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• Occur in one, multiple, or all 
wavelength regimes

• Some include high-energy particles 
and gravitational waves

• Timescales may not overlap between 
different wavelengths/messenger

Multi-wavelength & messenger
Fast astrophysical transients

distant sample of SMBHs, which in turn, hold the greatest promise of extending the  existing 
M-σ relation beyond current limitations by revealing dormant SMBHs in galactic nuclei [15,16].

Finally  is the class of unknown transients for which we currently lack both predictions and 
detections.  This class represents a significant area of discovery space that only  a wide-field 
and sensitive X-ray transient “machine” can uniquely explore.  In the sections below, we outline 
the importance of extending our knowledge of known, predicted, and unknown X-ray 
transients, on par with the on-going ground-based technological efforts to advance our 
understanding of the dynamic sky at optical (LSST) and radio (SKA pathfinders) wavelengths.

Figure 1:  A compilation of high energy transients that are known (solid) and/or predicted (hatched) in the local 
(d< 200 Mpc) Universe.   The variability timescale is the characteristic duration of the transient outburst, plotted 
here as a function of the peak X-ray luminosity during the outburst.  Transients with variability on multiple 
timescales are linked with dashed lines.  Sub-luminous, fast ( < 10 sec), and rare transients have historically been 
missed due to instrumentation limitations.  Characteristics compiled from references [1-6,9-14,16,19-23].

A Diversity of X-ray Transients
The dynamic nature of the local X-ray Universe was established decades ago, revealing 

diverse classes of outbursting objects (Figures 1 & 2).  In particular,  those transients with long 
duty  cycles (> months), high peak luminosities (LX > 1037 erg/s)  and/or large populations (> 
100s per galaxy) were the first to be detected, catalogued and studied.  At the same time, 
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Figure 1. Time-luminosity phase space for known radio transients from Cordes (2009); a log–log plot of the
product of peak flux density S pk in Jy and the square of the distance D in kpc vs. the product of frequency
⌫ in GHz and pulse width W in s. The uncertainty limit on the left indicates that ⌫W > 1 as follows from
the uncertainty principle. Lines of constant brightness temperature Tb = S D2/2k(⌫W)2 are shown, where
k is Boltzmann’s constant. Points are shown for the nano-giant pulses detected from the Crab, giant pulses
detected from the Crab pulsar and a few millisecond pulsars, and single pulses from other pulsars. Points
are shown for Jovian and solar bursts, flares from stars, brown dwarfs, OH masers, and AGNs. The regions
labeled coherent and incoherent are separated by the canonical 1012 K limit from the inverse Compton
e↵ect that is relevant to incoherent synchrotron sources. The growing number of recent discoveries of
transients illustrates the fact that empty regions of the ⌫W�S pkD2 plane may be populated with sources not
yet discovered. The figure also includes hypothetical transient sources and detection curves; e.g. maximal
giantpulse emission from pulsars, prompt radio emission from GRBs, bursts from evaporating black holes,
and radar signals used to track potentially impacting asteroids and comets in exosystems. Long-dashed lines
indicate the detection threshold for the full SKA for sources at distances of 10 kpc and 3 Gpc. Dotted and
dot-dashed lines correspond to the current and future GMRT at 1.2 GHz (i.e. bandwidths of 32 MHz and
400 MHz, respectively). At a given ⌫W, a source must have luminosity above the line to be detectable. The
curves assume optimal detection (matched filtering).
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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*Disclaimer: with 2017 data, observing strategy, etc
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Fig. 1.— Display of key characteristics for transient surveys used in our analysis. Left panel shows the depth per night per filter. Middle
panel shows the mean gap between repeat observations in a single filter. Right panel shows the survey area covered each observing-year.

TABLE 1
Summary Information for Each Survey.

Survey Filters Depths Cadencesa Areab Durationc Citationd

[5� mag] [Days] [Sq. Deg] [Years]
SDSS ugriz 21.8, 22.9, 22.5, 22. 2.2, 2.2, 2.2, 2.2 300 2 Frieman et al. (2008)
SNLS griz 26.1, 25.4, 24.8, 23.8 8.8, 6.3, 5.3, 8.5 4 5 Astier et al. (2006)
PS1 griz 23.4, 23.2, 23.4, 22.8 8.8, 8.7, 8.2, 6.3 70 4 Scolnic et al. (2014)
DES griz 24.0, 23.9, 23.7, 23.5 6.8, 6.4, 6.3, 6.5 27 5 Kessler et al. (2015)
ASAS-SN V 17.5 2 15000 5 Shappee et al. (2014)
SMT gr 20.6, 20.4 17.4, 14.9 11000 5 Scalzo et al. (2017)
ATLAS co 20.3, 20.3 1.3, 1.3 11000 5 Tonry (2011)
ZTF gr 20.5, 20.5 3.0, 3.0 15000 5 Bellm (2014)
LSST DDF ugrizy 24.8, 25.4, 25.6, 25.1, 24.7, 23.3 5, 6, 7, 7, 7, 7 40 10 LSST Science Collab et al. (2009)
LSST WFD ugrizy 23.2, 24.8, 24.5, 23.8, 22.5, 21.7 30, 35, 18, 19, 21, 18 18000 10 LSST Science Collab et al. (2009)
WFIRST RZY JHF 26.2, 25.7, 25.6, 25.5, 25.4, 24.9 5, 5, 5, 5, 5 45 2 Hounsell et al. (2017)
aMean duration between return visits in each filter.
bTotal amount of sky area covered per year.
cTotal number of years per survey.
dDescribes observation history or characteristics.

The second requirement explicitly rejects long-lived light
curves. The last two requirements reject events that peak
before or after the survey time window.

4. RESULTS

The predicted number of KN detections for each sur-
vey is given in Table 2. In all of the existing data sam-
ples (SDSS, SNLS, PS1, DES, SMT), the expected num-
ber of events is well below unity, although the expected
number is ⇠ 0.7 if the KN totals from these 4 surveys
are combined. Despite the wide variety of area, cadence
and depth, the predicted number of detections in SDSS,
SNLS, PS1, DES are all within a factor of ⇠ 2.
For future surveys, the estimated rate is larger. As

TABLE 2
Expected number of KNe found in each sample.

Survey KN Redshift
Survey # KNea Years Range
SDSS 0.13 2 0.02� 0.05
SNLS 0.11 4 0.05� 0.20
PS1 0.22 4 0.03� 0.11
DES 0.26 5 0.05� 0.20
ASAS-SN < 0.001 3 —
SMT 0.001 5 0.01� 0.01
ATLAS 8.3 5 0.01� 0.03
ZTF 10.6 5 0.01� 0.04
LSST WFD 69 10 0.02� 0.25
LSST DDF 5.5 10 0.05� 0.25
WFIRST 16.0 2 0.1� 0.8

aTotal for entire duration of survey.

Scolnic+ 2017
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• Fast exposures (= shallow)
• Simultaneous all-wavelength observations
• Process events fast to trigger follow up
• Rapid-response spectroscopy and imaging
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• DECam 30s exposures in g-band ~23 mag


• Simultaneous observations for ~one week twice per year


• Follow-up + late monitoring observations

Strategy



Deeper Wider Faster 

DECam

Fast compression

Transfer (~1 minute)

Fast processing

Visualisation

+


Filtering

Follow-up

Andreoni et al. 2017

PerSieve led by S. Hegarty 
Cross-matching based on Fink tools Möller et al. 2021 

Strategy

Including optical (VLT, Gemini, 
SALT), high-energy (e.g., Swift) 

and radio (e.g., ATCA)
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DECam

Fast compression

Transfer (~1 minute)

Fast processing

Visualisation

+


Filtering

Detections from other facilities

- simultaneous observing

- GCN notices

Multi-wavelength + 
messenger

Follow-up

Strategy

Including optical (VLT, Gemini, 
SALT), high-energy (e.g., Swift) 

and radio (e.g., ATCA)

also… imaging before (shorter 
wavelengths arrive before for 

coherent bursts) and after (SN, 
and longer) run
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tive sum scheme and bootstrap rank statistics to flag points
of systematic change within sequential data. Our adaption
of Chang et al. (2015) FINDflare algorithm is used to flag
all possible flares within our shortlisted light curves. The
criteria used within the FINDflare algorithm are as follows,
N1: The required number of standard deviations above the
median for the data points, N2: The number of standard de-
viation plus uncertainty above the median, N3: The number
of consecutive points required to meet the above criteria to
be flagged as a flare. We choose to use the values N1=3,
N2=2, N3=3, after sensitivity testing on known DWF flares
identified from previous work by Andreoni et al. (2020) and
Webb et al. (2020). We then estimate the quiescent mag-
nitude of each source by taking the median magnitude of
all data points before the flare (and in very rare cases of
flares at the beginning of the observations, after the flare).
We then determine the standard deviation, �, of the quies-
cent section of the light curve, and as set with the N3 value,
require at least three consecutive data points to be greater
then the two standard deviations above the median magni-
tude, see Figure 1 for example. All light curves which passed
these criteria were manually inspected alongside their image
cutouts for each exposure. This stage of careful image evalu-
ation allowed the rejection of candidates which where caused
due to observational e↵ects (e.g. cosmic rays, hot pixels, edge
detections).

3.2 Flare Characteristics

For each flare in our sample we record several characteristics
of the event. These include, duration, maximum change in
magnitude (�M), flare type and Equivalent duration..

The duration of the flare is measured from the last ob-
served quiescent point. The first data point, of 2 consecutive
data points, to fall below the upper 1 sigma uncertainty to
the mean quiescent magnitude, two examples can be seen
in panel (a) of Figure 2. In the rare event of our observa-
tions finishing before the flare reaches the star’s quiescent
magnitude, the duration is a minimum limit and marked
accordingly in Table A and an example can be seen in panel
(b) of Figure 2.

The �M of each flare is calculated by the di↵erence be-
tween the peak magnitude recorded and the median quies-
cent magnitude for each source. Here it is important to note
that these measurements can underestimate the true value
of �M which could occur during the 20–30 second readout
after each exposure and diluted by the 20 second exposure
itself. This is more likely for the short duration flares. Fig-
ure 1 demonstrates both longer duration (a) and short du-
ration flares (b). These characteristics are recorded further
in Table A.

3.3 Integrated Flare Energy

The integrated flare energy represents the total amount of
energy released over the duration of the flare. To calculate
the total integrated flare energy we first calculate the g band
component from our observations.

To estimate total energy in g band, each light curve
was normalised by setting the star’s quiescent flux to one,
creating a relative output for each data point. Using the

Figure 2. Panel (a): Flare star example illustrating the maxi-
mum magnitude change and total event duration definitions. The
maximum change in magnitude is determined by the di↵erence
between the peak flare detection and the median quiescent mag-
nitude (green line; see definition of the quiescent mag described
in section 3.1.2). The total duration of the event is measured from
the last detection of a quiescence magnitude before the flare, to
the point at which the flare re-enters within 1 � of the mean
quiescent magnitude range (red lines). Panel (b) a flare event
example with the flare continuing past the observational period,
permitting only a minimum duration to be recorded.

relative outputs over the duration of the flare, we sum the
total excess amount of flux generated by the flare event,<rel.
Figure 3 demonstrates a flare’s excess flux for each point
(relative intensity >1). We use the Riemann sum binning
method across all points. For each flare we first derived the
relative intensity for each point in the light curve from the
magnitudes with the following:

I0+ f

I0
= 10

�mag
2.5 (1)

where I0+ f and I0 are the intensity values of the flaring and
the quiescent stellar surfaces in the observed g band. Note,
this method may underestimate the true local flux by a small
amount small spikes in flux after reaching the quiescent level
threshold are not included. For each detection of the flare,
the relative intensity is integrated over the flare duration to

MNRAS 000, 1–20 (2021)

Webb et al. 2020 and 2021

Stellar flares

Probing the extragalactic fast transient sky at minute timescales with DECam 11

Figure 9. Light curves of selected extragalactic fast-transient candidates (eFTCs) that we cannot classify as stellar flares based on
CLASS STAR, but that likely have stellar progenitors based on SPREAD MODEL information. Details about the eFTCs are presented
in Table 4. The light curve of DWF17ax can be found also in Figure 2, where we show the e↵ect of image stacking on a transient light
curve.

the onset time. More precise time slots in which the selected
eFTCs were in the BAT FoV are reported in Table 6.

Fermi

We searched for GRB counterparts detected by the Fermi

Gamma-ray Burst Monitor (GBM, Meegan et al. 2009) dur-
ing the optical transients presented in this work. The GBM
is composed of 12 sodium iodide (NaI) and two bismuth ger-
manate (BGO) scintillation detectors, covering respectively
the energy range 8 keV-1 MeV and 200 keV-40 MeV, with
a field of view > 8 sr. We searched for counterparts in the
Fermi GBM Burst Catalog 7, that lists all triggers observed
that have been classified as GRBs. For completeness, we
also searched in the Fermi GBM Trigger Catalog8, that lists
all triggers (even not classified as GRBs) observed by one or
more of the 14 GBM detectors, and also in the Subthreshold
Catalog9.

7 https://heasarc.gsfc.nasa.gov/W3Browse/fermi/

fermigbrst.html
8 https://heasarc.gsfc.nasa.gov/W3Browse/fermi/

fermigtrig.html
9 https://gcn.gsfc.nasa.gov/fermi_gbm_subthresh_archive.

html

Table 6 reports the results of the research in the cat-
alogues, with a time window of +/� 1 day from the onset
of the optical transient. No gamma-ray sources were found
spatially and temporally coincident with the 10 optical tran-
sient reported in Table 4. However, we found three tran-
sients, DWF17c, DWF17f and DWF17g, spatially located
within the 3� contour plot of the GBM localization of a GRB
(GRB170208). This GBM event occurred on 2017-02-08 at
18:11:16.397, more than 1 day after the optical transients,
and is separated by more than 10 degrees from the positions
of the optical transients. Due to the time-lag between the
optical and gamma-ray events and to the poor localization
of the GBM detectors, we conclude that GRB170208 cannot
be the counterpart to DWF17c, DWF17f or DWF17g.

5.2 Searches for coincident fast radio bursts

Parkes – as part of the SUrvey for Pulsars and Extragalac-
tic Radio Bursts (SUPERB) (Keane et al. 2018), we ex-
plored the data acquired using the 21-cm multibeam receiver
(Staveley-Smith et al. 1996) deployed on the Parkes radio
telescope. The FWHM of each of the 13 beams is ⇠ 14 ar-
cmin, with an areal ⇠ 2� 13-beam coverage of ⇠ 3 deg2.

The output of each beam was processed by the
Berkeley-Parkes-Swinburne Recorder (BPSR) mode of the
HI-Pulsar (HIPSR) system (Keith et al. 2010; Price et al.

MNRAS 000, 1–20 (2019)

Extragalactic fast 
transients

Andreoni et al. 2020

Radio transients

Dobie et al. submitted
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SALT/RSS Spectrum
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Figure 7. Placeholder for DWF data output example 1. The plan is to include this plot (or similar, depending on what Igor
wants to present in the flare star paper), a montage of images, and the SALT spectrum. *** TYLER *** For this particular plot
and the format of the paper, the axis labels should be smaller since the plot will need to be about this large to read the text. Also, it
*could* use a dashed vertical ”Spectra” line around 30m above the ”Gemini and Swift triggers considered” to help draw the readers
attention how fast we can ID a candidate, send a trigger, and get the spectrum.

A.0.6 HXMT
Location: Earth Orbit
*Core Facility

Energy: 20–350 keV (HE)
Energy: 5–30 keV (ME)
Energy: 1–15 keV (LE)
DWF program mode: S, I, L
Observational mode: Photon counting
Participation: O4

To be written by Zhang/Jia

A.0.7 Neil Gehrels Swift Observatory
Location: Earth Orbit
Core Facility

Energy: 15–150 keV (BAT)
Energy: 0.2–10 keV (XRT)
Wavelength: 0.17–0.65 µm (UVOT)
DWF program mode: S, R, I, L
Observational mode: Photon counting, imaging

Participation: P1, P2, O1, O2, O3, O4

The Swift Gamma-Ray Burst Explorer (Gehrels et al.
2004), launched late 2004, now called the Neil Gehrels Swift
Observatory, is a multi-wavelength satellite observatory with
a rapid response capability that combine to make it a highly
capable transient hunter and followup machine. The Swift
satellite consists of three fixed co-pointing instruments that
have been designed to act in a complimentary manner. The
Burst Alert Telescope (BAT; Barthelemy, S. D. et al. 2005) is
a hard X-ray transient monitor with a 1.4 sr field of view, 15–
150 keV bandpass (half-)coded aperture instrument. During
nominal Swift operations the BAT is used for the detection
and rough (⇠ 1–4 arcmin) localisation of high-energy tran-
sient events which may trigger a rapid-response (⇠ 1 minute)
autonomous satellite slew and simultaneous followup obser-
vations by the two narrow-field (⇠ 1 arcmin) instruments;
the 0.2–10 keV X-ray telescope (XRT; Burrows et al. 2005)
and ⇠ 1800–6000 Å multi-channel plate UV-Optical Tele-
scope (UVOT; Roming et al. 2005). In addition to the auto-

PASA (2018)
doi:10.1017/pas.2018.xxx

22 Cooke et al.

Figure 8. DWF Optical data output examples. DECam optical data are in intervals of 40 s (20 s exposure, 20 s readout). Red arrows
indicate upper limits. The data from DWF runs that perform simultaneous optical imaging with DECam in Chile and Australian FRB
searches with radio facilities in Australia (DWF runs P1, P2, O1–O3) typically have ⇠1–2 hr durations on each of the target fields per
nights, during the ⇠6 consecutive night runs, as a result of facility longitude constraints. Variable and transient events illustrating the
time sampling and depth of the DECam data that enable deep and early study. Dwarf nova in the CDF-S field (upper left), a variable
event in the Antlia field (234) (upper right), a variable event in the Antlia field (736) (lower right), a likely flare star in the NSF2 field,
and a nova in NGC 6744 at 10 Mpc (lower two panels) Include (or replace the bottom two panels with) the nova in NGC 6744, both
the full night-to-nigh light curve showing the early detection and a zoom in on first day detection.

mated transient detection and followup capability of Swift
and its pre-planned science observations, the satellite may
trigger rapid observations interrupting those pre-planned
targets based o↵ of curated Target of Opportunity requests
(ToO) whose response time is primarily driven by human
concerns such as target approval and validation which may
occur on the ⇠ minutes to day timescale depending upon
factors such as priority, requirements, and timing.

During the early 2015 DWF observations Swift was main-
tained as a strictly ToO partner instrument where in the
case of a confirmed FRB or other high priority science tran-
sient event a suitable ToO request to the Satellite would

have been submitted. No such events were detected, nor was
Swift triggered. Beginning with Swift Cycle 11, 12, and 13
(March 2015 - present) Swift was operated in a novel man-
ner as an active observing partner-observatory. Utilising the
pre-approved Guest-Investigator programs (PI Pritchard)
we were able to obtain two key capabilities.

Firstly, we were able to request that for the duration of
the on-sky time for DWF, the large field of view of the BAT
overlapped our chosen target fields. With Swift located in a
⇠90 minute low-earth orbit, typically any given location on
the sky is observable by for ⇠30–50 minutes. While overlap-
ping coverage is not guaranteed with our BAT+DWF duty

PASA (2018)
doi:10.1017/pas.2018.xxx

during the proposed run to investigate and cross-match with the multi-wavelength data. We note that
only 1 FRB detection will produce several high-impact papers and may resolve their overall nature.

Technical Justification
Design - We perform coordinated simultaneous, fast-cadenced observations with DECam, MeerKAT

(PI Stappers), HXMT (PI Zhang), SPT (PI Whitehorn), GROND (PI Rau), INAF REM (PI Campana),
AST3-2 (PI Wang), MASTER (PI Lipunov), LCOGT (PI Cucchiara), Pierre Auger (PI Caceres), IceCube
(PI Whitehorn), LIGO/Virgo (via MoU), and other telescopes to detect fast transients. MeerKAT has
real-time FRB detection capability and HXMT has real-time high-energy transient detection capability.
We receive MeerKAT and HXMT alerts in seconds to minutes. We perform ‘lossy’ file compression (98%
of all transients detected) [9] for rapid transfer to the Swinburne supercomputer, parallelised DECam
pipelines [8] for real-time DECam data processing, and candidate identification via machine learning and
visual inspection by our Swinburne team in our new sophisticated visualisation environment [7], along
with worldwide collaborators via our real-time interactive web tools. We initiate rapid-response (∼2–
15min from trigger) observations based on our real-time fast transient identifications. For 19A, DWF
rapid-response facilities are HXMT, NASA Swift, Keck (PI Prochaska), AST3-2, MASTER, VIRT (PI
Cucchiara), GROND, and INAF REM. Conventional (hours later) ToOs are triggered via our proposed
programs and collaborations with Keck, SALT (PI Shara), VLT (PI Patat), Gemini-South (PI Tejos),
LCOGT, Zadko (PI Coward), Huntsman (PI Spitler), Panetix (PI Dobiecki), ATCA (PI Ryder), and
Molonglo (PI Flynn). Finally, long-term field monitoring and/or follow up on interesting targets is coor-
dinated with Pierre Auger, HXMT, SALT, VLT, ANU 2.3m, LCOGT, Zadko, AST3-2, VIRT, Huntsman,
Panetix, GROND, INAF REM, SPT, and Molonglo.

DECam observations - We request 6 consecutive dark half nights (grey nights are acceptable when
the Moon is low or down) to achieve the goals in this proposal. We perform continuous 20s DECam
imaging in the g filter, reaching to mg(20 s)= 23–23.8 and mg(nightly)= 26–23.7 from the ETC and our
experience, that also enable temporal image stacking permutations. This filter and associated depths
are necessary to detect faint extragalactic fast transients that are predicted to be hot and blue out to
z ∼ 3, where the Lyman α forest does not begin to attenuate sources in the g-band. In addition, our past
DWF g filter observations provide valuable reference images to aid in acquiring clean real-time transient
detections. We employ r, i, and z filter sequences nightly of each field to obtain colour information.

Fields and data - Our fields have either previous DWF/DECam imaging, are space-based legacy
fields, nearby galaxy clusters, or fields with previous FRB detections to search for repeating FRBs [14].
Facility longitude and latitude constraints enable ∼3 hrs on each field per night (see Targets). Transients
are cross-checked with star, variable, and asteroid catalogs and other databases during our real-time
analysis and we perform a careful and detailed analysis of all data after the run.

m(g) > 22.9 m(g) > 18.3 

m(g) > 19.1 m(g) > 21.9 NGC 6744 

Figure 2: Left: Illustration of DWF fast transient sensitivity. Each frame is a DECam 20 s image and sensitive
to mg ∼ 23 (nightly stacks to mg ∼ 26–26.5), seeing/weather dependent. Centre: Detection of an extragalactic
nova at outburst in NGC 6744 at ∼10 Mpc [5]. Kilonovae can be detected to z ∼ 0.5 to help understand this new
population. Right: Rate of fast optical extragalactic transients (RFOT ). A 3-D plot illustrating the unique phase
space of our DWF data [11]. The proposed observations are ∼30× faster than any optical survey. In addition, we
complement these data with multi-wavelength data, real-time data processing and rapid-response follow up.
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during the proposed run to investigate and cross-match with the multi-wavelength data. We note that
only 1 FRB detection will produce several high-impact papers and may resolve their overall nature.

Technical Justification
Design - We perform coordinated simultaneous, fast-cadenced observations with DECam, MeerKAT

(PI Stappers), HXMT (PI Zhang), SPT (PI Whitehorn), GROND (PI Rau), INAF REM (PI Campana),
AST3-2 (PI Wang), MASTER (PI Lipunov), LCOGT (PI Cucchiara), Pierre Auger (PI Caceres), IceCube
(PI Whitehorn), LIGO/Virgo (via MoU), and other telescopes to detect fast transients. MeerKAT has
real-time FRB detection capability and HXMT has real-time high-energy transient detection capability.
We receive MeerKAT and HXMT alerts in seconds to minutes. We perform ‘lossy’ file compression (98%
of all transients detected) [9] for rapid transfer to the Swinburne supercomputer, parallelised DECam
pipelines [8] for real-time DECam data processing, and candidate identification via machine learning and
visual inspection by our Swinburne team in our new sophisticated visualisation environment [7], along
with worldwide collaborators via our real-time interactive web tools. We initiate rapid-response (∼2–
15min from trigger) observations based on our real-time fast transient identifications. For 19A, DWF
rapid-response facilities are HXMT, NASA Swift, Keck (PI Prochaska), AST3-2, MASTER, VIRT (PI
Cucchiara), GROND, and INAF REM. Conventional (hours later) ToOs are triggered via our proposed
programs and collaborations with Keck, SALT (PI Shara), VLT (PI Patat), Gemini-South (PI Tejos),
LCOGT, Zadko (PI Coward), Huntsman (PI Spitler), Panetix (PI Dobiecki), ATCA (PI Ryder), and
Molonglo (PI Flynn). Finally, long-term field monitoring and/or follow up on interesting targets is coor-
dinated with Pierre Auger, HXMT, SALT, VLT, ANU 2.3m, LCOGT, Zadko, AST3-2, VIRT, Huntsman,
Panetix, GROND, INAF REM, SPT, and Molonglo.

DECam observations - We request 6 consecutive dark half nights (grey nights are acceptable when
the Moon is low or down) to achieve the goals in this proposal. We perform continuous 20s DECam
imaging in the g filter, reaching to mg(20 s)= 23–23.8 and mg(nightly)= 26–23.7 from the ETC and our
experience, that also enable temporal image stacking permutations. This filter and associated depths
are necessary to detect faint extragalactic fast transients that are predicted to be hot and blue out to
z ∼ 3, where the Lyman α forest does not begin to attenuate sources in the g-band. In addition, our past
DWF g filter observations provide valuable reference images to aid in acquiring clean real-time transient
detections. We employ r, i, and z filter sequences nightly of each field to obtain colour information.

Fields and data - Our fields have either previous DWF/DECam imaging, are space-based legacy
fields, nearby galaxy clusters, or fields with previous FRB detections to search for repeating FRBs [14].
Facility longitude and latitude constraints enable ∼3 hrs on each field per night (see Targets). Transients
are cross-checked with star, variable, and asteroid catalogs and other databases during our real-time
analysis and we perform a careful and detailed analysis of all data after the run.

m(g) > 22.9 m(g) > 18.3 

m(g) > 19.1 m(g) > 21.9 NGC 6744 

Figure 2: Left: Illustration of DWF fast transient sensitivity. Each frame is a DECam 20 s image and sensitive
to mg ∼ 23 (nightly stacks to mg ∼ 26–26.5), seeing/weather dependent. Centre: Detection of an extragalactic
nova at outburst in NGC 6744 at ∼10 Mpc [5]. Kilonovae can be detected to z ∼ 0.5 to help understand this new
population. Right: Rate of fast optical extragalactic transients (RFOT ). A 3-D plot illustrating the unique phase
space of our DWF data [11]. The proposed observations are ∼30× faster than any optical survey. In addition, we
complement these data with multi-wavelength data, real-time data processing and rapid-response follow up.
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1’’ 

to study the rise and early phases of the events, often the most critical phase to understand their physics.  
Moreover, these programs miss the shorter-duration events entirely.  A dual-wavelength effort is underway 
using the MeerLICHT 0.65m optical telescope to shadow the MeerKAT radio telescope as it searches for FRBs.  
This approach enables the detection of bright optical bursts associated with FRBs, but is severely limited to a 
shallow optical depth, especially on fast timescales, and operates only at optical and radio wavelengths.  
Finally, there has been no significant optical, infrared, UV, or mm wavelength fast (< 30 min) transient survey 
and, aside from DWF, there has not been a coordinated all-wavelength transient or fast transient program. 

The main reasons that the fast transient time domain has been little explored is a result of the fast and rare 
nature of the events, the need for sensitive large telescopes with wide fields of view, and the technological 
obstacles involved in real-time data processing, analysis and identification.  The technological obstacles have 
been particularly challenging for wide-format optical and infrared.  In addition, there are logistical challenges to 
coordinate global campaigns for simultaneous observations with multiple telescopes with different wavelength 
capabilities.  DWF has overcome all of these challenges.  Firstly, DWF has built a large international 
collaboration that provides access to telescopes with the required sensitivity and wide fields of view.  Over 50 
telescopes at all wavelengths (radio through gamma-ray) on every continent and in space, organised with 
particle detectors, are coordinated to perform simultaneous, fast-cadenced observations to capture fast-evolving 
events in real time (Fig. 1).  Secondly, DWF has successfully developed real-time (in seconds) large-format 
optical data processing, analysis, and transient identification [11].  Merging multi-facility, all-wavelength real-
time analysis requires innovative techniques to transfer large datasets quickly and advances in data science, data 
visualisation and sonification techniques and technology to enable rapid transient identification [10,12]. 

DWF real-time fast transient identification (within minutes of the outbursts) enables coordinated rapid-response 
ground- and space-based deep spectroscopy and imaging of the fast-evolving events to occur before they fade 
(Fig. 2).  This capability is now fully established (by 2018) and is extremely powerful, as the data enables the 
nature and physics of the events to be understood, as well as determining their distance and the study of their 
environments, host galaxies, and intervening material along the line of sight.  Finally, DWF successfully 
coordinates 0.5-2 metre telescopes worldwide to perform follow-up imaging and spectroscopy during the weeks 
following a DWF run to classify and monitor slower-evolving events associated with some fast transients.  
 
 
 

 

  

  

  

 

  

 

 

 

 
 

 
Figure 2:  Left:  An example of the DWF multi-wavelength observation and follow-up process.  This burst was 
software identified in CTIO DECam images within ∼3 min of outburst and verified visually within ∼10 min.  
A Gemini rapid-response trigger was not possible as the field was setting in Chile, but a SALT trigger was 
initiated.  Radio monitoring found no detection to the fluence limit of ∼10 Jy ms, Swift BAT found a marginal 
gamma-ray detection (1.14 σ), and the hours-later SALT spectrum was inconclusive as a result of the proximity 
of the fading source to a bright star.  Gemini optical and Swift XRT/UVOT imaging were performed the next 
day and confirmed the transient nature of the source.		Upper right:  Snapshot images centred on the burst 
described in the left panel.  Lower right:  DWF fast-cadenced all-wavelength observations also provide fine 
structured evolution of variable stars and bursting events, such as the DWF cataclysmic variable shown.   
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First results
Deeper Wider Faster 

FRBs

Kilonovae

• 14 of 70 telescopes for 
GW170817


• Triggered and coordinated 
optical, infrared, radio 
observations

•   Early wide-field optical searches (DECam)
•   Detected 2 FRBs in Sept. 2020 (Zhang et al. in prep)
•   Mapping line-of-sight galaxies to FRBs to constrain ionised IGM 
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Figure 4.: Optical light curve of AT2017gfo for the first week after the GW detection obtained with the AST3-
2, SkyMapper (SM), Zadko, and Etelman/VIRT telescopes. Down-arrows indicate upper limits. Note that the
evolution at bluer bands is faster than the evolution at redder bands. Dashed vertical lines indicate epochs when
spectroscopy was acquired. Spectra analysed in this work and presented in Figure 7 and Figure 8 are indicated in
black, whereas spectra marked in grey are to be analysed at a later time.

pix) radius. For the nights of August 25, 26, 27, and
September 1, the 5� detection limits in L

0 are 14.5,
14.8, 14.5, and 14.3mag, respectively, with a combined
limit of 15.3mag.

2.1.7 ESO VLT/VISIR mid-IR

Imaging observations in the mid-IR were also made with
the VISIR instrument (Lagage et al. 2004) on the ESO
VLT UT3 Melipal telescope. Similar to NACO above,
the observations were executed by ESO and made avail-
able to the LVC community. VISIR provides an imaging
field of view of 3800 ⇥ 3800 with a plate scale of 0.04500 per
pixel. AT2017gfo was observed on 2017 August 23, 2017
August 31, September 1, 2017, and 2017 September 6,
2017 with the J8.9 filter (central wavelength 8.72µm).
Total on-source integration times were 44.8, 17.5, 12.2,
and 44.8 minutes, respectively. Chopping and nodding
in perpendicular directions with 800 amplitudes were
used to remove the sky and telescope thermal back-
ground. No source was detected to a limiting mag of
J8.9 ⇠7–8 (Table 5). Details of the observations can be
found in Kasliwal et al. (2017).

2.2 Optical/Near-Infrared Spectroscopy

Observations of AT2017gfo and the galaxy NGC 4993
were taken in the optical via longslit, fibre, and integral
field unit (IFU) spectroscopic modes. Both Australian
and Australian partner observational programs partici-
pated in the spectroscopic follow up of AT2017gfo. De-
tails of the instruments and observations are provided
below.

2.2.1 ANU2.3/WiFeS

The Australian National University (ANU) 2.3-m tele-
scope is located at Siding Spring Observatory in
New South Wales, Australia. It includes the dual-
beam, image-slicing, integral-field echelle spectrograph
(WiFeS, Dopita et al. 2007) which can simultaneously
observe spectra over a 2500⇥3800 field of view. WiFeS has
a spectral range extending from 3300 to 9800 Å, which
can be observed either in a single exposure with a reso-
lution of R = 3000, or in two exposures with R = 7000,
depending on the choice of low- or high-resolution grat-
ing configurations, respectively. The observations were
done using Director’s Discretionary Time.
Spectroscopic observations began on 2017-08-18 at

09:24:25 and 09:40:25 with a wavelength range of 3200–

PASA (2017)

doi:10.1017/pas.2017.xxx

Andreoni+ 2017



Take away
Deeper Wider Faster 

Simultaneous observations allow to study a wide-variety of transients in an unexplored 
space


Some challenges:


• Processing is facility dependent…


• As we go fainter catalogues are less complete


• Chip gaps and other unfortunate events


Fast multi-messenger/wavelength strategies 

• Strategies are highly complimentary.


• Fast triggering and coordination remains a challenge.


• A breath of science is possible!
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