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Transients Science with the SKA

Transients as a physics lab
Why do we care? 
The physics of the extreme 

• Cosmology 
• Extreme gravity and states of matter 
• Accretion physics 

Transients taxonomy 
• Image plane - “synchrotron/thermal” mechanisms 
• Time-domain - “coherent” mechanisms 

Precursors charting the landscape 
• Lessons learnt 

Transients Science in the SKA era 
• An explosion of time-domain capabilities 
• The SKA’s place in global time-domain astrophysics
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Scientific Motivation
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• Transients probe  
– high brightness temperature emission 
– extreme states of matter 
– physics of strong gravitational fields 
– physics of accretion 
– extreme energy densities 

• Impulsive transients are subject to a range of propagation effects that 
are exquisitely sensitive probes of 

• the IGM 

• the spacetime metric on cosmological scales
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Broad scope & diverse phenomena 
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Known Knowns & Known Unknowns
Time-domain - bursty and generally coherent 

• Pulsars including Magnetar bursts, Transitional XRBs, Giant Pulses, 
RRATs 

• Fast Radio Bursts 
• Bursty emission from exoplanet-star systems, brown 

dwarfs 

Image domain - incoherent synchrotron or thermal 
• X-ray binaries  
• Tidal Disruption Events 
• Novae & Flare stars 
• Intra-day variable quasars/Extreme Scattering Events 
• System mergers/gravitational wave events
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Transients Cartography
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Map of Australia 
Hessel Gerritsz (1618), 
cartographer of the  
Dutch East India 
Company
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Transients Cartography
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Figure 4: Transients parameter space expanded to include coherent sources. From Pietka, Fender & Keane
(2015), following a long line of similar plots (e.g. Cordes, Lazio & McLaughlin 2004).

and via scintillation (see also Bignall et al. 2015, this volume) will result in at least 1% of radio
sources being variables at the tens of percent level (e.g. Deller & Middelberg 2014).

However, relatively low-level AGN activity, while interesting, is not our main target. In search-
ing for, and following up, radio transients, we wish both to study populations we know to exist (for
example GRBs) and to search for new and unexpected populations. In terms of the known pop-
ulations, we choose to use, as an indicator of the likely success rate of the SKA, two topical and
exciting classes of object, the Fast Radio Bursts (FRBs) and the (jetted) Tidal Disruption Events
(TDEs). We should be clear that we are focussing on these two classes of object simply as exam-
ples: transient science is too diverse to devote space to a dedicated discussion to all of the very
interesting astrophysics under study (e.g. X-ray binaries, GRBs, stellar flares).

3.1 Fast Radio Bursts

Fast Radio Bursts (FRBs) are very short ( 15 ms), apparently coherent, bursts which show
large excess dispersion when compared to that expected for the line of sight within our galaxy.
First discovered by Lorimer et al. (2007), if the excess dispersion is associated with the IGM, they
could lie at cosmological distances (the current sample may be probing to redshift z ⇠ 1), be the
tracers of new astrophysical phenomena and acts as probes of the missing baryons (see discussion
in Macquart et al. 2015, this volume).
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What’s new in the 
Transients Universe?
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FRBs 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).

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

30<|b|<45 xxx 7 —
|b|>45 xxx 6 —
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A Universe of Synchrotron Bursts
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Figure 2: Incoherent synchrotron flares on a range of timescales from different objects. The fitted constant
s, corresponds to t�1, where t is the exponential rise time of the events. The evolution is often adequately
described (in terms of the reliably extracted astrophysics) by the simple expanding-blob model of van der
Laan (1966). From Pietka, Fender & Keane (2015).

Such synchrotron events typically have rich multiwavelength counterparts, and can be asso-
ciated with explosions and accretion events which are visible at optical, X-ray and gamma-ray
wavelengths. Combining these data sets can provide unique insights with, as noted earlier, the ra-
dio providing both a key estimate of kinetic feedback and, in some cases, more precise localisation
and resolved ejecta. There is also usually a delay in the sense that the highest-energy emission es-
capes while the synchrotron source is still optically thick at most radio wavelengths and hence the
radio emission peaks much later. For many sources the timescale of the trigger event will be much
shorter than the timescale for the source to evolve to an optically thin phase at radio wavelengths,
and so the delay between event and radio peak will be approximately the same as t (See Figs 2, 3).
There may be exceptions to this however, such as relatively slowly-evolving internal shocks in the
jets of variable velocities.

For more details on the important science and exciting prospects for these kinds of events, we
refer the interested reader to Corbel et al. (2015, this volume) and Yu et al. (2015, this volume) for
radio emission from accreting binaries and related systems, Donnarumma et al. (2015, this volume)
for jetted tidal disruption events, Burlon et al. (2015, this volume) for gamma-ray bursts, Perez-
Torres et al. (2015, this volume) and Wang et al. (2015, this volume) for supernovae. Variable radio
emission (both intrinsic and propagation-induced) associated with AGN is discussed in Bignall et
al. (2015, this volume), and radio emission from thermal sources such as novae in O’Brien et al.
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Incoherent synchrotron flares from a variety of objects on a large range of different timescales

Pietka, Fender & Keane 2015

SKA Transients Rob Fender

Palomar Transients Factory, Law et al. 2009) and is key science for the LSST in the 2020s (Abell
et al. 2009).

The key advantages and complementarity of radio emission compared to other wavelengths
include:

• Measuring kinetic feedback, which often originates in relativistically moving ejecta:
radio emission uniquely traces the feedback of kinetic energy, via relativistic jets or more
isotropic explosions. Such explosions result in the acceleration of particles and compres-
sion of magnetic fields, resulting in synchrotron emission from which the minimum injected
energy can be directly estimated.

• Probing the properties of the intervening ionised media: radio waves are scattered, dis-
persed and have their plane of polarisation rotated as they propagate through various media
along the line of sight. These effects deliver more and complementary information about
the properties of intergalactic and interstellar space than do the absorption and reddening
observed at higher frequencies.

• Precise localisation across very wide fields of view: the beauty of radio interferometers
is the ability to use small dishes or even dipoles to survey very large areas of sky whilst
simultaneously having high angular resolution (the downside of this being the very large
computational resource required to image huge numbers of pixels). The wide fields of view
(! high survey speed) are essential for fast and efficient searches, the excellent potential
localisation important for selecting candidates at other wavelengths in crowded fields (e.g.
globular clusters or galaxies).

2. Incoherent (image plane) transients

Essentially all explosive events in astrophysics are associated with incoherent synchrotron
emission, resulting from ejections at velocities in excess of the local sound speed which compress
ambient magnetic fields and accelerate particles. These events range from relatively low-luminosity
flares from stars, to the most powerful events in the Universe, associated with gamma-ray bursts
and relativistic jets from super-massive black holes in active galactic nuclei. Fig 2 presents a set of
synchrotron flares associated with different types of object and different timescales: more luminous
objects evolve more slowly. This is expected because incoherent synchrotron emission in a steady
state is limited to a (rest-frame) brightness temperature of TB ⇠ 1012K, and so the more luminous
sources must be physically larger and hence vary more slowly.

The best-fit relation between peak radio luminosity and flare timescale for a (biased) sam-
ple of sources with known distances (and hence radio luminosities) is presented in Fig 3 and is
approximately of the form

Lradio µ t5

where t is the exponential rise timescale (Pietka, Fender & Keane 2015). The results are very
similar for decays.
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Rapid variability in BHs
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A light curve of simultaneous VLA, SMA and JCMT observations of V404 Cyg. The recent outburst of the  
black hole XRB V404 Cygni showed strong and rapid variability at all wavelengths.  

Tetarenko et al. 2015, ATel 7708.
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CVs are radio emitters
A survey of dwarf novae in outburst found that all 5 of the observed systems were detected by the 
VLA, with flux densities of 15-50 uJy/beam (distances of 100-330 pc)   
  
If they behave like SS Cyg, they will be undetectable in quiescence, implying they would be picked 
up as transients.  

Dwarf novae are numerous, nearby, and non-relativistic accretion laboratories —  
Provide a new probe of the accretion/ejection connection.   
Comparison with neutron star and black hole systems can probe how jet launching is affected by 
the depth of the gravitational potential well. 
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3808 D. L. Coppejans et al.

Figure 4. Radio flux density of all high-sensitivity observations of non-magnetic CVs, taken since 2008, as a function of distance (Körding et al. 2008, 2011;
Miller-Jones et al. 2011, 2013; this work). The dotted line shows the expected trend (1/d2) for sources with equal luminosities. Errors are calculated via
standard error propagation techniques. Observations taken of the DN SS Cyg at various stages of outburst are plotted for comparison.

as follows:

EM ∼ ⟨n2
e⟩Z

!
rorbit

pc

"
,

⟨n2
e⟩ ∼ 4 × 107 Z−0.5 cm−3. (5)

Assuming a spherical emitting region with radius r ∼ 1 × 1014 cm
(the size restriction based on the brightness temperature) and width
Z times the orbital radius (dr = Zrorbit), we can estimate the total
mass of a thermal emitting region as

Mt = 4πr2nempdr,

Mt ∼ 8 × 1023 Z0.5 g, (6)

where mp is the mass of a proton (g). If the emission was indeed
thermal, Z could be derived by watching the evolution of the radio
light curve past epoch 2.

The observed spectrum with α = 2 and −0.1 at higher frequencies
is more compatible with a thin dense shell (e.g. of a nova) than an
extended, centrally concentrated (r−2) stellar wind. The latter would
have α = 0.6 at lower frequencies, breaking to α = −0.1 and would
need a rather contrived geometry in order to reproduce the observed
spectrum.

If there is a non-thermal component to the emission in the second
observation of TT Ari, then more than one emission mechanism is
necessary to produce the observed properties. Consequently we do
not favour this scenario.

5.2 Non-thermal emission

Non-thermal emission from CVs has been suggested by a number
of authors (e.g. Fuerst et al. 1986; Benz & Guedel 1989; Benz
et al. 1996; Körding et al. 2008) in the form of gyrosynchrotron and
synchrotron emission and maser emission.

5.2.1 Gyrosynchrotron emission

Fuerst et al. (1986) concluded that either the magnetic field strength
is insufficient or the production rate of relativistic electrons is too
low in non-magnetic CVs to produce gyrosynchrotron radiation, but
this conclusion was based on the fact that they did not detect any
of the eight non-magnetic CVs they observed at 5 GHz. Benz et al.
(1983) had detected EM Cyg prior to this, but Fuerst et al. were
unable to explain this discrepancy. Since then, SU UMa has been
detected (Benz & Guedel 1989) and so has V603 Aql (this work),
so their conclusion needs revision.

Gyrosynchrotron emission is known to produce highly polarized
CP, so it is a plausible emission mechanism for TT Ari. Although
the 3σ upper limits on the CP fraction in RW Sex and V603 Aql are
12.9 and 12.0 per cent, respectively, we cannot rule it out for these
two sources.

Following the procedure in Benz & Guedel (1989), we can esti-
mate the achievable brightness temperature for gyrosynchrotron
emission of non-thermal electrons. For typical values of the

MNRAS 451, 3801–3813 (2015)
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Ionospheric Ducts
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Fast Radio Bursts

A potent instrument: e.g. FRBs and the SKA

• Parkes detects an FRB at a rate of 
1 every ~10 days  

• SKA-mid has 1 sq. deg. FoV but 
high sensitivity 
– Coherent detection (fast imaging): 

260 times more effective than Parkes 
– Assuming rate scales as Ω Smin-3/2 

(Euclidean space, no evolution) 
– If rate scales as Ω Smin-2.5 the 

advantage is ~ 6000 
– SKA-low >18 sq. deg. FoV so even more 

potent 
– but temporal smearing and 

spectral index make it hard 
estimate advantage 

– MWA is placing limits on this 
already 
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“This station is now the ultimate power in the 
Universe.  I suggest we use it.”
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Update from SKA precursors
MWA 

• Limits on image plane event rate: 10-7 sq.deg.-1 @ 28s cadence at 
180MHz (Rowlinson et al. in prep.) 

• Discovery of intermittent IPS very far from Sun (CMEs?) 
• Ionospheric scintillation due to large organised structures (Loi et al.) 

LOFAR 
• LOTAAS LOFAR Tied-array All-sky survey - 219 beams (9 sq. deg). 

• Already doing an SKA-low beam formed survey to within a factor 
of 2 of the number of beams 

MeerKAT 
• commensal interrogation of MeerKAT data for transients was 

embraced by all PIs of the MeerKAT Large Survey Projects 
VLA/VLBA 

CVs 
Ongoing high-time resolution searches (FRBs) 
V-FASTR 
STRIPE-82 (Kunal Mooley et al.) 
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Crossover with other science
Pulsars 

• High time resolution 
EOR 

• A contaminant that needs to be removed from data 
Continuum 

• IDV present in >50% of all flat-spectrum AGN 
Our Galaxy 

• Novae, flare stars, X-ray binaries 
Cosmic Rays 

• All-sky at sub-ms Δt/Shares several technical requirements 
VLBI 

• An essential component of followup for some science 
HI/Spectral line 

• Variable HI absorption by intervening galaxies
17

Everybody will be doing Transients Science for us.
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SKA as an effective machine
Respond to (and issue) triggers 

• To what extent should we “respond”? 
Real-time commensal time-domain & 
image plane search 

• ~10x more time on sky than a 
dedicated project 

• Find 10x more events, and events that 
are 10x rarer 

Buffer - images & voltages 
• A time machine to respond to triggers 

with some latency (e.g. from our own 
detection systems)  

VLBI: an essential followup component 

Archive
18

Which events are the real 
gems? 

SKA will see huge numbers of 
transients, but need enough 
information to sort the wheat 
from the chaff. 
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SKA-era Transients Landscape
Relevance is key: 
We must have the capacity to 
link our objects to the rest of the 
electromagnetic spectrum 
Optical in the era of… 

• LSST 
• OWLs 
• Desert Transients Factory 

Do we want our own dedicated 
telescope? (MeerLicht) 
JWST 
ALMA 
X-ray/gamma-ray 
Advanced LIGO

19

Should we be looking to obtain a 
database of Kepler-like exquisite 
light-curves?
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The                  message
Transients science will make the SKA productive out of 
the blocks 

• Significant discoveries while large-scale surveys are still ramping up 
• Spot defects & issues in the data that you might not otherwise know 

exist 
• A means of bedding down the instrument — for free! 

Most Transients science can be commensal 
• Possible exceptions are surveys of particular targets, e.g. Galactic 

Centre, nearest [insert name of favourite target here] 
What is the raison d’être for a transients KSP? 

• A group that requires significant front-end resources? (“directs the 
telescope pointing”) 

• A group that requires significant observatory resources? (Archives, 
voltage capture buffers, triggering functionality,…) 

• An identifiable entity capable of netting significant third-party 
resources for the SKA?
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