02(9) 337.6 -50.0 5.0(6) 130 162 31
170428  18:03:11.7003(2)  991.7(9) 34(2) 21:47(2)  -41:51(20) 3592 -49.9 445 105 316 22
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170906 13:07:33.48832(8) 390.3(4) TA(T) 21:59.8(4) -19:57(10) 342 -49.5 253) 17.0 327 95
171003 04:08:00.78117(9) 463.2(1.2)  81(5) 12:29.5(7) -14:07(20) 283.4 463 20(2) 138 273 67
171004  03:24:16.2501(1)  304.0(3) 442) 11:57.6(8) -11:54(10) 2822 489 2.03) 109 305 84
171019 13:27:17.09738(1) 460.8(1.1)  219(5) 22:17.5(5) -08:40(7) 525 -493 54(3) 234 176 57
171020 10:28:35.59870(4) 114.1(0.2) 200%9% 22:15(3)  -19:40(40) 293 -513  1.7(2) 195 327 95
171116 15:00:10.3052(2)  618.5(5) 63(2) 03:31.0(6) -17:14(10) 2050 -49.8 3.2(5) 11.8 457 102
171213 14:23:17.46705(3) 158.6(2)  118(15) 03:39(2)  -10:56(20) 200.6 -48.3 1.5(2) 251 355 118
171216 17:59:47.82229(9) 203.1(5) 36(6) 03:28(1)  -57:04(10) 2739 -484  1.9(3) 8.0 77 26
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180110™
180119
180128.0
180128.2
180130
180131

180212

07:35:11.9590(1)
12:25:07.7476(2)
01:00:15.6179(1)
04:54:03.7962(1)
04:56:06.9932(1)
05:45:42.3207(2)

23:45:41.39991(9)

715.7(2)
402.7(7)
441.4(2)
495.9(7)
343.5(4)
657.7(5)

167.5(5)

380(10)
100(3)
512)
60(2)
104(2)
114(4)

108(10)

21:53.0(7)
03:29.3(5)
13:56(1)
22:22(2)
21:52.2(9)
21:49.9(8)

14:21(2)

-35:27(7)
-12:44(8)
-06:43(20)
-60:15(11)
-38:34(10)
-40:41(8)

-03:35(30)

7.8

199.5

326.7

327.8
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0.6

338.3

-51.9

-50.4

52.2

-48.6

-51.8

-50.7

50.0

3.2(2)
2.7(5)
2.9(3)
2.3(2)
4.1(1.0)
4.5(4)

1.81(6)

35.6

15.9

12.4

9.6

10.3

13.8

18.3

37.7

35.5

21.6

11.3

37.7

31.6

21.9

154

125

102

62

120

103

79
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Table 1: Properties of ASKAP FRBs. Uncertainties are
listed in parentheses. ¢;: Galactic longitude of beam cen-
tre. g,: Galactic latitude of beam centre. w: burst width.
Tohs: total observation time on field. 75;5: Time on field
within 15 d of FRB. (1) Burst arrival time referenced to a
frequency of 1297.5 MHz (2) Position uncertainties are 90%
confidence limits and referred to the epoch J2000. Posterior
localization regions are available as supplementary files. (3)
S/N is the signal-to noise ratio reported in the primary beam
by the search algorithm. (4) Quoted errors on fluence rep-
resented a 90% confidence limit. (5) Pulse widths after de-
convolution of exponential pulse broadening function. (See

supplementary section 1).



Supplementary Information

1 Data set and data analysis:

Searches were conducted as part of the Commensal Real-time ASKAP Fast Transient*! (CRAFT)
early science observations (project code AS039). Our search strategy and data analysis largely

follow the strategy as reported in the discovery of the first ASKAP-detected FRBY.

Searches have been conducted using a number of antennas in the array, with availability
limited by commissioning activities and other early-science projects. From March-June 2017,
observations were conducted in campaigns using the main array: antennas directly interfaced
to the telescope correlator and used for commissioning interferometric and synthesis imaging
modes for ASKAP. Up to 12 antennas were available for these searches. From June 2017
to present, observations have been conducted using the commissioning subarray, a set of an-
tennas equipped with phased-array feed** (PAF) and digital subsystems suitable for recording
ASKAP-CRAFT fly’s eye data®®, but not from the correlator. Over the course of the survey,
this sub-array increased in size from 5 to 9 available antennas as additional equipment was

integrated.

From 2017 March our search strategy changed from a square beam configuration to a
hexagonal close pack configuration (see Figure [I). In both cases the beam separation was

0.9 deg.

Over this time, nearly all of the searches were conducted in 57 fields at Galactic latitudes

of || = |50| £ 5 deg. Observations of these fields with 55 or 57 min duration were alternated



with 3 or 5-minute scans of known pulsars to check system performance and assess survey
efficiency. Fields were assigned automatically by the telescope scheduling software. The se-
lection algorithm was modified on 15 July 2017, to select fields that were close together and
at high elevation angle. This was chosen to maximize the sensitivity of a low radiofrequency
shadowing campaign with the Murchison Wide Field Array telescope, the results of which will
be reported elsewhere. As a consequence of the prioritisation in the selection algorithm, there
is large variation in the on-sky time in different fields, with the number of visits for each field

ranging from 17 to 1309, with a median of 570.

Searches were conducted with a central frequency of 1320 MHz. The CRAFT data
streams are dynamic spectra, produced in the digital beamforming subsystem, providing a to-
tal bandwidth of 336 MHz, with 1 MHz spectral resolution and 1.26 ms temporal resolution
in pseudo total intensity (i.e., the sum of the XX and YY linearly polarized intensities). These
were summed together without any calibration. While beam centre gains between the two po-
larizations vary by less than® 10%, the beam shapes between the two can vary significantly;
calibrating this is an active field of research within the ASKAP commissioning team. Data
were recorded using methods nearly identical to those reported previously”. Data taking ma-
chines were upgraded twice during the course of the searches. Improvements were made to

hardware tuning to mitigate network-related failures to record data.

The dynamic spectra were analysed identically to methods presented previously, using the
graphical-processor-unit-accelerated search algorithm refered to as FREDDA”. Improvements
were made to the code to better mitigate interference through the subtraction of a nondispersed

time series and flag satellite interference. Satellite interference from GPS satellites transmit-



ting in the band is the only significant form of interference persistent throughout the searches.
This could be identified as it is confined to a band of frequencies (dependent on to which GPS
service the satellite belonged). After flagging for this interference, two impulsive inteferers re-
mained that affected a small fraction (1%) of the data. One was impulsed chirped interference
is occasionally produced by diagnostic monitoring of the PAF backplane. It produced candidate
bursts with typically high DM (> 3000 pc cm™3) at the polling interval of 35s and was elim-
inated by disabling the monitoring during search observations. Occasional electrical storms
would also cause candidates to be detected and would also be identified as episodes of excess
low dispersion measure candidates, and could be correlated with on-site weather monitoring

systems.

The searches were mostly conducted with on site computing facilities with a typical la-
tency of < 24 hr between observation and discovery; a small fraction of the data were searched
on a GPU cluster at the Pawsey Centre (http://pawsey.org.au), in Perth, with higher

latency.

The total exposure is 5.1 x 10° deg? h. This is the product of the total survey time, effective
field of view, and the estimated survey efficiency. The total survey time (counting each antenna
individually) was 32, 840 hr. To calculate the exposure time we assume an effective field of
view of 20 deg?, which is the nominal equal power field of view 3#. This is smaller than the
nominal field of view 30 deg?, but a more appropriate value for comparison of survey rates
because it accounts for the variations in sensitivity across the primary PAF beams. We assume
that the observing efficiency is 80%, which is the efficiency of detecting pulses from the pulsars

in the 3 — 5 minute hourly scans.



We find no evidence for instrumental or terrestrial origin of the bursts. Bursts were de-
tected in 9 unique antennas, and 19 unique beams, and across a wide range of time-of-day,
antenna azimuth and elevation angles, solar angles and seasons. While some 30 deg®-fields
had multiple detections, they typically had larger-than-average observing times on them (a
consequence to the uneven sampling of the fields, as mentioned above). Importantly the bursts
show multiple beam detections, and the detections are consistent with arising from the antenna
far field. Local interference would be present in more, if not all, of the PAF beams. The bright-
est burst, FRB180110, shows evidence for an exponential scattering tail, with the tail width
varying with frequency as would be expected for propagation through a turbulent plasma. The
strongest evidence for the bursts being not produced by interference will be through interfero-

metric localization, a mode which is currently being commissioned.

The candidates are also inconsistent with being produced by thermal noise. A large num-
ber of trials have been searched, which we approximate to be Niyial = Tobs sampNbNam Nbox ~
1326 x 7.1 x 10% x 35 x 4096 x 32 ~ 5 x 107, where T, is the number of antenna days of
surveying, Rsamp 18 the number of samples per day, NV, = 35 is the number of useable beams,
Ngm = 4096 is the number of trial dispersion measures, and Vy,, = 32 is the number of box-
car widths searched. The CRAFT data stream from beam 36 is corrupted and does not produce

useful data.

However, the probability of a single 9.50 candidate arising from thermal noise alone is
P =~ 1072%, The expected rate of such candidates across the survey is therefore ~ 5 x 1074,
This is likely an overestimate of the probability as the expression for NV, assumes all the trials

are independent, which is not the case for DM, width, and time trials.



In addition to strong primary beam detections (S/N > 9.5, with the exception of FRB171216,
as discussed below). We have chosen to report a S/N of 9.5 as our completeness limit. At this
level we were able to verify the FRB nature of the emission. In particular we are able to detect
the dispersion of the pulses across the band. Furthermore, we are able to have confidence in
the detections as at this level, most of the bursts were detected in multiple beams. 14 of 20
were detected strongly (S/N > 5) in other beams, while 19 out of 20 detected at (S/N > 3 ) in

adjacent beams.

Below this level, it is still possible to be convinced of the FRB nature of the signals if they
have moderate detections in two beams, such as FRB 171216, for which the S/N was greater
than 10 when two beams were added together. However we cannot claim that this event is from
a complete portion of phase space because our false positive rate increases, so this has not yet

been applied to the data set.

The search algorithms have been tested using both simulated data sets and through ob-
servations of radio pulsars. We created synthetic filterbank data sets with integration time and
bandwidths that were identical to the ASKAP digital system. We generated dispersed pulses

3 in steps of 25 pc cm ™ with an intrinsic width of

over a range of DMs from 0 to 3000 pccm™
a single sample. To simulate pulses of differing width, we convolved the pulse in each channel
with a Gaussian function of 1 sigma width of 2, 3, and 4 ms, matching the widths of the pulses
detected at ASKAP and the majority of those detected at Parkes. We added Gaussian noise at
level which yields a S/N of each pulse of 9.5, assuming a matched filter response to the whole

pulse. Each dataset of a given DM and width comprised 100 pulses. We searched these data

with FREDDA with a S/N threshold of 7. For widths of > 2 ms, we recovered the pulses with a



detection rate of > 90%, and false positive < 1% for all DMs. For narrower pulses, we expect
to lose S/N and recovery due to dilution with the sample integration. Understanding the in-
strument response to narrow low-DM pulses (narrower than those typically detected at Parkes)
would require simulation of voltages of dispersed pulses, channelised by polyphase filters, de-
tected and integrated as in the CRAFT mode. The loss of sensitivity to low-DM narrow pulses
is discussed further in supplementary section 5, in relation to differences in Parkes and ASKAP

detection rates.

We searched these data with our search algorithm with a S/N threshold of 7 sigma. For
widths of > 2 ms, we recovered the pulses with a detection rate of > 90%, and false positive
< 1% for all DMs. For a width of 1 ms (less than a sampling time), the detection rate was
50% at DM=75 pccm~3 and rose to 90% at DM=1000 pccm~>. The loss in sensitivity for
pulses narrower than the sampling time is an intrinsic property of any dedispersion search. The
optimal delays applied to a given channel should differ depending on where the pulse begins
during an integration. The algorithm computes channel delays optimised for a pulse beginning
at the center of an integration, thus pulses beginning at the beginning or end of an integration
are smeared over two integrations. This effect is has the most severe effect for narrow pulses at

DMs where DM smearing is not large.

We also have tested the detection pipeline using pulsar data, which was also analysed by
a computationally simpler algorithm using a matched filter against the known pulsar properties
(pulse width, DM, and approximate Gaussian profile). For the pulses analysed, the pipeline
detected the same pulses at > 90% the S/N reported by the matched filter, at 100% efficiency

for all pulses above threshold.



We tested the recovery rate in survey data through hourly observations of the bright pul-
sars J1644—4559 and J0835—4510. These observations were of 3 or 5 min duration and were
processed identically to our high galactic latitude fields. We find that we recover 80% of the
pulses, with the remaining 20% lost due to satellite interference. We account for the 20% loss in
estimating our total survey time. After automatic flagging of the data for satellite interference,
and removing a few observations (totally less than 1% of the survey) affected by the impulsive
interference listed above, manual inspection of all the high latitude candidates was conducted,

with fewer than 10 candidates produced per day of observation.

Supplementary tables 1| to (19| show the signal-to-noise (S/N) ratios in the primary beam
and adjacent beams for FRBs 170416 to 180212. The observations of FRB 170107 were re-
ported previously”. We calculate the S/N using the N bins in the frequency-averaged pulse

profile, an estimate of o using off-pulse baseline. It this case

2 E
oV N

S/N = (1)

Secondary detections and upper limits enabled FRBs to be localized to ~ 10 x 10 arcmin
regions, much smaller than the 1.1 deg antenna (primary) beam width for ASKAP at these
frequencies. The posterior localization regions are displayed in greyscale relative to the beam
positions in Figures [2| to [3| with the intensity of the greyscale proportional to posterior prob-
ability; these regions are available in absolute sky coordinates as supplementary files in FITS

format (https://fits.gsfc.nasa.gov/).

A physical flux scale was applied to data sets by assuming the noise in our data sets is
dominated by thermal noise, and the system equivalent flux density Sy is 2000 Jy, consistent

7



with interferometric measurements of feed sensitivity © and calibration against simultaneous
observations with the Parkes telescope made of PSR B1641—45. In this case the root-mean-
square noise is Sgys/ V2AvAt, where Av is the spectral bandwidth and At is the time res-
olution. We corrected the integrated pulse profiles (panels labelled a in Fig. 1) for off axis
attenuation assuming a fixed frequency of 1.3 GHz and the mean offset position of the burst
from its primary-beam detection. We did not correct the fluence estimates for a 10% increase in
Ssys above 1.4 GHz*>. This would result in a small correction as most of the band we observe
in is below this frequency, and is smaller than the systematic uncertainties by at least a factor
of 5. We have however corrected for this effect in the pulse profiles plotted in Figure 1 and in

the spectral index estimates.

Burst widths were measured using the frequency integrated spectrum (see Table [I) A
non-linear Levenberg-Macquardt fitting algorithm, as implemented in the gnuplot package, was
used to measure pulse widths. Most bursts were adequately fitted using a Gaussian function,
given the low signal-to-noise ratio of our data. However two bursts (FRBs 180110 and 180130)
show evidence for scattering. In this case, the functional form for the function was a Gaussian

convolved with an exponential.

Details about specific discoveries are listed below:

FRB 170707: Digital beam weights were not successfully made for some channels, re-

sulting in no signal being recorded for some channels in the burst.

FRB 170906: The data were affected by digitization overflow in the brightest portion of

the pulse spectrum. The signal could be recovered by using a beam model and an adjacent beam



detection, where the signal was weaker and therefore not affected by the overflow problem.
This was fixed for subsequently detected FRBs. The correction relies on a good understanding
of the ASKAP primary beam models distant from the source, so there are larger uncertainties
in the peak brightness of the spectrum than for other bursts. One channel of the spectrum in
Figure 22| near the peak of bright band drops suddenly; it is possible that this drop is associated

with an uncorrected digital artefact.

FRB 171020: The dispersion measure of the burst (DM=114.1 4 0.2 pccm ™3, 10) is the
lowest detected for an FRB in our sample and lowest for any published burst. The FRB was
detected in a corner beam (see supplementary Figure[I0); consequently the localization is poor.
However, because the extra-Galactic DM is small, the burst likely arises from a nearby galaxy.
In addition to the two galaxies listed in the main text, the galaxy cluster Abell 3852 also lies
within the FRB uncertainty region. Although there is no published redshift for this cluster, we
can estimate its redshift as z ~ 0.21 based on the value of m10 = 19.1 mag listed by “® and
the empirical relationship between m10 and redshift derived by these authors. The galaxies in

Abell 3852 are therefore too distant to be plausible hosts for this low-DM FRB.

FRB 171216: The burst was first identified as being an unusually temporally narrow
candidate (only one sample in width), but has a S/N = 8.0 below the completeness signal-
to-noise ratio limit of the survey (S/N = 9.5) for a single-beam search. It is therefore not
included in tests of the cosmological nature of the distribution. Analysis of adjacent beams
show that the burst has nearly equal signal-to-noise ratios in two adjacent beams, as listed in
Table The co-added signal to noise ratio from these two detections is 10.3. This co-added

pulse is displayed in Figs. [T]and 22]



FRB 180110: The frequency-averaged spectrum of the burst has strong exponential mor-
phology, which would be expected from a pulse scattered off of inhomegeneities in a turbulent
plasma. The strength of the scattering (and hence the size of the tail) is highly chromatic. We
subdivided the pulse into 8 channels and fitted each independently to a Gaussian convolved
pulse of unknown amplitude and width, arrival time, and scattering time. The scattering time
changes strongly with frequency (see supplementary Figure 21)). We then fitted the scatter-
ing times as a function of frequency 7(v) = A(v/vy)?, and found that 3 = —3.5 & 0.6 and
A = 4.5+ 0.5ms at a reference frequency of 1y = 1.4 GHz. Our results are consistent with the
theoretically predicted values of 3 = 4.0 — 4.4 expected for scattering in Kolmogorov media®

and also observed scattering indices which average to 3.9 4= 0.2 for pulsars in the Milky Way=".

FRB 180119: This burst shows marginal evidence for a scatter broadened tail. The burst
is too weak to search for frequency dependent variations as for FRB 180110. The broadening

is estimated to be 2.8 £ 0.5 ms.

FRB 180128.2: The data were affected by strong interference in the lower portion of the

band. These RFI-affected channels have been flagged in subsequent analyses.

FRB 180130: This burst shows marginal evidence for scatter broadened tail. The burst is
too weak to search for frequency dependent variations as for FRB 180110. The broadening is

estimated to be 6 £+ 1 ms.
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2 Analysis of the global spectral properties of the bursts:

We formed spectra for each FRB by integrating the time samples over which the frequency
averaged pulse shows detectable signal (nominally at the 1o noise level). We quote the am-
plitude of the spectra in fluence, and convert to physical units using an assumed value for the
system equivalent flux density (Sss = 2000Jy, as discussed above) and the measured level of
off-pulse noise in the time series using standard methods. The spectra of the bursts can be
found in Figure [22] (black lines). The red lines in the same figure show a smoothed version of
the spectra. The gray lines show baseline off-pulse spectra taken within 100 ms of each FRB,
which provide a guide for the noise level in the FRB spectra and show that data are in general

not suffering from excess radio-frequency interference.

Before averaging, we corrected for chromaticity expected due to the beam pattern. This
correction is small because the beam pattern densely samples the focal plane, with the beams
overlapping well within the half power beam point. We also corrected the spectra for a 10%

increase in Sgys above 1.4 GHz.

We calculated the average spectra two different ways. In the first, we used natural weight-
ing, in which we directly summed the frequency-dependent fluences for each burst. The av-
erage spectra for this can be seen in Figure 23] We fitted a power-law model to the spectra
(E(v) o ) using a nonlinear fitting algorithm, and found 3 = —3.3 £ 0.3. We used the boot-
strap technique®® to assess how sample variation affects our estimate of the average spectral
index. To do this, we formed average spectra, sampling with replacement from the 20 spectra.

This formed 1000 composite spectra, each of which was fitted the same power law form for the
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flux density. We found that the median spectral index was 3 = —3.3370:3% matching the fitted

value.

In the second method, we weighted the bursts by the inverse of their signal to noise ratio
to reduce the bias introduced in the spectra by the bright bursts. When we do this, we find

B=—-18+0.3.

In a third method, we formed the spectrum from the median of all 20 FRBs. In this case,

we also find f = —1.8 £ 0.3.

It is unclear what produces the steep average spectrum. It could be intrinsic to the emis-
sion mechanism. Alternatively it could be a secondary propagation effect. In this case, mod-
els such as lensing would need to predict a change in spectral occupancy across the band.
Diffractive scintillation does not induce steep spectra. Our observations have a relatively small
fractional bandwidth of ~ 10%. Broader band observations would strengthen the case for a
steep spectral index. Similarly the study of the FRB population at lower frequencies (for ex-
ample by observing with ASKAP in the lower band or with the other facilities such as the
Canadian HI intensity mapping experiment) would also be able to confirm the population has

on average a steep spectral index.

3 Source-count analysis:

To analyse the distribution of the bursts, we consider the 19 events above our completeness
limit of a signal to noise ratio of 9.5. To examine the source distribution, we use the test

statistic#3? V/ V..., which is the average fractional volume within which the sources reside
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relative to the volume within which they could have been detected. The statistic is calculated

from the measured signal-to-noise ratios ((S/N);):

Vo1 Nﬁ( (S/N); )‘3/2'

Vmax B NFRB (S/N>min

2)

For a population of sources uniformly distributed throughout Euclidean (flat) space-time, the
ensemble average value is (V/Vj.x) = 0.5. One advantage of using V//V ,.x as a test statis-
tic is that it is agnostic to burst width, which varies across the population due to physical and
instrumental effects. If there is a correlation between burst width and fluence there could be
secondary biases introduced in V/V],.« because narrow (but temporally resolved) pulses are
easier detect than broader pulses. This will be yet more important when comparing burst popu-
lations detected by different telescopes or observing systems. A fuller discussion of the utility

of the V/Vmax test in the context of FRBs was previously presented??.

The statistic is also independent of the intrinsic luminosity function of the emitting ob-
jects, so is valid for both source classes that are standard candles, as well as those that have a

broad luminosity function.

For our sample, we find V/V,,., = 0.58. We calculated the probability that this dis-
tribution arises from Euclidean population through simulation. The detected population will
depend primarily on the intrinsic burst fluence £(v) but secondarily on the width w, and dis-
persion measure DM. As the purposes of the simulations are to examine a population of local
bursts, it is sufficient to assume that these quantities are independent. We assume the popu-
lation of bursts with fluences that follow a power-law distribution P(> E(v)) o E(v)*. We
will assume that the pulses are Gaussian in shape and that the intrinsic width w; is Normally
distributed about some mean yi,, with variance o%. We will assume that the dispersion mea-
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sures are also Gaussian distributed with a mean value ppy and variance od,,. This fit well
models the current ASKAP FRB dispersion-measure distribution. We note that our simulations
confirm known properties of the 1//V/,.x statistic. For example, the standard deviation of the

statistic is &~ 1/4/12N, where N is the size of the population used to test the statistic.

The observed pulse width is instrumentally broadened if the dispersion smearing across
a single channel is large or the pulse is narrower than the time sampling ¢, The functional
form of this broadening will depend on the impulse response of the spectrometer. We will
assume that the effects can be treated as a convolution, and that the impulse response function

for both effects are Gaussian as well. In this case the pulse width is

Wobs = \/wiznt + w]2)M + tgamp’ 3)

where the dispersion smearing is

. DM Av v o\
. —6
Wam = 8.15 x 10~ s (pc Cm3> (MHZ) (GHZ) , (4)

where Av is the channel bandwidth and v is the observing frequency.

To model the spectral modulation we multiplied the fluence by a random gain factor g
that was exponentially distributed (y? with two degrees of freedom), consistent with diffractive
scintillation at high Galactic latitude, where scintillation bandwidths are comparable to the total

observing bandwidth “°.

The observed flux density in time weps i g E/w,ps Therefore the signal-to-noise ratio is

&)

S/N:<9E><\/2T%bs>’

S. sys

Wobs
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where B is the total observing bandwidth and the system equivalent flux density Sy factors in

aperture efficiency.

To test the consistency of the a Euclidean source-count distribution with the observations,
we first generated a large number (> 10%) bursts from that distribution that satisfied our detec-
tion S/N. From that sample, we selected (with replacement) 19 events. We then calculated the
V' /Vinax statistic for the 19 events. We repeated this process 1000 times, to build up an expected
distribution for the test statistic statistic. We then determined the fraction of times the test
statistic exceeded the value of V/V,,.x = 0.58 we measured. We note that these simulations
assume that the population is both local and homogeneous. For a very nearby population in
which sources trace the local large scale structure — closer than a few hundred Mpc so as not to
average over the 30 Mpc typical void size — this need not be the case. If the repeating FRB and
the non-repeating bursts are in the same population; the distance scale to the former also points
to a more distant population. As discussed in the main paper there are lines of evidence suggest-
ing the populations are different. Also as discussed below, the dispersion measure distribution

differences between the Parkes and ASKAP suggests a distant population.

Over a wide range of values for the parameters describing the width (y,, and o,,) and DM
(upm and opy), we found that for a Euclidean source count distribution, the V/Vy,., values
were inconsistent with our measurement at the ~ 90% confidence level. In particular for values
that match the observed DM and (deconvolved) pulse width distributions of the FRBs in our

3, b = 2.5ms, 0, = 1.6ms), we find the

sample (upy = 421 pcem™2, opy = 220 pccem™
probability that the fluence distribution is inconsistent with Euclidean is 88%, using a one-

sided test (i.e., P(V/Viax > 0.58)). A one sided test is appropriate as values of V/Vj,.x < 0.5
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are not expected. The distribution of simulated test statistic (black line) assuming a Euclidean
energy distribution (black line) and its expected distribution based on the assumption that o =
1/ V12N are displayed in supplementary Figure In supplementary Figure , we show
the results of simulations of pulses with ASKAP-like DM distributions derived from fluence
distributions with & = —1.5 (Euclidean) and o« = —2.1. The ASKAP fluences produce fewer
bright FRBs than expected from a Euclidean distribution, and better match the steeper source
counts. The top panels (a and d ) show the DM distributions of the ASKAP (blue) and Parkes-
detected FRBs (red), in addition to the simulated ASKAP population (blue). As can be seen

the simulated and observed ASKAP distributions match well.

To test which values of source count slope(«r) were consistent with the observed value
of the test statistic, we simulated event lists at a range of source count distributions and re-
computed the V/V],,, distribution. We found the value of « for which V/V,,.x > 0.58 50%,
17%, and 83% of the time, and used these values to define the maximum likelihood and 67%

confidence region for a.

The value of the V/ V., test statistic does not change significantly when setting a higher
threshold. When setting the threshold to be S/N > 15, we find V/V,.x = 0.66 £ 0.10,

consistent with that calculated at a S/N of 9.5.

4 FRB fluence dispersion-measure distribution:

In Figure 2, we have plotted the FRBs detected at Parkes!"22H1OI723288147] ¢ 3 frequency of

1.4 GHz; those detected at the upgraded Molonglo Telescope (UTMOST2!4831) at a central
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frequency of 0.843 GHz; and at the Green Bank telescope? at a frequency of 0.8 GHz. For
the repeating FRB (121102), we have plotted both the detected fluence for FRB 121102 % at
a frequency of 1.4 GHz , as well as the fluences of repeated bursts detected at observation
frequencies close to 1.4 GHz»<®. We have assumed published uncertainties are accurate for
fluence lower limits. As there is large uncertainty in burst location within the beam pattern
for non-ASKAP FRB discoveries, the upper limits are quoted at twice the reported fluence.
We note that observations of the repeating FRB after it was discovered have more reliable
measurements and in Figure 2, we show the reported error bars. For Parkes FRBs 150807
and 110724 we have highlighted fluences corrected by modelling multiple beam detections.
FRB 110724 has the high but uncertain fluence £, = 800 4+ 400 Jy ms; uncertainties are

dominated by instrumental effects.

The burst dispersion measures have been corrected for Galactic contributions using the
NE2001 model*? for the electron density of the Milky Way Disk. We also remove a nominal
Milky Way halo contribution, a practice consistent with the DM calculation of the repeating
FRB*. We empirically estimate a likely halo contribution of approximately 15 pc cm~2, based
on the lowest dispersion measures of pulsars in the Large Magellanic Cloud pulsar survey>*; the
minimum DMs are 65, 68 and 69 pc cm~3 and NE2001 reports a Galactic contribution in this di-
rection of 52 pc cm~3. For most halo models (e.g., based on X-ray absorption measurements>>)
the decline in the density beyond the ~50 kpc distance of the LMC provides at most a further
1-2 pccm ™3 beyond this (the DM contribution at larger radii, 7, is substantially smaller than
the further contribution to the halo mass since each shell adds mass proportional to 72). Other

estimates of the halo contribution®® are within the ~ 10 pc cm~2 uncertainty of the Milky Way

DM contribution.
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The conversion between dispersion measure and redshift has been calculated assuming
concordance cosmology and a smooth distribution of electron density’, and assuming that the
host dispersion measure contribution is 50(1 + 2z)~! pc cm™>. Bursts are likely to show large
variations in host-galaxy DM contribution, with variations depending on the viewing geometry.
At the mean viewing angle, host galaxy contribution to the DM has been estimated to be 30 —40

pc cm 3 for elliptical and dwarf galaxies and 50 — 60 pc cm~2 for spiral galaxies”.

5 Comparing the DM distributions from Parkes and ASKAP

There is a notable difference in the DM distributions from Parkes and ASKAP. This difference

is intrinsic to the FRB populations and not due to instrumental selection effects.

This can be demonstrated through the same simulation approach implemented for the
source-count analysis. The modern Parkes system, which now dominates the Parkes detections
has higher time (Atgmp = 64 1s) and frequency resolution (Av = 390 kHz) than the ASKAP
system (Atgamp = 1.26 ms, Av=1 MHz). As a result, high dispersion measure pulses have

larger instrumental broadening at ASKAP.

We use the same simulation procedures we used to examine the statistics of the V/ V.«
distribution to test the sensitivity of the system to pulses of differing widths and DM. We
considered pulses with Euclidean source-count distribution. Instead of considering events with
pulse widths and DM consistent with an ASKAP-like distribution, we use broader distributions
to examine how selection bias could be affecting the ASKAP distributions. Therefore, we
3

simulated pulses with uniform probability density of arising between 50 and 4000 pc cm °, in
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log(DM). The purpose of this DM distribution is not to simulate a physical DM distribution
but to allow plots of the detected DM distribution to be easily interpreted. Histograms of the
distribution of the detected pulses in log(DM) directly show how sensitivity is lost with DM.
Pulses were assumed to have widths between 0.1 and 10.0 ms with equal probability density in

log(width).

While there is a difference in total rate detected by the two systems, there is no evi-
dence for ASKAP losing a disproportionate number of high-DM events. Figure shows
the normalised dispersion measure distributions for events detected by ASKAP-like (blue) and
Parkes-liked (red) backend systems. The figure shows that above a DM of ~ 300 pc cm—? the
shapes are identical. This indicates that above this DM, both systems are losing events in equal
proportion. Above the Parkes diagonal DM, the largest diagonal DM, both systems sensitivity
decrease at the same rate with respect to DM. Therefore above this DM, any difference in the
DM distribution reflects intrinsic properties of the bursts detected by the two telescopes. The
only difference between the two systems is that the Parkes-like system would be expected to
detect more low-DM events (a consequence of the higher time resolution of Parkes), which is

also in complete disagreement with the observed DM distributions of the two telescopes.

6 Interpreting the non-repetition of the ASKAP sample

To limit the repetition properties of ASKAP FRBs, we assume that they all repeat with identical

rates R:

R(S> So) = RU(S/S())’Y (6)
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Here, Ry is the rate above the ASKAP detection threshold Sy (nominally 46Jy assuming a
width close to the median of 4 ms). We note that the detection depends on pulse width. This

scales to other fluence thresholds S according to the cumulative repetition rate index +.

The probability of detecting no repeat pulses from any of the observed FRBs can be

calculated as:
NFRB ”
p(norepeats) = [] (1+ RI;B])e TP, (7)
i=1

where the terms in the product represent the Poisson probability of observing O or 1 bursts
given a T, of T}, and beam correction factor B; (i.e. Sy oc B~'). This allows ASKAP FRB
repetition rates greater than once per 62 (35) [23] days to be excluded with 68% (95%) [99.7%]
confidence in a one-sided test for v = —1. This value was chosen because it provides the
steepest pulse-energy distribution consistent with the repeating FRBs, and thus provides the

most conservative constraint on repetition within the ASKAP sample.

Equation [6] is used to scale to the sensitivity at which FRB 121102 has been observed,
comparing to previous VLA observations?®, for which a 7.4¢ threshold to each spectral window
with 1o sensitivity of 5 mJy over 5 ms produces Sy;,a = 184 mJy ms. The resulting limits on

R(184 mJy ms) are shown in Figure

Law et al. 28 report vy = —0.6705. Rates are taken from the late-2016 and early-2016
samples, reporting 9 (nominal uncertainty 43, i.e. 0.32 & 0.1 hr™!) and 0 bursts, respectively.
We exclude almost the entire late-2016 region in R—« space at 99.7% confidence, with a small
region at v = —0.9 being allowed. Performing a joint maximisation of R to allow for fluctu-

ations in both the observed VLA and ASKAP rates results in R(184 mJy ms) = 0.18 hr™! for
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v = —0.9, for which the probability product of ASKAP seeing no repeat bursts, and the VLA
seeing at least nine, is 0.4%. This demonstrates that ASKAP FRBs do not exhibit repetition

with the same characteristics as FRB 121102.

Comparisons between FRB 121102 and the limits on the repetition properties of ASKAP
FRBs presented here should be taken with caution, due to the different observation bands,
frequency structure, pulse duration, and dispersion measures. In particular, equation [7| would
be more correctly formulated in terms of intrinsic source properties, so that non-observations of
repeats from nearby (presumably low-DM) FRBs would be more significant. A more complete
analysis would also include a model of the undetected repeating FRBs, since non-observations
of multiple pulses from these will further limit the repetition rate through equation [/, Finally,
note that any deviations from Poisson statistics in pulse arrival times will lead to clustering,
and hence stronger limits on repetition for those FRBs which are necessarily detected in their

active phase.

We note that our constraints on the repetition rate use a relatively high threshold for other
bursts, comparable to the one used for blind FRB searches. Searches at lower thresholds are
possible because they can focus on a narrow dispersion measure range in the pointings directed
toward the FRBs. Sub-threshold searches are ongoing with effort being placed to characterize

false alarms due to interference at these lower thresholds.
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Supplementary Tables

Supplementary Table 1: FRB 170416 detections

Beam RA (J2000) DEC (J2000) S/N

(deg) (deg)
15 332.24 -54.834 7.8
16 333.03 -55.62 8.3
20 333.01 -54.06 2.0
21 333.80 -54.83 12
27 334.54 -54.04 2.0
28 335.36 -54.81 2.0

Supplementary Table 2: FRB 170428 detections

Beam RA (J2000) DEC (J2000) S/N

(deg) (deg)
19 326.92 -41.84 8.2
20 327.53 -42.62 0.9
14 326.31 -42.62 2.5
13 325.71 -41.83 1.4
18 326.33 -41.06 2.0
25 327.52 -41.06 1.3
26 328.13 -41.84 0.6
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Supplementary Table 3: FRB 170707 detections

Beam RA (J2000) DEC (J2000) S/N
(deg) (deg)

00 44.17 —56.58 52

01 44.89 —57.39 10.5

02 45.64 —58.19 3.4

06 45.80 —56.64 3.3

07 46.56 —57.44 2.7

Supplementary Table 4: FRB 170712 detections

Beam RA (J2000) DEC (J2000) S/N
(deg) (deg)
16 339.02 —60.67 13.8
09 337.18 —60.66 0.5
10 338.09 —61.45 6.4
15 338.11 —59.89 2.4
17 339.97 —61.44 6.9
21 339.91 —59.88 0.7
22 340.86 —60.65 1.9
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Supplementary Table 5: FRB 170906 detections

Beam RA (J2000) DEC (J2000) S/N
(deg) (deg)
20 329.77 —19.80  18.6
19 330.39 —20.49 10.1
14 330.71 —19.64 8.6
21 329.16 —19.11 3.5
26 329.44 —20.64 7.4
27 328.83 —19.95 3.7

Supplementary Table 6: FRB 171003 detections

Beam RA (J2000) DEC (J2000) S/N
(deg) (deg)
06 187.96 —13.05 0.1
18 186.74 —14.06 8.1
12 187.65 —13.90 14.3
13 187.05 —13.22 3.4
19 186.14 —13.38 0.0
25 185.82 —14.22 0.0
24 186.42 —14.91 1.1
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Supplementary Table 7: FRB 171004 detections

Beam RA (J2000) DEC (J2000) S/N

(deg) (deg)
26 179.29 —12.07 11.4
25 179.89 —12.76 1.6
31 178.98 —12.91 1.4
32 178.39 —12.22 2.3
27 178.71 —11.38 3.1
20 179.61 —11.22 4.8
19 180.20 —11.91 4.7

Supplementary Table 8: FRB 171019 detections

Beam RA (J2000) DEC (J2000) S/N

(deg) (deg)
21 334.59 —8.34 24.3
20 335.17 —9.03 9.1
15 335.48 —8.18 0.5
16 334.90 —7.49 1.1
22 334.00 —7.65 4.4
28 333.69 —8.49 12.1
27 334.27 —9.18 17.9
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Supplementary Table 9: FRB 171020 detections

Beam RA (J2000) DEC (J2000) S/N
(deg) (deg)

00 333.22 —19.99 244

01 332.59 —19.31 4.0

06 332.27 —20.16 0.0

07 331.65 —19.48 1.8

12 331.96 —21.01 0.9

Supplementary Table 10: FRB 171116 detections

Beam RA (J2000) DEC (J2000) S/N
(deg) (deg)
28 53.34 —17.35 11.9
22 53.66 —16.51 1.8
21 54.27 —17.20 0.0
27 53.94 —18.04 0.3
33 53.00 —18.19 4.6
34 52.40 —17.50 6.0
29 52.74 —16.65 8.1
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Supplementary Table 11: FRB 171213 detections

Beam RA (J2000) DEC (J2000) S/N
(deg) (deg)

01 54.99 —11.97 2.4

02 54.39 —11.28  27.1

03 53.80 —10.60 6.8

07 54.08 —12.13 2.0

08 53.49 —11.44 2.0

Supplementary Table 12: FRB 171216 detections

Beam RA (J2000) DEC (J2000) S/N

(deg) (deg)
20 49.91 —57.47 0.6
21 50.77 —58.25 0.3
26 50.72 —56.69 1.5
27 51.58 —57.46 8.4
28 52.48 -58.22  -06
32 52.36 —56.66 8.6
33 53.25 —57.42 3.4
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Supplementary Table 13: FRB 180110 detections

Beam RA (J2000) DEC (J2000) S/N
(deg) (deg)

30 327.44 —3430 0.1
31 328.00 —35.08 34.7

32 328.57 —35.85 30.6
33 329.15 —36.62 0.1
25 326.90 —35.08 2.2
beam26  327.46 —35.86 16.7

Supplementary Table 14: FRB 180119 detections

Beam RA (J2000) DEC (J2000) S/N
(deg) (deg)
19 52.86 —13.14 9.1
20 52.27 —12.45 17.3
21 51.68 —11.76 2.0
14 53.17 —12.29 3.3
15 52.58 —11.60 2.3
26 51.95 —13.29 9.0
27 51.36 —12.60 2.7
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Supplementary Table 15: FRB 180128 detections

Beam RA (J2000) DEC (J2000) S/N

(deg) (deg)
11 209.01 —6.73 13.0
05 209.90 —6.58 3.4
10 209.59 —~7.42 42
17 208.70 —17.58 1.7

Supplementary Table 16: FRB 180128.2 detections

Beam RA (J2000) DEC (J2000) S/N

(deg) (deg)
03 335.35 —60.63 10.8
02 334.53 —59.83 6.6
04 336.21 —61.43 2.1
08 336.32 —59.87 7.3
09 337.18 —60.66 4.2
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Supplementary Table 17: FRB 180130 detections

Beam RA (J2000) DEC (J2000) S/N

(deg) (deg)
22 328.05 —38.19 10.8
21 327.47 —37.42 0.5
23 328.65 —38.97 6.7
16 326.91 —38.20 2.3
17 327.49 —38.98 7.0
28 328.61 —37.41 1.7
29 329.20 —38.18 1.8

Supplementary Table 18: FRB 180131 detections

Beam RA (J2000) DEC (J2000) S/N

(deg) (deg)
25 327.52 —41.06 14.8
24 326.92 —40.28 9.3
30 328.10 —40.28 9.0
31 328.71 —41.05 1.9
26 328.13 —41.84  —1.0
19 326.92 —41.84 0.2
18 326.32 —41.06 3.5
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Supplementary Table 19: FRB 180212 detections

Beam RA (J2000) DEC (J2000) S/N
(deg) (deg)

05 21527 —3.80 18.3

04 215.85 —4.49 4.7

10 214.96 —4.64 0.9

11 214.38 —3.95 3.1
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Supplementary Figures
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Supplementary Figure 1: Phase array beam configurations. In panel a, we show the square configuration used for
initial survey that discovered FRB 170107. In panel b, we show the hexagonal configuration used in subsequent

searches. The circle diameters are 0.9 degree, slightly smaller than the FWHP beam point at these frequencies6,

which is ~ 1.2 deg(v/1.3 GHz) 1.
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Supplementary Figure 2: Constraints on position and fluence for FRB 170416. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence.
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Supplementary Figure 3: Constraints on position and fluence for FRB 170428. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence.
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Supplementary Figure 4: Constraints on position and fluence for FRB 170707. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence.
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Supplementary Figure 5: Constraints on position and fluence for FRB 170712. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence.
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Supplementary Figure 6: Constraints on position and fluence for FRB 170906. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence.
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Supplementary Figure 7: Constraints on position and fluence for FRB 171003. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence.
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Supplementary Figure 8: Constraints on position and fluence for FRB 171004. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence.
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Supplementary Figure 9: Constraints on position and fluence for FRB 171019. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence.
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Supplementary Figure 10: Constraints on position and fluence for FRB 171020. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence.
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Supplementary Figure 11: Constraints on position and fluence for FRB 171116. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence.
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Supplementary Figure 12: Constraints on position and fluence for FRB 171213. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence
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Supplementary Figure 13: Constraints on position and fluence for FRB 171216. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence
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Supplementary Figure 14: Constraints on position and fluence for FRB 180110. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence
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Supplementary Figure 15: Constraints on position and fluence for FRB 180119. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence
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Supplementary Figure 16: Constraints on position and fluence for FRB 180128.0. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence
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Supplementary Figure 17: Constraints on position and fluence for FRB 180128.2. Panels a, b and c show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence
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Supplementary Figure 18: Constraints on position and fluence for FRB 180130. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence

43



- e
a L a
o
O = —
S
B I e B S o S S o O T O L s S e e M A —
L b L ¢ | d
F //>\ TS 4 4
, \/\/ \\
— / / T * L —
L | beamB0 beamp4 1 i
—~ [ R N e T ] | |
o ’ N N PN T ~
o) A - N _ >
+ / -~ ¥ 1 o
O I
~ ol | beamp1 beam25 beam'8 | _ 5 | i
© L \ \ g \ L / 1 i ~
< \ //\/ \\//\/ \\ 7/ Q
r N/ SN RN - T 1
L 7‘/ \7‘/ -\~ | i F 4
L i beam?6 beam/19 I i
- L \ vy, ) 1 ] | i
\\ s
L O 1 i
[‘Vxxxxlxxxxlxxxxlxxxxlxlxlxl TS S 2 S ENIR St
2 1 0 -1 -2 0 50 100
A o cos(6) (deg) o (arb.) E, (Jy ms)

Supplementary Figure 19: Constraints on position and fluence for FRB 180131. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence
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Supplementary Figure 20: Constraints on position and fluence for FRB 180212. Panels a, b and ¢ show the one

and two-dimensional posterior distributions for burst position. Panel d shows the constraint on burst fluence
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Supplementary Figure 21: Pulse broadening for FRB 180110. The broadening time 7, shows significant change

with frequency v. The solid line shows the best-fitting power law as a function of frequency 74(v) = (4.5 £

0.5ms) (v/1) 3105 where the quoted uncertainties are 1o.
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Supplementary Figure 22: Spectra for ASKAP FRBs. Spectra are produced from the primary beam detection,
with the exception of FRB 171216, and have not been corrected for primary beam gain variations. For FRB 171216
the spectra has been produced by adding together the two 8o detections with equal weighting. Red lines are
smoothed spectra, smoothed using a Gaussian Kernel with standard deviation of 4 MHz (4 channels). Grey lines
are example baseline spectra taken within 100 ms of the FRBs, and are offset from zero for clarity. Horizontal
lines show zero power for both the on and off pulse spectra. For FRB 170707, a portion of the spectrum is missing
due to spectral channels with zero beam weights (see supplementary text). For FRB 180128.2, the zeroed channels

are flagged due to radio frequency interference (see supplementary text).
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Supplementary Figure 23: Average spectrum of the ASKAP-detected FRBs. The spectrum is shown in black; in
red, we show the best fitting power law (red). The gray spectrum shows the summed and dedispersed off-pulse

spectra taken from within 100 ms of the FRB events. The average power-law spectra index is —1.8 £ 0.3.
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Supplementary Figure 24: Distribution of the V/Vj,ax test statistic. The black line shows the simulated distribu-
tion. The blue curve is an exponential distribution with standard deviation ¢ = 1/+/12N, with N = 19. The red

dashed line is the value of test statistic derived from the 19 bursts detected above our completeness limit.
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Supplementary Figure 25: Fluence-DM distributions for FRBs. In panels a-c¢ we show the simulated distributions
for o = —1.5. In panels d-f we show distributions for and @ = —2.1 (right). Panels a and d : Dispersion-measure
distribution. The black curve shows the simulated DM distribution. The blue histogram is the ASKAP DM
distribution. The red histogram is the Parkes DM distribution. The simulations match the ASKAP DM distribution.
Panels b and e: Joint distribution of S/N and DM. The grayscale shows the 2-D simulated distribution. The ASKAP
FRBs are shown as blue stars. The Parkes FRBs are shown as red squares. Panels ¢ and f: S/N distribution. The

black curve shows the S/N distribution from simulation. The blue curve shows the S/N distribution from the
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ASKAP events. A Euclidean distribution produces an excess of bright events relative to what we observe.
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Supplementary Figure 26: Simulated response of receiving systems to dispersed pulses. The plot shows the

response of ASKAP-like (blue) and Parkes-like (red) backend receiving systems to a power-law population of

FRBs with a Euclidean fluence distribution. If the systems were ideal, (infinite time and frequency resolution) the

distributions would be flat. At high DM (> 800 pc cm™3) there is no difference in the shape of the distributions,

indicating that the observed difference in median DM is not the result of the poorer time and frequency resolution

of the ASKAP data-recording instrument.
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Supplementary Figure 27: Comparison of repetition of FRB 121102 to limits from ASKAP. The plot shows the
limits on the repetition rate R of ASKAP-detected FRBs at 184 mJy ms sensitivity as a function of the cumulative

repetition rate index «, compared to observations of FRB 121102 by the JVLA29,
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Supplementary Figure 28: Pulse profiles and dynamic spectra of ASKAP fast radio bursts. The FRB names and
dispersion measures (DM) in units of pc cm~? are listed in the panels showing the pulse profiles (Panels a). The
spectra (Panels b) have been dedispersed to the maximum-likelihood dispersion measure. The colour scale is set

to range from the mean to 4o of the off-pulse intensity. Time averaged spectra can be found in Supplementary

Figure[22]
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