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Overview:
Why AA-mid for Transients?
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• Large Field of View

• Transients science linearly 
proportional to FoV

• Twice the beams = twice the science 

• A detection machine for FAST transients

• At a sweet spot in the frequency 
range for impulsive transients

• lower frequency events more 
susceptible to temporal smearing by 
ISM/IGM turbulence

• Fast telescope pointing/response possible



Mid-frequency transients science
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• Fast timescale (<5s) transients probe 

– high brightness temperature emission
– extreme states of matter
– physics of strong gravitational fields

• Targets include

– pulsar giant pulses, RRATs & 
magnetars

– Impulsive extragalactic events (FRBs)
– SETI emitters
– the UNKNOWN

• Extragalactic fast transients 

– probe the ionized IGM

– are cosmic rulers



Mid-frequency science
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• Less scattering for fast transients

– better for searching high DM 
events in the Galaxy

– Probably not optimal for slow 
(synchrotron) transients since 
outburst peaks are larger and 
faster at higher frequencies
– better done with SKA-mid at 

5-8 GHz

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
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There is no substitute for Field of View

2

• For most survey science the appropriate metric of telescope 
performance is the survey speed

• But for transients a better metric is the event detection rate

Survey Speed ∝ Ω×
(

Aeff

Tsys

)2

The Astrophysical Journal, 734:20 (15pp), 2011 June 10 Macquart
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Figure 7. Normalized event rate R/ρ0dΩ for various Galactic lines of sight as a function of minimum detectable flux density, S0, for Lmin = 0.1 Jy kpc2,
Lmax = 100 Jy kpc2, α = 1.5, Rmax = 15 kpc, Rc = 8.5 kpc, and h = 1.0 kpc. Here, ν = 1 GHz and the intrinsic duration of each transient is ∆t = 5 ms. None of
these curves are steeper than S

−3/2
0 .

(A color version of this figure is available in the online journal.)

5.1. The Competition Between Survey Depth and Breadth for the Incoherent Combination of Telescope Power

We consider here the relative merits of the two forms of incoherent detection discussed earlier. We consider the collimated survey
mode in which all elements of the array point in the same direction and the total powers of the telescope are combined. The survey
FoV is that of the primary beam of an array element, Ωt , and the minimum detectable source flux density scales proportionally to
S0 = N−1/2S, where S is the flux density that would be detectable with a single array element. In the opposite extreme, in the fly’s eye
mode all array elements are pointed in different directions, so it sacrifices survey depth in favor of breadth: the minimum detectable
flux density is only S0 = S, but the FoV is now NΩt .

The tradeoff between survey depth and breadth depends on the functional dependence of the survey rate on survey FoV and
sensitivity. This dependence is R ∝ ΩS

−3/2
0 for a sensitivity-limited survey, which applies to homogeneously distributed extragalactic

sources or a shallow survey in our Galaxy in which the effects of temporal smearing are negligible. The collimated survey mode
probes transients to a volume that is N3/4 deeper than a single array element. However, although in the fly’s eye mode the survey
probes a shallower volume, out to only the depth seen by a single element, it probes a volume of space N times broader than a single
element. Thus we conclude that it is preferable to use array elements to cover as large an FoV as possible to maximize detection rate
in a sensitivity-limited survey.

In a Galactic survey, the detection rate can exhibit a complicated dependence on survey sensitivity that alters the tradeoff between
survey depth and breadth. If the detection rate can be considered roughly uniform across the survey area (e.g., if the total FoV does
not encompass too large a fraction of the sky), the detection rate takes the form R ∝ ΩS

−3/2+δ
0 , where δ, in general, deviates from

the value of zero that applies to a sensitivity-limited survey by virtue of interstellar scattering and the geometry of the Galaxy. If
δ < −1/2 the collimated configuration becomes the optimal survey mode, while a value of δ > 0 favors the fly’s-eye mode even
more strongly than for the sensitivity-limited survey considered above, with a relative advantage of N1/4+δ/2.

The dependence of event rate on the limiting survey flux density is highly sensitive to the line of sight chosen. In general, one
must plot R against S0 in the range of interest to determine this for the given observing frequency and sight line, and the specific
properties of the transient population. Figure 7 shows the detection rate for four different lines of sight through the Galaxy for the
same population parameters plotted in Figure 5. It is apparent that δ exceeds zero for all lines of sight over the entire range of S0, and
it is as large as δ = 3/2 at low values of S0.

Both scattering and the geometry of the Galaxy force δ to be positive always. Scattering influences this dependence because, while
greater sensitivity increases the proportion of events visible at large distance, these very objects are more susceptible to greater temporal
smearing, which in turn decreases their detectability. Thus a survey detects fewer objects at lower flux density than it otherwise would
in the absence of scattering. We conclude that scattering always moderates the dependence of event rate on limiting flux density, and
δ > 0. This effect is particularly apparent in the behavior of the (l, b) = (0◦, 0◦) curve in Figure 7 in the range 10−6 Jy ! S0 ! 0.01 Jy;
the curve shows a complex behavior that depends on the nature of the scattering, but it is never steeper than S

−3/2
0 .

Effects related to the finite boundary of the Galaxy also force δ to be positive. Once the survey sensitivity has increased to the point
at which it detects objects at the boundary of the Galaxy, one begins to run out of sources, and further increases in survey sensitivity
yield a lower increase in detections relative to the R ∝ S

−3/2
0 dependence associated with a sensitivity-limited survey. At sufficiently

low S0 the survey ultimately finds all objects that would be detectable along that line of sight, at which point the event rate becomes
insensitive to the survey sensitivity. This effect is evident in the flattening of the three uppermost curves in the range S0 ∼ 10−5 Jy in
Figure 7. The mild break in slope observed over the range 10−5 Jy ! S0 ! 0.1 Jy is also attributable to geometry: at S0 ∼ 0.1 Jy the
surveys already detect the most luminous objects at the edge of the Galaxy, and an increase in sensitivity yields no further detections
of these events. At progressively lower values of S0 the survey runs out of further events at correspondingly lower luminosities.
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in the same direction and the total powers of the telescope are combined. The survey FoV

is that of the primary beam of an array element, Ωt, and the minimum detectable source
flux density scales proportional to S0 = N−1/2S, where S is the flux density that would be
detectable with a single array element. In the opposite extreme, in the fly’s eye mode all

array elements are pointed in different directions, so it sacrifices survey depth in favor of
breadth: the minimum detectable flux density is only S0 = S, but the FoV is now NΩt.

The tradeoff between survey depth and breadth depends on the functional dependence
of the survey rate on survey FoV and sensitivity. This dependence is R ∝ ΩS−3/2

0 for a

sensitivity limited survey, which applies to homogeneously distributed extragalactic sources
or a shallow survey in our Galaxy in which the effects of temporal smearing are negligible.

The collimated survey mode probes transients to a volume that is N3/4 deeper than a single
array element. However, although in the fly’s eye mode the survey probes a shallower volume,

out to only the depth seen by a single element, it probes a volume of space N times broader
than a single element. Thus we conclude that it is preferable to use array elements to cover
as large a FoV as possible to maximize detection rate in a sensitivity-limited survey.

In a Galactic survey, the detection rate can exhibit a complicated dependence on survey

sensitivity that alters the tradeoff between survey depth and breadth. If the detection rate
can be considered roughly uniform across the survey area (e.g. if the total FoV does not
encompass too large a fraction of the sky), the detection rate takes the form R ∝ ΩS−3/2+δ

0 ,

where δ, in general, deviates from the value of zero that applies to a sensitivity-limited survey
by virtue of interstellar scattering and the geometry of the Galaxy. If δ < 1/2 the collimated

configuration becomes the optimal survey mode, while a value of δ > 0 favors the fly’s-eye
mode even more strongly than for the sensitivity-limited survey considered above, with a

relative advantage of N1/4+δ/2.

The dependence of event rate on the limiting survey flux density is highly sensitive to

the line of sight chosen. In general, one must plot R against S0 in the range of interest to
determine this for the given observing frequency and sight line, and the specific properties

of the transient population. Figure 7 shows the detection rate for four different lines of sight
through the Galaxy for the same population parameters plotted in Fig. 5. It is apparent that
δ exceeds zero for all lines of sight over the entire range of S0, and it is as large as δ = 3/2

at low values of S0.

Both scattering and the geometry of the Galaxy force δ to be positive always. Scattering
influences this dependence because, while greater sensitivity increases the proportion of
events visible at large distance, these very objects are more susceptible to greater temporal

smearing, which in turn decreases their detectability. Thus a survey detects fewer objects
at lower flux density than it otherwise would in the absence of scattering. We conclude that

Galactic centre

2o above Galactic centre

3o above Galactic centre

90o from Galactic centre

where δ=0 for a homogeneously 
distributed population with no 
evolution 

δ>0 if interstellar or intergalactic 
scattering alter the pulse shape 
(fast transients only)

-0.3 < δ < 0.5 for evolution in a 
cosmological population



Survey Effectiveness for Transients
• Rate-based metric underscores the importance of FoV 

vs sensitivity
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Survey metric R∝ Ω S0-2 R∝ Ω S0-3/2 R∝ Ω S0-1

Rsurvey/Rmid 

(coherent/fast imaging)
2.1 4.3 8.8

Rsurvey/R1-low 

(coherent/fast imaging)
0.10 0.16 0.26

Rsurvey/Rmid 

(incoherent)
6.2 9.7 15

Rsurvey/R1-low 

(incoherent)
1.1 0.9 0.8

This table uses the numbers in Table 1 of the Baseline Design document, and ignores 
the additional sky contribution to Tsys for SKA1-low, and it assumes SKA1-low forms 
only a single station beam on the sky.

Once temporal smearing is important (at low frequency) the S/N of an impulsive event 
degrades as ν-2.  There is a factor 34 degradation between 1160 and 200 MHz if 
scattering evident at 1.2 GHz.



AERA3 Survey Effectiveness for Transients
• Rate-based metric underscores the importance of FoV 

vs sensitivity

• For incoherent assume 15 AERA3 stations and 96 
SKA-survey dishes

• Assuming 175 sq deg FoV at 1GHz
– Rate better by (ν/1GHz)-2 at lower frequency

• Coherent estimates assumes we can process full 
(primary) station FoV

7

Survey metric R∝ Ω S0-2 R∝ Ω S0-3/2 R∝ Ω S0-1

RAERA-3/Rsurvey 

(coherent/fast imaging)
0.1 0.3 1.0

RAERA-3/Rsurvey 

(incoherent)
0.7 1.3 2.6



Killer Science with Extragalactic Bursts

• FRBs are
• common (104 sky-1 day-1)
• bright (detectable to z>1 even with Parkes!)
• millisecond duration, so DM determination easy

• Killer Science:
• Solve the missing baryon problem (McQuinn 2013; 

Deng & Zhang 2014) 
• Use them as cosmic rulers to measure dark energy 

equation of state parameter w at z>2 (Zhou et al. 2014)

8



Most of the mass of the 
Warm-Hot Intergalactic 
Medium (WHIM) lies 
within the filaments that 
connect the higher density 
regions.

9

Detecting the “Missing” IGM Baryons in the 
low redshift Universe

Most baryons in the z~0 Universe undetected

- 5% of the baryons within galaxies 
- 5% in X-ray coronae in massive groups & 
clusters
- 30% in a warm phase observed in Lyα abs’n

Remaining 60% believed to reside at 
temperatures and densities difficult to detect 
via spectral line absorption and emission 
diagnostics

Cen & Ostriker 1999, 2007
Shull et al. 2012



Ioka 2003

Extragalactic Dispersion

DMtot = DMMW + DMIGM + DMhost + DMFRB

small & “known”

unknown & probably small ∝1/(1+z)

key measurable 
& dominant component



Missing Baryons
FRB DMs can resolve the origin of the missing baryons

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

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

• For a set of FRBs at the same redshift, 
the DM distribution function depends on 
the extent of the distribution of the 
baryons around the halos

11

PDFs DMs for bursts located at z=1.  
Distribution function more centrally peaked if the gas 
around the halo is more diffuse or if halos capable of 
retaining their gas are rarer

McQuinn 2013



Killer Science with Extragalactic Bursts
Cosmic Rulers

• Type Ia SNe out to z ~ 1.5 have determined the dark energy 
content of the Universe

• FRBs offer access to the dark energy equation of state 
parameter w(z)=p/ρ 

• Even Parkes easily sees bright FRBs to z>1
• For z>2 the DM contribution is dominated by the IGM
• Measure the average DM as a function of z:

12

〈DMIGM(z)〉 = Ωb
3H0c

8πGmp

∫ z

0

(1 + z′)fIGM

[
3
4Xe,H(z′) + Xe,He(z′)

]

[
ΩM(1 + z′)3 + ΩDE(1 + z′)3[1+w(z′)]

]1/2
dz′

H and He ionization fractions

baryonic density

H and He ionization fractionsH and He ionization fractions

matter density dark energy density
w(z): equation of 
state parameter

Zhou et al. 2014

DM =
∫

nedl⇒
∫

ne(z)
∣∣∣∣
cdt

dz

∣∣∣∣ dz



Killer Science with Extragalactic Bursts
Cosmic Rulers

• Determination of w: measure 
the average DM with z

• Contaminants are DMhost & 
DMFRB

• Contributions diminish relative 
to local contribution as (1+z)-1 
and relative to an IGM whose 
mean density increases (1+z)3

• Technique viable for z>2

• Zhou et al. 2014 estimate ~103 
FRBs detected in order to place 
significant constraints on w

13

ΩM

w

Constraints on w vs ΩM for 580 FRBs 
jointly with 580 Type Ia SNe (red), or 580 
Ia SNe alone (dotted)



What does this science require?

• Top Level Requirement:
– Cosmic web: 103 FRBs per redshift bin, so need to accumulate 

at least 104 FRBs in total

– Cosmic rulers: at least 103, but precision increased with more 
events and only a fraction will be at z>2

• Only an SKA transients factory will be capable of performing 
this science

14



Technical Requirements - Detection

• Three main steps:
– Detection
– Verification
– Localisation & Followup

• Detection
– wide field of view
– Commensality essential - affords time on sky to net the needed 

number of events and discover rare types of events
• a 20 sq. deg. FoV at 104 events/sky/day nets 5 events per day

– cosmic missing baryons a multi-year commensal project

– want both incoherent and coherent signal combination paths 
available
• This flexibility naturally provided by a data spigot-based system 

(cf. V-FASTR)

15

4 Publications of the Astronomical Society of Australia

Figure 2: Signal combination modes, resultant beam patterns, and beam terminology for dishes and
aperture array (AA) stations (beam sizes not to scale).

Commensal and targeted surveys: A com-
mensal survey greatly increases observation time by
conducting the survey in parallel with normal telescope
operations. It is passive; it uses dish or station beam
signals from the primary user observation, placing lit-
tle extra demand on the telescope. Such a survey is
suitable for extragalactic searches, given the informa-
tion about the population of such fast transients is
not known a priori; hence one direction on the sky
is as good as another. To observe specific areas of
the sky, such as the Galactic plane and nearby galax-
ies, a targeted transients survey (which is the primary
user observation) may be required (e.g. van Leeuwen
& Stappers 2010).

Data spigot A data spigot to the dish and sta-
tion beam signals is useful for transients surveys, es-
pecially those which are commensal. If the signal chain
is considered to be the signal path from the antennas
of a radio telescope array to the correlator, a spigot
defines a point in the signal chain where users can
tap off data via a well defined interface. The spigot
for fast transient searches may output either coher-
ent (phase-preserved) data at high rates or, alterna-
tively, incoherent data where the dish or station beam
voltages are squared and integrated to a time resolu-
tion of order milliseconds to reduce the data rate and
subsequent dedispersion processing load. The latter
approach is being taken by CRAFT to access beams
from the ASKAP beamformer (Macquart et al. 2010a).
Similarly, searching the integrated signals from the
dish or station beams which have been incoherently
combined is a low cost option for commensal surveys
with SKA1.

The solid vertical line in Figure 1 shows the point
in the flow diagram where the spigot for fast tran-
sients would need to exist to enable the signal com-
bination modes in this paper. The pipeline after the
spigot point is not part of the normal imaging mode
of the telescope; the post-spigot pipeline may be im-

plemented internally or with user-provided processing.
An example of processing being implemented inter-
nally is the ‘non-imaging processing’ for pulsar ob-
servations with SKA1 (Dewdney et al. 2010); the ap-
proach being taken by CRAFT is an example of user-
provided processing. Note that it is conceivable that a
spigot to the AA-low elemental antenna signals could
also exist, but the data rates make this option pro-
hibitively expensive for SKA1.

3 Survey strategy: Maximis-
ing survey speed and min-
imising cost

Figures of merit quantify the effect of altering the vari-
able parameters of a problem. A simple FoM to mea-
sure the cost effectiveness of a fast transients search
strategy is the detected event rate per beam searched
(Rbeam−1), a proxy for cost in the absence of suffi-
ciently accurate design and cost information. We want
to optimise for a high value of Rbeam−1 , although the
total event rate for all beams (Rν) must also be high
enough to be of scientific benefit and open new vol-
umes of parameter space. The qualitative advantages
of a strategy, which cannot be captured in a FoM, must
also be considered.

The detected event rate is effectively a survey speed.
Smits et al. (2009) present a frequency-dependent FoM
for survey speed (SSFoM) for dishes. It is based on sur-
veying an area of sky, thus SSFoM is linearly propor-
tional to FoV and sensitivity squared. In this paper,
the equivalent SSFoM is the rate of transient events de-
tectable in a volume of sky and is linearly proportional
to FoV and sensitivity to the power of 3/2. It draws
on event rate calculations from Macquart (2011); the
derivation is shown in Appendix B.



Technical Requirements - Verification

How will we believe it otherwise?

• Transient Buffers an essential element of verification
– Detection at multiple separated stations the best “proof” 

• if signal was detected using incoherent (total power techniques 
with wide FoV) then buffered baseband data will

– verify the event and characterise it at high S/N
– determine the DM to much higher precision

• Less than ~1s latency needed in detection signal path
–  in order to signal to dump station buffers

• Capitalizes on the advantage of aperture arrays, which see the 
whole sky (or a large fraction of it)

– can respond retroactively to transient alerts from other instruments 
(LSST, Fermi, Swift)

–Only Aperture Arrays do this!!!

16



Gravitational Wave Events &
Extrasolar Planets

• Gravitational wave events may trigger bursty 
coherent emission as the energy couples with 
plasma
– Bursty emission easier to detect than faint slow 

synchrotron fireball in crowded fields

• Interaction between solar wind and planetary 
magnetic fields causes bright bursty low frequency 
radio emission (e.g. Jupiter cyclotron emission)

• An entirely new way of detecting extrasolar planets 
yields
– planetary rotation period (test spin-orbit 

synchronization)
– orbital inclination
– magnetic field implications for exobiology (shield 

against cosmic ray bombardment)
17

Bursty emission from Jupiter



Extrasolar Planets

18

Radiometric Bode’s law - relation between incident solar wind power and 
emitted planet radio power) implies many planets detectable 
(more if solar wind is variable in speed by a factor of 2, increasing luminosity by a factor ~100)

νc ∼ 23.5
(

ω

ωJ

) (
M

MJ

)5/3

R3
J MHz

Predicted burst flux densities for 106 
known exoplanets vs their predicted 
characteristic emission frequency 
(Lazio, Farrell et al. 2004)



Other high time resolution science

• Pulsars (not strictly transients but...)
– Overcome pulsar scattering that hampers LOFAR/SKA-low 

surveys
• RRATs
• Giant pulses
• The Galactic Centre at 1.5 GHz???

• Pulsar Speckle Astrometry
– sub-second timeresolution
– ~10 Hz spectral resolution
– record in tied-array mode

• Rare unknown unknowns

19
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Imaging Science
benefiting from wide fields of view

• Quasar Intra-Day Variability
– High brightness temperature quasar emission
– Intermittency of Interstellar Turbulence
– >50% of all flat/inverted spectrum sources exhibit IDV during 

the course of a year
– >1% of all radio source

• Extreme Scattering Events
– 1 event/source/(70 years) 
– inferred to be caused by clouds in ISM
– (i.e. >104 clouds per pc3)
– optics require high plasma density
– objects >103 overpressured wrt ionized ISM
– origin unclear
– rapid detection and VLBI followup required

20

L126 WALKER & WARDLE Vol. 498

Fig. 1.—Electron density as a function of radius for a photoevaporated wind:
Dyson’s (1968) solution (dashed line) and our approximation (solid line).

Fig. 2.—Observations (left panel, adapted from Clegg et al. 1998; original data in Fiedler et al. 1987) and theory (right panel) for the ESE seen in the quasar
0954!658. The upper curves correspond to a radio frequency of 8.1 GHz (to which 1 Jy has been added) and the lower curves to 2.7 GHz.

Making use of this electron density distribution, together
with the phase-screen approximation, it is straightforward to
compute light curves for a neutral cloud traversing the line of
sight to a distant radio source. Figure 2 shows one such com-
putation, appropriate to a cloud at a distance of 2 kpc and an
impact parameter of , along with the data for 0954!658.R/2
To simulate the nonzero size of the real source, the theoretical
curves are smoothed by convolution with Gaussian functions.
The adopted source model corresponds to 50% of the source
flux being contained within a compact (lensed) component,
with this component having a brightness temperature of 8#

K.1110
The main qualitative features of these light curves are ac-

counted for as follows. The phase velocity of the wave is in-
creased by the presence of free electrons, so the cloud acts as
a diverging lens. At low frequencies, the lens is powerful
enough that almost all rays are refracted out of the line of sight,
and only a small flux is measured when the lens is aligned with
the source; this behavior is generic to all blobs of free electrons
regardless of the details of their density distribution. Conse-
quently, this regime of a very strong lens is not particularly
helpful in distinguishing our model from other possible electron
density distributions. At higher frequencies, however, the re-

fractive index of the lens is much smaller, and typically rays
are no longer refracted through sufficiently large angles that
caustics form. Exceptions occur for rays that pass near the edge
of the cloud: here the photoionized skin creates a large phase
curvature in the wave front and can introduce caustics even at
high frequencies. These caustics are evident as sharp peaks in
the model light curve, and we note that similar features appear
in the data; in our model, they are intimately associated with
the presence of a peak in the electron column density at the
limb of the cloud. The good qualitative agreement between our
model and the data suggests that surface photoevapora-
tion—which, of course, implies underlying cool material—is
an essential feature of real ESE clouds. By contrast, the Gaus-
sian electron density profile originally proposed (Romani et al.
1987) for ESEs cannot, even qualitatively, match the dual-
frequency light curve of 0954!658.

3. IMPLICATIONS FOR DARK MATTER

Going beyond the interpretation of individual events, the
principal implication of the new model is that there is much
more mass present in the ESE clouds than had been previously
thought (cf. Fiedler et al. 1987; but see also Pfenniger &
Combes 1994). We now derive a lower limit on the total con-
tribution of the ESE clouds to the mass of the Galaxy.
The sky-covering fraction, f, of the clouds is estimated from

the flux-monitoring data (Fiedler et al. 1994) to be f ∼ 5#
. We can immediately relate f to the total surface density,"310

S, in clouds at the solar circle: 2S ! 2 Asin FbFS fM/pR ∼
, for cloud mass M and radius R (ESEs do not pref-2fM/pR

erentially occur at low Galactic latitude, b, so we have set
). These quantities are in turn related by theAsin FbFS ∼ 0.5

requirement of hydrostatic equilibrium within each
cloud— at temperature T—leading tokT ∼ GMm /R S ∼p

. The cloud radius can be inferred from the eventfkT/pGm Rp
duration, in combination with an assumed transverse speed; a
limit follows from setting the transverse speed equal to the
escape speed for the Galaxy (500 km s"1), giving R ! 3#

. We expect that the cloud temperatures are at least as1410 cm
large as that of the cosmic microwave background (i.e.,

An ESE detected at 2 and 8 GHz



In summary:
AA-mid as a fast transients instrument

• 500-1500 MHz the sweet spot for bright coherent emission from distant 
(high DM) objects if we wish to avoid the deleterious effects of scattering

• Large field of view with an excellent sensitivity

• No “analogue” beamforming (i.e. optics) to limit telescope capability at 
the front end
– Capacity to bring back signals from all antennas to the central processing 

hut provides the capacity to tailor searches (e.g. trade beams for bandwidth)
– Transient buffers to retroactively respond to alerts at other wavebands

• Better localisation than AA-low
– for a given baseline

• Lower Tsys than AA-low
– since Tsky not dominant except towards parts of the Galactic plane 

and the Galactic centre

• Ionosphere/calibration not so problematic as at lower frequencies
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Summary

• Even AERA3 is competitive against SKA-survey if we can exploit its 
entire FoV at full sensitivity

– but is this possible?
• fast imaging?
• cost probably prohibits tiling full FoV with beams and 

searching
– like going into Moon orbit and turning back to Earth because I forgot lunch

• Commensality is a requirement

• How feasible is it to implement buffers within the system 
architecture?
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- what is the preferred frequency range for your science?

End of SKA-low to as high as possible

- what is the minimal bandwidth you need continuous access to? Does it need to be contiguous?

More always better (but not at expense of FoV or beams).  Contiguous unnecessary

- is the sensitivity sufficient for your science? 

Maybe
 
- what time and/or frequency resolution do you need?

Sub-ms.  ~10-100 kHz to dedisperse DM>2000 pc cm-3 events 

- what do you need in terms of spatial resolution?

Sub 1”.  0.1” preferable for unambiguous localization of z~1-2 events

- do you prefer a centrally condensed array, or a more widely spaced configuration?

Mainly centrally condensed for searching, but some long baselines for localisation

- how large a field-of-view should be accessible in a single observation?

As large as possible.  Event detection rate linearly proportional to FoV.
- how many independent fields-of-view do you require?


