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CRAFT reborn

How to make ASKAP the Kim Kardashian of telescopes

Crucial [forthcoming] new results 
FRBs 

• Source counts (accurate fluences) 
• Origin (position) 
• Evolution (position) 

Other known unknowns 
[Gravitational Waves (position)] 

The CRAFT roadmap - Keith’s talk
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Fast Radio Bursts

What is an FRB?
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What is an FRB?
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energy distribution across the band in FRB 110220
is characterized by bright bands ~100 MHz wide
(Fig. 2); the SNRs are too low in the other three
FRBs to quantify this behavior (2). Similar spec-
tral characteristics are commonly observed in the
emission of high-|b| pulsars.

With four FRBs, it is possible to calculate an
approximate event rate. The high-latitude HTRU
survey region is 24% complete, resulting in 4500
square degrees observed for 270 s. This cor-
responds to an FRB rate ofRFRBðF e 3 Jy msÞ ¼
1:0þ0:6

−0:5 % 104sky−1day−1, where the 1-s uncer-
tainty assumes Poissonian statistics. The MW
foreground would reduce this rate, with increased
sky temperature, scattering, and dispersion for
surveys close to the Galactic plane. In the ab-
sence of these conditions, our rate implies that
17þ9

−7 , 7
þ4
−3 , and 12þ6

−5 FRBs should be found in
the completed high- and medium-latitude parts
of the HTRU (1) and Parkes multibeam pulsar
(PMPS) surveys (18).

One candidate FRB with DM > DMMW has
been detected in the PMPS [ jbj < 5○ (5, 19)].
This burst could be explained by neutron star
emission, given a small scale-height error;
however, observations have not detected any
repetition. No excess-DM FRBs were detected in
a burst search of the first 23% of the medium-
latitude HTRU survey [jbj < 15○ (20)].

The event rate originally suggested for
FRB 010724, R010724 ¼ 225 sky−1 day−1 (4), is
consistent with our event rate given a Euclid-
ean universe and a population with distance-
independent intrinsic luminosities (source
count, NºF−3=2) yielding RFRB ðF e 3 Jy msÞ
e 102RFRBðF010724 e 150 Jy msÞ.

There are no known transients detected at
gamma-ray, x-ray, or optical wavelengths or
gravitational wave triggers that can be temporally
associated with any FRBs. In particular there is

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

Table 1. Parameters for the four FRBs. The position given is the center of the gain pattern of the beam
in which the FRB was detected (half-power beam width ~ 14 arc min). The UTC corresponds to the arrival
time at 1581.804688MHz. The DM uncertainties depend not only on SNR but also on whether a and b are
assumed (a ¼ −2; no scattering) or fit for; where fitted, a and b are given. The comoving distance was
calculated by using DMHost = 100 cm−3 pc (in the rest frame of the host) and a standard, flat-universe
LCDM cosmology, which describes the expansion of the universe with baryonic and dark matter and dark
energy [H0 = 71 km s−1Mpc−1,WM=0.27,WL =0.73;H0 is the Hubble constant andWM andWL are fractions
of the critical density of matter and dark energy, respectively (29)]. a and b are from a series of fits using
intrinsic pulse widths of 0.87 to 3.5ms; the uncertainties reflect the spread of values obtained (2). The observed
widths are shown; FRBs 110627, 110703, and 120127 are limited by the temporal resolution due to dis-
persion smearing. The energy released is calculated for the observing band in the rest frame of the source (2).

FRB 110220 FRB 110627 FRB 110703 FRB 120127

Beam right
ascension ( J2000)

22h 34m 21h 03m 23h 30m 23h 15m

Beam declination
( J2000)

−12° 24′ −44° 44′ −02° 52′ −18° 25′

Galactic latitude,
b (°)

−54.7 −41.7 −59.0 −66.2

Galactic longitude,
l (°)

+50.8 +355.8 +81.0 +49.2

UTC (dd/mm/yyyy
hh:mm:ss.sss)

20/02/2011
01:55:48.957

27/06/2011
21:33:17.474

03/07/2011
18:59:40.591

27/01/2012
08:11:21.723

DM (cm−3 pc) 944.38 T 0.05 723.0 T 0.3 1103.6 T 0.7 553.3 T 0.3
DME (cm

−3 pc) 910 677 1072 521
Redshift, z (DMHost =

100 cm−3 pc)
0.81 0.61 0.96 0.45

Co-moving distance,
D (Gpc) at z

2.8 2.2 3.2 1.7

Dispersion index, a −2.003 T 0.006 – −2.000 T 0.006 –
Scattering index, b −4.0 T 0.4 – – –
Observed width

at 1.3 GHz, W (ms)
5.6 T 0.1 <1.4 <4.3 <1.1

SNR 49 11 16 11
Minimum peak

flux density Sn(Jy)
1.3 0.4 0.5 0.5

Fluence at 1.3 GHz,
F (Jy ms)

8.0 0.7 1.8 0.6

SnD2 (× 1012 Jy kpc2) 10.2 1.9 5.1 1.4
Energy released, E (J) ~1039 ~1037 ~1038 ~1037

www.sciencemag.org SCIENCE VOL 341 5 JULY 2013 55
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FRB 110220 as reported 
by Thornton et al. 2013 

slope of time-frequency sweep -

direct measure of plasma column:

DM = 944 pc cm-3


Burst cannot have come from our Galaxy

Pulse width increases as 
ν-4.0, consistent with 
scattering in a turbulent 
plasma
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Extraordinary FRB properties
• Bright Fluences up to ~10 Jy ms  

– >21 events at Parkes (Lorimer et al. 2007;Thornton et al. 2013;Champion et al. 2016)  

– 1 at Arecibo several times (Spitler et al. 2014)  

– 1 at Green Bank 

• Distant Extremely high dispersion measures for objects above the Galactic plane 
(375-1500 pc/cm3) 
– Not obviously associated with nearby galaxies 

• Common Inferred event rate ~ 2-5 x103 sky-1 day-1 

• Scattered Many exhibit temporal smearing of order several milliseconds (much larger than 
expected due to scattering in the Milky Way)

5
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Fast transients as cosmological probes
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energy distribution across the band in FRB 110220
is characterized by bright bands ~100 MHz wide
(Fig. 2); the SNRs are too low in the other three
FRBs to quantify this behavior (2). Similar spec-
tral characteristics are commonly observed in the
emission of high-|b| pulsars.

With four FRBs, it is possible to calculate an
approximate event rate. The high-latitude HTRU
survey region is 24% complete, resulting in 4500
square degrees observed for 270 s. This cor-
responds to an FRB rate ofRFRBðF e 3 Jy msÞ ¼
1:0þ0:6

−0:5 % 104sky−1day−1, where the 1-s uncer-
tainty assumes Poissonian statistics. The MW
foreground would reduce this rate, with increased
sky temperature, scattering, and dispersion for
surveys close to the Galactic plane. In the ab-
sence of these conditions, our rate implies that
17þ9

−7 , 7
þ4
−3 , and 12þ6

−5 FRBs should be found in
the completed high- and medium-latitude parts
of the HTRU (1) and Parkes multibeam pulsar
(PMPS) surveys (18).

One candidate FRB with DM > DMMW has
been detected in the PMPS [ jbj < 5○ (5, 19)].
This burst could be explained by neutron star
emission, given a small scale-height error;
however, observations have not detected any
repetition. No excess-DM FRBs were detected in
a burst search of the first 23% of the medium-
latitude HTRU survey [jbj < 15○ (20)].

The event rate originally suggested for
FRB 010724, R010724 ¼ 225 sky−1 day−1 (4), is
consistent with our event rate given a Euclid-
ean universe and a population with distance-
independent intrinsic luminosities (source
count, NºF−3=2) yielding RFRB ðF e 3 Jy msÞ
e 102RFRBðF010724 e 150 Jy msÞ.

There are no known transients detected at
gamma-ray, x-ray, or optical wavelengths or
gravitational wave triggers that can be temporally
associated with any FRBs. In particular there is

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

Table 1. Parameters for the four FRBs. The position given is the center of the gain pattern of the beam
in which the FRB was detected (half-power beam width ~ 14 arc min). The UTC corresponds to the arrival
time at 1581.804688MHz. The DM uncertainties depend not only on SNR but also on whether a and b are
assumed (a ¼ −2; no scattering) or fit for; where fitted, a and b are given. The comoving distance was
calculated by using DMHost = 100 cm−3 pc (in the rest frame of the host) and a standard, flat-universe
LCDM cosmology, which describes the expansion of the universe with baryonic and dark matter and dark
energy [H0 = 71 km s−1Mpc−1,WM=0.27,WL =0.73;H0 is the Hubble constant andWM andWL are fractions
of the critical density of matter and dark energy, respectively (29)]. a and b are from a series of fits using
intrinsic pulse widths of 0.87 to 3.5ms; the uncertainties reflect the spread of values obtained (2). The observed
widths are shown; FRBs 110627, 110703, and 120127 are limited by the temporal resolution due to dis-
persion smearing. The energy released is calculated for the observing band in the rest frame of the source (2).
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We can 
– directly detect every single baryon along the line of sight! 
– use the DM-redshift relation as a cosmic ruler 
– measure turbulence on sub 108m scales at distances of ~1Gpc 
– probe IGM physics: primordial magnetic field & energy deposition

Dark energy:

identity unknown,

~73 percent

Dark matter:

identity unknown,

~23 percent

Luminous matter:

stars and luminous gas 0.4 percent

radiation 0.005 percent

Other nonluminous components

intergalactic gas 3.6 percent,

neutrinos 0.1 percent

supermassive black holes

0.004 percent

“Missing” 
Baryons

G
alaxies

X-ray coronae

Ly-α 
absorption 
systems

see both Macquart et al., Fender et al. in the SKA Science book



CRAFT reborn

Where are the missing baryons?
FRB dispersion can directly answer this question 

• Missing baryons location an important element of galaxy 
halo accretion and feedback  

• Most dark matter found in galaxy halos, but most baryonic 
matter outside this scale (>100kpc) 

• How do we determine its distribution?

7

𝛾 McQuinn 2014
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Dark Energy - FRBs as cosmic rulers
FRBs measure the dark energy equation of state: 

How does w evolve with time? 

• The term c dt/dz is a ruler that measures the curvature of the Universe  
• Measure the DM as a function of redshift

8

w =
p

⇢

DM =
⇥

nedl�
⇥

ne

����
c dt

dz

���� dz

Zhou et al. 2014

H and He ionization fractions

baryonic density curvature due to matter curvature due to  
dark energy w(z): equation of state

�DMIGM(z)⇥ = �b
3H0c

8�Gmp

⇤ z

0

(1 + z�)fIGM

�
3
4Xe,H(z�) + 1

8Xe,He(z�)
⇥

�
�M(1 + z�)3 + �DE(1 + z�)3[1+w(z�)]

⇥1/2
dz�

: Universe curvature terms
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Host ID difficult without good localisation

ID’ed FRB150418 with 
a z=0.492 galaxy  

BUT… 

9

LETTER RESEARCH

0 0  M O N T H  2 0 1 6  |  V O L  0 0 0  |  N A T U R E  |  3

From fitting ΛCDM cosmological models to Wilkinson Microwave 
Anisotropy Probe (WMAP) observations one derives12 the cosmic 
density of all baryons Ωbaryons = 0.046 ± 0.002. Of these, about 10% 
are not ionized or are in stellar interiors23 so that we expect to meas-
ure a cosmic density of ionized baryons in the intergalactic medium 
of ΩIGM ≈ 0.9 × Ωbaryons ≈ 0.041 ± 0.002. Thus, our measurement 
independently verifies the ΛCDM model and the WMAP observa-
tions, and constitutes a direct measurement of the ionized material 
associated with all of the baryonic matter in the direction of the FRB, 
including the so-called “missing baryons”24. Alternatively, if we take 
ΩIGM ≡ 0.041, our measurements show that DMhost is negligible.

FRB localization allows us to correct a number of observable quantities 
that are corrupted by the unknown gain correction factor owing to a lack 
of knowledge of the true position within the telescope beam. Accounting 
for the frequency-dependent beam response25 we can derive a true spectral 
index for the FRB. We obtain α = +1.3 ± 0.5 for a fit centred at 1.382 GHz. 

Similarly, we derive a corrected flux density and fluence, and these, in com-
bination with the redshift measurement, enable us to derive the distances, 
the energy released, the luminosity and other parameters (Table 1).

In considering the nature of the progenitor we first consider the host 
galaxy. An upper limit to the star-formation rate can be determined 
from the upper limit Hα luminosity indicated by the Subaru spectrum 
(see Methods) to be ≤0.2M◉ yr−1, where M◉ is the solar mass. Such 
a low star-formation rate implies, in the simplest interpretation, that 
FRB models directly related to recent star formation such as magnetar 
flares or blitzars are disfavoured. This problem might be avoided if either 
some residual star formation occurred in an otherwise ‘dead’ galaxy, 
or if the FRB originated in one of the many satellite galaxies that are 
expected to surround an elliptical galaxy at this redshift, but that cannot 
be resolved in our observations. Failing these, the lack of star formation 
favours models such as compact merger events. This may be supported 
by the existence of the ∼6-day radio transient, which we interpret as 

Figure 3 | Optical analysis of the FRB host galaxy. a, A wide-field 
composite false-colour RGB (red–green–blue) image, overplotted with 
the half-power beam pattern of the Parkes multi-beam receiver. Panels 
b and c show successive zooms on the beam 4 region, and on the fading 
ATCA transient location respectively. P200 K s denotes the Palomar 
telescope 200-inch Ks band. Panel d is further zoomed in with the error 
ellipses for the ATCA transient, as derived from both the first and 

second epoch, overplotted. e, The Subaru FOCAS spectrum de-reddened 
with E(B − V) = 1.2, smoothed by five pixels and fitted to an elliptical 
galaxy template at z = 0.492, denoted by the blue line. Common atomic 
transitions observed in galaxies are denoted by vertical dashed lines 
and yellow lines denote bright night sky lines. The Subaru r′ and i′ filter 
bandpasses are denoted by light red and grey background shading. The red 
line is the 1σ per pixel uncertainty (not smoothed).
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BUT…
The source is just an Intra-day variable source 
At the ~100 μJy level of the counterpart there are: 

• ~300 sources/sq.deg. of which ~10% compact and of 
these expect ~20% to scintillate 

Expect ~6 IDVs/sq.deg.  
• Consistent with STRIPE-82 survey findings (Mooley et al. 2016) 

Of sources varying on timescales < 1week, 14 (out of 3652) exceed 50% modulations 
(mainly <1 mJy sources).  Expect 1.2 sources/sq.deg. with a modulation index 
exceeding 50% at the 100 μJy level.
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Location, location, location…

Top Level Requirement: localisation 
Cosmic web 

• 1000 FRBs per redshift bin, so need to accumulate at least 
10000 FRBs in total 

Cosmic rulers 
• At least 1000, but precision increased with more events 

and only a fraction will be at z>2 (but note recent Parkes 
detections) 

ASKAP will provide accurate fluences (unlike Parkes 
multibeam) 
– 0.1-1.0” localisation needed: to uniquely ID an event with its host galaxy at z~1 

• At 1GHz this requires baselines 6 km for a 20σ event 
• LSST will have redshifts of all galaxies out to z~1.5

11



Transients, Variables and AA-MID

Are FRBs Cosmological?

12
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Figure 2 FRB 121102 burst morphologies and spectra. The central greyscale (linearly
scaled) panels show the total intensity versus observing frequency and time, after cor-
recting for dispersion to DM=559 pc cm�3. The data are shown with 10 MHz and 0.524 ms
frequency and time resolution, respectively. The diagonal striping at low radio frequencies
for Bursts 6, 7 and 9 is due to RFI that is unrelated to FRB 121102. The upper sub-panels
are burst profiles summed over all frequencies. The band-corrected burst spectra are
shown in the right sub-panels. The signal-to-noise scales for the spectra are shown on
each sub-panel. All panels are arbitrarily and independently scaled.
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Spitler et al. (2016) report a 
repeating FRB 

• Spectrum is all over the 
place 

• Argue that it favours 
magnetar origin - but 
magnetars are not bright 
enough to be visible at 
cosmological distances 

• Are there two 
populations of FRB?
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FRB properties
Determination of origin from source counts 

13

D
max

=

r
L

4⇡S⌫

If the events are not cosmological but extragalactic, their 
differential source counts scale as Sν-5/2: 

• With a sensitivity to events down to flux density Sν we detect events 
of luminosity L out to distance  

The number of events we detect per Sν bin is 

If source counts deviate from Sν-5/2 either  
1. non-Euclidean geometry matters (i.e. at high z) or  
2. they must be distributed inhomogeneously with distance (i.e. at high z) 

dR
dS⌫

=
4⇡

3
⇢

d

dS⌫
[D3

max

] / S�5/2
⌫

Number of events per 
unit time per volume
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Evidence of FRB Cosmological Origin

Observations show there is a 4.7:1 difference in the 
detection rate between high (>30 deg) and low latitude   
(Petroff et al. 2014) 

Interstellar scintillation explains this dependence: also implies source 
counts are non-Euclidean (dN/dSν ~ Sν-3.5) (Macquart & Johnston 2015) 

14

latitude Hours on sky Events Rate (h/event)
|b|<15 1927.7 2 960

30<|b|<45 2128.85 7 300
|b|>45 1030.0 6 170
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ASKAP will settle this almost immediately

…even without localisation capabilities 

This is because we can get ~1-4 events/day (see Shivani’s 
and Keith’s talks) 

Accumulate enough event statistics to determine the source 
counts 

Of the ~23 events detected, only ~5 exceed the 2 Jy ms 
completeness limit 

Even the rate at which we find events yields source counts 
info (relative to Parkes detection rate)

15
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Key CRAFT doers

Keith Bannister (co PI; scientist/engineer) 
Ryan Shannon (hardcore pulsar astronomer) 
Wayne Arcus (new PhD student) 
Jean-Pierre Macquart (co PI; theorist) 
Ewan Barr (GPU) 
+ a cast of engineers and ASKAP commissioning staff
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