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Change Requests

• Preface: Hard to exploit the entire FoV at full sensitivity for 
fast transients  
– can incoherently sum antenna powers but lose sqrt(96) of 

sensitivity

• Fast Imaging
– 10s ideal for slow transients
– 1ms for fast transients - a dream? 

• Full Commensality
• Transient Buffers

– ~30s at this frequency fine for high DMs
• Ability to Issue and Respond to Triggers
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There is no substitute for Field of View
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• 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 ! !"
!

Ae!

Tsys

"2

The Astrophysical Journal, 734:20 (15pp), 2011 June 10 Macquart

10 6 10 4 0.01 1 100

10 5

0.001

0.1

10

1000

S0(Jy)

S0
3 2 reference line

90°, 0°

0°, 3°

0°, 2°

0°, 0°

l,b coordinates

E
ve

nt
 R

at
e/

! 0 d
"

Figure 7. Normalized event rate R/!0d! 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, " = 1.5, Rmax = 15 kpc, Rc = 8.5 kpc, and h = 1.0 kpc. Here, # = 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, !t , 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 N!t .

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 " !S

!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 " !S

!3/2+$
0 , where $, 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
$ < !1/2 the collimated configuration becomes the optimal survey mode, while a value of $ > 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+$/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 $ exceeds zero for all lines of sight over the entire range of S0, and
it is as large as $ = 3/2 at low values of S0.

Both scattering and the geometry of the Galaxy force $ 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
$ > 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 $ 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, !t, 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 di"erent directions, so it sacrifices survey depth in favor of
breadth: the minimum detectable flux density is only S0 = S, but the FoV is now N!t.

The tradeo" between survey depth and breadth depends on the functional dependence
of the survey rate on survey FoV and sensitivity. This dependence is R ! !S!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 e"ects 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 tradeo" 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 ! !S!3/2+!

0 ,

where !, 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 ! < 1/2 the collimated

configuration becomes the optimal survey mode, while a value of ! > 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+!/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 di"erent lines of sight
through the Galaxy for the same population parameters plotted in Fig. 5. It is apparent that
! exceeds zero for all lines of sight over the entire range of S0, and it is as large as ! = 3/2

at low values of S0.

Both scattering and the geometry of the Galaxy force ! 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



Why SKA-Survey for Transients?

• This rate-based metric underscores the importance of field of 
view vs sensitivity

• Compare SKA-survey and SKA-mid
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Survey metric R∝S0-2 Ω R∝S0-3/2 Ω R∝S0-1 Ω

RSKA-survey/
RSKA-mid

2.1 4.3 8.8

RSKA-survey/
RSKA1-low

0.10 0.16 0.26

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.



FRBs and other Fast Transients may not be 
detectable with SKA1-low

– Both the Lorimer burst and the 
brightest of the Thornton FRBs 
exhibit ~ 1 ms of temporal smearing 
at ~1.3 GHz

– Smearing scales as ν-4±0.4 so would 
last ~2 s at 200 MHz and S/N would 
decrease a factor 42

– FRB science may only be feasible 
with SKA-survey
• SKA-mid is too slow (poor FoV)
• SKA1-low: scattering effects 

deleterious
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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 ofRFRB!F e 3 Jy ms" #
1:0$0:6

!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
17$9

!7 , 7
$4
!3 , and 12$6

!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 # 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 !F e 3 Jy ms"
e 102RFRB!F010724 e 150 Jy ms".

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 # !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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Thornton et al. 2013

Pulse width increases as ν-4.0: 
scattering in a turbulent plasma but 
effect too large to be our Galaxy’s ISM
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What does a PAF buy you?

Field of view (deg2)

M
im

im
um

de
te

ct
ab

le
si

gn
al

in
1

m
s

(J
y)



Possible Fast Transients Implementation
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MAC

(From
36

antennas)

Correlator

Tied-array former

Visibilities
( t~5 s)

VLBI etc.
(~4 array
beams)

Future coherent
time-domain
processing

Time
domain

( t ~
1/304 MHz)

( t ~
0.5 ms)

19 kHz

PAF
(94-element,

dual poln)

ADC 1 MHz Beam
form

Switch

FPGA
engine

CPU/GPU
engine

PAF Beamformer
(30 PAF
beams)

1 GbE

Event
triggers

304 MHz
RF

10 GbE

TD Incoherent Processor

Buf-
fer

P. J. Hall
June 2010

Cannot tile entire FoV with tied-array beams (3x108 beams required) 
so process total powers of each beam 

- send alerts back to buffers once an event is detected
- unless a ~1ms imaging mode is implemented



Verification, Localisation & Followup
The Importance of a Transients Buffer

– 1” localisation needed: to uniquely ID an event with its host 
galaxy at z~1

– 0.9” resolution of SKA-survey ideal

– Transient buffers are essential for this telescope due to 
necessity of performing much fast transients searching with 
total powers
• Such capability naturally provided in the beamformers, where 

some buffering is required
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Imaging Science
benefiting from wide fields of view

• Grav Wave counterparts
– SKA-survey FoV good match to the 10-100 sq. deg. uncertainty 

in grav wave events
– emission possible if burst occurs in a dense environment

• electrons in shock-heated plasma fireball emit synchrotron 
radiation which peaks at GHz frequencies (Nakar & Piran 2011)

– At 300 Mpc a merger would be ~1mJy at 1GHz and detectable 
by Advanced LIGO

– ~6 detectable NS-NS mergers detectable at any time
• Tidal Disruption Events

– when a star is tidally shredded in the gravitational field of 
a black hole

– sudden increase in BH accretion rate
– often accompanied by relativistic jets, so picked up in 

radio
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Imaging Science
benefiting from wide fields of view

• GRB orphan afterglows
– detect the rare but (important) nearby (500Mpc) events
– how many whose jet was initially pointed away from us?

• beaming fraction of GRBs
• open up many more objects for study: insight into jet structure and lack 

of jet breaks for some objects observed by Swift
• Unbiased census of local SNe

– needed to get accurate star formation rate
• some SNe are obscured in optical and IR

• Accreting Neutron Stars and Black Holes (XRBs)
• Classical Novae

– white dwarf accreting matter from a companion
– radio emission lasts years, can estimate total ejecta mass

• Flare Stars, Pre-Main-sequence stars & Rotation-driven 
stellar activity
– argued that radio is best way to estimate stellar magnetic field (Berger 2006)
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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

11
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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



Survey Implementation
Likely to be very similar to the ASKAP fast & 
slow transients surveys, CRAFT & VAST

– Both surveys are fully commensal
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• CRAFT
– Non-imaging
– Buffer+dedicated hardware attached to 

a data spigot
– 1ms - 5 s resolution (backend hardware 

limited)
– coarse spectral channels (but finer 

resolution req’d for high DM events)

– fully piggybacks off current observations

• VAST
– Imaging
– Utilises standard image 

processing pipeline
– >5 s resolution 

– coarse spectral channels
– prefer a variety of survey 

strategies
– Deep (104 sq.deg. to 0.05mJy) 
– Wide (104 sq.deg./day to 

0.5mJy)
– Galactic (750 sq.deg. to 0.1mJy)



Change Requests

• Preface: Hard to exploit the entire FoV at full sensitivity for 
fast transients  
– can incoherently sum antenna powers but lose sqrt(96) of 

sensitivity

• Fast Imaging
– 10s ideal for slow transients
– 1ms for fast transients - a dream? 

• Full Commensality
• Transient Buffers

– ~30s at this frequency fine for high DMs
• Ability to Issue and Respond to Triggers
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SKA1-low super widefield
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Sum all the dipoles incoherently?

See 1/7th of the entire sky!
Smin = 2kB

Tsys

Ae!

!
npol !! "

Ae!/Tsys = 1000m K!1, " = 5ms, !! = 300! 106 Hz

" Smin = 1.6 mJy

Incoherently sum all 250000 antennas:

" Smin = 0.8 Jy

Get logN-logS of transient population in a few days!  Tells 
you how to configure survey to get best transient science



SKA1-low super widefield
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350-675 MHz performance

Get logN-logS of transient population in a few days!  Tells 
you how to configure survey to get best transient science

Ae!/Tsys = 700m K!1, ! = 5ms, !" = 300! 106 Hz

" Smin = 2.3 mJy

Incoherently sum all 250000 antennas:

" Smin = 1.1 Jy


